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1. Introduction 
Fiber-optic communication systems have been 

developed from both the decrease in fiber loss and the 
increase in opto-electronic device speed. To make use 
of the large bandwidth of optical fibers, high speed sys- 
tems have already been introduced into the trunk trans- 
mission network. In the access network, fiber-optic 
transmission systems transferring information with 
wideband have been introduced in the first phase. Now, 
the introduction of systems which multiplex 

narrowband information has started. However,drastic 
improvements in the cost effectiveness are necessary to 
serve small businesses and home customers. 

This paper presents the overview of fiber-optic 
systems evolution from both sides technologies of sys- 
tem and opto-electronic device. 

2. High Speed Fiber-Optic Systems for Trunk 
Network 

A large number of fiber-optic communication 
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systems have been introduced into the trunk network as 
high speed digital systems which are superior to the 
coaxial cable systems on account of the large bandwidth 
and low loss in their characteristics. At first, 32 Mb/s 
system is installed and commercialized in 1975. And 
then the systems speed-up has been done as 100Mb/s, 
400Mb/s, 1.6Gb/s ,2.4Gb/s and now 10Gb/s system is 
planed to be introduced in the field. 

The progress of the systems' speed-up is to be said 
that it is always the challenge of noise reduction caused 
by bandwidth enlarge. These are the points to see for 
fiber-optic systems development, system technologies 
as single mode optical fiber, long wavelength transmit- 
ter and receiver, fiber amplifier and opto-electronic de- 
vices. 

The introduction of fiber-optic communication 
systems is contributed to construct nation wide digital 
trunk network. Super high speed digital transmission 
lines have made possible to construct logical path net- 
work using cross connecting equipments on the physical 
trunk network. As the result, a number of logical paths 
are defined such as meshes of net in the fiber-optic 
physical space. Then cost reduction of long distance 
lines and high efficiency of communication network 
operation have been realized. Figure 1 shows the evolu- 
tion of fiber-optic transmission systems. 

3. Cost Effectiveness of Fiber-Optic Systems for 
Access Network 

The introduction of fiber-optic systems in the ac- 
cess network has not yet reached to large scale amount. 
Because access network is located at the edges of com- 
munication network and has some subjects to be solved. 
One of the important items is cost effectiveness of the 
system. Generally, access network is constructed by a 
large number of optical fibers connected between a cen- 
tral office and each customers. It is impossible to apply 
logical multiplexing technology as used in trunk net- 
work, then it is required to use physical multiplexing in 
access network. 

Figure 2 shows the relationship between number 
of customers meaning capacity of SLT and consump- 
tion power and relative cost. The SLT is subscriber line 
terminal equipment installed in a central office. When 
number of customers enlarges, cost per customer de- 
creases relatively. However, there exists a limit of total 
power consumption permitted to a SLT equipment 
frame, power consumption per customers should be re- 
duced. In a word, cost reduction is really reduction of 
power consumption itself. For example, power con- 
sumption per one customer should be reduced to a few 
watts to realize an SLT which accommodates 1,000 
customers. It is understood that the realization of such 
SLT is no easy task. The SLT has 1,000 Laser Diodes, 
1,000 transmitter and receiver circuits, 1,000 customers 
information multiplexing circuits, interface circuit be-. 
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tween switching machine and etc. 
To solve the subject mentioned above, PDS( 

Passive Double Star) system technology is proposed. 
The proposal applies multiplexing technology in the 
central office side, but does not apply in the customers 
side ONU( Optical Network Unit). It is an realistic idea 
from the view point of customers capacity and power 
consumption. The advantage of PDS is to reduce num- 
ber of circuits in the SLT. For instance, a PDS system 
which applies an star coupler split to ten, requires 100 
Laser Diodes and several tens watts circuit for 10 cus- 
tomers in 1,000 customers SLT . 

And the PDS system topology has additional 
merit for information distribution network. Figure 3 
shows PDS systems architectures which have been de- 
veloped in NTT. 

4. Evolution of Opto-Electronic Devices 
To realize cost effective PDS system, it is obvi- 

ous that cost reduction of opto-electronic devices in the 
ONU is indispensable. Small size optical module has 
been researched and developed to mount LD, PD, 3dB 
coupler and WDM on a circuit. The optical module 
does not require super high speed devices but high effi- 
cient productivity such as large amount of hundreds 
thousand or million per year. To meet the requirement, 
concentric circuit type solid devices and plane type PLC 
devices have been realized. Figure 4 shows optical mod- 
ule using PLC. 

5. Future Development of Fiber-Optic Access 
Network Systems 

At present, fiber-optic systems is going to be spe- 
cialized toward several communication types. Figure 5 
shows the systems specialization diagram. In the trunk 
network, SS( Single Star) system is popular which con- 
nects point to point and sets LDs both side symmetri- 
cally. 

In the access network, high speed bulk SS fiber- 
optic systems were introduced to prepare high speed in- 
formation leased lines for special large businesses in the 
first phase. And ADS( Active Double Star) systems 
which applied SS line architecture were introduced for 
concentrated customers in buildings and wide spread 
customers in city re-development areas and rural areas. 
Introduction of CT/RT( Central Terminal / Remote Ter- 
minal) system called in NTT, which is a kind of DLC( 
Digital Loop Carrier) system, is typical example of 
ADS. But the CT/RT has limitation of bandwidth to- 
ward future coming multimedia communication, for its 
making use of existing metallic lines at the near part of 
customers in the system architecture. To break down it, 
PDS system is proposed and attracted wide attention as 
in second phase. 

Naturally, asymmetric system topology is  suitable 
because of edge location of access network in total 
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communication network architecture as shown in exist- 
ing metallic systems. Concentrating functions into SLT 
installed in a central office and simplifying ONU func- 
tion is key issue. As an idea, remote sensing type system 
is proposed as shown in Figure 6. The system has no 
LD in ONU but optical power is supplied from SLT 
side and modulated at customer side circuit. 

By the way, existing communication systems rep- 
resented by telephony is real time communication style 
which transfers speech information in real time. How- 
ever, non-real time or stored information style is ex- 
pected to increase such as computer communication. In 
the non-real time style, communication system has in- 
dependent parameters on information changing time 
and information transferring time. Therefore, there is no 
necessity to transfer two hours movie information in 
two hours. As shown in Figure 7. a momentary access 
system is realized, information transferring will be fin- 
ished in a short time and management capability of 
stored information will also be improved. Fiber-optic 
access systems will be added these new functions mak- 
ing use of large bandwidth. 

6. Expectation for Opto-EIectronic Devices 
There are some expectation to opto-electronic de- 

vices in the fiber-optic access systems development. 
(1) Separation of opto-electronic devices chip bonding 

and wire bonding with optical fibers. 
(2) Reduction of standard deviation on characteristics 

of opto-electronic devices 
(3) Reduction of power consumption per transmission 

processing speed and separation of heat generation 
sources. 

Item (1) is the expectation for productivity in- 
crease and cost reduction of opto-electronic devices. 
Item (2) is come from comparison with metallic sys- 
tem, fiber-optic system has high sensitivity on standard 
deviation of devices characteristics versus transmission 
distance capability. Item (3) is expectation that low cost 
devices have led low cost system realization in the sys- 
tem development history. 

7. Conclusion 
Evolution on fiber-optic communication system, 

especially fiber-optic access system toward 21 century, 
and expectation on opto-electronic devices are consid- 
ered. Indium phosphide devices are expected to play an 
important role in the development of fiber-optic sys- 
tems toward FTTH( Fiber To The Home) to realize new 
century network construction and to prepare new net- 
work services such as multimedia communication. 
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Today it is becoming increasingly clear that the niche markets that compound semiconductor devices will 
fill rest on 

(i) the traditional advantage of superior electron transport relative to Silicon. 
(ii) the reduced power dissipation due to enhanced mobility (GaAs and InP based 

materials)       and reduced band gap (InGaAs) 
(iii) the need for high speed base band electronics for >40GB/s optical communication, 
(iv) quantum electronic devices. 

The list above is by no means complete, though the basis for its limited length is the high cost of epitaxial 
compound semiconductor technology (especially relative to the rapidly maturing SiGe technology). This 
paper therefore will address InP based electronics in the context of a cost-viable solution to pressing needs. 

Available InP based technologies: 

Researchers around the 'world have made 
impressive advances in three basic InP based 
technologies; the AlInAs-GalnAs HEMT, the 
AlInAs-GalnAs and/or InP-GalnAs HBT, and the 
AlAs-InGaAs-AlAs Resonant Tunneling Diode 
(RTD). Each of the technologies have natural 
applications and a judicious mix of these 
technologies creates new appplications. In this 
paper each of the technologies will be addressed 
and their applications emphasized. 

InP-based HEMT: 

In 1983, Eastman suggested the development of 
modulation-doped 
Alo.48lno.52As/Gao.47Ino.53As hetero-structure 
on InP as a promising candidate for high speed 
devices1. The lattice-matched Gao.47ln0.53As 
alloy on InP maintains three distinct advantages 
over the lower indium mole-fraction 
AlGaAs/Ga^xInxAs PHEMT. First, the higher 
AEC (0.5eV)2 translates into higher 2-DEG 
concentration and higher modulation efficiency'. 
Second, the lower electron effective mass (me*) 
results in higher electron mobility (ue> 10,000 

cm2/Vs). Finally, the higher peak electron 
velocity in the channel (2.4x10^ cm/s) allows 
shorter transit delays through the device- The 
combination of high electron mobility and high 
2-DEG concentration result in lower channel 
resistivity. 

In 1985, Itoh et afi demonstarted the first 
Alo.48lnO.52As/Gao.47lrio.53As HEMT lattice- 
matched to an InP substrate. Thereafter, several 
research labs began investigating AlInAs/GalnAs 
HEMTs on InP substrates (see for example 5,6,7). 
In 1988, Mishra et al. at Hughes Research 
Laboratories reported a unity current cut-off 
frequency fT, of 170GHz utilizing a O.lum 
gatelength AlInAs/GalnAs HEMT8. Later, an 
/T of 200GHz9 was achieved by increasing the In 
mole-fraction in the channel, to 62%. Next, a 
drastic reduction of the parasitic resistance, 
Rs+Rd, was achieved by self-aligning the ohmic 
contacts to a mushroom-shaped gate met aft®. 
and an fj of 250GHz was achieved. 

Nguyen et al. at Hughes Research Laboratories 
further improved the device performance by i) 

optimization of Gd^/n^Ay (X = 0.80) as the 
channel material, ii) further reduction in 
parasitic resistance, and iii) successful reduction 
in gatelength to 50nm. These improvements 
advanced the state-of-the-art cut-off frequency 
to 340GHz (/T)

11
. Wojtowicz et al and Enoki et 

al have also reported over 300GHz (/T) 
Schottky-gate HEMT device performance12,13 . 
It is, therefore, clear that scaling the InP based 
HEMT by reducing the gatelength, parasitic 
resistances and increasing the In mole fraction in 
the channel leads to improved performance. 



However, this comes at a price: reduced gate- 
drain breakdown voltage. To alleviate this 
problem three approaches have been 
investigated: the InP channel HEMT, the 
InGaAs/InP composite channel HEMT and 
regrown contacts to the channel. The first has the 
advantage of a higher bandgap channel with 
high saturated electron velocity, with the 
disadvantage of a lower electron mobility. The 
second combines the high electron mobility of 
GalnAs with the advantages of InP. The electrons 
reside in the GalnAs in the low field source 
access region and transfer to the InP sub-channel 
in the high field region under the gate. The 
regrown contacts help the on-state breakdown of 
the device 14 by (i) reducing the electric field in 
the device induced by the non-uniform electron 
collection at the drain normally present at ohmic 
contacts, and (ii) reducing hole injection from the 
drain. 

However, the high performance InP HEMT will 
only be widely used if the InP based HEMT is 
made reproducible. The threshold variability of 
the HEMT can be addressed by using etch-stop 
layers in the gate region. An alternative is to 
modulate the 2DEG in the channel with a p+ gate 
electrode; the JHEMT. First introduced by Ohata 
et aU$ in the AlGaAs-GaAs system, the concept 
has been recently developed rapidly in the InP 
based system by Shealy et a/^with 0.2um gate 
length devices exhibiting a oVth of 13.7mV ,an 
fT of 110GHz and an fmax of over 220GHz at a 
drain bias of IV. The additional advantage of a 
p+ gate electrode is the reduced electron injection 
from the gate into the channel reducing the gate 
leakage current. 

The applications of the InP HEMT are 
predominantly in high frequency (>Q-band) 
microwave transmit and receive applications and 
will be addressed in the talk. 

InP- based HBT: 

The dominant advantage that the InP based HBT 
has over the competition is high speed at very 
low power dissipation. The first MBE grown 
AlInAs-GalnAs HBT was demonstrated by Malik 
et al^7and investigated by groups at AT&T18 

and the Hughes Research Laboratories19. 
Devices with InP emitters have demonstrated an 
fT of over 160GHz at 300K and over 300GHz at 
77K20. This incredible performance is achieved 

because of the optimal launch energy 
(AEc=0.2eV) of the electrons into the base region, 
which has a T-L separation of 0.51eV. The 
reduced electron scattering is evidenced in hot 
electron transport across the transistor with 
reduced transit time. The only disadvantage of 
hot electron transport is the enhancement of 
impact ionization in the collector due to the 
higher electron kinetic energy. This is monitored 
by a reversal of the base current and manifests 
itself in a further reduced breakdown voltage21. 
The problem may be alleviated by introducing a 
graded (InGaAs-to-InP) wide-gap collector. An 
abrupt InGaAs-InP base collector junction is 
unacceptable because of the collection of electrons 
in the heterojunction conduction band notch. In 
addition to introducing collector delay, 
instability in the I-V curves is observed due to 
positive feedback introduced by the field 
dependent tunneling of electrons out of the 
notch22. Solutions to the problem using an 
additional dipole-induced hot electron launcher 
at the base-collector junction, to launch the 
electrons over the barrier have also been 
investigated23. 

However, in the opinion of the author, the InP 
based HBT has two fundamental properties 
which can be used to great advantage. The first is 
the low recombination velocity at the InGaAs 
surface . This enables scaling of the emitter to 
sub-(i.m dimensions while retaining a high ß for 
the devices. Though in conventional topologies, 
scaling the emitter width does not substantially 
increase the speed of the transistor, the 
advantage gained in reduced power consumption 
per function is enormous. This is further aided by 
the low turn-on voltage of the E-B diode which is 
based on the low band-gap of the GalnAs base, 
the second fundamental advantage. The low 
surface recombination velocity, coupled with the 
vertical nature of current transport (i.e. no 
parasitic substrate current) also leads to a low 1/f 
noise corner frequency for the transistor. This can 
be tailored further by utilizing electron injection 
at higher energies (abrupt AlInAs-GalnAs versus 
InP-GalnAs emitter-base junctions) to further 
reduce surface recombination24. The immediate 
advantage is in very low phase noise, high 
frequency VCOs, an essential component of most 
RF communication systems. Other natural 
applications utilize the inherent threshold 
uniformity of the devices in precision circuits such 
as A/D converters" and in decision circuits in 
opto-electronic receivers26. Reliability continues 



to be an issue in HBTs though recent results have 
shown that graded E-B junctions have improved 
reliability over abrupt junctions27. 

Merged Technologies: 

The ability to combine HEMTs, HBTs and RTDs 
on the same wafer leads to circuits with high 
functionality. Miura et al28 have integrated 
HBTs and RTDs to form hybrid resonant bipolar 
transistors for use in trigger circuits. Watanabe et 
a/29 nave integrated InGaAs/AlInAs RTDs with 
HEMTs to demonstrate single-transistor cell 
SRAM operation. Yen et aß" have integrated 
RTDs and InGaAs HJFETs to demonstrate Static 
latches and quarternary to binary converters. 
Stanchina et a/31 and Waiden et al 32 have 
formed HEMT/HBT, RTD/HBT and pnp/npn 
HBTs on the same wafer using growth on pre- 
patterned substrates and LT AlInAs as an 
isolation layer. The area of merged technology, 
though relatively new, has incredible potential 
for ultra fast and ultra dense circuits. 

Conclusions: 

In this paper, a review of the development of InP 
based electronic devices have been presented. The 
years past have seen a mixture of materials and 
processing advances and performance 
improvements through band-gap engineering. The 
economics of the day however dictate that the 
deployment of this technology in systems is going 
to be determined primarily by its cost. It is 
imperative that a substantial portion of the 
communities creative potential be directed 
towards the manufacturability of these 
materials, devices and circuits so as to improve 
yield and reduce cost. The past efforts of lattice 
mis-matched growth on large substrates such as 
Si need to be revived as the economies of scale 
have to be leveraged. As the cost is reduced and 
the reliability enhanced the market is InP's for 
the taking. 
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Abstract 

InP processing and achieved results on two-inch wafers are reviewed with an emphasis on lasers, 
performance, high-reliability lasers are demonstrated using a "building b/odc" based process. 

High- 

I.   Introduction 

Today's optical transport and access networks 
require high-performance, low-cost optoelectronic 
devices in high volume to meet increasing market 
demand for fiber-optic based systems. Most systems 
applications require lasers with low threshold current 
and high output power which can operate over a 
wide temperature range. To respond to these 
aggressive design objectives in high-volume, a two- 
inch InP laser process is required. 

A number of companies have two-inch InP 
processes up and running. An informal survey was 
conducted, and its results will be presented at the 
conference. For two-inch laser processing, three 
options have been selected to date: ridge , buried 
ridge structure (BRS), and buried heterostructure (BH) 
with blocking layers (planar BH, CMBH, SIBH, etc.). 
The ridge process [1,2] is the simplest; only a single 

epitaxy step is required for a Fabry-Perot (FP) laser. 
The BRS [3,4] process requires an additional non- 
selective regrowth compared to the ridge process. 

Fig. 1 presents a cross-sedion of the BRS laser 
structure. For the BH structures [5,6], two additional 
epitaxy steps are necessary, including a selective 
regrowth over an etched mesa. 

In sections II, III and IV of this paper, we review 
the "building block" based process which has been 
implemented at Alcatel for the BRS laser and the 
results obtained to date. In section V, we give a brief 
review on two-inch OEIC and PIC device work in 
progress around the world. Work on detectors will 
be briefly reviewed at the conference. 

II.  Building Block InP Laser Process 

The Alcatel BRS laser process includes the 
following two-inch building blocks: 

10 

proton 
implantation 

SLMQW - active region 

Fig.   1:  Diagram of BRS laser. 

1. GSMBE first epitaxy 
2. grating formation (optional) 
3. RIBE mesa formation 

4. MOVPE mesa regrowth 
5. p/n contact formation 
6. implantation 

We define a building block to include: a processing 
step, a characterization step and an accept/reject 
decision (see Fig. 2). A sequence of building blocks 
forms the overall process. We have implemented 
identical building blocks both in R&D and in 
production. There are many advantages to this 

approach. Fast, trouble-free transfers from R&D to 
manufacturing are routinely being achieved. 

Uniform processing for different products leads to 
short cycle times (fast customer response), a high 
"success ratio" of wafers (fewer errors), and optimized 
(minimized) investments. In addition, the building 

block approach lends itself to the use of statistical 
process     control,     which     is     essential     for     a 



Parameters in 

Fig.   2:   Building block process definition. 

manufacturing environment. Finally, our experience 
with the building block approach to date is that it 

allows the customer needs to be fulfilled very 
efficiently. 

The BRS presents several advantages which 
make its realization relatively simple: the mesa etch 

depth is <1 ujm and is thus easily controllable and 

the mesa overgrowth is non-selective. The building 
block process is described in the rest of this section. 
The first epitaxy is by gas-source molecular beam 

epitaxy (GSMBE); the source materials are Ga, In, Be, 

Si, ASH3, and PH3. Good wavelength control over a 
wafer and from wafer to wafer are routinely 

achieved. The strained layer multiple quantum well 
(SLMQW) active structures are optimized for each 
application. Fig. 3 presents the threshold current 

density       per       QW       for       300       Jim       long, 

broad area lasers. These values are low, which is a 
key factor for low-threshold current lasers, and they 
are very reproducible. For a distributed feedback 
(DFB) laser process, a first order grating formation 
step is included at this point. Reactive ion beam 
etching (RIBE) is then used to define the laser stripe. 

The RIBE step permits good control of the active 
region width. After the dry-etching step, the wafer is 

overgrown with p-lnP and p-lnGaAs using a non- 
selective low-pressure metalorganic vapor phase 
epitaxy (MOVPE) step. The p-contad is then formed. 
To minimize the leakage current across the pn InP 
homojunction, zones that are not in the immediate 

vicinity of the active region are then implanted with 
protons. The wafer is then thinned, and the n-contact 
is deposited. This building block based process 
makes it possible to produce a wide variety of FP or 
DFB lasers with only very minor changes in building 
block parameter inputs. 

III.   Device Results 

Wide temperature range (WTR) lasers: 

Fig. 4 presents a typical L-l curve for a 300 (xm 

long, FP 1.3 (am laser with a highly reflecting rear 

facet coating. The series resistance is —2.2 Cl, and 

the far-field angles are — 26° in the parallel plane 
and — 30° in the vertical plane; this far-field 

distribution permits simple coupling to an optical 
fiber. Fig. 5 presents a histogram of the current 

required for 6 mW, (lomw) a* 85°C for a population 
of —150 lasers. The lasers were taken from four 
different wafers made at different times. There is 

little dispersion in lomw around the median value of 

180 T- 
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0 —ß—1II 111 111 111 1  11|  11|  11|  11|  11| 
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Sample Number 

Fig. 3: Jjf, per QW for 300 (J.m long, broad-area lasers 
with two different 1.3 |lm designs (samples 1-7) 
and one 1.55 flm design (samples 8-13). 

0.00 25.00 50.00 75.00 100.00 

l(mA) 

Fig 4.: L-l curves at 25°C and 85°C for typical FP 1.3 urn 
laser. 
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Total current (mA) 
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Fig. 5: Total current for 6 mW at 85°C for >150 lasers 
from four different FP 1.3 Jim wafers.. 

46 mA. For these same four wafers, the wavelength 
at 85°C at the 1 0% and 90% points of the population 
is 1332 nm and 1340 nm, indicating excellent 
control. The typical wavelength shift as a function of 
temperature for these lasers is 0.38 nm/°C; 
although, 0.31 nm/°C has been demonstrated in a 
design variant. 

WTR DFB lasers have been fabricated and 
tested between -40 and +85°C. Optimization is in 
progress, and these results will be presented. 

Thermoelectric-cooled DFB devices: 

Devices operating at 1.3 and 1.55 |im have 

been optimized for data transmission at 2.5 Gb/s. In 
order to maintain an open eye pattern, the laser 
structure has been optimized for a high differential 
gain to obtain a high resonance frequency. For four 

different 6 QW wafers, median threshold currents 
after burn-in were 6.5, 6.5, 5.7, and 6 mA with little 
spread in the data. Threshold currents in the range 

of 3 - 4 mA have been measured for 300 (im long, 

uncoated 4 QW samples. These low values are 
indicative of high-quality first epitaxy material, low 
leakage current, and efficient current blocking. The 
front facet efficiency is —0.15 mW/mA. The 

wavelength dispersion over a wafer is ~4 nm. The 
typical capacitance of these lasers is 10 - 15 pF, 

which leads to an RC product compatible with 
2.5 Gb/s data transmission. Direct modulation 
transmission at 2.5 Gb/s over 200 km of standard 

fiber has been achieved with these lasers with less 

than 1 dB of dispersion penalty. Fig. 6 presents 
measured dispersion penalties for 75 fibered lasers 
over 100 km; the median penalty is 0.5 dB. 

Dispersion Penalty (dB) 

Fig. 6: Dispersion penalty measured for 1.55 (im lasers 

after transmission over 100 km of standard fiber. 
The extinction ratio is 15%, and average power in 
the fiber is 1.6 mW. 

Pump laser structures: 

FP 1480 nm laser pumps for use in erbium- 
doped fiber amplifiers have been realized. There will 
be a penalty at very high facet powers due to InP 
homojundion current leakage; however, front facet 
powers of ~ 125 mW have been measured at 

400 mA for 600 flm long R^/R,^^ treated lasers. 

This performance is acceptable for many standard 
applications. 

IV.   Laser Reliability 

All lasers are subjected to a 48 hour, 100°C, 

200 mA burn-in after mounting on submount. The 

threshold current changes for four 1.3 |im FP wafers 

and four 1.55 (im DFB wafers are shown in Fig. 7. 

The median threshold current change is less than 

10% (less than 1 mA). The change in external 
efficiency after burn-in is less than 5% for all lasers. 

These small changes demonstrate the robustness of 
the BRS laser structure. 

In addition, constant power ageing is in 
progress on FP and DFB devices. For the FP devices, 

groups of devices at 20 mW/53°C and at 7mW/80°C 
have reached 6500 hours. The change in operating 
current as a function of time is logarithmic, and we 
estimate a mean time to failure for these devices 
greater than 106 hours (100 years) at 7 mW/80°C. 
For reference, the maximum ageing rate calculated 

using a linear extrapolation of the current required to 

maintain a constant power is 0.43%/kh at 80°C/ 

7 mW and 0.28 %/kh at 53°C/20 mW. For the 

1.55 tim DFB devices, a group of lasers has reached 

3500   hours   at   4   mW/80°C,   and   the   maximum 
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linearly extrapolated ageing rate is 0.9 %/kh. This 

low ageing rate indicates that the 15 year lifetime 
requirement for land-line components is easily 
satisfied. These results demonstrate that all of the 

building blocks are qualified. As a consequence, 
new device structures may now be quickly and easily 
qualified. 

1       2       3       4       5       6       7       8 

Sample Number 

Fig. 7: Percentage change in threshold current after burn- 
in for lasers (lot size > 40) from four 1.3 /im FP 
wafers and four 1.55 fJm DFB wafers . The squares 
give the median values and the error bars give the 
values at 10 and 90% of the population 
distribution. 
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V.  Opto-electronic integrated 
circuits/photonic integrated circuits 

Work is starting to be reported on full-wafer 
processing for these advanced device structures. For 
example, YANO et al. have reported results on three- 
inch processed OEIC receiver circuits with 
bandwidths for single circuits of 6 GHz and 
bandwidths for arrays ranging from 1 to 2 GHz [7]. 

Digital optical switches are being routinely fabricated 
by ERMAN et al. [8]; two-inch wafer processing is 
required because of the large size of the switches 
(2 x 40 mm^). Several groups have reported two- 
inch processes for DFB lasers integrated with electro- 
absorption modulators for long haul transmission at 
2.5 Gb/s and/or lOGb/s. 

VI.  Conclusion 

InP laser technology has matured to the level 
where it is possible to produce high volumes of high- 
performance, high-reliability laser diodes using full 
wafer processing. 
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Introduction 
An uncooled laser transmitter is cheaper and more reliable than a thermo-electrically cooled laser transmitter because 

of its simplicity in packaging. A low-cost, highly-reliable uncooled laser may have a strong influence on pushing fiber 
deployment closer to the home. For loop applications, the laser transmitter must operate reliably over the temperature range 
from -40 to 85 °C (1). It is rather difficult to make high performance uncooled lasers in the long wavelength region (1.3- 
1.55 um) using the conventional GaJni^ASyPi.y/InP material system because the laser temperature performance suffers 
from Auger recombination in the low bandgap material and poor electron confinement resulting from the small conduction 
band offset (AEc=0.4AEg). We will discuss the design of uncooled lasers which minimizes the change in both threshold 
current and slope efficiency over the temperature range from -40 to 85 °C (2). To prevent carrier overflow under high- 
temperature operation, the electron confinement energy is increased by using the AlxGayrni.x.yAs/InP material system (2) 
instead of the conventional GaxIni.xASyPi.y/InP material system. Experimentally, the AlxGayIni.x.yAs/InP strained quantum 
well lasers show superior high temperature performances such as a small drop of 0.3 dB in slope efficiency when the heat 
sink temperature changes from 25 to 100 °C (3), a maximum CW operation temperature of 185 °C (4), a thermally-limited 
3-dB bandwidth of 13.9 GHz at 85 °C (5), and a mean-time-to-failure of 33 years at 100 °C and 10 mW output power (6). 

Design Considerations for 
High Temperature Operation 

Several approaches have been investigated to improve 
the laser temperature characteristics. Strained multiple 
quantum well active layers are used to reduce the laser 
threshold current, Auger recombination, and intervalence 
band absorption through reducing the in-plane hole 
effective mass by the combination of biaxial strain and 
quantum confinement. 

In quantum well structures, the carrier leakage 
through the barrier layer is one important factor causing the 
laser performance degradation at high temperature and 
high carrier density. Due to the difference in the effective 
mass, the electron with its lighter effective mass requires a 
tighter confinement than the hole. Unfortunately, in the 
conventional GalnAsP/InP quantum well structures, the 
band offset is not consistent with the above requirement 
because the conduction band offset (AEC= 0.4AEg) is 
smaller than the valence band offset (AEv= 0.6AEg). To 
increase the conduction band offset, constant y quaternary 
quantum wells (GawIn^wASyPi.y/Gablni.bASyPi.y) (7), 
InASxPi.x ternary quantum wells (8), and quantum wells on 
ternary substrates (InGaAs) (9) have been tried by various 
research groups. We have chosen the AlxGayIni.x.yAs/InP 
material system instead, for its large conduction band offset 
(AEC= 0.72AEg) to provide a strong electron confinement in 
the well and maintain uniform hole distribution among the 
wells (2). Moreover, in this material system , it is easier to 
implement the graded-index separate-confinement 
heterostructure (GPJNSCH) by adjusting the Al to Ga ratio 
only than by adjusting both x and y nonlinearly in the 
conventional GaJni^ASyPi./InP material system because 
the difference in the covalent radius of Gallium and 
Aluminum is very small. The GRINSCH provides not only 

strong  carrier   confinement  but   also   efficient   carrier 
injection. 

The design of high temperature lasers in terms of the 
quantum well number and the mirror loss is quite different 
from that of low-threshold-current lasers. Fig. 1 shows the 
normalized modal gain as a function of normalized current 
density for two different operating temperatures (25 and 
100 °C, respectively). For room-temperature low-threshold 
operation, the optimum operating point is designed to be at 
the intercept A of the 25 °C gain curve and the maximum 
slope line measured from the origin (10). With this design, 
the laser will have a poor temperature performance because 
the operating point A' moves into the gain saturation region 
at high temperature. To avoid gain saturation at high 
temperature operation (e.g. 100 °C), the optimum operating 
point should be designed to be at the intercept B of the 100 
°C gain curve and the maximum slope line measured from 
the origin, at the expense of slightly high threshold current 
at room temperature (2). We have derived the following 
simple guidelines for minimizing the temperature 
sensitivity in threshold current and slope efficiency (2). 

5*./-,..^,.    N [1] Go>VH«i+«m) 

ai + am)4rySNth- [2] 

where G0 is the modal gain when G/J is maximum, Tx is the 
characteristic temperature of parameter x, a; is the internal 
loss, a,,, is the mirror loss, T is the optical confinement 
factor of the multiple quantum well region, and ßN,h is a 
carrier density dependent loss due to free carrier and 
intervalence band absorption. G0 is proportional to the 
number of quantum wells. It is easy to satisfy the above 
relations for AlGaAs lasers since ß is relatively small (11). 
On   the   other   hand,   because   the   intervalence   band 
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absorption is not negligible in 1.3 or 1.55 um bulk lasers 
(11), it is important to use strained-quantum wells to reduce 
ß and to maximize the mirror loss, to avoid a decrease in 
slope efficiency at high temperature. To design uncooled 
lasers for high temperature operation, we should use 
strained-layer multiple quantum wells as the active layer 
with the maximum total well thickness allowed by strain to 
satisfy Eqs. [1] and [2]. It is contrary to the design for low 
threshold lasers which requires Go = am (10) together with 
a single quantum well and a small mirror loss. 

Material Growth and Device Fabrication 
The laser material was grown by low-pressure (76 

Torr) organometallic chemical-vapor deposition at 625 C 
for InP and 700 °C for AlGalnAs (12). The quantum wells 
are either Al i6iGa 102^737As wells (5 nm each, 1.43 % 
compressive strain) or Ai.07Ga54In.39As wells (11 nm each, 
0.98 % tensile strain). The photoluminescence peak 
wavelength is around 1.29 urn. The multiple quantum wells 
are located in the middle of the graded-index separate- 
confinement heterostructure region. To provide a tight 
electron confinement in the growth direction, AlxGayIni.x. 
yAs quaternary layers (10 nm thick each) with a bandgap 
large enough to provide an electron confinement energy of 
150 meV are used as the barrier layers together with 
linearly graded waveguide layers (100 nm) on either side of 
the multiple quantum well region (2). The graded regions 

Table I Intrinsic material parameters for 1.3 um AlGalnAs Lasers at three different heat sink temperatures determined 
from threshold current and slope efficiency as a function of cavity length. The temperature characteristic of the 

1 dX = <dn(X) _     1 
intrinsic material parameter X (such as G0 or J^) is quantified by x or     d\       T, . The optical modal gain as a 

j 
function of the current density is assumed to be G = G0ln(—). 

are terminated in Al.4gIn.52As waveguide regions. Carriers 
and photons are laterally confined by a 3-um wide ridge 
waveguide fabricated by a self-aligned process to minimize 
the series resistance and provide uniform current injection. 

High Temperature Static Performances 
The light-current characteristics of lasers were measured for 
several cavity lengths and under various heat sink 
temperatures to determine the intrinsic material parameters 
summarized in Table I (2). The intrinsic material 
parameters per well of both compressive-strained five- 
quantum-well (CS5QW) and tensile-strained three- 
quantum-well (TS3QW) lasers are similar in magnitude 
and in temperature dependence. The tight electron 
confinement provided by AlGalnAs barriers improves the 
characteristic temperature of optical modal gain (TGQ) by a 
factor of two compared with that of the matched seven- 
quantum-well lasers with GalnAsP barriers reported in Ref. 
(13). These lasers exhibit excellent temperature 
characteristics. When the heat sink temperature changes 
from 25 to 100 °C, the differential quantum efficiency 
reduces by a small mount of 0.3 dB for a CS5QW laser 
with rear facet high-reflection coated as shown in Fig. 2 (3). 
A record high CW operating temperature of 185 °C has 
been obtained for a laser with both facets high-reflection 
coated as shown in Fig. 3 (4). 

Internal Optical Transparency 
Quantum Internal Modal Current 

Temperature Efficiency Loss Gain Density 

Wafer T, °C Tli, % oij, cm'1 Go per well, cm"1 Jtr per well, A/cm2 

25 95 8.6 10.7 169 

CS5QW 65 92.5 10,7 9.62 243 

85 88.8 11.3 8.86 302 

TxCK) 322 104.8 

15 61 5.4 12.1 171 

TS3QW 65 59 8.8 10.6 280 

85 59 10.9 9.63 321 

TX(K) 313 108.5 

High Temperature Dynamical Performances 
The intrinsic small-signal modulation responses are 

measured in the range of 0.1-20 GHz by a parasitic-free 
optical modulation technique (2). As shown in Fig. 4, the 
solid lines are the theoretical fittings to the measured data 
shown in dots for CS5QW lasers. Its maximum intrinsic 3- 
dB bandwidths are measured to be of 19.5, 15, and 13.9 
GHz at 25, 65 and 85 °C, respectively. Power roll-off 
caused   by   heating   prevents   further   increase   of  the 
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modulation bandwidth. The strong carrier confinement also 
results in small k factors (0.25 ns) which indicate the 
potential for high speed modulation up to 35 GHz. 

High Temperauture Reliability 
In spite of the aluminum-containing active layer, no 

catastrophic optical damage was observed at room 
temperature up to 210 mW for CS5QW lasers and 103 mW 



for TS3QW lasers. For aluminum-containing lasers such as 
AlGaAs lasers under CW operation, the nonradiative region 
caused by facet oxidation has been reported as a main 
reason for early stage degradation (14). Thus, it is 
important to investigate the reliability of AlxGayIni.x. 
yAs/InP lasers under high temperature operation for 
subscriber loop applications. Thirty 300-um long CS4QW 
lasers have been undergoing life test for 8,000 hours. The 
rear facets of the devices are coated with one-pair high- 
reflection dielectric coating and the front facets are coated 
with neutral coating. The aging condition is 10 mW output 
power into 0.25 numerical aperture at 100 °C. The 
normalized threshold current change measured at 25 °C 
versus time is shown in Fig. 5. The changes in threshold 
current are very small. The lifetime projection is made by 
the linear extrapolation method. Based on a widely accepted 
lifetime criterion of a 50 % increase of the original 
threshold current, the mean-time-to-failure (MTTF) is 
estimated to be 33 years (2.9xl05 hours) for operating at 
100 °C with more than 10 mW output power. 

Conclusions 
The favorable band offset of AlxGayIn].x.yAs/InP materials 
system enables us to design lasers with deep quantum wells 
and at the same time to maintain uniform hole distribution 
among the wells (2). Following the design guide lines, we 
have demonstrated that the AlxGayIni.x.yAs/InP strained 
quantum well lasers perform well both statically and 
dynamically at high temperature. With these newly- 
designed uncooled lasers, low cost and reliable transmitters 
are being built for FITL applications. 
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and 100 °C, respectively). 

254565 85 100(C) 

20 40 60 
Injection Current (mA) 

80 

Fig. 2 Light-current characteristics of a 300-|im long 
CS5QW laser with a 70 % high reflection coating on the 
rear facet at various heat sink temperatures. 
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Fig. 3 Light-current characteristics of    a 300-)im long 
CS5QW laser with a 75 % (85%) high reflection coating on 
the front (rear) facet at various heat sink temperatures. 
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Fig. 4 Small-signal modulation responses of a 300 um long 
CS5QW laser at 25, 65 and 85 °C with bias currents of 153, 
137 and 150 mA, respectively. 
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Fig. 5 Normalized threshold current changes of CS4QW 
lasers measured at 25 °C, as a function of time in life test. 
The aging condition is 10 mW output power at 100 °C. 

17 



WA1.2 
MOCVD Growth and Characterization of Tensile-Strained GaxIni.xAsyPi.y Quantum Wells 

for Low Threshold Lasers Emitting at 1.3jim 

N. Yokouchi, N. Yamanaka, N. Iwai, and A. Kasukawa 

Yokohama R&D Laboratories, The Furukawa Electric Co., Ltd. 

2-4-3, Okano, Nishi-ku, Yokohama 220, Japan 

Abstract - Tensile-strained GalnAsP/InP quantum wells (QWs) grown by low-pressure metalorganic 
chemical vapor deposition (LP-MOCVD) are investigated for 1.3(im laser applications. High resolution x- 
ray diffraction shows good agreement with theoretical simulation. Photoluminescence spectra have well 
energy separation due to biaxial tension. The lowest threshold current density for infinite cavity length 
Jth/Nw°° of 100A/cm2 is obtained for the device with -1.15% strain and Nw=3. The amount of strain which 
gives the lowest J^/N»00 is around -1.2%. The tensile strained QW laser emitting at 1.3|im is attractive for 
the light source of fiber in the loop application. 

1. Introduction 

Semiconductor lasers with low power consumption 
and stable operation at high temperature without Peltier 
cooling are important light sources for a fiber in the loop 
(FITL) application. Strained quantum well (QW) lasers [1, 
2J are promised devices for the application since strained 
materials have superior gain and loss characteristics. 
Compressive strain reduces the heavy hole effective mass 
which leads to population inversion at low carrier density. 
Nonradiative Auger recombination and intervalence band 
absorption (IVBA) which are serious problems for 1.3|im 
and 1.55(im lasers are also suppressed. These effects 
realize low threshold current density of 98A/cm2 for 
1.55|im lasers [3]. In tensile-strained QW lasers, low 
threshold operation is realized by another effect. An 
electron to light hole transition is dominant since light hole 
band moves up to the top of valence band due to the biaxial 
tension. The transition enhances TM gain compared to TE 
gain by suppression of spontaneous emission polarized in 
the growth plane [4]. Auger recombination and IVBA is 
suppressed by the large separation of light hole and heavy 
hole subbands. To realize high performance tensile- 
strained QW lasers, relatively thick well, more than lOnm, 
is required since the quantum size effect reduces the 
separation. Low threshold current density of 92A/cm2 [5] 
is obtained in 1.55|xm tensile-strained QW lasers with 
12nm-thick single QW. Although high performance 
1.55(J.m tensile-strained QW lasers based on GaxInlxAs 
(x>0.47) are reported [5, 6], 1.3u.m devices are not 
sufficiently investigated [7]. As for tensile strained QW 
lasers emitting at 1.3|im, GaxIn^ÄSyP,^ is preferable to 

GaxIn!_xAs since thicker QW can be applicable. We 
investigate the potential of GaxIn^ASyP^y tensile-strained 
QWs grown by low-pressure metalorganic chemical vapor 
deposition (LP-MOCVD) for 1.3nm lasers. Very low 
threshold current density is obtained in graded index 
separate confinement heterostructure (GRIN-SCH) lasers. 

2. Growth and Evaluation of Tensile-Strained 
GalnAsP/InP QW Structure 

LP-MOCVD with a vertical reactor is used for the 
experiment. Substrate temperature during growth is 600°C. 
Trimethylindium (TMln) and triethylgallium (TEGa) are 
used for group III sources. Phosphine (PH3, 30% in H2) 
and arsine (AsH3, 10% in H2) are used for group V 
sources. Figure 1 shows x-ray rocking curve around (400) 
diffraction and its simulation [8] of a GaxIn^ASyP^y/InP 
triple QW structure. The best simulation as shown in the 
figure is obtained by assuming x=0.49, y=0.7, well 
thickness Lw=11.2nm and barrier thickness LB=22.3nm. 
The amount of tensile strain is estimated to be -1.15%. 
Fringes around lower order satellite peaks and good 
agreement of experimental and simulated curves indicate 
that abrupt interfaces and good periodicity are obtained. 
Room temperature photoluminescence (PL) spectra with 
various strain are shown in Fig. 2. Two clear emission 
peaks in highly strained materials correspond to an electron 
- light hole (e-lh) and an electron - heavy hole (e-hh) 
transitions. The former transition is dominant in the highly 
strained material. The separations are 30meV and 45meV 
for materials with tensile strain of -0.73% and -1.15%, 
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respectively. These values are close to the theoretical 
estimation including energy level shifts due to biaxial 
tension [9] and the quantum size effect. 
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Fig. 1 Measured X-ray diffraction rocking curve and its 
simulation. 

is observed in the wafer. In the case of -1.42% tensile 
strain, same degradation are confirmed in the wafer with 
Nw=2. No lasing operation is obtained in the device from 
these wafers. 

Semi-logarithmic approximation for optical gain g 
per well is given by [11] 

8 = G0 In 
\NwJlr j 

(1) 

where r|; is internal efficiency, J is injected current density 
and Jlr is transparency current density. G0 is a gain 
constant. Threshold current density per well Jlh/Nw is then 
given by 

1* texpi^Fb;(o'+a^ <2) 
'wl w^o 

where Tw is confinement factor of electric field for each 
well, otj is internal loss and ocm is mirror loss. Mirror loss is 
defined by 

GalnAsP/lnP Strained QW 

1.2 1.3 

Wavelength (u,m) 

1.4 

Fig. 2 Photoluminescence spectra of tensile-strained 
GalnAsP/lnP QWs. 

3. Threshold Characteristics of GRIN-SCH LDs 

am =—In — 
"     L    \R 

(3) 

where L is cavity length and R is averaged facet 
reflectivity. 

40nm   10nm 

GalnAsP 
Tensile-Strained Well 

r^ InP 
ri   \j GalnAsP (0.95jim) 

-i    \ xGalnAsP (1-0nm) 
' GalnAsP (1.05nm) 
-GalnAsP (1.1nm) 

12nm-thick 
GalnAsP Barrier 

Fig. 3   Conduction band diagram of the investigated 
device is schematically drawn. 

GRIN-SCH QW lasers with 20|im-wide ridge 
waveguide configuration are fabricated. Conduction band 
diagram of the device is schematically shown in Fig. 3. 
Tensile strain of -0.8%, -1.15% and -1.42% are 
investigated. Well number (Nw) of 1, 2, 3 and 4 are 
prepared for the wafer with -1.15% tensile strain. PL 
intensity is drastically degraded for the wafer with 4 wells. 
Surface roughness associated to 3-dimensional growth [10] 

Threshold current density per well Jth/Nw for the 
devices with -1.15% tensile strain are plotted in Fig. 4. The 
minimum Jth/Nw for infinite cavity J^/N»00 (Jm/Nw at oc,,, = 
Ocm1) is estimated to be 100A/cm2 for the device with 
Nw=3. High reflective (HR) coating is introduced for both 
facets (for front facet Rf=0.92 and rear facet R.=0.96) of 
the device with Nw=l and L=200|j.m. The light output - 
current characteristic of the device is shown in Fig. 5. 
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Threshold current density of 6mA, corresponding current 
density of 150A/cm2, is obtained. This is, to our best 
knowledge, the lowest threshold current density for 1.3|im 
tensile-strained QW lasers. 

Strain dependence of J^/N»,00 is shown in Fig. 6. At 
the -0.8% strain, Jih/Nw°° is higher since the separation of 
light hole and heavy hole bands is insufficient. At the point 
of -1.42%, it is difficult to increase well number due to the 
surface degradation mentioned above. If multiple QW 
structure can be grown by introducing the strain 
compensated technique [12], Jlh/Nw°° for -1.42% strain can 
be reduced as predicted in Eq. (2). Tensile strain modifies 
band structure for both conduction and valence bands. The 
conduction band moves up and conduction band 
discontinuity between well and barrier is reduced with 
tensile strain. This modification results in type-II band 
lineup if larger strain is applied. From these consideration 
and experimental results, the amount of strain which gives 
the lowest J^/N»00 is around -1.2%. In the case of 1.55u.m 
emission, the optimized strain is about -1.6% [5, 6], which 
is slightly larger than that of 1.3u.m case. This could be 
attributed to the small conduction band energy difference 
between well and barrier layers for 1.3u.m lasers. 

To reduce the threshold current, narrow stripe of 
2.5|im-wide ridge waveguide lasers are fabricated. A very 
low threshold current of 2mA is obtained under pulsed 
operation at room temperature in a 160u.m-long device 
(Nw=3) with high reflective (HR) coated on both facets as 
shown in Fig. 7. 
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Fig. 5 Light output versus current characteristic of a 
HR/HR (92%/96%) coated device. A very low 
threshold current density of 150A/cm2 is 
obtained. 

: 1.3nm-GalnAsP Tensile Strained OW LDs 

> 
O 

2 
-f   0.01 

Room Temperature 

-0.5 -1.0 -1.5 

Tensile Strain (%) 

—.        5 
CJ ■   * .    1    1    1    1    I ,   .   .    1   1   1    I    1 .,—, . 
b £ = -1.15% " 
;? 
V 

s 
2 

->^ 
1 

T Nw=1^- - 
«i - 
c - 
CD 

Q ^^  Nw=2 
a' 

c 
tu -~"D        N„=3 
zz —acz 
O 
TJ 0.1 
sz *  /T ~ 
ÜI - 
cu 
r. 0.05 ,   1   .   .   .   . I     ,      ■      ■     ■     1      .      . , 

5 10 15 

Mirror Loss (crrr1) 
20 

Fig. 4 Mirror loss dependence of threshold current 
density per well (J[h/Nw) for the devices with 
-1.15% strain. 

Fig. 6   Tensile strain dependence of Jth/Nw for infinite 
cavity length. 
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Fig. 7   Light output versus current characteristic of a 
HR/HR (90%/98%) coated device. 
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4. Conclusions References 

Tensile-strained GalnAsP/InP QWs grown by LP- 
MOCVD are investigated for 1.3|im laser applications. X- 
ray diffraction and PL measurements indicate that high 
quality MQW structure can be grown routinely. The lowest 
Jih/Nw°° of 100A/cm2 is obtained for the device with 
-1.15% strain and Nw=3. The amount of strain which gives 
the lowest Jlh/Nw°° is around -1.2%. Submilliampere 
operation can be obtained by optimized device structure. 
The tensile strained QW laser emitting at 1.3(im is 
attractive for the light source of FITL application. 
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Introduction 

Strained layer quantum well (SL-QW) structures on a InP substrate have made progress on the threshold current and 

slope efficiency of a laser, emitting at 1.3 um[l-2]. Poor characteristic temperature has, however, not been improved. The 1.3 

Um strained quantum well laser, grown on a lattice relaxation buffer layer with a lattice constant between that of GaAs and InP, 

has a high potential to improve the temperature characteristics, because of its carrier overflow suppression from the active 

region with a large band gap SCH layer[3]. However, the surface roughness and the dislocation caused by the lattice 

relaxation[4] in the buffer layer hinders the lasing operation of the strained quantum well laser. 

We report the first CW operation of a 1.3 urn strained quantum well laser with InGaP cladding layers on the lattice 

relaxation buffer layer grown by metal organic vapor phase epitaxy (MOVPE). We use a compositionally graded InGaAs/ 

GaAs structure^] as the lattice relaxation buffer. Significant reduction of the surface roughness of the InGaP cladding layers, 
due to high Se doping, enables the CW operation of the 1.3 \im SL-QW laser. 

Epitaxial growth and sample structure 

Figure 1 illustrates the sample structure of the 1.3 (im 

strained quantum well laser on a graded InGaAs buffer layer 

with a (100) GaAs substrates. The InGaP cladding layer, the 

InGaAsP SCH layers and the InGaAs buffer layer are all 

lattice-matched to the top of the graded layer. The quantum 

well active layer of In-rich InGaAs is compressively strained 

(Aa/a=l%, where a is the lattice constant of the cladding 
layer). 

Samples were grown by one-step LP-MOVPE 
(75Torr) at 640-700 °C in the vertical reactor having the radio 

frequency heating system. The group III sources were 

trimethylindium (TMI) and triethylgallium (TEG). The group 

V sources were ASH3 and PH3. The dopant sources were 

dimethylzinc (DMZ) for p-type conductivity and H2Se for n- 

type conductivity. The growth rate was 1.2-2.4 p.m/h. TheV/ 

III ratio was 50-250. By controlling the group III flow rate 

continuously and linearly, we performed the growth of the 
graded layer. 

We characterized the sample by photoluminescence 

(PL) measurements. The PL peak wavelength was 1.19 p.m 

for the InGaAs buffer layer, 0.79 \im for InGaP cladding 

layer, 1.1 l^tm for InGaAsP and 1.3 l^m for the InGaAs active 
layer. They were close to the designed value. 

lOOnm InGaAsP (Xp|_=1.1 urn) 
5 nm InGaAs quantum well 
(/-Pl_=1.3 pm) 

100 nm InGaAsP (Xp|_=1.1 urn) 

Indium molar fraction 
Q 0.3 

Fig. 1 Sample structure 
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Fig. 2 Cross sectional TEM image of (Oil) plane 

Undulation and generation of dislocations around the    surface roughness of a ridge waveguide structure.   We 
SL-QWs expected that the highly H2Se supply has a similar effect on 

The sample with the Se doped n-cladding layers    the growth of an InGaP surface and will therefore smooth the 

(5xl017 cm"3) showed very weak PL intensity.   Cross-    InGaP surface. 
sectional transmission-electron microscopy (XTEM) Figure 2(b) shows XTEM images of a sample with 

observation revealed that this PL intensity deterioration is due highly doped n-InGaP (lxlO19 cm-3). As expected, the 

to dislocations in the vicinity of the InGaAs SL-QW (Figure InGaP surface roughness was suppressed by the highly H2Se 

2(a)). These defects are not caused by a residual strain of the supply, and no dislocations were formed around the quantum 

cladding layer, because the difference between the vertical well. Figure 3 shows that Se-doping for optimizing carrier 

and lateral lattice spacing is small (Aa/a<lxl0~3 measured by 

x-ray reciprocal lattice mapping). 
We note that the SL-QW undulates and the 

dislocations spread out from the slope regions of the 
undulation. The dislocations are not generated in flat regions. 

It is not clear what generates the dislocations. Anyway, we 

assumed that suppressing the undulation of the SL-QWs 

reduced the defects, and confirmed this by experiment. 

Taking note of each layer's surface, it is smooth for the buffer 

layer but very rough for the n-cladding layer. The surface 

roughness is enhanced by growing the n-cladding layer. This 

suggests that we should focus on smoothing n-InGaP surface. 

102° 

Surface smoothing by highly H2Se supply 
We applied the highly H2Se supply technique to 

smooth the n-InGaP cladding surface. Y.Kondo ct al. found 

that the highly H2Se supply enables a flat embedding growth 

of InP[6]. This technique can be regarded as smoothing the 

10-7 10-6 in-* 10-4 io-3 

H2Se flow rate [H2Se]/[PH3] 

Fig. 3 Dependence of PL intensity on H2Se supply 
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concentration (n=lxl0^cm"3) greatly improves the PL 

intensity of the quantum wells. The improvement of the PL 

intensity is due to the reduction of the dislocation density that 

operates as a non-radiative center. The carrier concentration 

is saturated when exceeding the optimum concentration of the 

Laser fabrication 

We fabricated a ridge-waveguide laser using the 

highly Se supply. Figure 4 illustrates the schematic of the 

ridge-waveguide laser structure which consists of 7 nm twin 

quantum wells and a 10 nm InGaAsP barrier layer. The n- 

H2Se supply.  This excess supply reduces the PL intensity.    InGaP had the optimum carrier concentration of lxl019cm"3. 

We think that the excess Se atoms form non-radiative defects.    We formed a ridge waveguide of 5 \im width. Figure 5 shows 

the dependence of light output 
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Fig. 5  Light-current characteristic of the ridge 
waveguide laser 

Discussion 

We will discuss on the 
mechanism of InGaP surface 

undulation and the smoothing effect of highly H2Se supply. 

The surface on the compositionally graded InGaAs/GaAs 

lattice relaxation buffer layers generally has crosshatched in- 

plane roughness, that is believed to be from gliding of 

dislocations on the (111) plane[4]. The InGaP surface 

undulation is not due to gliding of dislocations, because the 

InGaP was pseudomorphically grown on the InGaAs buffer. 

The lateral lattice spacing of InGaP was the same as that of 

InGaAs; it was measured by x-ray reciprocal lattice mapping. 

As for the other roughening process, the surface roughness is 

known to be caused by portionally enhanced growth on 

permanent step, that is given by screw dislocations for 
instance, or caused by elastic relaxation. 

The smoothing process is similar to the method used 

by Y. Kondo et al.[6]. They suggested that the highly H2Se 

supply made the (100) InP surface inactive and the trapping of 

In atom on the (100) surface difficult. We expected similar 

effects on both In- and Ga-atoms on (100) surface of InGaP. 

Then the atoms landing on ridges of InGaP undulation 

migrate and reach the steps of the slopes, sandwiching the 

ridges.   This effect suppress the growth on the ridges and 
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enhance the step flow growth on the slopes. As a result, the 

valley region is filled up and the n-InGaP surface is 

smoothed. The experimental results show the highly H2Se 

supply reduce the surface roughness, as expected. If there 

were any permanent steps on the InGaP, the highly H2Se 

supply would enhance the portional growth on the sources of 

the permanent step. We think that the InGaP surface 

roughness is not caused by the portional enhanced growth due 

to permanent steps. 

It is not completely cleared what enlarges the surface 

undulation. We found that the growth technique is effective 

for smoothing the InGaP surface roughness due to lattice 
relaxation. It is a useful method for fabricating lasers on 

lattice relaxation buffer layers. 
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Conclusion 

We investigated MOVPE growth of 1.3 p.m lasing SL- 

QWs with InGaP cladding layers on the compositionally 

graded InGaAs buffer layers with the GaAs substrate. We 

found that the surface roughness of the lower InGaP layer 

causes generation of many dislocations around the SL-QWs. 

This deteriorated the PL intensity of the active layer. The 

surface roughness of the InGaP layers was reduced by the 

highly H2Se supply. The reduction of the surface roughness 

significantly suppresses the dislocations around the SL-QWs. 

This new technique realized the first CW-operation of the 1.3 
u_m SL-QW laser with InGaP cladding layers. We achieved a 

low threshold current of 15 m A and more than 15 mW output 
power. 
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Abstract 
We developed integrated muliiwavclcngth lasers with waveguide couplers using a novel selective meialorganic vapor- 

phase epitaxy (MOVPE) technique. The lasing wavelength was controlled by modulating the effective refractive index of 
distributed Bragg reflector (DBR) waveguides. Array lasing wavelengths were distributed from 1548.0 to 1553.5 nm with an 
average spacing of 1.8 nm. Output power exceeding 100 pW was obtained for each DBR laser. The propagation loss of the 
waveguide coupler was about 16 dB for inner ports and 20 dB for outer ports with a 6-dB splitl ing loss. 

Introduction 

Wavelength division multiplexing (WDM) technology is 
expected to be useful in next-generation optical 
transmission and photonic switching. WDM systems 
require muliiwavclcngth light sources with highly precise 
wavelength control. In conventional muliiwavclcngth laser 
array fabrication, electron-beam lithography or multiple-step 
of holographic exposure have been used to generate gratings 
with different spacing |1-3|. These techniques present 
serious questions in terms of productivity, however. 
Selective metalorgan c vapor-phase epitaxy (MOVPE) 
growth has been invest gated as alternative in this regard [4- 
6|, because the thickm ss and the composition of InGaAsP 
layers can both be coi trolled in-plane in a single growth 
step. Layer thickness control enables the effective refractive 
index of waveguide structures to be controlled. Four- 
wavclcngth distributed Bragg reflector (DBR) laser arrays 
were previously fabricated using selective MOVPE growth 
|7|. In addition, for the application, all channels must be 
combines with different wavelengths into a single-mode 
fiber for signal transmission. We developed integrated 
lasers with waveguide couplers using selective MOVPE 
technique. This device appears extremely attractive in 
reducing the risk in packaging with fiber optics and in use 
with compact multiwavelcngih light sources. 

Device Structure   and   Fabrication 

A four-wavelength DBR laser array was integrated with 
buried waveguide-couplers based on a Y-branch structure 
(Fig. 1). The array chip was 4 mm long and 1 mm wide. 
The device combined a 380-p.m active section, a 500-iam 
back DBR section, a 250-|jm front DBR section, and a 200- 
u-m phase control section. The waveguide had an 800-pm 
radius of curvature. The cross section of the waveguide layer 
structure of the coupler is shown in Figure 2. The lateral 
spacing between lasers was 250 p.m. A grating with 
243.5-nm spacing was holographically formed over only the 
n-InP wafer of the DBR section. The wavelength was 
controlled by changing the effective refractive index of the 
waveguide of the DBR sections. The guide layer (n- 
lnGaAsP : A.g=1.2 |im) thickness was controlled using a 
selective 

Coupler 

it DBR 
Thase control section 

''Active section 
Back DBR 

Fig . 1   DBR laser arrav structure 

p-lnGaAs 

p-lnP 

Fig. 2 Cross-section of ihe waveguide 
structure of coupler section 

26 



MOVPE tcchniqucvarying the width of selective growth 
masks. Pairs of SiC>2 mask stripes were patterned 20 |jm 
apart on the substrate only for the DBR sections. The mask 
stripe widths (Win) were 0, 6. 12, and 18 |J.m. In growth. — 
the temperature was 650=C, the pressure was 50 Torr, and •« 
TEG, TMI, AsH^, anil PH3 were used as source materials. u. 
The measured thickness of the selectively grown waveguide <3 
layers between various mask stripe widths, were 0.192, v. 
0.216, 0.239, and 0.261 pm thick (Fig. 3). 5 

0.3 T 

- lnGaAsP( A g=1.2^m) 
650C, 50torr 

0.15 _i L 

-10 

C u r re 

Fig. 4  Driving current v 
characteristics for 

ledB/diw 

ersus output 
DBR laser a 

power 
rray 

AUR 1 

dBm: 

5 10        15 

Mask Width (pm) 

20 

Fig. 3 Thickness of guide layer versus mask width 

Thickness increased linearly with the mask width, resulting 
in different Bragg wavelengths because of the different 
effective indexes that corresponding to each waveguide. 
After mask stripes were removed, the MQW active layers, 
containing seven InCaAs wells each 7 nm thick anil l.3-p.m 
wavelength composition InGaAsP barriers each 14 nm 
thick, were grown and partially etched to leave an island-like 
active region. The mesa structure was made by reactive ion 
beam etching using a Cb + Ar mixture gas. Prior to the 
rcgrowth of p-InP and n-InP current blocking layers, the 
sidewalks of the mesa structure were wet-etched to 1.8 pm 
in width, and the mesa etching mask of coupler waveguide 
was removed. Channels were then etched along both sides of 
the laser stripe to isolate each laser from its neighbor. 

Device   Characteristics   and   Discussion 

Nearly uniform lasing characteristics were obtained for four- 
wavelength DBR laser array with waveguide-couplers (Fig. 
4). The threshold currents for the typical four-wavelength 
integrated DBR laser array ranged from 22 to 28 111A, and 
an output power exceeding 100 pW was obtained for each 
DBR laser. Fig. 5 shows the output optical spectrum 
coupled into a single mode fiber. The lasing wavelengths of 
the array were distributed from 1548.0 to 1553.5 nm with 
an average spacing of 1.8 nm. This wavelength agreed with 
calculated values. The side-mode suppression ratio exceeded 
30 dB. The propagation loss of the waveguide coupler, 
separated from the lasers was measured and found to be 
about 16 dB for inner ports and 20 

1-546 

RES   0- Im 

Fig. 5 Output optical spectrum coupled into 
a single mode fiber 

dB for outer ports with a 6-dB splitting loss. This large 
propagation loss was caused by the optical leakage of blunt 
Y branch and absorption of p-type doping of buried InP. 
The sharpness of the vertex of the junction is limited by 
the quality of the mask, by the photolithography process 
and by wcl-clching of the mesa sidewalls. The doping 

levels were 2xl()17 cm"1 (n-lypc) in the guide layer and 

5x10 17 1 (p-lypc) in the cladding layer. Estimated K- 

valuc and reflectivity of the front DBR section was 50 cm" 

' and 70%, respectively. Because of this high rcllectivity 0!' 
front DBR section, the output power from DBR laser 

section was below lOmW. By optimizing K-value(~25 cm" 
'), over 10 mW output can be expected. A large part of the 
propagation loss of the waveguide coupler can be reduced 
by lowering doping level . 
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Conclusion 

We have developed integrated multiwavclength lasers 
with waveguide couplers using a selective MOVPE 
technique. The lasing wavelength was controlled by 
modulating the effective refractive index of the DBR 
waveguides. The lasing wavelengths of the array were 
distributed from 1548.0 to 1553.5 nm with an average 
spacing of 1.8 nm. The propagation loss of the waveguide 
coupler was about 16 dB for inner ports and 20 dB for outer 
ports with a 6-dB splitting loss. Four-wavelength laser 
outputs were coupled into a single mode fiber. This device 
appears extremely attractive in reducing the risk in 
packaging with fiber optics and in use with compact 
mulliwavclcngih light sources. 
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In this paper, optical anisotropy of the GalnP/AlInP compressively strained multi-quantum wire lasers fabricated 
by the strain induced lateral layer ordering process in (GaP)m/(InP)m short period binary superlatlice layers, which 
is very effective method to fabricate GalnP/AlInP compressively strained quantum wire lasers through a gas source 
molecular beam epitaxy, was investigated systematically changing (GaP)m/(InP)m superlattice period (i.e. 
monolayer number m). A drastic reduction in threshold current density (Jtn) was obtained at m of 1.5 and 
anisotropic lasing characteristics were intensified with increasing m values. Moreover the low J^ value of 
278A/cm2 was obtained at m of 1.5 ML with a cavity length of794um. 

1. Introduction 
AlGalnP red-light emitting semiconductor lasers are 

crucial devices in realization of high-performance 
optical information processing systems, and many 
methods have been studied to improve the lasing 
characteristics. Among them, quantum wire (QWR) 
and quantum box/dot (QB/QD) lasers is expected to 
improve lasing properties drastically compared with 
bulk and quantum film (QF) lasers. In the QWR and 
QB structures, the reduction in state density due to two 
or three dimensional quantum size effects leads to 
narrower optical gain and to higher differential gain. 
These effects bring about theoretically improved 
performances in threshold current density [1], device 
efficiency, output power, and low temperature 
dependency of threshold[2]. Moreover, it can be 
expected that strain QWR lasers can provide further 
improvement in lasing performances[3]. 

Very recently, in fabrication of QWR and QD 
structures, self-crystal-ordering mechanisms during 
crystal growth have been employed[4][5]. The strain 
induced lateral layer ordering (SILO) process in 
(GaP)m/(InP)m short period binary superlattice (SPBS) 
active layers [6] are very effective to fabricate 
GalnP/AlInP compressively strained multi-quantum 
wire (CS-MQWR) lasers [4] by a gas source molecular 
beam epitaxy (GS-MBE). 

In this paper, anisotropic lasing characteristics of the 
GalnP/AlInP CS-MQWR lasers fabricated by the above 
technology was investigated systematically changing 
(GaP)m/(InP)m superlattice period (i.e., monolayer 
number m). A drastic reduction in threshold current 
density was obtained at m of 1.5ML and anisotropic 
lasing characteristics were intensified with increasing m 
values. The lowest J^ value of 278A/cm2 was obtained 

at m of 1.5 ML with a cavity length of 794^m. To 
confirm the formation of quantum wire structures, 
transmission electron microscopy (TEM) was used and 
to investigate anisotropic behavior of dipole moment 
owing to the formation of quantum wires. TM/TE 
intensity ratios of electroluminescence (EL) were 
estimated for GalnP/AlInP CS-MQWR lasers structure 
with (GaP)m/(InP)m SPBS active layers. 

2. Preparation of GalnP/AlInP MQWR lasers 
2.1 Crystal Growth Conditions 

In this study, to fabricate GalnP/AlInP CS-MQWR 
lasers, GS-MBE was employed. In this system, group 
III beams (Al, Ga, In) were supplied from solid sources, 
while the group V phosphorus and arsenic beams from 
cracking gas sources (i.e., 100% PH3 and AsH3 gases, 
respectively). 

For n- and p- type dopants, Si and Be were used, 
respectively. All samples were grown under the 
standard growth conditions[7]-[9], that is, with the 
growth rates of 0.86(im/h, substrates temperature of 
490-510 °C, and PH3 flow rates of 6.8sccm (giving the 
corresponding V/III ratio of 6.6[9]). 

2.2 Laser Structures 
Figure 1 shows a schematic diagram for the 

investigated lasers, in which 6well MQW active layers 
consisted of the 18 period (GaP)m/(InP)m short period 
binary superlattice (SPBS) wells and (GaInP)3/(AlInP)2 

superlattice barriers (5nm). The m value was changed 
from 0.5 ML to 2.0ML (thus, the thickness of well 
regions was changed). GalnP CS-MQWR active layers 
were sandwiched between GalnP/AlInP short period 
superlattice cladding (SLC) layers with 3ML and 2ML 
thickness combination.  In the growth of lasers, first n- 
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GaAs (70nm) and n-GalnP (lOnm) buffer layers were 
grown on Si-doped (100) GaAs substrates, followed by 
the sequential growth of CS-MQWR laser layers in the 
following order: n-AHnP cladding layers (0.7um), 
undoped SLC layers (80nm), undoped GalnP CS- 
MQWR active layers, undoped SLC layers (80nm), p- 
AllnP cladding layers (0.7um), p+-GaInP cap layers 
(280nm). 

p -GalnP cap 

p-AJInPclad 

i-GalnP/AHnP 
superlattice    ~~ 
layers 

n-AHnPclad 
n-GalnP buffer 

n-GaAs 
substrates 

inmiT 
„ _,„_-,„ 

ODOrJBaDDD 
iKHIIMII 

a M m.m.m IBM, 

GalnP 6 well 
"CS-MQWR 
active layer 

[Oil] © ►1011] 

Fig. 1 Device structure of GalnP/AlInP CS-MQWR laser 
with 18 periods (GaP)m/(InP)m SPBS active layers 

For estimation of EL polarization and lasing 
properties, two types of wide-mesa-stripe (50um) lasers 
were fabricated with different stripe axes, i.e. along 
[Oil] and [0lT]crystal directions, respectively. Note 
that [Oil] stripe laser means that the stripe direction 
was parallel to [011] crystal direction. 

3. Dependency of Monolayer Number m of 
(GaP)m/(InP)m SPBS Active Layers on the 

Formation of GalnP quantum wire structures 
3.1 TEM observation 

To confirm the formation of quantum wire structures 
TEM observation was performed for (Oil) and (OlT) 
crystal faces of GalnP CS-MQWR lasers with 18 
periods (GaP)m/(InP)m short period binary superlattice 
active layers, respectively. When m was below 1ML, 
quantum film structure was observed for both (Oil) and 
(OlT) faces from TEM images.  While the m was over 
1.2 ML, for the (OlT) crystal face, TEM images 
showed the compositional modulation, probably which 
consisted of compressively strained and tensile strain 
GalnP regions along [Oil] crystal direction, i.e. 
indicating the formation of quantum wire structures as 
shown in Fig. 2, which was the case of the 
(GaP)j 2/(InP)i 2 SPBS active layers. On the other 
hand, for (Oil) faces of TEM images, no compositional 
modulation in (GaP)m/(InP)m SPBS active layer was 
observed even for m over 1.2ML and GalnP film 
structures were continued along [OlT] crystal direction 
These results showed that the compositional modulation 

1(011)^ ' 

i-GalnP/AlInP 
superlattice 
barrier (SLB) 

p-AlInP clad 

Fig.2 Cross sectional TEM image on (011) crystal face 
of GalnP/AlInP CS-MQWR laser with 18 periods 

(GaP)i 2/(InP)i 2 SPBS active layers 

was occurred for only  [011]  crystal direction and 
quantum wires were formed along [OlT] direction. 

3.2 Electroluminescence Polarization 
To investigate the anisotropic behavior of dipole 

moment in the quantum wire structures, the polarized 
electroluminescence behavior of GalnP CS-MQWR 
laser structure was investigated for both [011] and 
[OlT] crystal directions, respectively. 

Figure 3 shows TM/TE EL intensity ratios of 
GalnP/AllnP CS-MQWR laser structure as a function of 
monolayer number m of (GaP)m/(InP)m SPBS active 
layers. EL spectra were observed under the low current 
injection level as current density of 5A/cm2 at room 
temperature direct current drive condition. 

For the [011] stripe direction, which data were 
plotted by closed circles with a solid line, electric field 
was predominantly TE polarized independently on m 
values. On the contrary, for the [OlT] stripe direction, 
which were plotted by open circles with a dashed line, 
TM polarized component became larger as increasing 
m values. 

When m was 0.5ML, there were no difference in 
TM/TE intensity ratio for both [011] and [OlT] crystal 
directions indicating that (GaP)0 5/(InP)0 5 SPBS 

active layers was to be quantum film structure. For the 
case of m of 1ML. TEM images of (OlT) crystal face 
showed quantum film structure, however. TM/TE 
intensity ratio was larger for [OlT] crystal direction 
than that for [011]. This result indicates that a weak 
compositional modulation occurred at m of 1ML. 
Moreover at m over 1.2 ML TM/TE ratios of [OlT] 
direction were larger than unity and about 3 times 
larger than those for [011[ direction. This large 
difference in TM/TE intensity ratios between [011] and 
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[Oll] crystal directions indicate an anisotropic 
behavior of the dipole moment based on the formation 
of quantum wire structure through compositional 
modulation along [Oil] direction in the (GaP)m/(InP)m 

SPBS active layers. 
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Fig.3 TM/TE EL intensity ratios of GalnP/AlInP CS- 
MQWR laser structure as a function of monolayer 
number m of (GaP)m/(InP)m SPBS active layers 

4. Characterization of GalnP/AlInP 
CS-MQWR Lasers 

4.1 Threshold Current Density 
Figure 4 shows threshold current densities of 

GalnP/AlInP CS-MQWR lasers as a function of 
monolayer number m of (GaP)m/(InP)m short period 
binary superlattice active layers under the room 
temperature pulsed condition. The cavity length was 
around 500um. The data plotted by closed circles with a 
solid line and closed squares with a dashed line 
correspond to the [011] and [Oil] stripe lasers, 
respectively. 

When m was 2ML, for [011] stripe lasers, the Jm 

value was larger than that for m of 1.5ML. Furthermore, 
for [011] stripe lasers, no lasing operation was obtained 
at 2ML. As the reason of this, it is suspected that the 
total layer thickness of the MQWR layers had exceeded 
the critical thickness, increasing the threshold current 
densities. 

Note that for [011] stripe lasers, a remarkable 
reduction of threshold current density was obtained with 
increased m value, minimizing at 1.5ML. The 
difference of threshold current density between [011] 
and [011] stripes lasers, which was induced by the 
anisotropic behavior of dipole moment in quantum 
wires[3], was intensified over 1.0ML maximizing at 
1.5ML.   Moreover, the lowest Jm value of 278A/cm2, 

which was the lowest one of GalnP/AlInP CS-MQWR 
lasers, was obtained for a 794um cavity length at m of 
1.5ML. 

The ratios of threshold current density for 
GalnP/AlInP CS-MQWR lasers of [011] stripe lasers to 
[011] stripe lasers as a function of m values are shown 
in Fig. 5. Note that for the quantum film lasers' case, the 
ratio of threshold current density should be unity. 
Against that, for GalnP/AlInP CS-MQWR lasers the 
ratio of threshold current density decreased 
monotonically with increased m value. This tendency 
may show that as the monolayer number m was 
increased, the compositional modulation by SILO 
process in (GaP)m/(InP)m SPBS active layers was 
accelerated to form quantum wires. 
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4.2 Lasing Wavelength 
Figure 6 shows lasing wavelength for GalnP/AlInP 

CS-MQWR lasers as a function of the monolayer 
number of (GaP)m/(InP)m SPBS active layers. The 
data plotted by closed circles with a solid line and open 
circles with a dashed line correspond to the [Oil] and 
[Oil] stripe lasers, respectively. The lasing 
wavelengths of [Oil] and [Oil] stripe lasers began to 
split from each other at m of 1ML. This shows that the 
compositional modulation by SILO process began to 
occur at m value of 1ML, which tendency coincided 
with the above behavior in TM/TE intensity ratio and 
threshold current densities. 
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.3 
en « 
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Fig. 6 Lasing wavelength for GalnP/AlInP CS-MQWR 

lasers as a function of the monolayer number of 
(GaP)m/(InP)m SPBS active layers 

5. Conclusion 
In conclusion, effect of monolayer number m of 

(GaP)m/(InP)m SPBS periods on quantum wire 
formation by SILO process in GalnP/AlInP CS-MQWR 
lasers were investigated systematically. Anisotropie 
behavior of dipole moment based on formation of 
quantum wires was reported in terms of TM/TE intensity 
ratio, threshold current density, and lasing wavelength. 
It was clarified that the compositional modulation due to 
SILO process began at m of 1ML and the quantum wire 
effect due to anisotropic behavior of dipole moment was 
intensified with increasing m value. The low J^ value 
of 278/cm2 for GalnP/AlInP CS-MQWR lasers was 
obtained at m of 1.5 ML. 
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Abstract 
We have analyzed the microscopic and macroscopic uniformity of as-grown and annealed low Fe- 
doped InP-wafers grown by different methods (LEC/VGF). Though the annealing is advantageous 
with respect to the levelling of striations, additional non-uniformity on the microscopic scale is 
created. The origin of these spots of enhanced photoluminescence might be related to a gettering of 
Fe at dislocations, which in consequence leaves a vicinity with a reduced Fe-concentration. 

WB1.1 
(Invited) 

1. Introduction 
Three major goals have been persued during the last years in 
the preparation of semi-insulating InP substrates for opto- 
electronic applications: 
(i) better uniformity of the Fe-dopant distribution and the 
electrical and optical properties, respectively; 
(ii) reduction of the defect density (dislocations); 
(iii) reduction of the content of Fe, inevitable for the 
compensation of residual donors. 
The development of the Vertical Gradient-Freeze technique 
(VGF) has been proven to be an effective means for 
obtaining better uniformity and reduced dislocation densities. 
[1,2]. Though a small reduction of the minimum Fe-content 
can be expected due to a better uniformity on the microscopic 
scale (absence of growth striations), a significant reduction is 
possible only by a reduction of the residual donor concen- 
tration. 
Wafer annealing under Phosphorus atmosphere causes such a 
reduction of the residual donor concentration, as an anni- 
hilation of donor-related intrinsic defects occurs due to the 
presence of excess Phosphorus [3,4]. Hence, for very pure 
InP this offers the opportunity to obtain s.i. properties with 
very low Fe-content ([Fe]<41015 cm3) [5]. 
It is well known from the investigations on annealed GaAs 
that significant changes occur, depending on the applied 
temperature regimes and annealing rates [6,7]. For InP, 
however, only little attention has been attributed up to now to 
the question, how the annealing affects the microscopic and 
macroscopic uniformity and the defect distribution in the 
wafers. Recently, an interesting study on the effects of 
annealing on defect formation has been published [8], dealing 
with S-doped and undoped material, with higher residual 
carrier concentrations. 
We now present the results of a comparative study, 
investigating material, relevant for the processing of semi- 
insulating InP-subtrates by wafer-annealing, including as- 
grown and annealed LEC- and VGF grown InP-wafers. The 
applied characterization techniques were high-resolution 
scanning Photoluminescence, defect sensitive etching and 
resistivity mapping. 

2. Preparation and Characterization of Samples 

2" InP-wafers, <100>-orientated and slightly precompensated 
with Fe ([Fe] < 4-1015 cm3) have been grown by the LEC- or 
VGF-technique (cf. [2]), having a carrier concentration of 
n=l»1015 cm"3 and n=2.3-2.8-1015 cm-3, respectively. 
After double faced commercial polishing to a final thickness 
of 520 ujn the wafers subdivided into two parts, one for 
subsequent annealing and one as a reference sample. Our 
standard annealing process was applied (900°C for 50 h 
under a Phosphorus pressure of 1 arm, cooling rate 1.0-1.5 
K/min, for details cf. [5]). Approximately 200 um were 
removed after the annealing by polishing from both sides, to 
remove the deteriorated surface layer. 
The as-grown and the annealed wafers were first charac- 
terized by means of spectrally integrated PL-mappings, using 
a SCANTEK-system with 5 mW HeNe-excitation (632 nm) 
and a Si-detector, having a spatial resolution of 20 um. 
Secondly, the density and distribution of defects was 
investigated by defect sensitive etching, using either BCA- 
111-etchant [9] for activation with subsequent treatment by 
AB-solution [10], or Huber-etchant [11] to reveal dislo- 
cations, especially in the area related to the high-resolution 
PL-mappings. Additionally, the electronic properties were 
determined spatially resolved by Time Dependent Charge 
Measurement (TDCM) [12] and finally samples were cut 
from the wafers to perform Hall-effect measurements. 

3. Results 

Macroscopic PL-Mappings 
Fig. 1 and 2 give a comparison of the macroscopic PL-pattern 
for an as-grown (a) and annealed (b) LEC-wafer as well as 
for a VGF-wafer. On the as-grown LEC-wafer concentric 
rings, attributed to a macroscopically inhomogeneous incor- 
poration of Fe across the crystal diameter due to the shape of 
the growth interface [13], can be detected as well as short- 
period rings, attributed to so-called rotational striations, i.e. 
axial fluctuations of the Fe-concentration [13]. 
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Fig 1: Comparison of overall PL-mappings of the as-grown (a) and 
the annealed (b) LEC-grown InP-wafer with low Fe-con- 
centration ([Fe]<41015 cm"3). Gray-scales of PL-intensity 
are given to visualize mean value and contrast-enhancement. 

These patterns are not present in the as-grown VGF-wafer, 
due to the more favourable growth conditions (cf. [2]). 
However, owing to a non axisymmetric thermal field a tilted 
phase boundary occured, giving rise to a macroscopic drift of 
the Fe-content and the PL-intensity across the wafer. 
The mappings of the annealed wafers are revealing both on 
first sight a decrease of the mean luminescence with strong 
statistical fluctuations on a microscopic scale, having a 
standard deviation of about 40-50%. 
On second sight, the macroscopically radial distribution in 
the LEC-grown wafer still can be recognized, while the short 
period (mesoscopic) distribution is not detectable any more. 
The slight macroscopic drift in the annealed VGF-grown 
wafer is detectable only after image processing (smoothing). 

Fig 2: Comparison of PL-mappings of the as-grown (a) and the 
annealed (b) VGF-grown InP-wafer with low Fe-con- 
centration ([Fe]<41015 cm"3). Gray-scales of PL-intensity 
are given to visualize mean value and contrast-enhancement. 

High resolution PL 

Fig.3 gives a comparison of high resolution PL-mappings, 
obtained on the as-grown LEC- and VGF- wafers (cf. fig. 1) 
and the annealed LEC-wafer (c). Whereas the presence of 
striations can be clearly detected in the as-grown LEC- 
material, causing a standard deviation (S.D.) of 4 %, the 
microscopic distribution in the VGF-grown wafer is quite 
uniform (S.D.= 2.5%). In contrast, the high resolution PL- 
pattern of the annealed wafer reveals, that the microscopic 
fluctuations are related to distinct points of highly enhanced 
luminescence, having an intensity up to 3 times the value of 
the matrix. They show a typical size of =50-70 um and 
indicate some preferential alignment towards <011> and 
<0lT> direction. 

-4 mm- 

Fig 3:   Comparison of high resolution PL-mappings on the as-grown LEC (a) and VGF (b) wafer with the annealed LEC-grown wafer (c). 
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Fig 4.:    Correlation of high resolution PL-mapping (a) and the etch-pit distribution, revealed by Huber etchant (b) from the same area of 
the annealed VGF-grown wafer. 

Defect etching 
In order to reveal the cause of the local enhancement of the 
PL-intensity, the distribution of the dislocations, i.e. the etch- 
pits was determined at the same area by a treatment with the 
Huber-etchant (fig.4). In order to seperate the spots with 
enhanced luminescence, the image was processed by setting a 
threshold of 2 times the matrix level, obtaining a binary black 
and white image (fig .4b). Though a direct correlation is 
difficult to see, similar patterns can be recognized. 
The densities of the bright spots are consideraby lower than 
the etch-pit density (cf tab. 1), but this could be explained by 
the fact, that the spatial resolution for the recognition of PL- 
spots is limited so that single etch-pits in dislocation clusters 
cannot be distinguished any more. 

Analysis of Particular Defects 
By a treatment with AB-etchant a type of almond-shaped 
defects could be revealed (fig. 5). Its density and size is 
significantly reduced in the annealed material compared to 
the as-grown material (cf. tab. 1). By IR-microscopy it could 
be confirmed, that the density and size of these defects were 
truly revealed by the etchant and not depending on a 
resistivity-related etching effect. 

Subsequent analysis by Energy Dyspersive Spectrometry 
(EDS) on these defects revealed a strongly enhanced In- 
content (up to 70%In versus 30%P) compared to the 
practically stoichiometric matrix, suggesting that this defect 
is related to In-inclusions. Defects with similar phenotype 
and comparable density, attributed to In-inclusions and so- 
called S-pits have been observed in LEC-grown crystals 
before [14]. 
However, no correlation with dislocations or PL-spots could 
be found in our samples. Additionally the density of AB- 
defects is much lower than that of any of the other features. 

Fig. 5:    Defects revealed by treatment with AB-etchant and corres- 
ponding SEM-image. EDS-analysis proved an In-surplus. 

as-grown 
LEC 

annealed 
LEC 

as-grown 
VGF 

annealed 
VGF 

Carrier-Concentration n [cm"-'] MO15 3.8107 2.31015 1.7108 

Resistivity p [flcm] s.c. 4.0-107 s.c. 1.4107 

PL Standard deviation [%] 4% 40-50 % 2.5% 45% 

Density of PL-spots [cm  ] — 7.000 — 5.000 

EPD (Huber-etchant) [cm"2] MO5 4-6-104 MO4 1.5104 

Density of AB-defects [cm"2] 1.800 600 2.000 800 

Tab. 1:  Comparison of electrical and uniformity data, determined by Hall-effect and high-resolution PL-measurements as well as by 
defect sensitive etching. The PL-values are representative for the microscopic homogeneity on 4x4 mm2. 
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4. Discussion 

Effect of annealing on Fe-distribution of as-grown material 
The disappearance of striations as well as the remaining 
presence of macroscopic inhomogeneity in annealed InP- 
wafers can be explained by the diffusion of Fe during the 
annealing process. An effective diffusion coefficient of 10~9- 
10"8 cm2 was determined for Fe at low concentrations by our 
annealing experiments [15]. The diffusion length in this 
process is in the range of 50-200 urn - sufficient for a 
levelling of growth striations with an axial spacing of 
typically 10-40 um, but not sufficient for levelling out 
macroscopic radial non-uniformities. 

Origin of microscopic PL-fluctuations 
The creation of microscopically small spots of strongly 
enhanced photoluminescence seems to be a dominant feature 
of the annealing process, independent from the preparation 
and origin of the samples. 
Enhanced PL can be either attributed to a reduced density of 
recombination centers, e.g. Fe [16,17] or due to an enhanced 
concentration of shallow defects involved in radiative 
transitions. 
In another nominally undoped annealed sample, where no Fe 
could be detected - neither by means of electrical spectro- 
scopy (deep level transient spectroscopy, DLTS) nor by 
chemical trace analysis (Glow Discharge Mass Spectrometry, 
GDMS) - these bright spots do not appear. Hence, it can be 
concluded that an inhomogeneous Fe-distribution is the 
cause of the local PL-enhancement. 
Because of the qualitative similarity with the etch-pit pattern 
it might be speculated that Fe is gettered in the stress field 
around dislocations, leaving a vicinity with a low Fe-content 
and enhanced luminescence. An inverse, but comparable 
effect, i.e. a reduced luminescence in the presence of dis- 
location due to a gettering of donors (S) has been recently 
observed in annealed, strongly S-doped InP-samples [8]. 
Having microscopical regions with reduced Fe-content one 
might suspect a loss of s.i. properties in the vicinity of 
dislocations. Mappings of the resistivity by means of Time 
Dependent Charge Measurement (TDCM) with a lateral 
resolution of 1.25 mm did not reveal such problems (cf. [5]). 
But test devices (MSM-detectors) with lateral extensions of 
60 |j.m, produced on annealed wafers, indeed showed 
variations in the dark current, indicating local fluctuations of 
the resistivity. 

In-related defects 

The In-related indicate the presence of excess Indium in both 
the as-grown and the annealed InP-samples. The reductions 
in size and density of the defects now have to be discussed in 
analogy to the kinetics of defect formation in GaAs [6,7]. 

One explanation is a shift in stoichiometry towards a higher 
P-content, expectable as the samples were exposed to 
Phosphorus-pressure which was orders of magnitude higher 
than the equilibrium pressure. However, the occurence of In- 
inclusions even in the annealed material suggests that this 
material is still In-rich. 
The different temperature-time procedures during growth and 
annealing might also cause a different defect formation due 
to the thermally activated kinetics and the retrograde solidus 
line of InP. But then one would eventually expect more 
differences between the as-grown LEC- and VGF-samples. 

5. Conclusions and Outlook 

Annealing is advantageous with respect to the levelling of 
striations. However, additional non-uniformities occur in the 
annealed wafers, detectable as spots of strongly enhanced 
luminescence. Their impact on device properties is not fully 
understood up to now, but it seems to be necessary to prevent 
their formation in order to achieve homogeneous material for 
device applications. A better understanding of the kinetics of 
the defect formation is necessary in order to select the proper 
temperature-time regimes for the process. 
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Abstract 

Undoped semi-insulating InP can be obtained by high-pressure annealing of high purity materials. The 

reproducibility was however not satisfactory. In the present work, we found that not only Fe concentrations 

but also Cr and Ni concentrations in annealed wafers were slightly increased. In order to reduce the 

contamination, conductive InP with a trace amount of Fe was annealed under low phosphorus vapor pressure. 

The minimum Fe concentration for realizing semi-insulating InP was found to be lxlO^cm"^. It was also 

found that annealing conditions largely affect the resistivity uniformity of undoped semi-insulating InP. 

Introduction 

The realization of undoped semi-insulating InP is strongly 

desired because industrially available Fe-doped semi-insulating 

InP has a large concentration of Fe and shows various 

disadvantages for its applications, such as the out-diffusion of 

Fe into epitaxial layers (1), the displacement of Fe by Mg or 
Zn dopants diffusing into Fe-doped InP substrates during 

MOCVD process (2) and the slip-like defect formation after 

epitaxial growth (3). 

with the carrier concentration of (3-5)xl0^cm"3. The other 

is conductive InP wafers with a trace amount of Fe with the 
concentration ranging from lxlO^cm"^ to 2.5x10*-'cm"3. 

These wafers have the same conductive properties as undoped 

wafers. As-cut wafers were etched by a 2% Br2-methanol 

solution, rinsed, dried, and then sealed in evacuated quartz 

ampoules with high-purity(7N) red phosphorus. The amount 

of red phosphorus was determined in a way that the pressure 

of P4 vapor becomes the desired pressure at annealing 

temperatures. The phosphorus vapor pressure was controlled 

to 1 atm and 25 atm. 

It was recendy found that undoped semi-insulating InP can be 

realized when undoped conductive InP is annealed under 

phosphorus vapor pressure (4, 5). The reproducibility of this 

procedure however was not satisfactory, and the practical use 

was in delay. In the present paper, we report the effect of 

annealing conditions on the reproducibility and the resistivity 

uniformity of undoped semi-insulating InP. 

Experiments 

Two types of InP wafers with 2 inch diameter were used for 

high-pressure annealing. One is undoped conductive InP wafers 
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Fig. 1 is the schematic drawing of high-pressure annealing 

configuration. The quartz ampoule was set in a high-pressure 

furnace in which high-pressure Ar gas can be controlled to 

balance the phosphorus vapor pressure in the quartz ampoule 

to avoid the rupture of the ampoule. InP wafers were annealed 

for 40 hours at 910-950°C and then cooled to room temperature. 

Annealed wafers were removed from the ampoule and they 

were etched by 50 pm thickness. 

Cr and Ni impurities act as deep acceptors in InP and the levels 

are located at about 0.39eV (6) and 0.48eV (7) below the 

bottom of the conduction band, respectively. If Cr and/or Ni 

impurities are major impurities in InP, the resistivity of InP 

becomes lO^-lO^Ocm. In the case of undoped high-resistive 

InP after high-pressure annealing, the resistivity was about 

lO^O'cm, the similar value which was predicted from Cr, Ni 

deep levels. 

Fe concentrations and other impurity concentrations were 

analyzed by GD-MS (grow discharge mass spectrometry) 

which is calibrated by samples analyzed by the ICP-MS 

(inductively coupled plasma mass spectrometry) method. 

Electrical properties were measured by the van der Pauw 

method at room temperature using 5x5mm^ samples with In 

electrodes at the four corners. For ohmic contact formation, 

the samples were annealed at 400°C for 3 minutes in N2 

atmosphere. 

Experimental Results and Discussion 

Table I shows the analysis data for undoped InP after annealing. 

In the case of high phosphorus vapor pressure conditions, it is 

clearly seen that the contamination of Cr and Ni occurred after 

annealing. On the other hand, in the case of low phosphorus 

vapor pressure conditions, the contamination did not occur. 
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Fig. 2 Activation Energies of Undoped High-resistive 

and Semi-Insulating InP. 

Table I Impurity Analysis of Undoped As-grown and Annealed InP. 
(ppmw) 

Sample No Si S Zn Cr Ni 
Phosphorus vapor 
pressure 

1 <0.005 <0.01 <0.005 0.022 0.02 25atm 

2 <0.005 <0.01 <0.005 0.047 0.017 

3 <0.005 <0.01 <0.005 0.036 0.025 

4 <0.005 <0.01 <0.005 0.03 0.013 

5 <0.005 <0.01 <0.005 0.008 0.013 

6 <0.005 <0.01 <0.005 <0.005 <0.005 1 atm 

7 <0.005 <0.01 <0.005 <0.005 <0.005 

8 <0.005 <0.01 <0.005 <0.005 <0.005 

9 <0.005 <0.01 <0.002 <0.005 <0.005 as-grown 
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Hirt et al have reported the deep levels measured by DLTS 

measurement and the compensation mechanism of high- 

pressure annealed InP (8). It was shown that two deep levels 

with activation energies of 0.4eV and 0.6eV are incorporated 
or created in undoped annealed InP. The level of 0.6eV will 

be due to Fe (9) which acts as the dominating compensation 

center in high-pressure annealed semi-insulating InP. The 

origin of the level of 0.4eV was not clearly identified (10). 

Fig. 2 shows the activation energies of undoped high-resistive 

and semi-insulating InP after high-pressure annealing. These 

activation energies were calculated from the temperature 

dependence of the carrier concentration. It was found that the 

activation energy of undoped semi-insulating InP is 0.64eV 

which can be identified as Fe. It was also found that the 

activation energy of high-resistive InP is 0.4eV. From the 

activation energy, this level seems to be due to Cr. 

It is therefore speculated that the problem of unreproducibility 

was caused by Cr and Ni contamination after high phosphorus 

vapor pressure annealing. We suspected that Cr and Ni atoms 

are contained as phosphides in red phosphorus, as well as Fe 

atoms (11). From these results combined with the previously 

reported results (10,12), it is suggested that the reproducibility 

depends on the purity of red phosphorus source. 

In order to prevent these contaminations, conductive InP with 

a trace amount of Fe was annealed under the phosphorus vapor 
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pressure of 1 atm. Fig. 3 shows the relationship between the 

resistivity and the Fe concentration after annealing at 950°C. 

The resistivity of conventional Fe-doped as-grown crystals is 

also shown for comparison. It is clearly seen that the minimum 

Fe concentration for realizing semi-insulating InP by annealing 

was about lxlO^cm"^ wnich is much lower than that for 

conventional Fe-doped semi-insulating InP. It was also found 

that the reproducibility of the semi-insulating behavior 

becomes satisfactory. Since the Fe concentration level for semi- 

insulation is extremely very low, these semi-insulating 

materials can be called as "undoped semi-insulating InP", as 

in the case of "undoped semi-insulating GaAs" in which carbon 

is contained with the level of several 1016cm-3 (13). In fact, 

the Fe concentration level in these "undoped semi-insulating 

InP" is less than the carrier concentration of undoped InP. 

Fig. 4 shows the effect of annealing temperature on the 

resistivity uniformity, examined in the temperature range of 

910-950°C under low phosphorus vapor pressure conditions. 

It is clearly seen that the annealing temperature largely affects 

the resistivity uniformity. The resistivity uniformity was 

improved by higher temperature annealing. The mechanism 

of this uniformity improvement is speculated to be due to the 

effective activation of residual Fe impurities in InP wafers by 

higher temperature annealing. The uniformity variation after 

annealing at 950°C was about 24%. In order to improve further 

the resistivity uniformity, annealing at higher temperatures with 

preventing the contamination would be effective. 

Summary 

It was found that the purity of red phosphorus is a key factor 

for the reproducible preparation of undoped semi-insulating 

InP. The Fe concentration for realizing semi-insulating InP 
with a trace amount of Fe was found to be lxlO^cm"3. It was 

also found that the annealing conditions largely affect the 

resistivity uniformity of undoped semi-insulating InP. 
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ABSTRACT 
Following the recent results about activation of iron diffused in InP [1] we tried to increase 
the fraction of electrically active Fe atoms in InP crystals grown by the Liquid Encapsulation 
Czochralski method (LEC) by applying a type of "in-situ" annealing. Actually, by varying the 
pulling rate and the cooling rate, we observed that the Feactive/Fetotaj ratio can be modified. 
Though the ratio is normally ranging between 0.60 and 0.70, it is found that the ratio is 
slighty higher corresponding to low pulling rates and considerably lower for pulling rates > 
14 mm/h. The purpose of this paper is that of showing how these growth parameters affect 
the Feactive/Felotal ratio. 

INTRODUCTION 
Despite the attempts to prepare semi-insulating 
(SI) InP wafers without intentional doping [1-3], 
the doping with Fe remains the only practical way 
to readily obtain high-resistivity InP crystals. In 
the case of LEC (Liquid Encapsulated 
Czochralski) growth, the elemental Fe is added to 
the starting polycrystalline charge in 
concentrations usually > 2xl019 cirr3. This 
heavy doping of the charge is made necessary by 
the very small distribution coefficient of iron 
KFe=[Fe]sol/[Fe]melt = lxlO"3. The starting Fe 
concentration in the solid is therefore higher than 
2xl016 cm-3; i.e., sufficient for the compensation 
of the residual shallow donors which are of the 
order of 3-5xl015 cm-3 in the standard 
commercial polycrystals. It should be noted that 
only a fraction of the total incorporated Fe is 
actually active, which in turn causes the top 
portion of the ingot to be semiconducting if the 
inital Fe concentration in the as-grown crystal is 
below 1016 cm-3. Wolf et al. estimated that only 
about 70 % of the total Fe content contributes to 
compensation [4]. On the other hand, owing to 
the axial segregation profile for an impurity with 
distribution coefficient = lxlO"3, there will be a 
great accumulation of Fe at the tail end of the InP 
crystal. The Fe density in the host lattice will 
overcome the solubility threshold and numerous 
precipitates will form [5]. The last-to-freeze part 
of the crystal is therefore not usable. The crystal 
fraction which can be conveniently wafered and 
exploited is thus defined by the minimum 
compensation and precipitation limits. A few 
questions about the Fe doping are still open: for 

example, why a Fe concentration >lxl016 cm"3 

is required for compensating 3-5xl015 cm-3 

residual donors? What is actually the ratio 
between active Fe (in In sites) and the total Fe 
atoms and how is this ratio influenced by growth 
parameters? 
It is clear that, if one can totally activate the iron 
incorporated in the growing InP ingot, the 
starting Fe concentration can be lowered with a 
consequent extension of the good SI fraction of 
the crystal. The purpose of this paper is that of 
studying the effect of some growth parameters on 
the Feactjve/Fetotai ratio, in order to maximize this 
ratio and the yield of SI InP. 

EXPERIMENTAL 
The leading idea of our experiments is that an 
annealing in situ, followed by a slow cooling can 
contribute to enhance the Fe activation. For this 
reason, seven Fe-doped InP crystals were grown 
by the Liquid Encapsulated Czochralski (LEC) 
technique. All of them were <100> oriented. The 
starting charge was in any case made of about 
600 g of pure pre-pulled InP (residual n < 5xl015 

cm"3) and doped with pure iron (99.9999 %) to 
have an initial concentration in the melt of 5- 
6xl018 cm-3.  This corresponds  to Fetotai 
concentrations of about 5-6xl015 cm*3, taking the 
generally accepted distribution coefficient KFe = 
[Fe]soj/[Fe]meit = lxlO"3. The pulling rate of the 
different crystals was varied between 2 and 15 
mm/h, while the cooling rate after completing the 
growth was in the range 40 - 200 °C/h. The slow- 
pulled crystals were cooled slowly and the fast- 
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pulled crystals were cooled more rapidly. It        A plot of the measured Hall concentration vs. the 
should be noted that in our puller the axial        concentration Fetotai should thus be linear and 
temperature profile outside the boric oxide layer „,™„-^*ua   „i      fn,        ^        c.u  u   .r- v 
is about 150 °C/cm, therefore a pulling rate of 2 pr°V?? the ™lue ol7' as sloPe °f the, best&t line, 
mm/h corresponds to a cooling rate of about 30        and (ND " NA)> 

as intercept. We calculated the 
°C/h for the emerging crystal whereas at 15 mm/h        axial iron Proflle usin§the Pfann law: 

the crystal is cooled down at a rate of about 225 (3) Fetotai = Fe0KFe(l-g)(K
Fe-l), 

°C/h. The cooling rate of 30 °C/h is the one which where Fe0 is the initial concentration of dopant in 
gave the best results in terms of activation of the the melt, KFe the segregation coefficient and g the 
diffused deep impurities [6]. The list of growth solidified fraction. KFe was assumed to be 0.001 
parameters is given in Table I. in all growth experiments, which is justified by 
~"   - -   the fact that the effective distribution coefficient, 

Table I according to the Burton-Prim-Slichter theory [8], 
Growth parameters and preset Fe concentration in is not significantly affected by a pulling rate 
the starting melt varying in our experimental range. The Fe0 
================================= concentrations are those reported in Table I. 
Crystal*        Vp       Cooling rate Fe0 

(mm/h)       (°C/h)      (xlO^cm-S)   
================================= Table II 
M149 2 100 6.0 Electrical properties of Fe-doped InP crystals (RH 
M155 2 40 5 08 is the Hall constant) 
M161 3 70 5.8 ================================= 
M159 8 150 5.40 Sample*      p u (qR„)-l 
M156 10 150 4.93 ,X    , ,    L, ,I 
M154 15 200 5.67  i^L__J_^.s) (cm  } 

M163 15 150 5 68 ======== 
 .....   M 163-1     0.58 3579 2.9x1015 
For the investigation of the physical properties M 163-40    1.69 2904 1.27xl015 

and  compensation,   the   InP   crystals   were M163-81    1.4xl07       1538 2.91xl08 

completely wafered and measured by Hall effect 
at room temperature and as a function of T. M 159-2      1.57 3681 1 07xl015 

RESULTS AND DISCUSSION JJ \%%    *'*}*,     l™ ™™% 
The electrical characteristics of three ingots grown M 159~75    2-35xl°7     2180 2.94x10« 
at 15, 8 and 2 mm/h are reported in Table II (see 
Table I for the corresponding growth parameters). M 155-1     0.43 3592 4.03xl015 

The behaviours are similar but it should be noted M 155-36   2.23 3138 8.89xl014 

that the Hall mobility is higher in the SI wafers M 155-71    1.48xl07     2860 1 46xl08 

from the crystals 155 and 159 (2 and 8 mm/h)   —   __„ 
with respect to crystal 163 (15 mm/h). This is 
probably   connected   with   the   improved Some examples of n vs. Fetotal plots for crystals 
homogeneity of the crystals pulled slowly. grown at different pulling rates are shown in 
In order to understand how the activation ratio y Figure 1. The crystals grown at 2, 8 and 15 mm/h 
= Feactive/Fetotal is actually changing with the present the highest, intermediate and lowest slope 
pulling rate we adopted the following procedure- ^°-77' °-59 and °-49 respectively). These values 
we measured the electrical properties of the are in reasonable agreement with the activation 
wafers from the top of the crystals. In particular factor estimated by DLTS in [4]. A summary of 
we considered only the samples having a Fermi the actlvatlon ra*ios determined by plotting the 
level ranging between the conduction band and at Hal1   concentrations   against   the   total   Fe 
least 5 kT (- 125 meV) above the Fe level In concentrations is reported in Figure 2. The data 
these samples all active Fe levels will be ionized are quite scattered but a well defined trend can be 
(state Fe2+) and n»p, therefore the neutrality f™^ *!Sfh?h

the pulHng rate th,e lowf *e 

equation can be written as- activation ratio. The minimum value of the 
m n-Nrx   N.     Ff> or activation ratio was found to be 0.20 while the 
\i) n-iND   i^A- ^active or highest was about 0.84. 
( ) n -   D - NA - y Fetotal This variation of y is very significant in terms of 
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3. In order to better understand this point, let us 
consider an InP ingot initally doped with 6xl015 

cnr3 Fe atoms and with a constant free electron 
backgroud of 5xl015 cm-3. The assumption of a 
constant shallow impurity profile is justified by 
our experience with many undoped crystals where 
the carrier concentration was seen to increase very 
slowly, compared with iron profiles. 
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Figure   1: Plots of Hall concentrations vs. 
estimated total Fe content. The slopes give the 
values of y corresponding to different growth 
conditions. 

In Figure 3 we reported the Festal profile for Kpe 
= 0.001 and the profiles of active Fe, calculated 
from the equation: 

(4) Feactive = YFe0KFe(l-g)(KFe-D 

corresponding to y = 0.3 and 0.6, respectively. It 
is clear that the compensation will be effective 
only when Feactive > (Nd-Na), that is for g > 0.25 
in the case of y = 0.6 and g > 0.65 in the case of 
y = 0.3. Therefore, it is clear that the fraction of 
SI InP can drastically change even for small 
variations of y. 
The results of electrical measurements reported 
above seem to indicate that the iron activation 
coefficient is sensitive to the pulling speed. This 
trend cannot be accounted for by considering the 
link beween the effective Fe segregation 
coefficient and the growth rate. Actually, it is well 
known that the effective distribution coefficient 
Keff depends on the pulling rate v, according to 
the relationship [7]: 

(5) Keff = Ko/(Ko + (l+K0)exp(-v5/D)) 
where 8 is the boundary layer thickness and D is 
the diffusion coefficient of the dopant in the 
liquid. When the growth rate becomes very high 
Keff -> 1. However, if the growth rate is varied 
within our experimental range, one cannot expect 
significant changes of the distribution coefficient 
of iron. 
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Figure 3: Segregation profile of Fe in InP 
(corresponding to KFe = 0.001 and Fe0 = 6xl015 

cm.-3); profiles of active Fe calculated for y= 0.3 
and 0.6 

In any case it has to be stressed that at higher 
pulling  rates  one  should  have  an  higher 



distribution coeffcient, i.e. higher compensation, 
in the hypothesis of a constant activation ratio. 
This is very much conflicting with our 
experimental results. In other words our present 
data can be explained by considering a change of 
the iron activation factor due to the different 
crystal cooling conditions. Such an explanation is 
also suggested by the results found for annealed 
undoped SI InP, where the deep impurities 
incorporated during the high-temperature 
annealing were giving rise to compensating deep 
levels only if the post-anneal cooling was 
sufficiently slow[l]. The present results could be 
interpreted considering that immediately after 
solidification, the incorporated Fe atoms can 
diffuse within the crystal since it remains at high 
temperature for a relatively long time. Transition 
element diffusion during growth was indeed 
observed in the case of GaAs [8], and is likely to 
be present in InP as well. The diffusion seems to 
take place via interstitial mechanisms, as 
suggested by the experimental results of Brozel et 
al. [9]. They detected a considerable amount of 
chemical iron in Fe-diffused InP but were unable 
to locate these Fe atoms by electrical 
measurements, and concluded that in-diffused Fe 
atoms had no effect at all on the electron 
concentrations of the samples. Something similar 
can happen in LEC InP where, owing to the high 
temperature in the solid, the incorporated Fe 
atoms are quite free to move in interstitial sites. 
When the pulling rate (i.e. the cooling rate, as 
discussed in the experimental section) is low these 
atoms have an higher probability to freeze in a 
substitutional position. Viceversa, high pulling 
rates will favour the freezing in interstitial sites. 
However, it must be noted here that some 
uncertainty exists about this interpretation of the 
experimental results. Actually, we are considering 
the Hall concentration along the crystal axis in 
order to find the y factor (Figure 1). These 
concentrations do not exclusively depend on 
Feactive but also on the residual shallow levels 
behaviour. In order to remove the residual doubts 
about the physical mechanisms at the basis of the 
present experimental observations, we are 
performing combined IR and chemical 
spectroscopy. Furthermore, we are testing the 
doping and electrical uniformity of the crystals 
grown at different rates. 

CONCLUSIONS 
From our experimental data it can be argued that 
the pulling rates can influence the activation ratio 
Feactive/Fetotal or" tlae iron incorporated as dopant 
during the LEC growth of InP. Pulling rates of 2 
mm/h, which in our furnace correspond to 

cooling rates of about 30 °C/h, give an activation 
ratio of about 75-80%, while standard pulling 
rates of 8-10 mm/h give ratios around 60 %. 
These results can be useful in order to increase the 
production yield of SI InP. 
Furthermore, we found that the electrical 
properties of the material grown at low rate are 
improved with respect to materials pulled in 
standard conditions. 
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A 13 mm thick In^Gai_xAs crystal with JC=0.14 has been successfully grown by a method of 
multicomponent zone melting growth. The alloy composition gradually changes along the growth 
direction, and this change is well explained by a temperature profile. A good uniformity in the alloy 
composition along the direction normal to the growth was also achieved. 

1.   Introduction 

Recently, ternary III-V compound substrates are of 
much interest due to their optical device applications (1- 
2). Since a ternary compound may change its lattice 
constant, advances in the growth of ternary compound 
crystals offer the possibility to fabricate new devices 
which cannot be made by using binary compound 
substrates, such as InP or GaAs. 

Among these ternary compounds, InGaAs is one of 
the most important III-V alloys. Excellent characteristics 
of single quantum well lasers, fabricated on InGaAs 
ternary substrates were studied experimentally (1) and 
theoretically (2). Shoji et al. (1) recently reported 
InGaAs/InGaAsP strained single quantum wells (SQWs), 
which were fabricated on In005Gaog5As showed excellent 
characteristics. In addition, Ishikawa (2) has theoretically 
shown that by using an In026Gao74As substrate, a high 
performance 1.3 //m laser can be made. Therefore, ternary 
InGaAs substrates with a high InAs content are a major 
requirement for developing efficiency lasers (1). 

So far, the preparation of an InGaAs single crystal 
have been tried by some scientists. Bonner et al. (3) have 
grown InGaAs crystals with InAs composition varying 
from 0.05 to 0.12 using a cooling Liquid Encapsulated 
Czochralski technique (LEC). Kusunoki et al. (4) have 
developed a double crucible LEC technique supplying a 
GaAs source material at a constant temperature. By using 
this technique, a homogeneous In^Ga^As large bulk 
crystal could be grown. However, ensuring a continuous 
supply of source material is so difficult that only small 
crystals with a high InAs content can be grown (5). 

In order to overcome this difficulty, we propose 
multicomponent zone melting growth, in which the 
composition of the molten zone is different from that of 
the crystal. A basic configuration for multicomponent 
semiconductor growth is applied to the InGaAs alloy 
bulk. The grown crystals are analyzed by 
photoluminescence (PL) measurements and chemical 
etching. 

2.   Principle of multicomponent zone  melting 
growth 

Figure 1 illustrates the principle of multicomponent 
zone melting growth for a InGaAs bulk. The most 
important problem in growing the alloy bulk arises from 
the large separation of the liquidus and the solidus lines in 
the phase diagram. Therefore, the growth method of 
normal freezing the melt without any replenishment of the 
solute gives only a crystal with a non-uniform 
composition. In multicomponent zone melting growth, 
the melt zone of Inj3ai_jAs is in equilibrium with the 
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Fig. 1 Principle of multicomponent zone melting growth, 
(a) Pseudo-binary InAs-GaAs phase diagram, (b) Solid 
and liquid region for the multicomponent zone melting 
growth. 



solid In,.GaKrAs. The temperature at the liquid zone and 
the source is kept at T,. A crystal with the composition 
xsis grown on a seed crystal by cooling the seed side. 
With a movement of the liquid alloy zone, the depletion 
of a solute element due to the growth is continuously 
supplied by the dissolution of the source material, which 
has the same composition as the growing crystal. 
Therefore, a homogenous In J3aUj^As crystal can be grown 
by this method. This method originally comes from the 
zone leveling method which was first introduced by Pfann 
for the growth of uniform doped crystals (6). 

In our present work, a basic configuration for the 
multicomponent zone melting growth is applied to the 
growth of InGaAs alloy bulk. Namely, InAs is 
sandwiched by a GaAs seed crystal and a GaAs source. 
Figure 2 illustrates the growth procedure. The required 
condition for establishing a zone melt is that the 
temperature at the InAs position be increased to T, and the 
temperature at the end of the source be below the melting 
point of GaAs, T2. After the InAs is melted, a dissolution 
of the GaAs source next to the InAs makes the liquid 
alloy composition equilibrium with the solid xs solution. 
Since the depletion of the InAs element in the melt zone 
is not replenished by the GaAs source in this case, the 
volume of the liquid zone is gradually decreased during the 
growth. When constantly increasing the temperature, the 
GaAs source element is dissolved at the source/zone 
interface and transported to a growing interface by 
diffusion and/or convection across the zone due to a 
temperature gradient (7). Therefore, the solid composition 
of the grown crystal is determined by the solid-liquid 

GaAs 
seed     InAs 

A- 
GaAs 

source 

(b) 

(c) 

interface temperature. In the present growth procedure, as 
shown in Fig.2, a homogeneous alloy crystal along the 
growth direction is not expected to grow. However, the 
simple setup of a heater and crystals is very useful to 
examine a validity of this growth method. 

3.   Experiment 

Figure 3(a) is a schematic of the growth apparatus, 
and (b) is the temperature profile for the center of a hot- 
zone. An InAs crystal is sandwiched between an upper 
(lll)B orientated seed GaAs crystal and a lower GaAs 
source crystal. The size of both crystals are 9x9 mm2 

square and 20 mm long, and the InAs has a 9x9 mm2 

square shape for crystal Z-l. A GaAs seed and a source in 
the growth of crystal Z-ll are cylindrical, both with a 
diameter of 15 mm. The seed was 7 mm long and the 
source was 20 mm. The shape of the InAs was an 
irregular circle with a diameter of about 14 mm. All of 
these crystals were undoped. They were placed vertically 
in a 19 mm diameter pyrolytic boron nitride (PBN) 
crucible. The B203 is used as an encapsulation with a 
pressured Ar gas of 10 atoms to suppress the evaporation 
of dissolved arsenic. The PBN crucible is set in the center 
of a carbon crucible with a diameter of 120 mm, which 
stabilized temperature fluctuations. The temperature 
profile was measured with a PBN crucible filled with only 
B203 by using a WAV-Re 5-26 thermocouple. In the 
growth of crystal Z-l, the growth was carried out by 
increasing the temperature T, to 1133°C at the rate of 
about 1000°C/h and then keeping the temperature 
constant. The growth temperature T, for crystal Z-l 1 was 
raised at 6.6°C/h from 900°C, which is less than the 
melting point of InAs (942°C), to 1078°C. This results 
in a slower formation of a liquid alloy zone when 
compared to crystal Z-l. The temperature at the bottom 
of the GaAs source is estimated at 1180°C for crystal Z-l 
and 1150°C for crystal Z-ll. These are lower than the 
melting point of GaAs (1238°C). Therefore the expected 
condition shown in Fig.2(c) can be obtained. Other 
growth parameters are summarized in Table. 1. 

After the growth, (110) oriented wafers were cut 

(a) 

PBN crucible. 
B20, 

GaAs seed- 
InAs' 

GaAs source' 
Carbon crucible 

(b) 

Distance Temperature 

Fig. 2 Schematic growth procedure of the present 
experiment, (a) Initial materials, (b) Melt zone at T,. (c) 
Melt zone migration. 

Fig.3 (a) Experimental apparatus for crystal growth and (b) 
a temperature profile for the center of a hot-zone. 
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Table 1 Growth parameters oflnGaAs crystals. 

Sample     T1 
ft) 

Growth time    Thickness ot 
(hr) InAs (mm) 

Temperature 
gradient GsfC/cm) 

Z-1 
Z-11 

1133 
1078 

74 
24 

25.9 
43.7 

along the growth direction and mechanically polished. 
The surface damage was removed by chemical etching 
with H2SO«:H2O2:H2O=10:l:l. PL measurements were 
made at 77K by using a 488 nm Ar+ ion laser with a spot 
size of -0.2x0.2 mm2. The alloy composition was 
determined by the wavelength of band-edge emission (8). 

4.  Results and  discussion 

Figure 4 shows the outside and cross-sectional views 
of crystal Z-11. The surface morphology of the GaAs 
seed and the source is not seen to be much different from 
the original morphology. In the cross-sectional view, the 
seeding position can be clearly seen. The seeding position 
is found to be almost the same as the position of the 
initial seed-to-InAs interface. This fact means that 
dissolution of the GaAs seed is negligible, and that the 
alloy liquid zone was first made from the InAs and the 
upper part of the GaAs source. Moreover, a 3 mm thick 
region without a grain structure was observed at the 
seeding position. While almost the same results were 
obtained in the crystal Z-1, a grain structure occurs from 
the seeding position. 

A lot of voids were found in Fig.4(b) at the position 
where the initial InAs is placed. The same result was 
found in the crystal Z-1. We guess that these voids 
originated from residual Ar gas left at the seed-to-InAs or 
InAs-to-source interface. 

(a) 

(b) 

> 
Seeding GaAs 
position  Seed 

Fig.4 (a) Outside view of grown Z-11 crystal, (b) (110) 
cross-sectional view of grown Z-11 crystal. 1 div. = 1 
mm. 

o 5        10       15       20       25 
Growth depth (mm) 

(b) 

< 

CO 

CD 
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0.05 

-e—PL J      ' 

-4-2024 

Distance from center (mm) 

Fig.5 InAs composition profile of InGaAs bulk crystal 
Z-1 along (a) the direction of crystal growth and (b) the 
direction normal to crystal growth 8 mm from the seed 
(near the center of the growth). 

Figure 5 shows the alloy composition of the crystal 
Z-1. A crystal with a solid composition x=0.08 has been 
grown on the GaAs seed as shown in Fig.5(a). This 
agrees with the observation of the cross-section of the 
crystal. The InAs composition decreases along the growth 
direction. At a growth length of 18.5 mm, the stepwise 
decrease of the alloy composition is observed. From the 
observation of the etched surface, a residual melt zone can 
not be observed. Therefore, it is confirmed that the initial 
liquid InAs is actually consumed during the growth to 
form the InGaAs crystal. 

On the other hand, the InAs composition along the 
direction normal to the crystal growth shows good 
uniformity throughout the width of the sample (8 mm), as 
shown in Fig.5(b), which is better than the InGaAs grown 
by the LEC technique with a double crucible (5). 

The results for crystal Z-11 are similar to that of the 
crystal Z-1, as shown in Fig.6. Namely, the InAs 
composition gradually decreases along the growth 
direction. A good uniformity was also found along the 
direction normal to the crystal growth. 

In the present experiment, the molten zone of 
InGaAs is moved by the temperature gradient (7). 
Therefore, InGaAs with the solidus composition 
equilibrium with the temperature is expected to be grown 
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Fig.6 InAs composition profile of InGaAs bulk crystal Z-ll 
along (a) the direction of crystal growth and (b) the direction 
normal to crystal growth 7 mm from the seed. 

at the upper interface of the melt zone. In the Fig.5(a) and 
Fig.6(a), the calculated solid composition is also plotted. 
In the calculation for the phase diagram, the interaction 
parameter £?,„ 1=3200cal/mol, which shows the best 
agreement with the growth experiments, is used. The 
close agreement between the experimental and the 
calculated profiles indicates that the alloy composition is 

0.15 0.2 

In Ga     As 
x        1-X 

Fig. 7 Growth temperature dependence of InAs 
composition of the InGaAs bulk crystal grown below the 
seeding position. 

determined by the temperature profile. Therefore, the 
uniformity of the composition in Fig.5(b) shows the 
uniformity of the temperature normal to the crystal 
growth. 

Figure 7 shows the relationship between the growth 
temperature T, and the InAs composition grown on the 
GaAsseeds for crystals Z-l, Z-ll, and other experiments 
with the solidus curve. It is clearly shown that the InAs 
composition at the seeding position is increased by 
decreasing the growth temperature T,. This means that 
the precise control of alloy composition is accomplished 
with an accurate establishment of growth temperature and 
a temperature profile. 

5.   Conclusions 

A multicomponent zone melting method has been 
proposed for the growth of alloy semiconductors. A basic 
configuration of the multicomponent zone melting has 
been applied to the growth of an InGaAs alloy bulk 
crystal. A 13 mm thick In^Gai-^As crystal with JC=0.14- 

0.08 was grown on a GaAs seed crystal. A 3 mm thick 
region without a grain structure was obtained on the 
seeding position. The alloy composition along the 
direction normal to the growth shows good uniformity. 
The gradual change in the composition along the growth 
direction is well explained by a temperature profile. The 
alloy composition grown on the GaAs seeds is found to 
be determined by the growth temperature. As the precise 
control of a source supply is not necessary in this growth 
method, it is shown that this method can be very effective 
for growing InGaAs with a high InAs content. 
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Abstract 
Crystal quality of 2" <fi S doped InP wafers grown by the conventional liquid encapsulated 

Czochralski(LEC) method was studied by the photoluminescence (PL) mapping technique and the 
double crystal x-ray diffraction method. Crystal anomaly was found at the center of the wafer. The 
dark current distribution map of the InGaAs/InP PIN-photo diodes fabricated on the S doped InP 
substrate revealed that this crystal anomaly at the center increased the dark currents of the photo 
diodes. 

1. Introduction 
Sulfur doped indium phosphides are widely 

used as substrates for the fabrication of 
optoelectronic devices such as photo diodes(PDs) 
or light emitting diodes(LEDs). High crystal 
quality of InP substrates is necessary to the 
high performance of devices. It is generally 
considered that 2" 4> S doped InP wafers grown 
by the conventional LEC method have some slip 
dislocations at the periphery but have low 
dislocation density in the central region, while 
those grown by vapor controlled Czochralski 
(VCZ) method have lower dislocation density in 
the whole region[l]. We have already known 
that the dark currents of InGaAs/InP PIN-PDs 
are abnormally high on the slip dislocation of 
the InP substrate and investigated the 
mechanism of the increase of the dark 
currents[2]. Recently, we found out that the 
dark currents of InGaAs/ InP PIN-PDs are also 
high at the center of the wafer when they are 
fabricated on S doped InP substrates grown by 
the conventional LEC method. 

In this study, we describe the crystal 
anomaly found at the center of 2" 4> S doped InP 
wafers grown by the conventional LEC method. 
In order to investigate this anomaly in detail, we 
fabricated InGaAs/InP PIN-PDs on those InP 
substrates. The distribution of dark currents in 
the wafer was compared with the crystal quality 
of the S doped InP substrate which had been in 
advance analyzed non-destructively by the 
photoluminescence mapping technique and the 
double crystal x-ray diffraction method. 

2. Fabrication and Evaluation of PIN-PDs 
Planar type PIN-PDs as shown in Fig. 1 were 

fabricated. An InP buffer layer , an InGaAs 
absorption layer, and an InP window layer were 
sequentially grown by a chloride VPE method on 
a 2" 4> conventional LEC-grown S doped InP 
substrate, oriented (100) 2°off. The p-n junctions 
were formed in the InGaAs absorption layer by 
local thermal diffusion of Zn. SiNx film was used 
for passivation. The p electrode was made of 
AuZn alloy, and then n electrode was made of 
AuGeNi alloy. To investigate the distribution of 
the dark currents in the wafer, the I-V 
characteristic of each chip was measured by an 
auto-probing apparatus. Fig.2 shows the 
distribution map of dark currents at V R = 5 V. 
Typical value of the dark current at V R = 5 V is 
60pA, which shows that the device fabrication is 
successful. But the dark currents were high not 
only at the periphery but also at the center of 
the wafer. The high dark currents at the 
periphery would be attributed to the effect of 

| Zn diffused regie 

:M 
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300 n m $ 
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(3.5 yum) 
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NnP(S) substrate (LEC) 
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(5-8X10 "cm"3) 

n-electrode 

Fig.l    Cross sectional view of 
InGaAs/InP PIN-PD 
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slip dislocations of the InP substrate, which has 
been discussed in Ref. 2. On the other hand, the 
origin of the high dark currents at the center 
has not been known. Therefore, we evaluated 
crystal quality at the center of 2" <t> S doped (100) 
InP wafer grown by the conventional LEC 
method in detail. 

High 

Low 

Fig.2   Distribution map of dark currents 
(VR = 5V) of PIN-PDs fabricated 
on the 2" <ß S doped InP substrate 
grown by the conventional LEC 
method 

measurements were shifted by scanning the X- 
stage and by changing the height of the pin hole 
(0.5mm 0) slit. The first crystal is a 4" <t> (100) 
silicon wafer with low dislocation density and 
with damage free surface. The Second (sample) 
crystals were held by sandwiching with thin 
polyethylene films to achieve the stress free 
holding. The Cukal was used for the x-ray 
source. The topograph was recorded at the 
pseudo-parallel setting of Si(004)-InP(004) or 
Si(422)-InP(422). Rocking curves were mainly 
measured at Si(004)-InP(004) setting. 

rystal 

2nd cryst 

Fig. 3   System for double crystal x-ray 
diffraction measurements 

3. Characterization of S doped InP wafer 
Etch pit density (EPD) distribution was 

evaluated by Huber etching [3] of another (100) 
wafer which was cut from the neighboring 
portion of the same crystalline ingot. 

Atomic concentration of impurities was 
measured by secondary ion mass spectrometry 
(SIMS) and grow discharge mass spectrometry 
(GDMS) analyses. 

PL measurements were mainly carried out 
at room temperature using a 1 mm sampling grid 
over the 2" <t> wafer. The detailed description of 
the apparatus has been given elsewhere[4]. The 
514.5nm line of Ar+ laser was used for the 
excitation and the diameter of the laser spot was 
about 0.2 mm. 

Double crystal x-ray diffraction measure- 
ments were performed with a computer 
controlled topo-goniometer illustrated in Fig.3. 
The X-stage on which both the first crystal stage 
and the second (sample) crystal stage are set can 
be scanned very smoothly. The topograph was 
recorded on FUJI #80 film or Ilford L4 nuclear 
plate. Rocking curves were measured by 
replacing the film with NaI(Tl) scintillation 
counter.  The  positions  of the  rocking  curve 

4. Results 
In EPD distribution measurements, little 

dislocation was found at the center of the (100) 
wafer. 

SIMS and GDMS analyses revealed that 
sulfur concentration at the center was about 1.2 
times higher than that at the peripheral region, 
while the concentration of other impurities was 
the same. 

Figs.4 and 5 show the distribution of PL 
intensity at the wavelength of 924nm measured 
at room temperature in the (100) and (011) 
wafers, respectively. PL intensity was abruptly 
weakened at the center of the (100) wafer. The 
low PL intensity region also existed at the 
central portion of the (011) wafer along the 
growth axis. The (011) wafer was cut from a 
crystalline ingot along to the growth axis 
through the central region. PL measurements 
were also performed at 4.2K. But the PL spectra 
remained broad because of heavily doping of 
sulfur, so that the transition to explain the low 
PL intensity at room temperature could not be 
assigned. 

Double crystal x-ray topographic image of 
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High 

Position       B 

Fig.4   (a) Two dimensional distribution and 
(b) diametric distribution of PL 
intensity at the wavelength of 924 nm 
in the 2" <f> S doped (100) InP wafer 
grown by the conventional LEC method 

<100>f 

Low 10 mm 

Fig.5   Two dimensional distribution of PL 
intensity at the wavelength of 924nm 
in the (Oil) wafer grown by the 
conventional LEC method 

Fig.6   Double crystal x-ray topographic image 
of the 2" <t> S doped (100) InP wafer 
grown by the conventional LEC method 

the (100) wafer was shown in Fig. 6, which was 
recorded at Si(004)-InP(004) setting. In addition 
to slip dislocations at the periphery and swirl 
like striation pattern, anomalous contrast was 
seen at the center. Scanning rocking curve 
(SXRC) measurements, which was performed by 
scanning the X-stage at Si(004)-InP(004) setting, 
made it possible to analyze anomalous contrast 
at the center quantitatively. The peak angles of 
the rocking curves were drifted by both the 
curvature of the wafer and the crystalline 
anomaly itself. The drift by the curvature was 
subtracted by assuming that the wafer was 
curved smoothly , so that we could find that the 
diffraction angle changed at the center only by a 
few arc-sec, which was much smaller than the 
half width of the rocking curve, approximately 
15 arc-sec, which is shown in Fig.7(a). 
Furthermore, SXRC measurements were 
performed on the back side of the wafer. As 
shown in Fig.7(b), the anomaly of the diffraction 
angle  at the center was inverted by the 
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a 
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B B' 

center 
position 

Fig.7   Results of SXRC measurements on 
(a) front side and (b) back side of the 
S doped (100) InP wafer grown by the 
conventional LEC method 

51 



Fig.8   Lattice plane model of the S doped (100) InP wafer grown by the conventional 
LEC method 

measurements on the back side. This results 
could be explained by the lattice plane model as 
shown in Fig.8, where the lattice plane was 
abnormally curved only at the center. 

5. Discussion 
The origin of the high dark currents of PIN- 

PDs at the center of the wafer is neither the 
dislocation of the InP substrate nor the 
impurities in it. That should be attributed to the 
crystal anomaly of the InP substrate which was 
detected by both PL and double crystal x-ray 
diffraction measurements, because the high 
dark currents and the crystal anomaly appear at 
the same position of the 2" <f> wafer. One 
probable mechanism to explain that the dark 
currents become high is the strong stresses or 
strains in the InGaAs absorption layer. It is well 
known that the epitaxial growth rate changes 
due to the facet of the substrate. On the 
abnormally curved lattice plane as shown in 
Fig.8, several kinds of facets exist. Therefore, 
the epitaxial growth proceed at the several 
growth rates at the center of the substrate, so 
that strong stresses or strains are generated in 
the epitaxial layer. 

4. Conclusion Remarks 
It was suggested that the high dark currents 

of InGaAs/InP PIN-PDs at the center of the 
wafer were due to crystal anomaly at the center 
of the S doped InP substrate grown by the 
conventional LEC method. This crystal anomaly 
was detected by both PL and double crystal x- 
ray diffraction measurements. Furthermore, 
this crystal anomaly was quantitatively clarified 
by SXRC measurements which were developed 
in this study. 

On the other hand, in the case of S doped InP 
substrates grown by VCZ method such increase 

of dark currents at the center of the wafer has 
never been found out. Therefore, VCZ-grown S 
doped InP wafers are more favorable as 
substrates for the optoelectronic devices because 
of the less crystal defects or anomaly both at the 
periphery and at the center. 
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Abstract 
This paper describes a new method to control the on-wafer lasing wavelength of DFB laser 

diodes. Oscillation wavelength is controlled on the same epitaxial wafer by using modulated 
growth thicknesses of selectively grown InGaAs/InGaAsP/InP MQW active waveguides. A 
five-wavelength MQW-DFB laser array with constant-pitch built-in corrugation demonstrated a 
controllable lasing wavelength range of 10.1 nm with uniform lasing characteristics. The 
technique is successfully applied to on-wafer wavelength control of modulator-integrated DFB 
lasers, which also makes this technique attractive for light sources used in long-haul WDM 
systems. 

Introduction 

Wavelength division multiplexing (WDM) 
is widely recognized as an attractive way to 
exploit the broad information bandwidth of 
optical fibers. These systems require multi- 
wavelength light sources with precise 
wavelength control, uniform static/dynamic 
properties, and substantially lower component 
and assembly costs. For conventional 
monolithic WDM light sources, the lasing 
wavelengths of distributed feedback (DFB) or 
distributed Bragg reflector (DBR) lasers have 
been controlled by adjusting the pitch of the 
built-in corrugation transcribed in identical 
active/passive waveguides [1-3]. However, 
this requires rather complicated and expensive 
fabrication techniques such as electron beam 
lithography. Moreover, the difference 
between the lasing wavelength and the gain 
peak wavelengths (the detuning parameter, 
which is a key factor in DFB laser design) 
automatically varies for each channel, leading 
to varying device performance. 

This paper describes a new method for 
simultaneously controlling the lasing 
wavelength and the gain peak wavelength of 
MQW-DFB lasers fabricated on identical 
substrates. This control was attained by using 
selective area growth (SAG) to enhance layer 

thicknesses during metal organic vapor phase 
epitaxy (MOVPE). The lasing wavelength can 
be controlled by modulating the thickness of 
the optical guide layer, thus controlling the 
effective refractive index of the DFB 
waveguides [4-6]. At the same time, the gain 
peak wavelength can be controlled through the 
modulated thickness of quantum wells, i.e., 
the quantum energy levels [7,8]. A DFB laser 
array fabricated using this method has a 
controllable wavelength range of 10.1 nm with 
uniform lasing characteristics. This technique 
is also successfully applied to control the 
wavelength in a DFB laser monolithically 
integrated with an external modulator. 

Wavelength control of a selectively grown 
DFB laser array 

The device structure and fabrication 
process are illustrated in Fig. 1. First, parallel 
stripes of a 0.2-p,m-thick SiC>2 mask were 
formed on a (100) n-type InP substrate in the 
[Oil] direction. The gap width between the 
stripes (Wg) was kept constant at 15 [im and 
the width of the mask stripes (Wm) was 
increased in 5-(im increments from 10 to 30 
|im [Fig. 1(a)]. These selective masks were 
arranged with a 400-|im period.    Then, a 
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seven-pair      separate      confinement 
heterostructure (SCH) InGaAs MQW structure 
was  selectively grown on  this patterned 
substrate by low-pressure MOVPE.    The 
SCH-MQW on the flat substrate consisted of 
4.3-nm-thick InGaAs wells sandwiched by 8- 
nm-thick InGaAsP (1.15 (im) barriers.   The 
SCH layers were made of 0.11-|im-thick 
InGaAsP (1.15 (im). Lattice conditions were 
selected so that all the epitaxial layers were 
lattice-matched to the InP substrate. Figure 2 
shows the Wm dependencies of the enhanced 
thicknesses for the InGaAsP SCH layers and 
the InGaAs well layers; these were measured 
using a CAT-TEM and a high-resolution 
SEM.    We found that increases in the 
thickness are nearly proportional to Wm and 
that the increase in the growth rate is almost 
the same for both InGaAs and InGaAsP. We 
also measured microscopic photoluminescence 
(p.-PL)  at a l-(im focus spot in the center of 
each gap.   A red-shift in the PL spectra is 
clearly seen as Wm increases, mainly due to 
the SAG-induced enhancement in the InGaAs 
well layer thickness.   The PL peak intensity 
and half-width for the selectively grown layers 
were comparable to those of the reference 
layer in the flat region, indicating that these 
selectively  grown MQW crystals  are of 
sufficient quality .   After SAG, a 240.4-nm- 
pitch first-order grating was formed on top of 
the upper InGaAsP guide layer using the 
interferometric exposure technique. Then, the 
wafer was further processed into a buried- 
hetero laser structure with a 1.5-|im-wide 
active layer. 

Figure 3 shows typical I-L curves for an 
array (a 400-|im cavity with l%/90% 
refractive ends) with five different Wms. The 
threshold currents range from 14 to 20 mA 
and slope efficiencies from 0.25 to 0.35 W/A, 
with no apparent relationship between Wm 

and these lasing properties. Figure 3 also 
shows the lasing spectra of this DFB-laser 
array measured at the 3-mW output level. In 
this array, all five devices lased at the shorter 
wavelength mode of the stopband. Stable 
single mode operation was observed for all the 
channels with side mode suppression ratios 
greater than 35 dB. By increasing Wm from 
10 to 30 |im, the on-wafer DFB lasing 
wavelength (ADFB) was controlled over a 
10.1-nm range from 1545.4 to 1555.5 nm 
with 2.5+0.2 -nm intervals.    In Fig. 4, these 

^DFBs are plotted against Wm; calculated 
results are also shown that take into account 
the SAG-enhanced layer thicknesses shown in 
Fig. 2. Good agreement is clear between the 
experimental results and the theory based on 
the effective index method with refractive 
indices given by the modified single-effective- 
oscillator (MSEO) method.   Figure 4 also 
shows how the gain peak wavelength (kg) 
depends on Wm. Measured gain spectra 
below the threshold level peak was between 
1529.6 nm (Wm = 10 |im) and 1574.6 nm 
(Wm=30 |im), which results in levels of 

detuning (AX=^DFB - Ä,g) that vary from -19 
to +16 nm.    Figure 4 also shows good 
agreement between the measured A,g values 
and the theory, taking into account the SAG- 
induced thickness enhancements and changes 
in the indium content of InGaAs(P) alloys 
which were deduced by microscopic Auger 
electron spectroscopy ((i-AES). These A A. 
variations can be minimized by enlarging the 
waveguide layer index, thus widening the 
controllable range of Ä.DFB, and/or by 
widening the well width by introducting 
tensile strained InGaAs or InGaAsP wells, 
thus reducing the kg shift by using the 
saturated quantum energy shift for wider well 
layers. 

Application to a modulator-integrated WDM 
light source 

We applied this technique to control the 
oscillation wavelength of an electro-absorption 
(EA) modulator integrated DFB laser (Fig. 5). 
The device structure and fabrication are almost 
the same as those previously reported [9], 
except for the selective mask configuration 
used to control ^DFB- The selective mask 
patterns formed only in the DFB-laser sections 
have Wm of 16 to 25 p.m in 1.5-(im 
increments and Wg of 16 (im. Each device 
was evaluated individually. Figure 6 shows 
the laser/modulator characteristics of more 
than 50 devices with seven different Wms. 
By increasing Wm from 16 to 25 |im, the on- 

wafer DFB lasing wavelength (A.DFB) was 
controlled from around 1550 to 1557 nm, with 
an averaged channel spacing of about 1 nm. 

54 



The figure also plots the uniform 
laser/modulator performance between the 
channels, such as 10-15 mA threshold 
currents, 0.06-0.10 W/A slope efficiencies, 
on/off ratios of more than 13 dB, and 
frequency bandwidths of over 11 GHz. These 
results show the potential of this device as a 
lightsource used in Gb/s dense WDM 
systems. This wavelength control is also a 
key technique to easily prepare a set of discrete 
devices with different wavelengths. 

Conclusion 

(a) Mask formation & selective area MOVPE 

Wg ; 15 n.m    Wm ; 10, IS, 20,25,30 urn 

We have developed a simple method of 
simultaneously controlling both the lasing 
wavelength and the gain peak wavelength of 
DFB lasers by using enhanced layer 
thicknesses of selectively grown MQW active 
waveguides. We used this technique for a 
multi-wavelength InGaAs/InGaAsP MQW 
DFB-laser array, and a modulator-integrated 
WDM light source. This technique is 
attractive for fabricating practical light sources 
used in WDM applications. 
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Fig. 1 
Device structure and fabrication process of 
new multi-wavelength DFB-laser array. 
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Abstract 
By newly introducing InGaP tensile strained layer as barriers of InAsP compressively strained multiple quantum 
wells, a high crystalline quality of InAsP/InGaP strain-compensated multiple quantum wells was obtained using 
metalorganic chemical vapor deposition on (100) InP substrate. Strain compensation was clearly confirmed by 
the surface morphology, double crystal X-ray measurement and photoluminescence spectrum. First laser 
consisted of all ternary quantum well active layer was successfully fabricated. The threshold current density of 
lkA/cm2 was obtained, cavity length of 600um, without the use of separate confinement heterostructure layer. 

A very low threshold current density of 300A/cm2 was achieved in an improved structure emitting at 1.3um. 

Introduction 
The concept of strained-layer enables us to extend the 
material to be dealt with. The conventional materials 
for long wavelength lasers are GalnAsP/InP and 
GalnAlAs/InP. Using a strained-layer, InAsP/InP 
system can be a candidate for long wavelength lasers. 
InAsP/GalnAsP compressively strained-layer quantum 
well layers emitting at 1.3(J.m were reported [1]. This 
material system has a large conduction band offset as 
compared to GalnAsP/InP system, resulting in a 
possibility of improved lasing characteristics at a high 
temperature due to small electron leakage to an optical 
confinement layer [2]. However, InAsP has a large 
compressive strain of about 1.5% with thickness of 
8nm to realize an emission wavelength of 1.3um. 
Therefore, the number of wells is limited to only two 
due to critical thickness [1]. In order to increase the 
number of wells to improve the temperature 
characteristics of InAsP/InP strained-layer QW lasers, 
tensile strained GalnAsP have been incorporated for 
strain compensation [3]. On the other hand, InGaP 
layer has a small lattice constant with respect to InP, 
that is, it works as a tensile-strain. Moreover, InGaP 
seems to be easy to control the composition since it is 

a ternary material. 

InP 
(24nm) 

In this paper, we report the growth and 
characterization of all ternary InAsP/InGaP strain 
compensated quantum wells for long wavelength laser 
and the first laser oscillation in this material system. 

MOCVD Growth 
Low pressure metalorganic chemical vapor deposition 
(MOCVD) is used for the growth with a growth 
temperature of 550°C[1]. Double heterostructure 
cladded by InP layer, as shown in Fig. 1, was grown 
on a (100) InP substrate for sample evaluation. The 
growth sequence is quite simple as shown in Fig.2. 
Exact same gas flow rate of trimethylindium (TMIn) 
and phosphine (PH3) was used for InAsP and InGaP 
and arsine (ASH3) and triethylgallium (TEGa) were 
introduced into reactor alternatively for the growth of 
InAsP and InGaP, respectively, with no growth inter- 
ruption. The thickness and amount of strain are 
inferred by X-ray diffraction analysis of MQW con- 
sisting of InAsP/InP, InGaP/InP and InAsP/InGaP. 
The amounts of strain for InAsyPi-y and Ini-xGaxP 
are derived from Vegard's law as compressive strain of 
3.23y (%) and tensile strain of 7x (%), respectively. 
Nomarski interference microscope photograph reveals 

|ni.xGaxP 

Figure 1 
Schematic diagram of InAsP/InP strained-layer quantum wells and InAsP/InGaP strain- 
compensated quantum wells investigated in this study. 
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that cross-hatch surface is observed for 5-pair of 
InAsyPi.y (y=0.45, 10nm)/InP (24nm) strained-layer 
quantum wells, while mirror-like surface for 5-pair of 
InAsyPi.y (y=0.45; 10nm)/Ini.xGaxP (x=0.08; 
24nm) strain compensated quantum wells. The double 
crystal X-ray results are shown in Fig.3, together with 
the simulation results. 

InAsP InGaP 

Constant Flow Rate 

No Growth Interruption 

Fig.2   Growth sequence for the growth of 
InAsP/InGaP SC-QW. 

The net strain, ens is defined as ens= (ewLwNw + 

£BLBNB)/(LWNW+LBNB) is estimated to be 0.42% 
for sample (a) and 0.12% for sample (b). The full 

width at half maximums of room temperature 
photoluminescence spectrum were 50meV and 35meV 
for InAsP/InP strained-layer quantum wells and 

InAsP/InGaP strain-compensated quantum wells, 
respectively. Figure 4 shows the transmission electron 
microscopy (TEM) photograph of InAsP/InP SL-QW 
(a) and InAsP/InGaP SC-QW (b). TEM reveals that 
dislocation occurred for InAsP/InP QWs with 10 
wells, while no dislocation for InAsP/InGaP strain- 
compensated quantum wells with 10 wells. 

-2000 1000 O 1000 20O0 
Diffraction angle   (arcsec.) 

^=Oth 

., 
■fltfn^ SB 

High crystalline quality strain-compensated InAsP/ 
InGaP quantum wells was obtained. 

' -r»S5 

•*iSBfc;SKSäaS?.sr-:.;...-r^.. 

J^GaP 

,Sfl|r 

Fig. 4 TEM photograph of InAsP/InP 
SL-QW (a) and InAsP/InGaP SC-QW (b), 
together with simulated results. 

Application  to Long Wavelength  Lasers 
We have applied InAsP/InGaP strain-compensated 
quantum wells to the active layer of long wavelength 
laser. A schematic diagram of InAsP/InGaP strain- 
compensated quantum well laser is shown in Fig.5. 
10-QWs is used to increase the optical confinement 
factor. Optical confinement layer has not been 

incorporated in this structure. Threshold current 
density of 100-(im wide broad area lasers versus cavity 
length is shown in Fig 6. We have achieved laser 
oscillation in this material system for the first time. 
The lasing wavelength was 1.21|im. It is found to be 
difficult to grow strain-compensated quantum wells 
with large amount of strain for 1.3(im wavelength. 

•3000 -2OO0 1000 0 1000 2000 30O0 
Diffraction angle   (arcsec.) 

—3000   -2000     -1000 I00O      2000    3000 

1          1          IA    M 1= 
f\\    . ,^-_OI th     f\ .   \j=M 

-3000   -2000     -1000 lOOO      2000    3000 

Figure 3 
X-ray measurement results of InAsP/InP strained-layer quantum wells and InAsP/InGaP 
strain-compensated quantum wells, along with simulated results. 
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InP   UUL    U   lnP 

r-m IT- 
InAsP/lnGaP Nw=10 

Fig.5 A schematic diagram of InAsP/lnGaP SC- 
QW lasers. No SCH layer is used for this 
structure. 

Threshold current density of lkA/cm^ was measured 
with a cavity length of 600 (im. Lower threshold 
current density can be expected by optimized layer 
structure. 

—    3.0 

2.5 
InAsP/lnGaP Strain Compensated LDs 
10QWs 

10 20 30 40 

Inverse Cavity Length (cm '1) 

Fig. 6 Threshold current density versus inverse cavity 
length for InAsP/lnGaP SC-QW LDs. 

Temperature characteristics of the threshold current 
under pulsed condition is plotted in Fig.7 for 1mm- 
long cavity. 
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Fig.7 Temperature dependence of threshold current 

70 

The characteristic temperature TQ is calculated to be 
70K in the temperature range of 20-60°C. No 
improvement in TQ was observed. This might be 
attributed non-uniform carrier injection over the 10 
QWs. 

Improved Layer Structure for 1.3p.m Lasers 
As mentioned above, it is difficult to obtain good 
crystalline quality for 1.3(J.m lasers. A thin InP 
intermediate layer (IML) is inserted between InAsP 
and InGaP layers [4]. The importance of InP IML has 
been investigated in terms of crystal quality. Full 
width at half maximum (FWHM) of room temperature 
photoluminescence (PL) spectrum, excited by Kr+- 
laser (^=647. lnm), is plotted in Fig.8 as a function of 
InP IML thickness. 
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Fig. 8 FWHM of PL spectrum for InAsP/InP/InGaP. 

The FWHM of PL spectrum decreases with increase 
of IML thickness. From this experiment, 5-monolayer 
(ML) is needed to obtain high crystal quality. The 
improvement of crystalline quality of InAsP/lnGaP 
SC-QWs with IML is also supported by X-ray 
measurements, that is higher order satellite peaks are 
observed, while no satellite peaks for SC-QWs 
without IML. We think that degradation of crystal 
quality could be attributed to the "uncontrolled 
GalnAsP layer" which is formed between InAsP and 
InGaP layers. 

We have applied InAsP/lnGaP strain- 
compensated quantum wells to the active layer of long 
wavelength laser. Triple quantum wells is used. A 
lOOnm-thick GalnAsP layer with a bandgap 
wavelength of 1.1 (im is used for separate- 
confinement-layer in order to increase an optical 
confinement factor. The effect of strain compensation 
was confirmed by PL measurement. The FWHM of 
room temperature PL spectrum was as narrow as 



30meV, which is better than that of GalnAsP/InP 
compressively SL-QW laser wafer with same number 
of wells. The difference of PL linewidth of laser 
"tructure and test structure described above arises from 
the difference of InP upper cladding layer. 

C 
'i 
<  6 

InAsP/lnGaP/GalnAsP SC-QW LDs 

J0(A/cm2) G0(cm-1) 

InAsP/GalnAsP 95 680 
InAsP/lnGaP 88 980 
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Inverse Cavity Length (cm1) 
50 

Fig. 9 Threshold current density versus inverse cavity 
length for InAsP/GalnAsP SL-QW lasers and 
InAsP/InP/InGaP/InP/GalnAsP SC-QW lasers. 

Threshold current density of broad area lasers versus 
inverse cavity length is shown in Fig 9. We have 
achieved laser oscillation in this material system for 
the first time. A very low threshold current density of 
300A/cm2 was obtained for a cavity length of 
1200^m. Assuming the threshold current density as 
Jth= NwJoexp{(ocj+am)/NwrwGo], where Nw is the 
number of wells, Jo is the transparent current density, 
Tw is the optical confinement factor, Go is the gain 
coefficient, cq and am are internal loss and mirror 

loss, respectively, transparent current density of 
88A/cmz per well was estimated for infinite cavity 
length. Lasing wavelength was 1.3^m. The results 
obtained for InAsP/GalnAsP SL-QW [ 1 ] lasers are 
also shown in Fig.9. Lower threshold current density 
was obtained in InAsP/lnGaP SC-QW lasers. 
Especially, large difference of threshold current density 
was observed for short cavity region. This could be 
attributed to the carrier overflow into the l.l|im-Q 
SCH layer in the latter structure. Go and Jo are derived 

to be 980 cm"1 and 88 A/cm2, 680 cm"1 and 100 
A/cm2 for InAsP/lnGaP SC and InAsP/GalnAsP SL- 
QW lasers, respectively. Lower threshold current 

density can be expected for graded-index separate- 
confinement-heterostructure (GRIN-SCH) for optical 
confinement layer. Submilliampere threshold current 
could be attained by narrow stripe lasers such as buried 
heterostructure. 

Conclusion 
In conclusion we have investigated the growth of 

InAsP/lnGaP strain-compensated quantum well for 
long wavelength laser using low-pressure MOCVD, 
and obtained laser oscillation for the fist time. A very 
low threshold current density of 300A/cm2 was 
obtained for InAsP/InP/InGaP/InP/GalnAsP SC-QW 
lasers emitting at 1.3|im. 

Acknowledgment 
The authors would like to thank Mr. S. Kashiwa and 
Mr. T. Ninomiya for encouragement for this study. 

References 
II] A. Kasukawa, T. Namegaya, T. Fukushima, N. 
Iwai and T. Kikuta, "1.3fj.m InAsyPl-y-InP Strained- 
Layer Quantum-Well Laser Diodes Grown by 
Metalorganic Chemical Vapor Deposition", IEEE J. 
Quantum Electron., 29, pp.1528-1535, 1993. 
[2] M. Yamamoto, N. Yamamoto and J. Nakano , 
"MOVPE growth of strained InAsP /InGaAsP 
quantum well structures for low threshold I3\im 
lasers", IEEE J. Quantum Electron., 30, pp.554-561, 
1994. 

|3] H. Oohashi, T. Hirano, H. Sigiura, J. Nakano, M. 
Yamamoto, Y. Tohmori and K. Yokoyama, "High 
Temperature Operation InAsP-Based MQW Lasers", 
IPRM'94, PDA3 

[4] X.S. JIANG and P.K. L. YU, "Strain compen- 
sated InAsP/InP/InGaP multiple quantum well for 1.5 
Urn wavelength'", Appl. Phys. Lett., 65, pp. 2536- 
2538, 1994. 

60 



WA2.4 

Fabrication    of a polarization insensitive   electroabsorption 
modulator with strained InGaAs/InAlAs MQW by MOVPE 

Susumu.Kondo, Kouichi.Wakita, Yoshio.Noguchi and Naoto.Yoshimoto 
NTT Optoelectronics laboratories 

3-1 Morinosato, Wakamiya, Atsugi, Kanagawa 243-01, JAPAN 

Strained InGaAs/InAlAs multi-quantum well (MQW) layers are grown by a low pressure MOVPE 
technique. Introduction of compressive strain into an InAlAs barrier layer against a tensile strained well 
layer makes it possible to grow an MQW layer with good quality. By using these layers, we have also 
demonstrated strained InGaAs/InAlAs MQW electroabsorption modulators with a polarization 
insensitivity. 

Introduction 
InAlAs/InGaAs multi-quantum well (MQW) 

structures are very promising materials for 
optoelectronics devices such as lasers, 
modulators and detectors because of their 
large conduction band offset (DEC=~0.5 eV) 
compared with that of other candidate systems 
using InP/InGaAs. Especially, MQW 
electroabsorption modulators have been widely 
studied for the application of the high frequency 
modulators in optical communication systems1). 
One of the important requirements for electro- 
optical modulators is low driving voltage and it is 
attained by using thick well layers which enhance 
the QCSE (quantum confined stark effect) and 
optical absorption. There are two solutions in 
order to obtain a modulator without changing its 
absorption band edge. One uses quaternary 
InGaAlAs materials and the other introduces 
strained layers. Using InGaAlAs makes it possible 
to optimize the bandgap energy and well 
thickness independently, and we applied this 
technique for optical MQW switches. On the other 
hand, introducing strain into an InGaAs well layer 
can also control the wavelength and well thickness, 
independently^). Furthermore, introducing 
tensile strain can reduce the polarization 
dependence of an optical modulator because of 

heavy-light hole degeneracy4)^)- 
Several   attempts   have   been   made   using 

molecular beam epitaxy for these III-V systems 

I)3), but few using metal organic vapor phase 
epitaxy (MOVPE) have been reported. 

In this paper, we present the MOVPE growth 
of an InGaAs/InAlAs strained multi-quantum well 
structure and its application in a polarization 
insensitive electroabsorption modulator. 

Growth of InGaAs/InAlAs MQW 
The low pressure MOVPE apparatus used 

has a vertical reactor and a leak-tight system. TMI, 
TEG, TMA and DEZn are supplied as the In, Ga, 
Al and Zn sources, respectively. Arsine and 
phosphine are also used for V-group sources. 
The growth temperature and V/III ratio in the 
growth of MQW layer are 665°C and about 100. 

Before growing films for the electroabsorption 
modulator, strain-compensated InGaAs/InAlAs 
MQW growth was investigated. The following 
four types of MQW were grown on InP (100) 
substrates. 
A) lattice-matched InGaAs well and lattice- 

matched InAlAs barrier, 
B) lattice-matched InGaAs well and 0.4% 

compressive    strained InAlAs barrier, 
C) 0.5% tensile strained InGaAs well and lattice- 

matched InAlAs barrier, 
D) 0.5% tensile strained well and 0.4% 

compressive strained barrier. 
Sample D is a strain compensated MQW 

structure. Thickness of the InGaAs well and 
InAlAs barrier layers are fixed at 120 nm and 70 
nm. The as-grown surface of these MQWs with 20 
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Sample C Sample D 
W7T 

-2mm- 

PL intensity (a.u.) 
Figure     1 Micro-photoluminescence    from 
samples C and D. C: without compensation D: 
with compensation. Cross-hatched pattern was 
observed in the sample C, but no pattern was 
observed in the sample D. 

pairs were smooth in all cases. PL (photo- 
luminescence) peak wavelength from the MQWs 
with and without strained well are 1.5 8 urn and 

1.50um, respectively. These values do not depend 
on stress in the barrier layer. The PL intensity at 
peak wavelength from C was four times weaker 
than those from samples A and B. However, PL 
intensity from sample D was three times stronger 
than that of sample C. Figure 1 shows the micro 
photoluminescence^) from samples C and D. A 
cross-hatched pattern was observed in sample C, 
but no pattern was observed in sample D. Figure 2 
shows the X-ray rocking curve of sample D. It is 
estimated from this curve that the InGaAs well 
layer has 0.5% tensile strain and the InAJAs barrier 
has 0.4% compressive strain. In this way, by 
introducing compressive strain into InAJAs barrier 
layers, MQWs with good quality can be obtained 
by introducing tensile strain into InGaAs well 
layers. 

O 

>-    -2 = 

Figure 2 

35 36 
6    ANGLE     (deg) 

The X-ray rocking curve from sample D. The InGaAs well layer has 0.5% tensile strain 
and the InAlAs barrier has 0.4% compressive strain. 

N-lnP substrate 

 p-InGaAs 

 p-InP 

^i-InP 

^Z-—i-InGaAsP 

.    -InGaAs/InAlAs MQW 

"~-i-InGaAsP 

 n-InP substrate 

Figure 3      Schematic diagram of the strained InGaAs/InAlAs MQW modulator. The length is 
300 urn and the stripe width is 2-3 um. 
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Wavelength (um) 

Figure   4   Photoluminescence   spectrum   from 
strained MQW layer 

Fabrication of modulator 
We tried to grow the film for electroabsorption 

modulators. Figure 3 shows schematic diagrams 
of the modulator structure and the film structure 
with a strained InGaAs/InAlAs MQW layer. The 
MQW structure consists of ten pairs of strained 
InGaAs well layers and barrier layers. The carrier 
concentration of the MQW layer is about lxl016 

cm"3 

Figure 4 shows the PL spectrum from the 
MQW layer at room temperature, measured after 
removing the InGaAs cap layer. The PL peak 
wavelength is 1.50 urn, and the full width at half 
maximum (FWHM) is about 46 meV. A very 
narrow spectrum can be obtained. 

The optical propagation loss through the 
strained InGaAs/InAlAs MQW waveguide is 1-2 
dB/mm. 

Figure 5 shows the photocurrent spectra of the 
strained InGaAs/InAlAs MQW modulator with 
applied voltages as a parameter. The spectra for 
the incident light polarization of TM and TE 
modes are (a) and (b). A similar electroabsorption 
effects were observed. Introducing tensile strain 
produces polarization insensitivity as reported for 

InGaAsP/InGaAsP strained MQWs^). Moreover, 
large shifts in the exiton peak are observed 
because of the thick quantum well (12 nm). 

Figure 6 shows the extinction ratio for several 

polarization directions of incident light with 
wavelength of 1.55 urn. The absolute transmitted 
optical power is almost the same for various 
polarizations. A very small driving voltage of less 
than 1.6V produces a large extinction ratio of over 
30 dB. The frequency response of this modulator 
is flat from DC up to 19 GHz. And the mean 
insertion loss between two single mode fibers is 8 
dB. 

Conclusion 
We can obtain a high-quality strained 

InGaAs/InAlAs MQW structure by MOVPE and 
develop a polarization insensitive electro 
absorption modulator. 
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Figure 5 Photoluminescence spectrum from 
strained InGaAs/InAlAs MQW structure with 
applied voltage as a parameter, (a): TM    (b):TE 
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Fabrication of crystal-facet mirrors for short cavity lasers 
by selective InP epitaxy on etched sidewalls 

WA2.5 

H. Sugimoto, M. Gotoda, T. Isu, and M. Nunoshita 

Semiconductor Research Laboratory , Mitsubishi Electric Corporation 
Amagasaki, Hyogo 661, Japan 

Crystal facets of InP for the reflection mirrors of short cavity laser diodes were successfully fabricated by a novel 
wafer process without use of cleavage. Selective InP epitaxial growth on sidewalls formed by dry etching realized as 
vertical and smooth facets as crystal facets formed by cleavage. Grown Facets Short cavity Laser Diode (GFS-LD) with 
the facet mirrors was proposed and the characteristics were estimated. 

Low Threshold Current Laser Diode 

Low threshold current is essential for practical 
applications of laser diodes to optical subscriber networks 
and inter-board connections in computers. The most 
simple and realizable way for reducing the threshold 
current is to minimize the cavity length of conventional 
lateral Fabry-Perot laser diodes which have been produced 
commercially. They have excellent and established 
structures for functions such as carrier-injection path, 
current blocking, and lateral optical confinement. High 
reflectivity mirrors fabricated by wafer process without 
cleavage arc indispensable for the short cavity laser 
diodes. A crystal facet is an ideal mirror of laser diode for 
reasons of the perfect vcrticality and the smoothness. We 
fabricated crystal-facet mirrors for laser diodes without 
cleavage for the first time. 

Grown Facets 

Sidewalls with a height of 3|j.m were formed by 
RIE (Reactive Ion Etching) of (100) InP using a mixture 
gas of ethane, hydrogen, and oxygenfl]. On the sidewalls 
and etched bottom surface, InP was grown by a chemical 
beam epitaxy (CBE) technique using trimethylindium 
(TMI, 0.8ccm) and phosphine (PH3, 8.8ccm) at a substrate 
temperature of 525°C[2]. An SiC>2 film was used as both 
an etching mask and a selective mask for the growth. The 
thickness of the InP growth layer on the (100) bottom 
surface was about luxn. No striation was observed on the 
sidewall after the growth. Grown facets of the (Oil) just 
direction were formed on the etched sidewalls, as shown 
by an SEM photograph in Fig. 1(a). The grown facets 
were perfectly as vertical and smooth as those formed by 
cleavage, although the etched sidewalls deviated from the 

vertical by 10 degrees and have striations. It was supposed 
that the growth rate to [01 1 ] direction was less than other 
directions at this growth condition of the high V/III ratio, 
and (01 1 ) just facets were obtained. __ 

(a) 
[1 0 0] 1 fj. m 

[0 IT] 

Smooth & Vertical 
Grown facet 

triation 

Fig. I. (a) An SEM photograph of grown crystal facets 
after CBE growth. The facets were as vertical and smooth 
as those formed by cleavage, (b) A schematic illustration 
of the grown crystal facets 
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Figure 2 also shows an SEM photograph of the 
sidewall facet with longer length (>20jj.m) along the [Oil] 
direction after the CBE growth. White lines observed on 
the sidewall facet were supposed to be giant crystal steps 
formed by bunching of atomic steps during the CBE 
growth. A portion of the facet, however, had no lines of 
the giant step. It was assumed that so-called step bunching 
occurred at the portion and crystal growth steps as well as 
the striations on the sidewall were smoothed out 

It was concluded that on the sidewalls with the 
length of 5u.m along the [Oil] direction shown in Fig. 1, 
the giant step moved to the end of the sidewall as the 
growth proceeded and the grown facet were atomically 
smoothed out[3]. 

Illtlfiw 

(b)        InP substrate 
Fig. 2. (a) An SEM photograph of the 2u.m wide ridge of 
which the length along the [Oil] direction is longer than 
20 urn after CBE growth, (b) A schematic illustration of 
the grown crystal facets 

Proposal of Grown Facets Laser Diodes 

Figure 3 shows the proposed structure of a short 
cavity laser diode with the grown facets used as reflection 
mirrors, which is named as Grown Facets Short cavity 
Laser Diode (GFS-LD). The difference between 
characteristics of the GFS-LD and that without grown 
facets was estimated. The mirrors of short cavity lasers 
require a high reflectivity close to 100%, which is realized 
by high-reflection coats on the mirror surfaces. The 
scattered loss caused by non-vertical ity and roughness of 
etched mirrors is also multiplied by the reflection coats as 
shown in Fig. 4. 

It is estimated that the scattered loss of 3% is 
induced by even 2 degrees deviation of verticality[4]. The 
roughness is supposed to also cause the equivalent 
scattered loss[5]. GFS-LD has ideal mirrors of grown 
crystal facets with the perfect verticality and the 
smoothness. There is no scattered loss which effect the 
characteristics of short cavity laser diode, even if the 
mirrors are hish-reflection coated. 

[10 0 

[0 1 1] 
Grown Facet Mirror 

Laser beam 

Fig. 3. Proposed structure of Grown Facets Short cavity 
Laser Diode (GFS-LD). Grown crystal facets arc used as 
reflection mirrors 

RcoatSloss COatS (l-Rcoat)Sloss 

-5« 

Rcoat(1-SlossY   (1 -Rcoat) (1 -Sloss) 

LDII Air 
Fig. 4. Scattered loss at a reflection-coated mirror 
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Characteristics Calculation 

The threshold currents of the laser diodes are 
calculated as a function of the cavity length[6] with a 
parameter of the reflectivity as shown in Fig. 5. An active 
layer of the laser is assumed to be normal doublehetero 
structure. It is supposed that the gain saturates at 
1000/cm[7]. The calculation shows that the threshold 
current for 93% reflectivity is three times larger than that 
for 99% at a cavity length of 20 p.m. This shows that the 
6% scattered loss of etched mirrors trebles the threshold 
current of the short cavity laser diodes. 

A calculated external efficiency of light output is 
also shown in Fig. 5 as a function of the cavity length with 
a parameter of the reflectivity. The external efficiency for 
99% reflectivity increase strikingly with the shortening of 
the cavity length. The external efficiency for 93% is not 
improved by the shorting and less than one half of that for 
99% in case of 10 pm cavity length. 

1 

L   (pm) 
Fig. 5. A calculated characteristic of threshold current as a 
function of cavity length with the parameter of reflectivity 

0 

R=0.93(S=0.06) 

10 40 50 20 30 
L   (Jim) 

Fig. 6. A calculated characteristic of external efficiency 
as a function of cavity length with the parameter of 
reflectivity 

The GFS-LD does not have such a scattered loss 
and the threshold currents of GFS-LDs are able to be 
reduced to sub-milliampere by shortening cavity length 
and high-reflection coating. 

Device Fabrication 

The grown facets were applied to fundamental 
laser diodes as our preliminary experiment. The grown 
facets laser diodes with ridge stripe structures were 
successfully fabricated and oscillated. This revealed that 
the epitaxy process and the grown facet itself were suited 
to a laser diode structure. 

Conclusion 

Crystal facets having no scattering loss are 
indispensable for the reflection mirrors of short cavity 
laser diodes, they were successfully fabricated by a novel 
wafer process of selective epitaxial facet-growth without 
use of cleavage. Calculation shows that threshold currents 
of GFS-LDs are reduced to sub-milliampere by shortening 
the cavity length 
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InP-Based HEMTs For Microwave And Millimeter-Wave Applications 

Phillip M. Smith 

Martin Marietta Laboratories 
Syracuse, New York 13221 

I.    Introduction 
InP-Based HEMTs have to date demonstrated the best 

high frequency characteristics of any transistor, including 
the highest ff and fmax, the lowest noise figures and the 
highest efficiencies for power amplification. 
Consequently, much effort is being directed toward the 
development of these devices for a variety of microwave 
and millimeter-wave applications where the superior 
performance of InP HEMT technology is sought despite 
its relative immaturity at present as compared with GaAs- 
based devices. 

The performance of the InP-based HEMT results 
directly from the inherent properties of the InAlAs/InGaAs 
material system, where the high indium content (typically 
0.53 < x < 0.8) InxGai_xAs channel possesses enhanced 
electron transport properties and the large conduction band 
discontinuity at the InAlAs/InGaAs hetero-interface 
permits high two-dimensional electron gas (2 DEG) 
densities to be obtained. 

Previous authors have provided excellent reviews of 
progress in InP HEMT technology [1], [2]. This paper 
focuses primarily on the development in our laboratory of 
InP-based HEMTs for high frequency analog applications, 
and where possible, our work is placed in the context of 
the industry at large. Perhaps the single most significant 
new development reported herein is the increase in device 
fmax to a value of 600 GHz. Our current activity on InP 
HEMTs is aimed at improving device reliability, develop- 
ing devices with higher power and efficiency, integrating 
low noise and power devices into monolithic microwave 
integrated circuits (MMICs) and improving the pro- 
ducibility of InP HEMT devices and MMICs. 

II. Device Structure and Fabrication 
In an attempt to optimize the design of the InP 

HEMT, we have investigated InxGai-xAs channels with 
x = 0.53 (lattice-matched) and 0.53<x<0.75 
(pseudomorphic). Several researchers have reported 
enhanced DC and high frequency characteristics for 
pseudomorphic structures [3]-[5]. The highest values of 
current gain cutoff frequency ft have been obtained with 
Ino.80Gao.20As channels [6], [7]. While high ft is 
indicative of short transit times and therefore high 
intrinsic speed, we believe that fmax is far more relevant 
to the performance of microwave transistors because it is 
defined as the frequency at which power gain, the gain of 
interest in a high frequency amplifier, goes to unity and 

includes important parasitic effects such as gate resistance 
Rg and feedback capacitance C<jg. 

In practice, we have observed the highest value of 
fmax- a record 600 GHz as shown in Figure 1, using an 
In0.68Gao.32As channel and a double heterojunction 
epitaxial structure with doped regions both above and 
below the channel. Not coincidentally, this same device 
structure has also exhibited the best power-added efficiency 
and power gain reported to date, as will be described later. 
In contrast, we find that single-heterojunction lattice- 
matched InP HEMTs produce the lowest noise figures, 
consistent with the observations of others who have 
reported the lowest noise figures for devices with channel 
indium content ranging from 53 to 60% [5], [8], [9]. 

Details on our InP HEMT epitaxial layer design, 
growth and characterization can be found in [10], and the 
device fabrication process is outlined in [11]. Devices with 
gate lengths of 0.1 and 0.15 urn and employing the T- 
shaped gate structure originally reported in [12] have been 
fabricated. 
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Fig. 1. Maximum stable gain of 0.1 um x 200 urn InP HEMT, 
calculated from measured 75-110 GHz S-parameters. An fmax 

of 600 GHz is obtained by extrapolating at -6 dB/octave. 
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III.    Low Noise Performance 
Since the superior millimeter-wave noise properties 

of the InP HEMT first became evident in 1988 [8], the 
device has attracted considerable attention for high 
performance receiver applications. We have reported record 
noise figures of 0.7 dB at 60 GHz [13] and 1.2 dB at 
94 GHz [14], and other researchers have achieved 
comparable results at these frequencies [5], [8]. As shown 
in Figure 2, InP HEMTs exhibit significantly lower 
noise figure than GaAs-based InGaAs pseudomorphic 
HEMTs (PHEMTs). Moreover, their higher associated 
gain reduces second stage noise contribution, thereby 
further reducing multistage amplifier noise figure (Foo is a 
measure of multistage noise figure, and is defined in [14]). 
Compared with the GaAs-based PHEMT, the InP HEMT 
allows a reduction of approximately 1 dB in amplifier 
noise figure at frequencies of 60 and 94 GHz. 

Despite reports of further gate length reduction and 
increased channel indium content [4], [7], the past few 
years have seen little additional improvement in InP 
HEMT noise performance. Instead, considerable effort has 
gone into assessing and improving the reliability of these 
devices to allow their insertion in practical receiver 
systems. We have investigated a variety of passivation 
materials, including polyimide, low temperature (LT) 
In Al As [16] and silicon nitride deposited by both PECVD 
and ECR. We have found that a thin layer of ECR silicon 
nitride results in the least degradation in InP HEMT DC 
and high frequency performance [17] and recently reported 
a passivated 0.1 |im InP HEMT with 0.8 dB noise figure 
at 60 GHz [18]. Yoshida et al. have reported comparable 
noise performance with a SiON passivation [9]. As 
reported in [17], DC life testing of our ECR nitride- 
passivated InP HEMTs indicates excellent reliability, with 
median-time-to-failure (MTF) of 106 hours at 150°C chip 
backside temperature and an activation energy of 1.6 eV. 
Another reliability concern is the apparent sensitivity of 
InP HEMTs with TiPtAu gate metallization to hydrogen 
gas which can accumulate in hermetically sealed packages 
[19], and work is progressing at various laboratories both 
to modify the device structure to minimize its hydrogen 
sensitivity and to reduce the hydrogen partial pressure 
within the package. 

Receiver applications employing InP HEMTs include 
hybrid (MIC) and MMIC amplifiers, operating typically at 
room temperature but also at cryogenic temperatures for 
increased sensitivity. We have reported hybrid low noise 
amplifiers (LNAs) at V- and W-band [14], [20], [21], [22], 
including a 2-stage amplifier with 1.7 dB noise figure and 
17.2 dB gain at 62 GHz and a 3-stage circuit with 3.2 dB 
noise figure and 17.4 dB gain at 94 GHz. MMIC LNAs 
have been demonstrated as well. The 3-stage MMIC 
shown in Figure 3 was designed to cover all of W-band: 
noise figure is below 5.0 dB with 10.8 ± 1.5 dB gain 
across the full 75-110 GHz bandwidth, and minimum 
noise figure is 3.3 dB with 12.6 dB gain at 92.4 GHz 
[23]. Simulations indicate that MMIC designs with 
reduced bandwidth centered at 94 GHz should exhibit 
2.0 - 2.5 dB noise figure. Cryogenic low noise amplifiers 
based on InP HEMTs have demonstrated performance 
competitive with masers and SIS receivers. At 40 GHz 
and a temperature of 18 K, a 3-stage amplifier containing 
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Fig. 2.  Best measured room temperature noise performance of 
InP HEMTs and GaAs PHEMTs produced at Martin Marietta. 
The fitted curves shown follow the frequency dependence 
attributed to Fukui [15]. 
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Fig. 3.  3-stage 75-110 GHz low noise MMIC based on 0.1 
urn InP HEMT. 
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one of our InP HEMTs in the first stage has achieved 
10.5 K noise temperature [24]. At the same frequency, 
comparable noise temperatures (10-14 K) have also been 
reported with devices from other laboratories [25], [26]. 

IV.    Power Performance 
Although the superior low noise performance of InP 

HEMTs is by now widely recognized, the use of InP 
HEMTs for efficient power amplification has not yet 
become as widespread. By 1990, InP HEMTs had 
demonstrated comparable efficiency and higher power gain 
than GaAs-based PHEMTs, but power density was 
significantly lower because the breakdown voltage (and 
hence operating voltage) was limited by the low Schottky 
barrier height on InAlAs [22]. Primarily through 
optimization of the epitaxial layer structure, InP HEMTs 
have progressively improved and present devices exhibit 
higher power-added efficiencies than GaAs PHEMTs at 
frequencies of 60 and 94 GHz, as shown in Figure 4 
[27]-[30]. A power density of 0.5 W/mm has recently 
been demonstrated at 60 GHz [29], sufficiently high for 
applications where the power density must be limited in 
order to obtain low channel temperatures for high 
reliability. 

InP HEMTs have generated usable levels of output 
power as well: at 60 GHz, single devices have produced 
output powers of 192 mW [29] and 155 mW [32]. We 
have recently developed the multifinger W-band device, 
shown in Figure 5, which has produced 94 GHz output 
power comparable to the best reported GaAs PHEMTs 
with twice the efficiency and 3-4 dB higher power gain, as 
illustrated in Table 1 [30]. The enhanced power gain is 
especially significant in that it permits the use of smaller 
driver stage devices, allowing further increase in multi- 
stage amplifier efficiency and reduces the number of 
amplifier stages required, reducing chip size. As InP power 
HEMTs evolve, their performance will continue to 
improve. The incorporation of dry-etched via slots under 
individual source contacts to reduce source inductance, as 
implemented in the GaAs PHEMTs described in [34], will 
improve gain and efficiency. MMIC power amplifiers 
have been reported at 44 GHz [35], [36] and are currently 
of great interest at 60 and 94 GHz due to the potential for 
realizing efficient watt-level solid-state transmitters at 
these frequencies. 

Excitement generated by the performance of InP 
power HEMTs must be tempered by the fact that much 
work is still needed prior to their insertion into systems. 
Reliability is largely unknown: there have been no reports 
of accelerated life testing under RF drive, and DC life 
testing of low noise InP HEMTs suggests that at a given 
channel temperature, MTF will be significantly lower 
(more than an order of magnitude) than that of GaAs 
PHEMTs [17], [37], probably as a result of the lower 
MBE growth and ohmic contact alloying temperatures of 
InP HEMTs. However, the reduced MTF is expected to be 
offset to some degree by the fact that InP HEMTs will 
operate at lower channel temperatures than GaAs 
PHEMTs as a consequence of their higher efficiency and 
the higher thermal conductivity of the InP substrate as 
compared with GaAs. 

40 60 80       100 
Frequency (GHz) 

Fig. 4. Highest measured power-added efficiencies of InP 
HEMTs and GaAs PHEMTs produced at Martin Marietta. InP 
HEMT data is from [29] and [30], PHEMT data is from [31]. 

Fig. 5.  0.1 um gate-length, 200 urn gate-width 94 GHz InP 
power HEMT. The device is described in detail in [30]. 

Reference Device 
Gate 
Width 
(Mm) 

94 GHz 
Performance 

Output 
Power (mW) 

Power 
Gain (dB) 

Power-Added 
Efficiency (%) 

[29] 

[30] 

[32] 

0 1 urn InP HEMT 

0 15um GaAs PHEMT 

0 1 urn GaAs PHEMT 

200 

150 

160 

54 

45 

63 

7.1 

3 0 

40 

31 

16 

13 

Table 1, Comparison of 94 GHz performance of the device 
shown in Figure 5 with previously reported high-power W- 
band GaAs PHEMTs. 
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V.    Future Trends And Summary 
The superior low noise and power performance of InP 

HEMT technology has been demonstrated. The rate at 
which this technology can now become mainstream to 
microwave and millimeter-wave systems will be paced by 
how rapidly the reliability and manufacturability of InP 
HEMTs can be advanced. Fabrication techniques such as 
the selective gate recessing described in [9] will be 
instrumental in achieving high yield with uniformity, and 
processes compatible with large wafers (currently 3-inch 
diameter) must be developed and refined. Although GaAs 
devices and MMICs will in general be lower in cost than 
InP devices and MMICs, there are numerous applications 
for which the enhanced performance of the InP HEMT 
will make it the technology of choice. 
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Abstract 

We report on 0.1-(xm-gate Ga^ylr^As/Al^Ir^As MODFETs fabricated on GaAs substrates by 
means of the linearly-graded low-temperature buffer-layer (LGLTBL) MBE growth technique. 
Comparing with control devices on InP substrates we conclude that this is a very promising approach 
for improved manufacturability with uncompromised performance. GaAs- and InP-substrate MOD- 
FETs have a similar combination of maximum current and breakdown voltage. GaAs-substrate 
MODFETs have lower gate leakage and improved pinchoff. The lower leakage reduces the noise, 
and on a wafer with low interfacial gate resistance a median minimum noise figure of 0.25 dB at 12 
GHz, with 15 dB associated gain, was measured on wafer. High cutoff frequencies are maintained 
when switching to GaAs substrate, and the gm -dispersion is reduced. Despite larger dislocation den- 
sity, mostly contained by the LGLTBL, the FET yield on GaAs appears to be comparable to that on 
InP. Three-stage amplifiers have been demonstrated with low-frequency gain and bandwidth as high 
as 33 dB and 20 GHz, respectively. 

Introduction 

For lattice-matched MODFETs, from a perfor- 
mance standpoint, those on InP are preferable to those 
on GaAs. InP-based MODFETs have demonstrated 
lower noise figure, and higher gain and cutoff frequencies 
[1]. From a manufacturing standpoint, however, GaAs is 
preferable because of the availability of larger wafers, 
better robustness, lower cost and established infrastruc- 
ture. With lattice-wwmatched MBE on GaAs, high- 
performance and lower-cost approaches can be com- 
bined. By inserting a linearly-graded low-temperature 
buffer-layer (LGLTBL) between the GaAs substrate and 
Ga.47In.53As/Al 48 In 52 As MBE device layers, perfor- 
mance comparable to that of lattice-matched control dev- 
ices on an InP substrate has been demonstrated for both 
MODFETs and PIN photodetectors [2]. Other buffer- 
layer approaches (e.g. [3]) have also been successful in 
achieving basic DC performance comparable to InP- 
based MODFETs. 

In the present paper, we apply the LGLTBL- 
method to short (0.1 (xm) gate-length MODFETs, and 
integrate these into an MMIC process. In the following 
sections we discuss the fabrication, characteristics and 
performance of the devices and circuit. 

Fabrication 

The LGLTBL is graded from Al.48Ga.52As to Rg=rgaWg/{Wz
g) [5]. 

A1.48ln52As over 1 (xm. While most dislocations are con- 
fined to the LGLTBL, the threading dislocation density 
of the top layers is still large (<107 cm"2 in an earlier 
TEM sample) compared to lattice-matched growth, but 
we have not seen a significant reduction in device yield. 
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The layers grown on the LGLTBL are the same as those 
grown on InP substrates: (1) 0.2-(xm i-Al^In^As 
buffer; (2) 125-Ä i-Ga.47In.53Aso channel; (3) 20-A i- 
Al.48In52As spacer layer; (4) 80-A n-Al48In52As supply 
layer; (5) 100-Ä i-Al.48In.52As/10-Ä i-Ga.47In53As 
Schottky-barrier layer; (6) 60-A n-GaAs selective etch 
layer; and (7) 80-A n-Ga47ln53As contact layer. 

The device fabrication steps are: (1) shallow mesa 
isolation; (2) non-alloyed ohmic contacts; (3) gate defini- 
tion in tri-layer resist by electron-beam lithography 
(EBL) and selective developments [4]; (4) selective dry 
and/or wet recess; (5) gate deposition/lift; (6] Ta2N- 
resistors; (7) first-level interconnect; (8) 1000-A Si3N4 

capacitors; and (9) second-level interconnect. 

Device Characteristics 

In most aspects studied, the GaAs-substrate MOD- 
FETs are as good as, or better than, their InP-substrate 
counterparts. The diode and pinchoff characteristics are 
improved (Fig. 1). The gm -dispersion is significantly 
reduced (Fig. 2), and therefore the somewhat lower DC- 
gm does not translate into a lower fT. In fact, Table I 
shows larger fT for the GaAs-substrate MODFETs. 

Gate resistance Rg has a large impact on both 
power gain and noise figure. Typically, extracted values 
significantly exceed predictions by the classical expression 

rga is the normalized metallization 
resistance along the gate finger, Wg the total gate width, 
and Ngf the number of gate fingers. We have found, for 
our short gate-length devices, that another term, which 
scales inversely with Wg, is significant. This is similar to 
the case of JFETs where gate contact resistance is an 



obvious contributor to the total gate resistance. For 
Schottky-barrier-gate FETs, however, the origin of this 
term is less obvious. We refer to it as an interfacial resis- 
tance since a likely origin is a 1-2 monolayer oxide or 
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organic residue presenting a tunneling barrier between 
the metal gate and semiconductor surface states. Such a 
barrier would result in a mid-10"7 ücm2 interfacial gate 
resistance* r^. The new term will then scale inversely 
also with gate length Lg, for a total gate resistance of 

Rg~Rgr + 
r  W 

3A& 
+ rgi 

WgLg 
(1) 

Rgr represents any residual resistance associated with the 
gate-feed to the mesa. Another possible origin of the 
Wg term is incomplete metal filling of a small (and rela- 
tively deep) gate opening. This would result in a more 
complicated L^-dependence. 

We estimate Rg for the FET (after converting the 
measured S-parameters to Y-parameters) from 

Re[Yn] ! 
(2) i?„= 

(l™[Yu)): ARe [Y 22 J 

with biases set to zero. The first term represents the 
total resistance in series with the gate capacitance, and 
the second terms subtracts out the contributions of the 
source and drain resistances (assumed equal for this 
zero-bias case). Eqn. (2) is an increasingly accurate 
direct estimate of Rg as the gated-channel resistance 
becomes small compared with the ungated access resis- 
tances; i.e. for shorter gates, and for gate bias as large as 
permitted by the requirement of negligible DC gate con- 
ductance. We average the right-hand-side of eqn. (2) 
over -8-26 GHz, where the value of Re[Yn] is large 
enough to be accurately determined. Fig. 3 shows that 
the third term on the right hand side of eqn. (1) dom- 
inates the second, even for the wider FETs. Overlooking 
the interfacial gate resistance for short gates like these 
would lead to an often confusing difference between 
expected and extracted Rg (e.g. [5]). 

In the present comparison, FETs made on GaAs 
substrates exhibit a lower value of r^ than the control 
wafer. Together with the lower leakage, this results in 
better noise performance (Table I), and improved unila- 
teral power gain (Fig. 4). 25% of the improvement in 
A^min for the GaAs-substrate MODFETs is due to the 
lower rgi. The rest is attributed to the much lower leak- 
age. One wafer with circuits (discussed in the next sec- 
tion) had second level interconnect metallization. On 
this wafer the median minimum noise figure for 200-fi.m 
MODFETs (A^ = 4) was 0.25 dB at 12 GHz, with 15 dB 

This would at some frequency (10-100 GHz) be capacitively bypassed. 

Table I: 0.1-p.m G^In^As/Al 4sIn 52As Two-Finger MODFETs 
Substrate FET yield fT (GHz) 

vG=-o.4v,vD=i.2y 
rga 

Jfl/mm) 
rgiiilcm2) Ic (mA/m) 

VG = -\.W,VD = W 
NFmin/Ga (dB) 
VD = 0J5VJD = SQA/m 

InP 42/42=100% 181 (a = 8) 104 -1X106 
~ 400 0.74/15.1 

GaAs 47/48 = 98% 202(o-= 6) 82 5X10"7 
5.6 0.36/15.2 
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Fig. 3: Gale resistance for two-finger MODFETs on 
GaAs substrate, versus gate width. The two 
curves are least-squares fits of eqn. (1) to the 
median measured values (eqn. (2)). Measure- 
ments made on six-finger FETs indicate that 
fit (b) is more accurate. 
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associated  gain.    This  noise  performance  falls  on  the 
trend-line for leading-edge low-noise FETs [6]. 

Fig. 5 shows the maximum drain current i'ß1^ 
versus the breakdown voltage BV%S [7] at ID = 1Q A/m, 
for 41 wafers (mostly quarters). The 10-A/m definition 
of BV%s was chosen over the typical 1-A/m definition in 
order to avoid misinterpreting a less-than-ideal pinchoff 
as a reduction in breakdown voltage. Given the ~10X 
reduction in Lg (and increase in I^iax')) over the last 
decades, this appears a prudent redefinition of off-state 
breakdown, at least for the present analysis. For our typ- 
ical MODFET, the old definition results in ~4 V lower 
BV%s- Displaying the data as in Fig. 5 reveals an 
interesting linear correlation between /jj""' and BV%S- 
This allows fair comparisons between different structures 
and process approaches, as well as some interesting 
observations, to be made. First, Fig. 5 shows that the 
breakdown voltage on GaAs substrate is comparable to 

BVds-C   (V) 

Fig. r(VG = 
lD 

>-0.5V,VD = VDM) 5:    Drain   current   rD"     '" ' "    """    versus 
breakdown  voltage  BV%s~ ,   averaged 
over —340 mm2. FETs are Ä3Ar

4-covered. 
Shaded areas are non-standard as indicated. 
The -107 S/m straight line is the least-squares 
fit for the 60-nm-gate SAC MODFETs 
(VDM = 1V). The -60 S/m line is the fit to all 
remaining data; i.e. the 110-nm-gate EBL 
MODFETs (VDM = 2V). 

that on InP substrate. Second, the y-axis intercepts of 
the straight-line fits are not far from the expected 
theoretical maximum full-channel current for these 
MODFETs. Third, the slope of the fit to the collection 
of 110-nm-gate EBL-MODFETs is -60 S/m, while for the 
60-nm-gate SAC-MODFETs [8], the slope is steeper (- 
107 S/m). The L^-dependence, as well as the absolute 
values, of the slope dlff^/dBVos are similar to those of 
the output conductance gd=dID/dVD [9]. There may be 
an interesting connection here, since both BVDS and gd 

are determined by the high-field drain region*. For 
acceptable BV^s-, the high fields must be allowed to 
extend into a surface-depleted ungated drain-side region 
(e.g. [11]). The surface-depleted region on the source 
side is the major current limiter, and the equal extent (in 
our symmetric recess) of this determines where along the 
jßiax) _ ByGs jine a data point win faji xhis is intention- 
ally demonstrated by the collection of data in Fig. 5 
where the top n+ -GalnAs layer was removed immedi- 
ately after the ohmic contacts. The spread along the 
lines in Fig. 5 within each collection of similar devices is 

due to experiments with etch times, and some irreprodu- 
cibility due to the lack of a lateral etch stop. Both result 
in varying extent of the current-limiting surface regions 
adjacent to the gate. 

Three-Stage Feedback Amplifier 

Using the GaAs-substrate MODFETs discussed in 
the previous section we have fabricated 3-stage MMIC 

'Zhou et al. [10] have proposed that the high & in these type of devices 
is caused by weak impact ionization in the channel, a mechanism that 

would affect BV%S. 

75 



amplifiers. The design (Fig. 6) is very similar to that in 
[12], but the FET widths and feedback resistances are 
twice as large, resulting in increased low-frequency gain 
and decreased bandwidth. Neither change was done as a 
result of a device-specific design optimization. In fact, 
the layout was made somewhat generically early in the 
project, before the particular process used here had been 
developed. Nevertheless, the performance is quite good. 
The frequency-dependence of S2i in Fig. 7 shows a low- 
frequency gain of 33 dB and a bandwidth of 20 GHz. 
The peaking at 27-35 GHz is due to the non-optimized 
interstage transmission-line matching. At 50 GHz the 
gain is 8 dB. In terms of gain-bandwidth product, the 
present circuit (890 GHz) compares well with the InP- 
based amplifier in [12] (500 GHz). 

Conclusions 

Our results confirm that InP-type MODFETs can 
be fabricated, without loss of performance, on GaAs sub- 
strates, also when gate lengths are pushed to the present 
practical manufacturing limit of 0.1 |xm. This good for- 
tune, made possible by the MBE buffer growth tech- 
nique, extends to the noise performance as well. Prelim- 
inary comparisons indicate that the MODFET reliability 
is no worse on GaAs substrate. The good yield and uni- 
formity of the devices have allowed us to fabricate what 
we believe is the first reported MMIC circuit using InP- 
type devices grown on GaAs. The demonstrated combi- 
nation of microwave, noise and circuit performance, 
together with the potential for improved manufacturabil- 
ity, make this technology very promising. 
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60 GHz Monolithic LNA Utilizing 
High-Speed InAlAs/InGaAs/InP HEMTs 

and Coplanar Waveguides 
M. Berg, J. Dickmann, W. Bischof, S. Koßlowski, and P. Narozny 

WB2.3 

Abstract— A monolithic two-stage low noise 
amplifier (LNA) on InP substrate is presented. 
Coplanar Waveguides and lumped elements are 
used for the matching and biasing networks. The 
circuit is fully passivated and contains common 
ports for the gate and the drain bias. The total 
chip size is 2 mm x 1mm. A gain of 15 dB and 
an input and output matching better than —8 dB 
were achieved at 60 GHz. 

I. INTRODUCTION 

MODERN communication and sensor systems 
need low noise amplifiers with high gain 

in the receiver part of front-end circuits. Am- 
plifier circuits presented so far [1], [2], [3] have 
shown the excellent opportunities of microwave 
and millimeter-wave monolithic integrated circuits 
(MMICs) based on InP substrate in combina- 
tion with coplanar waveguides. Furthermore the 
best high speed and low noise performance of 
any type of transistor up into the millimeter- 
wave range has been demonstrated by unpassivated 
InAlAs/InGaAs HEMTs [4], [5]. Therefore this 
type of device is very attractive for such kind of 
system application. 

While mostly microstrip lines (MSLs) are used 
in MMICs as the transmission media, coplanar 
waveguides (CPWs) are now becoming an inter- 
esting alternative. This is due to the following 
reasons. Commercial applications need a low cost 
technology (less time consuming fabrication) which 
can be provided by using CPWs. CPW circuits are 
easier to fabricate (no substrate thinning, no back- 
side metallization) and they show a better elec- 
tric behaviour (lower grounding parasitics, lower 
dispersion).   There is also no need for via holes, 
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are with Daimler-Benz AG, Research Center Ulm, Wilhelm- 
Runge-Straße 11, D-89081 Ulm, Germany 
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Telecom, Gerberstraße 33, D-71522 Backnang, Germany 

because the required ground connections are real- 
ized by a low inductive airbridge technology. An- 
other advantage is that single device fabrication 
and CPW-MMIC process sequences are identical, 
which makes redevelopment or recalculation of dis- 
crete devices characterized on wafer for the use in 
MMICs unnecessary. 

II. LAYER STRUCTURE AND CIRCUIT 

FABRICATION 

The active devices are realized in the lat- 
■ tice matched InAlAs/InGaAs/InP material sys- 
tem. The layer structures are grown with MBE 
and the layer sequence is given in Table I. We use 
the surface depleted cap layer concept [6] which 
leeds to a very low feedback capacitance CQD and 
therefore to a low feedback amplification. 

The circuit fabrication process is designed in or- 
der to meet the requirements for low cost fabri- 
cation, i.e. fast throughput, reduced number of 
mask levels and more relaxed gate dimensions. The 
circuit fabrication starts with the device isolation 
which was done by mesa etching using a wet chem- 
ical solution. To avoid a conducting path between 
the gate feed and the InGaAs channel region we 

TABLE I 
LAYER STRUCTURE USED FOR THE LNA 
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20 nm Ino.53Gao.47As surface depleted 
20 nm Ino.53Gao.47As 5 E 17 cm"3 (Si) 
20 nm Ino.52Alo.48As undoped 

(5-Doping Pulse 5 E12 cm"2 (Si) 
2 nm Ino.52Alo.48As undoped 

40 nm Ino.53Gao.47As undoped 
4nm Ino.52Alo.48As undoped 
4nm Ino.53Gao.47As undoped 

250 nm I1io.52Alo.48As undoped 
4nm I1io.53Gao.47As undoped 
4nm Ino.52Alo.48 As undoped 

400 pm InP Substrate semi-insulating 
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Fig.   1. Small-signal   equivalent   circuit   model 
for the 0.25/mix 60/mi InP-HEMT (Resistance 
unit = fi, Transconductance unit = mS, Inductance 
unit = pH, Capacitance unit = fF, Time unit = ps). 

use a material selective wet etchant to form an un- 
dercut of the InGaAs channel in reference to the 
InAlAs layers. The ohmic contacts were formed 
by an AZ image reversal process and the metal- 
lization was evaporated Ge/Ni/Au. In order to 
have an easier and less cost intensive gate process . 
we use quarter micron gates realized with a three 
layer process consisting of an AZ bottom layer, a 
germanium intermediate layer and a PMMA top 
resist. After e-beam exposure of the PMMA layer 
the gate pattern is transferred into the subsequent 
layers via an RIE process.. The gates have a 
Ti/Pt/Au metallization and a triangular cross sec- 
tional area. For gate recessing we use a material 
selective etchant. 

The ground planes of the MIM-capacitors were 
defined at the same time as the gate electrodes by 
e-beam. Therefore we need no extra mask for this 
process step. For the thin film NiCr resistors we use 
a sputter process. After that the complete wafer is 
passivated with a Si3N4 layer which is also used as 
the insulator of the MIM capacitors. After open- 
ing of the contact windows through the Si3N4 we 
use a two mask process to form the transmission 
lines (TMLs), the airbridges for the interconnec- 
tions and the top electrodes of the MIM-capacitors. 
3/tin thick sputtered and electroplated gold was 
used for the metallization. 

III. DEVICE AND CIRCUIT MODELING 

To provide the design base, single HEMT de- 
vices with different gate widths and different lay- 
outs were fabricated in separate wafer runs.   The 
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Fig. 2.    Small-signal power gain (MSG/MAG) of the 
0.25 /mi x 60 /mi common-source InP-HEMT. 

devices are fully passivated and have a coplanar de- 
sign for on-wafer probing to ensure that the char- 
acterization was performed in the CPW environ- 
ment. Both DC and RF parameters of the different 
devices were measured and were used in develop- 
ing device small-signal equivalent circuit models. 
Typical DC transconductances of the devices are 
g m = 600 mS/mm and the maximum saturation 
currents are IDS = 450mA/mm. 

The RF characterization and the modeling of the 
devices were based on S-parameter measurements 
between 0.5 GHz and 26.5 GHz using a network 
analyzer and an on-wafer probe set. The small- 
signal modeling was performed with the Microwave 
and RF Design System® software package from 
Hewlett-Packard. 

One difficulty designing an MMIC circuit oper- 
ating at a frequency far above which has been used 
to extract the small-signal equivalent circuit (SEC) 
is the accuracy of the SEC to predict the device 
performance at higher frequencies. The problems 
are that at higher frequencies the device behaviour 
changes from conditional stable to unconditional 
stable imposing different demands on the match- 
ing circuits to be used. Another problem of same 
importance is, that the gain drops much faster then 
-20dB/decade beyond the frequency where K > 1 
(Fig. 2). Hence it is important to have a precise 
enough circuit description of the device. Accord- 
ing to this requirement we use a SEC with 16 ele- 
ments as shown in Fig. 1. The parasitic elements 
of the equivalent circuit have been determined by- 
DC measurements and independent RF measure- 
ments on special test structures and passive de- 
vice layouts.   So, for example, the gate resistance 



Fig. 3.   Photograph of the V-Band LNA chip. The chip 
dimensions are 2 mm x 1 mm. 

RG, which has got a strong impact on f max, has 
been determined by measurements at microwave 
frequencies using a special gate end-to-end struc- 
ture. The given values of the equivalent circuit are 
related to the active devices used inside the ampli- 
fier circuit. These FETs have a two finger U-layout 
with a gate width of 2 x 30 /zm. 

Fig. 2 shows the calculated gain (MSG/MAG) 
as a function of frequency. The current gain cutoff 
frequency is calculated to be f T = 95 GHz and the 
power gain cutoff frequency is fmax = 198 GHz. 
The device is stable (K > 1) for frequencies above 
60 GHz. 

The MMIC circuit is a two-stage amplifier de- 
sign. The two identical single stages are cascaded 
through a short intermediate line. The simulation 
of the LNA started with ideal passive elements. 
After a first optimized result has been achieved, 
these ideal passive elements (MIM-capacitors, T- 
junctions, airbridges) were redefined by including 
additional elements representing parasitics with in- 
creasing number of design iterations. 

The metal thickness of the plated gold was 
choosen so that the impact of losses due to the 
skin effect is at a minimum. The chip was designed 
using the shortest length of the TMLs possible in 
order to minimize the total chip size and reduce the 
loss of each line. For a typical 50 Q CPW with a 
line width of w = 20 /im, a slot width of w = 17 pm 
and a metallization thickness of 3 pm we measured 
an attenuation coefficient of a < 0.4 dB/mm at 
60 GHz. The advantage for the designer of such a 
approach is that the simulation can be done using 
lossless ideal physical TMLs. 

To avoid losses inside the matching subcircuits 
only reactive LC-networks were used as input 
and output transformers. The inductances are 
represented  by  sections  of CPW  lines  and  the 
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capacitances are realized with MIM-capacitors. 
Three types of CPWs with different characteris- 
tic impedances (50 fi, 70 Q and 80 Q) and different 
geometrical dimensions were used for the amplifier. 
The 80 Q lines have a recluzed size and therefore a 
higher loss and are only used inside the biasing net- 
works. For the stage separation and for the bias- 
ing and matching networks we use MIM capacitors 
and thin film NiCr resistors. Additional capacitors 
and resistors are used to protect the circuit against 
electrostatic discharge. Fig. 3 shows a micropho- 
tograph of the fabricated InP MMIC. 

IV. RESULTS 

The circuit was measured on-wafer between 
f=45GHz to f=75GHz. The measured S- 
parameters as a function of frequency are shown 
in Fig. 4 and 5. The amplifier chip was biased 
at VDS = 2 V, VGs - +0.4 V and IDS = 44 mA. 
Over the entire measurement frequency range the 
amplifier was unconditionally stable (K > 1). Be- 
tween f = 52 GHz and f = 64 GHz the input and 
output matching is better than -8 dB. Over the 
frequency band of f = 45 GHz to f = 65 GHz the 
amplifier shows a gain of |S2i| > 14 dB with a peak 
value of |S2i| = 15.2 dB at 60 GHz. 

The simulated S-parameters are shown in Fig. 4 
and 5 as smaller lines for comparison. From Fig. 4 
one can see that a large difference between simu- 
lated and experimental data occurs for Sn. The 
reason for that has not yet been found. For 
the other S-parameters there is a good correla- 
tion between measured and simulated results espe- 
cially for S21, which demonstrates that the SEC- 
description and the circuit design strategy are ap- 
propriate. 

V. CONCLUSION 

We have reported a two stage V-band single chip 
InP amplifier. We used a very conventional de- 
vice technology including LG — 0.25/xm gates with 
a triangular cross sectional area and coplanar wave- 
guides as the transmission media. Therefore we 
needed no substrate thinning, no backside metal- 
lization and no via-holes which led to a low cost 
circuit fabrication. 

Good agreement between measured and simu- 
lated data verifies both the HEMT and the circuit 
modeling. The amplifier reaches a gain of 15 dB 
and an input and output matching better than 
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-8 dB at 60 GHz. To our knowledge this is the 
first CPW-V-band amplifier realized on this mate- 
rial system and is comparable to the best published 
values for such a circuit [7]. 
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Introduction 
Monolithic analog ICs using extremely high-performance InP-based HEMTs that operate up to the 

millimeter-wave frequency range have been reported recently [1], [2], but the difficulty of controlling 
the threshold voltage of these HEMTs restricts their applications to analog circuits. To use them in 
ultra-high-speed digital ICs, the gate-recess depth, doping density, and layer thickness need to be 
precisely controlled. Recent epitaxial technologies meet the latter two requirements, but controlling 
gate-recess depth has remained a problem. When the gate length is shortened to improve the device 
performance, the layer thicknesses become thinner according to the scaling law, and consequently the 
process margin in the gate recess becomes narrower. The control of the gate-recess depth in GaAs- 
based HEMTs has been improved by using a selective dry etching of GaAs to AlGaAs or GalnP [3]. 
For InP-based HEMTs, however, the dry etching selectivity of InGaAs over InAlAs is not high 
enough to stop the gate recess at the InGaAs/InAlAs interface. Moreover, it is necessary to stop the 
gate recess in the InAlAs barrier when we use a non-alloyed ohmic cap structure [4]. To overcome this 
difficulty in manufacturing InP-based HEMTs, InP- and GalnP-recess-etch stoppers been demonstrated 
[5], [6], but there have been no reports of devices which is applicable to ultra-high speed ICs. In this 
paper, we therefore report that high performance and uniform 0.1-pm-gate InAIAs/InGaAs HEMTs 
suitable for use in ultra-high speed digital ICs can be made by using an InP-recess-etch stopper and a 
wet etching. 

Device  Structure and Fabrication Process 
Figure 1 shows an HEMT structure grown by MOCVD at 

600 <C on a (001) InP substrate. The epitaxial suucture 
consists of a 1700-Ä-thick InAlAs buffer, a 120-Ä-thick 
InGaAs channel, a 25-Ä-thick InAlAs spacer, a Si-8-doped 
plane, a 50-A-thick InAlAs Schottky barrier, a 40-A-thick 
InP-recess-etch stopper, and n+-InAlAs/n+-InGaAs cap 
layers. All materials are lattice-matched to the InP 
substrate. The doping density of the cap layers is lxlO19 

cm-3 and the sheet doping density of the 8-doped plane is 
nominally 4x1012 cm"2. The distance between the gate and 
the channel is 115 A. Although the undoped InAlAs 
contains n-type background impurity with a densities on 
the order of 1016 cm"3, the 1700-A-thick buffer layer is 
fully depleted and there is no conducting path there. 

We also fabricated, by MBE, InAIAs/InGaAs HEMTs 
without a recess-etch stopper [4] and compared the 

n+-ln053Ga047As/ 
n+~'n0.52A'o.48As 

ln0.52AI0.48As:25Ä 

*ln0.52AI0.48As: 50 A 

K^->lno.53Gao.47As:120ÄV-N 

WX   \   \   ^   ^   s\   \   \   \   s   \   \\ 

ln052AI048As: 1700 A 

Si:8-doping 

'no.52A'o.48As:25 A 

Figure 1.   Structure of an InAIAs/InGaAs HEMT with an 
InP recess-etch stopper 

characteristics of   the   MOCVD-based and MBE-based 
HEMTs. 

The fabrication process for the MOCVD-based HEMTs 
was the same as that for the MBE-based HEMTs [4] except 
for device isolation. Gate and ohmic electrodes were formed 
by a liftoff technique and consisted of Ti/Pt/Au metals. 
SiN was used as a passivation film. The contact resistance 
of the non-alloyed ohmic electrode was reduced by the n+- 
InAlAs layer under the n+-InGaAs cap layer [4]. The sheet 
resistance of all layers and the ohmic contact resistance 
were 115 £2/sq. and 0.07 Q-mm, and there was no 
indication that the InP-recess-etch stopper degraded the 
contact resistance. 

Mesa isolation for the MOCVD-based HEMTs was 
achieved by wet etchings using a mixture of citric acid and 
hydrogen peroxide [7] for the InGaAs and InAlAs layers and 
a mixture of hydrochloric acid, phosphoric acid, and acetic 
acid [8] for the InP-recess-etch stopper. The etching 
selectivity of the citric-acid-based solution between InAlAs 
and the inserted InP was measured to be over 400. Figure 2 
shows the surface of the InP-recess-etch stopper revealed by 
the cilric-acid-based etching. The image was obtained by an 
atomic force microscopy (AFM). The roughness standard 
deviation for a 5 x 5 pm2 area is only 1.7 A, and atomic- 
layer terraces about 3000-Ä wide are clearly seen. The 
surface roughness of the MBE-based HEMTs was measured 
to be 2.8 A but no very clear atomic-layer terraces were 
observed. The image and the roughness value shown in 
Fig. 2 suggest that the layer thickness under the recessed 
area is atomically uniform. This atomically flat surface is 
attributed to the abruptness of the InP/InAlAs interface in 
the MOCVD growth and to the high selectivity for InAlAs 
over InP in the gate-recess etching. This is one of the 
essential advantages of an InP-based material system. 
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Figure 2. AFM surface image of the InP-recess-etch 
stopper revealed using a citric-acid based solution. The 
contrast range is 12.5 A. 

possible reasons for the smaller gd for a MOCVD-based 
HEMT were considered. One is the longer effective gate 
length due to the longer side etching in the gate recess, 
which results from an over-etching caused by the recess- 
etch stopper. The other is the relatively higher background 
impurities in the InAlAs buffer grown by MOCVD, which 
suppress hole accumulation or the parasitic bipolar effect 
near the breakdown voltage. Because of the high-frequency 
performance of the device obtained as shown below, 
however, the former was discounted as a possibility. 

The Schottky characteristics of these gates at forward bias 
are shown in Fig. 4(a). As can be seen in the figure, the 
difference in turn-on voltage is quite small between them 
despite the lower Schottky barrier height of InP. Since the 
conduction band of the InAlAs barrier is higher than that of 
the InP-recess-etch stopper by AEc, the gate current is 
governed by the InAlAs barrier rather than the InP-recess- 
etch stopper. In contrast to the characteristics at forward 
biases, as shown in Fig. 4(b), the gate current at reverse 
bias is higher for the gate with the InP-recess-etch stopper 
than that for the InAlAs gate. At reverse biases the 
conduction band of the InAlAs barrier is lower than that of 
the InP-recess-etch stopper, and the leakage current, 

Device  Characteristics 
Figure 3 compares the typical I-V characteristics for the 

0.1-u.m-gate MOCVD-based HEMT with the InP-recess- 
etch stopper with those of a MBE-based HEMT. The 
transconductance (gj of each device is 1000 mS/mm and 
the devices have similar breakdown voltages; 4.5 V for the 
off-state and 3 V for the on-state, respectively. Drain 
conductance (gd) at drain biases of 1 and 2 V for the 
MOCVD-based HEMT is respectively 51 and 28 
mS/mm,.and the gm/gd ratio is over 20 throughout the 
saturation region. For drain biases of 1 and 2 V the gd's for 
the MBE-based HEMT are respectively 71 and 59 mS/mm, 
or about twice those for the MOCVD-based HEMT.  Two 
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therefore, is dominated by the lower Schottky barrier height 
of InP. We think, however, that, the leakage current is still 
low enough for applications in digital ICs. 

Although the InP-recess-etch stopper introduces an 
additional interface under the gate, the thin InP passivates 
the InAlAs surface at the periphery of the gate. To 
investigate the impact on the surface, we measured the low- 
frequency noise of the devices at room temperature. 
Equivalent input-noise spectra for the devices with and 
without an recess-etch stopper are plotted in Fig. 5, which 
shows that there is no significant difference in the low- 
frequency noise of the devices. 

Figure 6 shows distributions of current gain cutoff 
frequencies (fT) and maximum oscillation frequencies (fmax) 
of 0.1-nm-gate MOCVD-based HEMTs with an InP-recess- 
etch stopper in a two-inch wafer. Total gate width of the 
devices is 40 (im which suitable for digital IC applications. 
The average fT and fmax are respectively 189 and 250 GHz, 
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and the values are comparable to those of MBE-based 
devices [4]. The measured device performance thus shows 
that the additional InP-recess-etch stopper is no 
disadvantage in terms of high-frequency performance. 

Threshold Voltage Uniformity 
The key fabrication process parameters that governs 

threshold voltage for a short-channel device are the barrier 
thicknesses (or the recess depth) and the short-channel 
effects. Figure 7 shows the threshold voltage (Vth) 
distribution of 0.1 -|im gate MOCVD-based HEMTs with 
an InP-recess-etch stopper and of MBE-based HEMTs 
without a recess-etch stopper both on 2-inch wafers. The 
very small standard deviation of 16.2 mV was achieved for 
0.1-u.m-gate devices by using the recess-etch stopper. The 
standard deviation of threshold voltage for 0.7-|im-gate 
devices, which are not affected by the short-channel effects, 
is only 11.2 mV. This variation corresponds to a recess- 
depth variation of at most 2 Ä if we neglect the scatter of 
the doping density in the wafer. The standard deviation of 
Vth for the MBE-based HEMTs without an recess-etch 
stopper, on the other hand, is 101 mV and strongly affected 
by the gate-recess-depth scatter. Atomic order control of the 
gate-recess depth has thus been achieved by a simple wet 
etching technique with an incorporation of the recess-etch 
stopper. The improved Vth uniformity is attributed to the 
abruptness of InAlAs/InP heterointerface grown by 
MOCVD and the high etching selectivity between the 
materials obtained by using the citric-acid etchant. 

Introducing an additional layer into the barrier layer 
generally results in a deeper channel and leads to severer 
short-channel effects. As shown in Fig. 2, however, very 
thin InP (with a thickness of 40 Ä) can act as a recess-etch 
stopper and the total barrier thickness is still as low as 115 
Ä. Since the difference between the AEC and Schottky 
barrier height of InAlAs is at most only 0.2 eV, the barrier 
thickness can be reduced to less than that of GaAs-based 
HEMT. The thin barrier and recess-etch stopper enable us 
to make the channel shallow in order to reduce short- 
channel effects as well as increase transconductance [9] with 
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a large process margin. Figure 8 shows the measured and 
simulated gate-length dependence of the threshold voltage 
shift (AVth) (from the Vth for a 1-fim-gate device). The 
AVlh for the 0.1-|im-gate is only 125 mV. This small 
A Vth also contributes to the small standard deviation of the 
threshold for 0.1-p.m-gate devices. The AVth values 
produced by a two-dimensional device simulator [10] are 
also shown by a solid line. The device structure is the 
same as that of the fabricated device and the simulated 
A Vth's agree well with the measured ones. This means that 
it is possible to design Vth precisely by taking the short- 
channel effects into account. 

Conclusions 
A high-performance 0.1-^m-gate InAlAs/InGaAs HEMTs 

with an InP-recess-etch stopper grown by MOCVD has 
been developed, and it has been found that the InP-recess- 
etch stopper does not degrade device performance and does 
improve the uniformity of the threshold voltage and the 
designability of device structure. InAlAs/InGaAs HEMT 
on an InP substrate are thus applicable to ultra-high-speed 
digital ICs for future communication systems. 
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ABSTRACT 
A novel epitaxy-on-electronics (EoE) technology, developed at MIT, allows the integration of 
III-V heterostructures and commercial VLSI GaAs circuits. We have designed a monolithic 

resonant-tunneling diode- (RTD) based static random access memory which uses this technique. 
We review both the EoE process and the design and  epitaxial growth techniques for high 

performance In^Gai-^As/AlAs RTDs suitable for memories. 

VRTD 

LO 
VHI VRTD 

Figure 1: Schematic of an RTD/EFET SRAM cell. 

Storage Node Voltage 

Figure 2:  Load-line graph of the diode chain storage 
element. 

1.   INTRODUCTION 

GaAs ICs have reached VLSI densities, but there re- 
mains a need for a compact GaAs SRAM cell. Demon- 
strations of SRAM cells built using III-V materials and 
based on resonant-tunneling diodes (RTDs) have been 
reported [1, 2]. However, the realization of a robust, 
VLSI-density integrated circuit technology based on 
reported integration techniques is uncertain. In work 
directed at optoelectronic integration, a novel epitaxy- 
on-electronics (EoE) technology has been recently de- 

K.V. Shenoy supported by National Science Foundation and 
Fannie and John Hertz Foundation Graduate Fellowships. 

veloped at MIT [3, 4]. This technology enables the 
monolithic integration of III-V heterostructures and 
commercial VLSI GaAs circuits. This paper reports 
the design of a monolithic RTD-based SRAM cell em- 
ploying commercial GaAs VLSI circuits. 

2.   RTD-BASED SRAM 

A RTD-based SRAM cell offers potential area and 
power savings over traditional 6 transistor GaAs SRAM 
cells. Figure 1 shows a schematic of our memory cell. 
For demonstration purposes we have chosen a two tran- 
sistor implementation. The RTD chain serves as a 
bistable storage element and the EFETs provide ac- 
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Figure 3: Schematic illustration of the EoE fabrication 
flow. 

cess to the storage element. With additional READ-or- 
WRITE selection circuitry, the two-EFET architecture 
can be collapsed to a single-EFET topology. When op- 
timized, this cell could require only the area of a single 
EFET. Figure 2 shows the electrical characteristics of 
the storage element. The static power requirements 
of the cell will be determined by the diode chain bias 
voltage, VRTD, and the current flowing through the 
diode chain, IRTD, in the VLO and VHI states. The 
speed of the READ and WRITE operations will pri- 
marily be determined by the diode and EFET abilities 
to charge the capacitance present at the storage node. 
Both the static power and speed of the cell are directly 
related to the RTD peak voltage, valley current, and 
the character of the diode initial turn-on current. For 
compatibility with DCFL voltage levels and optimum 
SRAM performance, we desire an RTD with a reso- 
nance voltage under 1 V, a sharp turn-on current, and 
large peak-to-valley-current ratio (PVCR). 

3.   EPITAXY-ON-ELECTRONICS 
TECHNOLOGY 

The EoE technology, shown in Figure 3, places time- 
temperature constraints on our epitaxial process. Tar- 
geting VLSI densities of electrical and heterostructure 

Before 400 450 500 550 
5 Hour Duration Thermal Cycle Temperature 

86 

Figure 4: Metal layer sheet resistance after 5 hour ther- 
mal cycles. At elevated temperatures a metallurgical 
reaction, AlCu^ + WNr -> Al-Cu-W-N, occurs within 
the interconnect metal layers which increases the sheet 
resistance. 

devices, our starting point is commercial VLSI GaAs 
metal-semiconductor field-effect transistor (MESFET) 
circuitry available at foundries such as Vitesse Semi- 
conductor Corp. through the MOSIS/ARPA service. 
By overlaying existing standard foundry process etches 
it is possible to specify dielectric growth windows 
(DGWs) during circuit layout as illustrated in Fig- 
ure 3(a). The second fabrication step, seen in Fig- 
ure 3(b), is to epitaxially grow heterostructures on 
the fully-processed commercial electronics-only GaAs 
wafer or chip. Single-crystal, device-quality material 
grows from the GaAs wafer to the top of the interlevel- 
metal dielectric stack (DGW sidewalls) in the DWGs 
while poly-crystalline material deposits on the dielec- 
tric stack. The poly-crystalline deposits are then re- 
moved and heterostructure devices are fabricated with 
standard processing techniques. The final fabrication 
step connects the heterostructure devices, an LED in 
the case of Figure 3(c), and the GaAs circuits. 

The heterostructure growth time-temperature upper 
limit is set by the thermal stability of the underlying 
electronics. In our studies of the stability of GaAs 
electronics we have investigated the HGaAs2 [5] and 
HGaAs3 [6] processes of Vitesse Semiconductor Corp. 
and the CS-1 process of Motorola. Both lines produce 
VLSI density, 0.5 pm gate width GaAs E-mode and D- 
mode MESFETs with refractory metal gates (tungsten- 
nitride based) and ohmic contacts (nickel based) while 
interconnect wires are aluminum-copper plated with 
tungsten-nitride. The ohmic contacts are stable to ap- 
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Figure 5: The maximum transconductance, gm (VDS 

— 0.15 V), of fully processed 50 /im x 1.2 ßia gate E- 
mode MESFETs after 3 hour anneals at temperatures 
between 400°C and 600°C. 

proximately 500°C for three hour thermal cycles. Fig- 
ure 4 shows the sheet resistance of the various circuit 
metals as a function of thermal cycle temperature. The 
GaAs intrinsic transistors are stable to much higher 
temperatures. Figure 5 shows the transconductance 
of E-mode MESFETs as a function of thermal cycle 
temperature. We have shown that the thermally-weak 
link in the circuits is the multi-layer metal film used in 
the upper-level interconnect lines, which typically lim- 
its epitaxy temperatures to below 475°C growth times 
to below 5 hours. 

4.   RELAXED-BUFFER RTDS 

The PCVR of GaAs/AUGai^As RTDs grown 
on GaAs can be improved by replacing GaAs with 
In^Gaj-^As. In^Gai_rAs critical thickness limits re- 
strict the indium content of the In^Gai-^As, and 
therefore limit the utility of this approach. By using 
a strain-relieved buffer, the substrate lattice constant 
can be changed to match that of the diode In^Gai-^As 
layers. We are using this approach to design RTDs suit- 
able for circuit applications. 

We use a two-step relaxed buffer to grow high- 
indium-composition RTDs compatible with the EoE 
technology. We   have   recently   demonstrated   a 
In0.22Ga0.78As/AlAs relaxed-buffer RTD with a PVCR 
of 13:1 [7]. The relaxed buffer consists of 0.55 /im of 
Ino.17Gao.83As and 0.32 /an of Ino.22Gao.7gAs both n- 
type. The In^Gai-^As layers were grown at 480°C 
and total growth time was 3 hours. Figure 6 shows the 
electrical characterization of the device. The resonance 

Figure 6:   Current-voltage characteristics of a typical 
25 ßm2 Ino.22Gao.78As/AlAs relaxed-buffer RTD. 

voltages in this structure are high due to low buffer and 
RTD doping concentrations and a narrow RTD well 
width and are too large to be useful in SRAM cells. 

To determine the contribution of the relaxed buffer 
to the resonance voltage of the RTD, several relaxed- 
buffer RTDs were grown. Once again, a two-step re- 
laxed buffer grown at 480°C was used. The electri- 
cal characteristics were measured using two different 
four-point probe configurations. For both measure- 
ments, the "top" contact of the RTD was the ohmic 
contact on the RTD mesa. The "bottom" contact was 
the substrate in one case, and an ohmic contact above 
the relaxed buffer in the other. The difference in the 
peak voltage represents the voltage drop across the 
buffer. Figure 7 shows the I-V characteristics of an 
Ino.27Gao.73As/AlAs relaxed-buffer RTD. The relaxed 
buffer for this RTD consists of 0.2 ßm Ino.nGao.89As 
and 0.2 ßm Ino.27Gao.73As, both doped n+. The res- 
onance voltage of this diode is lower than that of Fig- 
ure 6 because of higher buffer and RTD doping and a 
wider RTD well. The relaxed buffer voltage drop for 
this diode, under 30 mV, can be accounted for in future 
RTD designs. In general, RTDs with heavily doped re- 
laxed buffers are suitable for circuit applications. 

5.   MONOLITHICALLY INTEGRATED 
RTD-BASED SRAM DESIGN 

Large signal design parameters from relaxed-buffer 
RTDs were used to design three basic circuits which 
study the feasibility of integrating RTDs with GaAs 
ICs: an RTD array, a 1-bit memory cell, and a 4-bit 
memory array. The RTD array is used to study the 
quality of the RTD material grown on the GaAs ICs. 
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Figure 7: Current-voltage characteristics of a typical 25 
ßm2 Ino.27Gao.73As/AlAs relaxed-buffer RTD includ- 
ing and excluding the voltage drop contributed by the 
relaxed buffer. 

The 1-bit memory cell characterizes the basic operation 
of the memory cell. The 4-bit memory array addresses 
density issues such as the effect of RTD variation on 
the performance of the memory. Figure 8 shows the 
simulated operation of a 1-bit memory cell using layout 
extracted EFET characteristics. The RTDs used in 
this simulation are those shown in Figure 7. The Select 
signals are applied to gates of the EFETs and the Data 
In signal is applied to the drain of the WRITE EFET 
shown in Figure 1. The Data Out signal is measured 
at the drain of the READ EFET. 

6. CONCLUSION 

We have designed a RTD-based SRAM utilizing a 
novel EoE technology to combine III-V heterostruc- 
tures with commercial VLSI GaAs circuits. Upper epi- 
taxial time-temperature limits are set by the metal in- 
terconnects. Operating within these constraints, we 
use a relaxed-buffer structure to epitaxially grow high- 
indium fraction RTDs on GaAs substrates which are 
compatible for circuit applications. We are presently 
fabricating the monolithically integrated SRAM cir- 
cuits. 

This work was supported by JSEP through the MIT 
Research Lab of Electronics and ARPA through the 
National Center for Integrated Photonics Technology. 
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INTRODUCTION 
Future very-high-volume optical communication systems will require several-dozen-Gb/s ICs. 

The InP HEMT is one of the best candidates for these ICs due to its inherent millimeter-wave 

performance. This paper describes 40-Gb/s-class analog InP HEMT ICs that have been used with new 

design techniques to build high-speed optical receivers. Four kinds of ICs are covered: a preamplifier, 

a baseband amplifier, a limiting amplifier, and a Gilbert cell. Even in this early development stage, all 

ICs show promising performances that are superior or compatible to the best-ever reported results. 

Design feature 

The conventional design for optical- 

receiver circuits is basically a simple 

extension of the low-frequency lumped-element 

design technology used for feedback and 

differential amplifiers. However, with this 

approach, its wideband performance is severely 

limited by transistor performance due to RC 

cut-off frequency of the lumped-element 

circuit. Because our target frequency was 

beyond 40 GHz, we made extensive use of a 

microwave design with distributed elements to 

obtain high performance with less transistor- 

performance sensitivity. The key features of the 

microwave design applied here are a distributed 

amplification technique for both linear and 

non-linear baseband circuits, a microwave 

feedback technique for the preamplifier and a 

narrow-band reactive matched amplifier for the 

limiting amplifier. In particular, the new 

distributed   baseband   circuit   represents   a 

breakthrough that promises to boost IC- 

performance beyond the limit imposed by 

device performance. 

IC fabrication 

ICs were fabricated using 0.1-0.15-nm- 

gate-length InAIAs/InGaAs/InP HEMTs [1]. 

They use uniplanar MMIC technology with a 

coplanar waveguide [2]. Microphotograph of 

distributed Gilbert cell is shown in Fig. 1. 

Design and performance 

Raseband amplifier 

Figure 2 shows a schematic circuit of the 

new distributed baseband amplfier [3]. A flat 

gain from DC is achieved using DC matching 

terminations (Rdl and Rgl) with dumping 

resistors (Rd2 and Rg2), which reduce the 

parasitic effects of the external inductances at 

the bias terminals. A new loss-compensation 

circuit using a cascode FET with transmission 
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lines (Leg and Lsd) achieves wideband 

performance because it compensates for the 

loss of the drain artificial lines with negative 

resistance. Figure 3 shows the measured S 

parameters. The amplifier has 16-dB gain with a 

3-dB bandwidth of 47 GHz and 1.1-W power 

dissipation. Chip size is 1.5x4 mm. To our 

knowledge, this is the widest bandwidth with 

high gain for state-of-art baseband amplifier 

ICs. 

Gilbert cell 

The Gilbert cell is a basic circuit elment 

used in clock extraction circuits, multipliers, 

and differential detectors. Figure 4 shows a 

schematic circuit of the new distributed Gilbert 

cell   [4].   It   has   a   distributed   structure 

connecting two unit Gilbert cells with  three 

artificial lines for RF, LO, and  IF  ports.  DC 

matching terminations (Rgt and Rdt), dumping 

resistors and resistor-capacitor networks (Rdb, 

Rgb, Rst and Cst) are also   used to insure DC 

operation.      Figure   5   show   the   measured 

conversion gain as a function of RF frequency 

with 1-GFIz IF frequency and 10-dBm LO power. 

The conversion gain was -5  dB with  a 3-dB 

bandwidth   of   38   GHz   and   2.5-W   power 

dissipation. Chip size is 2x2 mm. This is also 

believed to be the top wideband performance lor 

reported Gilbert-cell ICs. 

Preamplifier 

Figure 6 shows a schematic circuit of the 

preamplifier. Until now, preamplifiers have 

usually used common-source FETs with parallel 

feedback from a succeeding level-shift source- 

follower. Flowever, this one uses a simple one- 

stage feedback cascode amplifier with 

controlled feedback[5] and matcing circuits to 

improve performance. Transmission lines (Tg2, 

Tf, and Tdl) provide optimum positive feedback 

near the band edge to enhance gain. Tgl 

optimizes the input impedance to improve the 

transimpedance. It has 9-dB gain with a 3-dB 

bandwidth of 32 GHz and 440-mW power 

dissipation. Figure 7 shows frequency 

dependencies of S22 and transimpedance Zt 

calculated from the measured S parameters. Zt 

is 43 ±2 dBn and S22 is less than -8 dB with 17 

pA/ VHz average equivalent input noise current 

density from 0.05 GHz and 35 GHz. Chip size is 

1.5x1.5 mm. 

Limiting amplifier 

Figure 8 shows a schematic circuit of the 

limiting amplifier with reactive matchings. For 

a clock-recovery limiting amplifier, the best 

way to increase operating frequency is a 

narrow-band MMIC-type amplifier because it 

can easily attain millimeter-frequency 

performance compared with a wideband design 

[6]. The amplifier had more than 16 dB gain in 

34-40-GHz frequency range. Figure 9 shows the 

measured output power and phase shift 

deviation (output-signal phase variation) at 38 

GHz. It has 17-dB small signal gain and 10-dBm 

saturation output power with about 10-degree 

phase shift deviation for input power from -5 

dBm to 5 dBm. The power dissipation was 70 

mW. Chip size is 1x2 mm. 

Conclusion 

InP HEMT optical-receiver ICs up to 50 

GHz were developed together with new design 

techniques. Considering their impressive 

performances, they should have a considerable 

impact on lightwave applications. 
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Effect of crystal growth conditions on the density of microscopic defects, observed on as-polished Fe-doped 

InP LEC single crystal wafers, has been investigated by an interference contrast microscope and a laser 

scattering tomography (LST) system. It was found that crystal rotation speeds affect the density of 

microscopic defects. In addition, the density depends on the duration for which the InP melt is held in molten 

state before crystal growth. On the other hand, it was found that the H20 concentration in B203 has no 

correlation with the generation of microscopic defects. The relationship between the microscopic defects and 

the stoichiometry of grown crystals was investigated by coulometric titration analysis for the indium 

concentration. The density of microscopic defects is reduced as the indium concentration decreased. From the 

present results, it is speculated that the origin of microscopic defects is indium or indium oxide. 

Introduction Experimental 

InP is a very optimizing material for long wavelength 

optoelectronic devices and high frequency electronic devices. 

It is known that various defects as well as dislocations exist in 

the crystals grown by the liquid-encapsulated Czochralski 

(LEC) method. The reduction of these defects may be 

required from the viewpoint of the device fabrication. The 

typical defects are grappes (inclusion-like defects) and flat- 

bottomed saucer-shaped pits (S-pits) which are revealed by 

Huber etchant (1). Several researchers have studied grappes 

(2) and S-pits (3), (4), (5), but there are few reports on 

microscopic defects observed on as-polished InP wafers, 

about which we will discuss in the present paper. 

Even though these microscopic defects are observed on S-, 

Zn-, Sn- and Fe-doped InP wafers, we have investigated 

especially the case of Fe-doped InP wafers because of the 

importance of Fe-doped InP as electronic devices. The 

relationship between these defects and crystal growth 

conditions has been investigated by an interference contrast 

microscope, a laser scattering tomography (LST) system and 

by coulometric titration analysis. 

Fe-doped InP single crystals have been grown by the LEC 

method. The growth was performed by charging B2O3 and 

presynthesized polycrystalline InP with the carrier 

concentration lower than 3x10^ cm"^ in a pyrolytic boron 

nitride (pBN) crucible. Fe foil was added as the dopant with 

the concentration of 0.03 wt% in the InP melt. The 

concentration of Fe in crystals was (l-8)xl016 cm"3. The 

diameter of the grown crystals were 2 inch and 3 inch. 

As-cut wafers were polished by using a mechano-chemical 

method under industrial production. The etchant used to reveal 

dislocations consisted of H3PO4 and HBr, mixed in the 
volume ration of 2:1. Microscopic defects and dislocations 

were observed with an interference contrast microscope on the 

polished and etched wafers, respectively. The average density 

of microscopic defects was obtained by counting the defects 

whole over the wafer. 

The LST images were measured by focusing a 300 mV YAG 

laser beam to cleaved faces of as-polished wafers. 

Stoichiometry analysis was performed by the coulometric 

titration method with the accuracy of ±0.0001. 
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(a) Microscopic defect (R-pit) (b) Microscopic defect (R-pit) under a high magnification. 

Fig. 1. Microscopic defects (R-pits) on an as-polished Fe-doped InP wafer. 

(a) Top part (b) Middle part (c) Tail part 

Fig. 2. The distributions of R-pits across the wafers from a 3 inch diameter Fe-doped InP crystal. 

Experimental results 

Fig. 1 shows typical microscopic defects observed on a 

polished Fe-doped InP wafer. The defects are shown as pits at 

low magnifications. B y observation at higher magnification, it 

was found that the defects have rectangular shapes and the 

size of the defects ranges from 10 to 30 |im. We refer to these 

defects as R-pits (rectangular shaped pits) from now on. The 

longer side of the rectangle is always parallel to the (110) 

plane and this fact suggests that the origin of R-pits is not 

damages by polishing but defects in crystals. 

In the previous paper (6), we studied the relationship between 

R-pits and dislocations by observing the wafers after Huber 

etching and found that R-pits may not correspond to 

dislocation pits. In order to examine the relationship in detail, 

we have observed the distribution of R-pits on the wafers. It is 

well known that InP wafers exhibit a characteristic fourfold 

symmetry of the dislocation distribution. However, the 

distribution of R-pits does not correspond to that of 

dislocations as seen in Fig. 2. The density of R-pits is around 

(1-10) cm'2 the highest at the middle of the crystal and tends 

to decrease toward the tail part. Since the average EPDs are 

about several 104 cm"2 from top to tail part of the crystal, it is 

concluded that R-pits have no correlation with dislocations. 

In order to examine the parameters which affect the density of 

R-pits, we have grown single crystals under different growth 

conditions. Fig. 3 shows the relationship between average 

densities of R-pits and crystal rotation speeds. It was found 

that the average densities decrease with increasing the crystal 
rotation speed. 
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3. The relationship between the average density of R- 
pits and crystal rotation speeds. 

Fig. 4 shows the densities of R-pits as a function of melt 

holding duration before crystal growth. The longer the 

holding duration is, the fewer the densities. This is probably 

because the species which are the origin of R-pits are adsorbed 

into the B2O3 encapsulant. It is known that most impurities in 

GaAs and InP melts react with H2O in B2O3 and are 

eliminated because of the segregation of the impurity oxides 

into B2O3 (7). In this case, the H2O concentration in B2O3 

will affect the density of R-pits. We have grown three crystals 

using B2O3 with different H2O concentrations of 150,300, 

600 ppmw. Fig. 5 shows LST images for the wafers cut from 

the crystals grown using B2O3 with H2O concentrations of 

150 and 600 ppmw. It is known that IR scattering centers 

observed by LST correspond to the R-pits (6). As seen in the 

figure, the density of scattering centers on both samples is the 
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Fig. 4. The density of R-pits as a function of melt holding 
duration before crystal growth. 

same within the experimental error. The density of R-pits thus 

seems to be independent of H2O concentrations in B2O3. 

In order to examine the effect of non-stoichiometry on the 

density of R-pits, indium compositions in InP wafers have 

been analyzed by the coulometric titration method (8), (9). 

Fig. 6 shows the densities of R-pits as a function of the indium 

concentration. The densities have a tendency to decrease as 

the indium concentration decreases. When the composition is 

stoichiometric, most wafers showed no R-pits. 

Discussion 

As describe above, the formation of R-pits has a strong 

correlation with the growth conditions. The dependence of the 

I 
• 

h 
(a)150ppm 500um (b)600ppm 500um 

Fig. 5. LST images from the top part of Fe-doped InP crystal with different H20 concentrations in B203. 
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Fig. 6. The relationship between the atomic fraction of 
indium and the density of R-pits. 

densities of R-pits on the crystal rotation speed suggests that 

the species which is the origin of R-pits have diffusion- 

controlled characteristics in the melt. When the crystal 

rotation speed is increased, the thickness of diffusion 

boundary layer at the solid-liquid interface is decreased. The 

species which is the origin of R-pits, segregated in the 

boundary layer, can diffuse out into the melt faster as the 

crystal rotation speed increases. This will result in the 

reduction of the densities of R-pits in the grown crystals. 

The fact that the densities of R-pits can be reduced by 

prolonging the melt holding duration before crystal growth 

helps us largely for considering the origin of R-pits. As 

mentioned above, it is well known that the encapsulant B2O3 

has an effect of accumulating various impurity oxide in it. Fig. 

4 indicates that the species which is the origin of R-pits can be 

adsorbed easily in B2O3. We also found that the H2O 

concentration in B2O3 does not affect strongly the densities of 

R-pits. It is argued that most impurities in the melt are 
adsorbed into B2O3 by the reaction of them with H2O in 

B2O3. It therefore seems that the species which is the origin of 

R-pits is not impurity which reacts with H2O. As the species 

which does not react thermodynamically with H2O, indium is 

a possible species. Fig. 6 also supports that the origin of R-pits 

is related with indium. Indium itself however will not dissolve 

into B2O3 as it is. Therefore, there is also a possibility that 

indium exists in the melt as the form of indium oxide. 

Summary 

interference contrast microscope, a LST system and by 

coulometric titration analysis. There was no correlation 

between the distribution of R-pits and that of dislocations. The 

density of R-pits decreases as the crystal rotation speed 

increases and as the melt holding duration before crystal 

growth is prolonged. It was found that the H2O concentration 

in B2O3 has no correlation with the generation of R-pits. 

Coulometric titration analysis showed that the generation of 

R-pits is related with the indium concentration. From these 

results, it is speculated that the origin of R-pits is related with 
indium or indium oxide. 
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Abstract 

We have developed a modified LEC method with a thermal baffle(TB), by which low dislocation density InP 
crystals can be grown. In this method, a thermal baffle is set on top of the crucible in order to suppress the gas 
convection and thus to improve the temperature gradient in the LEC furnace. The dislocation density depends not 
only on the temperature gradient but also on the other growth conditions, such as crystal/crucible rotational speeds, 
cooling conditions, and crucible weight. The rotational condition is an important factor for the reduction of the 
dislocation density since the solidAiquid(SL)interface shape changes with the rotational conditions. 

1. Introduction 

Reduction of the temperature gradient is effective for 
reducing the dislocation density. However the lower 
temperature gradient raises the temperature of the InP 
single crystal at the surface, which results in a damage 
because of the high dissociation pressure of InP. To solve 
this problem, new methods such as VGF[1], VCZ[2] and 
PC-LEC[3] have been developed. In these methods, even 
under conditions with lower temperature gradient, the 
dissociation at the crystal surface can be prevented by 
introducing the phosphorus vapor into the space. 

On the other hand, we have shown that the lower 
dislocation density crystals can also be grown by the TB- 
LEC methods[4-6], in spite of the higher temperature 
gradient compared with the above mentioned methods. 

In this paper, we show that the dislocation density 
depends not only on the temperature gradient but also on 
the other growth conditions such as crystal/crucible 
rotational conditions, the cooling conditions in the 
furnace after the growth and the weight of the crucible. 

2. Experimental 

A high pressure LEC growth system has been used 
throughout this investigation. Two inch diameter Sn, S, 
Fe and Zn doped InP crystals were grown along <100> 
with a thermal baffle. Dislocation pits were revealed by 
Huber etchant[7]. The 13 points average dislocation 
density was measured for Sn or Fe doped InP and the 
DF(dislocation-free) area was measured for S and Zn 
doped InP. 

3.  Results 

Fig. 1 shows the axial temperature gradients in the LEC 
furnace. The temperature gradient can be reduced using a 
thermal baffle. The dislocation densities are shown in 
Table 1. The crystal/crucible rotational speeds were 20 
and 15 rpm. The crystals were cooled slowly in the LEC 
furnace after the growth. As a result, it becomes possible 
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Fig. 1. Axial temperature gradient in the LEC furnace. 
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Table 1. Dislocation densities of InP crystals(EPD=13points average dislocation density) 
(DF=dislocation free area with dislocation density<500cm-^.) 
(Maximum DF area is 69 points x 0.25cm^=17.25cm2) 

Dopant No baffle Single baffle Double baffle 

Fe,Sn EPD>5E4crrf2 

S C/C=3.5E18crrf3 

DF Area<8 cm2 

DF  point<(32/69) 

1 E4cm"2<EPD<5E4cm"2 

C/C=3.5E18crrT3 

10cm2<DF Area< 12cm2 

(40/69)<DF   point<(48/69) 

2E3cirr2<EPD<1 E4crrf2 

C/C=3.0E18cm-3 

15 cm2<DF Area 
(60/69)<DF  point 

Zn C/C=3.5E18cnr3 

DF Area<8cm2 

DF  point<(32/69) 

C/C=3.5E18crrf3 

15 cm2<DF Area 
(60/69)<DF  point 

to produce 2 inch Sn doped and Fe doped InP single 
crystals with low dislocation densities less than 
5X103cnr2 and large dislocation-free (DF) area crystals 
doped with S or Zn by the TB-LEC methods. 

Figure 2 shows that the dislocation density strongly 
depends on the crystal/crucible rotational speed 
conditions. The thermal baffle conditions and the relative 

rotational speeds between the crystal and the crucible are 
shown in Fig. 2. The dislocation densities increase with 
increasing the relative rotational speeds. The SL interface 
shape is shown in Fig. 3. The thermal baffle conditions 
and the relative rotational speeds are shown in Fig. 3. 
The SL interface can be made flatter by reducing the axial 
temperature gradient and the relative rotational speeds. 
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Fig. 2. Average dislocation densities of Sn doped InP 
crystals as a function of distance from seed. The thermal 
baffle and the relative rotational speed conditions are also 
shown. 

Fig. 3. Solid-liquid interface shape of InP crystals as a 
function of distance from seed. The thermal baffle and the 
relative rotational speed conditions are also shown. 
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Figure 4 shows the dependence of the dislocation 
densities on the cooling speed after growth. The 
dislocation densities of the crystal that is cooled slowly is 
lower than that of the crystal which is cooled fast. Figure 
5 shows Huber etched S doped InP wafers. Clear slip 
lines can be observed in a crystal that is cooled fast. 

Figure 6 shows the correlation between the weight of the 
pBN crucibles and DF area of S doped InP crystals. The 
horizontal axis shows the normalized pBN crucible 
weight. We define the initial weight of the pBN crucible 
before using is unity. It is clear that the DF area decreases 
with decreasing the weight of the crucible . 
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Fig. 4. Dislocation densities of Sn doped InP as a 
function of radius from center. The cooling speeds after 
the growth are also shown. 

Fig.  6. DF area of S doped InP as a function of 
normalized weight of pBN crucibles. 

3.   Discussions 

Fig. 5. Huber etched S doped InP wafers. 
(a) fast cooled sample, (b) slowly cooled sample. 

To reduce the dislocation density, reduction of the 
temperature gradient is effective. As shown in Fig. 1, the 
axial temperature gradient can be reduced by using a 
thermal baffle. Table 1 shows that the dislocation 
densities can be decreased by using the thermal baffle. 
Figure 3 shows that the SL interface can be made flatter 
using the thermal baffle. It means that the radial 
temperature gradient can also be reduced using the thermal 
baffle. It is well known that the lowering of the 
temperature gradient raises the temperature of the crystals 
at the surface, which results in a damage because of the 
high dissociation pressure of InP. In the TB-LEC 
method, even if we use the double thermal baffle, 
dissociation problem was not found. In this case, the 
temperature of the B2O3 at the surface is about 780°C. 
Though this temperature is not so high compared with 
other methods, such as VGF[1], VCZ[2] and PC-LEC[3], 
low dislocation density InP crystals can be grown by the 
TB-LEC methods by optimizing the other growth 
conditions. 

Figure 2 shows that the dislocation densities strongly 
depend on the rotational conditions. By controlling the 
crystal rotation and crucible rotation, the SL interface 
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shape can be changed. By decreasing the relative rotation 
number, i.e. the difference between crucible rotation and 
crystal rotation numbers, the SL interface shape can be 
made flatter. Even if the temperature gradient is low, the 
dislocation density could not be decreased under the non- 
optimized rotational conditions as shown in Fig. 2. 

Figure 4 shows that the dislocation densities also depend 
on the cooling speed in the LEC furnace after the crystal 
growth. Crystals with low dislocation densities are 
susceptible to the increase of the dislocation densities by 
fast cooling since the dislocations are easily generated due 
to thermal stress during the cooling process. Clear slip 
lines can be observed in the S doped InP crystal that is 
cooled fast. We have shown that the dislocation free S 
doped InP crystals become rectangular in shape[5]. The 
rectangular shape of the slip lines in Fig. 5 is probably 
due to the rectangular shape of the crystal. 

Figure 6 shows that the dislocation densities depend on 
the pBN crucible weight. We have shown that the pBN 
crucible is useful to reduce the dislocation density 
compared with the SiC>2 crucible[4]. It is probably due to 
the difference of the thermal conductivity of the materials. 
In fact, we have found that the SL interface of the crystals 
grown using the pBN crucible is flatter than that of the 
crystals grown using the Si02 crucible. It is well known 
that the weight of the pBN crucible decreases with 
increasing crystal growth number. The decrease of the 
weight of the pBN crucible means the decrease of the 
thickness of the pBN crucible wall. Thus the thermal 
conductivity of the pBN crucible will change with the 
growth number increase. Then the dislocation densities 
increase with the decrease of the crucible weight. 
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4.   Conclusions 

We have successfully grown low dislocation density InP 
crystals by the TB-LEC method. For the reduction of 
dislocation densities, various growth conditions such as 
axial temperature gradient, crystal/crucible rotational 
speed, cooling conditions and the weight of the pBN 
crucible must be optimized. 
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ABSTRACT 
Photoellipsometry. a conlactless optical method, was used for the characterization of doped InP semiconductor 

materials. Two l\pcs of InP samples were investigated, namely, f-h\P substrate and undoped InP thin layer (with a 
thickness of 100 nm) on heavily doped «-InP substrate. Our main objective was to determine surface built-in electric 
field strength, broadening, and critical point energies for each given sample. The measured spectra were analyzed 
using the Franz-Keldysh theory with the inclusion of broadening effects. Good agreement found between the measured 
and calculated spectra indicates that theories and models used were appropriate for the samples studied and that the 
calculated results were reliable. 

INTRODUCTION 
Since its inception [1-3]. photoellipsometry (PE) has 

proved useful in the characterization of doped 
semiconductor materials [2-3] and semiconductor 
microstructures [4-5]. PE incorporates spectroscopic 
ellipsometry (SE) with the addition of an above-bandgap 
laser pump beam directed at near-normal incidence onto 
the sample surface. Shown in Fig. 1 is the schematic 
diagram of the PE apparatus used, which combines the 
features of both SE and photorefleclance (PR), thus 
providing more complete information not available in 
separate applications. A major advantage of PE is that it 
allows the direct and simultaneous measurements of the 
built-in electric field-induced changes in both the real and 
imaginary parts of the pseudodielectric function <s> of a 
given semiconductor sample, i.e.. 6ct and 5s2. on the 
wavelength-by-wavclength basis without the need for a 
Kramers-Kronig transformation. This feature allows 
tighter constraints to be imposed on the models 
representing more complicated structures, thereby 
increasing the confidence in the data analysis. The 
measured PE spectra can be analyzed using the Franz- 
Keldysh (FK) theory formulated by Aspnes [6] for the 
determination of the sample's electronic properties such as 
built-in field strength, depletion width, broadening, 
critical point (CP) energies, etc. It was on the basis of 
these features that PE was used for the characterization of 
the given InP samples. 

SAMPLES AND MEASUREMENTS 
For the two samples measured in this work, one was a 

p-lnP substrate with the doping density of about 7.5x10'7 

cm"1 and the other was an InP Van Hoof structure [7], 
containing an undoped InP layer with a thickness of 100 
nm cpitaxially grown on top of a heavily doped «-InP 
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substrate with the doping density of about 5.4x10'8 cm"1). 
All the PE measurements were taken in room air with the 
probe beam incidence angle set at 75°. in the spectral 
region near the InP fundamental bandgap E0 CP. The 
power of the laser pump beam was about 10 mW. 

Light 
source 

Monochromator 

ChopperLen*     Polarizer 

10,—I    t^ 

Microcomputer 
Photodetector 

1   Schematic diagram of the PE apparatus used in 
this work. 
Fig 

THEORIES AND MODELING METHODS 
For a uniformly doped p-lr\P substrate, its surface 

Fermi level is pinned, making the energy bands bend 
downwards and giving rise to a built-in field, which varies 
linearly from a maximum value at the surface to zero at 
the edge of the depletion region, in the direction normal 
to the sample surface [8]. The origin of pinning is not 
well understood. It could be due to the presence of either 
surface states, or native surface defects, or both. 
Similarly, for an InP/n-InP Van Hoof structure, its surface 
Fermi level is pinned. At the interface, the heavily doped 
n-InP substrate pins the Fermi level of the back side of the 



undoped layer near the conduction band. As a result, a 
uniform field is present in the top layer for this t\pe of 
structure [7). Under the pump beam illumination, 
electron-hole pairs (free carriers) are created in the 
sample. The free carriers generated near the surface 
region are redistributed via charge separation so as to 
reduce the band bondings and consequently the original 
field strength. The changes in the built-in field(s) also 
alter the dielectric function t: of the given material near 
CPs via the FK effect, which can be measured by SE and 
analyzed with an appropriate model. 

SE measures i|/ and A as a function of wavelength (or 
photon energy). These two parameters are related to the 
sample's optical properties and structure through the 
following expression [9] 

p = lan\|/ exp(iA) = Rp/Rs. (1) 

where Rp and Rj. are. respectively, the complex reflection 
coefficients for light polarized parallel (p) and 
perpendicular (s) to the plane of incidence. 

With each pair of \f/ and A measured, one can obtain 
<c>. using the two-phase (ambient-substrate) model, from 
the following expression [9] 

<r.> ■<c,>- Kr„ 

:sasin24>{l+[(l-p)/(l+p)|2tan2(j)}. (2) 

For a uniform field F. the field-induced change in c due to 
the FK effect near an A/0 CP. e.g., the E0 CP. is given by 
|6J 

6c(F. E) = öCj(F. E) + iöe2(F. E) 
= (C\)'-2/E2)|G(Ti) + i/<-(r|)J. (4) 

where E is the photon energy, C contains the intcrband 
transition matrix element, and 0 and TJ are given by 
(7re2F2/u.h)' -^ and 27i(E0-E)/hO. respectively, where \x is 
the intcrband reduced effective mass at the CP. The 
electro-optical functions G and F arc given by the 
combinations of Airy functions, their derivatives, and the 
unit step function. 

In the case of a nonuniform field F(z) (e.g.. the field 
in a uniformly doped III-V semiconductor substrate), 
where its value varies over the depletion width d in the z 
direction normal to the surface, the field-induced change 
in G can be obtained from [6] 

5c(F. E) = -2iK ]   5c[F(z). E] exp(-2iK)dz. (5) 

where sa is the dielectric constant of the ambient (ea * 1 in 
air) and <f> is the probe beam incidence angle. It should be 
noted that <s> represents the combined dielectric response 
from overlaycr and substrate and that <s> becomes s only 
if all the surface effects, e.g.. the surface native oxide 
overlayer. are removed from the substrate. However. <c> 
is a useful parameter, as it directly relates the measured 
parameters \\i and A to the fundamental properties of 
interest, such as the true bulk dielectric function of a 
given material. 

PE operates on a similar principle to that of PR. in 
which an abovc-bandgap pump beam photogencrates free 
carriers, which in turn redistribute so as to reduce the 
built-in ficld(s) near the sample's surface and/or interface 
region(s). The field-induced changes in both the real and 
imaginary parts of <c> can be obtained using [ 1 ] 

ös, = <s,(pumpbeam off> - <c,(pump beam on>       (3a) 
and 
6e2 = <s2(pump beam off> - <s2(pump beam on>.      (3b) 

where the real and imaginary parts of both 
<e(pump beam off> and <e(pump beam on> can be 
obtained from Eq. (2). Note that Eqs. (3a) and (3b) were 
the means by which the measured PE spectra were 
obtained in this study. 

The FK theory formulated by Aspnes [6] describes the 
electric field-induced effects on semiconductors near CPs. 
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where 8c|F(z). E). the change due to the local field F(z). 
can be obtained from Eq. (4) and K=2m:l2/X is the 
unperturbed propagation constant of the probe beam in 
the sample. 

In this study, all the effects of broadening were 
assumed to be Lorentzian type. Accordingly, the field- 
induced change in s with the inclusion of broadening 
effects is given by [6] 

5c(F, E+iD = 1/TI j   6c(F. E') rdE7|(E-E')2+r2|. (6) 

where T is the broadening parameter and the unbroadencd 
change 6s(F. E') can be obtained from either Eq. (4) or 
Eq. (5). depending on the sample under investigation. 

Batchelor et al. [10] recently made electroreflectance 
studies of GaAs. in which the parameter F in an above- 
bandgap Eg CP region (e.g., in the above-E0 CP region) 
was expressed by r = F0exp[6 (E - Eg)|. where ro is the 
broadening parameter and 6 is the proportionality factor. 
This expression was proposed based on the assumption 
that, for more highly excited electrons in the conduction 
band, more rapid relaxation would lake place due to the 
increased chances of being scattered into other states, and 
therefore F would be likely to increase with increasing 
photon energy. This approach was also adopted in this 
work. 

RESULTS AND DISCUSSION 
As an example to illustrate the effects of the pump 

beam illumination in the samples studied, we show in the 
Fig. 2 the measured <;;,> and <>:2> spectra from the/MnP 



Substrate with the doping density of about 7.5x10'' cm'-1. 
These spectra were obtained directly using Eq. (2). It can 
be seen lhal, as a result of the absorption of the pump 
beam photons in the sample, visibly large changes 
occurred near the bandgap region (around 1.34 eV) in 
both the <;:,> and <e2> spectra. For the same sample, the 
large FK. oscillations can be observed in the abovc- 
bandgap region from the measured PE spectra. 
i.e.. 6c, and 6c2 spectra, as shown by the circled lines in 
Fig. 3. These spectra were obtained from Eqs. (3a) and 
(3b). The exponentially decaying tail seen in the below- 
bandgap region in the measured 6c2 spectrum indicates 
that photon-assisted tunneling had taken place in the 
sample during the measurements. 
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Fig. 2 Measured PE spectra for a p-lnP substrate with the 
doping density of about 7.5.\1017 cm"3. 

To quantitatively model the measured spectra for the 
given sample. Eqs. (5) and (6) were used, in which a 
linearly decreasing field profile was assumed beneath the 
sample surface and contributions from the hca\y-, light-, 
and split off-holes were included (note that the intcrband 
reduced effective masses of InP at the E0 and E0+A0 CP 
regions were obtained from Ref. [llj). Shown by the 
solid lines in Fig. 3 arc the calculated spectra based on the 
theories and model described above. These spectra were 
obtained using a maximum surface built-in field Fmax of 
1.05 x l()-s V/cm, a depletion width d of 70 nm, a 
broadening parameter r0 of 10 nieV with the 
proportionality factor 6 = 3 eV"1. and the E0 and E0+A0 

CP energies of 1.334 eV and 1.425 eV, respectively. 
Good agreement between the measured and calculated 
spectra in the chosen spectral region indicates that the 
theories and model used were appropriate and that the 
calculated results were reliable for the given sample under 
study. The kink in the 1.36 eV region seen in the 
measured spectra may be due to the interference effect 
generated by the spectrum from the hea\y- and light- 
holes, respectively, which was something our program 
was not able to reproduce in the calculated spectra. Note 
that a similar phenomenon was observed inp-GaAs [12). 
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Photon energy (eV) 
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Fig. 3 Measured and calculated PE spectra for a />-lnP 
substrate with the doping density of about 7.5xl017 cm"1. 
The calculated spectra were obtained assuming a linearly 
decreasing field profile near the sample surface region. 

The measured PE spectra for the given InP/w-InP Van 
Hoof structure are shown by the circled lines in Fig. 4. 
from which one can clearly observe the large FK effect, as 
illustrated, for example, in the 6s2 spectrum. The model 
calculations for this sample was carried out using Eqs. (4) 
and (6). which means that only a uniform field (i.e., the 
maximum surface built-in field) was assumed in the top 
InP layer. This assumption was made based on the 
analysis described in the previous section of this paper as 
well as the results of PR spectra obtained elsewhere from 
the similar structures [7). The calculated spectra shown 
by the solid lines in Fig. 4 were obtained using Fmax = 
0.35 x 105 V/cm. r() = 8 mcV with 6 = 0 eV"1, and E0 = 
1.339 eV and Eo+A0 = 1.425 eV.  Contributions from the 
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heavy-, light-, and split off-holes were included in the 
model calculations. Good agreement between the 
measured and calculated spectra demonstrates that the 
theories and model employed were appropriate in the 
chosen spectral region for the given sample. Note that the 
broadening parameter obtained for this sample is smaller 
than that of the doped /Hype sample, consistent with the 
fact that the top InP layer was undoped. therefore causing 
smaller broadening effect. The discrepancies seen 
between the measured and calculated spectra may be due 
to the effect of field inhomogeneity in the top InP layer, 
which was not considered in the model calculations. 

0.2 

0.1 

"O   0.0 

-0.2 

0.2 

-0.1   ■ 

-0.2 

-0.3 

1.35 1.40 1.45 

Photon energy (eV) 

1.50 

1.35 1.40 1.45 

Photon energy (eV) 
1.50 1.55 

Fig. 4 Measured and calculated PE spectra for an InP 
Van Hoof structure [7J. in which an undoped InP layer 
with a thickness of 100 nm was epitaxially grown on top 
of a heavily doped «-InP substrate with the doping density 
of about 5.4xl018 cm-3. The calculated spectra were 
obtained assuming the presence of a uniform field in the 
top InP layer. 

SUMMARY 
In summary, we have shown that PE is a powerful 

optical method for the characterization of electronic 
properties of the chosen samples. Detailed analysis of PE 
spectra allows the determination of sample parameters 
such as built-in field strength, depletion width, 
broadening, and CP energies. 
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EVOLUTION OF NON-EQUILIBRIUM INTRINSIC DEFECTS IN INDIUM PHOSPHIDE 

DURING THE ZINC DIFFUSION FROM POLYMER SPIN-ON FILMS 

N. N. Faleev, A. T. Gorelenok, A. V. Kainanin, A. V. Merkulov, I. A. Mokina, E. L. Obukhova and N. M. Shmidt 
A. F. Ioffe Physico-TechnicaJ Institute, Russian Academy of Sciences 

St. Petersburg 194021, Russia 

Generation and relaxation of non-equilibrium intrinsic de- 
fects (NID) induced by introducing Zn into a lattice of A3B5 
semiconductors are known to be of first importance in the 
formation of distribution profiles of belli defects and Zn in 
depth of a diffusion layer (I, 2). These processes are poorly 
studied experimentally. Most of investigations are generally 
devoted to an ;uialysis of the final distribution profiles car- 
ried an information on a relaxed system. To follow evolution 
of NID, in the present paper a particular emphasis has been 
placed on the poorly studied initial diffusion stage (IDS) that 
corresponds the time interval needed to increase the temper- 
ature from room temperature to the diffusion one. The gen- 
eration and relaxation of NID can manifest themselves in a 
change of mechanical properties of semiconductors as well 
as in an accumulation of more stable and extended defects 
such as dislocations and stacking faults as well as S-pits. The 
comparison studies of distribution profiles of defects and Zn 
atoms obtained after both IDS and the final diffusion stage 
(FDS) were cmricd out. Moreover, to evaluate the role of 
NID in the Zn diffusion into InP, the Zn distribution profiles 
were analyzed in accordance with the calculation for GaAs 
performed in the context of kick-out mechanism (1). 

Experiment 

The diffusion from polymer spin-on films doped by Zn was 
carried out into undoped /1-I11P (100) {n = 2 x 10,r' cm"3) 
and semi-insulating InP:Fe (100) in a resistive furnace in an 
ambient of hydrogen. Heating and cooling rates were l°Cs-' 
and 2°C s_1, respectively. 

The employed technique (3) had no need of any additional 
protections against surface decomposition. The P and Zn 
atoms SIMS profiles investigated by IMS4F (CAMEC A) were 
demonstrated that the P evaporation was lacking during the 
diffusion for a hour at 500°C (Fig. 1). 

The X-ray structural technique and chemical exposure of 
imperfections were applied to monitor the defects. The cur- 
vature of structures was measured by High Resolution X-ray 
DiffractometerTRS-1. 

A carrier concentration appropriate to electrically active Zn 
was measured by Hall effect as well as by Raman scattering 
excited by Ar-laser (514.5 nm) and detected by spectrometer 
DFS-24. 

The Zn diffusion was carried out for different regimes de- 
pended on the relation between the Zn concentration in a 
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Fig. 1. SIMS distribution profiles of Zn (A) and P (B) after the Zn 
diffusion at 5()()°C dining a hour. 

near-surface region (/V/.n) and the Zn solubility limit (Lz„) 
at the diffusion temperature. Regime I and Regime II corre- 
sponded to IDS for Nzn < Lzn smd Nj,n > Lz„, respectively. 
Regime III (NZn < ^Zn) and Regime IV (Nzn > £zn) corre- 
sponded to the Zn diffusion at the constant temperature during 
30-60 min. The diffusion temperature was 450-600°C. 

Results and discussion 

The Zn profiles for Regime III (Fig. 1, curve A) was typ- 
ical (see, for example, (4)). For Regime II the Zn profiles 
was observed (Fig. 2, curve A) were known in literature (for 
example, (5)) as anomalous. 

Some authors (6) usually associated the anomalous pro- 
file of Zn atoms with supersaturation of NID in the diffu- 
sion region (1). The Zn profiles thus conformed to zero and 
high supersaturation for Regime I and Regime II, respectively. 
Moreover, in the latter case the NID distribution was irregular 
over the diffusion region. 

105 



10*> 

microns 

Fig.   2.      SIMS   distribution   profiles  of Zn   in   undoped  InP: 
(A) Regime II after IDS to 450°C; (B) Regime IV at 450"C, 30 min. 

Therefore, the distribution profiles of defects with depth 
of tiie diffusion layer would be expected to be dissimilar for 
Regime I and Regime II. 

The depth distribution profiles of Zn atoms and defects in 
InP were investigated. These profiles were compared with 
those obtained at FDS (Regimes III and IV). The comparison 
showed that the two-step Zn profile was formed in lnP:Fe even 
at IDS for both Regime I and Regime II (Fig. 3). 

The Zn profiles in «-InP for Regime I differed from those 
for Regime II in a depth of Zn penetration only. The shape of 
the Zn profiles in «-InP for Regime II depended on the final 
temperature. 

The Zn profile at the temperature below 500°C is shown 
in Fig. "2, curve A. For this case the penetration depth of 
electrically active Zn in the tail of the profile closely coincided 
with that for Regime IV (Fig. 2, curve B). 

The diffusion layers formed at IDS were showed a low 
concentration of electrically active Zn in the near-surface re- 
gion. The samples shown in Fig. 2, curve 1 and 2, had the 
acceptor concentration of 5 x 1017 cm-3 and 4 x 1018 cm-3, 
respectively. 

For Regime II at temperature over 500°C, the Zn profiles 
liked those shown in Fig. 2, curve A were not usually ob- 
served. For this case the Zn profiles for Regime II were closely 
matched by those for Regime IV. Therefore, time dependence 
of diffusion was anomalously weak. 

Table 1 gives the averaged data, for 5 samples of every 
types, for the diffusion layer depth distribution of defects 
obtained at the different Regimes in both InP:Fe and n-InP. In 
all cases the samples were nearly identical in the dislocation 
density that was 104 cm-2. 106 

NdM04 

microns 

Fig. 3. Distribution profiles of Zn (A, B) and defects (C) in InP:Fe 
at IDS to 550°C. (A) Regime I, (B) Regime II. 

TABLE 1. Density of defect revealed at the various depth of diffusion 
layers in InP:Fe and undoped n-InP. 

Depth 
(//.in) 

Defect density (xlO3 cir ~'1) 
small- size S large- size S D-pits 

Regime (f-'e) »i <Pe) n (Fe>       n 
I 0.5-0.8 ~102 ~ 102 3 2 4       8 

1.5 4 2 5 2 4       5 
2-3 — 2 3 2 3       5 
5 — 2 3 2 3       5 

II 0.5-0.8 > io2 > 102 10 1.2 9    2.4 
1.5 10 8 1.5 8 9      7 
2-3 4 4 20 2 10      6 
5 — 4 2 2 5       6 

III 0.5-0.8 6 3 3 8 6      6 
1.5 8 3 8 4 6      4 
2-3 6 3 3 4 3      4 
5 — 3 3 4 3      4 

IDS occurred with a generation of a great quantity of S-pits 
(well over 105 cm-2). In the case that NZn > LZn in the 
near-surface region, the irregular depth distribution of defects 
as well as their anomalous in-depth penetration into InP were 
observed (Fig. 3, curve C). 

Practically total relaxation of the introduced defects was 
occurred at FDS for Nz„ < L7n during more than 30 min 
(Regime III). Moreover, in individual cases the dislocation 
density was observed to decrease from the initial value of 
(4-6) x 1()4 cm"2 to (1-2) x 1()4 cm"2, i.e., annealing out 
defects took place during the Zn diffusion. 

The results were supported by X-ray investigations. The 
curvature of structure decreased to 30 meters after the Zn dif- 
fusion for Regimes I and II. FDS (Regime III) caused to in- 
crease in the curvature to 300-500 m, i.e., to practically initial 
curvature of the structure prior to the diffusion. 



Conclusions 

The investigation showed that the NID relaxation began 
even at IDS and proceeded very rapidly at 550-600°C. The 
process developed slower at temperature less more than 500°C 
as well as in InP:Fe. 

Thus, comparison studies of the evolution of S-pits and 
dislocation at IDS and FDS allowed indirectly to investigate 
generation and relaxation of NID. It should be noticed that 
IDS carries more information on these processes than FDS. 
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SIMULATION OF RAMAN SCATTERING FROM NONEQUILIBRIUM 
PHONONS IN InP AND InAs 
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Center for Solid State Electronics Research and Department of Electrical Engineering 
2Department of Physics and Astronomy 

Arizona State University, Tempe AZ 85287 USA 

Introduction 

Excitation of semiconductors by intense sub-picosecond laser beams has been a major method of studying 
the dynamics of far-from-equilibrium electron and hole systems. The thermalization of the initial 
distributions of these carriers probes the details of the band structure and the dynamics of electron-phonon 
interactions. We have used 0.6 ps laser pulses at 1.952 eV to study the generation of nonequilibrium LO 
phonons in both InP and InAs. These two materials provide a contrast in that the thermalization 
(relaxation) of the Raman signal probes different decay mechanisms. In InP, for example, we find that the 
decay of the Raman signal is dominated by the lifetime of the LO phonons. To the contrary, in InAs, our 
studies show that the decay of the Raman signal is dominated by the time required for particles to return to 
the T valley from the L valleys of the conduction band. This time is much larger than the LO phonon 
lifetime. 

WP5 

Raman  Scattering  in  Semiconductors 

Since the original studies of picosecond Raman scattering in 
semiconductors (1,2), it has become fairly well established 
that the cooling of the excited electron-hole plasma is 
dominated by the emission of optical phonons (on the 
picosecond time scale) and that the deviation of the phonon 
population from equilibrium is quite important in 
determining the cooling time of the plasma (3-9). Most of 
these studies have been carried out in the GaAs and/or 
GaAlAs system, and the dominant conclusion of these 
studies is that the decay (or cooling) time of the hot electron- 
hole plasma is limited by the lifetime of the hot, 
nonequilibrium polar optical phonons in the system. 
Typically, this decay time is about 7 ps in bulk GaAs. A 
buildup of the nonequilibrium phonons creates a "bottleneck" 
in which the carriers and the phonon population reach a 
common energy and reabsorption of the phonons slows the 
overall cooling process of the carriers. 

In this paper, we discuss the measurement of nonequilibrium 
phonon populations in InP and InAs on the picosecond time 
scale through the use of Raman scattering, which monitors 
the nonequilibrium phonon population. The two materials 
used here provide different qualitative behaviors. The decay 
of the hot plasma in InP corresponds to a decay of the hot 
phonons, as in GaAs, and the lifetime of this decay is 
determined primarily by the lifetime of the hot phonons. In 
the case of InAs, however, the decay is dominated by the 
long storage times of the carriers in the satellite valleys of 
InAs, in that the very low effective mass of the F valley 
causes a relatively slow return to this latter valley. As a 
consequence, the cooling of the hot plasma, and the phonon 

population, is governed not by the phonon lifetime, but by 
the return time of the carriers from the satellite valleys. In 
the following sections, we discuss the use of Raman 
scattering in the experiments, and the simulation of the 
process with an ensemble Monte Carlo technique. 

Experimental   Techniques 

The undoped InAs and InP samples used in this work were 
grown by molecular beam epitaxy on (OOl)-oriented undoped 
InAs and InP subtrates, respectively. They were about 2 um 
thick. 

The time-resolved Raman setup used in our experiment is 
shown in Fig. 1. The ultrashort pulses were generated by a 
DCM double-jet dye laser synchronously pumped by the 
second harmonic of a cw mode-locked Nd:YAG laser. The 
pulses had an autocorrelation full-width at half-maximum of 
= 900 fs and an average power of = 50 mW at a repetition 
rate of 76 MHz. In our pump-probe configuration, the 
ultrashort pulses were split into two beams of equal intensity 
but different polarization. An appropriate analyzer was 
placed in front of the entrance slit of the double 
monochrometer so that the scattered light from the pump 
pulse was effectively eliminated while scattering from the 
probe pulse was allowed to be detected. The zero time delay 
at the sample was determined to within +0.3 ps by the 
observance of the interference effect which occured when the 
pump and probe pulses were spatially and temporally 
overlapped. The dye laser was chosen to operate at Äco = 
1.952 eV. The anti-Stokes Raman signal was collected and 
analyzed by a computer-controlled CCD Raman system. The 
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experiments were carried out in a backscattering geometry 
and at room temperature. From the power density of the 
pump pulse and the absorption coefficients of the samples, 
the average photoexcited carrier density was estimated to be = 
3 x 1015 cm3 for both InAs and InP. 

M-L Nd:YAG Laser I SHG DCM Dye Laser 

4 0- 

-v 

—^M 

V—E3 

A     7N- 

C 
i- Computer 

CCD 
Double 
Spectrometer 

t> UL 

M\       7M MN 

Fig.l      Experimental  setup   for   a   time-resolved Raman 
measurement.     The  abbreviations  are:      SHG: second 
harmonic generation system;   M:     mirror;  B.S.: beam 
splitter; P: prism; S:  sample;  L: lens. 

Monte   Carlo   Simulations 

Simulations of the laser excited plasma were carried out by 
the ensemble Monte Carlo technique (10). In this 
simulation, only the electrons were considered, as the 
population of the polar modes was of primary interest. 
Hyperbolic energy bands were assumed for the various 
conduction bands, and all normal scattering processes were 
included. Interaction among the electrons was treated by a 
molecular-dynamics simulation technique, including the role 
of the exchange energy (11,12). 

On the short time scales, which depend upon the system 
being modeled, the electron distribution undergoes a 
significant perturbation in the typical time between 
scattering events. During the first picosecond of relaxation, a 
finite density of electrons (holes) will lose about 10% of 
their energy in each 0.1 ps through the emission of a 
phonon. The phonon scattering is treated in the semi- 
classical Fermi golden rule model, with the final states of the 
scattering process being selected by a weighted random 
selection, as normal in Monte Carlo techniques. During this 
initial decay, the plasma is modeled by an ensemble of 
electrons, and this approach has been successfully vectorized. 
Carrier-carrier scattering, however, is a multi-carrier 
interaction which requires that these other carriers be 
available for the interaction. In general, a treatment similar 
to that for the phonons is possible only if the Coulomb 
interaction is treated as "instantaneous." For this reason, we 
treat the Coulomb interaction via a real-space molecular 
dynamics approach (13). 
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Modeling of the nonequilibrium phonons is handled within 
the ensemble Monte Carlo procedure by a secondary self- 
scattering and rejection process pioneered by Lugli et al. 
(14). The buildup of the phonon population (stored on a grid 
in momentum space) through emission and absorption 
processes is monitored throughout the simulation. The 
difference between the instantaneous value, for a given 
momentum wave vector, and some prescribed maximum 
value is used for the rejection technique. The presence of the 
nonequilibrium phonons slows the energy decay of the hot 
carriers. 

Indium  Phosphide 

Excitation at 1.952 eV is assumed to create an electron-hole 
plasma with an approximate density of 3 x 1015 cm"3. This 
density is taken to be uniform in the excitation volume for 
the thin samples studied here. With this photon energy, 
carriers are excited from all three valence bands (the heavy- 
hole band, the light-hole band, and the spin-orbit split off 
band). The satellite valleys in InP lie considerably higher 
than those in the case of GaAs, and here it is assumed that 
the L valleys are 0.5 eV above the T minimum, while the X 
valleys lie approximately 0.98 eV above the latter minimum 
(15). At the high energy of the X valleys, there is no 
excitation into these valleys from the photo-excited 
electrons. On the other hand, a small but significant number 
of electrons are scattering into the L valleys. However, by 
the time at which the peak of the phonon distribution occurs 
(discussed in the next paragraph), essentially all of the 
carriers have returned to the central valley of the conduction 
band. This process is quite fast and a value of the T-L 
coupling constant of 7 x 108 eV/cm was used. Varying this 
value, as well as raising the separation energy between these 
two valleys, had no significant effect on the simulated 
Raman scattering. This value is comparable to that of 
GaAs. Once the carriers are in the central valley of the 
conduction band, cooling is dominated by a cascade of LO 
phonon emission processes. It is this cascade of emissions 
that leads to a buildup of the nonequilibrium phonon 
distribution. The wave vector involved in the emission of 
the polar LO phonon is quite small, due to the Coulombic 
nature of the interaction potential, so that the phonons are 
preferentially emitted into a small volume of phase space. 
The filling of this small volume is reflected in the buildup of 
the phonon population, which is treated as a fully 
momentum dependent quantity. While a small fraction of 
the carriers do transfer to the satellite L valleys, this number 
is so small, that it essentially plays no role in the cooling of 
the hot plasma in InP, as mentioned above. Rather, it is 
solely the phonon casecade and resultant non-equilibrium LO 
phonon distribution that governs the overall cooling of the 
hot plasma. 



In Fig. 1, we plot the computed population of the polar LO 
phonons (with a wave vector appropriate to the range of 
wave vectors in the Raman scattering experiment) and the 
Raman signal that is measured for InP. The amplitudes are 
arbitrary, but the peak in the phonon population corresponds 
to about a 4-5% increase in the density of phonons. It is 
noted that the peak in phonon occupation is delayed relative 
to the start of the laser pulse, and this corresponds to the 
need for the phonon cascade to occur in order build up the 
population. The lifetime of the nonequilibrium phonons in 
the Monte Carlo has been taken to be 2.3 picoseconds and 
this value leads to a good agreement between the experiment 
and the simulation. 
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Fig. 1 Response of InP to 0.6 ps laser pulse at 1.952 eV. 
The solid curve is a guide to the eye for the theoretical fit to 
the data. The phonon lifetime is 2.0 ps. 

Indium Arsenide 

The model that we have used for InAs assumes that the L 
valleys are located approximately 0.72 eV above the T 
minimum, while the X valleys are located approximately 
0.98 eV above the latter minimum. Since the band gap of 
InAs is so small (0.36 eV at 300 K), the electrons are excited 
well up into the conduction band, and a significant fraction 
of these are scattered into the X valleys. The latter, however, 
are scattered to the L valleys quite rapidly, so that the main 
dynamics after the laser pulse is dominated by the T and L 
valleys. In contrast to the case of InP, however, the 
coupling between the T and L valleys is such that the very 
low effective mass of the former leads to a quite slow return 
of the carriers from the L valley to the T valley. Indeed, it is 
this latter factor that is found to dominate the observed 
cooling of the nonequilibrium phonons. 

In Fig. 2, we plot the population of the T and L valleys. 
From the figure, it may be seen that the population of the L 
valleys decays with a time constant of approximately 6 ps. 
This may be compared with the simulated and measured 
population of nonequilibrium phonons in Fig. 3. For the 
latter, a short phonon lifetime of 0.5 ps has had to be 
assumed. The storage of the carriers in the L valleys leads to 
a significant continued generation of nonequilibrium 
phonons at long times, and the overall decay of the optical 
phonons replicates the decay of the population of the satellite 
valleys. Even with an increased coupling constant (a value 
of the T-L coupling constant of 1.4 x 109 eV/cm was used), 
the return rate is relatively slow and dominates the final 
distribution of nonequilibrium phonons. 
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Fig. 2 The populations of the satellite L valleys and the 
central T valley, as a function of time after initiation of the 
laser pulse. The pulse half-width is 0.6 ps. 
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Photoconductivity and photoluminescence measurements carried out on Cu diffused p-InP in the temperature range 70 K -350 
K and 10 K - 140 K respectively. With 35 mW/cnr He-Ne laser radiation a high value of Ipll/Id = 2.6 x 105 was obtained at 
200 K which decreased to 800 at 300 K. The Cu related emission band was obtained at 1.216 eV. From the line-shape and 
line-width analysis of the emission spectrum the vibrational energy for the ground and excited states were found to be 38 
and 14 meV respectively. The configuration co-ord'nate diagram of the defect was calculated which showed a small lattice 
relaxation. 

Introduction 

It has been observed recently that the electrical and optical 
properties of Cu diffused InP depend on the diffusion 
conditions (1). In this work a detailed study of Cu diffused 
p-InP has been carried out using dark conductivity, photoco- 
nductivity and photoluminescence measurements to elucidate 
the properties. The line-shape, line-width (FWHM) and the 
variation of intensity with temperature of the PL spectrum 
have been studied, from which the configuration co-ordinate 
diagram of the Cu center has been determined. 

Experimental 

High purity copper films were thermally evaporated on 
chemically cleaned p-InP (100, NA = 4.6 x 1015 cm"3). 
Thermal diffusion was carried out in two steps in an open 
tube under Ar flow. Initially the Cu deposited sample was 
heated at 300°C for one hour and the temperature was then 
raised rapidly to 600°C and held for one minute. Surface 
protection was realized by placing the sample between two 
undoped InP pieces and covering with polycrystalline InP 
powder as a phosphorus source. The diffusion depth was 
found to be 160 urn using cleavage and staining technique, 
in good agreement with calculations. The Cu film remaining 
on the surface after the diffusion was removed and the 
sample polished to obtain mirror finish. 

These samples were used for the measurements of 
SIMS, dark, photoconductivity and photoluminescence 
measurements. In-Zn pads to form ohmic contacts were 
fabricated for the photoconductivity measurements. 
The temperature variation of dark and photoconductivity 

were examined between 70 K and 350 K. PL measurements 
were carried out using a McPherson monochromator and 
cooled InGaAs detector. An Ar ion laser (488 nm) was used 
as an excitation source. The samples were mounted on the 
tip of a closed He refrigerator and PL measurements were 
carried out between 10 K and 140 K. 

Results 

SIMS analysis has been carried out showing the penetration 
of Cu into InP with no loss of surface P. It showed no 
observable P deficiency on the surface of InP thus confirm- 
ing that no surface degradation occurred. The resistivities of 
the control and Cu diffused samples were found to be 10.5 
ohm cm and 2.6 x 105 ohm cm respectively. 
From the plot of dark current vs temperature, the thermal 

activation energies of the Cu related deep levels were found 
to be 0.33 eV and 0.64 eV. The activation energy for the 
thermal quenching of photocurrent was found to be 75 meV 
for both above and sub band gap illuminations. At a light 
intensity of 35 mw/cm2 of He-Ne laser, L^ peaks occurred" at 
100 K and 195 K. The variation of \JlA with temperature is 
shown in figure 1. The ratio was very large with a maximum 
value of 2.6 x 103 at 200 K and 800 at 300 K. 

\ 

50.0              150.0             250.0 

T   (K )    — 

350.0 

Fig. 1 Variation of Ipl/Id with temperature. 
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The variation of photocurrent with the applied 
voltage between the contacts at different light intensities of 
the tungsten halogen lamp was studied. It was found that the 
photocurrent starts to saturate after 10 V and this threshold 
voltage is independent of the light intensity. 

The photoluminescence spectrum obtained at 10 K 
is shown in figure 2 . Only one Cu related band was observ- 
ed. No bands were observed from the control samples. The 
line-shape of the band was calculated using the equation 
given below (2). 

"i = E 
sp 

1 

P!   1   +   [E -   (En pEp) ] 2/ö2 

where S, p, E0, Ep and 8 are the Huang-Rhys factor, number 
of phonons emitted, zero phonon energy & phonon life-time 
broadening respectively. Figure 2 shows the theoretical and 
experimental PL spectrum of the Cu band. Excellent agre- 
ement with the experimental spectrum was obtained for S = 
2.13, E„ = 38 meV and 5 = 26 meV. This shows that the 
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Fig. 2 PL spectrum of the Cu related defect. 

coupled phonon energy is exactly the same as that reported 
for TO phonons (38 meV) at the F point. 

The half-width of the Cu band was calculated using 
the CC model equation given below (3) 

W ^(coth—-f) 
kT 

.2. 

results was found for hve = 14 meV. Figure 3 shows the 
variation of experimental and calculated half widths with 
temperature. The FWHM at 10 K was found to be 129 meV. 
This was constant upto 40 K and increased rapidly thereafter. 

Photoluminescence was found to be quenched as the 
temperature increased from 10 K to 120 K, the peak becom- 
ing unobservable at 140 K. The variation of PL intensity 
with the temperature has been studied. The activation energy 
for photoluminescence quenching was found to be 77.4 meV. 
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where A is a constant which is equal to W as the tempera- 
ture (T) approaches 0 K and hve is the phonon energy of the 
excited state. Excellent agreement with the experimental 
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Fig. 3. Variation of line-width with temperature. 

Discussion 

The defect levels 0.33 and 0.64 eV above the valence band 
relating to Cu which have been obtained are in good 
agreement with the reported results(4). These levels may be 
due to CuIn and CuIn-Vp respectively. 

The photocurrent increased with the voltage applied 
between the two ohmic contacts due to increase of collection 
efficiency. After a certain voltage the photocurrent saturated 
because all the photo excited carriers reached the contacts 
before their recombination. 

The configuration co-ordinate diagram has been 
determined following Hwang et al.(3) and shown in figure 4. 
The two curves are slightly displaced due to small value of 
X0, which is 0.079 A. 

From figure 2, it is seen that towards the high 
energy side the experimental curve deviates from the 
theoretical results and departs from a Gaussian . The CC 
model predicts a Gaussian emission band only when X0 is 
large which is not true in the present case. However a 
transition from the lowest level of the excited state to the 
lowest level of the ground state limits the high energy of the 
emission. There is no such abrupt transition on the low 



energy side of the emission band where the line-shape 
becomes Gaussian. Similar behavior was observed in GaAs 
(Zn) for the complex defect V^ - ZnGa (3). It has been found 
that as the temperature increases more levels at higher 
energies are occupied and the high energy side of the Cu 
band is less abrupt. 

The constant A of equation 2 is just the FWHM at 
low temperature (10 K) of the Cu band. From the line-width 

Fig. 4. 

-1-0 -0.5 0*0 Xo     0.5 1.0 

Coordinate  displacement (A ) -*- 

Configuration co-ordinate diagram of the Cu related 
defect in InP. 

fitting this was found to be 129 meV while experimentally 
the FWHM of the band at 10 K was 129.5 meV. Thus the 
experimental value agrees very well with theoretical calcula- 
tion. 

Conclusions 

High gain photoconductivity has been observed in Cu 
diffused InP. Theoretical line-shape analysis of the 1.216 eV 
band due to Cu in p - InP has been carried out and the 
configuration co-ordinate diagram has been obtained for the 
first time. 
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The quaternary InGaAsP alloys lattice matched to 
GaAs substrate are one of the most promising materials 
for the visible opto-electronic devices. The existence of 
the immiscible region have sometimes made it difficult 
to get a high performance of the devices. In the 
immiscible region, the photoluminescence (PL) spectra 
as well as the X-ray diffraction peak have always 
shown broadening, which is attributed to the fluctuation 
of the composition.^2) In the course of the study of 
the Raman scattering spectra, however, we have found 
that the phonon energy is well described by the simple 
theory neglecting the immiscibility.(3W4) 

Since Raman scattering yields valuable information 
about the nature of the solids on a scale of the order of 
a few lattice constants, it is able to be used to study the 
microscopic nature of structural and/or topological 
disorder.(5)~(8) In this paper, in order to investigate the 
short range ordering of the crystal, we study the 
asymmetric broadening of the Raman spectra. 

The In^Ga^.^s P7 epitaxial layers were grown by 
LPE on (100) or (lll)A GaAs substrates at 785 °C.W 
The thickness of the layers were about 0.8 ß m. The 
surface of the samples grown on (100) GaAs is not 
smooth in the region of immiscibility, but those grown 
on (111)A substrate was quite smooth even in the 
region of immiscibility. The composition was 
determined by analyzing the PL and X-ray diffraction 
spectra. Applying Vegard's law for the lattice constants, 
the requirement for lattice-matching of the quaternary 
layer to GaAs substrate yields a relationship between 
the composition parameters x andy as follows: 

x=l- (0.2155+0.1896^)/ (0.4176-0.0125^),   (1) 

According to thermodynamical analysis/1' the 
region of immiscibility are to occur in the range of 
composition 0.1<y<0.5. 

The Raman scattering spectra were measured in the 
backscattering configuration at room temperature using 
the Argon-ion laser, a double monochromator and a 
photomultiplier. 

Figure   1   display the  typical  Raman  spectra of 

Infiaj^SyPjy grown on (100) GaAs substrate. The 
spectra exhibit several peaks due to GaP, InP, GaAs 
and InAs modes. The sharp peak found at about 380 
cm-1 is attributed to the GaP-like longitudinal optical 
(LO) phonon, and the peak around 270 cm-1 is 
attributed to the GaAs-like LO phonon. 

At first sight, both spectra in alloys were not 
described by a simple Lorenzian but subject to 
asymmetric broadening. This suggests that the samples 
include clustering of the composition. We will analyze 
the asymmetric broadening in terms of two half-widths, 
i.e., lower half-width T l in the low-energy side and the 
half-width T u in the high-energy side. The whole 
spectra could be decomposed to eight modes with 
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appropriate broadening factor T 's. Apparently, the 
signals due to the GaAs-like LO and GaP-like LO 
modes are most prominent. So in the following we will 
concentrate our discussion on these two modes. 

The half-width at half-maximum (HWHM) of two 
LO phonon modes of InxGa7 ^s P7 grown on (100) 
GaAs are shown in Figs. 2(a) and 2(b) as a function of 
the composition y. As shown in Fig.2(a), the GaP-like 
mode is almost symmetric at y=0, i.e., r; = T ^ 2.5 
cm-1. But asymmetric broadening is enhanced by 
increasing y. Remarkable enhancement is obtained in 
the region of immiscibility (y>0.14). 

For the GaAs-like LO phonon mode, similar 
asymmetric broadening can be seen in Fig. 2(b). At.y=l, 
i.e., the spectra of LO phonon mode of pure GaAs was 
of Lorentzian, with r; = T u ^2 cm"1. The asymmetric 
broadening is enhanced by decreasing y. It is notable 
that the broadening is not decreased even in the samples 
out of the miscibility gap i.e., y<0.l4. Obviously, the 
broadening is enhanced more in the lower half-width, 
i.e., r; > T u. This is attributed to the clustering effect 
or the random distribution of the constituent atoms in 

the crystal. 
For the effect of strain in the growth process, the 

growth on (111) substrate is greater than that on (100) 
oriented substrate. Therefore, in the immiscible region, 
it is considered that to decrease by the effect of the 
stabilization induced substrate. 

We will try to interpret the results in terms of the 
spatial correlation (SC) model. (5)~W Because of the 
random distribution of atoms in an alloy, the region 
where we find only GaAs (GaP) bonds forms a GaAs 
(GaP) cluster. This is not a real cluster (micro-crystal), 
but for the LO phonon modes it works as a cluster since 
the mode will be localized within the region. Because 
the size and distribution of the cluster are not uniform, 
we will describe it with the correlation function of the 
Gaussian exp(-2r2/L2), where L is the correlation 
length that describes the average size of the cluster. The 
Raman intensity at a frequency (o, is given by 

/(w)oc Jexp(-q2L2/4) 

/([w-aj(q)]2+[r0/2]2}d3q (2) 
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where ro is the spectral width fory=0 (GaP mode), 
or,y=l (GaAs mode). 
As the dispersion co(q) of the LO phonon, we adopt the 
analytical model based on a one-dimensional linear- 
chain model/9) 

30 

w2(q)=A+{A2+B[l-cos( ?rq)]}1/2 (3) 

where A=4.26 X 104 cm"2 and B=7.11 X108 cm"4 for 
GaAs mode and A=8.16 X 104 cm'2 and B=2.84 X 109 

cm"4 for GaP. For simplicity, we assume a spherical 
Brillouin zone and Wigner Seitz cell. 

We can evaluate T t and T u by eqs.(2) and (3) as 
a function of the correlation length L to fit the 
experimental results. That is we can estimate the 
magnitude of the correlation length L as a function of 
the composition. 

The results are shown in Figs. 2(a) and 2(b) by solid 
lines. Considering the fact that the band width of GaP- 
like mode is narrower than that of GaAs-like mode, the 
broadening due to the clustering effect should be more 
prominent in GaAs-mode in agreement with the 
experimental shown in Figs. 2(a) and (b). But 
comparing the analytical results shown in Figs. 2(a) 
and (b), we know that the correlation length for GaP- 
like mode is longer than that for GaAs-like mode in the 
corresponding compositional region. Incidentally, the 
GaP-like mode in InGaAsP is of the localized mode and 
GaAs-mode is the gap mode. So the former reflects 
more the nature of the short range ordering, while the 
latter reflect the ordering in wider range. Thus the 
clustering effect will be more prominent is GaAs mode. 
If this is the case, simple analysis with a single 
correlation length as given above should be modified to 
include it. Since the exact dispersion o) (q) for GaP- 
mode is not known, we might not give further 
discussion on this point. Nevertheless it seems 
reasonable to suppose that the compositional 
dependence of T l and T u could be explain by the SC 
model. 

Finally let's discuss on the effect of the substrate. 
Fig. 3 shows the full-width at half-maximum (FWHM) 
of GaAs-like LO phonon modes in the samples grown 
on (100) and (111)A substrate. We see that the both 
FWHM's of samples grown on (100) and (1H)A 
substrates are equal each other. But the FWHM in 
layers grown on (111)A substrate is narrower than that 
grown on (100) substrate in the region of immiscibility. 
It is notable that the broadening of the FWHM of 
samples grown on (100) GaAs are wider that grown on 
(111)A substrate even at y~0. 
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Fig. 3. The FWHM of GaAs-like LO phonon modes in 
the samples grown on (100) and (111)A substrates. 

The solid and dashed lines are guides for the eyes. 

As for the effect of the substrate on the 
immiscibility, it is well known that the strain should 
stabilize the immiscibility in samples grown on (111) 
surface/2) The results shown in Fig.3 might be 
attributed to the same origin. 

In Summary, the asymmetric broadening of the 
Raman spectra of In^Ga^s^P^ grown on GaAs 
substrate has been studied with the spatial correlation 
model. The broadening phenomena was found to be 
enhanced in the region of immiscibility, in agreement 
with the PL observation. But, in Raman measurements, 
the clustering effect has been found to occur even out of 
the miscibility gap. The effect is more enhanced in 
samples grown on (100) substrate than in samples 
grown on (lll)A substrate. This shows that the 
stabilization of the growth due to the strain has also had 
a role to restrict the formation of the clustering in the 
growth process. 

The authors would like to thank Dr. Tanaka for 
preparing some of the samples. 
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Abstract 

This paper reports that abrupt InGaAs/InP MQW interfaces are realized over 2-inch wafer by employing 
tertiarybutylarsine (TBA) and tertiarybutylphosphine (TBP) in place of AsH3 and PH3, owing to elimination of the 
arsenic contamination into the InP layer after InGaAs growth and suppression of the As-P exchange reaction at the 
interfaces. 

pressure balanced run to vent gas switching scheme was 
employed to stabilize the growth pressure and thereby 
the interface composition. Interface analysis was carried 
out     by     high     resolution     X-ray     diffraction, 
photoluminescence (PL) measurements at 4.2 K, and 
optical transmission measurements. 

Results and discussion 

Arsenic contamination in InP layer 

In order to investigate the dependence of the 
group-V precursors in the As-P interfaces, two InP 
(0.08 jim)/InGaAs (0.48 |xm)/InP (0.3 |im) DH 
structures were grown, where InGaAs was grown by 
TBA at V/III=5, while InP was grown by TBP at 
V/III=50 and PH3 at V/III=130, respectively. Figure 1 
shows X-ray rocking curves for these DH structures, 
which have layers consecutively grown without 
interruption intervals. Besides the InP and InGaAs 
peaks, a broad peak was observed at the low diffraction 
angle. From simulated X-ray rocking curves, this peak 
was attributed to arsenic incorporation into the InP cap 
layer. Provided that this incorporation's depth-profile is 
uniform in the thin InP cap layer, the amounts of 
arsenic composition on the contaminated cap layer were 
estimated to be 2.2% at the center and 4.5% at the edge 
of the wafer for PH3 growth and 1% and 1.5% 
respectively, for TBP growth. Since the arsenic 
composition at the edge is twice as high as that at the 
center, the contamination originates mainly from 
residual arsenic in the growth chamber rather than from 
solid phase diffusion. The arsenic contamination was 
suppressed in the InP cap layer grown by TBP. This is 
due to higher effective V/III ratio for TBP growth[3], 
resulting in less arsenic incorporation under InP growth 
sequence. 

Introduction 

Emerging optical access network systems place 
a great demand on high performance long wavelength 
laser-diodes (LDs) to realize low cost, low power 
consumption and high density integration. MOVPE 
grown MQW or strained MQW structures with abrupt 
heterointerfaces provide advantages for improving such 
LD performance. To obtain abrupt MQW interfaces, it 
is important to suppress exchange reaction or 
contamination of group V atoms as causes of roughness 
at the heterointerfaces, especially at As-P interface 
[1],[2]. 

For realizing these MQWs, tertiarybutylarsin 
(TBA) and tertiarybutylphosphine (TBP) have been 
recently studied for use as less toxic metalorganic 
precursors, in place of highly hazardous hydrides AsH3 

and PH, in MOVPE [3-7]. Other advantages for the 
epi-growth as well as less toxic properties have been 
indicated. For example, the greater cracking efficiency 
of TBA and TBP results in lower V/III ratio at typical 
growth temperature [3]. Furthermore, such high 
cracking efficiency appears to improve group-V 
compositional controllability [4] and uniformity [5],[6], 
especially for InGaAsP quaternary alloy growth. 

This paper reports that TBA and TBP have the 
advantage of realizing abrupt heterointerfaces, 
especially at As-P interfaces. 

Experimental 

The epilayers were grown at 625°C by low- 
pressure (75 Torr) MOVPE with a susceptor-rotated 
horizontal reactor. The group-Ill sources used were 
trimethylindium (TMI) and triethylgallium (TEG), and 
the group-V sources were TBA and TBP. Hydride PH3 

was also used for comparison. 2-inch diameter InP 
(100)  oriented wafers  were used as  substrates.  A 
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Fig. 1: Experimental X-ray rocking curves at the edge of 
2-inch wafer for InGaAs/InP DH structures, where 
InGaAs was grown by TBA, while InP was grown by 
(a)   TBP   at   V/III=50   and   (b)   PH3   at   V/III=130, 
respectively. 

As-P exchange at InGaAs/InP MQW interfaces 

As mentioned above, TBP is an attractive 
option due to the arsenic incorporation suppression into 
successive InP layers. However, it is also important to 
control the growth interruption interval from InGaAs to 
InP in order to further suppress the arsenic 
contamination. InGaAs/InP lattice-matched MQW 
epilayers (Lu,/L,=3nm/10nm, Nw=15) were grown as a 
parameter of the interruption flow intervals T, where T 
is the TBP or PH3 flow duration during growth 
interruption prior to InP barrier growth. Figures 2 and 
3 show lattice mismatch(c) and PL wavelength at 4.2K, 
respectively, as a function of the purge time T. In 
figure 3, e0 represents the mean lattice mismatch 
calculated by the following equation, 
En=(t:uLv,+EbLb)/(Lw+Lb), where ew and eb are bulk 
lattice mismatches and Lw and L,, are thicknesses. For 
TBP growth, E gradually reduced from the compressive 
strain to unstrain(E0) with increasing T, and accordingly 
the PL wavelength gradually decreased by 29nm. Since 
the PL wavelength shift nearly corresponds to 
monolayer removal from the interfacial region, these 
results indicate that compressive interfacial InAsP 
layers were desorbed to form abrupt interfaces. On the 
oilier hand, E and the PL wavelength monotonically 
changed from compressive to tensile strain with 
increasing T for PH3 growth. It is suggested that tensile 
InGaAsP interfacial layers were additionally introduced 

as a consequence of As-P exchange reaction at the 
InGaAs well surfaces. Therefore, higher phosphorous 
pressure of TBP probably suppress the As-P exchange 
reaction on the InGaAs surface at optimum purge time. 
The interface abruptness was evidenced by differential 
optical transmission spectra at room temperature as 
shown in Figure 6. Exciton transmission peaks of the 
ground state electron-heavyhole (e-hh) and electron- 
lighthole (e-lh) transitions were clearly observed for 
TBP growth with a T=45sec interval. 

50 
Interval time T   [sec] 

Fig.2: Mean lattice mismatch of InGaAs/InP MQWs as 
a function of TBP or PH3 flow interval (T), where T is 
the TBP or PH3 flow duration during growth 
interruption prior to InP barrier growth. 
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Fig.3: PL wavelength of InGaAs/InP MQWs at 4.2K as 
a function of interval time T. 
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Fig.4: Differentia] optical transmission spectra of 
InGaAs/InP MQW at 300K for (a) TBP growth (T=45 
s) and (b) PH3 growth (T=30 s), respectively. 

Summary 

In conclusion, we have demonstrated abrupt 
InGaAs/InP MQW interfaces using TBA and TBP. 
These precursors are very attractive for suppressing the 
exchange or contamination of group V atoms at 
InGaAsP/InGaAsP MQW heterointerfaces. This 
approach has led to high performance 1.3^m MQW- 
LDs [8],[9]. 
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A variety of monoalkyl, dialkyl as well as trialkyl P-compounds, containing ethyl, isopropyl, and tertia- 
rybutyl rest groups have been synthesized and used for the growth of InP bulk epitaxial layers by low- 
pressure metalorganic vapour phase epitaxy. Almost uncompensated, n-type InP-layers (1.0-10 °cm"' ; 
59600cm-2V_1s-1 at 77K) are realized using the not specifically purified precursor ditertiarybutyl phos- 
phine ((C4H9)2-P-H, DitBuPH) in combination with commercial TMIn. Layer quality has been inve- 
stigated by means of optical and scanning electron microscopy (SEM), temperature-dependent van der 
Pauw-Hall as well as photoluminescence (PL) measurements. All results are compared with those obtai- 

ned by using PH3 as P-source. 

1    Introduction 
The search and developement for liquid organic P- 
compounds as substitutes for the highly toxic and 
stable Group V hydride PH3, which is standardly- 
used in metalorganic vapour phase epitaxy (MOV- 
PE), metalorganic molecular beam epitaxy (MOM- 
BE) or in related growth techniques is attracting 
increasing attention. This effort is motivated by an 
enhanced interest in the development of less stable 
molecules with dramatically reduced toxicity due to 
security and efficiency enhancement. 
In view of the problems associated with the Group 
V hydride PH3. the substitution of the direct P- 
H-bonds by several rest groups offers some cruci- 
al advantages. All the precursors which have been 
sythesized are liquid at room temperature with re- 
sonable vapour pressures for MOVPE applications 
so that they can be stored in stainless bubblers in 
the same way as the Group III substances. This 
and the decreased toxicity by reduction of direct 
P-H-functions in the molecules lead to a conside- 
rable improvement concerning savety aspects. In 
this study we confine ourself to report on results 
obtained by using ditertiarybutyl phosphine as one 
of the most promising PH3-substitutes among ter- 
tiarybutyl phosphine (C4HC)-P-H-., TBP) and (H->- 
P-C2H4-P-H2. BPE) [1, 2], 

2    Experimental 
MOVPE experiments have been performed in an 
IR-heated, commercial horizontal reactor (Aix 200. 
Aixtron Corp.) at a reactor pressure of 100 mbar 
and a total gas flow of 6.8 slm. Before loading in- 
to the reactor substrates (Fe doped InP with ex- 
act (100) orientation) have been cleaned and etched 
in H^SO^I^^HvO = 3:1:1 at room temperature. 
Inside the reactor they were annealed for 5 miti at 
680° in PH3 atmosphere before starting growth. For 
improved homogeneity the substrate was rotated by 
using the gas foil rotation principle. The substra- 
te temperature was varied in the range of 530°C to 
630°C. The V/III-ratio has been chosen between 
3 and 60. The bubbler temperature was kept at 
20°C. The vapour pressure of DitBuPH is 8.4 mbar 
(20°C). A series of InP-bulk layers has been de- 
posited in order to establish the optimized growth 
parameter range. All layers have comparable thick- 
nesses of about 2.5 /mi. 
The surface morphologies of the InP epilayers were 
observed by optical and scanning electron microsco- 
py (SEM). Hall effect measurements have been car- 
ried out bv usina the standard van der Pauw-Hall 
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lnethoile. Room- and low temperature photohmh- 
nescence measurements liave been performed with 
an Ar+ ion laser as excitation source. Excitation 
energy was 2.41eV and the excitation power was va- 
ried from about 100m. Wem-2 to lüVVcm-2. Lumi- 
nescence signals were selected by a lm grating mo- 
nochromator and detected by an liquid-nitrogen- 
cooled Ce detector in lock in technique. 

3    Results and discussion 

Mtffcj 

\*'*V,M$WW 

b.) 

3.1     Morphology 

Apart from the formation of In-dropletts when 
the V/III ratio is decreased to extremly low va- 
lues we observe three different morphology features 
(fig. 1:2). In the temperature region below 550°0 we 
observe oval defects (hillocks) with lateral extensi- 
ons up to 60 //in and vertical extensions of about a 
few /an. The density of defects decreases when the 
V/III-ratio is reduced and varies from some single 
defects to about 5T04cin~J. 
In the mid temperature range 5-r>0°C to 570°C excel- 
lent featureless morphologies are obtained indepen- 
dent of the V/III-ratio >3. Above 590°C however, 
a strong dependence on DitBuPH partial pressure 
is observed. According to fig.l rough surfaces are 
obtained if the V/IU ratio is too low. 

rough 

i In-rich  * 
I ' ■ ■ ■ 

540       560       580       600      620 

Growth Temperature / °C 

Fig.2. SEM-photographs of the obtained morphologies: 
a.) obtained surface morphology for temperatures be- 
low 570°C: b.) smooth mirrorlike surface in the mid 
temperature region, (same scale as in a.)); c.) rough 
morphology in the temperature region above 590°C 

This behaviour can be explained by the volatility of 
phosphorus in this temperature region, so that hig- 
her temperatures requires higher DitBuPH partial 
pressures for surface stabilisation. Another possible 
explanation for the modified morphology could be a 
partly surface passivity induced by the existence of 
rest groups at the layer surface from the DitBuPH 
molecule. This leads to a partly three dimensional 
growth which could explain the observed layer fea- 

ture. 
We have obtained similar surface morphologies by 
using TBP as P-source, in agreement with litera- 

ture reports [3]. 

Fig.l.   Obtained morphologies as function of tempera- 
ture and V/III-ratio 

3.2    Growth investigations 

In the investigated growth parameter range the TnP 
growth rate is directly proportional to the TMIn pa- 
tial pressure in the reactor and almost independent 
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of substate temperature and V/III-ratio. 

3.3    Electrical properties 

The electrical properties of the InP-bulk layers 
grown by DitBuPH and TMIn as a function of 
growth temperature for different V/lII-ratios are 
shown in fig.3. The data for standardly grown InP- 
layers (up triangels) and a theoretical mobility ver- 
sus carrier concentration curve for zero compensa- 
tion (NA/NO=0) (dot line) [4, 5] are included for 
comparison. 

A ▲ 

1    .   H|                       1             ,         1      I     I    I   ,,,                        ,             1        1       1     1    1   II. 

InP-bulk (DitBuPH, TMIn) |    : 

theoretical data 
PH3                                      T 

DitBuPH 550°C                      - 
DitBuPH 570°C 
DitBuPH 590°C 

■ 
• 

■>  10'' 

o 

=fl0-< 

IS o 
^  I0> 

10" 1016 

Carrier Concentration n77 (cm"3) 
Fig.3. Electron mobility at 77K of InP epitaxial layers 
as a function of the net carrier concentration, grown by 
using PH3 and DitBuPH 

The V/III-ratios varied from 90 to 200 when PH.-, 
was used as the P-source while they were chosen 
to be in the range of 3 to 30 in the case of Dit- 
BuPH. All layers grown by using DitBuPH exhibit 
n-type conductivity with carrier concentrations in 
the range of n = N.4/N"ij = l-]015cm-3-M016cm_3 

for growth temperatures between 550°C and 590T. 
For temperatures above 590° C an decrease in mo- 
bility is observed caused by the detected deteriora- 
tion in morphology. With increasing growth tem- 
perature an enhancement in carrier concentration 
is observed suggesting silicon as the residual impu- 
rity. As shown in Fig.4 an increase in V/III--ratio 
leads to an increased donor concentration with a 
simultaneous decrease in mobility. Below 550DC a 
residual zinc impurity from the used TMIn batch is 
responsible for the weak increase in compensation 
ratio. These electrical characteristics obtained for 
the used not specifically purified batch of DitBuPH 
are very promising. 
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Fig.4. Electron concentration and mobility as function 
of V/III-ratio 

Studies are under way to further reduce the impu- 
rity level during chemical synthesis. 

3.4    Optical properties 

The room-temperature luminescence spectra of the 
near bandgap spectral region of an InP layer grown 
by DitBuPH and TMIn at a substrat temperature 
of 570°C and a V/III-ratio of 9 is depicted in fig.5. 
The spectrum of a standardly grown InP layer at a 
substrate temperature of 650°C and V/III-ratio of 
270 with comparable thickness is included for com- 
parison. 
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Fig.5. Room-temperature photolumiiiescen.ee spectra 
of InP epitaxial layers grown by PH;>. and DitBuPH re- 
spectively 
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All layers deposited in the range of 550°C to 590°C 
show comparable luminescence intensities as well 
as linewidths at 300 K. This indicates the high 
crystalline quality of the InP-layers deposited by 
using DitBuPH. Under growth conditions leading 
to rough surface morphologies, however, lumine- 
scence intensities are strongly reduced. Low tem- 
perature luminescence is dominated by donor cor- 

related transitions in the near bandgap spectral re- 
gion. As function of growth parameters two cha- 
racteristical transitions can be resolved under the 
measurement conditions (Fig.6). 
 , ■ 1 1 r~ ■ ' '       ' 
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Fig.6. Photoluminescence spectra recorded at 5K of InP 
epitaxil layers grown by PH3 and DitBuPH respectively 

In the higher energy region we observe a neutral do- 
nor bound exciton (1.4167eV-l-4183eV) while the 
transition observed in the lower energy region is eit- 
her a ionized donor bound exciton (D+ ,X) or a free 
hole to neutral donor transition(D°,h) (l,4160eV- 
1.4163eV). The dominant donor is believed to be 
silicon. Both InP-layers PH3 and DitBuPH grown 
exhibit a weak band to neutral acceptor transiti- 
on (e,A°) (1.374eV). This acceptor level is corre- 
lated to Zn-impurity presumably in the standard 
TMIn-source as established by electrical measure- 
ments. The discussed transition decreases when 
growth temperature is increased in accordance with 
the desorption behavior of zinc. 

4    Summary 
In summary liquid organic P-compounds with a 
variety of rest groups have been sythesized and 
successfully used for MOVPE growth of InP-bulk 
layers.   As the most promising substitute we have 

introduced the results of MOVPE growth and cha- 
racterization of the layers for ditertiarybutyl phos- 
phine (DitBuPH) in comparison with standardly 
grown layers. We have found a temperature-V/III- 
ratio area for the growth of featureless smooth epi- 
taxial layers. Nearly uncompensated n-type InP 
with donor concentrations N^-ND > 1-10 cm- 

and mobilities p < 60000cm2V-1s-1 have been rea- 
lized by using this not specifically purified batch of 
DitBuPH. All measurements concerning electrical 
and optical properties are comparable with those 

using PH3 as P-source. 
All off these results demonstrate the great potential 
of this P-precursor as least toxic substitute for PH3 

in the epitaxial growth of P-containing structures. 
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Abstract 

In this paper we describe the use of 
tertiarybutylphosphine (TBP) as a 
group V precursor for the growth 
GalnP. Growth has been carried out of 
in a multiwafer MOVPE Planetary 
Reactor™. The results demonstrate 
that very low growth temperatures 
together with low V/lll ratios can be 
used. The growth efficiency of this gas 
is very high compared to the standard 
group V precursor phosphine. 
Characterization of the GalnP layers by 
DCXD, photoluminescence and hall 
measurements reveal their excellent 
crystalline, electrical and optical 
properties. 

Introduction 

One of the most important lll-V 
materials today is (AI)GalnP. From this 
material several mass products like 
UHB-LEDs, HBTs or visible lasers are 
fabricated. Metalorganic Vapour Phase 
Epitaxy (MOVPE) is the most 
commonly used technique to grow 
GalnP-based structures. The tendency 
to employ MOVPE as a mass 
production technique increases the 
demand for cost efficient growth 
processes. Thus an efficient utilization 
of the precursors is desirable. Mainly, 

this can be achieved by a design of the 
MOVPE    reactors.    State-of-the-art 
MOVPE reactors  like the AIXTRON 
Planetary REACTOR™ already offer a 
highly    efficient    utilization    of    the 
precursors,   e.g.  above 40%   growth 
efficiency for group III precursors. The 
reason for this is the unique design of 
these reactors that allow a controlled 
depletion of the gas phase together 
with an outstanding uniformity of the 
grown films. 

However, the group V compound which 
is usually phosphine when growing 
GalnP still has to be used under strong 
excess conditions. Depending on the 
application of the GalnP growth, V/lll 
ratios up to 400 are reported in the 
literature /e.g. 1/. The amount of 
phosphine cannot be simply reduced 
since the V/lll ratio strongly affects the 
quality of the films. The only way to 
reduce the group V consumption is to 
use alternative precursors. 
Tertiarybutylphosphine (TBP) is one of 
these alternative compounds. It has 
already been used for the growth of 
different lll-V compounds such as 
InGaAsP 121. Using TBP has several 
advantages: Since the decomposition 
starts at relatively low temperatures, a 
high concentration of P is available at 
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the substrate. This should allow low 
V/lll ratios. Additionally, the GalnP 
might be grown at lower temperatures. 
Compared to phosphine, the safety 
hazards are reduced and the handling 
of the TBP bubbler is much easier. 

Experimental 

Our growth experiments were 
performed in an AIX 2400 reactor. This 
is a multiwafer Planetary Reactor™ 
allowing the simultaneous growth on 
11x2", 15x2" or 5x4" wafers. The 
reactor is part of the planetary reactor 
family (AIX 2000, 2400, 3000) which 
are based on Frijlink's concept /3/. It is 
fitted with a double Gas Foil Rotation™ 
and a fast run/vent switching manifold. 

As precursors trimethylgallium, 
trimethylindium and TBP were used. 
The TBP was kept at a temperature of 
5°C, the TMGa at -10°C and the TMIn 
at 17°C. Substrates used were 
undoped and n-type GaAs wafers. 
Both 2" and 4" substrates were used. 
During heating the substrate, an 
arsine/hydrogen atmosphere was used 
in order to prevent the arsenic from 
evaporating. The reactor pressure was 
50 mbar and the total flow rate was 
17.2 l/min in all growth runs. The partial 
pressures for TMGa and TMIn were 
5.3*10"3 mbar and 6.8*10-3 mbar, 
respectively. 

The thickness of the GalnP films was 
measured optically using a microscope 
after stain etching. DCXD 
measurements were made using a 
Bede QC1 diffractometer. PL 
measurements were carried out at ISI, 
KfA Jülich and at Institut für 
Halbleitertechnik, RWTH Aachen. 

Results 

1. Growth temperature 

The growth temperature was varied 
between 615 °C and 745 °C. The V/lll 
ratio could be reduced as low as 26. 
The growth rates as a function of the 
growth temperatures are shown in fig. 
1. 

growth rale (pm/h) 

650 700 

growth temperature (deg C) 

Fig. 1: GalnP growth rate vs. growth 
temperature 

The rate increases slightly towards 
higher temperatures. Even at 615 °C 
the growth still seems to be diffusion 
controlled. Only for temperatures below 
650 °C the morphology was 
unsufficient. At 675 °C no difference in 
the morphology compared to 
phosphine-grown GalnP layers could 
be observed. Since typical growth 
temperatures for the growth of high 
quality GalnP using phosphine are 700 
- 750°C, this means a significant 
reduction of the growth temperature. 

The effect of the growth temperature 
on the GalnP composition is shown in 
fig.2. During the variation of the growth 
temperature the composition of the 
vapour phase was kept constant. The 
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lattice mismatch measured by DCXD 
decreases monotonously indicating that 
the indium content is reduced. This 
behaviour, however, is very similar to 
phosphine-grown GalnP. 

el.conc.(cm-3) hall mobility (cm2/Vs) 

mismatch (ppm) 

600 650 700 750 

growth temperature (deg C) 

Fig. 2: GalnP mismatch vs. growth temperature 

2. Electrical properties 

By using Hall measurements the 
electrical quality of the TBP-grown 
GalnP was determined. These 
measurements give some important 
information about undesired carbon 
incorporation originating from the TBP. 
In fig. 3 and 4 the electron 
concentrations and the Hall mobilities 
measured at room temperature and 77 
K are shown. 

el.conc.(cm-3) hall mobility (cm2/Vs] 
-|4000 

600 650 700 750 

growth temperature ( deg C) 

*    concentration +   mobility 

Fig. 3: Carrier concentration and hall mobility 
vs. growth temperature (300 K) 

650 700 

growth temperature deg C) 

•    concentration        +   mobility 

Fig. 4: Carrier concentration and Hall mobility 
vs. growth temperature (77 K) 

These curves indicate that carbon does 
not play any significant role as a 
background dopant. Background 
electron concentration es between 1015 

and 1016 cm"3 were obtained. The 77K 
concentrations are only slightly lower 
then the 300K values. Mobilities 
between 3,000 and 4,000 cm2/Vs were 
achieved at 300K. At 77K the 
maximum values were around 30,000 
cm2/Vs. All these curves indicate that 
reducing the growth temperature does 
not have any negative impact on the 
electrical data. Taking into account 
both the electrical data and the 
morphology, an optimum temperature 
around 650 - 675 °C is found. 

3. DCXD and PL 

The high quality of the TBP-grown 
GalnP films is confirmed by DCXD 
measurements. Half widths as low as 
35 arcsec were found (The GaAs 
substrate line width is 32 arcsec due to 
the use of an InP reference crystal). PL 
measurements at room temperature 
reveal FWHMs of 40 meV. At 2K very 
sharp peaks with half widths of only 13 
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meV were found (fig. 5). All these data 
were obtained from samples grown at a 
V/lll ratio of 26. Typical PL uniformities 
are below 1 nm across a 2" wafer (fig. 

1.8 1.85 l.'J 1.95 

ICncrgy 

Fig. 5: 2 K PL plot of an GalnP sample 
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Avg. Wavelength :   S73.1 nm 
Std Deviation  :    0.3 nm. 
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Bin Size is 0.50 nm. 

4. Conclusions 

The results presented above show that 
the efficiency in the utilization of group 
V sources can be significantly 
increased if TBP is chosen instead of 
phosphine. Besides the reduced 
consumption of precursors, further 
advantages are growth at lower 
temperatures, the use of less toxic 
compounds, reduced scrubbing costs 
etc. Generally, a reduction of the group 
V consumption by a fact4or of 4-8 is 
possible. Together with the high 
efficiency in using the group III 
precursors, the AIXTRON Planetary 
Reactors™ offer a powerful and cost- 
efficient tool for the mass production of 
GalnP-based devices. 
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WP11 
Effect     of     Strained     Interfacial     Layer     and     Large     Misorientation 

on    SQW,    2DEG,    and    Multisteps    in    InGaP/(In)GaAs    Heterostructures    Grown    by 
MOVPE 

T. Kikkawa,    K. Kasai,    H. Ochimizu,    and    H. Tanaka 
Fujitsu   Laboratories   Ltd., 

10-1   Morinosato-wakamiya,   Atsugi   243-01,   Japan 

Recently, Ino.5Gao.5P/GaAs heterointerface abruptness has received much attentions. 
Several researchers reported that thin GaP layer insertion into inverted interface (from 
InGaP to GaAs) improved quantum well (QW) optical quality.1) However, it is not known what 
kind of interfaces are required for high electrical performance in InGaP-based HEMT. We 
studied 2DEG performance in Si-doped (including heavily planar-doping for the first time) 
InGaP/GaAs heterostructures. We found that Si diffused from InGaP to GaAs, and an 
Ino.3Gao.7P (not GaP) interfacial layer between Si-doped layer and channel layer is optimum 
for  high   2DEG   performance. 

Step bunching due to misorientation becomes one of interesting issues in MOVPE. We 
studied a misorientation effect and found that large misorientation over 10° from (001) 
improves the SQW quality . without inserting a GaP layer at the interface. We also found that 
InGaP-based HEMT (including inverted-type) performance does not linked with the SQW 
quality, and that misorientation towards <111>A is required for high mobility. We 
characterized multisteps using atomic force microscope (AFM) and concluded that multistep 
configuration   mainly   affects    abruptness    in    device   structures. 

We used reduced-pressure horizontal reactor. TMGa, TEGa, TMIn, ASH3, PH3, TBP and 
Si2H6 were used as the precursors. Growth temperatures were 630 to 710°C and growth 
pressure 76 torr. The 3-inch (001) vicinal GaAs substrates misoriented 0 to 16° {(511)) 
towards   <111>A, <111>B, and [011] were used. 

Figure 1 shows the 2DEG performance as a function of Si donor concentration of InGaP 
electron supplying layer in InGaP/GaAs heterostructures (spacer 2.5 nm). We found that 
when doping concentration is increased, hall mobility decreases drastically. By observing 
SdH oscillations, we confirmed that 2DEG mobility was exactly decreased. SIMS measurement 
suggested that Si diffusion occurred from InGaP to GaAs (Fig. 2). We introduced strained 
spacer layer to suppress Si-diffusion (Fig. 2) and successfully improved 2DEG performance 
(Fig. 3). However, we found that GaP spacer reduced mobility due to too much strain and 
concluded that Ino.3Gao.7P is a sufficient interfacial layer from GaAs to InGaP for HEMT. We 
then studied planar-doped InGaP/GaAs heterostructures and, using an Ino.3Gao.7P 
interfacial layer, obtained sharp carrier profile (C-V peak = 8xl018cm-3, FWHM=4 nm) and 
high   mobility   of  21000   cm2/Vs  for the first time. 

We grew InGaP/Ino.2Gao.8As (14 nm)/GaAs pseudomorphic hetero-structures and 
confirmed that Ino.3Gao.7P interfacial layer is again effective at the pseudomorphic 
interface. We calculated the band bending self-consistently and demonstrated that only the 
Si-diffusion   model   can   explain   PL   spectra   from   the   strained   InGaAs   channel   (Fig. 4). 

We studied the misorientation effect. When the misorientation angles were 10° to 16° 
from (001), blue shift of PL peak of the InGaP/GaAs SQW was observed without inserting a 
GaP layer at the interface (Fig. 5). This indicates that As-insertion into InGaP is perfectly 
suppressed by large misorientation. We tried to grow GaAs/InGaP inverted HEMT structures 
to compare the SQW characteristics for the first time (Fig. 6). We obtained high mobility 
reaching 27000 cm2V1s"1 when misoriented 10° towards <111>A. When misoriented 16° 
towards <111>A, although SQW characteristics are excellent, we could not obtain high 
mobility. This suggests that, in addition to an abrupt interface characterized by PL, other 
origins,   such   as   Si   diffusion   or  too   small   size   roughness,   controls   2DEG   performance. 

Using AFM, we observed large step bunching and pit formation close to 
heterointerface when the misorientation angle is less than 4° except for 0°. However, when 
over 6°, we observed no step bunching. Therefore, we concluded that multistep 
configuration mainly affects As/P exchange at the GaAs/InGaP interface which affects the 
PL    characteristics. 

We then grew the InGaP/InGaAs pseudomorphic heterostructures using various 
substrates (Fig. 7,8). PL performance and mobility show different trends compared with the 
SQW and the inverted HEMT structures. When misoriented towards <111>B, PL emission 
intensity from InGaAs channel was decreased dramatically and only low mobilities could be 
obtained. When towards <111>A, PL intensity from [le-lhh] was almost the same but that from 
[2e-lhh]   showed   complicated   behavior.   We   found   that   high   mobility   was   obtained   when   [2e- 
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lhh]   intensity   was   strong   and   that   the   mobility   when   misoriented   towards   [111]A   was   always 
higher   than   that   towards   <111>B.   This   verifies   that   A-type   step   plays   a   key   role   for   realizing 
an   abrupt   pseudomorphic   interface   from   As-containing   layer   to   P-containing   layer. 
1) Bhat et al.. J. Cryst. Growth 124 (1992) 576. 
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Unintentional impurity incorporation at the interface between WP12 

InP substrate and buffer layer grown by LP-MOVPE 
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Institut für Schicht- und Ionentechnik, 

+ Zentralabteilung für Chemische Analysen 
Forschungszentrum Jülich, 52425 Jülich, Germany 

Introduction 

Multilayer structures for many device applications require a highly resistive and perfect crystalline InP buffer layer. 
Due to unintentional impurity incorporation at the substrate epitaxial layer interface, this buffer layer is often con- 
ductive leading for example to poor pinch off characteristics in diodes. A conductive epitaxial/substrate interface 
has been reported only for MOVPE growth (1, 2, 3, 4) and was detected to be a Si impurity spike at the interface 
observed by SIMS measurements. In this study we report on a systematic investigation of the origin of highly 
conductive epitaxial InP buffer layers and how they can be avoided. 

Experimental 

All materials in this study were grown in a horizontal 
low pressure MOVPE reactor (AIXTRON) on a non- 
rotating graphite susceptor for 2 inch wafer using TMIn 
and phosphine. Deposition was done on semi-insulating 
Fe-doped InP substrates, exactly oriented along the 
<100> direction. Pd-diffused hydrogen was employed as 
carrier gas at a reactor pressure of 20 mbar and a growth 
temperature of 640 °C. InP growth conditions were the 
same as used for optoelectronic, mesoscopic and high 
frequency devices in the GalnAs/InP system. 
The layers were investigated by SIMS (Secondary Ion 
Mass Spectrometry), Hall-effect and photoluminescence 
measurements. SIMS analysis was carried out by a 
CAMECA IMS 4F using Cs+ bombardment for depth 
profiling. The scanned area was 250 x 250 fim and the 
analysed area 60/im in diameter. Ion implantation stan- 
dards were used for quantification of the respective ele- 
ments. Electrical characterization was performed by van 
der Pauw-Hall measurements at 77 and 300 K. High res- 
olution photoluminescence spectroscopy was carried out 
at 2K, using the 514.5 nm line of an Ar+-ion laser, a 
Spex 1404 monochromator and a liquid nitrogen cooled 
Photometries SDS 9000 CCD camera. The excitation 
density was lower than 200mW/cm2. 

Results and Discussion 

A comparison of photoluminescence spectra at 2 K and 
Hall-effect measurements gave first evidence of inhomo- 
geneous impurity distributions of nominally undoped 
InP layers. Hall-effect results of two 2/jm thick InP 
layers in Table 1 show more than one order of magni- 
tude difference in the background carrier concentration, 
while the corresponding photoluminescence spectra in 
Fig. 1 indicate only minor differences in the acceptor and 
donor concentration. The intensity of the donor and ac- 

ceptor bound excitons (D°X, A°X) correlates with the 
donor and acceptor concentration in the bulk material. 
Therefore a low compensation ratio can be deduced from 
the large intensity ratio between the D°X transitions of 
different excited states (n=1..6) and the weak spin split- 
ted A°X recombination for both samples. 

Wafer 11300K 

cm-3 
^300 K 

cm2/Vs 
I177K 

cm"3 
^77K 

cm2/Vs 
a) 
b) 

5.8-1015 

3.8-1014 
2670 
4980 

2.2-1015 

3.3-1014 
25760 
112000 

Table 1: Hall-effect measurements at 300 K and 77 K of 
nominally undoped 2 /im thick InP layers with different 
background carrier concentrations. 
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Fig. 1: Excitonic photoluminescence at 2 K of nominally 
undoped 2 fxm thick InP layers recorded at equal condi- 
tions. The spectra of layer a) and b) correspond to the 
Hall-effect measurements in table 1 and show only minor 
differences in the donor and acceptor concentration. 

The narrow FWHMs of O.lOmeV of the D°X transitions 
and the intensity ratio to the free exciton recombina- 
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tion (X) indicate InP with a donor concentration in the 
low 1014cm-3 (5). This matches to the Hall concentra- 
tion of sample b). Furthermore a comparison with the 
theoretical 77 K Hall mobility of Walukiewicz et al. (6) 
yields a low compensation ratio of 0.05. SIMS depth 
profiles of samples with similar properties to sample a) 
exhibit Si accumulations at the substrate-layer interface 
as reported by different authors (1, 2, 3, 4). Therefore we 
conclude that the Hall data of sample a) originate mainly 
from a highly conductive channel at the substrate-layer 
interface. Since the penetration depth of the 514.5nm 
line is approximately 100 nm in InP, the spectra contain 
no information about the substrate-layer interface. 
To determine the origin of the Si contamination we first 
checked if the epitaxial equipment was the cause for the 
Si impurity spike by trying to generate a second interfa- 
cial layer. Therefore 200 nm undoped InP was deposited 
on InP substrates which had been previously cleaned in 
10% HF for 3 min and rinsed in deionized water (DI- 
H20). This etchant only removes an oxide layer on top 
of the InP wafer. Before a second 200 nm InP layer was 
deposited the following procedures were carried out: a) 
growth interruption, b) growth interruption and leak- 
test, c) growth interruption, exposure to nitrogen glove 
box and leaktest, d) growth interruption, exposure to 
air, a second cleaning process and leaktest. SIMS depth 
profiles of these four layers are presented in Fig. 2. 
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Fig. 2: SIMS depth profiles of two 200 nm thick InP 
layers grown on an InP substrate with different proce- 
dures prior to the second deposition: a) growth inter- 
ruption, b) growth interruption and leaktest, c) growth 
interruption, exposure to nitrogen glove box and leak- 
test, d) growth interruption, exposure to air, a second 
cleaning process and leaktest. Si is accumulated at the 
substrate-layer interface. 

Although a second interface was generated only one Si 
accumulation was found for procedures a) to c). The 
Si peak concentrations are approximately 4xl01'cm~3 

for a), 8xl017cm~3 for b) and 8xl017cm-3 for proce- 
dure c). A second Si spike was detected by SIMS when 
the cleaning process is repeated as in procedure d). The 
Si peak concentrations are approximately 6xl017cm-3 

and 2xl017cm-3 for the substrate-layer and the second 
interface, respectively. Since the second Si spike is lower 
than the first, Si might be partially present in the wafer 
material. Therefore we conclude that Si is not incorpo- 
rated by the growth process but it is brought externally 
into the growth reactor. External Si contamination may 
have three different causes. First Si is already incorpo- 
rated in the wafer material, second Si originates from 
the cleaning process or third Si is adsorbed from expo- 
sure to air between cleaning process and loading into the 
reactor as proposed by Ishikawa et al. (3). 
To check on Si contamination in the wafer material, 
deposition was carried out on substrates from differ- 
ent manufacturers without any pretreatment prior to 
growth. Additionally we analyzed test wafers with dif- 
ferent polishing processes from the same batch. SIMS 
measurements indicate a Si spike at the substrate-layer 
interface for all wafers. We found different Si peak con- 
centrations for wafers from different manufacturers as 
well as for different polishing processes and also for dif- 
ferent crystal lots from the same manufacturer. But 
the measured Si peak concentration is up to one or- 
der of magnitude less than for wafer material which had 
been cleaned prior to deposition with an oxide removal 
etchant. Fig. 3 shows SIMS depth profiles of wafers of 
the same crystal lot without pretreatment a) and clean- 
ing with 10% HF prior to growth b). 
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Fig. 3: SIMS depth profiles of InP layers grown on 
InP substrate with different pretreatments. a) without 
pretreatment, b) cleaning with 10% HF for 3 min and 
rinsing in deionized water. The corresponding Si peak 
concentrations of the interface spikes are approximately 
3xl016cm~3 and 4xl017cm~3 for a) and b), respec- 
tively. Si is partially incorporated in the wafer material. 

We therefore conclude that Si is partially incorporated 
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in the wafer material and that cleaning with 10% HF 
for 3 min and rinsing in deionized water increases the Si 
accumulation at the substrate-layer interface. Si in the 
wafer material originates probably from the polishing 
process and its concentration is dependent on the skills 
of the manufacturer. The depth range of the incorpo- 
rated Si in the wafer material can not be determined 
by SIMS, because Si might diffuse out of the substrate 
during the heating process. SIMS depth profiles of pure 
wafer material showed Si accumulation at the surface but 
could not be evaluated, because the sputter equilibrium 
is not reached close to the surface. From the distance 
of 200 nm between the two Si spikes in Fig. 2d) we es- 
timate a maximum thickness of the Si accumulation at 
the substrate-layer interface of 40 nm. 
A cleaning process prior to deposition is necessary since 
the surface morphology of InP layers grown on sub- 
strates without pretreatment is not perfectly smooth 
as determined by a Nomarski interference microscope. 
Therfore the influence of different cleaning procedures 
were investigated next. First we checked the influence 
of rinsing in deionized water after etching. Two wafers 
from the same lot were etched 3 min in 10% HF. One 
was rinsed in deionized water and the other just dried 
with nitrogen. After 200 nm InP deposition the clean- 
ing process was repeated and a second interfacial layer 
was generated with the growth of further 200 nm. SIMS 
depth profiles are presented in Fig. 4. 
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Fig. 4: SIMS depth profiles of two 200 nm thick InP 
layers grown on an InP substrate from the same lot with 
different cleaning procedures after etching with 10% HF 
for 3 min: a) rinsing in deionized water and drying with 
nitrogen b) only drying with nitrogen. The correspond- 
ing Si peak concentrations of the interface spikes are ap- 
proximately 2xl017cm-3 and 6xl017cm-3 for a) and 
9xl015cm-3 and 2xl017cm-3 for b). Rinsing in deion- 
ized water increases the Si accumulation. 

Since both Si spikes are higher in the case of rinsing in 
deionized water, part of the Si accumulation originates 
from the deionized water. Si was detected by mass spec- 
troscopy (ICP-MS) with a concentration of 21±4ppb. 
However the Si species should be of a covalent nature be- 
cause the water is highly resistive as confirmed by con- 

ductivity measurements. A possible Si source are the 
molecular sieves in our deionized water preparation sys- 
tem which consists of Si containing compounds. The dif- 
ference in Si intensity between the two samples is lower 
for the substrate-layer interface, i.e. the Si peak con- 
centration is substantially determined by the Si already 
incorporated in the wafer material. Hall-effect measure- 
ments of two 2 fim thick InP layers with the same pre- 
treatment as in Fig. 4 showed a reduction of the 300 K 
background carrier concentration from 3.0xl015cm~3 to 
8.8xl014cm~3 for rinsing with and without deionized 
water, respectively. A further advantage of the 10% HF 
etch process without rinsing in deionized water is that 
remaining F on the surface can bind Si species to form 
volatile SiF4, which desorbs from the substrate during 
the heating procedure. 
In order to reduce the incorporated Si in the wafer mate- 
rial different material removing etchants were analyzed 
at room temperature. We tested bromine methanol 
0.05% and ^SCU^C^^O with volume ratios: 3:1:1, 
5:1:1 and 10:1:1. The bromine methanol solution re- 
sulted in layers with lower photoluminescence intensity 
by a factor of 3 and showed additionally a little accu- 
mulation of O and C at the substrate-layer interface. 
The best results as determined by optical and electri- 
cal properties were found for the 10:1:1 volume ratio 
of the H2S04:H202:H20 etchant with an etch time of 
10 min. This etchant removes approximately 200 nm of 
InP. Whereas the 3:1:1 and 5:1:1 volume ratios of the 
H2S04:H202:H20 etchant result in layers with not per- 
fect smooth surface morphologies. The electrical prop- 
erties of the layers can further be improved if a 10% HF 
etchant for 3 min is used consecutively and the wafer is 
dried with nitrogen instead of rinsing in deionized water 
in the last step. 
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Fig. 5: SIMS depth profiles of 200 nm thick InP 
layers grown on InP substrate from the same lot 
with different cleaning procedures after etching with 
H2S04:H202:H20 = 10:1:1 for 10min: a) rinsing in 
deionized water and drying with nitrogen b) rinsing in 
deionized water, etching 3 min with 10% HF and drying 
with nitrogen. The 10% HF etchant without rinsing in 
deionized water reduces further the Si accumulation. 
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SIMS depth profiles in Fig. 5 show the effective re- 
moval of Si at the substrate-layer interface for the 
H2S04:H202:H20 etchant with and without the addi- 
tional 10% HF cleaning step. The corresponding Si 
peak concentrations of the interface spikes do not ex- 
ceed approximately 2xl016cm~3 and 5xl015cm~3 for 
a) and b), respectively, whereas the Si detection limit 
was approximately 2xl015cm~3. The results show that 
the 10 % HF etchant step can additionally reduce the 
Si accumulation by a factor of 3. This was confirmed 
by the background carrier concentration of Hall-effect 
measurements of two 4//m thick InP layers, which were 
cleanend in the same way as a) and b), respectively. The 
Hall-effect results are listed in table 2 (f,g). Photolumi- 
nescence spectra of these two samples indicate that the 
real background carrier concentration is even less than 
found by Hall-effect measurements in comparison with 
the work of Pen et al. (5). Thus the Hall-effect measure- 
ments are still influenced by the low Si accumulation at 
the substrate-layer interface shown in Fig. 5. Hall-effect 
measurements of InP layers grown on InP wafers with 
different pretreatments are summarized in table 2. 

Wafer Pre- 11300K /^300K Ü77K A«77K 

treatment cm-3 cm2/Vs cm"3 cm2/Vs 

a) 5.7-1015 2660 1.4-1015 29000 
b) 1.3-1016 1850 2.8 1015 23700 
c) 3.0-1015 3034 7.8 1014 54610 
d) 8.8-1014 3540 6.8 1014 63220 

e) 3.1-1014 4910 2.8 1014 99350 

f) 6.3-1014 4120 2.5 1014 108000 
g) 9.6-1013 5020 8.7 1013 142000 

Table 2: Hall-effect measurements at 300 K and 77 K 
of InP layers deposited on InP wafers with different 
pretreatments. a) without pretreatment (epi ready 
wafer), b) 3min 10% HF + DI-H20 rinsing (differ- 
ent wafer lot), c) 3min 10% HF + DI-H20 rinsing, 
d) 3 min 10% HF without DI-H20 rinsing, e) 5 min 
bromine methanol 0.05% + methanol rinsing, f) 10 min 
H2S04:H202:H20 = 10:1:1 + DI-H20 rinsing, g) 10 min 
H2S04:H202:H20 = 10:1:1 + DI-H20 rinsing + 3min 
10% HF without DI-H2O rinsing. The best electrical 
results are obtained for cleaning process g). 

Summary and Conclusion 

Unintentional impurity incorporation at the substrate 
epitaxial layer interface results in conductive buffer lay- 
ers in the LP-MOVPE growth of InP. The impurities 
were identified by SIMS to be only Si accumulations. 
Si does not originate from the epitaxial equipment but 
it is brought externally into the reactor. Two substan- 
tial sources of Si contamination were found. First Si 
is already incorporated in the wafer material, probably 
by the polishing process and second rinsing in deionized 

water as the last cleaning step adds Si to the wafer sur- 
face. The Si concentration in the wafer material depends 
on the skill of the manufacturer while Si contamination 
in the deionized water is probably due to Si containing 
molecular sieves. Further possible source of Si are the 
chemicals used for etching and contamination by expo- 
sure to air between the last cleaning step and loading 
into the reactor as proposed by Ishikawa et al. (3). 
To obtain highly resistive buffer layers an etchant has 
to be used to remove a surface layer first. This re- 
duces the Si already incorporated in the wafer material. 
The best results were found for the H2S04:H202:H20 
etchant with a volume ratio of 10:1:1 and an etch time of 
10 min. An additional 10 % HF etching step for 3 min fol- 
lowed by drying the wafer with nitrogen without rinsing 
in deionized water further reduces the Si accumulation 
at the substrate-layer interface. The 10 % HF etchant 
leaves F on the wafer surface which can bind Si contam- 
ination to form volatile SiF4, which easily desorbs from 
the substrate during the heating process in the reactor. 
Whereas rinsing in deionized water desolves F in the 
water preventing the formation of volatile SiF4. This 
cleaning procedure suppresses the Si contamination at 
the epitaxial-substrate interface prior to growth and is 
a good alternative to Si suppression by heating in phos- 
phine atmosphere at very high temperatures during the 
growth run as proposed by Ishikawa et al. (3). 
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Pyramidal shaped pit formation on InAlAs/Fe-doped InP structures grown by MOCVD 
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1. Introduction 

Epitaxial growth of semi-insulating Fe-doped InP (InP:Fe) by metal organic chemical vapor deposition (MOCVD) has 
been studied for electronic and optical device applications. For the growth of InP-based hetero-FETs such as 
InAlAs/InGaAs high electron mobility transistors (HEMTs), highly resistive InP:Fe buffer layers between InAlAs carrier 
confinement layers or InGaAs channel layers and InP substrates are particularly important [1,2]. This is because MOCVD 
grown undoped-InP buffer layers often give leakage currents due to conductive path caused by Si contamination at 
interfaces between buffer layers and substrates [3]. The use of InP:Fe layers improves the resistivity of the buffer layers. 
However, the optimum Fe-doping conditions and the. influence of doped Fe atoms on upper InAlAs or InGaAs layers have 
not been made clear. We grew InAlAs/InP:Fe structures, and found that large pyramidal pits were formed on the structures 
with the Fe-doping concentrations above 2X 1017cnr3. In a similar case, Knight et al. have reported on the square pits 
jrmed on Fe-doped InGaAsP layers [4], but detailed studies on the pit formation have not been made. To clarify the 

mechanism of the pit formation and the suitable growth conditions of InAlAs/InP:Fe structures for buffer layers of hetero- 
FETs, we investigated various growth condition dependencies of shape, size and density of the pits. 

2. Experiments 

Undoped Ino 52Alo4sAs/InP:Fe structures were grown on 
Fe-doped (100) InP substrates by low pressure MOCVD. 
Trimethylindium (TMI), trimethylaluminum (TMA), 
arsine (Asft), phosphine (PH3) and ferrocene ((CsHs^Fe) 
were used as source materials. The growth pressure was 
9.3kPa. The structures and the growth conditions of layers 
are shown in Table 1. The thickness of InAlAs layers 
(dinAiAs), trie Fe-doping concentration of InP:Fe layers 
(NFe), the growth temperature of InAlAs (TginA]As) and 
the molar ratio of group-V to group-Ill of InAlAs 
(V/IIIinA1As) were varied in the range shown in Table 1. 

The shapes, sizes and densities of the pits formed on 
the samples were measured by scanning electron 
microscopy (SEM) and atomic force microscopy (AFM). 
An InP:Fe layer was observed by transmission electron 
microscopy (TEM). The Fe concentrations in the samples 
were determined by secondary ion mass spectrometry 
(SIMS). The electrical properties of the samples were 
investigated by the van der Pauw method. 

3. Results and discussions 

3-1. Pit shapes and sizes 
Figure 1(a) shows a SEM image of an InAlAs/InP:Fe 

surface with d^,^ of lOOOnm, NFe of 6 X 1017cnr3, 
TglnMAs of 650"C and V/IIIInA]As of 600. Many rhombic 
pits with high uniformity of shapes and sizes were 
observed. Figure 1(b) shows a cross-sectional image of one 
of the pits. The pit had pyramidal shape with smooth 
facets. From the angles between the facets and the surface, 
the four facets_ were measured to be close to (65T), (615), 
(651) and (615) planes, which are {110} planes tilted 
5.2° toward the (100) surface and 7.3° toward the 
nearest (111)B planes. The samples with dlnA]As of 500nm 
had also the same facet orientations. 

The surface of the samples with thinner dinAiAs of 
20nm and lOOnm were observed by AFM. Figure 2 shows 
an AFM image of a sample with dInA1As of lOOnm. The pit 
shapes and sizes of the samples with djnA1As below lOOnm 
were not as uniform as those of the samples with di,^^ 
above 500nm. The pits had convex slopes rather than flat 
facets. 

Figure 3 shows the pit sizes and the facet angles from 
the surfaces for the samples with various d^A^. It was 
found from fig. 3 that the pits began to form at the initial 
stage of InAlAs growth, and that the initial pits had 
diameters about lOOnm. As the InAlAs grew thicker, the 
pit size increased in proportion to dinA1As. and the facet 
angle increased rapidly to 40° . which is approximately 
the value of the angle between (65T) and (100). 

Table 1     The structures and the growth conditions of InP.Fe layers and InAlAs layers. 

Material Thickness (nm) 
d 

Fe concentration (cm-3) 
NFC 

Growth temperature (°c ) 
T„ 

V/III molar ratio 
V/III 

InAlAs 20-1000 undoped 
InP:Fe 300 undoped, 6X 1()'6-1.2X l()i« 

550-700 
650 

10-600 

250 
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Fig. 3 InAlAs thickness dependence of pit size and facet 
angle. O :depth of the pits; D :average value of two 
diagonals of the surface orifice for the samples with 
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> 
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Fig. 1   SEM images of InAlAs/InP:Fe structures, 
(a) surface, (b) cross-section of (011) plane. 
(dInA1As=1000nm,  NFe=6 X 1017cnr3,  Tg[nA]As=650 "C 
V/IIIlnAlAs=600) 

500nm, and average diameter for the samples 
with djnAiAs^lOOnm; A:facet angle from surface for the 
samples    with    dinAiAs   ^   500nm,    and    value    of 
depth/(diameter/2) for the samples with d^As^ lOOnm. 
(TginAlAs=650-C, V/IIIInA]As =600) 

The pit shapes and sizes were independent of NFe. 
Conversely, TglnA]As and V/ffljnAiAs both affected the pit 
size. As the pit density decreased with the variation of 
TginAlAs and V/IIIInA]As, (described later), the pit sizes 
became smaller. 

0 

2(#m) 

Fig. 2   AFM image of InAlAs/InP:Fe surface. 
(dinAlAs= 100nm> NFe=1 X »018cm-3,  TgInA,As=650 'C 

V/lHinA]As=600) 

3-2. Pit densities 
Figure 4 shows the ferrocene flow rate dependence of 

pit density. The Fe concentrations in InP:Fe layers were 
measured by SIMS and were found to be proportional to 
the ferrocene flow rates. No appreciable diffusions of Fe 
atoms into the InAlAs layers were observed. While no pits 
were observed in the range of NFe<2X1017cnr3, the pit 
density increased linearly with NFe in the range above 2 X 

30(nm) 10l7cm"3- Nakai et al. reported that Fe-P precipitates about 
lOnm in size were formed in InP:Fe layers, when NFe 

exceeded the solubility limit of Fe in InP at 650"C about 7 
X 1016cnr3 [5]. We also confirmed the presence of 
precipitates about 15-25nm in size in an InP:Fe layer, by 
plan-view TEM. From their results of TEM observation, 
the estimated surface densities of Fe-P precipitates 
increased from 8 X 106 to IX 108cnr2, as NFe increased 
from 6X 1()17 to 2X 1018cnr3. These surface densities of 
Fe-P precipitates almost correspond with the pit densities 
of our samples for the same value of NFe. This similarity 
in NFe dependence of pit density and Fe-P precipitate 
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Fig. 4 Ferrocene flow rate dependence of pit density. The 
value of solubility limit of Fe in InP at 650°C is shown [5]. 
(Tgi„AiAs=650-C, V/IIIInAlAs =600) 

density strongly indicates that the Fe-P precipitates are 
responsible for the pit formation. 

Figure 5 shows the Tg^^ dependence of pit density 
and pit size at V/IIIInA1As=40. The values of both density 
and size took maximum at 600 'C . In the range of 
TginAiAs<580"C and >660t, the pit density decreased 
greatly. The V/IIIjnAiAs value also affected the density and 
the size. At TgInAlAs=650"C, as V/HII^AS lowered below 
150, the density and the size decreased, and no pits were 
observed at V/IIIlnAjAs=10. It is considered that the 
decrease in size to zero with the variations in TginA1As and 
WMinAlAs caused the great decrease of pit density. 

3-3. Mechanism of pit formation 
From the results of the growth condition dependence 

of pit shape, size and density, the following mechanism of 
pit formation is proposed. Figure 6(a) shows a cross- 
sectional schematic of an initial pit formation. At the 
initial stage of InAlAs growth on InP:Fe layers (d^Ai^S? 
lOOnm), Fe-P precipitates on the InP:Fe surface work as 
masks, which hinder the growth of InAlAs. Next, lateral 
growth starts to cover the Fe-P precipitates, and the initial 
pits are formed on the precipitates. Assuming that the 
growth rate is smaller as the angle of the pit slope 
increases, the growth rate of the pit periphery is larger 
than that of the center. This variation in the growth rate 
causes an effect such that, as InAlAs grows thicker, the 
angles of the pit slopes increase, and finally flat slopes 
form. 

550 600 650 700 
Growth Temperature ('C) 

Fig. 5      InAlAs growth temperature dependence of pit 
density and size. (NFe=l X 1018cnr3, V/IIIlnA1As=40) 

lnP:Fe 
Fig. 6     Cross-sectional schematics of pit formation, 
(a) dInA1As= IOOnm, (b) dInA1As> lOOnm. 
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Figure 6(b) shows a cross-sectional schematic of a pit 
after  the  flat  slope  formation  (dInAiAs>100nm).   The 
diameter of the cross-section (L) is given by 
L= (2/sin 6) • (cos d - rf/ rs)  • dlnAiA.s 

= (2/tan(?) • (1 - rfs/rs) ■ dInA1As. (1) 
Here, rs and rf are the InAlAs growth rate of surface and 
facet, respectively. The function rfs (=rf/cos 9 ) is a part of 
rf in the direction of the surface, and 6 is the angle of the 
pit slope from the surface. As InAlAs grows, facets whose 
orientation minimize the value of L appear gradually. 
Equation (1) indicates that the value of L decreases with 
the increase of rfs. Therefore planes with high growth rate 
form flat facets. The growth rate of (110) is probably 
larger than that of (lll)A and (lll)B [6]. Therefore the 
facets of (65l), which are a few degrees tilted (110), are 
obtained. Once a flat facet form, the orientation of the 
facet is kept constant, because the value of rf is constant at 
any point on the facet. 

Equation (1) indicates that the pit size decreases as the 
rfs/rs of facets increases, and that pits do not form with the 
condition rfs/rs^ 1. It is considered that the variation of 
rfs/rs being dependent on Tg^As and V/IIIlnA]As causes 
the TginMAs and V/IIIInAiAs dependence of pit size and pit 
density. As the value of rfs/rs increases to 1, pit size 
decreases and finally, pit density greatly decreases. 

3-4. Suitable growth conditions for buffer layers of 
FETs 

High sheet resistance and high flatness are required 
qualities for buffer layers of FETs. We found that the sheet 
resistance of InP:Fe layers increased with NFe, even when 
over the solubility limit, by Hall measurement. Therefore, 
high Fe-doping over the solubility limit is a way to 
decrease leakage currents in buffer layers of FETs. When 
InAlAs carrier confinement layers are grown on the highly 
Fe-doped InP buffer layers, we should select the InAlAs 
growth conditions suppressing the pit formation in order 
to keep flat InAlAs surface. In these conditions, high 
TginAlAs and high V/IIIInA1As are expected to be the most 
suitable, though pits form at too high V/IIIInA1As. This is 
because the concentration of deep donor in InAlAs, whose 
origin is residual oxygen, decreases greatly as TgInAiAs 
and/or V/IIIInAiAs are higher [7,8]. 

4. Summary 

In summary, we found that pyramidal pits with high 
uniformity of shape and size were formed on the 
InAlAs/InP:Fe heterostructures with the high Fe-doping 
concentration above the solubility limit of Fe in InP. The 
pit density depended strongly on Fe-doping concentration 
and InAlAs growth conditions. The mechanism of the pit 
formation is well explained by the lateral  growth of 

InAlAs on the masks of the Fc-P precipitates formed on 
InP:Fe. The facet orientation of (65f) is determined by the 
orientation dependence of InAlAs growth rate. The pit 
formation was successfully suppressed by selecting the 
suitable growth conditions of InAlAs, even with the Fe- 
doping concentration above the solubility limit. This is 
very important for the application of InAlAs/InP:Fe 
heterostructures to high resistive and flat buffer layers of 
hetero-FETs. 

Acknowledgments 

The authors would like to thank M. Tomita and C. 
Takakuwa for SIMS analysis, and M. Azuma, Y. Ikawa 
and M. Obara for their encouragement. 

References 

11] I. Adesida, K. Nummila, M. Tong, C. Caneau and R. 
Bhat, "High-performance 0.15um-gatelength OMVPE- 
grown InAlAs/InGaAs MODFETs", Int. Conf. InP and 
Related Materials, 1993, pp. 405-408. 
[2] S. Fujita, T. Noda, A. Wagai, S. Hosoi and Y. 
Ashizawa, "Extremely low noise InGaAs/InAlAs HEMT 
grown by MOCVD", Electron. Lett. Vol. 29, pp. 1557- 
1558, 1993. 
[3] H. Ishikawa, S. Miwa, T. Maruyama and M. Kamada, 
"Origin of n-type conduction at the interface between 
epitaxial-grown layer and InP substrate and its 
suppression by heating in phosphine atmosphere", J. Appl. 
Phys. Vol. 71, pp. 3898-3903, 1992. 
[4] D.G. Knight, W.T. Moore and R.A. Bruce, "Growth of 
semi-insulating InGaAsP alloys using low-pressure 
MOCVD", J. Crystal Growth, Vol. 1241, pp. 352-357. 
1992. 
[5] K. Nakai, O. Ueda, T. Odagawa, T. Takanohashi and 
S. Yamakoshi, "Epitaxial growth and characteristics of 
Fe-doped InP by MOCVD", Int. Symp. GaAs and Related 
Compounds, 1987, pp. 199-202. 
[6] Y. Nagamune, S. Tsukamoto, M. Nishioka and Y. 
Arakawa, "Growth process and mechanism of nanometer- 
scale GaAs dot-structures using MOCVD selective 
growth", Int. Conf. Solid State Devices and Materials, 
1991, pp. 689-691. 
|7] S. Naritsuka, T. Noda, A. Wagai, S. Fujita and Y. 
Ashizawa, "Electrical properties and deep levels of InAlAs 
layers grown by metalorganic chemical vapor deposition", 
J. Crystal Growth, Vol. 131, pp. 186-192, 1993. 
[8] S. Naritsuka, T. Noda, A. Wagai, S. Fujita and Y. 
Ashizawa, "Influence of V/III molar ratio on deep traps in 
metalorganic chemical vapor deposition grown InAlAs 
layers", Jpn. J. Appl. Phys. Vol. 32, pp. L925-L927, 1993. 

139 



WP14 

Growth Condition Dependence of N-type Carriers at the Interface between InP 

Substrates and Epitaxial Layers Grown by MOCVD 

M. Nakamura, H. Kurita*, and T. Fukui* 

JAPAN ENERGY CORPORATION 

Electronic Materials and Component Laboratories 

3-17-35, Niizo-Minami, Toda, Saitama, 335 Japan 

* Advanced Materials Research Center 

187-4, Usuba, Hanakawa, Kita-Ibaraki, Ibaraki, 319-15 Japan 

Abstract 

We investigated the dependence of n-type carriers at the interface between InP substrates and epitaxial layers grown by 

MOCVD on the phosphine (PH3) partial pressure and the growth temperature sequence. The carrier concentration decreases 

with increasing the PH3 partial pressure. The carrier concentration also reduces when the temperature during thermal etching is 

high, and the temperature during the initial growth stage is low. Silicon and oxygen were detected as impurities at the interface 

by secondary ion mass spectrometry (SIMS) measurement. The silicon concentration is no less than lxl017cm"3 under all 

growth conditions. The oxygen concentration varied from lxlO^cm"3 to SxlO^cm"3 and had no relationship with the carrier 
concentration. 

1. Introduction 

There is a great deal of interest recently in the epitaxial 

growth on semi-insulating InP substrates. This occurs largely 

because of the importance of fabrication of the high frequency 

devices such as high electron mobility transistors. It is known 

that there are n-type carriers at the interface between 

substrates and buffer layers [1-6]. Rakennus et al. and Knauer 

et al. [3,6] have shown that these carriers reduce the mobility 

in homo-epitaxial layers on InP substrates. In the case of 

MBE epitaxial layer on GaAs substrates, Izumi et al. [7] have 

shown that n-type carriers cause the poor pinch-off 

characteristics and the current leakage in the MESFET 

between ohmic metals and epitaxial layers. In this study, we 

have investigated the dependence of n-type carriers on the 

PH3 partial pressure and the growth temperature sequence. 

140 
2. Experimental 

A low pressure MOCVD system was used for growing InP 

epitaxial layers on Fe-doped InP substrates. These substrates 

were etched using H2S04:H202:H20 (5:1:1,1 min., at RT.). 

0.7 um thick undoped InP was grown as a buffer layer, 

followed by 0.3 urn thick S-doped InP with the carrier 

concentration of about 7xl0^7cm"3. The pressure was 30 torr 

and the total flow rate was 15 1/min. Trimethylindium (TMI) 

and PH3 were used as source materials. Fig. 1 shows the 

sequence of epitaxial growth in this study. Two types of PH3 

partial pressure sequence ((a),(b)) and three types of growth 

temperature sequence ((A),(B) and (Q) were used. Surface 

morphology was observed by a Normaski microscope. An 

electrochemical capacitance-voltage (ECV) profiler and a 

SIMS were applied for the measurement of carrier and 

impurity concentrations at the interface between substrates 

and undoped InP layers. 



3. Results 

All epitaxial layers grown in this study had mirrorlike 

surfaces. The carrier concentration at the interface however 
strongly depended on the growth sequence. Fig. 2 shows an 

ECV profile under the condition of sequence (B)-(b). N-type 

carriers exist at the interface and the peak value of the 

concentration was 5.0xl016cm"3 . Table 1 summarizes 

carrier concentrations at the interface under various growth 

conditions. The carrier concentration decreases with 

increasing the PH3 partial pressure. In the case of the 

temperature sequence B, the carrier concentration decreases 

from 5.0xl016cnr3 to 6.0xl015cnr3, as the PH3 partial 

pressure increases from 0.8 torr to 1.6 torr. This fact was also 

observed for other temperature sequences. Under the same 

PH3 partial pressure, the carrier concentration decreases when 

the growth temperature during thermal etching is high, as can 

be seen by the comparison of the sequence (1) with (3), (2) 

with (4). It also decreases when the growth temperature at the 

interface is low (comparison of (3) with (5), (4) with (6)). 

We have found by SIMS analysis that silicon and oxygen 
were detected at the interface. Fig. 3 shows the relationship 

between the carrier concentration and the silicon 

concentration at the interface. When the carrier concentration 

is larger than lxl017cm~3, the carrier concentration increases 

with the silicon concentration. The silicon concentration is no 

less than lxl017cm"3 even if the carrier concentration is 

smaller than lxl017cm"3. The oxygen concentration varied 

from lxl017cm"3 to 8xl0^cm"3 and had no relationship 

with the carrier concentration. 

4. Discussion 

that the activation efficiency of silicon varies under each 

growth condition and the growth sequence affects it. In our 

study, under the condition that the carrier concentration 

decreases, Si-0 bonds might exist at the interface. Silicon 
atoms that have Si-0 bonds are more difficult to remove from 

InP surfaces than those with no Si-0 bonds. This is the reason 

why silicon atoms exist in all samples in our study. 

Since InP substrates used in this study are not "epitaxial- 

ready" ones, there are some surface oxides on these substrates. 

The structure of these oxides is very complicated. Binary 

compounds In203, In(OH)3, P2O5, ternary oxides InP04, 

In(P03)3 , and silicon oxide may coexist [8]. They can not be 

removed completely only by pretreatment. 

If the substrates are well-prepared as "epitaxial-ready" 

ones that have no silicon and oxygen atoms at the surface, it 

may be possible to make epitaxial wafers that have no carrier 

concentration neither impurities at the interface. The present 

result however shows a possibility to decrease the carrier 

concentration at the interface by optimizing the MOCVD 

growth conditions without using special substrates. 

5. Conclusions 

We have found that the n-type carrier concentration at the 

interface between InP substrates and epitaxial layers grown by 

MOCVD strongly depends on the growth conditions. The 
carrier concentration decreases with increasing the PH3 

partial pressure. The carrier concentration also reduces when 

the temperature during thermal etching is high, and the 

temperature during the initial growth stage is low. These 
growth conditions can depress the activation efficiency of 

silicon. 

Ishikawa et al. [5] reported that the origin of n-type carriers    Acknowledgments 
was silicon atoms in the ambient air and it could be suppressed 

by thermal etching for removing silicon atoms absorbed to        The authors are grateful to Dr. K. Aiki, Dr. M. Taniguchi 
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the case of the Ishikawas' experiment, silicon planar doped   discussions. 

InP layers that had no Si-0 bonds were used, therefore, the 

result might be different from ours. The activation efficiency 

of silicon is suppressed not only by removing silicon atoms 

but by making Si-0 bonds, as Izumi reported [7]. It indicates 141 
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Table 1 N-type carrier concentration at the interface of 
various growth conditions 

Process 
Thermal Etching Growth* 

Temperature 

(°Q 

Carrier 
Concentration 

(cm-3) Temperature PH3 

(1) A a 660 2.0xl014 

(2) A b 660 3.0xl015 

(3) 

(4) 

B 

B 

a 

b 

660 

660 

6.0xl015 

5.0xl016 

(5) 

(6) 

C 

C 

a 

b 

580 

580 

3.0xl015 

6.0xl015 

*at the interface 
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Introduction 

Heavily carbon doped p-InGaAs lattice matched to InP is of great importance for many InP-based microwave and 
optoelectronic device applications due to its low diffusivity during the growth, device fabrication and operation. 
However, the growth of C-Ino.53Gao.47As is very difficult compared with that of C-GaAs due to the enhanced 
amphotericity by the presence of indium. Recently, there have been several reports on the growth of carbon doped p- 
Ino.53Gao.47 As. Most of the work to date has been carried out in MBE-like growth environments such as MOMBE(l), 
GSMBE(2), MBE(3) and CBE(4) and only a small number of reports is available on MOCVD growth(5)(6). Although 
MOCVD is very attractive due to its simplicity and flexibility, growth of carbon doped materials using this technique is 
difficult due to the presence of very large amounts of hydrogen at the growth interface, which reduces carbon 
incorporation and also passivates the incorporated carbon. In addition, it has been reported that the use of metalorganic 
indium source(TMIn) tends to result in n- rather than p-type conduction(l). In this paper, we report on the growth of 
heavily carbon doped />-InGaAs(~6.5xl019cnr3) lattice-matched to InP by low pressure MOCVD using all methyl metal- 
organic sources and liquid CCI4. The impact of annealing conditions on carbon activation and subsequently on the 
contact resistance is also presented. 

Growth of carbon-doped InGaAs 

The growth was carried out by a modified 
EMCORE GS3200 Low-Pressure Metal Organic Chemical 
Vapor Deposition(LP-MOCVD) system in a vertical mass 
transport reactor with rotating susceptor. All-methyl 
metal organic sources(TMIn, TMGa) were used for group 
III and 100% arsine was used for group V. Liquid, instead 
of gaseous CCI4 was used as a carbon source. This was 
transported from the standard stainless steel bubbler to the 
reactor through an alkyl delivery line using H2 as a carrier 
gas. Although the use of liquid CCI4 has been reported 
for growth of carbon doped GaAs by LP-MOCVD(7) and 
C-Ino.5Gao.5As by GSMBE(2), there is, to our knowledge, 
no such report for C-Ino.53Gao.47As by LP-MOCVD. 
Liquid rather than compressed gaseous CCI4 offers the 
advantage of easy installation using a standard stainless 
steel bubbler in a alkyl line. Moreover, the dopant flux 
can be controlled by the bubbler temperature and pressure 
which in conjunction with the flow rate of the carrier gas 
leads to a wider range of dopant flux as imposed by 
electronic and optoelectronic material requirements. 

Since carbon is of amphoteric nature, growth 
conditions have to be optimized so that carbon is favorably 
incorporated into As-sites rather than group III sites.   Our 

'Work supported by ARPA COST(MDA 972-94-1-0004) 
and URI(DAAL 03-92-G-0109). 

studies showed that low growth temperature (<500°C) and 
V/ni ratios (~5) are necessary to obtain a p-type material. 
Although this trend is in agreement with previous reports 
using gaseous CCl4(5), the trends for the incorporation 
efficiency of In and Ga are different as explained below. 

One of the main advantages of using carbon 
sources that do not contain major cation or anion materials 
is that doping level control is independent of growth rate 
and alloy composition of the material. However, CCI4 
does not follow this rule and tends to affect the growth rate 
and alloy composition of InGaAs by etching InAs and 
GaAs at the growth front Therefore, growth conditions 
have to be optimized and sometimes even compromised so 
that growth can take place in a more controllable way. 
The source incorporation efficiency 77 is a very useful 
parameter for investigating the impact of CCI4 flow rate on 
the growth rate and alloy composition of InGaAs and has 
therefore been explored in our study. The source 
incorporation efficiency of cation A ( T\A) can be defined 
by extending the definition of G. S. Tompa et al. for binary 
materials(8) as shown below: 

_ moles of cation A deposited on 5" susceptor 
moles of cation A introduced into the reactor 

Fig.l shows that both the TMGa and TMIn incorporation 
efficiency {r\Ga and r//n, respectively) are reduced over 
the entire temperature range in the presence of CCI4 
(~4sccm).    The reduction of r\Qa is in contrast to the 
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Fig.2 The dependence of cation incorporation ratio(T) on 
CCI4 flow. Low growth temperatures offer alloy 
compositions which are insensitive to CCI4 flow up to 
~10sccm. 

results of earlier reports using gaseous CCI4 where only 
the TMIn incorporation at high growth temperature was 
found to be affected by the presence of CCLKö). The 
rapid decrease of r\Ga below ~450°C is due to the 
incomplete decomposition of TMGa and is relatively 
independent of the presence of CCI4. However, at 
temperatures above 450°C r\Qa is not sensitive to the 
growth temperature while this is not the case for r\\n. The 
latter is in fact found to decrease in the presence of CCI4 as 
the growth temperature increases. As a result, growth rate 
reduction due to reduced r\Qa and 7j/n by the presence of 
CCI4 can be minimized by lowering the growth 
temperature. 

The ratio of TMGa and TMIn cation 
incorporation efficiency 7 (=7TrMGa/TITMIn) *s a verv 

important parameter for controling the alloy composition 
in ternary materials. This is due to the fact that the solid 
phase indium composition in an InGaAs layer, xs, is 
determined by the gas phase indium composition xg and 7 
as below: 

1 
Xs    l + y(l/xg-l) 

Therefore, in order to achieve a constant solid phase alloy 
composition i.e. lattice-matched growth, regardless of 
doping level, 7 should be insensitive to the CCI4 flow rate. 
Fig.2 shows the cation incorporation ratio 7 as a function 
of CCI4 flow at various growth temperatures. As can be 
seen in Fig.2, low growth temperature (430°C) offers a 7 
which is relatively insensitive to the CCI4 flow up to a 
level of -lOsccm. As will be seen later on, a high CCI4 
flow level is necessary for maximum carbon incorporation. 
The results described up to this point lead to the conclusion 
that the alloy composition of carbon doped InGaAs is 
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Fig.3 Variation of hole concentration and mobility of 
CrlnGaAs after annealed at 600°C for 10 seconds. 

insensitive to the amount of CCI4 at low growth 
temperatures. Low growth temperatures of 430°C are 
therefore recommended for growing C-InGaAs by liquid 
ecu. 

Impact of thermal annealing on carrier 
activation 

The impact of post growth thermal annealing on 
the electrical properties of C-InGaAs was investigated 
using samples grown at 430°C. The samples were 
annealed with RTA in Ar under different annealing 
conditions. Fig.3 shows the hole concentration and 
mobility of the as grown and annealed samples doped at 
various CCI4   flow   rates.        The   maximum   hole 

concentration achieved was 6.5xl019cm~3. The hole 
concentration of the as grown samples was about the same 
regardless of the CCI 4 flow rates which ranged from 1 to 
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Fig.5 Dependence of activation energy (Ea) and pre- 
exponential factor of rate constant (k0) of isochronal 
annealing on CCI4 flow. 

lOsccm. However, the hole concentration was increased 
by an order of magnitude by annealing at 600°C for 10 
seconds. In addition, in contrast to the case of carbon 
doped GaAs(9), the hole mobility also increases with 
annealing. For a better understanding of the impact of 
annealing on carrier activation, isochronal annealing was 
performed on these samples. Fig.4 shows the isochronal 
annealing(10 seconds) of C-InGaAs samples grown with 
various CCI4 flow rates. For a better understanding of 
these characteristics, we represented the hole concentration 
(p) vs. temperature dependence by the following equation 
based on first order kinetics(lO): 

-^ = ~k(Pmax - P) 

where k :Vexp(-|^) 

as grown annealed (600°C/10s) 
[CJSDMS 3xl019 3x10*9 
KISIMS 1.5x1019 4xl018 

PHall 2.5xl018 2.5xl019 

cv 2.38x1019 2.95x1019 

Cm 6.25x1018 5xl017 

rv 63.2% 13.6% 

Fig.5 provides information on the kinetic processes taking 
place by permitting evaluation of the pre-exponential 
factor^) and activation energy(£a). Both k0 and Ea were 
found to decrease with CCI4 flow in agreement with the 
hole concentration trends observed in Fig.4. The variation 
of the kinetic parameters ko and Ea with CCI4 flow 
suggests that more than a single mechanism is responsible 
for the carrier activation process. 

The increase of hole concentration after post 
growth anneal has been attributed to hydrogen de- 
passivation in case of C-GaAs(9) and C-InGaAs(6). 
SIMS analysis of our samples shows, however, that this 
increase which exceeds an order of magnitude in the case 
of our C-InGaAs, could not be correlated quantitatively to 
hydrogen de-passivation. The carbon and hydrogen 
atomic concentration evaluated by SIMS and the hole 
concentration found by Hall measurements can be related 
to the atomic carbon concentration which occupies group 
III and V sites(C/// and Cy, respectively) and to the 
interstitial carbon concentration C; as below: 

^SIMS = Cv+Cm+Ci 

WSIMS = ryCv +''111^111 + Hi 
PHall = Cv(l-ry)- C/// (1 - rm ) 

Here, r/// and ry are the ratio of hydrogen-passivated 
carbon atoms which occupy group III and V site, 
respectively, and //,• is the unionized hydrogen 
concentration. Since hydrogen is positively charged in p- 
type materials and subsequently passivates only negatively 
charged acceptors, rjjj can be assumed to be zero. By 
assuming negligible C; and ///, we can obtain 

Cy = (.[C]SIMS + WlSIMS + PHall) / 2 
ClII=[C]siMS-Cy 

rv = [H]S!MS/Cv 

Table A summarizes the above parameters before and after 
thermal annealing. It shows displacement of carbon atoms 
from group III site to V site, as well as, reduced hydrogen 
passivation from 63% to 14% upon thermal annealing. 
Thus, the combined effect of carbon displacement and 
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reduced hydrogen passivation might responsible for the 
increased hole concentration. 

Impact of annealing on contact resistance 

Good ohmic contacts to p-InGaAs are of great 
importance since they often impose limiting factor in the 
performance of devices such as InP/InGaAs HBTs and 
double heterojunction lasers. Thus, the impact of thermal 
annealing on the ohmic contact resistance was investigated 
by depositing Ti/Pt/Au non-alloyed ohmic contacts on a 
1000A carbon doped p-InGaAs. This layer acted as 
external base in an HBT structure which has a 2500Ä 
ZmlnGaAs base O~8xl018cm-3), a 4000Ä collector 
(n~lxl017cnr3) and a 5000Ä subcollector (n~2xl019 

cm-3). Ohmic contacts on the as-grown base layers 
showed specific contact resistance values of 4xlO"5Q-cm2. 
However, as can be seen in Fig.6 the specific contact 
resistance decreases rapidly as the post growth annealing 
temperature increases. Specific contact resistance values 
as low as 5xlO~7Q-cm2 could be achieved with contacts 
formed on a sample annealed at 600°C for 10 seconds. 

Summary 

In summary, heavily carbon doped InGaAs lattice 
matched to InP was grown by LP-MOCVD using all- 
methyl metalorganics and liquid CCI4 as a carbon source. 
The impact of growth conditions on conduction type and 
alloy composition of InGaAs were studied. The effect of 
thermal annealing conditions on the hole concentration and 
mobility of C-InGaAs was investigated and carbon 
displacement from group III site to arsenic site as well as 
reduced hydrogen passivation is suggested as a possible 

mechanism for the significant increase of hole 
concentration upon annealing. Base specific contact 
resistances as low as 5xl0"7£2-cm2 were demonstrated by 
depositing Ti/Pt/Au non-alloyed ohmic contacts on 
annealed base layers. 
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ABSTRACT 

Chlorine auto-doping phenomenon is found for the first time in InP epitaxial growth by using 

PCl3/InP/H2  system.   Chlorine  atoms  act as  donor in  the  epitaxial  layer  and  the  carrier 

concentration are controlled by the facet of InP substrate. The carrier concentration of the InP 

layer on (lll)B facet is 103 times higher than that on the (100)2°off[110] substrate. 
1. Introduction 

Carrier     confinement     technology     was 

described  in  epitaxial  growth  method,   e.g. 

MBE.D,    which uses the relation between Si 

dopant and the substrate facets of GaAs. It is 

also known that the carrier concentration in 

the epitaxial layer depends on the substrate 

orientation, in case of OMVPE.2)   In case of 

GaAs epitaxial layer by Chloride Vapor Phase 

Epitaxy(C-VPE)3), impurity incorporation on 

the substrate surfaces have been investigated. 

And the growth rate and its mechanism in 

GaAs VPE has been argued with the carrier 

concentration on the different facets.4' For InP 

epitaxial layer, there were few reports5' about 

that.   This   paper   describes   Chlorine   auto- 

doping  as   donors   at  first  in  case   of InP 

epitaxial layer on several facets by C-VPE. 

2. Experimental 

The C-VPE method for InP was carried out 

using PC13 /InP/H2 system.6' A schematic 

diagram   of the   C-VPE   reactor   was   shown 

before.7' The reactor is made of high pure 
148 

quartz. Phosphorus trichloride at first reacts 

with pure H2 at high temperature, yielding a 

gaseous mixture of P4 and HC1. 

4PCl3+6H2-»P4+12HCl    (1) 

Next, the HC1 reacts with InP crust formed 

on In metal source at 800°C, as follows, 

4InP(s)+4HCl(g)-MInCl(g)+P4+2H2    (2) 

And at the growth temperature(600°C), the 

reaction is reversed on InP substrate. Another 

independent PCI3/H2 supply by-pass the InP 

source and enter the reaction tube at the 

growth zone.(eq.(l)) Before epitaxial growth is 

started, the reactor and the substrate surface 

are cleaned by "vapour etching" .8) The 

intentionally undoped InP epitaxial layer was 

grown on (lll)A, (100)2°off[110], (011), (211)B, 

and (lll)B InP substrates at the same time. 

The Carrier concentration of InP epitaxial 

layer was evaluated by C-V method and the 

impurities were analyzed by SIMS analysis. 

The thickness was measured by stain etching 

method. 



3. Results 

The evaluation results of epitaxial layers are 

summarized in Table 1. 
Table.1 

Intensity of Cl and carrier concentration and growth rate 
on various substrate facets 

SUBSTRATE 
FACET 

Growth rate 
(nm/min) 
Carrier 

Concentration 
(cm-3) 

Intensity of Cl 
(a.u.) 

(11 DAW«* (Oil) 

6X10 

<1X10 
1 5 

<2X10t 

[110] 

6X10 

1X10 

<2X10C 

1.3X10 2.7X10 

16 
1.5X10 

<2XKT 

(211)B 

3X10 
1 7 

3X10 

(Hl)B 

1.6X10 

1.5X10 

IX 10^ 

3-1 Growth Rate 

All the substrates with different facets were 

set within 2 inch diameter in this reactor, 

where uniform epitaxial thickness was 

obtained at this growth temperature. Table. 1 

shows that the growth rate of InP epitaxial 

layers depend on these substrate facets. The 

growth rate on the (lll)B substrate is about 3 

times larger than that on the (100)2° off[110] 

substrate. 

106r 

o 
b 
>- 

LU 

105 

104 

103 

102 

DOPANT SPECIES 
OF SUBSTRATE 

A S 
D Zn 

A 
o 

--©-- 
A 

-©- 
A DETECTION 

LIMIT 

3-2 Carrier Concentration 

All of the epitaxial layers were n-type.The 

carrier concentrations were found to depend 

on substrate facets and ranged from under 101B 

cm-3 to over 1018cm3. Fig.l shows the 

correlation between the carrier concentration 

and the signal intensity of Chlorine atoms 

obtained by SIMS analysis. The dot line is 

detection limit of SIMS for Chlorine atoms. 

Even the epitaxial layer grown on (211)B Zn 

doped InP substrate showed n-type with high 

carrier concentration of 2 x 1017cnr3. 

Other impurities as donors besides Chlorine 

(e.g. Si, S, Sn, C, Se, Te) were not detected as 

shown in Table.2. These results show that the 

main donor impurities are Chlorine atoms, not 

the dopant in the substrate nor impurity from 

the reactor. Table.2 

Impurities in epitaxial layer on (111)B by SIMS 

1014 1015 io16 1017 1018 1019 

CARRIER CONCENTRATION(cm-3) 
Fig. 1 Carrier Concentration vs 

Intensity of Cl by SIMS 

Carrier 
Concentration 

SIMS analysis 

Si S Sn,C,Se,Te Cl 
It 

1.5X10 
15 

<2X10 
15 

<2X10 N.D. 1X105 

cm"3 cm"3 -3 cm a.u. 
 :. .3 

("> Detection limit;2X 10 
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3-3 Surface structure 

Optical photographs of the surface 

morphologies of InP layers are shown in Fig.2. 

There are three kinds of surface morphologies. 

Good morphologies were obtained on the 

(100)2° off[110]  and on (Oil).  On the other 

hand, that on the (211)B was ruffer than that 

on (100)2° off[110]. In case of that on (lll)B, 

triangle shape structure was observed. The 

size of the triangle shape is smaller than that 

on (lll)A. These results implies 3 kinds of 

growth mechanism in this case. 

i?p»SP(fii 

i 

(211)B 
100 ßm 

(011) 
100 ßm 

Fig.2    Opticalphotographs of the surface morphologies 
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4.    Discussion 

The carrier concentration is controlled by the 

substrate facet. In the case of (lll)B, covered 

with phosphorus atoms, the carrier 

concentration is 103 times higher than that on 

(100)2° off [110]. The difference of facets makes 

not only the difference of the growth rate but 

also that of the carrier concentration. 

In this experiment for InP by C-VPE, the 

growth rate and the carrier concentration and 

the morphologies changed corresponding with 

the InP substrate facets. In this epitaxial 

growth system, Chlorine atoms are auto-doped 

in the epitaxial layers as donors. 

The coverage ratio of phosphorus atoms in 

the substrate surface increases the following 

order, (lll)A, (100), (011), (211)B, (lll)B. And 

the carrier concentration increases according 

to the same order.The bonding process of InCl 

with P on surface is important in this growth 

system. On (lll)B facet, covered with 

phosphorous atoms, InCl adsorb directly to 

surface phosphrous atom, and InCl molecules 

should adsorb faster than the disorption of 

Chlorine atoms. So the Chlorine atoms are 

contained in the epitaxial layer. On the other 

hand, on (lll)A facet, covered with In atoms, 

InCl with P4 or InCl family(e.g. P-InCl) should 

adsorp slowly, and so almost all of the Chlorine 

atoms should disorp after InCl adsorped. So 

there are few Chlorine atoms and the carrier 

concentration is low. The carrier concentration 

is a function of the coverage ratio of 

phosphorous atoms through the adsorption- 

disorption process. As for GaAs VPE, it is 

reported that impurities are incorporated on 

the B-face than on the A-face and the main 

impurity is Si from the reactor.3) According to 

this result, it is supposed that Chlorine atoms 

may be one of the important donors in GaAs VPE. 

This Chlorine auto-doping process will be 

developed and become important in the substrate 

facet design, such as mesa shape, for various 

device fabrications. 

5. Conclusion 

Chlorine auto-doping in the epitaxial layer by 

C-VPE method for InP has been clarified. 

Chlorine atoms act as donors in the epitaxial 

layer. The carrier concentration is controlled 

by the selection of the substrate facet. On 

(lll)B facet, it is over 1018cm-3, which is 103 

times higher than that on the (110)2° off[110] 

substrate. 
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Abstract 

We have found that step bunching occurs in heavily Se doped InP, grown by MOCVD, for both (001) and (111)B 
planes and that it occurs with a lower Se source gas flow rate for the (111)B plane than for the (001) plane. Using this 
heavy Se doping, ,we have successfully fabricated novel planar buried heterostructure lasers on p-InP substrates, in 
which the Se-doped n-InP current blocking layer does not make contact with the n-InP cladding layer. 

Introduction 
Novel techniques to control growth rate anisotropy 

for various different crystal singular planes are 
required for precise control of three dimensional 
device structures. A growth rate change caused by Se 
doping, in InP growth by metalorganic chemical vapor 
deposition (MOCVD), and its application to maskless 
selective growth have been reported. [1] We compared 
the effect of Se heavy doping in InP on the (001) and 
(lll)B planes by MOCVD. By increasing the doping 
concentration up to a saturation concentration, 
hillocks appeared on the epitaxial layer surface and 
macro steps were formed on and around these hillocks 
for growth on the (001) plane. The formation of 
hillocks and macro steps indicated a slight decrease in 
growth rate. Macro steps were also found to be formed 
on epitaxial layers grown on the (lll)B plane under 
much lower Se source gas flow rate conditions. These 
phenomena were successfully applied to laser 
fabrication on p-InP substrates, in which it is 
necessary to suppress the growth of n-InP on the 
(lll)B and (221)B facets in order to separate the n- 
InP current blocking layer from the n-InP cladding 
layer. 

Doping Characteristics 
N-InP was grown by using trimethylindium, 

phosphine, and hydrogen selenide (H2Se) as the 
source gases. The growth temperature was 670 °C and 
the pressure was 2.6xl04 Pa. 

As Fig. 1 depicts, the carrier concentration 
increased in proportion to H2Se flow rate when the 
H2Se flow rate was lower than lxlO"7 molAnin but it 
tended to level off when the H2Se flow rate was higher 
than   2xl0"7   mol/min   on   the   (001)   plane.   The 

in T 
maximum carrier concentration was 6X101* cm*J. 
Fi«  2 shows the change of surface morphology, of 

(001) InP, with H2Se flow rate. When the H2Se flow 
rate was increased above lxlO"7 mol/min, hillocks 
appeared on the epitaxial layer surface and macro 
steps were formed on these hillocks. By increasing the 
H2Se flow rate still further, these hillocks and macro 
steps appeared more clearly. Presumably the excess 
selenium decreased the growth rate on the (001) plane 
slightly and enhanced growth towards the non- 
singular plane directions causing step bunching.[l] 

The doping efficiency was confirmed to be much 
higher on the (111)B plane than on the (001) plane as 
is depicted in Fig. 1. Macro steps appeared for all 
layers grown on the (111)B plane with Se doping, as 

?    10" 
E 

2 1020 

1 1019 

j 670°C 
; 200 Torr 

I (111)B ^ 

r      • 

-.-•-/=» 

o z: 

?io« f              .A 

/*> (100) 

LU 

i A/ lnP:Se 
cc 
g 1017  i •     ■•■■■■■! 1 1   l  1 nil 

10" 10 i-8 10 -7 io-° 
H2Se FLOW RATE (mol/min) 

Fig.l    Doping characteristics of H2Se in InP for (100) and 

nil)B plane 
152 



2xl0-9 mol/min 2xl0-7 mol/min 4x10-7 mol/min 

Fig.2   Surface morphology of (100) InP under various H2Se flow rate conditions 

^iPlilf;^ SSSl^Ps 

2x10"9 mol/min lxl0"8 mol/min lxl0-7mol/min 

Fig.3   Surface morphology of (111)B InP under various H2Se flow rate conditions 

can be observed in Fig. 3. These macro steps were 
caused by the Se doping because they were not 
observed for InP grown without Se doping. These 
macro steps also became clearer on increasing the 
H2Se flow rate, although polycrystal covered (lll)B 
surface when the H2Se flow rate was increased above 
4xl0"8 mol/min. It is noticeable that macro steps were 
formed with much lower Se source gas flow rate for 
the (lll)B plane in comparison to the (001) plane. 
These results indicate that the Se blocked the InP 
growth severely on the (lll)B plane as compared to 
(001) plane for the same H2Se flow rate. 

Application to Laser Fabrication 
The above substrate orientation dependence of Se 

doping suggests that an anisotropic growth rate may 
be obtained by using the proper H2Se flow rate when 
relevant facets are nearby on a suitable etched 153 

substrate. We applied Se heavy doping to the 
fabrication of planar buried heterostructure (PBH) 
lasers on p-InP substrates. 

The schematic cross-sectional diagram of a PBH 
laser on a p-InP substrate is shown in Fig.4. This 
structure is usually fabricated using three-step 
MOCVD growth as follows. First, a p-InP buffer 
layer, an active layer (we use a strained InGaAsP 
MQW structure), an n-InP cladding layer and an n- 
InGaAs cap layer are successively grown on a p-InP 
substrate. Next, a mesa stripe structure, in the <110> 
direction, is formed with wet etching and a Si02 stripe 
mask. Then a p-InP filling layer, an n-InP current 
blocking layer, and a p-InP current blocking layer are 
selectively grown. Finally, an n-InP cladding layer 
and an n-InGaAs contact layer are grown after the 
Si02 mask and the n-InGaAs cap layer are removed. 
In these fabrication processes, it is very important that 



=5? ¥^ 
active layer 

- n-lnGaAs contact layer 
- n-lnP cladding layer 
- p-lnP current blocking layer 

^> n-lnP current blocking layer 
^p-lnP filling layer 

- p-lnP substrate 

Fig.4 Schematic diagram of a PBH laser on a p-lnP substrate 

the n-lnP current blocking layer does not make contact 
with the n-lnP cladding layer to realize a low 
threshold current and a high power operation. This is 
because a large leakage current flows through the n- 
InP current blocking layer when the n-lnP current 
blocking layer is connected to the n-lnP cladding 
layer. 

In the second MOCVD growth, the (lll)B and 
(221)B facets are exposed on the mesa side wall after 
growing the p-lnP filling layer. [2] Then we used Se 
as an n-type dopant in the n-lnP current blocking layer 
in order to suppress growth on the (lll)B and (221)B 
facets. Though we did not actually investigate the 
doping characteristics of Se on the (221)B plane, we 
can expect that it will show an intermediate property 
between that of (001) plane and (lll)B planes. 

A cross-sectional SEM image of the typical PBH 
laser with a heavily Se doped n-lnP current blocking 
layer is shown in Fig. 5. We can separate the n-lnP 
current blocking layer from the n-lnP cladding layer 

easily with heavy Se doping, because the growth rate 
on the (lll)B and (221)B facets decreases quickly. 
Especially, it is noticeable that not only is the growth 
on the (lll)B and (221)B facets suppressed but the 
growth on the outside area of the mesa side wall is 
enhanced. This phenomenon is probably related with 
suppression of the growth on the (001) plane. 

Laser Characteristics 
We could fabricate PBH lasers whose n-lnP current 

blocking layer did not make contact with the n-lnP 
cladding layer easily by using the above mentioned 
method, and realized low threshold current operation 
of 1.3 urn strained InGaAsP MQW lasers. Fig. 6 
shows the CW light-current characteristics. The MQW 
active layer, whose width was about 1.5 urn, consisted 
of six 0.5 % compressively strained wells, each 7 run 
thick. The cavity length was 200 um and both facets 
were high-reflection coated ( Rf=70% and Rr=95% ). 
Threshold currents at 20 and 100 °C were 2.0 and 12.0 
mA, respectively. The characteristic temperatures of 
threshold current and slope efficiency were 58 K and 
230 K in the temperature range of 20-60 °C , 
respectively. 

10       20       30       40       50 
CURRENT (mA) 

Fig.6    CW light-current characteristics of the laser with the 
heavily Se doped n-lnP current blocking layer 

Fig.5   A   cross-sectional SEM image of a typical PBH laser 
with the heavily Se doped n-lnP current blocking layer ^ 54 

Summary 
We investigated the doping characteristics of Se in 
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The chloride vapor phase epitaxial (VPE)growth of semi —insulating(SI)InP(Fe) using N,+H, as a . 

carrier gas is reported for the first time. Iron doping is achieved by using Feel; generated by reaction of 

HC1 and Fe. The transport of iron as Feel; is greatly improved by the use of N2. A proper N2/H2 ratio 

for the iron incorporation is discussed and a high valve of 5X108 ficm is obtained. Especially, the tech- 

nique has been successfully applied to the preparation of muti — quantum — well (MQW) laser diodes, as 

we haven't found the concerned reports yet. 

1. Introduction with  the gas  from PC13 then through  In source 

The SI — InP epilayer is an important tech- region.  The latter carrier gas consists the same as 

nique for the development of InGaAsP laser diodes the former.   Other conditions: T,ub = 620'C  Tto = 

and monolithic integrated opto —electronic devices. 780'C.   Total  gas  flow rate  through  the growth 

A large number of studies have been devoted to the region is 800 seem.  When growth begin, undoped 

VPE. Coventional VPE has recently been extended InP is grown for 5 min first, then "half— doped" 

to include SI InP(Fe) growth capability using Fe- layer for 5 min (The carrier gas through Fe source 

CL by H; to form HC1 and element Fe, We use N2 flow  rate  half of the normally growing  valve). 

+ H2 hybrid gas as carrier, controlling the hydro- Last, the flowrate is adjusted to a normal valve, 

gen partial pressure to a certain degree.   Under a SI:InP(Fe) is deposited for 10 min. 

proper N2/H, ratio, SI InP(Fe) film can be ob- 3.  Results and discussion 

tained.   Application of the technique to the MQW 1.  Resistivity in different N2/H2 ratio.  P. L. 

structure proved that the bury is of high quality. GILES,  etal have examined the In/PCl3/N2 system 

2. Experimental and conclude that the growth without hydrogen is 

The apparatus is almost the same as coven- impossible for thermodynamic reasons.   But with 

tional In/PCl3/H2 chloride system except for a Fe the  addition of small  amouts  of phosphine,   InP 

— doping line.   A multi — layer iron screen mesh growth is possible in nitrogen.   Instead of phos- 

(99. 99%) is used as the doping source.   The Fe phine, we use hydrogen directly and corresponding 

doping is carried out as follows! First, high —puri- thermodynamic see also our another contribution, 

ty HC1 vapor with H, carrier is introduced into the In H2/PCl3/In system the large hydrogen partial 

Fe source region.   Typical  HC1  flowrate  is   10~4 pressure leads to the reaction H2+FeCl2-*HCl-(-Fe 

mol/min.  The HC1 is formed by thermal decompo- and this greatly reduces the amount of FeCU which 

sition of PC13.   Next the iron source is etched b/ can be transported to compensate residual donors 

HC1 vapor and FeCl2 is formed by the reaction Fe + in the grown film.   So hydrogen partial must be 

HCl-HFeCl2 + H2(T = 750'C).  The gas with FeCl2 controled.  Figure 1 shows resistivity versus N2/H2 

is then mixed with additional N2, the resuting gas ratio.  The line consits of three section, the part   I 

flow is 400sccm (96% N2 + 4%H2 mole fraction). emerges in the situation similar to chloride VPE    . 

The gas is transported to the growth region to mix with only H2 as carrier.  The section  I  shows the 
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creases with the N2/H2 ratio. The greater N2/H2 

ratio, the more FeCI2 is transported. N2/H2«^25 is 

critical point in our system. 

2. SIMS measurement. The Fe concentration 

for the film has been measured by SIMS. The iron 

level is about 1017 cm-3 and is comparable levels 

with the best results achieved by VPE. 

3. The characteristics of QW laser diode. Suc- 

cessfully we have fabricated the QW —structure — 

based SI —InP(Fe) epilayer. From the Wafer, the 

lasers have been prepared by general processure. 

The threshold current descends from 250mA (with 

oxide slripe confinement) to 80mA (InP(Fe) — 

buried). The laser operates stably in the funda- 

mental laternal mode without significant distortion 

of  the   far — field  patterns,   which  display  high 

difficult growth condition using almost only N2 as a symetry. Far —field full angle at half power 8± = 

carrier as discussed by P. L. GILES. The part I 20° &„ = 12°as Fig2. All above results suggest a 

exhibits a ideal result; the resistivity of epilayer in-    successful growth of SI InP(Fe). 
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Fig 1 Resistivity versus N2/H2 
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Fig 2 Far-field patterns parellel (a) and perpendiculer (b) to the junction 
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Introduction 

The deposition of AlAsj.xSbx films is studied systematically using metalorganic vapor-phase epitaxy 

technique. The composition of the alloys was found to be dependent strongly on the growth temperature. 
High concentration of solid Sb can be achieved at an elevated temperature. It is interesting to note that for 
films grown at 600 °C the AlAs content in AlAsSb becomes simply determined by the input gas ratio of 
[TBAs]/[TMAl] as the Sb reactant is supplied sufficiently. Owing to the insensitivity of Sb mole flow rate to 
solid composition at this particular growth environment, this result could be accounted for by thermodynamic 
arguments. Following this picture, an improved film controllability can be achieved for the growth of AlAsi _ 

xSbx compounds. 

The novel related III-V ternary compounds, AlAsj. 

xSbx , lattice-matched to InP or InAs, have made great 

interesting for a number of optoelectronic devices 
applications, e.g., 1.3-1.55um surface-emitting laser, 
modulation-doped field-effect transistors and resonant 
tunneling diodes, owing to their high T-bandgap, low 
refractive index and large heterojunction conduction 
band offsets (1-4). However, the growth of AlAsSb, 
where the mixing is occurred on the anion sublattice, 
appears to be relatively difficult (6-9). Traditionally, the 
growth of Sb-containing alloys is performed at a low 
input V/III ratio by adjusting the partial pressure of Sb 
in group V to obtain the desired composition x. It is 
generally believed to be related to the high sensitivity of 
the growth to the growth parameters, such as the input 

V/III ratio, the Sb partial pressure in group V (Xvsjj) 

and the growth temperature. Samples prepared in the 
method usually suffers an intolerable amount of 
composition fluctuation which would ultimately 
deteriorate the device performances. Therefore, 
competing in the fabrication of future devices so as to 
derive an efficient approach capable of accurately and 
reproducibly controlling the solid distribution has 
become one of the relevant topics in the study of 
AlAsSb. In this work, thermodynamic analyses were 
performed to investigate the dependence of solid 
composition on various growth parameters. Following a 
series of experiments, a easier new picture for 
composition controlling is proposed in the growth of 
AlAsi.xSbx. 

The epitaxial layers were grown on InP (100) 
substrate in an atmospheric pressure horizontal reactor 
using a metalorganic vapor-phase epitaxy (MOVPE) 

technique. The metalorganic sources trimethyl- 
aluminum (TMA1), tertiarybutylarsine (TBAs), and 
trimethylantimony (TMSb) were used as the sources 
reactants, and were thermostated at 17°C, 1°C, and -17 
°C, respectively. The total H2 carrier flow rate was 1.5 

SLM during the growth, which yields a linear gas 
velocity of 10cm/s immediately in front of susceptor. 
Another detailed description is published elsewhere (5). 
The MOVPE-grown samples were then characterized 
by x-ray diffraction analysis and energy dispersive 
analysis of x-ray (EDAX). Scanning electron 
microscope (SEM) and a Normarski optical microscope 
were employed for examining the surface morphology 
of the epilayers. Thickness was measured either by the 
surface profilometer or the cross-section of SEM. The 
thermodynamic model employed here has been 
provided with an indepth description elsewhere (10). In 
this study, the corresponding equilibrium constants of 
reaction of AlAs and AlSb were derived from the data 
of Kubaschewsi and co-workers (11,12), and Stull and 

Sinke (13). Their values are 1.620 X 1022 and 4.824 X 

10 , respectively. The interaction parameter of AlAs- 
AlSb, 3843 cal/mol, used in the simulation was 
calculated from the DLP model (14). 

Growth temperature, undoubtedly, is one of the 
important growth parameter for films deposition. In 
attempt to understand the dependence of solid 
composition on growth temperature, we grew a series of 
sample. The input mole flow ratios of TMA1, TBAs, 
and TMSb were at 36, 15, and 29 ^mol/min, yielding a 
V/III ratio of 1.2. Such a low V/III ratio is generally 
believed to necessary and favorable of attaining high Sb 
incorporation   and avoiding any Sb droplet formation 
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(9). Figure 1 shows the dependence of composition x 

(Xsgb) in AlAs].xSbx on reciprocal temperature. 
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Fig. 1. Composition of AlSb content in AlAsSb as a 
function of growth temperatures with constant mole flow 
ratio of TMAI:TBAs:TMSb=36:15:29. 
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The AlAs content was found to increase continuously 
as the growth temperature increases from 525°C to 625 
°C. Among all precursors, the TBAs is presumably to 
decompose completely in this study, since the pyrolysis 
of TBAs is nearly completed at a temperature of 500 °C 
(15). On the other hand, the TMSb docs not decompose 
totally until the temperature reaches to 600 °C . The 
increase of Sb concentration at high temperature may at 
least partially attribute to the cracking efficiency of 
TMSb. At higher growth temperature, the supply of Sb 
atoms at the growing interface increase accordingly, 
and, therefore, higher fraction of Sb can be obtained in 
the epilayer. 

The Sb solid mole fraction (Xs$b) to its gas phase 

mole fraction (Xvgb) with various V/III ratio is shown 

in Fig. 2. The decomposition temperature is 600 °C at 
which all regents are presumed to decompose 
completely. Therefore, the effect due to the degree of 
partial decomposition can be minimized. The solid 
lines in this figure represent the theoretical results 
calculated according to thcrmodynamic considerations. 
As shown in the figure, a linear relationship between 

Xs
Sb and Xv

Sb can be obtained only at V/II1=1. As the 

V/III ratio increases, the AlSb solid content decreases 
significantly. For V/III>5, almost no Sb concentration 
can be found in AlAsSb epilayer. 158 

Sb 

Fig. 2. AlSb mole fraction in AIAs.j_xSbx versus Sb 

vapor composition in group V at different V/III values. 
The solid lines represent the theoretical results 
predicted by thermodynamics. 

Experimental data indicate the composition depends 
strongly on V/III ratio and input gas fraction of Sb in 
group V. One precaution to be followed during the 
growth is that the AlAsSb must never be grown at V/III 
ratio<l. If the true value of V/III ratio is less than unity, 
excess Al element appears, thereby resulting in poor 
film quality. These additional constraints cause the 
growth window for AlAsSb to be even narrower. 
Therefore, to obtain a specific value of x in AlAsi_xSbx, 

based on the phase diagram described above, the mole 
flow rates of all precursors are necessary to be regulated 
extremely carefully. That makes the preparation of 
AlAsSb sample difficult. 

In Fig. 3(a). we show the Xs
Sb as function of 

[TBAs]/[TMAl] at growth temperature of 600 °C with 

[TMSb]/[TMAl|=0.5 and TMA1 mole flow rate equal to 

9.2 (.unole/min. The fraction of AlSb seems to decrease 

nearly linearly in the region for values of 

[TBAs]/[TMAI] between 0 and 1. The reduction of 

solid Sb concentration becomes getting slower for 

[TBAs|/[TMAl]>l. To clarify the role of As atom 

played in the growth, another experiment were 

performed at different [TMSbj/[TMAl] ratios with a 

fixed [TBAsJ/[TMAl], ranged from 0.3 to 1.7 as the 
result in Fig. 3(b). 
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privilege in occupying group V sublattice. Thus, nearly 
all the As atoms arriving at the growing surface can be 
incorporated in the solid, provided that its molar flow 
does not exceed that of TMAI. On the other hand, the 
Sb atom plays more passive role during the growth, 
similar to phosphorus atom in the case of GalnP. 
Therefore, once the Sb is oversupplied, the composition 
of AlAsi_xSbx is simply determined by the partial 

pressures of arsenic and aluminum reactant. Above 
discussion indicate that the As/Al input gas ratio, rather 

than V/III ratio or Xv
Sb, is the principal factor for 

determining the solid distribution. Since only two of the 
input reactants (Al and As) are required to be 
accurately controlled, the growth of AlAsSb can 
apparently be simpler and become comparatively easier. 

In conclusion, we have found that the solid 
composition of AlAsj_xSbx is strongly dependent on 

the growth temperature. A higher temperature seems to 
be more likely for Sb atoms to incorporate into the films 
for the growth of AlAsj.xSbx alloys. Although the 

growth  is very  sensitive  to  V/III  ratio  and XsgD, 

however, in our study we found that the key factor in 
controlling the composition is the input gas ratio of 
[TBAs]/[TMAl]. Saturation in composition is occurred 
under a fixed input [TBAs]/[TMAl] gas ratio due to the 
preferential incorporation of As. Lower value of 
[TBAs]/[TMAl] ratio yields a higher solid Sb 
concentration. Therefore, the control of solid 
composition in AlAsSb appears to be much easier 
owing to the removal of one of the growth constraint. 
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Fig. 3. Dependence of solid Sb concentration on the 
input partial pressure ratio of (a) [TBAs]/[TMAI] and (b) 

[TMSb]/[TMAI], respectively. 

As shown in fig. 3(b), no matter which value of 
[TBAs]/[TMAl] is used, the corresponding solid Sb 
concentration saturates and almost independent of the 
TMSb mole fraction in the gas phase. The saturated 
value of solid Sb is inversely proportional to the 
[TBAs]/[TMAl] ratio. The TBAs together with TMAI 
quite likely control the overall growth process. This 
observation coincides with the trend predicted by 
thermodynamic theory. Since the binary AlAs is more 
stable than AlSb(8), the As atom has an esteemed 
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We investigated the MBE growth and optical characteristics of Ino.53Gao.47As/Ino.52Alo.48As 
MQWs on vicinal (110) InP substrates. The MQWs grown on the (110) substrates tilted towards 
[OOT] indicate narrower excitonic linewidth in absorption spectra and stronger PL intensity than 
those of (001) MQWs. On the other hand, for the MQWs on the (110) tilted towards [001], we 
observed no excitonic absorption peaks and extremely-weak and broad PL spectra. The TED and 
TEM observations have clarified that these poor characteristics are due to structural fluctuation and 
atomic ordering in the MQWs. We also discuss a possible mechanism of the degradation. 

I. INTRODUCTION 

Over the last two decades, advances in growth 
techniques, such as molecular beam epitaxy 
(MBE), have spurred many studies on the optical 
properties of multiple quantum wells (MQWs) and 
on their device applications. Almost all the 
studies, however, have been limited to the (001) 
MQWs. Recently, there has been increasing 
interest in the MQWs grown on (HO)-oriented 
substrates from the viewpoints of their novel 
optical and structural properties, such as in-plane 
optical anisotropy [1], compositional clustering 
[2], step bunching [3,4], and CuAu-I type atomic 
ordering [5-7]. From a practical aspect, it is 
necessary to use slightly-tilted substrates from the 
(110) plane to obtain MQWs with a specular 
surface [8]. However, there are few reports on the 
relationship between the crystal quality of MQWs 
and the tilt-directions in misoriented (110) 
substrates. 

In this paper, we clarify the effect of the tilt- 
direction on the optical and structural properties in 
Ino.53Gao.47As/Ino.52Alo.48As (110) MQWs through 
the measurement of optical absorption, 
photoluminescence (PL), transmission electron 
diffraction (TED), and transmission electron 
microscopy (TEM). The MQWs grown on the 
(110) substrate tilted towards [OOT] indicate 
narrower excitonic linewidth in absorption spectra 
and stronger PL intensity than those of (001) 
MQWs, while the MQWs on the (110) tilted 
towards [001] are extremely degraded.  The TED 

and TEM observations show that this degradation 
is due to structural fluctuation and atomic ordering. 

H. EXPERIMENTAL 

The 70-period Ino.53Gao.47As/Ino.52Alo.4gAs 
MQWs were grown on Sn-doped (110) InP 
substrates by MBE. The substrate orientation was 
tilted from the (110) plane towards the [001] and 
[OOT] directions by 3°. The exact (110) and (001) 
substrates were also used for comparison. The 
MQWs were simultaneously grown on the four 
substrates at 1.3 (im/hr. The Ino.53Gao.47As well 
width (Lz) was 8 nm, while the Ino.52Alo.4sAs 
barrier width (Lb) was 5 nm. 

We examined the optical properties of the 
MQWs by band-to-band absorption and PL 
measurements. An Ar ion laser (5145 Ä) was used 
as an excitation light source for PL measurements. 
We characterized the atomic structure in the (110) 
MQW by observing the (110) cross-sections with 
the TED and TEM under an acceleration voltage of 
200 kV. 

HI. RESULTS 

On (110) substrates, in general, it is not easy to 
grow epitaxial layers with specular surfaces. 
Figure 1 shows the Nomarski photomicrographs of 
the surfaces of (110) and (001) MQWs.   On the 
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Fig. 1 Photomicrographs of surfaces of InGaAs/InAlAs 
MQWs grown on a (110) substrate tilted towards [001] (a), 
on an exact (110) substrate (b), on a (110) substrate tilted 
towards [OOl] (c), and on an exact (001) substrate (d). 

exact (110) face, one can observe the many 
hillocks [Fig. 1(b)], in contrast to the specular 
surface of the exact (001) MQW [Fig. 1(d)]. On 
the other hand, mirror surfaces were obtained on 
the slightly-tilted (110) substrates towards the 
[001] or [001] direction [see Figs. 1(a) and (c)]. 
Thus, the tilt direction of the vicinal (110) 
substrates have no influence on the surface 
morphology. 

The optical quality of the (110) MQWs, 
however, strongly depends on the tilt direction. 
Figures 2 and 3 show band-to-band absorption and 
PL spectra at 300 K, respectively. For the MQW 
on the (110) tilted towards [001], we observed 
sharper and stronger excitonic peaks [half width at 
half maximum (HWHM) = 5.9 meV] than that of 
the (001) MQW (HWHM = 7.1 meV), as shown in 
Fig. 2. The PL intensity of this (110) MQW was 
also several times stronger than that of the (001) 
MQW. 

On the other hand, for the tilt towards the [001] 
direction, we observed no excitonic peaks and only 
unclear step-like patterns in the absorption spectra, 
which was similar to that of the exact (110) MQW 
having the defective surface. Since the step-like 
patterns in absorption spectra of MQWs reflect the 
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Fig. 2 Optical absorption spectra of InGaAs/InAlAs 
MQWs (Lz=8nm, Lb=5nm). The solid and dashed curves 
indicate spectra for (110) and (001) MQWs, respectively. 
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Fig. 3 Photoluminescence spectra of InGaAs/InAlAs 
MQWs (Lz=8nm, Lb=5nm). The solid and dashed curves 
indicate spectra for (110) and (001) MQWs, respectively. 
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Fig. 4 Transmission electron diffraction patterns of (lTO) 
cross-sections in InGaAs/InAlAs MQWs grown on (110) 
substrates tilted towards [001] (a) and towards [OOT] (b). 

(b)(110)3°OFFto[001] 

Fig. 5 Transmission electron micrographs of (lTO) cross- 
sections in InGaAs/InAlAs MQWs grown on (110) substrates 
tilted towards [001] (a) and towards [OOl] (b). The dark and 
bright bands indicate InGaAs and InAlAs, respectively. 

two-dimensional density of states, this degradation 
of the pattern suggests that there are some kinds of 
structural disorder in the MQWs grown on the 
(110) tilted to the [001]. The PL intensity of this 
sample was also one-hundredth as strong as and 
the linewidth was two times as broad as those of 
the (001) MQW. These results indicate that the 
crystal quality of the MQWs grown on the 
substrates tilted to [001] is extremely degraded. 

In order to clarify this degradation, we carried 
out TED and TEM observations on the (110) cross 
sections. Figure 4 shows the TED patterns of the 
misoriented (110) MQWs towards [001] and [00T]. 
It is clear from Fig. 4(a) that for the misorientation 
towards [001], there are forbidden superstructure 
spots (e. g., 001, 110,..., etc.), which are elongated 
to the growth direction, among the allowed Bragg 
reflections (e.g., 002, 111, 220, ..., etc.). This 
particular set of reflection spots is associated with 
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the CuAu-I type ordered structure [5-7]. In the 
perfectly ordered structure, for example, an 
Ino.53Gao.47As well layer consists of alternating 
GaAs and In As monolayers along either the [110] 
growth direction or the [001] direction normal to 
the growth axis. The MQWs studied in this work, 
however, are considered to include a lot of planar 
defects, such as antiphase boundaries, because the 
superstructure reflections in Fig. 4(a) are very 
weak and are elongated along the growth direction. 
On the other hand, for the sample on the substrate 
tilted towards [OOl], we observed only the allowed 
reflections as shown in Fig. 4(b). This indicates 
that spontaneous ordering of CuAu-I structures 
occurs only in the (110) MQWs misoriented 
towards [001]. Figure 5 shows the TEM images on 
the (lTO) cross sections of the two samples. It is 
clear from Fig. 5(a) that the (110) MQW 
misoriented towards [001] includes a bent-layer 



structure and stacking faults. These structures are 
similar to step bunching or faceting growth 
observed in AlGaAs/GaAs (110) MQWs [3,4]. On 
the other hand, the (110) MQW misoriented 
towards [OOT] indicates a perfect layered structure, 
as shown in Fig. 5(b). 

From both micro- and macroscopic aspects, we 
found that the (110) MQWs tilted towards [001] 
include not only the atomic ordering but also the 
bent layered structure, while the MQWs tilted to 
[00T] have good crystal quality. Therefore, we can 
conclude that these structural defects directly cause 
the degradation of the optical quality in the (110) 
MQWs tilted towards [001]. 

Although we can not fully understand the 
degradation mechanism for the (110) MQWs tilted 
towards [001], we believe that it strongly relates to 
the atomic arrangement on the (110) surface. 

For the exact (110) surface, both the Group-in 
and -V atoms are arranged in a zigzag along the 
[110] direction on the same plane. Each surface 
atom is bound to the underlying monolayer with 
one bond and is also bound to neighbor atoms in 
the same plane with two bonds. The (110) surface, 
therefore, is relatively stable, because the surface 
atom has only one dangling bond. This means that 
it is difficult to grow good crystals on the exact 
(110) orientation. 

On the other hand, there are many atomic steps 
on the vicinal (110) surface. The impinging atoms, 
therefore, can be easily incorporated into the 
atomic steps. Once an atom is bound to a step, 
growth will proceed along the [TlO] direction by 
incorporating successively constituent atoms like a 
fastener. For the (110) surface tilted towards 
[001], since the atoms terminating step edges are 
Group-Ill elements, step growth must begin by 
incorporating the Group-V atom into the step. 
However, the sticking coefficient of Group-V is 
extremely small or practically zero even at the step 
edge [9]. Therefore, this hampers the layer-by- 
layer growth on the (110) surface tilted towards 
[001], resulting in poor optical and structural 
quality in the MQWs.  On the other hand, for the 
(110) surface tilted towards [OOT], the atoms 
terminating at the steps are Group-V elements. 
Since the sticking coefficient of the Group-Ill atom 
is unity [9], if growth temperature is enough high 
for the Group-Ill atoms to migrate easily on the 
growing surface, step-flow growth occurs. As a 
result, the MQWs on the (110) surface tilted 
towards [OOl] indicate good optical quality and 
perfect layered structure. 

IV. SUMMARY 

We investigated the optical and structural 
properties of Ino.53Gao.47As/Ino.52Alo.48As MQWs 
grown by MBE with regard to the tilt directions in 
the vicinal (110) substrates.   The (110) MQWs 
tilted towards [OOl] indicated narrower excitonic 
linewidth in absorption spectra and stronger PL 
intensity than those of (001) MQWs, while the 
MQWs on the (110) tilted towards [001] were 
extremely degraded. From the TED and TEM 
observations, we found that this degradation is due 
to structural fluctuation and atomic ordering. 
These poor optical and structural properties in the 
MQWs can be explained by the atomic 
arrangement on the (110) surface. 
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We studied the surface step ordering during molecular beam epitaxial growth on misoriented (110) InP substrates 
tilting toward the [001] direction using reflection high energy electron diffraction (RHEED) and atomic force microscopy 
(AFM). During growth of InGaAs, we found that two types of surface steps (single and double monolayer steps) were 
ordered depending on the growth condition and on the terrace width. The AFM images of both InGaAs and InAlAs 
surfaces showed that the step edges were little undulated. We also grew InGaAs/InAlAs in-plane superlattices (IPSLs) 
using single monolayer step ordering. The photoluminescence spectrum had two peaks. The one closed to that of the 
InGaAs/InAlAs superlattice on the (001) InP substrate, but the other closed to InAlGaAs alloys. 

1. Introduction 
Growth of laterally modulated structures using 

step-flow growth on misoriented substrates is a very 
important technique for directly forming quantum 
well wire and box array structures without 
lithographic fabrication process. Petroff et al. [1- 
3] and Fukui et al. [4-6] have grown fractional layers 
of GaAs and Al(Ga)As alternately using step-flow 
growth on misoriented (001) GaAs substrates by 
molecular beam epitaxy (MBE) and metalorganic 
chemical vapor deposition (MOCVD). Laterally 
compositional modulations with the period of the 
mean terrace width of the substrates have been 
confirmed by X-ray diffraction [4,5] and 
transmission electron microscopy (TEM) [1,2,7]. 
However, the compositional deference between 
wells and barriers has been far from ideal. Their 
photoluminescence (PL) spectra have been closed 
to the homogeneous alloys [8,9]. 

For the growth of laterally periodic structures 
(i.e., in-plane superlattices (IPSLs)), it is important 
to control step edge to be straight as well as the 
growth to be step-flow mode. These features are, 
as well known, dependent not only on the growth 
methods and conditions, but also on the substrate 
orientations [10] and materials to be grown [11,12]. 
Recently, we have succeeded in growing the 
(InAs)i/(GaAs)i laterally modulated monolayer 
superlattices (LM-MSLs) [13,14] and InGaAs/ 
InAlAs IPSLs [15, 16] using single monolayer step 
ordering on misoriented (110) InP substrates tilting 
toward the [001] direction. About growth on the 
misoriented (110) substrates tilting toward the [001] 
or [ 110] directions, the phenomena of step bunching 
[10,17] and giant step formation [18] have been 
investigated. However, step ordering on 
misoriented (110) substrates tilting toward the [001] 
direction have hardly been studied. 

This paper describes surface step ordering during 
MBE growth of InGaAs and InAlAs on misoriented 
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(110) InP substrates tilting toward the [001] 
direction, evaluated by reflection high energy 
electron diffraction (RHEED) and atomic force 
microscopy (AFM). We also demonstrate the PL 
spectrum of the InGaAs/InAlAs IPSL grown on 
these substrates. 

2. Experimental 
InGaAs and InAlAs were grown by conventional 

MBE. The substrates were misoriented (110) InP 
tilting toward the [001] direction. On these 
substrates, the surface steps of the (111) B 
terminated by group V atoms should be arranged. 
Prior to growth, the substrates were heated up to 
about 570°C for 30 seconds under As pressure at 
about 1 x 10"5 Torr for thermal cleaning. The 
growth rate was about 0.18 um/h for both InGaAs 
and InAlAs. It takes about 4 seconds to grow a 
single monolayer. Surface steps were evaluated 
by RHEED with an acceleration voltage of 25 kV 
and also by AFM operated in air. 

3. Results and discussion 
3.1. Step arrangements 

In growing InGaAs on slightly misoriented (110) 
InP substrates, we found that the two types of 
surface steps were ordered. Figures 1(a) and 1(b) 
are RHEED patterns obtained from the InGaAs 
surfaces growing on a substrate tilted at 3°. The 
electron_beam incidence was parallel to the step 
edges ([110] azimuth). Pronounced split spots 
showing step ordering were clearly observed. The 
intervals of the split spots were about 1/7 (Fig. 1(a)) 
and 1/14 ( Fig. 1(b)) to those of fundamentals, 
indicating that single monolayer steps (4 nm wide 
terraces) and double monolayer steps (8 nm wide 
terraces) were ordered. These step ordering 
depended on the growth conditions. Figure 1(c) 
shows the relationship between the step 
arrangements and the growth conditions.    The 



double monolayer steps were ordered either at a 
lower temperature or at a higher As pressure than 
those of single monolayer steps, although double 
monolayer steps with larger terrace widths require 
a longer migration of atoms than single monolayer 

(step-flow growth) [19] were about 460°C for 
InGaAs and 500°C for InAlAs at the As pressure 
of 6 x lO"6 Torr, as plotted in Fig. 1(c). On the 
(110) substrates at the same As pressure of 6 x 10" 
" Torr, the lowest temperature for the step-flow 
growth, in this case, for ordering of double 
monolayer steps with periodic 8 nm wide terraces, 
was 420°C for InGaAs, and ordering of single 
monolayer steps with periodic 4 nm wide terraces 
was 390°C for InAlAs. That is, the temperatures 
for step flow growth on the (110) substrates were 
much lower than those on the (001) substrates. 
Therefore, the migration length on the (110) 
substrates is thought to be longer than those on the 
(001) substrates. 

Figure 2(a) shows the critical terrace width of 
single monolayer step ordering (boundary between 
the regions of intermediate and single monolayer 
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Fig. 1. Typical RHEED patterns obtained from InGaAs 
surfaces growing on a substrate tilted at 3° toward the [OOT] 
direction, (a) Single monolayer step ordering, (b) Double 
monolayer step ordering, (c) The relationship between the 
step arrangements and the growth conditions of substrate 
temperature and As pressure. 

steps. The As incorporation, presumably the As 
related atomic reconstruction at the step edges plays 
an important role for the ordering of these steps. 
On the other hand, during the growth of InAlAs, 
only the RHEED split spots showing single 
monolayer step ordering were obtained, but split 
spots of the ordering of double monolayer steps 
were not observed. This is considered to be because 
Al migration was insufficient to order periodic 8 
nm wide terraces (double monolayer step ordering) 
at such a low temperature or high As pressure to 
form double monolayer steps, or because the 
reconstruction at the step edges was broken by 
incorporating Al atoms. 

When growing on misoriented (001) substrates 
tilted at 4° toward the [110] direction (mean terrace 
width of 4.2 nm), transition temperatures from the 
RHEED oscillation mode (two-dimensional 
nucleation growth) to the constant response mode 

100 

■o 
£ 10 5 
0! 

0) 

InGaAs 
1 ML step 
(C-boundary) 
GR : 0.18 nm/h 

1 xlO-'Torr: (110) 

: 6x10^ Torr: (001) 

1.2 1.3 1.4 
1/Ts(IC1) 

(a) 

1.5 

~ 1.5 
o 

5 1.0 
.X, 

a 

0.5 

InGaAs 

5 10 
Terrace Width (nm) 

(b) 

Fig. 2. (a) The critical terrace width of single monolayer 
step ordering (boundary between the regions of intermediate 
and single monolayer step ordering: C-boundary in Fig. 
1(c)) on misoriented (110) and (001) substrates as a 
function of growth temperature, (b) The dependence of the 
minimum As pressure for double monolayer step ordering 
(boundary between the regions of in termediate and double 
monolayer step ordering: B-boundary in Fig. 1(c)) on the 
terrace width growing on misoriented (110) substrates. 
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step ordering: C-boundary in Fig. 1(c)) on 
misoriented (110) substrates and also on 
misoriented (001) substrates as a function of the 
growth temperature measured by RHEED from 
InGaAs surfaces growing on substrates with various 
tilt angles. The substrate tilt directions were [001] 
on the (110) substrates and [110] on the (001) 
substrates. As pressures were fixed at 1 x 10~5 
Torr for growth on (110) substrates and at 6 x 10"" 
Torr for growth on the (001) substrates. On the 
(001) substrates, wider terraces were formed at 
higher temperatures. This is because the surface 
migration length of group III atoms determined the 
growth mode [19]. On the (110) substrates, the 
critical terraces became narrower when increasing 
the temperature. The lower temperature was 
needed for wider terrace ordering. Figure 2(b) 
shows the minimum As pressure for double 
monolayer step ordering (boundary between the 
regions of intermediate and double monolayer step 
ordering: B-boundary in Fig. 1(c)) on the (110) 
substrates as a function of the terrace width.   The 

Rfr-svoporatlon 

[110] 

-[001] 

Wide terrace Step velocity: high 

^T^ -fl,sS&, -a 
Narrow terrace      step velocity: low 

Fig. 3. Schematic diagrams of the step-flow growth on 
misoriented (110) substrates tilting toward the [001] 
direction. 

250 nm x 250 nm 

As pressure needed for double monolayer step 
ordering increased linearly with the mean terrace 
width. On the (110) surfaces, group III and V atoms 
coexist as shown in Fig. 3. For the step fronts to 
grow forward, As atoms must be incorporated 
before group III atoms arrive at the next sites. The 
arrival rate (step velocity) should become higher 
with the terrace width. Therefore, a higher As flux 
should be required for the growth of wider terrace 
ordering. 

3.2. Step edge configurations 
Figures 4(a) and 4(b) are AFM images of the 

InGaAs surfaces ordered in single and double 
monolayer steps and Fig. 4(c) is an AFM image of 
the InAlAs surface ordered in single monolayer 
steps. These were grown on substrates tilted at 
1.2° toward the [OOl] direction. The growth 
temperatures were 470°C, 455°C and 455°C, 
respectively and the As pressure was 1 x 10"* Torr. 
As shown, periodic terraces were formed aligned 
to the [001] direction. The periods on average 
corresponded to the expected terrace widths of 10 
nm for single monolayer step ordering and 20 nm 
for double monolayer step ordering. Step edges 
were formed almost along the [TlO] direction and 
seen to be little undulated. These periodic and 
straight step formations are quite important for 
growing laterally periodic structures such as 
quantum wire array structures. 

3.3. IPSL growth 
We grew an InGaAs/InAlAs IPSL structure on 

a substrate tilted at 1.2° toward the [OOl] direction 
using single monolayer step ordering. The growth 
sequences were same as ref.15. Since the X-ray 
diffraction measurements indicated that lateral 
interfaces were inclined at about 60° from the 
growth direction of the [110], the superlattice period 

■P 

(a) (b) (c) 

Fig 4 AFM images of the InGaAs surfaces ordered in (a) single, (b) double monolayer steps, and (c) the 
InAlAs surface ordered in single monolayer steps. They were grown on the substrates tiled at 1.2° toward the 
[OOT] direction. The expected terrace widths are 10 nm for single monolayer step ordering and 20 nm for 
double monolayer step ordering. 
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was about 5 nm. The expected schematic structure 
is shown in Fig. 5(a). Figure 5(b) shows the PL 
spectrum measured at 77K. We obtained a peak at 
the energy of 1.07 eV in addition to a peak at 1.19 
eV. The energy of InQ 5AI0 25Garj 25AS alloy on 
a (001) InP substrate was about 1.15'eV [15]. The 
higher energy peak is thought to be the 
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(b) 
Fig. 5. (a) Schematic diagram of the InGaAs/lnAIAs IPSL 
structure expected from X-ray diffraction measurements, 
(b) The PL spectrum of the IPSL measured at 77 K. 

luminescence from the disordered regions with 
small compositional differences between wells and 
barriers (the mean Al composition was expected to 
be slightly higher than that of Ga). The transition 
energy of the InGaAs (2.5 nm thick)/InAlAs (2.5 
nm thick) superlattice on a (001) InP substrate is 
1.03 eV [20]. The low energy peak closed to this 
value, suggesting that InGaAs/lnAIAs IPSL 
structures with nearly idealized compositional 
differences were formed partially. 

4. Summary 
We studied the surface steps during the growth 

of InGaAs and InAlAs on the misoriented (110) 
InP substrates tilting toward the [001] direction. 
During the growth of InGaAs, we found that two 
types of surface steps (single and double monolayer 
steps) were ordered. AFM images indicated that 
step edges of both InGaAs and InAlAs were little 
undulated. We grew InGaAs/lnAIAs IPSL on the 
misoriented (110) InP substrate tilted at 1.2° using 
single monolayer step ordering. We obtained a 
PL spectrum with a peak closed to a transition 

energy of the InGaAs/lnAIAs superlattice on the 
(001) InP substrate in addition to a peak 
corresponding to the disordered regions. 
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1.      Introduction 

Heterostructures made of lattice-matched InGaAs/InP(001) are important for optoelectronic and ultra-high-speed 
devices. However, high-quality interfaces are more difficult to achieve in InGaAs/InP than in AlGaAs/GaAs. This is due 
to the additional requirement of lattice matching and the necessity of changing the group V and III species at each 
interface. Although the growth-interruption technique is commonly used to improve interface abruptness in metalorganic 
vapor-phase epitaxy (MOVPE) and gas-source molecular-beam epitaxy (GSMBE), there is evidence of compositional 
intermixing, particularly at the interface of the InP and the InGaAs that it is grown on [1-3]. This is because residual As 
atoms are easily incorporated into the subsequently grown InP layer due to the high incorporation ratio of As compared to 
that of P [4]. 

We have developed a new source-material switching sequence in which source supply-interruption (SSI), meaning 
that the supply of all sources are stopped at each interface, is introduced during GSMBE of InGaAs/InP heterostructures. 
This reduces the memory effect of As in the injector as well as the residual As atoms on the InGaAs surface [5]. We have 
previously reported the high-resolution transmission electron microscopy (HRTEM) and Auger electron spectroscopy 
(AES) results, which show the formation of perfectly abrupt interfaces. 

In this article, we present a detailed study of the effects of SSI on the interface configuration of lattice-matched 
InGaAs/InP heterostructures. Low-temperature photoluminescence (PL) analysis of InGaAs/InP quantum wells (QWs) 
with well thickness ranging from 1 to 16 nm was performed and the results were compared with theoretical calculations 
taking into account transition layer at the heterointerface. 

2.      Experimental 

The layers we studied were all grown in a 
GSMBE system. Details of this system were reported 
in Ref. [6]. Elemental Ga and In were used for the 
group-Ill growth species which were derived from 
effusion cells. 100% ASH3 and PH3 were decomposed 
in a low-pressure thermal cracker cell maintained at 900 
°C. A cracker-cell shutter and substrate shutter were 
used, along with run/vent routing, to achieve fast gas 
switching. 

To study the interface structure by PL, 
InGaAs/InP quantum wells were grown on (001) InP 
substrates at 460 °C. To form QWs, we first grew a 
300-nm InGaAs control layer, followed by six wells 
of thickness Lz = 16-, 8-, 4-, 3-, 2-, and 1-nm. The 
quantum-well thickness was determined from the 
reflection high-energy electron diffraction oscillations 
assuming a steady-state growth rate, and from 
transmission electron microscopy (TEM) cross- 
sectional micrographs. The InP barriers separating the 
wells were 30-nm thick. The control layer serves as the 
reference for the PL spectra from which precise energy 
up-shifts of QW emission can be calculated. 

The source switching scheme applied at the 
interface is shown in Fig. 1. The same switching 
procedures were followed for each type of interface (InP 

to InGaAs and InGaAs to InP). At each interface, a 
source-supply interruption (SSI) of t2 seconds was 
introduced. Details of the growth procedure are reported 
in Ref. [5], In this work, we studied the effect of 
changing the length of the SSI at the InGaAs-to-InP 
interface, while fixing the SSI at the InP-to-InGaAs 
interface to 2 seconds. 

' Open 

Fig. 1 Switching sequence of source materials using 
shutters and valves in the growth of InGaAs/InP 
heterostructures. Every interface of the growing layer is 
covered by a group-V source, then, after tl seconds, all 
source supply to the substrate is stopped. After t2 
seconds, the group-V species are changed and overlayer 
growth is started. 
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PL experiments were performed at 4.2 K using 
an Ar+ laser as the excitation source. Luminescence 
was analyzed with a 3/4-meter grating monochromator 
and detected with a liquid-nitrogen-cooled Ge p-i-n 
photo-diode. 

3.    Results    and    Discussion 

Figure 2 shows the PL spectra of QWs with 
well thicknesses of 1-, 2-, 3-, 4-, 8-, and 16-nm. The 
peaks corresponding to each well are clearly resolved. 
Note that the amplitude of the peaks has been 
normalized to be the same height of peaks for the 
InGaAs control layer. The PL peak shifts toward a 
shorter wavelength are clearly seen as the SSI increases. 
This movement is most noticeable between the spectra 
grown with SSI of 0 seconds and that of 12 seconds. 
The largest shift is observed for the 1-nm well. The 
results of HRTEM and AES analysis show the optimal 
SSI for InGaAs-to-InP heterointerface grown with 460 
°C lies around 24 seconds [7,8]. 
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Fig. 3 Source-supply interruption (SSI) dependence of 
the PL peak energy shifts of InGaAs QWs with well 
thickness of l-,2-,3-,4-,8-, and 16-nm. The solid curve 
represents calculated results using an envelope function 
approximation for finite wells, with a conduction band 
offset of 60%. 
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Fig. 2 Source-supply interruption (SSI) dependence in 
the PL spectrum of InP/InGaAs QWs with well 
thickness of l-,2-,3-,4-,8-, and 16-nm. The amplitude 
of the peaks has been normalized to be the same height 
of peaks for the InGaAs control layer. Peaks from the 
control layer are used as the reference peaks. 
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Figure 3 is a plot of the PL peak energy shift 
versus well thickness as a function of the SSI. The 
solid line in Fig. 3 denotes calculated results using an 
envelope function approximation [9]. The conduction 
band offset is set at 60% of the bandgap difference 
between InGaAs and InP. In the calculation, 
conduction-band nonparabolisities [10] are not taken 
into account. In the PL spectra of 1-, 2-, 3-, and 4-nm 
wells, as the SSI gets longer, there is a clear increase in 
energy up-shifts. These upward trends in peak energy 
are attributed to the difference in effective well thickness 
caused by strained interface layer formation [7,8]. The 
difference in energy up-shift observed between a 1-nm 
QW grown with an SSI of 12 seconds and that grown 
with an SSI of 24 seconds is 26 rheV, which 
corresponds to a 1/2 monolayer fluctuation in well- 
thickness. Furthermore, the difference in energy up-shift 
observed between a 1-nm QW grown with an SSI of 
12 seconds and that grown with an SSI of 60 seconds, 
which is 56 meV, corresponds to one-monolayer 
fluctuation. 

To explain these trends toward higher energy, we 
performed theoretical calculations taking into account 
interface roughness. In these calculations, the presence 
of one-monolayer In(Ga)AsP transition layers at the 
InGaAs-to-InP interface and the changes in the As 
composition of this layer with changes in the SSI are 
assumed. Figure 4 shows the modeled SSI dependence 
in the potential profile. When the SSI is shorter than 
the optimal time, a transition layer whose potential 
barrier is lower than that of InP forms at the InGaAs-to- 
InP interface (Fig. 4(a)). As the SSI gets longer, the 
potential barrier height increases and an abrupt interface 
is obtained under the optimal SSI (Fig. 4(b)). When the 
SSI becomes longer than the optimal time, a transition 
layer reforms due to the desorption of As atoms from 
the InGaAs surface (Fig. 4(c)). The calculated results are 



shown in Fig. 5 : the qualitative behavior of PL energy 
up-shifts is fully explained with this model for the 
QWs grown with SSIs ranging from 12 seconds to 60 
seconds. 

On the other hand, the difference in energy up- 
shift observed between a 1-nm QW grown without an 
SSI and that grown with an SSI of 24 seconds is 208 
meV, which is much larger than the difference 
corresponding to a several-monolayer fluctuation. This 
is probably due to disorder within the heterostructure 
caused by intermixing of group V elements. Another 
possible explanation for this large discrepancy is 
formation of several InAs layers caused by excess As 
atoms on the surface. 

Figure 6 compares our experimental data to that 
of other work. Our experimental points are in fairly 
good agreement with theory and lie higher than the 
others. For example, energy shift for 1-nm QW from 
Tsang and Schubert is 260 meV which corresponds to 
that of a 2.5-nm QW grown with an SSI of 24 seconds. 
This suggest that the well thicknesses of other work are 
effectively wider than the designed thicknesses and this 
discrepancy may be due to the absence of an abrupt 
interface. One of the origins of discrepancies between 
experimental energy up-shifts and theory in previous 
work is such inferior interface quality. 
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Fig. 5 The results of theoretical calculations taking 
into account interface roughness. The thick line 
represent results calculated using an envelope function 
approximation for finite wells (Fig. 4(b)). The thin 
lines lying below the thick line represent the calculated 
results for the case of Fig. 4(a). The thin lines lying 
above the thick line represent the calculated results for 
the case of Fig. 4(c) 
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Fig. 4 The modeled potential profile for source-supply 
interruption (SSI) dependence. When the SSI is shorter 
than the optimal time, the effective well thickness is 
wider due to the transition layer, whose potential barrier 
is lower than that of InP, that forms at the InGaAs-to- 
InP interface ( (a) ). As the SSI gets longer, the 
potential barrier height increases. When the SSI is 
optimal, an abrupt interface is obtained ( (b) ). When 
the SSI becomes longer than the optimal time, the 
transition layer reforms due to the desorption of As 
atoms from the InGaAs surface ((c)). 
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Fig. 6 The comparison of PL peak energy shifts of 
QWs grown with SSIs of 0 seconds and 24 seconds 
with other data. Other data are from Sauer et al. using 
MBE [10], Razeghi et al. using low pressure MOVPE 
[12], Marsh et al. using MBE [13], and Tsang and 
Schubert using CBE [11]. 
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The PL full width of half maximum (FWHM) 
results for our quantum wells are shown in Fig. 7 along 
with results obtained by Tsang and Schubert [11]. For 
thin wells, our measured FWHM is wider than that of 
Tsang and Schubert ,who reported the narrowest of the 
published PL FWHM for InGaAs QWs. However, as 
discussed above, the energy shift data from Tsang lies 
lower than ours. We calibrated the QW thickness 
reported by Tsang and Schubert so as to give the same 
energy up-shift as our data, and their calibrated data are 
also plotted in Fig. 7. It is clear that the our data lie 
below the calibrated data of Tsang and Schubert. To 
our knowledge, this is the narrowest PL FWHM for 
InGaAs QWs yet reported. 
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Fig. 7 The PL half-widths for InGaAs QWs grown 
with SSIs of 0 seconds and 24 seconds as a function of 
well width. The data from Tsang and Schubert is also 
shown. Closed triangles represents calibrated data of 
Tsang and Schubert. 

grown under optimized SSI. Our PL FWHM are 
narrower than any other yet reported. 
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4.   SUMMARY 

To investigate the effects of source-supply 
interruption (SSI) on InGaAs-to-InP heterointerface 
abruptness in GSMBE growth, 4.2 K PL analysis of 
InGaAs/InP QWs with well thickness ranging from 1 
to 16 nm is performed. The results are compared with 
theoretical calculations in which the existence of 
In(Ga)AsP transition layers at the InGaAs-to-InP 
interface are assumed. The observed PL peak energy 
shifts toward a higher energy as the SSI becomes 
longer. For the QWs grown with SSIs ranging from 12 
seconds to 60 seconds, this tendency can be explained 
by the simple assumption that a transition layer at the 
InGaAs-to-InP interface changes with changes in the 
SSI. However the PL peak energy for the QWs grown 
without SSI cannot be explained by this model. This is 
probably due to the disorder of the heterointerface. The 
calculated peak energy for QWs with no transition layer 
agrees fairly well with the experimental results for QWs 
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Introduction 
We present semi-insulating iron-doped InP grown by chemical beam epitaxy using the gaseous iron 
Fe(CO)5. SIMS analysis shows that iron incorporation is proportional to the Fe(C05) flow rate over the 5 
x 1017 - 5 x 1019 cm-3 range studied. Use of Fe(CO)5 as an iron source also leads to high otp 1018 cm-3 

carbon incorporation in the material, but this does not interfere with semi-insulating behavior. The material 
shows 30 MQ-cm resistivity for a broad range of Fe(CO)5 flow rates. 

The growth of semi-insulating InP thin films is of 
interest for current blocking layers in device 
applications such as high speed laser diodes and 
field effect transistors. Semi-insulating InP 
material has been prepared by doping with 
transition metals such as iron in metal-organic 
vapor deposition l(MOCVD),1 chemical-beam 
epitaxy (CBE) ,2 and gas-source molecular beam 
epitaxy (GSMBE).3 The previous MOCVD work 
used the gaseous iron sources Fe(C5H5)2 and 
Fe(CO)5, while previous CBE and GSMBE work 
used solid iron sources. Here, we report Fe-doped 
semi-insulating InP prepared by CBE with the 
gaseous iron source Fe(CO)s. The Fe-doped InP 
samples used in this study were grown by CBE. 
All samples were grown at 2.5 um/hr, and at a 
substrate temperature of 540°C. The Fe(CO)5 is 
used in a bubbler at 25°C and H2 as a carrier gas. 

o  io 

1.0 2.0 

DEPTH (]im) 

(a) 

SIMS analysis shows that the incorporation of 
iron is roughly linear with FE(CO)s flow rate 
over the 5 x 101 -5x10"cm"J range that was 
studied. Compared with MOCVD, the solubility 
limit of iron on CBE is expected to be higher 
because of the - 100°C lower growth 
temperatures. Use of Fe(CO)5 as an iron source 
also leads to unintentional carbon incorporation in 
the material, but because of the very low electrical 
activation of C (- 5 - 15%) in InP this does not 
interfere with semi- insulating behavior. This is 
shown by the SIMS analysis in Fig. 1. The 
unintentional oxygen doping was below the 
background level of the SIMS system (2 x 
1016cnT3). 

Fig. 1. SIMS depth profile showing Fe and C 
incorporation in InP, the six steps in 
concentration correspond to Fe(CO)s flow rates 
of 0.2,0.4,0.8,1.6,2.4 and 3.2 SCCM. 

The incorporation of carbon may result when CO 
disassociated from the Fe(CO)s reacts with 
indium adatoms by the reaction: 

2In + CO -»ln20 + C. 

This would produce ln20 molecules that may 
desorb from the surface of free C atoms that can 
then be incorporated in the growing crystal. A 
similar reaction was suggested for carbon 
incorporation in GaAs from background CO in an 
MBE chamber. The low unintentional oxygen 
doping of the material implies that ln20 from the 
above reaction does desorb and is not incorporated 
in the material. The implications of high carbon 
doping in these samples is discussed later. 
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The resistivity of the Fe-doped InP was 
determined by making I-V measurements on 
etched n-i-n posts, where the T layer (2 |im) was 



doped with iron. The mesa were 240 pjn in 
diameter and were etched through the iron doped 
layers. A calibration sample without the iron- 
doped layer had a resistance of 0.6 Q. The I-V 
curve for a sample grown with 0.4 seem estimated 
concentrated Fe(CO)5 flow) Fe(CO)5 (Fe 
concentration of 5 x lO^cm-3) is shown in Fig 2. 
This sample has a resistivity of 43 MQ-cm below 
1 V applied bias. A series of these samples with 
different Fe(CO)5 flow rates was grown and the 
results are summarized in Fib. 3. The resistivity is 
roughly 30 MQ-cm independent of Fe(CO)5 flow 
rate over the 0.05 - 1.6 seem range used for these 
measurements. This value of resistivity is near the 
intrinsic limit of InP at room temperature. The 
resistance of the 0.05 seem Fe(CO)5 sample (Fe 
concentration of 4xl017cm~3 is 15 Q-cm, about 
half that of the other samples. This indicates that 
0.05 seem is approaching the lower limit of semi- 
insulating behavior for our CBE system. 
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Fig. 3. Measured resistivity of Fe doped InP as a 
function of Fe(CO)5 flow rate. 

In conclusion, semi-insulating InP has been grown 
by CBE using the gaseous iron source Fe(CO)5. 
The iron incorporation in the InP was found to be 
proportional to the Fe(CO)5 flow rate over the 5 x 
10I7-fxl019cm-3 range studied. SIMS analysis 
indicates that the use of Fe(CO)5 results in 
significant carbon incorporation, but no oxygen 
incorporation. Because of the limited electrical 
activity of carbon in InP, the carbon does not 
prevent semi-insulating behavior. Resistivities 
near 30 Mii-cm were observed for a broad range 
ofFe(CO)5 flow rates. 
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Introduction 

A irascibility gap exists in the Ini_xGaxAsyPi_y/InP system resulting in spinodal-like decomposition of the 

alloy; that is, there exists a range of compositions and temperatures in which the solid solution is energetically unstable 
and decomposes into regions that are InAs- or GaP-rich. In the case of Ini_xGaxAs, the alloy segregates into InAs- and 

GaAs-rich regions. A spinodal isotherm, that is, a locus of points (x and y) that separate the stable from the unstable 
regions at a given temperature, may be derived [1]. Fig. 1 shows the spinodal isotherm for InGaAsP at the nominal 
growth temperature of 450 °C used in these studies. Also shown are various isostrain (-1%, 0%, +1%) and isobandgap 
(0.75 to 1.35 eV) contours which lie within the spinodal isotherm for many compositions of interest in bandgap 
engineering. Hence, the decomposition, particularly of tensile strained layers which lie deep in the spinodal isotherm, has 
been found to impose limitations in various optoelectronic devices such as strain compensated laser structures [2]. The 
decomposition of InGaAsP layers grown by gas source molecular beam epitaxy on (100) InP substrates has therefore been 
studied over a wide alloy range with lattice mismatches of -0.5% (compression), 0% (lattice-matched), and +0.5% (tension). 
The data points labelled (a) to (i) in Fig. 1 indicate samples for which extensive analysis was performed by 
photoluminescence (PL) and transmission electron microscopy (TEM). In an effort to reduce the decomposition, the 
kinetics of the growth process were examined by varying the growth temperature, the total group V flux, and the substrate 
orientation. 

Experimental Details 

Epitaxial layers of InGaAsP were grown on (100) 
InP substrates using gas source molecular beam epitaxy 
(GSMBE) in which the group V constituents are supplied 
primarily in the form of As 2 and P2 from the cracking of 

ASH3 and PH3. The sample structure used in these studies 

consisted of a 500 Ä InP buffer layer, a 1500 Ä InGaAsP ^ 
layer, and a 250 Ä InP cap layer, all undoped. The § 
Ini_xGaxAsyPi_y compositions, as shown in Fig. 1, were u 

grown over a wide alloy range with lattice mismatches of "• 
-0.5% (compression), 0% (lattice-matched), and +0.5% 0 
(tension). Nominally, the growth rate was 1 (im/hr, the 2 

growth temperature was 450 °C, and the total group V flux < 
was 5 seem. The kinetics of the decomposition were 
examined by varying the growth temperature, the group V 
fluxes, and the substrate orientation as described later. 

After growth the epitaxial layers were characterized 
by TEM, PL, and X-ray diffraction (XRD). An XRD 
spectrum of each sample was measured at room temperature 
using a symmetric (400) diffraction condition. Front surface 
PL excitation was provided by the 488 nm line of a 20 mW 
cw Ar ion laser. The Ini_xGaxAsyPi_y compositions were 

then established by combining XRD measurements of 
lattice mismatch and PL bandgap determinations [3]. 

0.85 eV GaAs 

0.95 eV 

1.05 

1.15 

1.25 

1.35 

0 

InP 

0.2 0.4 0.6 0.8 

Ga Mole Fraction (x) 

1 

Gap 

Fig. 1. x-y plane showing isostrain, isobandgap, and 
spinodal isotherm curves. Data points indicate 
compositions grown in this work. 
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Cross-sectional samples for TEM were prepared by 
mechanical polishing and subsequent thinning by'ion beam 
milling to achieve foil thicknesses of 1000 to 2000 Ä for a 
120 keV electron beam. Dark-field micrographs were 
obtained in the [011] direction using the diffraction vector g 
= 022. 

Results and Discussion 

Fig. 2 shows a series of dark-field [Oil] cross- 
sectional TEM micrographs with diffraction vector g = 022 
for the -0.5% compressive (a, b, c) and +0.5% tensile (g, h, 
i) samples labelled in Fig. 1. The lattice-matched results 
have been reported elsewhere [4]. The strong contrast 
modulations are due to elastic relaxation of (022) lattice 
planes at the free surface of the sample foil such that the 
electrons do not locally satisfy the Bragg condition. Larger 
contrast differences between the bright and dark regions are 
clearly observed for samples grown deeper within the 
spinodal isotherm of Fig. 1. The size of the 
compositionally differentiated regions were on average about 
100 Ä in the [011] direction and 700 Ä in the [100] growth 
direction. From earlier work [4] on lattice-matched samples 
the size of the compositionally differentiated regions in the 
[011] direction were shown to be about 1000 Ä. 

Fig. 3(a) shows the full width at half maximum 
(FWHM) of the X-ray layer peaks as a function of nominal 
composition (As content, y) for the compressive and tensile 
samples indicated in Fig. 1. Fig. 3(b) shows the X-ray 
layer peak intensity, normalized with respect to the 
corresponding substrate peak intensity, as a function of 
nominal composition. The FWHM of the X-ray layer peaks 
are significantly broadened, and the normalized layer peak 
intensities significantly reduced, for tensile layers grown 
deeper within the spinodal isotherm. The X-ray results can 
be understood in terms of the variations in lattice constant 
produced by the InAs- and GaP-rich regions of the 
decomposed structure. 
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Fig. 3. X-ray FWHM (a) and peak intensity (b) versus 
composition. 

Figs. 4(a) and (b) show the distribution of PL 
linewidths (FWHM) and integrated PL intensities, 
respectively, for the low temperature (11 K) and room 
temperature (300 K) front surface PL spectra of all the 
samples indicated in Fig. 1. The dashed lines in Fig. 4(a) 
show the theoretical linewidth for band-to-band transitions in 
a random InGaAsP alloy, due to thermal and alloy 
broadening [5]. 
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Fig. 2. TEM micrographs along the [011] direction, using g = 022, for the InGaAsP/(100) InP layers as indicated in Fig. 1. 
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Fig. 4. PL FWHM (a) and integrated intensity (b) versus 
composition for room temperature (300 K) and low 
temperature (UK). 

Tensile samples which are grown deeper within the spinodal 
isotherm have PL linewidths that are much larger than the 
theoretical broadening and integrated PL peak intensities that 
are drastically reduced particularly at room temperature. A 
comparison of the PL results and the TEM analysis shows 
that increased composition modulation coincides with the 
PL linewidth broadening and reduction of integrated PL 
intensity. The decomposition is expected to cause PL 
linewidth broadening because the composition of the alloy 
is inhomogeneous over dimensions less than the incident 
laser beam spot size. The broadening of the PL peaks then 
suggests a variation in bandgap attributed to a variation in 
composition caused by the decomposition. Composition 
modulations also apparently increase non-radiative 
recombinations, thereby reducing the integrated PL 
intensity, although the exact nature of the non-radiative 
mechanisms is unknown at the present time. 

PL provides a measure of the compositional 
variation if the temperature dependence of the peak energy is 
measured. For example, PL spectra at various temperatures 
are shown in Fig. 5 for the lattice-matched samples labelled 
(d), (e), and (f) in Fig. 1. The spectra have been normalized 
to unity in order to more easily compare differences among 
the three samples, although one should bear in mind the 
variations in PL intensity evident in Fig. 4(b). The lattice- 

matched samples, (d) and (f), which showed relatively little 
decomposition in the TEM micrographs [4], exhibit a 
variation in peak energy and linewidth that is indicative of 
fairly homogeneous material. The temperature dependence 
of the bandgap, taken as the PL peak energy, can be 
described by the Varshni equation with the same parameters 
as used for InP [6]. Three distinct PL peaks, however, are 
seen for sample (e) which is grown deeper inside the 
spinodal isotherm. These peaks have previously been 
shown to be due to electron-hole recombination in InAs-rich 
regions (peak 1), regions of nominal composition (peak 2), 
and GaP-rich regions (peak 3) [4]. Because the composition 
modulation is much smaller than the carrier diffusion length 
(~1 |im), the carriers become trapped after diffusing into the 
smaller bandgap InAs-rich regions at low temperatures. 
This results in a decomposition-induced red-shift of the PL 
emission compared to that expected for the average 
composition. As the temperature is increased, the carriers 
acquire enough energy to diffuse out of the InAs-rich 
regions, and carrier recombination in the nominal and GaP- 
rich regions contribute to the PL spectra. Assuming the 
decomposition occurs toward InAs and GaP, as suggested by 
theoretical predictions and experimental observations, 
compositional fluctuations as high as 2.3% in group III and 
V components have been derived for sample (e) [4]. 
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Fig. 5.  PL at various temperatures for the lattice-matched 
samples labelled (d) to (f) in Fig. 1. 

To study the effect of growth temperature on the 
spinodal-like decomposition, lattice-matched 3000 Ä thick 
InGaAsP/(100) InP layers were grown at temperatures of 
450,470, and 490 °C with a total group V flux of 5 seem to 
have a composition that would produce a room temperature 
bandgap wavelength of about 1.5 p.m. Similarly, the effect 
of the total group V flux was examined by growing 
InGaAsP layers with a room temperature bandgap 
wavelength near 1.3 |im at a growth temperature of 470 °C 
but with group V fluxes of 3.75, 5, and 7 seem. These gas 
flows correspond to V/III flux ratios of approximately 2, 3, 
and 4, respectively, at a growth rate of 1 (im/hr. As 
summarized in Table 1, increased growth temperature and 
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decreased group V flux resulted in: (i) increased PL linewidth 
broadening and reduction of integrated PL intensity; (ii) 
significant broadening and reduction in intensity of X-ray 
layer peaks; (iii) a larger red-shift of the low temperature PL 
peak energy due to recombination in the smaller bandgap 
InAs-rich regions, and (iv) a larger blue-shift of the room 
temperature PL peak energy due to recombination in the 
larger bandgap GaP-rich regions. The effects of (iii) and (iv) 
resulted in a smaller bandgap difference, Eg(l 1 K) - Eg(300 

K), than the value of 67 meV expected from the Varshni 
equation [6]. These results are consistent with greater 
decomposition as growth temperature is increased or as 
group V flux is decreased, as confirmed by TEM analysis 
[4]. 

From thermodynamic considerations [1] spinodal 
decomposition is expected not to occur for sufficiently high 
growth temperature. InGaAsP layers grown by liquid phase 
epitaxy, for example, may reveal no spinodal decomposition 
if the growth temperature is above the critical temperature of 
-680 °C, beyond which no decomposition should occur. 
However, for GSMBE growth it appears that kinetic 
limitations, whereby the surface adatom diffusion lengths 
are reduced via decreased growth temperature or increased 
group V overpressure, limit the ability of the system to 
achieve equilibrium resulting in less decomposition. 

Other studies [7], involving TEM, PL, and X-ray 
diffraction measurements, have been used to characterize the 
decomposition of lattice-matched InGaAsP layers grown on 
(211)A and B and (311)A and B InP substrates. The 
decomposition was observed to be inhibited by enhanced 
group V incorporation on the double dangling group III 
bonds of B surfaces compared to the single dangling group 
III bonds of A surfaces. Although not presently understood, 
the decomposition was also observed to be less on (311)- 
oriented surfaces compared to (211)-oriented surfaces. 
Hence, (311)B layers showed the least decomposition 
compared to the other orientations, including (100). 

Table 1. PL and X-ray diffraction results for the temperature- 
and flux-dependent studies. 

Conclusions 

TEM, PL, and XRD have been used to characterize 
GSMBE grown Ini_xGaxAsyPi.y/InP layers in terms of a 

spinodal-like decomposition. Because tensile layers lie 
deeper within the spinodal isotherm, they were observed to 
have far more decomposition than lattice-matched or 
compressively strained layers. Reducing growth temperature, 
increasing group V overpressure, and the use of (311)B 
oriented substrates were found to reduce the decomposition 
in lattice-matched layers indicating the role of surface 
kinetics in limiting the decomposition. These same efforts 
are expected to improve the quality of tensile strained layers 
to facilitate their incorporation in various strained layer 
structures. 
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Bandgap   Wavelength   (urn) = 1.5 = 1.3 

Growth    Temperature   (°C) 450 470 490 470 470 470 

Total   Group   V   Flux   (seem) 5 5 5 3.75 5 7 

PL   FWHM   (meV) 

11   K 1 0 1 4 36 8 2 3 2 1 1 

300   K 50 5 9 82 7 1 66 5 6 

Integrated   PL   Intensity   (a.u.) 

11   K 10300 8050 1750 1100 2470 71 50 

300   K 1 55 65 1 2 5 5 77 21 5 

Eg(11    K)   -   Eg(300   K)   (meV) 4 3 30 -2 7 - 1 5 2 3 4 6 

X-ray    FWHM    (arcsec) • 67 1 28 6 2 6 1 5 5 

X-ray    Intensity    (a.u.) • 0.053 0.025 0.070 0.074 0.105 

* overlapping peaks - unreliable value 
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Introduction 
GaxIni-xAsyPi-y quaternary alloys on InP are very important for optoelectronic device applications, and 

have been investigated by molecular beam epitaxy (MBE) techniques (1-7). Because of the complicated sticking 
behavior of As and P, to understand the incorporation behavior of these two group V elements is a necessary step 
to precise composition control. Several groups (8-16) have studied this complicated phenomenon. Most of them 
considered the chemical reactions on the growing surface, and thus introduced many reaction parameters such 
as the activation energies for chemisorption and desorption, thermo-equilibrium constants etc. These parameters 
should be determined either by other experiments or by curve fitting to the experimental results, mathematically. 

In this report, a series of Gax/ni_xAsyPi_y quaternary alloys (A»1.3pm) on (100) InP were grown by gas 
source MBE (GSMBE) with different gas flow rate ratios (PH3/{PH3 + AsH3)). A simple growth model, was 
proposed to describe the group V incorporation behavior quantitatively. Without the complicated chemical 
reaction parameters, the incorporation probability is controlled by the effective concentrations of the group V 
atoms on the migration state. Only two parameters, As to P incorporation ratio and the conversion factor 
between the gas flux rate and the gas flow rate, exist in this model. Furthermore, this model can be expanded to 
the whole range of alloy compositions by adjusting the incorporation ratio only. It is found that the incorporation 
ratio strongly depends on the Ga-compositions in GaxItii- 

Growth Model' 
Figure 1 is the schematic representation of the growth 

model for the interaction of group III atoms and group 
V atoms on thtf growing surface.  Consider the group 
V monolayer,*the incident group V atoms can adsorb 
on the growing surface to form a migration state. And 
then, these group V atoms can either incorporate into 
the crystal or desorb away from the growing surface. 
Consider the chemical reactions on the growing sur- 
face: 

l/2As2(g) = As(mt) 

rAs„Pi-y alloys. 

Incident 
flux 

Growth Model 

desorption 

Surface migration 
00 -00     -: 

l/2Pm = P(, 

As(mt) + IH(m>) = IIIAs(>) 

(1) 

(2) 

(3) 

P(mt) + ///(m<) = IIIP(l) (4) 

where ms represents the atoms on the migration state; 
III is group III atom on the migration state, either In 
or Ga. The reaction rates for the chemical reactions, 
Eq.(3) and (4), are: 

eA. = kA,NA,N3 (5) 

eP = kpNPN3 (6) 

where N3, NA,, and Np are the concentrations of 
group III, As, and P atoms on the migration state, re- 
spectively, and k{ is the reaction constant of gas source 
t on the migration state; i = As, or P. 

V 'incorporation 

O ÄÄ O O O O 

-migration 
state 

-crystal 

Fig. 1 The schematic representation of the growth 
model for the interaction of group III atoms and group 
V atoms on the growing surface. 

In addition, mathematically, the rate equations of 
the atoms on the migration state can be expressed as 
follows: 

dNA,      fA, 
~ eA, - dA, (1) 

dt 
dNP 

dt 

m 

m 
eP — dp (8) 
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dN3 

dt = h «Ae ep (9) 

where /,• is the flow rate of gas source i, i = As or P; 
di is the desorption rate of gas source i, i = As or P on 
the migration state; f3 is the total flux rate of group III 
atoms; and m is the flux rate to flow rate conversion 
factor. The units of the flux rates, desorption rates 
and the flow rates are ML/sec, ML/sec and SCCM, 
respectively. 

Under steady state conditions, the rate equations 
are equal to zero. We obtain 

h do) N3 = 

eA, = 

kA,NA, +kPNp 

kA,NA, 

ep 

kA,NA, + kpNp ~ y3 

kpNp 

(11) 

kA,NA, + kPNp " JJ (12) 

The desorption rate can be written as the migration 
state density divided by the life time: 

X/3 

X/3 

■             "At 
"A, =   

TA. 
(13) 

Np dP = — (14) 

where TJ is the life time of gas source i. Substituting 
Eqs.(ll), (12), (13) and (14) to Eqs.(7) and (8), we 
obtain 

dN A$ 

at 

8Np 

m 

fp 

kA,N A. 

kA,NA, + kpNp 

kpNp 

x/3-^    (15) 

dt        m     kA,NA,+kpNp X/3 

NA, 

u, 
Np 

TP 
(16) 

If we assume kA,/kP = hi and TA>/TP = k2, and 
let k = ki X k2, under steady state conditions, Eqs. 
(15) and (16) can be simplified as: 

m 

if. 
m 

kd At 

kdA, +dp 

dp 

X h lA, 

x fa-dp =0 

(17) 

(18) kdA, + dp 

Combining Equations (17) and (18), the solid com- 
position ratio of P/As in GaJn^^SyP^y can be 
solved, analytically: 

i-y VF 
y kfA, -jP-(k- l)/3m + ^4{kfA, -fp-{k 

(19) 
It should be emphasized that there are only two 

parameters to be fitted: m and k. Once the m and 
k factors are determined, the solid compositions of 
GalnAsP can be accurately controlled by adjusting 
the gas flow rate. Furthermore, this model can be ex- 
tended to the whole range of GaI/n1_,cJ4syP1_y qua- 
ternary alloys on InP substrate by only changing the 

value of k. Remind that k factor describe the influ- 
ences of the life time and the chemical reaction con- 
stant of As to P. So, k can be a good indicator for the 
incorporation ability of As to P. Moreover, because of 
the different activation energy for the group V atoms 
to desorb from InAs, GaAs, InP, and GaP surfaces 
(11), it is expected that the value of k will depend on 
the group III compositions in GaxInx-xAsyPi^v. 

Experiment 
The GaxIn1-xAsyP1_s/ quaternary alloys on (100) 

InP for the wavelength near 1.3pm were prepared by 
VG V80H gas source molecular beam epitaxy (GSMBE) 
machine equipped with a 400//s diffusion pump. High 
purity ;4s.ff3 and PH3, controlled by the pressure set- 
point of a Baratron capacitance manometer, was intro- 
duced through a high temperature cracking cell kept at 
1000°C. As for the group III flux, a conventional beam 
equivalent pressure (BEP) ratio method was used to 
determine the In and Ga flux ratio. The growth rate 
was kept at 0.98ML/sec, which was measured by cross- 
section scanning electron microscopy ( SEM). After 
growth, room temperature photoluminescence (PL), 
electron probe micro-analysis (EPMA) and single crys- 
tal x-ray (400) plane diffraction (XRD) were adopted 
for the determination of the solid compositions of these 
GaxIni-xAsyPx_v layers. 

Results and Discussions 
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Fig. 2 The solid composition ratio of P/As as a func- 
tion of the PH3 flow rate at two different AsH3 flow 
rates. Open and closed symbols correspond to AsH3 

flow rate of 0.43 and 0.35 SCCM, respectively. Square 
and circle symbols represent the results from EPMA 
and x-ray diffraction measurement, respectively. 
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Figure 2 shows the solid composition ratio of P/As 
as a function of the PH3 flow rate at two different 
AsH$ flow rates. Square and circle symbols represent 
the results obtained by EPMA and x-ray diffraction 
measurement, respectively. These two methods shows 
a good agreement with each other. As expected, the 
solid composition ratio P/As in GaxIni-xAsyPi-y in- 
creases as PHz flow rate increases, and the larger the 
AsHz flow rate , the smaller the solid composition ra- 
tio, P/As. Similar results can be seen in figure 3. 
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Fig. 3 The solid composition ratio of As/'P in GalnAsP 
as a function of AsH3 flow rate at twd different PH3 

flow rate.    The PH3 flow rates were 1.13 and 1.87 
SCCM for closed and open symbols , respectively. 

As for the model calculations, the unknown param- 
eters, k and m, in Eq.(19) are determined by fitting 
the calculation composition ratios to the experimental 
results. It can be seen, the calculation curves in fig- 
ure 2 and figure 3 show an excellent agreement with 
the experimental results. Fitting parameters m and k 
are 0.496 and 16, respectively. This means that in this 
GSMBE system, there needs 0.496 SCCM gas flow 
rate to support lML/sec growth rate on (100) InP 
substrate. Additionally, the k value of 16 implies that 
the incorporation ability of As atoms on the migration 
state is 16 times larger than that of P atoms. 

Figure 4 shows the mole fraction of P in 
GaxIni-xAsyPi-y as a function of the gas flow rate 
ratio (PHzl(PHz + AsHz)). As we can see, it shows a 
good agreement with the experimental results. The P 
composition in GaxIni-xAsyPi-y depends on the gas 
flow rate ratio and V/III flux ratio, especially in the 
high gas flow rate ratio regions. It should be empha- 
sized that the constraint of lattice matched to InP in 
ref. (16) is removed in our calculations. This implies 
that the lattice mismatch has only a little influence on 
the incorporation behavior of As and P on (100) InP. 

Similar results has been reported by chemical beam 
epitaxy (CBE) technique (13). 
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Fig. 4 The mole fraction of P in GaxIni-.xAsyPi-y 

as a function of the gas flow rate ratio {PH3KPH3 + 
AsHs)). Solid and broken lines represent the calcu- 
lations with V/III ratios of 3 and 5, respectively, by 
using the model. 
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0.1 0.2 0.3 
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InGaAs 

Fig. 5 The fc factor as a function of group III compo- 
sitions in GaxIni-xAsyPi-y at a growth temperature 
of 490°C. 

Because of the different bonding energies of InAs, 
InP, GaAs, and GaP, it is expected that the k fac- 
tor in this growth model will depend on the group III 
compositions. Figure 5 shows the Ga composition de- 
pendence of k factor in GaxIni-xAsy Pi-y at a growth 
temperature of 490°C. As can be seen, the k value 
strongly depends on the Ga compositions.   Using the 
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linearly approximative line, we can see that the A; value 
can be as large as 33.5 in the near InP regions. This 
explains why the fast replacement of phosphorus by ar- 
senic occurs at the InP surface when PH3 is switched 
off and AsH3 is switched on, and thus the InAsxP1_x 

quantum well can be formed (17). B. W. Liang et al. 
(11) also observed that for the /n-contamination com- 
pounds, phosphorus desorption rate constant is always 
much higher than that of arsenic. In addition, this 
result also implies that the mixed-group-V composi- 
tion control in the low Ga composition regions becomes 
more and more difficult. A small AsH3 flow rate vari- 
ation would result in a large As composition change. 

Conclusions 
A growth model has been proposed to explain the 

incorporation behavior of As and P in GalnAsP qua- 
ternary alloys on (100) InP. According to this model, it 
is found that the incorporation ability indicator, A;, de- 
pends on the Ga-compositions in Ga-xIni-xAsyP^y 
alloys. For the A«1.3/zm materials the it value is about 
16 at the growth temperature of 490°C. Additionally, 
the incorporation behavior of As and P on (100) InP 
mainly depends on the gas flow rate ratio as well as 
VIIII flux ratio, especially in the high gas flow rate 
ratio regions; the influence of lattice mismatch is negli- 
gible at the growth temperature of 490°C. This model 
can provide a very useful guide for the epitaxial growth 
of GdxInx-xAsyPx-y quaternary alloys on InP sub- 
strate by GSMBE. ' 

i 

Acknowledgement 
This study was supported by the National Science 

Council of the Republic of China under contract 
No. NSC-84"-2215-E002-008, CSIST under contract 
No. CS84-0210-D002-028, and the Telecommunication 
laboratory of the Republic of China under contract 
No. TL-NSC-83-5104. 

References 

1. J. N. Baillargeon, A. Y. Cho, F. A. Thiel, R. J. 
Fischer, P. J. Pearah, and K. Y. Cheng, Appl. 
Phys. Lett. 65 (1994) 207. 

2. M. B. Panish, and S. Sumski, J. Appl. Phys 55 
(1984) 3571. 

3. K. Tappura, J. Appl. Phys. 74 (1993) 4565. 

4. K. Tappura, and H. Asonen, J. Crystal Growth 
127 (1993) 217. 

5. H. Q. Hou, and C. W. Tu, J. Crystal Growth 
120 (1992) 167. 

6. P. SUvestre, M. J. Hafich, T. Vogt, A. Nanda, 
G. Y. Robinson, J. J. Dudley, J. E. Bowers, K. 
M. Jones, and M. M. Al-Jassim, J. Vac. Sei. 
Technol. BIO, (1992) 956. 

182 

7. M. B. Panish, H. Temkin, and S. Sumski, J. Vac. 
Sei. Technol. B3 (1985) 657. 

8. C. W. Tu, B. W. Liang, and H. Q. Hou, J. Crys- 
tal Growth 127 (1993) 251. 

9. B. W. Liang, and C. W. Tu, J. Appl. Phys. 74 
(1993) 255. 

10. T. Nomura, H. Ogasawara, M. Miyao, and M. 
Hagino, J. Crystal Growth 111 (1991) 61. 

11. B. W. Liang, and C. W. Tu, J. Crystal Growth 
128 (1993) 538. 

12. W. T. Tsang, E. F. Schubert, T. H. Chiu, J. 
E. Cunningham, E. G. Burkhardt, J. A. Ditzen- 
berger, and E. Agyekum, Appl. Phys. Lett. 51 
(1987) 761. 

13. J. F. Carlin, A. Rudra, and M. Ilegems, J. Crys- 
tal Growth 131 (1993) 387. 

14. C. T. Foxon, B. A. Joyce, and M. T. Norris, J. 
Crystal Growth 49 (1980) 132. 

15. Y. Matsushima, and S. I. Gonda, Japan. J. 
Appl. Phys. 15 (1976) 2093. 

16. H. Seki, and A. Koukitu, J. Crystal Growth 78 
(1986) 342. 

17. J. Hergeth, D. Grutzmacher, F. Reinhardt, and 
P. Balk, J. Crystal Growth 107 (1991) 537. 



WP27 

Low temperature grown Be-doped InAlP band offset reduction layer to p-type ZnSe 
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The Institute of Scientific and Industrial Research, Osaka University,8-1, Mihogaoka, Ibaraki, Osaka 567, Japan 
*NTT Opto-clectronics Labs., Morinosato Wakamiya, Atsugi, Kanagawa 243-01, Japan 

To solve the difficulty of achieving low resistance ohmic contact to p-type ZnSe, the use 
of an intermediate p-type In AIP layer to p-type ZnSe as a valence band offset reduction layer 
is studied by gas source MBE (molecular beam epitaxy). It is found that the surface 
morphology of the Ino.5AIo.5P layers grown on (001) ZnSe becomes better as growth 
temperature is decreased. The further use of the group Ill-flux modulated growth method 
produces a better surface morphology. It is found that the hole concentrations as high as 
2xl018cnv3 are easily obtained for p-type InAlP layers grown even at low temperature of 
350°C, although a higher Be cell temperature is required than that for a 500°C grown p-type 
InAlP due to decreased electrical activity of Be in InAlP. Despite the very high Be 
concentrations, the Be precipitation/segregation is not observed. These results suggest that 
the Be-doped InAlP layer can be used as an intermediate layer to form the low resistance 
ohmic contact to p-type ZnSe. 

1.   Introduction 

ZnSc-bascd II-VI blue-green laser diodes are gathering 
great interest [1]. However, one of the major problems at 
present is the difficulty to produce a low resistance ohmic 
contact to p-type ZnSe. High ohmic contact resistance is a 
consequence of the deep valence band to the metal 
electrodes. Au metal produces appreciable energy barriers 
(-1.6 eV) when it is deposited onto p-type ZnSe. Until 
now, attempts to form low resistance p-type ohmic 
contacts have been conducted by the use of HgSe layers [2] 
and ZnSeTc graded layers [3] as an intermediate layers 
between p-ZnSe and metal electrodes, and some 
improvements were obtained. To solve this problem we 
have proposed the use of p-type InAlP on p-type ZnSe in 
order to reduce the valence band offset [4], Fig.l shows 
the band lineup for the II-VI and III-V semiconductors 
including ZnSe, and the proposed heterostructures using p- 
InAlP as a valence band offset reduction layer. The 
valence band offset of the p-type InAlP / p-type ZnSe 
interface at zero bias is estimated to be as small as 0.43eV 
in the case of lattice matched heterojunctions. Moreover, 
in lattice mismatched conditions, we can expect a decrease 
of the interfacial energy barrier down to 0.1 eV. Therefore, 
low resistance ohmic contacts can be expected by using p- 
type InAlP on p-type ZnSe. 

In this paper we report the results on the InAlP growth 
on ZnSe and low temperature p-type doping in InAlP to 
form the InAlP band offset reduction layer on p-ZnSe. 

2. Experimental  procedure 

The InAlP layers were grown using a gas source MBE 
system (ANELVA GBE830). The growth chamber was 
evacuated by an oil diffusion pump with a liquid nitrogen 
trap[6]. 
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Fig.l. (a) Band lineup for the II-VI and III-V 
semiconductors, and (b) proposed heterostructures using p- 
InAlP as a valence band offset reduction layer to produce a 
low resistance ohmic contact to p-type ZnSe. 

Elemental indium(In) and aluminum(Al), and thermally 
cracked PH3 were used as group III and group V sources, 
respectively. The InAlP layers were deposited on the 
(001) ZnSe epitaxial layers grown on GaAs substrates and 
the Cr-doped semi-insulating (001) GaAs. The ZnSe layers 



were grown by elemental source MBE using elemental Zn 
and Se as sources [7]. The surface of the ZnSe layer was 
chemically etched with a solution of saturated Br water : 
HBr: H20 = 1: 5: 10 and was thermally cleaned at 300- 
350°C for 10min in the gas source MBE growth chamber 
just before the growth. (a) 

The InAlP layers were grown on ZnSe at 350-500°C, 
which was measured by an infrared optical pyrometer 
calibrated with the melting point of InSb (525°C). The 
growth rate was 0.65 ptm/h with a PH3 flow rate of 1 
SCCM. In and Al fluxes were at beam equivalent 
pressures of 2.2xl08 and 1.4x10 7Torr, respectively. The 
background pressure during growth was about 3xl06 Torr. 

Structural qualities were determined by surface 
morphology observations using SEM (scanning electron 
microscopy) and through RHEED (reflection high energy 
electron diffraction) patterns. In0 5AI0.5P layers on ZnSe 
were characterized by double crystal X-ray (DCX) 
diffractometry using Cu K^i radiation. 

Beryllium was used as the p-type dopant.   Be-doped 
InAlP layers were grown on the Cr-doped (001) GaAs      ^ 
substrates.     The electrical properties of the Be-doped 
In05Al05P epitaxial layers were determined by Hall 
measurements. 

3.   Results  and  discussions 

3.1. In05Al05P growth  on  ZnSe epitaxial layer xs.ek east /   i@m] 

First of all, we grew undoped In05Al05P layers on ZnSe 
layers and studied the RHEED pattern in situ. The 
RHEED pattern was taken with a <110> azimuth 
incidence. RHEED patterns for the ZnSe layer before the 
InAlP growth shows the clear streaks. However, the 
growth of InAlP on ZnSe was difficult in the normal 
growth condition (substrate tcmperature=500°C) of InAlP 
growth on GaAs. After the growth of 1-2 ML of InAlP, 
the streaks pattern failed and a mesh-like pattern appeared. 
The angle between the two lines of the mesh-like pattern 
is 109°. This angle is consistent with the angle (109.4°) 
between the normals of and facets. Therefore, the mesh- 
like pattern is attributed to the formation of and facets on 
the In AIP surface. [8] 

To improve the surface morphology of InAlP grown on 
ZnSe, we studied the growth temperature dependence of the 
InAlP surface morphology.   The growth temperature was 
ranged from 500 to 350°C.   From the SEM observations 
(Fig.2), it was found that the lower the growth temperature 
at which we grow InAlP layers, the more we obtain good 
surface morphology.   This is an important property in 
making a p-lype electrode structure, because it was 
recently found that the carrier compensation was induced in 
the N-doped p-type ZnSe when annealed at above 400°C 
and consequently the hole concentration decreased.  That 
is, to form the valence band offset reduction layer without 
deteriorating the electrical properties of the N-doped ZnSe, 
the growth temperature for the p-type InAlP layer must be 
lower than 400°C.   The result observed in Fig.2 just 
meets this requirement. 

(c) 

(d) 

Fig.2   SEM pictures of InAlP layers grown on ZnSe at (a) 
500°C, (b) 450°C, (c) 400°C and (d) 350°C. 
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Furthermore, we also found that the group Ill-flux 
modulated growth method applied to the first few MLs 
(monolayers) of InAlP further improved the surface 
morphology at 350°C, similar to the growth of GaAs on 
ZnSe [9]. This improvement is considered to be closely 
related to the low sticking coefficient of groupV atoms on 
ZnSe surfaces. 

3.2. Be doping of InAlP at low temperatures 

To avoid the carrier compensation in the N-doped p-type 
ZnSe layers during the growth of p-type InAlP band offset 
reduction layer, the growth temperature must be lower than 
400°C. In Section 3.1, we found that the low temperature 
growth improved the surface morphology of InAlP on 
ZnSe. In this section, the results on the growth 
temperature dependence of the Be doping characteristics of 
InAlP layers is studied. Be doped InAlP layers were 
grown on the Cr-doped semi-insulating (001) GaAs 
substrates. The growth temperature was varied as 500, 
400, 380 and 350'C. 

Fig.3 shows the hole concentration dependence on the Be 
cell temperature as a function of growth temperature. For 
the 5CXTC grown samples, the hole concentration saturates 
at a value of about 2xl018cm 3 as in other reports [10, 11]. 
Over the saturated concentrations, Be precipitation was 
observed in the SEM image. When the growth 
temperature is decreased, the hole concentration decreases 
for the same Be cell temperature, and therefore, for the 
same Be flux. However, by increasing the Be cell 
temperature, the hole concentration is increased. In the 
350°C growth, a hole concentration of as high as 2x10'8 

cm'3 was obtained at the Be cell temperature that is 130°C 
higher than that in the 500°C growth (Be flux 
corresponding to 2xl020 enr3 Be concentration in InAlP). 
Moreover, the surface morphology of these heavily Be- 
doped InAlP grown at low temperatures shows mirror-like 
smoothness with no trace of Be precipitates in spite of the 
very high Be flux. 

The heavily Be doped InAlP layers grown on ZnSe layer 
at 350°C also shows a smooth surface morphology. 
These results imply that the low temperature grown and 
heavily Be-doped InAlP layers will be promising as a band 
offset reduction layer between N-doped p-type ZnSe 
cladding layers and metal electrodes in laser diode 
structures. 

3.3. SIMS measurement of Be doped InAlP 
layers grown at low temperatures 

It is noteworthy that even the very high Be flux does not 
produce the Be precipitation in the InAlP layers in the low 
substrate temperature growth. In order to make sure the 
reason why the Be cell temperature was required higher than 
that in the 500°C growth, the relation between hole 
concentration and Be contents in Be-doped InAlP layers was 
studied by SIMS (secondary ion mass spectroscopy) 
measurement. Fig.4 shows the measured relation between 
hole concentration and Be contents in Be-doped InAlP 

layers. The Be concentration in the InAlP layer increases 
almost linearly with supplied Be flux. However, the hole 
concentration in the InAlP layer is saturated at the point of 
2xl018cm3 and no increase is observed. These result 
suggest that the increase in the required Be flux for the low 
temperature growth is not due to the reduction of Be 
incorporation but due to the reduction of the electrical 
activity. The reason for the no observation of the Be 
precipitation/segregation for the very high Be 
concentrations in the low temperature growth is not clear at 
present 

Be cell temperature ["C] 
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Fig.3. Hole concentration vs. Be cell temperature as a 
function of growth temperature for the Be-doped InAlP 
grown on GaAs substrate. Be vapor pressure curve is also 
shown. ,[ 
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4.   Summary 

We have studied the growth of InAlP on ZnSe.    The 
following results were obtained: 
(1) Low temperature growth of In AIP on ZnSe produced a 
good surface morphology. 
(2) The use of the group Ill-flux modulated growth method 
for the growth of the first few layers of InAlP further 
improved the surface morphology. 
(3) The hole concentration as high as 2xl018 cnv3 was 
obtained in the Be doped InAlP even at low growth 
temperatures (350"C) at which the thcrmal-annealing- 
induced carrier compensation in the p-type ZnSe is avoided. 
(4) The increase in the required Be flux for the low 
temperature growth is due to the reduction of the electrical 
activity, but does not produce the Be precipitation 
/segregation. 

It is concluded that Be-doped p-type InAIP layers grown 
at low temperatures are expected to be useful as a valence 
band offset reduction layer that produce low resistance 
ohmic contacts to p-type ZnSe. 
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InN single crystal was grown by UV-assisted atomic layer epitaxy under atmosphere pressure. The obtained 
InN was degenerate n-type semiconductor with the Hall mobility of 64cm2/Vsec and the carrier concentration 
of 7* l#°/cm3. From the plasma oscillation frequency in the reflection spectra, the electron effective mass 

was determined to be 0.12 TOQ. 

Introduction 
InN is a III-V compound which forms mixed crystals 

with GaN and A1N, promising materials for blue-light emit- 
ting diode. The physical properties of InN, however, are ob- 
scure due to its non-stoichiometry of N concentration and 
its low dissociation temperature. The first trial for the de- 
position of InN was made by Hovel et al. by the reactive 
sputtering method (1). They obtained n-type high mobility 
InN with the carrier density of 1019/cm3. Tansley et al. re- 
ported the high mobility of 5000 cm2/Vsec by the use of 
reactive sputtering method utilizing pre-nitride In as the tar- 
get (2). The epitaxial InN was grown by Wakahara et al. by 
the microwave-assisted metal-organic vapor epitaxy (3). 
They obtained the mobility of 50 cnrVVsec and the carrier 
density of 7* lCp°/cm3 (4). The optical and electrical prop- 
erties of InN were investigated using the polycrystalline 
samples (5). Here we report on the properties using single- 
crystalline samples. 

Atomic layer epitaxy of InN 
To overcome the big difference of the vapor pressures 

between In and N, we applied the atomic layer epitaxy ( 
ALE) under atmosphere pressure (6). The apparatus used in 
this experiment is shown in Fig. 1, where InCl3 and NH3 

are used as source gases, which are blown alternatively on 
the sapphire surface of (0001) which is kept at 440 °C. The 
whole furnace is kept in a hot-wall condition. The substrate 
is covered with a monolayer of InCl3 and excessive InCl3 is 
excluded from the surface. Then NH3 is sent onto the sur- 
face to form InN, and Cl ions are extracted from the film as 
HC1, and excessive NH3 is evaporated from the surface. 
During the deposition, we applied UV irradiation by a Deu- 
terium lamp which improved the surface condition to be 
smooth and increased the crystal morphology. The UV 
light is applied through the UV-transparent quartz window 
and it illuminates the substrate from the side. One layer of 
InN was formed in 40 seconds, and 280 nm-thick InN was 
grown in 11 hours by the 1000 cycle deposition. The ob- 
tained InN shows clear x-ray diffraction from (0002) and its 
FWHM is 0.18°, which is shown in Fig. 2. From this re- 
flection, the lattice constant of c-axis is 5.69Ä, which is the 
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Fig. 2. X-ray diffraction chart of InN grown by UV-assisted 
ALE.   



same as that reported before (7). The improvement of crys- 
tal morphology due to UV irradiation is seen in Fig. 2. 
When the sample is grown without UV irradiation, x-ray 
diffraction shows some extra (prohibited) reflections, which 
indicates the existence of big stacking fault in the crystal. 
The Deuterium lamp has the light intensity from 180 to 
360 nm, and NH3 is dissolved by this light. Therefore the 
irradiation of the UV light increases the number of active N 
species in the reaction space, which improves the crystal 
morphology of InN. 

The improvement of the crystal morphology by UV 
irradiation was investigated using RHEED. The RHEED 
patterns with and without UV irradiation are compared in 
Fig. 3. It is seen that the epitaxial layer on the sapphire 
has hexagonal symmetry with c-axis perpendicular to the 

Fig. 3(a). RHEED pattern of InN grown under without-UV 
irradiation. 

Fig. 3(b). RHEED pattern of InN grown under UV-irradia- 
tion. 

substrate. When the UV-light is not applied during the 
crystal growth, the RHEED pattern has clear spots with 
concentric rings. When the UV-light is applied during the 
growth, the surface becomes smooth and the RHEED pat- 
tern shows streaks with the lines perpendicular to the sub- 
strate, which indicates that a mirror surface is obtained. 
From the analysis of the RHEED pattern, it is revealed that 
the InN grown under UV irradiation still has reflections pro- 
hibited by the crystal geometry of P6mc, which indicates 
the systematic insufficiency of nitrogen in InN. 

Hall  effect  measurements 
Hall effect measurement was carried out by the use of 

van der Pauw technique. As for the electrodes, Ag was 
evaporated onto the sample through a metal mask. The 
electrodes had a diameter of 200 urn, which were placed at 
the corners of a square of 2 * 2 mm2. Gold-wire leads were 
bonded to the Ag pads with supersonic solder. The Hall ef- 
fect and the resistivity were measured from 20 to 300 K in a 
cryostat equipped with 10 kG electromagnet. The tempera- 
ture of the sample was controlled by changing the tempera- 
ture of He gas surrounding the sample. Keithley 7065 ma- 
trix card was used to cancel the residual voltage which ap- 
peared when the applied current was inverted. From the re- 
sistivity (p) and the Hall coefficient (RH), the Hall mobili- 
ty was obtained by the equation M=RH ^P' wnicn 's given 
in Fig. 4 together with the resistivity as a function of tem- 
perature. 

[ x10-4] 

100 200 

T (K) 

300 

Fig. 4. Temperature dependence of the resistivity and the 
Hall mobility of InN grown under UV irradiation.  

The resistivity shows weak temperature dependence 
and it is 1.38* 10~4 Dem at the lowest limit. When the 
temperature increases, p(T) <* T2 is obtained below 150 K, 
which changes to p(T) ~ T above 200 K. If InN has a me- 
tallic conduction, p(T) <* T5 is expected. The carrier density 
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obtained from the Hall coefficient is 7.1 * 1020/cm3 at 20 K, 
which slightly decreases with increasing temperature, and at 
room temperature it is 7.0>< 1020/cm3. 

The Hall mobility remains constant from 18 to 100 
K, and shows a slight decrease above 100 K. It is natural to 
consider the neutral-impurity scattering to interpret the near- 
ly constant mobility (|iN) in the low-temperature region. 
From the neutral impurity scattering formula by Erginsoy 

(8), 

M,v 
m,e 

20EJJX, 

where me* is the electron effective mass and er is the dielec- 
tric constant of InN, and their values are obtained from the 
reflection spectra which will be mentioned later. NN is the 
number of neutral impurity concentration and is obtained to 
be 2.5 * 1019/cm3. This number is smaller than the carrier 
concentration. 

From the results above we conclude that the InN 
grown by ALE is n-type semiconductor in degenerate condi- 
tion. 

Plasma   reflection 
The InN films grown by ALE has high carrier con- 

centration. In general the electron gas exhibits both collec- 
tive and individual particle behaviors. The collective re- 
sponse, called the plasma oscillation, is derived from the 
collective oscillation of the electron gas. Plasma oscilla- 
tions are manifest when the carrier life time Tc is longer 
than the time defined by the inverse of the plasma frequency 
co„. Figure 5 shows the reflectance spectra of InN film 

grown on Al->03 substrate. The spectra are taken from 200 
to 2500 nm. The spectra have the peak around 2 eV, which 
is due to the direct band-to-band transition. The peaks be- 
low the band gap energy are due to the interference of the 
transmitted light. The film shows more than 70 % reflect- 
ance below 0.735 eV, which is due to the plasma oscilla- 
tion of the free carriers. From the fringes of the interference 
and the film thickness (300 nm), the refractive index is de- 
termined to be n=3.91. This value is larger than 2.85-3.08 
which were reported previously (1,2). As the absorption of 
InN in this energy region can be neglected, the dielectric 
constant er is obtained as er=n2=15.3. Then me* is ob- 
tained from the following, 

or /VfT 
* 

e m 
r   e 

Using the carrier number of N=7xl022/cm3- we obtain 
me*=0.12 m0. This value is very close to that predicted 
from the band gap calculation (9). 

When we consider the electron effective mass from 
the k-p perturbation theory, mc* is expressed by the band 
gap energy as follows, 

1+- F 
E„ 

where E is the band gap energy and F is the oscillator 
strength between the valence and the conduction bands. 
When we take into account E„ of InN as 1.9 eV (1) and the 
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Fig. 5. Reflectance spectra of InN grown under UV irradia- 
tion.  The minimum of the reflectance corresponds to wp= 
0.735 eV.  
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Fig. 6. The relation between the effective mass (me*) and 
the band gap energy (E ) for InN together with A1N (10) 
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data of AIN (Eg=6.2 eV, me*=0.3m0) (10) and GaN (E = 
3.4 eV, nig*=0.20 mc) (11), the relation is plotted in Fig. 
6. We see that these me*s are on a straight line having the 
coefficient of 2F/m0=14 eV, which indicates that these three 
nitrites have similar band structures and oscillator strengths. 

The reflection spectra of high carrier concentration (7 
xl020/cm3 ) was reported by Guo et al., which was mea- 
sured by SOR-RING (0.38 GeV electron storage ring) from 
2 to 20 eV (12). In the reflection spectra there were two 
major peaks at 2.3 and 5.3 eV, which were weakly ob- 
served in Fig. 5. The reflection due to plasma frequency 
was not observed. The refractive index at 2 eV was around 
2.7. When we estimate Te of our samples, we obtain 4x 
1015/sec. This value gives WpTe~6 and makes the reflect- 
ance more than 70 % from Hagen-Rubence relation. This is 
what we observed in Fig. 5. 

In conclusion InN single crystal grown by UV-as- 
sisted ALE was degenerate n-type semiconductor with the 
Hall mobility of 64cm2/Vsec and the carrier concentration 
of 7xl020/cm3. From the plasma oscillation frequency, 
the electron effective mass was determined to be 0.12 BIQ 
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Introduction 

The metal-InP system is of special interest, because of its potential use in 
high-speed logic, integrated optics and micro wave applications. Nevertheless, 
there have been a few epitaxial metallization systems of metal and metal compound 
reported on InP.[l-3] Metal/InP systems are believed to be chemically reactive and 
the metal reacts with In and/or P to form a mixture of metal-indium and metal- 
phosphorous compound by high temperature anneals[4,5]. However, we have 
shown, for the first time, the epitaxial growth of a mono-crystalline Auln 
compound on InP(OOl) by annealing a Au/In(001)-p(2x4) system at temperatures of 
250~300°C which has been prepared under an ultra high vacuum condition, [6]. 
Very recently, we have observed by means of LEED, AES and RBS-channeling 
techniques that Au films grow epitaxially in the layer-by layer mode along the [001] 
direction on the InP(001)-p(2x4) surface by room temperature deposition under a 
UHV condition[7]. The low temperature epitaxy has been explained in terms of self- 
annealing due to heat of mixing released in the exothermic interface reaction of Au 
and In. 

Such a low temperature epitaxy is useful for development of the InP devices. 
Moreover, it has been observed that Ag films grown in the [Oil] direction in the 
Stranski-Krastanov (S-K) mode and the islands of Ag(110) crystallites preper to 
orient their (001) side surface along the direction of 4 times supper lattice, which 
has been obtained by means of the additional RHEED technique. [8] 

In this paper, we compare the atomic structures of Au and Ag films epitaxlly 
grown on the InP(OOl) -p(2x4), which have been characterized by means of LEED, 
RHEED, AES and RBS-channeling. 

2. Experiments surface was cleaned   by repeating 0.5 keV Ar+ 
The  InP  specimen  used was  a  (001)- sputtering for 20   min at a current density of 

oriented, n-type and undoped single-crystalline O.^A/cm2 and subsequent annealing at 300°C 
wafer  (Showa  Electric   Industries  Ltd.). The for 10 min so that clear LEED spots of p(2x4) 
specimen surface was mechanically polished, could be observed, as shown later.  Hereafter, 
cleaned   in   standard   solvents,   etched  in    a the Au  or Ag  films with  different  thickness 
H20:8H2S34 solution for 1 min at 60°C and in a were   deposited   on   the   substrate  at  room 
H20:NH4F    solution   for    1     min    at    room temperature, keeping a pressure less than 4x10' 
temperature and finally cleaned in deionized 9 Torr at a deposition rate of 3Ä/min. 
water. The specimen was mounted on a three- At each stage of the surface  cleaning 
axes rotatable goniometer with two-axes linear and  deposition,   the   specimen   surface   was 
motion having an angular resolution of 0.025° observed in-situ by means  of the  LEED,  (or 
in a conventional UHV  chamber which  was RHEED), AES and  RBS-channeling  techniques, 
connected to a differentially pumped beam line The     RBS-channeling    measurement    was 
of a 2.0MeV van de Graaff accelerator, and in performed with a L5 MeV He+ ion beam of x mm 

which a base pressure no more than 4xl0-10 in diameter which was incident along the <€01> 
Torr   was    regularly   achieved.  The  specimen direction of the InP substrate. 
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3. Experimental results and discussion 
First of all, the results on LEED or RHEED 

observation are described. A LEED pattern of 
p(2x4) spots was observed for a cleaned 
InP(OOl) surface and a LEED pattern was 
observed for a Au film, of 20 A in thickness, 
deposited onto the cleaned surface. The p(2x4) 
pattern (a) corresponds to the most commonly 
observed surface structure of the cleaned 
InP(OOl) surface which is modeled by the 
missing row dimer structure [9]. The p(lxl) 
pattern for the Au film corresponds to the 
c(2x2) pattern for the Au (001) face, as 
explained later. The result indicates that the Au 
single-crystalline film grows epitaxially along 
the <001> direction on the InP(OOl) surface only 
by room temperature deposition. 

RHEED patterns observed for a Ag film, 
of 15.8 A in thickness, deposited onto the 
InP(OOl) surface are shown in Fig.l, where the 
RHEED patterns for a cleaned InP(OOl) surface 
are also shown. The RHEED patterns (a) and (c) 
were observed for the case of the electron beam 
incident along the <110> direction of the InP 
(001) surface and the RHEED patterns (b) and 
(d) along the <101>. One can see that the RHEED 
patterns (c) and (d) for the Ag film do not show 
the reflection diffraction rods, but the 
transmission diffraction spots, which indicate 
that the Ag film deposited at room temperature 
grows in the Stranski-Krastanov (S-K) mode. 
Since Ag  is  a face-centered cubic lattice,  the 

Tip 
4IK 
«fei 

Fig.l RHEED patterns(a) and (b) from a InP(OOl)- 
p(2x4) surface which correspond to the 4 and 2 times 
superlattice, respectively and (c) and (d) from a Ag 
film of 15.8 A in thickness deposited on the InP(OOl) 
-p(2x4) surface at room temperature. The directions of 
the incident electron beam for (c) and (d) correspond 
to those for (a) and (b), respectively. 

RHEED patterns (c) and (d) turn out to be a 
superposition of transmission diffraction spots 
for the (110) and (001) faces of the Ag crystal, to 
which the direction of the electron beam is 
perpendicular. This result indicates that the Ag 
film grows along the <110> direction on the 
InP(OOl) surface. The <110> growth of Ag is quite 
different from the <100> growth of Au describe 
above. 

Next, we discuss the orientation of the 
epitaxially grown film against the InP substrate. 
The atomic arrangements of the (001) face of fee 
Au and of the (001) face of fee InP are shown in 
Fig.2 and those of the (011) face of fee Ag and of 
(001) face of fee InP in Fig.3. In Fig.2, the unit 
cell of Au is rotated azimathully 45° with respect 
to the InP unit cell. It is seen from Fig.2 that the 
Au spacing is 1.7 % smaller than the In spacing. 
This indicates that the <001> epitaxial growth of 
Au is very reasonable. It is also clearly seen 
from Fig.2 that a LEED pattern of p(lxl) spots for 
the InP(OOl) lattice is reduced to c(2x2) spots for 
the Au (001) lattice by lateral displacement of 
single atom or pair atoms in the Au unit cell. 

It is seen from Fig.3 that the mismatch of 3 
times the Ag atomic spacing in the <110> 
direction to 2 times the In atomic spacing in the 
<110>direction is 4.7 % and the mismatch of the 
Ag atomic spacing in the <100> direction to the 
In atomic spacing in the <110> direction is 1.1 %. 
It is also clearly seen from Fig.l that in (c) the 
brightness of (1,0) and (-1,0) spots for the 
(110) face is stronger than that for the (001) 
face, while in (d) the brightness of (1,0) and (- 
1,0) spots is weaker. The transposition of the 
brightness between the two spots in (c) and (d) 
indicates that the <100> direction of the Ag (110) 
crystalline prefers to orient along the <110> 
direction of 4 times super lattice of the 
InP(001)-p(2x4) surface. This preferential 
orientation of the Ag crystallites may be 
ascribed to the mismatch between the atomic 
spacings in Ag and InP lattice. However, the 
reason why the orientation of the epitaxial 
growth of Ag is different from that of Au is not 
understood yet. 

The crystalline quality of epitaxially 
grown films of Au and Ag was investigated by 
means of the RBS channeling measurement of 
1.5 MeV He+ ion beam along the <001> direction 
of the InP(OOl) substrate. Typical RBS spectra of 
1.5 MeV He+ ion beam from the Au film of 20 A 
in thickness deposited on the InP(OOl) substrate 
are shown in Fig.4, where open and closed 
circles represent the_ random and aligned 
spectrum   in   the   <001>   axial   direction   of 
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Fig,4 RBS spectra of 1.5 MeV He+ ions from the Au 
layer deposited on the InP(OOl) substrate at room 
temperature: (o) for random direction and (•) for the 
<001> channeling direction of the InP substrate. 

the InP(OOl) substrate, respectively. It is 
clearly seen from Fig.4 that the aligned yield of 
the Au film is considerably reduced compared 
with the random yield. From the ratio of the 
aligned to random yield, it was estimated that 
the average minimum yield for the Au film was 
32.5%. The average minimum yield for the Ag 
film of 20.7 A in thickness was found to be 36 %. 
The large minimum yields are explained 
quantatively well in terms of thinness of their 
films by taking into account the thermal lattice 
vibration. The result indicates that the 
crystalline quality of expitaxially grown films 
of Au and Ag is excellent. 

The channeling minimum yield for the 
Au film of 20 A thick was numerically 
calculated by taking into account the 
displacement of single atom and pair atoms in 

the Au unit cell of the (001) face and the 
thermal lattice vibration. It was determined 
from comparison between the experimental and 
calculated minimum yield that the atomic 
arrangement of Au atoms in the Au(001) unit 
cell lateral of c(2x2) is a pair atoms 
displacement and the lateral displacement of Au 
atoms is 0.18 A. 
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Abstract 
Influence of arsenic flux ratio in the thermal cleaning process on InP (100) surface characteristics was 
investigated using reflected high-energy electron diffraction (RHEED) and atomic force microscopy 
(AFM). We observed that the reconstruction temperature of an In-stabilized (4 X 2) structure and an As- 
stabilized (2 x 4) structure was dependent on the arsenic pressure. The AFM images showed that the 
height and number of the InAs islands on the InP surface were determined by the arsenic pressure 
during the thermal cleaning process. 

1. Introduction 
The InAlAs/InGaAs system lattice-matched to 
InP is of considerable interest due to its suitability 
for high-speed transistors and long-wavelength 
optoelectronic applications. The molecular beam 
epitaxy (MBE) of high quality InGaAs and 
InAlAs epitaxial layers requires a clean and 
smooth surface of InP (lOO)substrate. The surface 
must be thermally cleaned before epitaxial growth 
in the MBE system. In this substrate thermal 
cleaning process, arsenic flux is commonly 
applied in the MBE growth system without 
phosphorus source.1'2' Desorbed phosphorus is 
immediately replaced by arsenic at the surface of 
InP and a thin InAs layer forms on there.38) The 
inhomogeneous growth of this InAs layer makes 
surface rough. The growth mode of the InAs layer 
must be affected by arsenic pressure in the 
thermal cleaning. Therefore, arsenic pressure is 
an important parameter in the thermal cleaning 
of the InP surface. 
In this paper, we report the influence of arsenic 
pressure during this cleaning on the InP surface 
roughness as measured by atomic force 
microscopy (AFM) and discuss the island growth 
of InAs on the surface during this process. We 
also report the dependence of the surface 
reconstruction temperature measured by reflected 
high-energy electron diffraction (RHEED) on 
arsenic pressure in the thermal cleaning of the 
InP substrates. 

2. Experimental 
InP substrates were thermally cleaned under 
various arsenic pressures in our MBE system. A 
solid arsenic in a conventional Knudsen cell with 
a pyrolitic boron nitride (PBN) crucible was used 

for an arsenic molecular beam source. The 
substrates were InP (100) oriented n-type S doped 
wafers of "ready to use" quality and the substrate 
was mounted on a 3-inch Si wafer with In solder. 
The InP substrate temperature (Ts) was measured 
with a thermocouple and a pyrometer. The InP 
substrate was then transferred to the main 
chamber without pre-heating. We measured the 
arsenic pressure (PAs) with a beam flux monitor 
(BFM) The BFM was positioned under the InP 
substrate before heating. 
The InP substrate was heated to 590°C at a rate of 
20°C/min., held at that temperature for 10 
minutes, and cooled to 300CC in the MBE 
chamber. PAs was kept at the same pressure 
during this process, as shown in Fig. 1. 

700 

20 30 
Time (min) 

Fig.l. Temperature sequence of thermal cleaning. 
Arsenic pressure was held constant in the thermal 
cleaning. Heating of the substrate continued up to 590 
°C; the (2 X4) surface reconstruction changed to (4 X 2) 
and cooling changed it to (2X4). 
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We observed a 3()keV RHEED pattern for the 
incident electron beam of the [110] azimuth. By 
holding Ts at 590°C for 10 minutes, a fourfold (4 
X) RHEED pattern was seen. This showed that 
the thermal cleaning resulted in a clear InP 
surface. 
We studied the surface roughness of the thermally 
cleaned wafers using AFM (Park Scientific 
Instruments SPC-400). Data points were 256 X 
256 in 1 X 1 ß m2 scanned area. 

Figure 3 shows the AFM images after thermal 
cleaning of the InP surface. A histogram of the 
roughness of InAs estimated using AFM images 
on the InP surface at the lxl ßm2 area is shown 
in Fig.4: (a) thermally cleaned at an arsenic 

pressure of 4.5xl0-6 Torr,  (b) at an arsenic 

pressure of 3.3x10"7 Torr, and (c) non thermally- 
cleaned. 

3. Results and Discussion 
Figure 2 shows dependence of reconstruction 
temperature on PAs. Changed RHEED patterns 

were observed under PAs less than 1 X 10"5 Torr, 

but was not observed over 1.5 X 10"5Torr , and 
an In droplet was looked at when the Ts was 
raised to 630°C. 
When Ts was raised to 490°C-540°C, a onefold 
(IX) RHEED pattern changed to a twofold (2 X) 
pattern for an incident electron beam of the [110] 
azimuth. After Ts was increased to 590°C, a 
fourfold (4 X) RHEED pattern appeared; this was 
an In-stabilized (4X2) surface structure. When 
the substrate temperature was lowered, the In- 
stabilized (4 X 2)surface structure formed on the 
InP substrate changed to As-stabilized (2 X 4). 
We therefore realized that the reconstruction 
temperature of both these structures depended on 
the arsenic flux. 

(a) 

(b) 

650 

P 

PAs (Torr) 

Fig.2. Dependence of reconstruction temperature (Tr) 
on arsenic pressure (PAs). 

(c) 

Fig.3. AFM images of InP surfaces which were 
thermally cleaned at 590 °C for 10 minutes under 
different aresenic pressure (PAs) : (a) PAs is 4.5 X 10"6 

Torr, (b) PAs is 3.3 X 10"7 Torr, (c) non thermally 
196    cleaned InP surface. 
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(a)PAs4=4.5X10'°Tonr 

(b)PAs„=3.3Xl0-7TorT 

(c) non thermal cleaning 

-1 0 1 

Roughness   (nm) 

Fig.4. Histogram of roughness of InAs island estimated 
by AFM images on the thermally cleaned InP surface. 
Data points were 256 X 256 in 1 X 1 ß m2 : (a) PAs is 
4.5 X 10'° Torr, (b) PAs is 3.3 X 10" 
thermally cleaned InP surface. 

Torr, (c) non 

The surface of the thermally cleaned InP under 
the lower pressure was smoother than that of the 
non-thermally cleaned InP as shown in Figs. 3 
and 4 . Under the higher arsenic pressure many 
large islands of InAs were observed on the 
surface . 
Figure 3 (a), (b) and Fig. 4 (a),(b) suggest that the 
InP surface morphology and formation of InAs 
islands were influenced by the arsenic pressure in 
the thermal cleaning. The amount of InAs must 
balance with that of the indium which comes 
from the InP and arsenic on the substrate surface. 
When there is no arsenic pressure, the excess 
indium remaining on the surface most likely 
evaporates because of the high vapor pressure of 
indium at the temperature of thermal cleaning. 
Under arsenic pressure, InAs is formed from the 
indium and arsenic. A thinner InAs layer remains 
on the surface under the lower arsenic pressure 
conditions, while a thicker layer remains under 
higher pressures. Figures 3 (a) and 4 (a) indicate 
that this thick InAs layer is reconstructed to form 
large islands under the high arsenic pressure. The 
mechanism involved in this formation is probably 
similar to the three dimensional growth of an 
InAs epitaxy. 

4. Conclusion 
We successfully prepared a clean ,smooth surface 
on an InP substrate using low arsenic pressure in 
the thermal cleaning process. The reconstruction 
temperature of an In-stabilized (4 x 2) structure 
and  an  As-stabilized  (2 X 4)   structure  were 

dependent on the arsenic flux. The height and 
number of InAs islands were determined by 
arsenic overpressure during the thermal cleaning 
process on the InP surface. 
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INTRODUCTION 

InAlAs, lattice-matched to InP, is an attractive material for high-speed optical and electrical 
devices. When it is used with InGaAs, which is also lattice-matched to InP, various high performance 
devices, such as high electron mobility transistors (IIEMTs) or super-lattice avalanche photo- 
diodes (APDs), can be fabricated[l,2]. Molecular beam epitaxy (MBE) is a powerful epitaxial 
technique to fabricate such kind of heterostructure devices. However, the MBE growth of high 
quality InAlAs layers has been very difficult because of the high Al concentration and MBE- 
grown non-doped InAlAs layers tend to easily become highly resistive, indicating the existence 
of high-density deep levels. To obtain a high quality InAlAs layer, it appears necessary to reduce 
the density of deep levels. Therefore, deep levels in n-type InAlAs have been investigated by 
several authors[3,4], but very little work has been done on p-type InAlAs[5]. In this work, we 
study deep levels in Be-doped p-InAlAs grown by MBE by using the conventional deep level 
transient spectroscopy (DLTS) method. Based on how the deep levels are affected by growth 
conditions, optimal MBE growth conditions to obtain a high quality InAlAs layer are determined. 

EXPERIMENTAL 

To conduct DLTS measurements of 
p-InAlAs layers, InAlAs pn+ diode 
structures were grown on S-doped n-InP 
substrates by conventional solid-source 
MBE with a VARIAN modular GEN II 
system. Figure 1 shows the device 
structure and the MBE growth conditions 
are summarized in Table 1. Prior to MBE 
growth, degraded surface layers of the 
InP substrates were removed by chemical 
etching in 1% Br2-methanol followed by 
etching in a H2S04:H202:H20=5:1:1 
solution. The thermal cleaning and the 
epitaxial growth processes were 
performed under an As4 pressure. 
Surface reconstruction during these 
processes was determined from the 
reflection high energy electron 
diffraction (RHEED) patterns. 

Ti/Au (p-electrode) 

0.2 urn p-lnGaAs:Be (p=2x1018/cm3) 

1.6 urn p-lnAIAs:Be (p=8x1016/cm3) 

0.6 urn n-lnAIAs:Si (n=2x1018/cm3) 

SiN 

AuGeNi (n-electrode) 

FIG. 1 Schematic structure of the InAlAs pn-junction 
diode used for DLTS measurement. 

TABLE 1 MBE growth conditions 

Substrate: n-lnP:S (n=2x1018/cm3) 
Thermal Cleaning Temperature (Tc): 460-560°C 

Substrate Temperature (Tsub): 400-550°C 
As4 pressure: 1x10"5 Ton- 
Growth Rate: 1 um/h 

198 



The lattice mismatch between the epitaxial 
layer and the substrate was evaluated by 
standard double crystal X-ray diffraction. The 
estimated values of the lattice mismatch of the 
samples used in this study was less than 0.1%. 
Transmission electron microscope (TEM) 
observation was also performed to evaluate the 
crystalline quality around the interface between 
the epitaxial layer and the substrate. As shown 
in Fig. 1, the devices fabricated for DLTS were 
circular mesa-type diodes with an area of 
1.2xl0"3 cm2. DLTS measurements were made 
with an HP 4064A DLTS analysis system at 
temperatures ranging from 100 to 500 K. 

RESULTS AND DISCUSSION 

Figure 2 shows a typical DLTS spectrum 
of a p-InAlAs layer, which was grown at a 
substrate temperature (Tsub) of 450°C after its 
InP substrate was thermally cleaned at a 
substrate temperature of 460°C under an As4 
pressure. Three peaks, named Ti, T2 and T3, 
are clearly observed in Fig. 2 and this indicates 

that three different deep levels exist in the p- 
InAlAs layer. The density of Ti, whose 
activation energy is estimated to be about 20- 
30 meV, is thought to be very small compared 
to that of the other two levels. From the 
Arrhenius plots of T2 and T3, their activation 
energies were determined as 300 meV for T2 
and 800 meV for T3. Figure 3 shows the 
substrate temperature dependence of the 
densities of T2 and T3. As is clearly seen, 
performing MBE growth at a substrate 
temperature over 500°C can dramatically 
reduce the density of T3. On the other hand, 
the density of T2 shows no significant 
dependence on the substrate temperature. 

In the RHEED observation during the 
thermal cleaning process, four stages of the 
surface reconstruction on the InP substrate were 
observed at different temperatures, similar to 
the case of a GaAs substrate. When the substrate 
temperature was below 460°C, a weak single 
crystal-like diffraction pattern was observed. 
Then around 460°C, a 2x4 reconstruction, i.e., 
an As-stabilized surface, appeared. This 
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FIG. 2 Typical DLTS spectrum ol 
p-InAlAs:Be. Three peaks, named TI, T2, 
and T3, are observed, which indicates 
three different deep levels exist ir 
MBE-grown p-InALAs:Be. 
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FIG. 3  Substrate temperature dependence 
of the densities of the T2 and T3 levels 
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indicates that the surface oxides began to 
desorb at this temperature. The 2x4 pattern 
gained intensity as the substrate temperature 
was raised and at around 560°C the RHEED 
pattern changed from 2x4 to 4x2, which means 
that the InP surface was stabilized by In atoms. 
The 4x2 reconstruction could be observed up 
to 590°C. Above 590°C, the reconstruction 
disappeared and a weak diffused diffraction 
pattern with a high scattering background was 
observed, indicating the substrate had 
degraded because of excess desorption of P. 

Figures 4(a) and (b) show the thermal 
cleaning temperature dependence of the DLTS 
spectrum. In Fig. 4(a), both the T2 and T3 peaks 
can be observed. When the InP substrate was 
thermally cleaned at 560°C, the T2-peak 
disappeared completely as shown in Fig. 4(b). 
Figure 5 shows the cross-sectional TEM 
photographs of the interface between the InAlAs 
epitaxial layer and the InP substrate which was 
thermally cleaned at (a) 460°C and (b) 560°C. 
When the substrate was cleaned at a substrate 
temperature of 560"C (the 4x2 condition), no 
dislocations or defects are observed in the epi- 
layer. On the contrary, in the sample whose 
substrate was thermally cleaned at a substrate 
temperature of 460 "C (the 2x4 condition), 
many dislocations and defects are observed 
around the interface. These dislocations and 
defects indicate the presence of surface oxides 
even after the appearance of 2x4 
reconstruction. Therefore, the appearance of 
2x4 reconstruction cannot be regarded as an 
indication of complete desorption of the surface 
oxides. Furthermore, these dislocations and 
defects are considered to be responsible for the 
T2 level that appears in Fig. 4(a). This result 
indicates that when an InP substrate is 
thermally cleaned under an As4 pressure, the 
4x2 thermal cleaning condition is essential to 
obtain a high quality epitaxial layer. 

By ensuring that the 4x2 thermal cleaning 
condition is attained and substrate temperature 
is over 500°C, the density of deep levels can be 
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FIG.  4 Thermal cleaning temperature effec 
deep  levels  of p-InAlAs.  The  T2   level on 

disappeared when the InP substrate wa: 
heated to 560°C (b). At this temperature a 4x2 
In-stabilized surface reconstruction pattern was 
observed using RHEED. 

(a) Tc=460°C (b) Tc=560°C 

FIG. 5 TEM photographs of the samples of FIG. 4 

reduced to about 2xl014 cm"3 as shown in Fig. 
3, which is low enough for electrical and optical 
device application. A non-doped InAlAs layer 
grown under these growth conditions on a semi- 
insulating InP substrate showed an electron 
concentration of 7xl014 cm-3 and electron 
mobility of 2000 CH^VV

1
 at 300 K; this is 

equal to the highest electron mobility in an 



MBE-grown layer yet reported [6]. 

SUMMARY 

In summary, the optimal thermal cleaning 
condition and substrate temperature needed to 
obtain a high quality InAlAs epitaxial layer has 
been established for InP substrates. DLTS 
measurements revealed that there are two main 
deep levels in MBE-grown p-InAlAs layers. It was 
found that for complete desorption of surface 
oxides, the InP substrates should be heated to 
the temperature at which the InP substrate 
surface changes to an In-stabilized surface. 
Under this thermal cleaning condition, one of 
the two deep levels was found to disappear. 
Also, the density of the remaining deep level 
could be reduced by increasing the substrate 
temperature. A density as low as about 2x1014 

cm"3 was reached by applying substrate 
temperatures above 500°C. 
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Introduction: 

In the fabrication of advanced optoelectronic devices such as distributed-feedback and distributed Bragg reflector lasers 
and, especially, monolithically integrated components, epitaxial regrowth steps are generally involved. The conventional 
thermal cleaning used prior to regrowth by MBE requires high temperature for the desorption of the surface oxide. This 
high temperature process may induce a roughening of the surface and create defects that are electrically and optically 
active which degrade device performance. As revealed by Atomic Force Microscopy measurements, desorption of the 
surface oxide on a GaAs substrate using a Electron Cyclotron Resonance (ECK) hydrogen plasma (H-plasma) has been 
shown to lead to a smoother surface compared to thermal oxide desorption. A multi-quantum well structure grown on H- 
-plasma cleaned GaAs surfaces has a higher optical quality, than one grown on thermally cleaned surfaces(6). In the case 
of InP, thermal desorption involves controlled ramping of the temperature to about 500°C°"3), considerably higher than 
the congruent sublimation temperature of 360°C. The use of an ECR H-plasma to remove the oxide on InP has been 
shown to produce interfaces as good as thermal desorption in an InP(p)/InP(p) regrowth structure, but at a somewhat 
lower temperature(4,5). Also, the effects of the PH3/H2 flux ratio and the plasma modes have been investigated(57). The 
activation energy of the oxide etching reaction has been established for two ECR modes and a reaction of the oxide 
etching has been proposed. In this work, we use a single InGaAs quantum well structure (fig.l) to investigate the effect of 
a bias potential applied to the substrate during the H-plasma exposure and of annealing performed aftei the H treatment 
for growth on InP surfaces. Assessment of the optical quality of the regrowth interface has been achieved by 
photoluminescence (PL) measurements at 300 and 11 K and photoluminescence excitation spectroscopy (PLE) at 11 K. 

Experiments 

The experiments have been carried out in a gas source 
(PH3, AsH3) MBE growth chamber equipped with a 
shuttered ECR source which allows for a H-plasma 
exposure of an InP sample surface to be done in a 
simultaneous phosphorous overpressure. The growth 
temperature was 460°C for InP and 490°C for InGaAs, 
measured with a pyrometer. The growth rate was 1 um/h. 

The structure (figure 1) consists of a 1500-Ä InP buffer 
layer, a 36 or 50-Ä Ino s3Gao.47As quantum well and a 
500-Ä InP capping layer. The regrowth interface is the 
lower interface of the quantum well. Regrowth interfaces 
involved removal from vacuum after growth of the buffer 
layer, a UV-ozone treatment, then return to vacuum. The 
surface was cleaned , in the growth chamber, with the 
H-plasma immediately prior to regrowth. Plasma 
treatments were carried out at growth temperature. 

growth to permit the change in fluxes and substrate 
temperature. The second reference type was exposed to a 
2-minute H2 plasma prior to initiating growth of the 
quantum well. These reference structures enabled the 
separation of plasma effects from ex-vacuo handling 
effects. 

InP capping layer 500 A 

InGaAs quantum well 

InP buffer layer 1500 A 

InP substrate 

interface 

Figure 1. Schematical cross-section 
of the structure. 

Two types of reference structures were grown for which the Front surface PL excitation was provided by the 488 nm 
sample remained in the growth chamber: the first type of line of a 20 mW cw Ar ion laser. For PLE experiments, the 
interface, the standard, was generated by only interrupting   excitation was provided by a 150 W quartz halogen lamp 
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coupled to a 0.64 m Jobin Yvon monochromator, which 
allows excitation in the 0.5-1.8 um wavelength range. The 
emission was detected by a 0.32 m monochromator and a 
cooled Ge photodiode. 

Results and discussion 

1) Effect of H-plasma on InP surface: The reference set of 
samples consisted of 50-Ä InGaAs quantum wells that 
remained in the growth chamber during the whole growth 
procedure. The InP buffer layer surface was exposed for two 
minutes to a H-plasma during the growth interruption. 
During the plasma exposure the substrate can be either 
biased, electrically isolated (floating bias) or grounded. 
When the sample is grounded or isolated, the plasma 
treatments results in a 10 times lower PL intensity from the 
InGaAs quantum well, as compared to the standard sample 
(fig.2.a.b.c). Increasing the plasma exposure time for a 
grounded substrate results in a further reduction in PL 
intensity (fig.2.d). Two different ways of minimizing the 
density of defects created by the plasma were found. Either, 
biasing the substrate at +30 V during the plasma exposure, 
or, annealing the sample at growth temperature for 10 
minutes in a P2 overpressure following plasma exposure 
with grounded substrate, leads to a PL emission which is 
almost as intense as that from the standard structure 
(fig.3.a.b.c). 

The plasma produces defects at the surface which behave as 
non-radiative recombination centers. The defects could be 
structural point defects produced by the impact of the 
plasma species (H+, H«, H*, H2

+, H2, H2*) on the surface 
(typical ion ECR energy~20 eV)(8,9>. They would be 
removed by the 10' annealing resulting in the observed PL 
intensity enhancement. When the substrate is biased at 
+30V, any impinging ions have a lower energy or are 
repelled. This reduces the production of structural defects 
and inceases the PL intensity. 

When the exposure time was increased from 2' to 10' for 
the grounded bias substrate, the PL intensity decreased by a 
factor of 4. The full width at half maximum increased from 
30 to 36 meV at 300 K and from 9 to 19 meV at 11 K. This 
may be explained by an increase in the disorder, i.e. surface 
defects and roughening, caused by the longer exposure to 
the H-plasma. The higher density of non-radiative defect 
centers, would account for the decrease in PL intensity. In 
addition, a roughening of the interface would broaden the 
PL peak(10). 

2) Hj plasma for oxide desorption: We have investigated 
the cleaning properties of the H-plasma treatment on an 
air-exposed InP surface. The optical quality of a 36-Ä 
InGaAs quantum well has been used to study the removal 
of the oxide by exposure to various plasma conditions. The 
thinner 36-Ä quantum wells have a PL energy removed 
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/floating bias 
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/grounded 
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d) 10' H- 
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/grounded 
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Figure 2. Photoluminescence spectra at 300 K for a 
reference structure (a), 2' exposure to H-plasma for a 
grounded substrate (b), a floating substrate (electrically 
isolated) (c) and 10' exposure to H-plasma for a 
grounded substrate (d). 
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Figure 3. Photoluminescence spectra at 300 K for a 
reference structure (a), 2'exposure to H-plasma for a 
+30 V biased substrate (b) and 2 'exposure to H-plasma 
for a grounded substrate followed by 10' annealing (c). 
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from atmospheric water absorption lines and are more 
sensitive to the interface quality. 
The effect of the plasma exposure time has been 
investigated with 5' and 10' durations of plasma exposure. 
On the basis of the results given in figure 3 for the 
references, a +30 V bias was applied to the substrate and 
the plasma exposure was followed by a 10' annealing. 
Another procedure has also been tested, and consists of 
alternating 30" plasma exposure and 30" annealing by 
closing the plasma shutter, repeated 20 times. This 
corresponds to a 10' plasma exposure and a total treatment 
time of 20'. In all cases (fig.4.a.b.c.d), the RHEED 
patterns observed after oxide removal revealed a 2x4 
surface reconstruction, which indicates an oxide-free InP 
surface(2). 

(a) standard 

(b) 51 H- 
plasma'+30V/ 
101 annealing 

(c) 10" H- 
plasma/+30V/ 
Iffamealing 

(dX30"H- 
plasma/+30V/ 
30"armeal.) 

(c)   *20 

0.75 0.8 0.85 0.9 

Biogy(eV) 

0.95 

Figure 4. Photoluminescence spectra at 300 K. (a) is a 
standard structure, (b), (c) and (d) have been processed ex- 
vacuo (UV-ozone exposure) and exposed to different 
plasma treatments: (b) biased at +30 V during a 
5'exposure to H-plasma, followed by 10' annealing, (c) 
biased at +30 V during a 10' exposure to H-plasma, 
followed by 10' annealing and (d) biased at +30 V, 30" 
exposure to H-plasma followed by 30" annealing, repeated 
20 times. 

The PL spectra (fig. 4) for these samples are broader and 
more than ten times less intense than for the standard 
structure that remained under ultrahigh vacuum. From the 
PL data, all the structures present a comparable intensity at 
300 K (fig.4,a,b,c,d), about 15 time lower than the intensity 
for standard sample, and a similar broadening of the peak 

at 11 K (table A) compared to the reference. The regrowth 
structure cleaned with the alternating plasma exposure 
sequence exhibits a room temperature PL line broader than 
any other sample. PLE measurements have been performed 
on these samples. The PLE spectra (fig. 5) display the 
different excitonic transitions, EjHH] and EiLHi, between 
the first electron energy level and the heavy and light hole 
levels. The sharpness of the E!HHi transition resonance 
decreases when the exposure time is increased from 5' to 
10' (fig.5.b.c). The resonance disappears for the sample 
treated with the alternating procedure (fig.5.d). 

Non-radiative centers, introduced at the interface of the 
well by the air exposure and/or the oxide desorption 
procedure, reduce the PL intensity. These non-radiative 
centers could be due to residual impurities incorporated at 
the bottom interface or intrinsic defects created at the 
surface during the oxide formation and/or desorption. The 
PL signal broadening could be due to perturbation at the 
interface, such as roughness or foreign species. Previous 
studies based on SIMS measurements have shown that 
silicon and oxygen are common contaminants present at the 
interface that the plasma cannot completely remove'51112). 

3 

CD 
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_I 
Q_ 

1.0 
Energy (eV) 

Figure 5. PLE spectra at 11 K for the 36-Ä quantum well 
processed ex-vacuo and their reference, (a), (b), (c) and (d) 
refer to the same structures as in figure 4. 
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The PLE spectra give information complementary to the PL 
about the interface quality. For the 10' plasma exposure 
(fig.5.c), the excitonic resonance of the different transitions 
are less sharp than the one for the 5' exposure (fig.5.b). 
The sharpness of the transitions is a criterion of interface 
quality as any defect would reduce the exciton lifetime and 
broaden the transition peak. For the sample treated with the 
alternating sequence (fig.5.b), the EjHHi excitonic 
resonance is not detectable. This reveals a much lower 
quality of the interface for this sample. The Stoke shift 
(difference between the PL energy and the EiHH! transition 
energy), reported in table A, is also larger for the 10' 
exposure than for the 5', which confirm this lower interface 
quality. 

We can conclude from these results that the 5' plasma 
exposure is enough to remove the bulk of the oxide. A 
longer exposure time seems to increase the interface 
perturbation which broadens the EiHHi transition 
resonance in the PLE spectrum. The longer exposure time 
does not reduce the non-radiative defect density as the PL 
intensity is not increased. 

For the sample (d) (table A), the rougher interface revealed 
by the PLE spectra is likely a result of the last short 
annealing phase (30") which would not remove the defects 
created at the surface by the last 30" plasma exposure. 

Conclusion 

Various H2 plasma techniques have been investigated for 
the purpose of cleaning the surface of InP and minimizing 
the creation of defects at a regrowth interface. In general, a 
+30 V bias applied to the substrate and an anneal following 
the plasma exposure have been found to be beneficial. 

The H-plasma exposure effectively removes the bulk of the 
oxide but does leave some impurities. The regrowth 
procedure produces non-radiative defects which decrease 
the PL intensity over a factor of 10 compared to standard 
continuous growth. The regrowth procedure also broadens 

the PL signal by introducing perturbations (roughness 
and/or impurities) at the interface. The portion of the 
broadening that may be attributed to roughening at the 
interface is at least partially overcome by the annealing 
treatment. 
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interface type 
PL 

FWHM 
(meV) 

PL 
energy 
(eV) 

PLE energy 
EiHH, 
(eV) 

Stoke 
Shift 

(meV) 

(a) reference 8 0.930 0.939 9 

(b) H-plasma 5 7+30 V/ 
10' annealing 22 0.913 0.935 22 

(c) H-plasma 107+30V/ 
10' annealing 23 0.916 0.945 29 

(d) (H-plasma 30"/ 
+30V/30" annealing)x20 21 0.930 A) A) 

Table A. PL and PLE data at 11 K for the 36-A 
quantum wells processed ex-vacuo and their 
reference structure, (a), (b), (c) and (d) refer at the 
same structures as in figure 4 and 5. For (d), A) 
denotes no transition observable. 
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ISLAND GROWTH AND PHASE SEPARATION  IN 
STRAINED  InAs!.xPx/InP   HETEROSTRUCTURES 
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Using x-ray diffraction and transmission electron microscopy we have found that InAsi-xPx films 
deposited on InP(OOl) substrates with organometallic vapor phase epitaxy grow in an unusual phase- 
separated island growth mode related to strain. Initially, pseudomorphic islands of intermediate 
composition form and grow only until some point in the relaxation process, possibly a critical value 
of the strain, after which islands of the intended composition begin to appear. Furthermore, both 
types of islands are found to penetrate deeply into the substrate. 
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Introduction 

InAsi_xPx/InP(001) quantum wells show excellent 
promise for long-wavelength optoelectronic device 
applications, such as 1.3 |im laser diodes (1). 
Consequently, there have been many growth studies using 
a variety of techniques such as organometallic vapor phase 
epitaxy (OMVPE) (1-4), gas source molecular beam 
epitaxy (GSMBE) (5), atomic layer epitaxy (ALE) (6), 
chemical beam epitaxy (CBE) (7), and MBE (8). A major 
theme of this research has been control of the rather large 
exchange which occurs between P and As atoms at the 
interfaces (2,4,6-8). Usually, several monolayers of 
interdiffusion are found, and it has also been reported that 
the InP on InAs interface is sharper than that of InAs on 
InP (7). 

More generally, there has been much interest in a rich 
variety of issues associated with the growth of 
semiconductor heterostructures. These include the critical 
thickness, rr, for relaxation of lattice-mismatched systems 
(3,5,6,9,10), the recent proposition of a critical strain for 
switching between two different relaxation modes (11), 
possible strain effects on interdiffusion (12-14), and phase 
separation (15-18). 

Here we report a complex interplay between all of the 
above mentioned phenomena irta set of InAS]_xPx layers 
grown on InP(OOl) substrates. Specifically, we find that 
these films grow in an unusual phase-separated island 
growth mode related to strain. Initially, pseudomorphic 
islands of intermediate composition form and grow only 
until some point in the relaxation process, possibly a 
critical value of the strain, after which islands of the 
intended composition begin to appear. Furthermore, both 
types of islands penetrate deeply into the substrate. 

Experimental 

The InAs,.xPx layers were grown on InP(OOl) 
substrates by low-pressure (OMVPE). The substrate 
temperature was 620°C and trimethylindium, arsine, and 
phosphine were used as source gases. A 1000 A InP buffer 
was grown before the InAs]_xPx layer deposition, and each 
sample was covered by a 20 Ä InP cap. Details of the 
growth conditions have been reported elsewhere (3). Two 
sets of wafers were examined: Four samples of InAs with 
intended thicknesses 40 Ä, 100 Ä, 200 Ä, and 1000 Ä, and 

five samples of InAs0 6P0 4 with intended thicknesses 60 
Ä, 100 Ä, 200 Ä, 400 Ä, and 1000 Ä. A sample with just 
the buffer layer was also prepared, to be used as 
background for the x-ray data. 

These thicknesses were chosen to examine the 
relaxation process. Calculations using Matthews and 
Blakeslee's model (9) and that of People and Bean (10) 
yield estimates for /, of InAs on InP to be 20 Ä and 40 Ä 
respectively, and for InAs0.6Po.4 on InP to be 40 Ä and 
200 A respectively (3). Previous studies of InAs on InP 
have reported /,. to be about 20 Ä (5) or 30-36Ä (6). 

The composition, thickness, and morphology of the 
films were examined using x-ray diffraction (XRD), 
transmission electron microscopy (TEM), and energy- 
dispersive x-ray analysis (EDX). The XRD results were 
obtained with a MAC Science SRA 18 kW x-ray generator 
with CuKai radiation selected by a four-crystal Ge(220) 
monochromator. A Philips MRD goniometer with 
Eulerian crade was used, and a 0.45 mm slit was set in 
front of the scintillation counter detector. Cross-sectional 
TEM observations and EDX microbeam analysis were 
performed using a Topcon 002B with a Philips 9900. 

XRD   Results 

The measured XRD intensities near the InP(004) 
substrate peak are shown in Fig. 1. In the thicker films 
two peaks are visible, labeled A and B. Thus, there are 
regions with two different compositions whereas only one 
was expected, B. In both sets of samples initially there is 
just region A, which grows only until region B appears. 

From the positions of these peaks and those near the 
InP(l 15) reflection (not shown) the lattice constants 
parallel, a^, and perpendicular, a±, to the interface were 
obtained for the regions corresponding to peaks A and B in 
each sample. In each case the cubic lattice constant, a(x), 
of a relaxed layer of the same composition could then be 
calculated, using bulk elastic constants and continuum 
elastic theory. Assuming Vegard's Law (a linear 
dependence of alloy lattice constant on composition) the 
average P composition, x, of each region was then 
determined, as shown in Fig. 2(a). Peak B is seen to 
correspond to the intended compositions in both sets, 
although there may be a slight decrease in x with 
increasing thickness in the InAs0 6P0 4 case. For region A, 
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x Starts out very high, gradually decreasing to a stable 
value of about 0.75 for the InAs0.6Po.4 samples and 0.55 
for the InAs set. This trend suggests a composition 
gradient, which is supported by simple simulations of the 
XRD data. Consistent with this, secondary ion mass 
spectroscopy (SIMS) measurements of the nominally 60 Ä 
InAs0 6P0.4 sample show a broad As region extending 200 
Ä into the sample, well beyond the intended thickness. 

The degree of relaxation, defined as, 

R- fl||-g>- 
a{x)-as 

where as is the InP substrate lattice constant, is shown in 

Fig. 2(b). From this, /<■■ of region A is about 40 Ä and 
200 Ä in the InAs and InAso.ePo.4 samples, respectively. 
(Since A may have a composition gradient, interpretation 
of these numbers is not straightforward.) Note that in the 
latter set, region A never completely relaxes, probably due 
to the low As content and the fact that it has stopped 
growing. 
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Fig. 1. XRD intensities as a function of scattering angle, 
29, near the InP(004) substrate peak for specimens with 
intended composition (a) InAs and (b) InAs06P04. The 
intended layer thickness in Ä is indicatedfor each data 
scan, which are offset for clarity. The 200 Ä InAs sample 
was examined with TEM and EDX, as shown in Fig. 4. 
The 60Ä InAs06P0.4 sample with examined with SIMS. 

0 200 400 600 800 1000 

Intended Thickness (Angstroms) 

Fig. 2. Plots of (a) x, (b) R and (c) (004) integrated 
intensities of the A and B peaks vs. intended layer 
thickness in Ä. Note the logarithmic scale in (c). 
Uncertainties are comparable to the size of the symbols in 
(a) and (c). In (b), they are ± 0.1 for R < 0.5 and ± 0.05 
for R > 0.5. 

Near both InP(004) and InP(115) two-dimensional 
reciprocal space XRD intensity maps were obtained for all 
samples. From these, the background-subtracted integrated 
intensities of the peaks were derived. The results for the A 
and B peaks near InP(004) are shown in Fig. 2(c); the 
(115) values exhibit similar trends. As was apparent from 
Fig. 1, peak A grows only until peak B appears. 

To summarize the observations thus far, for the InAs 
samples initially only A is present, strained to match the 
InP substrate, and with a high average x. As the thickness 
increases, A starts to relax, x decreases, and then B 
(relaxed, x =0.0) appears between 100 Ä and 200 A. 
From 200 Ä, B grows in intensity, but A does not. The 
InAs0.6Po.4 set shows similar behavior, just shifted to 
higher thickness. 

At first glance the appearance of B and saturation of A 
seem correlated with the onset of relaxation in region A, 
but upon closer inspection this turns out to be not true. 
For the InAs set, B appears between 100 Ä and 200 Ä, 
when region A is already over 40% relaxed, whereas for the 
InAs0.6Po.4 samples B first appears at 200Ä, when region 
A has not yet started to relax. As discussed below, rather 
than the critical thickness tc determining this behavior, we 

find evidence that a critical strain ec dominates it. 
207 



Recently Tersoff and LeGoues (11) reported the 
existence of a critical strain in SiGe grown on Si. Below 

er, (~l%) the films are smooth, even when thicker than 
fc, and relax by a modified Frank-Read mechanism. Above 

£,, the films first roughen and then relax via dislocations 
nucleated at the surface. Here we show that InAsi.xPx/InP 
may also exhibit critical strain(s), although the behavior is 
more complex than that discussed previously. 

Using the lattice constants derived from peak A the 
average strain parallel to the interface experienced by the 
intermediate layer is 

t-A • 
a(.XA) 

A similar expression is used to calculate EB, the strain 
experienced by the intended layer. The magnitudes are 
shown in Fig. 3(a) and 3(b), respectively. The horizontal 
scale has been normalized to the thickness at which peak B 
first appears, estimated as 150 Ä and 200 Ä for the InAs 
and InAs06P04 sets, respectively. There is a maximum 

value of |£,41 = 0.0065, at which point the mixing stops 
and peak B appears. 

It is also useful to calculate the strain that would be 
experienced by a layer of the intended composition if it 
could be deposited pseudomorphically on the mixed layer, 

aHA-a(xg) 
ee/A = —-—, 

a{xs) 
seen in Fig. 3(c). For the InAs samples, peak B does not 

appear until \EBIA\ drops to about 0.019. The InAs0.6Po.4 

samples show a nearly constant value of \SBIA\ = 0.019. 
Consequently, it appears that if growth of a layer with 
strain greater than about 1.9% is attempted, enhanced P-As 
exchange occurs and a region of intermediate composition 
forms. Once the strain in this layer reaches about 0.6%, 
the mixing stops and the layer of intended composition can 
grow, albeit with a strain of less than 1.9% (Fig. 3(b)). 
However, more work remains to verify this scenario. 

Strain effects on interdiffusion in semiconductor 
systems have been much debated recently, with some 
researchers reporting strong changes (12,13) and others not 
(14). Our XRD results (as well as the TEM and EDX data 
discussed below) seem to be due to strain-enhanced 
mixing, but the influence of the surface and other possible 
factors cannot be ruled out. 

TEM and EDX Results 
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Fig. 3. Plots of (a) \EA\, (b) |ey?|, and (c) \EBIA\ vs. 
normalized intended thickness. Note the different vertical 
scales. Uncertainties are approximately ± 0.001. 

1.000 A 

Since XRD can only give information about the 
average structure, various microscopies were also 
performed. Nomarski contrast microscopy and atomic force 
microscopy (AFM) show an initially smooth surface 
which roughens with increasing layer thickness, indicating 
an island growth mode. This is confirmed by TEM 
measurements of the nominally 200 Ä InAs sample. 
Islands 1000 A tall exist on the surface and also penetrate 
up to 400 A into the substrate, Fig. 4. Numerous misfit 
dislocations are apparent at the island/substrate interface, 
indicating a sharp change in composition and lattice 
constant. Other islands exhibit a less distinct interface. 

Fig. 4. <110> cross-sectional TEM micrograph of the 
nominally 200 Ä InAs sample for which EDX data was 
obtained at the indicated regions. The arrow indicates an 
area of especially deep penetration. 
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The composition of various islands has been 
determined by EDX, showing that some are InAsP and 
others are InAs. In Fig. 4, region C is the InP substrate, A 
is InAsP of approximately equal As and P content, B, E, 
and G are InAsP of high As content, while D and F are 
InAs. Thus, there is phase separation both parallel and 
perpendicular to the surface. 

This penetration into the substrate is likely due to 
strain-enhanced diffusion, and apparently causes the 
appearance of peak A in the XRD data. Although we have 
not yet proven it with TEM, the penetration should stop 
when the XRD peak B appears. Note, however, that EDX 
measurements of other regions of the sample show, 
surprisingly, that at least some of the islands penetrating 
into the substrate are pure InAs. 

Finally, the observed separation into regions of 
different compositions does not appear to be related to that 
commonly observed in III-V ternary and quaternary alloys 
(15-18). This is usually attributed to phase separation 
occurring at the growing surface due to the presence of a 
miscibility gap. To our knowledge, this effect has only 
been seen in alloys for which a bulk miscibility gap is 
predicted. In contrast, none is expected for InAsP (15). 

Conclusion 

In conclusion, we report a complex interplay between 
relaxation, phase separation, interdiffusion, and strain in 
InAs!.xPx/InP(001). Specifically, we find an unusual 
phase-separated island growth mode associated with strain, 
which shows deep substrate penetration. 

Acknowledgements 

The authors gratefully acknowledge useful discussions 
with Y. Takeda, Y. Kuwahara and P. Fons, and wish to 
thank the latter for developing Mathematica programs used 
to analyze the XRD data. We thank Dr. Ikuhara of the 
Japan Fine Ceramics Center and Dr. Kuroda of Nagoya 
University for help with the EDX. The assistance of H. 
Tsuboi with the AFM measurements is also appreciated. 

References 

(1) Y. Imajo, A. Kasukawa, T. Namegaya, and T. Kikuta, 
"1.3|J.m InAsyP].y/InP strained-layer quantum well laser 
diodes grown by metalorganic chemical vapor deposition", 
Appl. Phys. Lett. Vol. 61, pp 2506-2508, 23 November 
1992. 
(2) R. Shioda, H. Oyanagi, Y. Kuwahara, Y. Takeda, K. 
Haga, and H. Kamei, "Incorporation Process of the As 
Atom on the InP(OOl) Surface Studied by Extended X-Ray 
Absorption Fine Structure", Jpn. J. Appl. Phys., Vol 33, 
pp. 5623-5630, October 1994. 
(3) Y. Kuwahara, H. Oyanagi, R. Shioda, Y. Takeda, H. 
Yamaguchi, and M. Aono, "Bond Length Relaxation in 
Ultrathin InAs and InP04As0.6 Layers on InP(OOl)", Jpn. 
J. Appl. Phys., Vol. 33, pp. 5631-5635, October 1994. 
(4) M. Tabuchi, Y. Takeda, Y. Sakuraba, T. Kumamoto, 
K. Fujibayashi, I. Takahashi, J. Harada, and H. Kamei, 

"Atomic-Level Interface Structure of InP/InPAs/InP 
Measured by X-Ray CTR Scattering", (to be published). 
(5) H. Temkin, D.G. Gershoni, S.N.G. Chu, J.M. 
Vandenberg, R.A. Hamm, and M.B. Panish, "Critical 
layer thickness in strained Ga|.xInxAs/InP quantum wells", 
Appl. Phys. Lett., Vol. 55, pp. 1668-1670, 16 October 
1989. 
(6) Y. Kobayashi and N. Kobayashi, "In Situ Interface 
Control of Pseudomorphic InAs/InP Quantum Well 
Structure Growth by Surface Photo-Absorption", Jpn. J. 
Appl. Phys., Vol. 31, pp. 3988-3994, December 1992. 
(7) P.D. Brown, E.G. Bithell, C.J. Humphreys, P.J. 
Skevington, P.J. Cannard, and G.J. Davies, "The effect of 
growth interrupts on CBE grown InP", Inst. Phys. Conf. 
Ser. No. 134, pp. 373-376, 1993. 
(8) J.M. Moison, M. Bensoussan, and F. Houzay, 
"Epitaxial regrowth on an InAs surface on InP: An 
example of artificial surfaces", Phys. Rev. B, Vol. 34, pp. 
2018-2021, 1 August 1986. 
(9) J.W. Matthews and A.E. Blakeslee, "Defects in 
Epitaxial Multilayers I. Misfit Dislocations", J. Cryst. 
Growth Vol. 27, pp. 118-125, 1974. 
(10) R. People and J.C. Bean, "Calculation of critical layer 
thickness versus lattice mismatch for Ge^i^/Si strained- 
layer heterostructures", Appl. Phys. Lett., Vol. 47, pp. 
322-324, 1 August 1985. 
(11) J. Tersoff and F.K. LeGoues, "Competing Relaxation 
Mechanisms in Strained Layers", Phys. Rev. Lett., Vol. 
72, pp. 3570-3573, 30 May 1994. 
(12) F.H. Baumann, J-H. Huang, J.A. Rentschier, T.Y. 
Chang, and A. Ourmazd, "Multilayers as Microlabs for 
Point Defects: Effect of Strain on Diffusion in 
Semiconductors", Phys. Rev. Lett., Vol. 73, pp. 448-451, 
18 July 1994.  " 
(13) N.E.B. Cowern, P.C. Zalm, P. van der Sluis, D.J. 
Gravesteijn, and W.B de Boer, "Diffusion in Strained 
Si(Ge)", Phys. Rev. Lett., Vol. 72, pp. 2585-2588, 18 
April 1994. 
(14) W.P. Gillin and D.J. Dunstan, "Strain and 
interdiffusion in semiconductor heterostructures", Phys. 
Rev. B, Vol. 50, pp. 7495-7498, 15 September 1994. 
(15) K. Onabe, "Unstable Regions in III-V Quaternary 
Solid Solutions Composition Plane Calculated with 
Strictly Regular Solution Approximation", Jpn. J. Appl. 
Phys., Vol. 21, pp. L323-L325, June 1982. 
(16) F. Glas, "Composition variations, clustering and 
composition fluctuations in III-V alloys", Inst. Phys. 
Conf. Ser. No. 134, pp. 269-278, 1993. 
(17) T.-Y. Seong, A.G. Norman, I.T. Ferguson, and G.R. 
Booker, "Transmission electron microscopy and 
transmission electron diffraction structural studies of 
heteroepitaxial InAsySb,„y molecular-beam epitaxial 
layers", J. Appl. Phys., Vol. 73, pp. 8227-8236, 15 June 
1993. 
(18) S.A. Ponchet, A. Rocher, A. Ougazzaden, and A. 
Mircea, "Self-induced laterally modulated GalnP/InAsP 
structure grown by metal-organic vapor-phase epitaxy", J. 
Appl. Phys., Vol. 75, pp. 7881-7883, 15 June 1994. 

209 



Lateral modulation in strain-compensated MQW structures 
WP35 

Y. Shimose, T. Kikugawa, and H. Nagai 

Research Laboratory. Anritsu Corp. 

1800 Onna, Aisugi-shi, Kanagawa, 243, Japan 

TEL: +81-462-23-1111, FAX: +81-462-23-1600 

Abstract 

Strain-compensated mulliple-quantum-well structures in InGaAsP alloys have been grown by metal- 

organic vapor-phase epitaxy (MOVPE). Remarkably-periodic lateral-modulated structures have been 

observed, and their modulation properties are discussed. The modulated structures are enhanced at the 

InP-rich region and under huge net strain. The modulation period depends on the growth rate. 

Introduction 

Strain-compensated multiple-quantum-well 

(MQW) structures have become increasingly 

important in opto-electronic devices. Although it 

is possible to grow a large number of MQW 

without strain relaxation, a laterally-modulated 

structure, which has remarkable periodicity along 

the <110> direction, is often observed1)'2)-3) 

and limits the MQW structure total thickness. 

However, the mechanism of this modulation 

phenomenon is not clear yet. Furthermore, no 

systematic study of this phenomenon has been 

reported with reference to (lie composition of the 

MQW structure and growth conditions. 

We studied the modulation characteristics of 

strain-compensated MQW structures in InGaAsP 

alloys. 

Experiment 

Strain-compensated    MQW    structures    were 

grown by low-pressure (150 torr) MOVPE at 

600° C on InP (001) substrates. Trimethylindium 

(TMI) and triethylgallium (TEG) were used as 

sources  for group-Ill  elements,  and  PH3  and 

AsH3 were used as sources for group-V elements. 

The MQWs consisted of 10 periods of 6.5 nm 

thick InGaAsP wells (lattice mismatch of+1.0%), 

and   9.5   nm   thick   InGaAsP   barriers   (lattice 

mismatch of -0.5%). For growth of the strain- 

compensated layers, the flows of TMI and PH3 

were kept constant, while the flows of TEG and 

AsH3 were changed. The V/III ratio ranged from 

300 to 350. The average value of the composition 

including all  wells and  barriers in  the MQW 

structure (MQW average composition), ranged 

from 0.85 to 1.11 eV in bandgap energy. The gas 

interruption sequence  was taken  at  interfaces 

between  wells  and  barriers.  The  MQWs  are 

covered with a 60 nm thick InP cap layer. 
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Results 

A cross-sectional SEM photograph of the MQW 

structure with the typical lateral modulation is 

shown in Fig. 1. The lateral-modulated structure 

in the well and the barrier thickness are seen in 

the upper half of the MQW stack. The 

modulation pitch is about 200 nm with 10%-20% 

deviation. 

The photoluminescence (PL) spectrum of this 

structure with modulation is shown in Fig. 2. The 

extra peak arising from the thicker well region 

can be seen on the longer-wavelength side of the 

PL peak wavelength of the lower half of the 

MQW stack. 

The modulation strongly depends on the 

composition of the MQW structure. A map of the 

modulation appearance on the net-strain value vs. 

MQW average composition plane is shown in Fig. 

3. Here, various net strain values were obtained 

with slight changes in the strain values of barriers 

or wells. The modulation is more pronounced in 

InP-rich and large net-strain regions. A InP-rich 

regions (wide bandgap region), the modulation 

appears even at almost zero net-strain. 

Furthermore, the modulation pitch strongly 

depends on the growth rate as shown in Fig. 4. 

The higher the growth rate, the shorter the 

modulation pitch. The dependence of the well or 

barrier thickness was also investigated in the 12 

to 23 nm range for the MQW period, but the 

modulation pitch was not dependent at these 

thicknesses. 

It is believed that the modulation structure is 

caused by unstableness at the stressed interfaces 

between wells and barriers.  Consequently, we 
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Fig. 1. Cross-sectional SEM photograph of 
strain-compensated MQW (In ogGa JQAS 53P 47 

/In.76Ga.24As.37p.63) 

3000 

luminescence 
from modulation region 

1200 1400 

Wavelength (nm) 
Fig. 2. Photoluminescence spectrum of same 
MQW structure as Fig. 1 at room temperature. 
The extra peak at about 1350 nm corresponds to 
the luminescence from the modulation region 
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Fig. 3. Map of appearance of modulation as 
function of net strain and MQW average 
composition. The well composition ranges from 
In.69Ga.31As.97p.03 t0 In.94Ga.06As.45p.55' 
and    the    barrier    composition    ranges    from 
In.61Ga.39As.68p32 t0 In.81Ga.19As.27p.73 



grew the MQW structures with a continuously 

graded composition interface without gas 

interruption. In this case, the shear stress at the 

interface is expected to partially relax due to the 

presence of compositionary grading layers. As 

shown in Fig. 5, MQW structure with a 

compositionary grading interface without gas 

interruption has thin modulated structure. 

Discussion and conclusion 

1 

f- 
[,■ 

r 
o 
a 
r 200 
o 
cö 
D u 

100 
0.2 0.4 

Growth rate (nm/s) 

Fig. 4. Modulation pitch as function of growth 
rate 

We have demonstrated the characteristics of 

strain-compensated MQW structures in InGaAsP 

alloys. It is clear that the modulation occurs 

easily in InP-rich regions and that the modulation 

pitch depends strongly on the growth rate. 

Furthermore, elimination of gas interruption at 

interfaces between wells and barriers suppresses 

this modulation. 

A thinner modulation without gas interruption 

indicates that the cause of the modulation is 

related to the shear stress at interfaces between 

wells and barriers4). Furthermore, the growth 

rate dependence suggests that the modulation 

probably arises from surface migration of group- 

Ill species. At higher growth rates, the atoms 

cannot migrate for as long as at lower growth 

rates. Consequently, this modulation seems to be 

the result of a delicate balance between 

minimization of elastic energy-^) and growth 

kinetics. 

The lack of no modulation in the narrow- 

bandgap region may be attributed to the high 

arsenic concentration. Since the decomposition 

yield of arsine is larger than that of phosphine, 

the   actual   V/III   ratio   becomes   larger,   the 

Fig. 5. Cross-sectional SEM photograph of 
MQW structure with same composition as Fig. 1 
but without gas interruption 

migration  is  suppressed  by  As  atoms  on  the 

surface. 
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ABSTRACT 

We investigated the influence of strain on the exciton lifetime in AlGalnP/GalnP quantum wells grown by 

metalorganic vapor phase epitaxy. We found that exciton lifetime becomes shorter under compressive 

strain and longer under tensile strain. We found a strong correlation between the lifetime and the interfacial 

recombination velocity of the samples. We propose that the degradation in interface quality decreases the 

area of coherence of the exciton, increasing the lifetime, as the strain moves from compressive to tensile. 

INTRODUCTION AlGalnP quantum wells. We found that the lifetime 

Strained quantum well (QW) structures can grows longer under tensile strain and shorter under 

improve the performance of lasers due to their compressive strain. We report that the dependence 

modified valence band.1 For GalnP/AlGalnP vis- correlates with strain-induced interfacial recombi- 

ible lasers, compressive and tensile strain have been nation 

experimentally shown to reduce the threshold cur- 

rent density.2*3 Despite these reports on device char- EXPERIMENT 

acteristics, the influence of strain on the crystal na- We grew quantum well structures on Si- 

ture, such as exciton lifetime, has not been studied, doped GaAs substrates by metalorganic vapor 

On the other hand, exciton-related lasing is an im- phase epitaxy at 690°C. We grew the same struc- 

portant issue in wide-energy-gap lasers such as tures on both (100) and (411)A substrates, to com- 

ZnCdSe/ZnSe,4 in which excitons remain in a high pare the ordered structures of (100) with the disor- 

concentration even at room temperature. To under- dered structures of (411). When we grew samples 

stand the lasing phenomena, study of the exciton on (411), the reactor was somewhat contaminated, 

radiative process is of great importance. The influ- so the samples on (411) were lower-quality than 

ence of strain on exciton radiative recombination is those on (100). We did not intentionally dope the 

an especially important topic, because two candi- samples; their net n type carrier concentration was 

dates for blue or violet lasers, ZnSe in II-VI and GaN typically 1015 cm"3. Each sample consisted of a 0.2 

in m-V, are based on strained structures. um-thick GaAs buffer layer, a 1 um-thick 

In this paper, we studied the influence of (Ala7Gaa3)0.5ln0.5P barrier layer, a 10 nm-thick 

strain on exciton radiative lifetime in GalnP/ GaxIni_xP well layer, and a 0.2 um-thick 
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(AWGao.3Wno.5p barrier layer. We varied the    whichistruebelowl80K,5whileitbecomeshalfof 
composition x from 0.41 to 0.58, corresponding to a    band-to-band carrier lifetime at room temperature.6 

strain variation from 0.5% tensile to 0.75% com- 

pressive. RESULTS AND DISCUSSION 

We examined the lifetimes of thesesamples Fig. 1 (a) shows the strain dependence of ex- 

by measuring time-resolved photoluminescence citon lifetime (TEX) for strains from 0.4% compres- 

(PL) using a NAES700 Time-Resolved Photon sive to 0.4% tensüe at 77 K Lifetime at 77 K is domi- 

Counting System (Horiba). The pump source was nafed by exciton recombination, because exciton 

a dye laser tuned to 590 nm with a 0.5-ns pulse, a binding ^gy is larger than kT.s This exciton re- 

repetition rate of 1 kHz, and an excitation power combination is radiative, because PL intensity does 
density of about 40 uJ/W. Photoluminescence not decrease ^ s{rain ^^ from iensi]e to Q3mr 

decay time (TPL) is equal to the exciton lifetime as pressive. On the other hand, the dependence at 

long as exciton binding energy is larger than kT room temperature for the same samples shown in 

,_— Fig. 1 (b) is the reverse of (a). The 

Lifetime at room temperature is 

dominated by band-to-band 

nonradiative interfacial recombina- 

tion7 We found that the strain de- 

pendence for excitons is the reverse 

of that for free carriers. 

We also measured the tem- 

Compressive    perature dependence of TPL for 0.4 

% tensile and 0.4 % compressive 

samples (Fig. 2). TPL increases with 

temperature, peaks, and then be- 

co 
I- o 

a> 
E 

a> 

> c Compressive   Tensile 

Strain, £ (%) 

Fig. 1. Inverse of lifetime as a function of strain at 77 K (a) and 
at room temperature (b). 
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Fig. 2. Photoluminescence decay time versus 
temperature for samples with strains of 0.4 % 
and -0.4 % on (100) substrates. 
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Fig. 3. Photoluminescence decay time versus 
temperature for samples on (411) substrates. 
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gins to decrease. The increasing TPL with tempera- 

ture is dominated by radiative recombination and 

decreasing TPL is by nonradiative. Then the domi- 

nant recombination process changes from radiative 

to nonradiative at the peak lifetime at around 250 K; 

the peaking temperature depends on strain. Strain 

dependence at 77 K is thus the reverse of that at 300 

K. We also measured the temperature dependence 

of TPL on (411) substrates (Fig. 3). It is well known 

that the ordered structure that appears on (100) sub- 

strates for some growth conditions does not appear 

on (411) substrates. Since TPL on (411) substrates 

shows the similar dependencies to that on (100) sub- 

strates, the strain dependence is not due to the or- 

dered structure. 

According to Feldmann et al.,8 TEX can be ex- 

pressed as 

TEX-W
20

-^ (IX 

where/20 is the oscillator strength and Ax>h is the 

area of coherence of the exciton in a QW structure. 

Z20 is a material parameter which can be calculated, 

while A»h represents crystal quality, a factor which 

is not yet well understood. We first calculated/ 2° as 

shown in Fig. 4 and found that/20 increases under 

tensile strain due to the large effective mass.9 We 

found that the dependence of/20 on strain is the 

opposite of that of TEX"
1
/ indicating that/20 is not the 

critical factor in these results. 

Next we looked at A»h- Feldmann et al. have 

demonstrated that A»h is inversely proportional to 

the spectral linewidth and the total mass of the exci- 

ton. We plotted the exciton lifetime TEX versus the 

linewidth at 4.2K f or all samples in Fig. 5. We found 

that there is no general relationship between the life- 

time TEX and the linewidth of the exciton among 

samples on both (100) and (411). If total mass of exci- 

tons was ten times larger for (411) than that for (100), 

the experimental data could be explained by the 

linewidth and the total mass. However, hole mass 

on off-angled substrates is reported to be smaller 

than that on (100) for InGaAs.10 

We suggest that the overall crystal quality in- 

fluences Acoh and therefore the exciton lifetime. For 

AlGalnP/GalnP double heterostructures, we pre- 

viously reported that interfacial recombination is 

the predominant nonradiative process and that in- 

terfacial recombination varies with the strain 
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Fig. 4. Strain dependence of calculated 
collator strength is the reverse ofthat of TEX"

1
 • 

X m 

O 
E 

O 
X 

LU 

20 

15 

10 - 

5 - 

 1 1  

Strain 
-0.4 % - 0.4 % 

o (100) 
A (411) 

O oO o 
J l_ 

215 

5       10      15     20     25     30 

Photoluminescence 
linewidth at 4.2 K (meV) 

Fig. 5. Exciton lifetime as a function of 
photoluminescence linewidth at 4.2 K. 
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Fig. 6. Dependence of interfacial recombina- 
tion velocity on strain. 
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Fig. 7. Exciton lifetime (TEX) as a function of 
interfacial recombination velocity. 

(Fig. 6)7 Figure 7 shows the exciton lifetime TEX as a 

function of the interfacial recombination velocity. 

We found a strong correlation between the two 

among samples on both (100) and (411). We pro- 

pose that Acoh decreases as the interfacial recombi- 

nation increases. This is because carriers at interfa- 

cial levels may cause exciton scatter, or because in- 

terface roughness tends to localize excitons. These 

factors decrease the area of coherence of the exciton. 

TEX thus increases as the interfacial recombination 

velocity increases. Note that interfacial recombina- 
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tion on (411) substrates is not always higher than 

that on (100). As mentioned before, some contami- 

nation occurred when we grew samples on (411), 

which explains the high interfacial recombination. 

We grew all of samples on (411) in that condition, 

and strain dependence of interfacial recombination 

still appeared when contamination occurred. 

CONCLUSION 

We found that the exciton radiative lifetime 

becomes shorter under compressive strain and 

longer under tensile strain. We suggest that the in- 

terfacial recombination which varies with strain, in- 

fluences the area of coherence of the exciton due to 

scattering and localization of excitons at the inter- 

faces. Thus the exciton lifetime increases because 

the interfacial recombination increases as strain 

moves from compressive to tensile 
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Abstract 

Anisotropie electrical properties of pseudomorphic Ino.52Al().48As/InxGai-XAs heterostructures on the 
semi-insulating (001) InP substrate grown by molecular beam epitaxy have been investigated. Hall 
mobility in the direction of (Ol'l) is larger than that in the direction of (01T), and low frequency noise 
in the former direction is smaller than that of the latter. The maximum Hall mobility and the minimum 
noise are obtained for the In mole fraction, 0.8, of InGaAs. Allowable channel thickness of 
pseudomorphic structures is about 10 nm. 

Introduction 

Modulation-doped InAlAs/InGaAs pseudo- 
morphic heterostructure semiconductors with high 
electron mobility are most promising for mm- 
wave low noise transistorsfl], optical devices, and 
highly sensitive magnetic sensors[2]. However, 
electrical and optical properties of those materials 
are affected by an anisotropic elastic strain due to 
an asymmetrical crystallography in zinc-blende 
structured]. We have investigated on an 
anisotropy of Hall mobility and low frequency 
noise of pseudomorphic Ino.52A10.48As/InxGai- 
xAs heterostructures on the semi-insulating (001) 
InP substrate grown by molecular beam epitaxy. 

Experiment 

The pseudomorphic Ino.52Alo.48As/Ino.8Gao.2 
As heterostructures was grown on the semi- 
insulating (OOl)-InP substrate using the flux- 
stabilized molecular beam epitaxy[4]. The 
composition of the ternary compound crystal was 
accurately controlled within an error of less than 
0.1 %. The epitaxial growth rate was 1 mm/hr at 
the substrate temperature of 490 C. The 
pseudomorphic Ino.8Gao.2As layers thinner than 
the critical thickness for the channel and the cap 
layers were grown. A Greek-cross Hall element 
with the arms in the direction of (Ol'l) and (01T) 
was used for investigating anisotropical electrical 
properties of pseudomorphic hetero-structure 
semiconductors. The ohmic contact was made by 
alloying the Au/Ni/AuGe film evaporated on the 
semiconductor. The Hall device was fabricated by 

the conventional photolithographic process with 
the wet chemical etching. All the Hall devices are 
mounted in the non-magnetic TO-5 package. A 
cross-sectional view of the heterostructure is 
schematically shown in Fig. 1. 

Ti/Au ohmic contact 

lXl()13/Cm2 

n-InO.8GaO.2As    5 nm 
"a;la(i5u...l...aräu^ 

i-ln0.52A0.481As    15 nm 

i-In0.52A10.48As    10 nm 

 2DEG ' 
i-InxGal-xAs   5 — 50 nm 

i-In().52A10.48As   400 nm 

S.I InP substrate 

Fig. 1 Cross-sectional view of pseudomorphic 
Ino.52A10.48As/InxGai_xAs heterostructure on 
the (001) InP substrate. 

Anisotropic electrical properties of InAlAs/ 
InGaAs heterostructure have been investigated by 
the computer-controlled Hall measurement system 
with a metal-shield cryostat and low frequencey 
noise measurements. In the noise measurement the 
specimen was placed in the twofold electro- 
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magnetically shield box made of aluminum and 
brass plates. A constant current is applied to the 
specimen from the dry battery cells. The noise 
voltage was measured by the computer-controlled 
spectrum analyzer (Advantest TR9404) with a 
wide range differential amplifier (Ithaco 1201). 
The 2* measured data were averaged by the 
computer. 

Results and Discussions 

The Hall mobility of the specimen with the In 
mole fraction, 0.7, of InGaAs, and the Hooge's 
parameter obtained from the 1/f noise spectrum 
are plotted in Figs. 2 and 3 as a function of 
channel thickness. The Hooge's parameter is given 
from the noise voltage normalized by the total 
carrier number, the operating frequency, and the 
applied bias voltage. The Hall mobility of (01'1) 
direction is larger than that of (01T) direction, 
and the Hooge's parameter of (01'1) direction is 
smaller than that of (01T) direction. The Hall 
mobility decreased drastically with the channel 
thickness less than 10 nm due to an interface 
roughness scattering, and also with that more than 
the critical thickness which is nearly equal to the 
energy balance model. The Hooge's parameter of 
(01T) direction extremely increased with the 
channel layer thinner than the critical thickness 
obtained from the relation between the mobility 
and channel thickness. The allowable channel 
thickness of pseudomorphic heterostructures are 
summarized in Table 1. The sheet carrier density 
was independent of the crystal orientation. 

The anisotropy of the Hall mobility of (01T) to 
(01T) directions, and that of the Hooge's 
parameter of (01'1) to (01'1') directions are shown 
in Fig. 4. The noise property shows more sensitive 
to the  strain  structure  rather than  the  Hall 

x of 
InxGal-xAs 

Allowable channel thickness (nm) 

t[mobility] t[ noise] 
0.53 10- 10- 
0.7 10-50 10-30 
0.8 10-20 10 
0.9 10-15 5 

Table 1 Allowable channel thickness of 
pseudomorphic heterostructure in the (01 '1) 
direction, tfmobility] shows an allowable channel 
thickness for the Hall mobility, and t[noise] for 
the Hooge's noise parameter. 
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Fig. 2 Channel thickness dependence of Hall 
mobility of the specimen with the In mole 
fraction, 0.7, of InGaAs. 
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Fig. 3 Channel thickness dependence of Hooge's 
parameter of the specimen with the In mole 
fraction, 0.7, of InGaAs. 
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mobility. The critical thickness of the 
pseudomrphic heterostructure with the In mole 
fraction, 0.7, of InGaAs is 10 nm for the 
mechanical equilibrium model[5] and 100 nm for 
the energy balance model [6]. We have obtained 
that the critical thickness for the Hall mobility is 
suitable for the the energy balance model and that 
for the noise is suitable for the mechanical 
equilibrium model. 

The critical thickness is dependent of the 
composition of mixed crystal. We have 
investigated the anisotropic electrical properties as 
a function of the In mole fraction of InGaAs 
within the critical thickness. The Hall mobility 
and Hooge's parameter are shown as a function of 
the In mole fraction of InGaAs in Fig. 5 and 6. 
The Hall mobility of the (Ol'l) direction increases 
with increasing the In mole fraction but that of the 
(Ol'l') direction drastically decreases over the In 
mole fraction of 0.8. The noise of both 
orientations increase over the In mole fraction of 
0.8. The noise is minimized for the In mole 
fraction between 0.7 and 0.8. It has been reported 
that the anisotropically electronical properties are 
originated from misfit dislocations formed along 
the (Ol'l) direction[7]. Anisotropies of the (01T) 
vs (Ol'l) directions obtained from the previous 
figures are shown as a function of the composition 
of InGaAs in Fig. 7. An anisotropy of the Hall 
mobility is smaller than that of the noise. 
However, the anisotropy has been observed in the 
lattice-matched InGaAs system, x=0.53. 

The eletrical property of the (Ol'l) direction is 
superior to the that of the (Ol'l') direction by a 
factor of more than 10 %. Thus, the channel of 
electron devices should be arrayed to the (Ol'l) 
direction. It is noted that the optimum In mole 
fraction with large Hall mobility and small 
Hooge's parameter can be obtained for about 
x=0.8. Then, the relative degradation of Hall 
mobility and Hooge's noise parameter due to the 
asymmetrical scattering properties are about 10 
%. 

Conclusion 

We have investigated anisotropic electrical 
properties of pseudomorphic Ino.52A10.48As/ 
InxGai-XAs heterostructures on the semi- 
insulating (001) InP substrate grown by molecular 
beam epitaxy. The Hall mobility in the direction 
of (Ol'l) is larger than that in the direction of 
(01T), and 1/f noise in the former direction is 
smaller than that of the latter. There are an 
anisotropy of more than 10 % for the Hall 
mobility and noise of the InAl As/InGaAs system. 
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It should be noted that the channel of electron 
devices should be arrayed to the (01'1) direction. 
An optimum composition of InGaAs with a large 
Hall mobility and a small noise is 0.8. Allowable 
channel thickness is about 10 nm. 
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Abstract 

In this paper we present a determination of the valence band structure of strained GalnAs/InP quantum wells by 
measuring the effective in-plane hole masses. To determine the masses, we performed low temperature magneto transport 
measurements (1.5-15 K), magneto luminescence as well as far infrared transmission spectroscopy. Hole carrier mobilities 
up to 8700 cm2/Vs were obtained for compressively strained samples with a gallium content of xafO.3. 
For compressively strained samples all measurements showed a drastical reduction of the valence band masses compared 
to both, bulk values and the values of unstrained quantum well structures. Tensile strained samples show, according to an 
indirect band structure at the cross over of light and heavy hole extremly large effective masses. For increasing tensile 
strain, the band structure becomes again direct, whereas the effective masses show values which are above those of 
compressively strained samples. Therefore tensile strained samples could only be analysed qualitatively by magneto 
luminescence. All of our observations are in good agreement with k-p-theory. 
A more precise analysis of the Shubnikov-de Haas oscillations showed a spin splitting of the uppermost valence band in 
compressively strained quantum well structures, leading to two different effective masses. 

Introduction 

The strain induced optimization of electronic and 
optoelectronic devices has been established during the last 
years. Most of the observed improvements are due to 
changes in the band structure towards a reduction of the 
effective masses1. Beside theoretical treatments2 almost no 
experimental investigations of the band structure, leading 
to a precise understanding, have been carried out. In this 
paper an experimental determination of the valence band 
structure near the T-point (k = 0) of pseudomorphic 
strained GaJni.xAs/InP quantum wells is presented. 
To determine the in-plane mass with a reasonable 
accuracy, three different methods have been performed: i) 
temperature dependent Shubnikov de-Haas (SdH), ii) 
magneto luminescence (MPL) and iii) far infrared 
transmission spectroscopy (FIRTS). 
At this point one has to mention, that different experiments 
lead to different aspects of the band structure. Masses, 
determined from magneto transport measurements, are 
related to the first derivative of the dispersion relation with 
respect to the wave vector 

1 

m 

1 
h2k 

3E 
3* 

whereas the density of state mass is given by the second 
derivative of the energy dispersion3. 
For parabolic band structures the different mass definitions 
are of course identical, describing exactly the same mass. 
But in the case of nonparabolic band structures one has to 
distinguish between these different masses. 

Experimental 

The investigation of strain effects on the band structure 
requires quantum well structures in order to overcome the 
problem of critical layer thicknesses. Therefore all samples 
investigated were grown by low pressure metal organic 
vapor phase epitaxy (MOVPE) at a growth temperature of 
620°C and a reactor pressure of 80 hPa. The precursors 
used were trimethylindium, triethylgallium, arsine and 
phosphine. The dopant sources used were hydrogensulfide 
and diethylzinc. The quantum well composition as well as 
the well width were adjusted by MOVPE growth 
parameters and cross-checked by high resolution x-ray 
diffraction, low temperature photoluminescence and 
absorption measurements. The quantum wells investigated 
have a well width of lOnm and vary in composition from 
xoa=0.2 to 0.8. 
For transport measurements and transmission spectroscopy 
the quantum wells were p-modulation doped using a 
symmetrical structure of 50nm zinc doped InP, separated 
from the well by a spacer layer of lOnm undoped InP. The 
spacer layer provides a spatial separation of the ionized 
acceptors in the dopant layer from the 2D-hole gas, leading 
to a reduction of the Coulomb scattering. The carrier 
concentration of the 2D-hole gas was varied by different 
doping levels in the doping layer, so we obtained carrier 
concentrations from 1... 3T012cm"2. 
To perform high quality ohmic contacs, a highly zinc 
doped Gao.47Ino.53As cap layer was grown on top of the 
structure. After wet etching a Hall-bar structure into the 
layer structure, ohmic contacs of lOnm Au, lOnm Zn, 5nm 
Ag, 20nm Au were evaporated and alloyed at 450°C. 
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n-modulation doped quantum wells were used for MPL. 
These samples have lOnm wide sulfer doped doping and 
5nm wide spacer layers. The wells are also lOnm wide and 
the carrier concentration of the 2D-electron gas is in the 
order of M012cm"2. 
MPL and FIR transmission spectroscopy were carried out 
at low temperatures (2-4.2K), whereas magneto transport 
measurements were done in the temperature range of 1.6- 
20K at magnetic fields up to 9T. 

Results and Discussion 

The observation of SdH-oscillations requires hole 
mobilities of at least 1000cm2/Vs. These mobilities have 
been observed in compressively strained quantum wells. 
The highest mobility observed was 8700cm2/Vs and was 
measured in a sample with XQ^O.3 and a carrier 
concentration of lT012cm"2. 
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Fig. 1: Temperature dependent Shubnikov de-Haas 
oscillations of a lOnm wide Ga30In70As/InP quantum well 
structure with a carrier concentration of] •1012cm'2. 

Unstrained as well as tensile strained samples showed 
mobilities only up to 500cm2/Vs, so that in this 
compositional region no SdH-oscillations have been 
observed. 
In fig.l we show the SdH-oscillations of the magneto 
resistance p^ measured in a temperature range from 1.5 to 
12K. From the temperature dependence of the oscillations, 
one can extract the effective transport mass utilizing the 
following equation 

1 + 4- ,exp 
TCS 

COT 

c* 

with 

sinh(^) 

2n%T 

■cos 
lu-Er-s 

h(ü. 
- TZS 

ftcq. 

Here, coc denotes the cyclotron frequency , EF the Fermi 
energy, p0 the classical resistance and xq the quantum 
mechanical scattering time related to the broadening of the 
Landau levels. The effective mass occurs in the cyclotron 
frequency coc = eB/m* in the term £s/sinh(£s). Fitting the 
temperature dependent oscillation amplitude terms up to 
s = 10 were used, giving the effective mass and the 
scattering time with a resonable accuracy. 
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Fig. 2: Carrier dependence of the in-plane effective mass 
for lOnm wide quantum wells with a gallium content of 
xGa=0.3. 

In order to probe the band structure in k-space we varied 
the carrier concentration of the 2D-hole gas as mentioned 
above. The determined effective transport masses for a 
gallium content x^, = 0.3 are plotted in fig.2 as a function 
of the carrier concentration. With increasing carrier 
concentration from M012cm"2 to 1.8-1012cm"2 we observe 
an increasing effective mass from 0.13 to 0.24-m0, which is 
due to the strong nonparabolicity of the band structure. A 
comparison with 6-band k-p-theory, carried out using 
Luttinger parameters given by Lawaetz4, shows very good 
agreement with the measured data. The calculated effective 
mass corresponds to the first derivative of the band 
structure given above. To evaluate the carrier 
concentration from the wave vector k, we used the isotropic 
approximation for the 2D-hole gas. The isotropy for the 
carrier concentration used was checked by various 
calculations in different crystal directions. 
Furthermore, we measured the effective transport mass as a 
function of the gallium content from xa, = 0.2 to x^ = 0.4 
and for a fixed carrier concentration (filled circles in fig.3). 
We observe an increase of the mass from 0.14-m0 to 0.3 -mo 
with increasing gallium content. 
For gallium contents below xGa = 0.2, we were not able to 
observe SdH-oscillations at any temperature. Presumably, 
the critical layer thickness of the strained quantum wells is 
exceeded in these samples. A comparison with k-p-theory 
shows again very good agreement. 
Additional calculations (lines in fig.3) of the effective mass 
as a function of the gallium content for different carrier 
concentrations were carried out. For increasing gallium 



content, these calculations point out the drastic increase of 
the effective mass, which is due to an increasing band 
mixing of the uppermost valence bands. The band structure 
flattens and gets even indirect at a composition where the 
light and heavy hole bands cross (xGa = 0-52 for lOnm well 
width). In this region we did not extract any hole masses 
from our calculations. 
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Fig. 3: Effective in-plane mass as a function of the gallium 
content. Masses calculated from the band structure are 
compared with measured values from SdH-spectra and 
magneto luminescence. 

According to this increase of the effective mass, it becomes 
clear why we could not observe any SdH-oscillations for 
gallium contents above xGa = 0.4. For even larger gallium 
content (xGa>0.65), depending on the well width, the band 
structure becomes direct again but the masses remain 
rather high, (above 0.6-m0, see fig.3), and SdH-oscillations 
are still not detectable at temperatures around 1.5K. 
Furthermore, we show in fig. 3 effective masses (filled 
stars) determined by magneto luminescence (MPL) at 2K. 
These measurements were carried out on n-modulation 
doped quantum well structures. 
A typical MPL spectra is shown in the inset of fig. 4. It 
shows the Landau level splitting for a magnetic field of 6T. 
Fig. 4 shows the behaviour of the Landau levels versus the 
magnetic field. The Landau levels themselve shift linearly 
with increasing magnetic field to higher energies and the 
Landau level splitting is increasing. In ageement with the 
literature5 the Landau level splitting at a fixed magnetic 
field contains only the electron mass. This is due to k non- 
conserving transitions from the conduction band into the 
uppermost valence band. Taking the carrier concentration 
into accout, this mass is in very good agreement with SdH- 
data, determined from the same n-modulation doped 
quantum well structures6. 
On the other hand the observed shift of the magneto 
luminescence signal versus the magnetic field can only be 
described by taking reduced masses into account. This is 
rather evident, since both the conduction band and the 

valence band Landau level shift blue with increasing 
magnetic field. 
Knowing now the reduced and the electron mass, one can 
simply evaluate the effective hole mass at the T-point. 
Even though this method works, one has to take a rather 
huge error bar into accout. One easily gets data which are 
by a factor of 2 off. 

magnetic field   B  [T] 
Fig. 4: Landau level shift and splitting versus the magnetic 
field. The inset shows a magneto luminescence spectra, 
taken at 2K and at a magnetic field of 6T. From these 
spectra one can extract the Landau transitions indicated 
(n'h conduction to (fh valence band landau level). 

Even though this evaluation method has a limited 
accuracy, it represents the principle behaviour of the 
calculated effective hole masses for the lowest carrier 
concentration of M010cm"2 in fig. 3 fairly good. For 
compressively strained samples, we observe effective 
masses which are in reasonable agreement with the SdH- 
data. The obtained values are far below the bulk value, 
whereas for tensile strained structures the MPL-masses are 
about twice as high. The step like increase of the effective 
masses is due to the switching from heavy to light hole 
type of transitions. 
Looking more precisely to the SdH spectra, they show 
beating patterns (fig. 5), becoming more pronounced with 
increasing carrier concentration. A Fourier transformation 
of the SdH-oscillations clearly reveals two sublevels being 
occupied, with carrier concentrations of 6.3-10 cm" and 
5.7-10ucm"2 for a sample with x = 0.3. Separating the two 
levels in the Fourier transform and transforming the 
spectra back leads to an oscillation patterns of the 
separated levels, and finally two different effective masses 
of mi = 0.14m0 and m2 = 0.19m0 (< 5T) could be extracted 
in this sample. 
We also used FIR-transmission spectroscopy to determine 
the hole masses with a Fourier transform spectrometer at 
T = 2.2K  at  different  fixed  magnetic  fields  B.   The 
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transmission spectra T(f},B) with the dispersion i3 are 
normalized to a reference spectrum T(#,B0) measured at a 
magnetic field B0 where the interesting frequency region is 
flat. At higher magnetic fields (B > 3T) we observe two 
resonances . At lower magnetic fields (B < 3T) only one 
resonance can be observed. Linear fits of the experimental 
data (shown in the inset of fig. 6, where the dispersion r3 
versus B is plotted) lead to two effective hole masses 
mi = 0.19mo and m2 = 0.12nio for the lower and the upper 
branch, respectively. 

2 4 6 
magnetic field  B  [T] 

Fig. 5: SdH-beating pattern becoming more pronounced 
with increasing hole concentration. 

Since the observed masses are rather large and the carrier 
concentrations lead to Fermi energies allowing only the 
first heavy-hole subband to be occupied, any contributions 
of the uppermost light hole and the second heavy hole 
subband to these phenomena can be ruled out. We assume 
to observe two spin-split heavy-hole states. A similar 
behavior has been observed and discussed in GaAs 2D hole 
gases, ascribed to the lifting of the spin degeneracy at k * 0 
due to the lack of inversion symmetry8. 
Possible reasons for the lack in the inversion symmetry are 
electric field perpendicular to the interface as well as the 
crystal structure of the III-V bulk compounds which 
already has a broken inversion symmetry. The electric field 
may be caused by an asymmetry in the quantum well 
potential due to doping, layer thickness or surface effects. 

Conclusion 

mobilities up to 8700cm2/Vs. In the tensile strained region 
only low mobilities less than 500cm2/Vs were observed. 
Beating patterns occurring in samples with rather large 
hole concentrations could be explained by the assumption 
of zero field spin-split heavy-hole valence band states, due 
to the broken inversion symmetry. 
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Abstract 
Using surface photo-absorption (SPA) spectra, we established a surface phase diagram of P-stabilized 

in (001) InP metalorganic vapor phase epitaxy as a function of substrate temperature and PH3 partial 

pressure. At 550°C and PH3 partial pressure of 10 and 30 Pa, the surface is (2x4)-like whose P 

dimers have a bond axis parallel to [110]. As the substrate temperature decreases and the PH3 partial 

pressure increases, the surface changes to an excess-P surface due to P excessively adsorbing onto 

(2x4)-like surface without cleaving the P dimer bond. A c(4x4)-like surface was not observed. 

Furthermore, we found that a suppression of excessive P adsorption is needed to obtain a high 

quality InP epitaxial layer by minimizing native defects that might form. 

1. Introduction 
The chemical structure of a group-V surface during 

III-V compound semiconductor epitaxial growth 

affects the epitaxial layer quality and step kinetics. 
For GaAs metalorganic vapor phase epitaxy 
(MOVPE), different As structures, i.e., c(4x4)-like 

fl, 21 and (2x4)y-like [3] surfaces, have been 
observed, and these structures have been found to 

have a significant effect on the step straightening 

mechanism [3]. Therefore, it is necessary to 

monitor the chemical structure of the surface during 

epitaxy to control the epitaxy precisely. For P- 

stabilized (001) InP, (2x4) and (2x1) surfaces have 
been observed by reflection high energy electron 
diffraction (RHEED) during gas-source molecular 

beam epitaxy (MBE). The (2x1) surface formation 

was attributed to excess P sticking to the (2x4) 

surface [4]. The surface structure during InP 

MOVPE, however, has not yet been clarified. This 

paper investigates the chemical structure of P- 

stabilized InP surface during MOVPE using 

surface photo-absorption (SPA) [5] and compares 

it with the As structure of GaAs in MOVPE. In 

order to study the effect of chemical structure on 

layer quality, InP epitaxial layers were grown 

under the conditions of (2x4)-like and excess P 

surfaces and characterized by Hall measurement. 

2. Experimental 
We used a vertical MOVPE reactor. The reactor 
pressure was 10 kPa and the total gas flow rate 

was 10 1/min. The substrates were semi-insulating 

(OOl)-oriented GaAs and InP. The group V sources 
were arsine (20% in FL,) and phosphine (20% in 

FLJ. The substrate temperature was monitored by 

a thermoelectric couple and was calibrated with 

the melting point of InSb (525°C). Linearly p- 

polarized light from a 150-W Xe-lamp irradiated 

the substrate surface at an incidence angle of 70° 
and SPA spectra were measured using an optical 

multi-channel analyzer. We obtained SPA spectra 

by supplying AsH3 and PH3 onto reference Ga 

and In surfaces, respectively. These reference Ga 

and In surfaces were formed by As and P desorption 

from GaAs and InP, respectively. 

3. Results and Discussion 
SPA spectra at a fixed azimuth contain both 

isotropic and anisotropic components due to an 
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Fig. 1. Subtraction spectra of SPA for (001) GaAs. 

electronic transition caused by surface chemical 
bonds. Taking the difference between the spectra 
of the [110] and [TlO] azimuths cancels the 
isotropic component to produce only an anisotropic 
spectrum mainly due to the group-V dimers. Figure 
1 shows the subtraction spectra for a MOVPE 
surface of (001) GaAs at substrate temperatures 
of 600°C and 700°C. The vertical axis is (R(U0]- 
R[110s)/R={[(RAs-RGa)/RGa][n0]-[(RAs-RGa)/RGa][U0]}- 

We also measured the subtraction spectra with 
those for c(4x4) and (2x4)y MBE surfaces to 
determine the structure in MOVPE by means of 
comparison. The spectrum at 600°C is for the 
c(4x4)-like surface. The positive peak at 480 nm 
is attributed to c(4x4) As dimers that have a bond 
axis parallel to [110] [6, 7]. The spectrum at 700°C 
is for the (2x4)y-like surface. The disappearance 
of c(4x4) As dimers and the appearance of (2x4) 
As dimers cause an inversion from positive to 
negative at 480 nm. We describe these MOVPE 
surfaces using the term "-like", because optical 
methods respond to the local electronic structure 
but not to the long-range order of atom 
arrangements. 
Figure 2 shows the subtraction spectrum for the 
(001) InP MOVPE surface at the substrate 
temperature of 550°C and PH3 partial pressure of 
30 Pa. The vertical axis is (R(Tl0]-R[110])/R={[(Rp- 

RJ/RJuiorKVRJ/RJino]}- lt should be noted 

that the subtraction is the reverse of the one for 

GaAs MOVPE in Fig. 1. A positive peak at 430 
nm was observed. We found that P desorption 
induced by exposing the P surface to flowing 
hydrogen only makes the intensity of the positive 
peak at 430 nm decrease due to a decrease of P 
dimer coverage. In addition, a reflectance 
difference spectroscopy observation of P-stabilized 
(2x4) InP surface grown by metalorganic MBE 
using precracked PH3 and trimethylindium 
revealed a peak at around 430 nm [8]. From 
these results, we can assign the peak at 430 nm to 
the P dimer bond which is parallel to [110] and 
can conclude that the surface shown in Fig. 2 is 
(2x4)-like surface. For InP MOVPE, inversion 
from positive to negative at 430 nm with the axis 
(R^q-R^ojVR in the subtraction spectra could not 
be observed even by decreasing substrate 
temperature or increasing PH3 partial pressure. This 
result indicates that c(4x4)-like surface was not 
observed in InP MOVPE. However, by analyzing 
the isotropic component, there was the phase of 
excess P adsorbed on the (2x4)-like surface. 
Figure 3 shows SPA spectra at the [110] azimuth 
at 470 and 550°C. For example, SPA reflectivity 
at 520 nm decreases with decreasing substrate 
temperature, but the reflectivity at 430 nm remains 
constant. This decrease in reflectivity was observed 
for both [110] and [110], indicating its isotropic 
nature. Therefore, the decrease in reflectivity 
without a lowering of the contribution of P dimer 

0.04 

400 500 600 700 

Wavelength (nm) 
Fig. 2. Subtraction spectra of SPA for (001) InP. 
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Fig. 3. SPA spectra for InP in the [110] azimuth. 

bonds is possibly due to the adsorption of 
amorphous P atoms on (2x4)-like surface. We 
found that excess-P surface could be observed by 
increasing PH3 partial pressure at temperatures 
below 530°C. 
Figure 4 shows the thus determined phase diagrams 
of GaAs and InP MOVPE surfaces as a function 
of the substrate temperature and partial pressure 
of AsH3 and PH3. For GaAs, the substrate 
temperature was varied from 550 to 700°C and 
AsH3 partial pressure was varied from 1 to 40 Pa. 
For InP, the substrate temperature was varied from 
470 to 550°C and PH3 partial pressure was varied 
from 10 to 60 Pa. For GaAs, the (2x4)y-like surface 
is stable above 660°C and it evolves to c(4x4)-like 
as the substrate temperature decreases and the AsH3 

partial pressure increases. In contrast, the surface 
is (2x4)-like at 550°C and PH3 partial pressure of 
10 and 30 Pa in InP MOVPE, and it evolves to 
excess-P surface due to amorphous P excessively 
adsorbing onto the (2x4)-like surface as the 
substrate temperature decreases and PH3 partial 
pressure increases. It should be noted that a 
c(4x4)-like surface having two group-V layers 
structure did not appear in InP MOVPE. These 
results indicate that the (2x4)-like surface is stable 
at substrate temperatures around 600°C, which is 
the temperature level generally used for InP 
MOVPE, and, in contrast, the c(4x4)-like surface 
is stable in GaAs MOVPE. 
The difference of the P structure during InP 
MOVPE may influence the epitaxial layer qualities. 
We grew InP epitaxial layers on (OOl)-oriented 
Fe-doped semi-insulating InP substrate under the 
conditions of different P structures at constant 
substrate temperature. The samples were 
characterized by Hall measurement. Figure 5 shows 
the dependence of 77K carrier concentration and 
Hall mobility on PH3 partial pressure. The substrate 
temperature was fixed at 530°C and the PH3 partial 
pressure was varied from 10 to 60 Pa. The growth 
rate for the InP epitaxial layer was 1 (im/h. From 
Fig. 4, at PH, partial pressure of 10 and 20 Pa, 
the surface structure is (2x4)-like. At around 30 
Pa, it is marginal, while, at 40 and 60 Pa, it is 
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excess P surface. It has been reported carbon and 
silicon accumulate at the interface between the 
InP epitaxial layer and the substrate and the highly 
conductive interface falsifies the Hall results [9]. 
Therefore, we grew InP epitaxial layers to thickness 
of 3 (im and 6 [im. The conduction type was 
n-type for all samples. A Hall mobility of 92,000 
cm2/V ■ s and a carrier concentration of 2.5 x 1014 

cm'3 at 77K were measured for 6-|im thick sample 
grown under 30 Pa. The decrease in Hall mobility 
and the increase in carrier concentration for the 
samples grown under the condition of excess P 
surface were observed when compared with those 
grown under the conditions of (2x4)-like and 
marginal surfaces. 
To identify the donor impurities, we did a 
secondary ion mass spectrometry (SIMS) analysis 
of Si and S because it has been reported that these 
are the predominant donors, which showed n-type 
conductivity [10]. However, no donor impurities 
could be detected within our SIMS detection limit 
(1 x 1015 cm"3 for Si and 1-3 x 1015 cm"3 for S). 
This suggests that n-type conduction might be 
caused by native defects (for example, phosphorus 
antisite defects) formed under the condition of 
excess P surface [11]. Therefore, it is important 
to suppress the excessively P adsorption to obtain 
high-quality InP layers. SPA enables us to monitor 
the surface structure in situ and prevents excessive 
P adsorption. 

4. Conclusions 
The chemical structure of P-stabilized InP 
MOVPE was investigated by SPA and a phase 
diagram was established as a function of substrate 
temperature and PH3 partial pressure. We found 
two phases of (2x4)-like and excess P adsorbed 
surface on it. A c(4x4)-like surface was not 
observed. To grow high-quality InP epitaxial 
layers, it is necessary to suppress excessive P 
adsorption on (2x4)-like surface. 
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Introduction 

Heteroepitaxially grown semiconductor layers are used as a base of various functional electronic and optical 

devices. For example, semiconductor laser diodes consist of a double heterostructure, and HEMTs (high electron 

mobility transistors) also make use of the heteroepitaxial structures(l,2). In order to realize further high functional 

devices, a technique to grow heteroepitaxial layers as thin as several Ä is strongly required. In such a thin layer 
structure, the thickness of each layer must be controlled to a thickness as thin as lML(monolayer) and the interface 

layers must be confined to a also 1ML to allow the grown layer to work well as designed. 

For IJJ-V semiconductors, OMVPE (organometallic vapor phase epitaxy) and MBE (molecular beam epitaxy) are 

available to grow such thin layers under control and to make well defined interfaces. However, it is still difficult to 

obtain the well defined interface of semiconductors which contain different group-V atoms. Because the vapor 

pressure of group-V atoms is relatively high, the group-V atoms easily diffuse or exchange across the interface. In 
order to explain the mechanism of group-V atoms exchange at the interface, and to develop a technique to control the 

interface structure of materials which contain different group-V atoms, we have been investigating the interface of 

InP/InPAs/InP grown by OMVPE using X-ray CTR(crystal truncation rod) scattering(3,4). 

The X-ray CTR is a rod that appears around a Bragg diffraction spot in k-space. It is caused by the abrupt 

truncation of a crystal at the surface. The shape of the CTR is very sensitive to the atomic scale unperiodic structure 

of the crystal(5,6). We have demonstrated that it is a very powerful technique to reveal the layer structure of the 

heteroepitaxially grown samples in the atomic scale(3,4). 

In this work, we investigate the samples of InP exposed to AsH^+PHj), in order to study the effect of the purge 

sequence (Fig. 1) which appears in the growth sequence of InP/InAs/InP structures. The purge sequence is unavoidable 

to grow heteroepitaxial layers which consist of different group-V atoms, and is considered to affect largely the 

structure of the interface. The experimental results show that the purge sequence does obstruct the abrupt interface 

formation. 

Experiments 

The samples were prepared by exposing the grown 

InP surface to AsHjt+PHj) and then capped by 20Ä InP 

layers all in the continuous gas sequence, as shown in 

Fig. 2. Exposure time of AsH, was changed from 0.5 to 

30s, and that of (ASH3+PH3) from 0.5 to 2s. During the 

growth, the reactor pressure was kept at 76 Torr. Growth 

temperature was kept at 600°C.    AsHj and PHj were 

used for the group-V sources, and TMIn for the group-M 

source(7). The X-ray CTR measurement was conducted 
using synchrotron radiation (SR) at the Photon Factory 

in the National Laboratory for High Energy Physics at 

Tsukuba. Beam line BL6A2 was used for the 

measurement. The wavelength of the X-ray was set at 

0.950Ä or 1.000Ä. X-ray CTR scattering intensity varies 

widely from 102 to 107 as for the spectrum of the 0.5s 
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Gas sequence for InP/InAs/InP growth 

Gas sequence for measured samples 
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u ■^^^jfe^g 
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TMIn TMIn 

0.5, 1,2,8, 12,30s 

Fig. 1: Gas sequence at top is in the case of InP/InAs/InP 
growth, and bottom is to study purge effect 

Cap Layer 

Buffer Layer 

Substrate 

InP (20Ä) 

■ AsH3(+PH3) purge 

InP (1000Ä) 

InP 

Fig. 2: Structure of measured samples 

exposed sample shown in Fig. 3. Therefore, we needed 

the high intensity of X-ray from the SR. Other spectra 
are shifted by one order of magnitude each. 

The diffraction spots were recorded by a Weissenberg 

camera with an EP (imaging plate). The diffraction patterns 

recorded on the EP were read out optically and stored as 

digital data. The diffraction spot from the (002) plane 

was used in this work. Subtracting the back ground 

X-ray diffuse-scattering from the measured X-ray 

diffraction intensity around the 002 Bragg point, we 

obtained the CTR spectra. The measured X-ray CTR 

spectra for the AsH3-exposed samples are shown in Fig. 

3. The spectra of (AsH3+PHj)-exposed samples are not 
shown since the gross shape is similar. Index I which 

is the abscissa of the figure means the index of k-space. 

lxlO4 c. 

lxlO2 

/'A 

•■•;\ y^V^rjf^ 

nfts 
lxl03 brj*-?**' ~V :• 

1.7 1.9 2 2.1 

Index i 
2.2 2.3 

Fig. 3: Measured X-ray CTR spectra. Exposure time is shown 
at the left end of each spectrum. 

In other words, we measured the X-ray CTR along (00- 

l) direction which is normal to the surface of samples. 

The shoulders observed in Fig. 3 at I around 2.1—2.2 
have information of As atoms contained in InP. 

Results and Discussions 
In order to analyze the data of the X-ray CTR 

scattering, we need a model for the samples, and are 

necessary to calculate the X-ray CTR scattering from the 

model structure. Comparing the results of calculation 

and measured data, we decided the best fit values of 

parameters contained in the model. We assumed the 

model structure shown in Fig. 4. This model contains 

parameters such as n^, nta, xh, d^, dbu, <&*>, c/a. n^ 

and nta are the thickness of the cap layer and of the 

hetero-layer, respectively, x^ denotes the As composition 

at the hetero-layer. d^and d^ denote the extension of 

As atoms into the InP cap layer and into the InP buffer 

layer, respectively. The As distribution is assumed to 

have the formula; x = xh exp(-n/d) where n[ML] is a 

distance from upper or lower interface, and x is the As 

composition in the layer at the distance n[ML] from the 

interface. d=dcip or dbuf. <8z2> represents the roughness 

of the surface, c/a indicates the tetragonal distortion of 
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Fig. 4: A model for the calculation. The parameters d^ and 
dbuf are used to determine the As distributions in the cap and 
bufer layers as x=xhexp(-n/d). d=d    or dtaf. 
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Fig. 5: Profiles of As atom distribution in each AsH3-exposed 
sample. 

the InPAs layer, as the ratio of the lattice constants 

normal(c) and parallel(a) to the surface. By the curve 

fitting based on this model, parameters were determined 

at the best fit. 
From the results of the curve fitting, the distributions 

of As atoms can be discussed in the monolayer scale as a 

function of the exposure time, which are shown in Fig. 

5. Considerable amounts of As exist in each sample. 

From the distributions it is seen, firstly, that the surface 

exchanged As/P compositions are almost the same, i.e., 

0.3 in all AsH,-exposed samples. There must be some 

mechanism that stops the exchange at that rate. Secondly, 

the distributions of As atoms in the cap layer and in the 

buffer layer are very different. 

In order to make this difference distinct, As amounts 

in the cap layer(O) and in the buffer layer(#) are 

separately plotted as a function of the exposure time, 

which are shown in Fig. 6. In this work, we defined that 

the layer whose As composition was maximum was the 

top of the buffer layer. From Fig. 6 it is clear that with 

increasing exposure time, the amounts of As atoms which 

were taken in the cap layer increased, and that it saturated 

after about 10s. The distributions of As atoms in the cap 

layer is considered due to memory effects of As source 

gas and/or due to As atoms adsorbed on the InP surface. 

On the contrary, the amounts of As atoms in the buffer 

which is about 0.3ML were independent of the exposure 

time. 

The distributions of As atoms for the (AsH3+PHj)- 

exposed samples are shown in Fig. 7. As in the case of 

the AsHj-exposed samples, the amounts of As atoms 
taken in the cap layers increased with the increasing 

exposure time. Since the exposure time is not long enough, 
the amounts of As did not saturate. The distribution of 

As atoms in the buffer layers also showed similar profiles 

to the AsH3-exposed samples, but the group-V atoms 
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Fig. 6: Amounts of As in the cap layer(O) and in the buffer 
later(#) versus exposure time. Solid line is a guideline of eye. 
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Fig. 7: Profiles of As atom distribution in each (AsH3+PH3)- 
exposed sample. 

extended toward the buffer layer was much suppressed 

in the (AsH3+PHj)-exposed samples. 

Conclusions 

X-ray CTR scattering measurement was conducted 

for two types of samples prepared by OMVPE, and the 

structures of the interfaces were investigated. 

It was found that considerable amounts of As atoms 

exist in all the samples, though the InP surface were 

only exposed to AsH,. The gross shape of the As 

distribution in the AsH,-exposed and (AsH,+PH3)- 

exposed samples showed similar profiles. However, in 

the (AsHj+Pry-exposed samples the As distribution into 

the buffer layer was much suppressed. 

Since the long tail of As distribution in the cap layer 

is a serious obstacle to obtain a sharp heterointerface, 

a proper gas sequence is needed. Based on the present 

analysis, even the exposure time of 0.5s is long enough 

to cause the As distribution into a few ML. 
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Introduction 
InP is an important semiconductor material for GalnAsP/InP heterojunction lasers, GalnAs/InP 

photo-detectors, AlInAs/GalnAs/InP high electron mobility transistors and heterojunction transistors. 
In order to achieve the atomically regulated heteroepitaxy of those materials, it is important to control 
the atomic species and their alignment in the topmost surface of InP substrates. 

Although several studies (1-5) have been carried out on the effect of low energy noble gas ion bom- 
bardment on the stoichiometry of InP (001) surface for an epitaxial growth, of which is used to remove 
contaminations of these semiconductor surfaces, the results are almost concluded to be an excess In 
surface by means of auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). 
There is no determination of topmost atomic species on this surface, because AES and XPS have ana- 
lysing depths extending over several nanometers. They are impossible to identify the topmost atomic 
species. Therefore, we have employed coaxial impact collision ion scattering spectroscopy (CAICISS) 
to determine the species of the topmost atomic plane on InP (001). The characteristic of CAICISS, 
which is basically low energy ion scattering spectroscopy, is that the experimental scattering angle is 
taken to 180° (6). 

Figure 1 illustrates the situation at the incident angle of 35.3° in [1 10] azimuth ([11 l]direction ) on 
InP (001) in the CAICISS condition. In this situation, only the topmost atom can be "seen", because 
the atom in the second layer is shadowed by a shadow cone formed by the topmost atom. As a result of 
that, we can directly determine the terminating plane by CAICISS. 

In order to remove the contaminations of semiconductor surfaces, sputtering and annealing proc- 
esses are generally used (7,8). We have observed the sputtered and the annealed InP (001) surfaces to 
determine the species of the topmost atomic plane on these surfaces by CAICISS. 

Experiments 
3keV He* The all experiments were carried out in an ultra high 

vacuum (UHV) chamber with a base pressure of 1 x 10 
35.3° 7 Pa. The system is equipped with CAICISS (Shimadzu, 

CAICISS-I), reflection high energy electron diffraction 
(RHEED), and argon sputter gun. The sample is set up 
to a manipulator with two-axis rotations, which are cor- 
respond to an incident angle and an azimuthal angle, 
respectively. InP (001) samples used in this study were 

„ ™ : w cut out from wafer to an appropriate size. Before load- 
■^  [110] ing in the UHV chamber, they were cleaned in the or- 

Fig. 1 Schematic cross-section geometry of InP (001) ganic solution. 
surface along [TlO] azimuth in CAICISS mesurement Several samples of InP (001) were subjected to in- 
with incident angle of 35.3° silu  CAIC,SS measurements following as  :   (a)  as- 

supplied InP (001) at room temperature, (b) InP (001) 
annealed at from 300 to 550 °C in UHV, (c) InP (001) 
sputtered with 1 keV Ar* for 20 minutes at 300 °C. 
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Prior to the CAICISS measurements, we confirmed a 1 
x 1 RHEED pattern for each sample. 

In order to determine the topmost atomic species, we 
have observed CAICISS spectra at the incident angle of 

35.3° in [1 10] azimuth. He* of 3 keV was used in 

CAICISS as a primary ion, and also observed CAICISS 
intensity as a function of an azimuthal angle at the in- 
cident angle of 35.3° to evaluate surface crystalline 
quality on sputtered InP (001). 

Atomic force microscopy (AFM) was used to ob- 
serve an surface morphology of as-supplied and sput- 
tered InP (001). 

Results and discussion 
Figure 2 shows CAICISS spectra which are taken at 

an incident angle of 35.3° in [TlOJ azimuth. As shown 

in Fig. 2 (a), (b), and (c), CAICISS spectra exhibit 
peaks due to He scattering from both In and P at from 
room temperature to 500 °C. If the topmost surface is 
terminated by In or P, either In or P peak should be ob- 
served.  This means that both  In-terminated and P- 

In     P 
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u 
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a 
u 
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o 

1 « 
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(e) Ar* sputtered 
al 3IX1T 

40(10 5000 6000 7000 8000 

Time of Flight [nsec] 

Fig. 2 CAICISS spectra taken at the incident an- 

gle of 35.3° in [TlOJ azimuth for InP (001) sur- 

faces of (a) as-supplied, (b)~(d) annealed sample, 
and (e) Ar* sputtered sample at 300 °C. 

terminated surfaces coexist on this (001) surface. We 
have also confirmed both In and P peaks in [110] azi- 

muth. It is concluded that the thermally annealing 
treatment is impossible to form the topmost surface 
terminated by In or P below 500 °C. 

On the contrary, when the substrate temperature in- 
creased up to 550 °C, P peak has disappeared, and only 
In peak has detected as shown in Fig. 2 (d). According 
to SEM observation, serious roughness which is attrib- 
uted to In-island formation was observed on this sur- 
face. P desorbs from surface and then the surface is In- 
rich by annealing at 550 °C. In on the surface is easy to 
diffuse at this temperature, and a nuclei of In is formed 
(9). As a result of that, coalescing into islands occurs. 
The annealed surface is not smooth and does not form 
In-terminated surface. 

In order to form the In-terminated surface on InP 
(001), we have sputtered InP (001) surface with Ar ion 
of 1 keV for 20 minutes at 300 °C instead of annealing 
treatment. Incident angle of Ar ion was set at 
90°(normal incidence). CAICISS spectrum of this 
sputtered surface is shown in Fig. 2 (e), in which only 
In peak is observed. It reveals that InP (001) surface is 
perfectly terminated by In. It is considered that the 
preferential sputtering of phosphorus contributes to the 
formation of In-terminated surface. Compared with the 
case of Fig. 2 (d), The SEM photograph revealed that 
the surface was smooth and there are not serious dam- 
age . 

0]      [llO] 

1 

-2110  -ISO  -120   -HI)    -4(1      (|       40      fin 

Azimuth Angle [deg 

Fig. 3 Azimuth angle dependence of In and P 
signal intensities at the incident angle of 
35.3° for Ar+ sputtered InP (001) surface. 
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(a) (b) 

Fig. 4 AFM images of (a) as-supplied InP (001) surface and (b) InP (001) surface after sputtered and an- 
nealed at 300 °C . The scanning area is 500 x 500 nm2. 

The azimuthal dependence of CA1CISS spectra has 
been taken at an incident angle of 35.3° in order to 
evaluate the surface crystalline quality as shown in Fig. 
3. The azimuthal dependence of both He scattering in- 
tensity from In and P are exhibited in Fig. 3, of which 
shapes exhibit 2-fold symmetry with respect to the 
<110> axis. This symmetry appears that the atoms 

underlying the < 1 10 > azimuth are arranged differ- 
ently from those underlying the <110> azimuth be- 
cause the ideal bulk truncated surface of InP (001 [ has 
only 180° symmetry with respect to the underlying 
bulk crystal. This means the sputtered surface is zinc- 
blend structure, and little physical damage exists on 
sputtered InP (001) surface. 

In order to compare the surface morphology between 
the as-supplied and the sputtered InP (001) surfaces, 
AFM images above surfaces were taken in air. The 
scanning area of AFM images is 500 x 500 nm\ The 
as-supplied surface has no regulated structure because 
of surface contamination, while surface treated by 
sputtering and annealing at 300 °C was represented a 
textured structure aligned along <110> axis. The 
width of this textured structure was 260 ~ 500 Ä and 
the height was 5 ~ 24 Ä corresponding to a few units of 
InP. According to CAICISS measurements in Fig. 2 
(e), this surface is terminated by In. Therefore, it is 
concluded that this InP (001) surface is composed of 
double atomic height step. 

If the diffusion coefficient has anisotropy on the InP 
(001) surface, textured structure may be aligned to one 
direction. It is well known that the surface diffusion 
coefficient has an anisotropy on Si (001) 2 xl surface 
during the deposition (10-11). We speculate that the 
diffusion coefficient has the anisotropy on InP (001) 
surface during the sputtering as well as the case of Si 
(001) surface. 

Conclusion 
We have identified that indium top surface without 

serious roughness can be acquired by Ar" sputtering 
even if substrate temperature is as low as 300 °C. In 
AFM observations, this surface exhibits the textured 
structure, which is composed of double atomic height 
step. Furthermore, the azimuthal dependence of 
CAICISS spectra show two-fold symmetry with respect 
to <110> axis, which indicates that the crystalline 
quality of this surface is quite high. Therefore, we 
consider that this surface is applicable to the substrate 
for heteroepitaxial growth. 
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Introduction 
For a further development of electronics and optoelectronics, new functions of materials are demanded. 

Thus, low-dimensional structures such as quantum wells have become to be adopted. Semiconductor lasers with 

quantum well active layers have a lower threshold current. One- or two-dimensionally confined structures are 

useful for high speed switching devices because of their high electron mobility[l]. In these cases, the quality of 

hetero-interfaces comes to play important roles as each layer in the structures becomes thinner. In the quantum 

structures of a few MLs thickness, the vagueness of the interface in the scale of only a few Ä is no longer 

negligible. Since the interface structure must be controlled or, at least, must be determined in the atomic scale, 

a technique to characterize the interface in such a scale are strongly required. 

X-ray CTR is the diffraction spots extended nominal to the surface for a finite crystal. Its shape is 

sensitively modified as the structure near the surface is changed[2, 3]. We have successfully applied the X-ray 

CTR measurement to study the epitaxially grown semiconductor interfaces and have demonstrated that it is a 

very powerful technique to reveal the atomic scale interface structures embedded in semiconductors [4, 5]. 

In this work, we investigated InP/InPAs/InP heterostructures. The InP/InPAs/InP system is one of 

the difficult systems to obtain a well defined interface because of atom exchange between As and P. The 

distribution of As atoms in InP/InPAs/InP single quantum-well structures with about 1ML InPAs, denoted as 

InP/InPAs(lML)/InP hereafter, was clearly obtained by analyzing the experimental data of CTR. 

Preparation of Samples 

InP/InPAs(lML)/InP single quantum-well samples 

were grown by OMVPE[6]. Each InPAs layer was 

grown on InP (001) substrates followed by a 1000Ä 

InP buffer layer. InPAs layers intended to be 1ML 

thick were grown on the buffer layers and capped by 

20Ä InP layers. The growth temperature was 620°C. 

AsH3, PH3, and TMIn were used as the source gases. 

The designed As compositions in each sample are 0.18, 

0.3, 0.47 and 0.6. Figure 1 shows schematically the 

source-gas flow sequence during the OMVPE growth. 

InP surfaces were exposed to AsH3 during the period 

<2, and InPAs surfaces were exposed to PH3 during the 

period t4. These periods are important to consider the 

exchange of As and P atoms at the interfaces and re- 
lated phenomena. 

H 
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AsHj 

TMIn TMIn TMIn 
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—-       -*■ 

Fig. 1:   Source-gas flow sequence dur- 

ing the OMVPE growth. 
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In this work, tly t2, t3 and t4 were fixed at 2.0, 0.5, 

2.0 and 0.5sec for all samples. 

X-ray CTR measurement 

X-ray CTR is a rod normal to the surface of the 

crystal observed in the k-space around Bragg points. 

Thus, the X-ray CTR spectra can be measured as the 
usual X-ray diffraction. 

The X-ray CTR measurement was conducted at 

BL6A2 of the Photon Factory in the National Labora- 

tory for High Energy Physics at Tsukuba. The wave- 

length of the X-ray was set at 1.000Ä or 0.950Ä by a 

bent Si (111) monochromator. The Weissenberg cam- 

era was used to record the X-ray diffraction intensity 

distribution with imaging plates(IP) as a detector. 

In this work, the CTR spectra which appear around 

the 002 Bragg diffraction spot were analyzed. The 

CTR spectra were obtained by subtracting the back 

ground X-ray diffuse-scattering from the measured 

X-ray diffraction intensity. 

Figure 2 shows the measured X-ray CTR spectra. 

Index £ which appears in the figure means the index 

of the k-space. The spectra spread widely around the 

index t—1. In the spectra, shoulders are observed at 

around I = 2.1 ~ 2.2, which are due to the existence 

of the InPAs hetero-layers. The information about the 

distribution of As atoms can be obtained by analyzing 
the shape. 

Fig. 2: Measured CTR spectra. De- 

signed As compositions in 

InPAs layer are shown at left 

end of each spectrum. 

Data Analysis 

The X-ray CTR spectra were analyzed by comparing 

them with theoretically calculated spectra based on a 

model structure shown in Fig. 3. This model contains 

eight parameters, nc, nh, xh, < Az2 >, dc, db, c/a, and 

IQ. nc and nh are the thicknesses of the cap layer and 

the hetero-layer, respectively. xh is the As composition 

in the InPAs layer. dc and db represent the distribu- 

tions of As atoms in the cap and the InP buffer layer, 

respectively. The As composition x in the layer away 

from upper or lower interface by «ML is assumed to 
distribute as 

x = xhexp(—-) 
a 

where d is dc in the cap layer or is db in the buffer layer. 

< Az2 > indicates the surface roughness. Though c/a 

and I0 do not appear in Fig. 3, c/a indicates a tetrag- 

onal distortion of the InPAs layer, and is the ratio of 

the lattice constants normal(c) and parallel(a) to the 

surface. I0 is a scaling factor to match the absolute 

intensity of the measured data to the calculation. We 

used 'R-factor' to evaluate the curve fitting quality re- 

alized by a set of parameters. 

As composition x 

Fig. 3: A model for the CTR spec- 

trum calculation. The param- 

eters dc and db are used to de- 

termine the As compositions in 

cap and buffer layers as x = 

Xh exp(—n/d), where d = dc or 
db. 
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Table 1: Values of fitting parameters which give the best fit to each measured CTR spectrum. 

Designed As Composition 0.18 0.3 0.47 0.6 

dc [ML] 
d, [ML] 

< Az2 > [ML2] 
c/a 

Scaling Factor 

1.39 
0.00 
0.10 
1.087 

3.44x10-3 

1.23 
0.67 
0.12 
1.070 

5.37xl0-3 

1.31 
0.20 
0.22 
1.068 

3.56x10-3 

1.44 
0.31 
0.31 
1.063 

4.08x10-3 

XH 

nc [ML] 
nH [ML] 

As Amount [ML] 

0.115 
8 
1 

0.229 

0.180 
8 
1 

0.440 

0.391 
9 
1 

0.734 

0.454 
8 
1 

0.942 

R-Factor 1.263xl0-2 1.289xl0"2 1.250xl0-2 1.559xl0-2 

Results and Discussions 

Figure 4 shows the distributions of As atoms repre- 

sented with the parameters at the best-fit for four sam- 

ples. The values of parameters which give the best fit 

curve to the measured data are shown in Table 1. na 

indicates the thickness of the layer with the heighest As 

composition, and xH indicates its As composition. nc 

indicates the thickness of the layer which have the high- 

est As composition. The As amount indicates the total 

number of As atoms. Figure 5 shows the measured 

data of the sample whose As composition is designed 

0.3 and the curve calculated with the parameters at the 

best-fit. 
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Fig. 4: Profiles of As atom distribu- 

tion in each sample. 

When the R-factor is less than 0.02, we considered 

that the calculated curve fits well to the measured data 

as shown in Fig. 5. For all the samples, < Az2 > is less 

than 0.3. It means that the surfaces are very flat, c/a 

is nearly equal to the ideal value 1.064 in all samples. 

nHs are equal to 1 for all the samples which is just 

the designed value, nc are almost constant and closed 

to the designed value 7ML. These results indicate that 

the model structure shown in Fig. 3 well represents the 

real structure of InP/InPAs(lML)/InP, and the curve 

fitting goes well. 

1.6 1.8        2        2.2 
Index £ 

Fig. 5: Example of fitting. Solid dots 

are measured data, and the 

dotted line is the result of cal- 

culation. 
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As shown in Fig. 4, it is obvious that the extension of 

As atoms toward the lower layer is negligible. As atoms 

extended one-sidedly into upper layers. The peak As 

composition in the layer is slightly lower than the de- 

signed As composition. The value of dc shows no re- 

lation to the designed As composition, and is close to 

1ML. The amount of As atoms in all the samples is as 

much as twice of the As composition (peak height) in 
the hetero-layer. 

Since the extension of As atoms toward the lower 

layer is very small or stopped after As atoms extended 

less than 1ML, it is considered that there exists some 

mechanism to prevent the As atoms on the InP layer 

from extending into the InP matrix, such as construc- 

tion of surface recombination structures. The asym- 

metric distribution of As atoms and the amount of As 

atoms existing in the grown layer suggest that the ori- 

gin of the As distribution is not diffusion of the As 

atoms in the solid phase. It must be caused by the 

excess As atoms absorbed on the surface or remain- 

ing in the gas phase. It indicates that the profile of 

the distribution of As atoms can be made more abrupt 

by controlling the source-gas flow sequence properly, 

i.e., by preventing the absorption of excess As atoms 

and/or by helping the desorption of them. For exam- 

ple, the AsH3 purging time t3 after growing the InPAs 

layer should be shorter than 2 sec, and the PH3 purg- 

ing time <4 before growing the InP cap layer should be 

longer than 0.5 sec. 

The total amount of As atoms agreed well with the 

As amount measured by X-ray fluorescence for each 

sample. It assures correctness of our X-ray CTR mea- 

surements and analysis. 

Conclusions 

The samples of InP/InPAs(lML)/InP were prepared 

by OMVPE. The interfaces of these samples were in- 

vestigated by the X-ray CTR measurement. 

The distribution of As atoms around the interfaces 

were clearly revealed in the atomic scale from the data. 

It was shown that As atoms extended into only a few 

MLs under the InPAs. As atoms contained in the In- 

PAs hetero-layer were almost the same as those ex- 

tended in the InP cap layer. These results suggest that 

the extension of As atoms in the InP layer occurs due 

to the absorbed As atoms on the InPAs surface or As 

atoms remaining in the gas phase. Thus the source- 

gas flow sequence should be finely controlled to realize 

abrupt InP/InPAs interfaces. 
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Introduction 

Metal organic chemical vapor deposition(MOCVD) has been a very attractive technique for the epitaxial growth 
of II1-V compound semiconductors for microwave and optoelectronic device applications due to its simplicity, flexibility 
and high throughput. As in many other growth techniques, MOCVD requires the optimization of the growth conditions 
to obtain desirable material properties for specific applications. Among all material properties, spatial uniformity of the 
electrical and optical properties of the layers are of great concern for any electrical and optical device application. In this 
work, we demonstrate the use of spectrally resolved scanning photoluminescence(SR-SPL) for determining the uniformity 
characteristics of MOCVD grown layers and report on growth optimization criteria based on such measurements. 

Growth and Characterization Techniques Impact of growth temperature on InAlAs/InP 

Experiments were carried out on InAlAs/InP 
heterostructures. InAlAs is of great importance, since it 
acts as large bandgap material for InP-based 
heterostructure   devices. Moreover,   InAlAs/InP 
heterostructures are of great interest for high power HEMT 
applications(l). The samples were grown by a modified 
EMCORE GS3200 low pressure MOCVD system at the 
University of Michigan. The growth system consists of a 
vertical mass transport reactor with rotating susceptor. 
Trimethylindium (TMIn) and trimethylaluminum (TMA1) 
were used for In and Al sources, respectively, and 100% 
arsine and phosphine was used for group V elements. 

Spectrally resolved scanning photoluminescence 
(SPL) measurements were carried out at room temperature 
using the SCAT-SPEC IMAGEUR of SCANTEK. The 
photoluminescence signal was excited using a He-Ne 
laser(632.8nm, lOmW) and measured using calibrated Si 
or InGaAs photodetectors. For high resolution 
measurements, the diameter of the laser spot on the sample 
surface was slightly below l(im and the scanning step was 
0.5n.m. Finally, electrical characterization (admittance 
and deep level transient spectroscopy) of the layers was 
carried out on Schottky diodes, which were fabricated on 
the InAlAs layers by depositing Pt/Ti/Pt/Au contacts. The 
ohmic contacts were formed by depositing Ge/Au/Ni/ 
Ti/Au on the back side of n+ InP which was used as 
substrate. 

'Work supported by NSF/CNRS cooperative project 
(contract No. INT-9217513), ARPA COST(MDA 972-94- 
1-0004) and URI(DAAL 03-92-G-0109). 

The impact of growth temperature on the 
InAlAs/InP heterostructures was investigated in the range 
from 550°C to 690°C. Fig.l shows that the average PL 
intensity from the InAlAs layer, from the InP buffer and 
from the InAlAs/InP(type II) interface strongly depend on 
the growth temperature. Moreover, the PL intensity from 
InAlAs showed a peak value for heterostructures grown at 
650°C. 

Capacitance-voltage measurements at room 
temperature showed that the residual carrier concentration 
in InAlAs grown at 650°C is more than one order of 
magnitude lower than in layers grown at 550°C. In 
addition to offering a low residual concentration, growth at 
650°C also offers minimum trap density. This was 
confirmed by DLTS measurements which have also 
indicated that InAlAs has three principal traps(El = 0.1 - 
0.14 eV, E2 = 0.35 - 0.4 eV, E3 = 0.55 - 0.65 eV)(2). To 
analyze our results, it is worth considering the general PL 
trends in semiconductors where it is known that the PL 
intensity is known to increase with doping concentration 
and decrease with the density of non-radiative 
recombination centers(3). However, in the case of the 
InAlAs samples shown in Fig.l, as the growth temperature 
increases from 550°C to 650°C, the PL intensity increases 
in spite of the fact that the residual doping level decreases. 
One can therefore conclude that in the case of the MOCVD 
grown InAlAs layers reported here, the observed variations 
of the PL signal are mainly due to strong variation of the 
concentrations of non-radiative recombination centers. In 
fact, the maximum PL intensity is observed on layers 
which contain the lowest density of the three main deep 
traps(El,E2andE3). 
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Fig.l  Average PL intensity from the InAlAs layer, 
InP/InAlAs interface and from the InP substrate measured 
on   InAlAs/InP   heterostructures   grown   at   various 
temperatures. 

Although it is not possible to deduce the origin 
and nature of the traps detected by DLTS and the origin of 
the non-radiative recombination centers, one can confirm 
that their density decreases when the growth temperature 
increases from 550°C to 650°C. A high growth 
temperature has been also known to help in reducing the 
reverse leakage current and increasing the breakdown 
voltage of Pt Schottky diodes fabricated on the InAlAs 
layers(4) in agreement with the previous work by Luo et 
a!, which suggested the presence of As-related defect at 
lower growth temperatures(5). We can consequently 
speculate that the crystalline quality of InAlAs is 
improved when the growth is carried out at 650°C. 

Fig.l shows that the integrated PL intensities 
from both the InAlAs/InP interface(type II) and from the 
underlying InP attain a maximum value at a lower 
temperature, namely 630°C instead of 650°C„ The 
observed increase of PL intensity from the InAlAs/InP 
interface can also be attributed to the better crystalline 
quality of InAlAs grown at high temperatures. However, 
when the growth temperature increases from 630°C to 
650°C, the PL intensity from the InAlAs/InP interface and 
InP decreases in spite of the fact that the PL signal from 
InAlAs increases. In the light of our previous work(6), 
this can be associated with thermal degradation of InP 
which can take place at temperatures higher than 630°C. 
In particular, phosphorus exodiffusion from InP into 
InAlAs may take place, which results in the creation of 
complex defects involving phosphorus vacancies and some 
residual impurities. In fact, it was observed that the InP 
layers grown at high temperature showed higher residual 
carrier concentration, lower mobility and degraded surface 
morphology. These defects are known to act as efficient 
non-radiative recombination centers and may be 
responsible for the decrease of PL intensity from the 
InAlAs/InP interface and InP at growth temperatures 
exceeding 630°C. 

In short, the optimal growth temperature for the 
InAlAs itself is about 650°C.   The choice of this growth 

temperature signifies, however, growth above 630°C 
where the InAlAs/InP interface and the underlying InP 
material is slightly degraded. A slight compromise needs 
consequently to be made in terms of InAlAs/InP interface 
and InP material quality if the growth temperature is set to 
650°C for optimum InAlAs growth. 

Impact of susceptor rotating speed on spatial 
uniformity of InAlAs/InP heterostructures / 

Temperature and growth rate considerations 

The uniformity of epilayers grown by MOCVD in 
the mass-transport-limited regime is governed by 
hydrodynamic factors that determine the flow pattern in 
the reactor. In the case of the growth system used in this 
work, the three major hydrodynamic growth parameters 
are i) reactor pressure, ii) total gas flow through the reactor 
and iii) rotating speed of the susceptor. Although these 
parameters can be controlled independently, growth 
environment optimization requires that they are 
simultaneously considered. In this study, the reactor 
pressure and total hydrogen gas flow through the reactor 
were set to 60ton and \0llm, respectively. The third 
hydrodynamic parameter, namely rotating speed was then 
varied in order to examine its impact on spatial uniformity 
of InAlAs/InP heterostructures. Spatial homogeneity of 
the InAlAs bandgap and of the conduction band offset 
were deduced for this purpose from spectrally resolved 
SPL measurements. 

InAlAs/InP heterostructures were grown at 650°C 
with an ASH3 flow of 30sccm. Quarter 2" S.I. InP 
substrates were loaded in a 2" diameter pocket recessed at 
the center of the susceptor while the remaining three 
quarters of the pocket were covered with a dummy silicon 
wafer. This arrangement allowed rotation of the quarter 
2" wafer with respect to the center of the susceptor. SPL 
patterns obtained in this way correspond to partial(l/4) 
mapping of 2" wafers rotated with respect to their center. 

Figs.2(a) and 3(a) show the cartography of the 
wavelength of the PL peak from InAlAs grown at 100 rpm 
and 1000 rpm, respectively. As can be seen from these 
figures, the sample grown at 100 rpm shows more uniform 
distribution than the one grown at 1000 rpm. A distinct 
concentric distribution of the PL peak wavelength is in fact 
found for the 1000 rpm sample. The variation of PL peak 
wavelength of InAlAs as a function of distance from the 
rotating center is plotted in Figs 2(b) and 3(b) along with 
the variation of energy difference between the conduction 
band of InP and the valence band of InAlAs at the interface 
(noted as 'interface') and the conduction band offset 
between InAlAs and InP. The local apparent conduction 
band offset was calculated from the measured local 
bandgap of InAlAs and the type II transition at the 
InAlAs/InP interface. A more detailed description of this 
method can be found in a previous report by the authors(7). 
Figs 2(b) and 3(b) show that in both cases the In mole 
fraction of InAlAs is increasing towards the edge of the 
wafer but this variation is more pronounced for the sample 
grown at 1000 rpm.  These figures clearly show that the 
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Fig. 3 (a) Spatial distribution of the wavelength of the PL peak from InAlAs. (b) Distribution of i) InAlAs bandgap 
energy, ii) energy of the InAlAs/InP interface emission and iii) conduction band offset between InAlAs and InP. The 
sample was grown at 650 °C and rotated at 1000 rpm. 

spatial compositional uniformity of InAlAs is greatly 
affected by the choice of rotating speed: for the 
hydrodynamic growth parameters used in our experiments 
it appears that a low rotating speed of 100 rpm favors 
compositional uniformity. 

There are several factors that can lead to 
compositional variation within a wafer. Temperature 
variation can be one possible source since the In mole 
fraction of InAlAs is known to be quite sensitive to the 
growth temperature. Assuming that this is indeed the 
factor determining uniformity, then the temperature at the 
center of the susceptor would be expected to be higher than 
at its periphery since a higher growth temperature is known 
to result in a lower In mole fraction in InAlAs. However, 
considering the fact that the heat can be dissipated through 
the rotating arbor located at the center of the susceptor, the 

temperature variation sould be exactly opposite. 
Temperature variations cannot consequently be the factor 
determining spatial uniformity. This was further 
confirmed by spectrally-resolved SPL and cartography of 
the intensity of the PL signal from InAlAs and from the 
InAlAs/InP interface. As explained by the results of 
Fig.l, the PL intensity of InAlAs is almost constant near 
650°C while the intensity from the interface is 
monotonically decreasing as the temperature increases. 
PL intensity cartography of the sample grown at 100 rpm 
showed that InAlAs intensity remains about the same over 
the entire wafer, while the interface intensity showed a 
maximum value near the center which gradually decreases 
toward the edge of the wafer. These results confirm that 
growth takes indeed place close to 650°C and that the 
temperature is slightly lower near the center of the 
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susceptor. In short, temperature cannot be responsible for 
the compositional variation observed since the temperature 
characteristics of the susceptor would result in a higher In 
mole fraction at the center. Such a result would therefore 
contradict the wavelength cartography data presented in 
Fig.2a and 3a. 

Another possible factor determining the 
compositional uniformity of the wafers studied in this 
work is the spatial uniformity of the mass-transport 
boundary layer. The boundary layer geometry is very 
closely related to the growth rate and layers grown at 
higher growth rates usually give rise to higher In 
incorporation efficiency and thus In mole fraction. In 
order to investigate the correlation between compositional 
uniformity and thickness uniformity, the thickness 
variation of the InAlAs layers shown in Figs.2 and 3 was 
measured and the results are shown in Fig.4. Fig.4 shows 
the layer thickness normalized to the thickness value near 
the center of rotation. The thickness of the layer is found 
to increase from the center of the wafer to the edge 
independent of rotation speed. However, as in the case of 
compositional variation, the thickness variation is much 
smaller for the sample grown at lower rotating speed. 
Thus low rotating speed appears to offer a more uniform 
boundary layer and, as a result of it, a better compositional 
uniformity as well as thickness uniformity can be obtained. 
This conclusion, although satisfactory for exploring the 
better spatial uniformity in terms of composition(Figs.2 
and 3) and thickness(Fig.3), it does not agree with the 
expected boundary layer shape. One would intuitively 
expect that higher rotating speeds reduce and flatten the 
mass-transport boundary layer and consequently lead to 
higher growth rate and better spatial uniformity. This 
expectation does not obviously apply, probably due to 
other factors such as reactor geometry which also affect the 
shape of the boundary layer. Similar deviations have been 
in f<ict observed for other parameters such as growth 
efficiency which is found to increase at low rotating speed 
as described in a previous report(8). 

Conclusion 

In summary, optimum growth conditions were 
determined for InAlAs/InP heterostructure materials based 
on SPL, structural and electrical characteristics of wafers. 
The impact of MOCVD growth parameters such as 
susceptor rotating speed on compositional and thickness 
uniformity of the layer is also reported using SPL. SPL 
and complementary thickness measurements showed the 
correlation between compositional and thickness 
uniformity and suggest that the spatial uniformity of the 
boundary layer is responsible for the spatial uniformity of 
the grown layers. Thus, the use of non-destructive 
techniques such as SPL is very useful for optimizing 
growth parameters. Compositional uniformity as 
determined by SPL could, for example, be a measure for 
speed, temperature and boundary layer optimization. Our 
results show that for the MOCVD reactor geometry and 
growth conditions used, a low rotating speed of 100 rpm 
appears to be the optimum for better composition and 
thickness spatial uniformity. 
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The optical properties of In0 52(AlxGa1 x)0 48As epilayers with various x values were systematically 
studied using variable angle spectroscopic ellipsometry in the wavelength range of 310-1700 nm. The 
refractive indexes were determined. The energies and broadening parameters of the E, and E,+A, 
transitions as a function of Al composition were also examined based on the second-derivative spectra of 
the dielectric function. The comparison between our results and the reported data is presented. 

Introduction 
The quaternary compound semiconductor 

InAlGaAs, lattice matched to InP. is an ideal 
candidate for the implementation of several electronic 
and optical devices, since its bandgap can be 
continuously varied from 0.75 eV (In0 53Ga0 47As) to 
1.47 eV (In0„Al04gAs). Compared to InGaAsP, this 
quaternary allows better growth control by molecular 
beam epitaxy (MBE). because only one group V 
element is involved and the sticking coefficients of 
the group III elements are close to unity. Recently, 
the use of InAlGaAs for uncooled laser diodes1 is 
gaining attention. Higher conduction band 
discontinuity to valence band discontinuity ratio of 
InAlGaAs/lnGaAs heterostructure than that of 
InGaAsP/InGaAs counterpart is thought to be 
beneficial for laser performance. However, the optical 
properties of this alloy have not been fully 
investigated. In this work, the refractive index and 
the thickness of the InAlGaAs films were measured 
using   variable   angle   spectroscopic   ellipsometry 

(VASE) in the wavelength range of 310-1700 nm 
Since the dielectric function e(E) is directly related to 
the electronic band structure,2 the interband critical 
points (the E, and E,+A! transitions) as well as the 
broadening parameters were also determined from the 
analysis of its second-derivative spectrum,2,3 d2e/dE2. 
We have compared these transition energies with 
those measured by the electrolyte electroreflectance 

(EER) technique4. 

Experiment 
The InAlGaAs epilayers were grown directly on 

(lOO)-oriented InP:Fe substrates by molecular beam 
epitaxy. The composition and doping level of all the 
samples are listed in Table I. The lattice mismatch 
was measured by double-crystal x-ray diffraction to 
be less than 10'3. 

The basic model for the ellipsometry 
measurements consists of an InP:Fe substrate, an 
InAlGaAs epilayer and a thin native oxide layer. As 

Table I. Properties of the In^ALGaiJ^As epilayers 

composition doping level nominal thick. measured thick. oxide thick. 

X (cm3) (Urn) (tim) (nm) 

1 — 0.94 0.952 4.1 

0.9 2 x 1017 1.48 1.413 2.6 

0.5 2 x 1017 1.02 1.032 2 

0.38 4 x 10r 2.26 2.376 3 

0.32 5xl016 1.27 1.335 3.7 

0 — 1 1.024 1 
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we didn't know the optical constants of the native 
oxide of the InAlGaAs layer, we assumed the 
refractive index of the native oxide varied between 
1.8 and 1.7 over the wavelength range of interest. 2'5'6 

The optical constants of InP substrate were measured 
on an InP substrate. The thicknesses of the thin 
native oxide and the InAlGaAs layers were variables 
in the data analysis, and the refractive index of the 
latter was also a variable. The angle of the incident 
was varied from 60° to 70° in 5° step to create 3 
individual spectroscopic data files. 

Results and Discussion 
The measured thicknesses of the InAlGaAs layers 

and the native oxide layer are listed in Table I. The 
measured thickness of the epilayer agrees within 
5.2% of the nominal thickness. The thickness of the 
surface oxide layer is also in the reasonable range of 
1-4 nm. The refractive index of In052(AlxGa,.x)048As 
with various Al compositions are shown in Fig. 1. The 
results (x=l and x=0.5) obtained by M. J. Mondry et 
al. in the long wavelength region (dashed lines) are 
also shown for comparison. For In05, Al04SAs, the 
refractive indexes agree very well. However, for the 
sample with x=0.5, the indexes obtained in this work 
are slightly greater than previous results. This 
discrepancy may be attributed to the difference of the 
exact Al compositions of the epilayers. The refractive 
index as a function of Al composition (x) at the 
wavelength of 1.55 yon can be expressed as 
n(x)=0.12x2-0.51x+3.6. In the short wavelength 
region, there is a maximum value of the refractive 
index in the range of 4.49 to 4.61 for each layer. This 
peak is related to the E,+A, transition.5 In order to 
determine the critical-point structures, the second- 
derivative spectra. d2e,/dE2. of the imaginary parts of 
the dielectric function were performed.2'3 

Fig. 2 shows the second-derivative spectra (open 
circles) of e2 for the epilayers with various Al 
compositions. The spectra have two features, 
corresponding to the E, and E,+A, transitions, 
respectively, along the A directions of the Brillouin 
zone (BZ). where the valence and conduction bands 
are nearly parallel.2-4'8 These data can be fitted to the 
standard two-dimensional (2D) critical point 
line-shape formula which is defined as2'1 

^T= Ae'*(E-Eg+iry 

where A is the amplitude, Eg is the energy bandgap. T 
is the broadening parameters, and $ is the excitonic 
phase angle. The solid lines are the fitted results. 
There is a poorly fitted region in the lower energy 
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Fig. 1. Refractive index of In052(Alx Ga,.x)048As with 
various Al compositions. 

side near the E, transition. This discrepancy may be 
attributed to the nonparabolicity effects in the actual 
density of states.8'9 which was not considered in the 
equation. The energies values of the E, and E,+A, 
transitions, the broadening parameters F, and the 
excitonic phase angle <)> can be evaluated from the 
fitting process. The excitonic phase angle obtained in 
this work was about 101a±2°. which is comparable to 
the phase angle (j)=100°±30 for InP at room 
temperature.5 

-a 

I 1 1  
This work 

- Fitted results 

x=0.32 

■ nmrmm 

x=0 

2.4     2.6     2.8     3.0 

Energy (eV) 

3.6 

Fig 2. Second-derivative spectra of the complex 
dielectric function with various x values in the range 
of the E, and E.+A, transitions. 
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The E, and E,+A, energies as a function of Al 
composition x are shown in Fig.3 by open circles. 
The resultant spin-orbit splitting A, is plotted in the 
lower portion of Fig.3. For the purpose of 
comparison, the results obtained by P. Parayathal et 
al. using EER technique4 are also shown in Fig.3 by 
the dashed lines. It is evident that these two 
techniques give very consistent results. For 
In05,Ga047As. the critical-point energies are E[=2.59 
eV and E,+A=2.87 eV, respectively. These results 
are also very close to the previous data obtained by 
spectroscopic ellipsometry10 as shown by the solid 
triangles in Fig.3. The solid lines represent the 
quadratic fit, i.e. E(x)=A+Bx+Cx2, of the 
experimental values. The parameters A, B, and C are 
listed in Table II. The bowing parameter C for A, is a 
negative but very small value, which was also 
observed in the results obtained by EER techniques4 

and in other alloy system.10 The Al composition seems 
to have no significant effect on the value of A,. 

3.4 

3.2 

0.2 

 1 1  

o     This work 
 Fitted results 
 P. Parayanthal et al. 
±    M.Ermanetal. 

^OA^xGai-xWAs 

0.0 1.0 0.2 0.4 0.6 0.8 

Al composition x 

Fig.3. The E, and E,+A, energies as well as the 
spin-orbit splitting A, as a function of Al 
composition x. 

Table II Values of the quadratic fitting parameters 

transition A(eV) B(eV) C(eV) 

E, 2.587 0.252 0.159 

E1+A, 2.867 0.266 0.153 

A, 0.279 0.015 -0.007 

Fig.4 shows that the broadening parameter r of the 
E, and E1+A1 transitions monotonically increases 
with Al composition. This is thought to be due to the 
higher electronic density of states28 for the sample 
with higher Al content. The slightly scattered data of 
this work around the dashed line that is a guide for 
eye is likely due to either composition fluctuation or 
crystal defects. It can also be seen that the broadening 
parameter of the E1+A1 transition is consistently- 
higher than that of the E, transition, since the lower 
split-off valence band has larger electronic density of 
states.2,8 Among the samples we studied, In^Ga^As 
has the narrowest broadening parameter for the E, 
transition, which is 0.094 eV. This result is smaller 
than 0.107 eV measured on the In0„Ga047As samples 
grown by gas source MBE.8 This again may be due to 
the composition fluctuation or the defects in the 
epilayers. 
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Fig. 4.  The broadening parameters of the E,  and 
E, -t A, transitions as a function of Al composition x. 

Conclusion 
The refractive indexes of In0,52(AlxGa1.x)0l,8As 

with various Al compositions have been measured 
using variable angle spectroscopic ellipsometry. The 
refractive index at the wavelength of 1.55 \im can be 
given as n(x)=0.12x2-0.51x+3.6. The dependence of 
the energies and the broadening parameters for the E, 
and Efi-A, transitions on the Al composition has been 
discussed based on the second-derivative spectra of 
the dielectric function. These transition energies and 
broadening parameters are all increasing functions of 

Al composition. 
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Far-infrared magnetoabsorption and optically detected impurity resonance 
are measured in InP layers grown by organometallic vapor phase epitaxy 
with trimethylindium and tertiarybutylphosphine. High quality of the layers 
enables us to observe electron cyclotron resonance as well as the Is to 2p + 

transition of shallow donors. The mobilities estimated from the linewidth of 
the cyclotron resonance are in the range 51000- 97000 cm2/Vs at 4.2K. 

WP45 

1. Introduction 

Far-infrared (FIR) magnetoabsorption is one of the 
important techniques to investigate the characteristics of 
carriers and impurities in semiconductors. The main 
phenomena observed in the absorption are electron 
cyclotron resonance and impurity resonance of donors. 
Cyclotron resonance occurs at the magnetic field B where 
the frequency of the incident FIR radiation is coincident 
with the cyclotron frequency coc= eB/m*. The effective 
mass m* and the mobility ß are estimated from the 
resonance    magnetic   field  and   the  linewidth  of the 

resonance peak, respectively. Several groups have 
reported the effective mass m'of electrons in InP and the 
values are in the range 0.081 - 0.082m0 below 10K (1, 2). 
On the other hand, impurity resonance is observed when 
the photon energy of the FIR radiation is equal to the 
energy separation between the ground and excited states 
of donors and the selection rule for the transition is 
satisfied. The most prominent absorption peak in magnetic 
fields corresponds to the Is to 2p+ transition of shallow 
donors. Such an impurity resonance is observed in InP 
and the Is ground state binding energy of shallow donors 
in zero magnetic field is obtained, which is very close to 

Table A    Specification of epitaxial InP layers 

#54 #49 #114 

Carrier concentration (101 cm") 1.17 1.45 1.62 

DC mobility at 77K (cm2/Vs) 42300 29900 35600 

AC mobility at 4.2K (cm2/Vs) 97400 50600 78600 

Compensation ratio 0.35 0.5 0.35 

Thickness (ßm) 2 1 1.2 
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Fig. 1. Schematic diagram of the experimental set-up for optically detected cyclotron resonance (ODCR) and 
optically detected impurity resonance (ODIR). 

7.14meV based on the effective mass approximation (3, 
4). In addition to FIR magnetoabsorption, we investigate 
the optically detected impurity resonance (ODIR) which is 
the combination technique of impurity resonance and 
photoluminescence (PL). It was originally developed as 
the optically detected cyclotron resonance (ODCR) in 
microwave region and recently has been extended to FIR 
region (5, 6) . Moll et al. first observed ODCR and 
ODIR in InP by using FIR lasers (7). We made FIR 
magnetoabsorption and ODIR measurements of InP 
epitaxial layers grown by organometallic vapor phase 
epitaxy (OMVPE) of which source materials are 
trimethylindium (TMIn) and tertiarybutylphosphine 
(TBP). TBP was introduced to avoid use of extremely 
toxic hydride such as phosphine ( PH3) . This study 
reveals that the layers fabricated by the MOVPE method 
have good qualities enough to observe electron cyclotron 
resonance. In addition to cyclotron resonance, impurity 
resonance and ODIR are observed. 

2. Experimental 

The growth system was previously described in ref. 8. 
The samples which we study are n-InP layers grown by 
OMVPE  with   TMIn   and TBP with the growth rate of 
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1 ß rn/h. The substrate temperature was 580 °C and the V/ 
III ratio was kept at 40 during growth. Detailed 
specification of the layers are listed in Table A. 

In FIR magnetoabsorption measurement, the sample 
was placed in the center of a superconducting magnet 
applied up to 5.7 T. A xenon flash lamp with the pulse 
duration of l#s and the repetition rate of 15 Hz was 
employed as an excitation source. The light from the lamp 
was guided through a double core glass rod and shed on 
the sample immersed in liquid helium. A C02 laser 
pumped FIR laser was used as a probe source. The 
detector of FIR radiation was an n-InSb set in a magnet 
driven by persistent current. The signal of the detector was 
amplified and processed by a boxcar integrator. One of the 
gates of the boxcar integrator was open at 5 fi s after the 
excitation pulse and the other just before the excitation 
pulse. The logarithmic ratio of the signals at two 
gates which was proportional to an absorption coefficient, 
was plotted as a function of magnetic fields. 

The detection system of ODIR was newly developed 
and first applied to a GaAs epitaxial layer. A schematic 
picture of the system is displayed in Fig.l. In this case an 
Ar+ laser (20 mW) was employed as an excitation source 
and the light as well as the luminescence were led to/from 
the sample through an optical fiber and a silica rod. The 
radiation from the FIR laser was chopped at the frequency 
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Fig. 2. Far-infrared magnetoabsorption spectra of InP 
layers. CR and IR indicate electron cyclotron resonance 
and impurity resonance, respectively. 

of 100 Hz, guided through light pipes and focussed to the 
sample by a concave mirror. The luminescence from the 
sample was dispersed in a monochromator (f=250mm) 
after travelling through the silica rod and the optical 
fiber. A Ge PIN photodiode (North Coast) was used as a 
detector and the signal was processed in a lock-in 
amplifier. 

3. FIR magnetoabsorption 

Typical FIR magnetoabsorption spectra in various 
samples are shown in Fig.2. The wavelength of the used 
FIR radiation was 185 ß m. The peaks indicated as CR and 
IR signals are electron cyclotron resonance and impurity 
resonance, respectively. The electron cyclotron resonance 
appears as increase in absorption and contrary to 
this, impurity resonance as decrease in absorption 
caused by the intrinsic photoexcitation. The effective mass 
of electron is estimated to be 0.081m0 from the resonance 
magnetic field and it is in good agreement with previously 
reported values (1, 2). The mobilitiy estimated from the 
linewidths of the resonance peaks are also listed in Table 
A and ranges from 51000 to 97000 cm2/Vs. These values 
are almost twice as high as the DC ones. The mobility 
becomes higher with increasing layer thickness, coincident 
with the previously reported results (8). The impurity 
absorption corresponds to the Is to 2p transition of 
shallow donors which are not identified, since all the 
shallow donors give the resonance peak at almost the same 
magnetic field. The absorption intensity is not related to 
the mobility but to the carrier concentration. It means that 
mobilty does not depend on the impurity concentration. 
Accordingly, the main mechanism which limits the 
mobility is other than impurity scattering. Figure 3 shows 
FIR magnetoabsorption spectra for different FIR 
wavelengths. The peak obsesrved around 3.7 T for the 119 
lim FIR also corresponds to the Is to 2p+ transition. The 
shift   of  the  resonance   peak to higher magnetic field 
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Fig. 3. Far-infrared magnetoabsorption spectra of InP 
layers for different wavelengths. The peak of impurity 
resonance shifts to higher magnetic field with increasing 
photon energy. 

in 
+-* 
'c 
13 

ri 
CO 

CO 
c 
CD 

1.36       1.38 1.4 
Photon Energy (eV) 

1.42 

Fig. 4. Spectra of photoluminescence (PL) and optically 
detected impurity resonance. D°A° is due to donor - 
acceptor recombination and D°X to donor bound exciton. 
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Fig. 5. Intensity of optically detected impurity absorption 
vs magnetic fields. 

ensures that the peak IR is due to the Is to 2p+transition 
of shallow donors. 

Remarkable feature, reduction of the absorption, of the 
spectra indicates that shallow impurities are ionized by 
interband excitation, although the impurities are usually 
neutralized by photoexcitation. The reason is not clear 
now but one possibility is that neutral impurities are 
ionized due to screening effect by photoexcited carriers. 

4. Optically detected impurity resonance 
(ODIR) 

Typical PL and ODIR spectra are shown in Fig. 4. 
Donor-acceptor (DCA°) and donor bound exciton (D°X) 
recombination are observed in PL measurement and only 
the bound exciton peak is observed in ODIR 
measurement. ODIR signal is induced by the variation in 
PL intensity due to FIR absorption of impurity resonance. 
The mechanism of ODIR is speculated that hot electrons 
generated by resonant absorption of donor electrons 
dissociate some kinds of species such as shallow donors 
and bound excitons. The reason why donor-acceptor 
recombination peak is not observed in ODIR is that 
the binding energy of the shallow donor is too large to 
ionize by impact of hot electrons and the ionization energy 
of the bound exciton is smaller than the dissociation 
energy of the donor bound exciton. Figure 5 shows the 
dependence of ODIR intensity on magnetic fields. The 
resonance magnetic field and the lineshape are the same as 
those of impurity resonance. 

5. Conclusions 

FIR magnetoabsorption and ODIR are measured in the 
epitaxial layers grown by OMVPE method with TMIn and 
TBP. In magnetoabsorption measurement, electron 
cyclotron resonance and the Is to 2p+ transition of 
shallow donors are observed. Observation of elecrton 
cyclotron resonance ensures the high quality of the layers. 
The elecctron mobility is estimated to be in the range 
51000 - 97000 cm2/Vs from the linewidth of cyclotron 
resonance. The mobility depends on the thickness of the 
layer and it is almost twice as high as the DC mobility. 
The shallow donors are ionized by interband photo- 
excitation in the present experimental condition and the 
reason is not clear now. The ODIR signal is observed for 
donor bound exciton luminescence in addition to FIR 
magnetoabsorption. 
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Abstract 

Ordered and modulated structures in GaAsSb grown on (HO)InP substrates by molecular beam epitaxy, has been evaluated 
by transmission electron microscopy. In the electron diffraction pattern from the GaAsSb, superstructure spots associated 
with CuAu-I type ordered structure are found. When the offset angle of the substrates increases, the ordering becomes 
stronger The ordering becomes also stronger with increasing growth temperature in the range 470-530°C. In high 
resolution images of the crystal, areas with doubling in periodicity of 220 and 200 lattice fringes are observed locally, 
which is due to CuAu-I type ordering, indicating that the ordering is not perfect and that ordered regions are likely to be 
microdomains Modulated structure are also found in both the <001> and <110> directions. Coarse and fine modulated 
structures are clearly observed, and the periodicity of the coarse structure in the <001> direction is much longer than that in 
the <110> direction. These findings lead us to conclude that atomic ordering and spinodal decomposition of the crystal are 
competing on the growth surface via surface diffusion of deposited atoms. 

1.  Introduction 

Atomic ordering and phase separation are major materials 
issues related to thermal stability of the III-V alloy 
semiconductors. In our previous reports, we have described 
a detailed study on the evaluation of CuAu-I type ordered 
structures in InGaAs crystals grown on (110) InP substrates 
by molecular beam epitaxy (MBE) (1-6). We have 
presented microstructure of the ordered structures (1-3), 
effect of growth temperature and substrate misorientation on 
the degree of ordering (1-3) and influence of the ordered 
structure on the two-dimensional electron gas mobility (4). 
A generation mechanism of the ordered structure has also 
been proposed and has been experimentally proven (5). On 
the other hand, generation of ordered and modulated 
structures in III-V alloy semiconductors where two column 
V atoms are involved, i.e., AmBvCv has not been clarified 
yet. In this paper, we describe for the first time a detailed 
TEM evaluation of both ordered and modulated structures in 
MBE-grown GaAsSb crystals grown on (110)InP 
substrates. 

1.   Experimental 

GaAsSb crystals were grown on slightly misoriented 
(HO)InP substrates (3° or 5° off toward the <001> 
direction) by MBE. Growth temperatures and V/III gas 
pressure ratios were kept at 470-530°C and 15 or 20, 
respectively. The epi-layer was approximately 1.0 (im 
thick. The lattice-mismatch between the GaAsSb layer and 
the InP substrate is within 1 x 103. For the structural 
evaluation of crystals, cross-sectional TEM observation 
were used. Specimens for TEM were prepared by ion 
etching. TEM observation was carried out in an ultra-high 
resolution analytical electron microscope Topcon EM002B 
operated at 200 keV. 

2.   Results  and   discussion 
2.1 Ordered structure 

Identification of CuAu-I type structures by TED 
Figures 1(a) and 1(b) show the TED patterns from a (110) 
plan-view and a (110) cross-section of an InGaAs crystal 
grown on a (110) InP substrate tilted by 3° towards the 
<001> direction. In both figures, superstructure spots are 
observed at positions indexed as 001,110,110,112, 
112, ... This particular set of superstructure spots is 
associated with a CuAu-I type ordered structure (7,8). In 
this structure, As atoms preferentially occupy the (000) and 
(1/2 1/2 0) sites and Sb atoms preferentially occupy the 
(1/2 0 1/2) and (0 1/2 1/2) sites in each unit cell. A 
schematic diagram of the atomic arrangement in the CuAu-I 
type structure viewed along the [110] direction normal to 
the growth axis is shown in Fig. 2. From this diagram, 
one can see that the perfectly ordered material consists of 
alternating GaAs and GaSb monolayers, i.e., 
(GaAs)i/(GaSb)i monolayer superlattices, when viewed 
along either the [110] growth direction or the [001] 
direction. 

Substrate orientation dependence of the degree 
of ordering Figures 3(a) and 3(b) show TED patterns 
from (110) cross-sections of GaAsSb crystals grown on 
(110) InP substrates with tilting angles of 3° and 5° towards 
the [001] direction. In crystals grown on a (110) pure InP 
substrate, the intensity of superstructure spots is very weak 
(not shown), indicating very weak ordering. However, 
when a substrate tilted by 3° towards the [001] direction is 
used, the ordering becomes stronger as shown in Fig. 3(a). 
Also, the ordering becomes stronger in a crystal grown on a 
substrate tilted 5° toward the [001] direction (Fig. 3(b)). 
Since tilting of the substrate orientation toward [001] 
direction introduces periodic arrays of steps on the substrate 
surface, one can conclude that atomic steps on the growth 
surface play an important role in the formation of the 
ordered structures. 
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Fig. 1 Electron diffraction patterns from (110) and (001) cross-sections of GaAsSb crystals grown on a (110)InP substrate 
(3° off toward the <001>) at 500°C.   (a) (110) cross-section; (b) (001) cross-section. 

Growth temperature dependence of the degree of 
ordering In order to clarify the influence of growth 
temperature on the formation of the ordered structure, we 
grew GaAsSb crystals on (110) InP substrates tilted toward 
the <001> direction by 5°, at various temperatures in the 
range of 470-530°C. From TED analysis, it was found 
that in this temperature range, the degree of ordering 
increases with growth temperature. These results can be 
explained by the fact that the mobility of deposited atoms 
on the growth surface also increases with temperature, and 
that the formation of ordered structures is thought to be 
strongly related to the migration and reconstruction of 
deposited atoms (9,10). 

Microstructural characterization of CuAu-I type 
structure HRTEM analysis was carried out to evaluate 
the ordered structure on an atomic scale. Figure 4 shows a 
typical HRTEM image of ordered InGaAs grown on a (110) 
InP substrate tilted by 3° towards the [001] direction. 
Doubling of the (002) and the (220) (see arrows) lattice 
fringes, which is associated with the CuAu-I type structure, 
is observed locally, suggesting that the crystal consists of 
both well ordered and non-ordered regions. In the (001) 
cross-section HRTEM images, doubling of both the (220) 
and the (220) lattice fringes is observed. 

Fig. 2 A schematic diagram of the atomic arrangement of 
CuAu-I type ordered structure in an GaAsSb crystal 
viewed along the [110] direction. 

• •     •# - 

(b) 
Fig. 3 Electron diffractioiipatterns from (110) cross-sections of GaAsSb crystal grown on a (110)InP substrate (3° and 5° 

off toward the <001>).   (a) 3° off; (b) 5° off. 
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Fig. 4 A (TlO) cross-sectional high-resolution TEM image of GaAsSb crystal on a (110)InP substrate (5° off toward the 
<001>) at 500°C. 

Key points for the generation mechanism There 
are three key points for consideration of the generation 
mechanism of the CuAu-I type ordered structure. First, as 
shown in Fig. 2, the CuAu-I type ordered structure, for 
example, in ordered InGaAs, consists of alternating GaAs 
and GaSb monolayers, i.e., (GaAs)i/(GaSb)i monolayer 
superlattices, when viewed along cither the <110> growth 
direction or the <001> direction. Thus, one can conclude 
that the ordered structures are generated by the periodic 
formation of GaAs/GaSb double monolayers. Secondly, 
the results described in Fig. 3 suggest that the steps on the 
the growth surface play an important role for the ordering, 
i.e., the steps enhance the generation of ordered structures. 
Thirdly, in the case of CuPt type ordering, it has been 
theoretically explained that the ordering is enhanced by 
surface reconstruction (11), which causes alternative rows of 
column HI or V atoms on the growth surface, e.g., In- and 
Ga-rows one after another in the <110> direction on the 
(001) plane. However, on the (110) plane, since both 
column III and V atoms occupy sites on the same plane, 

surface reconstruction does not occur. Therefore, the 
atomic ordering on the (110) plane can not be explained by 
the reconstruction of deposited atoms on the growth surface. 

Possible  generation  mechanism       On the basis of 
these considerations, the following two models are the most 
probable one (see Fig. 5).    These models are basically 
related to the step flow mode on the growth surface during 
growth: 
Model 1: 
Step 1: direct growth of InAs/GaAs monolayer superlattices 
from the two monolayer step edges; 
This step repeats during the growth. 
Model 2: 
Step 1: growth of two monolayers of alloyed crystal from 
the two monolayer step edges; 
Step 2: immediately following step 1, interchange of 
column III atoms occurs forming InAs/GaAs monolayer 
superlattices on each terrace; 
These steps repeat during the growth. 

Two monolayer steps 
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Fig. 5 Possible models for mechanism of CuAu-I type ordering in GaAsSb crystal: ordering from two monolayer steps. 
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2.2 Modulated  structure 

Modulated structures were also observed in the crystal. 
Figures 6(a) and 6(b) are dark-field TEM images from the 
(110) and the (001) cross-sections of GaAsSb, respectively. 
In both images, coarse and fine modulated structures (CMSs 
and FMSs) are clearly seen. The MSs are columnar shaped 
and the periodicity of the CMSs in the <001> direction is 
much longer (25-45 nm) than that in the <110> direction 

(12-24 nm). The presence of both structures for growth 
temperatures placing the composition inside the spinodal 
region, but only FMSs when the composition is outside 
this region, suggests that CMSs are generated by spinodal 
decomposition during crystal growth, while FMSs form 
during the cooling process after growth (6). From these 
results, one can conclude that atomic ordering and spinodal 
decomposition of the crystal are competing on the growth 
surface via surface diffusion of deposited atoms. 

Fig. 6 Cross-sectionaldark field images of modulated structure in GaAsSb crystal grown on a (110)InP substrate (5° off 
toward the <001>) at 500°C.   (a) (110) cross-section, g=004; (b) (001) cross-section, g=220. 

3.   Conclusions References 

We have described for the first time a detailed TEM 
evaluation of ordered and modulated structures in MBE- 
grown GaAsSb crystals on (HO)InP. In the electron 
diffraction pattern from the GaAsSb, superstructure spots 
associated with CuAu-I type ordered structure are found. 
When the offset angle of the substrates increases, the 
ordering becomes stronger. The ordering becomes also 
stronger with increasing growth temperature in the range 
470-530°C. In HRTEM images from the crystal, areas 
with doubling in periodicity of 220 and 200 lattice fringes 
are observed locally, which is due to CuAu-I type ordering, 
indicating that the ordering is not perfect and that ordered 
regions are likely to be microdomains. Modulated 
structure are also found in both the <001> and <110> 
directions. Coarse and fine modulated structures arc clearly 
observed, and the periodicity of the coarse structure injhe 
<001> direction is much longer than that in the <110> 
direction. Fro these results, it has been concluded that 
atomic ordering and spinodal decomposition of the crystal 
are competing on the growth surface via surface diffusion of 
deposited atoms. 
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Introduction 

Long-rang ordering of the column-Ill sublattice appears spontaneously in Ga05In0JP epitaxial films grown on GaAs 
(001) by organometallic vapor-phase epitaxy (OMVPE).(l) The ordered Ga05In0JP_alternates Ga^^In^P and Gaos 

6In05t6P monolayer planes along two of the four <111> directions, i.e., [Ill] and [111]. Electronic structure near the 
optical band gap in spontaneously ordered Ga0SIn0JP alloys is a subject which has been extensively studied both experimen- 
tally and theoretically.(l-ll) The monolayer superlattice (MSL) structure originates a band folding from a new Brillouin 
zone. The level repulsion between the folded state and the r state reduces the direct band-gap energy. A periodic crystal 
field in the MSL splits the four-fold degenerated rgv valence-band maximum into two doubly degenerated bands represented 
by r4vand T5v degenerated at ft=0 and T6v. These effects are functions of the degree of long-range order. According to the 
selection rule for electronic-dipole transitions, the split band structure offers anisotropic optical properties. 

Recently, optical absorption properties in ordered Ga05In0JP have been studied by photoluminescence-excitation(PLE) 
spectroscopy.(8-10) The PLE spectra show anisotropic optical absorptions originated from the valence-band splitting. For 
applications of such anisotropic properties near the band gap into optoelectronic devices, it is important to investigate 
properties of photocurrent (PC) responses in ordered Ga0SIn0JP. The PC response is not only a function of absorption 
coefficient, but also of electronic structure of the junction and transport properties of photo-excited carriers. In this study, 
we focus our attention on PC responses in the MSL of long-range ordered Ga0SIn05P alloys. Based on our analysis of 
measured PC spectra by theoretical calculations, the properties of the anisotropic PC as well as a statistical distribution of 
partially ordered domains and the relationship between the oscillator strength and order parameter will be discussed. 

Experimental 

The samples used in this experiment were ordered 
Ga05In05P alloys grown on an exact w+-GaAs (001) substrate 
by ÖM VPE. The growth temperature and the gas-flow ratio 
of column-V and -III sources,/(V)//(III), are key variables 
in the spontaneous ordering. The growth temperature was 
in the range of 660-730°C. /(V)//(III) was 202. The thick- 
ness of the undoped epitaxial layer was 1.1 run. The epi- 
taxial films were horizontally lattice matched to the GaAs 
substrate within 0.1%. The undoped Ga0JIn0SP showed n- 
type conductivity. The residual carrier concentration mea- 
sured by the capacitance-voltage method was about 5xl015 

cm3. A semitransparent-Au/Ga05In05P Schottky-barrier di- 
ode was used for the PC measurements. The built-in voltage 
of the Schottky surface was estimated to be 0.8 V by cur- 
rent-voltage characteristics. A monochromatic light was 
polarized by a polarizer with an extinction coefficient of 10' 
4. The polarized light irradiated normally the (001) surface 
of the sample. An incident light was linearly polarized par- 
allel to the [110] and [110] directions in the (001) plane. 
The sample temperature was in the range of 15-290 K. 
Electroreflectance(ER) and transmission-electron diffrac- 
tion (TED) observation have been performed for the 
samples used in this experiment. The detailed conditions of 
the ER measurement are indicated in Ref. 4. 

Results and Discussion 

Selection Rule for Optical Transition 

Figure 1 shows interband transitions in ordered and dis- 
ordered Ga0SIn0SP. The MSL structure originates a band 
folding from the new Brillouin zone. The level repulsion 
between the folded state and the T state reduces the direct 
band-gap energy. A crystal field in the MSL splits the four- 
fold degenerated TSv valence-band maximum into two dou- 
bly degenerated bands represented by T4v and rjv degener- 
ated at k=0 and T6v. The selection rule for electronic-dipole 
transitions in the split band structure of ordered Ga05In05P 
causes anisotropic optical properties. Two optical transi- 
tions of the r6c-r4v,r5v and the r&-r6v have polarization 
components ofx andy andx,y, andz, respectively. Here,x, 
y, and z are defined by a new symmetry, R3m, in the ordered 
alloy instead of the F43m of the zinc-blende structure of 
the disordered alloy. Because of rotation of the coordinate 
system in the MSL, the orthogonal^coordinates of x,y, andz 
are along the [112], [110], and [111] for the [111] MSL, 
respectively. Similarly, for the_[l 11] MSL, x, y, and z are 
along the [112], [110], and [111], respectively. Then, if 
we set polarizations along the [110] and [110], anisotropic 
properties will be found in optical processes such as lumi- 
nescence and absorption in ordered alloys, although the 
transition in disordered Ga0JIn0JP is isotropic. 
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Fig. 1. Schematic depiction of the band diagrams of disor- 
dered and ordered states. 

PC Spectra 

PC spectra of ordered Ga0SIna5P with different degree 
of ordering are shown in Fig. 2. The measurement was per- 
formed at 15K. The samples were grown at /(V)//(III) of 
202. The degree of ordering was controlled by the growth 
temperature. The temperature were 660, 700, and 730 °C. 
The solid and open circles plot the PC intensities for the in- 
cident lights polarized parallel to the [110] and [110], re- 
spectively. At 660°C, the PC spectra show a large band-gap 
reduction and strong anisotropic properties. The PC-edge 
energy for the [110] light is lower than one for the [HO] 
light. With increased the growth temperature, the band edge 
approaches to that of the random alloy, and the anisotropy 
becomes small. The observed maximum band-gap reduc- 
tion is about lOOmeV. This reduction is caused by the level 
repulsion between the TJT) and the folded r6c(L). The pa- 
rameter ö of the compositional modulated structures in the 
ordered Ga05In05P can be estimated from the magnitude of 
the reduction.(l,7) The 8 of our samples grown at 660, 700, 
and 730 °C are about 0.07, 0.19, and 0.29, respectively. 

The ER measurement reveals signals due to the transi- 
tions originated from the valence-band splitting in the or- 
dered alloy, i.e., the r6c-r4v,r5v and r6c-r6w transitions. 
From the ER measurements, the valence-band splitting of 
the sample grown at 660 °C is -40 meV. The polarization 
spectra of this sample show an anisotropic character. The 
ER signal of the sample grown at 730 °C was observed at 
1.98 eV and shows an isotropic character. The transition 
energy of 1.98 eV is almost same as an energy of the ran- 
dom alloy. The anisotropic character in the PC spectra de- 
pends on the selection rule and oscillator strength of the T - 
r4,'r5vand r6c-

r6v transitions. As shown in Fig. l,x, y, and 
z in the ordered alloy are defined by the new symmetry of 
R3m. The PC spectrum is given by a mixture of these tran- 
sitions for both the [110] and [110] polarizations. Then, 
the anisotropy in the PC polarization spectra becomes small 
rather than the valence-band splitting. On the other hand, 
the transition in the disordered alloy is isotropic. 
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Fig. 2. PC spectra of ordered GaQSIn05P with different degree 
of ordering. 

The PC spectra of the ordered samples don't show clear 
excitonic lines. ER-line widths of the samples grown at 660, 
700, and 730 °C are about 15,14, and 11 meV , respectively. 
Then, it is considered that the excitonic features are smeared 
by the transitions with such wide line width.(l) In fact, the 
PC-edge structure shows a trend to become steep with low- 
ering the degree of the long-range order. 

Theoretical Calculations and Analysis of PC Responses 

To investigate a contribution of the split transitions to 
the PC spectra, we performed theoretical calculations of PC 
responses in ordered Ga0JIn05P. Horner et al. qualitatively 
explained a broad absorption character in the PLE spectra 
by considering a statistical distribution of partially ordered 
domains.(10,11) Since it was found that our samples have 
multi-domain structures, the effect of the distribution, i.e., a 
distribution of 8, is important to analyze the absorption co- 
efficient. In the case of the analysis of the PC spectra, fur- 
thermore, we must treat photo-excited carriers near the junc- 
tion. Two processes, drift and diffusion, influence the photo 
response with which light-generated free carriers contribute 
to the flow of current. The PC in a Schottky-barrier diode is 
given by 

I = ey$>a[£exp(-a>;)dx+jlexp(-a>c - \w - x\l Lp \dx] 

(1) 
where, a, y, and <3> are absorption coefficient, quantum effi- 
ciency, and photon flux, respectively, L the diffusion 
length of photo-excited holes, w the depletion-layer width, 
and t the film thickness. This equation indicates that the PC 
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is not a simple function of the absorption coefficient. In our 
calculation of PC spectra by using Eq. (1), relative magni- 
tudes oil I a versus L , w , and t are parameters to deter- 
mine the spectral line shape. If a light penetration oil I a 
is much larger than L , w , and t, I is proportional to a. 
Then, dl I dE <x da I dE. In this case, the PC spectra obey 
the change of a and its differentiated spectrum will show 
features corresponding to the transitions. However, when 
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Fig. 4. Comparison between the measured and calculated PC 
and its differentiated spectra for the sample grown at 660QC. 
The open and closed circles plot the measured data. The solid 
lines are the calculated result. 

the relative magnitude oil/ a is small, calculated PC spec- 
tra shows a steep edge around the lowest rfc-r4v,TSv transi- 
tion, and the anisotropy becomes small. 

In our calculations, we take into account a random al- 
loy fluctuation in GalnP and a Gauss-type distribution of 6 
in the epitaxial film. Here, 5 is 0.29, and a full-width at half 
maximum of the distribution, Aö, is 0.02. Furthermore, we 
adopt an influence of the oscillator strength proposed by 
Wei and Zunger.(8) In the ordered Ga0sIn05P, relative oscil- 
lator strength of the split two transitions is modified through 
an interaction by the spin-orbit split band. For the [110] 
polarization, the relative strength of the T6c-r4v,r5v transi- 
tion decreases with the atomic ordering. On the other hand, 
the relative strength becomes decreases for the [110] polar- 
ization. 

Figure 3 is a calculated result for PC spectra and their 
differentiated spectra at various ahm I (hm - E) , 
where £ is a bang-gap energy. The measured data of the 
sample grown at 660°C are shown at the top of the each fig- 
ure. When ahm I (hm - Eg)

m becomes small, i.e., the 
relative magnitude of 1 / a becomes large, the PC edge 
shows gentle edge structure. At this condition, the split 
transitions tend to reflect on the PC spectra. This feature 
can be seen in the differentiated spectra in Fig. 3. Figure 4 
shows a comparison between the measured and calculated 
PC and its differentiated spectra for the sample grown at 
660°C. The open and closed circles plot the measured data 
at the [110] and [110] polarizations. The solid and dashed 
lines are the calculated result. The calculation show moder- 
ate agreements with the measured data at 6 of 0.29, Aö of 
0.02, and ahm I {hm - Eg)

m of 3xl06. Our calculation re- 
veals that the anisotropic character in the PC spectra are 
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strongly influenced by the film thickness. Figure 5 shows 
measured film thickness dependence on the PC spectra. 
With the decrease of the epitaxial film thickness, the polar- 
ization spectra show a change especially at the higher en- 
ergy side. This trend well agree with our calculations. 
From this result, we can propose a method for control of the 
polarization in PC spectra by the epitaxial film thickness. 

Summary 

Anisotropie PC responses of ordered Ga05In05P alloys 
have been systematically investigated. The PC edge of the 
[110] polarization is lower than one of the [110]. The ob- 
served anisotropy in the PC spectra is due to a crystal-field 
splitting at the valence-band maximum in ordered 
Gao.5Ino.5P- From the theoretical analysis of the PC, the 
electronic structure of the junction and the epitaxial film 

thickness have an influence upon the anisotropy of the PC 
spectra together with the absorption coefficient. Our PC 
theory well agrees with the measured data. This reveals the 
following facts: 8 has a distribution in the epitaxial film and 
the oscillator strength for the split transitions are changed 
by the long-range ordering. 
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Abstract 
We report the first observation of Single Particle Excitation (SPE) in electronic Raman spectroscopy as well as 

the plasmon related Raman peak located at 352 cm-1 in the ordered Gao.52lno.48P:Sc w'ln a carrier concentration of 
>1017 cm"3. These observations indicate that there exist the high density thermally excited carriers in the ordered 
Gao.52In0.48P:Sc. However, the disordered Gao.52ln0.48P:Se with almost same amount of carrier concentration does not 
show cither SPE or plasmon related peaks. This implies that the ordering might cause a carrier confinement effect to 
increase the density of carriers. This confinement effect could be possible if the ordered region with a lower bandgap energy 
is surrounded by the disordered matrix with a higher bandgap energy in the ordered Gao.52Ino.4sP- 

Introduction 
The isovalent ternary semiconductor 

Gan.52ln0.48P (Xor brevity this will be referred to as GalnP 
in the rest of this paper) has been receiving much attention 
due to the formation of the Cu-Pt type ordering. This 
ordering has made its properties change and the most 
apparent one is the red shift of the bandgap energy, that was 
first recognized in the fabrication of GalnP visible lasers(l) 
and theoretically explained by Zunger ct al.(2). However, 
the cause of other property changes such as an appearance of 
long lifetime component in photolumincsccnce emission, a 
decrease of Hall mobility and even the details of this order 
nanostructure including an order parameter are still under 
investigation. In order to obtain further structural 
information of the ordering phenomena in GalnP, Raman 
spectroscopy in ordered GalnP and disordered GalnP has 
been reported by a number of authors (3-5). Jusscrand and 
Slempkes have first described the Raman spectra of 
disordered GalnP as a modified two-mode bchavior(4). 
Suzuki et al. have performed the Raman spectroscopy for 
both ordered and disordered undoped GalnP and found a 
subtle lineshape change in Raman spectra between thcm(6). 
Very recently Krost et al. have performed the micro Raman 
spectroscopy of the (011) plane of GalnP that was grown 
on patterned GaAs substratcs(7). This patterned GaAs 
enables to grow relatively large ordered GalnP domains. 
Since disordered GalnP has Tj symmetry while ordered 
GalnP has C3V, these alloys exhibit the different selection 
rules. Using these different selection rules as well as a 
small laser probe of 1 |im, they were able to differentiate 
the Raman signals from ordered and disordered GalnP 
domains and confirmed that the red shift of the bandgap 
energy is not due to a composition fluctuation but due to 
the ordering. In this paper we have measured the Raman 
spectroscopy of Se doped and undoped ordered and disordered 
GalnP. It is well known that doping can modify the Raman 
spectra by introducing free carriers and by producing local 
vibralional modes(8). Since Se atoms arc heavier than P 
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atoms they replace, they do not give rise to local modes. 
Free carriers, instead, can scatter light via electronic Raman 
scattering(9). Such scattering processes can involve single- 
particle excitations (SPE) and collective excitations (such as 
plasmons) of the electron gas. Here we report the electronic 
Raman spectrum in ordered GalnP alloy. According to our 
knowledge, this is the first report of such spectrum. 

Experiment 
GalnP samples used in this experiment were 

grown on GaAs substrates by low pressure Metal Organic 
Vapor Phase Epitaxy. The (100) surface of GaAs substrates 
was used for ordered GalnP growth while 15 degree inclined 
(100) surface along [11 ljA direction of GaAs substrates was 
used for disordered GalnP growth. The Cu-Pt type ordering 
in samples was confirmed by the additional satellite spots 
observed in the (011) electron diffraction pattern. These 
satellite spots are consistent with a doubling of the unit cell 
along the [ 11 ljA direction due to the ordering. In nominally 
undoped samples the electron concentration due to 
background impurities was found to be less than 1015 cm"3 

from Hall measurements. In doped samples Se was 
introduced during growth as shallow donors. The donor 
concentration in the disordered GalnP film was estimated to 
be 2xl017 cm"3 from Capacitance Voltage (CV) 
measurement, while that in the ordered GalnP film was 
around 3~4xl017 cm"3. The Raman apparatus used in this 
study consists of the exciting laser of 488 nm line of an Ar 
ion laser, Spex 1403 double monochromator and GaAs 
photomultiplier tube (PMT). The signal from the PMT was 
analyzed by a single photon counter. We used the cross 
polarization configuration in which the polarization of the 
incident laser beam was aligned horizontally, while the 
polarization of Raman scattered light was vertical. This 
configuration is preferred because the diffraction efficiency 
of the gratings inside the monochromator are higher for 
vertically polarized light with wavelength around 6000 Ä. 



Result   and   Discussion 
In Fig. 1 we compared the Raman spectra in our 

undoped and doped GalnP samples. These Raman spectra 
have been plotted with the same vertical scale although the 
zeros of the vertical axis for each Raman spectra have been 
displaced for clarity. 

In general our Raman spectra of the undoped 
samples agree quite well with those published in the 
literature(4,5). The sharp peak at 380 cnr1 in both spectra 
has been identified as the longitudinal optical (LO) phonon 
associated with GaP. For brevity we will refer to this peak 
as the GaP-LO peak. The lower energy peak at 360 cm4 is 
attributed to LO phonon associated with InP (InP-LO 
mode). The much weaker and broader peak centered around 
325 cm4 is believed to be the transverse optical (TO) mode 
in the alloy. We note that the TO phonon mode is forbidden 
by selection rule in backscattering from a (100) surface of a 
zincblende-type crystal. The appearance of this TO mode 
can be attributed to some momentum conservation 
relaxation due to disorder. Overall the undoped ordered 
GalnP spectrum has the lowest intensity so its vertical 
scale has to be enlarged by a factor of 4 in order to be 
plotted on the same scale as the other spectra. Otherwise 
there are only very subtle differences between the Raman 
spectra of the undoped ordered and disordered samples. This 
is understandable since the LO phonons are not very 
sensitive to long range ordering of the Ga and In cations in 
which the relation of each first neighbors is not changed 
before and after the ordering. 

The Raman spectra in Se doped GalnP samples are 
also shown in Fig. 1. In the disordered GalnP we found no 
major change in the Raman spectrum upon doping except 
for a decrease in the intensity and a broadening of the LO 
phonon peaks. However, the spectrum of the ordered GalnP 
sample showed significant changes from the undoped 
sample. First a strong and broad peak centered near the laser 
line appeared. The region of the Raman spectra near the 
laser line for both doped ordered GalnP and disordered GalnP 
are shown in Fig. 2 for comparison. It is clear that this new 
broad peak is present only in the ordered sample. In addition 
a rather narrow peak appeared at 352 cm"1 in the doped 
ordered GalnP (see Fig. 1). This peak is absent in the 
disordered samples and in the undoped ordered sample. 

We interpret the broad and strong peak centered 
near the laser line as due to SPE of the free electron gas 
introduced by doping. By plotting the Raman spectrum in a 
semi-log plot in Fig. 2, we see that the Raman spectrum 
has approximately a Gaussian lineshape. We have fitted this 
spectrum to the SPE Raman lineshape in the classical high 
temperature limit(lO) 

v    r {co-cocf 
dQdco 

= exp 
(?V«A) 

(1) 

where 
d2 a 

is the differential cross-section, q is the 
dQdco 

momentum transferred to the electrons from the photon and 
Vth is the thermal velocity of the electrons. The frequency 
COc is equal to 

CO, 
2hm" (2) 
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Fig. 1 Raman spectra in undoped and doped ordered GalnP 
and disordered GalnP obtained at room temperature using 
the 488 nm line of an Ar ion laser 

(m* is the effective mass of the electron) so that HC0c can 
be regarded as the recoil energy of the electrons. This energy 
is usually negligible except in. Compton scattering 
involving high energy photons. We estimate that COc to be 

about 32 cm"1 in GalnP so it can be neglected in the lowest 
order of approximation. In principle, we can determine Vtn 

and hence the temperature Te of the electron gas from the 
SPE lineshape using Eq. 1. To accomplish this we will 
assume these values for the various material constants of 
ordered GalnP: n (refractive index at X=488 nm)=3.4; 
q=(47inA)=8.75xl05 cm"1; and m*=0.075 times free 
electron mass. Whenever a parameter is not available for 
ordered GalnP we have adopted the corresponding value for 
InP(l 1). The electron temperature determined from the SPE 
spectrum in this way is equal to 331 K. This electron 
temperature is quite reasonable considering that the 
experiment was performed at room temperature. 
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There are two possible identifications for the 
sharper peak at 352 cm"1. One possibility is that this is a 
LO phonon bound to shallow donors(12). This has been 
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Fig. 2 Raman spectra of doped ordered GalnP (dense points) 
and doped disordered GalnP close to the laser line to show 
the electronic Raman peak due to scattering by SPE in the 
ordered sample 

observed mainly in GaP where the conduction band minima 
occur at X points of the Brillouin zone. These bound LO 
phonon peaks are usually much weaker than the regular LO 
phonon peaks. Furthermore they are observable only at low 
temperatures when the donors are in their neutral charge 
state. The strong SPE spectrum at room temperature 
suggests that most of the donors are ionized. This leaves 
only one other possibility: the 352 cm"1 peak is due to 
light scattering from a plasmon. When the frequency of the 
plasmon is close to that of an LO phonon, coupled 
plasmon-LO phonon mode are formcd(13). Such coupling 
will result in an increase in the LO phonon mode frequency. 
We note that the GaP-LO mode frequency is slightly higher 
in the doped samples than in the undoped samples. The 
increase is largest (about 6 cm1) in the doped ordered 
sample. Since this shift in the GaP-LO mode is relatively 
small we can neglect this coupling and interpret the 352 
cm"1 mode as due to an uncoupled plasmon. The plasmon 
frequency COp in a solid is given by 

cop = (3) AnNe1/ 

where N is the electron density, e is the electric charge and 
e^ is the high frequency dielectric constant. The dielectric 
constant e„ is equal to 9.0 and 9.6 in GaP and InP 
respectively(ll). Since the value of eoo in ordered GalnP is 
unknown, we will assume eoo to be around 9.0 in ordered 
GalnP. Using these approximation we determine N to be 
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about lxlO18 cm"3 from the measured plasma frequency. 
One problem with this identification is that the electron 
density is higher than the concentration of dopants 
(3~4xl017 cm-3) introduced by growth. If we assume that 
the electron density is about lxlO18 cm"3 in the doped 
ordered GalnP sample, we have to conclude that the electron 
density in the doped disordered GalnP sample must be about 
100 times less to account for the absence of any SPE 
electronic Raman peak. At present it is not clear as to why 
ordered GalnP and disordered GalnP behave so differently 
when doped. There are two possible explanations. One is 
due to a migration of electron from disordered regions to the 
ordered domains. This would be possible if cylindrical or 
platelet shaped ordered phases in ordered GalnP exist. This 
might form a kind of random quantum well structure 
consisting of ordered GalnP well layers and disordered GalnP 
barrier layers. In this case electrons would accumulate 
mostly in these ordered GalnP well layers by the 
thermalization of carriers since donor electrons from dopants 
in the disordered matrix will migrate to the ordered regions 
with a lower bandgap and create a sheet carrier 
concentration. This sheet carrier concentration is higher than 
that of the bulk if equal amounts of dopants were 
incorporated into the epilayer and would be high enough to 
show SPE. It is understandable why we could not measure 
the difference in electron concentration between the ordered 
and disordered GalnP since the CV measurement used to 
determine the electron concentration is not sensitive to the 
spatial electron distribution. The other possible explanation 
is the existence of depletion and accumulation layers near 
the sample surface. Further work, such as varying the 
doping concentration and sample temperature, better 
characterization of the sample surface quality is needed to 
elucidate the nature of this 352 cm"1 peak in the doped 
ordered GalnP and to understand the difference in behavior 
between these doped alloys. 

Conclusion 
The doped ordered GalnP exhibits the SPE as well 

as a plasmon related Raman peak located at 352 cm"1. These 
are absent in the doped disordered GalnP sample. This 
implies that the ordering might cause a carrier confinement 
effect to increase the density of carriers and this confinement 
effect could be possible if the ordered region with a lower 
bandgap energy is surrounded by the disordered matrix with 
a higher bandgap energy in the ordered GalnP. 
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Abstract 
Origin and mechanism for the thermal degradation of the n-AUnAs layer are discussed. The thermal 
degradation of carrier concentration and mobility is found to occur predominantly in the n-AUnAs layer, 
which is caused by annealing at a temperature less than 450°C. The origin of the deterioration is 
ascertained to be the thermally diffused fluorine, which passivates donors in the n-AUnAs layer. As the 
electronegativity of fluorine atom is largest among whole elements, and the atomic radius of fluorine 
atom is considerably small to pass through the crystal, fluorine atoms are reasonably thought to diffuse 
into the n-AUnAs layer then react with the free electrons, which results in the F" scattering centers (F-: 
ionized fluorine). 

Introduction 

Alo.48In0.52As is a very attractive material for 
both of optical and electronic devices such as laser diode 
or high electron mobility transistor, because it has a 
wide band-gap energy while keeping lattice-matching to 
InP substrate. On the other hand, the thermal 
degradation of AlInAs /InGaAs system have been 
recently reported.[1],[2] Reliability for the thermal 
stress is one of the major problems to be solved, 
because the fabrication of the devices generally requires 
some thermal treatments after growth. In this system, 
several degradation mechanisms such as surface 
deterioration, defect formation relating to the oxygen 
impurities and dopant passivation by atomic hydrogen 
have been suggested.[l]-[5] The origin of the thermal 
degradation, however, has not been elucidated yet. In 
this paper, the origin of the thermal instability of this 
system is ascertained through identifying whole 
measurable impurities in n-AUnAs layers. Furthermore, 
the degradation mechanism of this system is also 
suggested. 

Experimental 

Si doped n-Alo.48lnrj.52As> Be doPed P" 
Alo.48lno.52As and Si/Be co-doped n-Alo.48ln0.52As 
layers were grown by gas source molecular beam 
epitaxial (GSMBE) method using the elemental solid 
sources of group III and ASH3 gas source. Sn doped n- 
Alo.48lno.52As and Si doped n-Ino.53Ga0.47As were 

also grown by the conventional molecular beam 
epitaxial (MBE) method. The substrates used were semi- 

insulating (100) InP substrates with 3 inch diameter. Si 
doped n-Alo.3Gao.7As layer was also grown as a 
reference by GSMBE on a semi-insulating (100) GaAs 
substrate with 3 inch diameter. The growth temperatures 
for AlInAs, InGaAs and AlGaAs were 480°C, 470°C 
and 600°C, respectively. The growth rate and the ASH3 
flow rate for the samples grown by GSMBE were 
0.8u.m/hr and 5sccm, respectively. The growth rate and 
the V/III ratio for the samples grown by MBE were 
0.5um/hr and 40, respectively, ljim thick Si doped n- 
AlInAs layers were annealed at 300°C, 350°C, 400°C 
and 450°C in N2 and at 400°C in H2 for 15 min, 
respectively. The other samples were annealed at 450°C 
in N2 for 15 min. Hall measurements were conducted 
for lum thick Si doped n-AlInAs annealed at 350°C for 
15min in N2by periodic stripping.[6] The thickness of 
the removed layer was 50nm per stripping step. In 
addition, conventional Hall measurements were carried 
out for whole samples before and after annealing. 
Secondary ion mass spectroscopy (SIMS) measurements 
of whole elements detectable as negative ions using Cs+ 

primary ion were also conducted for all samples after 
annealing. 

Results and discussion 
Figure 1 shows the sheet carrier concentration 

versus the annealing temperature for Si doped n-AlInAs 
layers annealed in N2 and H2. The same deterioration of 
sheet carrier concentration is found as in the AlInAs 
/InGaAs HEMT structure.[l],[2] The degradation of 
sheet carrier concentration of the samples annealed in 
N2 was larger than that of the samples annealed in H2. 

265 



-^ 10 

E 

c 
o 

c 
<u 
o 
c 
o o 

ü   1017 

0        100      200      300     400      500 
Annealing Temperature (°C) 

Figure 1 Carrier concentration versus annealing 
temperature for lu.m thick Si doped n-Alo.4sIno.52As 
on InP substrate. Samples were annealed for 15 min in 
N2 (•) and H2 (O). 

^in21 

0       200     400     600     800    1000 
Depth (nm) 

Figure 2 Depth profiles of carrier concentration and 
fluorine concentration in Si doped n-AHnAs layer 
annealed at 350CC for 15 min in N2. 

These data indicate that the degradation of the 
AlInAs/InGaAs HEMT structure might be caused by the 
reduction of the carrier concentration in the n-AHnAs 
electron supplying layer by annealing and that the 
dopant passivation by atomic hydrogen is not dominant 
for the degradation of Si doped n-AHnAs layer. The 
depth profiles of carrier concentration in Si doped n- 
AlInAs layer, which was obtained by Hall 
measurements with periodically stripping, is shown in 
figure 2. The carrier concentration of the removed thin 
layer N(x) was obtained from equation (1). 

(AGS)
2 

a* Id* 

N(x)-- (1) 
e Ax ARS of 

where e, X, Rs, os are charge of electron, thickness of 
the layers, sheet Hall coefficient and sheet conductivity, 
respectively. A means the difference of each value 
between before and after stripping. Carrier concentration 
decreases in the n-AHnAs layer, and the degree of the 
reduction is larger near the surface. It is considerable 
that the degradation is caused by the thermal diffusion of 
some impurities (impurity) from the surface of the n- 
AlInAs layer by annealing. Therefore, SIMS 
measurements were conducted for whole elements. It 
was found that fluorine was thermally diffused in the n- 
AlInAs layer by annealing in N2. The SIMS profile of 
fluorine in n-AHnAs is also shown in figure 2. Figure 3 
shows the relationship between carrier concentration 
reduction after annealing in N2 and the fluorine 
concentration. There is a marked correlation between the 
carrier concentration and the fluorine concentration. The 
amount of carrier concentration reduction well coincides 
with the fluorine concentration.   From these data, it is 

1016 1017 1018 1019 

Fluorine Concentration (cm 3) 

Figure 3 Relationship between carrier concentration 
reduction and fluorine concentration in n-AHnAs layer. 

reasonably thought that fluorine thermally diffuses and 
inactivates the donors in the n-AHnAs layer. 

Next, Hall and SIMS measurements were conducted 
for two different materials (Si doped n-AlGaAs, Si 
doped n-InGaAs) before and after annealing. The thermal 
degradation was not observed for those layers at all. 
SIMS measurements also show no fluorine detection. 
These results indicate that the degradation is just 
peculiar to the AlInAs material. 

In order to investigate the influence of the dopant 
variation on degree of the deterioration, Hall 
measurements for Sn doped n-AUnAs layer, Be doped p- 
AlInAs layer and Si/Be co-doped n-AUnAs layer were 
carried out before and after annealing. Figure 4 shows 

266 



18 
fr 10 

E 

c 
o 

r   ^17 

(0 
ü 

10' 

10 16 

i i i i | i i i i | i i i i | 

c^ 

I I  I I I I 

1 '  '  ■   '  ■  I .   .  .   ■ I  ....  I 

0       100     200     300     400     500 
Annealing Temperature (°C) 

Figure 4 Carrier concentration versus annealing 
temperature for Si doped n-AHnAs (O) and Be doped p- 
AlInAs (■). Samples were annealed for 15 min in N2. 

the sheet carrier concentration versus the annealing 
temperature for Si doped n-AHnAs and Be doped p- 
AlInAs. Table 1 summarizes the sheet carrier 
concentration and the mobility of these AlInAs samples 
before and after annealing at 300K. The similar 
degradation as in Si doped n-AHnAs layer was found in 
the Sn doped n-AHnAs by annealing in N2. Both of the 
sheet carrier concentration and the mobility decreased in 
whole n-AHnAs (Si, Sn and Si/Be co-doped) layers 
while not in the p-AUnAs layer. 

Finally, SIMS measurements for all samples were 
conducted after annealing. The profiles of dopants and 
fluorine in the AlInAs layers were shown in figures 
5(a), 5(b) and 5(c), respectively. These data indicate that 
fluorine diffuses only into n-AHnAs layers containing a 
donor impurity (impurities) independent of the dopant 
variations. In addition, fluorine is thought to become a 
donor killer only in n-AHnAs layer, that is, a scattering 
center. 

Based on the results above-mentioned, it can be 
summarized that the electrical deterioration phenomenon 
occurs as follows: First, fluorine atoms thermally 
diffuse into the n-AHnAs layer, which is peculiar to the 
AlInAs material containing a donor impurity 
(impurities)   such   as   Si   and   Sn.  Then,   fluorine 
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Figure 5 SIMS profiles of silicon, beryllium and 
fluorine in three different AlInAs layers on InP 
substrates after annealing at 450°C for 15 min. [(a) Si 
doped AlInAs layer, (b) Be doped p-AUnAs layer, (c) 
Si/Be co-coped n-AUnAs layer.] 

Table 1   Summary of sheet carrier concentration and Hall mobility at 300K for several kinds of AlInAs layers 
before and after annealing at 450°C for 15min in N 2. 

Material 
Sheet carrier concentration (cm ~2) Hall mobility at 300K (cm Vs"1) 

Before annealing After annealing Before annealing After annealing 

1.4x 1014 3.7 x 10° 540 509 

3.2 x 1013 1.0 x 1013 585 550 

4.2 x 1013 4.2 x 1013 17 18 
1.2 x 1014 1.1 x 1013 610 447 

n-AUnAs (Si doped) 
n-AUnAs (Sn doped) 
p-AlInAs (Be doped) 
n-AlInAs (Si/Be co-doped) 
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inactivates the donors in n-AHnAs layers. This attack is 
not the donor neutralization [7] but the compensation of 
donors by fluorine atoms, which can be understood from 
the fact that Hall mobilities decrease by annealing. 

Neither thermally diffused fluorine nor degradation 
of carrier concentration in p-AHnAs layers were 
observed at all. Those observations lead to a newly 
proposed thermal degradation mechanism as follows. As 
the electronegativity of fluorine atom is largest among 
whole elements, and the atomic radius of fluorine atom 
is considerably small to pass through the crystal, 
fluorine atoms are thought to diffuse into the n-AHnAs 
layer then react with the free electrons supplied from 
ionized donor (D+), which results in the F" scattering 
centers (F": ionized fluorine).The presumed reactions 
would be written by equation (2), (3), and (4) in order. 

F (in air) -^ F (in AlInAs)     (2) 

D -> D+ + e   (in AlInAs)    (3) 

D+ + e + F -> D+ + F-  (in AlInAs)   (4) 

This presumed mechanism well explains the 
phenomenon that sheet carrier concentration and 
mobility decrease together by annealing. In other words, 
the degradation is thought to be caused by the donor 
passivation with fluorine. 

Conclusion 
Origin and mechanism of the thermal degradation 

of n-AlInAs layer have been discussed. It has been found 
that the degradation of the AlInAs/InGaAs HEMT 
structure is caused by the reduction of the carrier 
concentration in n-AHnAs layer by annealing. The 
thermal degradation is peculiar in n-AHnAs layers and is 
independent of donor dopant variations. It is ascertained 
that fluorine thermally diffuses and inactivates the 
donors in the n-AHnAs layer. Fluorine is presumably 
thought to become a donor killer (scattering center) only 

in the n-AHnAs layer, that is, F" by reacting with a free 
electron in it, which indicates the donor passivation 
phenomenon occurs with fluorine. 

References 

[1] S. Fujita, T. Noda, A. Wagai, C. Nozaki, and Y. 
Ashizawa, "Novel HEMT structures using a strained 
InGaP shottky layer," Extended Abstract of the 5th 
International Conference on Indium Phosphide and 
Related Materials, WC2 (1993) 497. 

[2] N. Hayafuji, Y. Yamamoto, N. Yoshida, T. Sonoda, 
S. Takamiya and S. Mitsui, "Thermal stability of 
AlInAs/GalnAs/InP heterostructures," Appl. Phys. 
Lett. 66 (1995) 863. 

[3] S. J. Pearton, J. M. Kuo, W. S. Hobson, J. Lopata, 
F. Ren, A. Katz, and M. Geva, "Dopant passivation 
in AlInAs and InGaP by atomic deuterium," Appl. 
Phys. Lett., 59 (1991) 2703. 

[4] S. J. Pearton, C. R. Abernathy and J. Lopata, 
"Thermal stability of dopant-hydrogen pairs in 
GaAs," Appl. Phys. Lett., 59 (1991) 3571. 

[5] N. Takahashi, H. Ohno, M. Shiota, M. Shimizu, I. 
Yamamura, Y. Sakamoto, T. Sugini, and J. 
Shirafuji, "Thermal stability of AlInAs/GalnAs/InP 
HEMTs," Extended Abstract of the 54th Autumn 
Meeting of the Japan Society of Applied Physics, 
29a-ZP-10 1242. 

[6] S. R. Blight, R.E. Nicholls, S. P. S. Sangha, P. B. 
Kirby, L. Teale, S. P. Hiscock, and C. P. Stewart, 
"Automated Hall profiling system for the 
characterization of semiconductors at room and 
liquid nitrogen temperatures," J. Phys. E: Sei. 
Instrum. 21 (1988) 470. 

[7] J. Chevallier, W. C. Dautremont-Smith, C. W. Tu, 
and S. J. Pearton, "Donor neutralization in 
GaAs(Si) by atomic hydrogen," Appl. Phys. Lett. 
47 (1985) 108. 

268 



Electronic and structural properties of thin SrF2 films on InP 
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In this paper we present the results of our experiments on the deposition of SrF2 on InP. Four 
different substrates were used for these investigations: HF-etched and As-treated InP(lOO) and 
(lll)B. On these surfaces 35-50A SrF2 was deposited at room temperature. We also studied 
the changes in the films due to annealing. To clarify the morphology of the films, transmission 
electron microscopy (TEM) and atomic force microscopy (AFM) were employed. 

WP50 

1 Introduction 

The alkaline earth fluorides are very promising ma- 
terials for growing insulating layers on semiconduc- 
tors. Their crystalline structure (fluorite) is very 
similar to the diamond or zinc blende structure of 
commonly used semiconductors [1]. Also the lattice 
matching for appropriately chosen material combi- 
nations is very good, for example -1.2% in the case 
of Srp2 on InP [2]. So epitaxial growth can be ex- 
pected. In addition the alkaline earth fluorides are 
good insulators with a large band gap (10-12 eV) 
[3], and they are quite easy to deposit because they 
sublime as molecules [2]. It has been reported that 
SrF-2 grows with (111) facets if deposited at 380°C 
on InP( 100) [4]. This is, because the SrF2(lll) plane 
is the energetically favoured one [5], and a film with 
little surface roughness can be expected on a sub- 
strate with this orientation. Due to the low non- 
congruent evaporation temperature of InP [6] the 
available range of deposition temperatures is lim- 
ited. Due to this fact and to avoid growth in facets 
on InP(lOO), we decided to grow the SrF2 at RT. 

2 Experimental procedure 

The experiments were performed in an ultra-high 
vacuum (UHV) chamber located at the Photon Fac- 
tory (PF), Tsukuba, Japan. The system consists 
of an analysis chamber and a chamber for molec- 
ular beam epitaxy (MBE) connected by a trans- 
fer chamber. Sample preparation and reflection high 
energy electron diffraction (RHEED) measurements 
were done in the MBE chamber. Arsenic and SrF2 

were deposited from K-cells. After deposition, syn- 
chrotron radiation photoelectron spectroscopy mea- 
surements were made at beam-line BL-1A in the 
PF. These experiments are described in another 
paper  [7].  Samples  were mirrorlike  polished   350 

/mi thick n-type InP (±0.5°), which were S-doped 
(1 x 1019 cm-3). The samples were mounted on a Mo 
sample holder. The sample preparation is described 
in detail in another paper [8]. 

The film thickness calibration was done in two 
different, independent ways. The attenuation of the 
XPS In 3d peak before and after deposition of SrF2 

was measured, and from these data the film thick- 
ness was calculated. Independent of this, the film 
thickness was measured with TEM (see fig. 1). Both 
calibrations agreed within 20%. 

After sample preparation the samples were taken 
out of the UHV chamber and transferred in air for 
measurements with TEM and AFM. 

3     Results and discussion 

3.1     Transmission Electron Microscopy 

Several cross sectional TEM pictures were taken 
for the (100) surface. These photographs clarify the 
crystallinity of thin SrF2 films on HF-etched and As- 
treated InP(100). Two of them are shown in fig. 1. 
Although the amount of SrF2 deposited on the two 
surfaces was the same (35Ä), the film deposited on 
the As-treated surface seems to be thicker. The film 
thicknesses as determined by TEM were 30 to 40A 
for SrF2 on HF-etched InP(lOO) and 50 to 60Ä for 
SrF2 on As-treated InP(100). This can be explained 
by island formation of the film on the As-treated 
InP surface. If not all of the surface is covered by 
SrF2, the islands are higher than the nominal film 
thickness. Since TEM sees only a cross section, the 
film seems to be continuous in the photograph. In 
a very simple model, assuming rectangular islands, 
35%:. of the surface must be uncovered to explain 
the observed island height. A more detailed photo- 
electron spectroscopy study reveals that the SrF2 

grows in Stranski-Krastanov mode. The thickness 
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i .^...«' 1: TEM photographs of 35A SrF2, clopo- :• ,; 

at room temperature on HF-etched InF(lOO) (a) 
and on As-treated InP(lOO) (b). After the deposi- 
tion and prior to the SEM measurement the samples 
were annealed at 500°C for 10 minutes. 

1(a) 

of the continuous base layer was determined to '■ 
2 monolayers [7]. 

The interface between SrF2 and the HF-etch.Hi 
InP(lOO) surface is very rough, with an amplitude 
of several monolayers. This is consistent with the 
spotty R.HEED pattern of the uncovered HF-etched 
InP(LOO) surface [8]. The lattice fringes of the SrF2 

can be clearly seen, but for most of the crystallites 
they are not parallel to the fringes of the substrate. 
So this film is polycrystalline and not epitaxial. 

Also the film deposited on the As-treated surface 
shows a clear lattice image. But the lattice fringes of 
most of the islands are parallel to the substrate, so 
the (100) planes of these islands are parallel to the 
(100) planes of the underlying substrate. No conclu- 
sion about the in-plane orientation of these islands 
can be drawn from the TEM pictures, so the film 
could be epitaxial or textured. But this question 
is answered by the R.HEED measurements. Since a 
lxl pattern is obtained for this surface, without 
any indication on a texture, the film is epitaxial [9]. 
The average size of islands as measured with TEM 
is 100A. The tops of the islands are rather flat. The 
interface between the SrF2 film and the As-treated 
InP(lOO) surface is much flatter than the one be- 
tween SrF2 and HF-etched InP(TOO). This agrees 
well with the RHEED pattern measured on the un- 

I v-y.t'e 2: AFM pictures, obtained from two sai,.,,!^: 
(a) 50A SrF2 on HF-etched inP( L0Ü), annealed at 
500°C, (b) 50Ä SrF-2 on As-treated InP(lOO). an- 
nealed at 500°C. For better comparison, both pic- 
tures have the same scales in the x, y. and z di- 
rections. The surface roughness A of (a.) is 1.8Ä, 
whereas it is 4.5Ä for sample (b). 

covered As-treated InP(lOO) surface [9]. But accord- 
ing to the TEM picture the interface roughness is 
still several angstroms. Due to the limited resolu- 
tion of the TEM and due to the roughness of the 
interface an InAs intra-layer could not be detected. 

3.2     Atomic Force Microscopy 

All the analytical tools utilizing electrons as a 
probe have the general disadvantage of strong in- 
teraction between the alkaline earth fluoride film 
and the electrons themselves, which can result in 
degradation of the film [2]. This is not the case with 
atomic force microscopy. So we can expect valuable 
additional information about the surface morphol- 
ogy of the films under study. AFM is also able to 
measure the quantitative value of the surface rough- 
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Figure 3: The left photograph shows an AFM pic- 
ture of 50Ä SrF2, deposited at room temperature on 
As-treated InP(lOO) and then annealed at 500°C 
for 10 minutes. The size is 500nm X 500nm, and 
the grey scale corresponds to a height difference of 
lOnm. Along the white line five islands are arranged. 
The right graph shows the height profile along these 
islands. 

ness A, defined as A2 = (h2) - (h)2 [10], where ( ) 
denotes an average and h is the height coordinate 
of each measured point. 

AFM measurements were performed on 50Ä 
SrF2, deposited at room temperature on As-treated 
as well as on HF-etched InP(lOO). After deposition 
and prior to the measurement the films were an- 
nealed at 500°C for 10 minutes. In a similar pro- 
cedure 35Ä thick SrF2 films were prepared on As- 
treated and HF-etched InP(lll). The homogeneity 
of the films was checked by several measurements 
at different places on the samples, which always 
yielded very similar results. 

On HF-etched InP(lOO) the SrF2 grows as a flat 
continuous film with small surface roughness. This 
roughness was measured to be 1.8 ± 0.2A. The film 
consisted of small crystallites with an average diam- 
eter of 200Ä. The corresponding AFM pictures are 
shown in fig. 2. In this figure we also show an AFM 
picture of 50Ä SrF2 on As-treated InP(lOO). AFM 
cannot clarify whether the film is continuous or dis- 
continuous, because a tip with a 20nm radius cannot 
penetrate into voids with a diameter of 20nm. How- 
ever, on As-treated InP(lOO) the SrF2 is found to be 
in islands with a typical diameter of 250Ä. The tops 
of these islands are quite flat. The surface roughness 
is 4.5 ± 0.4Ä, which is higher than the roughness of 
the comparable film on HF-etched InP(lOO). The 
picture shown in fig. 3 gives strong evidence for the 
high mobility of SrF2 on the As-treated InP surface. 
It shows five islands arranged in a row, probably 

a)35ASrF2onHF/InP(l 11),RT/500°C 

*f\3%*  
i 5« 

b)35ASrF2onAs/InP(lll),RT/500°C 

Figure 4: AFM pictures of 35Ä SrF2, deposited at 
room temperature on (a) HF-etched and (bj As- 
treated InP(lll). After deposition these films were 
annealed at 500°C for 10 minutes. Both pictures 
show an area of lOOOnm X lOOOnm. The grey scale 
corresponds to a height difference of 4.2nm for (a) 
and 14.5nm for (b). 

nucleated along a step of the substrate. It is well 
known that steps are preferred nucleation sites [11], 
but preferred nucleation of islands along such a step 
requires the deposited species to have high mobility. 

The surface morphology of 35Ä SrF2 on HF- 
etched InP(lll) is shown in fig. 4(a). The film 
is continuous with a small surface roughness of 
2.2±0.2A and is composed of small crystallites with 
a typical diameter of 250Ä. Comparing the mea- 
surements for SrF2 on HF-etched InP with different 
substrate orientations leads to the conclusion that 
the surface morphologies for the (100) and (111) 
orientations, as measured with AFM, are very simi- 
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lar. However, RHEED measurements reveal that the 
film deposited on HF-etched InP(lll) is not poly- 
crystalline but ordered. A detailed study shows that 
the film crystallites are ordered in a texture [9]. 

The situation is slightly different for the As- 
treated InP substrate. Figure 4(b) shows a picture 
of a 35Ä thick SrF2 film deposited on As-treated 
InP(lll). The film is clearly rough. It consists of 
separated islands with a typical diameter of 350Ä. 
The surface roughness is 11.7 ± 1.0Ä. Compared to 
the film deposited on the As-treated InP(lOO) sur- 
face, the main observation, i. e. an island type film, 
is the same, but the island sizes and the surface 
roughness are slightly higher on the (111) substrate. 
Detailed photoelectron spectroscopy measurements 
clarify the morphology of the film further on. It is 
shown that the film grows, as on the As-treated 
InP(lOO) substrate, in Stranski-Krastanov mode. 
However, the thickness of the base layer is much 
larger than on As/InP(100). For As/InP(lll) it ex- 
ceeds 20Ä. 

4     Conclusions 

After deposition of 50Ä SrF2 on HF-etched 
InP( 100) at room temperature a continuous and flat 
film is obtained. This does not change after anneal- 
ing at 500°C for 10 minutes. The film is polycrys- 
talline and composed of small, rectangular shaped 
crystallites with a typical size of 200Ä. Its surface 
roughness is only 1.8Ä. 

After deposition of 35Ä SrF2 on HF-etched 
InP(lll) a continuous and flat film is also obtained. 
The SrF2 grows in layer-by-layer mode. The film re- 
mains continuous and flat after annealing at 500°C 
for 10 minutes. For this film a texture is found. The 
crystallites have a typical size of 250Ä, and the sur- 
face roughness is as low as 2.2Ä. 

On As-treated InP(lOO) the SrF2 grows in 
Stranski-Krastanov mode. After a base layer of 
2 monolayers thickness is grown, the film contin- 
ues to grow in islands. After deposition of 50Ä SrF2 

at room temperature and after annealing this film 
at 500°C for 10 minutes, 35% of the substrate is 
uncovered by islands. The islands are epitaxial to 
the substrate. The tops of these islands are flat, but 
the voids between these islands result in an overall 
surface roughness of 4.5A. 

In contrast to this, on the As-treated InP(lll) 
substrate SrF2 grows at room temperature in layer- 
by-layer mode for the first 20Ä. Then islands also 
begin to form in the film. After annealing at 500°C 
for 10 minutes the film is epitaxial without any twin- 
ning. The islands have flat tops and their typical size 
is 350A. The surface roughness of this film is 11.7Ä. 
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Liquid phase electroepitaxy (LPEE) is one of the novel and 
recent technique for the growth of compositionally uniform, 
low dislocation density epitaxial layers of III-V compound 
semiconductors. In this technique, growth is carried out and 
sustained by passing an electric current through substrate- 
solution interface while the temperature of the whole system is 
kept constant. 

In the present communication, a model has been developed to 
understand the growth kinetics of binary and ternary compound 
semiconductors during LPEE growth. The two major factors 
influencing the growth in this technique are Peltier effect and 
electromigration. In the present model, a transport equation has 
been solved numerically by incorporating the Peltier effect and 
electromigration conditions/1,2/. The effect of electromigration 
due to application of electric field has been incorporated in the 
diffusion equation as shown in equation 1. Applying the boundary 
conditions, the new equation has been solved numerically as shown 
in eqn. 2. 

Computer simulation technique has been employed to construct 
the concentration profiles of the solute atoms in the In rich 
melt during binary and ternary compound semiconductors of InP and 
related compounds. In the present communication, the model has 
been employed to understand the growth kinetics of InP and InAsP 
semiconductors. 

Concentration of Profiles of P in In rich melt during InP 
growth and As and P in In rich melt during InAsP growth have been 
constructed under various growth conditions. The influence of 
Peltier cooling/heating at the interface and electromigration 
have been incorporated in constructing the concentration 
profiles. Profiles have been simulated for different change in 
interface temperature ATp, growth time, different applied 
electric field ...etc. It is observed that concentration of the 
solute atoms decreases near the interface as the growth proceeds 
during Peltier cooling and vice versa (Fig. 1 & 2). 

Growth/dissolution rates have been calculated in the absence 
and the presence of convection. Growth/dissolution rates during 
Peltier cooling/heating and electromigration have been 
investigated. In the presence of convection, the effect of 
thickness of the solute boundary layers has been investigated. 
Thickness of the epilayers in the absence and presence of the 
convection has also been calculated. The results are discussed in 
detail. 

1. R.S.Qhalid  Fareed,  R.Dhanasekaran  and  P.Ramasamy,  J.Appl. 
Phys. 75 (1994) 3953 

2. R.S.Qhalid  Fareed, R.Dhanasekaran and P.Ramasamy,  J.  Cryst. 
Growth, 140 (1994) 28 273 
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Introduction 

Selective growth of InP by MOCVD around mesas is an indispensable technique for fabricating photonic integrated 
circuits(PICs), which include many kinds of waveguide patterns, such as stripes along various crystallographic directions, 
X-crossings, and Y-shaped bifurcations. Especially, selective growth around dry-etched mesa patterns is important for 
fabricating PICs with highly-reliable buried-heterostructure lasers and waveguides, since dry etching realizes the accurate 
pattern-transfer as well as the nearly-vertical wall profiles, being independent of crystallographic orientation. Thus, several 
studies have been published regarding the MOCVD growth of InP around dry-etched mesas(l). All of them are, however, 
regarding the mesa stripes along [Oil] or [Oil] only. MOCVD of InP around the mesa stripes along various 
crystallographic directions has been investigated only for we/-etched mesas which have anisotropic shapes depending on the 
stripe direction(2). Furthermore, there are only few reports discussing on the embedding growth of various waveguide 
components for PICs. 

In this paper we have investigated the selective growth of apnp-lnP layer structure as well as the mass-transport effect 
around dry-etched mesas with various crystallographic directions of stripes. The behaviors were found to depend 
remarkably on the stripe direction. The selective embedding growth around waveguide patterns, such as bifurcations or 
crossings, is also investigated. 

1. Experimental procedure 

Mesa patterns were formed by the C2H6/H2 reactive ion 
etching(RIE) process(3) with SiÜ2 used as masks on S- 

doped (lOO)-oriented InP wafers. The masking patterns 
contained various components, such as a radial pattern with 
stripes extending in every 22.5° directions, curved Y 
bifurcations with a bifurcation angle of 10° , and X- 
crossings with various crossing angles. A cross section of 
an etched InP mesa is shown in Fig. 1. The shapes of the 
mesas were independent of the crystallographic orientation 
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of the stripes. The mesa width and height were about 1.3 
[^m and 1.8 |im, respectively. The side walls of the dry- 
etched mesas were slightly sloping outwards with an angle 
of about 98° between the substrate plane and the mesa 
wall. 

Growth of InP was performed in a low-pressure(50 
Torr) MOCVD reactor with a high-speed rotating susceptor 
at a rotation speed of 1000 rpm. Growth precursors were 
trimethyl-indium(TMI) and phosphine(PH3). H2S and 
diethylzinc(DEZ) were used for «-type and p-type doping, 
respectively. The PH3/TMI ratio (V/III ratio) was about 
100, and the growth rate was 1.8 p.m/h on the (100) flat 
plane. The substrate were held at 650 °C in a PH3/H2 
atmosphere for about 10 min to remove the native oxide on 
the surface. Then, p-lnP (0.2 jim-thick), n-InP (0.6 |im- 
thick), and p-InP (0.8 (xm-thick) were successively grown 
on the patterned substrates at 625 °C . The carrier 
concentrations of the n- and p-lnP layer were 7 x 1018 cm-3 

and8xl017 cm"3, respectively. The pnp layers were 
designed as the current-blocking layers for the buried- 
heterostructure lasers on the p-ln? substrate with the 
intention of integrating. After the growth, the samples were 
cleaved in the (011) or (011) plane, and then stain-etched 
for the SEM observation. 

Fig. 1. A cross-sectional SEM image of a dry-etched mesa shape. 
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2. Results and discussion 

2.1. Dependence of mass-transport and growth behavior 
on the mesa-stripe direction Figs. 2 (a)-(e) show the 
SEM micrographs of the samples having the mesa-stripe 
patterns along various directions. Here, we denote the 
direction of the mesa-stripe by the angle from the [Oil] 
direction. Thus, 0° , 45° , and 90° correspond to the 
[Oil], [010], and [Oil] direction, respectively. As can be 
seen in Figs. 2 (a)-(e), the shapes of the dry-etched mesas 
have been transformed by mass transport before the growth. 
The way of the transformation as well as the behavior of 
the embedding growth depends on the mesa-stripe 
direction. 

For the 0° direction, only a slight rounding of the 
mesa wall was observed near the mesa base, as can be seen 
in Fig. 2 (a). It can be seen that the growth of the p-lnP 
layer proceeded almost isotropically, being independent of 
the surface orientation, on variously oriented surfaces, 
namely, the (100) plane, the nearly-vertical mesa side wall, 
and other sloped high-index planes. On the other hand, the 
growth of the n-InP layer proceeded preferentially on the 
substrate (100) plane and on the sloped high-index planes 
(indicated by A in the figure) near the mesa base, while it 
was suppressed on the mesa side wall. As the result, the 
growth of the «-InP layer planarized the growth surface; 
growth creeping up the wall, which causes "rabbit ear" 
growth, was not observed near the mesa edges. This result 
can be attributed to the low growth rate on the side wall. 

For the 22.5° direction, mass transport was observed 
remarkably, as can be seen in Fig.2 (b). It seems that the 
mesa side walls were changed into sloped surfaces due to 
the mass transport, and then, the growth proceeded on 
those sloped surfaces. The difference of growth between 
the/?- and n-InP layer was observed also for this direction: 
The growth of the p-InP layer was isotropic, while the 
growth rate of the n-InP layer was high on the gently sloped 
high-index planes(indicated by B) near the mesa base, and 
was low on the nearly-vertical planes(indicated by C) just 
below the mesa top. As the result, the surface was 
planarized by the growth of the n-InP layer, also in this 
case. 

For the 45° direction, mass transport formed flat 
sloped surfaces on the both sides of the mesa, as can be 
seen in Fig. 2(c).   The growth behavior was rather similar 

(a) 

0° 
■ Sift mask 

Fig.2. Cross-sectional SEM micrographs of selective growth   for 
the pup structure around mesas capped with S1O2 stripe 
masks which are oriented in different crystallography 
directions: (a) 0°  ([011] direction); (b) 22.5°   ; (c) 45° 
([010] direction); (d) 67.5°  ; (e) 90°  ([Oil] direction). 
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to that for the 22.5° direction mesa, but was slightly 
different in some points. The growth rate of the first p-lnP 
was high at the corner of the mesa base to form sloped 
planes. Non-growing {110} planes were formed from the 
mesa-top edges to suppress the overgrowth covering the 
mesa, as indicated by D in the figure. 

As the mesa direction approaches the [Oil] orientation, 
the extent of the transformation of the mesa shape due to 
the mass transport was observed to decrease. For the 
67.5° and 90° directions, the growth of the «-InP layer as 
well as thep-InP layer proceeded isotropically, conserving 
the mesa shape, as can be seen in Figs. 2(d) and 2(e). The 
growth rate on the mesa side walls was found to be 
relatively high, and the growth seemed to creep up the wall 
above the mesa height to cause overhangs that cover the 
Si02 mask. 

The observed growth behaviors can be summarized as 
follows. For the mesa-stripes directed near [Oil], the 
growth proceeds preferentially on the sloped high-index 
planes, while the growth rate on the nearly vertical planes is 
low. On the other hand, for the mesa-stripe directions near 
[01T], the growth rate on the nearly vertical planes is 
relatively high to creep up the mesa wall, conserving mesa 
shapes, while sloped high-index planes is reluctant to be 
formed. 

The most notable mass transport to change the mesa 
walls into the sloped planes is observed for the stripe 
direction misoriented from the [Oil] direction by around 
30° . Mass transport is a vapor phase process in which 
evaporated materials are incorporated again into the 
solid(4). The observed anisotropy in the observed mass 
transport is considered to be due to variation in 
incorporation rates of transported materials into different 
crystallographic planes. Then, the anisotropic behavior of 
mass transport as well as that of MOCVD growth can be 
treated on the same basis. 

Anisotropic latelal growth on mesa side walls has been 
discussed in refs. (1) and (5). It is assumed that the growth 
rate of InP is proportional to the incorporation rate of In 
atoms at the step edges on the growing surface. According 
to the discussion in ref.(5), In atoms are more easily 
incorporated into the [Oil] steps than into the [Oil] steps, 
because an In atom at the [Oil] step is bound with two 
bonds, while an In atom attached at the [011] step is bound 
with three bonds. 

In the case of the mesa at the 0° direction (along 
[011]), the sloped planes formed on the mesa walls 
comprise the [Oil] steps, so that the incorporation 
probability is low. 

When the mesa stripe is misoriented from the [ill] 
direction , the sloped walls of the mesa consist of a large 
number of kink sites. According to ref.(5), the probability 

of In incorporation increases with the degree of 
misorientation, because a kink site has three bonds for 
binding an In atom. According to the discussion in ref.(l), 
the preferential growth direction on the sloped walls is 
perpendicular to the stripe direction for the mesas oriented 
near the [011] direction. Therefore, the gradient of the 
sloped walls becomes more gentle as the result of the mass 
transport as well as the growth. 

On the other hand, in the case of the mesa directions 
near the [01T], the preferential direction of the growth on 
the sloped wall is considered to be the [100] 
direction(upward in the figures) rather than the direction 
perpendicular to the stripe direction(l). Therefore, sloped 
high-index planes is reluctant to be formed in this case. 

2.2. Embedding growth around various waveguide 
patterns for photonic integration Figure 3 shows the 
cross-sectional and bird's-eye view of an embedded-grown 
Y-bifurcation along the [011] direction. A smooth surface 
was obtained except at the groin of the bifurcation. The X- 
crossing(at the angle of 30° ) mesa waveguide pattern is 
shown in Fig. 4, (a) as dry etched, and (b) after embedded. 
A smooth surface without any growth overhanging the 
mask was obtained also in this pattern. The growths rising 
above the mesa height were observed only on the [011] 
sides of the cross point(indicated by arrows in the figure). 
The dry-etched bifurcation or crossing patterns have a 
rounded part of the side wall as shown in Fig. 5 (a) at 
the groin where two stripes meet at a small angle. The 
rounding is due to the limited resolution of the patterning of 
the mask, and not due to the dry etching process. The 
rounded part of the mesa wall on the [011 ] side contains the 
planes near (011). On the (011) plane, the growth creeping 
up the wall occurs to rise above the mesa height. The rising 
growth is expected to be suppressed by some extent by 
improving the resolution of the mask patterning. 

2(J.m 

Fig. 3. An SEM micrograph of buried growth around a Y- 
bifurcation pattern along the [011] direction. 
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Fig.4. SEM micrographs of an X-crossing (at an angle of 30° ) 
pattern along the [011] direction: (a) as dry-etched; 
(b) after embedded. 

3. Conclusion 

We have investigated the behavior of mass-transport, as 
well as that of MOCVD-growth, around dry etched mesa- 
stripe patterns along various crystallographic orientations. 
Those behaviors were found to be depend remarkably on 
the crystallographic orientation of the mesa stripe. The 
most notable mass transport was observed for the stripe 
misoriented about 30° from the [011] direction. The 
growth was observed to proceed preferentially on the 
sloped high-index planes, planarizing the crystal surface, 
for the mesa stripes directed near [011]. For the stripe 
directions near [011], the growth was observed to creep up 
the wall, while conserving a mesa shape. Selective growth 
with sufficient planarity has been obtained for the mesa- 
waveguide components along the stripe directions near 
[011]. This planar selective embedding growth for dry- 
etched mesas is applicable to PICs, and will become an 
important technique for the fabrication of future PICs. 
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Introduction 

Buried heterostructure (BH) devices need the regrowth of InP around mesa stripes containing the active region. 
A crucial point in embedding the heterostructure laser mesas is the edge overgrowth effect, especially when the 
stripe height is required to be very high (1). Furthermore, dielectric mask may be present on the semiconductor 
surface to define the deposition area: e.g. the selective growth of semi-insulating InP around laser mesas for high 
speed operation devices. After regrowth it is very useful to have a surface as planar as possible for subsequent 
technological steps and to make good electric contacts. In this work we investigate on the regrowth of InP around 
mushroom-like cross section stripes, conventional stripes masked with SiNx and tall mesa stripes with dielectric 
mask on the top by Pulsed Metalorganic Epitaxy (PME). 

Features of the Pulsed Metalorganic Epitaxy (PME) 

Pulsed Metalorganic Epitaxy (PME) has been proven to be 
very effective in the regrowth of InP on mesa stripes 
having conventional, nearly rectangular shape (2). 
The basis of this growth technique is depicted in Fig.l. 
PME of InP is different from conventional MOCVD in the 
introduction of the Trimethylindium (TMIn) flow in the 
reactor. In the leading case, the Trimethylindium is pulsed 
into the reactor while maintaining a constant Phosphine 
(PH3) flow during the deposition time. 
In order to obtain doped material, it is necessary to 
introduce in the reactor the TMIn and the dopant 
precursor together. In this way, the growth time became a 
set of cycles in which the TMIn+dopant are periodically 
addressed to the vent line and to the reactor line (run 
line). The actual growth time and by consequence the 
deposition thickness must be evaluated considering the 
total time in which the metalorganic precursors have been 
addressed to the reactor. 
If no special growth parameters are required, the reactor 
pressure, the deposition temperature and the reactants 
concentration may be the same as in conventional 
MOCVD; in this way it is possible and very easy to switch 
from MOCVD to PME and vice-versa, any time only by 
changing the introduction regime of the metalorganics 
into the reactor. 

Experimental 

Stripes formation Mesa stripes were etched in different 
structures containing the active layer previously deposited 
by MOCVD or simply on a InP substrate. A Silicon 
Nitride (SiNx) film was used as mask for Reactive Ion 
Etching (RIE) in defining the stripes and for the next 
selective InP regrowth. 
A further selective wet etch was used to obtain the 
Buried Mushroom Structure (BMS) shown in Fig.2. 
In this case the device structure containing the GalnAsP 
active layer 0.2 /xm thick and the InPZn doped 0.3 jttm 
thick was firstly etched by RIE using a SiNx mask to 
define the mesa stripe. Secondly, after the SiNx removal, a 
selective chemical etch (H3PO4-H2O2) was used to 
underetch the active layer, using the upper InP layer as a 
mask. 

Growth conditions   A home-made LP-MOCVD system 
equipped with a patented very fast switch operation 
manifold was used to perform the deposition runs. 
Regrowth experiments were carried out at a temperature 
ranging from 600 CC to 640 °C, with a working pressure 
ranging from 50 mbar to 150 mbar. 
Trimethylindium, 100% phosphine, diethylzinc, 100 ppm 
Si2H6 and ferrocene were used for the regrowth of p-type, 
n-type and semi-insulating InP respectively, using purified 
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Fig.l- Gas flow pulse mode profiles adopted in this work 
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argon as carrier gas. As far as concern the growth under 
PME regime, before starting the deposition, it is necessary 
not only to fix the number of cycles we intend to use but 
also to design the shape of the diagram in Fig.l This 
means to decide the ratio between the time in which the 
metalorganics have to be addressed to the reactor (run 
time) and to the exhaust line (vent time). 

Results and discussion 

From the regrowth results obtained by PME over different 
mesa geometries, we can summarise the influence of the 
growth parameters as follows: 

Growth temperature The surface mobility and/or the 
desorption of metalorganics are strongly influenced by the 
temperature. This effect, also present in conventional 
MOCVD, is more evident in pulsed regime deposition. 
Higher temperature means higher mobility of the 
chemical species on the surface leading to high selectivity 
of the regrowth with respect to the dielectric mask if 
present and make easier to fill narrow and deep channels 
but making also possible formation of bumps at the edges. 

Reactor pressure At lower pressure, higher selectivity of 
the deposit is observed but the variation over the whole 
range of pressure (50 mbar to 150 mbar) is not useful so, 
for practical reasons, we choose to maintain the reactor 
pressure fixed at 100 mbar. 

Metalorganic pulse time This important parameter 
strongly influences the final shape of the regrowth. At 
higher run/vent ratio that means 15s of TMIn injection 
followed by 5s without TMIn in the reactor, the growth is 
slightly selective. On the contrary, with 5s/15s run/vent 
ratio, strong and sometimes unwanted selectivity effects 
are observed. With a run/vent ratio=l obtained by run 
time = vent time = 15s, good results were obtained. The 
absolute value of the run and the vent times are also 
important. In fact, experiments with a run/vent =1, but 
run time = 7s = vent time leads to results showing slightly 
selectivity. 

Phosphine flow rate The effect of the phosphine over the 
regrowth behaviour is the less clear because of its multiple 
roles during the deposition. A minimum quantity for the 
protection of the surface may be ensured; over that, at 
present, is not clear what is the best flow rate because, 
phosphine itself acts as transporting agent for indium on 
the growing surface. At lower phosphine concentration, 
an increase in selectivity was observed with a wide range 
of final behaviour depending on the quality of the starting 
surface. In our regrowth experiments we fixed the 
phosphine flow rate at 4.5 10~3 mol/min. 

Metalorganic flow rate For practical reasons, we maintain 
the flow rate of the trimethylindium at 1.7 10-5 mol/min 
that is the same value as for conventional MOCVD. 

lfjm 

Fig.2- Cross section of a mushroom-like stripe 
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Fig.3- The Buried Mushroom Structure (BMS) after 
regrowth 

As for indium precursor, flow rates of diethylzinc, disilane 
and ferrocene were set at values for that we already know 
the respectively carrier concentration of the InP deposited 
by conventional MOCVD. 

From the above considerations, we found a set of growth 
conditions that allow us to regrowth the mushroom-like 
structure shown in Fig.2. The regrowth experiment was 
carried out at 620 °C, by using run time = 15s = vent time 
pulse mode for both trimethylindium and diethylzinc (flow 
rate = 2.3 10"7 mol/min). To save deposition time, if the 
growth conditions are compatible, it is also possible to 
grow the InP:Zn doped layer under pulsed regime up to 
the complete filling of the channels, and after to switch to 
conventional MOCVD up to the end of the regrowth. 
In Fig.3 is shown the resulting device structure containing 
the GaInAs:Zn doped contact layer on the top. 
As we can see, a perfect filling of the channels has been 
obtained, without voids around the embedded active layer. 
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C-V measurements plot shows that the zinc incorporation 
is equal in both growth regimes corresponding to na = 1.5 
1018 cm"3. Using this approach, a low threshold current 
F.P. laser has been realised (3). 
Using the same procedure, but doping the InP with Si2Hö 
at a concentration of 3.5 10"9 mol/min, we obtain the 
doping level nd = 4 lO^8 cnr3. 
Fig.4 shows a mesa stripe after the first regrowth of 
InP:Zn doped in presence of the dielectric mask on the 
top. The growth conditions of the PME growth step were 
the same as reported above. 
Fig. 5 shows the perfect selectivity of the deposition; no 

poly InP is present on the SiNx while a quite flat surface 
is obtained around the stripe. 
After removal of the dielectric mask by HF solution, the 
second step of regrowth was performed under 
conventional MOCVD at 620 °C, maintaining the same 
concentration of reactants, to continue the growth of the 
InP:Zn doped up to the desired thickness (2 jim) and 
finally the GaInAs:Zn doped contact layer on the top. 
From Fig.6 we can see the perfect planarisation obtained 
close to the active layer. By this structure, Semiconductor 
Optical Amplifier (SOA) devices showing good electrical 
characteristics have been realised. 

I I   1pm 

Fig.4- After the InP:Zn regrowth around a masked stripe 
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Fig.5- The regrown waveguide showing the perfect 
selectivity of the deposition 
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Fig.6- After the second step of InP:Zn regrowth and the 
final Gain As: Zn contact layer 

For high speed operation devices it is required to grow a 
semi-insulating current blocking layer laterally the active 
layer. To be effective, the S.I. layer must be very thick 
compared to the active layer thickness. These suggestions 
lead to a very difficult pattern to be regrowth, formed by a 
tall mesa stripe containing the active layer with a 
dielectric film on the top to perform the selective epitaxy 
laterally. 
We tried to utilise the above experiences to regrow InP:Fe 
doped by PME around the mesa stripe 2 pm tall by 1.2 jtm 
wide with 0.3 /un thick SiNx deposited on the top. 
See Fig.7. These stripes have been etched on a InP:S 
doped substrate by conventional photolitographic process 
followed by RIE. 
As we can see, the resulting lateral surface quality is quite 
rough after 2 jun etch. Preliminary result obtained by 
using the above mentioned growth conditions is shown in 
Fig.8. We explored the whole range of temperature from 
600 CC to 640 °C by maintaining a constant run time = 
15s = vent time pulse mode; also the reagents 
concentration was maintained the same as during previous 
experiences. 
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We believe that the reduction of the surface migration of 
indium on the vertical walls of the stripe may reduce 
bumps formation at the edges. 
The first parameter we plan to change is the PE^/TMln 
ratio because, as mentioned before, the phosphine plays an 
important role in transporting the indium species on the 
surface. The roughness of the wall surface and the InP 
nearby probably helps the indium migration towards the 
top of the mesa and hence the bumps formation. 
To perform the I-V measurements, on a flat surface of 
InP:Fe, we regrown a n-type GalnAs layer to make a 
InP:S/InP:Fe/GaInAs:Sn sandwich. 
The measured resistivity was p > 108 O.cm   with the 
Ferrocene cell at 25 °C bubbled with 95 cc/min of Argon. 

I '   l(jm 

Fig.7- Tall mesa stripe (2jtm high), etched in InP, masked 
with SiNx on the top 

Conclusions 

We have introduced the Pulsed Metalorganic Epitaxy 
(PME) to solve a number of problems related to the 
regrowth of InP around mushroom-like cross section 
stripes and tall mesas masked with a dielectric mask on 
the top. Semi-insulating InP as well as zinc and silicon 
doped InP were regrown by pulsing TMIn+Ferrocene, 
TMIn+DEZn and TMIn+Si2H6 respectively while 
maintaining a constant PH3 flow in the reactor. 
By the structures we have regrown, both Fabry-Perot 
lasers and Semiconductor Optical Amplifiers (SOA) have 
been realised. This fact shows that the material deposited 
around the active layer by pulsed regime, is good enough 
for device fabrication. Moreover, PME technique seems a 
promising tool to regrowth tall mesa stripes. 

Acknowledgements 

The authors would like to acknowledge the support of G. 
Morello, R.Y. Fang, G. Magnetti, G. Gastaldi, L.Boschis, 
R.De Franceschi, F. Gorgellino and A. Stano in obtaining 
these regrowth results. 

References 

(1) J.MJovett, D.J.Moule, A.P.Wright and AT.Briggs - 
Third Int. Conf. on InP and Related Materials, Cardiff 
U.K. pp. 208-211, April 1991 

(2) D.Bertone, G.M.Schiavini and A. Stano - Fourth 
European Workshop on MOVPE, Nijmegen The 
Netherlands, Poster n. 49, June 1991 

(3) D.Bertone, L.Boschis, G.Fornuto, L.Gastaldi, 
M.Madella, M.Meliga and A. Stano - 24th European Solid 
State Device Research Conference, Edinburgh, Scotland, 
pp. 807- September 1994 

ljjin 

Fig.8- Overgrowth of mesa after InP:Fe regrowth 
282 



WP54 
REGROWTH OF SEMI-INSULATING IRON DOPED InP AROUND 
CROSSED LASER MESAS BY HYDRIDE VAPOR PHASE EPITAXY 

Takeo Miyazawa, Fumihiko Kobayashi, and Hidefumi Mori 

NTT Opto-electronics Laboratories, 3-1, Morinosato Wakamiya, Atsugi-Shi, 
Kanagawa Pref., 243-01 Japan 

Abstract 

It was found that large hollows are left between the crossed laser mesas during the hydride 
vapor phase epitaxy (HVPE) of semi-insulating InP (SI InP). However, SI InP layers with flat 
surfaces could be regrown using a channel structure and HVPE. The laser diodes buried in SI 
InP using this technique had threshold current as low as 22 mA and output power as high as 25 
mW. Using this technique, side-injection light-controlled bistable lasers (SILC BLD) were 
fabricated. The obtained SILC BLDs exhibited good bistable characteristics. 

Introduction SI InP Regrowth 

A laser diode having a subwaveguide Figure 1 shows crossed laser mesas after 
crossed to a main laser together with a saturable regrowth of iron doped SI InP. The InP layer 
absorber is an attractive functional device for regrew preferentially around the mesas, 
future all-optical communication processing especially those in the <-110> direction. Large 
(1). This bistable laser diode is called a side- hollows were left between the mesas. Further 
injection light-controlled bistable laser (1). To growth of SI InP resulted in filling up the 
achieve a low threshold current and high-speed hollows. However, the SI InP layer grew over 
response, the SILC bistable laser diode should the mesas at the same time. This overgrowth of 
be buried in SI InP as usual laser diodes are. SI InP makes it difficult to fabricate buried 
Usually, SI InP is regrown around laser mesas mesas for laser diodes. 
in only the <110> direction. Recently, S. A flat regrowth  surface without 
Lourdudoss et al. reported that SI InP can also overgrowth was obtained using the channel 
be regrown around laser mesas in the <-110> structure shown in Fig. 2. Double channels were 
direction, which cross   those in the <110> dug beside laser mesas. The width of the 
direction, using hydride vapor phase epitaxy channels beside <-110> directed mesas was 
(HVPE) (2). However, to the best of our wider than that of the channels beside <110> 
knowledge, laser mesas in both <110> and <- directed mesas. This is because the preferential 
110> directions have not been buried in SI InP regrowth regions around the <-110> directed 
simultaneously, i.e. there is no report of SI InP mesas are wider than that of <110> directed 
regrowth around crossed laser mesas. We have mesas. The channel structures were defined by 
succeeded in burying the crossed laser mesas C2H6 reactive ion etching using SiC»2 masks, 
into SI InP using a channel structure and HVPE and then buried with SI InP using HVPE. The 
for the first time. SILC BLDs were fabricated channels were filled up in as short as 15 minutes 
using this technique and exhibited good by the lateral growth of SI InP from the side 
bistable characteristics. walls of the channels and the laser mesas. As a 

matter of course, no SI InP was grown on the 
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Mask 

<110> 
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Fig. 1 Regrowth surface of crossed laser mesas    Fig. 2 Channel structure for SI InP regrowth. 
without channels. 

S1O2 masked region other than the channels. 
Moreover, the regrown surfaces at the channels 
were flat as shown in Fig. 3. 

Laser Performance 

The multi-quantum-well (MQW) laser 
mesas with a 3.0-|Lim wide active region were 
buried in SI InP. Subsequently, they were 
processed into crossed laser diodes and cleaved 
into both <110> and <-110> directed laser chips 
with a cavity length of 300 jim. Then, I-V and I- 
L characteristics of both directions were 
measured separately. 

The I-V characteristics for both directions 
showed lew reverse currents less than 10 uA at 
reverse voltage of -5V. This results indicates 
that the regrowth layers are sufficiently 
resistive and the laser structure was not 
damaged during the regrowth process. 

Figure 4 shows the I-L characteristics for 
both directions. As shown in the figure, the I-L 
curves for both directions are almost identical. 
The threshold currents of the laser diodes in 
<110> and <-110> directions are 23 mA and 22 
mA, respectively. (The minimum threshold 
current density of our laser wafer was 1.5 kA/ 
cm2.) The maximum output power of the laser 
diodes in <110> and <-110> directions is 25 mW 
and 23 mW, respectively. These results indicate 

!<iio> 

'-- '^M&H^M 

<-110> 
\ 

10 urn. 

Fig. 3 Regrowth surface of a crossed laser with 
channels. 

that the crossed laser diodes were successfully 
buried in SI InP. 

SILC BLD Device 

SILC BLDs as shown in Fig. 5 were 
fabricated from a MQW laser structure using 
HVPE and the channel structure technique. The 
regrowth surface of the SI InP was so flat that 
the device was processed without difficulty. It 
consists of the main waveguide laser, a 
subwaveguide laser, and a saturable absorption 
region. Bistable laser operation is achieved by 
nonlinearity of the MQW in the absorption 

284 



< 
E, 

ö   20 
< 
LL. 

£ 
LU 

o 
Q-   10 
t- 
I 
CD 

<-110> 
Ith = 22mA 
Smax = 0.20W/A 

<110> 
Ith = 23mA 
Smax = 0.18W/A 

MAIN WAVEGUIDE LD SATURABLE ABSORPTION REGION 

SUB-WAVEGUIDE 

50 100 150 

CURRENT (mA) 

200 
INPUT SIGNAL 

OUTPUT SIGNAL 

Fig. 41-L curves under CW conditions for laser     Fig.5 Schematic diagram of SILC BLD buried 
chips in <-110> and <110> directions. inSIInP. 

region. The subwaveguide amplifies input light 
and injects it into the absorption region in the 
main waveguide laser. The injected light lessens 
the absorption in the absorption region and 
turns on the main laser. 

Figure 6 shows the characteristics of light 
output as a function of injected current into the 
main laser. The parameter shown in the figure 
is control voltage Vc applied to the saturable 
absorption region. With a decrease in Vc, the 
hysteresis loop gets larger. This result indicates 
that the saturable absorption region works even 
after the regrowth just as well as the main 
waveguide laser and the subwaveguide laser 
do. 

We also demonstrated turning on SILC 
BLDs by side-injection of light. The details of 
the light-control of the SILC BLDs will be 
submitted elsewhere. These results indicate that 
our SI InP regrowth technique can be 
successfully applied to fabricating the SILC 
BLD. 

Conclusion 
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Fig. 6 Light output as a function of injected 
current into the main laser. The parameter is 
control voltage Vc applied to the saturable 
absorber. 

We have succeeded in burying crossed 
laser mesas into SI InP with flat regrowth as low as 22 mA and output power as high as 
surfaces using a channel structure and HVPE 25 mW. SILC BLDs fabricated using this 
for the first time. The laser diodes buried in SI technique   exhibited   good   bistable 
InP using this technique had threshold current characteristics. 
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These results indicates that the SI InP 
regrowth technique using the channel structure 
and HVPE is promising for fabricating SILC 
BLDs. This technique is also considered useful 
for fabricating other integrated opto-electronics 
devices. 
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Introduction 
For the realization of Buried Ridge Stripe laser structures (BRS) controlled overgrowth of the active stripe with 
current blocking and contact layers is necessary. Regrowth with metalorganic vapor phase epitaxy (MOVPE) is an 
attractive technique for the production of such device. However, it is known that MOVPE overgrowth is very 
sensitive to the mesa shape (1) and the orientation of the involved surfaces (2-7), the V/III-ratio (2-4), the reactor 
pressure (2, 4) and the growth temperature (Tg) (2). When mesas are buried by MOVPE growth of "rabbit-ears" at 
both edges of the mesa (8) as well as the formation of undesired {111} planes (2) makes flat overgrowth difficult. 
Two - step overgrowth procedures or selective growth with an undercut mask can be used to produce relatively 
planar structures (9). Good morphology can be obtained also by one step regrowth under specific growth conditions 
like very high V/III-ratio together with the use of misoriented substrates (2). In this work we studied the growth 
kinetics of fnP and (In,Ga)(As,P) during the regrowth process over rectangular mesas with <011> oriented sidewalls 
as a function of the growth temperature, of the mesa orientation and of the mesa size. We demonstrate that small 
changes in Tg may result in a suppression of growth on the {011} and {111 }B planes. Results of overgrown laser 
structurs for laser diode arrays demonstrate the good quality of the developed overgrowth process. 

Experimental 
Rectangular shaped mesas were formed in the [011] 
and [0-1 1] directions on (100) InP:S substrates by 
RIE. The mesas were passivated by anodic oxide (d = 
250 nm), which is removed by HF-etching just before 
MOVPE overgrowth. The mesa height is (1 ± 0.3) 
um and the width is varied from 2.5 urn to 5.3 urn. 
All experiments were carried out in a horizontal 
MOVPE system at a reactor pressure of 20 hPa with 
trimethylindium, trimethylgallium, pure arsine and 
phosphine as precursors in a hydrogen carrier gas 
flow. To study the development of the InP growth 
front 80 nm thick (In, Ga)(As, P) (X = 1.3 urn) 
marker layers were deposited after every 170 nm of 
InP. Growth rates were 1 um/h for InP and 0.5 pm/h 
for (In, Ga)(As, P). The V/III ratios were 400 and 
230, respectively. Growth temperatures of 610°C, 
640°C and 660°C were studied. 
The surfaces and cleavage planes of the grown 
structures were examined by scanning electron 
microscopy in the backscattered secondary electron 
(B SE)-compo-mode. 
The overgrowth of the laser diode arrays consisting 
of 2 urn wide mesa active stripes oriented in the 
<011> direction, which were chemically etched with 
crescent-like sidewalls by a B^-HBr-Ct^COOH 
etchant, was done at the same conditions. The 
separately addressable laser arrays were grown on 
semiinsulating (100) InP:Fe substrates with an n-type 
(In, Ga)(As, P) (k= 1.3 urn) lower contact layer. 

Results and discussion 
We have studied the effect of growth temperature on 
the growth behavior over differently sized mesa 
stripes. 
The SEM micrographs in Fig. 1 show the develop- 
ment of the growth front for [011] (Fig. la, c) and 
[0-11] (Fig. 1 b, d) oriented stripes of 2 urn width at 
deposition temperatures of 610°C (Fig. la, b) and 
660°C(Fig. led). 
For [011] oriented stripes at 660°C the shape of the 
overgrown layers is determined by kinetically limited 
growth on the {0-11} faces forming the mesa walls 
and on the {111 }B planes developing at the top edges 
of the mesas (Fig. 1c). The growth rates in these two 
directions are similar (about half the value of planar 
growth in [100] direction). Additionally, {311} planes 
were developed at the lower mesa edge. The growth 
rates on the different faces decrease from r(100) > 
r{ 311} » r{ 111 }B > r{0-l 1}. For narrow stripes of a 
few pm width the triangular shape growing on the 
mesa top allows for the deposition of quantum wire 
structures but is not suited for buried laser structures. 
A decrease of the growth temperature to 610°C (Fig. 
la) results in enhanced growth rates in the <0-l 1> 
directions and in a flat (100) top. Only in the initial 
stage of overgrowth {0-11} and {111} planes are 
formed. With increasing growth time the shape is 
determined by the (100) top and by higher index 
planes (probably {321}). 
For [0-11] oriented stripes {311} planes are 
developed. Nearly no growth takes place on {111} A 
planes (Fig. lb, d), which are only formed at 660°C 
on the upper mesa edge in the initial phase of growth 
(Fig. Id). The growth rates on the (100) top and on 
the {311} sidewalls are similar and smooth mesas 
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with some tendency to planarization are obtained. For 
higher mesas still {011} planes are observed in the 
initial phase of growth while over low mesas (< 1 
urn) only {311 [faces are developed as the sidewalls 
due to the fast growth on {011} planes. 
At 660°C the material transport from the {111} A non- 
growth planes to the top leads to significant 
enhancement of the growth rate on the top in the 
initial phase. For the same reason the growth rate in 
the lower mesa edge is initially enhanced. These 

effects end with the full development of the {311} 
planes and disapearence of the {111 }A planes 
(Fig. Id). The mesa top is shrinking with increasing 
thickness of the overgrown layer. This leads to 
enhanced material transport from the (100) top over 
the {311} side walls to the bottom. Thus the growth 
rate on the mesa is reduced in comparision to the one 
obtained in planar regions. For the {111 }B planes this 
effect is much weaker (Fig. 1 c). 

HgnSEM^^s^sct^mic^r^S^^^r^^r^inP layers (dark contrast) and InGaAsP marker layers (bright 
contrast) deposited at 610°C (a, b) and 660°C (c, d) over 2 urn wide InP-mesa stripes oriented in <011> (a, c) 
and<0-ll>(b, d) 

The SEM micrographs in Fig. 2 show the dependence 
of the obtained shape on mesa width for the [Oil] 
(Fig.2a-c) and [0-11] (Fig.2 d-f) oriented stripes Tg = 
660°C. Structures deposited at 610°C did not show a 
significant dependence on the used mesa width neither 
for the [Oil] nor the [0-11] orientation due to the 
reduced diffusion from the slow to the fast growing 
planes. In this case growth rates on the (100) top are 
the same as for planar structures. At 660°C mesa 
widths smaller than 3 urn lead to enhanced growth 
rate on the top in the beginning of the overgrowth 
process. For wider mesas (> 4 um) the changes in the 
growth rate on the top caused by material transport are 

no longer significant. (For [0-1 1] oriented mesas it is 
possible even at Tg > 640°C to increase the growing 
(100) mesa top width by reducing the mesa high to 
0.7pm.) 
Our basic growth studies indicate that under the 
chosen growth conditions planarization of <011> 
oriented mesa structures with vertical {0-11} 
sidewalls is not achieved. However, this stripe 
orientation was needed for integration purposes. Thus 
we have tried to use this orientation but to avoid the 
vertical {0-11} sidewalls produced by RIE. Mesas 
(0.7 urn high and 2 urn wide) with crescent-shaped 
side walls were prepared by chemical etching. 
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Fig 2 SEM cross-section micrographs of alternating InP layers (dark contrast) and InGaAsP layers (bright contrast) 
deposited at 660°C over 2.2 urn wide (a, d), 3.2 um wide (b, e) and 4.7 urn (c, f) wide InP mesa stripes oriented 
in<Oil>(a-c)and<0-ll>(d-f) 

This way the kinetic limitations present on {111} A 
side walls are avoided and planarizing growth in one 
step is possible even in the <011> direction (Fig. 3). 
The buried-rige stripe (BRS) laser arrays fabricated in 
this way show low leakage currents and low threshold 
current Ith (8 mA at 400 urn length) indicating that the 
recombination at the overgrown interfaces is 
neglegible. These properties are combined with a high 
uniformity of threshold current and output power 
within the arrays of individually addressable lasers. 

Conclusion 
The development of the growth front during 
overgrowth of mesa structures with vertical {011} 
sidewalls has been studied using quaternary marker 
layers embedded in InP. The shape of the overgrown 
layer strongly depends on the ridge orientation and the 
growth temperature. At 660°C growth of InP as well 
as the quaternary takes place on the vertical sidewalls 
and on {I 11 }B planes developing during growth. 
Planarizing growth was not possible at 660°C due to 
the kinetically limited growth on the forming facets. 
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The formation of these facets can be suppressed by 
using a small height to width ratio for <0-l 10> 
oriented stripes at 640°C. For <011> oriented stripes 
the growth temperature has to be lowered further. 
Here flat (100) top surfaces can be maintained even 
on 2 pm wide mesas at 6I0°C. Avoiding {0-11} 
sidewalls allows a planarization also on <011> 
oriented stripes at higher growth temperatures. 
Using the developed regrowth process, high quality 
BRS laser array have been fabricated. 

■■■■■ 

Fig. 3 SEM cross-section micrograph of regrown 
<011> oriented laser structures with InP (dark 
contrast) and upper InGaAsP /InGaAs contact 1 
ayers. The bright contrast in the center is from 
the quaternary mesa with crescent-shaped 
sidewalls. 
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Planar burying growth of InP around a dry-etched stripe mesa has been made with metalorganic vapor phase epitaxy 
(MOVPE) by adding CH3CI to the process gases. The planarization effect of CH3CI adding is striking especially in relatively- 
low growth temperature conditions. From the growth behavior around mesas and a study of growth rate modifications, we 
consider that the migration enhancement of In atom and induced dependence of growth rate on the crystallographic orientation 
gave the planar burying growth. Using reactive ion etching (RIE) for mesa fabrication and adding CH3CI in MOVPE growth, 
we demonstrated 1.5 um InGaAsP/InP buried-heterostructure (BH) laser diodes with Fe doped semi-insulating InP layer. We 
obtained comparable laser characteristics with those of conventional wet-etched mesa laser diodes. 

Introduction 
Uniform MOVPE growth of an active layer, uniform and 

precise mesa etching by RIE, and following burying growth 
by MOVPE are key techniques to improve yield and 
productivity of long-wave length BH laser diodes. Although 
the first two techniques have been realized [1,2], planar InP 
burying growth by MOVPE around a dry-etched mesa still 
remains difficult, usually resulting in mask overgrowth and 
unevenness adjacent to the mask [3]. For planar growth, two 
kinds of growth methods were attempted. One is raising the 
growth temperature, for example, up to 680 °C [3]. High 
temperature growth also have side effects such as fast dopant 
diffusion to MQW layers. The other method is to add Cl 
containing materials, such as CCI4 and 1,1,1 trichloroethane 
(TCA) to MOVPE process gases [4, 5, 6, 7[. This method was 
first suggested from the analogy of mesa-shape-independent 
flat burying growth by Cl containing vapor phase epitaxy 
(VPE) [8, 9]. Although Cl addition has a remarkable 
planarization effect, Cl source materials previously used are 
under control by chloro-fluoro-carbon (CFC) related 
regulations. Therefore, new Cl sources other than CCI4 and 
TCA are desired. 

In this work, we present burying growth using 
monochloromethane (CH3CI) as a new Cl source, which is 
out of the CFC related regulations. We developed a planar 
growth shape and discuss the effect of CH3CI addition. 
Finally, we fabricated 1.5 um InGaAsP/InP BH laser diodes 
with an Fe doped semi-insulating InP current blocking layer, 
grown using CH3CI addition. 

Experiment 
The striped mesas were formed in the [011] direction on a 

(100) oriented Sn-doped InP substrate, using RIE with C2H6, 
H2, and 02 as the active gases |2]. The mesa shape is a 
trapezoid whose side-wall is a little tilted towards <111>B 
from (011). Mesa height is about 2.5 urn. Silicon dioxide 
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(Si02) was used as a mask for both etching and selective 
growth. Before growth, the mesas were rinsed in H2SO4 and 
water. 

Burying growth was performed by low-pressure MOVPE 
in a vertical reactor. Trimethylindium (TMI) and phosphine 
(PH3) are used as source gases. CH3CI diluted to 2% in 
hydrogen (H2) in a gas cylinder was used as a Cl source. 
Ferrocene (Cp2Fe) was used as a dopant for a semi-insulating 
layer. Growth pressure was 76 torr. The V/III ratio was 120. 
Growth temperature was varied from 575 to 625 °C. Growth 
rate without CH3CI addition was 3.0 um/hr. As marker layers 
of growth procedure around the mesas, thin (about 0.015 urn) 
InGaP layers were inserted periodically. After the regrowth, 
the samples were cleaved, stained in 
K.3[Fe(CN)6]:NaOH:H20 solution and examined with a 
scanning electron microscope. 

0        5       10      15      20 
CH3CI flow rate (ccm) 

Figure 1. Growth rate reduction on (100) face by CH3CI 
addition at 575 °C, 600 °C, and 625 °C. 



Results and discussion 
The first change noticed after the addition of CH3CI was 

a reduction of growth rate, as the same for CCI4 and TCA 
additions [4, 6). Figure 1 shows the dependence of growth 
rate on added CH3CI flow rate on a (100) face at various 
growth temperatures. The reduction rate is proportional to 
CH3CI flow rate and increases with the growth temperature. 
This reduction was thought to be caused by volatile InCl 
formation on a surface, through the reaction of In and HC1 
produced from CH3CI decomposition, and successive 
evaporation of InCl from the surface [4, 6]. So, from the 
temperature dependence we think that CH3CI decomposition 
proceeds with growth temperature and/or InCl evaporation 
from the surface is enhanced with the growth temperature. 

The clear difference between CH3CI and previously reported 
precursors (CCI4 and TCA) is the decomposition efficiency 
estimated from growth rate reduction. Compared with almost 
the same decomposition ratio of CCI4 and TCA as that of 
TMI, the decomposition ratio of CH3CI is about 2% that of 
TMI at 600 °C. 

Figure 2 shows the growth behavior around the mesas 
with and without CH3CI addition at various growth 
temperatures. Without CH3CI addition, growth at the mask 
edge leads to a ridge and an overgrowth above the mask 
occurring at 575 °C and 600 °C. This feature is extreme at low 
growth temperatures. At 625 °C the mask overgrowth was not 
observed; however, the ridge at the mask edge still remained. 
With CH3CI addition, growth shape was significantly 

[100] 
<311>B 

mm 

(d) With CH3CI addition (575 °C, Cl/In = 10) 

m 
SSP^SP^P 

UM> "**"**"**ll     BÄlfll 

(e) With CH3CI addition (600 °C, Cl/In = 4). 

(c) Without CH3CI addition (625 °C). 1^im (f) With CH3CI addition (625 °C, Cl/In = 4). 

Figure 2. Growth behavior around RIE-etched mesas in [011] direction. 
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improved. At every growth temperature, a non-growing 
(111)B facet was formed at the mask edge and the mask 
overgrowth was completely suppressed. This growth feature 
is the main effect of CH3CI addition and is common to all Cl 
additions [4, 6]. The most planar regrowth shape was 
obtained at 575 °C, although regrowth shape without CH3CI 
addition was the worst. At 575 °C growth along the mesa 
side-wall of the (Oil) vicinal face was reduced, a rapid- 
growth face appeared around high index face of (311)B which 
gradually changes toward (100), and a smooth (100) facet 
appeared at the mask edge. As the growth temperature got 
higher, the rapid growth face like (311)B and the smooth 
(100) facet disappeared and the ridge was formed at the mask 
edge. The reduction of growth on mesa side-wall was also 
seen at high temperatures; however, at 625 °C this reduction 
was excessive and the top of mesa was partially etched away. 

Low temperature growth is favorable not only for good 
planarity but also for low growth rate reduction, as seen in 
Figure 1. This low growth rate reduction (-10%) with a 
planar regrowth shape by CH3CI addition at 575 °C is 
noteworthy, compared with TCA addition. In the case of 
TCA, about 20% of growth rate reduction at 625 °C was 
reported for the improvement of growth selectivity [6]. 

From the observation above, the effects of CH3CI 
addition are summarized as follows: 

(1) A complete growth suppression on a (111)B face at 
the mask edge. 

(2) Growth suppression on a mesa side-wall of a (011) 
vicinal face. 

(3) Fast growing characteristics on a high-index face, 
such as (311)B, at a low growth temperature. 

For the cause of these effects, Nordell and Karlicek 
indicated that the growth is limited by the introduced surface 
kinetics change by the HC1 produced from CCI4 and TCA [5, 
6]. However, their discussions were abstract and didn't 
provide a concrete image of the In atom's behavior on the 
surface. We considered that induced change of the orientation 
dependence of the growth rate is a key to study the effects of 
CH3CI addition. Accordingly, we examined the orientation 
dependence using separate substrates in the same growth run. 
Substrates used are: (100), (511)A, (511)B, (311)A, (311)B, 
(211)A, (211)B, (lll)A 5° off, (lll)B 5° off, (011) 5° off, 
and (011). 

Figure 3 shows the dependence of growth rate on 
substrate orientation at 575 °C with and without CH3CI 
addition. Without CH3CI addition, the growth rate were 
independent of the substrate orientation. In contrast, with the 
CH3CI addition the growth rate strongly depended on the 
substrate orientation. This induced dependence is considered 
to be due to properties of CH3CI decomposition to HC1, InCl 
formation, and InCl desorption, on and from the surface. 
Generally the growth rate reduction is low on step-less faces 

293 

Without CH3CI 
-•—*♦- 

1 (011)   (111)A (311)A (100) (311)B (111)B (011 

60    30     0     30    60   90 
Offset angle from (100) (deg.) 

Figure 3. Dependence of growth rate on substrate orientation 
with and without CH3CI addition(575°C, Cl/In = 10). 

of (100), (111)A, and (111)B, and it is increased on high step- 
density faces of (311)A, (311)B, and (011). This is quite 
natural, considering that InCl at a step or a kink site may be 
easily desorbed. The growth rate was lowest on the (011) 
face. This feature agrees well with growth suppression on a 
mesa side-wall of a (011) vicinal face (2). However, this 
dependence of the growth rate doesn't necessarily explain the 
growth behavior around the mesas. The non-growing (111)B 
face (1) has a considerable growth rate and the fast-growing 
(311)B face (3) has a quite low growth rate. We consider that 
the enhancement of surface migration of In atom from and to 
adjacent faces with a different orientation plays an important 
role in determining the growth behavior around the mesas. 
We think that the non-growing (111)B facet formation at 575 
°C and 600 °C is caused by In migration from the (111 )B face 
to an adjacent face, as it occurs naturally without Cl addition 
at higher growth temperature of 625 °C. From extremely high 
growth rate on a (311)B face around the mesas, higher than 
that without Cl addition, we think that the In atoms were 
supplied from adjacent (100) faces through surface migration. 

The mechanism of surface migration enhancement of In 
atoms on (111)B and (100) faces by Cl addition is not clear at 
present. However, we will mention two possible 
explanations. One is that a surface coverage by Cl reduces 
sticking site or sticking probability for migrating In atoms, 
like the case of Se high doping [10]. If we assume that a 
surface coverage rate with volatile Cl is higher at a lower 
growth temperature, In migration may be greater at the lower 
growth temperature. This would explain why fast-growing 
(311)B faces appear at a low growth temperature. The other is 
that In migrates longer in the form of InCl because the 
binding strength between InCl and the surface may be loose. 
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Figure 4. A fabricated laser structure and current vs. light output (I-L) characteristics of an as-cleaved 300 fim long laser 
diode at room temperature CW operation. 

At a high growth temperature the InCl will desorb from the 
surface rather than migrate on the surface, as a result the fast- 
growing (311)B face appears at the low growth temperature. 

Laser fabrication 
We fabricated 1.5 urn semi-insulating buried- 

heterostructure (SI-BH) laser diodes with InGaAsP/InP 
strained layer multiple quantum wells. The thickness of the 
active layer, barrier layer, and separate confinement layer are 
5.1 nm, 10.0 nm, and 100 nm, respectively. The active layer 
consists of 0.8% compressively strained InGaAsP (10 wells). 
PL wavelengths of the barrier layer and the separate 
confinement layer are 1.3 urn and 1.15 urn. Burying growth 
of Fe-doped semi-insulating InP was performed using CH3CI 
addition at the growth temperature of 575 °C. The CH3CI/ 
TMI ratio was 20. Estimated Fe concentration was 5xl016 

cnr3. Undoped n-type impurity concentration measured with 
electrochemical C-V profiling was increased from about 
5.0xl014 cm"3 to 1.0~1.5xl015 cm"3 after CH3CI addition. 
This level is low enough to obtain a semi-insulating InP layer. 

Figure 4 shows the current vs. light output (I-L) 
characteristics of an as-cleaved 300 um long laser diode at 
room temperature CW operation. The threshold current 
density of 1.4 kA/cm2 and the slope efficiency of 0.18 mW/ 
mA were obtained. These values are comparable to those of 
laser diodes with the conventional wet etched mesas 
fabricated in our laboratory. 

Summary 
We investigated burying growth around a dry-etched 

mesa using CH3CI as a new Cl additive during MOVPE. We 
obtained planar growth shape. We think that migration 
enhancement of In and induced dependence of growth rate on 

the orientation gave the improvement in growth shape. We 
fabricated 1.5 urn InGaAsP/InP SI-BH lasers applying dry 
etching and adding CH3CI during MOVPE. We obtained 
comparable laser performances with those of wet etched mesa 
laser diodes. MOVPE growth with adding CH3CI could 
provide both planar growth shape and a good current blocking 
layer. 

References 
[1] M. Kondo et al, J. Crystal Growth 115(1991)231. 
[2] M. Matsuda et al., Technical Report of IEICE, OQE91- 
185, vol. 91, no. 470, 1992, p. 103. 
[3] N. Nordell et al., J. Crystal Growth 114(1991)92. 
[4] N. Nordell et al., Appl. Phys. Lett. 61(1992) 22. 
[5] N. Nordell et al., J. Crystal Growth 125(1992)597. 
[6] R.F. Karlicek et al., J. Crystal Growth 131(1993)204. 
[7] B.-T. Lee et al., Appl. Phys. Lett. 63(1993)234. 
[8] B. Hammarlund et al., J. Electron Mater. 20(1991)523. 
[9] M. Hoshino et al., Appl. Phys. Lett. 48(1986)186. 
[10] Y. Kondo et al., Appl. Phys. Lett. 62(1993)1188. 

294 



WP57 
PREPARATION AND OPTICAL 

CHARACTERIZATION OF NANOSCALE InP 
ISLANDS EMBEDDED IN In0.48Ga0.52P 

A. Kurtenbach, K. Eberl, N.Y. Jin-Phillipp*, F. Noll, and F. Phillipp* 

Max-Planck-Institut für Festkörperforschung, Heisenbergstr. 1, D-70569 Stuttgart, 
Germany 

*Max-Planck-Institut für Metallforschung, Heisenbergstr.  1, D-70569 Stuttgart, Germany 

Introduction 

The formation of nanoscale islands due the epitaxial growth of lattice mismatched het- 
erostructures has recently been investigated for many different material combinations [1]. 
By the three dimensional growth mode the strain energy is reduced at the expense of surface 
energy. It has been demonstrated that up to a certain thickness the three dimensional island 
growth occurs dislocation free at least for free standing islands on a surface [2, 3]. Thus it 
is a promissing method to realize quantum dot structures. We report on the preparation 
of InP islands embedded in Ino.48Gao.52P by solid-source molecular beam epitaxy (MBE). 
We have investigated the onset of islanding by reflection high energy electron diffraction 
(RHEED) and atomic force microscopy (AFM). Overgrown InP islands are characterized 
by cross-sectional transmission electron microscopy (TEM) and photoluminescence (PL) 
measurements. 

Experimental 

The samples are grown on semi-insulating (001) GaAs 
substrates by solid-source molecular beam epitaxy 
(MBE). The growth was monitored in situ by a RHEED 
system operated at 20 kV. After oxide desorption, a 
200 nm thick GaAs buffer layer is grown at 580 °C with 
a growth rate of 0.52 ML/s and a beam equivalent pres- 
sure (BEP) of 5 x 10~6 Torr. A GaP decomposition 
source is used to grow layers containing P as group V ele- 
ment [4]. Appropriate growth temperature and BEP for 
the growth of InP/Ino.4sGao.52P structures are 470 °C 
and 5 x 10-6 Torr [4, 5]. A 200 nm thick Ino.4sGao.52P 
layer which is lattice matched to GaAs is grown on 
top of the GaAs buffer. Subsequently few monolayers 
(MLs) of InP are deposited which are overgrown by a 
200 nm thick Ino.4sGao.52P cap layer. The growth rates 
of Ino.4sGao.52P and InP are IML/s and 0.48 ML/s, 
respectively. 

TEM and high resolution TEM (HREM) investiga- 
tions are carried out in a JEOL 4000FX/EX electron 
microscope, operated at 400 keV. The normals for the 
cross-sectional TEM specimens are along [110] and [100], 
perpendicular to the growth direction. 

PL was measured at low temperatures (10 K) using 
a CW Ar+ laser for excitation. The excitation density 
was about 1 W/cm2. The PL was spectrally resolved in 
a double-monochromator and detected in a photomulti- 
plier tube. 

Results and Discussion 

The transition from a 2D to a 3D growth mode is il- 
lustrated by in situ recorded RHEED patterns. In Fig. 1 
RHEED patterns along the [110] direction are shown for 
an Ino.48Gao.52P surface without any InP (Fig. la), with 
nominally 2.5 MLs InP (Fig. lb) and 7.5 MLs InP de- 
position. Ino.48Gao.52P has 2x1 surface reconstruction 
at a substrate temperature of about 470 °C [4]. The 
elongated streaks demonstrate the 2D characteristic of 
the surface. After deposition of more than 2 MLs InP a 
more and more spotty RHEED pattern develops. This 
is demonstrated in Fig. lb and lc. The spotty pattern 
starts to appear in the 2.5 MLs sample and is clearly 
developed in the 7.5 MLs sample. These spots origi- 
nate from a transmission through 3D islands illustrating 
a non-2D growth mode [6]. Both diffraction patterns in 
Fig. lb and lc are recorded immedeatly after deposition 
of the InP indicating an abrupt start of the island for- 
mation without any significant retardation. 

A roughening in RHEED is not observed for an InP de- 
position lower than 2 MLs. This may be due to a limited 
RHEED sensitivity. Also a growth interruption of 300 s 
does not result in a more pronounced spotty pattern. In 
contrast to this, AFM images reveal an island formation 
of InP on Ino.48Gao.52P already after 1.5 MLs deposition 
(Fig. 2). The InP growth rate was only 0.25 ML/s in this 
case in order to find the onset of islanding with better 
accuracy.   The islands in Fig. 2 exhibit a typical height 
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Figure 1: In situ recorded RHEED patterns along the 
[110] direction at 470 °C: (a) Ino.48Ga0.52P surface, (b) 
after deposition of 2.5 MLs InP, (c) after deposition of 
7.5 MLs InP 

of 8nra, a lateral size of 30 nm and a density of about 
3 x 109/cm2. According to AFM results no islands are 
detected for 1 ML InP. The first ML InP forms a wet- 
ting layer demonstrating the Stranski-Krastanow growth 
mode of InP on Ino.4sGao.52P for our growth conditions 
[3]. 

Samples overgrown with an Ino.4sGao.52P cap layer 
are investigated by TEM and PL measurements. The 
RHEED studies illustrated in Fig. 1 suggest that the is- 
land formation starts immeadiatly during deposition. To 
confirm this a {002} dark-field (DF) TEM micrograph 
(Fig. 3a) and a HREM micrograph (Fig. 3b) are taken 
from {100} cross-sections of a overgrown sample con- 
taining 2.5 MLs InP. The cap layer is deposited after 1 s 
growth interruption in this case. 

The DF image is mainly sensitive to chemical compo- 

Figure 2: AFM image of sample with 1.5 MLs InP grown 
on Ino.48Gao.52P 

sitions, where InP shows a bright and Ino.4sGao.52P a 
dark contrast. This difference is due to nonequal struc- 
ture factors which depend on the Indium or Gallium 
content of the two materials. Fig. 3a reveals clearly the 
InP region separating the Ino.4sGao.52P cap and buffer 
layer by such a dark/white contrast. Apparently the InP 
distribution is inhomgeneous demonstrating that InP is- 
lands are evolved in the overgrown sample. A lateral is- 
land size of about 20 nm is estimated from Fig. 3a which 
is in the same order than expected from AFM mea- 
surements. The detailed island shape is difficult to ex- 
tract because the InP content is fluctuating in transmis- 
sion direction due to the finite thickness of the sample 
(about 100 nm). In the HREM (Fig. 3b), InP appears 
darker than Ino.4sGao.52P- Strain fields contribute to the 
long range contrast fluctuations besides differences in the 
structure factors. According to high resolution micro- 
graphs like Fig. 3b we can conclude that the InP island 
growth is dislocation free for the 2.5 MLs sample demon- 
strating a high quality growth. In contrast to Fig. 3b 
misfit dislocations are observed for an InP deposition of 
nominally 14.5 MLs. 

PL measurements on overgrown samples are per- 
formed for various InP depositions. We observe a strong 
InP related PL. As discussed in Ref. [7] the PL energy 
shifts from 1.85 eV to 1.53 eV when the nominal InP 
thickness increases from 2 MLs to 10 MLs . The PL 
linewidth are typically less than 30meV. The maximum 
intensity and minimum linewidth of 22 meV is observed 
for 7.3 MLs InP. Beyond 7.3 MLs the intensity decreases 
drastically. This indicates the onset of misfit dislocation 
formation which are observed in TEM for the 14.5 MLs 
InP sample. The cap layer of these samples was grown 
after Is growth interruption. The PL energy is most 
sensitive to the height of the islands because the small- 
est dimension defines the confinement potential. Thus 
the energy shift indicates a change of the height with 
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Figure 3: {100} cross-sectional dark field TEM (a) and 
high resolution TEM (b) for a for a sample with 2.5 MLs 
InP embedded in Ino.4sGao.52P- 

increasing nominal InP thickness. 
Fig. 4 shows the dependence of the InP PL on growth 

interruption times for nominally 3.0 and 7.3 MLs InP. 
The PL energy position (Fig. 4a) and the PL linewidth 
(Fig. 4b) are plotted versus the growth interruption. For 
3.0 MLs InP the PL energy decreases by about 70meV 
when the growth interruption is increased from 1 s to 
300 s. At the same time the PL linewidth increases from 
27 meV to more than 60meV for 300 s growth inter- 
ruption. This influence of the growth interruption on 
the optical properties is less pronounced for the 7.3 MLs 
InP samples. In this case the linewidths are almost un- 
changed. Changes in PL energy and linewidth for differ- 
ent growth interruptions indicate a change of the height 
or shape of the islands. For short growth interruption the 
surface diffusion is interrupted and the InP islands are 
prevented to reach their equilibrium size. Similiar results 
have recently been reported for the growth of InAs/GaAs 
islands [8]. 

In summary, we have shown that for the growth of 
InP on Ino.4sGao.52P by MBE the island formation be- 
gins at a critical thickness of about 1.5 MLs due to AFM 
measurements. RHEED investigations show that the is- 
land formation occurs instantaneousely (for more than 2 
MLs). The sensitivity of RHEED to the islanding starts 
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Figure 4: Influence of a growth interruption on InP PL 
energy (a) and linewidth (b) for samples with nominally 
3.0 and 7.3 MLs InP. 

not until the deposition of 2 MLs InP. It could be demon- 
strated by TEM and HREM that islands evolve in pres- 
ence of an Ino.4sGao.52P cap layer, which is grown after 
Is growth interruption. For low InP deposition the is- 
lands are coherently embedded in Ino.4sGao.52P without 
misfit dislocations. The optical properties are dependent 
on the amount of deposited InP and growth interruption 
times. Smallest PL linewidth and thus better island ho- 
mogeneity is achieved for short growth interruptions. 
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Abstract 

We report the growth and characterisation of InxGai.xAs/InP quantum well (QW) structures grown on [111]B InP 
substrates. Photoluminescence (PL) from a range of such structures, grown on substrates with optimum misorientation, 
show PL linewidths and peak positions equivalent to similar [100] structures. Structural studies, using transmission 
electron microscopy (TEM) and x-ray diffraction (XRD) show that multiquantum well (MQW) specimens exhibit a high 
degree of uniformity and a low level of defects. With increasing compressive strain (x>0.53) MQW samples eventually 
show relaxation, observed through an increase of the XRD peak width and through an increase in linear surface 
morphological features. Room temperature photocurrent measurements on strained p-i(MQW)-n diode structures show a 
strong excitonic blue shift, demonstrating excellent potential for low voltage, long wavelength, optical modulators. 

Introduction 

III-V epitaxy on [lll]-oriented substrates is currently 
receiving considerable attention. The unique nature of the 
[111] surface in III-V semiconductors, with its 
termination by either group III (A-face) or group V (B- 
face) atomic planes, results in substantial differences 
between the growth modes and surface reconstruction 
with respect to the more conventional [100]. The 
electronic band structure of [111] QW's is also 
considerably modified. Anisotropy in the heavy hole sub- 
band results in a larger effective mass and a lower density 
of states in the [111] growth direction [1-3], resulting in 
an increased quantum-confined Stark effect (QCSE) [2,4]. 
Due to an increased optical matrix element the absorption 
and PL efficiency should also be enhanced. A further 
consequence of growth on [111] substrates is that strained 
QW's exhibit a large internal piezoelectric field [1]. This 
may be screened by photoexcited carriers or reduced by 
application of an external field, resulting in an excitonic 
blue shift. 

To realise the potential for [lll]-based devices operating 
at 1.3 or 1.55nm wavelengths requires the growth of 
I^Ga^As QW's with InP (or InAlAs) barriers. InxGai_ 
xAs on InP offers a further advantage in that compressive 
and/or tensile strain can be employed, giving increased 
freedom for device design. Despite some encouraging 
results on the growth of InP [5], InxASj_xP/InP QW's [6] 
and of InGaAs/AlInAs QW's [4], there have, to our 
knowledge, been no reports on the growth of lattice 
matched and strained InxGaj_xAs/InP QW's on [111]B 
InP. 

High quality QW structures are difficult to grow on 
[111]B InP due to the tendency to form pyramidal facets. 
Promotion of a step-flow growth mode seems to be an 

essential pre-requisite for producing smooth films [7]. In 
principle this can be easily achieved through increasing 
the mobility of surface group III atoms, e.g: by 
increasing the growth temperature (Tg) or by using 
substrates with a high step density. However for indium 
containing materials the desorption of indium, which is 
significant about 540°C, imposes an upper limit on Tg 

Growth at low Tg, using on-axis substrates results in 
strong facetting. In InGaAs/GaAs epitaxy, the use of 
[111]B substrates misoriented a few degrees towards the 
[2,-1,-1] has been shown to considerably reduce facetting 
[8]. Recently we have reported that a specularly smooth 
morphology and excellent optical properties can also be 
obtained on InP substrates with an equivalent 
misorientation [9]. 

Growth and characterisation 

InxGaj.xAs/InP QW structures have been grown on 
[111]B InP by molecular beam epitaxy. The solid source 
growth utilises conventional group III source cells and 
valved cracker sources for arsenic and phosphorus. 
Switching between alternate group V species is enhanced 
by the use of liquid nitrogen-cooled shutters. Details of 
the growth system have been reported previouslyJIO]. S- 
doped n+ InP [111]B substrates, misorientated 2  towards 
[ 2,-1,-1] were provided by Crismatec Inpact. The 
substrates were processed 'epi-ready' using a technique 
previously applied to [100] InP [11]. Using such 
substrates strong reflection high energy electron 
diffraction (RHEED) reconstruction was observed at a 
reproducible oxide desorption temperature of ~525°C. 
For optimum growth of InGaAs/InP structures Tg was 
increased to 530-540°C. The V/III ratio was set just above 
that required for group-V stabilised growth. 
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We have examined the properties of a number of single 
and MQW samples.  Fig. 1. shows 10K PL data from a 
sample containing 5, 10, 20, 40 and 80Ä In Gaj.xAs 
QW's together with a bulk-like layer (1000A). The 
sample was nominally lattice-matched (x=0.53). Intense, 
relatively narrow (FWHM=7-15meV), PL is observed 
from all the quantum wells. The energy upshift due to 
quantum confinement follows quite closely that of [100] 
InGaAs/InP QW's, suggesting relative invariance of the 
band offsets. 
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Fig.l Low temperature (10K) PL spectra of a structure 
containing In 53Ga 47As/InP QW's of different well widths. 

In contrast to the QW's the bulk In 53Ga 47As layer 
within this structure exhibits relatively weak, broad PL, 
which is at a longer wavelength than expected. With 
increasing excitation power we find this peak shifts to 
shorter wavelength, eventually reaching 1550nm, the 
value expected for [100] In 53Ga 47As. We have observed 
this behaviour in a number of bulk In 53Ga 47As layers. 
Weak intensity dependent shifts are also observed in 40 
and 80Ä QW's. The optical power-induced PL shifts are 
similar to those observed in strained [111] QW's, where 
they are a consequence of the built-in piezoelectric field. 
However the InGaAs layers are closely lattice matched, 
with Aa/a< 1.5xl0"4 by XRD), and have relatively 
narrow XRD FWHM (< 20meV). Strain-sensitive 
(g=220) cross-sectional TEM (x-TEM) shows weak 
pseudo-periodic contrast in bulk In 53Ga 47As layers, 
suggesting compositional fluctuations on length scales of 
100-500A. This may produce a spatially varying band 
gap, which may be further enhanced by the piezoelectric 
effect. 

Fig.2. shows a  x-TEM micrograph of a nominally 

lattice-matched InxGai_xAs/InP MQW structure, which 
consists of 10 periods (80A QW/200Ä barrier). Although 
well and barrier appear to be slightly thicker than 
anticipated, the overall structure appears highly regular 
and uniform. Faint periodic oscillations in the plane of the 
QW's are observed, which appear related to the 
compositional fluctuations discussed previously. Fig.3. 
shows XRD rocking curves for this layer and two 
compressively strained InxGaj.xAs/InP MQW's which 
have 40 periods of (50Ä QW/125Ä barrier). The lattice 
matched sample shows a number of narrow satellite peaks, 
again indicative of a highly uniform periodic structure. 
The slight shift of the zero order peak (to -180arc.sec) and 
asymmetry in the satellite peak distribution is indicative 
of a small amount of residual strain. This is a consequence 
of residual arsenic grading into the InP barrier layers and 
is a problem which can be controlled by further 
optimisation of the growth parameters. 

Fig.2 TEM cross section of the In 536a 47As/InP MQW 
sample 

The high structural quality of the lattice-matched sample 
is preserved for the x=0.58 MQW. However for the 
x=0.63 MQW the XRD satellite peaks are considerably 
broadened and the background intensity is increased, 
suggesting a degree of relaxation has occurred. 
Contrasting sample morphologies reveals the presence of 
linear defects in the strained samples, with the appearance 
of twins. These appear always aligned along one of the 
[110] directions. The defects can be observed only 
occasionally in the x=0.58 sample, but are at a 
considerably higher linear density (~200cm_1) in the 
x=0.63 MQW. 
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Fig.4 10K PL spectra of the lattice matched and compressive 
strained h^Ga^As/InP MQW's of fig.3. 

Low temperature PL spectra from the three MQW 
specimens is shown in fig.4. The PL linewidth is about 
9meV for the lattice-matched MQW and this deceases 
with increased strain down to about 4meV for the x=0.58 
MQW. The value for the x=0.63 sample is slightly 
higher at 6meV. These values compare very favourably 
with similar structures grown on [100] InP. The precise 

indium composition (x) may vary from the nominal values 
due to the problems of indium desorption. This may 
explain why the MQW PL peak positions are not quite as 
predicted. At room temperature the PL FWHM are in the 
range 25-35meV. With increasing optical power the 
strained MQW's show a modest blue shift of up to 
20meV, a consequence of the internal piezoelectric field. 
In contrast the lattice matched sample retains a constant 
peak position with increasing incident intensity. 

Photocurrent measurements 

To investigate the effect of external bias the strained 
MQW structures were grown within the intrinsic region 
of a p-i-n diode structure. Fabricated 200um diameter 
mesa diodes exhibited reverse leakage currents as low as 
2nA at -10V, even for the most highly strained structure 
(x=0.63), although in this case the yield was extremely 
low (2-3 %) due to the high defect density. Under weak 
monochromatic excitation strong excitonic features are 
observed in the room temperature photocurrent spectra of 
these samples. Fig.5. shows the photocurrent spectra of 
the x=0.63 sample. Under the application of a few volts 
reverse bias the el-hhl exciton blue shifts by ~15nm. 
The shift saturates out at about -5V, a voltage consistent 
with our calculation of the internal piezoelectric field 
[12]. To our knowledge this is the first observation of a 
blue shift in the I^Ga^As/IüP material system and as 
such is an important demonstration of the piezoelectric 
properties of such QW's. 
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Fig.5 Room temperature photocurrent spectra from an InxGaj_ 
xAs/InP (x=0.63) MQW pin diode structure at different reverse 
bias values. 
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Due to the internal bias of the piezoelectric field, the rate 
of shift with applied voltage is greater than that expected 
for equivalent [100] structures. Between 0-1V the shift is 
~8nm/V, compared to ~3-4nm/V expected for similar 
[100] structures. With a zero bias exciton position at 
1535nm, close to that required for long wavelength 
optical communications, we believe these devices offer 
considerable potential for use as low voltage optical 
modulators. 
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Introduction 
Quantum dots are predicted to significantly improve the performance of electronic and 

optoelectronic devices[l]. Recently reported self-organized InGaAs quantum dots grown on 
GaAs substrates by molecular beam epitaxy (MBE) and metalorganic vapor phase epitaxy 
(MOVPE) techniques had uniform sizes, high spontaneous emission efficiencies, and quite 
high densities, not possible with artificially fabricated structures [2-4]. Thus, as a step, we 
would like to control the quantum size effect, as well as positioning or density of the dots. 
However, few studies have been done on the controllability of these factors. 

In our previous work, we reported the successful growth of 1.3 (im emitting (at 300K) 
Ino.5Gao.5As quantum dots on GaAs substrates using atomic layer epitaxy (ALE) 
technique[5]. This wavelength is quite important for optical device application. Further, 
ALE has the possibility of finely controlling the characteristics of quantum dots, because 
ALE has more growth parameters than other growth methods. 

In this paper, we investigate the photoluminescence (PL) emission characteristics of 
InGaAs/GaAs quantum dots emitting in the 1.3 pm region under various growth condition 
using the ALE technique. We demonstrate that the emission wavelength can be controlled by 
the number of ALE cycles and In composition of the buffer layer. We show the influence on 
emission characteristics of the supply sequence in ALE. 

Experimental 
Figure. 1 schematically shows the 

structure grown in this study. Typically, the 
quantum dots were grown on a 300-nm thick 
InxGai_xAs (0 < x < 0.1) buffer layer and capped 
by a 30-nm thick layer having the same 
composition as the buffer layer. The growth was 
carried out in a low-pressure MOVPE, RF-heated, 
chimney reactor. Our growth system was 
designed for pulse jet epitaxy which can grow 
self-limited III-V compounds under a wide range 
of conditions [6]. We used trimethylindium- 
dimethylethylamine adduct (TMIDMEA), 
trimethylgallium (TMGa), triethylgallium 
(TEGa) and 10% arsine (ASH3) diluted with 
hydrogen (H2) as source materials. TMIDMEA, 
TMGa, and TEGa were kept at 19.2°C, 3.0°C and 
17.0°C respectively. Substrates were exactly 
(OOl)-oriented GaAs. We grew InGaAs quantum 
dot structures under 2000 Pa. The source gases 
for group III and ASH3 were alternately supplied 
to the reactor with H2 carrier gas, separated by H2 
purging pulses. The buffer layer and cap layer 
were grown by conventional MOVPE at 460°C 
using TEGa. 

We used transmission electron 
microscopy (TEM) to evaluate the size and the 
positional distribution of the dots. Plan-view and 

cross-sectional TEM were carried out at 300 kV 
in the standard way after mechanical thinning of 
samples by Ar ion milling. In the plan-view 
samples, the ion milling was performed from 
both surface and substrate side. The optical 
properties of quantum dots were evaluated by 
photoluminescence (PL) at 300 K. A 647.1-nm 

lnxGa-|.xAs cap layer 

Ir^Ga^As buffer layer 

GaAs (001) substrate 

Figure 1   Sample structure used this work. 
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Kr+ laser was used to excite samples. PL 
emission was dispersed by a 50-cm 
monochrometer and detected by a PbS detector 
using a conventional lock-in technique 

Results   and   discussion 
1.  Temperature 

A growth temperature of 460°C which 
we used in our previous work gives distinct self- 
limiting growth of both GaAs and InAs[7]. 
However, since we did not know optimum 
temperature to fabricate high quality 
InGaAs/GaAs quantum dots, we investigated the 
relationship between growth temperature and 
emission characteristics of the dots. Figure 2 
shows the PL intensity dependence on growth 
temperature. In the case of growth temperature 
below 420°C, the PL intensity from the quantum 
dots is weak. This may be due to the low surface 
diffusivity of In atoms in the low temperature 
region [8]. However, in the case of growth 
temperature above 480°C, we think that there are 
two reason for the weak PL intensity. One is the 
high surface diffusivity of In atoms and the other 
is arsenic desorption from the growth surface 
during atomic layer epitaxy [9]. Thus, these 
results indicate that there is optimum growth 
temperature to fabricate high quality 
InGaAs/GaAs quantum dots. We found that 
optimum growth temperature was 460°C in our 
case. 
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Figure 4 Relationship between the 
number of ALE cycle and the in-plane dot 
diameter from TEM images. 

Figure 2     PL intensity dependence on 
growth temperature for quantum dots 

2. Number of ALE cycles 
Figure 3 shows the PL wavelength of 

quantum dots as a function of the number of ALE 
cycles. Reducing the alternate growth cycle 
number from 24 to 7 decreased the wavelength 
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from 1.4 to 1.3 u,m on a Ino.05Gao.95As buffer 
layer. Figure 4 shows the relationship between 
the cycle number of alternate supply and the in- 
plane dot diameter from TEM images. By 
changing the cycle from 9 to 24, we can control 
the in-plane diameter from 20 to more than 30. 
These results indicate that we can manipulate the 
dot size by changing the cycle number of alternate 
supply during growth. 

3.  Buffer  layer 
We investigated the influence of In 

composition of the buffer layer on the formation 
of InGaAs quantum dots. Figure 5 shows In 
composition of the buffer layer dependence of the 
PL wavelength. Increasing the In composition of 
the buffer layer from 0 (GaAs) to 0.1 
(Ino.1Gao.9As) increased the wavelength from 
1.3 to 1.45(im with 12 cycles of InAs/GaAs. We 
used TEM and energy dispersive x-ray analysis 
(EDX) measurements to evaluate the size and 
composition of InGaAs quantum dots. It was 
found that there was no difference in In 
composition of these InGaAs quantum dots from 
EDX results. The cause of wavelength variation 
is dot size variations rather than composition 
effects. Combining the above results for number 
of ALE cycles and In composition of the buffer 
layer, we can control the emission wavelength 
from 1.1 to 1.5 u.m. 

4.   Supply   sequence 
We also investigated the influence of 

emission characteristics on the supply sequence in 
ALE. Figure 6 shows plan-view TEM images of 

i 1 1 r 

GaAs sub. 

0 
-J I I L_ 

0.1 0.05 

In comp. of buffer layer 

Figure 5 PL wavelength of quantum 
dots as a function of In composition of 
buffer laver. 

quantum dots using a sequence of "TMIDMEA 
-> TMG -> ASH3" (A) and a sequence of "TMGa 
-> TMIDMEA -» ASH3" (B). It was found that 
the dot density using sequence A is higher than 
that using sequence B. Thus, the PL intensity of 
quantum dots using sequence A is stronger than 
that using sequence B. These results indicate a 
clear dependence of the formation of InGaAs 
quantum dots on the supply sequence in ALE. 

40nm 

(A) (B) 

Figure 6   Plan-view transmission electron microscopy image of quantum dots. 
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Summary 
We investigated the PL emission 

characteristics of InGaAs/GaAs quantum dots 
emitting in the 1.3 um region under various ALE 
growth conditions. We found that there is 
optimum growth temperature to fabricate high 
quality InGaAs/GaAs quantum dots. We 
demonstrated that the emission wavelength can be 
controlled by the number of ALE cycles and In 
composition of the buffer layer. Further, we 
showed the influence of emission characteristics 
on supply sequence in ALE. 
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Abstract 

Self-assembled quantum dots have been grown in the InP/GalnP material system on GaAs substrates. The 
different types of dots, differentiated by size, exhibit different luminescence features. In particular, peaks at 
1.82 eV and 1.57 eV have been observed. Two methods have been utilized to study emission from small 
regions of the sample: photoluminescence of samples with etched mesas, and cathodoluminescene of 
samples that have been thinned for electron microscopy. Results from both methods are discussed. 

Introduction 

Electron confinement in three 
dimensions (3D) for quantum structures implies 
novel features for semiconductor device and 
optoelectronic applications. The motivation to 
effectively obtain such structures arises from the 
promise for optical devices due to an inherently 
sharp density of states (DOS) as well as the 
switching or capacitance effects resulting from 
single electron loading for device applications. 
Previous attempts to process these structures 
have resulted in non-ideal structures. Recent 
experiments involving self-assembled quantum 
dots or islands have been developed via vapor 
phase epitaxy (VPE) and molecular beam epitaxy 
(MBE). These islands form as a means of strain 
energy reduction during the second stage of the 
the Stranski-Krastanov growth mode. Quantum 
structures grown by this method that exhibit 
interesting luminescence have been synthesised 
with InP on GalnP (1-4), InP on GaAs (5), 
In(Ga)As on GaAs (6-9), and AlInAs/AlGaAs 
(10). 

In this work, we examine the 
luminescence properties of InP quantum dots 
embedded in a GalnP layer. In particular, we will 
focus on luminescence emission from small 
regions. To acheive improved spatial resolution, 
we have utilized photoluminescence of etched 
samples and cathodeluminescence of thinned 
samples. 

Experimental   Details 

The samples used in this study were 
grown by atmospheric pressure metalorganic 
chemical vapor deposition (MOCVD). Two 
variations in sample structure were explored; they 
will be referred to as sample A and sample B. 
The InP layers were grown with an injected 
tertiarybutylphosphine partial pressure of 3.2 
Torr and an injected trimethylindium partial 
pressure of 0.014 Torr for sample A and 0.002 
Torr for sample B. The substrates were undoped 
singular GaAs(100). Susceptor temperatures 
ranged from 640° to 650° C. In all cases, the 
GalnP composition is lattice matched to GaAs. 
Additional growth details have been presented in 
previous reports (1,2). 

Sample A was grown as follows: 2000 
Ä of GalnP was grown on a GaAs substrate, 
followed by a 2.3 s deposition of InP. The InP 
layer was capped with a 300 A layer of GalnP. 
Sample B was grown as follows: a 1000 Ä 
GaAs buffer layer was grown on a GaAs 
substrate, followed by a 300 Ä layer of GalnP. 
InP was deposited for 9 s at a lower growth rate. 
The InP layer was capped with a 300 A layer of 
GalnP. 

The InP islands have been examined by 
atomic force microscopy and transmission 
electron microscopy (1,2). In brief, three types 
of islands are observed for these growth 
conditions. Small islands have a height of -30 
A and a base diameter of ~1200Ä.o Medium size 
islands have a height of -230 Ä and a base 
diameter of -1200 A. These medium islands are 
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Figure 1. Photoluminescence from sample A at 
1.4 K. The features at 1.819 eV (shoulder) and 
1.569 eV are attributed to the InP quanutm dots. 

cap-shaped and coherently strained. Large islands 
are observed which contain defects and often 
exhibit facets. The approximate densities are 1 
island/nm2 for the small islands, 2 islands/|J,m2 

for the medium island and < 0.1 islands/^m2 for 
the large islands. 

Photoluminescence (PL) was performed 
on samples submerged in pumped liquid helium. 
An argon ion laser was used as an excitation 
source at 4880 Ä with a typical power of 10 
mW. Luminescence was dispersed by a single 
grating monochromator and measured by a cooled 
GaAs photomultiplier. Cathodoluminescence 
(CL) was perform on samples attached to a cold 
finger cooled by liquid helium. Samples were 
placed in a scanning transmission electron 
microscopy and exposed to an electron beam 
acclerated with a 120 kV potential. 
Luminescence was collected by a parabolic 
mirror, dispersed by a double grating 
monochromator and measured by a cooled GaAs 
photomultiplier. 

To prepare samples for 
catholuminescence, we use mechanical grinding, 
dimple grinding, and a final thinning from the 
backside of the sample, a procedure commonly 
used to prepare samples for transmission 
electronic microscopy. For final sample 
thinning of samples, ion milling and wet 
chemical etches were used. By removing the 
substrate, there is less electron backscatter, 
leading to smaller lateral probe areas. To prepare 
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Figure 2. Cathodoluminescence of sample B at 
10 K. Note that the intensity axis is 
logarithmic. Heavy line indicates a spectrum of a 
thick sample and the light line indicates a 
spectrum of a sample that has been thinned and 
probed with a condensed electron beam. 

samples for reduced area PL, circular mesas, 3-36 
|J.m diamter were etched into the epilayers. To 
etch the GalnP and InP layers, 
HCl:CH3COOH:H202 in a ratio of 1:5:1 was 
used (10). 

Results   and   Discussion 

Broad area photoluminescence was 
performed to identify the features in the 
spectrum. As seen in Fig. 1, there are six 
primary features. The peaks at 1.513 eV and 
1.490 eV are the GaAs free exciton transitions 
and a GaAs acceptor-related transitions. The peak 
at 1.896 eV is the GalnP in the barrier layers. 
This corresponds to measurements on bulk 
samples grown under similar conditions. We 
attribute the peak at 1.873 eV to the InP 
quantum well formed during the two-dimensional 
stage of the Stranski-Krastanov growth mode 
(1,2). The peak at 1.819 eV is due to the small 
InP island and the peak at 1.569 eV is due to the 
medium island. These results are similar to 
those reported by Carlsson, et a/.(3) 

Although the two samples in this study 
are slightly different, the broad area luminescence 
results are similar.   The spectrum indicated by 
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Figure 3. Isolated InP Island Photoluminescence 
at 3K. Mesa diameter approximately 11-16 |J,m. 

the thick line in Figure 2 is the 
cathodoluminescene from sample B. The GaAs 
features are reproduced and the feature at 1.9 eV is 
due to the GalnP layers. The broad luminescence 
peaks are present at 1.80 eV for the small island 
and 1.56 eV for the medium islands. Two 
additonal features are seen in the 1.42 -1.48 eV 
range which we currently can not explain. 

Looking at the CL spectrum for the 
thinned sample in Fig. 2, the peaks related to the 
GaAs and the low energy peaks are not present 
and the peak for the GalnP is much less intense. 
For the quantum dot peaks, we see that the peaks 
are narrower. The narrowing can be explained by 
discrete peaks from an ensembles of dots. 

With these self-assembled quantum dots, 
there is some variation in the size of the dots. 
This size variation will lead to a variation in the 
energy levels. A range in energy levels leads to a 
broad luminescence feature. If a smaller region 
of the sample is excited , a smaller ensemble of 
dots will be probed. In the limit of this case, 
emission from a handful of dots should appear as 
several narrow peaks. 

Isolation of the InP islands in etched 
mesas have produced luminescence with slightly 
improved features. Full width at half maximum 
(FWHM) have been seen to decrease with size of 
the mesas used. Figure 3 illustrates the the wide 
emissions obtained due to high excitation powers 
used on the mesas. Island peaks at 1.61, 1.75, 
and 1.85 eV. 

Figure 4 shows spectra from a thinned 
region of sample B. Althougth the signal is 
weak with respect to the noise, several features 
can be resolved. The largest feature at 1.825 eV 
has a FWHM of 8.5 meV.   Other features have 
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Figure 4. Cathodeluminescence from a thinned 
region of sample B at 10 K. Due to the weak 
signal, two spectra from the same spot are shown 
to help discern luminescence from the noise. 

similar widths. In comparison with Marzin, et 
ai, (9) who oberved 0.1 meV wide features, we 
believe we may still be observing emission 
feature from several dots. 

Nishi, et. al., (12) calculated the band 
structure for a spherical InP quantum dot 
embedded in a GalnP matrix by analytical and 
finite element methods. For the unstrained case, 
GalnP/InP/GalnP is a type I heterostructure, with 
both electrons and holes spatially confined in the 
InP. Taking into account the strain effects, the 
conduction band edge increases by 0.19 eV and 
the valence band edge decreases by 0.11 eV. The 
net result is that the InP dot will have a 
calculated bandgap of 1.65 eV (not considering 
quantum confinement), with a conduction band 
offset of 0.17 eV and a valence band offset of 
0.21eV (for the lower valence subband). We 
have observed luminescence from dots at energies 
not only above the bandgap, as expected for 
quantum confined structures, but also below the 
the band gap. Additional studies, both 
experimental and theoretical, are needed to address 
these points. 

Summary 

Self-assembled quantum dots of InP 
embeded in a GalnP matrix exhibit promising 
luminescence features. By using etched mesas 
and thinned samples, improved spatial resolution 
has been achieved. 

309 



Acknowledgements 

The authors gratefully acknowledge 
financial support by QUEST, an NSF Science 
and Technology Center for Quantized Electronic 
Structures (grant no. DMR 91-20007), by a NSF 
Materials Synthesis and Processing Grant 
(#9202290) (SPD), 

References 

CM. Reaves, V. Bressler-Hill, M. 
Krishnamurthy, S. Varma, P.M. Petroff, 
W.H. Weinberg, and S.P. DenBaars, Sixth 
Conference on Indium Phosphide and Related 
Materials, 27-31 March 1994, Santa Barbara, 
CA, United States, 611-614; CM. Reaves, 
V. Bressler-Hill, S. Varma, W.H. Weinberg, 
and S.P. DenBaars, Surf. Sei., in press. 
S.P. DenBaars, CM. Reaves, V. Bressler- 
Hill, S. Varma, W.H. Weinberg and P.M. 
Petroff, J. Crystal Growth, 145, 721-727 
(1994). 
N. Carlsson, W. Seifert, A. Petersson, P. 
Castrillo, M. E. Pistol, and L. Samuelson, 
Appl. Phys. Lett., 65, 3093-3095 (1994). 
A. Kurtenbach, K. Eberl, and T. Shitara, 
Appl. Phys. Lett., 66, 361-363 (1995). 

5. J. Ahopelto, A. A. Yamaguchi, K. Nishi, 
A. Usui, H. Sakaki, Jpn. J. Appl. Phys., 
32, L32-L35 (1993). 

6. D. Leonard, M. Krishnamurthy, CM. 
Reaves, S.P. DenBaars, and P.M. Petroff, 
Appl. Phys. Lett, 63, 3203-3205 (1993); 
D. Leonard, M. Krishnamurthy, S. Fafard, 
J.L. Merz, and P.M. Petroff, J. Vac. Sei. 
Technol.,B 12, 1063-1066 (1994); D. 
Leonard, S. Fafard, K. Pond, Y.H. Zhang, 
J.L. Merz, and P.M. Petroff, J. Vac. Sei. 
Technoi, B 12, 2516-2520 (1994). 

7. P. Chen, Q. Xie, A. Madhukar, L. Chen, 
and A. Konkar, J. Vac. Sei. Technoi., B 
12, 2568-2573 (1994). 

8. J. Oshinowo, M. Nishioka, S. Ishida, and 
Y. Arakawa, J. Crystal Growth, 145, 986- 
987 (1994). 

9. J.-Y. Marzin, J.-M. Gerard, A. Izael, D. 
Barrier, and G. Bastard, Phys. Rev. Lett., 
73, 716-719 (1994). 

10. S. Fafard, R. Leon, D. Leonard, J.L. Merz, 
and P.M. Petroff, Phys. Rev., B 50, 8086- 
8089 (1994). 

11. J.R. Flemish and K.A. Jones, J. 
Electrochem. Soc, 140, 844-847 (1993). 

12. K. Nishi, A.A. Yamaguchi, J. Ahopelto, A. 
Usui, and H. Sakaki, J. Appl. Phys., 76, 
7437-7445 (1994). 

310 



Optical properties of self-organized InGaAs/InP dots 
J. Ahopelto 

VTT Electronics, Otakaari 7 B, FIN-02150 Espoo, Finland 

H. Lipsanen and M. Sopanen 
Optoelectronics Laboratory, Helsinki University of Technology, Otakaari 1, FIN-02150 Espoo, Finland 

WP61 

The possibility to tune the emission wavelength and to reduce the linewidth of self-organized dots is stu- 
died. Thin layers of In^Ga^As was selectively deposited on nanoscale InP islands on (100)GaAs. A tun- 
ing range of 100 meV was achieved for the emission from the dots. Also, a minimum FWHM of 
8.5 meV was measured from an ensemble of dots, showing that the heteroepitaxial layer on the islands 
tends to homogenize the active volume of the dots. 

Introduction 

Utilization of lattice mismatch-induced 
3-dimensional growth to form coherent nanoscale islands 
provides a means to fabricate quantum dot structures with 
a relative ease. The properties of such dots are deter- 
mined, besides by the size, by the strain and the composi- 
tion of the dots. The main difficulty in the utilization of 
self-organized dots is the inhomogeneous broadening due 
to a finite size distribution. Although very narrow photo- 
luminescence (PL) peaks have been reported originating 
from single dots [1], the ensemble line width of such dots 
is relatively broad, of the order of 50-80 meV [1-3]. Nar- 
rower line widths have been reported from InP dots 
grown by molecular beam epitaxy [4] and from dots 
grown on (311)B surfaces [5].The inhomogeneous broad- 
ening may limit the use of the self-organized dots in de- 
vice applications. 

The two difficult tasks to be solved concerning the 
self-organized dots are the minimization of the size inho- 
mogeneity of the dots and the controllability of the emis- 
sion wavelength. These requirements may be exclusive if 
the dots are formed from a single material composition. It 
was recently shown that it is possible to grow selectively 
heteroepitaxial layers on nanoscale islands to form "het- 
erodots" [6]. In this work we have studied two series of 
such heterodots with different sizes. By using the struc- 
ture the inhomogeneous broadening can be reduced and 
the tunability of the properties of the dots can be 
achieved. The approach relies on the above mentioned se- 
lectivity and to the tendency of the island size to saturate 
to a certain growth conditions-dependend value. 

Experimental 

The two structures studied in this work are schemati- 
cally shown in Fig.l. The structures were grown by atmo- 
spheric pressure metalorganic vapor phase epitaxy 
(MOVPE)        using        trimethylgallium        (TMGa), 

GaAs 

311 

GaAs 

Fig. 1 The two structures studied in this work shown 
schematically. The structure "A" is shown in (a) and 
the structure "B" in (b). 

trimethylindium (TMIn), tertiarybutylarsine (TBAs) and 
tertiarybutylphosphine (TBP) as source materials. As sub- 
strates 2°-off (100)GaAs wafers were used. 

The structure "A" (Fig. 1(a)) consisted of very shal- 
low InP islands, rather like an undulating wetting layer, 
and of few larger, partially relaxed islands. To grow such 
a  structure,   2-3  monolayers  (ML)  of InP  was  first 



deposited at a rate of 0.25 ML/s. Various amounts of 
In^Ga^As was then deposited on this surface at a rate of 
0.5 ML/s. For optical characterization the islands were 
capped with a layer of GaAs. Strained quantum wells 
(QW) without the InP islands but with the same amounts 
of In^Ga^As were grown for reference. All the "A" 
structures were grown at 650 °C. 

The structure "B" (Fig. 1(b)) consisted of well devel- 
oped InP islands with various amounts of In,, 3Ga0 3As on 
top of the islands. The InP islands were first formed by 
depositing 3-4 ML of InP at 620 °C at a deposition rate of 
1.7 ML/s. The temperature was then increased to 650 °C 
and various amounts of In,,3Ga03As was then deposited at 
rates of 0.5-3.4 ML/s. For optical characterization the is- 
lands were capped with a GaAs layer grown at 580 CC. 

The size of the islands was obtained from atomic 
force microscope (AFM) images measured from samples 
without the GaAs cap layer. The PL measurements were 
performed at 12 K with a liquid nitrogen-cooled Ge detec- 
tor using the 488 nm line from Ar+-ion laser for 
excitation. 
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Results 

The deposition of InP on GaAs results in formation of 
small islands due to lattice mismatch-induced 
3-dimensional growth [6,7]. The size and density of the 
islands can be controlled by the growth parameters. The 
growth temperature and the deposition rate have a strong 
effect on the island size and density. At low deposition 
rate more like an undulating wetting layer is formed in- 
stead of distinct islands. By increasing the deposition rate 
the island formation is enhanced. At higher rates homo- 
geneous islands are formed and the deposition tempera- 
ture determines the height of these islands. This 
phenomenon is utilized in this work in forming the het- 
erodots. In addition to the homogeneous islands, larger 
islands are formed at areal densities two to three orders of 
magnitude lower than the density of the homogeneous is- 
lands. Details of the island formation dependence on the 
growth parameters will be published elsewhere [8]. 

Structure "A" 

Deposition of InP on (lOO)GaAs at 650 °C at low de- 
position rate results in formation of a structure with undu- 
lating surface consisting of 2 to 3 ML high and 50 nm 
wide islands. The areal density of these small islands is 
close to 1010 cm"2. In addition to these shallow islands, 
larger islands are formed. These are 300-500 nm wide 
and 100-150 nm high with an areal density of 107 cm"2. 
The large islands are at least partially relaxed [9]. 

The deposition of In03Ga03As on this surface results 
in increase in the height of the undulation. For example, 
3 ML of In^Ga^As increases the height of the shallow 
islands to 4-5 ML, suggesting that the growth occurs pref- 
erentially on top of the islands. 
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Fig. 2 PL spectra from the structure "A" samples 
with various amounts of In^Ga^As (a). PL spectra 
from the corresponding QW samples (b). Peak posi- 
tion and FWHM as a function of the In^Ga^As 
thickness for the "A" samples (circles) and QW sam- 
ples (squares) (c). 



In Fig. 2(a) are shown PL spectra taken at 12 K from 
samples with various amounts of In„ 3Ga„ 3As. The nomi- 
nal deposited thickness is shown beside each spectrum. 
The peak I is assigned to the emission from the shallow 
islands and the peak n is related to the partially relaxed 
islands. In Fig. 2(b) are shown the PL spectra from the 
reference strained QW's with the same amounts of 
In^Ga^As as in the samples in 2(a).In Fig. 2(c) are 
shown the peak position and full width at half maximum 
(FWHM) values as a function of deposited In03Ga03As 
layer thickness for both of the structures. As can be seen, 
the emission wavelengths of the dot samples (stucture 
"A") are redshifted from the corresponding QW peaks 
and the wavelength can be timed in the range of 
1.3-1.4 eV. The FWHM varies from 15 to 25 meV, being 
smaller than the corresponding QW value in the inter- 
mediate range of the In^Ga^As thicknesses. 

Structure "B" 

At higher InP growth rates distinct islands are 
formed with the height of the homogeneous islands de- 
pending on the deposition temperature. The height of the 
InP islands grown at 620 °C saturates to 18-20 run. The 
areal density is 3*109cm"2. At 650 °C the saturation 
height is 24-26 nm. In Fig. 3(a) is shown an AFM image 
of InP islands on (100)GaAs 2°-off substrate grown at 
620 °C at the growth rate of 1.7ML/s. In Fig. 3(b) is 
shown an AFM image of the structure in Fig. 3(a) after 
the deposition of 1 ML of In^Ga^As at 650 °C. The 
height of the homogeneous islands is increased to 22-26 
nm which corresponds roughly to the saturated height of 
the InP islands grown at 650 °C. In addition to the homo- 
geneous islands, 60-100 nm high islands are formed at a 
density of 107 cm"2. The increase in the height of the is- 
lands corresponds roughly to the amount of the deposited 
In0 jGao 5As, assuming that the surface coverage of the is- 
lands is around 5 %. After the deposition of 2.1 ML of 
In^Ga^As, the height of the homogeneous islands is 
25-28 nm and the height of the larger islands is increased 
to 100-150 nm. When the amount of the deposited 
In,, jGa^As is increased to 3.5 ML, the height of the ho- 
mogeneous islands increases to 27-30 nm. Also the densi- 
ty of the larger islands increases. The results suggests that 
the size of the homogeneous islands tend to saturate and 
the extra material is incorporated into the large islands. 

PL spectra from these heterodots with various 
amounts of In^,^Ga^As are shown in Fig. 4. The spectra 
from samples containing the In^Ga^As layers have four 
peaks, labeled as I, n, III and IV. The peak I comes from 
the GaAs cladding layers. The peak II originates from the 
wetting layer (cf. the emission I from the structures "A", 
Fig. 2(a)). The peak does not shift with the increasing 
amount of the deposited Ii^ fia^ 3As, like in the case of 
the structure "A", because the extra material is incorpo- 
rated into the islands. The peak III is assigned to the 
emission from the In,; 3Ga0 3As layer on top of the InP is- 
lands. If the In^Ga^As grew homogeneously over the 
surface, the wetting layer emission (peak II) would have 

^^H^ra^^sHHM 
.;.>■*•■*                v.. ■ 

L.   '*'■;'.               •"/.'♦.-?: 
:•:■     S'            ■*■:■:■-"*• 

^  ♦■ * y'V:-. *** .* 
'*'..:;-+Ä' ■+-        -v •*      fl 

\..-. vi-     .v:     ;<;: 

v:¥:;:'     .vV     :¥„  *   .- 
■;*>'    ■&   <*~   *i v-r                 :■: * 

-:?   ■*■:£. 
* *? ?* r 

:*V *' ***    >$ 

^.   *  ; 

?;   ** :?    * p. ~ V v **%* Jv» r *■ % : 
*   ¥■   *     * * *    s* ■■■' ? ■% *»r»« .*  ~- *■. » ■ 

ü       * JR" *■~   *■ *■*     ?""  •*■" * **   J' 
*        ~     ^     *          *             r.    i   ''                *                *         *    'vi                     ": 

%.     ft       *: v           x*>i    *   *-  *   ^       *   ^   :•:    :>, A:       ■ £ i,* 

JMI»:       *■***$?%'*"»              If* 
.»?•       -»**   *          *»   ■**■>•♦■.*-■■><:        * *      ».     K:S. 

":     '■■         :<! & *'    f     *               »„      ■<■■                        %     *       ** 

Fig. 3 AFM images (5><5 (xm2) of InP islands on 
(100)GaAs grown at 620 °C (a), and of nominally 
1 ML of In^Gao 3As grown at 650 °C on top of InP 
islands similar as shown in (a), (b). The double 
images of the islands in (b) are due to the AFM tip. 

shifted towards lower energies. Also, the peak III would 
probably have merged with peak II in that case. The ori- 
gin of the peak IV is a type II emission from the 
InP/GaAs interface in the bottom of the islands, as sug- 
gested by strain distribution calculations using finite ele- 
ment method (FEM). This means that the sites where the 
radiative transitions III and IV occur are spatially sepa- 
rated. A weak emission at around 1.3 eV can be observed 
form the sample with 3.5 ML of In03Ga03As, correspond- 
ing the emission from partially relaxed islands in the 
structure "A" (peak II in Fig. 2(a)). 

The FWHM values of the peak III in Fig. 4 are 
8.5-9.5 meV These values are about half of the FWHM 
values of the structure "A" and only twice as large as the 
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Fig. 4 PL spectra from structure "B" samples with 
various amounts of In^Ga^As. The numbers on the 
left hand side of each spectrum corresponds to the 
nominal, 2-dimensional thickness of the deposited 
In„ 3Gao 5As layer. 
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FWHM of the peaks from the reference QWs with similar 
amounts of In,, jGa^As. This narrowing can be partially 
attributed to the thicker In^Ga^As layers in the struc- 
tures "B". 

Summary 

In this work the possibility to tune the emission 
wavelength and to reduce the emission linewidth of self- 
organized dots by selective heteroepitaxy by MOVPE was 
studied. Various amounts of In^Ga^As was deposited on 
two different types of nanoscale InP islands, grown on 
(100)GaAs. The two types consisted of very shallow is- 
lands with the height of the order of 2-3 ML or well de- 
veloped islands with the height of 18-20 run. A tuning 
range from 1.3 to 1.4 eV was achieved for the emission in 
the case of the shallow islands. The minimum FWHM 
was 15 meV for these structures. The FWHM was de- 
creased to 8.5 meV when In^Ga^As was deposited on 
the 18-20 nm high InP islands. This small value show 
that it is possible to homogenize the emitting volume in 
the self-organized dots. 
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Photo luminescence experiments on strained InAso.48P0.52/InP quantum wires show that the wire- 
width-dependent blue shift of th< transition energy is remarkable larger than the blue shift in lattice 
matched quantum wires. With m gneto-luminescence measurements we are able to prove that lateral 
confinement effects only partly is le origin of the observed blue shift. The other part comes from the 
strain energy which is wire width dependent in spite of a constant lattice-mismatch. Our experimental 
result are quantitatively supported by theoretical calculations. 

Introduction 
Two-dimensional confinement of carriers in quantum 

wires (QWW's) is an important phenomenon, both from a 
fundamental and applied point of view. The confinement in 
two or three directions is expected to give rise to sharp 
peaks in the electronic density of states.1 This should lead 
to an improved performance of semiconductor lasers due to 
a narrower gain spectra.2 Ideally strained QWW lasers are 
expected to have the performance enhanced relative to 
lattice-matched QWW lasers due to a decreased coupling in 
the valence band and a reduced non-parabolicity.3 

Epitaxial growth of semiconductor structures consisting 
of alternating layers of lattice mismatched (strained) 
materials makes it possible to modify the original bulk band 
structure in the semiconductor, i.e. tailor the conduction 
band and the three valence bands separately. However, in 
the case of strained QWW's, due to the lattice mismatch 
between the wire and the lateral barrier, QWW's are not 
only strained biaxially as me quantum well film (QWF), but 
also in the growth direction. This has been treated 
theoretically for compressively strained InGaAs/GaAs 
QWW's.4 The problem was treated assuming a three- 
directional hydrostatic pressure where the wire region is 
completely compressed by the barrier on all sides. This 
compression is believed to make the critical thickness of the 
wire smaller than in the quantum well case, since the strong 
three-dimensional compression will introduce relaxation 
through dislocations.4 An ideal three-dimensional 
compressively strained quantum wire would be insensitive 
to the wire size as the strain is uniform in the wire. 
However, recent experimental results on compressively 
strained Ino.2Gao.8As/GaAs QWW's have shown that the 
strain distribution can be non uniform in QWW's and that 
an ideal three-directional compressive strain is not realistic 
for quantum wires with a large cross-sectional aspect ratio.5 

By cross sectional transmission electron microscopy it was 
found that the wire sidewall was under a large compressive 
strain in the growth direction in comparison to the centre of 
the wire. This distortion from the additional compressive 
strain from the barrier had a detected extension in the order 
of 100 Ä into the wire. Due to this the lateral barrier 
material near the side wall was under a vertical tensile 
strain by the Ino.2Gao.8As wire.5 

The quantum wires used in this study are fabricated 
through e-beam lithography, selective wet-etching of a 

strained InAso.48P0.52/InP QWF. This technique provides 
the ability to vary the lateral width of the wire without 
affecting the wire composition. To probe the electronic 
structure in these strained QWW's we apply a magnetic 
field perpendicular to the lateral wire potential. The 
magnetic field generates a lateral harmonic potential where 
the confinement strength can be varied with the magnetic 
field strength. In the quantum well case, this potential will 
generate Landau levels, with a linear energy shift with an 
increasing magnetic field. However, for QWW's the lateral 
wire confinement potential is coupled to the magnetic 
potential, and the magnetic field induced potential has to 
dominate the lateral potential to be able to generate similar 
Landau level states as in a QWF. Therefore, a gradual 
change from wire confinement into magnetic confinement 
can be observed as the lateral subband states merge into 
Landau levels states (centred in the middle of the wire) at 
high fields. We have recently studied this effect in lattice- 
matched InGaAs/InP quantum wires (fabricated in the same 
way as the Ino.53Aso.47P/InP QWW's) and can therefore 
make an accurate comparison between lattice-matched and 
strained QWW's to sort out the strain effects on the 
electronic structure.^ 

Experimental details 
The QWW's fabricated through e-beam lithography, 

selective wet-etching and overgrowth (similar to the 
fabrication technique presented in ref. 8). The original 
structure is a 50 Ä thick compressively strained (-1.5 %) 
single InAso.48Po.52/InP QWF. The QWF was grown by 
chemical beam epitaxy on a (001) InP substrate.9 The resist 
pattern on top of the sample was formed by electron beam 
lithography in the (110) direction. 

The high magnetic field measurements (28T) were 
performed in the Faraday configuration using a 10 MW 
hybrid magnet at Grenoble High Magnetic Field 
Laboratory. The sample was excited using the 514.5 nm 
line from an Ar+-ion laser. The laser light was coupled to 
the sample through an optical fiber with a core diameter of 
approximately 600 micrometer. The luminescence was 
collected with the same fiber, dispersed by a Jobin-Yvon 
single grating spectrometer and detected with a cooled Ge 
detector using a conventional look-in technique. The 
excitation power level was approximately 5 W/cm2. The 
experiments were performed at low temperature, 2 K. 
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Experimental results and discussion 
The zero-magnetic field PL spectra of the strained 

InAso.48p0.52/InP QWW's show a clear blue shift which is 
increasing for narrower QWW's as seen in Figure 1 (a). 
This is well documented in the literature and is due to the 
increased lateral confinement as the wire width becomes 
narrower. However, the striking result is that this blue shift 
still remains at high magnetic field strength, as seen in 
Figure 1 (b) and (c). This effect can also be seen in Figure 
2, which is showing die energy position as function of 
magnetic field strength.   The arrows indicate where the 
cyclotron orbit diameter d   = 2VÄ(2n + l)/eB   is the 

same as the wire width. This field is usually used as an 
approximate "turning point" from lateral quantum wire 
confinement to magnetic confinement. However, it is only 
at magnetic fields higher than this "turning point" where the 
shift of the transition energies is similar to the shift in the 
QWF reference, where the magnetic confinement can be 
considered to completely dominate the lateral confinement. 
The energy separation between different QWW's and the 
QWF at high magnetic field strength is in sharp contrast to 
the results for lattice matched Ino.53Gao.47As/InP QWW's. 
There the energy separation between different QWW's is 
quenched in a high magnetic field. This can be seen in 
Figure 3 where the energy separation of the lowest subband 
between a 200 Ä and a 350 A wide InGaAs/InP QWW as a 
function of magnetic field strength is shown. It can clearly 
be seen that the energy separation is decreasing towards 
zero as the magnetic field strength is increased. The 
absence of any energy separation above 15 T is indicating 
that the lateral wire confinement is quenched by the 

magnetic confinement, and that the electronic states in the 
wire have merge into Landau states. However, when 
plotting the energy separation between a 230 Ä and a 550 Ä 
wide strained InAsP/InP QWW's (Fig. 3), we observe a 
similar decrease and flattening at high field strength, but the 
energy separation saturates at a large finite energy value at 
high fields. We interpret this large finite energy value to be 
due to the compressive strain from the lateral barrier. In 
Figure 4 we plot the energy separation between the 
luminescence peak of the 230 Ä and 550 Ä wide strained 
InAsP/InP QWW's and the reference QWF. From these 
results we can see that the strain induced shift is larger for 
narrower wires, indicating that the relative distortion by the 
additional compressive strain is larger in narrower wires. 
For QWF's the in-plane strain is determined from the bulk 
lattice constant of the substrate as, and the epitaxial layer 
aL, by e//= as/aL-1 (for InAso.48Po.52/InP this gives a 
compressive strain e// equal to -1.5 %). Since the QWF is 
not subjected to any additional strain in the growth 
direction, the strain component in the growth direction, e±, 
for a (001) interface is proportional to 8j_ = -2(Ci2/Cn)e// 
where Cn and C12 are the elastic constants.9 For the 
InAso.48Po.52/InP QWF, e_L is equal to +1.67 %. For 
strained quantum wires, an additional compressive strain 
due to the lateral barrier will decrease ex and thereby 
increase the total hydrostatic compression through the 
fractional volume change equal to 2g//+ej_. This increased 
hydrostatic compression gives via a product with the 
deformation potentials an increased bandgap. As an 
arbitrary stress can be treated as superposition of 
hydrostatic- and shear-strain, one also has to consider the 
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Figure 1. Magneto-luminescence spectra of strained 
InAso.48PO.52/InP quantum wires (230 A and 550 A wide) 
and quantum well film reference at zero field (a), at 15 T 
(b), and at 28 T (c). 
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effects from the distortion of ej_ in the shear strain to be 
able to estimate the energy split between the light and 
heavy hole band and the final band line up.10 In a first 
order approximation the split is proportional to -2(zj_-t//)M 
For a compressively strained InAso.48Po.52/InP QWF with 
(001) interfaces the distortion in t± will shift the topmost 
valence band downwards (blue shift of the band gap) and at 
the same time reduce the energy split between the heavy 
and the light hole bands. A reduced split between the heavy 
and the light hoie bands will increase the coupling between 
these bands. However, in quantum wires there is an 
increased mixing between light and heavy hole character in 
valence band states as these states are linear combinations 
of bulk states with both kx and ky non-zero.12 This mixing 
has a large impact on the reduced hole mass in the valence 
band in QWW's,13 and therefore also for the confinement 
energy. The shear strain will not affect the conduction band. 
A non-uniform strain distribution induced by a Stressor on 
top of a QWF-structure has previously been used to create a 
one-dimensional confinement potential (tensile strain under 
the mask and compressive at the edge of the mask).14 The 
total lateral confinement potential induced by the strain 
gradient was in that case rather modest (-10 meV) and the 
width was 180 nm. However, it is important to notice that 
in the case of strained InAso.48Po.52/InP QWW's, we 
observe a similar enhancement of the confinement potential 
due to the compressive strain by the lateral barrier. This 
means that the lateral wire confinement potential for the 
QWW's should be considered somewhat harmonically 

shaped rather than rectangular shaped, as for lattice 
matched Ino.53Gao.47As/InP QWW's. This will, beside a 
blue shift at zero field, also affect the transition energy shift 
in the magnetic field. To separate the lateral confinement 
and the strain effect on the blue shift we have numerically 
calculated the elastic problem. The energy levels in the 
wires are evaluated by using the calculated strain in the k-p 
method, including non-parabolicity for the conduction band 
and excitonic effects. The details of the calculations will be 
presented elsewhere.15 The calculated energy values of the 
lateral confinement and the strain induced shift are listed in 
table 1, together with the experimental results. A very good 
agreement between the calculated and experimental values 
is obtained. 

Wire width 
(Ä) 

Confinement 
(meV) 

ext).          theor. 

Strain 
(meV) 

exp.         theor. 

550 

230 

2 

6 

1 

9 

4              8 

25            23 

Table 1. Experimental and theoretical values of the lateral 
confinement- and strain-induced energy shift in strained 
InAso.48PO.52/InP quantum wires. 
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Conclusion 
By magneto-lumonescence measurements we have been 

able to probe the electronic states in compressively strained 
InAso.48Po.52/InP QWW's and separate strain- and 
confinement-induced blue shifts of the bandgap. The 
identification of the strain-induced shift is done through a 
comparison with measurements on lattice-matched 
Ino.53Gao.47As/InP QWW's. The results show that the 
strain distribution is non-uniform and wire-width- 
dependent. Calculations based on a numerical solution of 
the elastic problem show a very good agreement with the 
experimental results. The distortion of the strain 
distribution is induced by the lateral barrier and therefore 
has a larger impact on the central region of the wire for 
narrower wires. 
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1. Introduction 
InP and related compound semiconductors are 

key materials for both electronic and photonic 
devices in optical fiber communication. There 
are three techniques which can produce the high 
quality compound films and their MQWs: 
MOCVD, MOMBE, and GSMBE. Although 
nowadays MOCVD is the primary technique, 
MOMBE, alternatively called CBE, can produce 
many kinds of excellent performance devices 
such as APD, HBT, DBR-LDs, and DFB-LDs 
for 1.5 um wavelength [1,2]. 

MOMBE growth of InGaAsP and their 
MQWs have been studied by many researchers. 
For quaternary compositions, the growth 
conditions have been established for the films 
covering the 1.0 to 1.6 urn wavelength range 
[3]. For MQWs, InGaAs/InGaAsP MQWs 
have been most extensively studied for 1.5 urn 
wavelength laser diodes [4]. 
InGaAsP/InGaAsP and InAsP/InGaAsP 
MQWs have been recently investigated for 1.3 
urn wavelength communication [5]. 

In MOMBE, metalorganic materials and 
hydride gases are used as group III and V 
sources, respectively. The same sources are 
used in MOCVD. Many growth parameter 
dependencies of MOMBE films are close to 
those of MOCVD rather than MBE. One of the 
typical examples is selective area growth using 
dielectric masks. In this paper, we describe the 
MOMBE growth features of InGaAsP and their 
MQWs compared with those of MOCVD, and 
introduce recent MOMBE topics for 
optoelectronic devices. 

2. Growth conditions 
Figure 1 shows a schematic diagram of the 

MOMBE apparatus with three chambers. The 
growth chamber is indirectly connected with the 
entry lock chamber to avoid water and oxygen. 

Source materials are installed in the gas cabinet. 
Triethylgallium and trimethylindium as group III 
sources are mixed in a lOOC-heated gas cell. 
Arsenic and phosphine are mixed and thermally 
cracked in a 900C-heated cell. Each flux intensity 
is adjusted using pressure controllers before 
introducing them in the cells. Some researches use 
massflow controllers. As for dopants, elemental 
sources are most often used: Sn and Si for n-type 
doping and Be for p-type doping. Gaseous 
dopants such as TESn and DEZn are also 
successful for devices [6]. A new precursor of 
Cp2Mg is promising due to its lower diffusive 
property than Zn [7]. 

Substrate temperature is monitored using a 
pyrometer and calibrated using the InSb melting 
point as 525C. Although small substrates are often 
glued to a molybdenum holder using indium, two- 
inch wafers are usually mounted in an indium-free 
holder. 

The flux distribution at the wafer surfaces is 
determined primarily by the design of the diffuser 
plate at the outlet of the gas cells. Proper design of 
the diffuser leads to a highly uniform flux profile. 
In fact, Ando et al. reported that using their 
original growth chamber, in which three wafers 
with 3-inch diameters could be mounted on a 
holder, the thickness uniformity of AlGaAs and 
InGaP films was less than 2% for the three wafers 
[8]. 

3. Growth characteristics 
3.1 InGaAs 
Figure 2 shows the growth rate of the InGaAs 

layer as a function of substrate temperature [9]. 
The growth rate increases gradually as the 
temperature increases in the 450-500C range, 
remains almost constant between 500 and 550C, 
and drastically falls above 570C. Auger analysis 
revealed that the InAs growth rate in the InGaAs 
layer is constant over the entire temperature range 
and that the GaAs growth rate variation is 
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responsible for the InGaAs growth rate change. 
Detailed study of the InGaAs lattice constant 
revealed that the lattice mismatch Aa/a varied 
with the temperatures by -0.7x10"4/C in the 
limited range from 510 to 520C. 

3.2 InGaAsP 
Figure 3 shows the PL peak wavelength of a 

single InGaAsP layer ( equivalent wavelength 
=1.3 urn) as a function of growth temperature 
[10]. In the range from 490 to 525C, the 
wavelength gradually decreases with increase in 
temperature. The wavelength jumps at 535C, 
which is attributed to the lack of surface group 
V atoms because of the high temperature. The 
wavelength and lattice mismatch vary with 
temperature below 520C by -3 nm/C and - 
2.5xlO"VC, respectively. That is, the 
composition of InGaAsP is no less sensitive to 
growth temperature than that of InGaAs. In 
spite of the temperature sensitive nature, very 
uniform composition of 1.3 um- and 1.5 urn- 
wavelength InGaAsP has been accomplished by 
precisely controlling the temperature. 
Specifically, a 1.4-nm standard deviation of the 
PL wavelength is achieved across a 2-inch 
wafer  [11].  The  run-to-run   control   of  the 

InGaAsP composition is ±3 nm in wavelength. 
It should be noted that quaternary wavelength 
in MOCVD varies with temperature by -2.7 
nm/C due  to  the  phosphine   decomposition 
change. Therefore,  temperature control  with 

accuracy of +1C is needed, irrespective of 
growth methods that use metalorganics as 
group III sources. 

Recently, InGaAsP growth using TIBGa in 
MOMBE has been shown to be less sensitive to 
growth temperature than TEGa. Application to 
devices, however, has not been reported yet 
[7]. 

3.3 InGaAs/InGaAsP MOWs 
MOMBE is expected to produce MQWs with 

sharp interfaces because of its fast flux 
switching and high vacuum. TEM, X-ray 
analysis, and PL measurement have revealed 
that the interfaces are greatly influenced by 
group V ambient gas during growth interruption 
rather than switching speed. By optimizing the 
growth sequence, the interfaces in 
InGaAs/InGaAsP MQWs are reduced to about 
two monolayers. Very narrow PL FWHM of 
5.3 meV at 4K has been obtained for the 
InGaAs layer thickness of 45 A [12]. 

3.4 InAsP/InGaAsP MQWs 
Strained MQWs are of great interest from the 

point of view of both academic study on critical 
thickness an better performance of laser 
characteristics.     InAs0.5P0.5-MQWs      include 
compressive strain of 1.5% and have a PL peak 
at 1.3-um wavelength. 

Figure 4 shows the PL intensity variation of 
InAsP MQWs with the number of wells grown by 
MOMBE [5]. The MQWs consisted of 55-A-thick 
InAs0.5P0.5 wells and 110-A-thick InGaAsP 
barriers. The PL intensity gradually increases with 
the well number from two to ten wells and falls at 
14 well. In MOCVD, however, the InAsP MQWs 
with more than four wells deteriorated in structure 
due to the highly strained InAsP layers [13]. That 
is, the critical thickness of MOMBE films is much 
thicker than MOCVD films. This can be explained 
in terms of the growth temperature of the two 
methods: about 520C in MOMBE and 630C in 
MOCVD. Thus, low-temperature growth is 
suitable for growing highly strained MQWs. 

Low-temperature PL measurement showed very 
sharp spectra for the MQWs: the FWHM of the 
MQWs at 4K is 4.1 and 7.8 meV for 80- and 55 
A-thick InAsP, respectively. Laser characteristics 
of the InAsP MQWs will be described below. 

3.5 Others 
One of the advantages of MOMBE for doping is 

low diffusive property of Be atoms. Modulation 
doped InGaAs/InGaAsP MQWs were grown at 
520C, in which Be atoms of 3xl018 cm"3 were 
doped only in the 80-A thick barrier layers. SIMS 
study showed that there was no discernible Be 
diffusion in the doping profile after annealing at 
620 C for 30 min. The modulation doped MOW 
laser served to improve reduction of the lasing 
linewidth [14]. 

Selective area growth of (SAG) of InP, InGaAs, 
and InGaAsP using Si02 masks has been 
demonstrated in many researchers [15]. The 
growth rate in the window areas are little affected 
by the mask patterns, which suggests that the 
metalorganic molecules impinge on the masks do 
not diffuse to the window area but desorb from the 
surface. SAG by MOMBE has been applied to 
fabrication of integrated devices [16, 17]. 

4. Recent topic devices 
4.1 Surface emitting lasers 

Surface emitting lasers (SEL) have received 
attention   for   potential   application   in    optical 
information processing. The key element for a low 
threshold SEL is high-reflective Bragg mirrors. 
The InGaAsP/InP multilayer reflectors grown by 
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MOMBE have 98% reflectivity for 24 pairs and 
nearly 100% for 45 pairs, respectively. These 
results demonstrate the MOMBE characteristics 
of long-term stability and precise control of 
growth rates. The InGaAsP SEL with hybrid 
mirror consisting of InGaAsP/InP and Si/Si02 
multistacks operated at a threshold current of 
0.3 mA under CW condition at 77K [18]. 

4.2 Strained MOW LDs for 1.3 urn wavelength 
Optical    telecommunication   for    subscriber 

systems needs 1.3 urn wavelength laser diodes 
that can operate at high temperatures. 
InAsP/InGaAsP MQW laser is one of the 
candidates for that purpose because it has a 

lager AEc than a InGaAsP/InGaAsP MQW. 
Figure 4 shows the threshold current density 
dependence of three InAsP MQW lasers on the 
heat sink temperature. The maximum operating 
temperature of* the lasers, Tmax, increases with 
the number of wells: 105C for the 4-well, 
136C for the 6-well, and 145C for the 10-well 
laser. The value, Tmax=145C, is the greatest 
among reported InAsP MQWs. BH lasers with 
10 wells had a threshold current of 7 mA at 30C 
and power output of more than 15 mW at 1 IOC 
[19]. Aging tests reveal that BH InAsP laser 
chips work for more than 5000 h. 

4.3 Multiple-wavelength laser diode array 
Most of integrated devices, in which different 

composition layers are formed on a wafer, are 
fabricated using a number of repetitions of 
etching and regrowth. Iga et al. greatly 
simplified the procedure using laser-assisted 
MOMBE [20]. A laser beam was irradiated on a 
substrate to locally heats the substrates in order 
to change the InGaAsP composition utilizing 
the temperature sensitive composition 
phenomena mentioned above. Figure 6 shows 
the laser beam scanned areas and PL spectrum 
of each area of the InGaAsP MQWs. The peak 
wavelength ranges from 1.3 to 1.53 urn 
corresponding to the irradiation conditions. Iga 
et al. fabricated a multiple-wavelength laser 
array in step growth. The lasers operated at 
wavelengths of 1.31, 1.37, 1.44, and 1.52 urn. 
The threshold current with each ridge laser 
having a 6-um width ranged from 30 to 40 mA. 

5.   Conclusion 
MOMBE/CBE allows the growth of film 

structures almost as designed in terms of 
composition and thickness. The film quality is 
good enough for both passive and active 

optoelectronic devices, and provides excellent 
performance. Future efforts will be directed at 
high-throughput and quaternary film growth 
including Al. 
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Abstract 
We show that selective growth of InP can be achieved 
by using solid source epitaxy with an additional hydro- 
gen rf—plasma excited in the reaction chamber. By 
optimizing the process parameters such as substrate 
temperature, plasma power and phosphorus over- 
pressure, smooth InP—layers with geometry indepen- 
dent growth rates were grown on SiN—patterned InP 
substrates without growth on the mask. Further in- 
vestigations showed that a physical desorption process 
is the mechanism for selective area growth in this 
plasma assisted epitaxy method. 

Introduction 
Selective area growth of III—V compound semi- 
conductors is an important possibility for the develop- 
ment of new integrated device structures (1). 
In comparison to other epitaxy methods like Vapour 
Phase Epitaxy (VPE) (2), Metalorganic Chemical 
Vapour Deposition (MOCVD) (3) and Metalorganic 
Molecular Beam Epitaxy (MOMBE) or Chemical 
Beam Epitaxy (CBE) (4,5) the solid source MBE has 
certain disadvantages regarding the selective area 
growth of semiconductors. Though it is possible to 
grow selectively material on certain crystal planes by 
MBE for quantum structures (6), selective growth for 
example of GaAs on the (100)—surface can only be 
achieved at very high substrate temperatures (700 °C), 
which is of little technological interest (7). At normal 
substrate temperatures (550—630 ° C) polycrystalline 
material is also deposited on the mask (8). 
Methods to reduce the necessary process temperature 
for selective area growth of GaAs have been developed 
using Migration Enhanced Epitaxy (MEE) (9), 
Electron Cyclotron Resonance Gas Source MBE 
(ECR—GSMBE) (10) and irradiation of the substrate 
by atomic hydrogen during MBE (11). Especially the 
last two processes have the advantage of giving 
geometry independent growth rates in comparison to 
VPE and MOCVD, which is important for the 
realization of selectively grown structures with different 
dimensions. 
In this work we show the possibility of achieving 
selectivity for the growth of InP by using solid sources 
and a hydrogen rf—plasma. Complete selective area 
growth    of   InP    was    realized   at    standard    growth 
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temperatures with growth rates that do not depend on 
the mask geometry. 

Experimental 
The epitaxy system being used for our studies has been 
described in (12). In principal, the reactor is com- 
parable to MBE systems, using red phosphorus and 
indium as the source materials which are evaporated 
from effusion cells. In addition to this standard 
configuration a rf—plasma (f = 27 MHz) can be excited 
in between the cells and the heated substrate, which 
can be electrically biased. 
For all our experiments (100) InP was used as 
substrate, material. Rectangular pieces were cut and 
patterned with Plasma—CVD deposited Silicon Nitride 
(SiN) as a mask, which has a thickness of approxi- 
mately 150 nm. As a pattern rectangular stripes with 
different widths, ranging from 1 to 150 [Jm were used 

with the stripes oriented into [011] and [011] direction, 
respectively. 
Prior to growth the samples were chemically etched, 
then loaded into the reactor and finally a low tem- 
perature cleaning process in a hydrogen plasma 
(substrate temperature T    = 310  "C,  hydrogen pres- 

1 ■   10"1 mbar and plasma power P       = sure p(H2) 

10 W) under phosphorus overpressure and with 
grounded substrate was performed. 
Growth was carried out at a hydrogen pressure of 
p(H2) = 1 • 10"2 mbar under phosphorus overpressure 
(p(P4) = 4 • 10"3 mbar) with different values for the 
substrate temperature, plasma power and substrate 
bias voltage. T    was varied from 560  ° C to 630  ° C 

(thermocouple  temperature),   P_„   was  in   the   range 

from 0 W to 70 W, and the substrate DC—bias ranged 
from -20 V to 70 V. 

Results and discussion 
First the substrate temperature and plasma power were 
optimized for selective growth in this process with the 
substrate   being  at  floating  potential,  i.e.   electrically 
isolated. 
Fig.l   shows   the   dependence   of selective   growth   on 
substrate temperature and plasma power. 
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Fig.l: Dependence   of  selective   growth  on   sub- 
strate temperature and plasma power. 

As  was  observed,  selectivity  can  be  achieved for  T 
s 

higher than 610 °C and PD„ higher than 50 W. How- 

ever, for values exeeding this range the phosphorus 
overpressure was not sufficient, leading to a rough 
surface. 
In Fig.2 a SEM picture of a selectively grown InP 
layer after removal of the SiN mask is shown. The 
surface of the grown layer is smooth and there is no 
enhanced growth at the stripe edge (The particles on 
the substrate are due to pin holes in the SiN mask, 
where material was deposited). 

Fig.2: SEM  picture  of a selectively  grown  InP 
layer   (right)   after   removal   of   the   SiN 
mask  ■ 

To show that the selectivity is in fact due to the use of 
a plasma, a layer with the same substrate temperature 
(610 ° C) as for selective growth, but without plasma, 
i.e. in MBE mode, was grown. Fig.3 shows in com- 
parison two photographs of a selectively grown InP 
layer (top) and the layer grown by MBE (bottom). As 
can be seen, there is no deposition of material on the 
mask in the first case, whereas without plasma poly- 
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crystalline growth occurs on the mask with a rough 
surface for the layer in the stripe. This demonstrates 
that the selectivity is not only due to a temperature 
effect, but is caused by the plasma. 

Fig.3: InP layers grown  with  (top)  and without 
plasma (bottom). 

For a selectively grown layer the growth rate in 
dependence of the stripe width (1 /im to 150 ßm) was 
measured (s. Fig.4). For this sample and for all other 
selective layers there was no dependence of the growth 
rate on geometry nor did we observe enhanced growth 
at the stripe edge. 
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Dependence of growth rate on mask stripe 
width for selective growth. 



This rules out a migration process being responsible for 
the observed selectivity, since this would lead to 
enhanced growth rates at the stripe edges and for 
small stripes due to migrating indium atoms from the 
SiN mask. Therefore we conclude that the dominating 
mechanism is a desorption process rather than mi- 
gration. In Pig.5 the two processes are shown for com- 
parison. 

Migration 

Si, N4 —mask InP-substrate 

Desorption 
CL -    o 

Fig.5: 

Si,N.-mask InP-substrate 3    4 

Migration and desorption process 

The desorption rate of the indium atoms from the 
mask and also from the unmasked area does increase 
with higher substrate temperature and higher plasma 
power, since the growth rate decreased by increasing 
the above two parameters. 
In order to investigate the desorption process more 
detailed, the substrate was DC—biased during growth 
with the previously determined process parameters (T 

= 620 °C and P 
RF 

50 W) for selective growth at 

floating substrate. Fig.6 shows that there does exist a 
certain range for the substrate bias where selective 
growth occurs. For a DC—bias higher than the floating 
potential  (V 

Float 
55 V) no selectivity is achieved, 

but the surface of the grown layer remains smooth. For 
substrate bias being lower than the floating potential 
first selective growth still occurs, then selectivity stops 
and for very negative voltages with respect to the 
floating potential the surface becomes rough. 
To explain those effects one has to consider that the 
mean energy of the impinging ions on the substrate is 
determined by the voltage difference between the 
plasma and the substrate. By biasing the substrate 
more positive than the floating potential the energy of 
the hydrogen ions decreases, leading to nonselective 
growth, since the desorption from the mask is not high 
enough. For more negative bias with respect to the 
floating potential first selectivity remains, but a further 
reduction leads to nonselective growth, altough the 
hydrogen ion energy increases even more. To explain 
this we assume that for large negative substrate bias 

the sticking coefficient of indium and phosphorus ions 
which are also present in the plasma becomes higher 
and the desorption due to the hydrogen ion bom- 
bardement is not sufficient to prevent condensation on 
the mask. For substrate bias lower than —20 V this 
effect then leads to a rough surface which is caused by 
exessive ion bombardement damaging the surface. 

PRF= 50W 
T,. = 620°C 

rough 
surface smooth surface 

vyvt^no selective^////>v>1 selective      :no selective' 
growth growth/%^/ 

-30-20-10   0    10   20    30   40   50   60   70 
Vs/V 

-+- 
-50 

Vc-V Float A 
0    10   20 

Fig.6: Selectivity      dependence      on      substrate 
DC-bias. 

Finally we carried out the growth with a SiN mask in 
an argon plasma (T    = 620  ° C, P_ 50 W, p(Ar) 

s '     RF 
= 1 • 10"2 mbar and p(P,j) = 4 • 10"3 mbar) to find 
out wether the desorption process is based on a 
physical or chemical reaction. 
Using an argon plasma selectivity was also achieved 
which gives evidence for the conclusion that the 
plasma assisted selective growth is based on a physical 
desorption process. Since argon is chemically inactive, 
we can rule out a chemical desorption process, in 
which volatile species are formed on the mask which 
evaporate. Therefore desorption takes place due to an 
ion bombardement for which the energy has to be 
optimized. In the case of argon plasma the surface was 
damaged to a high extent because of the heavy ions 
striking the sample. 

Si3N4-mask     InP-layer InP-substrate 

Si3N4-mask     InP-layer InP-substrate 

• In —atom o ion 

Fig.7: Physical    (bottom)    and    chemical    (top) 
desorption processes. 
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In Fig.7 the processes for physical (bottom) and 
chemical (top) desorption are shown for comparison. 

Conclusions 

We have shown, for the first time, that selective 
growth of InP can be realized by using solid sources in 
an MBE—like growth process with an additional 
hydrogen (argon) plasma. The mechanism for selective 
growth is based on a physical desorption process of 
indium ions from the SiN mask due to hydrogen ion 
bombardement. The growth rate is independent of the 
mask geometry and selectivity can be influenced by 
biasing the substrate. 
Since the use of solid red phosphorus as a source 
material in MBE gained interest again due to the 
development of new sources (valved cracker cell (13)), 
the possibility of selective area growth with solid 
sources will be of great interest for future applications. 
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Abstract 
The introduction of phosphorus trichloride into the AP-MOVPE growth of InP has been found to dramatically improve the 

regrowth adjacent to mesa structures. By suppressing growth in the [100] direction and enhancing growth in the [311] 
directions planar regrowth is achieved. Polycrystalline deposits on dielectric masks can also be completely suppressed. 

Introduction 
Re-growth of InP onto lithographically defined non-planar 
structures, selective area epitaxy (SAE), is often a 
fundamental part of device fabrication. The morphology of 
this growth step influences both device performance and 
the ease with which subsequent processing steps can be 
carried out and in some cases dictates device architectures. 
In conventional atmospheric pressure MOVPE, growth 
adjacent to areas of dielectric is enhanced by migration of 
material from the vicinity of the dielectric to the 
semiconductor!1] giving rise to growth rate enhancement 
and 'ear' formation!21 . If the dielectric is wider than 
~20^m then polycrystalline deposition is likely. Both 'ears' 
and polycrystalline deposits can seriously degrade 
subsequent lithographic and re-growth steps. 
Considerable effort is being made world-wide, using a 
wide range of techniques, to develop routes to planar 
regrowth. Growth at reduced pressure can significantly 
improve selectivity and reduce growth rate enhancement'3'. 
Low pressure MOVPE at <10 Torr greatly reduces 'ear' 
growth. Further improvement is possible by going to still 
lower pressures and growing by Chemical Beam Epitaxy, 
CBE. By CBE, when conditions are optimised, growth on 
the dielectric can be eliminated. By Molecular Beam 
Epitaxy, MBE, growth occurs equally on semiconductor 
and dielectric unless impractically high temperatures are 
used. 
An alternative approach to lowering the pressure is to 
modify growth chemistry at atmospheric pressure. There 
has been a revival in one of the original epitaxy techniques, 
Vapour Phase Epitaxy, VPE, and in particular Hydride 
VPE'4"7!. In this technique, hydrides are used to transport 
the group V elements but chlorides are used for the group 
Ill's. Selectivity of InP growth by HVPE is excellent with 
planar overgrowth of 14n.m high dry etched mesas having 

been reported'8^. A modification of the VPE technique 
using group III alkyls and group V chlorides has recently 
been reported'9]. 
The potentially more versatile technique is a modification 
to the MOVPE process by the addition of a chlorine 
containing compound. Using this method the growth 
chemistry can be modified to mimic HVPE while retaining 
the rapid switching, excellent compositional control, range 
of materials and uniformity of MOVPE in the same system. 
The simplest chlorine containing compound that could be 
added to the MOVPE reactor is hydrogen chloride, HC1, 
but it is known that HC1 reacts with trimethylindium, 
TMIn, to form a low volatility white solid. The use of 
carbon tertrachloride, CCI4, has been reported'11^ as has 
the use of 1, 1, 1 trichloroethanet12'. The use of group V 
chlorides have also been investigated, i.e. ASCI3 in the 
growth of GaAs from TMGa and arsine, and PCI3 in the 
growth of InP from TMIn and phosphine'13'. 
The use of group V chlorides in the MOVPE process has 
been questioned because of parasitic reactions on mixing 
with group III alkyls'14', however in our work, using PCI3 
in the growth of InP has not shown any problems. 

Experimental 
All growths were carried out in an atmospheric pressure 
MOVPE kit using TMIn in a stainless steel bubbler held at 
40.0°C and 100% PH3 in a high pressure cylinder. The 
PCI3 was held in a borosilicate glass bubbler in a 
temperature controlled bath between 0°C and -30°C. 
Growth was in a horizontal, rectangular section , water 
cooled reactor with IR heating and three zone temperature 
control. Total gas flow was held near 7 l/min and all 
growth was on (100) substrates unless otherwise noted. 
Four batches of reactive ion etched, RIE, vertical walled 
mesa stripes were prepared on (100) substrate or planar 
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material for use during the work. The initial batch of 
mesas were in both [Oil] and [oil] directions but all 
subsequent mesas were in the [Oil] direction only. The 

test samples each contained four different mesa widths, i.e. 
2p.m. 4nm, 6|im and 15|im wide and broad areas of 
dielectric mask 500(im wide. The mesas were 5.4(im high. 
One batch of mesas were prepared consisting of 5(im, 
10|0.m, 15(im and 20nm wide square and circular pillars to 
investigate growth in both directions simultaneously. All 
mesas had silica dielectric masks on top during growth. 
Analysis of growth was carried out using optical Nomarski 
microscopy, to show surface morphology and cleaved 
cross sections, and by Scanning Electron Microscopy, 
SEM. Cleaved sections were stained in a solution of 
potassium ferricyanide and potassium hydroxide, 1:2 by 
weight, under white light illumination. Atomic Force 
Microscopy, AFM, was carried out by AEA Technology. 

Results 
General Features of Growth with PCI3 
The use of PCI3 in the growth of InP on (100) surfaces has 
two significant effects. Firstly, the growth rate is reduced 
in proportion to the concentration of PCI3 as illustrated in 
Figure 1. 

Figure 2. (100) surface morphology of InP grown with 
PCI3. White bar is 500fim long 

oriented substrates. Growth on (100)—-—>(110) resulted 
in smooth, specular morphology. 

Mesa Regrowth 
The improvement of growth adjacent to mesas is illustrated 
in Figure 3.   Growth at 600°C without PC13 results in 

 : : •*•• 

■—£::;=4^:-* 1 h 

■ • 
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Molar Flow, Moles min-1 x 10A7 

120 

Figure 1. InP growth rate in the (100) direction with the 
addition of PCI3. 

The second effect is the degradation of the surface 
morphology illustrated in Figure 2. Surface relief is 
approximately 30nm with slope angles of between 2° and 
3° with the long axis of the features aligned with the [011] 
direction. Atomic Force Microscopy (AFM) images show 
that the features are terraced on the atomic scale with each 
step being of the order of 3Ä. It was found that the surface 
morphology  could be   improved  by  growing   on mis- 

Figure 3. Effect of adding PCI3 during regrowth of InP 
adjacent to RIE mesas, a) without PCI3, b) with PCI3 

irregular overgrowth of the silica mask whereas with PCI3 
growth is pinned to (111) planes at the mesa edge and 
terminates at the (100) surface. A range of growth 
temperatures were investigated and found to significantly 
affect the shape of the regrowth. At higher growth 
temperatures (700°C) the region of enhanced growth 
adjacent to the mesa became narrower but more pointed 
whereas at lower growth temperature (500°C) depressions 
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appeared at the rnesa edges. In both cases the surface 

morphology was seen to be smoother than at 600°C. 

The influence of V/III ratio on growth was studied but 

found to be less important than growth temperature. As 

the V/III ratio was increased over the range 15 to 200 the 

regrowth features were seen to become more angular 

although the general form of the growth remained the 

same. The greatest effect of V/III ratio was seen at the 

lower growth temperature where the depressions at the 

mesa edge became much more pronounced. 

Increasing the concentration of PCI3 during growth further 

reduces the growth rate enhancement near the mesa as 

illustrated in Figure 4, where the flow has been increased 

by a factor of 3. 

a > 

!») 

Figure 4. Effect of increasing flow ofPCl3onmesa 
regrowth at 600°C. a) 9x 10"7 moles min1 PC13, 

b) 2.5xl0"6 mole min1 PCI3. 

Complete suppression of growth in the [100] direction can 

be achieved by increasing the PCI3 concentration to 6xl0~6 

moles min-1. Figure 5 shows one side of a 15|0.m wide 

5.4ujri high RIE mesa, regrown with the above PCI3 

concentration, with six alternating layers of p-type and n- 

type InP. 

The growth from the sides of the mesa is seen to proceed 

on the (311) planes with a growth rate of 11.5|om hour1. 

This form of growth is very similar to that seen in 

HVPE[14i and it is the presence of the fast growing (311) 

planes which is responsible for the complete suppression of 

growth in the [100] direction! 15l 

Dopant incorporation during PCI3 assisted regrowth is 

expected to differ from conventional regrowth as growth 

proceeds on (311) in preference to (100) surfaces and 

because of the higher growth ratet16"17'. As a result dopant 

precursor flows will have to be modified for regrowth 

using PCI3. 

The PCI3 assisted planarisation seen above has also been 

observed on mesas formed by wet etching and on in-situ 

etched mesas formed using PCI3 etching before regrowth. 

In both cases growth stopped at the top of the mesa 

demonstrating that the planarisation is independent of the 

initial mesa shape. 

The planarity of the regrowth is however found to depend 

on the mesa width and as the mesa width is increased 

beyond 15fim, growth in the [100] direction again becomes 

significant. Increasing the concentration of PCI3 does not 

improve the growth but starts to degrade the surface by 

introducing etch pits. Improved growth on wide mesas can 

however be achieved by reducing the growth temperature 

and growth adjacent to 500|im wide 5.4nm high stripes has 

been observed with as little as 1.25nm excess growth 

above the top of the mesa. Thus the technique may also be 

applicable to butt-coupling in active-passive waveguide 

devices. 

Regrowth of InP around pillars is illustrated in Figure 6. 

m 

Figures. Regrowth of alternating p- and n-type InP around Fi8ure6- Anarray of pillars after planarisingregrowfli 
, „      ,:,              ., „    °,     ,      .   , „_, with Fe-doped InP. The separation between centres of the 
5.4nm high mesas with 6xl06 moles min"1 PC13 . *          devices is 125pm. 
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It can be seen that a square, planar region is formed 
adjacent to the pillar and that the extent of growth is similar 
in both [Oil] and [oil] directions. This behaviour is 
different to that seen in HVPE in which growth in the 
[Oil] direction is significantly faster than in the [oil] 
direction!14]. 

Conclusions 
The incorporation of PCI3 into the AP-MOVPE process has 

been demonstrated to planarise regrowth adjacent to mesa 
structures up to 15|im wide and completely suppress 
polycrystalline growth on dielectric masks over 500nm 
wide. The planar regrowth around pillars demonstrates that 
the vertical extent of the growth is the same in both [Oil] 
and I Oil] directions. By modifying the growth conditions, 
near planar regrowth can be achieved adjacent to tall mesa 
stripes up to 500nm wide. 

References 
[1] E. J. Thrush, J. P. Stagg, M. A. Gibbon, R. E. Mallard, 
B. Hamilton, J. M. Jowett and E. M. Allen, "Selective and 
non-planar epitaxy of InP/GaInAs(P) by MOCVD", 
Materials Science and Engineering B21 (1993) 130-146. 
[2] J. L. Zilko, B. P. Segnar, U. K. Chakrabarti, R. A. 
Logan, J. Lopata, D. L. Van Haren, J. A. Long and V. R. 
McCrary, " Effect of mesa shape on the planarity of InP 
regrowths performed by atmospheric pressure and low 
pressure selective metalorganic vapor phase epitaxy", J. 
Crystal Growth 109 (1991) 264-271. 
[3] N. Nordell and J. Borglind, "MOVPE growth of InP 
around reactive ion etched mesas", J. Crystal Growth 114 
(1991) 92-98. 
[4] O. Kjebon, S. Lourdudoss, B. Hammarlund, S. 
Lindgren, M. Rask, P. Ojala, G. Landgren and B. Broberg, 
"1.55|xm buried heterostructure laser via regrowth of semi- 
insulating InP:Fe around vertical mesas fabricated by 
reactive ion etching using methane and hydrogen", Appl. 
Phys. Lett. 59(3) 253 (1991). 
[5] B. Hammarlund, S. Lourdudoss and O. Kjebon, 
"Orientation dependent growth behaviour during hydride 
VPE regrowth of InP:Fe around reactive ion etched mesas", 
J. Elect. Materials 20(7) 523 (1991). 
[6] 0. Kjebon, S. Lourdudoss and J. Wallin, "Regrowth of 
semi-insulating iron doped InP around reactive ion etched 
laser mesas in (110) and (IlO) directions  by  hydride 

vapour phase epitaxy", Proc. 4th Int. Conf. InP & Related 
Materials, Cardiff, 1992. p. 48-50. 
[7] S. Lourdudoss, O. Kjebon, J. Wallin and S. Lindgren, 
"High-frequency GalnAsP/InP laser mesas in (llO) 
direction with thick semi-insulating InP:Fe", IEEE 
Photonics Technology Lett. 5(10) 1119 (1993). 
[8] S. Lourdudoss, K. Streubel, J. Wallin, J. Andre\ O. 
Kjebon and G Landgren, "Very rapid and selective epitaxy 
of InP around mesas of height up to 14(im by hydride 
vapour phase epitaxy", Proc. 6th Int. Conf. InP & Related 
Materials, Santa Barbara, 1994. p. 615-618. 
[9] S. Kondo, S. Matsumoto and H. Nagai, "Metalorganic 
chloride vapor phase epitaxial growth of III-V compounds 
in a single reactor", J. Crystal Growth 132 (1993) 305-314. 
[10] N. Nordell and J. Borglind, "Improved InP regrowth 
property in MOVPE by addition of CCI4", Appl. Phys. 
Lett. 61, 21-24 (1992). 
[11] B. -T. Lee, R. A. Logan, R. F. Karlicek, Jr. "Planar 
regrowth of InP and InGaAs around reactive ion etched 
mesas using atmospheric pressure metalorganic vapor 
phase epitaxy", Appl. Phys. Lett. 63(2) 234 (1993). 
[12] R. Azoulay and L. Dugrand, "Selective growth of 
GaAs by organometallic vapor phase epitaxy at 
atmospheric pressure", Appl. Phys. Lett. 58(2) 128 (1991). 
[13] D. Robein, B. Rose, M. McKee, R. Mellet, D. Walker, 
H. Mani, J. Charil and P. Norris, "Selective area epitaxy on 
InP substrates: A comparison of growth behaviour at low 
and atmospheric pressure", European Workshop MOVPE 
IV, Poster 47. 
[14] S. Lourdudoss, E. Rodriguez Messmer, O. Kjebon, K. 
Streubel, J. Andre, G. Landgren, "Morphological 
modifications during selective growth of InP around 
cylindrical and parallelopiped mesas", Materials Science 
and Engineering B28(1994) 179 
[15] B. -T. Lee, R. A. Logan, "Growth of InP on etched 
grooves using atmospheric pressure metalorganic vapor 
phase epitaxy", J. Crystal Growth 140 (1994) 1-8. 
[16] P. R. Berger, S. N. G. Chu, R. A. Logan, E. Byrne, D. 
Coblentz, J. Lee HI, N. T. Ha, N. K. Dutta, "Substrate 
orientation effects on dopant incorporation in InP grown by 
metalorganic chemical vapor deposition", J. Appl. Phys. 
73(8) 1993,4095. 
[17] R. Bhat, C. Caneau, C. E. Zah, M. A. Koza, W. A. 
Bonner, D. M. Hwang, S. A. Schwarz, S. G. Menocal, F. 
G. Favire, "Orientation dependence of S, Z, Si, Te and Sn 
doping in OMCVD growth of InP and GaAs: application to 
DH lasers and lateral p-n junction arrays grown on non- 
planar substrates", J. Crystal Growth 107 (1991) 772-778. 

332 



Improved Selective Growth of InP around Dry-Etched Mesas   ThA1-4 

by LP-MOCVD at Low Growth Temperature 

M. Takemi, T. Kimura, T. Miura, Y. Mihashi and S. Takamiya 

Optoelectronic & Microwave Devices Laboratory, Mitsubishi Electric Corporation, 
4-1 Mizuhara, Itami, Hyogo 664, Japan 

Introduction 

Selective embedding regrowth by metalorganic chemical vapor deposition (MOCVD) is an important technique 
for fabricating InP-based buried-heterostructure (BH) laser diodes (LD) and photonic integrated circuits (PIC). There have 
been some reports on the selective growth around chemically wet-etched mesas for forming proper current-blocking layers 
in BH lasers [1]. In those reports, almost planar regrowth has been achieved by utilizing mask eaves formed by the wet 
etching. On the other hand, it is difficult to embed dry-etched mesas having no mask eaves under usual growth conditions 
[2,3], It has recently been reported that selective regrowth with planar growth surfaces around dry-etched rectangular mesas 
can be achieved by adopting a rather high growth temperature [4], There is, however, a fear that the high growth 
temperature might cause the diffusion of dopants and deteriorate the device characteristics. Another candidate for achieving 
the almost planar embedding regrowth around dry-etched mesas is to introduce some chlorine compounds into the reactor 
during MOCVD growth, as has been reported in some reports [5-8]. 

In this work we applied a high-speed rotating-disk MOCVD reactor to the selective embedding growth around the 
mesas formed by reactive ion etching (RIE), and investigated the growth conditions which give planar embedding around 
the mesas. It is shown that almost planar embedding growth can be achieved even at low growth temperature without 
introducing any chlorine compounds. Moreover, we discuss the effects of dopants on the behaviors in the selective 
embedding growth. Special attention has been focused on the growth on the side walls of the nearly-rectangular mesas as 
well as that near the edges of the masks. 

Experimental procedure 

Mesa stripes were fabricated along the [110] 
direction on (001) InP substrates by RIE, using sputtered 
Si02 as the mask. The RIE was performed with C2H6 
and H2 as active gases. The SiÜ2 mask was 2000Ä in 
thickness. Resultant mesa shapes were nearly rectangular 
without any mask eaves, as shown in Fig. 1. The 
samples were cleaned in H2SO4 prior to the growth. 

The selective embedding growth of InP was 
performed in two types of low-pressure (LP) MOCVD 
reactors. One is a conventional horizontal-type MOCVD 
reactor;   the   other   is a vertical-type   one   having a 

high-speed rotating susceptor. The growth precursors 
were trimethylindium (TMI) and phosphine (PH3). 
Hydrogensulphide (H2S) and diethylzinc (DEZn) were 
used for n-type and p-type doping, respectively. The 
selective grown layers consisted of alternating n-InP/p-InP 
multilayers for the purpose of giving a good contrast for 
scanning electron microscope (SEM) observation after 
stain-etching. The growth temperature and the growth 
pressure were changed in the ranges between 580-660°C 
and 50-150Torr, respectively. The carrier concentrations 
of n-type and p-type layers were controlled to be the same 
for all the samples (7xl018cmf3 for n-InP, 8xl017cnr3 

for p-InP). After the growth, the samples were cleaved 
perpendicularly to the mesas, then stain-etched in a 
FeCN:KOH:H20 solution, and examined using an SEM. 

Results and discussion 

0.75 ft m 
Fig. 1  An SEM micrograph of a dry-etched mesa on an 
InP substrate used in a growth experiment. 

Comparison  of embedding  growth  between  two 
types of MOCVD reactors 

For the fabrication of BH-LD, it is necessary to 
embed the masked mesas without overhang growth on the 
mask in order that further growth after removing the mask 
can be performed properly. When embedding a mesa 
stripe along the [110] direction, (lll)B facets are usually 
formed from the edge of the mask. Then, overgrowth on 
the mask occurs due to the growth on the facets unless the 
growth on the (111 )B plane is suppressed. It is therefore 
necessary to find out the growth conditions under which 
the growth on the (lll)B facet is suppressed, for the 
purpose of eliminating the overgrowth on the mask stripe 
along the [110] direction. 
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First, we attempted the embedding growth in the 
conventional MOCVD reactor. Figures 2(a) and 2(b) 
show SEM micrographs of selective growth around the 
mesas under high (650°C) and low (600°C) growth- 
temperature conditions, respectively. As can be seen in 
Fig. 2(a), (111)B facet planes were completely formed just 
from the mask edges, and no overgrowth on the mask was 
observed in the growth at 650°C. It is considered that the 
growth on the (111)B facet was suppressed owing to the 
enhancement of the surface diffusion length of the growth 
species on the (lll)B plane under the high growth- 
temperature conditions. On the other hand, in case of the 
growth at a lower temperature (600°C) in the same 
reactor, overgrowth on the mask due to the growth on the 
(111 )B facet was observed, as can be seen in Fig. 2(b). It 
is considered that the surface diffusion length of the 
growth species on the (111)B facet is shortened because of 
the low temperature of the substrate. That is, it is 
necessary to enhance the migration of the growth species 
on the (111)B plane by raising the growth temperature in 
order to suppress the growth on the (111)B facet in the 
conventional MOCVD reactor. 

There is, however, a fear that the high growth 
temperature might cause the diffusion of dopants and 
deteriorate the device characteristics, as mentioned in the 
above. It is therefore necessary to enhance the migration 
by some other methods than raising the growth 
temperature. 

It is well known that the partial pressure ratio of 
group V to group III source gases (V/III ratio) on the 
growth surface also affects the diffusion length of the 
growth species; the lower V/III ratio enhances the surface 
diffusion length of In atoms [9], However, the lower 
limit of the V/III ratio is restricted by the PH3 partial 
pressure which is required for the mirror-like growth in 
the conventional MOCVD reactor. This means that it is 
difficult to obtain a smooth surface under the low growth- 
temperature conditions in the conventional MOCVD 
reactor. 

Next, we applied the high-speed rotating-disk 
MOCVD reactor to the selective embedding growth. 
When the susceptor rotates at a high speed, the thickness 
of the stagnant layer becomes thin. Therefore, the time 
duration during which growth species are heated in the gas 
phase becomes shorter, and the thermal decomposition^ 
the growth species is suppressed. Thus, the amount of 
the decomposed PH3 decreases, resulting in decrease in the 
effective V/III ratio. In other words, the effective V/III 
ratio on the growth surface becomes lower by the high- 
speed rotation of the susceptor in spite of the same value 
of the input V/III ratio. 

Figure 3 shows an SEM micrograph of selective 
growth around the mesa at a low growth temperature 
(60(TC) in the high-speed rotating-disk MOCVD reactor. 
As can be seen in Fig. 3, in spite of almost the same 
condition as the sample shown in Fig. 2(b), the growth 
on the (111)B facet was suppressed, and no overgrowth on 
the mask took place at the edges of the mask. This 
means that the susceptor rotation is advantageous for the 
embedding growth around a mesa having no mask eaves, 
when compared to the conventional MOCVD reactor 
under the same growth condition. 

In order to investigate the temperature 
dependence of the growth, samples were grown at 580, 
625 and 660°C in the high-speed rotating-disk MOCVD.' 

3.0 ji m 

1.25 /j m 
2.5/; m 

Fig. 2 SEM micrographs of selective growth around dry- 
etched mesas at (a) 650°C and (b) 600°C. The selective 
grown layers consist of alternating n-InP (0.2fim) /p-InP 
(0.05/urn) multilayers. 

Fig. 3 An SEM micrograph of selective growth around a 
dry-etched mesa at 600°C and the susceptor rotation speed 
of 500rpm. The selective grown layers consist of 
alternating n-InP (O.ljJm) /p-InP (0.05/um) multilayers. 
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Figures 4 (a)-(c) show SEM micrographs of the samples 
after the selective growth around dry-etched mesas at these 
growth temperatures. As can be seen in Figs. 4 (a)-(c), 
the (111)B plane was formed just from the edge of the 
mask after the growth at every temperature. Selective 
embedding growth was thus achieved without any 
overgrowth on the mask at a growth temperature as low 
as 580°C. Moreover, no polycrystals were observed on 
the mask, and the surface morphologies were mirror like. 
At the lower temperatures than 580°C, surface 
morphologies were found to become poor. 

(a) 580°C 

The effects of dopants on the growth behavior 
For fabricating the BH-LD and PIC, it is very 

important to know the shapes of embedding growth near 
the mesa. We investigated the growth behavior of doped 
InP near the mesas in detail. Figures 5 and 6 show SEM 
micrographs of the cleaved surfaces of two samples A and 
B, respectively, after stain-etching. The multilayers of 
sample A consisted of alternative thick (0.3p;m) p-InP and 
thin (0.05|im) n-InP layers, while those of sample B 
consisted of alternative thick (0.2|j.m) n-InP and thin 
(0.05|j.m) p-InP layers. The thinner layers were inserted 
as the marker for the growth patterns. The overall growth 
behaviors of samples A and B are considered to be 
dominated by those of p-type and n-type InP, respectively. 

As can be seen in Fig. 5, the growth of p-InP 
occurred in a simple manner. The growth surface on the 
side walls of the masa was inclined from the original 
nearly-vertical orientation to (111)B. After the formation 
of the (lll)B facet downward of the mask, almost 
isotropic growth occurred, conserving the shape of the 
growth front. 

On the other hand, in case of n-type InP, the 
growth around the mesa seems to occur in a more 
complicated manner, as can be seen in Fig. 6. On the 
nearly-vertical side walls of the mesa, the growth 
proceeded until the growth surface became parallel to the 
(1 TO) plane; after the exact (1 TO) plane was formed, the 
growth of n-InP was entirely suppressed, while that of p- 
InP proceeded. The growth adjacent to the mesa seems to 
proceed by the growth on the (113) plane. When the 
(113) facet reached the top surface of the mesa, a (001) 
facet was found to be newly formed adjacent to the mask. 
The growth of n-InP on the (113) plane was enhanced 
after the emergence of the (001) facet. However, after the 

(b)625°C 

(c) 660°C 3.0 n m 

Fig. 4 SEM micrographs of selective growth around dry- 
etched mesas at (a) 580°C, (b) 625° C, and (c) 660°C. The 
selective grown layers consist of alternating n-lnP 
(0.2jim) /p-lnP (0.05/im) multilayers. 

n-InP - 
(bright) 
p-InP - 
(dark) 

HpBjgM |       7-.   .-,   ....   ...„, K^BTIg...;. . ..;; ::ff^:y.;^ -.-^ •/. , 

335 

1.5 n m 

Fig. 5. An SEM micrograph showing the growth 
behavior of p-type InP at the growth temperature of 
625 °C. The selective grown layers consist of alternating 
p-InP (0.3/Jjn) fn-lnP {0.05pm) multilayers, n-type InP 
(bright) layers were inserted as the marker for the growth 
behavior of p-type InP (dark). 



1.25 f/ m 

(lll)B plane (001) plane 
near the edge 
of the mask 

(lTO)pl. ane 

Fig. 6. (a) An SEM micrograph showing the growth- 
behavior of n-type InP at the growth temperature of 
625"C. The selective grown layers consist of alternating 
n-InP (0.2/im) /p-InP (0.05pm) multilayers in which p- 
type InP (bright) layers were inserted as the marker for the 
growth behavior of n-iype InP (dark). A schematic 
illustration is also shown (b). 

plateau of the (001) i lane was enlarged, the enhancement 
of the growth rate on the (113) plane seems to be 
diminished. 

These phenomena observed here for S-doped InP 
are similar to those reported for Se-doped InP [10]. These 
results suggest that those strange growth behaviors are the 
characteristics of group VI dopants. The group VI atoms 
seems to change the surface energy of InP crystal. Thus, 
the surface diffusion length of the growth species seems 
to be affected by the doping of group VI atoms. The 
surface diffusion of the growth species on the (001) plane 
is enhanced when the (001) plane is terminated by group 
VI atoms. On the other hand, the growth on the (113) 
facet is enhanced until the (001) plateau is enlarged 
beyond the surface diffusion length on the (001) plane" It 
is therefore necessary to take into account the effects of 
the group VI dopants on the growth rates on variously 
oriented facets, for fabricating the BH-LD and PIC. 
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Conclusions 

We have achieved selective embedding growth of 
InP around nearly-rectangular mesas formed by RIE, 
without any overgrowth on the mask even at a low 
growth temperature of 580°C, using a high-speed rotating- 
disk MOCVD reactor. This is believed to be due to the 
reduction in the effective V/III ratio by the high-speed 
rotation. Moreover, we investigated the effects of dopants 
on the growth behavior, and found the remarkable 
difference between n-type and p-type doping in the growth 
behavior on the side wall of the mesa as well as that near 
the edge of the mask. These effects of dopants are very 
useful in optimizing the shapes of the embedding growth 
for fabricating the BH-LD and PIC. 
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Introduction 
The growth of III-V compounds by selective metalorganic vapor phase epitaxy (MOVPE) is a promising technique for 

fabricating monolithically integrated devices, such as optical modulator integrated DFB lasers [1] and tapered waveguide 
lasers [2]. Selective MOVPE modulates in-plane thickness and group III compositional distributions [3-5]. Such integrated 
devices require good thickness and compositional uniformity in each functional region. Thickness uniformity may be 
controlled by the mask pattern design. However, it is not clear whether modification of the mask pattern changes thickness 
distributions of each group III component similarly. 

In this work, we controlled InGaAs thickness profiles by a newly-designed mask pattern, and investigated the feasibility of 
both thickness and compositional uniformity. We found that thickness and compositional uniformity is achieved 
simultaneously. 

Mask pattern design for uniform thickness 
Our selective growth theory [6,7] predicts how the 

thickness distributions of epilayers are affected by the mask 
pattern design. This enables us to design an optimum mask 
pattern which achieves good thickness uniformity. 

We used two types of selective mask patterns which have 
striped and open epilayer areas for this work. Figure 1 shows 
a conventional mask pattern, which is composed of twin 
rectangular masks. The group III source species supplied over 
the masked area diffuse laterally in the vapor phase to the 
adjacent uiunasked area, and greatly enhance the growth rate 
in the narrow striped area. The distribution of the source flux 
from the masked area to the striped area, as illustrated by 
arrows in Figure 1, determines the thickness distribution in 
the striped area. In this conventional mask pattern, the source 
flux from the masked area to the striped area is reduced near 
the stripe edge due to the source flux from the masked area to 
the open area. This results in a monotonic reduction of 
epilayer thickness in the stripe direction. 

We propose a modified mask pattern which improves 
thickness uniformity in the striped area (Figure 2). An 

additional open window inside the rectangular mask area 
causes a local reduction in the source flux from the masked 
area to the striped area in the vicinity of the window. 
Optimizing the window width, W, realizes the thickness 
uniformity in the striped area. 

Experimental 
The MOVPE growth was performed on (100) InP 

substrates at 630 °C and at a growth pressure of 100 Torr. 
Trimethylindium (TMI), triethylgallium (TEG), arsine 
(ASH3), and phosphine (PH3) were used as source materials. 
Hydrogen was used as the carrier gas. A 0.2 yixa thick SiÜ2 
film was used as the selective mask. The rectangular mask 
was 280 ]im. wide and 600 ptm long. The width of the striped 
area was 20 /^m. The stripe direction was aligned to [011], 
The window width, W, in the modified mask pattern was 
varied from 40 to 80 /on. The window length was fixed at 360 
/<m. We grew InGaAs single-hetero (SH) structures for 
thickness measurements and InP/InGaAs/InP double-hetero 
(DH) structures for photoluminescence (PL) measurements. 
The In composition was set to 0.48 at the unperturbed region 

280 /vm 

20pmX 

600 ^m 

X-4 Open area 

Striped area / 

Figure 1. A schematic of a conventional mask pattern 
composed of twin rectangular masks. Shadowed area shows 
SiÜ2 mask. The arrows represent the group III source flux. 

Figure 2. A schematic of a modified mask pattern with open 
windows inside the rectangular masks. 
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in all samples. The InGaAs thickness at the unperturbed 
regions of the DH samples was set to 50 nm in order to avoid 
inducing the lattice relaxation. We observed no deposition on 
the mask under these growth conditions. 

Thickness and compositional distributions were evaluated 
in the stripe direction. The epilayer thicknesses were 
measured by a Dektak profiler after removal of the SiG^ 
mask. The compositions of the InGaAs epilayers were 
evaluated by PL measurements at room temperature. Both 
measurements were started from the stripe center toward the 
open area, taking the symmetrical distribution into account. 

Results 
1. Thickness uniformity 

Figure 3 shows how InGaAs thickness distributions in the 
stripe direction are affected by the open window width. The 
solid curves are results calculated using our selective growth 
theory. The theoretical predictions fit well the experimental 
results. For the conventional mask pattern, the InGaAs 
epilayer thickness decreased monotonically in the stripe 
direction. By contrast, for the modified mask pattern, the 
InGaAs epilayer thickness in the window region was 
decreased with the window width, and good thickness 
uniformity was achieved in the window region at W= 80 /<m. 
We found that the optimum mask pattern of W= 80 pim also 
uniformed the thickness of the InP epilayers. 

2. Simultaneous compositional uniformity 
The difference in thickness distributions between InAs 

and GaAs components induces the compositional modulation 
of the InGaAs epilayers. Figure 4 compares the PL peak 
wavelength distributions in the InGaAs epilayers between the 
conventional   and  modified  mask  patterns.   For   the 
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Figure 3. InGaAs thickness distributions for the 
conventional (W= 0 ^m) and modified (W= 40,80 /mi) mask 
patterns. The thicknesses are normalized by the thickness at 
the unperturbed region. The solid curves are theoretically 
calculated results. 
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Figure 4. InGaAs PL peak wavelength distributions for the 
conventional (W= 0 pirn) and modified (W= 80 pim) mask 
patterns. 
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Figure 5. PL peak wavelength distributions of InP/InGaAs 
MQW for the conventional (W= 0 pirn) and modified (W~ 80 
pirn) mask patterns. 

conventional mask pattern, the PL wavelength red-shifted 63 
nm at the stripe center, which corresponds to the 5 % 
enrichment of In composition. This is due to a larger amount 
of In source flux from the masked area to the striped area. By 
contrast, the In enrichment is reduced by an additional open 
window. Both thickness and compositional uniformity was 
achieved in the striped area simultaneously by the open 
window of W= 80 pm. 

We also fabricated InP/InGaAs multiple-quantum-well 
(MQW) structures (5 periods), where the InP barrier and 
InGaAs well thicknesses were set to 3.5 nm and 2.3 nm at the 
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unperturbed region. Figure 5 shows the PL peak wavelength 
distributions in the MQW structures. For the conventional 
mask pattern, the PL wavelength shift was no less than 14 nm 
at a distance of 150 /<m from the stripe center. By contrast, for 
the modified mask pattern where W= 80 fxm, good uniformity 
in the PL wavelength was achieved by the thickness and 
compositional uniformity of the InGaAs well layers in the 
corresponding striped area. 

Discussions 
The simultaneous achievement of thickness and 

compositional uniformity in the striped area indicates the 
uniform thickness distributions of InAs and GaAs 
components in the vicinity of the additional open window. In 
order to discuss this mechanism, we investigated the behavior 
of In and Ga species in the epilayer region. Figure 6 shows the 
enhanced thickness distributions of InAs and GaAs 
components in the open area for the conventional mask 
pattern. Thickness and PL measurements were performed 
along the direction illustrated in the insert. The slopes of the 
semilogarithmic plots show same lateral diffusion lengths in 
the epilayer area between In and Ga species. We also 
observed similar lateral diffusion length in the open area in 
the InP epilayer. These results suggest that the behavior of 
lateral diffusion in the epilayer area is independent of group 
III source species and that the amount of group III source flux 
from the masked area to the epilayer area dominates the 
compositional modulation of the InGaAs epilayers. Figure 7 
shows the enhanced thickness distributions of InAs and GaAs 
components in the stripe direction, which were obtained from 
the thickness and PL distributions in Figures 3 and 4. The 
larger InAs thickness enhancement is ascribed to the larger In 
source flux from the masked area to the epilayer area. It is 
worthy of note that thickness enhancements between InAs 
and GaAs components have an approximately proportional 
relationship in the striped area. We conclude that 
modification of the mask pattern changes the source flux 
distribution in the same proportion between In and Ga 
species. This mechanism makes the thicknesses of InAs and 
GaAs components uniform simultaneously. 

Summary 
We investigated the feasibility of thickness and 

compositional uniformity in selective MOVPE growth. Using 
a modified mask pattern with an additional open window in 
the rectangular mask area, we succeeded in making uniform 
the thickness distributions of epilayers selectively grown in 
the striped area. From PL studies, we found that thickness and 
group III composition were uniform in the same region. 
Consequently an InP/InGaAs MQW structure exhibited a 
uniform PL peak wavelength in the striped area. This 
simultaneous uniformity suggests that the phenomena in the 
masked area dominate the compositional modulation of 
InGaAs in selective MOVPE growth. 
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Figure 6. Semilogarithmic plots of enhanced thickness 
distributions of InAs and GaAs components in the open area. 
The arrow in the insert represents the measurement direction. 
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Figure 7. Enhanced thickness distributions of InAs and GaAs 
components in the stripe direction, which are normalized by 
each thickness at the unperturbed region. The solid curves are 
theoretically calculated results. 
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Introduction 

The selective MOVPE on partially masked substrates is attractive and useful for the fabrication of 

optoelectronic devices including photonic integrated circuits. The device applications and growth mechanisms 

of selective MOVPE have so far been extensively investigated mainly in the InGaAsP material system (1),(2). 
On the other hand, although the InAIGaAs material system with large conduction band discontinuity is also 

important, few experimental results of the selective growth have been reported (3) because of the difficulty of 

growing Al-containing materials. Furthermore, there have been no observations on its bandgap energy shift by 
using different mask width. In this work, the selective MOVPE of InAIGaAs was studied. Almost no polycrystals 
on the Si02 mask were observed, which shows that the selective MOVPE of InAIGaAs is a practical technique 
for device applications. A large bandgap wavelength shift of 170 ran was achieved with a mesa width of 2 urn 
and a mask width of 40 p.m. This is the first report on the bandgap energy controlling in the InAIGaAs selective 

growth. 

Experimental Procedure 

In the experiments, InAIGaAs layers were grown 
in a low-pressure (70 Torr), vertical type MOVPE 
reactor. The reagents were trimethylindium (TMIn), 
trimethylaluminum (TMA1), triethylgallium (TEGa) 
and arsine (5 % mixture in hydrogen). All epitaxial 
layers were grown with unintentionally doped 
condition. 

Stripe patterns of Si02 film with the thickness of 

about 100 nm were formed on (100) InP substrates 
parallel to the [011] direction. Each pattern consists 
of a pair of the same mask stripes, the width Wm 
of which was varied from 10 urn to 40 urn. The 

open area between the mask stripes, whereat a mesa 
stripe of InAIGaAs was grown, has the width Wo 
of 2 urn to 15 |im. Before the growth, the wafers 
were rinsed in organic solvents and cleaned with a 
H2S04:H202:H20 solution. The thickness and the 
growth rate of InAIGaAs (bandgap wavelength X ~ 

1.3 urn) on the region without the masks were 
about 0.3 um and 1 um/h, respectively. The growth 
temperature was 700°C, and the V/III ratio was 
200. Beside InAIGaAs, InAlAs were also grown at 

almost the same growth conditions for comparison. 

In general, selective MOVPE growth of 
Al-containing materials is difficult. This is due to 

the high reactivity of Al species with dielectric 
masks e.g. Si02 and/or SiNx, which results in 
polycrystalline growth on the masks. Recently, the 
AlGaAs selective MOVPE with high selectivity was 
achieved with HC1 gas introducing (4). However, 
when selectively grown layers are directly used as 
active layers of such as lasers or detectors, the 
insufficient purification of HC1 gas is not reliable . 
Therefore, in this study, selective MOVPE of 
InAIGaAs was examined without HC1 gas. 

Photoluminescence (PL) measurements and auger 

electron spectroscopy (AES) measurements were 
used to evaluate the bandgap energies and 
compositions of the layers. In AES measurements, 
the focused electron beam diameter was smaller 
than 1 um. In PL measurements, the Ar laser beam 
(X = 515 urn) was focused to a diameter of about 
1 urn. 
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Results and Discussion 

Figure 1 shows a microphotograph of a wafer 

surface after the InxAlyGai-x-yAs selective growth. 

As can be seen, almost no polycrystals are observed 

even on the widest 40 urn width mask. High 

selectivity has been achieved at relatively low 
growth rate of 1 um/h. At the growth rate higher 
than 1 um/h, the selectivity was degraded. The low 

Al content of y ~ 0.1 in the experiments has also 
contributed to the high selectivity. 

u - -4- J 
40 fi m MASK t 40 // m MASK 

2/im MESA 

Fig.l  Microphotograph of a wafer surface after 
the InAlGaAs selective growth. 

Figure 2 shows the scanning electron microscopy 

(SEM) photograph of the mesa structure. Epitaxially 
grown mesa is surrounded by a (100) top surface 

and (lll)B side facets, and a flat surface was 
obtained. 

These results have proved that selective growth 
of InAlGaAs is a practical and useful technique for 
the fabrications of photonic waveguide devices. 

Figure 3 shows the PL peak wavelength shifts of 
InAlGaAs for various Wm and Wo. The data point 
of Wm = 0 represents the PL peak wavelength of 
the region without the masks. The PL peak 
wavelength becomes longer with wider Wm and 

narrower Wo. This tendency is similar to that of the 

InGaAsP material system (1),(5). A large 
wavelength shift of about 170 ran was obtained 
with 40 urn Wm and 2 um Wo. 

Fig.2  Scanning electron microscopy (SEM) 

photograph of an 2 um wide InAlGaAs mesa. 
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Fig. 3  PL peak wavelength shifts of InAlGaAs 
for various Wm and Wo. Ar laser was 
focused onto the center of mesa stripes. 

The composition change of InAlGaAs was also 
examined by AES measurements for the Wo of 
2 urn. Figure 4 shows the AES signal intensity of 

In, Al and Ga normalized with that of As. 

Apparently the signal intensity of In increases with 
a wider mask width,which means enhancement of 

the In content. However, the tendency of Al and Ga 
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Fig.4 AES signal intensity of In, Al and Ga 
in InAlGaAs. The intensity was normalized 
with that of As. 

Fig.5 AES signal intensity of In and Al in 

In Al As. The intensity was normalized 
with that of As. 

is not clear in these data. From these results, it is 
revealed that the existence of masks also causes the 
composition change in selective InAlGaAs growth 

as well as in InGaAsP growth. The In content is 
enhanced with a wider mask width, which makes 
the bandgap energy smaller. 

The migration and/or diffusion of group III 
species is proposed to be the mechanism of the 
selective MOVPE growth (6)-(9). Especially in the 
InGaAsP system, the different behavior of In and 
Ga species during the selective growth is thought to 
be the origin of the composition change, and it has 
been well investigated. However, there have been 
no reports to date about the behavior of group III 
species during the selective growth of the InAlGaAs 
material system. Especially to investigate the 

behavior of Al species, InAlAs selective growth 
was examined. 

The InAlAs growth temperatures were 650°C 

and 700°C. Other growth conditions were almost 
the same as those of InAlGaAs. Figure 5 shows the 
AES signal intensity of In and Al normalized with 
that of As. The intensity of In increases and that of 
Al decreases with a wider mask width at both 
growth temperatures. The intensity change at 650°C 
is larger than that at 700°C, which suggests larger 

composition change at lower temperature. 
One important factor in explaining the results 

shown in fig.5 is the decomposition process of 

group III species. Although the diffusivity of TMA1 
is a little larger than that of TMIn, the 
decomposition temperature of TMA1 is higher than 

that of TMIn (10),(11). This difference of 
decomposition process leads to lower incorporation 
enhancement of Al than In. At a high growth 

temperature of 700°C, the difference in 
decomposition between In and Al species becomes 
small, and thus the composition change also 
becomes small in comparison to that at 650°C. It 
has been reported that the decomposition process 
plays an important role in the selective growth of 
InGaAs (12). In the InAlGaAs material system, the 
decomposition process also seems to be an 
important factor in the composition change. 

From the viewpoint of device applications, such 
as photonic integrated circuits, the information 
about the transition region between two different 

mask widths is important. Figure 6 shows the PL 

peak wavelength profile along the mesa stripe of 
InAlGaAs. The mask pattern, as shown in the inset 

of fig. 6, consists of two pairs of masks with 
different widths 10 um and 20 urn, and they are 
directly connected. The peak wavelengths gradually 
shifted at the transition region. The transition 

length, which was defined as 10 % - 90 % of the 
total wavelength shift, was about 60 urn. This value 
is almost comparable to the reported values in 
InGaAsP (1),(5). 
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Fig.6 PL peak wavelength profile along a mesa 
stripe of InAlGaAs. 

Conclusion 

In conclusion, selective MOVPE of InAlGaAs 
with almost no polycrystalline growth was achieved. 
The composition change was also observed in 

selective InAlGaAs growth. The In content is 
enhanced with wider mask width, which makes the 
bandgap energy smaller. A large PL peak 

wavelength shift of 170 nm with a mesa width of 

2 (im and a mask width of 40 \im was achieved. 

This is the first report on the bandgap energy 
controlling in the InAlGaAs selective growth. 
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Introduction 
The importance of selective regrowth of InP can be recognised from the quantity of publications arising in this field. 

A majority of the investigations come especially from the MOVPE (Metal Organic Vapour Phase Epitaxy) process, see e.g. 
[1] and the references therein. A near equilibrium process, HVPE (Hydride Vapour Phase Epitaxy), has been used in the 
present investigation to study the selective growth of InP around the RIE (Reactive Ion Etching) etched [110] and [110] 

directional mesas. The growth was temporally resolved by growing alternating layers of unintentionally doped and n-doped 
InP. The striking differences in the growth behaviour and immense initial lateral growth rates are presented and discussed. 

The implication of an immense lateral growth in device fabrication is exemplified by considering the regrowth of iron 
doped semi-insulating InP in the fabrication of buried heterostructure lasers. 

Experimental 
A GalnAsP quaternary layer of thickness ~ 0.5 um was 

grown by MOVPE on (001) n-InP substrate. After depositing 
silicon nitride, conventional lithography cum reactive ion etch- 
ing using methane and hydrogen were used to create mesas 
along the [110] and [110] directions. These were ~2 um broad 
and - 3urn tall. Selective regrowth of (totally) seven alternat- 
ing layers of unintentionally doped InP and n-InP was carried 
out in a HVPE reactor [2] in an ambient of nitrogen. The first 
five layers were grown in one minute each and the remaining 
two layers two minutes each. The growth temperatures were 
600, 650, 685 and 700°C. The V/III ratio was ~ 6.5. H,S of 
concentration 200 ppm in H, was used as the n-dopant gas. 
The nominal electron concentration in n-InP layers (as found 
in the n-InP layers grown on planar wafers) was ~lx 10ls cm3. 
After regrowth, the samples were cleaved, stained and ana- 
lysed by SEM (Scanning Electron Microscopy). 

Results and Discussions 
The SEM cross-sections of the regrown [110] and [110] 

mesas are given in Fig. 1 and Fig. 2, respectively; a, b, c and d 
in Figs. 1 and 2 correspond to the growth temperatures of 600, 
650, 685 and 700 °C, respectively. It is clear that the growth 
behaviour in the [110] mesa case is strikingly different from 
that in the [110] mesa case. Similar features were observed 
even when regrowth was carried out without nitride mask [3], 
Thus these features do not seem to arise from the selective 
growth but from the difference in the bonding configurations 
existing on the planes exposed for regrowth [4]. The angle 
between the wall and the dangling bond on P (or In ) on the 
wall is 125.2 ° (or 54.8 °) in the [110] mesa case and 54.8° (or 
125.2 °) in the [110] case. Since the regrowth necessarily has 
to take place by making use of the dangling bonds both on the 
(001) and {110} planes, the growth pattern is different in the 
two considered cases. 
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Fig. 1. SEM cross-section of the [110] mesas after regrowth 
at (a) 600 °C, (b) 650 °C, (c) 685 °C and (d) 700 "C 



Fig. 3. Schematic view of the very initial regrowth stage in the 
SS    [HO] mesa case. Filled circle is P and open circle is In. 

Fig. 2. SEA I cross-section of the [110] mesas after regrowth 
at (a) 600 °C, (b) 650 "C, (c) 685 °C and (d) 700 °C 

Taking into account these differences, the growth already in 
the very initial stage can be depicted as in Fig. 3 and Fig. 4 for 
the [110] and [110] mesa cases, respectively. 

How these differences affect further growth can be 
analysed by considering the net change of dangling bonds when 
each atom is added to the crystal. However it would be suffi- 
cient and proper to consider only the addition of In atom since 
under the conditions of excess PH3 with respect to InCl. total 
adsorption of P atoms takes place readily in analogy to As 
adsorption in the GaAs growth case [5]. Under such condi- 
tions, due to the differences in the orientation of the dangling 
bonds on P. the net change of dangling bonds at the addition 
of first In at the kink site is 0 for the [ 110J mesa case and -2 
for the [110] mesa case. The subsequent addition of In results 
in a net change of dangling bonds equal to -2 in all the three 
principal directions of growth in the case of the [110] mesa; 
but in the case of the [110] mesa, it is -2 only in the mesa 
direction and zero in the other two directions (upwards and 
sidewards). This explains the abundant growth in the case of 
the [110] mesa already in the very first minute, see Fig. 2. 
This also confirms our previous finding that the (110) walls 
are '"wetted" predominantly with respect to the (110) walls 
when very tall mesas are used for regrowth [6-7]. In both cases, 
it is found that initially the growth takes place in the immedi- 

Fig. 4. Schematic view of the very initial regrowth stage in the 
[110] mesa case. Filled circle is P and open circle is In. 

ate vicinity of the mesa wall in big jump or jumps. But when 
the growth has reached the mesa level, the growth on the (001) 
plane beside the mesa is not so spectacular. As the growth is 
in progress, certain other planes emerge, which are identified 
mostly as {hhl}("l" here is the small case of L and not one). 
As long as any one of these planes does not act as the stopping 
plane, a higher density of dangling bonds at the kink sites 
would favour the growth away from the mesa so as to enable a 
total planarisation. Hence the growth above the mesa level 
takes place in smaller jumps at least during the growth time of 
our experiments. 

The dangling bond arguments are general and funda- 
mental to explain the crystal growth behaviour. Cadoret [8| 
proposed a particular model to explain the anisotropic growth 
behaviour in the chlorine based growth processes such as Chlo- 
ride VPE and Hydride VPE. This author postulated the for- 
mation of As-Ga-Cl intermediate from the studies on the 
growth of GaAs on planar substrates of different 
cry stallographic orientations and that the growth rate along a 
particular direction is dependent upon the facility with which 
the Cl atom can be removed from this intermediate: if Cl atom 
is not easily removable, e.g. due to steric hindrance, further 
adsorption of the incoming species becomes difficult and the 
reaction is considerably slowed down. As a result there can be 
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certain orientations that are preferable for growth and hence 
the anisotropic growth. Cl removal is also identified as the 
rate determining step in GaAs growth by chloride based ALE 
(atomic layer epitaxy ) process [9]. In the HVPE growth of 
InP. Cl removal from a similar intermediate. P-In-Cl, has been 
suggested as the rate determining step by Chaput et al. [10]. 
To the authors' know ledge, this model has not been explicitly 
employed so far for accounting the growth on non-planar 
substrates. It is indicated here how this model strengthens our 
dangling bond approach. A scrutiny of the configuration of 
the adsorbed P-ln-Cl intermediate with the help of Fig. 3 and 
Fig. 4 leads to the identification of one dangling bond on In in 
the case of the [110] directional mesa and none in the [110] 
directional mesa. This is because In in P-In-Cl intermediate is 
attached to two P atoms in the former case (see Fig. 3) and to 
three P atoms in the latter case (see Fig. 4). As a result, the 
intermediate in the [110] mesa case has two resonating struc- 
tures (since Cl can occupy any one of the two available bonds 
on indium) unlike that in the [110] directional mesa which 
has only one such structure. Hence. Cl removal from the less 
stable P-In-Cl intermediate of the [110] mesa is facile which 
also accounts for an abundant growth in all the directions un- 
like in the [110] mesa case, as has been mentioned in the pre- 
vious paragraph. 

The initial lateral growth defined as the growth away 
from the mesa wall at half the height of the mesa in the very- 
first minute is presented in the form of Arrhenius plots in Fig. 
5. The decrease in growth rate with the increase of tempera- 
ture is due to an enhanced pyrolysis of PH3 to P2 which is 
known to reduce the growth rate [11-12]. These curves also 

1000 -r 

1.00     1.05     1.10     1.15     1.20 

1000/T(K) 

Fig. 5. Initial lateral growth rate as a function of tempera- 
ture: circle: [llOJmesa, square: [110] mesa. 

confirm that the growth is always more abundant in the [110] 
mesa at all the investigated temperatures in accordance with 
the dangling bond arguments and the Cadoret model discussed 
in the previous paragraphs. A similar trend has also been ob- 
served for the case where the regrowth was carried out with- 
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out mask [3]. However the initial lateral growth rate is always 
higher when the mask is present for a given mesa orientation. 
This suggests that when the mask is absent, the availability of 
the active gases for lateral growth should be less due to the 
growth on the mesa itself. 

We have also analysed various emerging planes and 
are identified to be {hlil}. Initially the planes with 1/h < 3 
are generally formed but progress towards {hhl} with larger 
values of 1/h which are indistinguishable from (001). More 
detailed results will be published elsewhere. 

An immense initial lateral growth rate should be taken 
into account e.g. to achieve proper amount of iron incorpora- 
tion during semi-insulating InP:Fe regrowth for buried 
heterostructure laser fabrication. For example, to achieve ~ 
2x10 Fe atoms/cm' of active iron near the mesa, one should 
target a value of-2x10 Fe atoms/cm' (calibrated from growth 
on planar substrates) if the ratio of initial lateral growth rate 
to the planar growth rate is 10 as in our case. Thus our re- 
grown lasers exhibit very low leakage currents since the ac- 
tive iron concentration is close to the maximum attainable 
active iron concentration. 5x10    cm" [13]. 

Summary and Conclusions 
Temporally resolved regrowth of InP around the [110] 

and [110] mesas has been carried out by a near equilibrium 
process, HVPE. The regrown pattern are strikingly different 
for the considered two types of mesas. The lateral growth is 
higher in the case of the fl 10] oriented mesas at all the stud- 
ied temperatures and is understood to be due to a more favour- 
able net change of dangling bonds. This is also supported by a 
model proposed by Cadoret [8] and Chaput et al. [10]. The 
initial lateral growth defined as the growth away from the 
mesa at half the height of the mesa in the very first minute is 
a decreasing function of temperature and is interpreted to be 
due to an enhanced pyrolysis of phosphine. An immense lat- 
eral growth has to be considered when particular amount of 
dopant has to be incorporated very near the mesa. This has 
been exemplified by considering Fe incorporation when InP:Fe 
is regrown for buried heterostructure laser fabrication. 
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Abstract 

Photodetectors offering wide bandwidths and high efficiency are indispensable devices for 
high-speed optical transmission systems. This paper reviews a proposed multimode waveguide pin- 
photodiode with a mushroom-mesa structure. This photodiode has a 3-dB bandwidth of 110 GHz and 
an external quantum efficiency of 50% at a wavelength of 1.55 lim. A high-speed monolithically 
integrated photoreceiver using the waveguide pin-photodiode is also presented. 

Introduction 

High-speed optical transmission 
technology has rapidly developed to the point that 
10-Gbit/s transmission is now possible. 
Experiments on optical transmission speeds 
faster than 10 Gbit/s are currently being carried 
out using intensity modulation/ direct detection 
(IM/DD) schemes [1, 2]. These high-speed 
transmission systems require photodetectors with 
wide bandwidths and high efficiency. 

The photodetector structures are classified 
as surface-illuminated photodiodes and side- 
illuminated photodiodes. Surface-illuminated 
photodiodes have bandwidths inversely 
proportional to the thickness of the photo- 
absorption layer. This is because the bandwidth 
is limited by the carrier-transit time at this layer. 
On the other hand, the internal quantum 
efficiency is proportional to the thickness. Thus, 
there is a trade-off between the bandwidth and 
the internal quantum efficiency with these 
photodiodes. The bandwidth-efficiency product 
is theoretically limited to about 38 GHz at long 
wavelengths [3]. 

Side-illuminated photodiodes have optical 
waveguide structures. In these photodiodes, the 
light and the photo-generated carriers travel in 
different directions. This structure permits the 
bandwidth and the efficiency to be specified 
almost   independently   of  each   other   [3|. 
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However, the problem with these side- 
illuminated waveguide photodiodes (WGPDs) is 
that it is much more difficult to obtain highly 
efficient optical coupling to a fiber than it is with 
surface-illuminated photodiodes. This is because 
conventional ultra-high-speed WGPDs with 
InP/InGaAs/InP double heterostructures have 
poor coupling efficiency due to their thin photo- 
absorption InGaAs layers. 

In this paper, a proposed multimode 
waveguide pin-photodiode (WGPD) with a 
mushroom-mesa structure are designed and 
confirmed experimentally to have both an ultra- 
wide bandwidth and high efficiency. High-speed 
monolithically opto-electronic integrated circuits 
(OEICs) that use the WGPD are also presented. 

Ultra-high-speed and high efficiency 
WGPD  design 

The trade-off between bandwidth and 
coupling efficiency in conventional 
InP/InGaAs/InP WGPDs (Fig. 1(a)) originates 
from the fact that the InGaAs layer functions as 
both the photo-absorption/ carrier-transit layer of 
the photodetector and as the core layer of a 
waveguide. To overcome this problem, we have 
enlarged the optical field distribution at the 
WGPD end by adding doped InGaAsP (kg= 
1.3 |im) intermediate-bandgap layers between the 
InGaAs core layer and the InP clad layers [4] as 



shown in Fig. 1(b). Since the bandgap energy of 
the intermediate-bandgap layers is set greater than 
that corresponding to a 1.55-(im wavelength, 
photo-carriers are generated and then transit 
through the depleted InGaAs layer. 

We developed two WGPD models to 
calculate coupling efficiency: one with a 
symmetric structure and the other with an 
asymmetric structure (Figs. 1(b) and 1(c)). 
First, the optical fields of the guided light in the 
WGPD structures were calculated using the step 
segment method (SSM) [5j. Our numerical 
results revealed that, in both the symmetric and 
asymmetric structures, higher-than-first-order 
modes appear in the perpendicular direction when 
the total thickness of the InGaAs and InGaAsP 
layers is greater than 1.1 (im. We will refer to 
the WGPDs with higher-than-first-order modes 
as multimode WGPDs. 

InP InP 

InP 

InGaAs 

InP 

InGaAsP 

InGaAs 

InGaAsP 

InGaAs 

InGaAsP 

InP InP 

of the multimode configuration contribute to 
coupling efficiency. 

These results indicate that the electrical 
and optical properties can be designed almost 
independently of each other for multimode 
WGPDs. Multimode     WGPDs     can 
simultaneously have ultra-wide bandwidths and 
high efficiency. 
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Fig. 2. Calculated coupling efficiency between a WGPD 
and a hcmisphcrically-cndcd single-mode fiber as a 
function of the total thickness of the core layer and the 
intcrmediatc-bandgap layer. The coupling efficiency 
increases dramatically when the total thickness slightly 
exceeds 1.1 p.m. 

(a) (b) (c) 

Fig. 1. WGPD structure model: 
(a) Conventional WGPD structure. 
(b) Symmetric multimode WGPD structure. 
(c) Asymmetric multimode WGPD structure. 

Next, we calculated the coupling 
efficiency by considering the overlap integral 
between the optical field of the fiber and that of 
the WGPD. The coupling efficiency between a 
WGPD and a hemispherically-ended single-mode 
fiber, which produces a Gaussian beam with a 
1.3-fim spot size, is shown in Fig. 2 as a 
function of the total thickness of the core layer 
and the intermediate-bandgap layer. For both the 
symmetric and asymmetric structures, coupling 
efficiency increases dramatically to as much as 
90% when the total thickness slightly exceeds 
1.1 (im. This is because the higher-order modes 

Mushroom-mesa structure 

Another problem is that the bandwidth of 
the WGPDs has been limited not by the carrier- 
transit time but by the CR-time constant at 
frequencies above 50 GHz. This is because the 
contact resistance at the top layer increases when 
the area of the pn-junction is decreased to reduce 
capacitance. For a bandwidth of more than 
100 GHz, we propose a waveguide structure 
with cladding layers wider than the core layer, as 
shown in Fig. 3. We call this structure a 
mushroom-mesa structure. A mesa with a 
1.5-u.m-wide InGaAs core layer and 6-(im-wide 
InP cladding layers is expected to have a 
resistance less than 10 Q and to provide 
100-GHz operation [61. 
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Fig.  3.    Schematic viewgraph of a mushroom-mesa 
structure. 

Experimental results 

The total thickness of the InGaAs core 
layer and the intermediate-bandgap layers was 
designed to be 1.8 Ltm to provide a multimode 
configuration. The epitaxial layers were grown 
by low-pressure metal organic vapor phase 
epitaxy (MOVPE) on a semi-insulating InP 
substrate. The mushroom mesa, with 6-Ltm- 
wide cladding layers, was formed by C2H0/02 
reactive ion etching. Then the InGaAs core layer 
was selectively etched to 1.5-Ltm width with a 
sulfuric acid mixture. The mesa was buried with 
polyimide and integrated with a 50-Q-impedance 
coplanar transmission line. The fabricated 
devices were cleaved with automatic cleaving 
machine into 12-um lengths. The measured 
external quantum efficiency using a single-mode 
fiber with a hemispherical end was 50% 
(0.63 AAV) for a 1.55-Lim wavelength. 

Figure 4 shows the frequency response 
for a 1.55-u.m wavelength. The circles indicate 
measured response at -3 V bias by using an on- 
wafer probe, a spectrum analyzer with 
preselected external mixers, and a 1.55-Ltm 
wavelength heterodyne optical sweeper. The 
response is flat and does not decrease even at 75 
GHz. 

The curve indicates the Fourier transform 
of the 1.55-Ltm wavelength short pulse response 

measured using an electro-optic sampling [7]. 
The response has a full-width at half-maximum 
of 3.4 ps. Considering the sampling system 
response, we estimate the response of the WGPD 
to be 3.2 ps, which corresponds to a 3-dB 
bandwidth of 110 GHz. This is the highest 
bandwidth yet reported for 1.55-Ltm 
photodiodes. 
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Fie. 4. Frequency response for a 1.55-mm wavelength. 
Circles indicate measured response at -3 V bias by a 
spectrum analyzer. A curve indicates the Fourier 
transform of the short pulse response measured using an 
electro-optic sampling. 

High-speed receiver OEIC using WGPD 

The WGPD satisfies the requirements of 
monolithically integrated ultra-high-speed 
photoreceivers (receiver OEICs), consisting of 
photodiodes and high-speed transistors. An 
OEIC using a WGPD and InGaAs HEMTs was 
demonstrated. 

Figure 5 is a cross-sectional view of the 
WGPD-HEMT [81. The WGPD is the top six 
layers and the InGaAs HEMTs are the bottom 
seven layers. The InGaAs core layer was 
designed to be 1.1-urn thick to achieve a 
20-GHz bandwidth. The WGPD (4 Ltm x 
25 Ltm) without anti-reflection coating had a 
responsivity of 0.6 AAV at a wavelength of 
1.55 urn. The gate length of the HEMTs is 
1 urn. Figure 6 shows the frequency response. 
The 3-dB bandwidth of the receiver was 
8.3 GHz, that is broad enough to operate at 
10 Gbit/s. The speed-limitation factor of this 
receiver is the response speed of the HEMTs. 



We can expect even faster operation with high 
efficiency from OEICs made using the WGPD 
and wider-bandwidth amplifiers. The WGPD- 
HEMT structure is promising to realize ultra- 
high-speed photoreceivers that operate beyond 
20 Gbit/s. 

Conclusion 

Side-illuminated photodiodes with optical 
waveguide structures have the advantage of large 
bandwidth-efficiency products. The proposed 
multimode waveguide photodiode with the 
mushroom-mesa structure has a record 
bandwidth of 110 GHz and an external quantum 
efficiency of 50% at a 1.55-|im wavelength. A 
10 Gbit/s monolithically integrated photoreceiver 
using the WGPD and HEMTs has also been 
demonstrated. 
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Fig. 6. Frequency response of the WGPD-HEMT. 3-dB 
bandwidth was 8.3 GHz, which is broad enough to operate 
at 10 GbiL/s. 
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Fig. 5. Cross-sectional view of a receiver OE1C 
consisting of a WGPD and InGaAs HEMTs. The WGPD 
is the top six layers and HEMTs arc the bottom seven 
layers. 
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Abstract: The results and experiences from the first fabrication of polarization diversity heterodyne receiver 
photonic integrated circuits (PICs) are reviewed and further improvements towards a possible commercial production 
in future are outlined. The fabrication process is based on a generic integration concept, which allows the parallel 
fabrication of not only heterodyne receiver PICs but also different other PIC architectures on the same wafer. 

Introduction 
The vision of advanced optical frequency division 
multiplexing (OFDM) networks with an ultra-high 
capacity and the potential of maximum management 
flexibility will only become true, if low cost, high 
performance, and reliable photonic integrated circuits 
(PICs) are available. Key components within those 
intelligent future networks are tunable receiver PICs, 
which have to meet essential performance specifications 
like polarization independence, high sensitivity even for 
high bit rates, high channel selectivity, high and fast 
wavelength tunability. Basically there are two competing 
receiver approaches, for direct and heterodyne detection. 
To date, there is no practical concept for the fabrication 
of a tunable direct detection receiver PIC, which meets 
the requirements of polarization independence and fast 
tunability. Compared to this situation, all specifications 
described above can be readily performed today in case of 
a heterodyne receiver PIC, as it was shown by the first 
presentation of a polarization diversity heterodyne 
receiver (PDHR) PIC recently (1). 

Principle of Polarization Insensitive 
Heterodyne Receiver PICs 

The performance of heterodyne receiver PICs has to be 
polarization insensitive within real photonic networks, 
because the optical signals coming out of a standard fibre 
have random polarizations states. Simple balanced 
heterodyne receiver PIC architectures (laser diode as 
local oscillator (LO) + 3 dB coupler for optical signal 
combining + balanced photodetectors for optoelectronic 
signal conversion and cancelling out the intensity 
fluctuations of the laser) are polarization sensitive and 
therefore not suitable for those applications. An attractive 
solution is the polarization diversity heterodyne receiver, 
which combines and detects the light waves of the 
incoming signal and the local laser seperately for their 
orthogonal polarization states (TE, TM). Hence this 
architecture requires additional components for 
polarization handling and a duplication of the elements 
for signal combining and optolectronic signal conversion. 
The addition of the generated currents in the TE and TM 
channels is at last insensitive to the polarization state at 
the input port of the receiver. 
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Trends in Heterodyne Receiver Integration 
Since the fabrication of first very simple PICs on InP 
with the integration of photodetectors and waveguides 
has been reported in 1985 (2) one of the biggest 
challenges ever addressed by the research groups in 
integrated optoelectronics was the integration of a 
polarization diversity heterodyne receiver. The first 
somewhat simpler heterodyne receiver PICs, which 
include a tunable laser diode and a 3dB coupler with 
integrated balanced photodiodes, have been published by 
H. Takeuchi et al. (3) and T. Koch et al. (4) in 1989. 
Further important steps towards the fabrication of a 
polarization insensitive heterodyne receiver PIC have 
been done afterwards (5,6). Despite the laser integration 
the non-availability of an integrable polarization rotator 
was the biggest challenge for a long time on the way to 
the PDHR-PIC. This element is nescessary because laser 
diodes emit only in TE-polarization, while the 
polarization diversity network needs both, TE- and TM- 
polarized light. 

First Integration of a 
Polarization Diversity Heterodyne Receiver PIC 

PIC Design and Integration Concept 
The designed PIC is subdivided into three main building 
blocks (c.f. Fig. 1): 1. a local oscillator (4-section DBR 
laser) with a monitor photodiode, 2. a polarization 
diversity network for polarization handling and signal 
combining (one polarization rotator, two mode splitters, 

Fieldeffect 

Resistor 

Balanced 
photodiodes 

Signal five 

3 dB coupler 

Polarization splitter 

Polarization rotator 

" Local oscillator 
(4-section-DBR-laser) 

Fig. 1 Schematic view of the of the PDHR-PIC. 



two mode filters, two 3dB couplers), and 3. two detector 
units (altogether two pairs of balanced photodiodes, two 
junction field effect transistors (JFETs) and four load 
resistors). The 9 mm long and 0.6 mm wide chip 
incorporates seven different optical, optoelectronic and 
electronic devices (altogether 18 devices) and represents, 
to our knowledge, the most complex integration on InP 
so far. 
The PIC fabrication process is based on a versatile 
integration concept, relying on a practical technology and 
the need for good PIC functionality, with the following 
key issues: 1. capability of satisfying different PIC 
functions on one wafer from a single, not too complex 
technological process (not only heterodyning, but also 
e.g. transceiver and signal generator functions), 2. 
avoidance of double-functionality of single subelements 
(e.g. laser diode is not used as both, laser and photo- 
diode), 3. possibility for flexible, widely independent 
optimization of integrated subelements or building blocks 
(e.g. use of the butt coupling scheme for laser inte- 
gration), 4. accomplishment of parallel processing as 
much as possible (e.g. diffusion, formation of metallic 
contacts, or deposition of isolation layers for a maximum 
number of different subelements, etching of p-mesas and 
contact grooves for the laser diodes in the same process 
step, combination of the growth steps for laser current 
blocking layers and network waveguide layers), 5. 
application of semi-insulating, Fe-doped waveguide 
layers and substrate material for the electrical isolation 
between various active elements on the chip, 6. 
application of different very thin etch stop or etch control 
layers for accurate dry and wet chemical etching, and 7. 
application of GalnAs 'angled' absorbing layers for the 
reduction of internal optical crosstalk. 

Tunable 
DBR-Laser Butt joint Network 

waveguide 

Fig. 2 Cross-sectional view of the butt joint between 
local laser and waveguide network (SEM-photo). 

PIC Fabrication Technology 
While the technology for the realization of many 
subelements in the waveguide network and in the 
detector unit is based on the experience from previous 
works (5), different categories of challenges had to be 

addressed, e.g.: 
A) Laser Integration: Only a few receiver PICs with 
integrated laser diodes have been fabricated to date, 
because of its technological challenges (3,4,7). The 
integration of the tunable DBR laser within the PDHR- 
PICs was accomplished by butt coupling using selective 
area MOVPE (Fig. 2). Despite the difficulties correlated 
with selective area MOVPE the butt coupling scheme 
was chosen because it permits good coupling efficiency, 
maximum design flexibility for the waveguide structures, 
and favourable fabrication tolerances. After an 
improvement of the selective area regrowth the best 
coupling efficiencies of several butt joints were measured 
to be 50 % ... 65 %, which is close to the calculated 
optimum value of 75...80 % for the chosen structure (8). 
B) Integration of a Passive Polarization Rotator: Until 
1992, when a passive polarization rotator was 
demonstrated for the first time by Shani et al. (9), no 
practical solution for the fabrication of a polarization 
rotating element was available. At this time, the 
technology for the complex and rather long architecture 
of first electrooptically tunable TE/TM mode converters 
(10) was not suitable for the intended integration. Based 
on the idea of Shani et al. a more efficient passive device 
was developed by H. Heidrich et al. (11) for a required 
45° polarization rotation within the PDHR-PIC. The 
performance data of the integrated 550 yon long two- 
section passive polarization rotators on the first 
fabricated wafer are given in Table 1. 
C) Uniformity of Epitaxial Growth and Vertical Dry 
Etching: This is a very important task if a high yield 
production of integrated devices with the designed, 
vertical geometric device parameters on standard two- 
inch - or more - diameter wafers is considered, because 
the layer thicknesses and etch depths from standard 
epitaxy and dry-etching equipments are commonly 
varying across the wafer area. The thickness deviations 
increase towards the perimeter of those wafers and make 
the performance and yield of different devices or 
interfaces (e.g. the butt joint between laser and 
waveguide network) also poorer. 
D) Process complexity, wafer yield and handling: The 
entire fabrication process under laboratory conditions 
involves at present 23 lithographic exposures, seven 
growth steps (six MOVPE , one MBE), and - according 
to our definition - altogether 150-170 single processing 
and controlling steps. The laser is the most complicated 
element facing the most technological challenges and 
encompasses about two thirds of the total effort for the 
PIC fabrication. About 15 % from all started 2"-wafers at 
the beginning of the PIC production survived the entire 
fabrication process, 65 % (!) were broken due to human 
failures during handling within processing and 
controlling, and only 20 % were destroyed due to process 
failures (e.g. during epitaxial growth or dry etching). At 
last, the most critical "technological step" at present on 
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4-Sect DBR Laser 
Threshold current : 16 ... 24 mA 
Emission wavelength (*): 1.55 iim 
SMSR (*) : 38 ... 43 dB 
Linewidth (*) : 25 - 40 MHz 
Tuning range : < 5.5 nm 
(*): Lasers not tuned 
Coupling efficiency at the 
laser/network butt joint : 50... 65 % 

(calculated values : 75-80%) 

Waveguide Network: 
Polarization ext. ratio: > 19 dB 
Deviation of 3 dB balance : ± 0.3 dB 
Intrinsic network losses: 3 dB 

Polarization rotator: 
Rotation angle 
Excess losses 

35 ... 43° 
1.4... 2 dB 

Detector Unit: 
Photodiodes (PD): 
Photodiode quant, eff.: > 90% 
Dark current (-4 V)     : < 130 nA 
Breakdown voltage      : 16-20 V 
Cut-off frequency (3dB): < 4 GHz 
JFET: 
Transconductance    : 120mS/mm 
Detector unit (PD+JFET+R): 
3dB cut-off frequency : 0.9 -1.0 GHz 

Table 1: Compilation of several subelement performance data on the first PDHR-PIC-wafer. 

the way to a high yield production of complex PICs is 
the secure wafer handling by technology people! This 
situation will be considerably eased by the application 
of machines for wafer handling in future commercial 
production lines and of course by a reduction of the 
entire fabrication effort and the geometric PIC 
dimensions. From the present point of view a 
reduction of the fabrication effort for PDHR-PICs is 
possible down toabout 13-17 lithographic exposures, 
4-6 growth steps, and altogether 90-120 single 
processing and controlling steps in laboratory 
environment by further improvements of PIC design, 
integration concept and technology (for comparison: a 
somewhat simpler transceiver PIC for example needs 
at present about 10-16 exposures, 3-6 epitaxial growth 
steps and 65-100 single processing & controlling steps 
under comparable conditions, depending on the PIC 
design and performance specifications). 

1.551 

1.549 

1.547- 

1.545 
Bragg 

current /mA 

Phase current/mA 

Fig.   3   Wavelength   tuning   characteristics   of  the 
integrated local oscillator. 

PIC and Subelements Performances 
Different performance data of integrated subelements 
on the first completed 2"-wafer are listed in Tab. 1 and 
some of them have been already reported elsewhere 
(1,12). The tuning characteristics of an integrated 
DBR laser is shown in Fig. 3. The yield of working 

PDHR-PIC subelements on this wafer is for example 
about 90% for the lasers (threshold currents: 13...40 
mA), 90 % for the polarization rotators (rotation 
angles a: 30°...43°) and more than 90% for the 
photodiodes (dark currents: < 130 nA at -4V bias). 
The PDHR-PIC yield on the first wafer for a sufficient 
operation of all subelements was about 50% (including 
two JFETs) and about 70% (without the two JFETs). 
After packaging of some PDHR-PICs, a stable 
polarization insensitive operation within an experi- 
mental OFDM-TV-distribution network was demon- 
strated (13), without any tendency for a bit error rate 
(BER) floor (Fig. 4). The measurements confirmed 
that no extensive linewidth broadening of the LO due 
to back reflections on the chip is observed! 

BER 

-45 -40 -35 

Popt at inPut fibre [dBm] 

Fig. 4 Bit error rate (BER) vs. received optical power. 

Improvements of PIC Technology and Performance 
The development of a versatile integration concept, 
parallel investigations on improved subelements, the 
PDHR-PIC fabrication itself, the evaluation of the PIC 
and subelement performance data on the first two 
completed wafers, and the effort of other groups have 



shown a lot of room for further improvements: e.g. 1. 
reduction of the geometric PIC dimensions for a 
higher device yield on the wafers [use of vertical 
coupling schemes (14), multimode interference (MMI) 
waveguide couplers and waveguide bends with very 
small radii (15), high quality integrated waveguide 
mirrors],  2.   improvement  of  the  developed  PIC 
integration concept (reduction of the entire fabrication 
effort, increase of versatility regarding the parallel 
fabrication of different PIC architectures using DBR 
and DFB lasers,...), 3. further improvements of the 
subelements and PIC performance [increase of the 
local laser tuning range up to the bandwidth of Er- 
doped fibre amplifiers (16), increase of the laser output 
power and the coupling efficiency at the butt joint, 
reduction of laser linewidth and threshold current, 
increase of the photodetector bandwidth (6,17)], 4. 
further improvements and standardization of single 
process steps for high yield production (e.g. uniform 
epitaxial growth and dry etching on standard wafers, 
planar and reproducible selective area regrowth by the 
use of MOMBE,  secure wafer handling),  and 5. 
improvement   of   fibre/chip   coupling   losses   and 
alignment tolerances by the integration of a spot size 
transformer (18). 

Concluding Remarks 
The first fabrication of complex PDHR-PICs and the 
successful operation of these chips in OFDM-TV- 
transmission experiments represent an impressive 
feasibility demonstration featuring todays quality and 
potential of InP integration technology. The additional 
parallel fabrication of somewhat simpler balanced 
heterodyne receiver PICs, transceiver PICs (19), dual 
wavelength transmitter and optical signal generator 
PICs (19) on the same 2"-wafer with the same process 
further demonstrates the versatility of the developed 
integration concept. The performance of the most 
subcomponents within the different fabricated PICs is 
comparable to discrete devices and the yield of 
working subdevices and PICs on one wafer is very 
good for this first fabrication run. 
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Abstract 

An integrated photoreceiver using an InAlAs/InGaAs HBT-based transimpedance amplifier has been 
fabricated and characterized. The p-i-n photodiode is fabricated using the base, collector and subcollector 
layers of the HBT. Discrete 5 fim x 5 um emitter area transistors demonstrated fr and fmol of 67 GHz and 
123 GHz, at collector currents of 10 mA and 7 mA, respectively. An amplifier with a feedback resistance of 
550 fi demonstrated an effective transimpedance bandwidth of 14 GHz and a gain of 46 dBQ, corresponding 
to a very high transimpedance-bandwidth product of 2.8 THzQ. The integrated photoreceiver measured 
-3 dB bandwidth is 9.5 GHz, which to the best of our knowledge is the highest reported till date for a 
PIN-HBT monolithically integrated photoreceiver. 

Introduction 

High-speed integrated photoreceivers are expected to 
have better performance than hybrid designs because 
of reduced parasitic elements, compactness and high 
reliability]!]. A scheme of photodiode and transis- 
tor integration, first demonstrated by Pedrotti et o/.[2] 
in GaAs-based materials, is a p-i-n photodiode and a 
heterojunction bipolar transistor (HBT) photoreceiver 
where the p-i-n diode is formed using the HBT base- 
collector junction. This scheme of integration is ex- 
tremely interesting due to its simplicity (one-step epi- 
taxy) and the fact that HBT-based photoreceivers are 
predicted to show better noise performance than FET- 
based circuits at high bit rates[3]. Using this approach, 
high speed InP-based photoreceivers with performance 
similar to the best reported hybrid receivers[4],[5] have 
been demonstrated. 

In this work we report the fabrication and character- 
ization of an InP-based PIN-HBT OEIC photoreceiver 
using the base, collector and subcollector HBT layers 
as the p-i-n photodiode. The photoreceiver was imple- 
mented using an optimized HBT layer structure and 
improved fabrication techniques compared to our previ- 
ous work[6]. A photoreceiver using a transimpedance 
amplifier with a transimpedance-bandwidth product 
of 2.8 THzfi and a -3 dB bandwidth of 9.5 GHz at 
A=1.55 /im was realized. These parameters are, to the 
best of our knowledge, the highest reported for this ma- 
terial and scheme of integration. The detailed measured 
and simulated electrical characteristics of the HBT and 
the transimpedance amplifier are reported elsewhere[7] 

? 

1000Ä InGaAs n=1x1019cm"3 Contact 

700Ä InAIAs n=1x1019cm"3 Contact 

1500Ä InAIAs n=8x1017cm"3 Emitter 

150Ä InGaAs p=2x1018cm"3 Spacer 

850Ä InGaAs 
19      -3 

p=3x10    cmJ Base 

6000Ä InGaAs n=1x1016cm'3 Collector 

5000Ä InGaAs 
19      -3 

n=1x10   cmJ Subcollector 

100A InGaAs Undoped Buffer 

S.I. InP Substrate 

Figure 1: Profile of the PIN-HBT epitaxial layer. 

Device Structure and Fabrication 

The HBT heterostructure, shown in Fig. 1, is grown 
at 500 °C by solid-source molecular beam epitaxy 
(MBE) on a Fe-doped semi-insulating InP (001) sub- 
strate. The InGaAs collector layer also acts as the 
absorption i-region of the p-i-n diode, and its thick- 
ness, 6000 A, is optimized taking in consideration the 
HBT high frequency performance, and the photodiode 
responsivity and RC time constant. The fabrication 
of the integrated PIN-HBT with self-aligned base con- 
tact and SiO* side-wall is described elsewhere in more 
detail[6],[8]. Non-annealed Ti/Pt/Au metalization was 
used for the emitter and collector ohmic contacts and 
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Pt/Ti/Pt/Au metalization was used for the base con- 
tact. A plasma enhanced chemical vapor deposition 
(PECVD) SiOx layer 7600 A thick is used as antireflect- 
ing (AR) coating and isolation for the interconnection 
metal. The thin-film resistors consist of 320 Ä of Ti. 

Figure 2 shows the photoreceiver circuit.  It consists 

Out 

Figure 2: Circuit diagram of the monolithically inte- 
grated photoreceiver. 

of a 10 fim x 10 fim p-i-n photodiode and a 5 fim x 5 fim 
emitter HBT amplifier in a transimpedance configura- 
tion with feedback resistor and a buffer stage that pro- 
vides 50 fl matching output impedance. The design 
requires only two bias voltage supplies, one for the am- 
plifier and the other for the p-i-n photodiode. 

Experimental Results 

The p-i-n photodiodes demonstrate breakdown volt- 
ages as high as -15 V without AR coating and a leakage 
current of <10 nA at -10 V. Figure 3 shows the p-i-n 
dark current before and after the AR coating. The dark 
current remains below 10 nA for bias voltages less than 
4 V for both cases. From the doping profile and elec- 
tric field calculations a bias voltage of approximately 
-3 V is sufficient to achieve hole and electron saturated 
drift velocity. The inset of Fig. 3 shows the reduction 
of reflectivity due to the AR coating equivalent to a 
~20 % increase in responsivity. The low dark current 
value is due to the high quality of the heterostructure 
and the optimized diode layout designed to provide a 
more uniform electric field across the diode area. A 
low photodiode dark current is crucial to enhance the 
photoreceiver sensitivity and dynamic range. The mea- 
sured capacitance of a discrete 100 /im2 diode for bias 
voltages >1.5 V is 70 fF which agrees with the value ob- 
tained from fitting an equivalent circuit to the measured 
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Figure 3: p-i-n photodiode dark current with and with- 
out AR coating. The inset shows the reflectivity with 
AR coating optimized in the range of 1.3 to 1.55/im. 

S-parameters in the range of 0.5 to 25.5 GHz. The re- 
sponsivity of the p-i-n photodiode with AR coating was 
~0.47 A/Wat A=l. 55 ^m. 

The HBT demonstrates a DC current gain ß of 40, 
ideality factors of 1.29 and 1.51 for the collector and 
base currents, respectively, and a breakdown voltage 
(Vceo) of 5 V. The common-emitter small signal fre- 
quency response of discrete transistors was measured 
using coplanar probes and a network analyzer. Figure 4 
shows the unity current gain cutoff frequency (fy) and 
the maximum oscillation frequency (fmal) as a function 
of Ic for a 5 fim x 5 fim emitter HBT obtained from 
current gain (H21) and Mason's unilateral gain (U). 

150 

4        8       12      16 

Collector Current 
20     24 

(mA) 

Figure 4: fj and fmal as a function of Ic for a discrete 
5 fim x 5 fim emitter HBT. 
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A maximum tT and fmol of 67 GHz and 123 GHz were 
obtained at collector currents of 10 mA and 7 mA, re- 
spectively. The large value of fmar is obtained due to 
the small base resistance (self-aligned base contact and 
relatively thick base layer) and small base-collector ca- 
pacitance (thick collector layer). The high-frequency 
response of the HBT was also measured at a tempera- 
ture of 80 K in the range of 0.1 to 40 GHz for potential 
cryogenic applications of the transimpedance amplifier. 
From these measurements, it is seen that the perfor- 
mance improves marginally at low temperatures. 

The transimpedance amplifiers were measured on 
wafer and the effective electrical transimpedance gain 
\ZtJt\ = \Z0\ x iSul/ll-Snl, with \Z0\ = 50 0[9], was 
obtained from S-parameter measurements. Figure 5 
shows the transimpedance frequency response for an 
amplifier with a 550 Q. feedback resistor (RF). The am- 
plifier demonstrates a flat response with a -3 dB band- 
width of 14 GHz, and a gain of 46 dBfi. The maximum 
measured bandwidth was 22 GHz for a gain of 40 dBQ. 
The inset of Fig. 5 shows the -3 dB bandwidth of the am- 
plifiers as a function of the transimpedance gain for RF 

values of 600, 550, 140, and 127 ft in order of increasing 
bandwidth. The maximum transimpedance-bandwidth 
product TZBW = ZrfsdB^O] obtained is 2.8 THzfi. 
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Figure 5: Frequency response of the transimpedance 
amplifier. The inset shows the -3 dB bandwidth as a 
function of the gain for different values of Rf. 

The optical-to-electrical small-signal frequency re- 
sponse of the p-i-n photodiode and the integrated pho- 
toreceiver was measured in the range of 0.13 to 20 GHz 
using a lightwave component analyzer at a wavelength 
of 1.55 pm. The circuits were characterized on wafer us- 
ing coplanar microwave probes and an optical probe to 
illuminate the photodiode from the top with the modu- 
lated laser light through a lensed single mode fiber. Fig- 
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Figure 6: Frequency response of a discrete p-i-n diode. 
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Figure 7: Integrated photoreceiver frequency response. 

ure 6 shows the frequency response of the p-i-n diode 
demonstrating a bandwidth of 11.5 GHz at a bias of 
4 V. Figure 7 shows the measured frequency response 
of the integrated photoreceiver with a 10 pm x 10 (im 
p-i-n photodiode, demonstrating a -3 dB bandwidth of 
9.5 GHz. This bandwidth is adequate for 14 Gb/s op- 
eration. The total power dissipation of the OEIC pho- 
toreceiver was only 10.5 mW with a Ncc bias of 2.5 V. 

Conclusion 

In conclusion, we have designed, fabricated and 
characterized a high-speed InP-based PIN-HBT OEIC 
photoreceiver using an amplifier with a very high 
transimpedance-bandwidth product of 2.8 THzfi, which 
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to the best of our knowledge is the highest reported 
till date for a monolithically integrated transimpedance 
amplifier. The p-i-n photodiode is fabricated using 
the base, collector and subcollector HBT layers. The 
5 fim x 5 fim emitter area HBTs demonstrated 67 GHz 
and 123 GHz for fr and fmai, respectively. The ampli- 
fier showed an electrical transimpedance bandwidth of 
14 GHz and a gain of 46 dBfi. The integrated photore- 
ceiver with a 10 fim x 10 fim p-i-n photodiode demon- 
strated an optical-to-electrical small-signal -3 dB band- 
width of 9.5 GHz. 
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Abstract 
A simplified logic photoreceiver with a photo detector directly connected to a decision circuit has been 

monolithically integrated with double-heterojunction bipolar transistors. Neither a preamplifier nor compensation circuits 
was used in this photoreceiver. A power estimation model was introduced to the simplified photoreceiver. Important 
device characteristics for error-free operation under practical conditions were quantitatively discussed. A 10-Gbit/s error 
free operation for a 1.55-um wavelength was successfully achieved. 

I   Introduction 
As signal processing speeds and complexities are 

increased, optical transmission techniques have been 
applied to signal interconnections among all the levels 
between systems, boards, chips, and LSIs [1-3]. A dense 
photoreceiver is one of the key components for interchip 
optical interconnections. A simplified photoreceiver with 
a pin PD directly connected to a decision circuit (DEC) [4- 
6] is attractive for such interconnections. Neither a 
preamplifier nor compensation circuits are used in this 
photoreceiver. We call this simplified photoreceiver "PD- 
DEC". To adopt the PD-DEC in actual systems, it must 
achieve error-free operation under practical conditions 
such as process-dependent deviation of device 
characteristics, temperature fluctuation, and noise. 

We first introduce a power estimating model [4] 
to the PD-DEC. By using this model, we derive important 
device characteristics to achieve error-free operation under 
practical operating conditions. 

Next, as the first step for the simplified 
configuration, a monolithically integrated PD-DEC is 
fabricated using the InP/InGaAs Double-Heterojunction 
Bipolar Transistors (DHBTs) process [7]. The measured 
eye pattern for a 10-Gb/s NRZ optical input signal has a 
good eye opening and error-free operation is confirmed. 

(a)     LD Driver Fiber       Preamp 

APC  -g 

LD    Ä   PD 

i  _CL 
r Decision 

AGC 

ATC cooler APC: Auto Power Controller 
ATC: Auto Temperature Controller 
AGC: Auto Gain Controller 

(b) 

_Q_ 
Decision 

^*L 

Fig. 1. Schematic diagram of optical-fiber 
communication systems: (a) basic configuration of 
telecommunication systems and (b) PD-DEC 

configuration. 

II. PD-DEC   direct   connection   for   optical 
interconnections 

Figure 1 shows the basic photo-transmitter and 
receiver that are widely used in optical fiber 
telecommunication systems. Many compensation circuits 
are required to compensate for temperature fluctuation and 
signal loss caused by long-haul transmission to achieve 
error-free operation. Such complex configurations are not 
practicable because power dissipation and connection 
density are major concerns in parallel optical 
interconnections. We remove the compensation circuits 
and replace the preamplifier with load resistance Ri as 
shown in Fig. 1(b) because the signal loss including 
coupling loss is a few dB in optical interconnections. This 
simplified configuration, PD-DEC, is very attractive in 
terms of power dissipation and cost, and will be applicable 
to interconnection systems. In order to achieve error-free 
operation under practical conditions, we must take into 
account temperature fluctuation, process-dependent 
deviations of device characteristics ( process deviations ), 
and noise. The threshold current and distinction ratio of 
the laser diode (LD) are the largest fluctuation factors in 
these systems. However, as shown in Fig. 2, an excess 
modulation current for the LD with a range from UUJmax) 
+ ILD0 to htiJmax) + hui may guarantee successful 
operation over the full temperature range. In the PD- 
DEC, the LD driver dominates the total power dissipation 
of the transmitter and receiver. The power dissipation of 
the LD driver is estimated by calculating the LD drive 
current l^Dh We calculate the //,£>; to achieve error-free 
operation.   For simplicity, we assume the following: 

(1) The bandwidth of each device is much wider 
than the bit rate. 

(2) Process-dependent deviation in each process 
parameter and total noise energy are approximated by a 
Gaussian distribution. 

(3) Process-dependent standard deviations are 
simplified to be equal among all the parameters, and we 
introduce a single parameter 0"dev. 

The LD drive current ILDJ to achieve error-free operation 
using these assumptions is given by [4] 
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(l-kodev)VlLDl RL-(]+kVdev)ri(lLDO + AIth) RL = Vsen +2karef + 2Q in R, (1) 

where 77 is the product of the slope efficiency of the LD, 
fiber coupling efficiency, and the sensitivity of the pin PD. 
The meanings of the other symbols are listed in Table 1. 
The left-hand side of Eq. (1) is the effective signal 
amplitude taking into account the decrease in the 
extinction ratio due to process deviations and AIt^. The 
first and second terms on the right-hand side represent 
decision sensitivity. The third term is for noise. The 
relation between parameter Q and the bit error rate (BER ) 

is BER = 1/2 Erfc[Ql42l Figure 3 shows the RL and 
ILDI relationship calculated by Eq. (1) with the parameter 
values listed in Table 1. The maximum bit rate is defined 

as ( 4 Cpo RL   )_1 where Cp£> is the capacitance of the 

pin PD with parasitic capacitance at the input node of the 
DEC. ILD] for an 77 of 0.1 decreases to 20 mA with 
increasing Ri . This value is less than the drive current 
required for electrical interconnections with near- and far- 
end 50 Q. impedance matching. Increasing 77 to 0.3 
effectively contributes to reducing lioi- The minimum 
levels of ILD1 are determined by AIth Therefore, an LD 
with extremely low threshold current and high 
characteristic temperature is very effective in reducing LD 
drive current. The ILD1 can be reduced to 1/3 by reducing 
hh to 1/5. 

'th(T)=I0exf(T/T0l 

Twin 

o a, 

a. 
O 

Process deviation 

^  f (l-kadev)r}lLDi RL 

Q'n RL 

ILDO 

+ 2ka ref 

\+kadev)j](lLD0+Mth) RL 

Process deviation 

Fig. 2. Relation between the signal levels at the input node of the decision circuit, 
noise, and decision sensitivity. 

Table 1    Parameters used to calculate LD drive current. 

parameter value 

Relative Process Std. Deviation adev 0.06 
Coefficient 1 k - 3 
Total Noise Cunrent >n |iA 5   [8] 
Decision Sensitivity V sen mV 40 PI 
Vref Std. Deviation °ref mV 10 
LD Drive Current for logic level '0' 1LDO mA 1.0 
LD Threshold Current hh mA 5    @30°C 
Characteristic Temperature To K 50 [10] 
Temperature T °C 0~80 
Coefficient 2 Q - 6    @BER=10~9 
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100  « 

0 200        400        600       800      1000 
Load resistance f\_  (Q) 

Fig. 3. LD drive current fot the PD-DEC versus load 
resistance.    A CPD of 40 fF was assumed. 

III.   Device Technology 
As the first step to the simplified configuration, a 

monolithically integrated PD-DEC was fabricated using 
the InP/InGaAs DHBT process. 

The layer structure of the DHBT is listed in Table 
2. This layer structure offers a number of advantages over 
conventional DHBTs such as increased break-down 
voltage, suppression of the electron blocking effect, 
enhancement of the ballistic transport of electrons, and the 
simultaneous formation of a high-speed pin PD. These 
layers were grown by low-pressure metal organic chemical 

Pt/Ti/Pt/Au 
Emitter Cap 

i Emitter 
-Base 

-Jk     Ti/Pt/Air--^ '       "  ^^-n-t"- 

pin PD DHBT 

Fig. 4 Schematic cross section of pin PD and DHBT. 

Table 2 DHBT Layer Structure 

Layer Material  Thickness Doping 

(nm) (cm'3) 

Emitter Cap n+ - InGaAs 50 3X10iy 

N+InP 15 2X1019 

N - InP        25  3X1Q17 

Spacer ud - InGaAs 5 — 

Base p+ - InGaAs 55 2X1019 

Collector ud - InGaAs 400 — 

p+ - InGaAs 10 2X1018 

ud - InGaAs 10 — 

n+ - InGaAs 10 2X1018 

N-InP 170 1X1017 

n+ - InGaAs 400 5 X 1018 

Buffer ud- InP 100 — 

vapor deposition (MOCVD) on Fe-doped semi-insulating 
InP substrates. 

DHBTs were fabricated by self-aligned HBT 
processes. Figure 4 shows a schematic cross section of 
the pin PD and DHBT. The pin PD was formed on the 
base-to-collector layers of DHBTs as shown in Fig. 4. 
Measured jf andfmax for VCE = 1.4 V were 104 GHz 
and 156 GHz, respectively. The pin-PD has a diameter of 
10 \im and a sensitivity of 0.27 AAV for a 1.55-u.m 
wavelength. 

IV.  Circuit Design 
Figure 5 shows a block diagram of the PD-DEC. 

The input buffer matches the voltage level at the load 
resistance with the input level of the Master-Slave DFF 
(MS-DFF). It consists of a differential circuit with a gain 
of 7 dB. We used DHBTs with a 1.4 x 4.0-|im emitter for 
the input buffer to reduce parasitic capacitance and power 
dissipation. The logic swing of the MS-DFF was 
designed to be 500 mVpp to enhance the speed. The 
output buffer consists of a differential circuit and can drive 
50 Q. with 800 mVpp using open-collector output. 
DHBTs with a 1.6 x6.l-M.rn emitter were used to construct 
the MS-DFF and the output buffer. The clock reference 
voltage and the current source voltage are generated on the 
chip. Figure 6 shows a photograph of the PD-DEC. The 
chip is 1.0 x 1.5 mm in size. 

[^ 
-oQ 
-o"Q 

Output Buffer 

Fig. 5. Block diagram of PD-DEC . 

Fig. 6. Microphotograph of the PD-DEC. 
The chip size is 1.0 X 1.5 mm. 
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V. IC Performance 
The PD-DEC was tested on a wafer using RF 

probes. Optical data were 2'-l NRZ pseudo-random 
signals with a wavelength of 1.55 p.m. The data were 
introduced to the pin-PD by using a single mode lensed 
fiber. The measured eye pattern for 10-Gbit/s optical data 
is shown in Fig. 7. A good eye opening was observed. 
The rise and fall times (20-80%) of the signal amplitude 
was about 20 ps. Figure 8 shows the measured sensitivity 
of the PD-DEC for a bit-error-rate of less than 1x10"^. A 
decision sensitivity of about 0 dBm at 5 Gbit/s was 
obtained. The dissipated power was 1.0 W. The output 
buffer dissipated 25% of the total power. The other 75% 
can be reduced to 1/5 when DHBTs with a 0.6 x 1.6-p.m 
emitter [7] are used. 

From these results, it is confirmed that the PD- 
DEC can achieve error-free operation without a 
preamplifier. The sensitivity can be improved by a factor 
of ten by using ten times lager Ri while keeping the bit 
rate, since the time constant of CpßR^ was less than 2.5 
ps for the fabricated PD-DEC. Furthermore, optimizing 
the layer structure of the DHBTs will also improve the 
sensitivity. 
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Fig. 7. Measured 10-Gbit/s output eye pattern. 
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Conclusion 
A power estimation model has been introduced to 

a simplified photoreceiver with a pin PD directly 
connected to a decision circuit. This configuration is 
suitable for massively parallel optical interconnections in 
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terms of power dissipation and cost. The following 
results shows are obtained. 
(1) Increasing the total efficiency t] to 0.3 effectively 
contributes to reducing LD drive current. 
(2) Extremely low threshold current and high 
characteristic temperature of LD. 

The simplified photoreceiver has been 
monolithically integrated with double-heterojunction 
bipolar transistors. 
A 10-Gbit/s error-free operation was successfully 
achieved. To our knowledge, this is the first successful 
demonstration of monolithically integrated pin PD/digital 
circuits for long wavelengths. Studies to confirm error- 
free operation under the practical conditions are being 
done and will be reported in the near future. 
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The bandwidth-efficiency product of ultra high-speed pin photodetectors has been severely limited by the thickness of 
the absorbing layer, the diode RC time constant, and the parasitic capacitance from the periphery of device. In this paper, we 
propose and demonstrate a novel long-wavelength detector structure with a mushroom-like mesa and an air-bridged coplanar 
metal to significantly cut down both the diode RC constant as well as the parasitic capacitance. The quantum efficiency of 
this structure can be further enhanced to close to 100% if the long-wavelength detector is fused to a GaAs/AlAs quarter-wave 
stack (QWS), followed by deposition of a Si/SiC>2 QWS to form a Fabry-Perot cavity. 

I.  Introduction 

High-speed and high-sensitivity photodetectors are 
required for new high-bit-rate optical communication 
systems. The photodiode RC time constant and parasitic 
capacitance from the periphery of the device have put severe 
limitations to the speed of the detector response for devices 
with thin absorbing layers. For example, in order to reduce 
the junction capacitance and gain a 3-dB bandwidth over 100 
GHz, the detection area of a long-wavelength pin diode has 
to be less than 10 ]±m2 and the absorbing layer is only 200- 
nm thick [1]. However, a detector with high-sensitivity 
would benefit from a larger detector area and thicker 
absorbing layer. There appear to be intrinsic trade-offs in 
achieving both high speed and sensitivity. This paper 
discusses the fabrication of two photodetectors where we 
have separately optimized the structures for high speed and 
high efficiency operation, respectively. We believe that the 
two approaches can be readily combined into a single 
processing scheme, which would produce, in a single device, 
both high speed and high sensitivity. The novel ultra-high 
speed, long-wavelength detector structure involves reduction 
of the RC time constant of the diode by an undercut, 
mushroom geometry, and minimization of the parasitic 
capacitance by using an air-bridged metal waveguide. The 
active layer of the device is only 180-nm thick, 
commensurate with ultra high-speed operation. High 
quantum efficiency can be obtained for devices with thin 
absorbing layers by employing a resonant-cavity-enhanced 
(RCE) detector structure: we shall show that a resonant 
structure with an active layer only 90-nm thick demonstrates 
greater than 90% quantum efficiency. This is achieved by 
using wafer fusion to bond the Ino.53Gao.47As/InP 
photodetector into a GaAs/AlAs quarter-wave stack (QWS) 
on a GaAs substrate. A Si/SiC"2 dielectric mirror was 
subsequently deposited onto the wafer-fused photodiode to 
form an asymmetric Fabry-Perot cavity. The external 
quantum efficiency and absorption bandwidth for the wafer- 
fused RCE photodiodes were measured to be 94%.  To our 

knowledge, these wafer-fused RCE photodetectors have the 
highest external quantum efficiency ever reported for long- 
wavelength, RCE photodetectors. We believe that greater 
than 100 GHz of bandwidth-efficiency product will be 
feasible by combining the wafer-fused detectors with an air- 
bridged metal waveguide and an undercut, mushroom mesa. 
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air-bridged metal    ^mmmmdmsm      PMGI 
n-metal 
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SiNx anti- 
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(b) 

Figure 1 (a) Proposed ultra high-speed detector structure, and 
(b) the SEM micrograph of the fabricated devices 
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II.  Ultra high-speed detectors 

A schematic diagram of the device is shown in Fig. 
1(a). Our structure design utilizes an InGaAs/InP double 
heterostructure to eliminate photon absorption and carrier 
diffusion in the InP p-doped and n-doped layers. The 
epitaxial layers were grown on an Fe-doped InP substrate by 
metal organic vapor phase epitaxy and were composed of a 
10-nm intrinsic InGaAs etch-stop layer next to the InP 
substrate, followed by 508-nm n+ InP layer, 9-nm graded 
bandgap layer (GBL), 180-nm intrinsic (i-) InGaAs layer, 9- 
nm GBL, 100-nm set-back, intrinsic InP layer, 306-nm p+ 

InP layer, 9-nm GBL, and 50-nm p+ InGaAs contact layer. 
The three GBLs inserted at the hetero-interfaces are to 
minimize carrier trapping and to reduce the series resistance. 
The setback InP layer was used to avoid any possible Zn 
diffusion from p+ InP layer to the i-InGaAs layer during the 
growth. 
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the intrinsic layer diameter for our device is shown in Fig. 2, 
where the bandwidth is greater than 100 GHz for a device 
diameter < 6 Jim. At the final step of coplanar metal 
deposition as shown in Fig. 1(a), the non-alloyed metal 
covering the window of the ring metal will serve as an 
ohmic contact as well as a metal reflector. Therefore, we 
expect the quantum efficiency to be enhanced by a factor of ~ 
2 with respect to a front-side illuminated detector structure. 

To fabricate the mushroom-like mesa structure, we 
first lift-off evaporate a ring-Ti/Pt/Au/Ni metal on the p+ 

InGaAs layer and cover the window of the ring metal by a 
photoresist mask, followed by CI2 dry etching into the i- 
InGaAs layer with the etch thickness controlled by laser 
reflectometry. The inner diameter of the ring metal varies 
from 2 to 10 |im, while the outer diameter is 4 |j.m greater 
than the inner one. The dry-etched mesa is then covered by a 
200-nm thick SiC-2 mask for the undercut etching. Undercut 
etching into the intrinsic InGaAs is carried out in a solution 
of H2S04:H202:H20. Next, the n+ InP mesa is formed by 
selectively etching in a HC1:H20:H3P04 solution to stop 
etch on a thin InGaAs layer, followed by AuGe/Ni/Au metal 
evaporation onto the n+ InP mesa and metal annealing at 
420 °C for 30 seconds. An example of the undercut etched 
profile for the mushroom-like mesa without any evaporated 
metals on the semiconductor surface is shown in the 
scanning electron microscopic (SEM) image of Fig. 3, 
where the diameter of the i-InGaAs mesa is 2 ij.m and the p- 
mesa is 6 urn. 

Figure 2 Calculated electrical 3-dB bandwidth for the device 
structure as shown in Figure 1. 

The thickness of the i-InGaAs layer was 180 nm, 
which can produce a transit-time limited bandwidth as wide 
as 160 GHz. The bandwidth of the device described here is 
in fact limited by the diode RC time constant and parasitic 
capacitance, which can be minimized by undercut etching 
into the intrinsic InGaAs layer and using an air-bridged metal 
as shown in Fig. 1. Undercut etching into the InGaAs 
intrinsic layer can dramatically minimize the effective diode 
junction capacitance, while not significantly increasing the 
diode series resistance. We have simulated the device 
characteristics, and by solving the equation of current 
continuity, we have found that the total diode RC time 
constant can therefore be reduced by a factor of 2 to 4 for a 
device with a p-mesa diameter of less than 10 |im, and with 
the intrinsic layer diameter 4 urn less than the p-mesa. It 
has been previously discussed that the parasitic capacitance 
from the periphery of devices whose side walls have been 
passivated by polyimide is comparable to the junction 
capacitance when the device active area is 25 (im2 or less 
[1]. The replacement of the polyimide by the air will further 
reduce the parasitic capacitance by at least a factor of two. 
As a result, the calculated electrical 3-dB bandwidth versus 

180nmi-InGaAs 
50 nm p+ InGaAs 
and 400 nm p-InP 

■6 urn ■ £j 
JHMQi 

1^- 2 urn "►! 500 nm n_jnp 

Figure 3 The SEM micrograph of an undercut etched mesa. 

Finally, we use a PMGI (SAL 110) re-flow process 
to both passivate the undercut, etched side walls of the i- 
InGaAs layer and serve as an initial bridge for the coplanar 
metal waveguide. The characteristics of the PMGI resist are 
very similar to the polyimide except that the resist can easily 
re-flow at a temperature > 240 °C and can be washed away 
in the SAL 101 developer after being exposed to deep UV 
illumination. The periphery of the mushroom-like mesa is 
first covered by the lithographically defined PMGI resist 
patterns. The PMGI resist is then cured at 250 °C for 10 
minutes to allow the resist to be in tight contact with the 
side walls of the p-mesa as well as to fill into the undercut 
etched area. A subsequent 3 jim thick photoresist is spun on 
the sample and lithography is carried out to pattern a - 1 |im 
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thick coplanar metal waveguide. The sample is exposed to 
deep UV illumination before the metal evaporation and after 
the metal lift-off. Subsequently, all the unwanted resist is 
removed in the developer, except for the unexposed resist 
covering the side walls of the undercut etched InGaAs layer, 
thus forming an air-bridged metal waveguide. The SEM 
micrograph of the finished device is shown in Fig. 1(b). 
Greater than 90% yield of the devices has been obtained by 
using this process. 

I-V measurements carried out on these structures 
indicate that the diode resistance at forward bias is less than 
30 Q for a diameter of the undercut etched InGaAs layer less 
than 5 p.m, which is at least four times smaller than 
previous results reported [1] for this device dimension. The 
reverse breakdown voltage of these detectors is around 10 V 
and the dark current is - 3 nA/um2 at 4 V reverse bias. The 
low dark current level of our devices indicates our success in 
passivating the undercut etched detector. High speed 
measurements using an E-0 sampling setup and microwave 
characterizations of the these devices are in progress. While 
the design bandwidth for these detectors has been much 
greater than 100 GHz, the corresponding quantum efficiency 
is calculated to be only - 25% at 1.3-|i.m wavelength. As a 
result, the bandwidth-efficiency product for the optimized 
structure is at most - 35 GHz. In the next section, we will 
demonstrate the wafer-fused RCE detector which has an 
extremely high quantum efficiency and is easily integrated 
with our high-speed demonstrated structure. 

III. Wafer-fused RCE detectors 

To fabricate a wafer-fused RCE detector centered at 
1.3 jim wavelength, the starting materials consist of a p-i-n 
diode plus an InGaAs etch stop layer grown on an InP 
substrate and a GaAs/AlAs quarter-wave stack on a GaAs 
substrate. We used a fusing technique, previously described 
in conjunction with the fabrication of long wavelength 
vertical cavity lasers [2]. The technique allows 
accommodation of the large lattice mismatch of 3.7% 
between the GaAs and InP crystal substrates, resulting in a 
smooth and uniform interface [3]. The epitaxial side of the 
InP substrate was brought into contact with the epitaxial 
side of the GaAs substrate and annealed at 650 °C for 10 
minutes in the H2 ambient. Uniaxial stress was applied to 
the sample to ensure that robust bonding takes place during 
annealing. The InP substrate was selectively removed after 
etching the wafer-fused sample in the HC1 solution. The 
etch stop layer was then selectively removed, leaving a p-i-n 
diode structure, ~ 1 jim in thickness, on the top of the 
GaAs/ Al As QWS on a S. I. GaAs substrate. The newly 
exposed surface of the p+ InGaAs layer, examined under 
Nomarski contrast, is mirror smooth. The cross sectional 
image of this wafer-fused sample is shown in the SEM 
micrograph of Fig. 4. We have also bonded the same p-i-n 
diode structure to a bulk S. I. GaAs substrate, to be used as a 
reference in the photocurrent measurements. It is also noted 
that the thickness of the absorbing InGaAs layer is only 90 

To fabricate the mesa-type p-i-n diode, Ti/Pt/Au 
ohmic contacts were lift-off deposited onto the p+ InGaAs 
surface to form a 120 x 80 um2 mesa, where there is a 50 x 
50 |im2 window in the mesa for the light input. The entire 
mesa was wet-etched into the n+ InP layer. AuGe/Ni/A Au 
Ohmic contacts were then formed onto the n+ InP layer. 
Both the Ti/Pt/Au and AuGe/Ni/Au metals were annealed in 
a rapid thermal annealer at 420 °C for 30 sec. The p+ 

InGaAs layer is then selectively removed from the front 
window of both wafer-fused samples. The structure with the 
GaAs/AlAs QWS is already a RCE photodetector having 
another natural mirror of 30% reflectivity at the p+ InP/air 
interface. In Fig. 5, we show the typical photocurrent 
spectra of the wafer-fused photodiodes. The dash-dotted curve 
of Fig. 5 is for the wafer-fused photodiode on the bulk GaAs 
substrate, while the dotted curve is for the wafer-fused 
photodiodes on the GaAs/AlAs QWS. The photocurrent 
peak is centered at 1.305 |J.m and has a full width at half 
maximum of 35 nm. The external quantum efficiency for 
the diode on the GaAs/Al As QWS is 45 %, while that for 
the reference photodiode on the bulk GaAs substrate is only 
6 %. There is already - 8-fold improvement in the quantum 
efficiency for the photodetector sandwiched by a GaAs/AlAs 
QWS and a natural, low-reflective mirror formed by the 
air/semiconductor interface. 

p+ InGaAs (50 nm) 

p+ InP (406 nm) 

MnGaAs(90nm) 

n+ InP (508 nm) 

InP/GaAs interface 

GaAs/AlAs QWS 

1.054 um 

i :.....,■—j.: J 

Figure 4 The SEM micrograph of the wafer-fused detectors. 

To further improve the quantum efficiency, we have 
formed a mirror composed of a half X thick SiÜ2 plus one 
Si/Si02 quarter-wave pair, applied by e-beam evaporation 
and lift-off, on the front light window of the wafer-fused 
detectors. While the deposited amorphous Si is slightly 
lossy and has an absorption coefficient estimated to be ~ 500 
cm"1 at 1.3 um wavelength, only one quarter-wave thickness 
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of Si is required for our device. The reflectivity in the 
wavelength interval between 1.1 and 1.5 (J.m remains rather 
flat and has a maximum value of 80 % around the 1.3 (0.m 
wavelength. The resulting photocurrent spectrum of the 
RCE photodetectors sandwiched by both the GaAs/AlAs 
QWS and dielectric mirror is shown in the solid curve of 
Fig. 5. The external quantum efficiency of the RCE 
detectors is measured to be 94 % at the resonant wavelength 
of 1.3 |im and is ~ 16 times better than that of the reference 
detectors. To our knowledge, these wafer-fused RCE 
photodetectors have the highest external quantum efficiency 
ever reported on the long-wavelength, RCE photodetectors. 

detector structure as shown in Fig. 6, where the detector is 
situated above a non-intentionally doped GaAs/AlAs QWS, 
in turn overlying a S. I. GaAs substrate. Using the wafer- 
fused material as the starting substrate, we can apply the air- 
bridged metal waveguide and undercut etched mesa to 
fabricate a photodetector that should have both high speed of 
operation and high quantum efficiency. Our simulations of 
the device performance indicate that over 100 GHz of 
bandwidth-efficiency product is very feasible for these 
detectors. Fabrications of these wafer-fused, high-speed, and 
RCE detectors are in progress. 

IV.   Conclusions 

1.2 1.3 1.4 1.5 
wavelength (|im) 

Figure 5 Photocurrent plot of the wafer-fused photodetectors. 

High speed photodetectors have been proposed and 
fabricated where a mushroom-like mesa and an air-bridged 
metal waveguide reduce the diode RC time constant and the 
parasitic capacitance, respectively. Greater than 90% yield 
and low dark current levels for these devices have been 
achieved by using our developed PMGI re-flow process. 
Electrical band widths greater than 100 GHz are expected for 

photodiodes having an intrinsic layer area less than 40 lim^; 
however, the quantum efficiency at 1.3 |im wavelength is 
only -25 % for these devices. To further improve the 
sensitivity of the ultra high-speed detectors, we have 
fabricated wafer-fused, RCE photodiodes that can yield 
greater than 90% quantum efficiency for absorbing layers as 
thin as 900 A. By combing the wafer-fused scheme with the 
undercut etched mesa and an air-bridged metal waveguide, we 
predict that over 100 GHz of bandwidth-efficiency is feasible 
for the long-wavelength photodetectors. 

alloyed p-metal 

air-bridged metal 

light input 

PMGI 
n-metal 

-GaAs/AlAs QWS 
S. I. GaAs substrate 

Figure 6 Proposed wafer-fused, high-speed, RCE detectors. 

Based upon the promising results of the wafer-fused 
detectors, we propose a wafer-fused, high-speed, and RCE 
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A Strained InAlAs/InGaAs Superlattice Avalanche Photodiode 
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For operation of an avalanche photodiode (APD) at an IC-power-supply voltage, less than 5 V, a 

novel edge-coupled waveguide superlattice (SL) APD is proposed. Using a strained InAlAs/InGaAs 

SL, multiplication factor larger than 10 is experimentally demonstrated at a bias voltage less than 7 

V. A wide 3dB-bandwidth of 8 GHz is obtained at a multiplication factor of 3. 
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Introduction less than 5 V, a multiplication layer should have a large 

ionization rate even at a low electric field. An SL APD is 

High sensitive and wide dynamic-range photoreceivers one of the most possible devices, because impact ionization 

are preferable, not only for large capacity and long haul can be enhanced with the SL. Figure 1 shows ionization 

lightwave communication systems, but for optical links, rates experimentally obtained with an InP [2] and an InAlAs 

optical interconnects and other access network systems. /InGaAs SL [3]. An electron ionization rate of the SL is 

Using an APD as a photoreceiver, it is possible to obtain an larger than 104/cm even at an electric field lower than 300 

improvement 5 dB larger a PIN-PD photoreceiver in the kV/cm, about half an electric field obtained with the InP. 

sensitivity, and an improvement 10 dB larger than that in the 

dynamic-range, because it can amplify a received signal 

within it with its avalanche multiplication. A photoreceiver 

with an APD has not been introduced into such optical 

systems so far , because it is complicated and expensive due 

to its high-voltage operation, which needs a high voltage 

source, or a DC-DC converter. An operating voltage of 

conventional Si-APDs is around 200 V, and the one of InP- 

APDs is larger than 50 V [1]. For use of an APD as a 

photoreceiver in many optical communication systems, it is 

important to reduce an operating voltage of an APD up to an 

IC power supply level, less than 5 V. An APD operating at 

such a low bias voltage has not ever been obtained. 

In this paper, we propose a novel edge-illuminated 

waveguide (WG) superlattice (SL) - APD for operation at a 

bias voltage less than 5 V. A multiplication and high-speed 

characteristics is reported by fabricated the proposed APD 

with a strained InAIAs/lnGaAs SL. 
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Device   Structure 

In order to achieve an APD with an operating voltage 

1 / Electric Field   (X10"°cm/kV) 
Figure l  Ionization rates of InP [2] and 

InAIAs/lnGaAs SL [3] 

Using the SL, operation at a bias voltage lower than 30 V 

was obtained with an back-illuminated structure [4]. A total 

active region thickness of the SL-APD is about 1.4 (j.m, 

which consists of a 1.0 |im absorption layer, an 0.2 |0.m 

absorption layer and an SL multiplication layer thinner than 
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0.2 |im. For further lowering the operating voltage, a 

thinner active region of the APD is necessary. An edge- 

coupled WG structure is favorable for reducing the active- 

region thickness, keeping a large quantum efficiency [5|. 

p-electrode 

Figure 3 shows an energy diagram of the strained 

Ino.45Alo.55As / Ino.63GaO.37As SL active layer. 
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Figure 2 Schematic structure of theedge-coupled WG 
strained InAlAs/InGaAs SL APD 
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Figure 3 Energy diagram of the strained 

InAlAs/InGaAs SL 

With enlarged conduction-band-edge discontinuity, AEc, and 

valence-band-edge one, AEv, impact ionization in an SL 

could be further enhanced and larger ionization rates could be 

obtained. We can control AEc and AEv by applying strain 

into a lattice-matched SL. Too much strain accumulation 

may, however, induce dislocation in an SL. Taking both 

into account, we introduced tensile strain and compressive 

one   into   the   InAIAs   barrier  and  the   InGaAs   well,, 

Figure 2 shows a schematic structure of the edge-    respectively, without strain accumulation. The AEc and the 

coupled WG SL-APD fabricated. The epitaxial layers were    AEv of the strained Ino.45Alo.55As / Ino 63Ga0.37As SL 

prepared  on  an  n-type  InP  substrate  by  solid-source    obtained was enlarged up to 0.65 and 0.23 eV, respectively, 

molecular beam epitaxy  (MBE).  An  n-type  0.13  |im     Compared with the AEc and the AEv of the lattice-matched 

InGaAlAs second cladding layer, An undoped strained InAIAs    InAlAs/InGaAs SL, the AEc and the AEv of the strained SL 

/InGaAs SL active layer and a p-type 0.13 |im InGaAlAs    obtained   were   increased   by  0.12  eV,   and  0.06  eV. 

second cladding layer were sandwiched by highly doped    respectively. Well and barrier thicknesses of the SL were 10 

InAIAs layers. A highly Be-doped InGaAs thin layer was    and 15 nm, respectively. The InAIAs and InAIGaAs layers 

grown for ohmic contact. It is well known that the thinner    are used as dads for confinement of a received signal in the 

the active layer, the lower the operating voltage becomes,    active region. A cut-off wavelength of the InAIGaAs layer 

We, so, designed the SL active layer as an absorption and    was  designed  to  be   1.25  (im   for  operation   at  both 

multiplication one in order to make an active layer thin up    wavelengths of 1.3 and   1.55 jim.  A ridge  waveguide 

to 0.11 um. Received signal light induces an electron-hole     fabricated by chemical etching was covered with polyimide 

mixed injection ,instead of a pure electron injection, into the    for passivation. The waveguide width and the length of the 

SL, which may degrade an ionization rate ratio of this SL    WG SL-APD fabricated were 4 ^m and 40 (im, respectively, 

less than 3. Our calculation shows that with an electron    The  p-electrode  and  the  n-electrode  were  formed  by 

ionization rate larger than 5 * 104 / cm, a multiplication    evaporating Ti/Au and AiGeNi, respectively, 

factor larger than 3 can be obtained even at an ionization rate 

ratio less than 3. 
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Experimental   Results 

Figure 4 shows the dark current and multiplication 

factor obtained with the WG SL-APD. A wavelength of 1.3 

(im was used for measurement o[' an photocurrenl of the 

APD. Avalanche multiplication starts at a bias voltage about 

5 V and a break-down voltage is about 7 V. An edge break- 

down was not observed. The maximum multiplication factor 

attained was larger than 10 at a bias voltage just less than 7 

V. which is the lowest to our knowledge. In order to 

eliminate WG structure dependence of the operating voltage, 

we measured a photocurrent of a surface-illuminated strained 

SL-APD fabricated with the same epitaxial layers as the 

above mentioned WG SL-APD. A multiplication factor 

obtained with the surface-illuminated SL-APD was larger 

than 5 at a bias voltage less than 5 V. These results obtained 

shows that it is possible for the WG SL-APD to operate at a 

bias voltage less than 5 V by optimizing the WG structure. 

The dark current was larger than 1 pA at a bias voltage larger 

than 6 V ( multiplication factor about 2 ). The received 

power penalty due to the darkcurrent is nor negligible at bit 

rates lower than 1 Gbit/s. Further research for low 

darkcurrent SL structure is necessary. 

piiotogenerated carriers in the well is important to high-speed 

operation [6]. The 3dB-bandwidth attained was 8 GHz 

without degradation of high-speed characteristics of the WG 

SL-APD due to carrier pile-up in the SL. The 3dB-bandwidth 

is considered to be limited by CR-time constant, because it 

has good agreement with a 3dB-bandwidth calculated using a 

capacitance of 0.4 pF obtained. Then it is possible to raise 

the maximum 3dB-bandwidth to 15 GHz by reducing the 

bonding-pad capacitance through flip-chip bonding. 

4 6 
Voltage   (V; 

10 

Frequency (GHz) 

Figure 5 Frequency characteristics of 
the WG strained SL APD 

Figure 4 Dark current and multiplication factor 
of the WG strained SL APD 

summary 

We propose an edge-coupled WG SL-APD for low bias 

voltage operation less than 5 V. Introducing strain into an 

InAIAs/InGaAs SL for ionization rates enhanced , the WG 

SL-APD was fabricated. Avalanche multiplication factor 

larger than 10 was achieved at a bias voltage less than 7 V. 

A wide 3dB-bandwidth of 8 GHz was obtained at a 

multiplication factor of 3. 
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The effect of inelastic scattering on the electron reflection in multi-quantum barriers has been examined for the first 
time by using the damped resonant tunneling model. The electron reflectivity deteriorates below unity most 
significantly at discrete energies in the virtual barrier. The largest dip in reflectivity is about 15% for intraband 
relaxation time of 0.16ps. It is also shown that this deterioration can be reduced by utilizing strain-compensated 
superlattice in the multi-quantum barriers. 

1. Introduction 

A sufficiently high heterobarrier for carrier 
confinement is important for efficient operation of 
semiconductor lasers. This is especially true for 
GalnAsP/InP based lasers in which the conduction band 
offset between active and p-cladding layers is too low for 
the sufficient confinement of electrons in the active layer. 
The multi-quantum barriers (MQB) was proposed [1] as an 
electron wave quantum reflector to enhance the 
heterobarrier of double heterostructures (DH) for the 
suppression of carrier leakage for semiconductor lasers. The 
lattice-matched (LM) GalnAs / InP MQB has been shown to 
exhibit enhanced electronic heterobarrier by 
photoluminescence (PL) measurement and n-i-n diode 
current-voltage characteristics at cryogenic temperature[2]. 
Recently. 1.55 urn strained multiple quantum well (MQW) 
laser loaded with LM AlInAs/GalnAs MQB was reported to 
show improvement in temperature dependence of laser slope 
efficiencies^]. In spite of these improvements, there is no 
clear quantitative measure of the effectiveness of the MQB 
as an electron reflector. Recently, the effectiveness of the 
MQB has also been investigated at room temperature[4]. 
Although the MQB-loaded n-i-n diode structure has shown 
a reduction in thermionic current with an applied voltage, 
the current reduction was less than that theoretically 
expected. We believe that the additional leakage current 
component in Ref.4 for room temperature n-i-n diode may 
be originated from electron scattering while traversing the 
superlattice (SL) of the MQB. 

The proper operation of the MQB relies on the 
quantum interference of phase coherent electrons. Electron 
wave loses coherence through inelastic scattering due to 
many-body interations with other electrons and phonons. It 
is necessary to consider the inelastic scattering to design an 
optimized MQB structure for device applications and to 
quantify its effectiveness. The effect of the electron 
scattering in MQB has never been discussed yet. To account 

for inelastic scattering using a many-body scattering 
problem for device analysis would be extremely complicated 
In this work, we have accounted for the inelastic scatterim; 
in MQB by the damped resonant tunneling model. Th:; 
approach has been taken recently to model the inelastic 
electron scattering in double barrier resonant tunneling 
diodes.[5-7] In this simplified model, electron wave 
amplitudes attenuate, due to scattering, with a deca_\ 
coefficient y=l/lp, where lp is the electron mean free path 
in analogous to the absorption coefficient for lightwaves in 
multi-layer optical media. 

2. Calculation Method 

We have employed the scattering matrix to calculate 
the electron reflectivities of unstrained InP (barrier)/ 
GalnAs (well) and strain-compensated (SC) GalnP (barrier) 
/GalnAs(well) MQB's with inelastic scattering taken into 
consideration. The MQB consists of a first thick la\\> 
coupled to a finite length superlattice. We have found that 
for an MQB. the electron reflectivity at the virtual barrier is 
reduced below unity due to inelastic scattering at certain 
discrete resonant modes which originates from the 
interference between Bragg reflected wave from the minigap 
of the superlattice and the wave reflected at the first 
interface of the first thick layer. We identify these modes as 
Bragg reflected discrete modes in the virtual barrier. These 
are in close resemblance to Bragg confined modes in a thin 
slab of semiconductor sandwiched symmetrically between 
two finite length superlattices[8]. We have also found that 
for MQB with SC superlattices not only has higher virtual 
barrier, but also has less reduction in reflectivities at the 
Bragg modes. This shows that MQB with SC superlattice is 
less susceptible to the deteriorating effect of scattering. 

The electron in MQB obeys the time-independent 
Schrodinger equation : 

373 



where <j> is the electron wavefunction, Ec{z) is the potential 
of MQB, h is Planck's constant divided by 2K. in* is the 
effective mass and E is the energy of the electron. The wave 
vector of electron in the in-plane direction is taken to be 
zero. Therefore, consideration is taken only for electron 
wavefunction in the perpendicular direction (z) of the 
superlattice. The amplitude reflection and transmission 
coefficients are derived for well-to-barrier interface (or vice 
versa) by matching the wavefunctions and its derivatives 
divided by the respective effective masses at both sides of 
the interface. The scattering matrix for an interface is built 
up from the transmission and reflection coefficients for 
forward and backward incident plane waves. By the 
scattering matrix cascading rule[10], the amplitude 
transmission and reflection coefficients for a single barrier 
are. 

tB =//w**£*(i-/-'V2;'sL*)-' , 
rB = /-(l - eJ2k'L' )(1 - /• V-*'£')"' . 

where t,t',r,r' are the amplitude transmission and reflection 
coefficients at well to barrier interface and vice versa, 
respectively. LB is the barrier width. As the electron 
wave makes a single traverse across the well of width L!n 

the amplitude phase shift is simply exp(/'A-„£„,). Throughout 
the calculation, the barrier and well wave vectors are 
kB = ko + ft B and        k„. = k"' + jy where 

k^ = p^(E-U0)/Ji, k>;-fi^E/ri.U0 is the 
barrier potential height and the potential energy reference is 
taken at the well bottom, YB and yw are the scattering 
attenuation coefficients in barrier and well. In this work, it 
is assumed yB = yw = y ■ such that y =1/1F = 1/ (xinv). xin is 
the intraband relaxation time[9] and /i/xjn is a measure of 
spectral broadening, v is the electron velocity given by 

v = yj2E/mir . where E and /;;„,* are the electron energy 
and the effective mass of the electron in the well, 
respectively. 

Given the barrier and well amplitude transmission 
and reflection coefficients and treating each of them as an 
interface in scattering matrix form and utilizing the 
cascading rule for scattering matrix, the total coherent 
probability current transmission (Tcoh=\tcoll\2) and 
reflection coefficients (Rcoh=\rcoh\2) of the MQB can be 
calculated. When y is zero, the unitary relation of Tcoh + 
Rcoh =1 holds- When scattering is present and y*0. then 
Tcoh(^or Rcoh(y*0)<] -1 (1 " Tcohft+0) " Rcoh(^0)) 
represents the total probability- of incoherence. That is. it is 
the sum of all the individual probability of incoherence in 
each individual well due to scattering. 

The superlattice layers of the MQB are sufficiently 
thin and it is assumed to be undoped. Therefore, it is correct 
to assumed that the depletion and space charge effects on 
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1 Electron reflectivities vs E, energy from bottom of well 
=0.16ps) for first thick layer of 70ML and 50ML. 

the MQB band staicture is negligible and self-consistent 
treatment on MQB band structure is not required. The 
scattering attenuation parameter above the first thick laser is 
taken to be zero because scattered carriers arc assumed to 
fall back to the region before the n-i-n structure. 

3. Results and Discussions 
In figure 1. we show the electron reflectivities for an 

unstrained MQB (InP barrier and lattice-matched GalnAs 
well) against E. the energy of electron with zero at the 
conduction band edge of lattice-matched GalnAs. The solid 
line is the reflectivity calculated in which scattering is not 
taken into account. Both the dashed and dashed-dot lines 
are reflectivities calculated with scattering taken into 
consideration and scattering broadening factor is taken to be 
hlxm = 4.0meV (xin=0.16ps). The reflectivity at the virtual 
barrier is found to reduce below unity significantly at 
discrete Bragg reflected resonant energies. The lowest dip in 
reflectivity is about 15% for Lb=7()ML. It is also observed 
that the area below the dips increases at the high energy end 
of the virtual barrier. The reflectivity of probability currcr/ 
at unity means that the electron will be reflected wiiii 
absolute certainty. However, when the reflectivity is reduced 
below unity, there exists a certain amount of probability that 
electron is lost to elsewhere besides being reflected. Since 
the structure is optimized to have the transmission 
coefficient to be zero, this deficit, thus, represents the 
probability of incoherence. As shown by the dashed 
(Lb=70ML) and dashed-dot lines (Lb=50ML). the positions 
of these discrete energies shift when Lb. the thickness of the 
first InP layer changes from 70ML to 50ML. Therefore, the 
area under / should be minimized to reduce reflectivity 
deterioration. The thickness of the first laser should not be 
too thin to prevent carriers from tunneling into the firs! 
miniband ofSL . 
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The virtual barrier is a combination of the continuum 
above the first thick layer and the minigap of the 
superlattice. Since there exists semiconductor interfaces at 
both ends of the first thick InP layer, there arises 
interference between Bragg reflected wave from the minigap 
and wave reflected at the first interface of the thick layer. 
Electron in these Bragg modes penetrate evanescently into 
the minigap. While the electron exists within the minigap, it 
experiences inelastic scattering and results in dips in 
reflectivity within the virtual barrier. 

AAE, 
I Virtual Banter 

).1eV 

InP 

70ML 

-3.3*GalnP 

InP 

70ML 

0.11ev|. 

WelHML "* 2.6%GalnAs 
Barrwr=5 ML 

Fig. 2 Schematic diagram of strain-compensated 
MQB n-i-n structure. 

Fig.2 shows the schematic diagram of SC MQB 
loaded n-i-n structure considered in our study. It consists of 
70ML of InP for the first and last barriers, and seven strain- 
compensated superlattice pairs of 2.6% Gain As compressive 
6ML-wells and 3.3% tensile GalnP 5ML-barriers. The 
electron masses in well and barrier are linearly 
approximated. The reflectivities of this SC MQB and the 
unstrained MQB are calculated for x[n = 0.22ps. Fig.3 
shows the reflectivities (left axis) and the probability of 
incoherence. / (right axis) of both these structures against A 
E, the electron energy above the InP conduction band edge. 
The reflectivity of unstrained MQB in the virtual barrier 
dips below unity at the discrete Bragg reflected modes. The 
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Fig.  3  Electron reflectivities (left) probability of incoherence 
(right) vs AE, electron energy above InP conduction band edge. 

Nunber of superlattice pairs 

Fig.  4 Reflectivities at AE=0.06eV vs number of 
superlattice pairs. 

dips in reflectivity correspond to peaks in / , the probability 
of incoherence showing that scattering takes place at these 
dips. The SC MQB has a wider virtual barrier and reduced / 
also at many dips in the virtual barrier. This shows that the 
SC MQB is less susceptible to scattering. 

Fig.4 shows the plot of reflectivity at AE=0.06eV, 
which is the location of the second Bragg mode for first 
barrier thickness of 70ML, against number of SL pairs for 
both unstrained and SC MQB's. for various scattering 
broadening factors tilxm. The reflectivity of the unstrained 
MQB requires seven SL pairs to saturate, while that of the 
SC MQB requires only three SL pairs. The SL pair number 
at which the reflectivity saturates. Ns. tells us the number of 
SL pairs the electron wavefunction would penetrate into the 
minigap. Hence, it tells us the unnecessity to have SL pairs 
larger than Ns in MQB design. At the Ns'th SL pair, the 
reduction in reflectivity represents the cumulative 
probability of incoherence due to scattering. For the same 
scattering broadening factor, this reduction is less for SC 
MQB showing that it is less susceptible to scattering. 

The smaller Ns for SC MQB is easy to understand 
when we consider the optical analog}' in DBR. A higher 
barrier and deeper well potential is analogous to greater 
difference in optical refractive indices of DBR pairs, i.e.. 
higher well to barrier potential steps are more efficier.i 
electron wave reflectors and less number of SL pairs aie 
required to completely reflect the electron wave. For reduced 
Ns and deeper well potential, the electron transit interval 
between the time when electron first enters the minigap and 
the time when it reflects out of the minigap is shortened. As 
a result, the electron on the whole spend less time in the 
superlattice and, hence, is less susceptible to scattering. 
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4. Strain-Compensated Superlattice 
Photoluminescence Characterization 

In the effort to realize the SC MQB and to verify the 
enhanced virtual barrier effect, we have successfully 
fabricated the strain-compensated 7ML Ga0,5In075As 
(1.7%-compressive) well / 6ML Ga02-In075P (-1.7%-tensile) 
barrier superlattice structures utilizing the chemical beam 
epitaxy. Fig. 5 shows the room temperature 
photoluminescence (PL) spectra for two SC superlattices 
Namely. 6-well and 10-well SC superlattices, both with the 
same growth condition. The PL spectra arise from the 
carrier relaxation from the first miniband of the 
superlattices. The details of the overall structure are shown 
at the inset of Fig.5. (The PL spectrum from the InP clad 
region was also detected at 0.92um peak wavelength but not 
shown in the figure). The 10-well SC superlattice shows a 
weaker and broader PL spectrum. This shows that even for 
strain-compensated stmcture, crystal quality deteriorates 
when the superlattice pair number is increased. For the 10- 
well case, the total thickness of the superlattice may have 
exceeded the critical thickness for the overall average strain 
of the structure. It may also be due to interfacial valve 
sequences not optimized during growth. 

Gao.25lrio.75As 7ML / Gao.25lno.75P 6ML MQB 

■2- 
•^ A/ltJir 
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C HnP 700A 
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Fig. 5 Photoluminescence spectra for 6 well-SC and 10 well-SC 
superlattices. 

5. Conclusions 
In conclusion, we have employed the damped 

resonant tunneling model in the scattering matrix formalism 
to study unstrained and SC MQB. Bragg confined modes are 
found to manifest in the virtual barrier of MQB. It is in 
these Bragg modes that electron wave penetrates into the 
minigap of the MQB and experiences inelastic scattering. 
However, SC MQB has shorter depth of penetration and it is 
less susceptible to effect of scattering. Experimentally, we 
have successfully fabricated 6-well SC superlattice with 
relatively good crystal quality in the effort to realize SC 
MQB. 
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Abstract - Fabrication and transport properties of 
InAs/AlGaSb superconducting weak link devices are reported. 
Transport property of two terminal devices have been 
measured between 2.6K and 5.5K, and oscillations of 
differential resistance due to multiple Andreev reflection have 
been observed. The three terminal device with a gate showed 
decent FET performance with transconductance of 
314mS/mm at 4.2K although superconducting current has 
not been modulated on the device for the gate length of 
0.74(im. The process to reduce contact resistance between the 
Pbln alloy and InAs is also discussed, which should be 
crucial to demonstrate superconducting transistor. 

I.Introduction 
Two-dimensional ballistic electrons in InAs/AlGaSb 

heterostructures are interesting from a fundamental aspect and 
also device applications to quantum effect devices. Electrons 
in InAs/AlGaSb heterostructures are attracting interests for 
high electron mobility, large conduction band off-set, and 
strong confinement of electrons in a quantum well. From 
these properties, it is expected that quantum effects can be 
observed at relatively high temperatures above the cryogenic 
liquid temperature. For example, the quantized conductance 
was observed at temperatures around 77K on InAs/AlGaSb 
split gate devices [1],[2]. Recently, on lateral surface 
superlattices with InAs/AlGaSb heterostructure was 
fabricated by using photolithography and wet chemical 
etching, Weiss oscillations have been observed by magneto- 
resistance measurements at 4.2K [3]. These results suggest 
that a ballistic electrons in InAs/AlGaSb can be applicable to 
quantum effect devices operating at relatively higher 
temperatures. 

InAs is also one of the candidate to fabricate 
superconducting weak link devices, because a long coherence 
length £n can be expected due to the small effective mass of 
electrons. Superconducting weak links with an InAs 
heterostructure have been investigated by using several 
heterostructures [4-6]. In the InAs/AlGaSb superconducting 
devices, a high superconducting current density and a high 
IcRn product have been demonstrated [4],[6]. In addition, 
InAs/AlGaSb has the advantage on the stable device 
processing in comparison with that of InAs/AlSb 
heterostructures. Therefore, InAs/AlGaSb is one of the key 
materials for high-speed and low-power devices as well as 
weak link devices. 
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In this paper, we report on fabrication and transport 
properties of InAs/AlGaSb superconducting weak link 
devices fabricated by using photolithography and wet 
chemical etching. Transport properties of the devices are 
presented and the problems to fabricate three-terminal devices 
are also discussed to demonstrate a superconducting 
transistor. 

II. MBE Growth and Device Fabrication 
InAs/AlGaSb heterostructures have been grown by 

molecular beam epitaxy on semi-insulating GaAs substrate. 
The used InAs/AlGaSb heterostructure for weak link devices 
consists of 2000Ä GaAs buffer layer, \.5\im AlSb buffer 
layer, 2000Ä of Alo.sGao.sSb bottom barrier, 150Ä of InAs 
channel, 150Ä of Alo.sGao.sSb upper barrier, and 100Ä of 
GaSb cap layer. A GaAs buffer layer was grown on the 
substrate at 640°C, of which growth rate was 0.5p.m/h. The 
AlSb buffer layer was grown at 600 °C to relax lattice strain 
in the layer. The AlGaSb with 50% aluminum was used for 
the barrier to confine electrons in the InAs heterostructure. 
In order to prevent intermixing between As and Sb atoms at 
the heterostructures, the growth temperatures was decreased 
from 550 °C to 480 °C just before the growth of InAs 
channel. An InAs channel was grown at the growth rate of 
0.5fim/h. A GaSb cap layer was grown to prevent the 
growth of oxidized layer. InAs/AlGaSb heterostructure has 
attained to an electron mobility of 102000 cm2/Vs and a 
sheet carrier concentration of 9.0 X1011 cm"2 at 4.2K. 

The superconducting weak links with InAs/AlGaSb 
heterostructure were fabricated by photolithography and wet 

GaSb/AlGaSb 
100Ä/150Ä 

Lead 
^Xalloy 

1500Ä 
y/Ti/AuyVr r~%Jr7™™'s' Ujpp 

*-*x . . 

3 
■N inA§ 

150A 
AlGaSb 2000A 

AlSb 1.5|im 

GaAs 2000A // 
GaAs Substrate / 

Schematic diagram   o f   an   InAs/AlGaSb Fig.l 
superconducting weak link. 



chemical etching. Although the electron beam lithography 
has been widely used for making the superconducting weak 
link, we have successfully fabricated weak link with 0.3|im 
gap by using conventional photolithography [7]. In order to 
obtain a good ohmic contact between InAs and 
superconducting electrodes, GaSb/AlGaSb layer was 
selectively etched by an alkaline solution [8]. 
Superconducting electrodes of Lead alloy (Pb/In) was made 
on InAs layer by thermal evaporation [9]. The thickness of 
Pb/In layer was 1500 Ä and the thickness of Lead and Indium 
were 1230Ä and 270 Ä, respectively. Ti/Au bonding metals 
were deposited on the Lead alloy by electron beam 
evaporation. The schematic diagram of the fabricated 
InAs/AlGaSb superconducting weak link is shown in Fig.l. 
The channel length Lsd between Pb/In electrodes changed 
between 0.3^m to 1.0|im. 

III. Transport Properties of the InAs/AIGaSb 
Weak  Links 

The current-voltage and differential resistance-voltage 
characteristics of the superconducting weak links have been 
measured at around 4.2K. On the weak link device with 
channel length of Lsd=0.75p.m, superconducting current did 
not flow. However, nonlinear characteristics was seen as 
shown in Fig.2, which is expected to be at the critical 
situation to flow the superconducting current in InAs. Figure 
2 shows the differential resistance measured at temperatures 
between 2.6K and 5.5K on the weak link. In addition to 
marked dip at zero voltage, the small dips were observed on 

c 
3 
.d 
L_ 

> 
■D 

0) 
U 
c 
CO 

0) 

CC 

c a> 

Q 

Voltage [mV] 

Fig.2 The differential resistance measured at the 
temperatures between 2.6K and 5.5K on the InAs/AIGaSb 
weak link with channel length 0.75|im. 

the differential resistance near voltages equal to Vgap=2 A/ne 
(n=2,3,4). The dips were observed within superconducting 
energy gap of Lead alloy. The energy gap of the Pb/In alloy 
2 A is about 2.7meV. The differential resistance changed 
depending on the measured temperatures, and the dips shifted 
to lower voltage as increasing the temperature. With slightly 
increasing the temperature, the dip structure became 
indistinct. From these results, it is understood that this 
characteristic is an appearance of superconductive effects and 
a subharmonic gap structure should be due to the multiple 
Andreev reflection. This effect has been theoretically 
proposed by M.Octavio et al. [10]. K.Flensberg et al. [11] 
showed that the dip structures can be explained by multiple 
Andreev reflections at superconductor/semiconductor 
interfaces of the weak link. When the coherence length 
becomes short in comparison with the width of the 
superconducting electrodes with increasing the temperature, 
the number of the reciprocating motion of the quasi-particle 
decreases by increasing the elastic scattering in the channel. 
The normalized superconducting energy gap is shown in 
Fig.3 as a function of the T/Tc. The solid curve is the change 
of 2 A (T) obtained by BCS theory. The energy gap 2 A (T) 
was estimated from the bias voltages where the dips appeared 
in the characteristic of Fig.2. The experimental results agree 
well with the theoretical temperature dependence of 2 A. 

o 

CM 

p 
CM 

£L 
ra 
O 
>. 
CO 

c 
LU 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

•   Experiment 
— BCS Theory 

0.0      0.2      0.4      0.6 

T/Tc 

Fig.3       Superconducting  energy gap of the sample 
obtained from the result of Fig.2. 

IV. InAs Heterostructure Transistor with 
a Submicron Gate 

We have fabricated InAs heterostructure transistors (FET) 
with Pbln alloy electrodes. The transistors have been made 
by using conventional photolithography and non-alloyed 
ohmic contacts. Figure 4 shows micrograph of the fabricated 
InAs channel FET taken by the scanning electron 
microscope. The channel length Lsd and gate length Lg of 
the sample were found to be approximately 1.1 urn and 
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Fig.4 The SEM micrograph of the fabricated 
InAs/AlGaSb transistor. The gate length was estimated to be 
0.74|im. 

0.74(j.m, respectively. Hall-effect measurements by van der 
Pauw method showed the mobility of 20700 and 40500 
cm2/Vs at 300K and 77K, respectively. The carrier 
concentration was 1.87 X1012 and 1.78 X1012 cnr2 at 300K 
and 77K, respectively. Figure 5 shows the drain current- 
voltage characteristics measured at 4.2K. The maximum 
extrinsic transconductance gm of the device were 212mS/mm 
and 314mS/mm at 300K and 4.2K, respectively. The 
transconductance increased by decreasing of the gate leakage 
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current at 4.2K. The characteristic shown in Fig.5 is not so 
attractive as the previous results [12],[13]. This transistor 
has been originally fabricated to modulate the 
superconducting current by the gate voltage. On the contrary, 
the superconducting current was not observed. This result 
should argued to the shorter coherence length £n (<l|im) in 
comparison with the channel length. In order to flow the 
superconducting current and modulate it, the electrical 
properties of InAs should be improved. In addition to the 
crystal quality, the device structure should be optimized to 
reduce the contact resistance and a gate leakage current. 

InAs/AlGaSb superconducting transistor have fabricated by 
using electron beam lithography, and photolithography [7]. 
The channel length and gate length were found to be 
approximately 0.93|im and 0.36|i.m, respectively. Slight 
modulation of the drain current has been observed by an 
applied gate voltage. Superconducting current, however, was 
not observed even for the short channel device. This result 
may be due to the large contact resistance at the 
superconductor/semiconductor interfaces. The large contact 
resistance reduces not only superconducting current density 
but also the transconductance of FET. Therefore, it is crucial 
to decrease the contact resistance between Pb/In alloy and the 
InAs layer to demonstrate the superconducting FET. The 
contact resistance in Pb/In alloy/InAs heterostructure was 
improved by thermal annealing [7]. We have studied to reduce 
the contact resistance by using the experiment of 
transmission line method (TLM). The used sample are 
shown in the inset of Fig.6. The contacts were made by 
using the experiment of transmission line method. The used 
sample are shown in the inset of Fig.6. The contacts were 
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Fig.6 Measurements of the contact resistance. Two 
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the transistor shown in Fig.4. compared by transmission line method. 
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made by sequential deposition of Lead and Indium. The 
contact resistance was decreased from 6Qmm to 0.75Qmm 
by inserting 30Ä thick Indium between Lead and InAs. This 
improvement may be due to the sticky formation of In/Pb/In 
contact to the InAs. This contact can be used to the 
InAs/AlGaSb FET by using non-alloyed process. After the 
further progress on these fabrication process, the 
InAs/AlGaSb superconducting transistor will be realized in 
the near future. 

Conclusion 
We have studied the transport properties of the 

superconducting weak link devices using Lead alloy- 
InAs/AlGaSb heterostructures. The multiple Andreev 
reflection in the InAs/AlGaSb superconducting weak links 
with channel length Lsd=0.75p.m have been observed at 
between 2.6K and 5.0K. The transport properties were 
attributed to a long electron mean free pass and multiple 
Andreev reflection in the InAs/AlGaSb weak link. 
InAs/AlGaSb channel FET with a submicron gate has been 
fabricated by using photolithography and wet chemical 
etching. The transconductance showed 212mS/mm and 
314mS/mm at 300K and 4.2K, respectively. The contact 
resistance was decreased from 6Qmm to 0.75Qmm by 
inserting thin Indium layer between Lead and InAs interface. 
The fabrication process to decrease the contact resistance 
between the In/Pb/In alloy and InAs may be useful for the 
demonstration of high performance InAs heterostructure 
FETs and superconducting transistors. 
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ABSTRACT 

Low-frequency trapping effects in AlSb/InAs/GaAs HEMTs were examined by measuring the 
transconductance in the frequency range from 1 Hz to 100 KHz. Several device variations with differing 
cap layers and doping techniques were compared. By varying the bias and temperature, information on 
the physical location and trap parameters was obtained. A level with an activation energy of 0.12 eV and 
associated with the AlSb or its interfaces was found. Several other levels'associated with different cap 
layers were also observed. 

INTRODUCTION 

Recently, AlSb/InAs HEMTs have been 
investigated for possible application at 
millimeter-wave frequencies[l-3]. The small 
electron effective mass in the InAs and the large 
conduction band offset with AlSb enable high 
mobilities and large electron densities to be 
obtained in the resulting 2-DEG. Currently, 
however, these devices suffer from impact 
ionization at relatively low electric fields and 
gate performance anomalies such as large 
leakage currents and transconductance 
compression at low gate voltages. These latter 
effects appear to involve traps at the surface and 
heterointerfaces as well as other crystal inhomo- 
geneities. The effects of impact ionization on 
the characteristics of the HEMTs have been 
described earlier[4]. In this paper, we report on 
trap-related characteristics particularly the low- 
frequency dispersion in transconductance. 

DEVICE FABRICATION AND 
CHARACTERISTICS 

The AlSb/InAs material was grown by 
molecular beam epitaxy at 510°C on a semi- 
insulating, undoped, (100) GaAs substrate. The 
cross section of the device is given in Fig. 1. In 
the nominal device, the donors in the AlSb layer 

are introduced by an As soak technique. Further 
details of the material growth are given 
elsewhere[4]. The sheet carrier density and 
mobility of the starting material, determined by 
Hall measurements at 300 K (77 K), were 
2.1xl012 cm"2 (1.9xl012 cm"2) and 21,000 cm2/V-s 
(67,000 cm2/V-s), respectively. The devices 
were fabricated using AuGe/Ni-based source and 
drain ohmic contacts which were formed by 
rapid thermal annealing. The Schottky gate 
contact is Cr/Au formed using a trilevel resist 
electron-beam lithography process. Device 
isolation was achieved by wet chemical etching 
and to reduce gate leakage current, a gate air 
bridge was formed at the mesa edge. 

M 
undoped AlSb   500 A As soak 

undoped InAs    150 A 

AlSb     3 um 

SI GaAs Substrate 

Fig. 1. Device cross section. 

381 



The gate length of the HEMTs is 0.35 
pm, as determined from SEM measurements, and 
the total channel width is 50 pm. The source- 
drain spacing is 3.5 pm. A typical set of drain 
characteristics is shown in Fig. 2. The devices 
exhibit the commonly observed transconductance 
compression at small gate voltages and the high 
output conductance region at drain voltages 
above 0.3 V. The maximum dc trans- 
conductance observed in the low drain bias 
region is 90 mS/mm. These HEMTs have 
maximum fT and fm„ values of 50 GHz. 
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1.5 

Fig. 2.  Drain characteristics. 

DISPERSION MEASUREMENTS 

To examine trapping phenomena in the 
gate region, the low-field transconductance was 
measured at frequencies below 100 KHz. This 
was done by measuring the voltage gain of the 
HEMT loaded with a small resistor using an HP- 
3562A dynamic signal analyzer. The drain 
voltage was kept small in order to remain below 
the impact ionization threshold and maintain 
nearly uniform channel characteristics under the 
gate. The normalized room-temperature value of 
gm for several gate voltages is given in Fig. 3. A 
significant increase in g,, with frequency is 
observed at VGS = 0. This dispersion diminishes 
with negative gate voltages and moves to lower 
frequencies at lower temperatures. 

Fig. 3.   Room-temperature gra dispersion as a 
function of V™. 

At low temperatures, another dispersive 
mechanism resulting in negative dispersion 
appears. The effect of temperature on this effect 
is given in Figs. 4 and 5 which show the 
transconductance and associated phase response. 
Since the movement in the transition frequency 
corresponds to the change of trap emission times 
with temperature, an activation energy can be 
obtained. The phase response is convenient for 
tracking the movement of the transition 
frequency with temperature because it has a 
well-defined peak. Arrhenius plots of both 
mechanisms, obtained by using the movement of 
the phase extrema, are given in Fig. 6. The 
activation energies of the high- and low- 
temperature levels are 0.51 and 0.12 eV, 
respectively. 

E 
0.2 

0.1 

V„,=0V 

10" 101 
102 103 

Frequency (Hz) 

10" 10* 

Fig. 4.    Low-temperature g,,, dispersion as a 
function of temperature. 
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Fig. 5.  Low-temperature transadmittance phase 
angle as a function of temperature. 

The amount of low-temperature 
dispersion diminishes and moves up in frequency 
with negative gate voltage as shown in Fig. 7. 
This size reduction is similar to that occurring 
with the room-temperature effect of Fig. 3. The 
increase in frequency of the transition could be 
related to a field-enhanced emission mechanism 
such as the Poole-Frenkel effect 

E=0.12eV 

10 12 

Fig. 6.  Arrhenius plot of the two levels causing 
gm dispersion. 

Since both dispersion effects diminish 
with more negative gate voltage, the associated 
traps appear to reside in the layers above the 
channel. By using several variants in the layer 
design, additional site allocation can be made. 
The gn, dispersion as a function of temperature 
measured on undoped HEMTs with an InAs cap 
layer is given in Fig. 8. In this case two levels, 
both causing negative dispersion, can be 
observed. The corresponding Arrhenius plot is 
given in Fig. 9. The low-temperature level has 
the same activation energy as the one seen 
before, however, the capture cross section is 
somewhat smaller. The other level is new and 
has an activation energy of about 0.3 eV. Based 
on these results, it appears that the 0.51 and 0.12 
eV levels of Fig. 6 are associated with the GaSb 
cap and AlSb layer, respectively. Initial 
measurements on Te-doped HEMTs showed the 
same dispersive transconductance behavior as the 
nominal device discussed earlier. This implies 
that the traps associated with the AlSb donor 
layer are not caused by the doping, but rather are 
intrinsic to the material or its interfaces. 

0.8 - 
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K   0.2 

1        1 1           1 
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I I I ~~\       I 
10°       10'       102       103       10"      10s 
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Fig. 7.    Low-temperature gn, dispersion as a 
function of VGS. 

Preliminary measurements indicate that 
some correlation may exist between the 
transconductance dispersion and gate leakage 
current. Discrete changes in leakage current 
have been observed to occur in conjunction with 
changes in dispersion.     It is plausible that 
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changes in leakage current and dispersion are 
caused by instability at the interfaces or crystal 
dislocations. 

0.6 
10° 

300K 

J_ _L 
101 102 103 

Frequency (Hz) 

10" 10s 

Fig. 8. Transconductance dispersion of undoped 
HEMT with an InAs cap layer. 

Measurements on the output impedance 
of the transistors discussed here also show the 
presence of deep-level traps which cause 
dispersion in the output resistance. It appears 
that superimposed on the dispersion is impact 
ionization which starts at a drain voltage of 
about 0.3 V. The addition of hole current to the 
gate leakage current also occurs at this voltage. 
Further studies are being performed to separate 
more clearly the effects of traps from the impact 
ionization in these devices. 
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1) Introduction 

Low-frequency noise (LFN) in III-V Heterojunction Field Effect Transistors (HFET's) is an important limitation of the 
device performances for applications such as nonlinear circuits that have noise upconversion. The LFN can be 

converted into the high-frequency range, resulting in undesired phase and frequency modulation. This has motivated 
investigations of LFN in GaAs/AlGaAs Modulation Doped FET's (MODFET's) [1, 2] and to a lesser extend in 

InAlAs/InGaAs MODFET's [3, 4]. In this work we present a comparative study of the low frequency noise in different 
types of HFET's based on InP substrate. Structures with different barrier (AlInAs, InP or a combination of both) and 
different channel (InGaAs, InGaAsP and InP) materials were investigated. Also, experiments on plain doped AlInAs 

and AlGaAs resistors were performed for comparison. This study concentrates on LFN sources induced by the 
distribution of traps within the different layers and interfaces which constitute the structures, resulting in channel 
carrier number fluctuations. Experiments were made on structures using a TLM configuration, which allows for a 

normalization procedure of experimental data described in [4]. 

2) Experimental 

Noise power spectra were recorded at room 
temperature using an Advantest R9211B power 
spectrum analyser. Measurements were performed 
on gate free structures of different lengths (ranging 
from 5 to 160um), with a TLM configuration. 
This structure configuration is helpful to extract 
easily the noise contribution of the channel from 
the rough data which include the contribution of 
the contacts. The channel width is 200u.m for all 
the structures. DC bias was applied to the sample 
using voltage sources supplied by low noise 
batteries. The current noise spectrum Sj was 
derived from the noise voltage Sv measured across 

(1) 
a load resistance Rj, through the relation 

Si = S^R^R^R^)]2 

where Rt is the total resistance of the sample. 
Rt=^ch+Rcont' where Rch is the channel 
resistance, which depends on the length of the 
measured structure, and Rcont is the total contact 
resistance. Low Frequency Noise (L. F. N) spectra 
were recorded at room temperature in the 
frequency range lHz-100kHz. All the spectra were 
1/f like noise spectra and did not show any 
significant generation-recombination component 
(except for one case commented on below). 

Figure 1 represents the cross section of the 
different measured structures, listed below. 
MODFET AlInAs/GalnAs structures : they were 
grown at Ecole Centrale de Lyon using a RIBER 
2300 MBE system. Details on the growth 
conditions are given elsewhere [4,5]. GalnAs 
channels are lattice matched or compressively 
strained (fig. 1-a). 5-doped MBE structures were 
also studied for comparison (fig. 1-b). A 
MODFET structure, grown at Mc Master 
University by gas source MBE, with InP buffer 
and spacer layers was also investigated (fig. 1-c). 
HFET AHnAs/InP structures : (fig. 1-d). InP 
layers were grown at McMaster University. 
AlInAs layers and GalnAs cap layers were grown 
at Ecole Centrale de Lyon. A HFET structure with 
a GalnAsP channel and InP buffer and spacer 
layers was also grown at McMaster University ; 
other layers were grown at Ecole Centrale de Lyon 
(fig. 1-e). 
MODFET InP/GalnAs  structure  :  (fig.   1-f)  A 
MODFET  structure  without  any  Al  containing 
layer  was   investigated   in   order  to   study  the 
influence of Al on LFN. 
MODFET GaAlAs/GalnAs/GaAs structure : (fig. 
1-g) In order to compare the influence of the nature 
of  the   barrier   layers,   we   have   measured   a 
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pseudomorphic structure on GaAs substrate with 
GaAlAs barrier. 
RESISTORS : InP or AlInAs resisors (fig.  1-h) 
and GaAlAs resistors (fig. 1-i) were also grown for 
comparison. 

All the AlInAs layers are lattice matched to InP. 
Details on the different structures are given in [5]. 

GalnAs Cap layer 
AlInAs n.i.d 
n+ AlInAs 
AlInAs spacer 
GalnAs channel 

AUnAs buffer 

InP S.I 

GalnAs Cap layer 
AlInAs n.i.d 

5 - doping Si 

GalnAs channel 

AUnAs buffer 

InP S.I 

GalnAs Cap layer 
AlInAs n.i.d 
n+ AUnAs 
AlInAs-InP spac?i* 

InP buffer 

InP S.I 

Fig. 1-a Fig. 1-b Fig. 1-c 

GalnAs Cap layer 
AlInAs n.i.d 

n-InP channel 

InP buffer 

InP S.I 

GalnAs Cap layer 
AlInAs n.i.d 
n.i.d - InP 
n-GalnAsP channel 

InP buffer 

InP S.I 

GalnAs Cap layer 
n.i.d InP 

n.i.d InP spacer 

GalnAs channel 

InP buffer 

InP S.I 

Fig. 1-d Fig. 1-e Fig. 1-f 

GaAs Cap layer 
n GaAlAs 
n-KjaAlAs 
GaAlAs spacer 
GalnAs channel 
n.i.d GaAs 
n.i.d GaAlAs 

GaAs S.I 

GalnAs Cap layer Cap layer 

n AlInAs or InP 

InP S.I 

n AlGaAs 

GaAs S.I 

Fig. 1-g Fig. 1-h Fig. 1-i 

Figure 1. Cross section of the measured structures. 

3) Results 

The current noise spectum Sj can be expressed as a 
function of the channel noise Sic]1 and of the 
contact noise Sicont. according to the relation : 

icont (2) Si=(Rch/Rt)4Sich + (Rcont/Rt)
4S._.t 

Sjch can be expressed as a function of an effective 
density of traps Nt (cirf^eV'l) : 

Sich=qkT(Z/L3)unMNt/f> (3) 
where Z and L are the channel width and length, 
u.n the mobility, V the voltage across the structure, 
and f the frequency. Equation (2) can be rewritten 
as : 
Nt=Si(Rt/Rch)4f/[qkT(Z/L3)Mn2V2| 

=Nt + (K/L)Sgcont 

(4) 

where SgCont is the noise spectrum of the contact 
conductance, and K a constant if the channel 
length is the sole variable. Nt is a noise index 
which includes all the contributions to the LFN of 
the structure. For large L. the measured noise 
index Nt (including the contribution of the 
channel and the contacts), coincides with Nt which 
is the noise index of the sole channel. Results of 
L.F.N measurements on the gate free TLM 
structures are summarized in figure 2, where the 
plots of Nt versus the channel length L arc 
reported. For L greater than 80p.m. the 
contribution of the contacts is negligible and 
Nt*=Nt. 
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Figure 2 : Noise Index Nt* of the structures versus the channel length 

The values of Nt of the different structures are summarized in the table 1. 

Structure 
n° 2 3 4 5 6 7 8 9 

Type MODFET 
AlInAs 

/GalnAs 

MODFET 
AlInAs 
/GalnAs 
53% In 

InP spacer 
and buffer 

HFET 
AlInAs 

/InP 
53% In 

HFET 
AlInAs/ 
InGaAsP 

InP 
spacer 

and buffer 

MODFET 
InP 

/GalnAs 
53% In 

MODFET 
GaAlAs 
/GaAs 
20% In 

AlInAs 
doped 

resistor 
52% In 

InP 
doped 
resistor 

GaAlAs 
doped 
resistor 
30% In 

Nt 
(cm"2eV') l-2xlün 4x1010 2xl()n 3x101° 9.\109 lxlO12 1.6xlOu 6xK)l° 5.5xl012 

Tab e 1 : Norn lalized Noi se Index > t of the stn actures 

These values are the average values measured on 
the structures with the greatest channel lengths in 
the TLM configuration. 
P Layers containing Al : Measurements were 
performed on plain AlInAs resistors, HFET 
structures with AlInAs layers, and MODFET 
structures with AlInAs spacer and buffer layers. 
For all the samples, we obtain a noise index Nt of 
1 to 2xl011cm"2eV'1. The strain of the channel 
has no effect on Nt : Table 2 summarizes the 
values of Nt of several MODFET structures with 
different In content. Also is reported, for 
comparison, the noise index of the structure with 8 
-doping mode of the barrier. The channel of this 
structure is lattice matched to InP. 

Structure 
n° 

2-1 2-2 2-3 

Type 
MODFET 

AlInAs 
/GalnAs 
53% In 

MODFET 
AlInAs 

/GalnAs 
75% In 

MODFET 
AlInAs 
/GalnAs 
53% In 

5-doping 
Nt 

(cm^eV1) 1.3xlOH 1.5xl0U 3xl0u 
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Table 2 : Normalized Noise Index of 
AlInAs/GalnAs MODFET structures. 

Structures 2-1 and 2-2 correspond to fig.i-a, and 
to structure n°l in Table 1. Note that there is a 



slight increase of the Nt value of the structure 
with the S-doping mode of the barrier layer 
(structure 2-3), compared to structures 2-1 and 2- 
2, with an uniformly doped barrier. This increase 
in 1/f noise has been observed in 5-doped GaAs- 
GaAlAs structures. 
2) Layers containing InP : The structure n°2 of 
Table 1 (fig. 1-c), which is identical to the structure 
n°l (fig.l-a), but with InP spacer and buffer 
layers, exhibits a significantly weaker value of Nt. 
If all the AlInAs layers are replaced by InP layers, 
the value of Nj- is divided by more than twenty 
(structure n°5, Fig. 1-f, as compared to structure 
n°l). From these measurements, it is clear that the 
influence of the AlInAs spacer and buffer layers is 
the main contribution to L.F.N in these structures. 
We obtain the same result with the HFET structure 
(n°4, fig. 1-e), were Nt is much lower than that of a 
conventional HFET structure (n°3, fig.l-d). The 
Nf- value of a simple plain InP resistor (n°8, fig.l- 
h), compared to a plain AlInAs resistor (n°7, fig. 1- 
h), confirms that the presence of AlInAs layers 
increases the noise index of the structures. 
3) Layers containing GaAlAs : GaAlAs based 
structures are known to exhibit important L.F.N. 
We have performed measurements on two types of 
structures : a MODFET GaAlAs/GalnAs/GaAs 
structure (n°6, fig. 1-g) and a plain GaAlAs 
resistor (n°9, fig. 1-i). 
The Al concentration of the GaAlAs layers is 20% 
in the case of the MODFET structure, and 30% in 
the case of the resistor structure. The noise index 
of the two structures are much larger than those of 
AlInAs and/or InP containing structures. 
Moreover, the L.F.N spectra of the GaAlAs 
resistor exhibits generation-recombination features, 
according to [2]. These features are attributed to 
the presence of DX centers. For an Al 
concentration of 20% (structure n°6, fig 1-g), the 
DX center level does not lie within the energy gap, 
thus no G.R feature is observable in the noise 
spectra [2]. The values of Nt lie within the range 
l-3xlOncnr2eV-1 for all the AlInAs based 
structures ; GaAlAs structures give significantly 
larger N^, whereas InP based structures give 
smaller values of Nt. 

(i) The values of the measured Noise Index N+ 
span over a wide range : from 101" to a few 10^ 
cnf^eV'l, depending on the materials constitutng 
the structures. 
(ii) The lowest noise magnitudes are obtained for 
structures which are free of Al. 
(iii)  In  structures with  Al,  L.F.N  sources  are 
induced by traps distributed within Al containing 
barrier and buffer layers. 
(iv)  The  noisiest  devices   are  those  based  on 
GaAlAs   barrier   and   buffer   layers   on   GaAs 
substrates. 
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4) Conclusion 

The main results of this study can be summarized 
as follows : 
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A frequency analysis of the transconduction and output conduction of 0.25 fim InP based HEMTs was carried 
out using S-parameter measurements down to 1 kHz. The advantage of this method is that very low frequency 
and hf performance is determined using a single measurement sequence. It has been shown that the kink effect in 
the output characteristics consists of two ranges of a reduced and an increased drain current. Additionally it was 
found, that while gdhf increases for more positive gate voltages, gddc usually decreases. It is also been shown, that 
the dc measured transconductance gmdc is lower than gmhf This difference is increased for high drain voltages. 
The frequency analysis shows, that gradc is generally decreases at higher drain voltages. Finally, it has been 
shown that the dispersion output conduction can be up to the GHz range for high drain source voltages. 

Introduction 

Typical dc output characteristics of InP HEMT's with 
submicron gate lengths show a kink at voltages around 
Vds = IV. These anomalous characteristics have been 
widely studied and several theories of its physical 
origin have been presented, for example from trapping 
effects in the AlInAs buffer layer [1], [2] or impact 
ionization in the GalnAs channel [3]. Due to their 
physical origin these effect are influenced by the 
material design, growth or HEMT processing. At high 
frequencies this effect can be neglected. 
A dispersion is obtained not only in the output 
conductance but also in the transconductance. 
Comparing the transconduction gm derived from dc and 
hf measurements shows that the dc measured gm dc is 
usually smaller than gmhf [4], [5]. Therefore the 
dispersion of the transconduction as a function of gate 
and drain source voltage was investigated. 
Allthough the dispersion of gd and gm is primarily at 
low frequencies, it is one of the major problems when 
determining a large signal model for the design of high 
frequency non-linear integrated circuits [6]. Then the 
output conductance and transconduction are defined as 
the differentials of the drain current to the drain and 
gate source voltage respectively. Inserting the dc 
current into the model only enables the determination 
of the bias points in a circuit, while the calculation of 
the hf performance is based on dc gd and gm . 
Calculating a current that fits the high frequency 
performance, leads to a model that cannot be used to 
determine dc bias points. 
Since the determination of dc and hf characteristics use 
different measurement techniques (I-V and s-parameter 
measurements respectively), device characteristics in 
the frequency range dc up to several MHz have not 
been widely studied. Pulsed I-V measurements can be 

used from dc to several kHz, while s-parameter 
measurements are used above 100 kHz. Since the 
dispersion of the output characteristic is primarily in 
the range of 1 kHz to MHz, a determination based on 
two different measurement techniques is rather 
problematic, as device temperature or current drifts 
could influence the results. Therefore, we have 
developed a technique to measure the dispersion of the 
dc characteristics in a single measurement, using s- 
parameter measurements from 500 Hz to 500 MHz 

Experiments 

HEMT devices with 0.25 um long T-gates were 
fabricated on lattice matched AlInAs/GalnAs HEMT 
structures. Ohmic contacts were formed using NiGeAu 
annealed at 340°C [7]. The mesa and gate recesses 
were wet etched using a mixture of ^PO^^C^^O 
1:1:100 and 1:1:150 respectively. Since this wet etch 
for the gate recess is non-selective, the threshold 
voltage of the HEMT devices can be varied using 
different etch times. We found a correlation between 
gate reces etch depth and kink effect. For shorter etch 
times, resulting in more negative threshold voltages, 
the kink in the output characteristics is increased. 
Finally a Ti-Au metalisation layer was evaporated. 
To determine a frequency analysis of the output 
characteristics, s-parameter measurements were carried 
out from 500 Hz to 500 MHz using a HP 8751A 
network analyzer. The dc analysis was carried out by 
measuring the current voltage characteristics. 
Additionally, scattering and noise parameters were 
measured up to 26 GHz. To determine the 
transconductance gm and output conductance gd from s- 
parameter measurements a very basic transistor model 
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was used (Fig. 1). The output conductance gd can be 
calculated from the measured output reflection S22 
towards the load Z0 = 50 Q of the network analyser as 
follows: 

Re 
(1-522) 

^(1 + S22)-Z0 

Then    the    transconduction    gm 

calculated from the measured S21 
as follows: 

can    be 
and S22 

•521 
\+S" 

Gate Drain 

Cgs gd Cds 

Source Source 

Fig.   I:   basic   equivalent  circuit for   the 
calculation ofg„, and gd from s-parameters 

Results and discussion 
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and a lower dc current. It is presumed, that carriers are 
trapped in the AlInAs buffer layer [1], [2]. In range II 
for high drain voltages, the measured dc output 
conductance gd jc is higher than gjjl(- due to impact 

ionization [3]. This results in a higher dc current and a 

low Vds 

range II, high Vds 

0.6 V Vds = 

1E+2 1E+3   1E+4   IE+5   1E+6 

frequency |Hz| 

1E+7 1E+8 

Fig. 2 shows the output characteristic for a 
HEMT with a strong kink at Vds = 0.8 V. 

The high frequency output characteristics 
was  calculated  by  integrating the  output 
impedance measured  at 4  GHz over the 

drain voltage U^ : Id,hf= Jgd.hf d^ds- To describe the 

anomaly in the output characteristics, the drain voltage 
must be divided into two ranges: In range I, the drain 
voltage is low and the dc measured output conductance 
gd,dc 's lower than gdhf. This leads to a lack of carriers 

25 

20 

<   15 
e 

3T io 

DC 

,/HF 

range II 

^ range I 

0 /  
0      0.25     0.5     0.75 

Vds[V] 

1.25     1.5 

Figure 2: dc measured and hf integrated output 
characteristics for V   = -0.4V. 

Figure 3: output conductance as a function of frequency. 
The arrows indicate the change of gd -with the drain voltage 
VJs at dc and hf. 

kink in the output characteristics. 

Fig. 3 shows a frequency analysis of g(1 , showing a 
significant dispersion at frequencies below 100 kHz. 
For low drain voltages, gj increases with frequency, 

while for high drain voltages, gd decreases. The 

frequency limit is at about 10 kHz. However, it was 
also found that the frequency limit increases for higher 
drain source voltages. Further high frequency s- 
parameter measurements showed, that gd increases up 
to 2 GHz for Vds = 1.5 V. In addition to the increase of 
gd,dc with higher drain voltages (kink effect), Fig. 3 

also shows that gd M- decreases for higher drain source 

voltages. This behavior can be described with the two 
region model for the channel. A larger drain voltage 
leads to a larger saturation region which is responsible 
for a lower output conduction. 
The measured output conductance for low drain 
voltages changes significantly when the device is under 
illumination. This confirms that for low drain voltages 
the dispersion is due to trapping effects. 

Fig. 4 shows the output conductance as a function of 
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the gate voltage for Vd = IV. It can be seen that gdhf- 
increases for more positive gate voltages. Similar to the 
decrease of gd with higher drain voltages, this can be 
explained with the two region model. A more positive 
gate source voltages reduces the gate drain potential 
and therefore reduces the saturation region under the 
gate. Therefore gd increases for more positive gate 
source voltages. 

20 

15    dc 

range II ranae I 

ü 10 
-o 

hf    , 

0 .     ■'     

-1      -0.8    -0.6    -0.4    -0.2      0       0.2 

Vgs[V] 

Fig. 4: output conductance as a function of gate voltage 
at Vds = 0V. 

gate voltages (showing gddc < gdj-,f). This means, that 
for more positive gate voltages the bias conditions are 
shifted from the high field range II towards the low 
field range I, and therefore the dc output conductance 
gddc decreases therefore for most of the used bias 

points, (contrary to gd,hf)- 

A dispersion was obtained not only for the output 
conduction but also for the transconductance. Figure 5 
shows the transconductance determined with dc and hf 
measurements for Vj = IV. It can be seen that gmjdc is 
lower than gmihf- This behavior is typical for InP 

it is one of the problems when 
large signal model. The 

gm,dc measured at dc usually 
decreases with increasing Vd [4], [5]. Therefore dc 
measurements are mostly carried out at low drain 
source voltages. However, when determining the 
transconductance from s-parameter measurements, 
saturation of gm>hf at about Vd = IV is obtained [6]. 
Additionally, figure 5 shows that the difference 
between gmdc and gmhf increases for more positive 
gate source voltages. Therefore the bias for maximum 
gain is more positive at high frequencies. 

HEMT's   and 
determining      a 
transconductance 

Contrary to gd>hf, the dc output conductance gdjdc does 
not increase monotonically with Vgs. The reason is, 
that by increasing Vgs , the drain voltage where the 
kink occurs Vkjnk increases. For a gate source voltage 
of Vg5 = -0.4V the kink occurs at Vds = 0.8V, as shown 
in figure 2, while the kink occurs at Vds = 1V for a gate 
source voltage of Vgs = 0V. Therefore, range II with 
Vd > Vkink is at negative gate voltages (showing 
gd.dc > gd,hf) and range I with Vd < Vkink is at positive 
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Figure 5: dc and hf measured transconductance for 
IV. 

IE+2 IE+3 1E+4 IE+5 IE+6 

frequency [Hz] 
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Figure 6: transconductance as a function of frequency 

Fig. 6 shows a frequency analysis of the 
transconductance gm. It is obtained that gm increase in 
general with the frequency. Furthermore, it is shown 
that gmdc decreases with higher drain voltages, while 
gm,hf increases the transconductance gm,ht" increases for 
higher gate drain voltages. The decrease of the 
transconductance at low frequencies is therefore 
verified with a single measurement. Again the 
frequency limit at about 10 kHz. For higher drain 
voltages, the frequency limit of the transconduction 
increases.  Similar to the output conduction,  a low 
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frequency decrease of gm>hf can be obtained up to 

2 GHz. 

High frequency s and noise parameter measurements 
on HEMTs have shown no clear correlation between 
the occurrence of the kink effect and high frequency 
performance. 

Summary 

The occurance of a dispersion of output conductance 
and transconductance is one of the major problems 
when determining a large signal model for InP based 
HEMTs. Therefore we have developed a technique to 
carry out a frequency analysis of gm and gd using a 
single s-parameter measurement from 500 Hz to 500 
MHz. It has been shown, that the kink effect in the 
output characteristics consists of two ranges of a 
reduced and an increased drain current. Additionally it 
was found, that while gdhf increases for more positive 
gate voltages, gddc usually decreases for higher Vgs. 
Furthermore it was found with a single measurement, 
that the dc measured transconductance gm dc >s lower 
tnan gm.hf This difference is increased for high drain 
voltages. The measurements show, that the reason is a 
decrease in gm dc at higher drain voltages. Furthermore 
it was found that the frequency limit for the dispersion 
of both gm and gd is 100 kHz for low drain voltages. 
However, the frequency limit is increased for high 
drain voltages and a dispersion can be obtained up to 
2 GHz. 
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Introduction 

InP-based HEMT structures have demonstrated high ft*L -products, indicative of high overshoot velocities even for 
moderate gate lengths of 1pm [1]. Futhermore, it is possible to tailor the performance of standard HEMT structures on 
InP for microwave applications at low drain bias. This has been attempted mainly by the use of In-rich strained GalnAs 
channels of high mobility and overshoot velocity. An ft*L product of 57GHzum and an f^/ff-ratio of about 2 have been 
obtained [2], but the bias condition was not reported. Another approach is a GalnAs/InP composite channel device 
resulting in a ft*L product of 44GHzum at 1.5V drain bias [3]. No data on the maximum power gain has been 
mentioned. In this study, the low voltage high frequency performance of InP-based HEMTs is examined. The device 
structures used for this study are similar to those mentioned in [2,3]. All the devices are fabricated by simple optical 
lithography resulting in gate length > 0.5pm. Although the gate lengths of the devices are greater than half a micron they 
show remarkable RF properties at low drain bias. Differences are found between the distinctly designed samples 
concerning their RF properties. 

Layer Structures 

In this study three different layer structures have been 
investigated: (A) a standard top-side doped structure, (B) 
a double-side doped structure and (C) a composite channel 
structure. The first two samples are grown by Solid- 
Source-MBE. The third sample contains InP as a sub- 
channel and is therefore grown by MOCVD*. 

Structure (A) is a standard bulk doped AlInAs/GalnAs- 
HEMT lattice matched to the InP-substrate used as a 
reference (Fig.la). 

The second device structure (B) is designed for high 
current, high frequency applications (Fig. lb). It consists 
of a strained Gag 32In0 68As channel layer to enlarge the 
conduction band discontinuity and the electron mobility. 
The planar doping-spikes are placed in the AlInAs supply 
and buffer layer above and below the GalnAs-channel 
respectively. This configuration leads to a high carrier- 
density in the GalnAs-channel. The transconduction and 
the modulation efficiency is also improved as it is possible 
to place the gate very close to the channel. The growth 
temperature for the buffer was reduced to 300°C which 
prevents Si movement from the back-side planar doping 
towards the channel and therefore leads to high electron 
mobilities in the channel [4]. 

6*1018cm-3- 

n GalnAs lOnm 
i AlInAs 20nm 
n AlInAs 15nm 
i AlInAs 2nm 

GalnAs 40nm 

i AlInAs/I nGaAs SL 
7*4nm/3nm 

I AlInAs 
500nm 

cap-layer 

schottky-Iayer 

supply layer 
spacer 
channel 

superlattice 

buffer 

substrate 

Fig. la: Structure A is a standard HEMT-Structure used 
as a reference 

Structure (C) consists of a composite QW-channel of 
GalnAs/InP sandwiched between AlInAs barriers. The 
GalnAs part of the channel is sub-divided into a strained 
and a lattice-matched part to increase the electron 
mobility. The GalnAs-part of the channel will host the 
entire 2DEG-density at low fields, resulting in a high 
mobility, a small series resistance and a small intrinsic 
voltage drop. At higher fields the hot electrons will 
experience the broad velocity field distribution in the InP 
sub-channel, which should lead to a high overshoot 
velocity characteristic. Therefore, a high fj^ and ft cut- 
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off frequency is expected at the same bias point, resulting 
in a high fmax/ft ratio. 

6.0*1012cm-2 

2.8*1012cm-2 — 

n GalnAs 20nm 

i AllnAs 20nm 

i-AllnÄs"7nm " 
i Galn(.68)As 20nm 

j-AllnAs 7n_m_ 
i AllnAs 
250nm 

cap-layer 

schottky-layer 
- delta-dop'ng 
spacer 
channel 
spacer 

""delta-doping 
buffer 

superlattice 

substrate 

Fig. lb: Structure B designed for high current and high 
frequency operation. The In-content in the GalnAs 
channel is 68%. 
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channel 
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Fig.lc:     Structure   C with  a  composite   channel  of 
GalnAs/InP designed for highfp fmax and fnmx/ft-ratio 

Device fabrication 

All the devices were mesa isolated by wet chemical 
etching. In the case of structure (A) and (B) a 
H2S04:H202:H20 etch was used. For structure (C) a 
HCL:CH3COOH:H202-etch has been chosen as InP is not 
etched by the standard H2S04:H202:H20 etch. 

For the ohmic contact formation a special two layer resist 
stack is used to achieve a well defined undercut profile for 
lift-off. For all the devices e-beam evaporated GeNiAu- 
contacts are used. The contacts are annealed in a RTA at 
360°Cfor40s. 

The gates are defined by optical contact lithography (k 
=405nm) using the same two layer resist system as for the 
ohmic contacts. This process is very reproducible down to 
a gate length of 0.5pm. The gate recess is etched 
selectively. In a first step the GalnAs cap layer is removed 

and the width of the recess is defined. In a second step the 
AllnAs is etched to its final depth. For the selective etch 
succinid acid (SA) with NH3 and H202 is used. The 
isotropic etch is H2S04:H202:II20. The gate metallization 
is e-beam evaporated and consists of TiPtAu with the 
following thicknesses 50nm/50nm/300nm. 

DC and RF Device performance 

With the standard HEMT structure (A) a current density 
of 460 mA/mm is achieved. The composite channel 
HEMT (C) having a bulk doped supply layer has current 
densities of 780mA/mm. The highest current densities of 
lOOOmA/mm are realizxd with the double-side delta- 
doped HEMTs structure (B). 

Structure 
A 

Structure 
B 

Structure 
C 

L„ (urn) 0.6 0.6 0.65 
V„(V) 2.0 1.6 1.6 

(mA/mm) 460 1000 780 
gm (mS/ram) 350 680 550 
ff (GHz)@ 
V„,VH 

35 
-0.1,2.0 

53 
-0.4, 1.6 

60 
-1.3, 1.6 

fmav(GHz)@ 
Vg,v„ 

80 
-0.1, 2.0 

135 
-0.4, 1.6 

160 
-1.3, 1.6 

f,*L0-product 
(GHzjim) 21 31.8 39 
fm,J(t 2.3 2.5 2.6 

Table 1: DC and RF results obtained for the Devices A, 
BandC 

To reflect a condition representative for high gain and 
medium power performance, the small signal analysis was 
performed at the gate bias condition for peak ft. This 
condition is depicted for a device of structure (B) in Fig.2. 
The extrapolation of ft and fmax is described in [5]. 

The development of fmax and ft versus drain bias is shown 
in Fig.3. All device structures attain their maximum ft 

already below Vd=1.2V. The lowest bias is needed for 
structure (B), which also shows the highest open-channel 
current and thus the lowest series resistances. For sample 
(A) only a moderate ft*Lg-product is obtained (see Table 1) 
in combination with a relatively high f^/fj-ratio, which 
is the usual case. Two effects contribute to the limited 
ft*Lg-product: (1) the influence of the dynamic series 
resistances due to the low channel current density, and (2) 
a hot electron movement with a high field saturation 
velocity in the collision dominated regime. 
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Vd=1.8 
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Fig.2 ft versus Iä. The gate bias for the drain bias scan is 
V=-0.4V 

For all the devices the f^ profiles develop after the drift- 
region is established. By extrapolation it can be seen, that 
this appears at a drain bias of 0.4 to 0.5V (Fig.3). 

In the case of the devices (A) and (B) the f^ cut-off 
frequency curves reach their maximum between Vd=1.2V 
and 1.8V, respectively. In structure (C) fmax is still 
increasing to beyond 160GHz and only a slight saturation 
occurrs up to this measured drain bias (Vd=1.6V). 
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Fig.3: fmax and ft-curve in dependence of the drain 
voltage for the three different samples 

Discussion 

The extrinsic data show that high fmax/ft-ratios can be 
obtained at high ft*Lg products, indicating that the 
devices operate in the velocity overshoot regime as it is 
the case for structure (B) and (C). 

The highest imJl-ratio of 2.6 is obtained in the case of 
the composite channel structure in conjunction with the 
highest ft*Lg product of 39GHzp.m. This may indeed be 
attributed to the InP sub-channel, where the electron 

dynamics seem to be improved at high fields [5]. The 
double-side doped device (B) shows optimum performance 
already in the range of Vd=1.4V. At higher bias both ft 

and fmax seem to decrease slightly while the f^/ff-ratios 
stay constant. This may indicate that the intrinsic average 
saturated velocity starts to decrease with further extending 
the drift-region. 

Both cut-off frequencies are influenced by parasitic effects 
and an attempt needs to be made to reduce the 
performance of the three structures to the intrinsic device 
parameters to make them better comparable. The 
parameter considered here is an effective drift-region 
length, which is extracted on the basis of an approximate 
lumped element equivalent-circuit. This has been proved 
helpful in describing the drift-region characteristics of 
GaAs- as well as InP-based HFET-devices operating in 
the saturated velocity regime [6,7]. Here the drift-region is 
represented by a lateral parallel plate capacitor, which is 
considered in series with the gate-channel capacitance. 
The distance of the plates is determined from the intrinsic 
feed-back capacitance Cgd from the standard equivalent- 
circuit model. The details are described in [6]. This 
effective length is calculated from eq.l. 

L drift ~ Lg 
£W 

C 
V      8s'1 J 

gs,' 

c eq.l 

The intrinsic capacitances are estimated by subtracting the 
parasitic capacitances from the extrinsic capacitances. 
This parasitic capacitances are extracted from s-parameter 
measurements made on a special designed layout. 

In Fig.4 the development of the lateral drift-region 
represented by the model parameter L^ (eq.l) is plotted 
in dependence of the intrinsic drain bias (eq. 2). The 
series resistances (Rs and Rd) are estimated from the DC 
output characteristic. 

V = V V intr * D -(Rs + RD)iD eq.2 

For an intrinsic voltage of about 0.25V the velocity 
saturation is obtained indicated by the offset. Only for 
higher intrinsic voltages, where the saturation is still 
obtained the lateral drift-region starts to develop. For all 
the three devices a linear relationship is found for the 
extension of the drift-region. This is in contrast to GaAs- 
based HEMTs, where a square law relationship is found 
[7]. This relationship could be explained describing the 
drift-region as a laterally extended schottky barrier 
depletion region [8]. The reasons for the faster extension 
of the drift-region for InP-based devices is not well 
understood. As a consequence high fmax cut-off 
frequencies and high fmax/ft-ratios can be observed at 
lower drain bias compared to GaAs devices. Good RF 
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performances for the devices are obtained with an 
intrinsic voltage of about 0.75V. Reducing the parasitic 
series resistances further, uncompromised RF 
performance can be expected for a drain bias of about IV 
for 0.5um gate length devices. 

The largest lateral extension of the drift-region is found 
with the composite GalnAs/InP-channel compared at the 
same intrinsic voltage. The following effects may 
contribute to the differences in the extension of the drift- 
region. First, there are differences in the hot electron 
dynamics due to the different QW-channel configurations 
especially in the case of the InP sub-channel. Second, 
different aspect ratios, dependent on the recess 
configuration, change the effective carrier confinement 
and the vertical compensation of channel charge due to 
surface layer states. Third, it has been shown [7] that the 
buffer layer has also an important influence on the 
extension of the drift-region. 

2    2 
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■g» 
D 
.a 1 
C 

■c 

~ 0.5 

Standard HEMT 
Sample A 

v; Double side doped HEMT 
Sample B 

Composite Channel HEMT 
Sample C 

Drift Length [nm] 

Fig.4     Extension of the drift-region with the intrinsic 
drain voltage 

Conclusion 

The RF results of the structures discussed show that 
uncompromised small RF performance of InP based FETs 
can be obtained in the low drain bias range below 2V. 
Even for moderate gate lengths of 0.5um, operation down 
to Vd=lV seems feasible. The highest cut-off frequencies 
extrapolated are ft=60GHz and fmax=160GHz at Vd=1.6V. 
This represents an ft*Lg-product of 39GHzum and a 
fmax/ft of 2-6 at ^ identical gate and drain bias point. 
This indicates that high power gain is possible at high 
overshoot velocity. Three different material structures 
have been analysed. The drift-region analysis indicate that 
an optimum design is a structure with high open channel 
current density realised with high carrier concentration as 
is the case for sample (B) and (C). The aspect ratio should 
be high. This has been realized with the double-side 
planar doped structure, where a deep recess is possible 
like in structure (B). For improved hot electron dynamics 

an InP sub-channel is proposed like in sample (C). A 
combination of these two structures seems to be the 
optimum. It is expected that with optimised structures, 
devices with RF performance up to the millimetre-wave 
frequency range can be fabricated only by low cost optical 
lithography. 

*The wafers are fabricated by Epitaxial Products, Cardiff 
(UK); 
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The influence of the noise figure on both gate and drain source voltage, threshold voltage and transistor size 
have been investigated for the design of low noise integrated circuits. Therefore, a device model for both high 
frequency small signal and noise behavior of InP-HEMTs, depending on both gate and drain voltage, has been 
developed. It was found, that the lowest noise is observed when the drain current for maximum gain is reduced 
to a third while the drain voltage is reduced to the start of the saturation region Vds = 0.6 V. However, it was 
shown for the first time that the bias for lowest noise is frequency dependent. Modeling scaling effects of the 
noise behavior shows, that lowest noise is observed for a gate width of 1x40 um. Multi-finger layouts are 
preferable for gate widths above 70 urn. Furthermore it is shown, that the optimum width of each finger 
decreases with the number of fingers. 

Introduction 

During the past several years significant improvements 
have been presented for the high frequency and noise 
performance of High Electron Mobility Transistors 
(HEMTs). At the present time InP based HEMTs show 
the highest cut-off frequencies and the lowest noise of 
all three terminal semiconductor devices. Therefore 
InP HEMTs are very attractive for integrated 
microwave and millimeter wave applications [1]. 
For the design of low noise amplifiers (LNA) or high 
sensitivity photoreceivers we have focused our 
attention on the optimization of various circuit design, 
technology and layout parameters to achieve low noise 
performance circuits: 
a) bias voltages for lowest noise 
b) influence of the gate recess depth, which can vary 
due to a non-selective gate recess 
c) scaling effects of the gate width 

Usually the noise behavior of the intrinsic HEMT is 
described by a channel noise source In(j and a 
correlated gate noise source Ing , with the noise source 
parameters P, R and the correlation coefficient C, see 
eqn. 1. Up to now only the influence of the drain 
current (by variation of the gate voltage) and the transit 
frequency (by variation of gate width or carrier 
mobility) on this noise source parameters P, R and C of 
InP HEMT's have been studied [2], [3]. But since the 
gate leakage current has a strong influence on the noise 
figure [4], it has to be taken into account when 
determining the optimum gate bias for lowest noise. 
Furthermore, scaling effects of the noise figure are 
mostly due to the Johnson noise of the gate resistance. 
Therefore it is necessary to include additional noise 
sources in a bias dependent noise model, such as gate 
leakage shot noise, 1/f noise and the Johnson noise of 

Gale 

O i 

extrinsic HEMT 

Fig. 1: Equivalent circuit for high frequency and noise behavior 
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the gate resistance. 

Noise model for InP HEMTs 

The noise behavior of HEMTs was described using the 
noise model shown in Fig. 1. As the noise behavior of 
a HEMT can be described similarly to a MESFET, the 
present model is based on earlier work [3]. 
The intrinsic HEMT can be modeled with the channel 
noise source Ind and an induced gate noise source In„ . 
The noise source parameters P, R, and the correlation 
coefficient C are defined as follows [3]: 

\lJ-=4-k.T0-Af-gm.P 

»X I 
-4-k-T0-Af- 

■ c- 

JC - I>ix ' Ind I ' ml (1) 

In addition to these intrinsic noise sources, we 
introduced two more noise sources which are necessary 
to describe a non-ideal HEMT: gate leakage will lead 
to a shot noise gate source Ins, and generation- 
recombination processes introduce a frequency 
dependent noise source Ingr in the channel. 
Furthermore the extrinsic parasitic resistances Rg , Rs 

and R(j contribute as thermal noise sources Inrg , 
Inrs ,Inrcj due to Johnson noise. 
To improve the accuracy, the extrinsic and parasitic 
elements are extracted from separate measurements. 
The extrinsic capacitors and the CPW-parameters were 
determined from structures fabricated on semi- 
insulating substrates, the inductors with hot/cold 
measurements, the resistors from end resistance 
measurements and the gate leakage current from DC 
measurements. 

Experiments 

HEMT devices with 0.25 urn long T-gates were 
fabricated on lattice matched AlInAs/GalnAs HEMT 
structures. The gate width was varied from 50 to 
150 urn. Ohmic contacts were formed using NiGeAu 
annealed at 340°C [5]. The mesa and the gate recess 
was wet etched using a mixture of H3P04:H202:H20 
1:1:100 and 1:1:150 respectively. Since this wet etch 
for the gate recess is non-selective, the threshold 
voltage of the HEMT devices can be varied using 
different etch times. To determine the influence of the 
gate recess depth, the threshold voltage of the HEMT 
devices was varied between -IV and -0.6V. Finally a 
Ti-Au metalisation layer was evaporated. 
Scattering and noise parameter measurements were 
carried out up to 50 GHz and 26 GHz respectively. A 

typical transition frequency of ft = 100 GHz and a 
minimum noise figure of 1.8 dB at 26 GHz was 
achieved. In order to study the bias dependence, two 
sweeps of the bias voltages around the optimum bias 
point for high frequency performance (V„s = 0.3V, 
Vds = IV) were made. As our setup for noise 
measurements is only reliable for devices which have 
gain with respect to the 50 Q load of the network 
analyzer, it is difficult to measure HEMTs with small 
gate widths. Therefore scaling effects and the influence 
of multifinger gates are determined from simulations. 

Results and discussion 

CO 
-a 

n 
-r 

26 GHz 

^  15 GHz 

2 GHz 

0 

-0.9     -0.7     -0.5     -0.3     -0.1      0.1       0.3 

Vgs [V] 

Fig. 2: Bias dependence of the minimum noise figure on 
the gate source voltage at V^s = IV. 

Fig. 2 shows the minimum noise figure as a function of 
the gate source voltage. For the same device, the gate 
bias for maximum gain was determined at Vgs = -0.3V. 
It can be seen, that for frequencies above 10 GHz, the 
optimum gate voltage is obtained at V„s = -0.65 V and 
Id = 9.0 mA which is about one third of the drain 
current for maximum gain. Generally the noise figure 
decreases for low gate voltages (i.e. low drain 
currents), since the channel noise is reduced [2], [3]. 
However, at very low gate voltages, the decrease of the 
transconductance gm leads to an increase of the noise 
figure. 
Regarding Vgs , we found for the first time, that the 
bias for lowest noise is frequency dependent. Fig. 3 
shows the optimum gate voltage as a function of the 
frequency. For lower frequencies, the the optimum gate 
voltage is increased. The reason is that the for lower 
frequencies the noise figure is heavily influenced by 
the gate leakage current, which is reduced for lower 
gate-drain voltages, i.e. more positive gate voltages. 
This means that the gate source voltage should be 
chosen closer to the bias for maximum gain when 
designing broadband photoreceivers while for the 
design of high frequency LNAs a more negative gate 
source voltage is preferable. 
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Fig. 3: Gate-voltage for lowest noise as a function of the 
frequency 

Fig. 4 shows the minimum noise figure as a function of 
drain source voltage. We found, that lowest noise is 
observed at a fairly low value of 0.6V. Comparing with 
the output and transfer characteristics, this is the point 
where the saturation region starts and the gain reaches 
its maximum value. For higher drain voltages the 
increase of the gate source capacitance Cgs leads to an 
increase of the noise figure. Our results for the bias 
dependence of the minimum noise figure for 
AlInAs/GalnAs HEMT's lattice matched on InP are in 
good agreement with data obtained for pseudomorphic 
AlGaAs/InGaAs HEMT's on GaAs [6]. No frequency 
dependence of the minimum noise with respect to V(js 

is observed since both gate leakage current 
(dominating at low frequencies) and channel noise P 
(dominating at high frequencies) are minimum for low 
drain voltages. 
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Fig. 4: Bias dependence of the minimum noise figure on 
the drain source voltage at Vgs = -0.3 V. 

When etching the gate recess using a non-selective etch 
process, the threshold voltage varies with the etch 
depths. To determine an optimum etch depth for low 
noise performance and to study the influence of the 

variation of the threshold voltage due to process 
fluctuations, we have determined the minimum noise 
figure as a function of the threshold voltage, see fig. 5. 
It is shown that the noise figure decreases for more 
negative threshold voltages. The same behavior was 
obtained for the transconductance gm. However, for 
threshold voltages below -0.9V, i.e. for very shallow 
gate recesses, the noise figure is increased. This is due 
to a higher gate leakage current, which may be 
attributed to the smaller width of the shallow gate 
recess (isotropic etching). Therefore an optimum 
threshold voltage of about -0.8V is obtained, showing 
both high transconductance and low gate leakage. This 
means that the gate recess and the correlated threshold 
voltage depths has only a small direct influence on the 
noise performance. However, since the drain current 
depends on the threshold voltage, this can still 
influence the performance of integrated circuits due to 
bias shifts. 
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Fig. 5: Minimum noise figure as a function of threshold 
voltage. 

The minimum noise figure for different gate widths is 
shown in Fig. 6. It can be seen, that the noise figure 
increases for wider gates. This due to the linear 
increase of the gate resistance with the gate width. But 
the simulations also showed, that the noise figure 
increases for gate widths below 40 um; this is an effect 
attributed to the offsets (for a gate width zero) in the 
extrinsic gate source and gate drain capacitors Cgse and 
Cgde . This offset is due to the geometrical layout of 
the transistor interconnections. 
To reduce the gate resistance, multi-finger gates are 
generally used when large gate widths are desired. 
Fig. 7 shows the minimum noise figure as a function of 
the total gate width for 1, 2 and 4 finger layouts. It can 
be seen, that the absolute lowest noise is obtained for a 
single finger layout with a 1x40 urn gate. For total gate 
widths below 70 urn a single finger layout is 
preferable. For gate widths between 70 and 120 um a 
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two finger layout is desirable. A four finger layout is 
appropriate for total gate widths greater than 120 urn. 
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Fig. 6: Measured and simulated minimum noise figure as 
a function of the gate width at different frequencies at 
Vgs=-0.3Vand Vds=lV 

Furthermore we found, that the optimum gate width for 
each finger decreases with the number of fingers. 
However, the influence of the gate width on the 
minimum noise is rather small, while the influence on 
the optimum source reflection ropt , noise resistance 
Rn, drain current and input capacitance is large. 
Therefore the gate width should be determined by 
these parameters. 
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Fig. 7: Simulated minimum noise figure at 26 GHz as a 
function of gate width for 1, 2 and 4 finger layouts. The 
arrows indicate the optimum gate width for each layout. 

Conclusion 

For the design of low noise integrated circuits, an 
optimum gate voltage was found that reduces the drain 
current required for maximum gain to about one third. 
For the drain voltage also a 'U-shape' of the minimum 
noise figure was obtained. Lowest noise is obtained 
when the drain voltage is reduced to the start of the 
saturation region Vds = 0.6 V. For higher gate-drain 
voltages the channel noise is increased, while below 

0.6V the transconductance is decreased. To model 
frequency and scaling effects on the noise behavior, a 
device model for both high frequency small signal and 
noise behavior of InP-HEMT's depending on both gate 
and drain voltage has been developed. The model not 
only includes the channel and induced gate noise, but 
also the gate leakage shot noise and the Johnson noise 
of the gate resistance. It was shown, that these noise 
sources cause a dispersion of the gate voltage for 
lowest noise and an increase of the noise figure for 
wider gates respectively. Modeling scaling effects 
showed that for gate widths above 70 pm Multi-Finger 
gates are preferable. Furthermore we found that the 
optimum width of each finger decreases with the 
number of fingers. 
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Abstract 

The diffusion noise of 2-D electron gas in 
AlGaAs/InGaAs/GaAs hetero-structure is studied 
by Monte Carlo simulation. The dependencies of 
velocity correlation function on parameters 
including electric field, charge sheet density, 
InGaAs thickness are discussed, and comparisons 
with the AlGaAs/GaAs hetero-structure are made. 

The velocity correlation functions under 
external electric field are then calculated using 
Monte Carlo method[3], and the diffusion noise 
power spectra is obtained by cosine Fourier 
transform of the correlation functions[4]. Here the 
low and medium fields are studied, implying that 
no intervalley or real space transfer occurs and the 
electron system is completely two-dimensional. The 
high field case will be presented elsewhere. 

Introduction Results 

The AlGaAs/InGaAs/GaAs two- 
dimensional electron gas FET takes many 
advantages over its AlGaAs/GaAs counterpart and 
thus has generated substantial research work. One 
of the major advantages of two dimensional 
electron gas FET is its good noise figures, 
implying a high gain at microwave frequencies. As 
the main noise source at high frequencies, diffusion 
noise sets the working limit of electron devices. 
This paper describes Monte Carlo simulation of 
diffusion noise in AlGaAs/InGaAs/GaAs hetero- 
structure. 

Simulation 

The device under study consists of a 40nm 
Si doped ( Nd = 1018/cm3 ) Al0.15Ga0.gsAs, a lOnm 
undoped In0_15Ga0.g5As, and a p-type GaAs substrate 
( Na = 10'Vcm3). The gate Schottky barrier height 
is assumed to be leV, and ideal AlGaAs/InGaAs 
and InGaAs/GaAs hetero-interfaces are assumed. 

By solving the effective mass Schrodinger 
and Poisson's equations self-consistently[l], the 
energy subbands and wave functions are obtained. 
Then, 2-D scattering rates for both intra-subband 
and inter-subband transitions are calculated using 
the Price model[2]. 

Figs. 1 a) and b) show the parallel and 
transverse velocity correlation functions at 200 and 
500 V/cm external electric fields respectively. The 
charge sheet density n, is lei 1/cm2 and the 
temperature is 77K. With increasing correlation 
time, the transverse correlation function decays 
exponentially as in the 3-D case[4], but the parallel 
correlation function shows clear oscillation whose 
amplitude decreases with time. 

3.5 

■& 3.0 T=77K,n8=l el 1 lent 4 Onra InGaAs 

E=200V/cm 

parallel 
transverse 

4        6        8       10      12      14       16      IS       20 
correlation duration time(ps) 

Fig.    1    a)    Parallel   and   transverse   velocity 
correlation functions for 200V/cm electric fields. 
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Fig.    1   b)   Parallel   and   transverse   velocity 
correlation functions for 500V7cm electric field. 
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Fig. 2 b) Diffusion noise spectra corresponding to 
Fig. 1 b). 

This oscillation results from the 2-D nature 
of electron gas. Since the polar-optical phonon( 
POP ) scattering dominates, a electron is 
accelerated until its energy becomes POP energy 
when probably it will emit a phonon. Because of 
the strong anisotropic nature of POP scattering and 
this periodic phono emission, the parallel velocity 
correlation function oscillates. Therefore, we can 
expect that the pseudo period of oscillation T is 
approximately proportional to the reciprocal of 
electric field, as shown in Fig. 1. It can also be 
seen that the amplitude of oscillation decreases with 
increasing electric field. As a result of the 
oscillation of correlation function, there is a peak at 
the resonance frequency 1/T in the parallel 
diffusion noise power spectra, as shown in Figs. 2 
a) and b). 
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Fig. 2 a) Diffusion noise spectra corresponding to 
Fig. 1 a). 

The above features are similar to those 
observed in AlGaAs/GaAs hetero-structure[3] 
because of common 2-D nature of electron gas. 
However, the parallel correlation function here 
shows little dependence on the charge sheet density 
nX Fig. 3 ), as opposed to the situation in 
AlGaAs/GaAs, where the oscillation amplitude 
decreases considerably at smaller ^[3]. We 
attribute this difference to the stronger quantum 
confinement in AlGaAs/InGaAs/GaAs, where the 
separation between the first two subbands changes 
little with rij because of double hetero-interfaces[5- 
6]. In other words, the shape of quantum-well is 
less sensitive to gate voltage in 
AlGaAs/InGaAs/GaAs hetero-structure. The 
subband energy separation is responsible for the 
magnitude of velocity fluctuations, thus the 
amplitude of oscillation of the correlation function 
remains with decreasing n. from lei2 to lei 1/cm2. 
As for AlGaAs/GaAs, decreasing n, moves closer 
the subbands considerably!!], thus resulting in 
much more inter-subband transitions, which in turn 
reduces the oscillation amplitude of the parallel 
correlation function. 

Increasing the thickness of InGaAs also 
reduces the amplitude of oscillation of the parallel 
correlation function, as shown in Fig. 4. The 
thicker the InGaAs well, the weaker the electron 
confinement and the smaller the subbands 
separation, which in turn results in more inter- 
subband transitions and smaller amplitude of 
oscillation. 
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As in AlGaAs/GaAs, the oscillation of velocity 
correlation function disappears at room temperature 
and high fields, as shown by our simulation. 

Conclusion 

The diffusion noise in AlGaAs/InGaAs/GaAs 
hetero-structure has been studied by Monte Carlo 
simulation and comparisons with that in 
AlGaAs/GaAs has been made. The pseudo-period 
of the oscillating parallel velocity correlation 
function decreases with increasing electric field. 
The amplitude of oscillation here is much less 
sensitive to gate voltage than that in AlGaAs/GaAs. 
Thicker InGaAs results in smaller oscillation 
amplitude. 
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Introduction 
InAlAs/InGaAs high electron mobility transistors (HEMTs) fabricated from InAlAs/InGaAs modulation-doped (MD) 

structures have demonstrated excellent high-frequency and low-noise performance, compared with AlGaAs/GaAs HEMTs<13). 
These high performances are explained by the high electron mobility, saturation drift velocity, and sheet-carrier density of 
the InAlAs/InGaAs two-dimensional electron-gas (2DEG) system. Recently, we have demonstrated that electron transport 
properties and device performance could be further improved by using In^Al^As/In^GaAs normal and inverted 
HEMTs with an InAs quantum well inserted into the InGaAs channel (InAs-inscrted channel) . In addition, we have 
recently investigated a superconducting device which uses the InAs-insertcd-channcl inverted modulation-doped structure'8'10. 
We found that high supercurrent density is obtained through both high electron density and high electron mobility of the 
2DEG formed in this structure with no Schottky barrier between the superconducting electrodes and the InAs laycrw. 
Therefore, determining the electron transport properties of 2DEG in InAs-insertcd-channel modulation-doped structures 
holds great importance in the development of superconducting devices as well as the application of HEMTs at room 
temperature. In this kind of structure there is lattice mismatch between the InAs quantum well and In033Ga047As layer, 
making it very interesting to study how the strain influences the electron transport properties of the 2DEG formed in the 
deformed InAs quantum well. 

In this letter, we give a detailed analysis based on Shubnikov-de Haas measurement of the effective mass of 2DEG in 
InAs-inserted-channel InAlAs/InGaAs modulation-doped structures. Details about other properties, such as improved 
2DEG mobility, are described elscwhere(4'7). 

Experiment and Discussion 

Figure 1 shows the InAs-inserted-channel MD structure. 
The heterostructure used in this study was grown by 
molecular beam epitaxy (MBE) on a Fe-doped semi- 
insulating (100) InP substrate. All InGaAs and InAlAs 
layers were lattice matched to InP, and the growth temperature 
for all layers was about 300 °C, since the critical thickness 
increases at lower growth temperatures The doping 
density of the InAlAs carrier-supply layer was 4x10 18 -3 cm . 
According to some of our previous reports14,", we fixed the 
InAs layer thickness Lw at 4 nm and the insertion position Z 
(the distance between the InAlAs spacer layer and the InAs 
layer) at 2.5 nm. The mobility is highest at a thickness of 
Lw = 4 nm, and starts to decrease at/^ = 5 nm(4>. This 
indicates that 4 nm is under the critical thickness in the 
InAs/In053Ga04SAs system. 

During the Shubnikov-de Haas (SdH) measurements, the 
sample was kept in the dark. Measurements were taken to 
determine the sheet-carrier density of 2DEG and to confirm 
the 2DEG nature of the structures. They were performed 
using standard Hall-bar geometry in the temperature range 
from 6 K to 35 K. The applied electric field was carefully 
suppressed to less than 1 V/m to avoid excess electron heating. 
A magnetic field of, at most, 8 T was applied normal to the 
interface. 

Figure 2 shows the SdH oscillations of the InAs-insertcd- 
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channel inverted MD structure at 6 K. A single set of 
oscillations is clearly visible. This indicates that the only 
ground subband is populated in the InAs quantum well. 
The sheet-carrier density ns was estimated to be 2.08x10' cm' 
when ns= e A (l/B)/iih, where A (1/5) is the SdH oscillation 
period. An electron mobility of 87,200 cm2/Vs was obtained 
when ß =1/(0^«/). These values are in good agreement 
with the results of independent Hall measurements taken 
with the same samples. Figure 3 shows a typical example 
of the temperature dependence of the SdH oscillation 
amplitudes from 6-35 K. The effective mass m was 
determined by fitting the experimental data to the theoretical 
equation expressed by: 

Ap/po « (ßT/B ) [l/sinh(/377ß )], (1) 

where Ap is the oscillatory term of pa, p0 =pxx (ß =0), and ß 
= 2iz kBmlhe. The solid line denotes the best fit as determined 
by the least squares method. Fitting was carriedout for the 
various amplitudes in several different magnetic fields and 
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Fig. 3 Temperature dependence of the amplitude of the derivative 
oscillation in the InAs-inserted-channel inverted MD structure. 
Open circles denote measured data and the solid line denotes the 
best fit determined by the least squares method. 

the final mass value was derived by averaging them. The 
results of the determined electron transport properties are 
summarized in Table I, and compared with the Hall- 
measurement results. 

Recently, Hrivnak has derived semi-empirical relations 
for the energy gap and electron effective mass in the strained 
layer as follows .(»). 

_ msub lüsub fj?  . 
m   \ a I 

ms= m 
ES* (Osub]2 

o Egr,\  a !' 

(2) 

(3) 

where msiib is the conduction band-edge mass of the substrate 
material under the strained layer, m is the conduction band- 
edge mass of the unstrained bulk material, ms is the conduction 
band-edge mass of the strained layer, Eg0 is the energy gap 
of the unstrained bulk material, E   is the energy gap of the 

Table 1 Electron transport properties of the InAs-inscrted-channel MD structure studied.    Sheet-carrier density (ns) and 
mobility (p.) were determined by Hall measurement at 10 K and from Shubnikov-de Haas (SdH) oscillations at 6 K. 
Notice that the SdH oscillations permit the resolution of two populated subbands with carrier densities n^ and nsl.    The 
effective mass ratio (m'/m0) was determined by the temperature dependence of the SdH-oscillation amplitudes. 

Type 

HyCSdH, 6K) 

(xl012crrT2) 

ns0 nsl 

^(SdH.ÖK)     ns (Hall, 10 K)       M (Hall, 10 K) 

(cm2/Vs) (xlO12 cm"2) 

m* I mg 

(cm2/Vs) (for ground subband) 

inverted        2.08   87,200 1.97 

normal 2.94 0.47 49,800 3.47 

84,000 

55,600 

0.044 

0.051 
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strained layer, asub is the lattice constant of the substrate 
material, and a is the lattice constant of the unstrained bulk 
material. The energy gap of the strained In As layer on 
Ina53G^,47As calculated by Eq. (2) is 0.593 eV. The 
conduction band-edge mass of the strained InAs layer on 
In053G^47As calculated by Eq. (3) is 0.0325 m0. The 
energy gap and conduction band-edge mass of unstrained 
bulk InAs are 0.411 eV and 0.024 m0. The energy gap and 
conduction band-edge mass of the strained InAs layer are 
larger than those of the unstrained bulk InAs due to the 
influence of strain. 

In order to further compare the experimental results, we 
calculated the correction for nonparabolicity in the 
conduction band as follows"4': 

p2 = 2moE [l + aE], (4) 

where p is momentum, a = (\-m0'/m0f/E , and E is the 
kinetic energy. The energy dependence of effective mass 
calculated by Eq. (4) is expressed by: 

m* = mo [l + 2a E], (5) 

Figure 4 shows the experimental results of the energy 
dependence of effective mass, compared with the theoretical 
ones estimated by Eq. (5). The experimentally obtained 
effective masses of 2DEG in the InAs-inserted-channel MD 
structure and the conventional one are in good agreement 
with the theoretically obtained ones of the strained InAs 
layer on In^Ga^As and bulk In^Ga^As, respectively. 
This shows that aimost all of the 2DEG in the InAs-inserted- 
channel MD structure is formed in the strained InAs quantum 
well.     This result also agrees with the result obtained from 
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Fig. 4 The energy dependence of the effective mass. 

Solid circles represent the experimentally obtained effective mass 
of the InAs-inserted-channel MD structure while the open circles 
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inserted-channel structure and (b) conventional inverted modulation- 
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the calculated 2DEG distributions, which shows that over 
80 % of the 2DEG forms in the InAs quantum well and the 
thickness of the 2DEG is reduced to 4.8 nm from 6.1 nm 
(see Fig. 5). The effective masses of 2DEG in the InAs- 
inserted-channel MD structure are about 30 % smaller than 
those in the conventional MD structure. This indicates that 
the effective mass of the strained InAs quantum well is 
enhanced more than that of bulk InAs due to the influence 
of strain, but is smaller than that of In053Ga047As. 

Conclusions 

We have given a detailed analysis based on Shubnikov-dc 
Haas measurement of the effective mass of 2DEG in an 
InAs-inserted-channel InAlAs/InGaAs modulation-doped 
structure. The measured effective mass of the InAs- 
inserted-channel inverted MD structure was found to be 
0.044 m0 when ns =2.08x1012 cm"2. The effective mass of 
2DEG in the InAs-inserted-channel MD structure is in good 
agreement with the calculated one of the strained InAs layers 
on In053Ga047As.      This indicates that almost all of the 
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2DEG forms in the strained InAs quantum well. These 
results show that the InAs-inserted-channcl MD structure 
improves the electron confinement, since the 2DEG is 
confined in the InAs quantum well with the thickness of 4 
nm. Therefore it is possible to utilize the excellent transport 
properties of InAs by the InAs-inserted-channel MD 
structure. 
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Introduction 

High electron mobility transistors (HEMTs) fabricated on InP or GaAs substrates are of great interest for 
ultra-high-frequency microwave telecommunication applications [1], [2]. An alternative Ii^gA^^As/In^Ga^As 
heterostructure based on GaAs was proposed here, which could provide a larger conduction-band discontinuity (AEc) for 
a better carrier confinement, resulting in a high carrier density. In addition, by increasing the AlAs mole fraction in the 
In052Al048As layer, a higher Schottky barrier height could be obtained due to the increase of bandgap [3]. Therefore. 
In029Al071As/In03Ga07As heterostructure devices grown on unstrained metamorphic buffer have received considerable 
attention recently, such as HEMTs. HBTs and RTDs. This heterostructure was realized by using compositionally 
step-graded In^Ga^As buffer up to x=0.3 on GaAs substrate [4]. Since the use of this metamorphic buffer, the interfacial 
dislocations were all confined in it without any penetration into the following active layers. Heterostructure FETs 
utilized this material system, thus, can achieve a higher In content in the conducting channel without the limitation of 
critical thickness. Therefore, a lattice-matched, dislocation free layer with a high In content can be successfully obtained 
on top of this metamorphic buffer. In this study, we utilized a metamorphic buffer to increase the In composition up to 

-0.3 on GaAs substrates, and grew the doped-channel FET (DCFET) [5] structures based on the 
„Al,, -,As/In0 3Ga0 TAs heterostructures. 

Material Growth and Characterization 

Lattice-matched In0 29A10 71 As/In0 3Ga0 7As 
metamorphic doped-channel structures were grown in a 
Riber 32-P molecular beam epitaxy (MBE) system on 
(lOO)-oriented semi-insulating GaAs substrates. Fig. 1 
shows the device cross-section of metamorphic DCFET 
(M-DCFET). Layers were grown at 520 °C. The growth 
rate varied between 0.8 and 1.0 ^m/hr. depending on the 
In composition of the epilayers. A metamorphic buffer 
consisted of step-graded Ir^Ga^As layers with a 
compositional increment of x=0.1/step was first grown. 
Each step was 200 nm thick. The function of these 
dislocation filters are to form the potential barriers, and 
>h reading dislocations are therefore forced to deflect into 
;k; sideways. After the growth of metamorphic In^Ga^As 
Duffer, a lattice-matched doped-channel heterostructure 
was grown on top of it. As to the M-DCFET active region, 
it consists a 15 nm thick, Si-doped (n=3xl018 cm"3), 
Ino3Gao?As channel sandwiched by the undoped InAlAs 
layers. The Al mole fraction in the top undoped 20 nm 
InAlAs was 0.71. which acted as a quasi-insulator to 
improve the Schottky-gate performance. The final 20 nm 
nT-InGaAs layer was used to reduce the drain and source 
ohmic contact resistivity. 

After the removal of shunt conduction from the 
InGaAs cap layer. temperature-dependent Hall 
measurements were made on the samples by using the van 
der Pauw technique. The temperature-dependent Hall 
mobility and sheet density for this DCFET heterostructure 

were made, and results are shown in Fig. 2. The 
room-temperature Hall mobility of the 2DEG is 1440 
cm2/V-sec with a sheet charge density of 8.1xl012 cm'2: 
while the Hall mobility increased to 1500 cnr/V-sec with 
a sheet charge density of 7.4xl012 cm"2 at 15 K. 
respectively.  These    transport characteristics are quite 
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comparable to those measured in strained InGa^At 
(0<x<0.25) doped-channel layers [6]. This high sheet 
charge density and low mobility, compared with the 
HEMTs. is typical for doped-channel scheme, which 
provides high current density as well as good device 
performance. 

To verify' the effectiveness of these metamorphic 
dislocation filters, we conducted the cross-sectional 
Transmission Electron Microscope (TEM) analysis. Fig. 3 
is a microphotograph taken near a local dislocation cluster 
from TEM. As can be seen, most of the interfacial 
dislocations were confined within these metamorphic 
buffers, and only very small amount of threading 
dislocations reached the active channel. It suggests that 
this step-graded buffer is sufficient to filter the dislocation 
out, and an unstrained In^Ga^As layer without the 
dislocation loops can be successfully grown on GaAs 

substrates. 
As to the enhancement of both AEc and Schottky barrier 

height, we conduct the Arrhenious plots of J/T2 taken at 
different forward biases for the Ino^Alo^As/In^Ga^As 
single barrier structure [7]. The barrier height deduced 
from the evaluation is 0.702 + 0.05 eV. The conduction 
band discontinuity determined by this measurement is 
0.71 ± 0.05 eV. It is evident that the AEC of 
In^Alo^As/In^Ga^As heterojunction is much larger 
than that of In052Al048As/In053Ga047As (AEc=0.52 eV) and. 

is certainly beneficial for device applications. 

Device Fabrication and Characterization 

The 1x50 unr gate M-DCFETs were realized by the 
conventional optical lithographical and lift-off techniques. 
The fabrication of the device started with ohmic contacts 
which were carried out by electron-beam evaporatm: 

Ge/Au/Ni/Ti/Au muti-layers metal, followed by a 400 °C. 
1 min. furnace anneal. The separation between source and 
drain contacts is 3.5 |j,m for a 1 pm-long gate. After gate 
recess to remove the top n+-InGaAs cap layer. 1 fim-long. 
50 ^.m-wide Ti/Au gates were evaporated and defined by a 
lift-off process. Finally, the devices were isolated using a 
mesa etch, and the gate feeder was separated from the 
mesa edge with an air-bridge to reduce the gate leakage 
current [8]. 

Device I-V characteristics were measured by an HP 
4145B semiconductor parameter analyzer. In a convenient 
way as shown in Fig. 4, we plotted transconductance (gj 
versus drain-to-source current (Ids) of this 
In029Al071As/In03Ga07As M-DCFETs to provide a 
graphically clean way of comparing current drive. It 
demonstrated a peak extrinsic gm of 220 mS/mm at Id =210 
mA/mm, and the full width half maximum (FWHM) of 
this g^ curve is 340 mA/mm. The maximum available 
channel current (IdsmJ as high as 400 mA/mm was 
obtained from a 1 |J,m-long gate DC test pattern biased at 
Vd=2 V. The source resistance was 1 O-mm. 
corresponding to an intrinsic g^ of 285 mS/mm. From this 
figure we also observed a good threshold condition, which 
suggests that the leakage current associated with the 
impurity effect in metamorphic InGaAs buffer layers is 

negligible. 
Microwave S-parameters were measured in a 

common-source configuration from 45 MHz to 50 GHz 
with an HP 85 IOC network analyzer in conjunction with 
Cascade direct probes. By calculating the h parameter and 
power gain, one may determine the current-gain cut-off 
frequency (fT) and maximum oscillation frequency (fmas). 
When the device biased at Vd=2.5 V and Vgs tuned for 
maximum   transit-frequency   fT,   we   obtained   a   hue- 

oendent cutoff frequency as a function of Ids. and resu! 
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■ shown in Fig. 5. A peak £,. of 22 GHz and an fmax of. 
GHz were achieved from this M-DCFET biased at Ids= 12; > 
mA/mm with a 1.0 p.m-long gate. Based on the help from 
Microwave Design System (MDS) simulation, a small 
signal equivalent circuit of this M-DCFET can be obtained 
b\ fitting each element value according to the measured 
S-parameters. The values for each component in the 
equivalent circuit are shown in Fig. 6. A g^ of 201 
mS/mm was obtained from the microwave measurement. 
R2. Rs and Rd are 6.67 Q, 2.51 Q. and 6.95 a respectively. 

The CE was 0.129 pF and Rds was 730 Q. 

Reliability Test 

After fulh' characterizations both DC and RF 
performance, we conclude that the metamorphic DCFET 
approach provides a high current capability, and high 
performance characteristics, without the affection from 
strain relaxation. Since the reliability of device 
..•' aracteristics is an another critical issue for device 

; plication: therefore, the understanding of device ag c: 

i.;'"operties or failure mechanism becomes the key step u. 
piovent the device degradation. For comparison, the 
reliability testings of pseudomorphic AlGaAs/Ino^Ga^As 
DCFETs (P-DCFETs), based on the same design of 

heterostructures, were also included. 
The reliability associated with lifetime-testing was 

conducted under Vd=5 V. V2 =0 V conditions. Both 
devices were surface unpassivated. Fig. 7 shows the 
normalized g,n variations during biased lifetime-testing o'" 
H :h M-DCFETs and P-DCFETs. After 55 hrs. operatic 
■i:e gm of P-DCFETs dropped 12 % from its original val 
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M-DCFETs with a gate-length of 1.0 p.m. 

while this number was only 7 % for M-DCFETs. Both 
showed a significant initial deterioration of device 
performance at very beginning, which is responsible for 
the so-called infant mortality. After this initial stage, 
devices become stable before reaching the final wear-out 
stage. In addition to the g^. both channel current and 
channel resistance also presented the same behavior. It 
translates that M-DCFETs preserved better reliable 
characteristics than strained DCFETs after bias-stress, and 
this metamorphic buffer is proven to be reliable. 

Conclusions 

Lattice-matched and dislocation-free 
Ino^AIoTiAs/IncGao-As heterostructures with an 
improved Schottky barrier height have been realized on 
GaAs substrates. Through the temperature-dependent Hall 
effect as well as TEM analysis, we have verified the 
effectiveness of dislocation filtering from this 
metamorphic buffer, and it is favorable for de\i-.:v 
■'pplicalion. Based on the doped-channcl approach, -u 
bmonstrated a high current capability and high deviro 

performance of M-DCFETs. A g,n of 220 mS/mm and an 
I,,, of 400 mA/mm were obtained from a 1 p.m-long gate 
device. An £,. of 22 GHz and an f„M of 51 GHz were also 
achieved from the same gate dimension. In addition. \\c 
conducted the reliability testing, and found that a bet!or 
performance was preserved for M-DCFETs. Metamorphic 
buffers provide, therefore, a very promising alternatue 
way to achieve high performance of devices without [b.v 
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Introduction 

InAlAs/InGaAs on InP HEMTs have demonstrated a great potential for the application of 
microwave and millimeter wave communication [l],[2]. Based on its larger conduction-band 
discontinuity(AEc~0.55 eV), high electron drift velocity, and sheet charge density, a record high fT of 

345 GHz with a 0.065 Um gate-length has been achieved by using this material system[3]. In spite of the 
high performance of InP-HEMTs, there are several potential liminations for their further applications 
which are associated with the poor quality of In Al As epilayer. Owing to the high Al concentration in the 
In0.52AI0.48As layers>the so-called alloy clustering effect degrades the device performance. A significant 

"kink" in DC I-V curves, related to the trapping effect, is commonly observed in InP-HEMTs. This is 
also responsible for a high DC output conductance and a poor channel threshold[4]. Furthermore, a high 
Al content in the Schottky layer also enhances the formation of surface oxide, resulting in a large gate 
leakage current, which dramatically deteriorates the device performance. 

In this report, we try to improve the quality of InQ 52AlQ 4§As layer, by substituting 10% of Al 

atoms with Ga atoms, and forming a Ino.52(A10.9Ga0.l)o.48As quaternary(Q) layer. This composition of 

quaternary InAlGaAs layer is used as the Schottky and buffer layers in HEMT structures. With the 
incorporation of Ga atoms, the alloy scattering can be eliminated due to the higher surface mobility of Ga 
atoms during the MBE growth. This composition is chosen based on the consideration of maintaining a 
good Schottky gate performance, where a reasonable high bandgap Schottky layer is necessary. Since it is 
expected that this InAlGaAs Q-layer can improve the device quality, we particularly focused the reliability 
r-d sidegate testings for this InAlGaAs Q-HEN;~\ For omparison, the results obtained from the 
inventional(C) InP-HEMTs are also included. 

•? M' \1T   Material Growth And Characterization 

The epitaxial layers of Q-HEMTs were grown 
on semi-insulating (100) InP:Fe substrates by a Riber- 
32P MBE system. Fig. 1 shows the device cross-section 

of the In0.52(A,0.9Ga0.l)o.48As/ In0.53Ga0.47As Q- 
HEMTs. The growth temperature was 530°C, excepting 
the 500 °C for In053Ga047As layers. We used 

In0 52(Al09Ga0 J)Q 4gAs layers as a buffer, a spacer 

and a Schottky layer to replace the role of 
ln0.52A!0.48As in HEMT designs. The lattice mis- 
matched ratio between InAlGaAs and InP 

substrates( A a/a0) was 2xl0"3. A 350Ä undoped 
In0.53Ga0.47As cnannel was grown on top of a 2500Ä 

thick InAlGaAs buffer layer, and followed by a 50Ä 

Q-spacer and a 200Ä Q-Schottky layer (n=4 x 1018 

-■::!"■-■• Finally, a 100Ä n+- InGaAs(n=3 x 1018 cm"3 

■>ap !.v.._>r was used to improve the ohmic contacts. Tlv 

In053(Alo.9Gao.i)o.4SAs    2500A 

S.L.   Ino.52(Alo.9Gao.l)o.48As/Ino.53Gao.47As   50AX10 

InP jbstrau- 
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sample    was    first    characterized   by   Hall    effect 
measurements. The Q-HEMT had a     sheet charge 

density of 4.0 x 10'^ cm   , corresponding to a mobility 

of 6230 cm2/V-sec at 300K. The mobility enhanced to 

37900     cm /V-sec with a  sheet charge density of 

2.6xl012 cm"2   at 77K. As to the C-HEMT, a sheet 

charge density of 3.8 x 10 2 cm"2 with a mobility of 

6940 cm2/V-sec was obtained at 300K. 

Device    Fabrication    And Characterization 

Device fabrication was realized by the 
conventional optical lithographic techniques, excepting 
the gate level which was carried out by the Deep-UV 
light source. The detail of process can be found in Ref. 
5. DC Ijg-Vjg characteristics of this InAlGaAs/InGaAs 

Q-HEMT with a 0.8|Jm x 100|im gate dimension, 
shown in Fig. 2, revealed good channel threshold 
characteristics. For the Q-HEMTs, the peak extrinsic 
transconductance (gm) biased at  V^^V was 295 

mS/mm and output conductance (gQ) was 10 mS/mm 

with a 0.8|im gate length. The channel threshold 
voltage was -1.8V. The saturation drain-source current 
lfes of 360 raA/mm was obtained at V„s=0V. As to the 

InAlAs/InGaAs C-HEMT with the same gate-length, it 
revealed a peak gm of 262 mS/mm and a g0 of 27 

mS/mm. In consequence, Q-HEMTs demonstrate a 
better DC voltage gain ratio (gm/g0 ^ 30) than that of 

the conventional-HEMTs(gm/g0 ^ 10). 

Microwave S-parmeter measurements from 45 
MHz to 50GHz were carried out by a network analyzer 
in conjunction with a Cascade probe station. Fig. 3 
shows the microwave characteristics for Q-HEMTs. 
The current-gain cut-off frequency (fy) of 35GHz for 

Q-HEMTs was determined from H2| values by using a 

-6dB/octave   slope   extrapolation.   The   extrapolated 
maximum oscillation frequency (fmax) was   76 GHz 

As to the C-HEMTs, an fT of 22 GHz and an fmax of 

60 GHz were obtained. 
To investigate the impact of InAlGaAs Q-layers 

acting as a buffer layer, we studied the device 
sidegating effect, which is related to the trapping effect 
in the buffer layer [6]. Fig. 4 shows the comparsion of 
sidegating characteristics for both C-HEMTs and Q- 
HEMTs. Conventional HEMTs revealed a 30% 
reduction of normalized drain-source current at 
sidegate voltage of (Vs„) -20V. However, in the case of 

Q-HEMTs a slight change of Ic|s(~ 10% ) was observed. 

Therefore,   by      using   the   InAlGaAs   buffer,   tba 

sidegating effect which is associated with the deep <\ ■.[. 

... nsity    at    the    channel/substrates    interface,    s.- 
Nignificantly reduced. 

Reliability Evaluations 

Based on our previous experiments, the 
quaternary InAlGaAs HEMTs demonstrated better 
characteristics of both Schottky diode and buffer layer, 
which indeed improve the device performance. To 
°viluate   the   device   reliability      of        quatemni 
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basing stressed time. 

i\IGaAs HEMTs , we earned out the biasing -.tress 
lifetime and thermal stability testings. Both 
unpassivated C-HEMTs and Q-HEMTs were 
continuously biased at Vds=2V and Vgs=-0.5V. During 

the stress-testing, devices were periodically measured 
by an HP4145B measurement. DC parameters included 
drain-source current, transconductance, and 
characteristics of Schottky diode(idea!ity factor, barrier 
hight) were evaluated. Fig. 5 shows the characteristics 
of the normalized drain-source current versus stress- 
time for both Q- and C-HEMTs. Q-HEMTs revealed 
almost unchange of Ids , and a significant 26% 

reduction of its original values was obtained for C- 
HEMTs. Under the same stressed conditions, the gm of 

Q-HEMTs remained 97% of its initial value, and this 
value was 87% for C-HEMTs. In addition, Q-HEMTs 
presented almost unchanged ideality factor(n=1.15) and 

Schottky barrier hight( O B=0.54eV). However, the n- 

values increased from 1.16 to 1.26, and the O 

decreased from 0.56 eV to 0.4 eV for C-HEMTs. 
compare with C-HEMTs, the Q-HEMTs demonstrate .. 
more reliable device performance. 

Thermal stability of Schottky performance, 

testing from 23°C to 170°C, for both Q- and C-HEMTs 
is summarized in Fig. 6. The gate-leakage current, 
biased at Vgs=-2V, changed slightly (from 0~6 mA/mm 

to 0.78 mA/mm) for Q-HEMTs, and the ideality factor 
■•" ."'.ined almost a constant (from 1.15 to 1.19). A- 
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-ne C-HEMTs , a dramatical increase of gate-leakage 
; urrent (from 0.8 mA/mm to 8.4 mA/mm) was observed 
jy increasing the testing temperatures , and n-values 
behaved the same tendency (from 1.17 to 1.62). 
Therefore, the thermally-stressed evaluations were 
consistent   with   the previous   biasing   stressed 
measurements. It concludes that Q-HEMTs   are more 
reliable than C-HEMTs, which is mainly related to the 

■'r.v.v.n;n! of InAlGaAs layer. 
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Conclusions 

InAlGaAs/InGaAs Q-HEMTs grown on InP 
substrates were fabricated and evaluated. By adding Ga 
atoms into the InAlAs layers, it improves the device 
performance. The DC peak extrinsic gm increased from 

.':;■".   mS/mm  for C-HFMT*  to  W  mS'mm   f 
ti ■''MTs, corresponding to the RF performance of i-;   ".'.^ 

('■(;z for C-HEMTs and 35 GHz for Q-H;~MT ;. 
respectively. The sidegating effect is also reduceJ. 
Furthermore, the device became more reliable by using 
this quaternary InAlGaAs as a Schottky and a buffer 
layer. Therefore, the quaternary InAlGaAs HEMTs 
can improve device performance, and are more reliable 
than that of the C-HEMTs, which provide a potential 
application for microwave communication. 
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/. Introduction 
InP-based HEMTs have exhibited excellent DC and RF perfbrmances[l,2], and have attracted much attention in 

millimeter-wave device applications. In InP-based HEMTs, which have an undoped InAlAs Schottky contact (SC) layer, 
use of an InAlAs SC layer is not necessarily favorable from the viewpoint of attaining precise control of gate recess etch 
and reliability for thermal stress. In our previous study, we proposed the use of a strained InGaP SC layer as a substitute 
for the conventional InAlAs SC layer, and showed that HEMTs with an InGaP SC layer (InGaP-SC-HEMTs) enabled 
selective wet gate recess etching and had better reliability under thermal stress even without a passivation layer[3]. 
However, the gate characteristics of InGaP-SC-HEMTs behaved poorly compared to those of conventional HEMTs, and 
exact evaluation of the influence of a strained InGaP layer on RF performance had not succeeded yet. Hence the suitability 
of the use of an InGaP SC layer remains unclear. In this study, Schottky diode characteristics have been improved by using 
both annealed Pt for Schottky contact metal and undoped InAlAs for underlayer of the InGaP layer. InGaP-SC-HEMTs 
with 0.1 ju m T-shaped gate have been fabricated using Pt-based metals/InGaP/InAlAs Schottky gate contact in order to 
clarify the influence of insertion of a strained InGaP layer on DC and RF performances. 

2. Schottky contacts on strained InGaP 
Electrical characteristics of Schottky contacts formed 

on layered semiconductor heterostructure, such as 
Schottky gate contacts in HEMT structures, are 
determined by not only contact metals but also what 
materials compose the heterostructure. In order to 
improve the gate characteristics of InGaP-SC-HEMTs, we 
investigated Schottky diodes composed of Schottky 
contact metal, undoped strained thin-InGaP layer, and 
bulk-semiconductor layer underlying the InGaP layer, 
which we call underlayer thereafter, about following two 
points: a) effect of the underlayer on Schottky 
characteristics, and b) which metal should be adopted for 
the Schottky contact metal. 

First, the effect of the underlayer was investigated. 
Either InP or InAlAs lattice-matched to InP was applied 
for the underlayer. The heterostructures were grown on n- 
InP substrates by MOCVD. Ga content of InGaP was 0.25, 
and the thickness of the InGaP layer was 10 nm, which 
was thinner than the critical thickness estimated based on 
Matthews & Blakeslee's formula[4]. Au was used for the 
Schottky contact metal, which was deposited by electron 
beam evaporator. The Schottky current-voltage(I-V) 
characteristics were measured on these diodes at room 
temperature. Schottky barrier height (<$ B) was calculated 
based on measured forward I-V characteristics. The 
obtained <$ B of the diodes with the InP underlayer was 
0.46 eV. For the diodes with the InAlAs underlayer, <p B 

was largely dependent on the donor concentration (Nd ) of 
InAlAs. In the case of Nd=5 X 1017 cnr3, <j> B was 0.52 
eV, whereas in the case of Nd=2 x 1015 cm-3, it was 0.65 
eV. From these results, the Schottky characteristics of 
Au/thin-InGaP/bulk-underlayer diodes were improved by 

using an underlayer with smaller electron affinity, as 
discussed in Ref. 5. Therefore we adopted InAlAs with 
low Nd for the underlayer of a HEMT structure with the 
InGaP SC layer. 

Next, Schottky- contact metals on thin-InGaP/InAJAs 
heterostructure were investigated. In order to obtain a 
good Schottky contact, use of a metal with a large work 
function is effective. Pt is one of the typical metals with 
large work function: the work function of Pt is 5.7 eV 
whereas that of Ti, which is widely used for Schottky 
contact metal in HEMT, is 4.3 eV. Moreover, Pt easily 
diffuses into III-V compound semiconductor materials, 
and forms stable compound with group-V materials[6,7], 
which has higher work function than before diffusion[6]. 
It can be expected that undesirable gate sinking caused by 
Pt diffusion is minimized by using annealed 
Au/Pt/Ti/thin-Pt gate contact structures as previously 
reported on conventional HEMT with an InAlAs SC 
layer[8]. Schottky diodes with either Pt or Ti contact 
metal on 10-nm Ino.75Gao.25P/InAlAs were fabricated to 
compare Pt contacts with Ti contacts. Pt, Ti/InAlAs 
diodes were also fabricated for reference. The (j> g 
obtained from the I-V measurements are summarized in 
Table 1. As shown in Table 1, the <# B of 
Pt/InGaP/InAlAs diodes was about 0.7 eV, whereas that 
of Ti/InGaP/InAlAs diodes was 0.59 eV. Thus a relatively 
high Schottky barrier was obtained by using Pt contacts 
according to expectation. Moreover, the diodes with Pt 
contacts were annealed in N2 ambient at 350 °C for 30 
minutes. After annealing, the Schottky characteristics 
were improved as shown in Fig. 1. The <fi B of 
Pt/InGaP/InAlAs diodes were enhanced to 0.78 eV, 
comparable to that of annealed Pt/InAlAs diodes. This 
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enhancement was thought to be caused by Pt diffusion. 
Two cases are considered in forming Schottky contacts: 
1) diffused Pt formed PtP2/InGaP Schottky contacts, and 
2) diffused Pt penetrated through the thin InGaP layer 
into the underlying InAlAs layer, and a substantial 
metallurgical junction was formed between PtAs2 and the 
InAlAs layer. Since the <f> B 

of tne annealed 
Pt/InGaP/InAlAs was close to that of annealed Pt/InAlAs, 
the latter case is probable. However it is not possible to 
conclude which is the actual cause of the Schottky barrier 
enhancement at the present, only from these results. 

Thus good Schottky contacts on strained InGaP were 
obtained by using annealed Pt/thin-InGaP/InAlAs diode 
structure, which forms Schottky barrier as high as that of 
annealed Pt/InAlAs diodes. It should be recalled here that 
Pt/thin-InGaP/InAlAs structures are better than 
Pt/InAlAs structures from the viewpoint of reliability of 
HEMT under thermal stress. 

Table 1 Schottky barrier height 0B teVl of the fabricated 
diodes 

InGaP/InAlAs InAlAs 
Ti 0.59 0.69 
Pt 0.70 0.73 
Annealed Pt 0.78 0.78 
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2 3 
Reverse voltage (V) 

Fig. 1 Reverse current-voltage characteristics of Pt/thin- 
InGaP/InAlAs Schottky diodes of 200 jum diameter. 

3. 0.1 /Jim T-gate InGaP-SC-HEMTs 
InGaP-SC-HEMTs with a 0.1 /zm T-shaped gate were 

fabricated. Fig. 2 shows the schematic cross section of the 
HEMT structure, which was grown by MOCVD on Fe- 
doped InP substrates. The SC layer was composed of 5 
nm InojjsGao.uP and 5 nm undoped InAlAs under-SC- 
layer. Wet chemical etching was used for mesa isolation. 
T-shaped gates were fabricated using standard electron- 
beam lithography and lift-off techniques. Gate recess 
etching was performed in H3PO4/H2O2/H2O solution, 
which selectively etched the n-InGaAs cap layer. 
Au/Pt/Ti/thin-Pt metal layers were utilized to form gate 
contacts. As a reference, conventional InAlAs-SC- 
HEMTs, which had the same layer structures as those of 
InGaP-SC-HEMTs except for the SC layer, were also 
fabricated using the same fabrication process. 

Fig. 3 (a) and (b) shows DC characteristics of 140//m 
width gate InGaP-SC-HEMTs. As shown in Fig. 3(a), low 
reverse leakage current was obtained: the leakage current 
at gate voltage Vg = -1 V was about 20 //A/mm, whereas 
that of InGaP-SC-HEMTs fabricated in our previous 
study[3] was about 500 ju A/mm. These good gate 
characteristics resulted from using both annealed thin-Pt 
and the undoped InAlAs under-SC-layer. The maximum 
extrinsic transconductance (gmmax) of the InGaP-SC- 
HEMTs was as high as 1000 mS/mm, whereas that of 
conventional HEMTs was around 700 mS/mm, as shown 
in Fig.  4.  This result was due to the lower source 

Drain Source 

5nm InGaP 
5nm        InAlAs 

7.5nm   n+-InAlAs Nd=6E18 enr* 

InAlAs 

20nm      InGaAs 

InP 

Fig. 2 Schematic cross section of the InGaP-SC-HEMT. 
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resistance (R.) of this HEMT structure: R, of InGaP-SC- 
HEMTs was about 0.5 Q mm, whereas that of 
conventional HEMTs was 0.7 Q mm. This effect was 
thought to be mainly caused by insertion of InGaP, which 
has a larger electron affinity than InAlAs. This is an 
additional advantage of using an InGaP-SC layer. 

High frequency characteristics of InGaP-SC-HEMTs 
were estimated. The current gain (h21) was calculated 
based on the measured S parameters from 1 to 30 GHz, 

-3 -2 -1 
Gate voltage (V) 

(a) 

1000 

E 
E 

£500 

Ü 
c 

Drain voltage (V) 
(b) 

Fig. 3 Schottky gate characteristics (a) and drain current 
Id-drain voltage Vd characteristics (b) of a 0.1 /u m x 140 
Urn T-gate InGaP-SC-HEMT. 

and unity current gain frequency (fT) was estimated by 
extrapolation of h21. Fig. 5 shows the obtained fT against 
drain current of 0.1 X 200 ju m2 devices. As shown in Fig. 
5, the fT of the InGaP-SC-HEMTs was more than 140 
GHz, which was as high as that of conventional HEMTs. 
This result means that insertion of strained InGaP layer 
does not degrade electron transport property of 2DEG in 
InGaAs channel layer. 
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— InGaP-SC-HEMT 
— conventional 1000 
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ZJ o 
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-0.5 
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Fig. 4 Extrinsic transconductance gm and drain current Id 

against gate voltage Vg at Vd = 1.0 V of an InGaP-SC- 
HEMT and a conventional HEMT. 
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V of an InGaP-SC-HEMT and a conventional HEMT. 
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4. Conclusion 
By using both annealed Pt-based gate metals and 

undoped InAlAs under-SC-layer, gate characteristics of 
InGaP-SC-HEMTs were improved, and high gmmax and 
fT were obtained for 0.1/zm T-gate devices. Moreover, 
the lower Rj of InGaP-SC-HEMTs is expected to provide 
better noise characteristic than that of conventional 
HEMTs. 
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Introduction 

SZÄrftnB,Xa f°H UlT l°W   n°1Se aPPHCatl0nS 3t miCr°WaVe *^™™ ™* ****** °» AlInAs/GalnAs HEMTs a remaining drawback is the low   breakdown voltage which impedes further applications 
quiring high vohage, high drain current (for power devices) or low gate leakage (for optoelSonic devices) Tn tS off 

eStroneSen£     Se "T l^f? attributedt0 a two steP P™ess: first, impact ionization in the channel create 
electron-hole pairs, secondly, the resulting holes reach the gate where they are collected, thus generating an excess 

Z^Jn^ll^^f^rTT6rS arC °f aprimC JmPortance on the high voltage behavior of the HEMTs: 
he gap (Eg) of the channel material which mainly determines the impact ionization rate and the energy barrier seen by 

the holes created in the channnel (EB) in their path towards the gate. In order to prevent thisleakage   several 
improvements of the structure design were proposed which all tend to either mimmize the ionization metnfsmn th 
small gap InGaAs or to increase the holes barrier: 
i)-The reduction of the channel thickness leads to a larger gap by quantization effects [1] 
n)-A suitable channel design reduces the electric field in the channel [2 3] 
iii)-An Al-rich InAlAs spacer [4,5) or a InGaP spacer [6,7] increases the hole barrier 
The work presented in this paper shows that the use of a mixed InAlAs/InP spacer rather than a conventional InAlAs 

fr^ra Iy7r0TCS the br£akd0Wn V°ltage °f the d£V1CeS in ^ ad™Se °f the large valence bandX 
of the InP/InGaAs heterojunction (0.42 eV). Also, this structure is entirely lattice matched thus avoiding the grovvtl 
problems associated with strained layers. Furthemore the noise associated with this device has been shown to I o  e 
than that of conventional AlInAs/GalnAs HEMTs thanks to the low defect concentration in InP as compared to VJSto 

Theoretical approach 

Impact ionization rate in the channel is governed 
by the threshold energy E^ defined as the minimum 
energy needed to ionize an electron-hole pair. Assuming 
parabolic bands, the conservation of energy and 
momentum [8] leads to the two equations: 
mnVi^mnVf+mnVn+mpVp    ^ (la) 

(lb) 
"   i,     ii   i -— ii   n  "-p ' p 

mnVi
2=mnVf2+mnVn2+m DVD

2 
'Pvp 

where mn and mp are the in plane effective masses of 
electrons and holes and V is the velocity. The index refers 
to the four carriers involved in the process: i for the 
incident electron, f for the same electron after impact, n 
and p for the electron and the hole created by impact. 
Equations (1) have a solution only if the kinetic energy of 
the incident electron verifies: 
1/2mnVi

2>Eth=Eg{l+(l+mp/mn)-l} (2) 

Considering an incident electron which has just the 
threshold energy, the kinetic energy of the generated hole 
is: 

Ep=l/2mpVp
2=Egmnm ;gmnmp/{(2mn+mp) (mn+mp)}    (3) 

then the barrier seen by the holes is 
EB=AEV-HH1-Ep (4) 

where AEy is the InP/InGaAs valence band offset and 
HH1 is the first confinement energy of heavy holes 
(Fig.l). For our two structures we found £^=0.79 eV. 
However, EB is 0.19eV for the conventional structure 
and 0.32 eV for the structure with a InP/InAlAs spacer. 

Fig.l: Schematic view of the energy band diagram and 
of the ionization process in the channel. 
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Fig.2a and Fig.2b show the cross sections and the 
actual band structures for the two devices we compared 
(the band structure is not drawn up to the surface for 
clarity of the figure). Schrödinger-Poisson calculations 
were performed to design structures with the same charge 
transfer in the two channels. A 100Ä thick InAlAs spacer 
for the conventional device and a mixed spacer of 40Ä 
InP/ 60Ä InAlAs have been shown to give the same 
surface charge ns. The increased barrier for the holes in 
the structure with the mixed spacer is here clearly 
evidenced. 

InGaAs cap layer undoped - 7nm 

InAlAs barrier undoped - 25 run 

InAlAs donnor layer 5ElScm-3 - 9nm 

InAlAs spacer layer undoped - lOora 

InGaAs channel undoped - 50nm 

InAlAs buffer 

InP S.I. substrate 

AIlnAs InGaAs     AIlnAs   E 

E1 Ef 

HH1 

Fig. 2a: layer structure and calculated band diagram for 
the structure with the conventional InAlAs spacer. 

Device fabrication 

The structures with conventional InAlAs 
spacer were grown by MBE at LEAME. The growth 
temperature was 500°C for all the layers. The structures 
with the mixed spacer were grown in a two step process: 
first, the buffer, the channel and the InP spacer were 
grown at CEMD in a gas source MBE, secondly, the 
rest of the structure was epitaxially regrown at LEAME. 
In order to regrow excellent layers after the interruption 
and transfer of the samples from an MBE system to 
another one, an optimized surface preparation was 
applied which has been described in details elsewhere 
[9]. This procedure is known to lead to a perfectly 
smoothed and oxide free interface. However, some 
electrically active traps may remain at this interface 
which can degrade the electrical characteristics of the 
device (see below). 

Besides the differences in spacer layers, the two 
structures also differ from each other by the nature of 
the buffer (InAlAs or InP). 

Classical devices processing was then carried 
out. First mesa isolation was performed and selective 
etching was used to avoid any contact between the gate 
and the channel but also between the gate and the InP 
spacer. Then, Pd-Ge-Ag-Au ohmic contacts were 
evaporated and annealed at 435°C for 75s onto a hot 
plate. Pd-Au was used as the gate metal. Devices with 
gate length from 1 to 4um and gate width of 150um 
were processed. 

The breakdown voltage in the off-state was 
measured in the diode configuration and classically 
defined as the gate voltage for which the gate current 
reaches lmA/mm. 

InGaAs cap layer undoped - 7nm 

InAlAs barrier undoped - 25ran 

InAlAs donnor layer 5E18cm-3 - 9nm 

InAlAs spacer layer "1 undoped - 6nm 

InP spacer layer #2 undoped - 4nm 

InGaAs channel undoped - 50nm 

InP buffer 
InP S.I. substrate 

AIlnAs      InP        InGaAs InP 
Ec 

E1 

HH1 

Ef 

Ev 

Fig. 2b: Layer structure and calculated band diagram for 
the structure with the mixedInP/InAlAs spacer. 

Results 

The transfer characteristics I]}(Vj}) for a 2 urn 
long FET are shown on fig. 3 a and 3b. 

ID 

MARKgR (._2.JD100V.i_l 1.27mA 

2500/dlv 

Fig. 3a: Iß-Vß characteristics for conventional device. 
V„ varies from + 0.5V to -0.75V with -0.25 steps. 
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Fig. 3b: ID- - J'VD 
I'r, varies from 

characteristics for mixed spacer device. 
+0.5Vto -0.75Vwith -0.25 steps. 

We observe that the saturation current is slighty lower 
for the device with the mixed spacer. This could be 
inferred to the presence of states at the InP/InAlAs 
interface which trap the carriers. The transconductance 
gm is also lower. Intrinsic transconductance is only 95 
mS/mm instead of 230 mS/mm for the conventional 
device. Again, the presence of traps can explain this 
decreasing. The output conductance, gß, is seen to be 
very small for the mixed spacer FET (1.2mS/mm) 
against 8mS/mm for the conventionnal device. The 
\-oltage gain is then significantely increased when using 
the new mixed spacer from 29 to 79. 
For the mixed spacer device, it is observed a small kink 
effect when the FET is nearly off wheras the saturation 
current is very flat in the on-state as we just saw. The 
release in the channel of charges trapped in the states at 
the regrowth interface could again explain this 
behaviour. A refined interface preparation before the 
regrowth should reduce this excess current and improve 
the pinch-off. 
The breakdown voltage is determined for the device in 
the off-state biased in a diode configuration with source 
and drain shorted. Fig. 4 reports the reverse 
characteristics for the two devices. 
The breakdown voltage V^ is classically defined as the 
gate voltage for which a gate current of ImA/mm is 
reached. V^ increases from -8V for the conventional 
device to -19V for the device with the mixed spacer. 
The gate current at moderate negative gate voltage 
(Vg=-2 to -5V) is about two orders of magnitude lower 
for the device with the mixed spacer. Similar 
improvement was observed with a pseudomorphic Al- 
rich InAlAs spacer [4]. The use of highly strained 
InGaP spacer also led to a similar improvement, the 
valence band offset with InGaAs being the same as with 
InP. 
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Fig. 4: Reverse current voltage characteristics of the 
gate -to-source diode limited to ImA/mm. 
a) LzilAs spacer: Vblj= -81'. 
b) MixedInP-InAlAs spacer: Vbd=-19V. 

Conclusion 

We demonstrate in this paper a new spacer 
design for AlInAs/GalnAs HEMTs in view to improve 
the breakdown voltage. It consists in a mixed InP- 
InAlAs spacer. A large increase of the breakdown 
voltage has been obtained as compared to a 
conventional InAlAs spacer. This is due to the large 
valence band offset at the InP-InGaAs heterojunction 
which induce a high barrier for the holes generated by- 
impact ionization. Another point of interest is that 
structure is entirely lattice matched thus avoiding 
problems usually encountered with strained layers. 

A surface preparation step was included in the 
process after the transfer from the gas source MBE to 
the conventional solid source MBE in order to minimize 
the defects at the interface between InP and InAlAs. 
Although this surface preparation is well optimized 
from the growth point of view , a relatively high density 
of defects remains, resulting in a kink in the I-V 
characteristics when the device is close to the off-state 
(due to electron detrapping). All in situ growth should 
avoid this drawback and lead to high grade devices. 

At last, it has been observed that when 
structures without InAlAs or at least without interface 
between InAlAs and the channel are designed, the noise 
due to traps in the structures is lowered. Structures with 
mixed spacer show a Low Frequency Noise Index 
about one order of magnitude lower than the 
conventional one [10]. 

We may conclude that the mixed InP/InAlAs 
spacer could be a good alternative for low noise devices 
with high voltage capabilities. 
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Introduction 

The parasitic gate current through the Schottky gate contact of InP based InAlAs/InGaAs heterostructure field- 
effect transistors (HFETs) may cause a deterioration of the off-state breakdown [1], the unilateral gain and 
the noise performance [2]. Much effort has been paid to enhance the Schottky barrier height for reducing the 
(thermionic) field emission electron current by replacing the InAlAs-barrier layer by a high-band-gap material 
[3-4]. But the main contribution to the gate leakage current at sufficient gate-source and gate-drain breakdown 
voltages are holes, tunneling to the gate electrode after generation in the InGaAs-channel by impact ionization 
[5-6]. This hole current can be reduced by increasing the valence band energy barrier in the spacer layer in order 
to lower the transfer rate [7-8]. 

In this study the impact of pseudomorphic AlAs containing spacer layers as hole barriers will be systematically 
investigated. Based on the correlation between the hole leakage current and the gate-drain breakdown voltage, 
the hole gate current reduction factor is evaluated as a function of the AlAs-spacer thickness. 

Experiment 

The heterostructures were grown by solid source 
MBE using a Varian Gen II apparatus. All samp- 
les exhibit the following layer sequence (cf. Fig. 1). 
On top of the buffer, a 20 nm InGaAs channel layer 
was grown, followed by a dp thick AlAs- and a d, thick 
InAlAs-spacer layer, a 8 nm InAIAs supply layer with 
a doping level of 5 x 1018 cm-3 and a 20 nm thick 
InAIAs barrier layer. Finally, a 5 nm undoped and 
a 5 nm doped (1 x 1019 cm-3) InGaAs cap layer for 
ohmic contact formation completes the HFET struc- 
ture. 

cap 
5 nm 

5 nm 
InGaAs: Si 1 x 10la/cm3 

InGaAs 

barrier 20 nm InAIAs 
supply 8 nm InAIAs: Si 5 x 101B/cm3 

spacer di 
dp 

InAIAs 

AlAs (hole barrier) 

channel 20 nm InGaAs 

buffer 

10 nm 

1 nm 

10 nm 

1 nm 

80 nm 

InAIAs 

InGaAs 

InAIAs 

InGaAs 

InAIAs 

substrate S.I. InP 

Fig.l: HFET layer structures with spacer layers 
incorporating a strained AlAs layer as a hole, barrier. 

All layers are lattice-matched to InP except the 
AlAs spacer layer with the thickness dp, variing from 
0 to 4.3 nm as shown in Tab. 1. 

sample index dp (nm) dj (nm) 
DU338 0ML 0 2.4 
DTJ321 2 ML 0.5 1.8 
DU322 4ML 1.1 1.2 
DU323 8 ML 2.2 0.6 
DU367 12 ML 3.2 0 
DU368 16 ML 4.3 0 
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Tab. 1: The AlAs monolayer (ML) number as 
the sample index, the thickness of the pseudomorphic 
AlAs (dp) and of the lattice-matched InAIAs spacer 
layer (d/). 

In the following, the layer structures are indexed by 
their AlAs-monolayer number (ML). In samples "0 — 
8 ML" the spacer was extended by a lattice-matched 
InAIAs layer of thickness d\. The growth was perfor- 
med at a V/III-beam equivalent pressure (BEP) ratio 
of 60 and at a growth rate of 0.90 pm/h for InGaAs 
and 0.92 /mi/h for InAIAs, respectively. After ther- 
mally cleaning at wafer temperatures up to 545°C 
measured by a pyrometer, the growth of the samples 
started at 420°C in order to increase the InAIAs re- 
sistivity. A temperature spike up to 540°C near the 
buffer/channel interface increases the low field mobi- 
lities as shown in [9]. The deposition of the highly 
strained AlAs-spacer was performed at 440°C for ki- 
netically restricting the migration length of the sur- 
face adatoms to inhibit island formation. The tempe- 
rature changes were performed during growth stops. 

No degradation of the Hall mobilities were obser- 
ved up to eight AlAs monolayers (dp < 2.2 nm) as 
shown in Tab. 2, resulting in high transit frequencies 
of h > 50 GHz (Lgate « 0.7 ^m) and unilateral gain 



cut-ofF frequencies of fmax > 200 GHz. The samples 
indexed by 12 ML and 16 ML show degraded trans- 
port properties indicating a relaxation of the strained 
AlAs layer due to an exceeding the critical thickness. 

threshold voltage VT, no holes are generated by im- 
pact ionization because Id = 0. Therefore, the gate 
leakage current at VB, gd < VT only consists of tun- 
neling electrons. 

index 
//(300 K) 
(cm2/Vs) 

p(77 K) 
(cm2/Vs) 

ns(300 K) 
(xl012/cm2) 

0 ML 12400 55400 2.7 
2 ML 12400 51500 2.5 
4 ML 12100 53800 2.7 
8 ML 12800 55100 2.4 
12 ML 6310 15400 2.4 
16 ML 5380 17700 2.4 

15 

Tab. 2:      Low-field mobilities and sheet densities 
at 300 K and 77 K. 

Results and Discussion 

Our studies reveal a correlation between the hole 
gate current Ik due to impact ionization and the gate- 
drain breakdown voltage VB, gd at 1 mA/mm reverse 
current of the gate-drain diode. In low-band-gap 
materials like InGaAs, impact ionization can occur 
even at low drain-source voltages Vds- The genera- 
tion rate of the electron-hole pairs is proportional to 
the drain current Id and the impact ionization coeffi- 
cient a, depending on the applied drain-gate voltage 
Vgd = Vds — Vgs. Due to the strong vertical elec- 
tric field at the drain-end of the gate, a part of the 
generated holes can tunnel to the gate electrode (cf. 
Fig. 2), contributing to the gate leakage current in 
addition to the electron tunneling current Ie through 
the Schottky-barrier. 

to the gate < 
h     / Ev 

to the source 

Fig. 2: The estimated band diagram at the drain 
end of the gate, indicating the origin of the hole gate 
current. 

This hole current deforms the plot of Ig(Vg!) into 
a bell-shaped curve as shown in Fig. 3 for a constant 
Vds = 3 V. At gate-source voltages smaller than the 

E 
E 
< 
3. 

S  -5 

contribution   of 

impact   ionization 

-1 -0.5 o 
gate-source voltage Vg, (V) -*- 

Fig. 3: The gate current of type 16 ML, including 
the hole gate current //, at Vds = 3 V. 

The gate-drain breakdown voltage and the hole 
gate current are strongly dependend on the gate- 
recess procedure. The gate-recess was carried out 
with a succinic acid based etchant, selective on In- 
GaAs to InAlAs, resulting in a lateral etching of 
the InGaAs-cap layer, and a non-selective phospho- 
ric acid based etchant for defining the threshold vol- 
tage. Fig. 4 exemplary demonstrates the dependence 
of VB, gd and Ih on the etching time in a succinic acid 
based solution. Ih is represented by the maximum of 
the hole gate current contribution, Ih,max, which is 
extracted according to Fig. 3 at a fixed drain-source 
voltage Vds = 3 V. 

- 200 

0   100  200  300  400  500  600     -*= 
succinic acid: etching time (s) -*■ 

Fig. 4: The gate-drain breakdown voltage at 
Ig = — 1 mA/mm and the maximum hole gate current 
at Vds = 3 V of a lattice-matched HFET with a donor 
concentration in the supply layer of 4 x 1018 cm-3. 
The recess with a succinic acid based solution results 
in a lateral etching of the InGaAs-cap layer. 

The lateral etching of the InGaAs-cap layer by 
the succinic based solution extends the free InAlAs- 
surface towards the source and drain contacts. This 
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corresponds, via surface depletion, with an additional 
channel resistance, lowering the drain current. Fur- 
thermore, the extension of the free surface enhances 

the length of the high field region at the drain-end 
of the gate, thereby reducing the lateral and verti- 
cal peak electric fields, and increasing the gate-drain 
breakdown voltage. The increase of Vgd is expected 
to be linear with the additional channel resistance. 
On the other hand, the channel-gate transfer rate 
of the holes is exponentially depending on the ver- 
tical electrical field, because of the underlying tun- 
nel mechanism. Thisway, an exponentially decrease 
of the hole gate leakage with increasing drain-source 
breakdown voltage is concluded and experimentally 
demonstrated in Fig. 5 for differently grown and pro- 
cessed samples without an AlAs spacer, represented 
by a circle. Assuming the same behaviour for the 
pseudomorphic samples, the parallel shifted lines re- 
sult, which agree well with the experimental data ob- 
tained for the samples of type 12 ML and 16 ML. 
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Fig. 5: The maximum hole gate current versus 
the gate-drain breakdown voltage (the circles repre- 
sent samples of type 0 ML with different gate recess 
procedures). 

In order to clarify the efficiency of the AlAs-hole 
barrier, Fig. 6 shows the reciprocal of the normalized 
maximum hole gate current, h,i/h,p, in dependence 
on the AlAs barrier thickness. Here the gate-drain 
breakdown voltage, reflecting the local electric field, 
is used as a parameter, kept constant for the compa- 
rison. The maximum hole gate current Ihi, for the 
lattice-matched spacer is used as a reference for the 
maximum hole gate current Ih:P for the pseudomor- 
phic spacer. The ratio h,i/h,P reflects the reduc- 
tion factor of the hole transfer rate from the channel 
to the gate. An example should clarify that proce- 
dure. For sample 8 ML, the maximum gate hole lea- 
kage current was determined to be IhiP = 44 /jA/mm 
at Vis = 3 V. The gate-drain breakdown voltage of 
that sample is VB,gd = 8.2 V. The predicted hole 
gate current of lattice-matched samples, exhibiting 

the same gate-drain breakdown voltage, would be 
h, i = 107 fiA/mm. The reduction factor of the hole 
gate current by using a 2.2 nm thick AlAs spacer is 
therefore 2.4. 
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AlAs monolayer number -»- 
+ 8 12 16 

;16 

—i r—, r—,— 

• from measurements   ; 
  calculated: hh / 
 calculated: h, / 

=       0 1 2 3 4 5 
•- AlAs spacer thickness dp (nm)-* 

Fig. 6: The reduction factor of the gate hole 
current for an AlAs spacer of thickness dp and the cal- 
culated ratio of the emission of holes at rest through 
a potential barrier of the height AEvj = 0.23 eV and 
AEViP — 0.54 eV for heavy holes hh and light holes 
hi. 

Fig. 6 shows that the reduction of the hole gate 
current, evaluated from measurements on the gate 
leakage current, is exponentially dependent on the 
square of the AlAs-spacer thickness. Taking into ac- 
count the larger spacer thickness of Type 12 ML and 
16 ML and the degraded transport properties, resul- 
ting in lower electron-hole pair generation rates due 
to a lower drain current, the estimated curve for non- 
relaxed layer structures results, demonstrating an ex- 
ponential hole gate current suppression with an in- 
creasing pseudomorphic AlAs spacer layer thickness. 
The suppression of non-relaxed layer structures is 
weak and attributed to the reduction in hole tunne- 
ling probabilities T through the AlAs spacer layer due 
to an increase of the valence band discontinuity from 
AEVt, = 0.23 eV (InAlAs/InGaAs) to AEV>P = 0.54 
eV (AlAs/InGaAs) [10]. The ratio T,/Tp of the tun- 
neling probabilities T\ and Tp through the lattice- 
matched and pseudomorphic spacer layer, respecti- 
vely, is calculated for heavy holes hh (m*h/m0 = 0.50) 
and for light holes hi (m^/m0 = 0.05) at rest [11], and 
plotted in Fig. 6 as a function of the spacer thick- 
ness. This model neglects an energy gaining of holes 
by acceleration in the drain-source-field, resulting in 
higher tunneling probabilites (cf. Fig. 2). The experi- 
mentally determined reduction factors agree with the 
calculated tunneling probability ratio for light holes 
at rest, demonstrating the validity of that neglection 
with the assumption that only light holes are genera- 
ted by impact ionization. 
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Conclusion References 

In summary, pseudomorphic AlAs layers as hole 
barriers have been inserted in the spacer of In- 
AlAs/InGaAs HFETs. The channel-gate transfer 
rate of the holes exponentially decreases with the 
AlAs layer thickness, but the absolute reduction fac- 
tor is low. The optimum AlAs hole barrier thickness, 
which is only limited by the critical thickness, can be 
evaluated as 2.0-2.4 nm (about 8 monolayers). The 
reduction factor is larger than 2. Despite the large 
lattice-mismatch of the AlAs layer, no degradation in 
transport and device performance of type 8 ML could 
be observed, as demonstrated in Fig. 7 and Fig. 8, 
showing the drain- and gate-characteristics, respec- 
tively. The excellent transport, DC-and RF-data of 
type 8 ML and the low gate leakage current demon- 
strate the potential of pseudomorphic AlAs contai- 
ning spacer layers. 
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I. Introduction 

InAlAs/InGaAs HEMT's lattice matched to InP substrates are emerging as excellent candidates for high-speed 
computer and communication systems [1,2], owing to the higher low-field electron mobility, the higher peak velocity, and 
the higher sheet carrier density of these structures. For high-speed digital applications, direct coupled FET logic (DCFL) 
can be implemented with the simplest circuit configuration [3]. However, the fabrication of high-performance enhancement- 
mode HEMT's (E-HEMT's) used as drivers in DCFL circuits has to overcome one significant difficulty, namely, the 
reduction of source resistance (R$) between source and gate electrodes. The source resistance plays an important role in 
the ultimate performance of a HEMT [4]. The extrinsic transconductance gm is related to the intrinsic transconductance g; 
and Rs by gm=gil(\+gi-Rs)- Therefore, the source resistance should be kept small compared to the inverse of the intrinsic 
transconductance in order for the HEMT's to benefit from its high intrinsic transconductance. Since the intrinsic 
trasconductances of InAlAs/InGaAs HEMT's are much higher than that of AlGaAs/GaAs HEMT's, the reduction in 
source resistance is more critical in pushing the extrinsic transconductance close to intrinsic transconductance in InAlAs/ 
InGaAs HEMT's. 

E-HEMT's can be fabricated by carrying out gate recess etching until the channel is fully depleted under zero gate 
bias [5]. However, due to the side-etching effect, the region around the gate periphery (not covered by the gate electrode) 
is also depleted and becomes highly resistive. This highly resistive region between source and gate electrodes imposes a 
large Rs, and a large Rs will degrade the transconductance and cutoff frequencies of HEMT's. Harada et. al [6] have 
recently demonstrated an E-HEMT with Pt-based gate by taking advantage of the high schottky barrier (0.83 V) between 
Pt and InAlAs. This E-HEMT structure shows excellent control and stability of threshold voltage (Kr/,). However, the 
improvement of R$ has not been reported. 

In this paper, we demonstrate greatly improved/?^ in an E-HEMT structure using non-alloyed ohmic contact and Pt- 
based buried gate approaches. First, non-alloyed ohmic contact technique was used to produce very low contact resistance 
and provides sharply defined ohmic edges. Second, in the fabrication of our E-HEMT's, we first intentionally fabricated 
depletion-mode HEMT's (D-HEMT's). Subsequently, by annealing the sample at 250°C, these D-HEMT's were changed 
to E-HEMT's as a result of the Pt-InAlAs reaction taking place under the gate electrode, while the channel region between 
source and gate remained undepleted. This allowed a small Rs to be maintained. An excellent transconductance (gm) of 
1170 mS/mm was achieved for an E-HEMT with a 0.5-fim-gate. 

II. DEVICE STRUCTURE AND FABRICATION equation. Unlike the single n+-InGaAs cap layer used in 
conventional alloyed ohmic contact structures, the inserted 

Figure 1 (a) shows the device structure grown by MBE. heavily-doped InAlAs layer between the SEL and the InGaAs 
The basic device structure used in this study is as follows: a caPlaver is tne critical factor in forming the non-alloyed ohmic 
200-nm InAlAs undoped buffer, a 15-nm undoped InGaAs contact. As shown in Fig. 2 (a), the undoped InAlAs SEL is 
layer forming the 2DEG channel, a 2-nm undoped InAlAs sandwiched by its neighboring n+-InAlAs layers (the cap and 
spacer; a 4-nm (n+-doped, lxlO19 cm"3) InAlAs carrier carrier supply layers). As a result, the potential barrier of the 
supply layer, followed by a 20-nm undoped InAlAs Schottky SEL >s substantially lowered and the tunneling current between 
enhancement layer (SEL), and   finally the n+-doped the source (or drain) contacts and the InGaAs channel is 
(lxlO^cm-S) InAlAs(15 nm)/InGaAs(10 nm) cap layers to greatly enhanced. 
facilitate the formation of non-alloyed ohmic contact. The In our non-alloyed ohmic contact structures, contact 
typical electron mobility and maximum sheet electron density resistance (Re) depends most significantly on two factors: 
of the 2DEG are 9800 crr^/V-s and 2.7 x 1012 /cm2 at 300 K. the doping level in all the n+-doped layers and the thickness 

of the carrier supply layer. For structures with a fixed 5-nm 
A. Non-alloved Ohmic Contact Technology carrier supply layer, the measured Re was 0.16 and 

The principle of formation of non-alloyed ohmic contact 0.067Q-mm for doping densities of 4x 1018cm"3 and 1 x 1019 

[7] can be understood from the conduction band profile enr3, respectively. For a fixed doping density of lxlO19 enr 
underneath source and drain contacts, as shown in Fig. 2 (a). 3 in tne n+-InAlAs layers, Re was measured at 0.067, 0.08, 
The profile is calculated by self-consistently solving Poisson and °-25 ß'mm ror carrier supply layer thicknesses (£,(75) of 
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Fig 1: (a) Schematic cross section view of the device structure 
with non-alloyed ohmic contact layers, (b) Enlarged view of 
the region under and near the gate electrode. 
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Fig. 2: The non-alloyed ohmic contact, (a) The calculated 
conduction band profiles for structures with different carrier 
supply layer thickness, (b) Plot of contact resistance versus 
the carrier supply layer thickness. The doping density in all 
of the n+-doped layers is 1 x 1019 cm"3. 

5-nm, 4-nm, and 2-nm, respectively, as shown in Fig. 2 (b). 
The physical mechanism for this dependence of Re on LQS 

is clearly illustrated in Fig. 2 (a). With a relatively largeL^s 
(5-nm or 4-nm), the effective potential barrier between the 
SEL and the 2DEG is thin (see the dashed and solid lines in 
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Fig. 2). When a thin (2-nm) carrier supply layer is used, the 
effective barrier thickness (dotted line) is dramatically 
increased and the tunneling current is reduced. The conduction 
band profile in the cap layers shows negligible dependence 
on LQS chosen here. 

It should be noted that, for more accurate modeling of 
the conduction band profile, quantized energy levels in the 
2DEG channel should be taken into account by performing 
self-consistent calculations of both the Poisson and Shrödinger 
equations. The quantum effect in the InGaAs channel will 
lower the conduction band in both the channel and the InAl As 
barrier (mainly the spacer, the carrier supply layer and SEL). 
Therefore, in reality, the potential of the InAlAs barrier is 
lower than that shown in Fig. 2 (a). 

The attraction of non-alloyed ohmic contact technology 
lies in the fact that sharply defined ohmic edges can be 
obtained in the device channel and therefore the gate can be 
placed very close to the source to minimize the source 
resistance. This technology also automatically provides very 
good surface morphology, which is required for good gate- 
level lithographic definition in integrated circuits. In 2-inch 
wafers, RQ shows excellent uniformity and wafer-to-wafer 
reproducibility when the doping level is lxlO^" cm~3. 

B. Pt-based Buried-Gate Technology 
To fabricate enhancement-mode HEMT's in InAl As/ 

InGaAs material system, a gate metal with a high Schottky 
barrier is needed. The most commonly used gate metal, 
Ti/Pt/Au, has a Schottky barrier of 0.65 eV on InAl As [8], 
which is only 0.15 eV larger than the conduction band 
discontinuity (AEc) at the InAlAs/InGaAs heterojuntion, and 
not enough to deplete the channel at zero gate bias. On the 
other hand, Pt has been shown to provide a 0.83 eV Schottky 
barrier on InAl As [6], about 0.3 eV larger thanAEc- 

In our device fabrication, after defining the device mesa, 
the mesa-sidewall was selectively recessed using citric-acid- 
based etchant to reduce the gate leakage current [9,10]. Ti/Pt/ 
Au was deposited by electron beam evaporation as the non- 
alloyed ohmic contact metals . After a slight wet gate recess 
etching, Pt(2.8nm)/Ti(30nm)/Pt(20nm)/Au multilayer 
structures were deposited as the gate electrodes. At this stage, 
the fabricated HEMT's operated at depletion-mode with 
Vf/,=-0.25 V. At Vfc = 2.0 V, the maximum transconductance 
gm is about 1030 mS/mm for a device with a 0.5-jJ.m-gate. 

Subsequently, the sample was annealed at 250 °C in 
nitrogen forming gas. During the annealing process, Pt-InAlAs 
reaction took place and Pt sunk into the InAlAs barrier to 
form metallic PtAs2 alloy [6]. The sinking of Pt into the barrier 
shifted the gate metal front closer to the InGaAs channel, as 
illustrated in Fig. 1 (b). The inserted Ti in the gate metal 
structure serves as a barrier to prevent the Pt-InAlAs reaction 
from going to the upper Pt layer and only the bottom Pt reacts. 
Wth shifted from -0.25 V to -0.1 V after 5 minutes' annealing 
and saturated at 0 V after 10 minutes' annealing. Therefore, 
by burying Pt gate into InAlAs barrier using annealing, the 
channel is further recessed and HEMT's can be changed from 



depletion-mode to enhancement-mode. The 0.25 V shift in 
Vtn corresponds to about 4 nm of shift in the position of the 
gate metal front. The ratio of the sinking depth to the physical 

thickness (2.8 nm) of the reacted Pt is about 1.4, consistent 

with that reported in Ref. [6], During gate annealing, the source 

rain contact resistance remains unchanged. 
As illustrated in Fig. 1 (b), the sinking of Pt into the 

InAlAs barrier does not change the electron density in the 
channel region between the source and gate electrodes. 
Therefore, the value of R$ remained unchanged, and was 
measured at 0.2 Qmm measured. 

III. DEVICE PERFORMANCE 

A. DC Characteristics 
The typical de I-Vcharacteristics for the 0.5-pm-gate 

E-HEMT after gate annealing are given in Fig. 3. At Vfc = 
2.0 V, the maximum extrinsic transconductance gm is 1170 
mS/mm with an associated lfo of 380 mA/mm. Excellent 
pinch-off is obtained at Vgs = 0 V. Using the value 0.2 fimm 
for R$, the maximum intrinsic transconductance is estimated 
to be 1520 mS/mm. Drain conductance gj is 30 mS/mm, 

Top curve: Vgs=0.7 V 
Step: -0.1 V 

Vds(V) 

Fig. 3: Source-drain /-Vcharateristics of an E-HEMT after 
annealing the gate metal at 250 "C for 10 minutes. The gate 
size is 0.5 urn x 10 um. Gate voltage ranges from 0 V to 0.7V 
in 0.1 V step. 
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Fig. 4: DC transfer characteristics of a 0.5-)im-gate HEMT 
before and after gate annealing. 
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yielding a voltage gain (gn/gd) of 39. 
The transfer characteristics for the device both before 

and after the gate annealing (corresponding to D-HEMT and 
E-HEMT, respectively) are shown in Fig. 4. As mentioned in 

Section II, the threshold voltage changes from -0.25 V to 0 V 

after 10 minutes' annealing at 350 °C. Since fe remained 
unchanged during the annealing process, the maximumg„, 
was not degraded but increased further to 1170 mS/mm as a 
result of the reduced distance between the gate metal and the 
2DEG. 

To further demonstrate the improvement in/?^ gained 
by the buried-gate approach, we also fabricated E-HEMT's 
using only wet recess etching. As shown in Fig. 5 (a), in 
addition to the region under the gate electrode, the channel 
region around the gate periphery between the source and gate 
is also depleted due to the side-etching effect during the gate 
recess etching. The electron density in this side-etched region 
can not be increased by positive gate bias and so the region 

exposed region due to side etching 

Pt 

1 Channel </onannei 
/ J    S    S    ,     ,    f 

gate front as 
deposited 

electron 

highly resistive depleted-region 
between source and gate 

(a) 

Fig. 5: (a) Schematic cross section of the region around 
the gate electrode of an E-HEMT obtained using only wet 
recess etching, showing the highly resistive region exposed 
region (due to side-etching during the gate recess) around 
the gate periphery, (b) The source-drain I-V characteristics 
of such an E-HEMT. Gate voltage ranges from 0 V to 0.3 
V in 0. IV step. 



remains highly resistive during the device operation, resulting 
in a large R$- The estimated R$ at V^s = 5.0 V is 1.5 £lmm, 
about 8 times larger than the value achieved by the buried 
gate approach. This large R$ results in increased source-drain 
saturation voltage, and the maximum gm is degraded to 500 
mS/mm, as shown in the I-Vcharacteristics in Fig. 5 (b). 

B. RF Characteristics 
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The on-wafer S-parameters were measured from 0.5 to 
25.5 GHz using a Cascade probe station and a HP8510 
network analyzer. The results of H21 and Mason's unilateral 
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Fig. 6: Current gain and Mason unilateral power gain against 
frequency for a 0.6-|Jm-gate E-HEMT with a gate width of 
100 ixm. 

power gain U for a 0.6 u.m x 100 |0.m device are plotted in 
Fig. 7. These results were obtained at V^s = 2.0 V and Vgs = 
0.43 raA. The current-gain cutoff frequency/7 and the 
maximum oscillation frequency fmax were calculated by 
extrapolating at -6 dB/octave. As shown in Fig. 6,fj is 
41.2 GHz and fmax is 61 GHz. 

IV. CONCLUSIONS 

High-performance enhancement-mode HEMT's have 
been demonstrated in InAlAs/InGaAs using non-alloyed 
ohmic contacts and Pt-based buried-gate technologies. The 
non-alloyed ohmic contacts technology not only provides very 
low contact resistance and simplification of device fabrication 
but also offers clean and sharply defined ohmic edges and 
good ohmic surface morphology. The Pt-based buried gate 
approach was used to improve the source resistance. A low 
R$ of 0.2 fl-mm was achieved by using this technique in E- 
HEMT's. By combining this approach with the non-alloyed 
ohmic contact technique for the first time, we demonstrated 
high-performance E-HEMT's with an excellent 
transconductance of 1170 mS/mm for a 0.5-|tm-long gate 
device. Excellent high-frequency characteristics with an/7 
of 41.2 GHz and anfmax of 61 GHz were also presented. 
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Introduction 

InAlAs lattice-matched to InP is of great importance as a large bandgap material for various InP-based 
heterostmctures device applications. InAlAs grown by molecular beam epitaxy (MBE) has been very successful for 
InAlAs/InGaAs high electron mobility transistors (HEMTs) applications and more recently several reports have been also 
made on the growth of this material using metalorganic chemical vapor deposition (MOCVD)(l). Although MOCVD has 
been very attractive due to its simplicity and flexibility, growth of aluminum containing materials is relatively difficult 
since most metalorganic aluminum sources react very easily with oxygen. In this study, we investigate iron doped InAlAs 
by MOCVD growth and report on the impact of iron doping on the electrical properties of the material using Pt-InAlAs 
Schottky diodes. 

MOCVD Grown InAlAs Considerations 

The oxygen incorporation in MOCVD grown 
InAlAs material leads to defect levels within the bandgap 
and subsequently degrades electrical and optical properties 
of the material. In the case of HEMTs, this results, for 
example, in undesirable characteristics such as poor pinch- 
off due to leaky buffer and gate-source characteristics. 
Therefore, it is necessary to render layers of this type less 
conductive so that leakage from the InAlAs buffers or 
Schottky layers can be diminished. Iron doping of InAlAs 
has been explored for this purpose and is reported in this 
paper. Substituting for group III atoms in the InAlAs, 
iron is expected to form deep acceptor level by virtue of 
Fe+3/Fe+2 transition. Deep acceptors like Fe are more 
effective than shallow acceptors like carbon in 
compensating the shallow or deep donors found in 
MOCVD grown InAlAs and can therefore be used to 
improve its electrical characteristics. Systematic studies 
have been reported in the past on Fe doping of InP(2). 
Although material properties of iron-doped InAlAs grown 
by MOCVD(3) and by ion implantation(4) have also been 
explored, there are, to our knowledge, no extensive reports 
on its electrical properties as used for device applications. 
A systematic study of material and Schottky diode 
characteristics using Fe doped InAlAs has been carried out 
in this work and is reported in the section below. 

1 Work supported by ARPA COST(MDA 972-94-1-0004) 
and URI(DAAL 03-92-G-0109). 

Growth of Iron-doped InAlAs 

The growth was carried out by low pressure 
MOCVD in a vertical mass transport reactor with rotating 
susceptor. Trimethylindium (TMIn), trimethylgallium 
(TMGa)and trimethylaluminum (TMA1) were used for In, 
Ga and Al sources, respectively, and 100% arsine and 
phosphine was used for group V elements. The iron 
source was bis-cyclopentadienyl-iron (ferrocene) which was 
contained in a stainless steel bubbler in solid form and 
transported to the reactor by hydrogen carrier gas through 
standard alkyl delivery lines. The ferrocene bubbler 
temperature and pressure was kept at 10°C and 500torr, 
respectively. All structures were grown at 650°C since 
this offers minimum deep donor levels according to DLTS 
studies performed on undoped InAlAs(5). Growth reactor 
pressure was 60torr and total hydrogen flow through the 
reactor was about 101/m. 

Optical Reflectance Measurements 

In order to confirm the introduction of deep traps 
by iron incorporation in the InAlAs layers, room 
temperature time-resolved photoreflectance studies were 
performed on iron-doped InAlAs samples. Measurement 
of carrier lifetime of iron doped materials using time- 
resolved photoreflectance appears to be a better approach 
than techniques such as time-resolved photoluminescence, 
in spite of the fact that the latter is a more direct 
measurement technique. The high density of deep level 
defects expected in these materials results in recombination 
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indicating sharper turn-on and increased current level in 
the absence of iron doping. 

dominated by non-radiative processes and gives rise to poor 
photoluminescence efficiency. The measurement was 
based on the conventional pump-prove technique where 
photo carriers are generated by a short optical pumping 
pulse(I50fs) and the evolution of photo carrier density is 
deduced by measuring the time-resolved reflectivity signal 
from the surface(6). Fig.l shows the evolution of room 
temperature photo reflectivity from InAlAs samples doped 
with different ferrocene flow rates. It is clearly seen that 
the photo-carrier lifetime decreases with the ferrocene flow 
rate. This indicates enhancement of deep trap presence 
witli ferrocene flow and suggests that better semi-insulating 
properties should be feasible with higher doping of InAlAs. 

Characteristics of Pt-InAlAs Schottky 
diodes using Fe-Doped InAlAs 

In order to investigate the impact of iron doping 
on the electrical properties of InAlAs, 3000Ä of iron-doped 
InAlAs layers were grown on semi-insulating InP 
substrates with various ferrocene flow rates. These layers 
were covered with 60Ä of undoped InGaAs layers to 
facilitate ohmic contacts. To fabricate planar Schottky 
diodes, Au/Ge/Ni/Ti/Au ohmic metals were deposited on 
the InGaAs cap layer and annealed by RTA at 375°C for 7 
seconds. After this, the InGaAs cap layers were etched 
using a selective citric acid:H202 (1:1) solution and 
Pt/Ti/Pt/Au Schottky metals were deposited on the exposed 
iron-doped InAlAs layers using an e-beam evaporator. 

Fig.2 shows the forward I-V characteristics of the 
fabricated diodes. The measurements were done at room 
temperature on a circular shaped anode with 100p:m 
diameter . As can be seen from this figure, diodes on 
undoped InAlAs show sharper turn on characteristics than 
those on iron-doped InAlAs. Moreover, as the ferrocene 
flow increases the forward current decreases. 
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Fig.3 Variation of barrier height and ideality factor as a 
function of ferrocene flows. 

The impact of ferrocene flow rate on diode 
performance can be more clearly seen by extracting and 
comparing the diode parameters. Device parameters such 
as Schottky barrier height, ideality factor and series 
resistance were extracted from the DC I-V characteristics 
based on thermionic emission theory. To enhance the 
presence of series resistance, the diodes were biased 
strongly in the forward region(>lmA). Series resistance 
and ideality factors were first extracted from the slope and 
y-intersection of dVldlnl versus / curve, respectively. The 
series resistance and ideality factor values were then used to 
calculate the Schottky barrier height. Fig.3 shows the 
variation of Schottky barrier height and ideality factor of 
the diodes as a function of ferrocene flow rate. As can be 
seen from the figure, the Schottky barrier height drops 
from ~0.6eV(undoped InAlAs) to ~0.48eV with the use of 
small ferrocene flows and tends to saturate regardless of the 
amount of ferrocene introduced into the reactor.  Fig.3 also 
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shows that the ideality factor of the diodes increases from 
1.7(undoped InAlAs) to about 3 but is about the same for 
all iron doped InAlAs diodes regardless of ferrocene flow. 

In contrast to the Schottky barrier height and 
ideality factor, the diode series resistance was relatively 
sensitive to the ferrocene flow rate as shown in Fig.4. 
The series resistance was greatly increased with ferrocene 
flow up to 50()sccin and decreased again for ferrocene flows 
higher than 500sccm. The decrease of series resistance 
with higher iron concentrations is possibly due to iron 
precipitates which give rise to a conduction path through 
the epilayer as already reported in the case of iron-doped 
InP(7). It was also observed that the optimum ferrocene 
flow that gives highest series resistance shifted to higher 
flow values when the layer was grown at higher growth 
rates. This implies that the resistivity of the InAlAs 
layers can be greatly increased by optimizing the ratio of 
iron flux to total group III flux which determines the 
growth rate. The optimum gas phase ferrocene ratio to the 
total group III flux appears to be -0.04. 

Reverse Schottky characteristics of Fe-doped 
InAlAs are also of great importance since they indicate the 
degree of improvement in device performance when this 
material is employed as Schottky layer for InAlAs/InGaAs 
HEMTs. Fig.5 shows the room temperature reverse I-V 
characteristics of the diodes. It can be seen from the figure 
that the diodes fabricated on undoped InAlAs show almost 
linear logIr vs. Vr relation while the rest of the iron doped 
diodes showed two distinct slopes with a knee voltage 
around 7V. Therefore, even though the diode on undoped 
InAlAs showed lower reverse leakage current in the small 
reverse bias operation regime(Ir<100nA), the overall 
reverse leakage and breakdown characteristics were greatly 
improved with iron-doped InAlAs materials. Extremely 
high reverse breakdown voltage (~90V) was observed with 
the sample grown with 500sccm of ferrocene flow. This 
sample showed reverse leakage current less than 300|aA at 
90V. However, reverse characteristics showed similar 
trends as the series resistance, namely a degradation of 
reverse characteristics when very high ferrocene flows are 
used. These results indicate that the InAlAs buffer and 
Schottky cap layers of InAlAs/InGaAs HEMTs can be 
improved using ferrocene up to certain flow rate beyond 
which no further improvement can be achieved. 

Low frequency noise characteristics 

The introduction of iron in InAlAs may give rise 
to advert effects when this material is employed in device 
structures. Trap-related   abnormalities    in    device 
performance and increased noise level could for example, 
manifest when using Fe-doped inAlAs. The study of low 
frequency noise in iron doped InAlAs is therefore of great 
interest since it provides a way of evaluating trap-related 
device characteristics, as well as, their noise properties. 
Undoped and iron doped InAlAs were characterized for this 
purpose and the results are described in this section. The 
noise current spectra were obtained by characterizing TLM 
test structures with 15\xm separation between ohmic 
terminals and 50 to lOOjam width. An HP3561 dynamic 
signal analyzer was used to measure the noise current 
spectral density from 10Hz to lOOKHz. Fig.6a and b 
show the noise current spectra of undoped and iron doped 
InAlAs, respectively, measured at room temperature. Both 
materials showed noise spectra with close to ideal 1/f 
characteristics and no prominent Lorentz-shaped spectra. 
However, the plot of (Si)*(frequency) products revealed a 
very weak Lorentz spectrum near ~40Hz for iron doped 
InAlAs. The second peak found beyond lOKHz in both 
materials is not related to material properties and arises 
from the noise floor characteristics of the measurement 
system. Since the Lorentzian component is found at a 
very low frequency in iron-doped InAlAs, we speculate on 
the basis of expected Arrhenius characteristics that iron 
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introduces generation-recombination traps which have very 
high activation energy. 

Summary 

In summary, iron doped InAIAs layers were grown 
by MOCVD with the purpose of improving the electrical 
properties of this material. Photoreflectance studies 
clearly showed the increase of deep traps by introducing 
iron into the layers. Pt-Schottky diodes were fabricated on 
undoped and iron doped InAIAs with various iron 
concentrations and device parameters were extracted to 
reveal the impact of iron concentration on the electrical 
characteristics. Although iron doped layers showed lower 
Schottky barrier height, extremely high reverse breakdown 
voltage of ~90V could be obtained with properly doped 
materials. The results showed that the electrical properties 
of InAIAs can be greatly improved if an appropriate level 
of iron doping is employed. Beyond certain level of 
ferrocene flow, the material starts presenting less 
pronounced semi-insulating characteristics, possibly due to 
the presence of iron precipitates. Low frequency noise 
current spectra of iron doped InAIAs showed a Lorentz- 
shaped spectrum   near  ~40Hz  suggesting   an   increased 

presence of traps with high activation energy in Fe-doped 
InAIAs. 
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Introduction 
Recently, compound semiconductor high speed devices (HEMT, HJFET etc.) using InP- 

based materials have demonstrated excellent performance owing to superb electron transport 
properties of InGaAs. One of the application areas of these devices is the microwave and millimeter 
wave movable communication which is expected to become more and more important in the so-called 
"multi-media" era. However, since such an application requires in most cases battery operation, gate 
leakage currents inherently present in the Schottky gate structure, gives a severe constraint. Lack of low 
power dynamic memory also limits the functional capability of the system using these devices. These 
problems can be solved by having insulated gate devices whose realization has, however, been hitherto 
hindered by the lack of a suitable passivation technology. 

Recently, we have shown that the surface state density can be greatly reduced by inserting an 
MBE grown ultra-thin Si interface control layer(Si ICL) at the interface between InGaAs and the 
passivation dielectric films (1) on the basis of the disorder induced gap state model(2). Such a 
technique has been applied to fabrication of planar(3) and recessed gate MISFETs(4), photoconductive 
detectors(5) and to passivation of near surface quantum wells(6). 

The purpose of this paper is to investigate the applicability of the Si ICL-based passivation 
technique to construction of InGaAs insulated gate field effect transistor (IGFET) devices such as 
MISFETs and HEMTs. Since most of our previous work has been done in a UHV-based system where the Si 
ICL was grown on the fresh MBE surface of the compound semiconductor, one of the key problems is how 
to make the present technique applicable to air-exposed surfaces. Here, HF treatment were applied to 
InGaAs and InAlAs surfaces. Basic insulator-semiconductor structures were fabricated and characterized by 
XPS, I-V and MIS C-V techniques. Fat MISFETs and HEMT were also fabricated and feasibility of the 
present technique is successfully demonstrated. 

Experimental 

Basic structures and MBE growth 
The metal-insulator-semiconductor(MIS) capacitor 

structures prepared in this study are shown in Fig. 1(a) and 
(b). They are basic capacitor structures for MISFETs and 
insulated gate HEMTs(IGHEMTs), respectively. For actual 
fabrication of FET devices, these structures were grown on 
semi-insulating substrates. The fabrication of the samples 
were done using the UHV-based system shown in Fig.2 
where the MBE, CVD, XPS and other chambers are 
connected by a UHV transfer chamber. For comparison, 
Schottky gate and insulated gate AlGaAs/GaAs HEMT 
capacitors and transistors were also fabricated. 

The epitaxial layers of In053Ga047As and In0 52A10 4gAs 
were grown by molecular beam epitaxy (MBE) at a substrate 
temperature of 500°C. Carriers for HEMTs were supplied 
from the Si doped InAlAs layer. Then, epitaxial layers taken 
out from the MBE growth chamber and either evaluated by 
Hall effect measurement or subjected to fabrication 
process of MIS capacitors and IGFETs, exposing the 
surface to air. In the HEMT structures, the Hall mobilities 
of 7,500cm2/V s(300K), 43,000cm2/V s(77K), and the sheet 

3N4J r-photo-CVDSi, 
Si Interface Control 
Layer (Si ICL)    — 

;photo-CVDSi02 

n-InGaAs 

MnP 

(a) 

photo-CVD SiO-, ' 

undoped-InAIAs -J-500A 
300Ä n+-InAlAs 

undoped-InAIAs- - 100A 
undoped-InGaAs - -500Ä 

undoped-InAIAs 

n+-InP 

(nd=lxI0'S) 

3000A 

(b) 

Fig.l MIS capacitor structures for MISFETs and IGHEMTs. 

carrier densities of 4.8xl012cm"2(300K), 3.3xl012cm"2 

(77K) were achieved. 
Si ICL-Based Passivation Process 

The basic idea of the Si ICL-based passivation is the 
following. Namely, by inserting an ultrathin Si ICL between 
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Fig.2 The UHV-based system used for sample fabrication. 

the compound semiconductor and the silicon-based insulator 
film such as Si02 combination, chemical bonds of InGaAs 
are terminated by Si atoms, and then Si atoms are 
terminated by Si-based dielectrics. The key points of the 
processing have been found to be maintenance of 
pseudomorphic nature of the Si ICL with respect to the 
compound semiconductor and avoidance of direct interface 
chemical reaction between the compound semiconductor 
and the excited radicals produced during formation of Si- 
based insulator films. For the latter purpose, insertion of an 
ultrathin Si3N4 layer has been recently found beneficial(7). 

Before application of the Si ICL-based passivation 
process, the air-exposed surface of the epitaxial layer was 
first etched chemically and then treated by HF in N2 

ambient. (4) This was to remove the oxide and to adjust the 
surface stoichiometry to As-rich condition. Then, the 
sample was introduced through N2 ambient into the UHV 
chamber without exposing to air. 

The growth of the Si ICL with a thickness of 5-10Ä 
was done by MBE at a substrate temperature of 250°C, 
using a Si K-cell as the silicon source. Subsequently, an 
ultrathin Si3N4 and a thick Si02 layer were deposited from 
a gas mixture of SiH4 and NH3 and from that of SiH4 and 
N O, respectively, at 250°C by photo-CVD process using 
Ar excimer laser (193 nm). 
Fabrication ofMISFETs andJGHEMTs 

To investigate the feasibility of the present technique 
for practical device fabrication, recessed gate InGaAs 
MISFETs and IGHEMTs shown in Fig.3 (a) and (b) 
respectively, were fabricated and electrically characterized. 
They were fabricated by following procedure. After MBE 
growth of the basic epitaxial layer structure on the InP 

Si ICL SiO, e. ,,,, S       \    G    /   2 D    +r Si ICL 
ir InGaAs 

SiO, 

S. I. InP 

3-n InGaAs 
undoped 
InAlAs 

(a) 

S.I. InP 

(b) 

. nr InGaAs 
-Si doped InAlAs 
■ undoped InGaAs 

Fig.3 Fabricated recessed gate (a) InGaAs MISFETs and 
(b) IGHEMTs. 

substrate, the standard device processing such as the ohmic 
electrodes formation, mesa etching and gate recess etching 
were performed in air. Then, the sample was immersed into 
HF solution in N2 atmosphere, and was introduced into 
UHV-based system without exposing to air. Then, the Si 
ICL-based passivation structure was formed. Finally, the 
gate electrode and contact holes were formed. 

Results and Discussion 

XPS study 
In the present experiments, the air exposed InGaAs 

and InAlAs surfaces were slightly etched and immersed into 
a concentrated HF solution in nitrogen atmosphere before 
the sample was introduced into the UHV-based system. 

Figure 4 shows the result of the XPS analysis of the 
InAlAs surface before and after this HF treatment. It is 
clearly seen that the oxide components on the surface were 
greatly reduced, leaving the elemental As component. The 
volatile elemental As component further disappears from 
the surface during Si ICL formation. 
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I-V study of the passivation structure 
The average filed dependence of the resistivity of the 

photo-CVD Si02 film deposited on an n+-Si film is shown 
in Fig.5. It is seen that a resistivity of 1013 ohmcm can be 
obtained up to an average field strength of 5MV/cm. 
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Fig.6 Measured C-V curves of the MIS capacitor. 

Fig.5 Average filed dependence of the resistivity of the 
photo-CVD SiO film deposited on an n+ Si film. 

MIS C-V curves and their interpretation 
The measured C-V curves of the MIS capacitor shown 

in Fig.1(a) are given in Fig.6. These curves behave 
similarly with those of the MIS capacitors fabricated in an 
entirely UHV-based process, showing small hysteresis and 
small frequency dispersion of the accumulation capacitance. 
The interface state density distribution calculated from the 
C-V curves using by Terman method is compared in Fig.7 
with that of interface without Si ICL and with the best data 
obtained by the entirely UHV based process(7). It is clearly 
seen that the interface state density N is reduced by the 
present Si ICL technique, giving a minimum N of 
3xl011cm"2eV"1, although it is not as good as the best data. 

The measured C-V curves of the IGHEMT capacitor 
shown in Fig.1(b) are given in Fig.8(a) together with its 
low-frequency ideal curve calculated by a rigorous 
computer simulation program on the capacitance response 
of 2DEG in a HEMT structure (8). The C-V curves 
measured on a Schottky type AlGaAs/GaAs HEMT 
capacitor are also shown in Fig.8(b) for the purpose of 
comparison. From the comparison, it can be said that the 
strong frequency dependence in Fig.8(a) is not necessarily 
from the interface states at the insulator-semiconductor 
interface. In fact, a detailed analysis has shown that it is 
related to rf carrier supply to the InAlAs layer. A relatively 
good agreement between the ideal curve and the measured 
curve shows that the interface is basically free of interface 
states and the carriers in the 2DEG can be well controlled 
by the gate. 

Figure 9 shows the C-V curves of an AlGaAs/GaAs 
HEMT capacitor with an A1203 gate insulator obtained by 
anodic oxidation. This shows the instability problem of an 
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IGHEMT device having high density of interface states. 
Because of capture and emission of carriers at the insulator- 
semiconductor interface, its threshold voltage moves around 
according to its past history. It should be noted in Fig.8(a), 
no such instability problem exists in the IGHEMT capacitor 
produced by the Si ICL-based passivation technique. 

D.C. characteristics of fabricated MISFETs and IGHEMTs 
The d.c. I-V characteristics of a fabricated fat 

MISFETs   (L=6nm, W=180^m) and IGHEMTs 
(L=4(xm, W=180[im) are shown in Fig.10 (a) and (b), 
respectively. The both I-V curves show good pinch-off 
characteristics with small hysteresis and the excellent 
controllability of drain current by the gate biasing. 

The maximum values of g value were 61mS/mm for 
MISFETs and 40mS/mm for IGHEMTs, respectively.   The 
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Fig.8 (a)Measured and ideal C-V curves of the IGHEMT 
capacitor shown in Fig.1(b). (b) Measured C-V curves 
of a Schottky type AlGaAs/GaAs HEMT capacitor. 
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Fig.10 d.c. I-V characteristics of (a) a fabricated fat 
Fig.9 Measured C-V curves of an AlGaAs/GaAs HEMT MISFETs (L=6nm, W=18(Vm) and (b) IGHEMTs 
capacitor with an AI203 gate. L=4um, W=180[xm). 

maximum effective mobility was 3,850cm2/V s for MISFETs 
and l,800cm2/V s. The reason for a low mobility for 
IGHEMTs has been found to be due to unoptimized poor 
ohmic contact technology. The gate leakage current was 
well below InA/mm for both device. 

Conclusion 

The applicability of the Si ICL-based passivation 
technique combined with the HF treatment to fabrication of 
InGaAs MISFETs and IGHEMTs was investigated. 

XPS, I-V and C-V studies of the basic insulator- 
semiconductor structures have shown that the present 
passivation technique controls the interface structure 
reasonably well and produces interfaces with very low 
leakage currents and acceptably low interface state 
densities. 

The fabricated depletion mode MISFETs have a good 
gate control of drain current with good pinch off 
characteristics. A highest effective channel mobility of 
3,850 cm2/V s was achieved. The gate leakage current was 
well below InA/mm. The fabricated IGHEMTs have also 

demonstrated their stability and feasibility. 
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InAs/AIGaAsSb deep quantum well was successfully formed on GaAs substrate and examined 
for two electron devices; Hall elements (HEs) and field-effect transistors (FETs). With thin buffer 
layer of 600nm AIGaAsSb on GaAs substrate, we observed high electron mobility more than 
20,000cm7Vsec and effective electron velocity of 2.2xl()7 cm/sec at RT for I5nm thick InAs 
channel. AIGaAsSb, lattice-matched to InAs, was discussed from the view points of insulating 
property, carrier confinement and oxidization. Reliability data good enough for practical use were 
also obtained for HEs. We proposed AIGaAsSb as a promising buffer/barrier layers for InAs 
channel devices on GaAs substrate, and we suggested AIGaAsSb also for InGaAs channel devices. 

Introduction 
AIGaAsSb is an attractive material for barrier/buffer 

layers, which lattice constant can be controlled to be 
matched to InAs. There exists a conduction band offset 
(AEc) as much as 1.3eV at the InAs/AIGaAsSb interface, 

so that an AIGaAsSb /InAs/AIGaAsSb structure would be 
called a deep quantum well (DQW). 

In this  work, InAs/AIGaAsSb DQW structures were 
grown on   GaAs substrate   and  examined.  To   utilize 
AIGaAsSb for electron devices,  besides crystal growth 
including  V-group  alloy   technique! 11,  examination   of 
insulating properties of AIGaAsSb, process feasibilities and 
device reliabilities have to  be studied with efforts, for 
AIGaAsSb or AlSb is well known as an easily oxidized 
material. For the reason, relatively thin buffer layers of 
600nm AIGaAsSb with various Ga content were examined 
on GaAs substrate and effect of Ga content on oxidization 
rate was investigated. We found that,   with optimal  Ga 
content   (Al/Ga=0.35/0.65)    InAs/Al,,„5Gd,,,.-As,,,.,Sb(,,,< 
DQW was stable and it applied to two kinds of devices. 
One was Hall elements (HEs) or Hall effect magnetic 
sensors, with which reliability of the AIGaAsSb layers was 
confirmed. The other was field-effect transistors (FETs). 
High electron mobility  more than  20.000cm:/Vsec and 
effective electron velocity of 2.2x10 cm/sec were obtained 
in device performances. 

Attractive features of InGaAs DQWs with AIGaAsSb 
buffer/barriers were also suggested, which were deduced 
from successful results of InAs DQW applications achieved 
here. 

Experiments 
1. MBE technique and grown  wafers 

Using conventional MBE technique. DQW structures, 
shown in Fig.l, were grown on GaAs substrate with 
various content of AIGaAsSb. 

As   buffer  layers,   we  grew  GaAsSb,   Al,Ga, xAsSb 
(x=0.2,   0.65,   0.8)   and  AlAsSb.   all   of which   were 

lattice-matched to InAs and 600nm  thick, followed by 

InAs/AIGaAsSb DQW 

GaAsSb 5nm 

::AlxGal-xAsl-ySby   35nm 

InAs 15nm 

AlxGal-xAsl-ySby   600nm 

GaAs buffer 150nm 

GaAs substrate 

Fig.l Schematics of InAs/AlGaAsSh deep quantum well 

structure. For device applications s-0/ö and y=0.X5 were 
selected. 

Buffer/barrier Ts CO Mobiliu \s N Rn 

layer for InAs (cmW^c) m'l,,,-2 
in'!,,,-1 lilt 

GaAsSb 450 25400 2.72 9.07 90 

AI2Ga8AsSb 455 23700 1.69 11.3 166 

AI65G^5ASSb 465 23500 1.21 8.07 220 

AI8Ga2AsSb 490 20000 1.32 8.80 240 

AlAsSb 490 13600 2.77 18.5 170 

Table 1 Optimized growth temperatures and typical 
electronic properties of wafers with varied, Al content n 
AIGaAsSb buffer/barriers. 
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15nm InAs as an active layer and upper barrier of the same 
content respectively. As/Sb beam-pressure ratio was set, for 
instance, to  be 45  for Alo^Ga,, ,5Asll]5Sb,lx5 and lattice 
matchings within 1% were confirmed by X-ray diffraction 
measurements. Without any intentional  doping, typical 
electron densities and mobilities of the samples are listed in 
Table  1.   High electron mobilities   of InAs more than 
20,000cm2/Vsec for all buffers but AlAsSb were achieved. 
It is found that, among these wafers, only AlAsSb sample 
was  too  easily  oxidized  to   be  dealt  with   in   ordinal 
lithography process. At any rate, we successfully made by 
MBE    AlGaAsSb/lnAs    double    heterostructures    and 
especially, 1.2xlOl2/cm2 and 23,000cm2/Vsec were obtained 
with   AIo(,5Ga035Aso,5Sb(,85 , which is forming DQW. In 
practice, high insulating  properties of AlGaAsSb buffer 
layer (>10MQ) was confirmed in  the following device 
applications. 

It should be noted that in spite of large lattice mismatch 
over 7% between GaAs substrate and AIGaAs(U5Sb083, 
electron properties described above are superb, even though 
the thickness of AlGaAsSb layers is relatively small 
(600nm) in our growth. We studied, by VCR, images of 

RHEED pattern during AlGaAsSb growth. Typically in 
AlGaAsSb growth on GaAs, streaky RHEED pattern 
changes into spotty after several atomic layer growth of 
AlGaAsSb and then it changes again to perfectly streaky 
pattern with growth proceeding. With these data for every 
sample, we examined growth condition and minimized the 
thickness of AlGaAsSb, with which the streaky RHEED 
pattern is recovered from spotty feature, as thin as 35nm. 

As detailed growth condition is described in previous 
paper[2J, we will discuss here on two matters concerning 
the wafers from the view point of device applications. 

At first, etch-pit density revealed by citric acid etching 
was observed in a rage of 10°/cm2 at the top of upper 
AlGaAsSb barrier layer (Fig.2). The etch-pits are due to 

m 

Fig.2 Etch-pits revealed by citric acid. Central dark points 
in circles are considered directly related to dislocation lines. 
Dislocation density was in a range of 10"/cm-. 

line-shaped dislocations penetrating upward from the 
mismatching interface of AIGaAsSb/GaAs, which are also 
observed in TEM images of grown wafers. As for electron 
mobilities, these dislocations seem not to decrease the 
mobilities remarkably. Moreover, in HEs having a rather 
simple device structure with ohmic electrodes, we found 
that this dislocation density makes no effect throughout all 
fabrication processes. In addition, we also grew some 
samples with AlGaAsSb buffer layers as thick as 2u.m but 
no improvements of electronic properties were observed at 
all. It seems that little disappearance of dislocation lines 
occurred in the additional growth and the 600nm employed 
here may be thick enough for an AlGaAsSb buffer layer. 

For the second, Ga content of AlGaAsSb was studied. 
AlAsSb is oxidized immediately when treated with water; it 
is easily oxidized during ordinal fabrication processes and 
volume increase of the layer is obviously observed in a 
treated region. To know the oxidization rate, we measured, 
for Alu 8Ga„ 2AsSb and Al0 «Ga,, 2AsSb wafers (600nm thick) 
partly covered with   photoresist  mask,   heights  of the 
oxidized expansion after long period exposure to humid air. 
The heights were, in Al08Gau2AsSb,  151nm for 122-day 
exposure   and   240nm   for   242-day   exposure   and,   in 
Al^Ga^AsSb, 14nm and 22nm respectively. It is quite 
remarkable   that,   supposing   the   volume   increase   is 
proportional to the amount of oxidization, Al content 
reduction from 80% to 60% makes the reaction velocity 
more than 10 times smaller, although precise analysis of 
the reaction kinetics  of oxidization belongs  to feature 
studies. We  summarized, in   Table 2,    comparison  of 
AlGaAsSb with various Ga contents from the view points 
of oxidization, insulating properties and carrier confinement 
for DQW applications. 

AlAsSb Al8Ga2AsSb Al 6Ga4AsSb GaAsSb 

Oxidazation 
velocity (a.u.) 

extreamly 

fast 
1 <1/10 — 

insulation — >ioivian >10Mn° — 

carrier 
confinment 

AEc to InAs 

best better 

1.3eV 

good 

1.2eV 

broken 

Table 2     Features of AlGaAsSb with varied Al content: 

Thus we succeeded in preparation of InAs-DQW which 
has both good electron properties and also feasibility for 
device applications. From Table l and Table 2, Ga content 
of 60%~80% is favorable. In addition, as a result of 
temperature-depending Hall measurements of these wafers, 
we found smooth dependencies on temperature both of 
mobilities and carrier densities from -50"C to 150°C for 
buffer/barrier layers of AI„8Gal)2AsSb and Alof,5Ga,U5AsSb. 
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2.Device   applications 
Device fabrications were carried out for HKs and FETs. 

In both cases, mesa-etching for device isolation was made 
with 800nm depth revealing GaAs substrate on which 
probing/wire-bonding pads were formed directly. 

(1)  Hall  elements   with   practical   reliability 
Application of DQW to Hall elements with excellent 
performances was already reported elsewhere|2,3|. Hall 
element is based on Hall effect and is widely used recently 
as magnetic sensors in brush-less motors, non-contact 
switches and so on. For HE is a low-field device, InAs is a 
quite suited material[4) and InAs/AIGaAsSb DQW is the 
most favorable for HE; thin Iayer(l5nm) of InAs for high 
sheet resistance combined with high electron mobility is 
desirable for high sensitivity, and high carrier density of 
8x10 /cm3 also results in a little temperature dependence of 
input resistance, making driving condition stable in wide 
range of temperature. Comparison of the device features for 
InSb HE, GaAs HE, both of which are commercially 
available, and InAs-DQW HE is summarized in Table 3. 

Output voltage 
VH (mV) 

Temp, coeff. 
of VH 

Temp, coeff. 
of input R 

I Drive 
; condition 

InSb HE* 196- 274 - -2%/deg i     1V 

GaAs HE 60- 70 -0.17%/deg 0.3%/deg •     6V 

DQW HE 
(InAs) 

260- 300 -0.25%/deg 0.2%/deg i      6V 

* Asahikasei electronics HW 101C     ** B = 500G 
*** Temperature was ranged from -.S()"C to 150"C 

Table 3      Comparison of device features between InSb 
(polycrystaline), GaAs and InAs-DQW HEs. InSb HE and 
GaAs HE are commercially available. 

HE chips are fabricated with SiN thin film passivation 
and assembled in plastic package (standard mini-mold 
package) using commercial HEs' production line. They 
showed long life and stability in all items of reliability 
test, which included high humidity life test, high 
temperature life test, pressure cooker test, thermal shock 
test, soldering heat test, etc. These are chosen from the 
standard test items for commercial HEs|3|. This is the first 
case, to our knowledge, of a successful reliability report on 
electron devices constructed with AIGa(As)Sb. 

(2)    Performances    of   InAs    FETs 
InAs/AIGaAsSb FETs [5| were fabricated with non-alloyed 
ohmic electrodes having contact resistance of 0.1 £2mm. 
In this study, gate length was ranged from 1 to 2(im and 
device structure was primary; no gate-recess nor gate off-set 
to source, etc. was employed. DC measurement (Fig.3) 
showed good pinch off characteristics. Gate leakage current 
was several tens of p.A. RF performance was measured at 

Vds=0.8V and Vg=-0.4V. Correlation between cut-off 
frequencies and inverse of gate lengths is shown in Fig. 4. 
Resultant effective electron velocity of 2.2x 107cm/sec is 
higher than those of conventional and pseudomorphic 
HEMTs and approaching that of InGaAs-HEMT on InP 
substrate. 

< 
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C      1.000 
Q) /dlv 

D o 
c 

'ro 
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.iEOO/dlv 

Drain Voltage (V) 

Fig.3   Typical I-V characteristics of InAs FET. Maximum 
transconductance was 450mS/mm. (I.„=l.()u.m) 

X 
CD 

10 

y=2.2e7cm/sec 

MMkff\  • \ ! 
GaAs-HEMT\ 

::  (v=i.i)   ::!::: 

0.3 12 5 
Lg (u.m) 

Fig.4 Results of microwave measurements for InAs FETs. 
Gate length (Lg) was ranged from ! to 2 urn. Open circles 
are results for devices with 65'*   Al content and closed 
circles are for ones with 809f. 

Note that relatively rapid increases of drain-conductance 
(so called kinks) at near Vd=IV was observed just 

similarly to that reported in InAs/AlSb FET|6|, which 
may be due to the onset of avalanche breakdown in InAs. In 
addition, we have recently got some data with half-micron 
gates, in which the kinks appeared at lower drain bias such 
as 0.5V. Also FETs with shorter gate-to-channel distance 
(I5nm) showed smaller kink bias. These are all understood 

consistently if kinks are due to the narrow band gap of 
InAs, but careful analysis is needed together with the effort 
on improving device structure to lower the peak electric 
field in the channel. 
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Discussions 
As providing a first practical application of InAs-DQW. 

we developed InAs-DQW HEs with good reliability. As for 
FETs, more precise studies are necessary. One is related to 
gate fabrication. Gate leakage current was typically ranged 
in several tens of |J.A although some had gate leakage of nA 
in our devices. From the view point of gale reproducibility 
and reliability, etch-pit density observed here (~ 107cm") 
may be too high for the purpose. In order to make the 
dislocation density lower graded buffer technique would be 
one of the most favorable. 

Here, we describe on growth reproducibility of In As 
DQW structure. We are using the MBE machine specially 
designed by us in which four 2-inch wafers can be grown at 
a batch. Distribution (3G) of mobility and carrier density 
was examined for hundred points in the four wafers to be 
within 3% and 6%, respectively. As for batch-to-batch 
reproducibility, residual carriers of InAs/AI(1,^Gaa35AsSb 
DQW is rather high and varied. Recently, the reduction of 
residual carrier density as low as 5.5x 10 /cm" is achieved in 
our growth. In the current case, after chamber vent for 
source material charges, higher carrier densities 
(<2xl0 7cm") are obtained for several batches and then we 

can produce wafers of carrier density ranging within 15% 
around 5.5x10 /cm for more than 50 batches. These 
results enable us to produce wafers stably for the mass 
production purpose. 

In addition, as a result of this carrier density reduction, 
we found a new unknown donor level in this system. High 
mobility more than 27500cmTVsec is also observed in our 
current growth. Concerning these matters, we will describe 
detail in the near future. 

Possibility    of  InGaAs   DQW InGaAs is a 
promising material for high speed FETs and it has been 
studied with InAlAs barriers on InP substrate (InP-HEMT) 
exclusively. We suggested here that AlGaAsSb could work 
well as a possible another attractive banner for InGaAs 
channel devices on GaAs substrate. 

Compared   to   InAlAs/InGaAs   system,    AlGaAsSb 
/InGaAs system has advantages in every aspect of device 
performances. First of all, an extremely larger conduction 
band offset (AEc) appears at AlGaAsSb/InGaAs interface 
than  at   InAlAs/InGaAs  just   similar   to   the   case   of 
InAs-DQW.  DQW   allows  much   more  carriers   being 
confined in thin channel, which is desirable especially for 
FETs. It has another advantage on  indium content;  by 
choosing appropriate antimony content y, lattice constant 
of AlGaAsKySby matches to inxGa,„As  for all  over the 
range of indium content x, which is restrictedly attained in 
InAlAs/InGaAs or AlGaAs/InGaAs system within a severe 
thickness  limitation   of  pseudomorphism.   In  addition, 
dielectric constant of AlGaAsSb is larger than InAlAs and 
effects of strain  on  channel   properties  could  also   be 
controlled with optimized As/Sb ratio. 

AlGaAsSb can be easily grown by  MBE: on  GaAs 
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substrate instead of InP substrate as described above. In 
addition, if you need graded buffers to lower the dislocation 
density, AlGaAsSb is a material also suited for forming 
graded buffers on GaAs only with the control of Sb 
content. And finally, AlGaAsSb is stable enough with 
appropriate Ga content, which is practically demonstrated in 
this paper. 

Conclusion 
We  discussed  advantages  of InAs/AlGaAsSb  DQW 

system, by preparing utilizable MBE-grown wafers of good 
properties and demonstrating two device applications. We 
developed practical Hall elements of superior performances 
associated with good reliability for practical use. 

Advantages of In(Ga)As DQW FETs were discussed and 
device characteristics were demonstrated for InAs-DQW. 
The FET of 1 jam-gate had f, value of 33GHz with primary 
device structure. We proposed AlGaAsSb as promising 
buffer/barrier layers for InAs channel devices on GaAs 
substrate, and we suggested AlGaAsSb also for InGaAs 
channel devices. 
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High-Speed InP/InGaAs HBT with Reduced Intrinsic Transit Time 
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The high-speed characteristics of InP/InGaAs HBTs with two different collector struc- 
tures have been investigated using an ensemble Monte Carlo particle simulator. A 
dramatic decrease of the collector delay time has been observed for HBT with non- 
uniformly doped (i - p+ - i - n+) collector structure. The collector delay time is 
reduced due to the extension of the velocity overshoot region in the collector. The 
parameters of HBT with proposed collector structure (i - p+ - i - n+) has been op- 
timized in order to obtain the ultimate high-frequency performance under the high 
collector voltage. 

Introduction 

Heterostructure bipolar transistors (HBTs) lattice mat- 
ched to InP have emerged as potential candidates for 
high-speed digital, microwave and long-wavelength fiber- 
optic communication systems because of the excellent 
transport property of InP and its related materials. High- 
speed InP/InGaAs HBT having a current gain frequency 
about 175 GHz have been demonstrated in [1]. The anal- 
ysis of experimental data has shown that the collector 
charging time and base-collector transit time dominate 
among the components of the total emitter-collector de- 
lay time. Further reduction of the collector charging time 
was recently realized by reducing the base-collector junc- 
tion area in HBT with buried subcollector [2]. To min- 
imize the base-collector transit time vertical scaling or 
high ensemble carrier velocity are required. However, re- 
duction of collector depletion width without decreasing 
the parasitic resistances is undesirable due to increase of 
the collector capacitance and hence increase of the col- 
lector charging time [3]. Thus, the most attractive way 
to reduce base-collector transit time is to utilize near- 
ballistic electron transport in the collector region as long 
as possible. HBT structure realizing this idea was pro- 
posed and investigated in [4]. Unfortunately, the peak 
current gain frequency in these HBTs can only be ob- 
tained over a narrow base-collector bias range. In this re- 
port, we propose and study InP/InGaAs HBT with non- 
uniformly doped collector structure having reduced tran- 
sit time in comparison with conventional InP/InGaAs 
HBT structure and lesser sensibility to operation condi- 
tions than HBT proposed previously [4]. 

Device Structures and Model 

The schematic band diagrams of the HBTs with con- 

N P* n n* 

HBT with uniformly doped collector structure 

(a) 

/> 

HBT with non-uniformly doped collector structure 

(b) 

Fig.l Schematic band diagrams of (a) conventional HBT with 
uniformly doped collector and (b) proposed HBT with 
non-uniformly doped collector. 

ventional and proposed collector structures are presented 
in Fig.l. First structure (Fig.la) is the conventional 
structure consisting of InP emitter, a 650-Ä p+ (4 x 1019 

cm-3) base, and a 3000-A n (2 x 1016 cm^3) collector 
followed by a heavily doped n+ (2 x 1018 cm-3) subcol- 
lector layer. Unlike commonly used HBT structure, the 
proposed HBT has non-uniformly doped collector struc- 
ture consisting of very thin 20-A p+ (1 x 1018 cm"3) layer 
inserted between two lightly-doped n (3 x 1015 cm"3) 
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layers (Fig.lb). The thicknesses of both lightly-doped 
layers are the same and equal 1500-Ä. This design is 
proposed to let the electrons stay longer in central valley 
and hence to keep high electron velocity at least within 
first lightly-doped n layer. The emitter-base junctions 
and subcollector layers are the same for both considered 
HBT designs. The parameters of proposed HBT are cho- 
sen to provide high electron velocity under the high cur- 
rent density operation condition (this condition is most 
important for high-frequency operation). It is necessary 
to stress here that varying the sheet density of acceptors 
in p+ collector layer and its position we have possibility 
to optimize the HBT structure in order to minimize the 
collector delay time for any desired operation conditions. 

To investigate the operation and to calculate high- 
frequency characteristics of InP/InGaAs HBTs with con- 
ventional and proposed collector structures time-depen- 
dent ensemble Monte Carlo particle simulator was devel- 
oped and implemented. The Monte Carlo particle model 
takes into account the complex non-parabolic electron 
spectra and all essential scattering mechanisms. The 
evolution of the holes in the base region and electrons in 
the heavily-doped subcollector region is simulated using 
drift-diffusion approach. First the steady-state simula- 
tion of HBT for a given bias condition is performed and 
the stationary distributions of the potential and carri- 
ers concentrations corresponding to this bias are calcu- 
lated. After obtaining a steady-state solution, an elec- 
tron bunch consisting of several thousands of electrons 
is injected from the emitter-base interface for a short 
time interval. As long as electrons travel across the 
collector space charge region, they induce non-steady- 
state collector current. When all injected electrons leave 
the modeling region, the complex frequency-dependent 
small-signal base-collector transport factor is calculated 
directly using the Fourier analysis of the non-steady- 
state induced collector current [5,6]. 

Results and Discussion 

The operation of HBTs has been investigated at tem- 
perature 300 K in the wide range of applied voltages and 
parameters of transistor structures. The typical average 
electron velocity profiles for HBTs under consideration 
are shown in Fig.2 (here the point x =0 corresponds 
to the emitter-base interface). The operation conditions 
corresponding to this plot are follows: collector-base volt- 
age VCB =1-25 V and collector current density Jc =105 

A/cm2. It is seen that the peak values of electron velocity 
are practically the same for both collector structures and 
approximately equal to 8 x 107 cm/s. In both case the 
end of velocity overshoot region is associated with rapid 
population of the satellite valleys. The position of the 
peak velocity depends on the position of the high elec- 
tric field domain in the collector region. For conventional 
uniformly doped collector structure the electric field is 

maximum near the base-collector interface. As a result 
electrons traveling across the collector space charge re- 
gion rapidly populate the satellite valleys and lose their 
directional velocity. In contrast, for proposed collector 
structure the electric field between the base region and 
collector p+-layer is low and electrons remain high veloc- 
ity over a wide area. Thus, it is possible to expect the 
substantial reduction of the base-collector transit time in 
HBT with proposed collector structure. 

0.2 0.3 
Distance (urn) 

Fig.2 Average electron drift velocity profiles corresponding 
to HBTs with conventional (solid curve) and proposed 
(dashed curve) collector structures. 

The dependencies of the base-collector delay time on 
the collector current density for conventional HBT are 
presented in Fig.3. The base-collector delay time in- 
creases with decreasing collector current density for all 
values of the applied collector-base voltage. This fact is 
due to change of the electric field distribution at high in- 
jection levels. When the collector current density is low, 
the distribution of the electric field in depletion layer of 
the collector-base junction is mainly determined by the 
profiles of impurities and applied voltage. In the case of 
the conventional HBT the electric field is maximum on 
the base side of the depletion layer and overshoot effect 
exists only over a narrow region near the base-collector 
interface. Increasing the collector current density leads 
to reduction of the electric field on the base side of the 
depletion layer and to increase of overshoot region. This 
is accompanied by an increase of the effective electron 
velocity in the collector depletion layer, leading to dras- 
tic reduction of the base-collector delay time. This effect 
begins to play important role for Jc > 3 x 104A/cm2. 
Increasing the applied collector-base voltage also leads 
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Collector current density (A/cm Collector current density (A/cm ) 

Fig.3 Base-collector delay time versus collector current den- 
sity for conventional HBT with the collector-base volt- 
age VCB as a parameter. 

Fig.4 Base-collector delay time versus collector current den- 
sity for proposed HBT with the collector-base voltage 
VCB as a parameter. 

to increase of the base-collector transit time, resulting 
from the reduction of the overshoot effect region under 
the high voltage. 

The dependencies of the base-collector delay time on 
the collector current density for proposed HBT are pre- 
sented in Fig.4. As for conventional HBT, the base- 
collector delay time increases with decreasing the col- 
lector current density and with increasing the applied 
collector-base voltage. At the same time, in the wide 
range of the base-collector voltage and collector current 
density the proposed HBT has significantly smaller base- 
collector delay time than HBT with conventional col- 
lector structure. In addition, the base-collector transit 
time of proposed HBT increases more slowly as the col- 
lector current density decreases. This fact results from 
the special distribution of the electric field in the base- 
collector junction provided by non-uniform doping pro- 
file. Even for low injection levels the electric field in the 
first lightly-doped layer is smaller than the electric field 
on the subcollector side of the collector depletion layer. 
This distribution of the electric field is more favorable to 
exploit overshoot effect as long as possible. Under the 
small applied voltage (VCB =0.25 V) the base-collector 
delay time practically does not depend on the collector 
current density, resulting from the extension of the over- 
shoot region into the second lightly-doped n—layer even 
under the low collector current density (the satellite val- 
leys are populated only near the subcollector layer). 

The dependencies of the base-collector delay time on 
the applied collector-base voltage for conventional and 

proposed HBTs are presented in Fig.5. It is seen that 
the base-collector delay time of proposed HBT is approx- 
imately 40% less than that of conventional HBT in the 
range of applied voltage VCB from 0.25 V to 1.5 V. This 
makes essential contribution to reduction of the total de- 
lay time for HBT with sub-picosecond delay. For both 
HBT designs, the base-collector delay time increases with 
increasing VCB, resulting from the electron scattering 
into low velocity satellite valleys in the collector. 

The presented results show that the low collector-base 
voltage is the best condition for high-frequency opera- 
tion of the InP/InGaAs HBTs (this fact for HBT with 
standard n — n+ collector structure was also observed 
in [7]). At the same time, the high collector bias is re- 
quired for many high-frequency applications of HBT. In 
this connection it should be noted that proposed collec- 
tor structure has an important side benefit. Varying the 
sheet density of acceptors in p+ collector layer and its 
position it is possible to adjust the HBT structure in or- 
der to obtain the ultimate speed of HBT at the desired 
range of applied voltages. To optimize the structure of 
proposed HBT to high voltage operation we increase the 
concentration of acceptors in p+ layer from 1 x 1018 cm~3 

to 1.5 x 1018 cm-3 and shift its position to subcollector 
(the distance between the base and p+ layer is equal 
to 0.2ßtn). The increase of the acceptor concentration 
leads to increase of the electric field between p+ layer 
and subcollector and hence to increase of the collector 
bias corresponding to near-ballistic transport in the first 
lightly-doped layer.    The base-collector delay time for 

- 
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conventional and optimized proposed HBTs as functions 

of the collector bias are presented in Fig.6. As seen, the 

proposed HBT has very small transit delay time even 

under the high applied voltage. 
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Fig.5 Dependencies of the base-collector delay time on the 

collector-base voltage for proposed and conventional 

HBTs. 
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Conclusions 

In conclusion, a new InP/InGaAs HBT structure with 

an i — p+ — i — n+ doping profile of collector region is 

presented. Nonequilibrium electron transport phenom- 

ena in the base-collector junction is investigated for stan- 

dard and proposed collector structures by using Monte 

Carlo particle simulation. It is found that implementa- 

tion of the proposed i — p+ — i — n+ collector structure 

essentially reduces the value of the collector transit delay 

time in comparison with conventional HBT. In addition, 

the proposed HBT structure is adaptable to operation 

conditions and can be easy adjusted at desired range of 

the collector-base voltage and collector current density. 
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Abstract 

The DC and small-signal microwave performance of InAlAs/InGaAs single HBT's (SHBT's) used for 
large-bandwidth monolithically integrated transimpedance amplifiers is characterized based on a new HBT 
model built in SPICE. Several effects observed from InGaAs SHBT's, which are not accounted for in the 
conventional Gummel-Poon BJT model, are modeled through a macromodeling approach. The developed 
HBT model accompanied by a detailed parameter-extraction process predicts accurately measured DC 
and AC characteristics of the HBT's and transimpedance amplifiers. 

Introduction 
InP-based HBT's have been widely used in high-speed 

monolithically integrated optoelectronic circuits due to 
their ultra-fast performance and compatibility with 1.3- 
1.55 pm lightwave communication systems [1-3]. For a 
detailed performance analysis and optimization of these 
circuits, it is essential to develop a unified HBT model 
which is valid over a wide range of operating conditions. 
So far, the efforts of developing such a model based on 
modern CAD tools such as SPICE and LIBRA have 
been mainly focused on more widely used GaAs-based 
HBT's [4-6]. However, such efforts for HBT's based on 
InP/InGaAs/InAlAs material systems have not been as 
extensive as GaAs-based HBT's. 

In this paper, we present a SPICE-based model and 
characterization results of InAlAs/InGaAs SHBT's used 
for high-bandwidth integrated transimpedance ampli- 
fiers. The model accounts for typical soft break- 
down and forward transit-time delay effects of InGaAs 
SHBT's by combining relevant equivalent-circuit ele- 
ments with the Gummel-Poon BJT model available 
in SPICE. The performance of 2- and 3-stage mono- 
lithically integrated transimpedance amplifiers, which 
demonstrate a transimpedance gain of 42-48 dBfi and a 
-3 dB bandwith of 17-19 GHz, was also analyzed based 
on the developed model. 

Device Performance 
Fig.'s 1 and 2 show the DC input and output   char- 
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Figure 1:   Measured and calculated forward Gummel 
plot of the InAlAs/InGaAs SHBT. 

acteristics of a 5 pm x 5 fim emitter InAlAs/InGaAs 
SHBT. The structure was grown by molecular beam 
epitaxy (MBE) and processed using our self-aligned 
emitter-base mesa process. The thickness of the un- 
doped InGaAs pre-collector was optimized to be 6000 
A for use of the InGaAs base-collector junction as a p- 
i-n photodiode in a shared layer integration scheme of 
PIN-HBT photoreceivers for 10 to 20 Gbit/s applica- 
tions [2,3]. The frequency response of the device ob- 
tained from measured S-parameters from 1 to 26.5 GHz 
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Figure 2:    Measured  and calculated common-emitter 
output characteristics of the InAlAs/InGaAs SHBT un- 
der constant IB conditions. 

is shown in Fig. 3. The device demonstrates maxi- 
mum current and power gain cutoff frquencies, fo and 
/m.«(cm«), of 67 GHz and 90 GHz at Ic = 10 mA and 
VCE = 2 V, respectively. 

HBT Model and Parameter Extraction 

The HBT model was developed based on the 
Gummel-Poon BJT model available in SPICE (Fig. 4). 
In order to account for the typical soft-breakdown char- 
acteristics of InGaAs-based SHBT's [7,8] shown in Fig. 
2, a feedback current source, IFB, is connected exter- 
nally across the base-collector junction. This current 
source, which represents the generation and amplifica- 
tion of carriers across the reverse biased InGaAs junc- 
tion in the forward active mode, is implemented using a 
polynomial current source available in SPICE as a fuc- 
tion of Ic and VCB- The relevant DC parameters of the 
intrinsic device and extrinsic elements were extracted 
through fitting to the measured DC characteristics of 

Fig.'s 1-2. 

The AC parameters including the transit time and 
depletion and diffusion junction capacitancs were ex- 
tracted next. The S-parameters measured over a wide 
range of DC bias were fitted based on the small-signal 
equivalent circuit generated by SPICE at a given DC 
bias from the HBT model shown in Fig. 4. The para- 
sitic capacitance (Cpi, Cp2) and inductance (LE, LB, 

and Lc) components introduced from the pad and in- 
terconnect metals of the test structure were also taken 
into account. The transit-time delay effect across the 
collector observed in this study when VCB exceeds ~0.9 
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Figure 3: Measured (line) and calculated (symbol) fre- 
quency response of the InAlAs/InGaAs SHBT at (a) Ic 
= 5 mA; VCE = 3 V and (b) Ic = 10 mA; VCE = 2 V. 
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Figure 4:  SPICE macro model of the InAlAs/InGaAs 

SHBT. 
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Parameter Value 
IS (A) l.OlxlO"16 

ISE (A) 1.43xl0-15 

ISC (A) 7.39xl0-12 

IKF (A) 5-OOxlO-5 

IKR (A) 5.67xl0"7 

BF 5.70 xlO1 

BR l.OOxlO-1 

NF 1.29 
NE 1.70 
NR 1.06 
NC 1.18 
NKF 9.61xl0-2 

RE (Ü) 5.00 
RB (ft) 3.00 
RC (ft) 5.00 
CJE (F) 1.20xl0-13 

CJC (F) 2.70xl0~14 

MJC 0.25 
VJC (V) 0.75 
TF(S) 1.85X10-12 

IFB (A) 5.0xlO-5IcVCS 

+3.25 xlO"4Ic VCB
2 

+5.50X10-
3
IC

2
VCB 

CDC (F) 3.0X10-
14

(VCB-0.9) 

(VCB > 0.9 V) 

Table 1: Extracted SPICE model parameters of the In- 
AlAs/InGaAs SHBT. 

V was modeled by a voltage-controlled capacitor, GDC, 

connected across the emitter-base junction. This capac- 
itor contributes to the total diffusion capacitance of the 
device when the collector transit-time delay becomes 
significant with an increase of VCB ■ 

The parameter values extracted through overall fit- 
ting and optimization procedures are summarized in 
Table I. As shown in Fig.'s 1-3, the HBT model with 
the parameter values listed in Table I predicts accu- 
rately the measured large-signal DC and small-signal 
AC characteristics over a wide bias range. 

Circuit Analysis 

The performance of fabricated transimpedance am- 
plifiers in two and three gain-stage configurations [3] 
was measured and analyzed based on the HBT model 
described previously.   The 3-stage amplifier consists of 
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Figure 5: Measured and calculated gain-frequency char- 
acteristics of the amplifiers: (a) a 3-stage amplifier and 
(b) a 2-stage amplifier. 

a feedback resistor (RF) of 610 fi and a peaking spi- 
ral inductor (Lp) of 2.5 nH in the input side, whereas 
the 2-stage amplifier consists of Rp = 140 Q. without 
Lp. The resistance and inductance values of the cir- 
cuits used in the simulation were extracted from the 
measured S-parameter data of test structures. The DC 
operating condition of the circuits is determined by a 
single supply voltage, Vcc- The measured small-signal 
gain-frequency characteristics of the two amplifiers are 
compared with the simulation results in Fig. 5. The 
only input parameter in this simulation was the DC 
supply bias Vcc- The measured total DC currents of 
transimpedance amplifiers at different supply voltages 
are shown in Fig. 6 with the SPICE simulation results. 

The results show that the simulation accurately pre- 
dicts the key performance of the circuits.  The 3-stage 
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Figure 6: Measured and calculated total DC currents of 
transimpedance amplifiers. 

amplifier exhibits a low-frequency gain of 48 dBfl. The 
peaking inductor Lp introduces a gain peak at a fre- 
quency of ~15 GHz and extends the overall -3 dB band- 
width of this circuit to 19 GHz. The gain peak of the 
amplifier is smoothened out when this amplifier is used 
in a full PIN-HBT photoreceiver circuit with inclusion 
of a photodiode [3]. The 2-stage amplifier, on the other 
hand, shows flat gain characteristics. The use of a rel- 
atively small feedback resistance in this circuit results 
in a smaller gain of 42 dBft and a relatively high band- 
width of 17 GHz, which is comparable to the 3-stage 
amplifier. The model also predicts accurately total DC 
currents flowing through the circuits as shown in Fig. 6. 
The error was found to be less than 5 percent for both 
amplifiers in a measured bias range. 

Conclusion 

The DC and microwave characteristics of In- 
AlAs/InGaAs SHBT's and monolithically integrated 
transimpedance amplifiers were analyzed based on a 
new HBT macro model implemented in SPICE. The 
model, which can account for the soft-breakdown char- 
acteristics and base-collector transit-time delay effect of 
the device, was used for full characterization of the DC 
and small-signal microwave performance of the HBT's 
and circuits. 

It was shown that the implemented model accurately 
predicts the overall performance of both the device and 
integrated transimpedance amplifiers. 
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Abstract 
The minority carrier electron mobility in the base of InP/GalnAs HBTs was measured as a 
function of temperature using a new magneto transport method. At room temperature the 
mobility was found to be as high as 3400cm2V'1 sec-1 at a base doping level of 
3.4 x\Q19 cm~3. The measured mobility was compared with calculations carried out using 
the dielectric function formalism. The dominant scattering mechanisms are ionized impurity 
scattering and coupled LO phonon-plasmon scattering. The calculations correctly predict 
the high temperature mobility. At low temperatures a Monte Carlo analysis must be 
performed to model the experimental results because the electron distribution is non- 
thermal. The momentum relaxation rate strongly depends on the electron energy due to 
the elastic nature of the coupled LO phonon-plasmon scattering at low electron energy. 

The base transit time is an important 
component of the emitter to collector delay 
time in HBTs. It is determined by the electron 
minority carrier momentum relaxation rate in 
the base [1]. In heavily doped p-type polar 
semiconductors, ionized impurity elastic 
scattering, and inelastic scattering due to the 
coupled hole gas (plasmon) LO-phonon system 
are the dominant scattering mechanisms. The 
complicated dynamic plasmon LO-phonon 
mode behavior is best described by the mutual 
valence band and lattice dielectric function 
e(q,w), and the inelastic scattering rate (in the 
Born approximation) is then obtained by 
applying the fluctuation-dissipation theorem 
[2-3]. 

Kaneto et al. have calculated the scattering rate 
and diffusion constant of electrons in p-type 
GaAs and GalnAs as a function of the base 
doping level and temperature [4]. However, 
detailed experimental data was not available for 
comparison. Here, we present measurements of 
the electron mobility in p-type GalnAs as a 
function of temperature for two different 
doping levels. The results are compared to 
theory. The most significant result for the 
purpose of device design is that the value of 
the electron mobility increases with increasing    452 

doping level, and is as high as 
3400cm2V'] sec^1 at room temperature for a 
base doping level of 3.4 x 1019 cm'3. The same 
trend of mobility enhancement with doping 
level was observed before using the zero-field 
time of flight technique [5]. An important 
conclusion is that achieving ultra high doping 
levels in the base of HBTs is not only 
important for the purpose of decreasing the 
base spreading resistance, but also for 
shortening the base transit time to improve the 
high frequency performance. 

Fig. 1. Schematic diagram of the experimental 
setup. 



The measurements were carried out using a 
new and simple DC method [6] which consists 
of measuring the gain of the HBT as a function 
of a magnetic field applied perpendicular to the 
direction of the current flow, as shown 
schematically   in   Fig. 1.   In   the   experiments 

HBTs with a 4400 A thick base were used. In 
such thick base HBTs, the main component of 
the base current is recombination current in the 
neutral base. Electron transport in the base is 
also clearly diffusive. The applied magnetic 
field decreases the effective diffusion constant 
of electrons in the base, and the relative change 
in the base current is proportional to the square 
of the product of the mobility and the magnetic 
field [6J. Typical experimental results are 
shown in Fig.2. 
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Fig. 2. Relative change in the base current as a 
function of the square magnetic field. 

The mobility obtained from the experiment is 
related to the drift mobility by |7|: 

U.,„,   =J n'V      TU„ (1) 

where zm(E) is the momentum relaxation time 
of an electron with a kinetic energy E. For 
example, for strongly screened ionized impurity 
scattering the mobility ratio is rLl =1.33. 

The measured and calculated electron mobility 
for two doping levels and as a function of 
temperature is given in Fig.3. Calculations 
were carried out following Kaneto et al. [8].     453 

The calculations included obtaining the 
scattering rate, momentum relaxation rate, and 
the energy relaxation rate of the electrons due 
to ionized impurity scattering and coupled LO 
phonon-plasmon scattering. Alloy scattering 
[9] was included as well. The lattice dielectric 
function is given in Ref. [10]. The parameters 
[11] used in the calculations are listed in Table 
1. 

Parameter Value 
Electron effective mass ratio 0.041 

Light hole effective mass ratio 0.051 
Heavy hole effective mass ratio 0.46 

Band nonparabolicity (eV-1) 1.167 
Alloy scattering potential (eV) 0.529 

Table 1. Summary of parameters used in the 
calculations 

Kaneto et al introduced a finite time x between 
the collisions of holes in the dielectric 
function, as an additional damping mechanism 
of the plasma oscillations [8]. This time 
constant can be estimated using \xh - qz/mh, 
where (ih is the hole mobility, q is the 
electronic charge and mh is the valence band 
effective mass. In our calculations the values of 
hjz were assumed to be 0.02, 0.035 and 0.05 
eV, corresponding to hole mobility of 120, 70 
and 50 cm2V_1 sec-1, respectively. As can be 
seen from Fig. 3, the lifetime parameter x does 
not effect the calculation at low temperatures 
and has a small effect (about 10%) in the high 
temperature range. This result indicates that at 
high hole concentrations, the dominant 
mechanism responsible for the damping of the 
hole gas collective motion, is the heavy hole to 
light hole transitions (i. e. the heavy to light 
hole transition rate is faster than the collision 
rate). 

At high temperatures the calculated mobility 
corresponds well to the measured mobility. At 
low temperatures the calculated mobility is 
higher than the measured one. The discrepancy 
can be explained if the injected electrons are 
not in thermal equilibrium with the lattice. 
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Fig. 3 Measured and calculated mobility versus temperature. The doping concentrations are (a) 
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0.05eV. 

Fig.   4     shows   the   energy  relaxation   rate 
„IdE 

dt 
and   the   momentum  relaxation   rate 

I   (£)"' calculated for N  = 3.4 x 10" cm"3 at 

T - 20° K. Note that the energy relaxation 
time is short in comparison with typical base 
transit times. 454 

Electrons which are injected from the emitter 
into the base having high kinetic energy do not 
have sufficient time to thermalize, and 
therefore experience higher momentum 
relaxation rate then the thermalized electrons 
assumed in the calculations. 
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Finally, we note that for non-elastic scattering 
mechanisms the relaxation time approximation 
is not valid. The mobility can be calculated in 
this case using Rode's iterative method [12]. 
We have found that the mobility calculated 
using Rode's method is very close (within 1%) 
to the value calculated using the relaxation 
time approximation. This result indicates that 
the LO phonon-plasmon scattering in heavily 
doped Gain As is nearly elastic for thermal 
electrons, as is also evident from the low 
energy relaxation rates. 

In conclusion, the electron mobility in the base 
of npn InP/GalnAs HBTs was measured as a 
function of temperature at two doping levels. It 
was found that the value of the electron 
mobility increases with increasing doping level, 
and is as high as 3400cm2V~' sec"1 at room 
temperature for a base doping level of 
3.4 xlO19 cm~3. The results were compared 
with a theoretical model based on the dielectric 
function formalism. The model predicts well 
the experimental results at high temperatures. 
At low temperatures the calculated mobility is 
higher than the measured results. The 
discrepancy may be a result of non equilibrium 
transport at low temperatures. A monte carlo 
analysis is therefore needed to model the low 
temperature experiments. 
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Graded-GaAsi.xPx Base in Heterojunction Bipolar Transistors 
with InGaP Emitters 

ThP23 

Michio Ohkubo, Nariaki Ikeda and Takao Ninomiya 

Yokohama R&D Lab., The Furukawa Electric Co., Ltd. 
2-4-3 Okano, Nishi-ku, Yokohama 220, Japan 

We have fabricated the graded-GaAsP base HBTs with InGaP emitters for the first time. It 
was confirmed that heavily carbon-doping into GaAsP, as well as GaAs, could be realized by 
using MOCVD. The measured current gain was as high as over 100 at a collector current 
density (Jc) of 3x104A/cm2. Furthermore, compared with the uniform-GaAs base HBTs, 
current-gain enhancement due to the built-in field in the base of the graded-base HBTs was 
also confirmed in a range of Jc=lxl02A/cm2 to 3xl04A/cm2. 

I.  Introduction 

State-of-the-art carbon-doped-base AlGaAs/GaAs 
heterojunction bipolar transistors (HBTs) have exhibited 
excellent device and circuit performance due to effective 
hole confinement in the heavily doped base. Recently, 
there has been increasing interest in the replacement of 
commonly used AlGaAs emitters with InGaP. Some 
advantages of the InGaP/GaAs system have been 
demonstrated, such as high etching selectivity between 
GaAs and InGaP [1] for high process yield and 
formation of a sharp p-n junction at the GaAs/InGaP 
interface [2] for low base leakage current. 

In this system, the candidates for the graded-base 
structure lattice-matched to GaAs are InGaAsP and 
conventional AlGaAs. However, InGaAsP layers suffer 
from the immiscible phenomena [3J under the low 
temperature growth for the carbon-doping. On the other 
hand, Al incorporation into carbon-doped GaAs is 
supposed to degrade crystalline quality by the reaction 
with oxygen. Another feasible candidate is strained 
system which was successfully demonstrated in 
InP/InxGa,_xAs (X=0.53=>0.46) HBTs. Therefore, we 
have selected a tensile strained graded-GaAsP layer for 
the graded-base structure. 

This report describes the first fabrication of graded- 
GaAsP base HBTs with InGaP emitters grown by 
MOCVD and characteristics in comparison with 
uniform-base GaAs HBTs. 

II.  Carbon-doping  into  GaAsP 

Carbon (C) is the most promising p-type dopant for 
the practical application of HBTs since its diffusion 
coefficient is smaller than that of any other dopant. 
Several carbon sources for the carbon-doped GaAs by 
MOCVD have been reported, such as carbon 
tetrachloride (CCI4) [5] and the methyl group of 
trimethylgallium (TMGa) [6J. Recently, devices having 
good characteristics have been reported using CC14 as 
the carbon dopant [7], however, it is now difficult to 
use this since the production of this source is prohibited 
until 1995, because of its environmental problems, 
such as the ozone hole. On the other hand, the method 
using the methyl group of TMGa as the carbon source 
under reduced temperature with low V/III supply ratio is 
the simplest technique. By using this method, carbon- 
doping into GaAsP could be supposed to be available 
when P is added to As for the group V source. 

Carbon-doped GaAsP layers were grown by low- 
pressure MOCVD with a vertical reactor. For the 
growth of the Carbon-doped GaAsP layer, source gases 
were TMGa for the group III and AsH3 and PH, for the 
group V. The growth temperature was 600°C, which 
was measured by the thermocouple in the susceptor. 

Figure 1 shows the hole concentration of GaAs and 
GaAsP as a function of the effective V/III ratio. As the 
decomposition efficiency of PH3 is much poorer than 
that of AsH3, the effective V/III ratio (V/III) is defined 
by the next expression; 
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VIIII =[AsHJ /[TMGa]/(l-X), (1) 

where [AsH3] and [TMGa) are the supply rate of AsH3 

and TMGa respectively, X is the composition of P in 
the GaAsP layers, which was measured by X-ray 
diffractometry and Photoluminescence. As can be seen, 
C-doping into both materials is possible at hole 
concentration in excess of lxl019crrr3. Also, hole 
concentration of both materials was easily controlled by 
the VIIII ratio. 
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Ü 
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Fig. 1. Hole concentration as a function of the effective 
V/III ratio. 
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Fig.  2.  Hole mobility as a function  of the hole 
concentration. 

Figure 2 shows the hole mobility of GaAs and 
GaAsP as a function of the hole concentration. It is 
noted that the mobility of both materials was almost 
equal, which indicates that the base resistance have no 
difference between both materials at the same hole 
concentration. 

III. Epitaxial Layer Structure And Device 
Fabrication 

The MOCVD grown epitaxial layer structure for the 
emitter-up HBT is shown in Table 1. 

Table 1. Epitaxial layer structure of graded-GaAsP base 
HBT. 

Layer Material Thickness(nm)     Doping(cnr3) 

Cap n*-GaAs 100 >5x1018 

n'-lnGaP 50 3x10,B 

Emitter N-lnGaP 200 5x10" 
Base p"-GaAs,.xPx 

(X=0=>0.09) 
60 3x1019 

Collector n-GaAs 500 <1x1016 

Subcollector n*-GaAs 500 1x10" 

The growth temperature was 600°C for the base layer, 
and the other layers was under 680°C. The collector 
layer was 500nm-thick unintentionally doped GaAs 
(n<lxl016cm3). The thickness of compositionally 
graded-GaAsi_xPx (X=0=*0.09) base layer (WB) was 
60nm, which is designed as less than the critical 
thickness predicted by the Matthews and Blakeslee 
model [8], with C-doped to p=3xl0,9cnr3 on the GaAs 
collector. The graded bandgap in the base (AEG) was 
0.1 leV, means the built-in field (AEG/WB) for the 
electrons in the graded-base is as about 18kV/cm. The 
hole concentration was directly confirmed by the van der 
Pauw hall measurement. The InGaP emitter layer was 
200nm-thick with Si doped to n=5xl0!7cnr3. 

E +7 

E +6, 

E +5 

E +4 

E +3 

"   E +2 „ 

E +1 
210 290 
DEPTH  (nm) 

Fig. 3. SIMS profiles of P, As and C in the vicinity of 
the base layer. 
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Figure 3 shows the SIMS profiles of P, As and C 
in the vicinity of the base layer. As can been seen, the 
C-doped graded-GaAsP base structure was realized. For 
characteristics comparison, we have also grown the 
conventional uniform-GaAs base (p=3xl019cm3) HBT 
epi-wafer which have the same emitter and collector 
structure. 

After epitaxial growth, both type of HBT devices 
were fabricated by the same process. Emitter mesas 
with 11 Oxl 10|J.m2 and 12xl2|j.m2 area were formed by 
wet chemical selective etching process. The devices 
employed Ti/Au non-alloyed contact to base layers and 
AuGe/Au alloyed contact to emitter cap and 
subcollector layers. 

IV. Band  Discontinuity  At Emitter/Base 
Heterojunction 

To investigate the band discontinuity of the 
InGaP/GaAsP(GaAs)/GaAs system shown in Fig. 4, 
we have compared the turn-on voltage of the collector 
current between the graded-GaAsP base HBTs and the 
uniform-GaAs base HBTs. 

I      GaAsP(GaAs) Base 

qAVoN 

InGaP Emitter I AEg,GB-UB 

Fig. 4. Schematic band diagram of InGaP/graded-GaAsP 
and InGaP/uniform-GaAs system. 

Figure 5 shows the Gummel plot of the collector 
current (IC) of the uniform-base InGaP/GaAs HBT and 
graded-base InGaP/GaAsP HBT. When defining the 
turn-on voltage by the emitter-base voltage (VB) at a 
collector current of lxlO"5A, the turn-on voltage of 
InGaP/GaAs HBT was smaller than that of 
InGaP/GaAsP HBT. 

Assuming that thermionic electrons from the 
emitter are injected into the base and diffuse toward the 
collector [9], the turn-on voltage difference (AV0N) 
measured as 0.06V is roughly attributed to the 
difference in valence band discontinuity (AEV UB.GR) 

between InGaP/GaAs091P009 and InGaP/GaAs, which 
is given by 

AV
ON    -A

E
G,GB-UB - AEC_UB_GB 

. iOOO/dlv      (  V) 
l.SOO 

Fig. 5. Gummel plot of the collector current of graded- 
GaAsP base HBT and uniform-GaAs base HBT. 

where AEC UB_GB is the difference in conduction band 
discontinuity    between InGaP/GaAs    and 
InGaP/GaAs091P0 09, AEG GB.UB is the bandgap 
difference between GaAs and GaAs()9IP()09. As AEGGB. 
UB is 0.1 leV, the AEV/AEC ratio of a hypothetical 
GaAs091P009/GaAs heterojunction is calculated as 
about 0.5, which is a little larger than that of the 
theoretical prediction utilizing the strain dependent band 
offset model of Anderson and Jones [10]. 

V.  Device  Performance 

Figure 6 shows the common emitter I-V 
characteristics of the graded-GaAsP HBT with 
HOxllOjim2 emitter area. The measured current gain 
was 73 at a collector current density of 700A/cm2 with 
a small offset voltage of 0.15 V. 

Fig. 6. Common emitter I-V characteristics of the 
graded-GaAsP HBT. 
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Fig. 7. Collector current dependencies of the current 
gain of the uniform-GaAs and the graded-GaAsP HBTs. 

Figure 7 shows the collector current dependencies of 
the current gain for the 12xl2^tm2 emitter area HBTs. 

The current gain of the graded-base HBT increased as 
high as over 100 at a collector current density (Jc) of 
3xl04A/cm2. Furthermore, current-gain enhancement 
due to the built-in field compared with the uniform-base 
HBT was confirmed in a range of Jc=lxl02A/cm2 to 

3xl04A/cm2. These results show the strained GaAsP- 
graded base structure is promising for the practical 
application. 
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VI.   Conclusion 

First fabrication of the tensile strained graded-GaAsP 

base HBTs with InGaP emitters was successfully 

demonstrated. It was confirmed that heavily carbon- 
doping into MOCVD grown GaAsP layer, as well as 
GaAs, was controlled by the V/III ratio. Compared to 

the uniform-GaAs base HBTs, it was also confirmed 
that, for the GaAsP/GaAs system, the AEV/AEC ratio 

was about 0.5, which was derived from the Gummel 

plot of the collector current. Current-gain enhancement 
due to the built-in field compared with the uniform-base 
HBTs was also confirmed in a range of Jc=lxl02A/cm2 

to 3xl04A/cm2. 
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Reliability Analysis of InP-based HBTs 
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The reliability of InP-based heterojunction bipolar transistors (HBTs) with AuGe/Ni alloyed ohmic 
electrodes, which are widely used for n-type ohmic contacts, was investigated. Scanning electron 
microscopy (SEM) has revealed that the failure mechanism of InP-based HBTs is the diffusion of 
alloyed electrodes into the GalnAs layer. The activation energy was 0.50 eV. We examined 
non-alloyed electrodes (Pt/Ti/Pt/Au) for n-type ohmic contacts to improve the reliability of InP-based 
HBTs. By transmission electron microscopy (TEM) and X-ray diffraction (XRD), the existence of an 
indium-platinum (In-Pt) layer was observed at the interface between the electrodes and the expitaxial 
layer. The diffusion was suppressed by this layer and InP-based HBTs with non-alloyed electrodes 
exhibited stable characteristics under temperature stress. 

ThP25 

Introduction 

InP-based heterojunction bipolar transistors (HBTs) 
are advantageous in terms of high-frequency performance 
and low power consumption, which are related to good 
properties of GalnAs, compared with GaAs-based HBTs. 
In the last several years, the reduction of base resistance 
and base-collector capacitance has been examined to 
realize the higher performance, and high-speed HBTs for 
multigigabit-per-second lightwave communication 
systems have been demonstrated (1). While attention has 
been focused on the performance of InP-based HBTs, few 
data on the reliability of InP-based HBTs have been 
reported(2)-(3). The reliability analysis will become one of 
the major concerns as the development of InP-based 
HBTs enters the phase of improvement for practical use. 

As the development of GaAs-based HBTs advances, it 
has become clear that the degradation of GaAs-based 
HBTs is primarily caused by the diffusion of beryllium 
(Be) as a base dopant. Recently HBTs with a base dopant 
of carbon, of which the diffusion coefficient is smaller 
than that of Be, have been actively developed <4).  In 

Table 1. Epitaxial structure of GalnAs/InP HBT. 

Layer Material Doping 
(cm-3) 

Thickness 
(nm) 

Emitter Cap n-GalnAs 4xl018 400 

Emitter n-InP 4xl018 10 

Base p-GalnAs 8xl018 100 

Collector n-GalnAs 5xl016 500 

Subcollector n-GalnAs 1 x 1019 300 

Substrate Sl-InP - - 

InP-based HBTs, it is suggested that the degradation of 
the HBTs is due to the base p-dopant diffusion and the 
generation of hot electrons at the base-collector junction<3). 
However, details of failure mechanisms have not been 
fully analyzed yet. 

In this paper, we show for the first time the failure 
mechanism of InP-based HBTs, which is related to 
alloyed electrodes widely used for n-type ohmic contacts. 
We also report that Pt/Ti/Pt/Au non-alloyed electrodes for 
n-type ohmic contacts substantially improve the reliability 
of InP-based HBTs. 

Experiments 

The epitaxial layer structure and the schematic view of 
the transistor are shown in Table 1 and Fig. 1, 
respectively. The transistor has the conventional mesa 
structure with non-self-aligned ohmic electrodes. The 
n-InP emitter layer also acts as a passivation of the 
extrinsic base surface to reduce the surface recombination 
current <6). HBTs were grown by organometallic vapor 

SiN Film 

n-InP Emitter 

n-ohmic Electrode 

n-GalnAs Contact 

p-ohrnic Electrode 

p-GalnAs Base 

n-GalnAs Collector 
n-ohmic Electrode 

n+-GalnAs Sub-Collector 

Fig. 1. Schematic cross-section of GalnAs/InP 
HBT. 
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phase epitaxy (OMVPE) on a semi-insulating InP 
substrate. The growth temperature was 650 "C. Triethyl- 
gallium (TEG), trimethylindium (TMI), arsine (AsH3), 
and phosphine (PH3) were used as source materials. 
Diethylzinc (DEZ) and Disilane (Si2H6) were used as 
p-type and n-type dopants, respectively. HBT mesa was 
formed by wet chemical etching. The emitter mesa 
dimensions of HBTs were 5x5 n m2. SiN films for 
passivation were deposited, and the electrodes were 
formed by lift-off technique. AuGe (100 nm)/Ni (30 nm) 
and Pt (20 nm)/Ti (20 nm)/Pt (20 nm)/Au (100 nm) were 
used for n-type and p-type ohmic electrodes, respectively. 
Ohmic electrodes were annealed at 400 "C for 1 min. 

The lifetest of HBTs has been carried out at 250 °C 
ambient with a collector current density of 10" A/cm2. The 
measurement of HBTs was performed at room 
temperature. 

Results and Discussions 

Gummel plots before and after the lifetest are shown 
in Fig. 2. The post-stress Gummel plots were measured 
after a 500-hour lifetest. The result shows that the emitter 
and collector are electrically shorted under the stress. 

0       0.2     0.4     0.6    0.8      1.0 
Vce (V) 

Fig. 2. Gummel plots of GalnAs/InP HBT with 
AuGe/Ni n-ohmic electrodes before and after 
250 °C lifetest. 

Fig. 3 shows the cross-sectional view of an SEM 
micrograph of the emitter region after 250 °C storage for 
2700 hours. It is clear that penetration of n-ohmic 
electrodes (AuGe/Ni) through HBTs layers, which was 
not observed before the storage, occurred. The occurrence 
of such wide diffusion on GaAs-based HBTs has not been 
reported. It causes a short-circuit when the emitter metals 
reach the collector layer. 

In order to obtain an activation energy of the diffusion, 
lifetest data were taken at 225 and 250 V,. We defined 3 

% variation of the turn-on voltage as a failure criterion, 
and plotted the data as shown in Fig. 4. The activation 
energy of 0.50 eV was obtained from this plot. It is 
reported that the activation energy of Au diffusion in InP 
is 0.48 eV(7) and the intermixing of Au and In progresses 
at high temperature for Au/GalnAs contacts C8)' <9)t (l0). 
Therefore, this penetration of electrodes is considered the 
diffusion of Au into the epitaxial layers. 

^1P£ 

945746 15KU X30,000    16mm 

Fig. 3. SEM micrograph of GalnAs/InP HBT with 
AuGe/Ni n-ohmic electrodes after 250 t storage. 

The key point to improve the reliability is the 
suppression of such diffusion. We investigated 
non-alloyed metals for n-type ohmic electrodes to 
suppress the diffusion. The structure of non-alloyed 
electrodes was Pt (20 nm)/Ti (20 nm)/Pt (20 nm)/Au (100 
nm). The changes in contact resistances of AuGe/Ni and 
Pt/Ti/Pt/Au with time at 250 V are shown in Fig. 5. The 
ohmic contact resistance was obtained by the transmission 
line method (TLM) and 4 probe current-voltage technique 

10 llll Ill I I I  I   I   I    I I I U 

400 200        100 0 
Temperature f C) 

Fig. 4.   Arrhenius plot for GalnAs/InP HBT with 
AuGe/Ni n-ohmic electrodes at Ic=104A/cm2. 
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at room temperature. The initial contact resistances of 
AuGe/Ni and Pt/Ti/Pt/Au are 0.01 Cl mm and 0.04 n 
mm, respectively. It is found that the contact resistances 
of alloyed electrodes increase drastically at 500 hours. On 
the other hand, the contact resistances of non-alloyed 
electrodes show little change for 2700 hours. This result 
indicates that n-type non-alloyed ohmic contacts are 
thermally stable. 
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Fig.  6.  TEM micrograph of Pt/Ti/Pt/Au n-ohmic 
electrode on GalnAs/InP structure after 250  "C 
storage. 
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Fig. 5. N-ohmic contact resistance variation with 
time in 250 °C storage. 

The microstructure of non-alloyed electrodes was 
investigated by TEM and XRD. Pt/Ti/Pt/Au evaporated 
on the HBT structure were used for TEM samples. These 
samples were stored at 250 °C for 168 hours. In this 
investigation, there was no difference between pre-storage 
and post-storage samples. The TEM micrograph after the 
storage is shown in Fig. 6. The existence of an In-Pt layer 
was observed at the interface. This layer must suppress 
the diffusion of electrodes into epitaxial layers under high 
temperature stress. 

345751   15KU- X30,000 16mm 

Fig. 7. SEM micrograph of GalnAs/InP HBT with 
Pt/Ti/Pt/Au n-ohmic electrodes after 250 °C storage. 

HBTs were fabricated using Pt/Ti/Pt/Au for n-type 
ohmic contacts and were examined under high 
temperature stress. Fig. 7 shows the cross-sectional view 
of an SEM micrograph of the emitter region after a 
2700-hour storage at 250 °C . The wide diffusion of 
electrodes into epitaxial layers as shown in Fig. 3 was not 
observed. 

Fig. 8 shows Gummel plots of HBTs with non-alloyed 
electrodes before and after the storage. While Gummel 
plots of HBTs with alloyed electrodes showed drastic 
changes as shown in Fig. 2, those of HBTs with 
non-alloyed electrodes showed little change for 2700 
hours. This indicates that non-alloyed ohmic electrodes 
are very effective for improvement of InP-based HBT 
reliability". 
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Fig. 8. Gummel plots of GalnAs/InP HBT with 
Pt/Ti/Pt/Au n-ohmic electrodes before and after 
250 °C storage. 

Summary 

We have reported the reliability analysis of InP-based 
HBTs. SEM has revealed that the failure mechanism of 
InP-based HBTs is the wide diffusion of alloyed electrodes 
into the GalnAs layer. The activation energy of 0.50 eV 
was obtained by the lifetest. We also investigated 
Pt/Ti/Pt/Au non-alloyed electrodes for n-type ohmic 
contacts to improve the reliability of InP-based HBTs. 
TEM observation has found that the In-Pt layer existed at 
the interface and suppressed the metal diffusion. As the 
250 °C storage test of InP-based HBTs with the non- 
alloyed ohmic electrodes was carried out, the devices 
exhibited stable characteristics. This indicates that non- 
alloyed ohmic electrodes of Pt/Ti/Pt/Au are very effective 
for improvement of InP-based HBT reliability. 
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Introduction 
Vertical-cavity surface emitting lasers (VCSEL) 
exhibit a variety of desirable features including 
single longitudinal mode operation1, low 
threshold, high packing densities and high 
coupling efficiency to fibers3, which makes them 
attractive for many applications. For optical fiber 
transmission, electrically-pumped VCSELs with 
1.3-1.55 urn emission are desired, but at present, 
room temperature CW operation of those devices 
has not yet been demonstrated. However, many 
critical fabrication steps such as epitaxial growth 
of Bragg reflectors, cavity design or mesa 

Si/Si02 
3.5 periods 

GalnAsP- 
active layer 

GalnAsP/lnP 
45 periods 

Fig. 1 VCSEL structure and SEM micrograph 
of an etched mesa. The devices have a diameter 
of about 4 /urn and are 14 urn high. The pillars 
are separated by 30 /urn. 

processing can already be investigated on 
optically pumped devices4'5. We report on the 
fabrication of VCSEL mesas for 1.5 urn 
operation. The single lasers were separated by 
reactive ion etching (RIE) and 12 urn high mesas 
with diameters ranging from 3 to 100 urn were 
formed. The performance of the devices was 
studied as a function of their size. 454 

Experimental 
The VCSEL top-emitting structure consisted of 
an epitaxially grown DBR and active region with 
a dielectric Si/Si02 mirror on top. A 45-period 
stack of nominally undoped quarter wave 
GalnAsP (A,=1.42 urn) and InP layers served as 
bottom reflector with a close to ideal reflectivity 
of 99.9% . Bulk active regions consisted of 
GalnAsP (X=1.5 urn) with a thickness of one 
optical wavelength. The quantum well sample 
employed 5 compressively strained (1%) 
GalnAsP quantum wells and quaternary (X=1.3 
urn) barriers. For both samples, the entire 
structure was grown in a single epitaxial run 
using metal organic vapor phase epitaxy 
(MOVPE). 3.5 periods of Si/Si02 were deposited 
into resist openings with varying diameters. A 
NiCr-metal cap was sputtered on top to protect 
the dielectric mirror during dry etching. The top 
mirrors were shaped by a lift-off process7 and 12- 
14 urn high mesas were etched using a 
CH/Hj/Ar reactive ion etching. Finally the mesas 
were treated in an 02 plasma and the metal caps 
were removed using wet chemical etchants. An 
example of the resulting mesa shape is given in 
Fig.l. Some samples were selectively regrown 
with semi-insulating InP using hydride vapor 
phase epitaxy. The details of the regrowth 
process are published elsewhere8. 

The devices were optically pumped with the 1064 
nm line of either a mode-locked (80 ps, 80 MHz) 
or a Q-switched Nd:YAG laser (250 ns, 25 kHz). 
The laser beam was focused to a spot size 
between 10 and 40 (am, small enough to ensure 
pumping of a single mesa. The lasers were 
pumped through the Si/Si02 reflector which is 
transparent at 1 urn wavelength. The emitted light 
was collected from the same side, coupled into a 
multimode fiber and detected with an optical 
spectrum analyzer 



Results 
Lasing at room temperature was obtained for free 
standing mesas with diameters ranging from 5 to 
100 urn. Emission in a range of 1.48-1.52 urn 
was detected, depending on the lateral position on 
the wafer. 
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Fig. 2 Equivalent threshold power density for a 
circular mesa with a diameter of 30 fxm. The 
inset shows the laser spectrum with four 
transverse modes 

Fig. 2 shows the input vs output power curve for 
a free standing 30 urn diameter mesa at RT. The 
amount of reflected and absorbed pump light in 
the top mirror was determined to 40% and «30% 
respectively. Using this parameters, the 
equivalent current density axis with a threshold 
value J,h of 25 kA/cm2 was calculated. The 
equivalent threshold current density as a function 
of the mesa diameter is shown in fig. 3. The 
samples were excited either with the mode locked 
laser (filled circles) using a spotsize of 30 urn or 
the Q-switched laser and a spot size of 10 urn 
(hollow symbols). For the larger mesas, the 
threshold current density ranges from 25 to 90 
kA/cm2. In both cases JA increases rapidly, as 
soon as the mesa diameter becomes smaller than 
the spotsize which is attributed to the more 
difficult heating of the rather thin pillars. 

The properties of the regrown laser mesas were 
comparable to the free  standing laser pillars 

except for the fact, that RT-lasing was obtained 
even with the 3 um diameter devices using the 
rather long pump pulses of the Q-switched YAG 
laser. This demonstrates the improved heat 
dissipation of the regrown samples which benefits 
from the low thermal resistance of InP. To our 
knowledge, this are the smallest 1.5 
microlasers investigated so far. 
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Fig.3 Equivalent threshold current density as 
function of the mesa size. The samples were 
excited with either short (80 ps, 80 MHz) or 
long pulses (250 ns, 25 kHz) as indicated by the 
filled and hollow symbols. 

Fig. 4 depicts two input-output curves for the 5 
quantum well sample, pumped with the long 
pulses of the Q-switched YAG. The threshold 
pump power is 360 W/cm2 corresponding to a 
current density of 450 A/cm2. This very low 
value compares reasonably well with the results 
of Lin et. al. who reported a threshold current 
density of 2 kA/cm2 for 30 strained quantum 
wells . However, the lasing operation of this 
sample was rather unstable with a very low 
output power which indicates that a sufficient 
optical gain is difficult to achieve with only five 
quantum wells. 

All devices showed lasing in a single longitudinal 
mode but a number of higher order transverse 
modes occurred, when operated above threshold. 
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Typically 4 transverse modes were found in the 
spectra of the 100 and 50 urn diameter lasers. 
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Fig.4 Input-output curves for the 5 QW sample 
at 3.3%?. The sample was pumped with 250 ns 
pulses at a repetition rate of 25 kHz. 

The transverse modes were also identified in the 
near field patterns as distinct lobes with 
polarization dependent intensities (fig.5). The 
modes appeared equally separated in wavelength 
by about 0.6-0.8 nm, which complies reasonably 
well with theoretical predictions10 as well as with 
the findings on broad area devices11. The typical 
width of the laser lines just above threshold was 
between 0.15 and 0.5 nm (best value 0.11 nm) 
and increased with pumping to about 0.8 nm. The 

TEM 20 TEM 11 

Fig.5 Near field modal pattern images of the 
discriminated modes 

number of modes decreases from 4-5 to 3 or 2 
when the mesa size becomes smaller than the 
spot. An example for a four transverse mode 
structure is given in the inset of fig.2. Typically 
the single lines are 0.3-0.8 nm wide with a mode 
spacing of 0.6-0.8 nm. 

The temperature performance of the lasers was 
examined by mounting the samples on a 
temperature controlled stage. All devices operated 
up to at least 60°C, except for the 10 and 5 um 
lasers, which were limited to a operation 
temperature of below 40°C. The difficult heat 
dissipation in the thin posts in combination with 
the different temperature shift of the cavity 
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Fig. 6 Measured average threshold power vs 
temperature for mesa diameters of 100, 30 and 5 
jum. The characteristic temperatures T0 are 44, 
31 and 18 K respectively. 

resonance and the gain peak are responsible for 
the weak temperature performance of the smallest 
lasers. The larger devices (d > 50 urn) operated 
up to 80°C. The characteristic temperature T0 

was found to decrease systematically from 45 K 
to 20 K with the laser diameter as depicted in Fig. 
6. It shows, that the smallest mesas have the 
highest temperature dependence due to the more 
difficult heat dissipation. 

The emission shifted towards longer wavelength 
with temperature at a rate of 0.10-0.13 nm/°C. 
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This shift is attributed to the thermal expansion 
of the cavity and the temperature dependency of 
the refractive index and agrees well with 
previously reported results ' \ 

Summarizing the results, we have demonstrated 
photopumped RT-lasing operation of free 
standing micropost VCSELs, even when using 
the rather long pulses of a Q-switched YAG 
laser. The equivalent threshold current density 
increases with the mesa diameter as a 
consequence of the difficult heat dissipation in the 
thin posts. RT operation was achieved with 5 um 
diameter free standing mesas (80 ps pulses) and 3 
urn wide regrown mesas (250ns pulses). The 
quantum well laser showed a very low threshold 
power of 360 W/cm2 (450 kA/cm2). The 
transverse modes structure was discriminated as 
i.e. TEMoo, TEM„, TEM20 and TEM10. 
Typically 4-5 transverse modes were observed on 
30-100 urn diameter mesas. The threshold 
increases in the range beween -10 and 60°C with 
a characteristic temperature around 45 K. Several 
lasers operated up to 80°C. 
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Introduction 

We developed 680nm-band AlGalnP visible laser diodes having very low noise 
characteristics with stable self-sustained pulsation for applications such as optical data storage. 
AlGalnP visible laser diodes are expected to become the next key device in a field of optical 
disk system due to its shorter wavelength. Low relative intensity noise (RIN) is required for 
optical disk systems. Self-sustained pulsation is effective for the reduction of the noise. In the 
AlGalnP laser diodes, stable pulsating operation in the high temperature range was very 
difficult due to its low thermal conductivity. We successfully achieved the AlGalnP visible 
laser diodes with stable self-sustained pulsation and low noise in the temperature ransin" from 
20to50°C. 

Background 

680nm-band AlGalnP visible laser diodes 
having very low noise characteristics with stable self- 
sustained pulsation were developed for applications 
such as optical data storage. Earlier, self-sustained 
pulsation phenomena induced by defects were reported 
in the degraded AlGaAs/GaAs double-heterostructure 
lasers [1]. Numerous observations or calculation 
models relevant to the subject have been made, which 
are thought to be free of defects [2]-[5]. On the other 
hand, AlGalnP visible laser diodes are expected to 
become the next key device in a field of optical disk 
system due to its shorter wavelength [6]. Low RIN 
is required for optical disk systems. Self-sustained 
pulsation is effective for the reduction of the noise 
because of the suppression of mode competition 
noise in multi-longitudinal mode oscillation. 
Although the AlGalnP laser diodes with self- 

CAPPING LAYER CURRENT 
'BLOCKING 

LAYER 

CLADDING LAYERS -ACTIVE 

SUBSTRATE 
LAYER 

Fig. 1 Schematic cross section of the 
transverse-mode stabilized AlGalnP 
visible laser diodes. Ridge structure 
with current blocking layer control the 
optical transverse-mode distribution and 
current injection area at the same time. 

sustained pulsation was reported before [7], [8], 
stable operation in the high temperature range was 
very difficult in AlGalnP systems due to its low 
thermal conductivity. The control of the structure 
parameters such as stripe width or refractive index 
step of the ridge stripe is very severe for producing 
the stably pulsating laser diodes. We successfully 
achieved die AlGalnP visible laser diodes with stable 
self-sustained pulsation and low noise in the 
temperature ranging from 20 to 50°C. 
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Device   Fabrication 

We have employed transverse-mode stabilized 
laser diodes which have a ridge stripe structure. 
Schematic diagram of the transverse-mode stabilized 
structure is shown in Fig. 1. The epitaxial growth 
for the laser structure was carried out on (100) n- 
GaAs (n=2xl018cnr3) by low pressure MOVPE. A 
double heterostructure consists of the following 
layers: an n-GaAs buffer layer (0.3|im, n=lxl018cnr 
3), an n-(Alo.7Gao.3)o.5lIno.49P cladding layer 
(l.lum, n=5xl017cm'3), an undoped Gao.5iIno.49P 
active layer (600Ä), a first p- 
(Alo.7Gao.3)o.51In0.49p cladding layer 
(p=3xl017cnr3), a p-Gao.5iIno.49P etch stop layer 
(90Ä), a second p-(Alo.7Gao.3)0.5lIno.49P cladding 
layer (0.9um, p=5xl017cnr3), a p-Gao.5iIno.49P 
layer (500Ä, p=lxl018cnr3), and ap-GaAs capping 
layer (0.2um, p=5xl018cm"3). The thickness of 
first p-cladding layer is defined as h um. In order to 
stabilize the optical transverse mode, mesa stripe was 
fabricated in the [0-11] direction. To fabricate the 
ridge structure, firstly, an acetic acid is applied. 
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Fig. 2 Time evolution of output power of 
three types of laser diodes. A and C show 
the relaxation, B shows pulsation. 

0.0      2.0      4.0      6.0       8.0 
OUTPUT POWER (mW) 

Fig. 3   Pulsation frequency and operation 
current with various output power. 
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Fig. 4 Relative intensity noise (RIN) with 
various temperature ranging from 20 to 50 
°C. Thickness h are 0.25ixm in sample A, 
0.33|j.m in sample B, and 0.33|im in 
sample C, respectively. The measurement 
was done at output power of 3.0mW. 

Secondly, sulfuric acid is applied to etch 
preferentially. The acetic acid has the effect to 
sharpen the form of ridge structure. The mesa was 
selectively buried by an n-GaAs current blocking 
layer (0.5(im, n=3xl0^cm"3). Finally, a p-GaAs 
contact layer (~3.0(xm, p=5xl01°cm~3) was 
overgrown. The control of refractive index step 
between inside and outside of the ridge stripe is 
important to produce the pulsation because of its 
great influence on optical transverse mode profile [9]. 
The refractive index step was controlled by the 
thickness h of the layer between the current blocking 
layer and active layer. The refractive index step is 
reduced as h increases. We fabricated lasers with 
three different structures. The thickness h of sample 
A, B and C are 0.25, 0.33 and 0.38|0.m, and the built- 
in refractive index steps are calculated to be 6.6x10" 
3, 3.4x10" 3 and 1.2x10"^, respectively. The width 
of the ridge stripe was 3.8|j.m at the bottom, and the 
cavity length was 350iim. 
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Results   and   Discussions 

The threshold currents of samples A, B and C 
were 36, 40 and 50mA, respectively. The difference 
of threshold currents is due to the difference in optical 
confinement. Time evolution of output power is 
shown in Fig. 2. The relaxation oscillation 
characteristics were found in sample A and C. 
Sample B, however, shows the self-sustained 
pulsation phenomena with a frequency of 0.44GHz. 
The pulsation frequency and operation current are 
shown in Fig. 3. The frequency changed in 
accordance with the injection current. Although the 
small refractive index step is effective for the self- 
sustained pulsation [9], the pulsation phenomena 
could not be observed in the sample C. The RIN 
was measured under the output power of 3mW and 
external feedback light of 0.1%. The measurement 
was done at the frequency of 2.5MHz (Af=30KHz). 
The results for various thickness h in the temperature 
raging from 20 to 50°C are shown in Fig. 4. In the 
condition that h=0.25u,m, mode competition noise is 
obviously found. In h=0.33u.m, low noise 
characteristics was realized in the high temperature 
range. Built-in refractive index step and RIN with 
various thickness h are shown in Fig. 5. The error 
bars show the range of RIN in the temperature range. 
The RIN became minimum at the refractive index 
step of 3.4xl0-3. In the sample B, the RIN was as 
low as -136dB/Hz in the temperature ranging from 20 
to 50°C. Life-testing results for sample B at 50°C 
under the output power of 5mW are shown in Fig. 6. 
Good longevity was confirmed. The low RIN value 

and the low degradation rate indicate that the laser 
diode, sample B, is suitable for practical use as a 
light source of the optical disk systems. 

In the sample C (h=0.38|im), sustained 
pulsation was not observed. This is attributed to the 
current spreading toward outside of the ridge stripe. 
The approximate equation of the injection current 
density profile in the active layer J(x) is assumed to 
be 

f(x) = JQ exp 
"   /1 \ cosh(fct)-l" 

. n\2/cosh(MV)-l_ 
(1) 

h 
(2) 

where Jo is the maximum current density, x is the 
position along the junction plane. The parameter b 
stands for the current spreading in the layer [10]. The 
assumed injection current density profile along the 
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Fig. 5 Built-in refractive index step and 
relative intensity noise (RIN) with 
various thickness h of the p-type 
AlGalnP first cladding layer under the n- 
GaAs current blocking layer. The RIN 
was measured in the temperature 
ranging from 20 to 50°C. 

Fig. 6 Life-testing results for sample B 
(h=0.33Lim) at 50°C under a constant 
power of 5mW. 
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Fig. 8 Near field pattern of output power 
at the cavity facet of the lasers. 

junction plane in case of h=0.38|im is shown in Fig. 
7. Straight line shows the profile in h=0|j.m. It is 
found that the current spreading is occurred in the 
first p-cladding layer. To confirm that effect, near 
field patterns of output power at the cavity facet were 
measured as shown in Fig. 8. In fact, the differences 
of the near field patterns were found between three 
types of lasers. The area of saturable absorbing 
region is reduced by carrier injection outside the ridge 
stripe. This indicates that the designing of thickness 
h is very important for pulsating lasers. As a result 
of the optimum designing, self-sustained pulsation 
was successfully attained in sample B with thickness 
h of 0.33(j.m and the ridge stripe width of 3.8pm at 
the bottom. 

Conclusion 

In conclusion, high reliable 680nm-band 
AlGalnP visible laser diodes with stable self- 
sustained pulsation were successfully fabricated by 
designing the thickness h of 0.33nm. The lasers 
achieved RIN of as low as -136dB/Hz in the 
temperature ranging from 20 to 50°C under the 
output power of 3mW. 
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Introduction 
GalnAs/GalnP strained quantum well lasers 

emitting at 0.98 pm. wavelength region are 
considered to be one of the best candidates for 
optical pumping sources of Er3+ doped optical fiber 
amplifier because of its low noise amplified 
characteristics and low power consumption 
operation. However in this type of laser, a sudden 
failure by COD took place frequently during the 
operation [l]-[5], which restricted its practical use 
seriously. Therefore, it is essential to their practical 
application to remove in advance the devices in 
which COD failure would occur during the 
operation. 

The COD occurrence could be explained by the 
stress —strength model [5] ; namely, as shown 
schematically in Fig.l, due to the crystalline 
degradation of the output facet during the 
operation, the critical power level (CPL) at which 
COD takes place will decrease with the aging time, 
and finally it will reach the output power level of a 
laser. At that point, COD will occur 
instantaneously. Therefore, it is most necessary to 
clarify this dependence of CPL on aging time in 
order to be able to predict the time of COD 
occurrence and remove the inferior devices in 
which COD would possibly occur during the use. 

For this reason, we treated this issue for the 
first time, and investigated quantitatively the 
aging time dependence of CPL with a current as a 
parameter. 

Device Structure and Fabrication 
Epitaxial layers of the laser were grown by low- 

pressure (60Torr) metal organic vapor phase 
epitaxy (MOVPE) on a (100) oriented GaAs 
substrate. Triethylgallium, trimethylaluminum, 
and trimethylindium were used as group III sources 
for GalnP, GalnAsP, and GalnAs. 
Trimethylgallium was used for GaAs. PH3 and 
ASH3 were used as group V sources. Diethylzinc 
and Si2H6 were used as a p-type and an n-type 
dopants, respectively. 

Fig.2 shows the cross-sectional view of our 0.98 
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Fig.l Stress-strength model for COD occurrence 
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Fig.2 Cross-sectional view of 
0.98 fj.m GalnAs/GalnP 
strained quantum well laser 
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//m GalnAs/GalnP strained quantum well laser 
used for the aging tests. As illustrated, it consists of 
a 0.2 fxm Si-doped GaAs buffer layer, a 1.5 pirn Si- 
doped GalnP cladding layer, a 40 A undoped 
GalnAs strained single quantum well active layer 
sandwiched by 250 A undoped GaAs and 200 A 
undoped GalnAsP optical confinement layers, a 1.5 
^m Zn-doped GalnP cladding layer, and a Zn-doped 
GaAs contact layer. 

A 5 ^m-wide ridge waveguide structure was 
then fabricated by mesa etching and deposition of 
an SiN thin film. Laser chips were 1000 /urn. long, 
and uncoated. 

Experimental Procedures 
For the experiment, we cleaved 70 laser chips 

from the same wafer, and mounted them directly on 
copper heatsinks in the p side up configuration. We 
then divided them into 10 groups (therefore one 
group had 7devices) so that every group would have 
almost the same distribution of I-L characteristics, 
and used each of the groups to measure the CPL at 
each time and current. 

Aging tests were performed under automatic 
current control (ACC) condition in the nitrogen 
atmosphere at 50 °C. 

As depicted in Fig.3, the CPL after a certain 
time of aging can be obtained by measuring the I-L 

characteristic at 50 °C, and finding the output 
power level at which COD occurs. 

Results and Discussion 
Fig.4 shows one of the results with CPL 

dependence on time. As shown, the data group of 
CPL seems to shift towards the lower level with the 
aging time, which agrees with the stress — strength 
model mentioned above. 

In order to evaluate this shift more 
quantitatively, we then introduced a statistical 
treatment in this result; in fact, analyzing the CPL 
data distribution at each time, we found that in 
Fig.4, the CPL data at each aging time could be 
considered to distribute according to the Weibull 
statistics as one example was shown in Fig.5. In this 
CPL Weibull distribution which is schematically 
shown in Fig. 6, we defined the characteristic CPL 
(CCPL) as the power level below which 100X(l-e_1) 
% (63.2%) of the total number of CPL data were 
existed. The CCPL corresponds to the scale 
parameter in the normal Weibull analysis, and it 
can be calculated easily using the Weibull function. 

We regarded CCPL as a value which 
represented the CPL distribution at each time, and 
plotted its dependence on the aging time in Fig.7 
with a current as a parameter. From this result, the 
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following facts were clarified. 

(1) At 100 H, the CCPL is almost the same 
irrespective of the current. 
(2) After 100 H, the decrease rate of CCPL with 
time becomes much larger as the current increases. 

The strong relationship between the decrease 
rate of the CCPL and the current (I), which could be 
derived from Fig.7, was represented clearly in 
Fig. 8. In this figure, we find that the decrease rate 
of CCPL increases by a factor of about 10 when the 
current increases from 275mA to 350mA. 

If we assume the decrease rate of CCPL to be 
proportional to 1° and calculate a using the least 
squares method, a large value of about 10 is 
obtained for it. Consequently, for example, if the 
operation current is 200mA (which corresponds to 
about 50mW output per facet), the decrease rate of 
CCPL is only 0.2mW/kH, so that COD would 
scarcely occur during the practical use. However, 
when the operation current increases to 300mA 
(which corresponds to about 70mW output per 
facet), the decrease rate of CCPL increases to about 
10mW/kH, so that most of the devices are predicted 
to suffer a COD failure within several thousand 
hours. 

Conclusion 
In conclusion, we investigated the aging time 

dependence of the COD of 0.98 //m GalnAs/GalnP 
strained quantum well laser based on the stress- 
strength model. Applying a statistical treatment to 
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the experimental results, we found for the first time 
that the CPL data at each aging time were 
distributed according to the Weibull statistics, and 
the decrease rate of CPL with time depended 
strongly upon the current. 

Based on these results, it will be possible to 
design a statistical method by which we can remove 
in advance the inferior devices which will possibly 
degrade due to COD within a certain period of 
operation. This is a next issue to be treated in the 
future work. 
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Abstract 

A high-speed ridge waveguide laser with undoped strained MQW active region was fabricated and char- 
acterized. The lasers demonstrated typical threshold currents of ~20 mA. The electrical impedance of the 
laser demonstrates -3 dB bandwidths >34 GHz at high bias currents, indicating that the parasitics in our 
devices are very small. The best laser demonstrated a -3 dB modulation bandwidth of 20 GHz. This is 
the highest bandwidth achieved for a ridge waveguide laser operating at 1.55 /im. 

Introduction 

A primary requirement of high speed optical fiber 
communication is a 1.55 /im laser diode with a large 
modulation bandwidth. The heterostructure of choice 
for this device is an InGaAsP compressively strained 
multiquantum well (MQW) active region and appropri- 
ate lattice matched inner and outer cladding regions and 
layers for forming ohmic contacts. The compressively 
strained quantum well active region provides a mate- 
rial with higher gain and differential gain than lattice- 
matched MQW or double-heterostructure lasers[l, 2]. 
This offsets the gain saturation to some degree and at 
the same time allows the realization of a low thresh- 
old current, lth, and high modulation bandwidth laser. 
Although the theoretically predicted modulation band- 
width in these devices, limited by material parame- 
ters, carrier dynamics and transport, can be quite high 
(~35 GHz), practical lasers have demonstrated band- 
widths of ~ 20 - 25 GHz[3, 4]. It is important to 
note that these bandwidths are obtained in buried het- 
erostructures devices with modulation doping of holes 
to modify the valence bandstructure in the gain region, 
or at cryogenic temperatures. The maximum band- 
width has been limited to 17 GHz[5] for a ridge waveg- 
uide laser but in GalnAlAs/InP strained material sys- 
tem with benefits of high conduction band discontinu- 
ity. The biggest impediment to the realization of higher 
bandwidths is thought to be the external parasitics, and 
in particular the resistance of the p-type ohmic contact. 

In this work, we have optimized the layout design and 
fabrication of InP-based single mode ridge waveguide 
lasers with compressively strained MQW separate con- 
finement heterostructure. This optimization included 
the  formation of reliable  low-resistance p-contact on 

high-quality p-type InGaAs and the reduction of para- 
sitics. A maximum modulation bandwidth of 20 GHz 
was measured at 300 K. 

Device Structure and Fabrication 

The laser diode structure, shown in Fig. 1, has a four 
period MQW active region with compressively strained 
(0.38% strain) wells and InGaAsP and InP inner and 
outer claddings, respectively, and InGaAs contact lay- 
ers grown by metalorganic chemical vapor deposition 
(MOCVD). 3 /im wide ridge waveguide lasers were fab- 
ricated using dry and wet etching. The p- and n-ohmic 
metalizations are Pt/Ti/Pt/Au and Ni/Ge/Au/Ti/Au, 
respectively. The specific contact resistance of the p- 
ohmic is expected to be less than 1 x 10~6 fl-cm2 due 
to Pt-induced Schottky barrier height reduction[6]. A 
plasma enhanced chemical vapor deposition (PECVD) 
SiOx layer 1.2/im thick is used as isolation for the in- 
terconnection metal. Thick Ti/Au (1.75 /im) was evap- 
orated to form the interconnection to the n-ohmic and 
to provide a contact pad on top of the ridge. The de- 
vice has a ground-signal-ground layout with the p- and 
n-ohmic contacts in the same plane, allowing the use of 
a standard coplanar microwave probe to bias and mod- 
ulate the laser. After thinning the wafer to —100 /im, 
the lasers were cleaved into bars of various lengths. The 
laser facets were not coated. 

Experimental Results 

A typical light versus current plot is shown in Fig. 2. 
The lasers demonstrated threshold currents of ~20 mA 
across the wafer. The electrical impedance of the laser 
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Figure 1: Compressively strained multiple quantum well laser structure. 
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Figure 2:   Light versus current of a 3x300 /im2 laser 
without facet coating. 

was obtained from S-parameter measurements at dif- 
ferent bias currents. The magnitude of the impedance, 
Mag(Z), as a function of frequency for bias currents of 
10 to 80 mA is shown in Fig. 3 for a laser with 300 /im 
cavity length. At high currents, the -3 dB bandwidth of 
the laser diode impedance, shown in the inset of Fig. 3 
is >34 GHz, indicating that the parasitics in our devices 
are very small. We were able to model accurately the 
laser electrical impedance at currents below and above 
threshold with the circuit shown in Fig. 4. From the 
modeled equivalent circuit, values for series resistance, 
R,, of 4-5 n were obtained independent of bias. The 
differential diode resistance, Rj, and the diode capaci- 
tance, C, showed an inverse relation to the bias current, 
with values Rd <10 fi and C < 1 pF at high bias cur- 
rents. Also at high bias currents, resonance peaks were 
observed in the impedance of the laser. 

20   40   60   80 100 
Current (mA)      — 

1 10 
Frequency (GHz) 

100 

Figure 3: Magnitude of the laser electrical impedance as 
a function of frequency for different bias currents. The 
inset shows the -3 dB bandwidth of the impedance as a 
function of the bias current. 

Figure 4: Equivalent circuit of the laser diode below and 
above threshold current. 

477 



The modulation response of lasers was measured with 
a microwave sweep generator, a high speed InGaAs pho- 
todiode and a spectrum analyzer. The measured re- 
sponse was calibrated for the loss due to cables, bias net- 
work, and DC blocking capacitor. The microwave probe 
and the photodetector had bandwidths >40 GHz with 
deviations of <ldB in this frequency range. A good uni- 
formity of laser frequency response was obtained across 
the sample with -3 dB bandwidths of ~15-20 GHz. 
The best laser demonstrated a -3 dB modulation band- 
width of 20 GHz under pulsed conditions as shown in 
Fig. 5. This is the highest bandwidth achieved for a 
ridge waveguide laser operating at 1.55 /im. The present 
experimental setup allowed measurement of accurate 
modulation response up to 15 GHz, beyond which the 
-3 dB bandwidth was estimated assuming 40 dB/decade 
rolloff which was the observed characteristics of our de- 
vices at low bias. 
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Figure  5:    Small signal  modulation  response  of a 
3x200 /im2 ridge waveguide laser at I=200mA. 

The frequency response of the laser was fitted to the 
standard small signal modulation response 

|M(/)|2 = fr' 

(/r2-/2)+(7/27r)2/2 (1) 

where the resonance frequency fr and the damping fac- 
tor 7 were used as the fitting parameters. A plot of 
damping factor as a function of resonance frequency 
squared is shown in Fig. 6. The extracted K factor 
of 0.39 ns implies a maximum -3 dB modulation band- 
width of 23 GHz. The present bandwidth limitation 
may be from damping, transport, and junction heat- 
ing effect. This demonstrates that ultrahigh modula- 
tion bandwidth can be obtained using a low parasitic 
ridge waveguide laser in more advanced structures em- 
ploying active regions with compensated strain[7] and 

0^ -i—!—i i '   l 
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Figure 6: Damping factor as a function of resonance 
frequency squared as extracted from frequency response 
measurements. 

modulation doping[8] to realize the 40 GHz predicted 
bandwidth in this material system. 

Conclusion 

A high-speed ridge waveguide laser with very small 
parasitics and large electrical impedance bandwidths 
(>34 GHz) was demonstrated. A maximum -3 dB 
modulation bandwidth of 20 GHz was obtained for a 
3x200 /im2 laser at I=200mA. This demonstrates that 
very high modulation bandwidths can be achieved using 
a low parasitic ridge waveguide laser in more advanced 
structures. 
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Abstract :  An InGaP layer on a Si substrate grown by metalorganic chemical vapor deposition exhibits a 
mirror-like surface morphology, dark spot density of 1x10' cm"2 and 77 K photoluminescence peak 
wavelength of 645.5 nm.   In comparison with a conventional Al-contained AlGaAs/GaAs light-emitting 
diode (LED) on a Si substrate, an Al-free LED on a Si substrate has no a significant growth of dark-line 
defects. As a result, an increased lifetime has been achieved in an Al-free LED on a Si substrate. 

Introduction 
Reliable light-emitting diodes (LED's) and laser 

diodes on Si substrates are key devices in high 
density applications such as optical interconnections 
in future optoelectronic integrated circuits (OEIC's) 
(1-3). GaAs on Si substrate (GaAs/Si) involves a 
high dislocation density (>10" cm"'-) and a large 
residual thermal stress (l(r dyn/cm2), which are 
introduced by the ~4 % lattice mismatch and the 
-250 % difference in the thermal expansion 
coefficients between GaAs and Si (4, 5). 

AlGaAs layers are commonly used for cladding 
and confining layers in conventional structures of 
LED's and laser diodes on Si as well as GaAs 
substrates because Al is useful to increase the band- 
gap energy. Al is well known to cause growth 
difficulties due to increased incorporation of residual 
oxygen and carbon for metalorganic chemical vapor 
deposition (MOCVD) growth. Therefore, the 
conventional Al-contained LED's and laser diodes on. 
Si substrates, which emit at about 850 nm, suffer 
from the rapid degradation. We have shown that 
degradation in the laser diode on the Si substrate is 
caused by the deteriorations of electrical and optical 
characteristics, which are related to the defect- 
accelerated impurity diffusion and the formation of 
dark-line defects (DLD's) (6, 7). Previous studies on 
improvement of reliability have been focussed on the 
reduction of dislocation density and residual stress 
by uses of post-growth patterning (5), selective-area 
growth (8) and undercut structure (9). In this study, 
we report the demonstration of Al-free LED's on Si 
substrates with increased lifetime. The advantages 
of the Al-free structure are less surface oxidation, 
lower surface recombination velocity, reduction of 
leakage current and improvement of reliability for 
the LED and laser diode on Si substrates. 

Experimental 
In the first growth step, a 1.7-u.m-thick n+-GaAs 

layer was grown by an rf-heated MOCVD at 
atmospheric pressure on a (100) n+-Si substrate tilted 
2° toward the [110] direction using the two-step 
growth technique. During the n+-GaAs layer growth 
at 750 °C, the temperature was cycled five times 
from 350 to 850 °C. Thermal cycle annealing is 
effective in reducing the density of threading 
dislocations in the active layer (10). In the second 
growth step, this GaAs/Si was transferred to the low 
pressure (76 Torr) MOCVD growth system and 
treated as a substrate for the subsequent growth of a 
laser diode structure. The structure grown at 700 °C 
consists of a 0.9-u.m-thick n-InQ ^Ga^ ^P lower 
cladding layer, a 70-nm-thick GaAs lower confining 
layer, a 7-nm-thick InQ 2^aQ gAs active layer, a 70- 
nm-thick GaAs upper confining layer, a 0.9-u.m-thick 
p-I"0 49^a0 51^ uPPer cladding layer, and a 0.1-urn 
thick p+-GaAs contact layer. The conventional Al- 
contained AlGaAs/GaAs double-hcterostruclure LED 
was also grown on Si substrate. In order to confirm 
the advantage of the Al-free material, the LED's were 
fabricated using Ti/Au for the p+-GaAs contact layer 
and Au-Sb/Au for the Si substrate. The 
characteristics of LED's on Si substrates, in 
particular, the reliability was measured under 
automatic current control (ACC) condition at 300 K. 
Surface morphology was examined under a 
Nomarski microscope and crystallinity was 
characterized by photoluminescence (PL) at 77 K 
and electron-beam-induced current (EBIC) 
measurements. Cross-sectional structure was also 
investigated by means of cross-sectional scanning 
electron microscopy (SEM). Growth of DLD's was 
studied using an electroluminescence (EL) 
observation system. 
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Results and Discussion 
Figures 1 (a) and (b) show the as-grown surface 

morphology for the conventional Al-contained 
AlGaAs/GaAs and the Al-free LED's on Si 
substrates, respectively. The surfaces are mirror-like 
in both samples. However, the Al-contained LED on 
Si substrate exhibits precipitates, which are probably 
caused by excess aluminum. Figure 2 shows the 
cross-sectional SEM micrograph of the Al-frce LED 
on Si substrate. Smooth and sharp InGaP/GaAs 
heterointerfaces are obtained in the Al-free LED on 
Si substrate as shown in Fig. 2. The values of dark 
spot density (DSD) obtained from the EBIC 
measurement arc 9xl06 cm"2 for the Al-contained 
LED and IxlO7 cm"2 for the Al-free LED on Si 
substrates. The peak wavelength and the full width 
at half maximum (FWHM) of the PL spectra at 77 K 
are 642.5 nm and 11.1 nm for the 1.5-u.m-thick 
InGaP layer on GaAs, and 645.5 nm and 17.2 nm for 
the InGaP layer simultaneously grown on GaAs/Si, 
respectively. These results indicate that the crystal 
quality of the InGaP layer on GaAs/Si substrate is 
good enough for the fabrication of the LED. Fig. 2. Cross-sectional SEM micrograph 

for the structure of the Al-free LED grown 
on Si substrate by MOCVD. 

(a) Al-contained LED 

(b) Al-free LED 

Fig. 1. Nomarski micrographs of the Al- 
contained (a) and Al-free (b) LED's grown 
on Si substrates by MOCVD. 

The current-voltage (I-V) characteristic is shown 
in Fig. 3. The LED showed the turn-on voltage of 1.5 
V and the reverse voltage of 9.3 V at 100 uA, which 
indicate a good characteristic of p-n junction. The 
ideality factor calculated from the forward I-V 
characteristic is approximately 2 in the bias region 
around 0.5 V. The light output power-dc current (L-I) 
characteristic at 300 K is shown in Fig. 4. The optical 
output power was 60 U.W at 80 mA, and the efficiency 
was l.OxlO"3 W/A. The peak in the spectrum of 
emitted light at 985 nm has the FWHM of about 52 
nm, and it shifts toward longer wavelength with the 
increased current due to the thennal effect. Figure 5 
shows the comparison of the lifetime for the 
conventional Al-contained and Al-free LED's on Si 
substrates. The lifetime at 300 K was examined by 
measuring the output power at a constant current of 
60 mA (480 A/cm2). The conventional 
AlGaAs/GaAs LED exhibits the rapid degradation in 
ten minutes. However, note that the significant 
improvement was observed in the reliability of the 
Al-free LED on Si substrate. The output power of the 
Al-free LED degrades to 50 % of the initial value in 
the first 13 hours and then maintains stable operation. 
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Fig. 5. Comparison of lifetime for the 
conventional Al-contained and Al-free 
LED's on Si substrates. 

In order to study the optical degradation, the 
formation of DLD's was compared in the Al- 
conlained and Al-free LED's on Si substrates using 
the EL observation. Figures 6 (a) and (b) show the 
EL images of the Al-contained and the Al-free LED's 
on Si substrate after aging process of 50 hours, 
respectively. As the aging progresses in the Al- 
contained LED on Si, the growth of DLD's was 
clearly observed near the electrodes. The DLD's 
have a high growth velocity along <100> direction. 
The growth velocities of <100> DLD's were 10 and 
50 u.m/h at the injected current densities of 0.5 and 
1.5 kA/cm , respectively, which depend on the 
injected current density. These DLD's are three- 
dimensional dislocation networks where the 
nonradiative recombination dominates. On the 
contrary, the Al-free LED on Si showed no 
significant growth of DLD's as shown in Fig. 6 (b), 
which indicates the suppression of the optical 
degradation in this material. We showed that the 
degradation of laser diode on Si is caused by the 
deterioraiions of electrical and optical characteristics 
(7). Although the Al-free LED on Si has an 
increased lifetime in comparison with the Al- 
contained LED, the Al-free LED on Si still has the 
decrease of output power in the aging test. This 
degradation is probably due to the electrical 
degradation in the p-n junction. 
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(a) Al-contained LED 

(b) Al-free LED 

Fig. 6. EL images of the Al-contained (a) 
and the Al-free (b) LEDs on Si substrate 
after aging process of 50 hours. 

Conclusions 
We have demonstrated the improvement in the 

reliability of the LED's on Si substrate using Al-free 
materials. The growth velocity of the DLD's was 
decreased in the Al-free LED on Si, which results in 
the suppression of the optical degradation. This 
technique is very promising for the fabrication of 
reliable laser diodes on Si substrates. 
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Abstract 

We present our experimental studies in fabricating complex-coupled distributed feedback lasers with a 
loss grating and a compressively strained InGaAsP multi-quantum well active region. 3um wide ridge 
waveguide lasers have been successfully fabricated and have demonstrated stable single mode operations. 
Kink-free light-current characteristics having a relatively low threshold current of around 25mA have been 
achieved with a 0.18W/A slope efficiency. Stable single mode emission is demonstrated with a 52dB side 
mode suppression ratio, a low chirp of 0.23nm under lGb/s pseudorandom digital modulation, and a spectral 
linewidth of 15.8MHz with the device operating at 2.5 times the threshold current. 

1. Introduction 

Distributed feedback (DFB) lasers with single 
longitudinal mode operation have been the key 
components in both digital and analog optical fiber 
communications. Conventional and present 
commercially available DFB lasers have been 
fabricated using the A/4-shifted index-coupled 
structure. Although the A/4-shift approach solved 
the problem of two mode degeneracy in DFB lasers 
without phase shift, the device is susceptible to 
facet reflections and requires very good 
antireflection facet coatings. Furthermore, because 
of the concentration of optical intensity near the 
center of the cavity, the A/4-shifted lasers is 
subject to spatial hole burning (SHB), which results 
in degradation of the device includes nonlinearity 
in light-current characteristics, reduction of side 
mode suppression ratio(SMSR) and linewidth 
broadening. Recently, complex-coupled, or partly 
gain (or loss)-coupled, DFB lasers have been 
demonstrated to be a promising alternative[l] not 
only for reducing the SHB effect, but also for 
several other superior properties. These include a 
high single mode yield even without facet 
coatings[2], insensitivity to external optical 
feedback[3] and reduced chirping utilizing anti- 
phase grating [4] which has been realized in our 
device structure. 

Figure 1 is a schematic diagram showing the 
device structure which comprises the strained 
quaternary multiple quantum well (MQW) active 
layers and a holographically patterned InGaAs 
grating. The alternation of materials between 
InGaAs and InP not only creates a periodic 
refractive index, but because InGaAs is absorptive 

at 1.55p.m, it also creates a periodic loss 
distribution. These induce the so-called anti- 
phase complex-coupling. The InGaAs layer was 
either n-doped or undoped to avoid self-pulsation 
instability caused by absorption saturation[5]. In 
this report, we present a rather simple and well 
controlled fabrication process, and yet relatively 
low threshold DFB lasers with stable and low 
chirp performance have been achieved and 
demonstrated. 

In Section 2, the theoretical aspects and design 
considerations of fabricating the device are 
described, followed by the fabrication techniques 
depicted in Section 3. Finally, the experimental 
results are presented in Section 4. 

2. Design and Theory 

A program written based on a transmission 
matrix method[6] was used to perform the 
waveguide modal analysis. For simplicity, we 
only considered the one dimensional case shown in 
Figure 1, in which the grating is formed by 
alternating the material between InGaAs and InP, 
which induces a periodic perturbation to the 
propagation waveguide mode in both index and 
loss. This perturbation creates coupling between 
forward and backward propagation modes. The 
derivation of the coupled-mode equations has been 
well established[7], which gives the phase 
matching condition of the grating coupling and the 
coupling strength. 
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InGaAs p-InP 
aa = TaAaD. (4) 

Fig.l   Schematic structure of the complex-coupled 
DFB lasers with absorptive grating 

The phase matching condition determines the 
Bragg wavelength, which is given by 

A. = 2neff\, (1) 

where neff is the effective index of the waveguide 
mode and A is the period of the grating. 
Practically speaking, the possible errors in 
estimating neff of the real device include the 
theoretical modeling of material's refractive 
index, and the layer thickness and composition 
control in the growth. In this particular 
experimental study, we were able to control the 
Bragg wavelength within ± 10 nm of the designed 
value. The coupling coefficient considering the 
first-order grating harmonics can be divided into 
real and imaginary parts as 

Kindex 

and 

2r 
■ An—£-sin(;rD), 

A 

ZK 

(2) 

(3) 

where An and Aa are the index and loss differences 
between InGaAs and InP, Tg is the confinement 
factor of the waveguide mode in the grating region, 
and D is the duty factor of the grating defined as 
the portion of InGaAs in one grating period. One 
can see that the ratio between the imaginary and 
real part of the coupling coefficient is a constant in 
this case and is about 0.32 assuming An=038 and 
Aa=10000cm~l. The absorptive InGaAs grating not 
only induces feedback coupling but also induces loss 
to the waveguide mode. Assuming in the 
longitudinal direction, the optical intensity is 
relatively uniform across one period of the grating, 
then the optical loss results from the loss grating 
can be expressed as 

Although from (2)&(3) the coupling coefficient has 
its maximum value at D=0.5, because it is a Sine 
function of the duty factor, it decreases only 
moderately as the duty factor deviates from 50%. 
However, the grating induced loss ctg changes 
linearly with the duty factor D. Intuitively, one 
would expect the optimum duty factor to be less 
than 50% for a minimum threshold. Indeed, we 
have found theoretically the minimum threshold 
gain at a relatively small duty factor of -25%. 
Since in our case, the InGaAs grating layer is buried 
in InP, the coupling strength can be controlled 
precisely by the epi-layer growth. A moderate 
coupling strength of KL=1.5 was designed to 
achieve a better mode selectivity, higher output 
efficiency and better linearity. Furthermore, with 
the anti-phase grating coupling, the designed 
coupling strength was suggested for reduction of 
chirping[4]. 

It was found previously that the photon- 
generated carriers will saturate the grating 
absorber and reduce the absorption, which tends to 
create instability of the device and induces self- 
pulsation[5,8]. This can be seen in the kinky light- 
current (L-I) curve and in the broadening of the 
optical spectrum. An efficient way of eliminating 
this problem was demonstrated by inversely doping 
the InGaAs absorber[5]. This creates a built-in 
electric field and sweeps the photon-generated 
electron-hole pairs out of the absorption region. In 
this experimental study, we have fabricated 
device with n-doped and.undoped InGaAs layer, no 
significant difference has been found between these 
two cases. 

3. Device Fabrication 

The epitaxial materials were grown by metal- 
organic chemical vapor deposition(MOCVD). 
Starting from the substrate, the first growth grew 
the bottom InP cladding, the MQW active region, 
which consists of three 80Ä thick, 0.8% 
compressively strained InGaAsP wells, followed by 
an InP space layer, the InGaAs grating layer, and 
stopped after growing an InP grating protection 
layer. The holographic grating is subsequently 
formed, followed by the regrowth of the top InP 
cladding layer and the contact layers consist of 
InGaAsP  and  InGaAs.     The  duty  factor  was 
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deliberately reduced to ~25% by overexposure of 
the thin photoresist grating. 

After the regrowth, double-trench 3um ridge 
waveguides were fabricated on the sample. The 
ridge etching was done by a combination of reactive 
ion etching(RIE) and a wet chemical etching using 
a HCI/H3PO4 selective etching solution which 
stopped on the InGaAs grating layer. Then, the 
sample was passivated by SiC>2 and a 2uxn window 
was then opened on top of the ridge for p-contact 
using Cr/AuZn/Au. At this point, the sample was 
thinned down to ~90um and then AuGeNi/Au n- 
contact metal was evaporated on the back side. 
Finally, the sample was annealed at 425° C for 15 
seconds to alloy the contacts, and the sample was 
subsequently cleaved into 300um-long-cavity 
lasers. No facet coatings were applied to the 
devices. 

4. Experimental Results 

The device chips were bonded p-side up on a 
copper heat sink before measurments. Figure 2 are 
CW L-I curves measured at different temperatures. 
At 25° C, the threshold current was ~25mA and the 
maximum slope efficiency was -0.18W/A. The 
extents of linearity and maximum power were 
limited by heating. No kinks were observed in the 
curve indicating free of self-pulsation. 

either with n-doped or undoped InGaAs grating, 
the emission spectrum stayed in one single mode 
throughout the measured range up to 10mW with a 
very high mode selectivity, for example, as 
illustrated by the spectrum shown in Figure 3 taken 
at a bias of 2.5Ifh- In this particular device, the 
SMSR was as high as 52dB, and the center 
wavelength was located around 1563nm. The 
spectral linewidth was measured with a fiber 
interferometer, the homodyne spectrum is shown in 
Figure 4, which indicates a 15.8MHz linewidth. 
This measurement was done by directly coupling 
the light into the optical fiber without using an 
isolator. 
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Fig.   2  CW  light  current  charateristics   of  the 
complex-coupled DFB lasers 

As expected, the single mode yield was quite 
good even without facet coatings. For most devices, 

Fig. 3 Lasing spectrum of the DFB laser operating 
at ~2.5Ith/ the output power was ~7mW. 

"nr - Z37W dB»                                HKR «urnn 15.n nil, 
•RTTE 

3. 30 
i   0   d 
dB/D 

U   OPT -3. i  dB 

RUG 
HRRK 

'UR   - 
:R » 

1.3  c Bji 3P1 

15.8 
-3.0 

riHz 
'.  dB 

1 

MHHI    m.u m                                STOP 200.0 n»i 
I'RB   300   kHi          -UR   1   00   IH,                           ST   RR.77   „,pr 

Fig.4 Homodyne  spectrum  showing a  spectral 
linewidth of 15.8MHz. 
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Wavelength chirping of the device was 
measured by modulating the device with a 20mA 
peak to peak lGb/s pseudorandom digital signal. 
As shown in Figure 5, the spectral width at 20dB 
down is only 0.23nm. This was measured at a current 
injection level of ~60mA, which was about two 
times the threshold current, and at this point the 
device gave out ~5mW of power. 
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Fig.5 Lasing spectrum under lGb/s pseudorandom 
digital modulation showing a low chirp of 0.23nm. 

5. Conclusions 

We have successfully fabricated complex- 
coupled DFB ridge lasers with a relatively simple 
fabrication process. By utilizing the loss grating 
coupling, high single mode yield was obtained even 
without facet coatings. Self-pulsation phenomenon 
has been completely eliminated by using n-doped or 
undoped absorptive grating, with a reduced grating 
duty    factor    of    -25%. Typical    device 
characteristics having a threshold current of 
around 25mA, and a slope efficiency of 0.18W/A 
have been demonstrated with a stable single mode 
emission indicated by a 52dB SMSR, a low chirp of 
0.23nm and a spectral linewidth of 15.8MHz. 
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Abstract 
In order to improve a buried heterostructure (BH) for GalnAsP/InP vertical cavity surface emitting 
laser (VCSEL) regrown by MOCVD, we have introduced a square mesa top pattern, of which side 
was at angle of 45° to <011> direction. A 1.3fim GalnAsP/InP square buried heterostructure 
(SBH) VCSEL with this mesa structure has been demonstrated and low threshold CW oscillation 
(threshold current Ith=0.45mA) at 77K and low threshold room temperature pulsed oscillation 
(Ith=12mA) were obtained. 

Introduction 
1.3|im GalnAsP/InP vertical cavity surface 

emitting laser (VCSEL) [l]-[6] has many advantages such 
as low threshold current, dynamic single mode operation, 
high coupling efficiency to fiber because of narrow circular 
beam, wafer level testing, two dimensional laser array and 
a low voltage operation. It is suitable for optical parallel 
communication and optical inter-connection. To realize its 
low threshold current and room temperature CW 
oscillation, buried heterostructure (BH) may be one of the 
best structure. It was reported that a BH VCSEL with 
circular mesa by two step liquid phase epitaxial (LPE) 
growth had the problem of the relatively defective 
heterointerface that was recognized as pinholes around the 
circular mesa[4]. This seems to be caused by the (111)-A 
plane which is likely to appear around the mesa at etching 
and at meltback in the first regrowth. To overcome this 
problem, single step maskless planer buried heterostructure 
(PBH) LPE regrowth was introduced and a near room 
temperature (14°C) CW oscillation was obtained[5]. On 
the other hand, It is difficult to apply maskless PBH 
regrowth to metalorganic chemical vapor deposition 
(MOCVD), that has some advantages such as a large area 
epitaxial growth, an excellent uniformity of layer 
thickness, etc. 

In this study, we investigate mesa structure for 
BH regrown by MOCVD and demonstrate a 1.3|im 
GalnAsP/InP BH VCSEL grown by All MOCVD. We 
also present low threshold lasing characteristics. 

Table 1 Mask patterns and photographs of wafer 
surfaces after regrowth for 3 types of mesas. 

Mask 

Patterns 
^♦<011> 

u o 
Wafer 

Surfaces 

after 

3rd growth 
0. 

(100) 

3 /\ 

Investigation  of mesa structure 
In order to get an excellent BH wafer for 1.3|im 

GalnAsP/InP VCSEL, we examined condition of regrowth 

*RWCP:Real World Computing Partnership 
** c/o Yokohama R&D Laboratories, 

The Furukawa Electric Co., Ltd. 

3jim 

Fig. 1 Cross-section of regrown wafer with square 2 mesa. 
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around mesas with 3 types of mesa top patterns such as a 
circular, a square 1 of which side is in <011> direction, 
and a square 2 of which side is at angle of 45° to <011> 
direction as shown in Table 1. We prepare a wafer for 
VCSEL grown on (100) n-InP by MOCVD and it is as 
following layer structure: 0.1|im n-InGaAs etch-stop layer, 
2.0(im n-InP, 0.65|im GalnAsP active layer, 0.6|am p-InP 
cladding layer and 0.1 |im GalnAsP layer. After SiNx 

deposition on the wafer, 3 types of mask patterns stated 
above are formed. We chemically etch the wafer with KKI- 
121 etchant (HC1:CH3C00H:H2C>2=1:2:1) to form mesas 
with 2.5|im in height. The blocking layers (p-InP and n- 
InP) are regrown by MOCVD. After removing the SiNx 

mask and GalnAsP layer, ljim p-InP cladding layer and 
0.5p:m p+InGaAs cap layer are grown by 3rd MOCVD. 
Photographs of wafer surfaces around mesas are shown in 
Table 1. It appears that false regrowth in part around 
circular and square 1 mesas. They are caused by (111) A 
plane that appears around mesas at etching. On the other 
hand, regrowing surface around square 2 mesa is smooth 
and cross-sectional view is also very good as shown in 
Fig. 1. Because (111) A plane dose not appear around this 
mesa. Then, we introduce this mesa to VCSEL. 

GalnAsP/InP  SBH   VCSEL 
Figure 2 shows our GalnAsP/InP square buried 

heterostructure (SBH) VCSEL structure. The grown wafer 
is processed into a short cavity device structure as shown 
in Fig.2. To get a high reflectivity, we use Si/Si02 or 
Si/Al203 stacked layer as p-side mirror and Si/Si02 as n- 
side mirror. The sequence of laser processing is as 
follows. After 3rd MOCVD growth, a AuZn is evaporated 

on p+-cap layer and to eliminate the large free carrier 
absorption loss, p-electrode and cap layer just above the 
active region are removed. A Si/Si02 or a Si/Al203 
stacked mirror is deposited by electron beam evaporation 
method with optical thickness monitor. The refrectivity of 
each mirror is -99%. After a Au are evaporated on the top 
surface, the substrate is polished down to ~100|im and a 
AuGeNi is evaporated on the back surface. After alloying, 
a SiNx is deposited and windows are opened to etch off the 
substrate. The AuGeNi electrode, InP substrate and 
InGaAs etch-stop layer are etched off by selective etchant. 
An Si/SiÜ2 stacked mirror is evaporated on the back 
surface. The laser chips are cleaved and tested without 
soldering to heat sink. 

Characteristics 
Figure 3 shows the light output versus current 

(L-I) characteristics of a VCSEL with Si/Si02 mirror for 
p-side under CW condition at 77K. Low threshold 
oscillation is obtained. The minimum threshold current is 
0.45 mA, which is very close to the best reported value 
(0.42mA) for 1.3|J.m GalnAsP/InP VCSEL at this 
temperature [5]. 

The room temperature low threshold pulsed 
oscillation is also obtained for another VCSEL with 
Si/Al203 mirror for p-side. Figure 4 and 5 show its L-I 
characteristics and lasing spectrum respectively, at room 
temperature under pulsed conditions (300ns, 2kHz). The 
minimum thresholdis 12mA for a device with 8n.m x 8^tm 
active region. The threshold current density is about 
18kA/cm2. Single longitudinal oscillation is also 
obtained for this device and wavelength is 1.304(im. 

AuGeNi 
n-InP 
n-lnGaAs 
n-InP 
p-InP 
n-InP 
p-InP 
p-lnGaAs 
SiNx 

AuZn 
Au 

Fig.2 Schematic diagram of 1.3|am GalnasP/InP SBH VCSEL 
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Fig.5   Lasing spectrum at room temperature. The 
resolution is 0.2nm. 

Summary 
In summary, we have investigated a mesa 

structure for 1.3|im GalnAsP/InP BH VCSEL regrown by 
MOCVD and have found out that a square mesa top 
pattern, of which side is at angle of 45° to <011> 
direction, is suitable for BH structure. We have 
demonstrated a 1.3|im GalnAsP/InP SBH VCSEL with 
this mesa structure and improved device performances. 
The low threshold CW oscillation at 77K is obtained. The 
minimum threshold current is 0.45 mA, which is very 
close to the best reported value (0.42mA) for 1.3(im 
GalnAsP/InP VCSEL at this temperature. The low 
threshold room temperature pulsed oscillation was also 
obtained and its minimum threshold is 12mA. By 
optimizing materials and an evaporation condition for high 
reflectivity mirror and introducing a high gain active layer 
structure such as multi-quantum well (MQW), room 
temperature CW oscillation can be expected. 
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Abstract 

We report  the  first  successful  demonstration  of  1.5  |im   sub-picosecond   pulse   generation   from   a  gain- 
switched   InGaAsP   distributed   feedback   laser   diode   synchronized   with  a  mode  locked  Ti:   sapphire   laser. 
Note  that the  wavelength  of  1.5  urn  is  indispensable  in   the  fiber  optic   telecommunication   system  while  a 
mode-locked  Ti:   sapphire   laser  can   generate   sub-picosecond   optical   pulses   at   much   shorter   wavelength. 

Such dual  wavelength   feature  is  very  attractive  and  would  provide  new  tools  for the  pump-and-probe 
characterization   methods,   including   the   electro-optic   sampling,   of   high   speed   optoelectronic   devices. 

Introduction 
It is quite interesting and attractive to 

synchronize two sub-picosecond laser pulse 
sources operating at two different wavelengths if 
one is set at a wavelength where photo-carriers 
can be generated in a material and the other at a 
wavelength where the material is transparent. 
Such a dual wavelength sub-picosecond pulse 
source is expected to provide a unique tool for 
the high speed pump-and-probe characterization 
methods such as electro-optic sampling [1, 2J. 
Furthermore, a new investigation tool will be 
brought to very fast optoelectronic devices and 
materials in the fiber optic telecommunication 
systems if sub-picosecond pulses are available 
around 1.3 or 1.5 urn in such a dual wavelength 
scheme. We     report     here     a     successful 
demonstration   of   synchronous   generation   of   sub- 
picosecond  optical  pulses  at   1.55  and  0.74  urn. 

In this wok, we combined two sub-picosecond 
lasers, a mode-locked Ti: sapphire laser and a 
distributed feed back (DFB) diode laser, 
utilizing the gain-switching operation mode of 
the latter. The former laser is a well known sub- 
picosecond pulse source which is tunable in a 
wide wavelength range from 700 to 1000 nm. The 
latter is a stable and compact light source, and 
sub-picosecond optical pulses in the 1.5 urn 
range are available if one uses InP-based 
materials like InGaAsP, the gain-switching 
operation mode, and the fiber optic compression 
scheme   [3]. 

Note here that the gain-switching mode for a 
semiconductor laser diode (LD) is advantageous 
to other pulse generation methods because the 
timing control of pulse generation is possible 
through an external supply of electrical pulses. 
Actually,   the   synchronization   mentioned   in   this 
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paper   is   enabled   only   with   the   gain   switching 
technique. 

On the other hand, the two wavelengths in 
this scheme can be independent of each other 
although the wavelength of a DFB LD is almost 
fixed. Such feature is quite different from that 
in the frequency conversion methods, another 
dual wavelength sub-picosecond optical pulse 
sources, in which the wavelengths are strictly 
related   to  each   other. 

Connection    of    Two    Lasers 
Our method to synchronize a DFB laser to a 

Ti: sapphire laser is described in the following. 
Figure 1 shows a schematic illustration of the 
experimental     setup. The     mode-locked     Ti: 
sapphire laser is a master pulse source. Hence, 
the repetition frequency of the system is fixed 
around 75 MHz. A part of the Ti: sapphire laser 
pulse is detected by a photo diode (PD). In Fig. 
2 (a), electrical wave form measured with a 
digital oscilloscope at the output of PD is shown. 
Although the temporal width of the Ti: sapphire 
laser pulse is as small as 180 femtosecond, the 
wave form of the electrical pulse is limited by 
the bandwidth of PD (5 GHz). In addition, the 
measured wave form was broadened further 
because of a limited bandwidth of the digital 
oscilloscope   (500   MHz). 

Height of the electrical signal thus measured 
is around 110 mV which corresponds to current 
of a few mA in a 50 Q. transmission cable. Even 
though the band width limitation of the digital 
oscilloscope is taken into account, that value is 
too small because in order to drive the DFB diode 
laser in the gain-switching mode one needs 
current pulses much higher than the threshold 
current of the laser diode (8 mA.) and narrower 
than    a    few    hundreds    picosecond.       Therefore, 
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Fig. 1. Setup of dual wavelength sub-picosecond pulse generation system consisting of a mode 
locked Ti: sapphire, a gain switched InGaAsP DFB laser diode and fiber optics for pulse 
compression. 

electrical amplification and compression of the 
wave form are required. In addition, a fine 
adjustment of the current pulse amplitude is 
necessary so that the chirping characteristics of 
gain-switched optical pulse are set optimum. 
Otherwise, the quality of optical pulse shape at 
the final stage, i.e. after the fiber optic 
compression,   will   be   degraded   drastically   [4]. 

In   the  experiment,   therefore,   we   inserted   two 
electrical   amplifiers,   a   variable   attenuator,   and 

20 30 
Time [nsec] 

Fig. 2. Electrical wave forms measured with a 
digital oscilloscope at the output of PD (a), 
and at the output of the second electric 
amplifier (b), respectively. Band width of 
the  digital  oscilloscope  is  500  MHz. 

a comb generator between PD and DFB LD. First, 
electrical signal generated in PD was boosted up 
with an electrical amplifier having a gain of 20 
dB and a bandwidth of 250 MHz. Its output 
signal was adjusted using a variable attenuator. 
Then, the signal was amplified again with 
another amplifier having a 50 dB gain and a 110 
MHz    bandwidth. Because    of    the    narrow 
bandwidth of the second amplifier, the output 
wave form got similar to a sinusoidal wave as 
shown in Fig. 2 (b). The electrical wave was then 
fed to a comb generator, and electrical pulses of 
around 130 picosecond were supplied to LD, 
whose output wave form is shown by a solid line 

0.0 0.5 1.0 
Time [nsec] 

1.5 

Fig. 3. Wave forms of electrical pulses 
supplied to the InGaAsP DFB laser diode in 
the dual wavelength sub-picosecond system 
(solid line) and in the conventional 
frequency synthesizer-driver case (dashed 
line), respectively. In both case, optical 
pulses   are   in   the   sub-picosecond   range. 
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in Fig. 3. Here, the comb generator is a 
commercially available one which is tuned for an 
operation  at   100  MHz  repetition  rate. 

Optical     Pulse     Generation     &     Compression 
Such electrical pulse formation enabled the 

gain-switching operation and resulted in 
generation of optical pulse with a few tens 
picosecond width, which is a typical value in a 
usual frequency synthesizer-driven gain- 
switching   operation. 

Such optical pulses were compressed into the 
sub-picosecond range by a fiber optic 
compression system, which consists of a normal 
dispersion fiber (-18.7 picosecond/km/nm) of 1 
km, an Erbium doped fiber amplifier (30 dB), an 
optical band pass filter with full width at half 
maximum (FWHM) of 3 nm, and an anomalous 
dispersion fiber (6.96 picosecond/km/nm). A 
diagram of the compression system is shown in 
Fig.   1. 

By adjusting the attenuator, the bias current 
of LD, the center wavelength of the band pass 
filter, and the length of the anomalous 
dispersion fiber, a fairly good pulse shape in the 
sub-picosecond range was detected by a 
autocorrelator. Here, we found out that the bias 
current should be zero and the length of 
anomalous dispersion fibers should be 800 m in 
order  to  obtain  the  best result. 

For comparison, autocorrelation traces of Ti: 
sapphire laser pulses (a), DFB diode laser pulses 
at the end of the normal dispersion fiber (b), and 
those after the compression by the higher-order- 
soliton effect in the anomaly dispersion fiber 
(c), respectively, are plotted in Figs. 4. FWHM 
of the pulse at the final stage (c) is 0.7 
picosecond if one assume a hyperbolic secant as 
a pulse shape. Note that the wave form in Fig. 4 
(c) is practically an impulse response of the 
whole system including the non-linear optical 
and   electrical   elements. 

Discussion     and     Summary 
Note that jitters in the system are important 

issues to be discussed. One can speculate that 
possible origins of the jitters are (i) the passive 
mode-locking operation of the Ti: sapphire laser 
[5], (ii) the electronics used for the connection of 
two lasers, (iii) the gain-switching operation of 
DFB LD [6], and (iv) the fiber optics in the 
compression   scheme. 

At present stage, we believe that the jitters 
induced in the electronics between PD and LD 
are largest since the band widths and the signal- 
to-noise   ratio   were   not    large   enough    in    the 

experiment. In Fig. 3, we plotted by a dashed 
line a wave form generated with a frequency 
synthesizer set at 75 MHz, an electrical 
amplifier, and the comb generator. With those 
electrical pulses fairly good wave form of optical 
pulse was also achieved in the DFB LD - optical 
fiber system. However, it is quite different from 
the wave form of the current pulse measured in 
the dual wavelength pulse source. Those results 
indicate that there are large room to be improved 
in   the   electronics   used   here. 

In summary, we demonstrated that a gain- 
switched DFB LD can be synchronized with 
another pulse laser, and obtained synchronized 
sub-picosecond optical pulses with temporal 
widths of 0.7 and 0.2 picosecond at the 
wavelengths of 1.55 and 0.74 urn, respectively. 

Although   improvements   of  the   system 
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Fig. 4. Autocorrelation trace of mode locked 
Ti: sapphire laser pulse (a), and those of a 
pulse from an InGaAsP DFB laser diode at the 
output of normal dispersion fiber (b) and at 
the  final  stage  (c). 
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configuration is necessary, the dual wavelength 
sub-picosecond pulse source thus obtained is 
now being applied to an electro-optic sampling 
system. 
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Abstract 

A high optical power of over 100 mW has been 
successfully coupled into a single-mode fiber using 1.625 
|im strained multiple quantum well (MQW) lasers'. This 
record coupled power is achieved as a result of the 
optimization of separated confinement heterostructure 
(SCH) layer thickness. 

Introduction 

Development of Er3+-doped fiber amplifiers (EDFAs) 
has led to the extension of the nonrepeated transmission 
distance. (1-2) Fiber transfer-and-test systems for the longer 
distance has become necessary. Recently, high power 1.625 
Urn laser is required as a light source for new OTDRs (3-4), 
because its light does not disrupt transmission allowing 
testing to take place during normal optical fiber usage. The 
light at the wavelength around 1.625 ixm is more sensitive 
to the bending loss and the loss caused by hydrogen than 
shorter wavelength. There have been many reports on 
InGaAs/InGaAsP strained multiple quantum well (MQW) 
lasers emitting in the infra-red (1.5-2.0 (j.m) region. (5-8) 
However, coupled power into a single-mode fiber was too 
low for application for OTDRs. In designing high power 
MQW lasers, the optical confinement is an important 
factor. We optimized thickness of separated confinement 
heterostructure (SCH) layers and achieved coupled power as 
high as 100 mW into a single-mode fiber. 

Structures  and fabrications 

A schematic diagram of the strained MQW structure is 
shown in Fig. 1. The MQW structure consists of five 6- 
nm-thick In0iS2Ga0i38As strained quantum wells separated 
by 10-nm-thick barrier layers of lattice matched InGaAsP 

d 
■* ► 

SCH layer 
d 
 *> 

Barrier 
lOnm 

InP 

 InGaAsP 

(X=1.2um) 

 In0 62Ga0 38As 

6nm 
Well 

Fig. 1. A schematic diagram of strained MQW structure. 

(X=\.2 Lim). In order to investigate the relationship 
between the SCH layer thickness and the maximum output 
power, four samples with SCH layer thickness of 15 nm. 
30 nm. 45 nm and 60 nm were fabricated. The MQW lasers 
were fabricated on n-InP substrates using low-pressure 
metalorganic vapor-phase epitaxy (MOVPE) system. 
Trimethylindium (TMIn) and triethylgallium (TEGa) were 
used as sources for group III elements, and phosphine 
(PH3) and arsine (AsH3) were used for group V. The 
growth temperature and reactor pressure were 610 °C and 55 
torr, respectively. In the first growth step, an n-InP buffer 

layer (n=5X1017 cm'3)- the undoped-MQW layers, a p-InP 

cladding layer (p=lX1018 cm"3) and a p-InGaAsP cap layer 
(p=lX1018 cm"3) were successively grown. After formation 

496 



200 
< 

—i—i—i—i—i—i—i—i—|—i—| 1640 
cavity length=700 |imTa:=25 °C 

as cleaved 

If=800 mA 

1620. 

1600 c 

- 1580 5 

1560 2 
3 
U 1540 

100   200   300   400   500   600   700 
SCH Layer Thickness d (A) 

Fig. 2.   Dependence of threshold current and center 
wavelength on the SCH layer thickness. 

Q. 
3 
O 
P 

90 

80 

70 

60 

S 50 

—i—|—i—|—i—|—i—i—i—|—i— 

cavity length=700 p.m       Ta=25 °C 
as cleaved 

J i L _i_ 

< 
.13£ 

c 
I) 

- 0 

0.12 " 

E 
3 

11 s 
a 

o.i 
100 200 300 400 500 600 700 

SCH Layer Thickness d (Ä) 

Fig. 3.   Dependence of a maximum output 
power and differential quantum efficiency on 

the SCH layer thickness. 

of oxide stripes along the <011> direction, 1.7-2.0 u.m- 
wide mesa structures were formed using HBr-H202-H:0 
solution. In the second MOVPE growth, a buried 
heterostructure (BH) was fabricated by growing a p-InP 
(p=5X1017 cm"3) and an n-InP (n=5X1017 cm"3) current 
blocking layers. The BH is thought to be suitable for 
achieving a high coupling efficiency into a single-mode 
fiber because of its small spot size. After the oxide masks 
and the p-InGaAsP cap layers were etched off, a p-InP 
cladding layer (p=lX1018 cm"3) and a p-InGaAs contact layer 
(p=3X1018 cm"3) were grown in the third MOVPE growth. 
The cavity length of the MQW lasers was 700 p.m. A 95 
% high-reflective (HR) coating and a 5 % anti-reflective 
(AR) coating were used on the rear and the front facet, 
respectively. The laser chips were mounted with junction- 
down configuration on silicon carbide (SiC) heatsinks. 

Results 
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Fig. 4.   Dependence of coupling efficiency and 
far-field half width perpendicular to the junction. 

Optimization  of SCH  Layer  Thickness 
Figure 2 shows the dependence of threshold current and 

the center wavelength on the SCH layer thickness, for the 
devices with uncoated facets. The increase in the SCH 
thickness resulted in longer wavelength and lower threshold 
current. Figure 3 shows the dependence of maximum 
output power and differential quantum efficiency on the 
SCH thickness. The differential quantum efficiency 
decreased as the SCH thickness increased. The maximum 
output power from the front facet was obtained when the 
SCH layer thickness was 45 nm. Figure 4 shows 
dependence of coupling efficiency and the far-field half width 
perpendicular to the junction on the SCH thickness. The 
lasers coupled into the fiber using a system of two discrete 
lenses. The far-field half width perpendicular to the junction 
increased as the SCH thickness increased. The coupling 
efficiency remained at about 70 % in spite of changing the 
SCH thickness (15-60 nm) . 

To obtain high coupled power into a single-mode fiber with 
relatively low driving current, it is neccessary for the 
threshold current to be low, the differential quantum 
efficiency and coupling efficiency to be high, and gain 
saturation to be kept at a minimum. The increase in the 
SCH thickness is believed to result in larger optical 
confinement factor and absorption loss which in turn result 
in a decrease in threshold current and differential quantum 
efficiency. The increase in the SCH thickness results in 
longer wavelength reducing the band filling effect which in 
turn minimizes the gain saturation. Coupling efficiency 
remained constant about 70 % in spite of changing the SCH 
thickness (15-60 nm). The maximum output power from 
the front facet is determined by the threshold current, the 
differetial quantum efficiency and the gain saturation. The 
optimum SCH thickness of 45 nm was determined by this 
relationship between the SCH thickness and the maximum 
output power from the front facet. 
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Laser  Characteristics 
Figure 5 shows the coupled power into a single-mode 

fiber as a function of driving current under pulsed excitation 
(10 u.s-1 kHz) at 25 °C. The threshold current was 60 mA 
and the differential quantum efficiency was 0.16 W/A. The 
coupled power into a single-mode fiber reached 100 mW at a 
driving current of 800 mA. Figure 6 shows the driving 
current versus the center wavelength under pulsed operation 
at 25 °C. The center wavelength and spectral half-width 
were 1.625 u.m and 7.3 nm at a driving current of 800 mA 
as shown in Fig. 7. Far-field patterns at the same 
excitation level are shown in Fig. 8. The full width at half 
the maximum parallel and perpendicular to the junction 
were 19 ° and 27 °, respectively. Because of this narrow 
beam divergence, high coupled power over 100 mW was 
obtained. 
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Fig. 8.    The far-field patterns at coupled 
power of 100 mW. 

Conclusion 

We investigated the relationship between the maximum 
output power and the separated confinement heterostructure 
(SCH) layer thickness in 1.625 urn strained multiple 
quantum well (MQW) lasers. The optimum SCH layer 
thickness of 45 nm was determined by the relationship 
between the SCH thickness and the maximum output 
power. When the SCH layers was 45 nm, optical power of 
100 mW was coupled into a single-mode fiber at a driving 
current of 800 mA under pulsed operation at 25 °C. To our 
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knowledge, this is the highest coupled power ever reported 
in lasing wavelengths longer than 1.6 |am. 
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Introduction 

To realize an ultrahigh speed optical transmission system, nonlinear phenomena such as optical DEMUX with 

four-wave mixingCD.W and dispersion compensation^ have recently been investigated. If an optical fiber is 

employed as a nonlinear device, the fiber needs to be very long for high efficiency because of the very small 
nonlinear effect of fiber. This causes the system to become unstable. On the other hand, a semiconductor optical 

amplifier (SOA) is expected to be useful as a nonlinear device, because it is compact and highly efficient as well as 

being available as a switching device. However, the SOAs so far have been sensitive to polarization and therefore 

inconvenient in practical use. Under these circumstances we have developed polarization insensitive SOAs using 

tensile strained quantum wells. In this summary, we report on the characteristics of the nondegenerate four-wave 
mixing (NDFWM) with these SOAs. 

Characteristics of SOA 

Structure 

The base wafer of the polarization insensitive 

SOA was grown by LP-MOVPE. The mesa stripe 

was defined by wet etching and buried by LPE. 

The active layer of the devices consists of tensile 

strained InxGa].xAs wells (  X =1.65 ^ m) and 

lattice matched InGaAsP barriers ( A =1.3 ^ m). 

The length of the active layer is 600 ^ m. Each 

end has a window facet, and a SiOx AR coating 

of single   layer   was   deposited   on   each.   The 

effective reflectivity is estimated to be less than 2 

X10"4. 

Saturation power and gain 

We investigated experimentally the relationship 

of the gain and saturation power to the strain or 

the number of wells. In this experiment, the 

tensile strain of wells were 0, 0.24, 0.45, 0.79%. 

Input optical wavelength was 1550nm and its 

power    was    -25dBm.    Figure    1    shows    the 

dependence of the gain on the tensile strain. The 

.gain of TE mode is 13dB with 0% strain. It 

■decreases with increase of tensile strain to 8dB 

with 0.79% strain. On the other hand, the gain of 

TM mode increase with increase of tensile strain. 

The difference between the gain of TE and TM 

modes becomes minimum at the strain of -0.45%. 

Thus, polarization independent SOAs can be 

obtained . 
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Fig.1  Dependence of fiber to fiber gain 
on tensile strain 
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Figure 2 shows the dependence of saturation 

power on the strain. It is demonstrated that the 

saturation power decreases with increase of the 

tensile strain. 

Next, the dependence of the gain and the 

saturation power on the number of wells is shown 

in Figure 3. It is clear that when the number of 

wells increases, the gain increases but the 

saturation power decreases. 
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Fabrication 

We fabricated two SOAs that are polarization- 

insensitive: one has 5 wells with -0.45% strain 

and the other has 7 wells with -0.5% strain. The 

characteristics of each are shown in Table 1. The 

device of 7 wells has larger gain and smaller 

saturation power than that of 5wells, because of 

large number of wells. 

Table 1   Characteristics of SOAs at 
Xsig = 1550 [nm] and Current = 200 [mA] 

Number of wells 7 5 

Gain 
[dB] 

Chip 22.5 18.0 

Fiber out 14.5 10.0 

AGTE/GTM [dB] < 0.2 < 0.5 

Saturation output 

power [dBm] 

Chip 10.1 13.0 

Fiber out 6.5 9.0 

NDFWM 

Experiment 

We experimented NDFWM by using the SOAs 

fabricated. The experimental setup is shown in 

Figure 4. A DFB-LD light source is used as the 

pump, and a tunable light source is used as the 

probe. The wavelengths of the pump and the 

probe are 1549.8nm and 1551.8nm, respectively. 

The detuning of 2nm is used so that the signal 

light can be selected by a filter. After the pump 

and the probe are amplified by the EDFA, they are 

coupled with their polarization matched. The 

output power is measured by an optical spectrum 

analyzer. 

In this experiment, we measured the signal 

output power as a function of the ratio of the 

pump  input  power  to  the  probe   input  power 
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Fig.4    Experimental setup for the 

Fig.5 Signal output power as a function 
of the ratio of pump power to probe 
power using SOA of 5 wells. 
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Fig.6    Signal output power as a function 
of the ratio of pump power to probe 
power using SOA of 7 wells 

measurement of NDFWM 

Ppin/Pqjn. Previous results show that when the 

pump is- several dB higher than the probe, the 

signal becomes maximum/4) Figure 5 shows the 

result for the SOA of 5 wells, and Figure 6 shows 

the result for that of 7 wells. When the input 

power is +3dBm, the SOA of 7 wells generated 

larger signal output power than that of 5 wells. 

,We consider that the result is due to the gain. 

However that of 7 wells generated smaller signal 

power than that of 5 wells when input power is 

+6dBm. We consider when input power is around 

the SOA saturation power, the signal power tends 

to be saturated. 

Conclusion 

The relationship of the gain and saturation 

power to the strain or the number of wells is 

investigated for tensile strained MQW SOAs. It is 

proven that the saturation power decreases with 

increase of tensile strain, and that the gain 

increases with increase of the number of wells but 

the saturation power decreases. Next we 

fabricated two SOAs that are polarization- 

insensitive: one has 5 wells with -0.45% strain 

and the other has 7 wells with -0.5% strain. The 

optical gains are lO.OdB and 14.5dB, polarization 

dependency    are    <0.5dB    and    <0.2dB,    the 
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saturation power are 9.0dBm and 6.5dBm, 

respectively. The characteristics of signal power 

of NDFWM are investigated using these SOAs. It 

is suggested that the SOA of larger gain generates 

larger signal power when the input power is small, 

while the SOA of larger saturation power 

generates larger signal power when the input 

power is around the SOA saturation power. 
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ThDOR 
InGaAsP Strained MQW-DFB Lasers with High Resonance Frequency 

and Low Distortion for High Speed Analog Transmission 
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4-1 Mizuhara,Itami,Hyogo 664Japan 

The resonance firequency have been improved by adopting a strained multiple quantum well (MQW) structure 
with the strain-compensated layers and optimizing its design. Moreover, it has been demonstrated that our newly 
developed structure having current blocking layers fabricated by MOCVD is very efficient to suppress the leakage 
current. As a result, the third-order-intermodulation distortion (IMD3) of -80dBc and relative intensity noise (RIN) of 
-152dB/Hz have been obtained under a two-tone test at 1.9GHz. 

Introduction 
High speed DFB lasers have been very attractive 

for broadband analog applications such as CATV 
distribution systems with hundreds-channel capacity as well 
as high-bit-rate digital use. Moreover, recent new 
application of fiber-optic microcellular radio 
communication demands for a light source to be low 
distortion and low noise characteristics up to several GHz 
with close channel separation. However, nonlinear intrinsic 
response of laser diodes inevitably causes harmonic or 
intermodulation distortion, which drastically increases as 
increasing the modulation frequency. That also enlarges 
RIN (relative intensity noise) at a high frequency. 
Furthermore, the leakage current which flows through 
outside of an active layer causes the degradation of the L-I 
linearity. The distortion induced by the leakage current 
becomes remarkable at a high power operation. Therefore, 
it is necessary to improve the resonance frequency and 
reduce the leakage current for the solution of the problem. 

Laser structure and fabrication technique 
1. BH structure 

In order to suppress the leakage current which 
gives rise to the distortion at high bias current, the shape 
and the position of current blocking layers in the diodes 
should be optimized. The MOCVD technique has ability to 
precisely control the growth of those layers. A schematic 
structure of the DFB laser which is entirely fabricated by 
MOCVD is shown in fig.l.   The fabrication process is 
briefly described as follows. First, the epitaxial growth of 
the active layer on a p-type substrate was carried out. Next, 
the grating layer of InP layer was formed on the active 
layer so as to be buried in a InGaAsP layer. After the mesa 
stripe was formed by wet etching, this was successively 
buried by the p-InP filling layer, n-InP, and p-InP current 
blocking layers. Finally, the contact layer was grown to 
complete the structure. We call 

504 

this    structure   Facet    Selective-   growth   Buried 
Heterostructure (FSBH) [1]. 

Electrode 
buried grating 

p-InP 
*********************mmmmMMmm     Leakage current channel 

Fig. 1 FSBH structure and their leakage current channel. 

The leakage current mainly flows through a channel 
between the active region and the n-InP current blocking 
layer as shown in fig.l. The leakage current decreases as 
the width of the channel becomes narrow, resulting in 
reduction of the distortion. So far, there were problems of a 
non-uniformity and poor controllability of the leakage 
current, because LPE technology has difficulty controlling 
the width of this channel. The FSBH structure utilizing 
MOCVD technologies makes it possible to precisely 
control the width of the channel to be 0.1^ m or less. To 
confirm the difference of the leakage current, the strength of 
electroluminescence (EL) emission from InP homojunction 
near the active layer was measured. Figure 2 shows the 
dependence of EL emission on the forward injection 
current. Laser emission was cut off with an optical band 
pass filter. Nonlinear characteristics of the emission curve 
corresponding to the leakage current is substantial origin of 
the distortion. A laser of the conventional BH structure by 
LPE method is found to show stronger emission compared 
with the FSBH structure by MOCVD, because that has the 
wider leakage channel than 0.4// m. The figure indicates 
the advantage of FSBH structure in reducing the leakage 
current. In addition, we have adopted 2-inch diameter wafer 



processing. Highly uniform characteristics and excellent 
controllability are obtained in comparison with the 
conventional small-size-wafer processing. 
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Fig.2 Comparison of electro luminescence intensity 
between the FSBH structure and a conventional BH 
structure. 

2. Strained MQW structure 
High speed analog application requires the high 

resonance frequency. It is well known that the strained 
MQW laser exhibits high resonance frequency which is 
attributed to their high differential gain[2][3]. The strained 
MQW structure, however, should be optimized to make 
the resonance frequency still higher. The purpose of this 
section is to examine the strained MQW structure suitable 
for the improvement of the resonance frequency 
experimentally. The most effective way to increase the 
resonance frequency is considered to improve both of 
optical confinement and carrier confinement, thereby 
increasing the differential gain [4]. 

First, the effect of carrier confinement is examined 
using FP lasers with the strained MQW structure. In 
InGaAsP/InP material system, the conduction band offset 
(A Ec) is so small that electrons tend to overflow to barrier 
layers, resulting in the degradation of the laser performance 
at high temperature. Overflow of electrons is a serious 
problem even at room temperature, because the threshold 
carrier density rises due to the waste of carriers. To examine 
the influence of carrier overflow, the internal quantum 
efficiency was estimated. In the experiment, two types of 
samples whose band gaps energy of barrier layers were 1.10 
//m and 1.18,« m were prepared. Moreover, the optical 
confinement factor was changed by varying the well width 
and the well number. Figure 3 shows the relation between 
the internal quantum efficiency and the optical confinement 
factor. Open circles and closed circles represent the 1.10// 
m barrier layer and the 1.18// m barrier layer, respectively. 
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,3 The relation between the internal quantum efficiency 
the optical confinement factor in FP lasers. 

The internal quantum efficiency was obtained from the 
extrapolation of the relation between the external quantum 
efficiency and the cavity length. The difference in the 
internal quantum efficiency depending on the barrier height 
is definitely observed. Experimental results exhibit that 
large barrier height is very effective to suppress the carrier 
overflow. Furthermore, increase in the internal quantum 
efficiency as increasing in the optical confinement is also 
observed, suggesting that the reduction of the threshold 
carrier density also decreases the carrier overflow. As a 
result, it is important to increase both of the barrier height 
and the optical confinement for the complete carrier 
confinement. 

Next, the effect of the carrier confinement on the 
resonance frequency was examined using the same wafer. 
Figure 4 shows the relation between the resonance 
frequency and the optical confinement factor. The cavity 
length was 300//m, and facets were coated to be 30%- 
60%. The resonance frequency was estimated from PJN 
spectrum. Devices with 1.10//m barrier have higher 
resonance frequency due to their high barrier height, being 
the same as the internal quantum efficiency. The reason is 
supposed that the differential gain is improved by 
reduction of the threshold carrier density due to the 
suppression of the carrier overflow. In addition, the 
resonance frequency is also improved by expanding the 
optical confinement. These results are attributed to the 
effect of the carrier confinement. 

The optical confinement effect is further 
investigated using DFB lasers. The well number (N), the 
well thickness (Lz) and SCH layer as structural parameters 
were changed to vary the optical confinement, which 
implys the control of the carrier density in a well. N were 
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5,7,10, and 15. Lz were3nm, 4nm 6nm, and8nm. 1.0% 
compressive strain was introduced into InGaAsP wells in 
all cases, and InGaAsP barrier layers (1.10// m band gap) 
with 5 and 7 wells were lOnm thick and 5nm thick for 10 
and 15 wells, respectively. However, there were technical 
difficulties increasing the well number or the well 
thickness. That was the degradation of strained layers 
caused by exceeding the critical thickness in the case of 
more than 10 wells. In order to solve this problem, strain 
compensation effect which is obtained by introducing 
tensile strain to the barrier layers was utilized[5]. 0.5% 
tensile strain into barrier layers actually allow to 
successfully grow samples of Lz=4nm,15wells and 
Lz=8nm,10wells. Devices for the experiment were 
conventional DFB lasers with a uniform grating, whose 
cavity length was 300// m, width of the active layer was 
1.3 //m, and facets were AR/HR coated. The wavelength 
was detuned by lOnm shorter than the gain peak. 
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Fig.4 The relation between the resonance frequency and the 
optical confinement factor in FP lasers. 

Figure 5 shows the relation between the resonance 
frequency and the optical confinement factor r, which is 
calculated with the structural parameters mentioned above. 
Open circles represent average values of several samples 
from the same wafer. The resonance frequency is found to 
increase as enlarging the optical confinement regardless of 
the well thickness. The carrier overflow is considered to 
influence on the resonance frequency in lower optical 
confinement, judging from the case of FP lasers. The 
average value of Lz=8nm, N=10 case attains the resonance 
frequency of 2.1GHz/mA1/2 , which is the maximum value 
among all kinds of samples. Moreover, a closed rectangular 
symbol    indicates the best value of 2.41GHz/mA1/2 

(=5.1GHz/mW1/2) in the Lz=8nm, N=10 samples. The 
differential gain of the best sample is estimated to be 
l.lxl0-16cm2. Scattering of the measured values depending 
on the grating phase is unavoidable to some extent. The 
gain compression factors e of every samples were 1.0- 
3.0xia23m3, depending on neither the well number nor the 
well width. 
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Fig.5 Resonance frequency versus optical confinement 
factor of strained MQW lasers 

Theoretical  and experimental  results of the 
distortion 

Based on the small signal rate equation, frequency 
response of the third-order intermodulation distortion 
(IMD3) at various resonance frequency is calculated as 
shown in fig.6. 
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Fig.6 Calculation for frequency response of third order 
intermodulation distortion (IMD3) with various resonance 
frequencies 
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IMD3 is found to be reduced with increase in resonance 
frequency, because the resonance peak shifts to the higher 
frequency. Therefore, high normalized resonance frequency 
is necessary to obtain the low distortion at a given power 
level. Figure 7 shows a typical behavior of IMD3 with 
bias current in a sample of 15 wells with 4nm thick. The 
modulation frequencies were fl=1900MHz and 
f2=1900.6MHz. The optical modulation depth (OMD) were 
20%. Solid line shows the calculation with the same 
manner of fig.6. Normalized resonance frequency of the 
sample was 4.1GHz/mW1/2. IMD3 decreased with increase 
in bias current which is attributed to the increase of 
resonance frequency. IMD3 decreased down to -80dBc at a 
bias current 70mA. Excessive distortion due to the leakage 
current was hardly observed up to high bias current. Such 
low bias current is also sufficient to realize long-term 
reliability. 
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Fig.7 Dependence of IMD3 on bias current for a sample of 
Lz=4nm ,N=15. 
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Fig.8 Dependence of RIN and CNR on bias current for a 
sample of Lz=4nm,N=10. 

Figure 8 shows RIN and CNR characteristics of 
10-well sample at the frequency of 1930MHz depending on 
bias current. Optical modulation depth (OMD) is 20% and 
bandwidth is 288kHz in the measurement of CNR. 
Extremely low RIN of -152dB/Hz is achieved in the range 
of enough low distortion. These low noise characteristics 
are attributed to the improvement of the resonance 
frequency in the same way as the distortion. CNR of 80 dB 
is high enough to be applied to analog transmission 
systems. 

Conclusions 
We have investigated the third-order- 

intermodulation distortion (IMD3) and the noise 
characteristics in 1.3 (j. m strained MQW-DFB lasers under 
high speed modulation. It was found that improvement of 
the differential gain was very effective to reduce the 
distortion and RIN, resulting from a) the introduction of 
strained MQW with the strain compensated layers, b) 
increase of the optical confinement and barrier height. As a 
result, the highest value of resonance frequency of 
2.41GHz/mA1/2 was obtained for a sample of ten 8nm- 
wells. A new buried heterostructure by entirely using 
MOCVD, named as FSBH structure, was adopted. The 
FSBH structure enabled us to control the leakage current 
channel to be 0.1 //in or less, thereby succeeding in the 
suppression of the distortion in high bias current. Using 
these techniques, IMD3 of -80dBc and RIN of -152dB/Hz 
was obtained under the 2-tone test at 1.9GHz. 
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Introduction 
Long-wavelength lasers with low threshold current characteristics over a wide temperature range are required 

for the optical access networks [1]. High reflection coating and very short cavity have been applied to 
compressively strained multiquantum well (MQW) lasers to obtain sub-milliampere operation [2],[3]. On the 
other hand, high output power is also important in order to realized suitable fiber output power even in a 
simple module that allows non-optimized coupling. Furthermore, small variation in output power at 
elevated temperature up to 85°C is important for the laser operation without automatic power-control (APC). 
In this paper, we have investigated the temperature dependencies of the output power and the threshold current 
for compressively strained MQW lasers on well number. 

I. Fabrication of strained MQW structure 
Structure: The schematic band diagram of the strained 
MQW structure is shown in Fig. 1. The multilayer 
growth was carried out by MOVPE on an n-InP 
substrate. The MQW layer is composed of 6 nm-thick 
compressively strained InGaAsP (Aa/a = 0, 0.6, 0.9, 
and 1.0 %) well layers and 10 nm-thick InGaAsP (Xg 
= 1.15 (Xm) barrier layers. The number of quantum 
wells (Nw) is 5, 7 and 10. The amount of the strain 
was estimated by measuring X-ray diffraction. The 
MQW layers are sandwiched by 60 nm-thick separate 
confinement heterostructure (SCH) layers (Kg =1.15 
um). 

Photoluminescence measurement: Figure 2 shows the 
photoluminescence (PL) linewidth (full width at half 
maximum) of the samples with 7 wells at room 
temperature (RT) and 77 K. The X axis represents the 
amount of the compressive strain in well layers. The 
PL peak wavelengths of the measured samples range 
from 1.30 to 1.31 urn at RT. When the amount of 
the strain is increased from 0 to 1.0 %, the PL 
linewidth at RT decreases from 38 meV to 24 meV, 
and that at 77 K is almost constant at about 10 meV. 
These results indicate that the fabricated strained MQW 
structures have good crystalline quality and very sharp 
interfaces. In order to investigate PL characteristics of 
the strained MQW structure with much larger amount 
of strain, we fabricated strained MQW structure with 
InAsP well layers. However, PL intensity was too 
weak to be detected at RT. 

Figure 3 shows the dependencies of PL linewidth 
and PL peak-shift value from RT to 77 K on the well 
number, for the 1.0 % strained MQW structures. The 
large broadening in PL linewidth is observed at the 
sample with 10 wells.  Furthermore, for the samples 

Barrier (10nm) 

SCH (60nm) 

Nw=5, 7 and 10 

SCH (60nm) 
InP 

Ml —    — 

U-^—Strained In 

-1.15um InGaAsP 

nGaAsP 
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Fig. 1  The schematic band diagram 
of the strained MQW structure. 
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Fig. 2 The dependences of the PL linewidth 
on the amount of the compressive strain in 
well layers at RT and 77K. 

with 5 and 7 wells, PL peak-shift value is about 60 
meV. On the other hand, for the sample with 10 
wells, no PL peak-shift is observed. These results 
indicate that the degradation in crystalline quality 
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Fig. 3 The dependences of PL linewidth and 
PL peak shift value from RT to 77 K on the 
well number for the 1.0% strained samples. 
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occurs in the sample with 10 wells. We will mention 
about the reliability of the 1.0 % strained MQW laser 
with 10 wells in the next section. 

II.  Device   characteristics  and  Discussions 
Three buried heterostructure lasers with strained 

MQW active layers (Nw = 5, 7 and 10, Aa/a = 1.0 %) 
were fabricated by liquid phase epitaxy. The active 
region width is about 1.2 urn. 

Laser parameter: The internal loss (oti) and the internal 
differential quantum efficiency (T)i) were estimated 
from the relation of the cavity length versus inverse 
differential quantum efficiency at RT. The values of 
oti are 10.7, 12.3 and 17.4 cm-l for 5, 7 and 10 wells, 
respectively. The values of r|i are 93, 99 and 99 % for 
5, 7 and 10 wells, respectively. The values of the 
optical confinement factor in the well layers are 0.046, 
0.073 and 0.114 for 5, 7 and 10 wells, respectively. 
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Fig. 5 The temperature dependences of 
the slope efficiency for the lasers with 
5 wells as a parameter of cavity length. 

Increase in cti with well number results from increase 
in the optical confinement factor [4]. 

Temperature dependence: In order to realize low 
threshold current and high output power at high 
temperature, and to achieve relatively stable output 
power at elevated temperature up to 85°C, small 
temperature dependencies of threshold current and slope 
efficiency are required. 

The temperature dependencies of the slope 
efficiency and the threshold current under CW 
operation for the three types of the strained MQW 
lasers are shown in Fig. 4. All lasers have cavity 
length of 400 u.m and as-cleave facets. The 
characteristic temperatures (To) estimated from 
temperature dependencies of threshold current are 37.7, 
50.4 and 62.7 K for 5, 7 and 10 wells, respectively. 
The To value is improved with increase in well 
number. The slope efficiency as well as the threshold 
current of the laser with 5 wells has larger temperature 
dependence than that of the laser with 7 or 10 wells. 
When we define the ratio of the slope efficiency at 
85°C (T|s85) to that at 25°C (r|s25) as T|s85/tls25, the 
values of Tis85/r|s25 are 0.59, 0.72 and 0.73 for 5, 7 
and 10 wells, respectively. 

Figure 5 shows the temperature dependencies of the 
slope efficiency for the lasers with 5 wells as a 
parameter of cavity length (Lc). The value of 
T|s85/r|s25 is improved from 0.59 to 0.65, with 
increasing cavity length from 400 urn to more than 
600 u.m. Furthermore, To value is also improved by 
about 5K in the lasers with cavity length of more than 
600 u.m. In the laser with 5 wells and relatively short 
cavity, the carrier density is high and the Fermi level 
is close to the barrier energy. Therefore, increase in 
temperature easily induces carrier overflow out of the 
well layers, which decreases current injection 
efficiency and increases internal loss in the laser [5]- 
[7]. As a result, the laser with 5 wells and relatively 
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threshold current for the HR coated lasers 
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Fig. 7 The temperature dependences of the 
relative output power for the HR coated 
lasers with 5 and 7 wells (Aa/a = 1.0%). 

short cavity shows large temperature dependencies of 
the slope efficiency and the threshold current. Greater 
well number can suppress the carrier overflow at high 
temperature, but increases the internal loss due to 
larger optical confinement factor. Indeed, in Fig. 4, 
the laser with 7 wells shows the lowest threshold 
current and the highest slope efficiency from 25°C to 
85°C. Furthermore, the laser with 10 wells shows the 
deterioration ratio of over 10 % in threshold current at 
50°C after the ACC burn-in test under 150 mA at 
70°C for 100 hours. 

From the results of the PL characteristics in Fig. 3 
and the ACC test, it is considered that the degradation 
of crystalline quality is caused by the large total strain 
in the laser with 10 wells. 

Characteristics of HR coated lasers: In order to decrease 
the threshold current, high reflection (HR) coating was 
applied to the lasers with 5 and 7 wells (Aa/a = 1.0 
%). The reflectivity of the front and rear facets are 80 
% and 96 %, respectively.   The cavity length is 
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Fig. 8  The light output versus injection current 
for the HR coated laser with 7 wells (Aa/a = 1.0%). 

200 um for each type of the laser. The HR coating is 
expected to improve the temperature dependencies of 
the threshold current and slope efficiency due to 
reduced mirror loss. 

Figure 6 shows the temperature dependencies of the 
threshold current under CW operation for the HR 
coated lasers with 5 and 7 wells. At 25°C the laser 
with 5 wells shows lower threshold current of 1.8 mA 
than the laser with 7 wells due to its smaller internal 
loss, however, at 85°C the laser with 7 wells shows 
lower threshold current of 5.5 mA due to its higher 
To. 

Figure 7 shows the temperature dependencies of the 
relative output power at the injection current of 50 
mA for the HR coated lasers with 5 and 7 wells, under 
CW operation. The light output powers at 25°C are 
10.4 and 10.9 mW for 5 and 7 wells, respectively. 
The variation in output power from 25°C to 85°C for 
the laser with 7 wells is 2.0 dB, and is smaller by 0.4 
dB than that of the laser with 5 wells. The results of 
Fig. 6 and Fig. 7 show that even with HR coating, 
the laser with 7 wells shows lower threshold current, 
higher output power at high temperature, and smaller 
variation in output power at elevated temperature up to 
85°C, as compared with the laser with 5 wells. 

Figure 8 shows the CW light output versus 
injection current for the HR coated laser with 7 wells 
as a parameter of temperature. The high output 
powers of 10.9 mW at 25°C and 6.8 mW at 85°C are 
demonstrated under the injection current of 50 mA. 
Furthermore, the low threshold currents of 2.1 mA at 
25°C and 5.5 mA at 85°C are realized. 

III.   Conclusions 
We have evaluated the temperature dependencies of 

strained MQW lasers on well number. Smaller well 
number means larger temperature dependencies of the 
slope efficiency as well as the threshold current due to 
enhanced carrier overflow, while greater well number 
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means degradation in crystalline quality that lowers the 
reliability of the laser. In this work, the 1.3 |im 
strained MQW laser with a compressive strain of 1.0 
% and 7 wells shows the highest output power of 6.8 
mW and the lowest threshold current of 5.5 in A at 
85°C, and the lowest variation in output power of 2.0 
dB from 25°C to 85°C at the injection current of 50 
mA. These characteristics show that the optimized 
lasers are suitable for light sources of the optical 
access networks. 
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Introduction 

The metal-semiconductor-metal (MSM) photodiodes have much lower capacitance compared to the p-i-n diodes 
with similar surface area. It has been suggested11 ] that the capacitance of MSM photodiodes can be reduced by a 
factor of four by a serial arrangement of two MSM elements occupying the same total area, and in this arrange- 
ment the detected photo-current will be reduced only by a factor of two. For high-speed optoelectronic integrated 
circuit (OEIC) receivers based on heterostructure HBT's or HFET's the base or gate current of the input transis- 
tor often limits the sensitivity of the receiver due to the associated shot noise current generator. For this reason 
the size of the input transistor is often greatly reduced, and consequently the input capacitance is also reduced to 
a few ten's of femto-farads. For these OEIC receivers, photodetectors with comparable or much less capacitance 
are required in order to preserve the bandwidth, and either serially arranged or series/parallel arranged MSM 
photodiodes can serve as the photodetectors with ultra-low capacitance. In this paper we present experimental re- 
sults obtained from series and series/parallel arranged MSM photodiodes based on lattice-matched In- 
GaAs/InAlAs heterostructures on InP substrate with lp.m thick InGaAs absorption layer and 1.2|im interdigi- 
tated metallization with 1.2p.m spacing. We also present results predicting high-speed performance of OEIC re- 
ceivers based on these ultra-low capacitance MSM photodiodes and compatible state-of-the-art 0.15jxm gate- 
length HFET's operated as a cascoded transimpedance amplifier or state-of-the-art HBT's operated in the same 
fashion. These receivers are shown to yield transimpedance of 72 dBQ with 3-dB bandwidths of 19.5 GHz, and 
sensitivity of -28 dBm at the full bandwidth at the standard bit-error-rate of 10"9. 

The MSM Structure 

Epitaxial Material: The MBE-grown layer structure used 
for the fabrication of the interdigitated MSM photodiodes 
is shown schematically in Figure 1(a). This structure 
consists of 3000Ä AlInAs buffer layer, a 270Ä composi- 
tion graded InAlAs/InGaAs shot-period superlattice 
(SPSL) lower layer, a 1.0(xm InGaAs photo absorption 
layer, a 270Ä composition graded InAlAs/InGaAs SPSL 
upper layer, and a 300Ä In Al As Schottky barrier layer. 
The material was grown by lattice matching on semi- 
insulating <100> InP substrate at 500 °C with a growth 
rate of 0.8|im per hour using the Varian Gen II machine. 

Fabrication of MSM Diodes: For the fabrication of MSM 
diodes a mask set was designed using L-EDIT software 
package. Mask sets were designed to fabricate both single 
two-terminal MSM photodiodes, as well as series con- 
nected three-terminal novel MSM photodiodes. Figure 
1(b) shows the layout of the three-terminal four-element 

MSM photodiodes with 1.2^m finger width and finger 
spacing with number of fingers N=l 1 and length of each 
finger I =5|im. These masks were fabricated at the IBM 
T.J. Watson Research Center, Yorktown Heights, NY. 

The MSM photodiodes were fabricated on the het- 
erostructure material shown in Figure 1(a) using optical 
lithography and lift-off technique. The processing in- 
volved the following steps: 

(a) Spinning of photoresist on the cleaned wafer followed 
by a bake for 60 mins at 115°C. 

(b) Interdigitated patterns were exposed on the photore- 
sist using UV lithography and the exposed resist was 
developed. 

(c) After exposure and development two layers of metal 
(200Ä Cr, and 1000Ä Au) were thermally evaporated 
and lifted off in acetone. Prior to the evaporation of 
metal native oxide was removed using dilute HF solu- 
tion. 
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Figure 1 (a) Schematic cross-sectional details of the het- 
erostructure layers used for MSM photodiodes. (b) Layout of a 
three-terminal four-element interdigitated MSM photodiode 
metallization pattern, (c) Scanning electron photo-micrograph 
of a three-terminal four-element MSM photodiodes. 

Polyimide was used for protection of areas outside the 
interdigitated regions and cured for 8 hours at 200°C. 
Large metal contact pads were formed on polyimide for 
probing purposes. Figure 1(c) shows the scanning elec- 
tron photomicrograph of a three-terminal four-element 
MSM photodiode. 
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Figure 2. Photo-excited I-V characteristics of the novel three- 
terminal four-element MSM photodiode between the two outer 
electrodes. 

Characteristics of MSM Photodiodes 

The I-V characteristics of the fabricated MSM pho- 
todiodes were obtained using the HP 4145B Parameter 
Analyzer. The typical values of the dark current of a 
single-element MSM photodiode varied from 3nA to 10 
nA at 1.5 volt. These measurements are comparable to 
those reported in ref. [3]. With the illumination of the 
diode active area by the microscope light with increasing 
intensity the I-V characteristics obtained from a three- 
terminal four-element MSM photodiode are depicted in 
Figure 2 when the voltage was applied between the two 
outer electrodes keeping the third central electrode 
floating. Almost identical I-V characteristics were ob- 
tained between the central and either of the two outer 
electrodes. These results clearly demonstrated the validity 
of the original concept that the current generators result- 
ing from optical excitations can relay from one MSM- 
photodetector element to the next element if they are 
uniformly illuminated. By shorting the two outer elec- 
trodes and performing measurements between these and 
the central electrode we observed doubling of the detected 
current for the same illumination. This confirmed the 
parallel operation of the detected current generators. 

Responsivity was measured using a single mode fiber 
to couple 1500nm laser radiation to the light sensitive 
area of the MSM photodiodes and the corresponding 
electrical current was recorded with the help of direct 
wafer probing. For this purpose a Cascade Microtech 
probe station (Model summit 9000) with probe head 
WPH-102-100 was used. Typical values of responsivity 
for a single-element MSM photodiode was 0.3 AAV at 5 
Volts biasing. 

Capacitance of the fabricated MSM photodiodes were 
determined from scattering parameter measurements, 
with the help of a microwave network analyzer (HP 
85IOC). The results of measurements of capacitance be- 
tween the two outer pads of a three-terminal four-element 
capacitance is depicted in Figure 3. In this case the 
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Figure 3. Frequency dependence of Im(7n) of a three-terminal 
four-element MSM photodiode between its outer electrodes. 

measured value of capacitance was found to be ~6 fF 
whereas theoretically expected value was ~1 fF. This 
result indicate large contributions from the inter-pad 
fringe capacitances. Measurements on other structures 
confirmed the presence of this large fring capacitance. 

The MSM photodiodes of different finger widths and 
spacing were tested for their high frequency limitation. 
For this we used the direct bandwidth measurement setup 
available at the AT&T Bell Labs, Crawford Hills facili- 
ties. This measurement involved up to 20 GHz swept 
microwave modulated optical signal of 1550nm laser 
radiations coupled to the test MSM photodiodes. The 
electrical signal was detected by wafer probing. Figure 4 
depicts the results of optical-to-electrical bandwidth 
measurements for a single-element MSM photodiode 
with 1.2 urn finger and spacing. The 3-dB bandwidth is 
marked at -8.4 GHz when the bias voltage was 6 Volts. 
Devices with 1.8p.m and 2.4p.m finger widths indicated 
3-dB bandwidths of ~5 GHz and ~2.7 GHz, respectively. 
These reduction of bandwidths were caused by the reduc- 
tion of electric field as well as by the increase in the 
electrode spacing in the different MSM diodes tested. 
However, with appropriately increased applied voltage in 
serially connected devices should yield the bandwidth 
comparable to that obtained from individual devices. 

MSM Based OEIC Receivers 

Design Concepts: Transimpedance OEIC receivers based 
on ultra-low-capacitance MSM photodiodes described 
above and compatible high-speed heterostructure bipolar 
or field-effect transistors (HBT's and HFET's) are poten- 
tially capable of providing high 3-dB bandwidth and 
sensitivity. A design optimization approach to such high- 
speed OEIC receivers has been suggested recently131. For 
receivers with highest possible gainxbandwidth product 
and maximally flat frequency response it is necessary to 
configure the input stage of the transimpedance amplifier 
in the cascoded fashion. In this arrangement the depend- 
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Figure 4. Frequency dependence of optical-to-electrical re- 
sponse of a single-element MSM photodiode with 1.2 urn met- 
allization finger and 1.2pm spacing with 6 volts bias. 

ence of the feedback resistance (R/) on the load conduc- 
tance (gL) can be shown to obey the following relation- 
ship: 

*/ = 
l(cL+cß)gm 

(qi +cp)gi 
(i) 

In the above equation gm is the transconductance of the 
cascoded transistor, cu is its input capacitance, cp is the 
MSM photodiode capacitance, cL is the load capacitance 
interfacing the unity gain voltage follower, and cM is the 
feedback capacitance of the transistor. The gain x band- 
width product of this cascoded input stage transimped- 
ance receiver can be expressed in the following manner. 

Rf x fo-dB = -fr- (—) 7 7—7 J <2n   gL   (cu+cp) 
(2) 

For receivers based on HFET's, the load conductance gL 

corresponds to the drain output conductance (g0) of the 
HFET which is used as a dynamic load resistor. 

Bandwidth and Sensitivity Limits: We have calculated 
the frequency response of MSM-based OEIC transimped- 
ance receivers using both HFET's and HBT's. These cal- 
culations are based on the following CE or CS equivalent 
network parameters of scaled state-of-the-art HBT[4] and 
HFET[51 structures (see Figures 5(a) and 5(b)). 

HBT's: The base-to-collector capacitance c„ =18.5 IF, 
the associated conductance g„ =18.5 mS, the total collec- 
tor-base feedback capacitance cß =4.5 IF, the output con- 
ductance g0 = 0.1 mS, the base resistance rbb< = 50 Q, and 
the collector series resistance rcc- = 20 Q. The effects of 
the emitter series resistance ree- (=13.3Q) have been in- 
cluded in the values of the parameters c„, g„, gm and g0 

given above. The size of the emitter chosen131 is lfim x 
2.5p.m, and the operating collector current Ic= 0.62 mA. 
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HFET's: The gate-to-source capacitance cgs =18.5 fF, the 
associated conductance ggs =0.2 mS, the transimpedance 
gm =18.5 mS, the drain-to-gate feedback capacitance c^ 
=3 fF, the output conductance g0 =0.3 mS, the gate series 
resistance rg =10 Q, and the drain series resistance rd 

=10Q. The effects of the series source resistance rs 

(=20Q), have been included in the values of the parame- 
ters cgs, ggs, gm, and g0. The size of the gate chosen131 is 
0.15(im x 25um, and the operating gate current IDS 

=5mA. 
We present in Table I the key performance character- 

istics of the high-speed OEIC receivers based on MSM/ 
HBT's and MSM/HFET's, for selected values of feedback 
resistance and choice of MSM photodiode capacitance 
(cp) and load capacitance (cL). These results were ob- 

P Cfi = Cbc + Cc 

B  » 

Table I 

(a) 

G ° \A/V 

(b) 

Figure 5. Small-signal equivalent network models: (a)HBT's, 
and (b) HFET's. 

tained by recourse to PSPICE simulations and the results 
agree with the predicted gain x bandwidth performance 
given in eqn (2). It is to be noted that receivers based on 
HFET's have Rf>f3-dB -values independent of Rf, whereas 
those based on HBT's have values proportional to JRJ . 

The magnitudes of the minimum detectable optical 
power (or the sensitivity) to these OEIC receivers based 
on HBT's and HFET's were calculated131 for the standard 
bit-error-rate of 10"9. These values when Rf~5 kQ and cp 

=6 fF were found to be approximately -28 dBm for the 
full bandwidth of approximately 20 GHz. 

Conclusions 

We have presented performance of a novel MSM 
photodetector based on InGaAs/InAlAs lattice-matched 

[A]HBT [B] MODFET* 

R/ 
kn 

RL 
Q 

/3-dB 

GHz 
R/x/3-dB 

QTHz 
R/ 
kQ 

/3-dB 

GHz 
R/x/3-dB 

QTHz fF 

cp = 6fF 

5 
3 

1.5 

721 
550 
362 

19.9 
20.6 
29.1 

99.5 
61.8 
43.7 

5.28 
7.41 
9.51 

19.4 
13.9 
10.8 

102.5 
102.5 
102.5 

4.5 
7.5 

10.5 

Cp = 20 fF 

5 
3 

1.5 

863 
656 
455 

13.5 
17.4 
24.6 

67.5 
55.2 
36.9 

3.64 
5.10 
6.56 

19.4 
13.9 
10.8 

70.7 
70.8 
70.8 

4.5 
7.5 

10.5 
*RL = l/g0 

heterostructures on InP substrate. It is demonstrated that 
four-element series/parallel connected MSM photodiodes 
offers extremely low capacitance with a modest sacrifice 
of detected photocurrent. The single-element photodiodes 
with 1.2um spacing showed low dark current (~10pA/ 
um2) when operated with 3 volts, its responsivity was 
0.32 AAV at 5 volts bias, and its capacitance was 28 fF 
including inter-pad fringing capacitance. The 1.2um 
MSM device indicated a 3 dB optical-to-electrical band- 
width of 8.4 GHz. It is believed that by reducing the fin- 
ger width and spacing to ~0.5um and increasing the op- 
erating voltages for the series connected four-element 
MSM structures the bandwidth can be extended to 20 
GHz. This detector, without large bonding pads, when 
integrated with the proposed transimpedance OEIC re- 
ceivers is expected to yield high bandwidth (-20 GHz) 
and high sensitivity -28 dBm at the bit-error-rate of 10"9. 
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High-Efficiency Monolithic InGaP/GaAs Tandem Solar Cells ThP39 
with Improved Top-Cell Back-Surface-Field Layers 

H. Kurita, T. Takamoto, E. Ikeda, and M. Ohmori 
Central Research Laboratories, Japan Energy Corporation 

3-17-35 Niizo-minami, Toda-shi, Saitama 335, Japan 

Improved back-surface-field (BSF) layers have been adapted for the top cell of a two-terminal, 
monolithic InGaP/GaAs dual-junction cell in order to recover the top-cell quantum efficiency, which 
had been reduced significantly by the diffusion of zinc from the p+-InGaP BSF into the top-cell base 
layer. A thick p+- InGaP layer and a thin p-AlInP layer have proved to be effective in improving the 
top-cell quantum efficiency, especially in the long-wavelength region. Although the current-matching 
between the top- and bottom-cells was not complete, tandem cells with those BSF layers obtained high 
conversion efficiencies of 27.3% and 26.4%, respectively. 

Introduction 

InGaP/GaAs tandem solar cells are very 
attractive for use as super-high-efficiency solar 
cells, because Ino.5Gao.5P is lattice-matched to 
GaAs, and the tandem combination of these two 
materials, the bandgaps of which are 1.9 and 1.42 
eV respectively, has a theoretical efficiency of 
34%. 0 In developing this tandem cell, the design 
of the structure of the InGaP cell is the most 
important consideration. In a previous paper we 
introduced a p+-InGaP back-surface-field (BSF) 
layer for the single-junction InGaP cell on a GaAs 
substrate, which enhanced the quantum efficiency 
of the cell, with the high efficiency of 17.4 % 
being obtained. 

In this paper, it is shown that the structure of 
the BSF layer of an InGaP cell must be modified 
when adapted for an InGaP/GaAs tandem cell, 
because the dopant diffusion from the tunnel 
diode reduces the effect of the BSF. We report on 
improved structures of BSF layers, and on the 
excellent performances of InGaP/GaAs tandem 
cells using these new BSF layers. 

Experiments 

Cell Structure and Fabrication Method 
Fig. 1 shows a schematic cross section of an 

InGaP/GaAs tandem cell. The cell was grown in 
a vertical reactor by a reduced-pressure 
metalorganic chemical-vapor deposition 
(MOCVD) epitaxy on a Zn-doped (100) GaAs 
substrate, which was tilted 5° toward [Oil]. 
Triethylgallium (TEG) and trimethylindium (TMI) 
were used for the Group-Ill source materials, 
while phosphine and arsine were used for the 
Group-V materials. We used silane and 
diethylzinc (DEZ) for n- and p-type dopants, 
respectively. Although the growth temperatures of 

the top- and bottom-cells were both optimized at 
700° C, the top-cell was grown at 650° C in order 
not to injure the tunnel diode by a higher 
temperature process. 

The GaAs bottom-cell was sandwiched by n+ 
and p+ -InGaP layers, which acted as the front- 
and back-surface-field layers for the bottom cell. 

Top- and bottom-cells were interconnected by a 
heavily doped p+-n+ GaAs tunnel-junction. In 
order to achieve high doping for n+-GaAs in the 
tunnel diode, the delta-doping method was 
applied, because it was difficult for Si to be 
highly doped into GaAs over 3 x 1018cnr3 by the 
usual steady-doping. 

ARC     . 
MgFi/ZnS 

Front contact 

n+- AllnP: 0.03 um <2 X 10 '*    window 
-InGaP: 0.05 3X1018 emitter 

p - InGaP 1.5X101 base 

Back-Surface-Field (BSF) layer 

TT3  GaAs: 0.01 <1X10' 
■- GaAs: 0.01 >5X10' 

InGaP: 0.1 1XI019    window 
GaAs: 0.1 2 X 10 1!i     emitter 

- GaAs: 3.0 2X10 base 

InGaP: 0.1 3X1018 BSF 
GaAs: 0.3 7X10' buffer 

Top 
cell 

Tunnel 
diode 

Bottom 
cell 

■ GaAs substrate   <lxio19cm'3 

Back contact 

Fig.   1.  Schematic cross section of an 
InGaP/GaAs tandem cell. 
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The surface of the top-cell was passivated by 
an n-Alo.5Ino.5P layer, with a doping level of 
about 2xl017cnr3. On the basis of time-resolved 
photo-luminescence (TRPL) measurement, the 
effective surface recombination rate was estimated 
to be about 6,000 cm/s. The minority carrier 
lifetime in the base layer was estimated by TRPL 
measurement to be about 5 ns. The backside of 
the top-cell was passivated by a BSF layer to 
prevent photo-excited electrons from falling into 
the tunnel region. 

Thin p+-InGaP BSF 
A p+-InGaP layer proved to be a very effective 

BSF layer for an InGaP single-junction cell.2) 
Therefore, we first employed it for the 
InGaP/GaAs tandem cell. Fig. 2(a) shows its 
structure, which was comprised of a O.ljim p+- 
InGaP layer with a doping level of 2 x 1018 cm"3 

and a 0.025(j.m p-InGaP graded-doping layer, 
where the doping level gradually decreased to the 
base layer with a carrier density of 1.5 x 1017 cm" 
3. In the highly-doped BSF layer, the bandgap 
narrowing is estimated to be about 30meV, while 
the shift of the Fermi energy is about 70 meV.3) 
As a result the barrier height for electrons between 
the base and p+-InGaP is about 40 meV. 

Top-cell base 

Graded p-lnGaP (0.025 um) 

p - InGaP (0.1 -0.5 urn) 

2x1018cm"3 

p -GaAs (tunnel) 

(a) 

Top-cell base 

Graded p-lnGaP (0.025 um) 

p - InGaP (0.025 urn) 

p-AllnP (0.025 urn) 

p - InGaP (0.05 urn) 
„    -,,18     -3 2x10   cm 

p -GaAs (tunnel) 

(b) 

Fig. 2 Schematic cross sections of the top-cell 
BSF layers, (a): p+-InGaP BSF; (b):p-AHnP 
BSF. 

It was noted that the GaAs tunnel diode was 
sandwiched by high-doped InGaP layers. This 
structure, which is called a double-hetero 
structure tunnel diode, is believed to be effective 
in increasing the tunnel peak-current Ip.4) After 
annealing the tunnel diode sample at 650° C, the 
Ip was about 80 mA/cm2, while the expected 
short-circuit current of the solar-cell was about 15 
mA/cm2. 

When this p+-InGaP BSF was applied to 
InGaP/GaAs tandem cells, however, the spectral 
response of the InGaP top-cell was reduced 
significantly at the long-wavelength region, as 
compared to that of an InGaP single-junction cell. 
It was revealed by Secondary Ion Mass 
Spectroscopy (SIMS) analysis that zinc diffused 
strongly from the p+-InGaP layer toward the 
base layer, and significantly reduced the doping 
level in the BSF layer, as shown in Fig.3.(b). 
This Zn diffusion made the interface between the 
base and BSF layers unclear, and reduced the 
effective base thickness. Fig.4, which is the 
conduction-band diagram calculated from the 
SIMS data assuming the full activation of zinc 
and taking account of the bandgap narrowing due 
to high-doping, shows that the diffusion of Zn 
caused the reduction of the BSF barrier height. 

Modifications of BSF 
In order to overcome the above-mentioned 

shortcoming of a thin p+-InGaP BSF without 
introducing another material for the p-type 
dopant, we tried two types of modifications for 
the BSF structure. 

The first BSF modification involved thickening 
the p+-InGaP layer. This was done in order to 
make the Zn diffusion less effective on the barrier 
reduction of the BSF layer. 

The second type of modification was to replace 
p + -InGaP by p-Alo.5Ino.5P. Alo.5Ino.5P is 
lattice-matched to GaAs, and has 2.23 eV of 
band gap, which is much wider than that of 
Ino.5Gao.5P. The structure of this BSF layer is 
shown in Fig. 2(b). The 0.05 (im p+-InGaP was 
inserted between the tunnel diode and the AllnP 
layer, in order to make a double-hetero-structure 
tunnel diode. The 0.025|im p+-InGaP on the 
AllnP layer was introduced in order to avoid 
direct contact between the base and AllnP layers. 

While the Zn distribution in the base layer for 
the cell with a 0.5 (im p+-InGaP BSF layer is 
almost the same as that for the cell with a 0.1 (im 
p+-InGaP BSF layer as shown in Fig.3, it is 
shown in Fig.4 that the barrier hight of the BSF 
layer recovered significantly although the 
recovary was not complete. 

In the case of the AllnP BSF layer, the Zn 
diffusion toward the base layer was significantly 
reduced, and a very high barrier appeared in the 
BSF layer, which came from the band 
discontinuity between InGaP and AllnP. 
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Fig. 3. SIMS data of zinc distribution in 
tandem cells. (a):with 0.1 p.m p+-InGaP BSF; 
(b) :with 0.5 urn p+-InGaP BSF; and (c):with 
p-AHnP BSF. 

'-10 
0.5 1 

depth (um) 
1.5 

Fig. 4. Conduction-band diagrams in the top- 
cell base and BSF layers for the various BSF 
layers, (a) : single InGaP cell ; (b): tandem 
with O.lfim p+-InGaP BSF layer; (c):tandem 
with 0.5|im p+-InGaP BSF layer; and 
(d):tandem with p-AHnP BSF layer. 

Quantum Efficiency 
In Fig. 5, the quantum efficiencies for the top 

cell are compared among the tandem cells with 
various BSF structures. The thickness of the base 
layer of the top-cell was 0.7 (im, and the grid 
coverage was 10% for all cells. Thickening the 
p+-InGaP layer to 0.5 |Ltm proved to be very 
effective for in recovering the quantum efficiency. 
An AllnP BSF layer was also shown to be a good 
alternative, although the recovery of the quantum 
efficiency was less than that for the cell with a 0.5 
|im p+-InGaP BSF layer, which was against 
expectation from Fig. 3 and Fig. 4. 

Fig. 6 shows the bottom cell quantum 
efficiencies for those two cells. For AllnP BSF, 
the short wavelength tail was larger than that for 
the 0.5 (im p+-InGaP BSF. This difference 
comes from the difference in the total InGaP 
thickness of the top-cell. 
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Fig. 5. Spectral responses of the topcells of 
tandem cells with various BSF layers. 
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Fig. 6. Spectral responses of the bottom cells 
of tandem cells. (a):with 0.5 |im p+-InGaP 
BSF ; and (b):with p-AHnP BSF layers. 
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Cell Performance 
Fig. 7 shows the AM1.5G cell performances of 

1 cm x 1 cm InGaP/GaAs tandem cells with 
improved top-cell BSF structures. The ARC was 
a double layer of MgF2 and ZnS, the thicknesses 
of which were designed to reduce the reflectivity 
below 2% in the wavelength region of 400 - 650 
nm. The grid coverage was 2%. The base 
thickness of the top-cell was 0.7 |im for the p+- 
InGaP BSF, and 1.0 (im for the AllnP BSF; and 
the total thicknesses of the two InGaP layers in 
the top-cell were 1.275 (im and 1.125 (im, 
respectively. 

Those two tandem cells achieved high 
conversion efficiencies of 27.3% and 26.4%, 
respectively. The 0.9% difference in efficiency 
comes from the low fill-factor (F.F.) of the 
tandem cell with the AllnP BSF, which is due to 
the poor characteristics of the GaAs tunnel-diode 
in this cell. 

It was noted that, when the intensity of light 
illuminated on the cells was increased 
intentionally in the long-wavelength region from 
the normal AM1.5G spectrum, the short circuit 
current (Isc) was increased for both tandem cells. 
This indicates that Isc is not determined by the 
top-cell photo-current, but is determined by the 
bottom-cell photo-current, which depends upon 
the total thickness of the InGaP layers in the top- 
cell. This is consistent with the fact that the Isc 
for the AllnP BSF is 0.1 mA larger than that for 
a p+-InGaP BSF. In order to achieve the current- 
matching between the top and bottom cells, 
thinning of the top-cell base is needed. 

Conclusion 

BSF structures for the top-cell of the 
InGaP/GaAs tandem cell have been developed 
and have proved to be very effective in enhancing 
top-cell quantum efficiency. The best conversion 
efficiency achieved so far for 1 cm x 1 cm cells 
was 27.3 %. Nearly 30 % efficiency is expected 
achieving current-matching between the top- and 
bottom-cells by thinning the top-cell base layer 
and by increasing the peak current of the tunnel 
diode. 
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Introduction 
The development of multi-wavelength optical fibre telecom networks requires the availability of wavelength selective 

receivers such as heterodyne or WDM photoreceivers. Monolithic integration on a same chip of many devices constituting 
such receivers appears important to reduce interconnection and assembly difficulty for their practical implementation in future 
networks. InP, InGaAs, InAlAs and GalnAsP are the materials which will allow this integration and satisfy the 1.3-1.5u_m 
wavelength range needed by die fibre. We report the monolithic integration of a building block, a waveguide-fed 
photoreceiver, comprising a semiconductor waveguide, a PIN photodiode, and a 3 stage low noise preamplifier, based on 
0.5nm gate length high performance HFETs. Internal sensitivities better than -27dBm at 2.5Gbit/s and -25dBm'at 5Gbit/s 
have been measured. 

Integration scheme: substrate patterning 
A fabrication scheme has been defined to allow the 

fabrication of high performance, sub-micron gate length „ 
HFETs, together with a full compatibility with further % 
integration of optical devices, such as integrated heterodyne ~ 
photoreceiver (1). In particular, in order to keep the HFET c 
and waveguide-PIN layers at the same height (fig.l), a § 
substrate patterning technique, widely used for OEIC .s 
integration (2,3), has been chosen. f 

"o 

0        200     400      600      800     1000    1200 

Chemical Etch Depth (A) 

Fig 2: Room temperature photoluminescence 
characteristics of n-InP substrate after CH4-H2 RIE, as a 
function of the final chemical etch depth. 

PIN HFET 

SH WAVEGUIDE 

BUFFER 

HFET 

(100) InP:Fe 

Fig 1: Schematic epilayer stack grown on patterned 
substrate. The FET layers are kept on top of the device 
allowing short gate length fabrication. 

A CH4-H2 RIE and surface preparation process has been 
developed and optimized to recess 4|im-deep trenches in the 
S.I.-InP substrate, before epitaxial growth of the 
approximately 4^m thick structure. After RIE, a slight 
chemical wet etch is performed in order to remove damaged 
material. The process has been characterized using room 
temperature photoluminescence of n-InP substratesrFig. 2 
represents die recovery of the substrate photoluminescence 
characteristics (peak intensity and width) after RIE, as a 
function of die wet etch depth. The initial characteristics of 
the substrate are recovered after removing only about 200A 
of damaged material. Moreover, no difference was observed 
between die characteristics of waveguide-fed detectors and 
HFETs fabricated either on planar or recessed substrates, 
which shows the efficiency of the overall process. 
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Material growth and receiver fabrication 
A single step low pressure MOCVD growth is used to 

realize the epilayer stack on the patterned substrates. The 
growdi sequence starts with the AlInAs/GalnAsP based 
HFET structure (4-5), followed by die InP/GalnAsP single 
heterostructure waveguide, before the GalnAsP/GalnAs PIN 
photodiode (6). The photodiode and waveguide layers are then 
selectively removed from die top of die HFET layers in die 
electronic part of die receiver, and a 11 step process is 
realized (5-6). The planarized approach allows die realisation 
of short gate lengdi (0.5nm) low noise HFETs directly on 
S.I. substrate with deep UV contact lithography. Fig.3 
shows a view of die fabricated receivers: f.5^m light is 
injected in die waveguide (pardy shown on the left side) and 
evanescently coupled in the PIN photodiode. The 
photocurrent signal is dien amplified by the 3 stage 
amplifier. 



6|i.m 

Fig 3: Photograph of the waveguide-fed pin-HFET 
receiver. 

The low noise amplifier circuits, including MIM 
capacitors, resistors and inductances, have been developed in 
previous work (7-8). 

Waveguide-fed detectors 
In order to optimize the detector design, the efficiency of 

the evanescent coupling between waveguide and photodiode 
has been studied as a function of the diode length as shown 
in fig .4. 
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Fig 4: External quantum efficiency of a waveguide-fed 
photodiode as a function of the diode length. 

20(im long devices, absorbing more than 90% of the 
guided light, have been retained for the integrated receiver. It 
is worth noticing that the polarization dependence is very 
low on this type of device, typically 0.3dB. The waveguide 
geometry has been optimized for that purpose using a 
computation of semi-vectorial guided modes in the plane 
perpendicular to the propagation axis (9). This figure, 
obtained for 0.9|im thick and 2|xm width guiding layer, is 
sensitive to waveguide width, specially for TM polarization. 

Fibre to waveguide coupling losses were also 
experimentally studied. Best devices showed coupling losses 
better than -4dB with lensed fibres (10), with fibre position 
tolerances (taken at -ldB from the signal maximum - see 
fig.5) better than ±1.2 and ±0.7(im in the x and y direction 
respectively. 521 

Fig 5: Excess coupling loss of a waveguide-fed 
photodiode as a function of the fiber misaligment. 

A 2dB/cm waveguide propagation loss was measured 
from waveguide-fed photodiode with various waveguide 
length. The main contribution to loss is due to the GalnAs 
HFET contact layer underneath the waveguide (see fig.l). 
This figure may be reduced to ldB/cm by increasing the 
waveguide InP buffer layer thickness from 0.8iim to l|im. 

The PIN photodiodes show very low capacitances of 
about O.lpF, and leakage currents below lOnA at -5V. 
Moreover, their bandwidth on a 50£2 load is in excess of 
14GHz. 

HFETs characteristics 
As shown on fig.6, the integrated 0.5ixm gate length 

HFETs showed very good high frequency performances with 
Ft of 30GHz and Fmax in excess of 50GHz. Moreover, 
thanks to the GalnAsP channel preventing impact 
ionization(4), gate leakage current remains lower than 
lfiA/mm over the whole bias range. Transconductances are 
close to 190mS/mm. In all respects, these devices show no 
degradation compared to the ones fabricated on planar 
substrates. This validates the efficiency of the planarized 
fabrication scheme. 
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Fig 6: High frequency characteristics of the integrated 
0.5(im gate length GalnAsP channel HFETs. 

Receiver performances 
The waveguide-fed receiver response and noise have been 

measured after cleaving, AR-coating and mounting with 
biasing circuits and external equalization. As shown on 
fig.7, an internal gain (refered to diode photocurrent) of 52- 
55dBO was measured on the 3.5GHz bandwidth. 

Fig 8: Receiver eye diagram at 5Gbit/s for a BER=10"9. 

2 3 4 

Frequency (GHz) 

Fig 7: Waveguide-fed receiver gain and noise 
characteristics. 

Very low average input noise densities, close to 
6pA/VHz, were obtained over both the 1.7GHz and 3.5GHz 
bandwidths, required for 2.5 and 5Gbit/s operation 
respectively. 

BER measurements were performed both at 2.5Gbit/s and 
5Gbit/s. Fig.8 represents the eye diagram at 5Gbit/s for 
BER=10"9, and fig .9 shows the BER measurements. 
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Fig 9: BER characteristics of the waveguide-fed receiver 
for PBRS length of 27-l and 215-1, at 2.5 and 5 Gbit/s. 

PBRS lengths of 27-l and 215-1 were used without 
noticeable degradation of the receiver sensitivity for the 
longer one. Moreover, dynamic range in excess of 15dB 
could be obtained for both bit-rates. 

External sensitivities of about -21dBm at 2.5Gbit/s and 
-19dBm at 5Gbit/s are measured. Unexpected excess coupling 
losses and polarization dependence were observed on the 
device: 6.5dB fiber to detector losses and 3.5dB difference 
between TE and TM modes were measured. As shown above, 
usual values are about 4dB coupling losses and 0.3dB 
polarization dependence. The discrepency could be attributed 
to a waveguide rib narrowing during receiver fabrication, 
leading to a more leaky and assymetric mode. However, 



internal sensitivities better than -27dBm at 2.5Gbit/s and 
-25dBm at 5Gbit/s are obtained from tliese measurements, 
within a few dBs from state-of-the-art top-illuminated 
integrated PIN-FET receivers on InP. 
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Introduction 

In order to apply to optical signal processing, several 

kinds of optoelectronic switching devices utilizing 

negative differential resistance (NDR) characteristics have 

been studied so far (1-5). We have proposed two types of 

the devices using NDR. One is a Triangular-barrier 

Optoelectronic Switch (TOPS), which consists of a 

triangular-barrier phototransistor (TBP) (6), showing an 

S-shaped NDR (7). The other is a Resonant-tunneling 

Triangular-barrier Optoelectronic Switch (R-TOPS), 

which consists of a double-barrier resonant-tunneling 

diode (DB-RTD) and a TBP, showing an N-shaped NDR 

(8). If both S-shaped and N-shaped NDRs are introduced 

to a single device, we can expect new functions as a result 

of effective combination of respective features. In this 

paper we report optically controlled S- and N-shaped 

NDRs in the structure of an R-TOPS. To our knowledge, 

this is the first demonstration of an optoelectronic switch 

which exhibits different types of bistabilities attributed to 

optically controllable S- and N-shaped NDRs 

simultaneously. 

Device  structure 

Figure 1 shows a band diagram of the device 

fabricated, which is the same as the R-TOPS. It consists 

of a DB-RTD and a TBP, which we used as TOPS in this 

case. It was composed of InGaAs / (In)AlAs for 1.5 u,m 

wavelength range operation. The TBP had n+-i-6p+-i-n+ 

structure, and in the DB-RTD a well layer and barrier 

layers were InGaAs and AlAs, respectively. An S-shaped 

NDR occurs due to avalanche multiplication in the drain 

region of the TBP, and an N-shaped NDR occurs due to 

resonant tunneling in the DB-RTD. As for the S-shaped 

NDR, with the bias voltage, avalanche multiplication 

occurs in the drain region. As a result, electrons and holes 

are generated in the drain, and the holes move to the gate 

layer and accumulate in it. Resultant lowering of the 

potential barrier of the gate increases the majority carrier 

flow of electrons over the potential barrier from the 

source to the drain regions. Multiplied holes further lower 

the potential barrier, so the majority carriers How 

moreover. This positive feedback phenomenon between 

the hole generation and the electron How through the 

avalanche multiplication gives rise to optoelectronic 

switching, when a device structure is optimized and an 

electric field in the drain is large enough. 

DB-RTD TBP 

i-AIAs    HnGaAs     n+-lnP 
Etch Stopper 

InGaAs     InAIAs   InAIAs  InGaAs     InGaAs      InGaAs 

Pig. 1 Band diagram of R-TOPS. 
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(a) Schematic (b) TEiVI image of the RTD region 

Fig.2 Cross-sections of the device 

Figure 2 shows cross-seclions of the device in which (a) 

is a schematic and (b) is a TEM image of the RTD 

region. The device was grown on an (100) n+-InP 

substrate by gas source MBE, in which 100% AsH3 and 

PIT} were used for group V sources, and silicon and 

beryllium were used as n-type and p-type dopants, 

respectively. The growth temperature was 530°C for 

InGaAs and (In)AlAs. The device structure consisted of 

n+-Ino53Gao.47As (0.098u.m, 2.3x10' 8 cm*), i- 

mo.53Ga0.47As (0.79um), öp+-In053Ga047As (59Ä, 

3.7x1018 cm-3), i-I1io.52Alo.4gAs (0.041u.m), 11+- 

Ino.52Alo.4sAs (O.lOum, 2.2x1018 cm-3), „+_ 

Ino.53Gao.47As (0.034(xm, 2.3xl0l8Cni-3), n+-InP(56Ä, 

4.2x1018 cm-3), n+-Ino.53Gao.47As (0.099urri, 2.3x1018 

cm-3), i-Ino.53G-ao.47As (12Ä), i-AlAs (30Ä), i- 

Ino.53Gao.47As (32Ä), i-AlAs (30Ä), i-Ino.53Gao.47As (12 

Ä) and n+-hi0 53Gao.47As (0.099um, 2.3 x 10i8cm-3). The 

device was etched into a mesa with 60 (j.m<)>. Contact to 

the top layer was formed by evaporating Au / Sn in the 

shape of an open ring structure using lift-off technique 

with SiNx passivation. Input -light was illuminated to the 

top of the device with a lensed fiber. 

Characteristics 

Experimental I-V characteristics at room temperature 

were drastically changed by different input-light powers 

as shown in Fig.3(a)~(d). The substrate side was normally 

positively biased at V(, and a wavelength of the input- 

light was 1.55 u,m. We measured them using a voltage 

source without an external resistance. As the bias voltage 

increased at dark as shown in Fig.3(a), the current was 

almost 0mA up to 3.9V. However, the current abruptly 

increased to 37mA at 3.9V due to avalanche 

multiplication in the TBP. On the contrary, as the bias 

voltage decreased from 3.9V at dark, it showed the re- 

shaped NDR due to resonant-tunneling of the DB-RTD, 

so that the current decreased to 0mA at 2.6V due to the S- 

shaped NDR. When the input-light power increased to 
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800n\V as shown in Fig.3(b), the turn-on voltage, at 

which the current changed to the on-state, decreased to 

3.3V. However the turn-off voltage, which the current 

changed to the off-state, changed little by the input-light 

power. This is due to that the off-state is more sensitive 

than the on-state. When the input-light power increased to 

30|A\V as shown in Fig.3(c), the S-shaped NDR-related 

characteristics was not observed, but the N-shaped-related 

one. Here, we can recognize the S-shaped NDR by the 

turn-on voltage larger than the turn-off one. On the other 

hand, the relation between these voltages is opposite for 

the N-shaped NDR. When the input-light power increased 

to 200uW as shown in Fig.3(d), the peak of the N-shaped 

NDR shifted to lower voltage side due to the voltage drop 

across the TBP. The N-shaped NDR was always observed 

regardless of the input-light powers, however, the S- 

shaped NDR was only observed at less than 2u.W in 

Fig.3(a) and (b). The turn-on voltage as a result of 

avalanche multiplication decreases with increasing the 

input-light power. When the input-light power increased, 

avalanche multiplication did not occur, because the 

electric field of the drain region became low due to the 

accumulation of holes in the gate region of the TBP. 

Bistabililies in the relation between input-light power 

and output-current were obtained as shown in Fig.4. The 

Instability originated from the S-shaped NDR was 

observed at less than 1.4,uW, and that from the N-shaped 

NDR was observed more than 20uW. We can recognize 

that this device exhibits different types of bistabililies 

attributed to optically controllable S- and N-shaped NDR 

simultaneously. These  bistable characteristics have 

(a) 

D 
Ü 

1.0    2.0    3.0    4.0 

VOLTAGE Vb (V) 

1.0    2.0    3.0    4.0 

VOLTAGE Vb(V) 

(c) (d)   40 

1.0    2.0    3.0 

VOLTAGE Vb(V) 

4.0 1.0    2.0    3.0 

VOLTAGE Vb(V) 

4.0 

Fig.3 I-Vcharacteristics at different input-light powers of R-TOPS. 
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Fig.4 Input-light power vs. output-current characteristic of R-TOPS 

different types of behaviors, and it is possible to realize 

novel operation by combining these characteristics. 

Conclusion 

In conclusion, we successfully observed S- and re- 

shaped NDRs by using (he R-TOPS simultaneously. 

Bistabilities originated from S- and N-shaped NDRs were 

obtained by changing the input-light power. We succeeded 

to realize bistabilities with opposite behaviors in on- and 

off-switchings in a single device. So we can apply these 

functions to a new class of optoelectronic switching 

device for optical logic circuit. 
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Abstract 
This paper describes a high performance I^Ga^^s/InAs P, detector with 

spectral response range from 1 to 2.6// m. The detector is fabricated using Chloride 
Vapor Phase Epitaxy grown wafer. Details of the wafer are presented. The diameter 
of the detector is 1mm <f> . Dark current at -IV, Shunt resistance and Responsivity 
at peak wavelength(2.35// m) is 7// A,  6kn,  1.2A/W, respectively. 

Introduction 
NIR spectroscopy has been intentionally introduced and 

developed in the various field such as foods, medical, 
pharmaceutical science. This causes a necessity of the good 
detector at NIR wavelength range 1-2.6 // m. There are 
some materials for detecting this wavelength. Among them, 
InxGa(_xAs has a great advantage to others because of low 
dark cunent and high responsivity. These are very 
important for low noise application and detection of low 
light power. This paper describes the structure of the crystal 
and the characteristic of the photodiode. 

Device material and structure 
In0 53Ga0 47As is the excellent material for detecting the 
light with wavelength range from 0.9 to 1.7 // m which is 
widely used in the optical communication. Because the 
lattice constant of In0 53Ga0 47 As is matched to that of the 
InP substrate. By increasing the content of indium x of 
InxGalxAs, the detectable wavelength range can be 
extended beyond 1.7// m [1]. In0g2Ga0 18As material has a 
bandgap of 0.47eV and can detect the wavelength range 1- 
2.6 fi m at room temperature, since A c=1.24/Eg, where Eg 
is the bandgap. However increasing of x in InxGa,.xAs 
causes the lattice-mismatch to the InP substrate. This 
lattice-mismatch introduces the dislocations into the 
material. That causes generation-recombination centers and 
reduces the minority carrier lifetime [2]. And also leads to 
the large dark current and loss of the photocurrent of the 
detectors [3]. Then the buffer layers with graded 
composition of InAs P,    are placed between InAsn o7P, 0.82I0.U 
absorption layer and the InP substrate. The dislocations 
bend at step interface of each graded layer and are 
disturbed to enter into next layer. So it is very effective to 
reduce the dislocation density in the lattice-mismatch 
materials [4][5]. The quality of wafer for detecting long 
wavelength beyond 1.7// m seriously influences the 
characteristics of detector. The thickness, carrier 
concentration and composition of InAsyPj_Y graded layers 
may be important for reducing the dislocations of each 

graded layer and absorption layer which control quality of 
wafer. Fig. 1 shows the fundamental structure of the 
epitaxial wafer for detecting long wavelength range to 2.6 
// m. The absorption layer is consist of In()82Ga() |gAs. The 
graded layers and cap layer are consist of InAs P, The 
cap layer has the same composition of the top layer of 
graded layers. The 4-type wafers were prepared for 
fabricating the detectors. These wafers were grown using 
Chloride Vapor Phase Epitaxy (Sumitomo Electric 
Industries, Ltd). Table. 1 shows the difference of 4-type 
wafers. Type. 1 has the 20 InAs P, graded layers with 
different composition. These graded layers were grown on 
the InP substrate keeping the lattice-mismatch about 0.1%. 
Type.2 has the 12 InAs P, graded layers with keeping the 
lattice-mismatch about 0.16% [6]. The each graded layer of 
Type.1,2 has the thickness of about 1 // m. Fig.2,3 shows 
the SEM photograph of Type 1,2 wafers respectively. Both 
wafers have the sharp and abrupt interfaces each layer. 

InASo.cP, 4 

Fig. Schematic cross section of In() ^Cao 18^
S
 Photodiode. 
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Wafer No Type.l Type.2 Type.3 Type.4 
Amount of graded layers 20 12 12 12 
Graded layer thickness (um) 1 1 0.5 0.5 
Graded layer C.C  (cm"3) 3X1015 3X1015 3X1015 0.5-1X1018 

Table. 1 The difference of 4-type wafers 

Type.3 has the 12 InAs Pj graded layers with about 0.5 /i 
m thickness. Type.4 has the graded layers that was doped 
with sulfur and the doping concentrations in the range of 
0.5-1 X 1018cnr3. The doping to graded layers may reduce 
the dislocation. And also the cap layer was doped to reduce 
the surface leakage current. But Inog2Ga0|2As absorption 
layer was not doped. Because the doping to the absorption 
layer reduces the depletion width at low voltage and leads 
to deteriorate the responsivity. 

Device characteristics 
Regarding to the photodiodes, to reduce the dark current is 

the important problem. Table.2 shows dark current of 4- 
type detectors fabricated from Type. 1-4 wafers at room 
temperature. Fig.4 shows dark current characteristic of 4- 
type photodiodes as a function of reverse voltage at room 
temperature. These detectors have 1mm <f> active area. The 
detectors made of wafers of Type. 1-3 show the same value 
of dark current. The detector fabricated from Type.4 wafer 
shows the smallest dark current. 

Dark current(at-IV, 300k) 
Type. 1 20-35 (,i A) 
Type.2 20-30 (//A) 
Type.3 25-35 (,JL A) 
Type.4 7-15 (//A) 

Table.2    Dark current of 4-type detectors 

This shows that the doping is more effective than the 
amount of graded layers and thickness of each graded layer 
for reducing dark current of detector. This indicates that the 
doping decreases the density of dislocations that is active 
as generation-recombination centers. Fig.5 shows the 
variation of dark current of Type 4 with reverse voltage at 
temperature 25,0,-10,-25 °C respectively. The relationship 
between the temperature and dark current can be given by 
the expression [7] 

Id=IoXexp(-Ego/nkT) (1) 
where Ego is the energy bandgap at OK and n is a constant 
between 1 and 2 which depends on the origin of current, n 
is 1 for pure diffusion current and is 2 for generation- 
recombination current. From equation (1), n can be 
expressed as 

n=[Ego(l/T2-l/T1)]/[kXln (Id1/Id2)] (2) 
where Idj,Id2 is dark current at temperature Tj,T2 
respectively. Fig.6 shows n of Type.4 detector that is 
calculated by equation (2). According to increasing reverse 
voltage, n change from 1 to 2. Because the generation- 
recombination current is a function of depletion width 
which is changed by reverse voltage. As the temperature is 
lowered, n becomes bigger. This shows that the generation- 
recombination current dominates dark current at low 
temperature. At low temperature with high reverse voltage, 
n exceed 2. This is because tunneling current dominates 
dark current at high reverse voltage. 

Fig.2   SEM photograph of Type.l wafer Fig.3   SEM photograph of Type.2 wafer. 
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Fjg.7 shows the variation of dark current with reciprocal 
temperature at -IV bias. Two lines show n=l,2 line 
respectively. This shows that dark current is dominated by 
diffusion current at high temperature and by generation- 
recombination current st low Temperature. Fig.8 chow« the 
spectral responslvity of Type.4 detector. The peak 
wavelength is about 2.35/z m. And the long cutof 

Tabie. 3 The characteristic of Ir^ jjOa^ j, As phntudimte 
ai25t: 

wavelength reaches to about 2.6 p ro. The peak 
value of respoosivity is 1.2A/W. This Indicates that 
quantum efficiency is 63% at the pea* wavelength. The 
responsiviry decreases abruptly at about 1.7 ft m.. This Is 
the window effect of IöAsasP04 cap layer that has a 
bandgap energy Eg=0,7eV. This layer can absorb the light 
shorter than about 1.77 /x m and play a part of short 
wavelength cutoff filter, Then this detector has low 
quantum efficiency at shorter wavelength region than 1.77 
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(l m. If the thickness of In As0 fiP0 4 cap layer can be thinner, 
the high responsivity can be obtained at shorter wavelength 
region. The cutoff wavelength is reduced by cooling the 
detector. The bandgap is influenced by the temperature. 
The cutoff wavelength is 2.55-// m at -20t:. 

Conclusions 
The InQgjGa^gAs photodiodes were fabricated by using 
4-type wafers. Type.l has 20 InAsyP]_y graded layers. 
Type.2 has 12 InAsyPj.y graded layers. These graded 
layers were not doped with 1 // m thickness. Type.3 has 12 
InAsyPj.y graded layers with 0.5 // m thickness of each 
layer. Type.4 has 12 doped InAsyPi_y graded layers. All 
detectors have In0 g2Ga0 IgAs absorption layer for detecting 
the long wavelength range to 2.6 fi m. The excellent 
photodiode for detecting the long wavelength range to 2.6 
H m was fabricated from Type.4 wafer. This indicates that 
the doping is more effective than another parameters for 
reducing the dislocation in the wafer. Table.3 shows the 
characteristic of this photodiode. Type.4 wafer has 
InAsyPj.y graded layers with keeping the lattice-mismatch 
about 0.16% that is bigger than that of Type.l, and has 0.5 
[i m thickness less than that of Type.2. These indicate that 
Type.4 wafer has the thinner epitaxial layer than that of 
others. This is effective for achiving the good productivity. 
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Abstract 

Greater than 80% external quantum efficiency has been demonstrated in a dual-wavelength resonant-cavity 

photodetector. The absorption takes place in an Ino.53Gao.47As absorbing layer which is placed in an InP Fabry-Perot 

cavity. The top mirror is formed by evaporating one pair of a CaF2/ZnSe dielectric stack and a GaAs/AlAs dual- 

wavelength mirror is wafer-bonded to the InP-based cavity to serve as the bottom mirror. 

Wide-bandwidth photodetectors are required for 

high-speed, long-haul optical-fiber communications. 

Resonant-cavity photodetectors (RECAPs) have been 

demonstrated [1,2] to be an attractive alternative to 

waveguiding photodetectors [3,4] in that they can 

achieve high quantum efficiency with thin absorbing 

layers for normal incidence. A typical RECAP consists 

of a thin intrinsic absorbing layer sandwiched between 

Bragg-mirrors with n-type and p-type spacer layers. This 

structure forms a Fabry-Perot cavity whose length is 

typically only a few wavelengths. The optical-field that 

is built-up inside the cavity because of the multiple 

reflections from the top and bottom mirrors gives rise to 

a high absorption within the thin layer. 

The realization of RECAP structures for optical- 

fiber telecommunications at the low-attenuation 

wavelength of 1.55 \im or the low-dispersion 

wavelength of 1.3 n.m poses a challenge. The 

GaAs/AlAs material system can not be used because of 

the lack of absorption at these long wavelengths. The 

InP/InGaAsP system, on the other hand, suffers from 

low refractive-index steps which can lead to poor bottom 

mirror reflectivities. Tan et. al. [5] have utilized the 
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advantages of both the material systems by bonding 

[6,7] an InP/InGaAs p-i-n Fabry-Perot cavity to a 

GaAs/AlAs mirror. A peak quantum efficiency of 94% 

at 1.3 |im with a 14 nm linewidth was achieved with a 

900Ä-thick absorption layer. This paper is an extension 

of that approach to a high-efficiency RECAP capable of 

operating in two separate wavelength bands. The 

photodiode uses a dual-wavelength mirror and a dual- 

wavelength resonant-cavity [8,9]. 

Dual-wavelength mirrors operate on the principle 

of square wave modulation of the reflected phases from 

a conventional quarter-wavelength Bragg mirror which 

consists of alternating layers of high refractive-index 

and low refractive-index materials. The position of the 

two high-reflectivity peaks is given by [8,10] 

Al ~ P + l 

and   "ki = TTTT' 

where Xo is the central wavelength of the unmodulated 

Bragg-reflector and P is the periodicity of the 

modulating term. A mirror with X0 = 1.414 and P = 11 

was shown to exhibit twin peaks that encompassed 1.3 

(im and 1.55 jam [8]. A similar, n-doped, dual-mirror 

structure was used as the bottom mirror for this work. 

Figure. 1 shows the reflectivity of this dual mirror. The 

inset shows a schematic of one unit of the mirror 

structure. The entire mirror consisted of six repetitions 

of this unit which was grown in a Varian Gen II MBE 

system. The growth temperature was calibrated against 

the oxide desorption temperature which is approximately 

580° C for an arsenic over pressure of lxlO"5 Torr. A 

0.5 |im GaAs buffer was grown prior to the growth of 

the mirror structure. The growth-rate was 1 

monolayer/sec for GaAs and 0.8 monolayer/sec for 

AlAs. A conventional As4 cell was used as the arsenic 

source. The As/Ga incorporation ratio as measured by 

reflection high energy electron diffraction was 2.0. This 

corresponds to a flux ratio measured by the ion gauge 

(beam equivalent pressure) of 15. The growth rate 

calibration and the final growth were carried out at a 

temperature of 600° C. 

1150  1200 1250 1300 1350  1400 1450  1500 1550 
Wavelength (nm) p 

Fig. 1. The measured reflectivity spectrum of the dual- 

wavelength GaAs/AlAs mirror. The inset shows one 

period of the mirror structure. The entire epitaxially 

grown structure consisted of six repetitions of this unit. 

The InP p-i-n photodiode structure was grown by 

low-pressure metal organic chemical vapor deposition 

(MOCVD) in a modified EMCORE Model GS 3200 

UTM reactor at 60 Torr [11]. The alkyl sources 

employed individual pressure balancing and temperature 

control and were coupled to a pressure-balanced fast- 

switching injection manifold. The column III sources 

were adduct-purified trimethylindium (TMIn) and 

triethylgallium (TEGa). The column V sources were 

100% arsine and phosphine. Purified H2 was used as a 

carrier gas. The epitaxial layers were grown at 600 °C on 

a (100) InP substrate. The structure consisted of a 6200 

Ä p-type InP layer, a 1000 Ä undoped InP spacer layer, 

a 2000 Ä undoped Ino.53Gao.47As layer, and a 8300 Ä 

n-type InP layer. The net cavity thickness corresponds 

approximately to 19Ä.1/4 and 15X2/4, where Xi and Xj 
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are the two resonance wavelengths. The entire structure 

was capped by a 500 Ä-thick p+-type Ino.53Gao.47As 

contact layer. Two etch-stop layers consisting of 1000Ä 

InP and 2000Ä Ino.53Gao.47As were inserted for 

substrate removal. The composite structure, along with 

the GaAs/AlAs dual mirror is shown in Fig. 2 . 

500 A P+-type In0.53Ga0.47As contact layer 

6200 Ä P+-type InP 

1000 Ä undoped InP spacer layer 

2000 Ä undoped In0.53Ga0.47As layer 

8300 Ä N-type InP 

N-type GaAs/AlAs dual mirror 

N-type, (100), GaAs Substrate 

L 
Fig. 2. Schematic cross-section of the wafer-bonded 

photodiode. 

For atomic bonding, the top n-type part of the InP 

structure was placed in contact with the top surface of 

the n-type dual GaAs/AlAs mirror. Wafer-bonding was 

accomplished at 625 °C for 15 minutes in a H2 ambient. 

A uniaxial stress was applied to the sample to ensure 

that robust bonding takes place during annealing. This 

wafer-bonding technique accomodated the 3.7% lattice- 

mismatch between the GaAs and InP crystals and 

produced a smooth and uniform interface [6]. After the 

bonding process, the InP substrate was selectively 

removed. This was followed by the removal of the etch- 

stop layers. Chrome-gold contacts were then thermally 

deposited onto the p+ Ino.53Gao.47As contact layer 

followed by the removal of the contact layer everywhere 

except in the region underneath the metal. Mesa diodes 

of varying diameters were then etched in a bromine- 

methanol solution. 

The quantum efficiencies of the photodiodes were 

measured using phase-locked detection and a calibrated 

Ge reference photodiode. The peak efficiencies were 

found to be 84% at 1208 nm and 69% at 1468 nm. After 

evaporation of one period of a CaF2/ZnSe mirror, the 

quantum efficiencies increased to 81% at 1215 nm and 

86% at 1472 nm. Figure 3 shows the external quantum 

efficiency spectra of the wafer-bonded photodiode for 

the two different top mirrors. 
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Fig. 3. The external quantum efficiency spectrum of the 

wafer-bonded dual-wavelength photodetector. 

In conclusion, we have demonstrated a novel, high- 

efficiency, wafer-bonded, resonant-cavity photodetector 

(RECAP) operating in two distinct wavelength bands 

close to the technologically important wavelengths of 

1.3 nm and 1.55 (im. 
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Introduction 

The development of high power solid-state lasers such as Nd:YAG and Nd:YLF has stimulated interest in multi-quantum well 

(MQW) devices operating at 1.04-1.07u.m [1-3]. Strained MQW structures, such as InGaAs/GaAs (on GaAs) and several InP 

based systems, are capable of realising structures at these wavelengths. However InP-based systems, in particular InAsP/lnP, 

offer the potential advantage of a much lower level of strain for the same wavelength of operation (for 1.06(J.m ~ 0.6% as 

compared to -2% with respect to the substrates). Here we report the electroabsorption response of strained multiple quantum 

well InAsxPj_x/InP structures grown by solid source molecular beam epitaxy. In each structure the well width and 

composition is varied to keep operation around 1.06(im. The structures demonstrate excellent electrical properties with room 

temperature exciton line widths <8meV. Using X-ray diffraction we find that although the strain in these structures is <0.7% 

some partial relaxation has taken place. Unexpectedly the degree of relaxation does not appear to depend on the total MQW 

length. 

Growth and Structure details 

To date most InAsP/lnP structures have been grown by 

chemical beam epitaxy (CBE) (1,2), gas-source molecular 

beam epitaxy (GS-MBE) (4) and metal-organic vapour 

deposition (MOCVD) (5). The present structures demonstrate 

growth of this system by conventional solid source molecular 

beam epitaxy (SS-MBE). Growth was carried out in a VG 

V80H MBE system equipped with valved cracker sources, 

providing stable beams of As2 and P?. Conditions were 

typical of those for high quality InP growth i.e. substrate 

temperature ~480°C and a P2/In ratio of -5. Arsenic 

incorporation approached unity efficiency for mole fractions 

below 0.7 and quantum wells are grown by simply opening 

and closing the arsenic shutter during InP growth. 

Further information will be published elsewhere (6). 
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The devices were grown on n+ InP substrates and had 

0.2|0.m n+ buffer layer (lxlOl8cm-3), followed by an 

undoped spacer of 50nm InP. After growth of the active 

region a lOOnm undoped spacer was grown before 

deposition of the p+ InP contact layer (0.5jim 5xl017cirr3). 

The active region for the two structures reported here each 

contained 30 periods of the following nominal well/barrier 

composition: M737: 95Ä InAs0.i8p0.82/100Ä InP and 

M738: 55Ä InAs0.2iPo.79^00A InP. 

For these compositions and well widths our calculations 

indicated the zero field heavy-hole exciton transition (n=lhh) 

should occur at 1.064 p.m. Although by no means specific 

to strained structures, realising a common operating 

wavelength with different structures is potentially useful. 

For example, the well width is known to largely determine 

the electroabsorption characteristics near the band edge 



(namely the quantum confined Stark effect (QCSE) (7)). In      single layer critical thickness, relaxation is presumably due 

to the cumulative effect of the strain from successive QWs; 

a situation also found in GexSi|_x/Si (8) and InGaAs/GaAs 

(9) MQW samples. Misfit dislocations to relieve the strain 

are introduced at the base (and cap) between the MQW layer. 

A key point with this 'multilayer' relaxation is that the 

internal interfaces of the MQW remain coherent, with part 

of the initial strain in the wells now being redistributed to 

selecting the InAsP composition to reach the appropriate 

operating wavelength, devices utilising the QCSE can be 

tailored for a particular application. 

Structural   Characterisation 

High resolution X-ray diffraction was used to assess structural 

properties   with measurements taken from various parts of the barriers (8).   A coherent MQW region favours the 

the wafers. Rocking curves from the 004 direction confirmed quality of rocking curves and the good optical properties 

the well/barrier period to be within a few atomic layers of the (next section) observed from all the structures. Furthermore 

nominal values and the observed strong satellite peaks were TEM micrographs  from  similar samples  showed  no 

indicative of good interface quality and periodicity. 

Reflections from 115 directions suggested the average arsenic 

in the samples to be slightly different from the nominal 

values and also indicated some arsenic variation across the 

wafers. The use of both surface symmetric 004 reflections 

and high and low incidence asymmetric 115 reflections 

allowed the degree of strain reflection to be examined. 

Simulations were carried out based on dynamical diffraction 

theory. A relaxation factor R, which when zero implies 

pseudomorphic strain accommodation and when unity 

indicates complete relaxation, is given as: 

evidence of dislocations in the MQW region. 
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Fig.l.    Relaxation versus average arsenic composition in 

_ a the MQW for a series of InAsP/InP MQWs of 0.6-1.4/im 

_a total thickness, (open circles: M738, closed circles: M737, 
v, S 

crosses: other 50 period structures) 

where as, ac are the cubic lattice constants for the substrate 

and active layer respectively and ay is the in-plane lattice In the above figure, relaxation values for several samples are 

constant of the layer. We note that ac , referring to an active plotted against the average arsenic composition in the 

layer of InAsxavPi_xav (where xav is the average arsenic structures (found from X-ray), i.e. the misfit between the 

throughout the MQW), can be shown to be equivalent to the MQW and the substrate.  A linear relationship (dotted line) 

free standing lattice constant of the InAsxP|.x/InP MQW highlights some unexpected results, e.g. a 50 period sample 

(assuming equal elastic constants). Thus relaxation is defined (MQW length ~1.365|J.m) relaxes by a similar amount to 

with respect to the free standing MQW structure, i.e. where M737 (MQW length ~0.63|J.m) with both containing -10% 

the strain is distributed between both well and barrier layers. average arsenic. These results are quite different from those 

X-ray analysis indicated some relaxation of the strain is found with    InGaAs/GaAs MQW samples, comprising 

occurring in these and other similar MQW structures (Fig.l). 10,15 and 20 periods, which showed increasing relaxation 

However since the well widths are far below their respective 
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0.99    1.01    1.03    1.05    1.07    1.09    1.11    1.13 
wavelength (|im) 

for an increasing number of periods (i.e. MQW length) (10). 

At present it is not clear whether the larger number of periods 

used in our samples (a realistic amount for surface normal 

devices) causes this apparent insensitivity of absolute MQW 

length to the relaxation. Further work on this topic is 

currently underway. 

Device   properties 

Despite the evidence of relaxation, the measured diode 

characteristics, in these and other structures, are very good 

(6). For the present set of samples reverse bias dark currents 

of <1 nA were obtained for applied fields of up to 200kV/cm 

and showed sharp avalanche breakdown fields of typically 

380kV/cm. Intrinsic region doping levels (calculated from 

C-V measurements) were found to be 2-3xl015cm-3. 

A consistent feature of this material system is the very 

narrow photoluminescence linewidths often observed (6). 

Narrow linewidths of ~6meV (FWHM at 10K) were recorded 

for the present samples, suggesting good quality interfaces 

and growth uniformity. 

Photocurrent and absorption spectra were obtained using 

a tungsten source and 0.3m monochromator with standard 

lock-in techniques. Fig.2 shows absorption spectra of M737 

and M738 for increasing applied electric fields, demonstrating As expected, the wider well n=lhh peak shows a larger red 

the quantum confined Stark effect (QCSE) (7) (note: the shift with applied field and results in a more rapid decrease 

absorption values refer to InAsxP,.x well material and were jn oscillator strength. While the stronger confinement in 

extracted using the measured X-ray period and the nominal tne narrow well is responsible for the higher peak 

well/barrier ratio). The half-width at half maximum of both absorption and better retention of the exciton with field 

zero field n=Ihh transitions was <8meV and is comparable      (Fig.2). 

with   InGaAs/GaAs   structures   operating   at   similar Device performance can be predicted more readily from the 

wavelengths but grown on buffer layers to reduce the effect of      total absorption change (Aa) with applied field shown in 

dislocations (3). The 13 nm difference between the zero field      Fig.3 (now including the optically inert barrier thickness). 

0.99    1.01     1.03    1.05    1.07    1.09     1.11     1.13 
wavelength (urn) 

Fig.2. Absorption spectra (for well) under applied fields of 

15,35,50,70 and 85 kV/cm (solid lines) and 186 kV/cm 

(dotted) for M737 (upper), M738 (lower) 

n=lhh transitions is expected considering the measured 

arsenic compositions (from X-ray), nevertheless their close 

proximity still warrants a comparison of performance 

particularly since the QCSE is largely governed by the well 

width (7). 

Below 85kV/cm, the wider well sample shows greater Aa 

in both the normally-on and normally-off positions. 

However for applications requiring a high contrast ratio and 

which can tolerate greater operating voltage, then the 55Ä 
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well   shows   a   larger   maximum   Aa,   especially   for 

normally-on operation (above the band edge). 
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Fig.3. Absorption change (for well+barrier) under applied 

fields of 15,35,50,70 and 85 kV/cm (solid lines) and 186 

kV/cm (dotted) for M737 (upper), M738 (lower) 

For the same well parameters, increasing the barrier width has 

been shown to reduce relaxation (and also the broadening of 

the exciton resonance). This led to improvements in the 

effective absorption change and insertion loss for the devices 

studied (9). This would be consistent with the results found 

here since increasing the barrier width reduces the average 

arsenic in the MQW region and hence the misfit between the 

substrate (cf. Fig.l). A series of InAsP MQW samples 

incorporating these methods are currently being grown and 

will be reported on at a later date. 

In summary we have studied the electroabsorption 

response of InAsP/InP MQW p-i-n structures grown for the 

first time by SS-MBE. Some partial relaxation has taken 

place due to the cumulative effects of strain in successive 

QWs. Despite this the electrical properties of the devices 

were not degraded and demonstrated leakage currents of 

<lnA for up to 16V reverse bias. In addition while partial 

relaxation is expected to broaden the exciton line, both 

structures still displayed line widths of <8meV (HWHM). 

Project Support: Engineering and Physical Science Research 

Council (ESPRC), Defence Research Agency (DRA). 
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Introduction 

Electro-absorption(EA) modulators arc attractive for 

not only a high speed data-coding modulators (l)-(3), 

but also an optical pulse generators lor soliton 

transmission systems(4). Among several types of EA 

modulators, an InGaAsP EA modulator is superior in 

terms of the small polarization dependence and the wide 

operation wavelength (1). From the practical point 

view, hermetically packaged modulator module with 

pigtail fibers are inevitable in actual optical 

transmission systems. We have already made the 

modulator modules, and demonstrated their high 

extinction ratio and high frequency operation (5). 

Temperature and wavelength dependence of the insertion 

loss and the driving voltage of the module are also 

important point in practical use.  In this paper, we 

present detailed temperature and wavelength dependence 

of the InGaAsP EA modulator module. 

Modulator   Module 

A photograph of an InGaAsP EA modulator module 

is shown in Fig. 1.  As for the modulator itself, the 

"•M* 

Fig. 1  A photograph of an EA modulator module. 
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modulator waveguide layers, which were buried with 

semi-insulating InP, consisted of an InGaAsP 

modulation layer(Xg=1.42|im) and a pile-up prevention 

layer, as depicted in Fig. 2. The device length was 

about 170|im. Both facets were anti-reflection(AR) 

coated. In the module, electric signal is supplied with a 

micro-stripline, and two aspherical lenses were used for 

the optical coupling between fibers and modulator 

facets. Optical components were fixed by Nd-YAG 

laser welding to improve the stability as well as the 

reliability. The packaged modulator had a high 

frequency response with 3dB-bandwidth of 11.8GHz. 

Experiments 

The modules were set into a temperature controlled 

test-box. Tested temperature range was from -20°C to 

60°C. A tunable wavelength laser was used as a light 

source to investigate the wavelength dependence. The 

input light into the module was TE polarization mode. 

Results   and   Discussion 

Fig. 3 shows the insertion loss of the modulator 

module as a function of the input light wavelength ^ 

for various temperatures with the applied bias voltage of 

+0.5V. AEg represents the energy difference between 

the band gap energy of the modulation layer and the 

photon energy of the input light. For AEg<62meV 

(A.0<1.528|J.m), the insertion loss was increasing as the 

wavelength being shorter, and strongly dependent on the 

temperature. These results are caused by a band edge 

absorption, and a band gap energy dependence on the 

temperature, respectively. For AEg>62meV, the 

insertion loss was slightly dependent on the wavelength 

and the temperature.    The insertion loss was seemed to 

be limited by both a band edge absorption and the 

coupling loss between the fibers and the modulator 

bonding 
pad 

p-side 
electrode 

p-lnGaAsP 
p-lnP 

InP 
n-side 

' electrode 
iGaAsP 

(Pile-Up Prevention) 
.InGaAsP 
(Modulation) 

Fig. 2 Schematic structure of the InGaAsP EA 
modulator. 

AEg (meV) 

1.45 1.50 1.55 
XQ (urn) 

1.60 

Fig. 3 Wavelength dependence of insertion loss for 
various temperatures. 
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Fig. 4 Band edge shift dependence on the temperature. 
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facets for AEg<62meV. On the other hand, the 

coupling loss was main origin of the insertion loss for 

AEg>62meV. The dependence of the band edge 

absorption on the temperature was measured. A A. 

represents the deviation of the wavelength at the 

insertion loss of -15dB from that at 0°C. The results 

are shown in Fig. 4. The wavelength shift per one 

degree was estimated to be 0.7nm/°C. This result 

almost agrees with that for InGaAsP Fabry-Perot laser 

diodes. Furthermore, good linearity may indicates the 

high thermal stability of the module. 

To investigate the thermal stability of the optical 

pass between input and output fibers of the module, 

temperature dependence of the insertion loss was 

measured, as shown in Fig. 5. AEg was set to be 

62meV to avoid the effect of band edge absorption. The 

fluctuation of insertion loss was as small as within 

0.5dB from -2C/C to +50°C.  Small vibration of the 

insertion loss was seemed to be due to a residua! 

reflectivity of AR films. High thermal stability of the 

module was confirmed from these results. 

Considering of the low driving voltage, a smaller 

value of AEg is desirable. On the other hands, it 

introduces a larger insertion loss. Assuming allowable 

loss increment from minimum insertion loss is ().5dB, 

the optimum AEg is considered to be 48~55meV at 

20°C from Fig. 3.  At AEg of 53mcV (X„=l .512|im), 

temperature dependence of the insertion loss and the 

driving voltage V2o<iB 'or 20dB extinction ratio were 

shown in Fig. 6(a),(b), respectively. In the range of 

-20~+40°C, the fluctuation of the insertion loss was 

less than 0.8 dB. As the temperature being higher from 

-20°C to +40°C, V2odB became lower from 5.7V to 

2.9V. These results suggest the driving voltage can be 

controlled by changing the temperature, with keeping 

the insertion loss almost constant. 
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Fig. 5 Temperature dependence of the insertion loss 
in the case of AEg = 62meV. 
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Conclusion 

We have investigated the temperature and 

wavelength dependence of the EA modulator module. 

Thermal stability of the module was cleared to be very 

high. Controllability of the driving voltage has been 

demonstrated by changing the module temperature. The 

optimum AEg at 20°C has been estimated to be 

48~55meV, in consideration of small insertion loss and 

low driving voltage. 

Acknowledgements 

The authors would like to thank Dr. Y. Urano, 

Dr. K. Sakai, and Dr. Y. Mimura for their 

encouragement, and Dr. M. Suzuki for his helpful 

discussion. They would also like to thank Mr. M. 

Kudo of Nagaoka University of Technology for his 

experimental support, and the collaborators of Japan 

Aviation Electronics Industry for packaging the 

modulators. 

References 

(1) M. Suzuki, H. Tanaka and Y. Matsushima, 

"InGaAsP Electroabsorption Modulator for High-Bit- 

Ratc EDFA System," Photon. Technol. Lett., Vol.4, 

pp.586-588, June 1992. 

(2) T. Kataoka, Y. Miyamoto, K. Hagimoto, K. 

Wakita and I. Kotaka, "Ultrahigh-Speed Driverless 

MQW Intensity Modulator, and 20Gbit/s, 100km 

Transmission Experiments," Electron. Lett., Vol.28, 

pp.897-898, May 1992. 

(3) F. Devaux, S. Chelles, A. Ougazzaden, A. 

Mircea, F. Huet and M. Carre, "10Gbit/s Operation of 

Polarization Insensitive, Strained InGaAsP/InGaAsP 

MQW Electroabsorption Modulator," Electron. Lett., 

Vol.29, pp.586-588, June 1993. 

(4) M. Suzuki, H. Tanaka, N. Edagawa, K. Utaka 

and Y. Matsushima, "Transform-Limited Optical pulse 

Generation up to 20-GHz Repetition Rate by a 

Sinusoidally Driven InGaAsP Electroabsorption 

Modulator," J. of Lightwave Tech., Vol.11, pp.468- 

473, March 1993. 

(5) H. Tanaka, S. Takagi, M. Suzuki and Y. 

Matsushima, "18Gb/s Operation by Lens-Coupled 

InGaAsP EA Modulator Module," IEICE Spring 

National Convention Record, C-153, March 1993. 

543 



Theoretical Analysis of Enhanced Electroabsorption Change 
due to Light-hole Subband Transition 

in Lattice-matched Wide Quantum Wells 

Takayuki Yamanaka, Koichi Wakita, and Kiyoyuki Yokoyama 
NTT Opto-electronics Laboratories 

3-1, Morinosato-Wakamiya, Atsugi, Kanagawa, 243-01 Japan 

ThP46 

InP-based multi-quantum-well (MQW) elec- 

troabsorption (EA) modulators have attracted much 

attention for their possibility of low chirping and 

high frequency modulation [1-3]. It has been con- 

ventionally understood that through a large QSCE 

(the quantum confined Stark effect) shift by en- 

larging the well width, it is straightforward to 

achieve large EA change with low applied volt- 

age. However, this is valid only when optical 

transitions between the lowest subbands can be 

assumed to be dominant. A sound MQW design 

for enhancing the EA change can be established 

only if all possible subband transitions are taken 

into account. 

In this work, we have studied theoretically 

the enhancement of TE-polarized EA change in 

lattice-matched InGaAsP MQW structures. It is 

demonstrated that the light-hole subband transi- 

tion plays the dominant role in the enhanced EA 

change in wide quantum wells. 

We have found that the EA change strongly 

depends on the subband structures through the 

optical transition strengths. Recently we have 

also shown that weak electron confinement in InP- 

based MQW structures is a main cause of spec- 

tral broadening under bias [4]. With these in 

mind, the optical transition strengths are calcu- 

lated taking into acount the field-induced broad- 

ening due to the conduction subband structures 

and the field-dependent valence subband struc- 

tures [4]. 

Figure 1(a) shows the calculated Tj-ßAa, i.e., 

the TE-polarized EA change (Act) multiplied by 

the optical confinement factor (TTE), f°r differ- 

ent well widths. The core layer structure used 

in this calculation is illustrated in Fig. 1(b). In 

addition, an applied field strength of 150 kV/cm 

is assumed. In Fig. 1(a), the total TrsAa curve 
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shows a rather smooth well-width dependence due 

to the field-induced broadening effect. Further- 

more, it should be noticed that the total TTE&<* 

curve have the higher peak value at around i„,=11.5 

nm due to the transition between the first con- 

duction subband (El) and the valence light-hole 

subband (LH1). On the other hand, the heavy- 

hole subband transition (E1-HH1) results in the 

lower peak value around L„=8.5 nm. In the fol- 

lowing, we will clarify why the light-hole subband 

transition is more dominant. 

The calculated absorption spectra for a sin- 

gle QW with Lw=11.5 nm and with an applied 

field of 0 kV/cm and 150 kV/cm, respectively, 

are summarized in Fig. 2. At 150 kV/cm, it is 

observed that the transition peaks are broadened 

and become less intense compared with the zero 

bias case. Moreover, the E1-HH1 transition is 

found to be very weak at a wavelength far from 

the operating wavelength of 1.55 ^m. This is due 

to the large QCSE shift as in the case of large 

well width. On the other hand, as shown by the 

dashed line for the 150 kV/cm case in the fig- 

ure, the peak of the E1-LH1 excitonic transition is 

found to locate around the operating wavelength, 

which explains the large enhancement of the EA 

change there. 

Although oscillator strength for all possible 

transitions in general decreases with increasing 

well widths, owing to the strong nonparabolicity 

of the LH1 subband and the larger overlap inte- 

gral between electrons and light-holes, the oscil- 

lator strength for the E1-LH1 transition remains 

large around the operating wavelength even for 

large well widths. In the InP-based QW struc- 

tures, there is no other higher order transition 

available for enhancing the EA change than the 

E1-LH1 transition.  This is the main reason be- 



hind the enhanced peak value that corresponds to 
the E1-LH1 transition as shown in Fig. 1(a). It 
should also be noted that the growing TTE with 
increasing well width has a complementary effect 

to this enhancement. 
In conclusion, we have theoretically modeled 

the QCSE EA change for InGaAsP MQW struc- 
tures with all possible subband transitions taken 
into account. We have shown that enhancement 
of TE-polarized EA change through the El-LH 
transition in lattice-matched wide QWs can be 
exploited to realize highly efficient EA modula- 

tors. 
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Fig. 1(a) Calculated T^Aa for InGaAsP/ 
InGaAsP MQW structures with different well 
widths at the operating wavelength of 1.55 \im. 
The detailed MQW structure assumed in the 
calulation is illustrated in Fig. 1(b). The solid 
line is total r^Acc, and dashed lines are for the 
decomposed contributions of the E1-HH1, - 
LH1, and -HH2 transitions, respectively. 
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Fig. Kb) Schematic MQW band structure 
assumed in the calculation. The bulk band gap 
wavelength of well and barrier, Xg

w and Xg
b, are 

kept constant at 1.55 and 1.1 \im, respectively. 
The number of well and barrier width (L b) are 
fixed at 10 and 7-nm, respectively. The 
refractive indices for the well, barrier, and 
cladding layer, nw, n„, and nc, are assumed to 
be 3.55,3.28, and 3.28, respectively. 
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Introduction 

A new quantum structure is proposed, the type 1.5 

quantum well, which can be designed to modulate the 

optical transition oscillator strength with a very low 

field. The peaking of the oscillator strength and absorp- 

tion with a low applied field is a practical advantage for 

modulator applications to reduce the drive voltage and 

increase the maximum absorption. 

Materials and Band Structure 

The band structure of the type 1.5 quantum well is 

shown in figure 2a, while the band structure of a stan- 

dard type I quantum well is shown in figure la for com- 

parison. The proposed type 1.5 quantum well is com- 

posed of one main quantum well coupled to a half (va- 

lence band only) well on the side. The unusual band 

structure is possible through the use of strained materials 

and is suitable for operation at 1.3 micron wavelengths. 

The material parameters for the two structures are listed 

in tables 1 and 2 and were calculated1 for strained 

InGaAsP on an InP substrate. The type 1.5 quantum 

well should pose no difficulties in fabrication, since the 

strain-thickness product of the layers are less than those 

demonstrated in operating lasers.2 Alternately, a similar 

band structure can be obtained by using InGaAlAs, or 

InSbAsP materials with or without strain. The narrow 

band gap of antiminide materials opens the possibility of 

operation at 1.55 microns. 

Transition Wavelength & Wavefunction Overlap 

The calculated transition wavelength for the e0- 

hh0, e0-hhi, and e0-lh0 transitions are plotted as a func- 

tion of applied field in figures lb and 2b. Plotted in fig- 

ures lc and 2c are the square of the electron and hole 

wave function overlap which is proportional to the oscil- 

lator strength and optical absorption. The transmission 

wavelength and quantum state wave function were cal- 

culated using a model with sine and cosine basis. The 

type I quantum well undergoes the quantum confined 

stark effect, red shift with applied field which is accom- 

panied by a decrease in the oscillator strength. Figure Id 

shows the electron and hole wave functions plotted 

against position for various applied external fields. The 

external field separates the electron and hole wave func- 

tions resulting in a reduced wave function overlap. Be- 

cause of structure's symmetry, the response is identical 

for both bias polarities. For the type 1.5 quantum well, 

the wave function overlap is small with no applied field 

since the hole is located in the slightly deeper, side va- 

lence band well. A small negative field drives the hole 

out of the side well into the main well which increases 

the wave function overlap for the e0-hh0 transition. 

This increase in the oscillator strength is similar to the 

increase in oscillator strength with applied field for type 

II quantum wells. However, the heavy hole easily shifts 

position into the main quantum well with the type 1.5 

quantum well compared to the relatively high electrical 

fields needed to drive the heavy hole into the valence 

band barrier region of a type II quantum wells. The re- 

sult is the very rapid peak in oscillator strength of the e0- 

hh0 transition with less than 50 kV/cm of applied field. 

For stronger negative fields, the electron and hole wave 
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functions are driven past each other into the right and left 

side of the main well barriers respectively. Under these 

conditions, the oscillator strength drops slowly and the 

transition wavelength increases slowly because of the 

effective well width is equivalent to the relatively nar- 

row main well. For positive applied fields, the electron 

is driven towards the left side of the main well while the 

heavy hole is driven towards the right side of the valence 

band side well, making the effective width of the well 

equivalent to the sum of the main well, barrier, plus the 

side valance band well. The wide effective well results 

in a very rapid drop in the wave function overlap as well 

as a large red shift in the transition wavelength. 

Barrierless type 1.5 Quantum Well 

The type 1.5 quantum well is immune to varia- 

tions in the barrier layer thickness compared to most 

quantum tunneling devices and coupled quantum wells. 

Because the type 1.5 quantum well does not depend 

strongly on tunneling effects, the behavior of the 

barrierless type 1.5 quantum well as shown in figure 3a, 

3b, and 3c is only slightly different from that with a bar- 

rier . This result suggests that the materials should be 

relatively easy to fabricate. 

Modulator Design and Operation 

The type 1.5 quantum well can be used as an 

electroabsorption material with good contrast changes 

for very low applied fields. An electroabsorption optical 

modulator with either single or multiple type 1.5 quan- 

tum wells in the intrinsic region of the diode should have 

doping oriented as shown in figures 2a and 3a due to the 

assymetry of the structure. For the example used here a 

signal wavelength of 1.31 microns would be appropri- 

ate. Although the signal wavelength is slightly shorter 

than the optical transition wavelength, the absorption 

coefficient will be relatively low with no bias due to the 

low oscillator strength. Operation of optical modulators 

with the optical wavelength shorter than the transition 

wavelength is common for SEED devices. As a nega- 

tive field is applied, the absorption increases due to the 

increase in the transition oscillator strength as shown in 

figure 3c. For standard type I quantum wells, the e0-hhi 

transition is not allowed due to the weak transition ma- 

trix element. Graphs 2c and 3c show the e0-hhi transi- 

tions which have a significant transition matrix element 

due to the assymetry of the well., The signal wavelength 

should be longer than the e0-hhi transition wavelength 

to reduce unnecessary absorption with no applied field. 

For waveguide modulators, the TE polarization should 

be used to interact strongly with the heavy hole transi- 

tions. The use of tensile strain in the side valence well 

layer results in a narrow band gap for the light hole. This 

will introduce some undesired background absorption to 

the TE polarization when there is no applied field to the 

material. However, with careful design, the e0-lh0 tran- 

sition can be kept at a wavelength significantly shorter 

thanthe e0-hh0 transition. If narrow band gap, lattice 

matched materials are used, the deep lh wells should not 

be a problem. In addition, the small mass of the light 

hole will shift its transition energy to blue wavelengths. 

From figure 2c, with the 4:1 change in the oscilla- 

tor strength for the lowest transition at -25 kV/cm field, a 

12 dB attenuation ratio can be obtained with -3 dB inser- 

tion loss making the material attractive for practical op- 

tical modulators. Large contrast from wave function 

overlap modulation is experimentally supported by a 

>1000 times change in photocurrent with an applied 

field for type II quantum wells composed of direct band 

gap materials.3 

The type 1.5 quantum well can be designed to en- 

hance specific characteristics. For example, increasing 

the difference in depth of the main and side valance band 

wells will produce a greater contrast in the change in the 

oscillator strength of the e0-hh0 transition. If the differ- 

ence in well depth is made large, the heavy hole will be 
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strongly localied in the side well when no field is ap- 

plied, so the overlap with the electron wave function lo- 

calized in the main well will be low. When a reverse 

bias is applied to drive the heavy hole into the main well, 

nearly the same peak overlap will be obtained. How- 

ever, because of the deep valence band side well, a larger 

applied bias will be necessary. If the quantum well be- 

comes wide, the energy difference between the hh0 state 

and hhi state will be reduced. This will cause more un- 

desired background absorption when no field is applied. 

However, if the entire well structure is too narrow, there 

will be a large overlap of the e0 and hh0 wave function 

with no aplied field and the range of oscillator strength 

contrast will be small. 

Summary 

In summary, a new quantum structure has been 

proposed and modeled which demonstrates a 4:1 change 

in the oscillator strength and absorption of the lowest 

quantized transition with an applied field of only -25 kV/ 

cm. The type 1.5 quantum well is an innovative material 

for manipulating electron and hole wave functions for 

improved electroabsorption modulation dynamics. 

1 M. Sugawara, et al, Phys. Rev. B. no. 11, p. 8102,1993. 
2 P. J. A. Thijs, et al, IEEE JQE, Vol. 30, no. 2, p. 477,1994. 
3 D. Gershoni, et al, Phys. Rev. Lett, vol 60, no. 5, p. 448,1988. 
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Table 1 Standard Type I Quantum Well 

100 

Parameter Layer 1/3 
Thickness (nm)  — 
GaxInl-xAsyPl-y(x/y) 0.15/0.32 
Conduction band (eV) -8.162 
Valence band heavy hole (eV) -9.289 
Valnce band light hole (eV) -9.289 
Strain InP Substrate(%) 0.0 

Table 2 Type 1.5 Quantum Well 
Parameter Layer 1/5 
Thickness (nm) -—  
GaxInl-xAsyPl-y(x/y) 0.15/0.32 
Conduction band (eV) -8.162 
Valence band heavy hole (eV) -9.289 
Valnce band light hole (eV) -9.289 
Strain InP Substrate(%) 0.0 

Layer 2 
7.8 
0.06/0.50 
-8.307 
-9.205 
-9.274 
1.18 

Layer 2 
7.8 
0.06/0.50 
-8.307 
-9.205 
-9.274 
1.18 

Layer 3 
0.9 
0.15/0.32 
-8.162 
-9.289 
-9.289 
0.0 

Layer 4 
2.4 
0.54/0.78 
-8.153 
-9.155 
-9.060 
-1.25 

Table 3 Barrierless Type 1.5 Quantum Well 
Parameter Layer 1/4 Layer 2 Layer 3 
Thickness (nm)   7.8 2.4 
GaxInl-xAsyPl-y(x/y) 0.15/0.32 0.06/0.50 0.54/0.78 
Conduction band (eV) -8.162 -8.307 -8.153 
Valence band heavy hole (eV) -9.289 -9.205 -9.155 
Valnce band light hole (eV) -9.289 -9.274 -9.060 
Strain InP Substrate(%) 0.0 1.18 1.25 
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Abstract- We describe a new quantum well structure in 1.55um materials where effective width of the 

well is mass-dependent. This is advantageous for polarization-independent modulation of 1.55u.m op- 

tical waves. An InGaAs/InAlAs multiple quantum well p-i-n diode with such a structure on an InP 

substrate has been fabricated for the first time, and its photocurrent spectra have been measured. We 

have observed a larger Stark shift for light-hole-related exciton than that of heavy-hole exciton, which 

never happened in the conventional quantum wells. Therefore, the same amount of Stark shift for both 
holes should be possible by adjusting such a quantum well structure with mass-dependent width. 

I. Introduction 

Quantum well (QW) optical modulators and 

switches are very promising because of their low 

driving voltages, small sizes, high speed operation, 

and monolithic integration capability with other 

semiconductor optical devices. However, they have a 

large polarization dependence in their modulation 

property. Most fiber optical communication systems 

require polarization-independent devices since the 

ordinary fiber does not maintain polarization. There- 

fore, elimination of polarization sensitivity in QW 

modulators / switches is essential. 

In QW waveguides, TE polarization mainly in- 

teracts with heavy holes, whereas TM polarization 

only interacts with light holes. Because heavy holes 

and light holes have not only different exciton wave- 

lengths but also different Stark shifts, optical modula- 

tion efficiency becomes strongly polarization-depen- 

dent. 

Previously, we have demonstrated a polariza- 

tion-independent modulator that utilized quasi-para- 

bolic quantum wells (q-PQW's) [1-2], where the Stark 

shift did not depend on the mass of the holes. Draw- 

back in this case was that the property of the q-PQW 

structure was too sensitive to variation in epitaxial 

layer thickness. This is because there were very thin 

barriers (one or two atomic layer, typically) inserted 

near the center of the well that affected the wave 

functions very much. A small variation in the barrier 

thickness resulted in a considerable exciton-peak 

broadening. 

Recently, a new approach has been proposed and 

demonstrated in GaAs based materials [3], where ef- 

fective width of the QW is larger for light holes than 

for heavy holes. This would help reducing the polar- 

ization dependence since the Stark shift is larger for a 

wider QW. In other words, the small Stark shift of 

light holes is enhanced by a larger effective width of 

the QW, thus giving identical Stark shift for both 

heavy- and light-hole excitons. We have fabricated 

GaAs based modulators making use of this novel QW 

structure (which we call "quantum well with mass- 

dependent width" or MDW QW), and realized al- 

most polarization-independent modulation [4]. This 

approach is not sensitive to variation in epitaxial 

layer thickness, and therefore has better process tol- 

erance. 

This paper describes the first demonstration of 

the MDW QW in a material system for 1.55|im optical 

communication, namely, In0S3Ga047As/InflS2Al048As 
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Fig. 2. Exciton peak energy shirts as functions of applied 

electric field in the InGaAs/InAlAs/InP MDW QW. 

Heavy- and light-hole excitons are denoted by solid and 

dashed lines, respectively. 

on InP substrates. After a brief description on the op- 

eration principle, the epitaxial layer structure grown 
here is presented. Next, photocurrent spectrum is 
measured in a InGaAs/InAlAs multiple MDW QW 
p-i-n diode. Discussion on the Stark shifts of heavy- 

and light-hole excitons then follows. 

II. Operation Principle 
The shift of exciton peak energy due to the quan- 

tum confined Stark effect (QCSE) in common rectan- 
gular potential QW's is expressed as follows [5]: 

AE = -Cme2L4F2/h2, 0) 

where m is the effective mass of the associated carrier, 
e the electron charge, L the width of the QW, F the 

applied electric filed, and C is a constant. In this equa- 

tion, the potential height of the barriers is assumed to 
be infinite. It can be used as a simple guideline for 
designing QCSE in QW's. From Eqn. 1, it can be said 

that the larger the effective mass is, the larger the 

Stark energy shift would be. Therefore, heavy holes 

have a larger Stark shift than light holes. This results 

in polarization dependence of modulation efficiency 

in QCSE-based modulators (different exciton wave- 

lengths of heavy and light holes are another cause). 

The configuration of our MDW QW is schemati- 

cally illustrated in Fig. 1. Two thin barriers are in- 
serted in a rectangular QW near the well edges. They 
are designed in such a way that light holes can go be- 

yond them by tunneling but heavy holes can not. As a 

result, the heavy hole wave function (solid line) is 
confined within the "inner" well, whereas that of the 

light hole (dashed line) extends over to the "outer" 

well as shown in Fig.l. Therefore, heavy and light 

holes have different effective well widths, Lhh and 
Ljh. From Eqn. 1, it can also be understood that the 
Stark shift is larger for wider QW's. 

In particular, an identical Stark shift is obtained 

for heavy and light holes when the following relation 
is satisfied: 

m I    4 

hhMih ™lhAh (2) 

In InGa As wells, the above equation leads to L]n / Lhh 

= 1.7. Therefore, if Lhh equals 25 monolayers (ML), L\h 

should be 43 ML. Figure 2 shows theoretically calcu- 
lated energy shifts of heavy- and light-hole exciton 

peaks as functions of applied electric field (where 

Lhh, Lih, and the thickness of the two thin barriers are 
assumed to be 25, 43, and 3 ML, respectively). The 

thickness of barriers is determined so as to obtain 
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Fig. 4. Photocurrent spectra as functions of applied reverse 

bias voltage in the InGaAs/InAlAs/InP MDW QW. 

Fig. 3. Actual epitaxial layer structure grown by MBE. 

maximum discrimination between heavy and light 
holes. Almost perfect matching of the Stark shifts of 
heavy and light holes is predicted in Fig. 2. 

Unlike the q-PQW [1-2], the thin barriers in the 

MDW QW are placed near the edges of the well 
where the amplitude of the wave function is not 
large. As a consequence, it is robust against fluctua- 
tion in epitaxial layer thickness caused by process 
uncertainty. 

In order to obtain complete polarization inde- 

pendence, not only the Stark shifts but also absolute 
peak wavelengths of the heavy- and light-hole exci- 

tons should be equal. For this purpose, tensile strain 

in QW's is useful. It makes exciton transition energies 

associated with the heavy and light holes closer, and 
therefore reduces the polarization dependence [6-8]. 
If the tensile strain is incorporated with this MDW 

QW, complete polarization-independent modulation 
would be possible. 

III. Experiment 

The MDW QW we fabricated here consisted of a 

Ino.53Gao.47As/Ino.52Alo.4sAs quantum well (44ML- 

wide) and two thin InAIAs barriers (3ML-thick each) 

at 7ML from the well edges. This corresponds to Lhh 
of 24ML and L]n of 44ML. Actual epitaxial layer struc- 

ture is illustrated in Fig. 3. The layers were grown on 

a (100) n+-InP substrate by molecular beam epitaxy 

(MBE). 
Twenty sets of the undoped, lattice-matched 

MDW QW's (separated by 17ML-thick InAIAs barri- 

ers) are sandwiched between n-i- and p-i-InAlAs 
cladding layers (Si- and Be-doped), thus forming a p- 
i-n diode. The i-InAlAs cladding layers are required 
to apply a linear electric field to the undoped QW lay- 
ers. Electrodes are deposited on both sides of the wa- 

fer. Areas without the p-side top electrode are re- 
served to allow illumination of light for photocurrent 

measurement. 

Photocurrent spectra at different reverse-bias 

voltages for the above sample was measured as 
shown in Fig. 4. Peaks associated with the heavy-hole 
and light-hole exciton absorption are clearly ob- 

served. They shift toward longer wavelength with 
the applied reverse voltage (the Stark shift). 

The shifts of the exciton peak wavelengths are 
extracted from Fig. 4, and are plotted in Fig. 5 (in 
terms of energy) as functions of the applied reverse 

voltage from 0 through 7V. Above 7V, the light-hole 

exciton peak becomes too much broadened to deter- 

mine the peak wavelength (due to reduced confine- 
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heavy- and light-hole excitons, respectively. 

ment). Calculated Stark shifts are also shown in the 
figure by solid (heavy holes) and dashed (light holes) 
lines. 

Unlike in the conventional QW's, the light-hole 
exciton peak moves faster than that of the heavy hole 
in Fig. 4, thus resulting in a larger Stark shift in Fig. 5. 

This is a strong evidence that the MDW QW structure 
actually has different effective well widths. In this 

particular structure, L]h / Lhh is calculated to be 1.8, 

that happens to be larger than the above mentioned 

value of 1.7. Therefore, we have obtained not the 

same shifts but a larger shift for the light hole. This is 

also true for the theoretical curves (the dashed line 
has a larger shift). The small discrepancy between the 

experiment and theory in Fig. 5 may be attributed to 

ambiguity in the material parameters used in the 
design and theoretical calculation and in converting 

applied voltage into local electric field. Equal Stark 
shifts should be available by feeding back this result 
to the next MDW QW growth. 

IV. Conclusions 

We have designed and fabricated, for the first 

time, a new quantum well structure with mass-de- 

pendent width (MDW QW) in 1.55[tm materials for 
polarization independent Stark shift. We have ob- 

tained a larger Stark shift for light-hole-related exci- 

ton than that of heavy-hole exciton, which never hap- 

pened in the conventional quantum wells. Therefore, 
it should be possible to have the same Stark shifts for 

both holes by adjusting the MDW QW structure. If 

the tensile strain, that is able to align heavy- and 

light-hole peak wavelengths, is incorporated with 

this MDW QW, a complete polarization insensitivity 
in 1.55p.m optical modulation would be possible. 
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Intersubband Transitions in Conduction Band Quantum Wells: 
the role of energy band gaps and band off-sets 
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Abstract 

A new 14-band kp analysis of optical intersubband transistions in conduction band quantum wells 
demonstrates the importance of the energy band gap and the band off-sets in determining the strength of 
such transitions. In particular it is found (1) that a narrow band gap enhances the TE activity, and is 
therefore desirable, because of the importance of band mixing, and (2) that carrier confinement in both the 
valence band (Type I quantum well) and the upper conduction band is necessary for strong TE activity. 
This paper discusses these observations and supports these conclusions with measurements made on Type- 
II InP/InAlAs quantum wells 

ThP49 

Recent observations of normal incidence intersubband 
transitions in n type semiconductor quantum wells (QWs) 
have generated a great deal of interest because of their 
importance for quatum well, intersubband photo-detector 
applications. For pseudomorphic n+ InGaAs /AlAs QWs 
grown in InP, we have observed ^ intersubband transitions of 
(i) (x,y)-polarized sensitivity and (ii) strained-induced (x,z)- 
polarization splittings. Similar (x,z)-polarized activities and 
splitting effects in strain-relaxed InGaAs QWs were also 
reported by Li et al. . The use of (x,z)-polarized intersub- 
band transitions has been pursued by Chen et al.3 for 
obtaining surface-emitted second-harmonic generation and 
by Akiyama et al.^ for controlling electron populations in 
GaAs/AlGaAs QW waveguides by using x- and z-polarized 
CO2 laser radiation with energies resonant to intersubband 
transitions. 

We have recently presented a 14-band k»p analysis^ 
that allows us to compare and classify different compound 
semiconductors with respect to their suitability and 
effectiveness for use in devices based on intersubband 
transitions. In this paper we report infrared (IR) absorption 
measurements made on Type-H n+ InP/InAlAs quantum 
wells and demonstrate that they are consistent with this new 
theory, and inconsistent with other recent attempts to explain 
intersubband transitions. 

According to the 14 band k»p analysis, the QW 
conduction subband wave functions at k|| = 0 can be written 
as: 

*CT =/c 1ST) + |^f E»T>. ^ IRV+4) 

+ 0{i^1(|Zvr> + IR?A»}.^IZCT> 

- ^f IRU>+0 {g^ (izct>+\ni))} [l] 

where E is the subband energy measured from the bottom 

of it (l"1) edge, EQ is bandgap for I~6 - Tg [T^ - Tis) 

edges, Ei for I7 - Ig (I15 - Ii j; and Ao and Ai are the 

spin-split hole [T$ - T-j) and electron gap \T% - I7), 
respectively. The momentum matrix element Po couples 

Il-ri5, Pi couples ii5-li, and Q couples Iis-Tis edges 
in non-inversion symmetric zinc-blende semiconductors. 

For Type-I QWs at k|| = 0, we note in Eq. (1) that the 
participation of spatially-confined heavy holes and heavy 
electrons greatly enhances the ratio of TE- to TM-polarized 
An = 1 intersubband transitions, the enhancement being on 
the order of 

lV     J*oEi- E;J [2] 

This analysis differs from those of 8-band k-p6 or finite- 
mass difference model^ of An=2 intersubband transitions at 
k||*0. 

A primary objective of the current study was to use 
Type II QWs, where the electrons and holes are not 
simultaneously confined in the same (well) region, to help 
distinguish between the proposed models. Lattice-matched 
n+ InP/InAlAs MQWs samples used in this study were 
grown on Fe doped semi-insulating [001] InP substrates by 
gas source molecular beam epitaxy" • Samples A and B 
contained 60 periods of 65Ä/70Ä and 50Ä/70Ä n+ 

InP/InAlAs MQWs, respectively. Both Samples were 
silicon doped at 10*° cm~-> in the InP wells. 

The design of the MQW Samples A and B was such 
that there were three confined states for Sample A (En=i = 
58 meV, En=2 = 201 meV, and En=3 = 344 meV), and two 
confined states for Sample B (En=i = 82 meV, En=2 = 266 
meV). Both samples thus should show An = 1 intersubband 
transitions, while Sample A can also be used to search for 
An = 2 intersubband transitions. 

Measurements were taken using Fourier transform 
infrared spectrometer (FTIR). Figure 1 (a) shows the room 
temperature FTIR transmission data taken at P-polarized 45° 
oblique angle and it clearly resolves absorption peaks at 
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Figure 1: Room temperature FTIR absorption data for 
Samples A (B) measured in (a): P-polarized 45° oblique 
angle and (b) normal incidence configurations. 

147 meV and 175 meV for Samples A and B, respectively. 
There are, however, only weak Fabry-Perot interference 
patterns but no absorption peaks seen in the normal 
incidence configuration in Figure 1(b). In the edge- 
waveguide configuration (not shown), the z-polarized 147 
meV and 175 meV absorption peaks for Samples A and B 
were enhanced by a factor of four on thin-polished (60 um x 
4 mm) substrates but no (x,y)-polarized absorption was seen. 

These observations suggest that the z-polarized 147 
meV and 175 meV absorption peaks in Samples A and B are 
associated with the An = 1 intersubband transitions in n+ 
InP/lnAIAs MQWs. They also agree with (i) the previous 
investigations made on Brewster angle configurations8, and 
(ii) the use of Eq. (1) in a simple effective mass envelope 
function calculation which predicts peak energies of 143 
meV and 184 meV for Samples A and B, respectively. 
The fact that no An = 2 intersubband transitions are observed 
in Sample A supports the use of the 14-band k-p model to 
understand QW intersubband activity, and argues against 
using the 8-band k«p and finite-mass difference models. In 
type II QWs, the lack of spatial confinement of holes 
diminishes the observation of (x,y)-polarized Dn = 1 
intersubband transitions. Our experimental data also 
suggests that heavy electrons are not confined in the InP 
wells of this InP/lnAIAs type II QW (Eq. (1)). This 
prediction is also consistent with the line-up of the 
InP/lnAIAs   band   structure   constructed   by   using 

experimental values of the critical point energies and I^ 
band offset shown in Figure 2. 
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Abstract: Very uniform multiple-reflector micro-cavity structure was fabricated by electron beam (EB) 
lithography and selective wet chemical etching. Very small standard deviation of the gap width between micro- 
cavities, which was only 22nm for the average value of 762nm, enabled us to observe a clear modulation in PL 
spectrum due to multiple reflection. 

1. Introduction 
Low threshold current laser is very attractive 

for optical interconnection and a number of 
optoelectronics applications[l]. Micro-cavity lasers 
with very small volume are candidates with great 
potential to fulfill these requirements. In this work, 
we present it is possible to attain a sub-mA current 
operating laser by using a multiple-reflector 
micro-cavity with high refractive-index difference 
(~35%), and demonstrate a fabrication process of 
this structure and lasing property by optical 
pumping. 

2. Design of Mmultiple-Reflector Micro- 
Cavity Laser 
Figurel shows a model of GalnAsP/InP 

multiple-reflector micro-cavity laser and threshold 
current dependence on the cavity length (cavity 
length is a digital) calculated for 1.55 um 
wavelength active medium (compressived strained 
quantum well 5 layers). In this calculation we 
assumed that etching of semiconductor being 
stopped on lower InP buffer layer to obtain high 
refractive-index difference (about 30%) and 
polyimide (refractive index n=1.65) is buried 
between individual micro-cavities. And also we 
fixed lL (=X/4nL) to 0.27um, /„ (=X/4n„ where n„ is 
effective refractive index of the active region) to 
odd times of first order of Bragg condition for 
lasing wavelength X=1.55um.We used transfer 
matrix[2] for calculation and neglected diffraction 
loss. As can be seen in Fig!, sub-mA threshold 
current operation can be attained even if the total 
cavity length less than lOOum when the active 

region stripe width(W) is assumed to be lum. 

3. Fabrication of Multiple-Reflector Micro- 
Cavity Structure 

It is very important to etch a groove with high 
aspect ratio and vertical shape for obtaining a high 
refractive index difference. For this purpose, we 
adopted a two-step wet chemical etching technique 
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Fig. 1 Schematic view and threshold current of 
multiple-reflector micro-cavity laser 



using HCl-based etchant with GalnAs crystal 
mask[3,4] since HCl-based etchant has a definite 
material selectivity for GalnAs/InP system and 
anisotropic etching rate between (100) plane and 
(Oil) plane. 

Figure 2 shows the structure of the wafer we 
used in this experiment and the fabrication process 
of multiple-reflector micro-cavity structure by 
using EB-lithography and 2-step wet-chemical 
etching with GalnAs mask layer as well as contact 
layer (Zn-doped, 350nm). 

EB Lithography 

• InP+GalnAs mask etching 

ZEP520 
Si02(15nm) 
InP (50nm) 
GalnAs (350nm) 
p-InP (2.2Mrn) 
Active Region 

+ OCL 
n-InP Sub. 

Br-Methanol 
chir etching 

• InP cladding layer etching 

S35 5S flflB HC1+CH3C00H 
etching 

Fig.2 Fabrication process of multiple-reflector 
micro-cavity 

We adopted a PMMA/SiOj/InP/GalnAs system 
for making a mask pattern in stead of PMMA/ 
GaInAs[3] system because PMMA is etched by 
HCl-based etchant during the etching of InP 
cladding layer (2.2|xm depth) which is very long 
time compared to one referred [3]. InP cap layer 
was introduced between the Si02 and GalnAs 
because of good adhesion property between them. 

At first we formed 15nm Si02 on InP cap layer 
by thermal CVD and then a narrow stripe pattern 
(0.27(xm width) was formed on resist (ZEP520) 
along [Olljdirection with the period of 5.2nm by 
an EB exposure system JEOL JBX-5FE at the 
maximum acceleration voltage of 50keV with beam 
current 5nA and area dose 300|xC/cm2. Samples 
were developed in MIBK:IPA (=1:1) solution for 1 
minute followed by a rinse in IPA for 30 seconds. 

And then SiOz was etched with a buffered HF (1%, 
room temperature 20 sec) followed by InP/GalnAs 
mask layer etching with Br-methanol (0.0125 vol%, 
14 sec), and the InP cladding layer was etched with 
a selective etchant of HCl:CH3COOH=l:4 (3 min at 
room temperature). 

Figure 3 shows SEM photographs of multiple- 
reflector micro-cavity structure and histogram of 
gap width of 100 grooves fabricated by the above 
mentioned process.InP cladding layer was etched to 
the depth of 2.2^im vertically, the angle between 
etched plane and (011) plane was 87 degree. It is 
very important to adjust a mask pattern to [011] 
direction exactly for the vertical etching by HCl- 
based etchant. We could adjust within ±0.5° in EB 
chamber through the monitor. 
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Fig. 3 SEM photograph of multiple-reflector 
micro-cavity and its histogram of 
groove size at the bottom 

The average groove width between neighboring 
cavities was measured to be about 762nm at the 
bottom of the groove. We used a high resolution 
SEM (Hitachi S5000) and very flat side walls 
enabled us to do such a measurement. As can be 



seen in Fig.3, the standard deviation of the gap 
width of 100 samples was only about 22nm which 
is much smaller than the emission wavelength of 
1.55 um. 

However we could not obtain a very small 
groove size even if the stripe pattern size was 0.27 
\im because it is very difficult to control a stripe 
width of GalnAs mask by Br-methanol in case of 
thick GalnAs mask layer. In addition, although 
undercut was not occurred during Br-methanol 
etching because of good adhesion between SiOz and 
InP, side etching of GalnAs mask pattern was 
observed during etching of InP cladding layer. The 
reason for this side etching of GalnAs mask pattern 
by HCl-based etchant is due to side etching of InP 
cap layer when GalnAs mask layer is doped. 

We have improved our process to obtain a 
narrower groove width. The improved process is as 
follows; we used Si02 /GalnAs system for making a 
mask pattern in stead of SiO^/InP/GalnAs, formed a 
O.lpim stripe pattern on resist by EB, used thin 
GalnAs mask layer (50nm), and etched by 
HBr:HN03:H20 (1:1:8) etchant at 0°C for 2.5 
minutes instead of Br-methanol etchant for GalnAs 
mask layer. Figure 4 shows a SEM view of 405nm 
groove width of multiple-reflector micro-cavity 
structure fabricated by this improved process. As 
can be seen in Fig.4, side etching of GalnAs was 
not severe compared to one fabricated by the 
process mentioned before. 

Ml 

4. PL Spectrum and Lasing Property 
Figure 5 shows photoluminescence spectra of 

groove width of 762nm multiple-reflector micro- 
cavity taken from (a) parallel and (b) perpendicular 
to the multiple-reflector direction excited with 
Ar+-ion laser (40mW/cm2) at room temperature.PL 
spectrum to [Oil] direction (parallel direction to 
the multiple-reflector) shows normal spectrum of 
substrate we used. However as can be seen in Fig. 
5(b), ripples with an interval of about 60nm was 
observed. It is in good agreement with the resonant 
mode spacing of a cavity length of 5jun. We can 
not explain what kinds of resonance modes exist in 
this multi-reflector micro-cavity theoretically, but 
we consider resonance modes of 5 (Am cavity is 
dominant mode in this cavity from Fig. 5(b). 
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RES       SrNi 

(b) perpendicular to the stripe 

Fig.5   Photoluminescence  spectra  from 
multiple-reflector micro-cavity. 

Fig.4 SEM photograph of multiple reflector 
micro-cavity structure by improved 
process 
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Figure.6 shows lasing spectrum of multiple- 
reflector micro-cavity laser under optical pumping 
at 77K. We used a YAG laser (X=1.06pim) as 
pumping   source.   The   lasing   wavelength   was 



X=1.49|xm and interval from a maximum gain peak 
(X=1.475|xm) was about 15nm. This result shows 
that the multiple-reflector micro-cavity structure 
has a enough strong wavelength selectivity. 
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.6 Lasing spectrum of the multiple- 
reflector micro-cavity laser. 

Takasigi, and K. Furuya, "Wet Chemical Etching 
for Periodic Structure: Rectangular InP 
Corrugatios of 70nm Pitch and lOOnm Depth," 
Jpn. J. Appl. Phys., Vol. 28, pp. 2193-2196, Oct 
1989. 
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5. Conclusion 
We proposed a new type laser having multiple- 

reflector micro-cavity structure with high refractive 
index difference and showed this new type laser can 
be operated at sub-mA current. For the realization 
of this new type laser, we fabricated the multiple- 
reflector micro-cavity structure by using EB 
lithography and 2-step wet chemical etching. The 
average groove width between neighboring cavities 
was about 762nm at the bottom of the groove and 
the standard deviation of the gap width of 100 
grooves was only about 22nm. By improving a 
process, we established a groove width be 405nm 
and its aspect be about 6. We also succeed in lasing 
of this laser under optical pumping at 77K . We 
found out its structure has a strong wavelength 
selectivity from lasing spectrum. 
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Abstract 
When Indium phosphide dry etching is carried out using a reactive beam extracted from Br2 - N2 
mixture gas discharge plasma, two distinct types of etching mechanisms come into play as the Br2 gas 
pressure is changed. Smooth vertical side walls can be obtained at low Br2 gas pressure, where the 
etching rate has no temperature dependence, while undercutting with a temperature dependent etching 
rate is seen at high Br2 gas pressure. An analysis of the plasma discharge currents reveals that 
neutralized Br species generated by the discharge of Br2 gas itself form the undercut. A waveguide 
corner mirror with less than 1 dB loss can be made by using an etching beam with no neutralized Br 
species. 

Introduction 
Dry etching has been a key technology for the 
development of integrated photonics devices. The 
reactive ion etching of InP and related materials 
has been performed with reactive gases such as 
C121), SiCl42>, and I23)> and hydrocarbon gases4) • 
5). In these studies, etching process conditions 
such as gas flow rate, input power for etching 
plasma generation, and sample temperature were 
controlled. Although a vertical side wall etching 
was achieved, no explanation of the etching 
mechanism was offered. This has recently become 
an interesting subject because an understanding 
the etching mechanisms will permit future dry 
etching process improvements such asdamageless 
etching, loading effect reduction and InP/InGaAsP 
selective etching. Since the reactions between 
semiconductor materials and reactive gases are 
very complex in actual dry etching, an evaluation 
of a fundamental etching process is necessary 
under well-controlled etching conditions. This 
paper describes InP dry etching using a reactive 
beam extracted from Br2-N2 gas discharge 
plasma. The etching beam characteristics are 
analyzed on the basis of plasma discharge current. 

Experiment 
The etching system used in this experiment is 
shown in Fig. 1. Ion source was electron 
cyclotron resonance plasma whose impedance 
matching was   automatically controlled.     The 

etching beam was extracted by applying an voltage 
Va between the screen and acceleration grids. 
The amount and energy of the etching beam could 
be controlled separately. Br2 gas and N2 gas were 
the etching gases. When only the N2 gas was 
used, etching proceeded by physical sputtering. 
When Br2 gas was added, chemical reactivitywas 
introduced into the process. The gases were 
supplied into the plasma chamber through a mass 
flow controller. The gas pressure was measured 
with a diaphragm pressure gauge. The N2 gas 
partial pressure was kept constant at 0.23 mmHg 
for all experiments. The Br2 gas partial pressure 
was varied from 0 to 0.1 mmHg. Other gases 
effective for physical sputtering, such as Ar, were 
not used because of their strong wearing of the 
molybden grids. 

The etching samples were Sn doped n-type InP 
(001) wafers. After depositing a 0.3-jim-thick 

Insulator Shutter 

1 
Accelerator     Screen grid n 

Etching beam 

Samples 

ECR plasma 

© lb le({) (j) I Ig B1-2+N2 
gas in 

Va 

Fig. 1 Schematic diagram of the etching system. 
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2 SEM photographs of the etched stripe pattern. Gas 
conditions were (1) Br2 0.05 mmHg + N2 0.23 mmHg 
and (2) Br2 0.1 mmHg + N2 0.23 mmHg. Sample 
temperatures were (A) 40 °C and (B) 140 °C. 

Si02  layer  on the wafer,   striped pattern   was 
formed by photolithography.     Then, the SiQ2 
layer was patterned by C2F6 reactive ion etching. 
The residual photoresist was  removed by  02 
plasma.  The etching samples were placed on the 
molybden holder and heated with a buried heater. 
The sample temperature was  measured with  a 
radiation pyrometer from the outside of the etching 
chamber through a sapphire view port.     The 
temperature ranged from room temperature to 
200 °C. 

The etching beam characteristicswere evaluated 
by measuring the three currents shown in Fig. 1. 
Ig and Ie are the electriccurrents flowing through 
the screen and accelerator grids. lb is the beam 
current monitored by the shutter placed in front of 
the sample holder. Although charged species 
were extracted through the two grids, a number of 
them were changed to non-charged species due to 
neutralization. There are mainly two neutralizing 
process: a resonant charge exchange process6) 
and a secondary electron process7). Since the 
mean free path of the gas species was on the order 
of 30 cm long in these experiments, which is 
comparable to the distance between the grid and 
the sample holder, charge exchange collisions 
would rarely occur. Thus secondary electrons 
from the sample holder are considered to be the 
main cause of neutralization. Since the sample 
were supported by an insulator, only neutralized 
species could etch the sample. The shapes of the 
etched stripes were evaluated with a Secondary 

50     100    150    200    250 
Temperature (°C) 

Fig. 3 Temperature dependence of the etch rate. 
(1) and (2) correspond to gas conditions 
(1) and (2) in Fig. 2. 

Electron Microscope (SEM). 

Results 
The etching was carried out at different Br2 gas 
partial pressures and sample temperatures. The 
etching shapes were of two typical types, as 
shown in Fig. 2. Type (1) was obtained at Br2 
gas partial pressure less than about 0.05 mmHg. 
Trenches formed at the bottom of the mesa when 
sample temperature was 40 °C , and vertical 
smooth side walls were formed at temperatures 
higher than about 100 °C. The etched surface was 
glossy. On the other hand, type (2) was formed at 
Br2 partial pressure higher than about 0.1 mmHg. 
While the trenches did not form at 40 t), the 
etched surface undulated and looked cloudy. The 
side walls became vertical at 100 °C but they were 
a little rough. An undercut appeared at higher 
temperatures, as shown in Fig. 2 (2) B. 

The temperature dependence of the etch rate 
under the two pressure conditions are shown in 
Fig. 3. The etch rate for the type (1) shape is 
independent of temperature over 100 °C, whereas 
that for the type (2) shape continued to increase 
with increasing temperature. These different 
temperature dependencies indicate that the etching 
mechanism differs for two pressures. The 
currents generated by the plasma discharge were 
measured to try to discover what that difference is. 
The Ig and Ie for the Br2-N2 gas discharge are 

shown in Fig. 4. While Ie and Ig for the Br2 
discharge are in therange of 25 ~ 35 mA and 90 

562 
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Pressure ( mm Hg) 

Fig. 4 Ie and Ig as a function of the discharge gas pressure. 
(1) and (2) correspond to the etching conditions in 

Figs. 2 and 3. 

~ 100 mA (upper graph), those of the N2 
discharge are about 10 mA and 40 ~ 70 mA 
(lower graph). In the case of the Br2-N2 mixed 
gas discharge, Ig and Ie abruptly change at the Br2 
gas pressure higher than 0.1 mmHg (middle 
graph). This change was also observed in lb, as 
shown in Fig. 5. The lb dropped abruptly from 
11 mA to 7 mA when the Br2 pressure was 0.1 
mmHg. Thus, in spite of adding the Br2 to the N2 
gas, when the Br2 gas partial pressure was less 
than 0.05 mmHg, Ig, Ie, and lb had values similar 
to those for the 100 % N2 gas discharge. In the 
case of Br2 gas pressure higher than 0.1 mmHg, 
these currents look like the ones for the 100 % Br2 
gas discharge. The two distinct types of the 
etching shape ((1) and (2) in Fig. 2) and etch rate 
temperature dependence ((1) and (2) in Fig. 3 ) 
correspond to the different types of discharge ((1) 
and (2) in Figs. 4 and 5 ). 

Discussion 
The etching results can be classified into two types 
according to the Br2 gas partial pressure. The etch 
rate temperature dependence indicates they differ 
in kind from each other. The difference is 
associated with the change in beam current lb. 
The electric current lb of the extracted ion beam is 
expressed by Langmuir - Child's law as8) 
lb oc    ( 2e/M )1/2 • Va3/2/l_2, (1) 
where Va is the acceleration voltage, L is the 
distance between two grids, and e/M is the 
charge-to-mass ratio of the discharge species.   M 

0       0.1      0.2     0.3 
Bre PARTIAL PRESSURE ( mmHg) 

Fig. 5 The beam current lb as a function of 
the Br2 partial gas pressure. (l)and(2) 
correspond to (1) and (2) in Figs. 2,3, 
and 4. 

is 28 for N2 gas discharge. When the partial 
pressure of the Br2 gas was increased, lb abruptly 
decreased, as shown in Fig. 5. When the Br2 gas 
is the discharge species in addition to the N2 gas 
discharge, the effective M becomes large due to 
the large M of Br2 gas ( M=160 ). The lb 
reduction can be traced to the change in the 
effective M in eq. (1). 

Although the extracted beam consisted of 
charged species, only the non-charged neutral 
species etch the sample on the insulator. Undercut 
etching was observed with a good relation to the 
change in plasma discharge currents Ig, Ie, and lb 
from N2-like discharge currents to the discharge 
currents associated with added Br2, as shown (1) 
and (2) in Figs. 4 and 5. These results indicate the 
undercut was formed by non-charged Br2 species 
produced by neutralization due to secondary 
electrons. The etching rate temperature depen- 
dence is considered to be due to the temperature 
dependent chemical reaction between Br2 species 
and InP. Vertical side wall etching was obtained 
when the discharge was sustained by only N2 gas. 
In this case, the N2 beam assisted the reaction 
between the ambient Br2 species and InP. 

Waveguide reflection mirror 
Vertical side wall etching is very effective for 
forming waveguide reflection mirrors. The size of 
devices can be reduced by bending the propagated 
light using these mirrors. 

A waveguide with reflection mirrors was made 
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Fig. 6 SEM photograph of the comer mirror. The slightly 
contrasting layer 1.5 |xm under the waveguide top is 
the InGaAsP core layer. 
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on an epi-wafer on which 0.3-p.m-thick InGaAsP 
( X=1.3 |im) core layer was sandwiched between 
n-InP layers. The Si02 waveguide mask pattern 
was made by the same method used to make the 
samples for etching experiments. The pattern was 
etched down to 1 \im under the core layer. The 
obtained mirror shape under the vertical etching 
condition is shown in Fig. 6. The mirror surface 
is very smooth. Mirror loss was measured by the 
attenuation of the 1.55 |im light injected into 
waveguides containing several such mirrors9). 
Figure 7 shows the measured relative propagation 
loss of the waveguides as a function of mirror 
number. The mirror loss is about 1 dB/reflection 
from the slope of the straight line. 

Conclusion 
Indiun phospheid dry etching was studied by 
using an etching beam extracted from a Br2-N2 
gas mixture. The etched shapes and the rate 
temperature dependence could be classified into 
two types when the Br2 gas partial pressure was 
changed. One was smooth vertical side wall when 
Br2 gas pressure was low. The other was an 
undercut and rough etched surfaces with a 
temperature dependent etching rate at high Br2 
pressure. The different etching mechanisms 
between these two types is found to be due to the 
different etching beam species. Neutralized Br2 
ions generated by the plasma discharge result in 
the undercut etching. Their generation should be 
suppressed to form smooth vertical side walls. By 

0      2      4      6      8     10    12 

Number of mirrors 
Fig. 7 Measured relative propagation loss as a function 

of mirror number. The numbers in the figure are 
for the different samples. 

doing so, we were able to form a low-loss 
waveguide reflection mirror. 
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Introduction 

Monolithic integration of optoelectronic devices on InP/InGaAsP based material is a current topic of research 
for telecommunication applications. The increase of the level of integration requires the increase of the number of 
optical interconnection between different devices on a single InP chip, as well as the connexion of this chip to others 
devices. Such optoelectronics integrated circuits (OEIC) require epitaxial layers that are suitable for both the optical 
waveguides and the devices (photodetector, amplifer) fabrication. Due to the complexity of the epitaxial process the 
integration of many functions on the same chip is often limited. The use of dielectric waveguides as optical 
interconnections can ideally leave the interconnection fabrication at the end of the OEIC process. Si02 and SiOxNy 

have been often use to fabricate dielectric waveguides on Si substrates with different deposition techniques [1]. 
The use of Rapid Thermal and UV assisted CVD (RTCVD and UVCVD) is proposed here to fabricate 

waveguides at 1.5 urn directly on InP. Three different guide structures are proposed. Very little work has been reported 
on dielectric waveguides on InP due to two major problems that have been overcome here with these new deposition 
technics. The first problem is that dielectrics with good structural and optical properties are obtained at temperature 
higher than the temperature of InP decomposition ( P sublimation ). Rapid thermal CVD offers the possibility to deposit 
dielectric materials on InP at temperature as high as 750°C without substrate degradation [2] while UVCVD allow to 
deposit at temperature close to room temperature. The second problem is caused by the mechanical stresses in the 
deposited dielectric multilayers due to the mismatch of the thermal expansion of these materials. These mechanical 
stresses have been studied and compensated in order to fabricate waveguides directly on InP substrate. The attenuation 
measured on these dielectric waveguides is below 3dB/cm at 1.5um. 

Rapid Thermal Chemical Vapour Deposition. 

Rapid Thermal Chemical Vapour Deposition 
(RTCVD) is a combination of rapid thermal processing 
(RTP) and chemical vapour deposition (CVD). It utilizes 
rapid temperature cycling as a switch to turn on and off 
thermally driven gas surface reactions. The wafer can be 
brought to 750°C in less then 5s and can be cooled down 
to below deposition temperature in less than 2s. The use 
of highly controllable temperature changes to control the 
deposition offers with RTCVD the ability to reproducibly 
grow precisely controlled thin layers with very low defect 
densities, while minimising thermal exposure. Our 
RTCVD system is a single horizontal reactor with a 
quartz chamber, the wafer is supported on a susceptor by 
four quartz pins and is heated from below with a bank of 
nitrogen cooled tungsten halogen lamps. The chamber is 
made of high quality fused quartz and ishighly 
transparent in the spectral range of the lamps, allowing 
the chamber to remain cool relative to the wafer and 
thereby recover the advantages of a cold-wall system. A 
set of UV lamps are mounted above the reactor allowing 
UV-CVD films to be deposited. A more detailed and 
complete description of the system can be found in 
reference [1]. SiOxNy films were deposited by RTCVD 
at 750°C from the reactive gases SiH4, NH3, N20 
diluted in a carrier gas N2 with a total pressure of 50T. 
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Composition control of the SiOxNy films was obtained 
with the N20 flow rate alone, all the other CVD 
parameters being constant. The index of refraction of the 
film was controlled via the N20 flow rate as can be seen 
from Figure 1. A continuous variation of the index of 
refraction from 1.45 (index of refraction of Si02) to 2.1 
(index of refraction of SißN^ was obtained as measured 
by ellipsometry at 6328Ä. It has been also verified that 
the N20 flow rate is directly connected to the 
stoechiometry of the SiOxNy films; a more detailed 
description of the deposition parameters and material 
proprieties can be found in [2]. 

T=750-C 
P=50T 
NhVSiH^IO:! 

15      30     45      60     75     90     105 

N,0 RATE FLOW (seem) 

Fig. 1: variation of refractive index of SiO-^y as 
function of N^D flow rate (i.e. as function of 
composition). 



Conventional optical waveguide. 

InPorSI 
Fig. 2: Schematic diagram of conventional waveguide. 

The dielectric waveguide consists of a SiON core 
sandwiched between two SiC>2 cladding layers as can be 
seen in figure 2. The thickness and the refractive index of 
these layers were calculated for monomode propagation 
at 1.5 urn wavelength. The precise calculation was made 
using BPM code called ALCOR developed at CNET 
Bagneux [3]. The parameters of the waveguide are: 

Structure Thickness refractive index 

SiO? lum 1.45 

SiON 0.7um 1.75 

SiO? 2um 1.45 

Substrate Si or InP 

best result obtained with "as-deposited" dielectrics 
waveguides on Si substrate. In the literature attenuation 
lower than 1 dB/cm can been achieved by annealing the 
dielectrics waveguides at temperatures higher than 
1000°C and for lh [5] but this process is not suitable for 
our optoelectronic applications where brittle materials 
such as InP are used. 

Going to InP substrates, the main problem 
encountered is the mechanical stresses induced by the 
dielectrics multilayer. Here the thermal SiC>2 is replaced 
by a 2um of Si02 films deposited by UVCVD at 300°C 
or by RTCVD at 700°C. SiON is deposited by RTCVD at 
750°C. Due to the thermal expansion coefficients 
mismatch of these materials the thickness of SiON 
deposited with no cracks is limited to 0.15um. As the 
thickness increases cracks begin to appear within the 
films. For a thickness higher than 0.3um, the tension 
increases in the films and induces the peeling off of the 
multilayers from the substrate. To solve this problem a 
thin Si3N4 film was deposited directly on the InP 
substrate by RTCVD at 750°C, This thin film 
compensates the difference of the thermal expansion 
between Si02 and InP, and also present a better adhesion 
to the InP substrate. Hence it is possible to deposit SiON 
up to 0.55um on a 2um SiÜ2 layers. Figure 3 shows the 
cross-sectional SEM view of the waveguide structure 
fabricated on InP having the following parameters: 

The waveguide has been fabricated on Si substrate in 
order to test the optical quality of dielectric films, the 
fabrication process of the waveguide consists of, a 
thermal Oxydation of the Si substrate to form 2um of 
Si02 followed by a SiON film deposited by RTCVD 
and finally a cover cladding Si02 film is deposited also 
by RTCVD. After lithography, the Si02 cover layer is 
patterned, by reactive ion etching, to permit the lateral 
confinement of the guided modes. The attenuation 
measurements of the fabricated waveguide were obtained 
using the cut-back method where the transmitted 
intensity of the waveguide with different length is 
measured. To do so the light from an He-Ne laser 
operating at 1.5 urn was coupled into and out of the 
waveguide by means of microscope objectives and the 
output light was measured by a photodiode. To reduce 
the insertion losses caused mainly by the surface 
roughness of the entrance and exit facet of the 
waveguide, an effort has been done to fabricate smooth 
dielectric waveguide facets. With a trilayer masking 
technics and a controlled RIE process [4], facets with 
roughness of about 700Ä were obtained. The propagation 
losses of these dielectric waveguides for the TEQ mode is 
then measured to be 2dB/cm at 1.5um. This result is the 

566 

SiO? 

cover cladding 

n=1.45 

d= lum 

UVCVD 

(300°C) 

SiON 

core layer 

n=1.75 

d = 0.55um 

RTCVD 

(750°C) 

SiO? 

first cladding 

n= 1.45 

d = 2um 

UVCVD 

(300°C) 

Si,N4 

Adhesion film 

n = 2.1 

d = 0.05um 

RTCVD 

(750°C) 

InP substrate 

Fig. 3: SEM of conventional waveguide. 



The attenuation value of this waveguide on InP substrate 
is 10dB/cm for the TEQ mode at 1.5um. This value is 
larger than the one obtained by the same dielectric 
waveguide fabricated on Si substrate. This can be 
explained by the formation of some slip lines on the InP 
substrate indicating that the problems of tension are still 
important in the structure and also by the fact that the 
cladding layer deposited by UVCVD at low temperature 
contains a large amount of hydrogen and then contributes 
to an increase of the attenuation. 

In order to balance the mechanical stresses induced 
by the different dielectric films in the multilayer 
structure, other types of guiding structure on InP namely 
ARROW waveguide and Bragg waveguide have been 
realized. 

ARROW waveguide. 

Anti-resonant and reflecting optical waveguide 
(ARROW) have been receiving increasing attention in 
recent years [6]. In contrast with the conventional 
waveguide, the optical confinement in the ARROW 
waveguides is based on the high reflectivity of a Fabry- 
Perot resonator formed by the cladding layers rather than 
total reflection. The ARROW waveguide consists of 
interference cladding layers sandwitched between the 
core and the substrate. The cladding layers are 
combinations of films having high refractive index 
difference like the pair of Si/Si02> in order to achieve 
high reflectivity. To calculate refractive index and 
thickness of each layer in the ARROW, the powerful 
matrix method [7] for modelling multilayer structures 
has been utilized. The ARROW structure calculated is 
shown in figure 4. 

A(r 

Core 

First cladding 

Second cjadding 

flrlhocirtn turn 

InP 

Fig. 4: schematic diagram of ARROW waveguide. 

The matrix method consists to introduce a prism 
medium with refractive index, n„, greater than the index 
of the guiding layer at a distance dp above the structure 
in the air. The 2x2 transfer matrices are calculated and, 
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using the boundary conditions , the excitation efficiency 
^(ß) can be obtained : 

m= K\ 
E:\ 

where E+ is the field in the above medium and in the 

core film respectively and ß is the propagation constant 
of the mode. The excitation efficiency is then plotted 
against ß. This plot displays some peaks for given ß that 
are the propagation mode constants. The curve shape 
around the peak is then fitted to a Lorentzian function 
whose width corresponds to the attenuation of the guided 
modes. 

The parameters of the fabricated ARROW structure 
are outlined in the following table and the cross-sectional 
of the ARROW waveguide is shown in figure 5. 
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Fig. 5: SEM. of ARROW waveguide. 



The propagation losses of the ARROW strip-loaded 
waveguide with different widths were measured for TEQ 

mode at 1.5um wavelength. Attenuation values close to 
3dB/cm are obtained when the strip width of the 
waveguide is lOum. 

BRAGG reflection waveguide. 

deposition technics have proved their compatibility with 
brittle materials such as InP. They are also compatible 
with waveguide fabrication at the end of a device or 
circuit process. The objective is now to integrate this 
technology into simple OEICs. 

SK32 4 
& 

Si02 

Si02 

SK32 

Fig.    6:    schematic   diagram    of  BRAGG   reflector 
waveguide 

The BRAGG reflector waveguide operates with the 
same principle as the ARROW waveguides [8]. In the 
BRAGG waveguide the cladding layers consist of 
periodic stratified media acting as Bragg reflectors for 
achieving high reflection at the working wavelength. 
Figure 6 shows the schematic diagram of a Bragg 
reflector waveguide. RTCVD has been used to deposit 
the Si02 and Si films. A precise control of the thickness 
and the refractive index has been obtained with an in situ 
reflectrometry experiment described elsewhere [9]. A 
Bragg reflector waveguide has been fabricated consisting 
of 3 periodic quarter-wave Si/Si02 layers as bragg 
reflector and a 2um Si02 guiding layer as can be seen in 
figure 5. The value of the attenuation measured in this 
case is 10dB/cm at 1.5um wavelength. This is our first 
result obtained with this kind of dielectric waveguides on 
InP substrate. Further experiments are on the way to 
improve the control of film fabrication. Since only three 
pairs of Si/Si02 film are used the total thickness of the 
cladding is reduced to 0.8um (as compared to 2um in the 
other structures). The reduction of total thickness of the 
waveguide allows to reduce the mechanical stress. This 
should be in favour of fabrication directly on InP 
substrates. 

Conclusion. 

A complete Si-based dielectric waveguides 
technology fabricated on InP substrates has been 
developed. The lowest attenuation measured at 1.5 urn 
wavelength is 2 dB/cm without any high temperature 
annealed of the waveguide structure. This best result is 
due to the quality of the material obtained by new 
deposition technics, namely RTCVD and UVCVD. These 
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fig. 5: SEM. of BRAGG reflector waveguide. 
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ABSTRACT 

First order gratings in GalnAsP laser structures were defined by maskless focused ion beam 
implantation. The optically pumped devices show laser operation at 77 and 300 K. All 

lasers operate in a single longitudinal mode which is typical for the gain coupled distributed 
feedback effect. The implanted gratings are thermally stable up to 700 °C and are suitable 

for an overgrowth process by metal organic vapour phase epitaxy. 

INTRODUCTION 

Conventional structuring techniques require resist masks and etch processes for the fabrication of distributed feedback (DFB) 
lasers (1,2). With a high resolution focused ion beam (FIB) system maskless patterning can be realised, which is contamina- 
tion free and preserves the planarity of the surface. This technique is therefore very suitable for an overgrowth process, which 
is necessary for DFB laser structures. With FIB implantation a modulation of the gain is produced. Compared to index coup- 
led DFB lasers, gain coupled structures have a number of advantages. Because of the different coupling mechanism a single 
mode behaviour even without additional phase shift (3, 4) and a reduced frequency chirp are expected (5). The side mode 
suppression should be enhanced and problems like mode hopping and spatial hole burning reduced (6, 7). 

EXPERIMENT 

A high resolution FIB system (Eiko El00) was used to 
define gratings in GalnAsP/InP separate confinement laser 
structures. In Fig. 1 the layer structure is schematically 
shown. The implantation direction and the modified areas in 
the active region are indicated. The Ga+ ion beam can be 
focused to 30 nm in diameter at ion currents of 10 pA 
between 10 and 150 keV energy (8, 9). For the implantation 
of the 150 - 250 nm buried active layers of the laser 
structures an ion energy of 130 keV was used. Because of 
channeling effects in (100) oriented III/V crystals the energy 
is high enough for a penetration depth of more than 300 nm. 
The line dose was varied between 3x10^ cm"1 and 9x10° 
cm"1, which corresponds to area doses of approximately 5x 
1012 cm"2 and lxlO14 cm"2. The periods of the gratings 
were adjusted to emission wavelengths of the material at 77 
K and 300 K. For 77 K grating periods between 220 and 232 
nm, for 300 K between 248 and 260 nm were used. For low 
doses the samples were not annealed while for higher doses a 
rapid thermal annealing (RTA) step was used (500 - 700 CC, 
60 s). To avoid any background signal mesa stripes with 100 
um in width were etched. 
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FIG. 1 Schematic layer structure of the DFB-lasers. The ac- 
tive layer consists of 5 GalnAsP QWs with 12 nm thickness 
(total thickness about 100 nm). The material modification by 
the ion beam is indicated in the active layer as well as the 
laser output direction during operation. 
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FIG. 2: Light output characteristics of gain coupled DFB- 
lasers with first (triangles) and second order gratings (dots). 
The threshold energy densities are 10 uJ/cm2 (1. order) and 
50 uJ/cm2 (2. order). 
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FIG. 3: Room temperature laser output characteristic for a 
first order FIB implanted DFB grating. The threshold pulse 
energy density is about 35 uJ/cm2. The insets show laser 
emission spectra at 75 uJ/cm2 and 220 uJ/cm2. 

The laser structures were optically pumped by a pulsed 
(80 ps) frequency doubled Nd:YAG laser operating at a 
wavelength of 532 nm. The laser beam was focused through 
a cylindrical lens to an excitation area of around 200 urn in 
width and a variable length between 0.1 and 2 mm controlled 
by a slit. The DFB-laser emission was dispersed by a 0.32 m 
monochromator with a spectral resolution of 0.1 nm and 
measured by a liquid nitrogen cooled Ge-detector. 

LIGHT OUTPUT CHARACTERISTIC 

The laser output intensity characteristic at a temperature of 
77 K is plotted for first and second order gratings in Fig. 2. 
Both gratings were defined on the same sample and excited 
with a stripe length of 400 urn. They were implanted with the 
same low dose and not annealed. The output intensity shows 
a laser typical linear increase with increasing excitation 
intensity. In comparison to the second order grating the first 
order grating device shows a reduction of the threshold by a 
factor of 5. Simultaneously the external quantum efficiency 

increases. Although in first order gratings the implanted line 
density is doubled the improvement to second order gratings 
is rather high. The main reasons for this significant 
improvement are the reduction of the radiative loss (10) and 
a larger feedback effect per unit length which dominates over 
a possible increased loss due to nonradiative recombination. 

For room temperature emission the grating period must 
be enlarged above 240 nm to get a feedback effect for 
wavelengths above the band gap energy. In Fig. 3 the light 
output characteristic for a gain coupled DFB laser is shown 
operating at room temperature. The first order grating has a 
periodicity of 252 nm and was implanted with a line dose of 
8xl0"/cm. No annealing step was used to get an operating 
device. The threshold pulse energy density is only a factor of 
3 higher than for 77 K. The device can be operated up to ten 
times of the threshold density. But above three times the 
threshold density the linear response changes due to satura- 
tion effects. The emission wavelength is 1.57 pm. 
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FIG. 4: Emission wavelength of gain coupled DFB lasers 
versus grating period at 77 K. The straight line corresponds 
to a linear fit of the data points. The inset show a laser 
spectrum for a grating period of 228 nm. 

SPECTRAL RESPONSE 

The emission wavelength can be controlled very accurately 
by changing the grating period. In Fig. 4 the emission 
wavelengths of four devices with different grating periods are 
plotted. The gratings were defined by FIB implantation on 
the same sample. The emission wavelength changes linearly 
with the grating period with a rate of 5.8 (emission wave- 
length to grating period) within the investigated spectral 
region. From the statistic deviations of the points from the 
straight line a reproducibility of the grating period of better 
than 0.2 nm can be estimated which corresponds to an ac- 
curacy of the emission wavelength of about 1 nm. 

The inset of Fig. 4 shows a laser emission spectrum for 
a grating period of 228 nm at an excitation density of 70 
uJ/cm2. Due to the wide stripe geometry of the mesa etching 
a large amount of lateral modes are allowed. The spectral 
width of about 2 meV is therefore mainly caused by ampli- 
fied higher lateral modes. This effect is more obvious at 
higher excitation densities, which leads to an asymmetric 
broadening of the spectra to higher energies as can be seen in 
insets of Fig. 3. 571 
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FIG. 5: Laser output characteristic of a grating structure after 
an annealing step at 700 °C (RTA step). For the implantation 
a line dose of 9xl0^/cm was used. The inset shows an 
emission spectrum at high excitation density. 

The spectra of Fig. 3 show the laser emission at about 2 
and 6 times of the threshold excitation density. Except the 
above mentioned line broadening effect, the lowest lateral 
modes show no shift in the emission energy for excitation 
densities up to 12 times of the threshold condition (450 
uJ/cm2). A shift of the emission energy of the lowest lateral 
mode (low energy side of the peak) could not be observed 
within the spectral resolution of the measurement set-up of 
about 0.1 meV. Also no higher longitudinal modes were 
observed and no mode hopping occurred. 

THERMAL STABILITY 

For electrically pumped devices an upper cladding layer 
with a thickness of about 2 um is used to complete the 
vertical wave guide and to avoid absorption losses in the 
contacting layers. Therefore an overgrowth process is 
necessary after the grating definition. In contrast to most of 
the other techniques, like holography or electron beam based 
patterning, no resist step is needed for focused ion beam 
technology and also the planarity of the surface is not 



disturbed. These are properties which are favourable for 
overgrowth processes. But the implanted structure must be 
stable enough to survive a growth temperature of around 600 
to 650 °C during metal organic vapour phase epitaxy. 

In order to test the thermal stability of the implanted 
gratings the samples were annealed by RTA at temperatures 
between 500 °C and 700 °C for different implantation doses. 
To get enough feedback from the grating the line dose must 
be increased with increasing annealing temperature. For a 
temperature stability of 700 °C a line dose of about 9x10^ is 
necessary. In Fig. 5 the laser output characteristic of an an- 
nealed grating structure is shown. The threshold excitation 
density is with 30 uJ/cm^ comparable to the not annealed 
devices. The inset shows monomode emission at high exci- 
tation density. 

Two mechanisms can cause the gain modulation in the 
implanted and annealed grating structures. One is the cre- 
ation of non radiative recombination centers, which reduce 
locally the carrier lifetime and therefore modulate the carrier 
distribution. The second effect is caused by the implantation 
induced inter diffusion, which leads to a band gap increase 
for the implanted areas. This band gap modification causes 
also a modulation of the carrier density. Both effects will 
reduce periodically the gain in the implanted areas while in 
the non implanted areas the gain remains or even increases 
compared to an unimplanted 2D layer. 

SUMMARY 

Gain coupled DFB laser structures with first order 
gratings were defined by maskless focused ion beam im- 
plantation in GalnAsP heterostructures. The devices were 
optically pumped and showed laser emission at 77 K and 300 
K. First order gratings show in comparison to second order 
gratings significantly lower thresholds and higher quantum 
efficiencies. As expected for gain coupled DFB lasers the 
monomode emission is stable up to the highest excitation 
intensity and no mode hopping was observed. The implanted 
gratings are thermally stable up to 700 °C, which is 
sufficiently high enough for any overgrowth process. Due to 
the possibility of maskless, contamination free and planar 
patterning, focused ion beam technology is very suitable for 
overgrowth processes in combination with high resolution 
buried patterning. 
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Surface damage on InP induced by photo-and plasma-assisted 

chemical vapor deposition of passivation films 
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Introduction 
Achievement of low surface damage is a key issue in processing steps for 

fabrication of advanced InP electronic and optoelectronic devices. Insulating films 
prepared by various CVD techniques have been used for passivation of device 
surfaces. However, virtually nothing is known on surface damage. 

The purpose of the present paper is to systematically characterize process- 
induced near-surface defects in InP introduced during photo-and ECR-assisted 
techniques for insulator deposition compared to conventional PECVD technique. 
The standard Schottky deep level transient spectroscopy (DLTS) technique, the 
metaHnsulator-semiconductor (MIS) DLTS technique and MIS capacitance- 
voltage (C-V) techniques were applied to characterize the surface damage in ECR 
treated, PECVD Si02 deposited and photo CVD Si02 deposited InP surfaces. 

The analysis has shown that photo CVD Si02 deposition is superior to PECVD 
Si02 deposition due to absence of process-induced bulk traps and to smaller 
density of interface states with a narrower spatial distribution. 
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Characterization methods of surface damage 

Schottky DLTS method 
Near-surface trap levels induced by various 

processes can be characterized by standard DLTS 
technique using Schottky barrier diodes. As for the 
CVD process, surface damage can be characterized 
at Schottky ineterfaces prepared after removal of 
insulating films. However, for n-InP, because of low 
Schottky barrier heights (SBHs), it is very difficult to 
obtain informaton on deep trap levels and on the 
depth-profile of the trap concentration. 

MIS DLTS and C-V methods 
The physical situation when the DLTS technique 

is applied to a MIS structure is shown in Fig.l. When 
the emission rate of the deep level and that of the 
interface states coinside the DLTS setting rate 
window, the corresponding two peaks appear. The 
emission rate from the deep level is independent of 
the bias condition and is determined by EC-EDL, 

whereas that from the interface states is determined 
by the energy difference Ec-EF which changes with 
the surface potential determined by the bias. Thus, by 
systematically changing the bias pulse condition, 
bulk deep levels and interface states can be clearly 

distinguished. 
In addition, the spatial distribution of the 

interface states within the insulator can be 
characterized by combination of the MIS DLTS and 
C-V methods. This is based on our recent finding0' 
that, when interface states possess a spatial 
distribution, the interface state density (Nss) 
distribution obtained by C-V method becomes 
different from that by the DLTS method, as shown in 
Fig. 2(a). The reason for the difference can be 
explained in terms of equi-emission rate line for the 
emission process/2' When interface states are 
distributed into the insulator with thier peak 
concentration at the interface, the states within the 
infinitesimal energy difference between Ea and Eb 
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Fig.l Band diagram and DLTS spectra 
for MIS DLTS method 
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Fig.2 (a)Nss distributions obtained from DLTS and C-V 
methods and (b) concept of equi-emission rate line 

shown in Fig.2(b) have different emission rates 
depending on their distance x from the interface. 
This is because the electron emission from the 
occupied states to the conduction band depends both 
on the thermal activation energy and the distance 
from the interface. The emission rate is the same on 
the equi-emission rate line given by2) 

Ec — E+kT(x/xon) = const (1) 

where x0n is the tunneling decay length. Therefore, 
the state density calculated from the DLTS peak 
corresponds to the number of states, as indicated 
black region in Fig.2(b). On the other hand, the 
number of the states obtained by the C-V method is 
basically that of the whole states between Ea and Eb. 
Thus, comparison of C-V and DLTS results should 
provide information on the spatial distribution of 
states. The present argument ignores the effect of the 
insufficient capture and emission in the real 
experiments and the effect of the elctric field in the 
insulator. These effects complicate the situation very 
much. For example , the Nss distribution by C-V 
method is no longer the true distribution by these 
effects. The whole analysis should be done using 
computer fitting as described elsewhere/2' 

Experimental 
As a reference for MIS study, a Si02/Si system 

was prepared by thermal oxidation of a clean n-type 
Si surface. For InP samples, undoped n-type liquid 
encapsulated Czochralski (LEC) InP wafers with a 

carrier concentration of 5xl015cm"3 were used. The 
InP surface was treated in HF solution prior to the 
deposition process for MIS structures. Si02 films 
were deposited by PECVD process using a mixture 
of SiH4 and N20 at 40- 300 °C, and a photo CVD 
process at 250 °C using a mixture of SiH4, N20 and 
Ar, and ArF excimer laser (193nm). For Schottky 
DLTS study, Schottky barriers were formed by 
evaporating Au through a metal mask after removal 
of insulating films. Au Schottky barriers were also 
formed on the InP surfaces exposed to the ECR- 
assisted Ar plasma. 

Results and discussion 

Schottky DLTS study 
Figure 3 shows the DLTS spectra of the Au/n-InP 

Schottky diodes formed at the surface after the 
plasma treatment or removal of the insulating films. 
PECVD deposition of Si02 films were found to 
produce the discrete deep level, lying at 0.35 eV 
below Ec. Ninomiya et al.(3) recently reported that 
the process-induced defect level was found in the InP 
surface exposed toH2 and Ar plasma in the 
conventional rf-plasma reactor. The "signature plot" 
of the present level was found to be very close to that 
of this level. On the other hand, the trap level was 
absent in the samples processed by photo CVD and 
exposed to ECR-assisted Ar plasma. Thus, this trap 
is process-dependent and seems to be due to high- 
energy plasma damage. 

MIS DLTS and CVstudy 
Typical DLTS spectra obtained for the Si02/Si 

samples under small bias swings are shown in Fig.4. 
The surface potential change between the injection 
and emission pulses was controlled so that it 
becomes constant at each quiescent bias. As shown 
in Fig.4, DLTS peak moved continuously with the 
bias, indicating that it is due to interface states which 
sensitively reflect bias-induced changes in surface 
potential and emission time constants of responding 
states. No signal from the bulk deep level was seen. 

On the other hand, two peaks, each coming from 
the bulk deep level and from interface states, were 
clearly seen in the PECVD Si02/InP MIS samples, 
as hown in Fig.5. The DLTS peak position at around 
200K was independent of the bias and remained at 
the same temperature, corresponding to the emission 
time constant from the bulk level detected in the 
Schottky samples. 
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Fig.3 DLTS spectra of Au/n-lnP samples 

The concentration profile of the observed bulk 
level is shown in Fig.6. For comparison, previously 
reported profile of PSG/InP(1) is also plotted in 
Fig.6. The trap density of the discrete level can be 
calculated by the DLTS peak height taking into 
account of small surface potential change.(4) As 
can be seen, the bulk level is presented only in the 
vicinity of the InP surface, within about 2000 Ä, 
and the deposition of PSG film produced less 
damage than the Si02 deposition. Furthremore, the 
concentration of the observed bulk trap in the 
PSG/InP system was found to decrease with the 
increase of the phosphorus content in PSG films.(1) 

As to the origin of the observed discrete level 
near the surface, it is noted that preferential etching 
of phosphorus occurs easily in the InP surface 
during plasma treatment,(3) which can be 
responsible for vacancy related defects. It has been 
suggested(3) that the formation of a thin 
phosphorus layer at the InP surface by PH3 plasma 
treatment was effective in suppressing the defects 
related to phosphorus vacancy. The results 
indicated in Figs. 3 and 6 also seem to support this 
suggestion. Thus, it seems that the observed bulk 
level is related to phosphorus vacancies or their 
complexes created by high-energy plasma damage 
during PECVD process. 

Interface state density distributions 
Figure 7 shows the Nss distributions of the 

thermally^-grown Si02/Si interface obtained from 
C-V and DLTS methods. Nss distribution from 
DLTS is in good agreement with that from C-V. 
This indicates that the spatial distribution of Nss, if 
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Fig.4. DLTS spectra for the Si02 /Si MIS sample. 
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Fig.6 Concentration profiles of the plasma-induced 
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it exists, is very narrow. 
On the other hand, the CVD Si02/InP systems 

exhibited large Nss difference in Nss between the 
two methods, as shown in Fig 8 for PECVD Si02 

system. As s Both DLTS and C-V results showed 
similar   U-shaped   continious   distributions   with 
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nearly the same energy position of minimum 
density, being consistent with the disorder-induced 
gap-state (DIGS) model.(5) In addition, the PECVD 
process gives a higher density of states than the 
photo CVD process. 

By the computer analysis of the results of MIS 
C-V and DLTS study, true Nss distributions were 
deduced and the extension of the space distribution 
was estimated. For calculation, the following 
functional form of the Nss distribution was used:(2) 

NDicsiE, x)=N0 exp 
\E-E, 'HO I 

exp(-i/iDIGS) 

(2a) 

N. ,(£)=    NmGs[E,x)dx, (2b) 
Jo 

where N0 is the volume density of the DIGS 
(interface state) continuum and EHo the charge 
neutrality point of the DIGS continuum.(S) The 
parameters No, n, Eo and XDIGS characterize the 
distribution. 
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Fig.7. Nss distributions of PECVD Si02 /Si 
obtained from DLTS and C-V methods. 

10   \— 

-r 
> 
CD 

V 
E 
"      l 
~ 10 

PECVD           true distribution 
SiCWInP            \ /           / 

calculated        \\\ :7 
\ 

 from C-V 
\- ̂

T=^ 

-      from DLTS 

- 
^HO 

i        I        I i ''      I 
10 

Ev       1.0    0.8    0.6   0.4    0.2    Ec 

Ec-E (eV) 

Fig.8. Experimental and calculated Nss distributions 
of PECVD Si02/lnP. 

Table I. Parameters of the spatial distribution 
of interface states  

 NssO (cm-1eV~1)    XDIGS       n EHO 

SiC-2/Si 
PECVD SiCWInP 
photo CVD Si02/lnP 

3.6x10'° 
6.0x1012 

1.5x1012 

<5A 
75Ä 
30Ä 

2.0 Ec-0.42eV 
115 Ec-0.38eV 
2.5    Ec-0.38eV 

The true distribution in Fig.8 was determined by 
varing the parameters in Eq.(2) so that the 
calculated DLTS and C-V distributions fit the 
experimental ones. 

The values of the parameters thus determined 
are summarized in Table 1. The obtained value of x 
DIGS is 75 Ä for the PECVD MIS system, which is 
two or three times larger than that for the photo 
CVD MIS system. Furthermore, the PECVD MIS 
structure posessess larger Nss0 with a steeper Nss 
distribution shape. These results clearly indicate 
that the damage or disorder induced by PECVD 
distributes deeper into insulator region because of 
the high-energy nature. The value of xDms of the 
thermally-grown Si02/Si structure is below 5 Ä, 
being consistent with excellent interface properties 
of this system. 

Conclusion 

Process^nduced near-surface defects in InP 
introduced during PECVD, photo- and ECR- 
assisted techniques for insulator deposition were 
studied using Schottky DLTS, MIS DLTS and MIS 
C-V techniques. 

Interface states and near-surface bulk traps can be 
clearly distinguished by the MIS DLTS technique. 
Furthermore, the spatial distribution of the near- 
surface traps within the deposited insulator can be 
determined by analyzing MIS DLTS and C-V data. 
The analysis showed that photo CVD Si02 

deposition is superior to PECVD Si02 deposition 
due to absence of process4nduced bulk traps and to 
smaller density of interafce states with a narrower 
spatial distribution. 
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Introduction 
The ability to grow epitaxial material on predetermined areas of semiconductor substrate has make it 
possible to fabricate advanced optoelectronic devices. Selective metalorganic vapor phase epitaxial 
growth of InP/InGaAs structures on a dielectric mask patterned planar InP wafer, has been widely 
studied for applications of optical devices. In this study, ridge structures with various widths of about 
5um were selectively grown on open stripe regions between pairs of mask stripes. In narrow regions, 
such as the above, both lateral gas phase diffusion and substrate migration contribute to the enhanced 
growth, and affect the surface flatness. In addition, rabbit-ear growth occurs at both edges of selective 
grown mesa structure and prevents flat burial of the mesa. In this work we present the results of a 
study of the effects of sulfur, on the growth rate of InP in selective area growth processes. It was 
found that the growth rate of the n type InP layer on the open stripes is a sensitive function of the H2S 
flow rate. It was also found that the growth rate on (100) planes (mesa top) differ from that on 
(lll)B (side facet), and can be controlled by the H2S flow rate. A complete growth suppression can 
be achieved at partial pressure of 2xl0-3 Torr. Using this novel MOCVD growth technique, a 
selectively grown buried heterostructure laser diode is successfully fabricated in one step growth. 

Experimental 
The MOCVD growth was done at 670C. The 
pressure was 40 Torr. TMIn, TMGa and PH3 
were used as growth sources. Sulfur was 
provided by H2S and p type dopant by 
diethylzinc. For selective growth, (100) InP 
substrate were coated with Si02 film with 
thickness of 2000 A. Mask stripes of 5 um 
width were formed in [011] direction with a 
250 um period. The TMIn flow rate used for 
the selective growth process was reduced to 5 
ccm (0.1%) in comparison to 85 ccm (0.1%) 
which is our regular flow rate for unmasked 
process. This was done in order to achieve the 
same growth rates of about 2 um/h for the 
selective and non-selective processes.. The 
grown structures were evaluated by SEM. 
Layer thickness were measured by a stylus 
profiler. The composition of the layers were 
evaluated by electron beam microprobe. 

Results 
Fig. 1 shows an example of selective growth 
rates of S doped InP and undoped InP, versus 
the strip width. The growth time, the growth 
temperature and the flow rate of TMIn are kept 

the same. The reduction of the growth rate 
caused by the sulfur doping is clearly seen. 

Selectively grown InP 

E 

CO 
CO 

c 
o 

cc 

growth time t = 30min 
reactor pressure p = 40 Torr 

1-4 ■ 

strip width w, urn 
Fig. 1- Growth rate of selectively grown InP 

layers as a function of strip width. 
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The same experiment was carried out again 
with Zn doped InP and then again with S doped 
InGaAs. The suppression of the growth rate is 
achieved only when InP is doped by S. It was 
also found that the above effect occurs only 
when the InP layer is grown selectively. 
Similar effects was recently reported by 
Kondo[l] which used Se instead of S. 

The effects of the H2S flow rate on the InP 
growth rate is shown in the SEM cross- 
sectional views in Fig. 2. Fig. 2a shows the 
cross section of one of our undoped selectively 
grown InP layer. The characteristic rabbit-ear 
growth that occurs on the (111)B mesa facets 

is shown. The n type doping is the background 
doping. Figures 2b to 2d show cross-section 
views of structures that were grown with 
different H2S flow rates from 10"3 ccm up to 
5xl0~2 ccm (or partial pressures between 
2xl0"5 Torr to 10"3 Torr). All growth 
processes were done using the same flow rates 
of the III-V components, and the same growth 
time 30 minutes. Figures 2b to 2d clearly show 
that the growth rates of the (001) mesa top and 
(lll)B mesa side facets, can be controlled by 
changing the H2S flow rate. In addition, the 
figures show that the growth rate on the (111)B 
surface is lower than that of the mesa top 
surface and some of the species migrate from 

Fig 2a - InP undoped Fig. 2b-InP +S, n=1017 cnT3,p(H2S)=2xlO-5 Torr 

0002    25KU    X10.000      iHm WD4, 

Fig. 2c-InP +S, n=1018 cm-3,p(H2S)«2xlO-4 Torr Fig. 2d-InP +S, n=5xl018 cm-3,p(H2S)-10-3 Ton- 

Fig. 2 SEM cross section of selectively grown 
n-type InP layers, for different H2S partial 
pressure in the reactor. 
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the (lll)B side facet to the (100) surface. 
These migrating species form significant excess 
growth at the edges of the (100) surface (see 
Fig. 2b and 2c). At a certain H2S flow the 
growth rate on the (lll)B mesa facet is 
completely suppressed and flat growth on the 
mesa top is achieved (Fig. 2d). 

We employed controlled suppression of the InP 
growth on the (lll)B surface, during the 
fabrication of selectively grown buried double 
heterostructure n-InP/InGaAs/p-InP laser, in 
one growth step. The p type Zn doped layer is 
grown on the mesa top surface at nearly the 
same growth rate as it grown on the (lll)B 
facet. Thus, this layer is both the cladding 
layer and the cover of the InGaAs active layer. 
The SEM cross section of the laser structure is 
shown in Fig 3, while the L-I curve is given in 
Fig. 4. 

InGaAs/lnP selectively grown 
double heterostructure laser diode 

Fig 3- SEM cross section of a selectively 
grown buried n-InP/InGaAs/p-InP double 

heterostructure laser diode. 

Discussion 
The nature of the mechanism that affects the 
InP growth is not clear yet. The application of 
various sulfur treatments for stabilization of 
InP surfaces were reported in number of earlier 
publications. Surface treatments of H2S results 
in the formation of insulating layers, an 
admixture of InPS4 and Ü12S3 [2,3]. In our 
study we assumed that S treatment of InP 

w 
E 

.d 
(0 

o 
Q. 

Current, mA 

Fig. 4- L-I characteristic of InGaAs/lnP selectively 
grown double heterostructure laser diode. 

surfaces results in an inert state of dangling 
bonds at the surface. This is due to a bonding 
formation between the S atoms and the In 
atoms on the surface (similar effect was 
reported for Se[l]). An excessive supply of 
H2S during the InP growth makes the InP 
surfaces inactive and therefore the trapping rate 
of the In atoms significantly decreases. This 
effect is obtained only in the selective process 
while we reduced the TMIn flow rate by more 
than an order of magnitude. In addition, 
growth suppression effect is significantly 
different at the two planes. In fact, it is more 
effective at planes with high surface density of 
P atoms. Therefore, In atoms migrate from the 
(lll)B surface to the (100) surface, as shown 
in Figs. 2b and 2c. Recent publications [4] 
show that in case of group VI dopants, the 
bonding is more favourable on B faces than A 
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faces. As a result the doping incorporation for 
sulfur increases monotonically by two orders of 
magnitude in going from (100) plane to (lll)B 
plane. It seems that the high rate of P atoms 
replacement by S atoms on the (111)B surface 
is the main driving force to the differences in 
growth rate suppression between planes. 

Conclusions: 
In this work we study the effects of sulfur 
treatment on the growth rate of InP in selective 
area growth process. It was found that the 
growth rate on different planes; mesa top (100) 
and side facet (lll)B could be controlled by 
the H2S partial pressure. We used the 
controlled suppression of InP growth on the 
(lll)B surface, during n-type growth, to 
fabricate selectively grown buried double 
Heterostructure n-InP/InGaAs/p-InP laser. 
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Abstract 

Electron traps have been investigated for MBE grown n-AHnAs by isothermal capacitance transient 
spectroscopy measurement. Two traps, EOl^c - 0.44 eV) and E02(EC - 0.52 eV), appear for oxygen- 
plasma treated sample in addition to El(£c-0.47 eV) and E2(£,

c-0.69 eV) traps detected for untreated 
(as-etched) sample. It is found that a reduction in the densities of the four traps occurs due to annealing 
subsequently after oxygen plasma treatment. The donor concentration, ND — NA, is reduced by annealing 
after oxygen plasma treatment. The compensation effect may be attributed to acceptorlike defect centers 
created by plasma process. 

1 INTRODUCTION 

AlInAs (Al 48 %) lattice-matched to InP is one of 
the most promising materials to realize high speed elec- 
tronic and optoelectronic devices such as InGaAs/AlInAs 
high electron mobility transistors(HEMT's)W and metal- 
semiconductor-metal (MSM) photodetectors^2). There 
have been several studies on electrical and optical prop- 
erties of AlInAs grown by MBE and MOCVD and on 
characteristics of Schottky contacts^3-6). Deep electron 
traps in AlInAs have been investigated using capacitance 
transient measurement^7-13). Plasma processes such as 
reactive ion etching and deposition of insulating layer 
have recently been introduced in device fabrication tech- 
nology. Oxygen plasma is widely utilized in an ashing 
process of the device fabrication. Electrical properties in 
oxygen-implanted AlInAs are also investigated1-14'15'. It 
is important to understand a behavior of traps created 
by the fabrication processes since the traps give a strong 
influence on device performance. 

This paper describes electron traps in n-AHnAs un- 
treated (as-etched), treated with oxygen (O2) plasma 
and annealed subsequently after O2 plasma treatment 
detected by isothermal capacitance transient spectrosco- 
py (ICTS) measurement. It is also found that reduction 
in the trap densities occurs due to annealing after O2 
plasma treatment. 

2 EXPERIMENTAL PROCEDURE 

N-type AlInAs (Al 48 %) layers grown at 490 °C on 
(lOO)-oriented InP substrates by MBE were used in the 
present experiment. AlInAs was doped with Si to the 
electron concentration of 1 x 1016 cm-3. The thickness 
of the epitaxial layer was 1 (im. An ohmic contact on the 
back side of InP substrates was provided by evaporating 
AuGe/Ni/Au followed by alloying at 400 °C. AlInAs sur- 
face was chemically etched with buffered HF solution for 

20 s to remove native oxide just prior to setting speci- 
mens into a plasma chamber. O2 plasma treatment was 
carried out in an inductively coupled remote plasma re- 
actor operated at 13.56 MHz. 02 gas was supplied at 
the flow rate of 15 seem. The gas pressure and the sub- 
strate temperature were regulated at 0.2 Torr and 250 
°C, respectively. O2 plasma was excited by supplying rf 
power of 20 W to the inductive coil. The treatment time 
was kept for 5 min. In-situ annealing was also performed 
at 350 °C for 3 min inthe flowing N2 gas. After finishing 
the plasma treatment, Schottky contacts were provided 
in a separate evaporator by evaporating Au through a 
metal mask for dot definition onto the AlInAs surfaces. 
The size of the circular electrode was 1 mm in diameter. 

In order to evaluate deep electron traps introduced 
into AlInAs by plasma treatments, ICTS measurement 
was carried out by using an automated equipment (Ho- 
riba DA-1500)(16). The measurement temperature was 
fixed at 200 and 350 K. The isothermal capacitance mea- 
surement was carried out in the time range from 10-6 to 
1 s. The bias voltage and the filling pulse voltage were 
determined taking account of the diffusion potential of 
Schottky contacts evaluated from the true Schottky bar- 
rier height. The true barrier height was estimated from 
the Richardson plot of the saturation current densities 
measured at various temperatures^17). The trap density 
was evaluated by integrating the ICTS signal with re- 
spect to time. 

3 RESULTS AND DISCUSSION 

Prior to ICTS measurement, characteristics of Schot- 
tky diodes were examined. Figure 1 shows the current- 
voltage (I-V) characteristics measured at room temper- 
ature for Schottky diodes fabricated on AlInAs untreated 
(as-etched), treated with O2 plasma and annealed sub- 
sequently after O2 plasma treatment. The effective bar- 
rier height and the ideality factors are 0.57 eV and 1.06, 
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Table 1: Effective and true barrier height, ideality factor and donor concentration of Schottky diodes. 

<f>bn (eV)     fao (eV)     Ideality Factor     No - NA (cm-3) 

untreated 

annealed 

O2 plasma treated 

O2 plasma treated + annealed 

0.57 0.46 1.06 1.06 x 1016 

0.58 0.58 1.00 1.30 x 1016 

0.67 0.19 1.92 1.07 x 1016 

0.67 0.31 1.73 5.04 x 1015 

E 

> 
H 
in 

A 

LU 
Q 

10" 

LU 

10" 

untreated 
O2 plasma 
O2 plasma 

+ anneal 

'""WiWmA 

-0.5 0.5 

VOLTAGE(V) 

Figure 1: Current-voltage characteristics of Schottky 
diodes formed on AlInAs untreated, treated with O2 
plasma and annealed after annealed O2 plasma treat- 
ment. 

respectively, for the untreated Schottky junction, while 
they are 0.67 eV and 1.92 for the 02-plasma treated 
junction. The ideality factor is found to be degraded by 
02 plasma treatment. No significant difference of the ef- 
fective barrier height and the ideality factor is observed 
between the two diodes treated with O2 plasma and an- 
nealed after O2 plasma treatment. However, a reduction 
in the reverse leakage current occurs for the sample an- 
nealed after O2 plasma treatment. 

The true barrier heights were estimated from Rich- 
ardson plots. Moreover, capacitance-voltage measure- 
ment was performed to evaluate donor concentrations. 
The effective and true barrier heights, the ideality fac- 
tors and donor concentrations are summarized in Ta- 
ble 1. Characteristics of annealed Schottky junctions 
are also shown for comparison. No marked variation in 
the donor concentration occurs in the 02-plasma treated 
diode, while the donor concentration is remarkably re- 
duced for the diode annealed after O2 plasma treatment 
in comparison with that of the untreated diode. 

Figure 2 indicates ICTS spectra measured at 200 and 

.a 
ra 

1/) 

y  10 

EOl 

TIME (s) 
10" 10L 

T=350K 

E2      E02 

TIME (s) 
10 ,-2 10L 

Figure 2: ICTS spectra measured at 200 and 350 K for 
untreated and 02-plasma treated samples. 

350 K for the untreated and 02-plasma treated samples. 
Two peaks, El and E2, with time constants of 2.1 x 
10~5 and 1.0 x 10-4 s are detected at 200 and 350 K, 
respectively, for the untreated sample. New peaks, EOl 
and E02, with time constants of 3.6xlO-2 and 1.3xl0~3 

s appear at 200 and 350 K together with El and E2 for 
the 02-plasma treated sample. 

The activation energies of El, E2, EOl and E02 
traps were evaluated to be 0.47, 0.69, 0.44 and 0.52 eV, 
respectively, from Arrhenius plot of TT

2
. In order to es- 

timate the capture cross section of these four traps, ICTS 
measurement was carried out with various widths of the 
filling pulse. The capture cross sections are summarized 
in Table 2 together with the activation energies. 

The densities of the El and E2 traps in the region 
from the surface to 0.2 /im were evaluated to be 4 x 1014 

and 1.5 xlO15 cm-3 for the untreated sample and3xl015 

and 2 x 1014 cm-3 for the annealed sample, respectively, 
as shown in Table 3. The increase in the El trap density 
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Figure 3: Depth profiles of trap concentration for samples treated with 02 plasma(a) and annealed subsequently 

after O2 plasma treatment(b). 

Table 2: Activation energy and capture cross section of electron traps. 

Activation Energy (eV)     Capture Cross Section (cm-2) 

El 

E2 

EOl 

E02 

0.47 

0.69 

0.44 

0.52 

1.16 x 10-13 

1.52 x 10"14 

4.37 x 10"12 

1.73 x 10-16 

Table 3: Density of El and E2 traps 

El (cm"3)     E2 (cm-3) 

untreated 

annealed 

4 x 1014 

3 x 1015 

1.5 x 1015 

2 x 1014 

(Depth region: 0-0.2 //m) 

was observed in the surface region of the untreated and 
annealed samples. The E2 trap density increased in the 
surface region of the untreated sample. 

Figure 3 indicates depth profile of the trap concen- 
tration for samples treated with O2 plasma (a) and an- 
nealed subsequently after 02 plasma treatment (b). The 
densities of the EOl and E02 traps which are detected 
for the 02-plasma treated sample are estimated to be 
3.8 x 1013 and 2.8 x 1015 cm-3, respectively, in the sur- 
face region. The concentration of the El and E2 traps 
are 5 x 1014 and 1 x 1015 cm-3 in the surface region of 
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the 02-plasma treated sample. In the case of the sample 
annealed after 02 plasma treatment, a significant reduc- 
tion in densities of the El, E2, EOl and E02 traps is 
observed. 

The two traps, El and E2, detected in the present 
experiment correspond to E2 (Ec - 0.48 eV) and E3 
(Ec - 0.68 eV) traps observed in MBE grown AlInAs 
by Luo et al/13), respectively. These traps have been 
suggested to result from an excess of arsenic in AlInAs, 
since it is observed that an excess arsenic is incorporated 
into the AlInAs layer during low temperature growth by 
MBE(18). The El trap density increases after anneal- 
ing, while annealing leads to reduction in the E2 trap 
density. The arsenic interstitial which is formed in the 
AlInAs layer by the excess arsenic can migrate during the 
high temperature anneal and form arsenic small cluster. 
From the experimental result, the E2 trap may be at- 
tributed to arsenic interstitial defects or a complex of an 
interstitial with other defects. On the other hand, the 
El trap is suggested to be an arsenic related complex 
defect such as arsenic cluster. 

O2 plasma treatment produces EOl and E02 traps, 



but it reduces the E2 trap density. Moreover, it is found 
in the present experiment that the annealing process 
subsequently after O2 plasma treatment is effective in 
reducing the densities of El, E2, EOl and E02 traps. 
Suppression of the reverse leakage current shown in Fig.l 
is related to a reduction in the trap density due to an- 
nealing after O2 plasma treatment. Further investiga- 
tions are needed to understand the origin of EOl and 
E02 traps and the annealing effect. 

It was reported that an increase of oxygen atoms in- 
corporated into AlInAs during MOCVD growth leads to 
an increase in donor concentration^^)—NA), an increase 
in the reverse current in Schottky junctions and a reduc- 
tion in the photoluminescence intensity^3). In the case of 
oxygen implantation, on the other hand, the compen- 
sated semi-insulating layer is formed in n-AlInAs(14'15). 
Although the exact compensation mechanisms are not 
clear yet, it is considered to account for the observed elec- 
trical characteristics of oxygen-implanted AlInAs that 
the compensation occurs due to acceptorlike lattice de- 
fects created by the implantation process. An increase in 
the electrical resistance of the oxygen-implanted AlInAs 
is observed by annealing at a temperature of less than 
600 °C(15). The experimental result that the donor con- 
centration (ND — NA) is reduced by annealing after O2 
plasma treatment may be considered to be due to cre- 
ation of acceptorlike defect centers, althoughn hole traps 
cannot be detected by the present ICTS measurement. 

4 SUMMARY 

In order to investigate electron traps by ICTS mea- 
surement, Schottky junctions are formed on n-AHnAs 
untreated, treated with O2 plasma and annealed sub- 
sequently after O2 plasma treatment. The true barrier 
height estimated from the Richardson plot decreases for 
02-plasma treated sample in comparison with that of 
the untreated sample. Degradation of the ideality factor 
is observed by O2 plasma treatment. The two electron 
traps, El(Ec - 0.47 eV) and E2(£c - 0.69 eV), are de- 
tected in the untreated AlInAs. In addition to these 
traps, E01(£c - 0.44 eV) and E02(£c - 0.52 eV) traps 
appear in the 02-plasma treated sample. It is found that 
El, E2, EOl, and E02 traps are reduced by annealing 
subsequently after O2 plasma treatment. It is considered 
that a reduction in the donor concentration (Nß — NA) 

is possibly due to creation of acceptorlike defect centers. 
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ThP57 Characterization of surface recombinaton velocity of InP 
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with Raman spectroscopy 

T. Hanajiri, Y. Matsumoto and T. Sugano 
Dept. of Electrical and Electronic Eng., Toyo Univ.,  2100 Kujirai,Kawagoe,Saitama 350,Japan 

T. Katoda 
Dept. of Electronic Eng., The Univ. of Tokyo,   7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan 

Surface recombination velocity of InP was reduced by the process including surface treatment using 
(NH ) S solution (sulfur-treatment), annealing in vacuum and formation of a phosphorous-nitride (PN) film by 
photon-assisted chemical vapor deposition (PA-CVD). The minimum value of surface recombination velocity was 
4.1 -4.8x103 (cm/s). Laser Raman spectroscopy was used for characterizing surface recombination velocity. 

1.Introduction 
InP is an attractive material for enhancement Metal- 

Insulator-Semiconductor (MIS) Field- Effect- Transistor 
(FET)s because its electrical properties are favorable for 
the performance of enhancement n-channel FETs. Sur- 
face recombination velocity is one of the most important 
properties that determine performance and reliability of 
FETs. In addition, surface recombination velocity of InP is 
about as much as two orders of magnitude slower than that 
of GaAs(1). However, it has been impossible to fabricate 
InP MIS FETs for practical use in spite of many attempts 
for about twenty years(2),(3). To determine the optimum 
condition for fabricating FETs of good quality, surface 
recombination velocity at InP interfaces must be investigat- 
ed further in detail and it must be much more decreased. 

Therefore surface recombination velocity of InP 
under various conditions of surface treatments and forma- 
tion of insulator was estimated. In particular, the effect of 
sulfur-treatment using (NH4)2SX solution that is one of the 
most promising passivation technology of compound 
semiconductors^) was studied. Some reports have been 
published for lnP(5)-(7). However, there is not enough 
quantitative data on sulfur-treatment to discuss physical 
and chemical mechanism. Furthermore, there is little 
knowledge on the effect of annealing after sulfur-treat- 
ment, although the effect of annealing the sulfur-treated 
GaAs surfaces has been studied in detail (8). 

In consequence, the effects of sulfur-treatment and 
annealing in vacuum after the treatment were investigated, 
especially from the following two points. One is the elec- 
tric properties, that is, the mechanism of reduction of sur- 
face recombination. The other is the chemical properties, 
that is, changes of chemical bonds at the surface. Raman 
spectroscopy and photoluminescent (PL) spectroscopy 
were used for characterizing the electric properties, and 
Auger electron spectroscopy (AES) and X-ray photoelec- 
tron spectroscopy (XPS) were used for characterizing the 
chemical properties. 

2.Experimental Procedure 
A. Estimation of surface recombination velocity by 
Raman spectroscopy 

It has been demonstrated in a previous paper that 
Raman spectroscopy provides a quantitative, contactless 
means for estimating surface recombination velocity at InP 
surfaces(9). The wavenumber of the plasmon-LO 
phonon coupled mode w in Raman spectra shifts to a 
higher one as the incident laser power density increases 
because of addition of optically excited carriers to the bulk 
carrier. Raman spectra from Sn-doped InP (100) sur- 
faces with a carrier concentration of 4.5 x 1017 cm"3 are 
shown in Fig.1. In Fig.1 the measurement was done with 
different beam diameters keeping laser power constant. 
That is, power density is inversely proportional to the 
square of a beam diameter. 

InP Sn-doped     An 

H \- 
0 

440 400 360 
RAMAN   SHIFT   (crrr 

320 
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Fig.1    The typical   plasmon- LO 
phonon coupled mode in Raman 
spectra from n-lnP wafers 



Photo-excited carriers partically remain without affecting 
surface recombination. These excess carriers are estimat- 
ed from an extra shift of the plasmon-LO phonon coupled 
mode in Raman spectra. Thus surface recombination 
velocity can be obtained by analyzing the excess photo- 
excited carriers. 

B. Samples preparation 
Mirror polished (100) n-lnP wafers grown by Liquid 

Encapsulated Czochralski (LEC) were used. In meas- 
urement of Raman spectroscopy, n-lnP wafers with a 
carrier concentration of about 1017 cm"3 were used to ob- 
serve more easily an extra shift of the plasmon-LO phonon 
coupled mode caused by excess carriers. In PL meas- 
urement, n-lnP wafers with a carrier concentration of 
about 1018 cm"3 were used. In AES and XPS measure- 
ments, n-lnP wafers with a carrier concentration of above 
^6]8 cm"3 were used to avoid "charge up" phenomena. 

The substrate was ultrasonically degreased and then 
chemically etched with a mixture of HCI: H202: H20 (4:1:6) 
for two minutes at room temperature. Sulfur-treatment 
was done following to this wet-etching. The substrate was 
dipped in an (NH4)2SX solution for 5-10 minutes at 50 °C 
and rinsed in an (NH4)2S solution and deionized water to 
remove thin whitish residual amorphous sulfur on the 
surface and finally it was removed by blowing dry N . 
Annealing was done in vacuum in less than 1.0x10'7 Torr 
for 30 minutes. 

Insulator films used in this study were as follows; [1] 
Si02 films formed by sputtering, [2] Si3N4 films formed by 
sputtering, [3] PN films formed by photon-CVD using PCI3 

carried by pure H2 and NH3 as reagent gases. The light 
from a low pressure Hg lump (185nm, 254nm) was illumi- 
nated. 

With sulfur-treatment 
Without sulfur-treatment in 

RT    100150 200 250 300 350 
Annealing Temperature (°C) 

Fig.2     The extra Raman shift of 
the plasmon-LO phonon coupled 
mode and the surface recombination 
velocity at InP surfaces without 
insulator films 

3.Experimental Results 
A. Raman spectroscopy 

Raman spectra were measured using Ar+laser (514.5 
nm) with a power density of .1.2 (kW/cm2) at room tempera- 
ture with back scattering geometry. A penetration depth 
of this light into InP is 90 nm. Insulator films used in this 
experiment have band gaps about 5 eV and are transpar- 
ent to the light. In consequence, information on surface 
region including the depletion layer could be obtained, 
although InP surfaces were covered with insulator films. 

A-1 .Samples without insulator films As wet-etched 
and as sulfur-treated wafers were prepared. Both wafers 
were set in a vacuum chamber and annealed from room 
temperature to 350 °C. Figure 2 shows an extra shift of 
wavenumber of w and surface recombination velocity 
estimated by the shift. From Fig.2 it can be seen that 
when wafers were not sulfur-treated, surface recombina- 
tion velocity was 1.3-2.0 x 104 (cm/s) at room temperature 
and it increased gradually with increase in annealing 
temperature,  while when wafers were sulfur-treated, 

surface recombination velocity was reduced with decrease 
in temperature, and it was reduced down to 1.0-1.3 x 104 

(cm/s) when the annealing temperature was 150 °C. 
A-2.Samples with insulator films All surface treat- 
ments (wet-etching, sulfur-treatment and annealing) were 
done before formation of insulator films. Figure 3 shows 
typical Raman spectra from samples with various insulator 
films. Figure 4 shows extra shifts of the plasmon-LO 
phonon coupled mode and surface recombination velocity 
obtained from the samples with PN films.   When wafers 

surface recombi- 
nevertheless 

sulfur-treatment and annealing were done. From Fig.4 it 
is found that surface recombination velocity of samples on 
which PN films were deposited at a low temperature such 
as 150 °C was lower than that of the samples on which PN 
films were deposited at a high temperature such as 250 °C. 
Surface recombination velocity was reduced to 4.1 -4.8 x 
103 (cm/s) particularly when wafers were sulfur-treated 
before deposition. 

were covered with SiO or Si N films, 
nation velocity was more than 105 (cm/s) 
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Fig.4     The extra Raman shift of 
the plasmon-LO phonon coupled 
mode and the surface recombination 
velocity at InP surfaces covered with 
PN films 

B. Photoluminescence (PL) spectroscopy 
PL measurement has been used to estimate surface 

recombination velocity of GaAs and InP surfaces(10). PL 
intensity was enhanced by suppression of surface recom- 
bination. PL measurements were done using Ar+ laser (all 
line) at room temperature with a power density on surfaces 
about 1 (W/cm2). PL spectra of n-lnP had a peak at 885 
nm corresponding to the band edge emission. Figure 5 
shows PL peak intensity of InP. It was measured after it 
reached constant at about 10 minutes from the irradiation 
of light. It is seen from Fig.5 that before wafers were an- 
nealed, PL intensity increased by several times by sulfur- 
treatment, and decreased by annealing at over 250 °C. 
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Fig.5    The photoluminescent 
intensity at the band edge of InP 
surfaces without insulator films 

C. Auger electron spectroscopy and X-ray photoelec- 
tron spectroscopy 

AES and XPS measurements were performed with 
ULVAC-PHI model 255 ESCA/AES electron spectrometer. 
In AES measurement, a primary electron beam of 2 keV 
was applied. In XPS measurement, a monochromatic Mg 
Ka X-ray source was used and the adventitious carbon 
C1s peak at 250.00 eV was chosen as the energy refer- 
ence. Pure InS and pure ln2S3 powders were used as 
standard samples.    Annealing was done in the CVD 
chamber at less than 1x10    Torr for 30 minutes and 
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samples were transferred into AES and XPS analysis 
chamber at less than 2 x 1CT7 Torr without exposure to 
atmosphere. AES and XPS measurements were done 
within 30 minutes at less than 4 x 1 (T6 Torr. 

Amount of oxygen was dramatically reduced by 
sulfur-treatment, while the peak of P 2p near 134 eV 
corresponding to lnP04 in XPS spectra diminished. 
From AES and XPS it was also shown that monolayer of 
sulfur existed at InP surfaces. 

Significant change of the atomic concentrations of 
oxygen and sulfur by annealing in vacuum after sulfur- 
treatment was not observed. The chemical shifts in In 3d 

3/2 
and In 3d5/2 peaks are shown in Fig.6. At sulfur-treated 
InP surfaces, In-S bonds were more dominant than P-S 
bonds before and after annealing in vacuum and the S 2p, 
In 3d3/2 and In 3dg/2 peaks of InP shifted toward those in 
ln2S3 rather than those in InS and these shifts were not 
changed significantly by annealing in vacuum after sulfur- 
treatment, although Nannich et a/.(8) have reported 
Ga-S bonds, As-S bonds, and S-S bonds coexisted at 
sulfur-treated GaAs surfaces before annealing and Ga-S 
bonds were dominant after annealing in vacuum. 

4.Discussion 
It was shown by Raman and photoluminescence 

spectroscopies that surface recombination velocity at InP 
surface was reduced to 1.3-2.0 x 104 (cm/s) by sulfur- 
treatment and following annealing in vacuum at 150 "C. 
Surface recombination velocity was reduced further by 
forming PN films using photon-assisted CVD after the 
sulfur-treatment and annealing in vacuum at 150 °C. 

The results obtained with AES and XPS suggested 
that decrease in oxygen concentration and increase in In-S 
bonds by the sulfur-treatment induced reduction of surface 
recombination velocity. In other words, removal of oxide 
from InP surfaces and termination of dangling bonds, 
especially phosphorous dangling bonds, are effective to 
reduce surface recombination velocity. 

It is speculated that the optimum annealing tempera- 
ture such as 150 °C means that such reaction at InP sur- 
faces occurs at a relatively high temperature. In addition, 
formation of a PN film on a sulfur-treated InP without or 
with a small damage by photon-assisted CVD passivates 
the InP surface and reduces surface recombination veloci- 
ty- 
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5.Conclusion 
Characterization with laser Raman spectroscopy 

showed that surface recombination velocity of InP de- 
creased by sulfur-treatment followed by annealing in 
vacuum at 150 °C. Surface recombination velocity 
decreased furthermore by passivation of the sulfur-treated 
InP surfaces with PN films formed by photon-assisted 
CVD. 
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ABSTRACT 

The effectiveness of chemical surface modification of 
In0 53Ga0_47As using Na2S, (NH4)2SX and RuCl3 has been studied through 
X-ray photoelectron spectroscopy (XPS), spectral response and Schottky 
barrier height measurements. XPS studies have shown that modification 
steps caused removal of native oxides and formation of S or Ru bonds 
with surface atoms. The minority carrier diffusion length Lp thus 
increased from 1.65 to 1.89 /im due to reduction of surface 
recombination velocity Sr from 9.5x10 to 2.4x10 cm.s" . Increase in 
Schottky barrier height <pBn from 0.2 6 to 0.58 eV due to (NH4)2SX 

treatment and reduction in ideality factor also occurred. 

Introduction 

The ternary compound 
In0 , 53Ga0 47As, lattice-matched to 
InP, has numerous applications in 
optoelectronics because of its 
high electron mobility and a 
direct band-gap of 0.75 eV at 300 
K. In0 . 53Ga0 . 47As is characterised 
by high surface recombination 
velocity (Sr) which adversely 
affects  its properties. 

In the present study the 
effectiveness of chemical surface 
treatments using RuCl3, Na2 S and 
(NH4)2SX have been studied and 
shown to increase minority carrier 
diffusion length through reduction 
of Sr XPS studies showed 
that passivation was due to 
removal of native oxides and 
followed by formation of S or Ru 
bonds. 

Experimental 

Liquid  Phase  Epitaxy grown 
io15 InQ3 53Ga0. 47As/InP (Nd 

cm ) samples were subject to 
etching in 0.05% Bromo-methanol. 
The samples were then immersed in 
0.01 M RuCl3 , (NH4)2SX or Na2 S in 
0.1 N HN03 solution for 1 min. 
In-Au alloy was used as ohmic back 
contact while evaporated Au formed 
the Schottky barrier. 

XPS was used to elucidate the 
chemical nature of the surfaces 
subject to different treatments 
i.e. air-exposed, etched and 
passivated. 

The  spectral  response  of 
were Ino . 5 3 Ga0 _ 4 7 As photoanodes 

2 /m  -2 
studied  in  KOH-Te /Te redox 
system. From the 1/T)q vs l/a(A) 
plot the minority carrier 
diffusion lengths (Lp) were 
determined using the relation: 

7]q = a(A)Lp/[l+a(X)]      (1) 

where 7)q is the quantum efficiency 
and ex (A) is the absorption 
coefficient. 

In the presence of surface 
recombination the minority carrier 
diffusion length Leff on the 
surface is reduced from the bulk 
value L0 as given by the relation: 

Leff" = [L0
2/(s+l)]exp(-Z/L0)  (2) 

where s = Sr zp /L0 , the reduced 
surface recombination velocity, TP 
is the hole life-time and Z is the 
distance from the surface. 

Results 

In Fig.l are presented the i) In 
3d ii) Ga 3p iii) As 3d and iv) Ga 
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3s / S 2p XPS spectra observed at 
each step of sample treatment 
(shown for (NH4)2SX treated sample 
only. The results of XPS studies 
are given in Table-I. 

Curves a) show the spectra 
from an unetched surface covered 
with native oxides. This is the 
classical oxidation behaviour of 
In0 .53Ga0 . 47As surface, which 
shows contributions from oxidised 
In, Ga and As. Curves b) show the 
spectra of the etched surface, 
this is the initial surface of 
In0 , 53Ga0 . 47 As subject to (NH4)2SX 
treatment. Curves c) describe the 
spectra obtained after (NH4)2SX 
treatment and a typical air 
exposure of 10-20 min. before 
loading into the U.H.V. chamber 
for XPS. 

The As 3d spectra for the 
unetched sample had a strong peak 
at 45.0 eV attributable to As203. 

The peak at 41.0 eV due to As in 
InGaAs was absent. However a peak 
at 4 2.0 eV indicated segregated 
elemental arsenic (As°) [3]. The 
removal of native oxides is 
confirmed by the absence of the 
45.0 eV peak in etched as well as 
treated samples. The 4 2.5 eV peak 
in the sulfide treated samples can 
be attributed to AsS as given in 
ref. [3]. The binding energy of 
arsenic (As +) in As203 is 43.5 
eV. This peak was absent for 
treated samples even after two 
weeks aging. 

In 3d and Ga (3s, 3p) spectra 
showed peaks corresponding to 
ln203 or Ga203 for the unetched 
samples. The treated samples 
showed the presence of In2S3 and 
Ga2S3 [2,1]. 

The S 2p / Ga 3s spectra were 
more helpful in studying the 
incorporation of S. The (NH4)2SX 
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Fig.l X-ray photoelectron spectra for i) In 3d, ii) Ga 3p, 
iii) As 3d and iv) Ga 3s / S 2p for (a) unetched, 
(b) etched and (c) (NH4)2SX modified In0 . 53 Ga0 . 47 As. 
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Table-I: XPS  data  for  different 
surface treated In0.53Ga0 47As.- 

115.0 

Inr 5 3 *^a0 4 7 As   BE    FWHM  AE Compound^ 
(eV)   (eV) (eV) 

Unetched   4 4 5.8 
In   3d:   Etched        443.0 

(NH4)2SX    443.5 
Na2S 443.5 
RuCl- 443.8 

2 
1 
2 
2 
2. 

2.8   ln203 

0.0   In 
0 
0 
0.8   In-Ru 

[1] 
5 In2S3 [2] 
5 In, So 

1.3 
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Table-II:   Summary    of    j-v    and    C-V    data     for    Au/n-In0   53Gan   ,7AS 
Schottky diode  at  300  K.   Lp   and  Sr   are  also given. 

Sample jo 
n-Ino . 5 3Gao . 4 7 As   (A. cm-2) 

n J.   J - v 

q0Bn 
? * J-T C-V 
b2     -2    ^B"        q^Bn        Lp 

(eV)    (A. cm     K     )    (eV)    (eV)     urn     cm/sec 
Sr 

Untreated 9.4x10 
(NH4)2SX treated 3.7x10 

- 5 

Na2S 
RuCl3 

3.0x10^ 
4.2xlÖ! 

2.7 0.28 
1.6 0.60 
1.5 0.61 
1.6 0.60 

2.3 
2.0 
2.0 
1.9 

A       =  4.92  A.cm   2K~2   was  used   for q^Bn
J"V 

0.26 0.34 1.65   9.5xl03 

0.58 0.69 1.85   3.4xl03 

0.57 0.68 1.84   3.6xl03 

0.57 0.69 1.89   2.4X103 
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treatment shifted the Ga 3s peak 
at 159.0 eV to 161.2 eV indicating 
formation of Ga2S3 [1]. 

The spectral response of 
Ino. 53^0. 47As photoanodes were 
studied in K0H-Te2~/Tex 

2"redox 
system with and without 
modification [Fig.2a]. Significant 
increase in long wavelength 
response was found in all cases of 
modification. The increase in Lp 
[Fig.2b] with surface modification 
is given in Table-II. If the bulk 
properties are assumed to be 
unchanged, the increase in Lp can 
be attributed to a decrease in Sr. 

High  surface  state  density 
also   leads   to   low   metal 
independent   Schottky   barrier 
height  (0Bn)-  Removal  of  Fermi 
level   pinning   was   directly 
demonstrated  from  J-V  and  C-V 
measurements of Au/In053Ga0 47As 
Schottky diodes. A Richardson'plot 
showed  an  increase  in (pBn (J-T) 
from 0.2 6 eV to 0.58 eV due to 
(NH4)2SX  treatment.  The  reverse 
saturation    current    density 
decreased  from  9.4  to  3.0x10 
mA.cnf  due to Na2 S modification. 
The values of 0Bn can be compared 
with those of Sugino et alf who 
obtained 0.70 eV from J-V and 0.55 
eV  from  a  Richardson  plot  of 
Au/n-In0 . 53Ga0 . 47As treated with 
phosphine plasma. Thus all three 
methods of chemical modification 
improved the surface properties of 
^n0 . 5 3 Ga0 . 4 7 AS . 

Discussion 

Of the elements in InGaAs, Ga 
is more prone to oxidation than In 
or As. The presence of 02 causes 
oxidation of InGaAs to Ga203, 
ln203 and As203. The dangling 
bonds or the incomplete bonds of 
As and / or Ga or In atoms in 
these oxides and elemental As are 
the cause of the interface states 
which increase in amount with 
oxidation. These oxides must be 
removed from the surface so that 
modifying ions can react with a 
clean  surface.  In  the  present 

studies Br2-methanol etching was 
used to remove native oxides after 
which the samples were dipped in 
solution. 

The FWHM of XPS peaks for the 
modified samples increased 
compared to etched and unetched 
samples. From the values of 
chemical shift AE for sulfides, it 
is difficult to determine the 
dominant phase. However for the 
compounds In2 S3, Ga2 S3 and AsS it 
is evident that S atoms are bonded 
more strongly to In and Ga than 
As. 

Conclusion 

XPS examination of InGaAs 
surface showed that modification 
involved the removal of native 
oxides and consequent formation of 
bonds with Ru and S. S was found 
to be more strongly bonded to In 
and Ga than As. Stable 
modification may thus 
device performance. 

improve 
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Abstract 

We investigated impurity-induced disordering (IID) in compressively strained AlGalnAs multi 
quantum wells (MQWs) on InP substrate by Zn diffusion. Complete disordering of AlGalnAs 
MQW, enhanced by strain, was observed even at the low temperature of 400 °C. On the other 
hand, unstrained MQW was not completely disordered below 500 °C. The measured hole 
concentration of the Zn diffused layer at 400 °C was as low as 3xl018cnr3- The IID lasers were 
also fabricated and characterized. No significant optical loss was observed in these lasers. 

Introduction 

Impurity-induced disordering (IID) of multi- 
quantum-well (MQW) structures is an attractive 
process for fabricating low-threshold lasers and 
integrated-optoelectronic devices, since both 
carrier and optical confinement in the lateral 
direction can be realized without regrowth 
problems (l>(3\ High performance lasers have 
been realized in the 0.8-0.98 u\m wavelegths by 
using IID process (4M7). It has also been desired 
to apply the IID process to long-wavelength, 
1.3-1.5 |im lasers. 

Some aspects of the AlGalnAs/InP system 
have been investigated in terms of the IID 
process in the long-wavelength range. Several 
papers describing IID in the AlInAs/GalnAs 
MQW on InP by Zn diffusion have been reported 
(8),(9) However, to date, there has been no report 
on IID in a strained layer AlGalnAs/InP MQW 
which is considered to be indispensable for the 
active layer of high performance AlGalnAs/InP 
lasers (10Xn). A reduction of impurity 
concentration for the disordering is also 
desirable especially in the case of p-type 
impurities, since inter-valence band absorption 
is extremely sensitive to the hole concentration 
(9). 

In this paper, we describe IID for strained 
AlGalnAs MQW for the first time. Both Zn 
diffusion and annealing were done at relatively 
low temperature below 500 °C to clearly reveal a 
strain effect in IID. A complete disordering was 
obtained for strained MQW even at 400°C. To 
our knowledge, this is the lowest temperature for 
IID. The IID lasers were also fabricated and 
characterized to check the feasibility of the low 
temperature IID process. No significant optical 
loss was observed in these lasers. 

Experimental 

The structure used for the disordering 
experiments was grown by molecular beam 
epitaxy (MBE) with elemental solid sources. The 
growth temperature was 550 °C. Layer 
compositions were determined by reflection high 
energy electron diffraction oscillation 
measurements of fluxes. The Zn diffusion was 
carried out in an evacuated, closed ampoule using 
sources of elemental Zn and As. 
Photoluminescence (PL) measurements at 1.4 K 
with an Ar-ion laser were carried out in order to 
investigate the change of the effective bandgap 
energy with disordering. 
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Fig. 1.  Temperature dependence ofZn diffusion 
depth in AllnAs vs. square root of diffusion time. 

Results and discussion 

Before the disordering experiments, we 
investigated some of the Zn diffusion 
characteristics in this alloy system. Figure 1 
shows the relation between Zn diffusion depth 
and diffusion time as a function of annealing 
temperature. Zn diffusion was performed into 
lightly n-type doped AllnAs layer, and was 
measured from a SEM image. The diffusion 
depth varied as the square root of time, in 
agreement with the conventional theory. Thus 
we confirmed that a sufficient diffusion depth 
for disordering of MQW can be obtained even 
such a temperature as low as 400 °C. 

Figure 2 shows the structure used for the 
disordering experiments. Two different MQW 
structures were investigated. One consisted of ten 
50A Gao.48lno.52As wells, lattice matched to 
InP, with 70Ä Alo.28Gao.2oInoo52As barriers. 
The other consisted of seven 35A Gao.3Ino.7As 
wells, compressively strained 1.1%, with 50Ä 
Alo.24Gao.24Ino.52As barriers. Figure 3 shows 
PL results for the lattice matched MQW structure. 
A PL spectra of Zn diffused MQW at 400°C did 
not change from the as-grown sample. Partial 
disordering was observed for the sample diffused 
at 450°C. A blue-shifted PL peak energy for the 
diffusion at 500°C almost corresponded to that 
of a completely disordered alloy band-gap, 
however, it was 19 meV smaller than calculated 
for an average composition. This discrepancy is 

(100) InP substrate 

' G^a^O^*8 Capping layer 

• AI0.28Ga0.20ln0.52As cladding layer 

■ Unstrained or compressive strained MQW 

■ Alo.28Ga0.20ln0.52As cladding layer 

■ AI0.38Ga0.10lnO,52As Buffer layer 

Fig.2. The structure used for the disordering 
experiments. All of the layers were grown on 
(100) InP substrate by MBE. 

CO 

U) 
c 
CD 

Zn diffused  unstrained  MQW 

PL at 1.4K 

400 C 

As grown 

10000 11000 12000 13000 14000 15000 16000 17000 

Wavelength (Ä) 

Fig.3. PL results of lattice matched MQW 
structure diffused with Zn. PL was excited by 
Ar-ion laser (488nm) and carried out at 1.4K. 

considered to be due to a red-shift caused by the 
p-type Zn impurity. The vapor pressure of Zn is 
lower with reducted diffusion temperatures. 
Both low thermal energy and low Zn 
concentration prevented the unstrained MQW 
from disordering at low temperature. 

Figure 4 shows the PL results of strained 
MQW structure.   Each spectrum showed the 
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Fig.4.  PL results of compressive strained (1%) 
MQW structure diffused with Zn. 

doubled peak spaced by 34meV. The higher 
peak energy corresponding to the calculated 
averaged alloy composition of this MQW 
structure. In the lattice -matched GalnAs/ 
AlGalnAs system, the In concentration is almost 
uniform in the well and barrier layers, thus 
intermixing of Ga and Al atoms would be the 
dominant mechanism for disordering. On the 
other hand, in the compressively-strained 
GalnAs/AlGalnAs system, the In concentration 
in the well is larger than the lattice-matched 
AlGalnAs barrier layer. These results show that 
in the case of compressive strained MQW 
structure, the intermixing of In also contributes to 
the intermixing of MQW structure. It was clear 
that the MQW diffused sample was completely 
disordered even for diffusion at 400°C. The 
compressive strain effect, combined with Zn 
diffusion, is considered to be a driving force for 
this disordering at low temperature. For the Hall 
measurements showed that the hole concentration 
of Zn diffused layer was as low as 3xl018cm"3. 

The IID lasers were also fabricated and 
characterized to check the feasibility of such a 
low temperature and low impurity concentration 
IID process.   Figure 5 (a) shows a schematic 

p-Al In As 

n-lnP substrate 

p-Zn diffused 

Polyimid 

MQW with SCH 

n-Metal 

Fig.5 (a). Schematic cross-sectional view of 
AlGalnAs IID laser by Zn diffusion. 
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Fig.5 (b). Dependence of light output vs. current 
(L-I) characteristic on width of IID laser. 

cross-sectional view of a ridge laser with IID 
process. A double heterostructure including 5 
periods of compressive strained MQW was 
grown by MBE on n-type InP substrate. The 
growth conditions and the layer structure are the 
same as described in the former section. Si and 
Be were used for n-type and p-type dopants, 
respectively. In this laser structure, Zn 
-diffusion-induced disordering at 400 °C was 
performed after the formation of an inverse-mesa 
ridge by a chemical etching. Figure 5 (b) shows 
dependence of a light output versus current on 
width of this IID laser at room temperature with 
pulse operation. The threshold current decreased 
as the stripe width was reduced, as shown in 
this figure. The threshold current with a 2 |xm 
-wide active layer was 41 mA. The internal 
waveguide loss was  evaluated to be 25cm_1 
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from the dependence of the L-I characteristic on 
the cavity length. The internal waveguide loss 
for a 50 (im broad area lasers was 10cm-1. The 
wavelength was 1.56 |xm. Laser performance 
including the internal waveguide loss was much 
improved compared with the previous report (9). 
These results show that the low temperature IID 
of AlGalnAs/InP MQW is a promising process 
for the realization of low optical loss, integrable 
optoelectronic device in the long-wavelength 
region. 

Conclusion 

In conclusion, strained AlGalnAs MQW was 
confirmed to show complete disordering even at 
a temperature as low as 400°C and with a Zn 
concentration as low as 3xl018cnr3, which is 
considered to be due to the strain enhancement. 
Lasers were successfully fabricated, and little 
addition in optical loss was observed in these 
lasers. These results show that a low 
temperature IID process in the AlGalnAs system 
is promising for the realization of low optical- 
loss, integrable optoelectronic devices in the 
long-wavelength region. 
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Abstract 
A drastic decrease in the sheet carrier concentration of the modulation-doped 

Alo.4sIno.52As/Gao.47Ino.53As/InP heterostructure has been observed after O2 plasma 
treatment followed by thermal treatment up to 350 °C. It has been found that the decrease in 
sheet carrier concentration is caused by the impurities penetrated from the surface of the epi- 
layer, and can be suppressed substantially by using PH3 plasma treatment prior to the O2 
plasma and thermal treatments. 

Introduction 
There has been considerable interest in the 

development of Alo.4sIno.52As/Gao.47Ino.53As/InP 
high electron mobility transistors (HEMTs) for 
microwave and millimeter wave applications.1,2 

This alloy system has a number of advantages over 
the more established AlGaAs-GaAs heterostructure, 
including the high electron mobility and the larger 
conduction band discontinuity. These advantages 
give the promise of the HEMTs with excellent RF 
and noise performance. 'However, the degradation 
of the device characteristics caused by thermal 
treatment is a serious problem that has to be 
overcome if excellent performance is to be achieved. 
Similar to the degradation reported previously^''* 
the change of the saturation drain current Idss and 
the pinch-off voltage Vp of the HEMTs during the 
fabrication process have also been observed in our 
laboratory. In this work, an investigation has been 
performed on an Alo.4gIng.47As/Gao.47Ino.53As/InP 
heterostructure in order to understand and to 
improve the thermal stability of Alo.48lno.52As/ 
Gao.47Ino.53A s/InP HEMTs. 

Experimental 
The Alo.48lno.52As/Gao.47Ino.53As/InP HEMT 

structure, shown in Fig. 1, was grown on semi- 
insulating, (lOO)-oriented Fe-doped InP substrates 
by molecular beam epitaxy. The epitaxial layer 
structure consisted of an Alo.48lno.52As buffer layer,a 
Gao.47Ing.53As channel layer, an Alo.48lno.52As spacer 
layer, an AIo.4sIno.52As donor layer, an Alo.4sIno.52As 
barrier layer and a Gao.47Ino.53As cap layer. After 
the epitaxial growth, the O2 plasma and thermal 

treatments were performed. The O2 plasma 
treatment conditions were as follows, the O2 gas 
pressure was 0.5 Torr, the RF power was 50W, the 
substrate temperature and the treatment time were 
150 °C and 15 min, respectively. The thermal 
treatment was performed in N2 atmosphere up to 
350 °C. Since the change in the Idss and Vp can be 
monitored by the change in the sheet resistivity 
and /or the sheet carrier concentration ns, Hall 
measurements were carried out on the 
heterostructure instead of Idss and Vp 
measurements on fabricated HEMTs. The ohmic 
contacts for the Hall measurement were formed on 
the surface of the epi-layer by evaporating 
AuGe/Ni/Au through a metal mask. 

i-GalnAs 

i-AllnAs 

n-AllnAs 
i-AllnAs 

i-GalnAs 

i-AllnAs 

InP Sub. Fe doped 

2nm 

25nm 

5nm 
3nm 

20nm 

250nm 

Fig. 1 Epitaxial layer structure of HEMT 
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Fig. 3 Change of carrier concentration of MESFET 
structure due to O2 plasma and the thermal treatments. 

Results and Discussion 
The Hall measurement results are shown in Fig.2. 

While the ns of as-grown sample remains almost 
constant after 02 plasma treatment or thermal 
treatment up to 350 °C, respectively, a drastic 
decrease in ns has been observed for the samples 
treated by O2 plasma followed by thermal 
treatment. The decrease in ns observed is believed 
to correspond to the change in Idss and Vp of the 
HEMTs during the fabrication process. 

The possible reasons for the decrease in ns 

include the increase of the surface depletion and the 
compensation of the donor in the heterostructure. 

Since the surface depletion increases with increasing 
the surface potential, the surface potential was 
measured using Kelvin probe method. The surface 
potentials for the as grown, 02 plasma treated, and 
the O2 plasma+thermal treated samples were 0.57, 
0.60, and 0.49eV, respectively, no increase in the 
surface potential corresponding to the decrease in ns 

was observed. It is then concluded that the decrease 
in ns is caused by the compensation of donor in the 
heterostructure, which occurs when some 
complexes are formed in the n-Al0 48In0 52As donor 
layer, in the Gao.47Ino.53As channel layer or in both. 
These complexes can trap the conduction electrons 
and are not thermally ionized at room temperature. 

In order to find where the complexes are formed, 
the measurements were performed on the two kinds 
of MESFET structures, one with the n-Alo.4gIno.52As 
channel layer and the other with n-Gao.47Ino.53As 
channel layer, treated under the same conditions as 
mentioned above. The carrier concentration of the 
structure with n-Alo.48lno.52As (n-Gao.47Ino.53As) 
channel layer should keep constant if the complexes 
are formed only in the Gao.47Ino.53As (Alo.4sIno.52As 
) channel layer. Since the decrease in the carrier 
concentration has been observed only in the the 
MESFET structure with the n-Alo.4sIno.52As channel 
layer, as shown in Fig. 3, it is then believed that the 
complexes are formed only in the Alo.4sIno.52As 
layer. 

In the case of 0+-implanted n-Alo.48Ino.52As, the 
compensation of the donor was believed to be due 

IE 8 

■B IE 5 - 

500 1000 

DEPTH (A) 

Fig.4 Oxygen distribution in n-Alo.48lno.52As after 
O2 plasma and thermal treatments measured 
by SIMS. 
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to both the damage induced and the 02-related 
complexes.5» 6 jn order to identify the generation 
mechanism of the complexes in this work, the 
thermal treatment and the measurement were also 
preformed on the sample exposed to the air without 
O2 plasma treatment. Since the similar increase in 
the sheet resistivity after thermal treatment was also 
found in the sample exposed to the air for several 
weeks, the complexes here is believed to be induced 
by the impurities which penetrate from the surface 
of the epi-layer. 

SIMS measurements were then performed on n- 
Alo.48lno.52As treated under the same conditions. 
The distribution of the oxygen in the n- 
Alo.48lno.52As, obtained from the SIMS 
measurement, is shown in Fig. 4. An increase in the 
O2 concentration due to the O2 plasma treatment 
can be observed, and the penetration depth of O2 is 
about 500Ä. It is thus speculated that the 
complexes are 02-related. 

For improving the thermal stability of the 
Alo.48lno.52As/Gao.47Ino.53As/InP HEMTs, it is 
important to develop an effective method to 
suppress the compensation of the donor due to 
thermal treatment. Since PH3 plasma treatment of 
n-Alo.48lno.52As layer has been reported to yield an 
improvement in the Schottky junction 
characteristics7' a trial has been made here to 
investigate the effect of phosphidization on the 
thermal stability of the 
Alo.48lno.52As/Gao.47Ino.53As/InP heterostructure. 
PH3 plasma treatment was performed prior to O2 
plasma and thermal treatments. The PH3 plasma 
treatment conditions are the same as reported 
elsewhere7. As shown in Fig. 5, the change in the 
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sheet resistivity of the heterostructure, and thus the 
compensation of the donor, is suppressed 
substantially by PH3 plasma treatment. 
Phosphidization can thus be expected to be an 
effective way of improving the thermal stability of 
the heterostructure. 

The oxygen and phosphorus distribution in the 
n-Alo.48lno.52As after PH3 plasma, O2 plasma and 
the thermal treatments, obtained from SIMS 
measurement, are shown in Figs. 6a and 6b, 
respectively. There are two important features 
about the data in Fig. 6. The concentration of 
oxygen in n-Alo.4sIno.52As shows almost no 
dependence on PH3 plasma treatment, and the 
penetration depth of the phosphorus is the same as 

DEPTH (A) 
1500 

Fig. 6a Oxygen distribution in n-Alo.48lno.52As after 
PH3 plasma, O2 plasma and thermal treatments 
measured by SIMS. 

Fig. 5 Change of resistivity of HEMT structure with 
or without PH3 plasma treatments. 
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Fig. 6b phosphorus distribution in n-AIn.48ln0.52As 
after PH3 plasma, O2 plasma and thermal 
treatments measured by SIMS. 



that of the oxygen. A possible mechanism for the 
suppression of the compensation of the donor by 
phosphidization is as follows. In the case of the 
sample without PH3 plasma treatment, S1O2 is 
formed after O2 plasma+thermal treatments, which 
trap the conduction electrons. The heats of 
formation for P2O5 and Si02 are listed in Table I8. 
Since the heat of formation of P2O5 is smaller than 
that of SiG^, as shown in Table I, P2O5 is formed 
instead of Si02, and the compensation of the donor 
is thus suppressed in the case of the sample with 
PH3 plasma treatment. 

Table I. Heat of Formation of P2O5 and SiÜ2 

P2O5 SiO-, 

Heat of Formation 
(kcal/mole) 

-360.0 -202.6 

Summary 
A drastic decrease in ns of the modulation-doped 

Alo.48lno.52As/Gao.47Ino.53As/InP heterostructure 
has been observed after O2 plasma treatment 
followed by thermal treatment up to 350°C. The 
decrease in ns corresponds to the change of the Idss 
and Vp of the HEMT and is caused by the 
compensation of the donor in the n-Alo.4sIno.52As 
layer. The compensation is believed to be due to the 
impurities which penetrate from the surface of the 
epi-layer. PH3 plasma treatment has been proved to 
be an effective way of preventing the compensation. 
Although the mechanisms are not yet known 
exactly, it is speculated that SiC*2 is formed after O2 
plasma+thermal treatments, which trap the 
conduction electrons, and the suppression of the 
compensation is due to the formation of P2O5 
instead of SiC*2 in the PH3 plasma treated samples. 
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Introduction 

Indium phosphide and related compounds have become a significantly important material for 
optoelectronic as well as ultrahigh-speed devices. From the practical viewpoint of realization of a metal- 
Schottky gate field-effect transistor (MESFET), it is a critical issue to find gate contact materials with 
high Schottky barrier height (SBH). Unfortunately, the experimental values of SBH's for typical metal/ 
InP contacts are relatively independent of the metal work function, and a SBH greater than 0.4 eV is often 
difficult to obtain on n-InP (1). As a result, several techniques have been reported for increasing the 
effective SBH on n-InP: surface passivation (2), incorporation of highly doped surface layers (3) and 
insertion of a thin oxide layer (4)-(5). However, all these techniques require an extra process in order to 
modify the InP surface prior to the metallization. Therefore, it is still challenging to explore a simple 
processing technology for fabricating a Schottky contact on n-InP with high SBH. 

We have shown that an Al film gives high SBH's for n-InP close to 0.7eV upon rapid thermal 
annealing (RTA) (6). After annealing at 650°C, the measured current-voltage (7-V) characteristic became 
rectifying as shown in Fig. 1. The formation of AIP upon the exchange reaction between Al and InP plays 
an important role in the realization of high SBH. However, the reacted films have rough surfaces, usually 
"balling up," due to irregular alloying as shown in Fig. 2. 

In this paper, we show a thin Ni film as the first layer of Al/Ni contacts improved the surface 
morphology after rapid thermal annealing (RTA). In order to find the optimum fabrication parameters 
(film thickness, annealing temperature and time, etc.), we have fabricated a unique sample in which the 
thickness of the inserted Ni layer tapered off in space. The electrical properties were evaluated by using 
scanning internal-photoemission microscopy (SIPM) (7) which is capable of "mapping" the Schottky 
diode characteristics. 

Fig. 1   l-V characteristics for the Al/lnP before 
and after RTA at 650°C. 

30fxm 

Fig. 2   A typical SEM image for the Al/ 
InP after RTA at 650°C 
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Experimental 

We use lightly-doped n-InP(lOO) as a substrate, 
whose carrier concentration was 1.4xl016 cm-3. 
The surface was [100] oriented and chemically 
etched in a solution of 5H2S04+1H202+1H20 for 
3 min at 50°C after a standard cleaning process 
with organic solvents. The front surface of the 
substrates was covered with a spin-on-glass (SOG) 
film with rectangle openings of 10x0.1 mm2 to 
define the area for the Schottky contact. They 
were again etched in a solution of 
5H2S04+1H202+1H20 for 3 min at 50°C, rinsed 
in deiomzed water, and dried by flowing nitrogen 
gas before loading into the vacuum chamber 
(based pressure < 5xl0~7 Torr). 

The first layer of Ni was deposited by e- 
gun evaporation. The tapered structure was 
realized by sliding a metal shadow mask (blade) 
placed close to the substrate. The thickness slope 
of the tapered Ni layer fabricated by this method 
was about 8 nm/mm. After the top Al layer was 
deposited by resistance-heated evaporation, the 
sample was cut into several pieces. A schematic 
view of the sample is shown in Fig. 3. 

The rapid thermal annealing (RTA) was 
performed under the face-to-face capless condition 
in an infrared image furnace under hydrogen flow 
in the temperature range of 450 to 550°C. The 
heating rate and the holding time at the highest 
temperature were set to 10 °C/sec and 0-30 sec, 
respectively. Then, the sample was cooled down 
as rapidly as possible. 

The surface morphology after RTA was 
characterized by using the Nomarski-type optical 
microscope. 

The scanning internal-photoemission 
microscopy (SIPM) is a unique technique, which 
enables us to map the SBH (7). The outline of the 
technique is as follows: A light from a 1.3 ^im 
laser diode is focused at the metal-semiconductor 
interface through the semiconductor substrate. 
Accompanying with the photon absorption, 
photocurrent due to the so-called internal- 
photoemission effect is generated, and its 
magnitude of dependence on the light wavelength 
reflects the SBH. The spatial distribution of the 
SBH can be determined by scanning of the laser 

SiO. 

10mm 
Fig. 3   Schematic view of the sample 

beam. Therefore, the inserted-Ni thickness 
dependence of the SBH as well as the surface 
morphology can be measured by using a "single 
sample" as shown in Fig. 3. 

The thin film x-ray diffraction (XRD) was 
measured to identify the reaction products by using 
samples with an inserted Ni layer with a uniform 
thickness of 24nm. An x-ray source of Cu-Ka 
was used at a grazing angle of 0.9°, which was 
selected in order not to penetrate the entire 
thickness of Al or reacted films (8). 

Results and Discussion 

First of all, we discuss the role of the inserted Ni 
layer on the reaction between Al and InP. Figure 
4 shows the XRD patterns for the Al/InP as well 
as Al/Ni/InP before and after RTA at various 
temperatures for lmin. In the previous report (6), 
we showed that the Al/InP interface was stable 
upon RTA below 400°C. Significant reaction 
took place above 650°C resulting in segregating 
metallic indium (9). The diffraction peak of AIP 
(20 =28°) appeared at 770°C, above the melting 
point of Al, while no AIP (20 =28°) phase was 
formed upon annealing at 650°C, On the other 
hand, the XRD measurements revealed the 
compound formation of AIP and Ni2P upon RTA 
even at 450°C. In the AuGe/Ni/GaAs system, the 
role of a thin Ni layer was thought to lead to 
formation of more uniform contact phases due to 
the low-temperature solid-phase reaction 
between Ni and GaAs (10)-(11). The detection 
of the Ni2P phase suggests that the low- 
temperature reaction between a first layer of Ni 
and InP plays an important role of the formation 
of AIR 

No internal-photoemission current was 
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Fig. 4 The XRD patterns for the Al/lnP as well as 
AI/Ni/lnP before and after RTA at various 
temperatures. Four samples are: (a): Al/ 
lnP(650°C RTA), (b): AI/lnP(770°C RTA), 
(c): AI/Ni/lnP(as-depo.), (d): Al/Ni/ 
lnP(460°C RTA) 

detected for the as-deposited samples with any 
thickness of the first layer (Ni). This means that 
the SBH was too low to form the built-in electric 
field. The current-voltage measurement revealed 
that the as-deposited contact showed an ohmic 
behavior just like the Al/n-InP contact reported in 
Ref (6). 

Figure 5(a) shows the surface morphology 
and the line profile of the internal photoemission 
current for the sample annealed at 450°C for 
30sec. The internal-photoemission current 
increased with the thickness of the inserted Ni 
layer, while no photocurrent flew in the region of 
no Ni-layer. Since the XRD measurements 
showed the AIP formation even at this 

(a) Annealed at 450°C for 30sec 
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Fig. 5 The surface morphology and the line 
profile for the AI/Ni/lnP after RTA at 
various temperatures. 
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high 
(a) 550°C (30sec)    (b) 550°C ("Osec") 

low 50fim 
Fig. 6 The typical photocurrent images for the 

high SBH regions of the AI/Ni/inP 
annealed at 550°C for 30sec and "Osec". 

temperature, the increase of the photocurrent can 
be attributed to the formation of the metal/AlP 
(wide-gap)/InP structure which increases the 
effective SBH. 

For the sample annealed at higher 
temperature of 550°C for 30sec, on the other 
hand, the high-SBH was realized in the region 
without the Ni layer as well as that with the Ni 
thinner than 20nm (Fig. 5(b)). However, in the 
most part with high SBH's, the surface 
morphology was poor due to the phase 
segregated indium. From the morphological 
point of view, it is clearly seen that the inserted 
Ni layer with a thickness of around 35 nm 
improved the uniformity. 

Figure 5(c) shows that RTA at 550°C for 
holding time of Osec significantly improved the 
surface morphology in the region with high 
SBH's. A poor signal-to-noise ratio (S/N) in the 
photocurrent profile might be due to shunt lossy 
paths of large area with low SBH's. 

Figure 6 shows the photocurrent images for 
the high SBH regions formed upon RTA at 
550°C for holding timeof 30 sec and 0 sec, 
respectively. The "0 sec" annealing improves 
homogeneity morphologically as well as 
electrically. 

Summary 

We have demonstrated that the combination of 
the scanning internal-photoemission microscopy 
(SIPM) and the test sample with a tapered 
inserted layer is an effective way of optimizing 
the multilayer semiconductor contacts.   This 

methodology has been applied to the realization 
of good Schottky contacts n-InP. 

Acknowledgments 

The authors wish to thank Dr. T. Shirakawa of 
Sumitomo Electric Co. for providing n-InP 
wafers. 

References 

(1) N. Newman, T. Kendelewicz, L. Bowman and W. E. 
Spicer, "Electrical study of Schottky barrier heights on 
atomically clean and air exposed n-InP (110) surfaces", 
Appl. Phys. Lett, Vol. 46, No. 12, pp. 1176-1178, June 
1982. 

(2) T. Sugino, Y. Sakamoto, T. Sumiguchi, K. Nomoto and 
J. Shirafuji, "Barrier heights of Schottky junctions on n- 
InP treated with phosphine plasma", Jpn. J. Appl. Phys., 
Vol. 32, No. 9A, pp. L1196-L1199, September 1993. 

(3) G. P. Schwartz and G. J. Gualtieri, "Metal/p+/n enhanced 
Schottky barrier structures on (100) InP", J. Hectrochem. 
Soc, Vo. 133, No. 5, pp. 1021-1025, May 1986. 

(4) Y. Imai, T. Ishibashi and M. Ida, "Characteristics of 
InP MIS Schottky diodes prepared by plasma oxidation, 
"J. Hectrichem. Soc, Vol. 129,pp.221-224, January 1982. 

(5) H. Yamagishi, "Schottky contacts on n-InP surface 
treated by plasma-induced oxygen radicals", Jpn. J. Appl. 
Phys., Vol. 25, No. 11, pp. 1691-1696, November 1986. 

(6) T.C. Lin, H. T. Kaibe, C. Kaneshiro, S. Miyazaki and T. 
Okumura, "Microanalysis of Inhomogeneous Reaction 
and Schottky-Barrier-Change of Al/n-InP Contacts upon 
Rapid Thermal Annealing", Proc. IPRM5, Paris, pp.691- 
694, April 1992. 

(7) K. Shiojima and T. Okumura, "Improvement in spatial 
resolution of infrared scanning internal-photo-emission 
microscope", Jpn. J. Appl. Phys., Vol. 30, pp.2127-2128, 
September 1991. 

(8) M. F. Doeraer, S. Brenman, "Strain distribution in thin 
aluminum films using x-ray depth profiling", J. Appl. 
Phys., Vol. 63, pp 126-131, January 1988 

(9) A. Ismail, A. Brahim, J. M. Palaci and L. Lassabatere, 
'The interaction of Ag, In and Al overlayer with InP (110): 
surface and diode studies of the effect of indium 
interlayers", Vacuum, Vol. 36, pp. 217-221, 1986. 

(10) Y.-C. Shih, M. Murakami, E. L. Wilkie and A. C. 
Callegari, "Effects of microstructure on uniformity and 
thermal stability of AuNiGe ohmic contact to n-type 
GaAs", J. Appl. Phys., Vo. 62, No. 2, pp. 582-590, July, 
1987. 

(11) C. -P. Chen and Y. A. Chang, "Enhancement of 
Schottky barrier height to n-GaAs using NiAl, NiAl/Al/ 
Ni, and Ni/Al/Ni layer structures", J.Vac. Sei. Technol, 
Vol. 12, pp. 1915-1919, Jul/Aug 1994. 

604 



ThP62 
FORMATION OF PNx/InP STRUCTURE 

BY IN-SITU REMOTE PLASMA PROCESSES 

Y.Sakamoto, T. Sugino, T.Miyazaki and J. Shirafuji 
Department of Electrical Engineering, Faculty of Engineering, Osaka University, 

2-1 Yamadaoka, Suita, Osaka 565, Japan 

Abstract 

In-situ remote plasma processes consisting of removal of native oxide due to hydrogen (H2) plasma, 

surface modification due to phosphine (PH3) plasma and deposition of PNx films due to decomposition 

of PH3 by nitrogen (N2) plasma have been developed. The insulating PNx film with an optical bandgap 

of 5.3 eV is obtained by remote plasma CVD. Au/PNx/InP tunneling metal-insulator-semiconductor 

(MIS) type Schottky junction is formed by the in-situ multi-processes. The effective barrier height is 

estimated to be as high as 0.83 eV. Enhancement of the effective barrier height is due to both effects of 

the MIS structure and unpinning of the surface Fermi level. 

1      INTRODUCTION P dissociation may occur at the InP surface exposed to 

H2 plasma. On the other hand, PH3 plasma treatment 

A lot of efforts have been devoted to studies on forma-     .g ^^ ^ modifying InP surfaces with P vacancies.8) 

tion of metal-insulator-semiconductor (MIS) structures     The pregent technology is featured by introducing in-situ 

surface treatment processes due to mild remote plasma 

prior to insulator deposition process. 

This paper describes formation of tunneling MIS type 

Schottky junctions with PNx/InP structure by using in- 

situ remote plasma processes together with character- 

ization of PNx films deposited by the remote plasma 

method. 

in order to achieve not only field effect transistors but 

also Schottky junctions with a high barrier height.1-3) 

A mild process at low temperature is necessary to de- 

posit insulating films onto the InP with thermally un- 

stable surface. Phosphorus nitride (PNx) films is one of 

the most attractive insulating films for InP and related 

materials. Deposition of PNx films are advantageous to 

suppression of P dissociation from InP surfaces because 

source material in which P species are contained is used. 

There have been several reports on deposition of PNx 

insulating films by means of thermal, plasma and photo 

CVD.4-7) Since MIS characteristics depends on interfa- 

cial state density, it is important to develop processing 

2    EXPERIMENTAL 

Figure 1 shows a schematic diagram of the experi- 

mental apparatus which was specially designed for plasma 

treatment with H2 or PH3, PNx film deposition and in- 

technologies to form the interface between semiconduc- situ evaporation of Schottky metals. Plasma chamber 

tor and insulating layer in addition to deposition process consists of two remote plasma cells, a sample holder with 

of insulating layers. a heater and a heater for metal evaporation. The remote 

In-situ processes consisting of (i) removal of native plasma was excited by supplying RF (13.56 MHz) power 

oxide due to H2 plasma, (ii) surface modification due to to a coil 10 cm away from the specimens. One is used 

PH3 plasma, (iii) deposition of PNx films due to decom- for H2 plasma treatment and another is for PH3 and N2 

position of PH3 by N2 plasma and (iv) evaporation of     plasma. 

contact metal have been developed in the present work. PNx films were deposited due to decomposition of 

Each plasma process is carried out using remote plasma PH3 gas by N2 remote plasma. Si and fused quartz were 

method to avoid plasma damage. In the case when InP used as substrates to evaluate optical and electrical prop- 

surface is treated with H2 plasma to remove native oxide,     erties of deposited PNx films. The surface of the Si sub- 
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Fig.2 Infrared transmission spectra of PNx film. 

strates was chemically etched with a solution consisting plasma exposure are reduced by PH3 plasma treatment, 

of H2S04 and H202 (20:1) and subsequently with HF After the surface modification by PH3 plasma treatment, 

solution. Fused quartz was clearned with acetone. After PNx films were formed by in-situ remote plasma CVD 

the substrates were placed on the pedestal, the reactor method and metal contacts were provided by in-situ Au 

was evacuated to a base pressure of 3 x 10-6 Torr. The evaporation. The size of Schottky contacts was 1 mm in 

substrate temperature was kept at 250 °C. PH3 and N2 diameter, 

gases were introduced into the side arm. PH3 gas di- 

luted at 10 % with Ar gas was used in the experiment. 

The gas pressure was regulated at 0.4 Torr. PNx films 

were deposited by chemical reaction between PH3 and 

radicals fed from N2-remote plasma. RF power and sub- 

strate temperature were 50 W and 250 °C, respectively. 

Deposition time was 60 min. 

3    RESULTS AND DISCUSSION 

3.1    Properties of PNx Films 

PNx films deposited at N2/PH3 flow rate ratio of 

25 were characterized. The deposited film with 200 nm 

in thickness was obtained under the present deposition 

Au/PNx/InP tunneling MIS Schottky junctions were condition. Figure 2 indicates the IR absorption spec- 

tentatively formed using the in-situ remote plasma pro- trum of PNx film on Si substrate. Three absorption 

cesses. N-type LEC InP wafers with (lOO)-oriented sur- bands peaked at 1288, 930 and 500 cm-1 are observed 

face was used as a substrate. Prior to formation of PNx significantly. Absorption bands peaked at 1230 and 920 

/InP structure, ohmic contacts were formed on the back cm-1 are associated with stretching vibrations of amor- 

side of the InP by evaporating AuGeNi, followed by al- phous P3N5 network.9) On the other hand, the band at 

loying at 370 °C for 3 min. The samples were chemically 500 cm-1 is probably due to bending mode of the P-N 

etched with a solution consisting of H2S04:H202:H20 = network.9) These three bands have been found commonly 

5:1:1 for 3 min and a solution of HF:H20=1:1 for 1 min. in P3N5 samples being independent of the preparation 

At first H2 plasma treatment was carried out in order 

to eliminate the native oxide of InP surface. InP sub- 

strates which are treated with H2 plasma at 95 °C were 

subsequently treated with PH3 plasma at 250 °C. 

It is expected that    the defects introduced by H2 

conditions.9^ 

The optical absorption was measured with a double- 

beam (sample / reference) UV-visible spectrometer for 

PNx film deposited on fused quartz in order to deter- 

mine the optical bandgap. The optical bandgap of PNx 
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Fig.3 Taue plot of the deposited PNx film. 

film was determined from {ahvyl2-hv characteristics, 

where a is the absorption coefficient and hv is the pho- 

ton energy, as usually used in amorphous semiconductor 

materials.10^ Figure 3 shows the Taue plot of the de- 

posited PNx film. The optical bandgap of the PNx film pies as in Fig.4. The true barrier height is evaluated from 

is estimated to be 5.3 eV. It was reported that the optical     the Richardson plot, corresponding to the surface Fermi 

for enhancement of the Schottky barrier height.  More- 

over, the ideality factor is estimated to be 1.04. 

Figure 5 shows the Richardson plot for the same sam- 

bandgap of P3N5 films is 5.2±0.1 eV. n> 

3.2    Electrical characteristics of Schottky 
diodes 

In-situ four processes consisting of H2 plasma treat- 

ment for 10 min, PH3 plasma treatment for 5min, de- 

position of PNx film for 1 min and Au evaporation were 

carried out to fabricate an MIS Schottky junction. It 

was confirmed that native oxide was eliminated by H2 

plasma treatment for 10 min. The thickness of the PNx 

film was inferred to be 3.3 nm taking account of the 

deposition rate of 0.055 nm/s. 

Figure 4 shows the room-temperature current-voltage 

(I-V) characteristics of Au/PNx/lnP and conventional 

Au/lnP Schottky junctions. On the basis of thermionic 

emission model,12) the effective barrier height is esti- 

mated to be 0.45 eV from the saturation current for 

conventional untreated (as-etched) sample. On the other 

hand, the effective barrier height as high as 0.83 eV is ob- 

tained for Au/PNx/lnP MIS Schottky diode. A thin in- 

sulating layer with wide bandgap is possibly responsible 

level position of InP measured from the conduction band 

edge. The values of the true barrier height for the con- 

ventional and the present MIS Schottky junctions are 

0.39 and 0.57 eV, respectively.  It has already been re- 

k 
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2 ̂

10-10jr 

10 ,-15 

Au/lnP 
<*bo = 0.39eV 

Au/PNx/lnP 
0bo = O.57eV 

2.8 3.2 3.6 

1000/T(K"1) 
4.0 

Fig.5 Richardson plot of the same Schottky diodes 
as in Fig.4. 
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ported that the surface Fermi level is pinned at about 0.4 

eV below the conduction band edge for the conventional 

n-InP Schottky junction. In contrast to this, the true 

Schottky barrier height in the present work approaches 

the Schottky limit (0.7 eV) which is determined by the 

difference between the work function of Au (5.1 eV)13) 

and the electron affinity of InP (4.4 eV),14) indicating 

that the pinning of the surface Fermi level is weakened 

by reducing the interfacial state density. It is expected 

that the surface property of InP is further improved by 

the optimum condition of the PH3 plasma process. 

4    SUMMARY 

PNx films with optical bandgap of 5.3 eV is deposited 

by remote plama CVD method due to decomposition of 

PH3 gas by N2 plasma. An Au/PNx/InP tunneling MIS 

Schottky structure is formed by in-situ multi processes 

such as H2 plasma treatment, PH3 plasma treatment, 

the deposition of PNx film and Au evaporation. The 

effective barrier height is remarkably enhanced and esti- 

mated to be 0.83 eV. The true barrier height is estimated 

to be 0.57 eV. This means that the true barrier height 

approaches the Schottky limit, suggesting that the sur- 

face Fermi level pinning is weakened. Effectiveness of 

the present in-situ processes is demonstrated. 
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Phosphorous nitride (PN) films were deposited on InP as gate-insulator films at 100°C by photon-assisted chemical vapor 
deposition (PACVD) method using PCI, and NH3 as source gasses, and their electrical and optical properties were investigated. 

The electrical leakage resistance of PN films was found to depend on the amount of phosphorous within PN films which 
was changed by the ratio of source gasses (PC13/NH3). As a result, even at 100°C, PN films with resistivity of about 109-1010Q 
cm under high electric field (lMV/cm) were obtained without post deposition annealing by optimizing the source gas ratio. 

l.Introduction 
Phosphorous Nitride(PN) film is one of the most attractive 

material as gate insulater of InP MIS devices. An advantage 
of PN films is that the films are deposited under the over 
pressure of phosphorous.which is effective the suppress the 
decomposition of InP substrates. Therefore it is possible to 
fabricate insulater-InP interface with good properties. Sev- 
eral attempts for deposition of PN films on InP using thermal 
CVD method have been reported(l),(2),(3).In their work, the 
density of trap states at PN-InP interface of 10" eV'cm2 was 
obtained. The effective electron mobility in those InP 
MISFETs was not so high as expected but it was found to 
become higher while the deposition temperature is lowered. 

Therfore the PN deposition techniques whose deposition 
temperatures are lower than those of thermal CVD methods 
and which hardly damage InP surface must be explored. 

The deposition of PN films at about 200'C was re- 
ported(4),(5). However their MIS diodes showed poor leak- 
age characteristics and large hysteresis in the C-V character- 
istics caused by charge trapped in the insulator and 
consequently post deposition annealing was necessary for 
improvement of electrical properties of such PN films. 

Here, improvement of resistivity of PN films by controlling 
the deposition rate will be reported. 

2. Experimentais 
Figure 1 shows the schematic sketch of PACVD chamber. 

A low pressure mercury lamp ( A =254nm,185nm) was used 
as a light source for excitation of source gasses. 

PC13 and NH3 were used as source gasses. PCI, was intro- 
duced into the PACVD chamber using H^ as carrier gas. The 
quantity of PC13 gas was controlled by bubbler temperature 
and H2 gas flow rate. The NH3 and H2 flow rates were con- 
trolled by mass flow controllers. 

The NH3 nozzle was placed near the window and PC13 

nozzle was placed near the substrate because of the window 
clouding was suppressed effectivery in our system. 

Typical experimental conditions are shown in tablcl. 
Undoped n-type InP wafers with carrier concentration of 

4.6XlOI5/cm3 and (100) surface orientation were used as 
substrates. Substrates were ultrasonically degreased and 
thenchemically etched with HCI :H„()„:H„0 = 4:1: 6 mixture 

for two minutes. Then substrates were dipped into (NH^S 
solution at 50°C for 10 minutes, rinsed in (NH,,)^ and then 
in deionized water, and dried by blowing dry N2 onto them 
be-fore being placed in PACVD chamber. 

Al-PN-InP diodes were used for measurment of electrical 
properties of PN films. Before PN film deposition, ohmic con- 
tact was formed by evaporating Au-Ge on tha back surface of 
tha substrate and then by heating it at 350°C for 3 minutes in 
5% H2 forming gas. After PN film deposition, Al electrodes 
with 1.96X103 cnr2 in area were formed on the PN film. 

Substrate temperarure (°C) 100—200 

Chamber pressure   (Pa) 133 

Bubbler temperature  ("C) -50—20 

NH3 flow rate  (seem) 50 

H2 flow rate   (seem) 10 

Deposition time  (min) 60—120 

Table. 1   Typical experimental conditions of PN film 

depostion. 

3.Results 
3.1 Electrical leakage of PN Films 

Figure 2 shows the current-voltage (I-V) characteristics of 
Al-PN-InP diodes whose PN films were deposited at 100°C, 
with various source gas ratios. I-V curves indicate that the 
conduction mechanism of PN films deposited by PACVD is 
Frenkel-Poole emission type similar to that of PN films depos- 
ited by thermal CVD method. The leakage current of PN films 
was found to depend strongly on the ratio of source 
gasses. When the source gas ratio was 1/38, the leakage current 
at lMV/cm2 was larger than 10 A/cm2, but leakage current 
bacame smaller as the gas ratio decreased. In consequence 
when PN films were deposited at 100°C, the reduction of the 
gas ratio from 1/38 to 1/3800 obviously improved the electri- 
cal leakage property of PN films, and the PN film with resis- 
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Fig.l   The schematic sketch of PACVD climber 

tivity ranged from 109 to 10I0Qcm was obtained when the 
gas ratio was 1/3800. 

3.2 Optical properties of PN films 
Figure 3 shows XPS specra of P2p peaks of PN films de- 

posited at 100°C. In order to observe the optical properties of 
the inside of PN films, all samples were slightly sputter- 
etched by Ar ions for 2 minutes before XPS analysis. 

P2p peaks of PN films can be deconvolved to two peaks. 
"P-N" refers to peak at 133.8 eV which is attributed to P-N 
bonds like those in amorphous PN compounds(6), and "P- 
N(P-rich)" refers to the peak at 131 eV which is considered to 
be assigned to P-N bonds in P-rich compounds(6). The height 
of the P-N(P-rich) peak dependeds substantially on the source 
gas ratio.lt indicates that the amount of phosphorous which is 
not nitrized completely is considerably reduced by suppress- 
ing the supply of PC13 gas when deposition temperature is 100 

Figure 4 shows the deposition rate of PN films as fonction 
of deposition temperature. When the deposition temperature 
was 100°C, the deposition rate decreased as the supply of PCI 
was reduced. 

4.I)iscussion 
The close correlation was obserbed between the electrical 

properties and the optical properties of PN films deposited at 
100°C. It is made clear that the resistivity of PN film 
changed in accordance wihl the change of optical properties 
of PN films. When the source gas ratio of 1/38, the leakage 
current was significantly large as shown in figure 2, and the P- 
N (P-rich) peak in XPS spectrum was remarkably stronger as 
shown in figure 3, than the source gas ratio of 1/3800. 
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Fig .2 The current-Voltage (I-V) characteristics of A1-PN- 
InP diodes whose PN films were deposited at 100°C. E stands 
for the electric field across PN films. The thickness of PN 
films was about 1000 Ä for all samples. 
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We assume that such a change of P-N (P-rich) peak indicates 
an increase of amount of phosphorous in PN film, and this 
phosphorous was not nitrized completely. 

In our experimental conditions, PC13 gas was excited 
slightly by UV light because the UV light was almost ab- 
sorbed by NH3 gas between the UV lamp and InP substrate. 
Therfore, the deposition process of PN film is thought as fol- 
lows. 

by reducing the source gas ratio from 1/38 to 1/3800 with- 
out post deposition annealing. 
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(1) NHj gas is ecxited by UV light near the window and N- 
H radicals are generated. 

(2) PCl3gas blown onto the InP substrate is heated. 
(3) The heated PC13 gas is nitrized by NH3 radicals. 

From the deposition process mentiond above, the synthe- 
size of PN film is considered to be limited by the supply of 
PC13 or adsorbed PC13. In addition, if the deposition tempera- 
ture is decreasing, the amount of adsorbed PC13 is increasing, 
and consequently, phosphorous rich PN film is formed. The 
deposition rate shown in figure 4 supports this supposition. 
Because the deposition rale depends on the source gas ratio at 
fixed temperature, and this dependence is more remarkable 
when deposition is 100'C ■ 

Therfore the excess phosphorous which is not nitrized com- 
pletely must be reduced by suppressing the excess-supply of 
PClj .particularly when the deposition temperature is rela- 
tively low. 

S.ConcIusion 
Electrical and optical properties of PN films deposited at 

100°C were investigated. It is found that the electrical resistiv- 
ity of PN film has a strong correlation with amount of phos- 
phorous withih PN films. In addition, the electrical resistivity 
of PN films becomes higher as the amount of phosphorous 
within PN films decreases. Even when the deposition tem- 
perature is 100°C, PN films with electrical resistivity of about 
10' to 1010 Qcni under hiuli electric field were obtained 
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Results of an investigation of the effects of focused ion beam (FIB) implantation - induced intermixing of an 
InGaAsP-based multiple quantum well (MQW) structure on the room temperature photoluminescence (PL) are 
presented. The technique of spatially, spectrally and polarization resolved PL was used to study the process of QWs 
intermixing by Si+, Be+ and B+ . It was found that implantation in a narrow (about 100 nm ) line leads to an 
enhancement of PL yield. A qualitative explanation for this enhancement is given in terms of spatial bandstructure 
bending due to a doping effect in a narrow region. 

1.  Introduction 

For the last decade much attention has been 
paid to optoelectronic devices that utilize in their 
active regions structures with reduced dimensionality, 
such as quantum wells (QW), quantum wires (QWR), 
and even quantum dots (QD).The use of such 
structures provides the opportunity for bandstructure 
engineering and thus for control of device properties. 
Today one can hardly find modem, commercially 
available high-performance semiconductor lasers that 
are not based on QW structures. Fabrication of QW 
structures by using contemporary growing processes 
such as molecular beam epitaxy (MBE) and 
metaloorganic chemical vapor deposition (MOCVD) 
has become fairly routine in modern semiconductor 
technology. Nevertheless, there currently exist just a 
few options to control the lateral parameters of QWs 
with a resolution less than 100 nm, which is 
necessary for providing lateral confinement of carriers. 
Ion implantation - induced disordering (HID) is 
considered one of the promising processes [1]. IIID is 
a technique for increasing the bandgap of the original 
QW structure by intermixing the wells with the 
barriers. In the process, impurities and damage are 
introduced into the structure by ion implantation. 
Interdiffusion takes place during a postimplantation 
thermal annealing step. With the HID process both the 
bandgap and the refractive index are modified and this 
provides one with a route to tailor the electronic and 
the optical properties of QW structures. Moreover, the 
composition changes that result from intermixing lead 
to a lattice mismatch in InP based heterostructures, 
and hence strain modification [1,2]. This adds one 
more positive aspect to the process. 

Despite some success achieved in the 
implementation of the IIID process for modification of 
the characteristics of lasers [1], the usefulness of this 

process for fabrication of lasersis however seriously 
undermined by the fact that residual defects (after 
annealing) create centers for nonradiative 
recombination, and thus substantially reduce optical 
gain. Usually a dramatic reduction of the PL yield 
from the implanted part of the QW structure is 
observed. This is the reason why little success has 
been achieved in the modification of laser properties 
by implantation - induced intermixing of QWs directly 
in the active area of lasers [1]. It has been shown 
[3,4] that the lateral confinement that is produced by 
implantation of narrow ( less than 100 nm ) lines or 
dots using a narrow mask [3] or FIB [4] instead of a 
masked solid implantation results in a desirable change 
of the bandgap and refractive index without a dramatic 
reduction of the optical gain. A study of the optical 
properties of FIB implantation induced intermixing in 
strained layers InGaAsP MQW structures, using a 
technique of spatially, spectrally and polarization 
resolved photoluminescence (SPPL) [4,5], showed the 
possibility to control the efficiency of recombination. 
It was suggested in [4] that the observed effect of PL 
enhancement from a Si+ FIB implanted area could be 
understood through the creation of a narrow n -type 
doped region and concomitant spatial bending of 
bandstructure. This bending causes creation of the well 
in the conduction band with an enhanced number of 
electrons in it and a barrier in valence band with holes 
located outside the implanted region. To observe PL 
yield enhancement one must pump holes into the 
barrier region to increase the rate of recombination. 
Since lateral diffusivity of holes and electrons are 
substantially different the investigation of this effect 
for the case of p-type doping becomes an interesting 
issue. 

This work is concerned with the further study 
of the use of FIB implantation of Si+ (n-type), Be+ 
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(p-type) and B+ (neutral) ions to verify the possibility 
of effective spatial bandstructure modification without 
dramatic deterioration of material quality. 

2.   Experimental 

A lattice matched quaternary InGaAsP structure 
containing three 5.5 nm QWs with 10 nm barriers 
and etched down to the etch-stop layer [4] was used for 
Si+, Be+ and B+ implantation at energies of 100 keV; 
this energy is sufficient for ions to penetrate into the 
QW area. The doses for all type of ions varied from 
1013 to 1014 cm"2. Implantation was accomplished 
using the JIBL-104 UHV FIB facility at the Institute 
for Microstructural Sciences at the National Research 
Council of Canada. Rapid thermal annealing (RTA) at 
750° C for 30 s followed the implantation. A pattern 
consisting of six areas: one area was created with solid 
implantation (25 nm step at an ion beam diameter on 
the order of lOOnm), and the other with lines, 
separated by 0.25 |im, 0.5 |0.m, 1 |im, 2 ]im and 4 (im 
was used for implantation (Fig.l). 

3. Results    and Discussion 

The SPPL technique permits measurement of 
2D patterns of DOP, spectrum and PL yield with a 
spatial resolution of ~l|im. Since it is difficult to 
obtain information from the maps of the DOP and 
spectral shift when reproduced in black and white 
(color pictures are not available for publication in this 
Proceedings), attention will be focused on the 
analysis of PL yield study. The results of the study of 
DOP and spectral patterns, which give some insight in 
the process of interdiffusion in InP -based QW 
heterostructures [4] will be published and discussed 
elsewhere. 

The measured patterns of PL yield from Si+, 
Be+ and B+ implanted patterns for doses of lO1^ cm"2 

are represented by gray scale in Fig.2. In these images, 

(a) 

Hi») 

Fig.l The 2-D pattern of implantation. 

This pattern was designed to analyze the effect of 
lateral ion straggling on the minimum achievable 
distance between adjacent implantations where the area 
between them remains unimplanted. 

The implantation induced pattern was 
investigated by measurement of the room temperature 
PL. The techniqe for spatially resolved measurements 
of the PL yield, degree of polarization (DOP), and 
mean wavelength shift of the PL was proposed, 
described and used in [4,5]. Light from the QW area 
(1.31 |im) was collected by an InGaAs - photodetector. 
To ensure that there was no influence of luminescence 
from material adjacent to the MQW with shorter PL 
wavelength, a 1.1 pm filter the same as in [4] was 
used. 

fc) 

Fig.2. PL yield pattern for Si+ (a), Be+ (b) and B+(c) 
implanted regions. 

gray represents the background PL yield from the 
unimplanted region, black regions represent lower PL 
yield .while lighter coulored regions represent higher 
PL yield as compared to the unimplanted regions. The 
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reduction of PL intensity in regions with solid 
implantation is usually observed [1, 2,4, part of 
triangle in the maps of Fig.2 in this work] and is 
explained through the existence of residual centers of 
nonradiative recombination. The implantation by 
narrow lines shows an enhancement of PL intensity 
for patterns with Si+ and Be+ implantation 
(Fig.2 a,b). In [4] we have discussed an enhancement 
of PL yield for Si+ - implanted patterns. Since QW 
intermixing process by FIB leads to a bandgap increase 
which is confirmed by the blue-shift of the PL 
spectrum one should expect formation of a lateral 
quantum barrier, rather than a lateral quantum well, as 
is necessary for QWR formation. Thus the origin of 
the observed enhancement is not clear. One possible 
explanation for this effect, given in [4], is bending of 
the bandstructure due to n-type doping and the creation 
of a well for electrons and a barrier for holes. It was 
pointed out that to observe a PL enhancement one has 
to pump into the barrier region a certain number of 
holes to increase the recombination rate. It was also 
suggested that in this case lateral diffusion length of 
the holes (i.e. the minority carriers) has to be greater 
than the width of the barrier. This implies that the 
conditions for p-type doping should differ from ones 
for n-type doping because of the different diffusion 
coefficients for holes and electrons. It means that the 
effect of PL enhancement with implanted Be+, which 
provides p-type doping must be, generally speaking, 
more pronounced that for Si+, due to greater diffusion 
length for electrons than that for holes. B+, as a 
neutral ion should not cause any PL enhancement. 
From Fig.2 (c), one can see that Be+-implanted 
pattern does not result in any substantial enhancement 
or reduction of PL yield from implanted lines. One can 
observe reduction of PL intensity with an increase of 
implanted doses or where solid implantation takes 
place. If the description of the PL enhancement in 
terms of a spatial doping effect is correct, it just 
means that B+ is, as it has been expected a neutral ion 
in InGaAsP. 

that the HID process causes a blue -shift for all types 
of implanted ions. Just B+ implantation with a dose 
higher than 5x10*3 cm"2 results in a red shift, which 
is probably because of a strong nonlinear dependence 
of the group III and group V diffusion coefficients as 
a function of B+ - doses. The DOP data show a 
change of the composition of wells toward 
compression (assuming that anisotropy in DOP is 
caused by strain) for all types of implanted ions and 
doses. More detailed analyzes of HID related changes of 
composition and anisotropy in strained layer MQW 
structures will be published elsewhere. 

US- 

lb! 

m 
TP* i 

M 

Si 

Be 

B 

Implanted Dosage (cm~-2) 

10E13 5X10E13 10E14 

AX 
(ran) 

DOP 

(%) 
AX 
(nm) 

DOP 
(%) 

AX 
(ran) 

DOP 

(%) 

31.5 3.26 - - 23.6 4.38 

6.79 1.348 29.4 3.55 37.6 3.54 

13.1 3.11 29.2 5.8 -5.1 6.07 

Table 1. 
The results for spectral shift and DOP (the 

DOP results desplay an anisotropy which may be 
related to strain [4]) for all types of implanted ions are 
presented in Table 1. It can be seen from these data 

Fig.3 The PL yield pattern for Be+ implanted area at 
differnt pumping power: Pb = 0.67 Pa; Pc = 0.26 Pa- 

Note that a PL enhancement effect can only 
be observed if it overcomes losses caused by centers of 
nonradiative recombination, created as a result of 
implantation. Since a PL intensity enhancement effect 
is observed in the region with the highest density of 
implanted lines (spacing between lines 0.25 |im), this 
could be considered as proof of the existence even at 
this small spacing of the spatial profile of the 
bandstructure, necessary for achievement of a PL 
enhancement effect. To observe enhancement of PL 
however, one must produce in the implanted area a 
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number of minority carriers greater than the number of 
minority carriers in the unimplanted area. This can be 
realized at certain pumping power. In Fig.3 the results 
of the measurements of Be+ - implanted patterns at 
different pumping powers are presented. From Fig.3 
one can see that a reduction of the pumping power 
leads to a reduction of the contrast between implanted 
and unimplanted area and even diminishing of the PL 
enhancement effect in the regions with closely spaced 
implanted lines. This result supports the proposed 
explanation of the effect of PL enhancement since it 
shows that the rate of recombination of carriers and 
corresponding radiation intensity from implanted area 
(with the blue-shifted energy) increases faster with 
pumping power than PL intensity from the 
unimplanted area. 

4.   Conclusions 

In this work the effect of ion implantation induced 
intermixing in a narrow area, realized by FIB, has been 
investigated by using a room temperature PL mapping 
technique . By implantation of Si+, Be+ and B+ ions 
into a InGaAsP MQW heterostructure the effect of PL 
enhancement from narrow (100 nm) implanted lines 
was observed and explained through the local 
bandstructure spatial bending, caused by doping of the 
material. It was also shown that PL enhancement 
effect can be observed when the spacing between 
implanted lines is as small as 0.25 |im. These results 
suggest opportunities for implementation of 

implantation in a narrow regions instead of solid ones 
for modification of the properties of optoelectronic 
devices. 
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We have investigated the properties of thin film magneto-optical materials grown in the III-V materials system. 
These materials can be used to expand the functionality of InP opto-electronic integrated circuits (OEIC). 
Magneto-optical (MO) materials possess unique properties which have already found applicability (in bulk form) 
in optical systems such as isolators, waveguides, and switches. The materials in this study are epitaxial InGaAs, 
InGaAsP, and InP films lattice-matched to InP substrates. These films were doped with Mn or Eu with 
concentrations of 1.3xl020 and 1.5xl020 cm"3, respectively. The optical and electrical properties of these films 
agree with expected values, and they show promise for MO applications. In addition, waveguiding has been 
achieved in InGaAsP films. 

Introduction 
There are several well known magneto-optical 

effects, including the Zeeman, Faraday, Kerr, Voigt, and 
Cotton-Mouton effects. Of these, Faraday rotation has 
found the most applications in device technology. The 
Faraday effect involves the rotation of the plane of 
polarization of light propagating through a material 
parallel to an applied magnetic field. Along with the 
applications mentioned above,"31 Faraday rotators have 
also been used as magnetic and electric field sensors,1"1 

optical data storage media,151 and spatial light 
modulators.161 

Faraday rotation occurs in a medium when the 
refractive indices of left- and right-circularly polarized 
light are unequal. This inequality is due to the splitting 
of the ground or excited state of a resonant excitation 
caused by an applied magnetic field. Faraday rotation is 
therefore strongest near resonant absorption peaks, but it 
is useful at other wavelengths, as well. 

For materials with large absorption coefficients, the 
Kerr effect can be used to measure rotation upon 
reflection.171 However, in this project, it is our goal to 
develop materials for use in transmission, as well as 
reflection. 

Other thin film work on MO materials has focused 
largely on ceramics, such as YIG,181 and glasses,1"1 which 
require substrates and/or growth temperatures that are 
incompatible with semiconductor processing.121 Dilute 
II-VI semiconductors, like CdMnTe, have also been 
investigated, both in bulk191 and thin film1"" forms. 
However, they are not lattice matched to InP. InP 
substrates are important for eventual integration with 
other infrared photonic devices, such as laser diodes, 
operating at the communication wavelengths of 1.3 and 
1.5 urn. Magneto-optical properties of III-V materials 
have been studied for theoretical purposes, and they are 
sometimes used in the characterization of these 
materials. However, to our knowledge, this is the first 
study of thin films of these materials for possible device 
applications. 

In the present study, III-V thin films are doped with 
transition metals or rare earth elements and 
characterized. Transition metals, especially Mn, have 
shown promising MO properties in II-VI semiconductor 
hosts.1'1 Faraday rotations by rare earth elements, arising 
from 4/n -> 4/""' 5d transitions, also have potential for 
MO applications. Divalent rare earth ions, such as Eu2+ 

are especially attractive because their 5d bands occur at 
lower energies than those of the trivalent rare earth ions. 

Table T- TJquiri Phase Epitaxial Growth Conditions 
Material*:         IGA IP IGAP    MIGA MIP EIGA EIP 
Amts in melt:    InAs (wt %) 

GaAs (wt %) 
InP (wt %) 

Saturation Temperature (°C) 
Intermediate Temperature (°C) 
Growth Temperature (°C) 
Growth Time (min) 

4.20 
2.70 

0 
635 
625 

619-625 
0.25-1.5 

* I- In, G- Ga, A- As, P- P, M- Mn dopant, E- Eu dopant, (xs- excess) 

616 

0 6.24 4.20 0 4.20 
0 1.36 2.70 0 2.70 
xs xs 0 xs 0 
645 675 635 645 645 
635 645 625 634 635 

615-629 635 613-620 615-625 621-625 
10.0 5.0 0.25-1.5 10.0 0.5-1.0 

0 
0 

xs 
645 
635 

615-625 
10.0 



Sample 

Laser       C       M 
A Ge 

Mi   M      B     r~~ 

Bk§—M 
Lock- in 

Amp Recorder 

Fig. 1- Schematic of apparatus used to measure 
Faraday rotation. L=laser, C=chopper, 

M=magnet, A=analyzer, Ge= photodiode. 

spectra were measured by visible/near infrared 
(VIS/NIR) and Fourier transform infrared (FTIR) 
spectrometers. The absorption edges of the films were 
observed with these spectra and confirmed by 
photoluminescence (PL). 

Faraday rotation was measured using the 
experimental apparatus depicted schematically in Fig. 1. 
Collimated, polarized light was transmitted normally 
through the sample, which was mounted in an 
electromagnet. The output signal was passed through 
an analyzer (a rotating polarizer) before being focused 
onto a Ge photodiode. When the analyzer was oriented 
at 45°, the derivative of the intensity with respect to the 
modulation angle was at a maximum. This can be 
expressed by the modulation index,181 

Experimental 
Ino.53Gao.47As, InP or InGaAsP thin films were 

grown on semi-insulating Fe-doped (100) InP substrates 
by standard LPE techniques (see Table I). The solvent 
and main constituent of the melts was indium. Rare 
earth elements or transition metal dopants (~ 0.1 wt%) 
were added to the melts; subsequently grown films were 
characterized. 

A small region of each film was preferentially 
etched away to allow thickness profile to be measured. 
InGaAs and InGaAsP films were etched with HN03, 
and InP films were etched electrochemically in a 
methanol:HCl:HN03 (100:3.5:2.4) etch. The lattice 
parameters were measured via double crystal x-ray 
diffraction (DCXRD). Carrier concentrations and 
mobilities were measured by a Hall/van der Pauw 
technique, both at room temperature (RT) and at 77K. 
Mn and Eu concentrations were measured by atomic 
absorption spectroscopy (AAS) and inductively-coupled 
plasma mass spectroscopy (ICPMS), respectively. 
Secondary ion mass spectroscopy (SIMS) was used to 
study the depth profile of the films' chemical 
composition. Energy dispersive spectroscopy (EDS) was 
used to estimate the composition of the InGaAsP films. 

The optical properties of the films were 
characterized by standard techniques. Ellipsometry was 
used to measure the refractive indices.   The absorption 

(1/I)(81/50)= 1.15 %/deg 

which is valid for small optical rotations. The magnet 
was supplied with either direct or alternating current for 
observation of the maximum field (up to 1450 gauss) 
and the average change in intensity due to polarization 
rotation within the sample. 

25000 

,20000 
3 

'15000 

J3 10000 

5000 

0- 

Growth Temp 
 617°C, 0.28 um 

615°C, 1.13 (im 

613°C, 1.83 ym 

611°C, 3.01 Jim 

2600   2700   2800   2900   3000   3100   3200   3300 
9 (arcsec) 

Fig. 2- DCXRD spectra of InGaAs films grown 
to various thicknesses. 

Table II- Properties of Films 
Films Tvne*: IGA IP IGAP MIGA MIP EIGA EIP 
Thickness (urn) 
Carrier Type 
Ave. RT Carrier Cone, (cm"3) 
Ave. RT Mobility (cm2/Vs) 
Ave. Refractive Index (632.8 nm) 
Absorption Edge (urn) 

0.2-4.28 
n 

3xl017 

5600 
3.725 
1.645 

1.73-4.25 
n 

2xl017 

2900 
3.381 
0.924 

0.52 
n 

8xl016 

2600 
3.618 
1.298 

0.69-3.01 
P 

3xl018 

75 
3.728 
1.645 

1.70-2.10 
SI 
SI 
SI 

3.330 
0.924 

2.23-4.84 
n 

5xl016 

7200 
3.758 
1.645 

1.68-2.57 
n 

4xl016 

3200 
3.448 
0.924 

' I- In, G- Ga, A- As, P- P, M- Mn dopant, E- Eu dopant. 
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Results 
Measured properties of experimental films are 

tabulated in Table II. The InGaAs films were found to 
be lattice matched to the InP substrates, although a 
lattice mismatch up to + 0.1% was attained by growing 
at the slightly lower temperatures required to fabricate 
thicker films (3-5um), see Figure 2. The increase in the 
lattice constant is probably due to a change in the In:Ga 
stoichiometry. The composition of the In^GaxAsyP^y 
films was found by EDS to be x ~ 0.177 and y ~ 0.391. 

The carrier concentrations and mobilities of 
undoped films indicate that unintentional «-type dopants 
are present. Eu doping led to a decrease in the carrier 
concentrations, and therefore an increase in mobilities, 
in both InGaAs and InP films due to gettering effects."'' 
Mn-doped InGaAs films were />-type due to the Mn2+ 

state,1'21 and the hole mobilities were low, as expected. 
Only the Mn-doped InGaAs films had electrical 
properties that varied with temperature. Mn is a deep- 
level impurity, as are most transition metals, so the 
carrier concentration and mobility decrease with 
decreasing temperature (77K: p=5xl016 cm"3, up=40 
cm /Vs). The Mn:InP films were semi-insulating which 
indicates that the Mn levels are deeper in the band gap 
of InP than that of InGaAs. 

Mn concentrations were found by AAS to be ~ 2300 
ppm in the InGaAs films when 0.1 wt% Mn was added 
to the melts. With similar Eu additions to different 
melts, Eu concentrations in the InGaAs films were 
found to be ~ 7300 ppm by ICPMS. These values 
correspond to concentrations of 1.3xl020 and 1.5xl020 

cm"3, respectively. In comparing the Mn concentrations 
to the hole concentrations in the Mn-doped films, it 
appears that not all of the Mn ions are electrically 
active; that is, some Mn3+ ions or complexes may be 
present. The same argument indicates that the Eu must 
be in the trivalent state. The SIMS data, Fig. 3, shows 
that the depth profiles were homogeneous, both with 
respect to the host constituents and the Mn dopants. 
However, the Eu was somewhat segregated to the 
surface of the film. 

The refractive index of the InGaAs films increased 
slightly with Eu-doping, but was relatively unaffected by 
Mn-doping, see Table II. The index of the InP films 
also increased with Eu-doping, but decreased with Mn- 
doping. Heavy ions are often used to increase the 
refractive index of materials, such as in Pb-doped 
glasses. Mn is fairly close to Ga in atomic mass, but it 
is lighter than In. Therefore, it will decrease the index 
of InP and not that of InGaAs. Eu is heavier than any of 
the host constituents, and therefore it causes an increase 
in the refractive index of both hosts. 

a)   10M 

Ga (69) 

P(31) 

0.0 1.0 2.0 
Distance from film surface (urn) 

3.0 

0.0       0.5       1.0       1.5       2.0       2.5      3.0      3.5 
Distance from film surface (um) 

Fig. 3-SIMS spectra of a) Mn:InGaAs film b) Eu:InGaAs film. 

The absorption edges of the films were similar to 
bulk values, and they were not noticeably varied by the 
addition of dopants. The band edge was seen in the 
absorption and photoluminescence (PL) spectra as 
shown in Fig. 4. It should also be noted that no 
additional absorption peaks were observed with the 
VIS/NIR or FTIR spectrometers for Mn or Er doped 
films. 

Discussion 
It is well known113141 that it is difficult to dope InP 

with transition metals via liquid phase techniques. This 
is because transition metal phosphides precipitate out of 
the melt unless very high temperatures are used. 
Therefore, our first films were InGaAs films that were 
prepared undoped as well as with Mn or Eu doping. As 
reported in the literature, we found that Mn doping 
lowered the growth temperatures required for film 
fabrication. However, the absorption edge of these films 
was located at 1.645 um so that measurements of 
Faraday rotation in the 1.0-1.55um region were not 
possible. But, measurements of the Kerr effect indicated 
that these films possessed magneto-optical properties. 
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Fig. 4- a) Absorption spectra and b) PL spectra of films. 

Next, InP films were prepared, both without 
dopants and with transition metal or rare earth dopants. 
The absorption edge of these films was at 0.9238um 
which allowed measurements at 1.06um, 1.3um and 
1.55um. In our measurements, the Faraday effect was 
measured with the light transmitted perpendicular to the 
plane of the film. Therefore, the path length was short, 
so the Faraday rotation was very small. These effects 
were obscured by the substrate signal because the 
substrate had a Faraday effect due to the Fe doping. As 
mentioned above, Faraday rotation is stronger near a 
resonant absorption. Therefore, the rotation increases 
near the absorption edge of the material. This effect was 
also difficult to see in our samples because the 
absorption edge of the substrate is the same as that of 
the film. Therefore, a waveguiding orientation must be 
adopted. However, the indices of the rare earth-doped 
films were not substantially higher than those of the 
substrates, and waveguiding could not be achieved. 

Fig. 5- End view of waveguiding at 1.3 um in InGaAsP film. 

InGaAsP films were fabricated which have 
refractive indices of 3.618. These films were engineered 
to have absorption edges at approximately 1.3 um so 
that the absorption edge effects on the Faraday rotation 
could be exploited. Waveguiding was achieved in these 
films at 1.3um, Fig. 5, and Faraday rotation 
measurements are in progress. 

Conclusion 
Both undoped and doped InGaAs, InP and InGaAsP 

films have been fabricated. Mn concentrations of 
1.3xl020 and Eu concentrations of 1.5xl020 cm"3 were 
attained. These films have been characterized to better 
understand their potential to exhibit magneto-optical 
properties. Initial magneto-optical measurements 
indicate that these materials will be of interest for 
magneto-optical applications. 
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Abstract: Fabrication technologies of GaInAs(P)/InP long-wavelength lasers consisting of quantum-wire active 
region are investigated. A combination of an electron-beam (EB) lithography, a fine-pattern etching, and 
succeeding OMVPE regrowth became more or less reliable process, that was confirmed through a low threshold 
current room-temperature CW operation of strained quasi-quantum-wire lasers. Measurements of 
photoluminescence (PL) intensity dependence on etched wire width revealed a low-damage property of electron- 
cyclotron-resonance reactive-ion-beam-etching (ECR-RIBE) with Cl2 gas by applying negative acceleration 
voltage to the sample. An introduction of a surface cleaning process with H2 gas just after the Cl2 ECR-RIBE was 
found to be effective for further reduction of damage especially for the wire width from 10 to 40nm. 

1. Introduction 
Low-dimensional quantum-well structures such 

as quantum-wire and quantum-box structures are 
very promising for future optical devices because of 
their superior optical properties[l]-[4], which will be 
very attractive for realizing lasers with an extremely 
low threshold current and a narrow linewidth property. 
Moreover they can provide optical amplifiers with 
low noise property[5] or compact optical modulators 
and switches[6]. An adoption of strained quantum- 
well structures has been demonstrated to be very 
effective for high performance operation of lasers 
because hole states unwanted to the laser mode can 
be eliminated[7],[8]. Then low-dimensional strained 
quantum-well structures became very attractive and a 
possibility of an extremely low threshold current 
operation was predicted [9], [10]. 

In order to realize such high performance lasers, 
we have been investigating fabrication process by 
combining an ultra-fine lithography (patterning and 
etching) and 2-step OMVPE growth, since the 
etching and regrowth conditions can be systematically 
investigated and this procedure can be applied to 
fabrication of not only quantum-wire structures but 
also quantum-box structures. 

In this paper, we report operation properties of 
GalnAs/InP quasi-quantum-wire lasers fabricated by 
adopting a wet-chemical etching, then a low-damage 
etching property of ECR-RIBE with Cl2 gas will be 
presented. 

2. GalnAs/InP Quasi-Quantum-Wire Lasers 
2.1 Fabrication Process with Wet-Etching 

A fabrication process of GalnAs/InP quasi- 

quantum-wire lasers employed in our experiments is 
shown in Fig.l. First, an original DH wafer consisting 
of multiple-quantum-film (MQF) structure with a 
thin InP top layer (3-5nm) was grown on (100) p-InP 
substrate by OMVPE growth. After depositing 20- 
30nm thick SiOz mask, a periodic wire pattern was 
transferred to a part of the wafer (20[xmX 3.5mm 
block, lOblocks with the interval of 600|im) by an 
EBX system. A line dose condition was typically 
1.3nC/cm for the grating period of 70-100nm for 
30nm thick PMMA resist. After etching the Si02 

mask, wet-chemical etching was done with 40ppm 
(volume ratio) Br-methanol. 

Then the wafer underwent the regrowth process, 
where a thin (3nm) n-InP cover layer, n-GalnAsP 
optical confinement layer (OCL), and n-InP cladding 
layer were successively grown. A BH structure with 
the active region width of 2pim was fabricated by an 
LPE growth, where the stripe was formed in the 
direction perpendicular to the wire direction. The 
period of the BH stripe pattern was set at 300|xm so as 
to obtain quantum-film lasers from the same wafer 
for comparison with quantum-wire lasers. 

2.2 Operation Properties 
Figure 2 shows a schematic structure of BH 

quasi-quantum-wire lasers. Three types of quasi- 
quantum-wire lasers, i.e. lattice-matched multiple- 
quantum-wire (LM-MQW), compressively-strained 
(CS)-MQW, and tensile-strained single-quantum- 
wire (TS-SQW) lasers, were fabricated[ll]-[13]. 
The well thickness Wy, the wire width Wx, the period 
A, the optical confinement factor of the active region 
%, the cavity length L, threshold current and the 
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density I& and J^ are summarized in Table 1. 
Room temperature CW operation was obtained 

with all these samples. The threshold current of the 
LM-MQW laser was 3-4times higher than that of 
quantum-film lasers obtained from the same wafer, 
while that of CS-MQW and TS-SQW lasers was 
only 2times higher. This fact may be due to a poor 
optical confinement factor and broad gain spectrum 
of the LM-MQW laser. 

Figure 3 shows temperature dependences of 
threshold current and differential quantum efficiency 
of the TS-SQW laser and those of quantum-film 
lasers made on the same wafer[14]. A steep increase 
in threshold current and a rapid decrease in the 
differential quantum efficiency may be attributed to 
inter valence band absorption (TVBA) and Auger 
recombination. Since these non-radiative processes 
strongly depend on operation carrier density, poorer 
characteristics of the quasi-quantum-wire laser is 
considered to be due to lower optical confinement 
factor of the active region. 

Actually the differential quantum efficiency of 
the TS-SQF laser was very high and was almost 
constant at a temperature below 230K. This fact 
indicates that the waveguide loss of the TS-SQF laser 
was very low at low temperature and its rapid 
increase with the temperature may be due to IVBA 
and free carrier absorption not only in the active layer 
but also in GalnAsP OCLs. Since there was no 
observable difference in temperature dependence of 
the spontaneous emission slope efficiency, there is no 
severe non-radiative recombination centers in the 
TS-SQW laser[14]. Similar results were obtained for 
the CS-MQF and CS-MQW lasers. Hence we can 
expect much better performance when the threshold 
carrier density is reduced by increasing the optical 
confinement factor of the quantum-wire. 

3. ECR-RIBE for GalnAs/InP Quantum-Wire 
An electron cyclotron resonance reactive ion 

beam etching (ECR-RIBE) by using Cl2 gas is one of 
the most effective method to fabricate uniform MQW 
and MQB structures. A low-damage and vertical 
etching was achieved with further reduced ion 
acceleration energy by applying negative bias voltage 
-50V to the sample, where a low etchiiig gas pressure 
(5 X if)-6 Torr) was used. A comparison with wet- 
chemical etching was done by making a larger size 
wire structure (200nm-2nm) and measuring PL 
intensity dependence on the wire width, as explained 
in section 3.1. Then PL intensity dependence of much 
narrow wire structure (16-40nm) will be given in 
section 3.2. 

3.1 Comparison with Wet-Chemical Etching 
First, we measured the PL intensity dependence 

on the width of GalnAs/GalnAsP/InP wire structures 
for the wire width between 200nm and 2fJ.ni and 
compared with that of wet-chemical etching. As the 
result, PL intensities of wire structures fabricated by 
dry etching were almost the same to those by wet 
chemical etching. 

In this experiment, we prepared wafers which 
consisted of a n-InP buffer layer (3|«n thick), an i- 
GalnAsP step-index OCL (200nm thick, Xg=1.15nm), 
lattice-matched i-GalnAs (5nm thick, active layer) / 
GalnAsP (8nm thick, \=1.15[un) single-quantum- 
film (SQF) layer, and an i-InP top layer (lOnm thick) 
by using a low pressure OMVPE. Then a 30nm-thick 
SiOz was deposited by a thermal CVD and stripe 
mask with various widths were formed on the same 
wafer by using EB lithography followed by reactive 
ion etching (RIE) with CF4 gas. Finally, ECR-RIBE 
with Cl2 gas was done. The etched depth was about 
50nm. 

The PL measurement was done at an extremely 
low excitation of Ar+-ion laser (lW/cm2, >^514.5nm) 
at 77K and 300K after cleaning the sample surface 
with slow rate wet chemical etchant H2S04:H202:H20 
in the ratio of 1:1:40 at 0°C for 20sec. 

Figure 4 shows the PL intensity of the wire 
structures normalized by the space filling factor 
which is the volume ratio of the active region of the 
wire to that of the quantum-film. The PL data of dry 
etched samples are indicated by painted circles (#, 
77K) and painted squares (■, 300K), and those of 
wet etched ones using Br-methanol (0.0025 vol. %, 
15sec at room temperature) are indicated by open 
circles (O, 77K) and open squares (D, 300K). As 
can be seen, normalized PL intensity of the wires 
fabricated by this dry etching was almost the same 
to that by wet chemical etching. 

From these experimental data, we estimated the 
sidewall recombination velocity S of the wire 
structure by using the following eq.(l)[15]. 

I^ire W/2-Wä 

Ifilm 
(1) 

621 

S-x + W/2-Wd 

where Iwire and 1^ denote the PL intensity of the wire 
structure and that of the original SQF structure, 
respectively. W, Wd, and x are the geometrical wire 
width, the width of so-called dead layer and the 
bulk carrier lifetime. Solid and dashed lines in Fig.4 
indicate calculated curves where 5*T product was 
estimated to be 5.3 X 10-6cm at 77K and 2.7 X lO^cm 
at 300K. The sidewall recombination velocity S was 



estimated to be 2.5 X KFcm/s at 77K by assuming that 
x=2.1ns at 77K under an extremely low excitation 
level (lW/cm2, X=514.5nm)[16]. 

3.2 ECR-RIBE with H2 Treatment 
Next, we measured the PL intensity of GalnAsP/ 

InP wire structures with the wire width from 10 to 
lOOnm in order to evaluate the dead layer width and 
to investigate the quantum-wire effect. 

In this experiment, we prepared wafers which 
consisted of a p-InP buffer layer (2pm thick), an p- 
GalnAsP 3-step-index OCL (30nm thick, Xg=1.0pm; 
30nm thick, Xg=l.lpm; 30nm thick, Xg=1.2pm), i- 
GalnAsP (6.5nm thick, 1%CS) /GalnAsP (12nm thick, 
Xg=1.2pm) 5paired CS-MQF layer and an i-InP top 
layer (5nm thick) by using a low pressure OMVPE. 

Fabrication process of Si02 mask was the same 
as that explained in the section 3.1. Here we tried to 
examine a surface treatment process with the help of 
B, radicals, and introduced PL. gas into the ECR- 
RIBE chamber right after the etching with Cl2 gas, 
where the sample bias voltage was changed to 0V. A 
24nm wide multiple-quantum-wire pattern with 
70nm period and a 39nm wide wire pattern with 
lOOnm period were obtained. 

The PL measurement was done by using Ar+- 
ion laser (200W/cm2, X^488nm) at 77K and 300K. 
The normalized PL intensity of dry etched samples 
with only Cl2 gas is indicated by open triangles (A, 
300K) in Fig.4. The post etching treatment with H2 

gas was found to be effective from PL data indicated 
by painted triangles (A, 300K; T, 77K). 

After this PL measurement, a wet-chemical 
etching was done to squeeze the wire width by using 
solution of H2S04:H202:H20 in the ratio of 1:1:40 at 
0°C for 21sec. Then a 16nm wide wire pattern with 
the 70nm period and a 31nm wide wire pattern with 
lOOnm period were obtained. PL intensities of these 
samples measured at 77K are indicated by painted 
squares (♦) in Fig.4. As can be seen, the dead layer 
thickness of dry etched samples after the H2 treatment 
was estimated to be much smaller than lOnm. 

4. Conclusion 
Fairly low-damage property of ECR-RIBE with 

Cl2 gas was obtained with negative acceleration bias 
voltage of -50V as well as post etching treatment 
with H2. This fabrication process seems to be very 
attractive for realization of high-density and uniform 
quantum-wire structures required for lasers with high 
performance operation. 
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Table 1.  Summary of Gaj.^As/InP Quasi-Quantum-Wire Lasen 

i of la (,1m) *7 
(nm) (nm) 

A 
(nm) (*) 

L 
Öun) 

980 

(mk) 

1« 

J» 
(A/cm>) 

TS 
SQW 03* 1.46 12 30-40 70 0.95 816 

TS 
SQF 03* 1.48 12 - - 1.90 950 8 421 

CS 
SQW 0.70 1.54 3 30-60 100 0.9 910 29 1650 

CS 
SQF 0.70 3 - - 1.8 920 65 
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(b) SiOjCVD (thickness : 30nm) 
(c) Electron Beam Lithography (Resist: ZEP520) 
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(d) CF4 Reactive Ion Etching (RE) 
(e)ChECR-RIBE Wire 

(f) Embedding growth (OMVPE) 

Fig. 1 Fabrication process of GalnAs/GalnAsP/InP 
quantum-wire/quantum-box lasers. 
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Introduction 

Research has been conducted on the physical damage and hydrogenation effects during RF plasma exposure (1, 2) 
and epitaxial growth (3, 4) in the III-V material system. Device consequences of this damage or chemical alteration have 
received less attention, particularly in active light emitting devices. This paper discusses these effects for lasers and edge 
emitting light-emitting diodes (EELEDs) which use a ridge waveguide structure. By using analysis techniques such as 
SIMS we have concluded that methane-hydrogen reactive ion etching (RE) of InP induces hydrogen levels in an active 
device which are high enough to significantly alter the device properties. The decrease in light output is substantial, but 
subsequent annealing times as short as 1 min. at 430 °C can restore power dramatically. 

Ridge Waveguide Fabrication 

Fig. 1 shows the general device structure analyzed in 
this work. The substrate is «-type InP with a lattice matched 
Ini-xGaxAsYPi-Y QW active region for the lasers and bulk 
InGaAsP active region for the EELEDs. The contact layer 
is heavily doped and bandgap-graded to InGaAs. 

Fig. 1. Material layers. Section A-A' is through the ridge. 
Section B-B' is through the field. 

An EELED has gain and absorber regions while a laser 
has only a gain region. Each waveguide is fabricated by the 
same basic process. When current flows between the ridge 
top contact and the back side of the substrate, light is 
emitted along the current flowing region. In addition to 
gain guiding, the light is guided by index differences 
between InP / In,.xGaxAsYP,.Y epitaxial layers in the vertical 
direction and the index step from the ridge waveguide to 
the barrier dielectric along the length of the ridge (5). 

The ridge confinement structure is produced by first 
patterning the substrate with an etch resistant material (6, 
7) and then RE etching in an environment consisting of 
15% methane in hydrogen at 400 V and 100 W for two to 
three hours. An increased etch rate may be obtained with 
the addition of argon to the mix. In the RF excited plasma 
the methane and hydrogen are thought to split apart to form 
methyl and hydrogen groups. 

CH4 -E-»   xCH3" + yCH2* + zCH* + ions 
KL,    -E-» x'HZ + y'H* + protons 

When reacted with the InP-based compounds, the end 
products are methyl-indium or methyl-gallium compounds 
and hydrides such as phosphine or arsine, reversing the 
OMVPE process (8). 

In + 3CH3* --» In(CH3)3 

P + 3H" --» PH3 

The side wall etch rate is lower than that of the field. 
Therefore, side walls are exposed to a hydrogen rich 
environment (and physical damage) for most of the etch 
time while the field is removed to a predetermined depth 
above the active region by active monitoring. 

Before removal from the RTE chamber, the sample is 
exposed to an oxygen plasma to remove the polymer film 
which has formed during the methane-hydrogen etch. The 
ridge is coated with a dielectric material. Then the ridge 
top is etched free of the dielectric and original masking 
material. Metal is deposited to contact the top of the ridge 
(p-side). After thinning the substrate, metal is applied to 
the back »-side. The wafer is annealed and cleaved into 
devices. The final device structure is shown in Fig. 2. 

Experimental Results 

Decreased Light Output 
As originally fabricated, both lasers and EELEDs 

exhibited poor output power. EELEDs with 4-|0.m-wide 
ridges and 800-jim-long gain regions produced 
approximately 100 (J.W at a drive current of 200 mA. Laser 
structures of various lengths from the same wafer also 
showed high threshold current and poor quantum 
efficiency. Elevated temperature strife testing revealed a 
slow increase in power over time, for constant drive current. 
The fabrication anneal was performed at 400 °C for 30 sec. 
This was found to be insufficient to both anneal the ohmic 
metals and to relieve damage. 
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Contact layer 

Dielectric 

InP 

Active region Metal-\ 

Fig. 2. Cross section of etched ridge structure. 

Experimental Heat Treatments 
Subsequent higher temperature treatments on a 

4-|jm-wide EELED increased device output power four to 
five times with little change in contact resistance. Below 
300 °C noticeable power increases are measured in hours, 
while above 400 °C the same changes are achieved in 
minutes. The optimum required heat treatment time varies 
logarithmically with temperature (Fig. 3), evidence of 
diffusion processes at work. 

Fig. 4 shows the optical output power for a 
non-heat-treated device compared with the same device 
annealed at 400 °C, as a function of time. The figure also 
shows that it is possible to degrade the device with an 
extended anneal. Wider ridges with similar gain lengths 
exhibited greater initial output power than narrower ridges 
and showed less percentage improvement from the 
temperature treatments. Output from an 8-nm-wide ridge 
increased two to three times while that from a 100-nm-wide 
ridge showed no quantifiable difference. Although both 
bulk and QW material were affected, the QW material 
showed smaller improvements after the heat treatments. 

Material Analysis 
To study the effects of the methane-hydrogen etching, 

SIMS analysis for zinc and hydrogen was performed on 
bulk and QW samples.   Referring to Fig. 1, Sample I is 

0       100     200    300     400    500 
Anneal Temperature f C) 

Fig. 3. Anneal time for power recovery vs. temperature. 

—    400 

O    200 

^^5 min.-"^" 

- ^ -2.5 mln:— 

S         I             i             I 

as fabricated 0 hrs. 

i           i           i           i           i           i 

Drive Current (mA) 

Fig. 4. Output power vs. anneal time at 400 °C for an 
unheatsunk EELED with a 4-^m-wide ridge. 

taken through Section A-A', samples II-V are through 
Section B-B'. The following are included: 

(I) Before etching - full structure (bulk material) 
(II) Etched without Argon in the mix (bulk) 
(III) Etched without Ar in the mix (QW) 
(IV)Etched with Ar in the mix (QW), 
(V) Etched without Ar, annealed at 430 °C, 2 min. (bulk). 

Profiles show elevated hydrogen levels extending up to 
4 iim into the substrate from the exposed surface (Fig. 5) 
when compared with the as-grown structure (Fig. 6). After 
a short high temperature anneal (Fig. 5) the hydrogen 
returned to as-grown levels except in the active area, which 
may have a slight affinity for hydrogen, and the interface 
regions. Particularly obvious is a spike at the undoped 
epitaxial InP/substrate interface. Since the interface is 
«-InP/«-InP, a smooth diffusion profile was expected. The 
hydrogen appears to be passivating interface defects which 
anneal out at much higher temperatures. The "after-etch" 
plots are taken from the field of the sample (refer to Fig. 1) 
because 4-ji.m-wide ridges are too narrow for effective 
SIMS. 

InP/Substrate interlace 

Etched without Argon (II) 

\ 
Etched without Argon 
ptus 430 'C, 2 min. anneal (V) 

..... I 

Fig. 5. Hydrogen SIMS data from samples "as etched" (II) 
and "etched plus annealed" (V).  
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Fig. 6. Hydrogen SIMS data in the "as grown" sample (I). 

The amount of hydrogen in InGaAsP relative to InP may 
not be valid as read directly from the figures because InP 
was the SIMS reference. The overall changes are valid and 
values should be compared between regions of similar 
composition. 

These samples were etched in a method identical to the 
tested light-emitting devices, including the additional 
oxygen plasma clean before further processing. We believe 
that the heating which occurs during this step, in the 
non-hydrogen environment, decreases the surface hydrogen 
concentration. This "anneal" would explain why the peak 
concentration is not at the surface in Fig. 5. 

The addition of argon to the etch increased the etch 
rate through physical bombardment and decreased the time 
that the sample was exposed to the hydrogen plasma. 
Argon in the etch roughens the surface and there is 
evidence that plasmas produce substantial damage 
extending to thousands of angstroms below the surface (9). 
In identical samples, the reduced exposure time decreased 
the penetration depth but did not increase the peak 
concentration, indicating that diffusion played a larger role 
than damage in the interior hydrogen level (Fig. 7). No 
difference in zinc level was apparent. 

The anneal temperature for which light output is 
increased within a few minutes fits well with OMVPE 
growth data (10). After growth of p-type 
InP/InGaAs/InGaAsP, the net acceptor concentrations are 
depressed. An anneal at 435 °C for 5 min. in a 
non-hydrogen ambient reactivates the zinc. Fig. 6 shows 
the background level of this hydrogen after growth and 
anneal, before device processing. 

QW structures were examined as well. They improved 
less than the bulk devices after annealing. This may be due 
to their reduced active region thickness (840 Ä vs. 1800 Ä 
for bulk), the fact they seemed to be less degraded in the 
first place and the high probability that the interfaces, 

Etched without Argon (lit) 

Etched wflh Argon (IV} 

Depth (um) 

Fig. 7. Hydrogen SIMS data from samples etched without 
(III) and with Ar (IV). 

within the QW structure, are passivated. Hydrogen 
remaining at the interfaces after the anneal would be 
difficult to remove. 

Reliability Studies 
Reliability testing after the high temperature anneals 

was conducted on EELEDs and lasers at both constant 
power and constant current. Data from devices operated at 
50 °C and 70 °C show that after a short "burn-in" interval 
of less than 100 hours, the current required to maintain a 
constant output power slowly decreased. At 7500 hours the 
required current had decreased by 2% of the initial value, 
leveled off and showed signs of increasing. Devices 
operating at 90 °C exhibited a "burn in" followed by a short 
period of current decrease (to 1000 hours), followed by an 
increase in current. 

Increasing power (decreasing current) is consistent 
with removal of residual hydrogen. Decreasing power 
(increasing current) is consistent with normal "wear-out" 
mechanisms. Although mechanisms compete and the 
length of each time period varies with temperature, all 
devices experience a "burn-in", hydrogen anneal and 
degradation (depicted schematically in Fig. 8). Results are 
similar for all samples whether capped with silicon dioxide 
or silicon nitride, annealed on a hot plate or in an RTA. 

Power Output 

j_ 
Bum-in Hydrogen anneal Normal wear-out 

Fig. 8. General trend of reliability data (not to scale). 
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These devices are normally operated at 20 °C. A 
typical degradation will therefore not be observed until a 
time beyond the useful device life, generally 10" hours. 

Discussion 

Hydrogen incorporation seems to become significant as 
wafers are cooled to 450 °C after growth (10). This may 
explain why device output is not stable at elevated 
temperatures. A further anneal at 450 °C or above might 
rid the wafer of the last few percent, but could change the 
zinc placement. If zinc moves into the intrinsic active layer 
the device could be seriously degraded. The zinc profile 
following etching and after etching plus annealing is shown 
in Fig. 9. The zinc has moved toward the active region 
after only two minutes at 430 °C. 

We believe that free hydrogen electrically neutralizes 
the zinc doping (11, 12, 13), degrading the contact and 
current confining properties of the ridge. Constricted 
current flow narrows the pumping region. Also, plasma 
damage can cause non-radiative recombination centers. 
These combined effects decrease device output power. 
Wider ridges have less overall change in output power 
because the hydrogen from the side walls and field area 
completely washes through a 4-jj.m device while only a 
small percentage of a 100-(xm device is affected. 

Photoluminescence measurements show a decreased 
peak intensity after the oxygen plasma clean-up which is 
necessary following methane-hydrogen etching. Polaron 
measurements of net active donor/acceptor concentration 
indicate only small changes in the minority carrier dopant 
in test structures and are inconclusive. 

Conclusions 

Hydrogen incorporation and an increase in output 
power after heat treatment has been observed in both bulk 
and quantum well active region devices emitting light at 

11) 

iO19 
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to" 
r     T                * 
U  \ « Etched without Argon (It) 
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Fig. 9. Zinc SIMS data from samples II and V. 

various IR wavelengths. Anneals above 425 °C are 
effective in driving off hydrogen in a matter of minutes but 
they must be balanced with the movement of p and n 
dopants into the active region and degradation of other 
device layers, particularly metals. Anneals which balance 
time and temperature have been used to produce EELEDs 
with 1 mW output power and lasers with 20 mW of output 
power under normal operating conditions with minimal 
drift in reliability. 
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Abstract: We obtained 60nm-pitch ordered InP triangle vertical pillars with high density of around 50% by 
combining electron-beam (EB) lithography and anodization techniques. Furthermore, adopting the dry-etching 
transfer onto Si02, we obtained 40nm-pitch ordered pillars and observed photoluminescence intensity 
comparable to that from bulk InP substrate that indicates negligible non-radiative recombination. 

1. Introduction 
Quantum-wire and quantum-box structures are 

very attractive for their supreme electrical and 
optical properties! 1] applicable to high performance 
optical devices[2],[3]. However, it is necessary to 
fabricate low dimensional quantum-well structures 
with high density and low size-fluctuation[4]. 
Recently, though a lot of fabrication teqniques are 
attempted to obtain them[5-7], fabrication of high- 
density low dimensional quantum-well structure 
available for electro-optical switch and all-optical 
switching devices, was not realized yet. 

We took notice of the vertical etching formation 
on (lll)A surface InP and self-organizing 
mechanism of anodization[8], and successfully 
obtained 60nm-pitch ordered InP pillar structure. 
Furthermore 40nm-pitch ordered InP pillar structure 
was also obtained. 

2. Experiments 
2.1 Fabrication Process 

In order to fabricate short periodic size-ordered 
pillars assisted by EB lithography, we used (lll)A 
surface n-InP substrate with high doping density 
(1 X 1019cm"3, Sn doped), which is suitable for 
fabrication of smaller pores by anodization than a 
low doped substrate. 

First, we made a dot patterned Si02 mask to 
fabricate size-ordered structures by anodization. On 
this substrate an Si02 film of lOnm thickness was 
deposited by a conventional CVD method, and a 
PMMA resist of 40nm thickness was spin-coated. 
Next  we   exposed  honeycomb-like  dot  patterns 

perpendicular to three cleaved facets [HO] on 

(lll)A surface under the dose condition of 
2.3 X lO^nC/dot by using EB lithography, as shown 
in Fig. 1(a). Figure 1(b) shows an SEM top view of 
dot patterns made on PMMA resist. Circular holes 
of about 30nm diameter were formed on Si02 film. 
The dot pattern was transferred onto the Si02 with 
buffered 1% HF solution, then PMMA resist was 
removed by organic solvent. 

Then we carried out anodization of the InP 
substrate with the Si02 mask in the condition of 
current density of 40mA/cm2, 15% HC1 etchant, and 
etching time of lmin. Figure 2 shows an SEM 
photograph of the InP substrate after anodization. 
Bright triangles are InP pillars and dark ones are 
pores. As can be seen, size-ordered triangular pores, 
which are independent on the shape of holes on the 
Si02 mask, were formed automatically by 
anodization etching assisted with EB lithography. It 
should be noted that high density pillars with the 
space filling factor of around 50% was obtained. 
Three sides of triangles correspond to [211] facets 
perpendicular to cleaved facets. 

2.2 Size Uniformity of 60nm-pitch Ordered Pillars 
To investigate the dependence between the dose 

condition and pillar size, we prepared two InP 
substrates with dot patterned Si02 mask provided by 
different dose conditions of   3.1 X 10"6nC/dot and 
2.3 X 10"6nC/dot. We carried out the anodization for 
these substrates under the same conditions used in 
the sample shown in Fig.2. After the anodization, we 
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measured the side length of triangles and plotted the 
size-distribution of triangles in Fig.3. Figures 3 (a) 
and (b) show SEM photographs and histograms of 
the side length of triangle pillars fabricated with the 
dose conditions of 3.1 X 10"6 nC/dot and 2.3 X 10"6 

nC/dot, respectively. The hatched area in Figs. 3 (a) 
and (b) indicates the size fluctuation less than 5%, 
which is considered to be an acceptable limit in 
application to semiconductor optical devices, 
especially electro-optical switches [4]. As can be 
seen, triangle pillars obtained by the lower dose 
condition have less size-fluctuation than those by the 
higher dose condition. According to this tendency, it 
is explained that an etch pit by anodization have a 
freedom in proportion to the area of the hole on the 
mask at the initial state of etching to make triangle 
pores, in other words, the triangle pillar with better 
uniformity can be formed by smaller mask's holes. 
The periodicity of mask's holes contributes to the 
ordered triangle pore formation assisted by the self- 
organization mechanism of anodization. 

2.3 Fabrication of 40nm-pitch Ordered Pillars 
We fabricated smaller triangle pillar structures 

in order to seek for the possibility for quantum-wire 
structures. The mask fabrication procedure for 
40nm-pitch triangle pillars was almost same for 
60nm-pitch ones, except for introducing reactive ion 
etching (RIE) process with CF4 gas as the dot 
pattern transferring process into Si02 film, so as to 
suppress over-etching by undercut. 

40nm-pitch dot pattern was transcribed onto 
40nm thick PMMA resist on (lll)A InP substrate 
with Si02 film of lOnm thickness with the dose 
condition of 1.3 X 10"6nC/dot. After the development, 
we transferred the dot pattern into Si02 film by the 
CF4 RIE process with the condition of CF4 flow rate 
of lsccm, input power of 20W, background pressure 
of 4.0 X 10"2atm and etching time of 40sec. After 
removing the PMMA resist, anodization was done 
with the same condition used in the fabrication of 
60nm-pitch pattern. Figure 4 shows an SEM top 
view of fabricated 40nm-pitch triangle pillars, where 
40nm-pitch ordered triangle pillars are formed even 
though the size fluctuation seems to be little larger 
than that in 60nm-pitch ones. 

Then, we measured a photoluminescence (PL) 
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spectrum to reveal the optical properties of 40nm- 
pitch ordered triangle pillar structure. The pumping 
light source of an Ar+ laser with the wavelength of 
488nm and the output power of 30mW was used. On 
the sample used for PL measurement, we made an 
area blocked against the anodization so as to use it 
as a reference of bulk InP. Hence PL spectra from 
the bulk InP and 40nm-pitch ordered InP pillar 
structure were obtained by only shifting the sample 
position without varying the alignment condition. 

Figures 5 (a) and (b) indicate room temperature 
PL spectra from InP bulk region and 40nm-pitch 
triangle pillar region, respectively. The PL peak 
wavelength was observed at around 0.88|xm, which 
is little shorter than the intrinsic bandgap wavelength 
of InP (0.92pm), and the reason for this can be 
attributed to a band filling effect in highly n-doped 
material. The peak at the wavelength of 0.99(un seen 
in both figures are attributed to the scattering of Ar+ 

laser light from the surface. Especially the 0.99[Am 
peak in Fig.5(b) was strong due to the scattering 
from the pillar structure. 

The PL intensity from 40nm-pitch pillar 
structure was comparable to that from InP bulk 
region. Calculating the absorption ratio in the pillar 
layer by taking account of the absorption coefficient 
as the order of 104cm_1, the space filling factor of 
50%, and the pillar height of l\un, approximately 
60% of pumping light was assumed to be absorbed 
in the pillar layer, and the rest of around 40% was 
absorbed in the bottom InP substrate. Although there 
is a contribution from the bottom InP substrate, the 
PL intensity from 40nm-pitch triangle pillars was 
comparable or little larger than that from InP bulk 
region. From this fact it is regarded that the 
anodization process implies very small physical 
damage. 

3. Conclusion 
We obtained 60nm-pitch ordered vertical 

triangle pillar structure on (lll)A InP by 
anodization with HC1 assisted by EB lithography. 
Furthermore, 40nm-pitch triangle pillar structure 
was also obtained by adopting CF4 RIE process for 
fabrication of Si02 mask. A low damage property of 
this anodization process, which was confirmed from 
PL intensity measurement, is very attractive for 



fabrication of high-density and uniform quantum- 
wire structures. 
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Fig.3. The SEM topview and the histogram of the size 
fluctuation of triangles in the dose condition of  (a) 

3.1xlO-6nC/dot and(b)2.3xlO'6nC/dot. 

Fig.l The SEM topview of the anodized (lll)A n-InP 

substrate with a SiOz mask. 

Fig.4. The SEM topview of the 40nm-pitch ordered 

triangle pillars. 
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Abstract 

We have developed Cl2/Ar and IBr3/Ar 
chemically-assisted ion-beam etching (CAIBE) 
processes, which allow high-quality etching of InP- 
based materials such as laser mirrors and gratings at 
low substrate temperatures («0°C). Etch rates of 
400-750 Ä/min and excellent surface morphologies 
at substrate temperatures between -5°C and +10°C 
with both Cl2/Ar and IBr3/Ar process (400V Ar ion 
beam) are achieved. These low temperatures have 
allowed us to utilize UV-baked photoresists as well 
as PMMA as etch masks, facilitating very simply 
process development. Higher substrate temperatures 
(+50°C to +120°C) yield still higher etch rates, but at 
the expense of severely degraded surface 
morphologies. 
An InGaAsP/InP (1.55um) bulk laser with one facet 
etched the other cleaved is demonstrated, and 
compared with a both facets cleaved laser.' 

Introduction 

Chemically-assisted ion-beam etching (CAIBE) 
is a well-established tool for the fabrication of a 
variety of integrated optoelectronic components and 
circuits for both GaAs- and InP-based materials. We 
have recently developed a UHV CAIBE system, 
together with a Cl2 + BC13 etching process, which 
relaxes many constraints previously reported in the 
dry-etching of AlxGa,.xAs-containing optoelectronic 
device structures [1,2]. In this paper we present 
Cl2/Ar and IBr3/Ar CAIBE processes for the 
fabrication of optoelectronic devices, such as laser 
facets, deflecting mirrors, and gratings in the 
InP/InGaAsP material system. 
The material system InP/InGaAsP is of increasing 
interest    for    optoelectronic    integrated    circuits 

(OEIC's), and a number of etch techniques and 
chemistries have been demonstrated in this material. 
There have been several studies in etching InP with 
CH4/H2-processes [3,4,5,6,7]. The limitation of this 
approaches result from the slow etch rates and the 
problem of polymer formation. 
Previous Cl2/Ar CAIBE etching studies on InP-based 
MQW lasers have utilized substrate temperatures 
>200°C [8,9] or beam energies >lkeV [10], ruling 
out the use of standard photoresists as the etch mask. 

Experiment 

The CAIBE-system was designed and fabricated 
together with Technics Plasma GmbH and is now 
commercially available as model RIB ETCH 160 
ECR UHV LL. 
The compact, metal-sealed UHV etch chamber is 
fitted out with an electron cyclotron resonance (ECR) 
ion-beam source (2.45 GHz). In order to achieve low 
residual water vapor levels, the etch chamber is 
equipped with a 4000 1/sec (water pumping speed) 
cryopump and fitted with external bakeout heaters 
(base pressure 10"8 mbar). Automated overnight 
regeneration of the cryopump with heated N2 gas is 
used for regular removal of reactive etch products. A 
cryo-pumped load-lock chamber and sample transfer 
system are also integral to the system design. The 
temperature-controlled sample stage (-5 to +125°C), 
designed for substrates up to 4-in diameter, can be 
tilted under computer control (+90°). A magnetically 
activated sample clamping system guarantees precise 
control of the wafer temperature. This feature has 
proven to be critical both for the slope of the vertical 
etch walls of laser mirrors (GaAs and InP) and for 
the smoothness of the etched surfaces (InP). A 
pyrometer is used to monitor the temperature of the 
wafer surface. The reactive gases are introduced 
through four centro-symmetric tubes pointed towards 
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the substrate. The process pressure was between 
MO"4 and ö-lO^mbar. Beam voltages of 300-500V 
were used with current densities of 0.25 mA/cm , 
measured with a Faraday cup, which also allows 
monitoring the beam profile. 
The comparatively low temperatures allowed us to 
use UV-baked photoresists (AZ1518, AZ4521) as 
etch masks for laser mirror etching as well as e-beam 
structured PMMA for distributed feedback (DFB)- 
gratings. The selectivity of photoresist to InP is about 
1:4 (Chlorine process) and 1:2 (Iodine process). 

Results and Discussion 

Surface morphology and etch rates 

The problem in etching InP with halogen gases 
lies in the low volatility of InClx and Inlx compared 
to PC1X, PIX at temperatures between +30°C and 
+150°C. In this temperature region disproportioning 
takes place, producing an indium rich surface (Fig.l). 
One attempt to overcome this difficulties is heating 
the substrates to temperatures above 150°C, so that 
InClx and Inlx can be removed [8,9]. This rules out, 
however, the use of standard photoresist as an etch 
mask. 
We found that cooling the substrates to temperatures 
below +30°C yields perfectly smooth surfaces 
(Fig.2). 
This phenomenon can be due to a decrease of the 
volatility of the phosphorus containing etch products 
at this low temperature, so that the etch rate is lower, 
and therefore a stoichiometric smooth surface is left. 
Fig. 3 shows the etch rates of InP as a function of the 
substrate temperature for the etch gases Ar+Cl2, 
Ar+IBr3 and Ar alone. 
Ar alone: The ion milling process is almost 
independent on the temperature, indicating the 
absence of chemical reactions. This physical process 
yields almost smooth buttom surfaces, however 
redeposition problems occur, making this process 
unpractical. 
Ar+IBr3: The above mentioned phenomena can be 
clearly seen in this curve. Below a "threshold 
temperature" of about 30°C, we find very smooth 
surfaces (Fig.2) with slower etch rates (400 A/min). 
Higher temperatures yield higher etch rates, but at 
the expense of severely degraded surface 
morphologies (Fig .1). 
Ar+Cl2: This process yields faster etch rates (700- 
750 Ä/min), better selectivities, and allows us 
etching DFB-gratings (period 240nm) with PMMA 
as etch mask (Fig.4). 

Fig.l: CAIBE-etched InP test structure 
(5Ar+IBr3, T = 40°C, UB = 400V) 

Fig.2: CAIBE-etched InGaAsP/InP disk structure 
(5Ar+IBr3, T = 0.5°C, UB= 400V) 
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Fig.3: Temperature-dependence of InP etch rate (UB = 400V) 
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Etch profile 

With all the above described processes the slope 
of the sidewalls of the structures obtained was 
negative with respect to the normal (Fig.2) The angle 
was found to be weakly dependent on the 
temperature in the range 15-20°C. For laser mirrors 
this angle should be zero, because for every 10° 
mirror tilt the reflected intensity is reduced by 50% 
[11]. To reduce this angle to zero the normal of the 
substrate has to be tilted relative to the impinging 
argon beam. With a 45° tilt a mirror surface 
perpendicular to the substrate plain can be achieved 
for a fixed low temperature setting (Fig.5). If both 
mirrors are to be etched in one process the wafer has 
to be tilt to a positive angle first and a negative angle 
respectively. This has to be repeated until the desired 
mirror depth has been achieved. Another way is to 
perform lithography and etch one mirror side only, 
and then repeat lithography and etch the other side. 

Applications/ Devices 

Fig.4: CAIBE etched InP DFB grating 
(5Ar+4Cl2, T = -5°C, UB = 400V) 

We have recently etched facets in InGaAsP/InP 
(1.55um) bulk lasers with the IBr3/Ar CAIBE 
process (Fig.5). The lasers were grown by vapor 
phase epitaxy (VPE). Using a flared wave guide 
design we etch one facet by CAIBE, the opposite 
facet was cleaved. 
These lasers were compared with reactive ion etched 
(RIE) waveguides and both sides cleaved. Fig. 6 
shows a plot of the threshold current densities as a 
function of the inverse resonator length. 
In this first attempt, we have successfully 
demonstrated comparable performance for 
cleaved/etched (ce) lasers to cleaved/cleaved (cc) 
lasers. 

Conclusions 

In summary, chemically-assisted ion-beam 
etching has been used to produce high quality etched 
facets and DFB gratings in InP-based materials at 
low substrate temperatures. It was shown that it is 
possible to use standard photoresists and PMMA as 
etch masks. The IBr3/Ar CAIBE process has been 
considered to be favorable for the etching of laser 
mirrors, delivering the best surface quality. The 
surface in the Cl2/Ar CAIBE process is only slightly 
inferior but yields  faster etch rates  and a better 

Fig.5: CAIBE etched InGaAsP/InP (1.55um) flared 
waveguide laser facet 
(5Ar+IBr3, T = 0.5°C, UB = 400V, tilt 45°) 
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selectivity to the mask, so that this process is 
favorably for nanotechnology, such as DFB gratings 
masked with PMMA. The comparison between the 
cleaved facet and the etched facet laser confirms the 
performance of these CAIBE processes. 
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Introduction 

The Chemical Beam Etching Technique (CBET) of InP and GaAs based materials using Phosphorus or Arsenic 
chlorides in a ultra high vacuum growth chamber is an attractive method combined with CBE or GSMBE for 
complex device fabrication (1). Etching of a few monolayers up to more than one micron on localized area 
followed by regrowth in the same ultra high vacuum chamber should produce nearly perfect interfaces and 

find a large application, in particular for the realisation of photonic and optoelectronic IC's. 
In this work, we investigated the controlled etching of InP by CBET using diluted PCI3 in H2 in a GSMBE 

growth chamber. We report on the etching rate of InP as function of PCI3 fluence and substrate temperature, 
the etched surface morphology and the profile at mask edges. We also demonstrate that in situ RHEED  can 

be used during etching as an "atomic layer" precise end point detection. 

Experimental set-up 

An additional PCI3 gas injection line has been fitted 
to a RIBER 2300 Gas Source MBE machine. The 
Phosphorus Trichloride (PCI3) is contained in a 
thermostated glass bubbler included in a 
conventional pressure/mass flow controlled 
evaporation circuit. The PCI3 is evaporated at a 
constant partial pressure of 0.1 atm. and injected in 
the MBE chamber through a vent/run manifold and 
a standard p-BN gas injector cell. Hydrogen or 
nitrogen have been used as carrier gases in the flow 
range 1 to 10 seem. In most of the experiments, the 
temperature of the injector cell has been fixed at 
100°C to avoid either decomposition or 
condensation of PCI3. It has been observed that the 
decomposition of PCI3 is noticeable at a 
temperature higher than about 500°C with H2 
carrier gas and 600°C with N2 carrier gas. 
It is remarkable to note that after more than six 
months of regular use of PCI3 in our GSMBE 
machine, no degradation of the performances of the 
equipment and the quality of the grown layers have 
been observed. The only point that has been noticed 
is a visible etch of the surface of the Ta heater on 
the substrate holder. 

In-situ monitoring by RHEED 

All the etching experiments have been systematically 
monitored by in situ RHEED. The typical (2x4) 
phosphorus dominated reconstruction pattern is 
always observed. The RHEED pattern is clearly 
defined and stable during the etching sequences, 
demonstrating a two dimensional (2D) layer by layer 
etching mechanism. A degradation to a spotty three 
dimensional (3D) like pattern has been sometimes 

observed, in particular during the early trials when 
etching was performed under PH3 stabilisation. This 
phenomenon is similar to the effect reported by Chiu 
et al. (2,3), who explain the effect by a roughening 
of the surface due to a limited indium surface 
diffusion at high phosphorus coverage. In 
consequence, most of the experiments have been 
performed without PH3 addition. The results of all 
the etching experiments described here demonstrate 
that the surface of InP is stable under uncracked 
PCI3 in a large temperature (420 to 540°C) and 

pressure (5.10"^ to 5.10'^ Torr] range. 
Static RHEED observation provide also an easy end- 
point detection technique. Actually, during PCI3 
etching the RHEED pattern changes abruptly from 
the (2x4) reconstruction pattern typical of 
phosphorus stabilized InP surface, to a (2x1) pattern 
when an InP/lnGaAsP interface is reached. This end- 
point detection is in principle "atomic layer" precise 
and has been proven to be usefull in a large 
experimental domain. This feature is very important 
for real device application where a precise etch 
depth control is mandatory. Combining this etching 
technique, the end-point detection technique 
described and the capabilities of GSMBE, all in a 
ultra high vacuum environment, gives also the 
opportunity to develop new processes with "atomic 
layer" precise etch and regrowth sequences. 

Kinetics of PCI3 etching 

Using the above described end-point detection 
technique, the etch rate of InP has been measured 
for different PCI3 fluences and substrate 
temperatures. In our procedure, we first grow a thin 
InGaAsP layer (5 nm thick) followed by a calibrated 
layer of InP (10 to 100 nm thick). The layers are then 
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etched using diluted PCI3 (10%) in H2, while the 
RHEED pattern is observed. The time to etch back 
the calibrated InP layer grown on top of the 
InGaAsP layer is monitored. This procedure can be 
repeated a large number of times without any 
noticeable degradation of the RHEED diagram, 
leading to a very simple and practical way of 
making the study of the etch rate as function of 
different parameters in one run. On figure 1, the time 
to etch back the InP layer is plotted as a function of 
the initial InP thickness for three different runs 
performed in the same conditions. 

.    80 100 

Etch Time (s) 

Figure 1: InP etched thickness versus etch time for 
three different runs with the same parameters 
(Ts=480°C, F(PCl3) = 0.2 seem, no PH3). 

As seen on the figure, the experimental results are 
very reproducible from run to run. This result 
demonstrates the effectiveness of the experimental 
procedure and the reproducibility of the etch rate. 
The dependance of the etch rate on the PCI3 fluence 
is shown on figures 2 and 3. On figure 2, the etched 
depth is plotted as a function of time for different 
PCI3 fluences at a substrate temperature of 480°C 
and with additional PH3. 
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Figure 2: InP etched thickness as a function of time 
for different PCI3 fluences (Ts=480°C, with PH3). 

Figure 3 gives directly the measured etch rate for 
different substrate temperatures as a function of 
PCI3 flow rate. 
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Figure 3: InP etch rate as function of PCI3/H2 flow 
rate for different substrate temperatures (Ts = 460, 
480, 500 and 520°C). 

The etch rate is found linear with PCI3 flow rate for 
all temperatures. On figure 4, the etch rate is plotted 
as a function of the inverse substrate temperature 
for three different PCI3 flow rates. 
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Figure 4: InP etch rate gs function of 1 /T for three 
different PCI3/H2 flow rotes (F(PCl3)= 1, 2 and 4 
seem). 

The InP etch rate is found to be a weak function of 
the substrate temperature, contrary to the first 
results published by Tsang er al. (1). 

It has also been noted that changing the carrier gas 
from H2 to N2 does not change the etching rate. 
This means that H2 does not play a major role in the 
surface reaction, as expected at this rather low 



substrate temperature. These different observations 
are consistent with a simple etch mechanism, limited 
only by the arrival rate of PCI3 molecules at the 
surface. The decrease of the etching rate with 
increasing temperature can be understood as an 
effect of PCI3 reevaporation from the sample 
before reaction. 

Etched surface morphology 

The surface morphology of 0.2 urn deep etched InP 
samples is illustrated on figures 5 and 6 for different 
InP substrates. 

  20um 

Figure 5: surface morphology of an lnP:S substrate 
etched 0.2 urn deep . 

  20um 

Figure 6: surface morphology of an lnP:Sn substrate 
etched 0.2 urn deep. 

The etched surfaces are smooth and specular, 
except for the lnP:S doped substrate where a slight 
roughness is noticed (not clear on this print). The 
defect density measured on the different substrates 
is  directly   related  to   the   substrate  dislocation 

density. The sulfur doped etched substrates show 
nearly no defects, while the tin doped etched 
substrates have a defect density of the order of 3 
to 5.10^ cm~^, a value corresponding to the 
specified etch pit density of the substrate batch 
which has been used. The purely chemical nature of 
the etching mechanism, as for standard wet chemical 
etching, probably explains the preferential etching 
on surface emerging dislocations. Even if this effect 
has to be further looked at, the surface morphology 
of etched samples is compatible with high quality 
regrowth even for 1 urn deep etched samples. 

The roughness of the etched samples have been 
assessed by AFM (4), the rms roughness value of 
different samples etched 0.2 urn deep being of the 
order of 5 Ä for the Tin doped substrate, compared 
to about 1.5 A on the reference unetched sample. 
This value is comparable to the value of 8 Ä 
reported by Chiu er a/. (3) for InP etching by AsCl3 
using a combination of pulse etching sequences with 
under vacuum recovery periods to enhance the 
smoothing of the surface microroughness by indium 
migration. 

Uniformity of etch rate 

The etch rate uniformity has been evaluated on a 2" 
InP substrate patterned with Si02- The measured 
etch depth has a function of the position along a 
diameter of the sample is given in figure 7. 

 l^r^-uiH D i '»"»"B 

Position on 2" wafer {mm} 

Figure 7: Etch depth uniformity along a diameter. 

The etch rate nonuniformity between the center and 
the edge of the sample is about 5% for a nominal 
etch depth of about 0.5pm. This value of 
nonuniformity and the shape of the etch depth 
profile matching closely a 1/R^ profile are consistent 
with a "perfect" Knudsen geometry. This means that 
the measured nonuniformity can be largely improved 
with a larger cell to substrate distance or an 
optimised cell to substrate angular geometry. As 
such, the value of the nonuniformity measured is 
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already comparable to the etch rate nonuniformities 
obtained with more standard RIE dry etching 
techniques, 

Etch profile at mask edge 

Figures 8 and 9 are SEM views of the mask edge 
profile after about 0.5 urn deep etching. 

Figure 8: Etch profile along (1-10) 

Figure 9: Etch profile along (110) 

The profiles are comparable in the two perpendicular 
(110) orientations and are characterized by a very 
limited mask undercut (« 100 nm) and nearly perfect 
crystallographic facets. The etched profile is limited 

by a vertical side wall below the mask and a (111) 
slow etching facet at the bottom corner. The SEM 
views show that the etching is a beam process, as 
expected, and suggest that the edge profile is 
limited by the surface diffusion of PCI3 and by the 
slow etch rate in the (111) direction. 

Conclusion 

Molecular Beam Etching of InP using PCI3 has been 
demonstrated for the first time compatible with 
standard GSMBE machines and GSMBE regrowth. 
The principle of an atomic layer accurate end-point 
detection technique using in-situ RHEED has beeen 
described and used to study the kinetics of PCI3 
etching, The etch rate is found proportional to the 
PCI3 fluence and weakly dependent of the substrate 
temperature. The morphology of etched surfaces 
and the etch rate uniformity is compatible with high 
quality regrowth and very precisely controlled etch 
and regrowth sequences. Etch profile at mask edges 
are defined by nearly perfect crystallographic facets 
with a very limited mask undercut. These profiles are 
very difficult to obtain with other etching techniques 
and should be very well adapted to Gas Source 
MBE regrowth. 
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Introduction 

Significant progress has been made over the past few years in both the technology and microwave 
performance of InP-based heterojunction bipolar transistors (HBTs). Emphasis has, however, been placed 
mainly on transistor performance. Other critical issues have largely been ignored, including the influence 
of InGaAs on device thermal resistance, the role of base-collector leakage current, and the phenomenon of 
thermal instability. This paper first briefly reviews recent microwave results achieved to date and then 
investigates the aforementioned critical issues that affect their use in microwave applications. 

Recent Microwave Results 

Impressive microwave characteristics have been achieved 
with a current-gain cutoff frequency fT and maximum 
oscillation frequency fmax as high as 200 GHz [1] and 236 
GHz [2], respectively, in single HBTs (SHBTs), and 160 
GHz [3] and 267 GHz [4], respectively, in double HBTs 
(DHBTs). Fig. 1 summarizes recent microwave results of 
InP-based SHBTs and DHBTs [1-22]. As will be shown 
later, the poor output conductance and low breakdown 
voltage of SHBTs due to the base-collector leakage current 
limit their usefulness to low voltage and low power 
dissipation applications. Replacing the InGaAs collector 
with a wide bandgap material such as InP improves the 
breakdown and output conductance characteristics, but the 
presence of a base-collector heterojunction in such DHBTs 
blocks electron transport from the base to the collector, and 
leads to poor saturation characteristics if the heterojunction 
is not properly designed. Nevertheless, very impressive fT 

and /„^ comparable to those in SHBTs have been 
demonstrated. 

Design Tradeoffs 

1. Junction Temperature 

InP is known to have higher thermal conductivity than 
GaAs (0.68 versus 0.45 W/cm-K at 300 K). It is therefore 
common to assume that InP-based HBTs run at lower 
junction temperatures than in GaAs devices having the 
same power dissipation. This is, however, not necessarily 
true in the presence of an InGaAs subcollector layer (and 
also an InGaAs collector layer in SHBTs) because InGaAs 
has a thermal conductivity of only 0.05 W/cm-K at 300 K. 
In order to better understand the impact of InGaAs in these 
devices, the temperature distributions of one-finger and 
eight-finger GaAs HBTs and InP SHBTs and DHBTs were 

calculated using a 3-D thermal simulator developed at TI. 
InP was taken to be the collector material in the DHBTs. 
Room temperature thermal conductivity values were used 
and were assumed to be independent of temperature even 
though they all decrease with increasing temperature in 
practice. 
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Fig. 1. Recent microwave results of InP (a) SHBTs and (b) DHBTs [1-22]. 
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Rg. 2. Dependence of junction temperature rise on subcollector thickness in 
1-finger and 8-finger GaAs HBTs and InP DHBTs, and 1-finger InP SHBTs. 

Fig. 2 compares the peak junction temperature rises as a 
function of subcollector layer thickness for 1-finger and 8- 
fmger GaAs HBTs and InP DHBTs, and a one-finger InP 
SHBT. The junction temperature rises in GaAs HBTs are 
independent of the subcollector thickness because the GaAs 
subcollector has a thickness which is negligible compared 
to the substrate thickness of 100 jjm. In contrast, the 
junction temperatures increase rapidly with increasing 
InGaAs subcollector thickness in all InP HBTs. The rises 
in 1-finger InP SHBTs are far more significant than in 
multi-finger GaAs HBTs and InP DHBTs of the same layer 
thicknesses. Consider, for example, a subcollector 
thickness of 3000 Ä, a peak junction temperature rise of 
139 °C and an ambient temperature of 25 °C result in a 
peak junction temperature of 164 °C. As will be shown 
later, such a high junction temperature leads to 2-4 orders 
of magnitude increase in base-collector leakage current 
ICB0 [23], which goes to the base and gets amplified 
through the current gain mechanism of the transistor. A 
similar trend is observed when the subcollector layer 
thickness is fixed and the collector thickness varies. The 
increase in Ic is significant, and it leads to the well-known 
poor output conductance and breakdown-like behavior in 
the Ic-VCE characteristics of InP SHBTs. Therefore, even 
though these SHBTs can have large open-base breakdown 
voltage BVCE0, the breakdown voltage decreases rapidly as 
the power dissipation increases. Comparison between the 
thermal distributions in GaAs HBTs and InP DHBTs shows 
that the latter operates at lower peak junction temperatures 
only when the InGaAs subcollector layer thickness is less 
than about 3500 Ä. This is an important consideration 
especially for power applications in which power 
performance may be limited by thermal effects. 

We have measured the average low-power thermal 
resistances Rth of InP SHBTs and DHBTs of different 
InGaAs thicknesses in the subcollector and/or collector 
from different wafer lots. To examine the first order effect 
of the InGaAs layer on Rtk, we applied the technique of ref. 
[24]   to   the   devices   and   found   that   Rth   increases 

substantially when more than 3000 Ä of InGaAs is 
incorporated in the subcollector in DHBTs and is large in 
SHBTs. 

2. Base-Collector Junction Design 

In addition to junction temperature considerations, the 
presence of InGaAs in the collector of an InP HBT has 
significant influence on the base-collector leakage current. 
Fig. 3 compares the temperature dependence of base- 
collector leakage currents in three different types of 
collector: (a) 7000 Ä n"-InGaAs, (b) 8000 A n"-InP and (c) 
50 Ä n--InGaAs setback followed by 288 Ä n"- InGaAs/InP 
grading (of which 50 % is InGaAs) and 8000 Ä n"-InP. As 
shown, by introducing only 194 A of InGaAs in the 
collector, the leakage current increased substantially. 
Furthermore, an increase in substrate temperature by 100 
°C increased the leakage currents in all cases by 2 to 4 
orders of magnitude. The impact of this temperature 
dependence has particularly deleterious effects on InP 
SHBTs because of their high room-temperature leakage 
current and poor thermal conductivity. A transistor will 
blow up when ICB0 becomes excessive at elevated junction 
temperatures [25]. 

7^3 ^Tr^^l^.l.bkshedLmei: 125't! 
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Fig. 3. Measured temperature dependence of base-collector leakage 
current on the amount of InGaAs in the collector. 

In general, an abrupt base-collector heterojunction with an 
InGaAs setback layer can be used only in thin-collector 
designs (< 4000 A) [17, 21]. Graded heterojunction must 
be used for thicker collector DHBTs in order to avoid 
saturation problems or keep small "knee" voltage in the 1^- 
VCE characteristics. Both step grading and continuous 
compositional grading using InGaAsP quaternary materials 
can be used. For example, S. Yamahata et al. have recently 
achieved a /„^ and fT of 267 GHz and 144 GHz 
respectively by applying a step-graded collector to thin 
collector structures [4]. For power applications in which 
thick collector and high breakdown voltage are required, a 
continuous compositionally-graded heterojunction with a 
proper doping profile needs to be used. Such kind of 
quaternary layer is, however, difficult to reproduce and 
maintain  lattice  matching.      Alternatively,  a   chirped 
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superlattice consisting of InGaAs and InP layers of variable 
thicknesses allows an easier control of the grading [26-27]. 
Our DHBTs designed this way have shown BVCB0 of 29 V 
defined at 1 |xA leakage current (Fig. 3),/r of 69 GHz, and 
fmax of 166 GHz. Similar type of DHBT power unit cells 
have demonstrated 1 W output power and 60% power- 
added-efficiency at 9 GHz [28]. 

3. Thermal Instabilities 

Thermal instability occurs when one finger of a multi- 
finger transistor (the hot finger) hogs the input base current 
from the remaining fingers (the cold fingers), causing both 
IB, Ic and the junction temperature in the hot finger 
increase dramatically. Fig. 4 shows the transistor I-V 
characteristics of a 2-finger 2x10 um2 InP DHBT which 
was specially designed so that the collector current of each 
finger can be individually monitored [29]. Fig. 5 illustrates 
the individual collector currents corresponding to the I-V of 
Fig. 4. Although it is not clear from Fig. 4 whether 
thermal instability ever occurs, Fig. 5 clearly demonstrates 
that the transistor enters thermal instability, that one finger 
current increases whereas the other decreases to zero. A 
study on the current gain variation in an InP DHBT is 
critical to the understanding to the I-V after thermal 
instability. Our measurements indicated that the current 
gain ß had negligible temperature dependence from 25 °C 

0.06 

Collector-Emitter Bias V^ (V) 

Fig. 4. Measured 1C-VCE characteristics of a 2-finger 2x10 um2 DHBT. 

0.03 
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Collector-Emitter Bias V    (V) 

Fig. 5. Measured individual /c's corresponding to the I^V^ of Fig. 4 

to 200 °C because of the large valence band discontinuity of 
0.37 eV at the InP/InGaAs base-emitter heterojunction. As 
expected, ß initially increases with Ic and then drops 
rapidly as Ic increases above 17 mA for the 2x10 um2 

device due to increased electron blocking effect at the base- 
collector heterojunction. 

The familiar collapse of current gain characteristics in 
GaAs HBTs appears only at high current levels (region A 
in Fig. 4) [30-31]. While the gain collapses in GaAs HBT 
due to its current gain decrease with temperature, the 
collapse in gain in InP DHBT is due to its current gain 
decrease at high currents. With further increase in VCE in 
region A, the total /CT suddenly increases toward infinity, 
irreversibly shorting out the device itself. The failure 
mechanism is identical to that reported for GaAs HBT, 
determined to be due to the increasing ICB0 at elevated 
junction temperatures [25]. In region B, the current levels 
at which the device enters thermal instability is far below 
17 mA, ß in this region increases as Ic increases. 
Therefore, when the hot finger current increases during 
thermal instability, the total 7CT increases in contrary to the 
collapse of current gain in region A. In region C, because 
the current levels are low, the corresponding VCE at which 
thermal instability takes place are larger than that in region 
B. Consequently, the increased current gain in the hot 
finger after thermal instability leads to a more significant 
rise of junction temperature, which in turn increases ICB0 

more substantially. Therefore, soon after the observed 
increase in the total 1^-, the device fails due to excessive 
ICBO' without displaying a noticeable trend of rapid 
increase of 7CT as in region B. In both regions A and B, the 
device survives as long as care is exercised and VCE does 
not increase too much beyond the aforementioned 7CT 

decrease or increase region. However, at low current levels 
(region C), 1^ increases toward infinity without giving a 
clear indication as to whether a thermal instability 
condition has occurred. In any case, care must be taken to 
avoid biasing devices near the thermal instability loci. 

Microwave Applications 

Microwave circuits typically require low noise and/or high 
power, as well as high power gain. For microwave power 
applications, the leakage current needs to be minimized in 
order for the HBTs to operate at high collector-emitter 
biases, either by reducing the InGaAs thickness in the 
collector or other means without increasing the "knee" 
voltage in the Ic-VCE characteristics. The InGaAs 
subcollector layer has to be kept thin in order to take full 
advantage of the good thermal conductivity of InP 
substrates. InP power DHBTs fabricated at TI typically 
have a BVCB0 of 29 V (Fig. 3), and a gain of at least 19 dB 
at 10 GHz when they are biased at VCE = 3 V. This kind of 
gain is considerably higher than that in our conventional 
X-band GaAs power devices which is about 16 dB at the 
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same frequency. Low current gain is needed for high 
BVCE0, and high power and high power-added efficiency 
are expected for these power DHBTs. As for the linearity 
or intermodulation, InP SHBTs are expected to be worse 
than GaAs HBTs because of their poor output conductance. 
However, properly designed InP DHBTs should show 
comparable linearity as in GaAs HBTs. For low-voltage RF 
applications, InP SHBTs are still useful because of their 
simple structures and lower turn-on voltages than GaAs 
HBTs. Thin collector InP DHBTs with/r and/^ are also 
very attractive in this category because they are easier to 
design than thick collector ones. For multipliers, 
oscillators and broadband communication amplifiers, the 
1//noise is quite important. Limited data have shown that 
InP-based HBTs have indeed lower low-frequency noise 
than in GaAs-based transistors as expected from their low 
surface recombination velocity [32-33], but care must be 
taken when interpretating these results since they depend 
greatly on the technologies used. 

Summary 

The technology and microwave performance of InP HBTs 
will continue to advance rapidly. The InGaAs in the 
subcollector and/or collector must be minimized in order to 
maintain good output conductance and linearity, and to 
avoid thermal instabilities and device failure due to 
excessive base-collector leakage current at elevated junction 
temperatures. InP SHBTs have high intrinsic leakage 
current and will be useful only for low voltage and low 
power dissipation applications, but properly designed 
DHBTs will be useful for most microwave applications. 
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Abstract 
A new self-aligned process for InP/InGaAs heterojunction bipolar transistors (HBTs) using a T-shaped 
emitter electrode has been developed. In this process, the T-shaped emitter electrode is used to allow the 
desired spacing between the emitter mesa and the base ohmic contact The thickness of the emitter cap 
and emitter can be thinned independently of the base metal thickness. The thin emitter cap and emitter 
reduces the difference in characteristics due to the two emitter electrode orientations, parallel and 
perpendicular to orientation flat. A fabricated HBT shows a cutoff frequency ( fp) of 98 GHz with a 
0.9 urn x 4.7 \im sub-micron emitter and a maximum fr- of 120 GHz with a 1.4 pm x 4.7 |i.m emitter 
after it is embedded. 

ThB2.2 

Introduction 
The InP-based heterojunction bipolar transistor (HBT) 

has great potential due to its high cut-off frequency and 
circuit performance [1-5]. In conventional self-aligned 
InP/InGaAs HBTs, the spacing between the emitter mesa 
and the base ohmic contact is formed by side etching 
during the emitter etching process [4]. This wet etching 
process has good selectivity between InP and InGaAs but 
its ability to shape the etching mesa is limited. The shape 
of the mesa depends on the crystal plane orientations, and 
the characteristics of HBTs are affected by whether the 
emitter electrode orientation is parallel or horizontal to 
orientation flat. HBTs with an InP emitter have another 
problem: the wet etching process does not form an 
undercut in the (111), (111) planes, so side etching has to 
be controlled by the etching of the InGaAs emitter cap. 
Recently, a report that this process could be done by ECR 
dry etching has been published [5]. But, all of these 
processes have a limit, though in the minimum thickness 
of the emitter cap and emitter layers, because the total 
thickness has to be thicker than the base metal thickness to 
avoid shorting between the emitter and the base electrodes. 
The new process offers better control when forming the 
desired spacing around the emitter mesa, because the 
undercut of the emitter electrode is not affected by isotropic 
side etching, unlike the conventional emitter etching 
process. It also avoids the minimum limit on the epitaxial 
layer thickness by optimizing the thickness of the lower 
emitter electrode metal. 

The proposed structure 
An HBT structure using a T-shaped emitter electrode 

is shown in Fig. 1. This T-shaped emitter electrode is 
made of two different kinds of metals formed using 
different etching rates. The bottom metal is WSi, which 
was selected because of its high etching rate against RIE 
compared to W, which is the upper metal. These metals 
were also selected because they are not etched by the 
semiconductor etchant and are very stable at high, 

W "\ Emitter 
lelectrode 

Base electrode 

Collector electrode 

n+-lnGaAs/n+-lnP 
' Emitter cap 

•rt-lnP Emitter 

' p+-lnGaAs Base 

, n-lnGaAs Collector 
n+-lnGaAs 
Subcollecor 

S. I. InP 

Fig. 1. Cross-sectional view of a HBT structure 
with a T-shaped emitter electrode. 

temperatures. The selectivity of W is more than 10 times 
that of WSi, so only WSi is etched. The thickness of WSi 
is designed taking into account the base electrode 
thickness. The total thickness of the lower metal and the 
semiconductor layers of the emitter cap and emitter has to 
be larger than the thickness of the base electrode so the 
base electrode will not make contact with the emitter 
electrode. This new structure has an advantage in that the 
thickness of each metal and semiconductor layer can be 
designed separately. Then the total thickness of the emitter 
cap and emitter layers can be reduced and it minimizes the 
difference of emitter size between different emitter 
orientations. 

Process flow of InP/InGaAs HBTs 
The device layer structure for an InP/InGaAs HBT is 

shown in Table 1. These layers were grown by gas source 
molecular beam epitaxy (MBE) on a semi-insulated InP 
substrate of (100) plane. The group III source materials are 
solid In and Ga, and those of group V are arsine (ASH3) 
and phosphine (PH3). The total thickness of the emitter 
cap and emitter is 150 nm. This thicknesses is not 
optimized and it may be possible to reduce total thickness 
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Table 1. Epitaxial layer structure of the fabricated 
InP/InGaAs HBT. 

Layer Thickness (nm) Doping (cm"3) 

n+-lnGaAs 50 4E19 

n+ -InP 50 2E19 

rf-lnP 50 5E17 

un -InGaAs 5 - 

p+ -InGaAs 50 2-4E19 

n" -InGaAs 300 2E16 

n+ -InGaAs 500 2E19 

n+-lnGaAs/n+-lnP (emitter cap) 

n-lnP 
(emitter) 

(a) 

p+-lnGaAs 
(base) 

n-lnGaAs 
(collector) 

n^-lnGaAs (subcollector) 

S.I. InP 

, base metal 
. P-SiN 

(b) n+-lnGaAs (subcollector) 

S.I. InP 

(c) n+-lnGaAs (subcollectorT 

S.I. InP 

collector metal 

(d) / n+-lnGaAs (subcollector) N 

S.I. InP 

Fig. 2. Fabrication process of a fabricated HBT 
with a T-shaped emitter electrode. 

to less than 100 nm, even if the base electrode metal is 
much thicker than that. 

A schematic of the InP/InGaAs HBT fabrication 
process is shown in Fig. 2. First, the emitter metals of 
WSi and W are deposited on the epitaxial layers. The WSi, 
the lower metal, is 100 nm thick and the W above is 250 
nm thick. These are then etched into an emitter electrode 
by RIE using NF3 as an etching gas. The etching stop 
point is determined by monitoring the emission spectrum 
of the plasma. Next, the emitter cap layer and emitter layer 
are etched by wet etching using the emitter electrode as a 

Fig. 

0 
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3. Dependence of side etching depth on RIE over 

etching time. 
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Fig. 4. Dependence of side etching depth on Ar pressure 
during WSi deposition. 

mask. The insulator for emitter base junction passivation 
is deposited, then the base electrode is formed. The base 
electrode structure is Pt/Ti/Pt/Au. Then, the base and 
collector layers are etched by wet etching using the base 
electrode as a mask. A conventional processes used after 
base mesa etching: the collector electrode is formed of 
Ti/Pt/Au, and an isolation mesa, a passivation layer and 
interconnections are made. We use a PCVD-SiN layer for 
passivation of the emitter base junction, base collector 
junction, and for isolation. 

Investigations  of  processes 
The dependence of side etching depth on over etching- 

time is shown in Fig. 3. The side etching depth is linearly 
proportional to over-etching time. Monitoring the etching 
stop point and this linearity make the side etching depth 
very controllable. Figure 4 shows the dependence of side 
etching depth on Ar pressure during WSi deposition. The 
Ar pressure varied from 0.8 Pa to 2.4 Pa. The over-etching 
time is 60 seconds. The WSi target is different from that 
was used for taking data shown in Fig. 3, so there is a 
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VßC (V) 

Fig. 5. Comparison of thermal stability of the base 
ohmic metals. 

difference of side etching depth when over etching time is 
60 sec. between that is shown in Fig. 3 and 4. The side 
etching depth increased when Ar pressure increased, because 
the Si composition increases when Ar pressure increases, 
thus the etching rate of the WSi also increases. This 
suggests that controlling Si composition is very important 
to control the side etching depth. 

We also investigated the base metal stability. 
Although AuZn [6] and Ti/Pt/Au both show good contact 
resistibility to highly doped p-InGaAs, they are only stable 
when the maximum temperature during the fabrication 
process is under 250t; . We found that Au and Ti are 
easily sintered through the base layer to the collector layer 
at 30010 after only 30 minutes. This is clearly indicated 
by the reverse current-voltage characteristics, shown in Fig 
5. While Pt/Ti/Pt/Au shows better thermal stability, it 
also becomes unstable over 300"C for 30 minutes. The 
reason for higher stability may be that the Pt reaction layer 
becomes a barrier to the Ti. But our investigation shows 
that Ti will sinter through a Pt reaction layer at over 
300"C. To overcome this problem, we propose inserting a 
thin Mo layer between the two Pt layers as a barrier layer 
to prevent Pt sintering. This new structure shows good 
stability at temperatures over 4001. 

Cross-sectional scanning electron micrographs of the 
emitter region parallel and perpendicular to orientation flat 
(OF), which is formed in the (OH) plane, are shown in 
Figures 6(a) and (b), respectively. The angles of the emitter 
mesa shape of Figures 6(a) and (b) are about 45 degrees and 
90 degrees, respectively. The spacing between the emitter 
mesa and the base metal is controlled to 0.15 |im, and 0.3 
\im, as shown in Figures 6(a) and (b), respectively. 

Results and  discussion 
Figure 7 shows typical current-voltage (I-V) 

characteristics of two types of fabricated HBTs, shown as 
Gummel plots. The solid line shows the HBT 
characteristics when the emitter electrode is perpendicular 
to OF. The broken line shows the characteristics when the 

(a) 

(b) 
My%- 

■ ■."''■.^".«v'äSÖiNj 

■"<*■*.-.  ■«■"'«■•«■■"'S   .      ■ V *      '   ' 

Fig. 6. SEM cross-sectional view of emitter region. 
(a) Emitter electrode orientation is parallel to OF. 
(b) Emitter electrode orientation is perpendicular to OF. 

emitter electrode is parallel to OF. The base-collector bias 
was 0 V. The emitter electrode size is 2.0 um x 5 urn (an 
emitter base junction size equivalent to 1.4 Jim x 4.7 p.m 
(perpendicular) and 1.7 \im x 4.4 urn (parallel). The 
characteristics of the collector current are almost identically 
the same and the base current characteristics are also the 
same when the emitter-base bias is more than 0.8 V. The 
small difference between the collector current 
characteristics may be caused by a difference in the mesa 
shape of the thin emitter layers. The base collector 
breakdown voltage is over 6 V even if the maximum 
temperature during processing is 300"C. HBTs with 
several emitter sizes were fabricated, and Fig. 8 shows the 
I-V characteristics of three different HBT emitter sizes. 
Sub-micron emitter HBTs were successfully operated, 
demonstrating that this new process can be used to 
fabricate sub-micron emitter HBTs. Figure 9 shows the 
results of microwave measurement of the fabricated HBT 
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Fig. 7.1-V characteristics of fabricated HBTs with different 
emitter orientations shown as Gummel plots. 
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Fig. 8.1-V characteristics of HBTs with different 
emitter sizes as Gummel plot. 

with an emitter size of 1.4 p x 4.7 p.m after it was 
embedded to remove the effect of the measuring pad. It 
shows a cutoff frequency ( fj) of 120 GHz was obtained. 
The sub-micron emitter HBT with an emitter size of 0.9 
pm x 4.7 pm, shows a fj of 98 GHz. 

Conclusions 
In summary, we successfully developed a new process 

for fabricating HBTs with a T-shaped emitter electrode and 
fabricated a sub-micron emitter InP/InGaAs HBT using 
this process. This process makes it possible to reduce the 
thickness of the emitter cap and emitter independently of 
the thickness of the base electrode. The process also lets us 

w    10 

1 

lc=9 mA 
Se=1.4x4.7 //m' 

■ i ■ II ill i   i i mill 1—i i i in 

10" 10 ,w 10 
Frequency (Hz) 

Fig. 8.Microwave measurement result of a fabricated HBT. 

minimize the difference in the characteristics of HBTs 
whose emitters are parallel or perpendicular to the 
orientation flat. Fabricated HBTs show a high cutoff 
frequency ( rj ) of 98 GHz with a sub-micron emitter of 
0.9 pm x 4.7 pm and a maximum fj of 120 GHz with an 
emitter size of 1.4 pm x 4.7 jam. 
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ThB2.3 
Large-Signal Characteristics of InP-Based Heterojunction 

Bipolar Transistors and their Use in Optoelectronic 
Preamplifier Design   * 

A. Samelis, D. Pavlidis, F. Sejalon S. Chandrasekhar, L.M. Lunardi 
Solid State Electronics Laboratory AT&T Bell Laboratories 
The University of Michigan Crawford Hill Laboratory 
Ann Arbor, MI 48109-2122 Holmdel, NJ 07733 

INTRODUCTION 

InP/InGaAs-based Heterojunction Bipolar Transistors (HBT's) are attractive for optoelec- 
tronic circuits due to their compatibility with 1.3-1.5 /xm operation which is combined with 
high speed but also low noise [1] characteristics. Various photoreceiver circuits have recently 
been reported where InP-HBT's and PIN diodes are integrated together [2], [3]. The impor- 
tance of HBT large-signal modeling in the design of OEICs has been adressed recently for the 
case of AlGaAs/GaAs-based HBTs [4], but not for InP-based HBTs. The design of optoelec- 
tronic circuits employing InP-InGaAs single HBTs requires relatively low bias conditions for 
these devices due to their early breakdown characteristics. The use of large-signal models for 
InP HBTs could therefore improve the reliability of the design procedures and circuit perfor- 
mance predictions. In this work, a large-signal model incorporating breakdown effects has been 
developed for InP-InGaAs based HBTs and is validated by comparison of the simulated char- 
acteristics with directly measured power characteristics. The impact of the device nonlinear 
characteristics on the large-signal transimpedance of optical pre-amplifiers is also investigated. 

DC AND BREAKDOWN MODELING ' incorporating to the conventional Gummel- 
OF InP/InGaAs-BASED HBT's Poon model a current source, IBR, con- 

The device used in this study had an emitter nected in parallel to the base-collector junc- 
area of 3 x8^m2. All DC model parameters were tion. IBR was expressed as IBR = Ic X 

calculated from the device Gummel plots. For- BF [esp^"-7™^™*^*™) - l], where, Ic 

ward Gummel-Plots were used to extract the for- is the collector current and BF, RRR, M and 
ward saturation current and ideality factor, the NBR are empirical constants selected for opti- 
base current components and the emitter resis- mized fit between the measured and calculated 
tance, RE- Reverse Gummel-plots were used to device Ic - VCE characteristics. The multipli- 
determine the reverse saturation current and ide- cation factor of Ic is described by a diode con- 
ality factor, the reverse base current components nected in series to a resistor, RBR, and emulates 
and the sum of the base and collector resistances, the commonly used expression for the break- 

Äc + RB- Individual Rc, RB values were eval- down base current contribution (M'-1)IC where 
uated by adjusting their magnitude in order to M' = l/[l-(VCB/BVCBo)n]- Models available in 
accomplish good fit between the measured and circuit simulators such as LIBRA do not account 
modeled Ic - VCE characteristics in the satura- for such breakdown characteristics since employ- 
tion region. ment of a single diode for the base-collector junc- 

A    breakdown   model    was    developed    by tion of an  HBT would lead to unrealistically 
   sharp increase of Ic as VCE approaches the break- 

*This work has been supported by ARO (DAAL 03- d        voltage.  Such trends would therefore dis- 
92-G-0109) and ARPA-COST (MDA 972-94-1-0004) 
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Ibr.(M-l>-Ie ■» 

Figure 1: Incorporation of breakdown effects into 
a Gummel-Poon model schematically (top) and 

in LIBRA (bottom) 

agree with the "soft" breakdown characteristics 
observed for InP HBT's and would also be inde- 
pendent of Ic- Figure 1 shows the schematic of 
the breakdown model and its incorporation into 
a standard Gummel-Poon model. 

An example of simulated HBT characteristics 
and their comparison to directly measured data 
is shown in Figure 2 for the HBT under test. 
Table 1 contains all Gummel-Poon HBT model 
parameters including the additional parameters 

related to breakdown. 

SMALL-SIGNAL HBT MODEL 
PARAMETER EXTRACTION 

Analytical modeling techniques have been 
employed for the extraction of HBT equivalent 
circuit parameters [5]. "Cold" (i.e. VBE - 0) 
S-parameter measurements [6] permitted the ex- 
act evaluation of pad-parasitic capacitances and 
the bias dependence of Che. An expression, 
(7    -| Cto      was analytically fitted to the low 

frequency quantity - fm[J"], which resulted in 
Cpx = 32fF, Cbco = 14.14fF and Vjc0 = IV. 
The above parasitics together with series induc- 
tors were added to the DC model developed ear- 
lier in order to form the complete HBT large- 

Parameter Value 

Is 2.28386-10-10 A 

ßf Infinity 

ßr 0.00185 

m 1.35511 
Vr 1.08135 

ISE 5.33298-10-10 A 
he 1.47678-10-a A 

Ve 1.51066 

Vc 1.82278 

Re 25.28 Q 

RE 2.14 Q 

RB 9fi 

V 1.7 ps 

CjE 35.45 IF 
VjE 1.0 7 
MJE 0.5 
CJC 14.14 IF 

XCJC 1 

VJC 1.0 V 

MJC 0.5 

BF 3.7 -10-4 A 

RBR 170 Q 
NBR 11.0 

M 0.115 

Table 1: Parameters of the new Gummel-Poon 
large-signal model which incorporates breakdown 

effects 

Figure 2: Measured and simulated DC IC-VCB 

characteristics of InP/InGaAs single HBT using 
the new HBT model which incorporates break- 

down effects 
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Figure  4:    Basic  coupled   buffer  InP/InGaAs 
preamplifier employing the new HBT model 

signal model of this work. 

POWER CHARACTERIZATION 
AND MODELING 

The device power characteristics were mea- 
sured using FOCUS electromechanical tuners 
and on-wafer probing. The device large-signal 
characteristics such as output power, gain and 
transimpedance for various input power levels 
were calculated using harmonic-balance tech- 

niques. 
Figure 3 (solid lines) shows the measured and 

simulated device gain dependence on the avail- 
able source power at 10 GHz, for Ic = 5 mA and 
Vce = 1.4 V bias and loading conditions close to 
50 fi. A good agreement is observed between the- 
oretically simulated and directly measured char- 
acteristics. One also observes that gain com- 
pression takes place at power levels as small as 
-8 dBm. Depending on design, this may conse- 
quently affect the large-signal characteristics of 
optoelectronic amplifiers employing such transis- 

tors. 
The impact of breakdown on the small and 

large-signal gain is also shown in figure 3 (dashed 
lines) with the help of our model. The bias con- 
ditions correspond here to higher Ic and VCE in 
order to enhance breakdown effects. Breakdown 
does not affect the device gain under small-signal 
operation conditions. The large-signal gain de- 
grades, however, faster if breakdown is taken into 
account in modeling the HBTs. 

LARGE-SIGNAL CHARACTERISTICS 
OF TRANSIMPEDANCE AMPLIFIERS 

Two HBT preamplifier designs were studied 
and their large-signal transimpedance was evalu- 
ated. Design A is a basic coupled buffer ampli- 
fier while design B is a cascode transimpedance 
preamplifier with feedback capacitor. The am- 
plifier schematic of design A is shown in figure 4. 
The new HBT model which accounts for break- 
down has been employed in the design of both 
amplifiers. Using the harmonic balance tech- 
nique, the large-signal S-parameters of the am- 
plifiers were calculated at different power levels 
and the effective transimpedance, Ztjj, was cal- 

culated from ZeJJ = 2O/05 (50 • jT^firj), where 
Zefj is calculated assuming 50 ft termination and 
S21 and Sfi are large-signal S-parameters of the 
preamplifier. Figures 5 and 6 show the frequency 
response of Zefj at different power levels for de- 
sign A and B respectively. 

As one observes, Zelj is very sensitive on 
available input power for design A in the range 
from -25 to -15 dBm. This behavior is also ac- 
companied by significant variation of the circuit 
large-signal S-parameters with power as well as 
strong self-biasing of the individual transistors 
at even very low power levels. On the other 
hand, Z„ss does not show significant sensitiv- 
ity with power for design B. Further analysis of 
this circuit revealed weak dependence on power 
of the large-signal S-parameters and weak self- 
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Figure 5: Frequency response of effective tran- 
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Figure 6: Frequency response of effective tran- 
simpedance at different available input power 

levels for preamplifier design B 

bias of the individual transistors. Overall, it 
appears that, depending on design, the tran- 
simpedance ZeJ} and bandwidth of the optical 
preamplifier may be sensitive to the input power 
level. The results also show that performance 
variations in such cases are observed at relatively 
small power levels. Furthermore, if self-biasing 
effects resulting from input power variations be- 
come pronounced they may compromise circuit 
stability and result in poor reliability. OEIC de- 
sign should consequently account for the large- 
signal InP HBT characteristics for the accurate 
prediction of circuit performance. 

CONCLUSIONS 

In summary,  a large-signal model suitable 

for InP-InGaAs HBT's was developed. Break- 
down effects have been incorporated into the 
Gummel-Poon formulation. The new model was 
validated by comparisons with on-wafer power 
measurements. The characteristics of two tran- 
simpedance amplifiers of different design were 
studied using the large-signal models developed 
for InP/InGaAs HBTs. The analysis showed 
that circuit characteristics can be modified under 
large-signal operation. Transimpedance degrada- 
tion and pronounced self-bias can, for example, 
take place and these depend on the type of OEIC. 
Large-signal modeling should therefore be con- 
sidered for accurate OEIC design. 
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InP/InGaAs COLLECTOR-UP HETEROJUNCTION BIPOLAR TRANSISTORS   FABRICATED 

USING Fe-ION-IMPLANTATION 
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NTT LSI Laboratories (TEL: +81 462 40 2891, E-mail: yamahata@aecl.ntt.jp) 

3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa 243-01, Japan 

Introduction 

This paper describes the first InP/InGaAs collector-up heterojunction bipolar transistors (C-up HBTs) with base and 

collector layers regrown onto emitter layer. We used Fe-ion (Fe4) -implantation to define the intrinsic emitter/base (E/B) 

junctions and a self-aligned fabrication processing for small-scale C-up HBTs. 

The collector-up configuration is attractive for ultra-high-speed and high power gain operation due to its low 

base/collector capacitance (CBC). For scaling down transistors, the advantage of this configuration over the emitter-up 

configuration is clear because the parasitic C^ corresponding to the extrinsic area can be neglected. This also makes the 
C-up HBTs feasible for low power dissipation devices. 

Although there are several reports on AlGaAs/GaAs and InAlAs/InGaAs C-up HBTs [1-5], there are few on InP/InGaAs 

C-up HBTs. The most important process step in the fabrication of C-up HBTs is the formation of a barrier at the extrinsic 

E/B regions to suppress excess base current under forward bias voltage. In AlGaAs/GaAs and InAlAs/InGaAs 

heterostructures, highly resistive layers formed by 0+- or If-implantations in AlGaAs or InAlAs have been used as the 
barrier layers. In the InP/InGaAs heterostructure, however, it is difficult to form such a barrier layer by conventional 

ion-implantation-bombardment. We therefore use Fe+-implantation to convert an n-type InP layer in the extrinsic emitter 

into a highly resistive one. This layer is made stabler by the subsequent high-temperature regrowth process, which results 
in the creation of deep acceptors in the InP layer [6]. 

1. Diode Characteristics  of Fe+-implanted 
InGaAs/InP p-n junctions 

It has been reported that the defects created in InP tend to 

pin the Fermi level in the upper half of the bandgap and that 

it is therefore difficult to obtain the highly resistivity of 

n-type material by ion-bombardment. On the other hand, it 

is well known that many Fe atoms occupying group-Ill 

lattice sites act as compensating deep acceptors [7, 8]. A 

highly resistive InP layer can thus be formed by 

Fe+-implantation and subsequent high-temperature annealing. 

TABLE I. Epitaxial diode structure. 

Material Doping (cm3) Thickness (nm) 

pMnGaAs 2x10" 80 

un-InGaAs undoped 5 

N-InP 3x10" 150 

n+-InGaAs 5xl018 500 

To examine a highly resistive barrier layers introduced by 

Fe+-implantation     in      InP,      we     fabricated     the 

p+-InGaAs/N-InP/n+-InGaAs diode structure   corresponding 

to  the extrinsic  E/B  heterostructure  in  C-up   HBTs. 

Although there have been many reports on the electrical 

properties of Fe+-implanted InP layers, there have been few 

reports on the characteristic of Fe+-implanted InP/InGaAs 

heterostructure diode. Table I lists the diode layers, which 

were grown by low-pressure metalorganic vapor phase 
epitaxy (MOVPE). 

Figure 1 shows cross-sectional schematic views of the 

fabricated diodes.    Fe+ was first implanted through the 

N-InP, using a photoresist as a mask.   Then the upper 

p+-InGaAs layer was regrown at 650°C onto the entire InP 

layer. The Pt/Ti/Pt/Au ohmic metal was then formed on the 

p+-InGaAs layer and was sintered at 300°C.  The p+-InGaAs 

and the   implanted  InP  layer  were  then  removed  by 

wet-etching, using the Pt/Ti/Pt/Au as a mask, and the 

Ti/Pt/Au ohmic metal was formed on the unimplanted 
n+-InGaAs layer. 
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Fig. 1. Cross-sectional schematic views of Fe+-implanted 

and H\ 0+, or Ar+-implanted diodes. 

For comparison, diodes made by conventional 

inactive-ion species (H\ Ar+, and Cf) implantations were 

also tested, but the implantation of these ions through the 

p+-InGaAs and N-InP layers differed from that of Fe+ (See 

Fig. 1 (b)). In these diodes, the pMnGaAs layer was not 

regrown on any of the implanted layers. The subsequent 

processes, however, were the same as those used to fabricate 

the Fe*-implanted diodes. 
The implantation conditions are outlined in Table II. 

Each implantation energy was chosen to give approximately 

the same projected range distribution, at least so as to reach 

the whole InP layer. Ion doses in the range between lxlO13 

and 5xlOwcm"2 were optimized  to obtain   the highest 

resistivity value. 

[6].    When  we use  the  pMnGaAs  regrowth  process 

accompanied  with     650 °C   annealing  after   0+   or 

ArMmplantation, it is impossible to obtain highly resistive 

barrier in the InP layer.   Therefore, only the highly resistive 
InP  layer  formed by  Fe+-implantation and  subsequent 

regrowth  process   can  provide  the  barrier  suppressing 

undesirable excess current from an nMnGaAs layer to a 

p+-InGaAs layer. 

0.5 1 1.5 
Forward-Bias Voltage (V) 

Fig. 2. I-V characteristics of unimplanted and IT-, 

Ar+-, 0+-, and Fe+-implanted InP/InGaAs diodes. 

TABLE II. Implant species, energy, and dose. 

Species Energy (keV) Dose (lO'W2) 

56Fe* 75 3 

'H+ 40 5 
40Ar+ 200 2 
!60+ 110 0.1 

Figure 2 shows the I-V characteristics of unimplanted 

(intrinsic) and implanted diodes for which the 

p+-InGaAs/N-InP junction was 2 |im x 10 (i.m. The diode 

made by Fe+-implantation has the highest resistivity in the 

InP layer, and at a forward-bias voltage of 0.9 V its current 

density is more than six orders of magnitude lower than that 

of an unimplanted diode. 
For Ar+- and (/-implantations, on the other hand, the 

current density at a 0.9-V forward-bias voltage is only about 

three orders of magnitude lower. S. J. Pearton et al. have 

reported that the high resistivity induced in the InP layer by 
ion-bombardment easily recovers even after 400°C annealing 

2. C-up HBT Fabrication  Using 
Fe+-implantation   and Regrowth 

We used the C-up HBT layer structure indicated in Table 

III, and Figure 3 is a schematic cross-sectional view of the 

self-aligned InP/InGaAs C-up HBT. The buffer, subemitter, 

emitter, and spacer layers were grown by low-pressure 

MOVPE, and Fe+ was implanted into the patterned InGaAs 

spacer and InP emitter layers at a dose of 3 x 1014cm" and an 

acceleration energy of 75 keV. After preheating at 650°C, 

the base, collector, and cap layers were regrown on the all 

areas which include Fe+-implanted and unimplanted layers. 

The Ti/Pt/Au collector electrode was formed and used as a 
mask when reactive-ion etching performed with ClJAi 

mixed gas-plasma excited in an electron-cyclotron-resonance 

reactor was used to define the collector-mesa. The InGaAs 

layer was also wet-etched to form an undercut area around the 

collector-mesa. The total etching depth measured with a 

stylus-contact-type profiler was approximately 520 nm. 

The Pt/Ti/Pt/Au base ohmic metal was evaporated onto 
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an area including the entire collector-mesa. Owing to the 

undercut region, the base ohmic contact was self-aligned to 

the collector with a base-metal overlaid structure [9]. B/E 

mesa-etching was then performed using a wet-etching 

system selective for InGaAs and InP layers, and the 

Ti/Pt/Au emitter electrode was formed. After deep isolation 

mesa-etching and polyimide film passivation, the processing 

was completed with Ti/Pt/Au interconnect metallization. 

TABLE IE. Layer structure for the C-up HBT. 

Layer Material Doping Thickness 

(cm3) (nm) 

C-Cap nMnGaAs Si:3xl0" 120 

Collector un-InGaAs undoped 400 

Base pMnGaAs Zn:2xl0" 80 

Spacer un-InGaAs undoped 5 

Emitter N-InP Si:3xl017 50 

Sub-E N+-InP Si:2xl0" 10 

nMnGaAs Si:5xl018 400 

Buffer un-InP undoped 100 

C-up HBT with a2(im x 2 (j.m collector. This transistor 

exhibits a high Jc, more than 1 x 105 A/cm2, without 

decrease in current gain. In addition, a high Jc was attained 

even in transistors with an E/B junction smaller than 1 |i.m 

x 1 p.m. These results confirm that the undesirable excess 

base current associated with the extrinsic E/B junction is 

sufficiently suppressed by the combination of the 

Fe+-implantation and subsequent high-temperature annealing 

(regrowth). 

Fig. 4. Common-emitter I-V characteristics for an 

InP/InGaAs C-up HBT with a 2 um X 5 um collector. 

un-InGaAs Collector 

rUnP Emitter p+-InGaAs Base 

Regrowth [   ^ 

.N+:fcP 
n+-lnGaAs 

S.I. InP substrate 

Fe+-lmplanted 

Fig. 3. The C-up HBT fabricated by self-aligned processing. 

3. DC and RF Characteristics of C-up HBTs 

Figure 4 shows typical common-emitter I-V 

characteristics for InP/InGaAs C-up HBTs with a 2 um x 5 

p.m collector. The maximum current gain was 8 at a 

collector current density Jc of about 4.5 x 104 A/cm2. This 

figure also shows the small offset voltage due to the area of 

the E/B junction in a C-up HBT being the same as the area 

of the B/C junction. 

Gummel-plots (Jc and base current density JB as a 

function of E/B voltage VBE ) are shown in Fig. 5 for a 
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Fig. 5. Gummel-plots for a C-up HBT with a 2 urn X 2 Um 

collector. 

Microwave C-up HBTs with a 2 p.m x 10 pm collector 

were characterized by S-parameters measured on a wafer. A 

cutoff frequency fT and a maximum oscillation frequency 

fm„ were estimated from the frequency dependencies of 

typical current gain and Mason's unilateral gain. Figures 6 

and 7 show fT and f^, as functions of Lj and VCE. We 

obtained a peak fT of 21 GHz and a peak fmix of 33 GHz. 

The CBC value at a VCE of 1 V was estimated to be about 4.0 

fF from the imaginary part of the Y12 parameter in the 

low-frequency range.   This value is very small due to the 



C-up configuration. 
Theses are the   first high-frequency characteristics 

reported for InP/InGaAs C-up HBTs. Further improvement 

of collector-mesa etching and epitaxial regrowth technique 

will lead to even better high-frequency performance. 
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Fig. 6. fT and fm„ as a function of Ic for a C-up HBT with a2 urn 

X 10 urn collector. 
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Fig. 7. fT and f„„ as a function of Vffi for a C-up HBT with a 2 

um x 10 um collector. 

4. Summary 

We described small InP/InGaAs C-up HBTs with 

epitaxial base and collector layers regrown onto the emitter 

layer and with a structure made by using self-aligned 

fabrication processing. Fe+-implantation was used for 

forming a highly resistive barrier to suppress undesirable 

excess current from an n+-InGaAs emitter contact layer to a 

p+-InGaAs base layer in the extrinsic region. This high 

resistivity of the Fe+-implanted InP layer allows Jc to be 

greater than 1 x 105 A/cm2 even for small-scale C-up HBTs. 

For a microwave transistor with a 2 [im x  10 |im 

collector, fT was 21 GHz and f™, was 33 GHz. 
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Abstract 

We report on the integration of AIInAs/InGaAs HEMT and HBT on a single wafer by a single 
epitaxial growth sequence. The AIInAs/InGaAs emitter-base interface of the HBT is engineered to 
provide a pulse-doped HEMT structure. Both the HEMT and HBT characteristics are demonstrated 
successfully. Preliminary microwave measurements indicate both /T and /max are more than 20 GHz for 
integrated HEMTs with 1-jjm gatelength. This is the first demonstration of integrated HBT and HEMT 
operation on the same wafer without multiple regrowth sequences. 

Introduction 

Both compound semiconductor HEMT 
and HBT technologies have demonstrated 
excellent device cutoff frequency and record- 
setting circuit performance. For many 
applications, it would be desirable to integrate 
these two devices on the same wafer to fully 
utilize the characteristics of both technologies. 
Similar to the silicon BiCMOS process, it is 
desirable to use HEMTs for the high impedance, 
low noise, and low power consumption circuitry 
and to use HBTs for high speed and current 
driving circuits. In past, the integration were 
demonstrated by multiple etch-and-regrowth 
processes which produced non-planar structures 
[1]. Because of the fine gate-level lithography 
of high speed HEMTs, a planar structure is 
preferred for high yield fabrication process. 
Previously, modulation-doped emitter or two- 
dimensional electron gas emitter have been 
proposed primarily to lower the collector offset 
voltage of HBTs with an abrupt emitter 
heterojunction without demonstrating functional 
HEMT devices[2,3]. In this paper, we further 
engineer the emitter-base heterojunction to 
realize the integrated HEMT structure. 

Layer Structure and Fabrication Process 

The device structure shown in Figure 1 
was grown by solid source MBE on semi- 
insulating   InP   substrate   in   the   following 

sequence: 400 nm n -InGaAs (sub-collector), 
500 nm n -AlInAs (collector), 20 nm n - 
InGaAs set-back layer, 100 nm p -InGaAs 
(base), 50 nm n" -InGaAs (spacer for HBT and 
2DEG for HEMT), 30 nm n" -AlInAs (emitter 
for HBT and spacer for HEMT), 7 nm n+ - 
AlInAs (emitter for HBT and supply layer for 
HEMT), 30 nm n"-AlInAs (emitter for HBT and 
wide-gap barrier layer for HEMT), and 40 nm 
n+ -InGaAs (contact layer). The 50 nm-thick 
InGaAs setback layer between the emitter and 
base is necessary to generate 2DEG for HEMTs. 

 HBT    HEMT 

40 nm     n+ - InGaAs 

30 nm     n" - AlInAs    emitter 

50 nm    n" - InGaAs 2DEG 

100 nm   p+ - InGaAs  base 

20nm    n" -InGaAs 

500 nm   n' - AlInAs   collector 

400 nm    n+ -InGaAs 

Fe-doped semi-insulating InP substrate 

Figure 1. Layer structure grown by MBE 
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Figure 2. Integrated AlInAs/InGaAs HEMT/HBT heterostructure on InP substrate with a single MBE 
growth sequence. 

The HEMTs and HBTs were then 
fabricated with contact lithography and wet- 
etching process as shown in Figure 1. The 
electrical isolation between devices was 
achieved by shallow implant to isolate HEMTs 
and by using deep etched trenches to isolate 
HBTs. 

Device Characteristics 

The room-temperature common emitter 
I-V characteristics of HBT with 40 x 80 pm2 

emitter area is depicted in Figure 2. A current 
gain of 75 is obtained at higher collector current 
density, while the gain of 9 is obtained at a 
collector current density as low as 1 A/cm 
(Figure 3). The drain dc current-voltage 
characteristics of a 1 x 50 pm2 HEMT is shown 
in Figure 4. A threshold voltage of -0.25 volts is 
obtained. Figure 5 shows a peak trans- 
conductance of 250 mS/mm is achieved. 
Because both the gate and the bonding pad for 
HEMTs are laid on top of the highly doped base 
layer, the drain breakdown voltage of HEMT is 
degraded. Nevertheless, the preliminary small 
signal s-parameter measurement shows a current 

gain cut-off frequency (fT ) of 20 GHz as well as 
a maximum oscillation frequency of 21 GHz. 

Summary 

In summary, a compact integrated 
AlInAs/InGaAs HEMT/HBT structure is 
demonstrated for the first time with a one-step 
MBE growth. The HEMTs with one-micrometer 
gate length show excellent microwave 
performance under low dc bias. This compact 
structure will simplify the processing steps of 
low-power mix-mode circuits and OEICs 
significantly. 
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Fig. 3  Common collector I-V characteristics of 
an integrated HBT with AE=40X80|xm2. 

Fig. 5 Common source I-V characteristics of an 
integrated HEMT with 1 pm X 50 Mm 
gate geometry. 
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Fig. 4 Large signal current gain of integrated 
HBT.The current gain is 75 at Jc= 
lkA/cm2 and 9 at Jc = lA/cm2 with 
VCE=2V. 

Fig. 6 Common source transconductance of 
integrated HEMT measured at VDS = 
0.5, 1, and 1.5 V, respectively. The peak 
gm is 250 mS/mm. 
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Figure 7 Microwave small signal characteristics of a 1 X 50 yua2 integrated HEMT measured from 1 to 
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We have developed InGaAs/InP quantum wires and quantum dots with lateral extensions below 20 nm by 
high resolution electron beam lithography and wet chemical etching. In contrast to dry etched structures the 

wet etched wires and dots are found to be virtually free of significant optically inactive ("dead") sidewall 
layers. Time resolved measurements yield rather long lifetimes of about 500 ps for 20 nm wide deep etched 
wires. The luminescence of the wires and dots shows a strong shift to higher energy as well as features due 
to transitions between up to four lateral subbands when the characteristic widths is reduced below 50 nm. 
Due to the absence of optically inactive sidewall layers the size variation of the emission energy can be 

modeled quantitatively based on the measured widths of the nanostructures. 

Introduction 

Quasi-one-dimensional and quasi zero dimensional 
semiconductor heterostructures are subjects of 
intense research both because of the opportunities for 
studying new phenomena in solid state physics and 
also for possible device applications [1-2]. Due to 
the reduction of the degrees of freedom for electrons 
and holes compared to two - dimensional quantum 
wells, quantum wire and quantum dot structures are 
expected to show a dimensionality dependence of the 
density of states versus energy, an increase of the 
band gap, the formation of a lateral subband 
structure, an increase of the exciton binding energy, 
modifications of the energy relaxation and 
recombination probabilities etc.. 
In initial studies of the optical properties of wires 
and dots the lateral nanostructures have been 
obtained mainly by ion based processes including 
dry etching and implantation induced intermixing 
[3,4] Due to the use of ions for the patterning, these 
wires and dots generally contain a large number of 
defects. This degrades the quantum efficiencies and 
results in significant problems for a modelling of the 
physical properties of the structures. For example, in 
studies of lateral quantization effects in dry etched 
InGaAs/InP wires a so called "dead layer" with a 
widths of about 20 nm had to be assumed in order to 
correlate the lateral dimensions and the observed 
quantization effects [5]. More recently, techniques 
which avoid any process induced damage of the 
structures have been developed. These include the 
growth of wires into v - grooves [6], on masked 
substrates [7] or via self organization phenomena on 
high index surfaces [8] and the fabrication of dot 
structures by three dimensional growth in molecular 
beam epitaxy [9] and metal organic vapour phase 
epitaxy [10]. The advantages of these approaches 
include the formation of buried structures with high 
quantum efficiencies, the lack of process induced 

defects etc.. A certain drawback, however, is the 
limited ability of these techniques to vary the size 
and shape of the patterns. Furthermore a 
determination of the geometry and the composition 
of the structures is often very difficult. 

The talk discusses cw and time resolved studies on 
InGaAs/InP quantum wires with width down to 10 
nm and dots with diameters down to 16 nm. The 
nanostructures have been obtained by high resolution 
electron beam lithography and wet chemical etching. 
In the smallest structures the emission energy is 
increased by about 90 meV due to the lateral 
confinement. For high optical excitation several 
lateral subbands are observed which vary 
consistently with the wire widths. 

Wet etching based patterning technology 

The quantum wire and dot structures discussed here 
have been fabricated from high quality InGaAs/InP 
single quantum wells (thickness 5nm) grown by gas 
source molecular beam epitaxy. The wafer was 
cleaved into pieces with typical dimensions of 4 x 4 
mm2 . The pieces were spin coated by a 100 nm 
thick layer of the positive tone electron beam resist 
polymethylmetacrylate (PMMA), Wire and dot etch 
masks with a constant pattern size were defined in 
arrays with a typical extension of 50 x 50 /un2 . 
After the development, Au etch masks with a 
thickness of about 10 nm were obtained by a lift off 
step. The change from the resist mask to a metal 
mask is necessary because the resist mask does not 
protect the samples from the wet chemical etchant 
and due to the tone of the resist. 

The InGaAs/InP nanostructures were obtained by 
etching with a HBnCI^COOHrK^C^Oy solution 
and water . As shown in fig. 1, the etchant removes 
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InP and InGaAs with similar rates (of about 2 
nm/min) for a specific K2Cr2Ü7 - content. 
Furthermore the etchant provides smooth surfaces in 
the etched areas. After the etching of the 
semiconductor the masks were removed by a 
solution of KI:l2:H20. Further details of the 
fabrication process have been published elsewhere 
[11,12]. 
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Fig. 1: Selectivity between InGaAs and InP for an etchant 
based on HBnCH^COOH^C^Oy for varying 
I^C^Oy - content. 

A variety of samples with about ten arrays with 
wires and dots of different widths were produced. 
The arrays are separated by typically 200 ^m from 
ch other in order to avoid the simultaneous 
excitation of several fields by the laser focus 
(diameter between 40 fim and 100 yxa, for Ar and 
Titanium : Sapphire laser, respectively). For the 
optical studies the samples were mounted in a 
variable temperature He dewar. The emission was 
dispersed by a 25 cm monochromator. For the cw 
experiments a Ge - detector interfaced with a lock in 
amplifier was used. The time resolved studies were 
performed using sub ps excitation pulses from a 
mode locked Ti:Al2Ü3 laser. Sum frequency 
photons of the laser pulse and the emission were 
detected by a CCD camera. The overall time 
resolution of the set up is about 0.3 ps. 

In order to analyse the influence of the etched 
sidewalls on the recombination time constants in the 
structures we have investigated the dependence of 
the electron hole pair lifetime as a function of the 
wire widths. Fig. 2 displays the variation of the 
lifetime in the wet etched wires at a temperature of 
40 K. In going from quasi two dimensional 
structures to wire widths of about 20 nm the lifetime 
is reduced from approximately 2 ns to 500 ps. 

Wire Width  L,  [nm] 

Fig. 2 Wire width dependence of the excitonic lifetime in 
InGaAs/InP wires defined by wet etching (T = 40 K). 

The reduction of the lifetime, which is due to 
nonradiative recombination at the sidewalls, is 
remarkably small. This is due to the rather small 
sidewall recombination velocity and due to the 
absence of dry etch induced defects. The wire widths 
dependence of the lifetime is particularly strong 
below 50 nm. This indicates that diffusion of 
electron - hole (e-h) pairs with a typical diffusion 
length on the order of 1 /xm is not driving the e-h 
pairs to the surface. As can be shown by calculations 
of the probability to find e-h pairs within a few nm 
of the surface, die decrease of the time constant is 
mainly controlled by the extension of the wave 
function of the carriers into a thin surface layer [13]. 

Luminescence study of lateral quantization effects 
in wet etched InGaAs/InP wires and dots 

We have fabricated InGaAs/InP quantum wires with 
widths down to 8 nm, and quantum dots with 
diameters down to 16 nm. Luminescence spectra of 
the wire and dot samples at low and high excitation 
intensity display clear lateral confinement effects. 
From the increase of the full width at half maximum 
(FWHM) of the emission line with decreasing 
feature size (low excitation power data), we estimate 
a typical value of the size fluctuations in our 
structures on the order of +/- 2-3 nm. 

If the optical excitation intensity is increased the 
phase space for carriers at the subband edges can be 
filled completely. This state filling due to the Pauli 
principle may be used to observe the emission of 
carriers in higher lateral subbands in the wire and 
dot structures. 
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Fig. 3 shows high excitation luminescence spectra 
recorded at an excitation power of 10 kW/cm2 on 
wires with widths between 45 nm and 10 nm. In 
addition to the shift of the lowest transitions to 
higher energy, we observe an increase of the 
energetic positions of all spectral features at high 
energy when the wire width is decreased. 

0.90 0.95 1.00 1.05 
energy  [eV] 

1.10 

Fig. 3 Luminescence spectra of InGaAs/InP quantum 
wire arrays with different widths ( T= 2 K). The spectra 
have been recorded at excitation intensities of 10 kW/cm2 

in order to populate several lateral subbands. 

Fig. 4 displays high excitation experiments of 
quantum dot arrays with dot diameters between 47 
nm and 16nm in comparison with data from a two 
dimensional mesa structure.With decreasing dot 
diameter the low energy edge of the emission shifts 
by up to 90 meV to higher energy. In addition we 
observe for dot sizes between 47 nm and 25 nm 
shoulders on the high energy side of the emission 
bands. With decreasing diameter, these shoulders 
shift rather fast to higher energy and the energetic 
distance to the ground state transitions (lowest peaks 
in Fig. 4) increases. This behaviour is expected for 
higher state transitions. 
We would like to point out that the spectra of the 
InGaAs/InP dots show no sharp features as expected 
for optical transitions in fully confined systems. This 
is in part certainly due to dot size inhomogeneities in 
the arrays. However, part of the broadening may 
also be due to temporal fluctuations in the interaction 
of carrier pairs in the dots with e - h pairs in the 
lateral barriers. 
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Fig. 4  Luminescence spectra of InGaAs/InP quantum dot 
arrays with different dot diameters (T = 30 K). 

Furthermore it is noteworthy, that figs 3 and 4 
display spectral features only below approximately 
1.05 eV. This effect is most likely a consequence of 
the finite height of the energy discontinuity in the 
conduction band of the InGaAs/InP quantum well of 
about 200 meV. Because the vertical and lateral 
quantization energies in the valence band are small 
(about 50 meV), an energy of 1.05 eV in figs. 3 and 
4 corresponds to the recombination of electrons close 
to the barrier band gap. Larger lateral quantization 
energies, which may arise for higher subbands or 
narrower structures, result therefore in electronic 
states which are degenerate with the continuum of 
the conduction band in the InP barrier. Because these 
states are not confined in the InGaAs wires and dots 
the transition matrix element with hole states (which 
are confined to the wires or dots) is small compared 
to the case when both, electrons and holes are 
confined. 

Fig. 5 shows the wire widths dependence of the 
transition energies in InGaAs/InP structures with 
widths between 63 nm and 8 nm. We observe a 
consistent increase of the different transitions for 
decreasing wire widths. The solid, dashed, dashed 
dotted, and dotted lines have been calculated using a 
very simple model. 
In the calculation the vertical and the lateral 
quantization effects are treated as separable. This is 
certainly justified for large wire widths, but becomes 
inaccurate for narrow wires where lateral and 
vertical  quantization  effects  are  comparable.  We 



assume that a square potential well with an energy 
discontinuity of the order of the electron affinity 
(about 5 eV) is formed in the conduction and valence 
band of the structures. For the electron and holes in 
the InGaAs effective masses of 0.047 and 0.32 have 
been used. The different lines describe the wire 
widths dependence of the different spectral features 
rather well. By comparison with the model 
calculation we identify the lowest transition with the 
ell"nll transition, wheras the second, third and 
forth transition are denoted as eyi ' n12» e13 " "13 
and e^4 - hi4 transitions respectively. Here the first 
quantum number describes the vertical quantization 
in the InGaAs quantum well. Due to the particular 
thickness of the InGaAs layer (5 nm) all transitions 
occur between the lowest conduction and valence 
band state in the two dimensional structure. 
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Fig. 5 Wire widths dependence of the transition energies 
of four subbands in InGaAs/InP wires. 

The experimental data agrees well with the 
calculation taking into account the measured widths 
of the wires [14]. For the energy dependence of the 
eigenstates in the etched dots a similarly good 
agreement can be obtained. This implies that the 
present wet etched structures contain no significant 
optically inactive ("dead") layers. This is different to 
studies of dry etched structures in InGaAs/InP and 
GaAs/AlGaAs, where dead layers with thicknesses 
of about 20 nm and 50 nm have been reported [5]. If 
a dead layer would be present in the wet etched 
wire, for example, the SEM measured wire widths 
would have to be reduced by twice the dead layer 
thickness in order to determine the widths of the 
optically active part of the structures. Due to the 

good agreement of the wire width variation of the 
transition energies in experiment and calculation 
based on the SEM measured widths of the structures 
we conclude that the extension of the dead layers in 
the wet etched structures is at most comparable to 
the uncertainties in the wire width determination 
(+/-2-3nm). 
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Introduction 
The open-tube technique1-2) is expected 

to provide more precise and reproducible control 
of Zn diffusion parameters than the sealed- 
ampule technique. In a recent study,3) high 
uniformity of hole concentration and diffusion 
depth in two-inch wafers was obtained by the 
open-tube Zn-diffusion technique. Moreover, 
this technique achieved a high hole concentration 
and low ohomic contact resistance. However, 
the crystal quality in Zn-diffused materials 
fabricated by this open-tube technique has not yet 
been examined. 

In this paper, we evaluate, for the first 
time, the crystal quality of a Zn-diffused thick 
In0.76Gao.24Aso.55Po.45/InP structure 
created by the open-tube technique. We also 
investigate the intermixing at the heterointerface 
of the Zn diffused Ino.47Gao.53As/InP 
multiple quantum wells (MQW) structure. 

Experiment 
Open-tube Zn diffusion was performed at 

40 Torr and 400°C using a conventional 
metalorganic vapor phase epitaxy (MOVPE) 
machine. The sample was put on a quartz 
plate (size: 3 inch diameter) in a cold- 
walled horizontal reactor. Dimethylzinc 
(DMZn) and phosphine (PH3) gases were used 
as diffusion sources in a hydrogen (H2) 
atmosphere. The sample surface was 
continually exposed to the H2 and PH3, 
and the DMZn  was  introduced  into  the 

reactor when  the diffusion  temperature 
was reached. After diffusion, the DMZn 
and     the     heater     were     turned     off 
simultaneously4-5).       Sealed-ampule   Zn 
diffusion was performed at 550°C in evacuated 
sealed quartz tubes using zinc-arsenide (Zn3P2) 
powder as the diffusion source. Initially, each 
sample was chemically etched for 1  min 
in      sulfuric      acid.       Undoped      InP, 

Ino.76Gao.24Aso.55Po.45  (Ä-PL:   1.3   |lm, 
lattice-matched   to   the   InP   substrate), 
and  Ino.47Gao.53As   (lattice-matched   to 
the InP substrate) epi-layers with n-type 
carrier      concentrations      of      6xl014, 
2xl015, and 8xl014 cnr3 were used for 
both Zn-diffusion techniques.  Hole and 
Zn concentration profiles  were obtained 
by C-V etch profiling and secondary ion 
mass spectroscopy (SIMS) 

Results and discussion 
Figure 1 shows cross-sectional 

transmission electron microscopy images of 
samples obtained by the sealed-ampule technique 
(a) and the open-tube technique (b). With the 
sealed ampoule technique, after Zn diffusion, 
many dislocations arise and 
Ino.76Gao.24Aso.55Po.45/InP structure was 
heavily damaged. Zn and hole concentrations in 
InP layer were about 1019 and 1018 cm"3, 
respectively. Although, a high Zn concentration 
was obtained, most Zn atoms were unionized 
and located at the interstitial site6). In previous 

664 



studies, similar results have been reported7-8). At 
high Zn concentration, Zn diffusion induces 
mixing of the In-Ga, with little diffusion of the 
As-P between the InGaAsP/inP 
heterointerface. This interdiffusion causes tensile 
stress in the Ga-mixed InP layer and 
compressive stress in the In-mixed InGaAsP 
layer. Therefore, intermixing-induced stress is 
accumulated, and generate dislocations7). On the 
other hand, the open-tube technique produces no 
dislocations or defects. Moreover, with the 
open-tube technique, the Zn and hole 
concentrations in InP layer are about 1 x 1018 

cm"3 , and most Zn atoms are ionized, and 
located at substitutional sites. These results 
suggest that In-Ga interdiffusion does not occur 
in the open-tube Zn diffusion technique. 

In order to evaluate In-Ga interdiffusion 
at the hetrointerface, we investigate the 
photoluminescence spectra of Zn-diffused 
layers. Figure 2 shows the PL spectra of 
Ino.76Gao.24Aso.55Po.45 layers in Figs. 
1(a) and (b). With the sealed-ampoule 
technique, the PL intensity was drastically 
decreased after Zn diffusion. Moreover, another 
PL peak appeared in the long-wavelength region. 
The drastic decrease in PL intensity is considered 
to be due to the defects and dislocations in Fig. 
1(a). The other peak in the long wavelength is 
also considered to be due to the In diffusion 
from the InP to the 

Ino.76Gao.24Aso.55Po.45 !ayer at the 
Ino.76Gao.24Aso.55Po.45/InP hetrointerface. 
On the other hand, in the open-tube Zn 
diffusion, PL intensity was just slightly 
decreased after Zn diffusion. Moreover, a 
second PL peak was not observed in the long 
wavelength region. These results suggest that In- 
Ga interdiffusion does not occur in the open-tube 
Zn diffusion technique. 

In    order    to    confirm    that    such 
interdiffusion   does   not   occur   at   the 

hetrointerface, we investigate Zn diffusion into 
unstrained InGaAs/InP MQW. Figure 3 shows 
SIMS profiles of Zn, In, and Ga. The 
thicknesses of the Ino.47Gao.53As and InP 
layers are 7 and 15 nm, respectively. The 
number of wells is 15. Quantization of the 
sample profile was accomplished by analyzing a 
Zn-doped     Ino.47Gao.53As standard 
sample. Note that in Fig. 3, Zn, In, and Ga 
concentration are modulated and change 
drastically, moreover there is no intermixing of 
In and Ga at the interface between wells and 
barriers, even for very thin regions. The Zn 
oscillation observed in the MQWs is due to the 
difference in solubility of the Ino.47Gao.53As 
and InP layers3-9). In a previous study7'8), the 
Ino.47Gao.53As well layers and the InP 
barrier layers are mixed by Zn diffusion in the 
sealed-ampoule technique8), on the other hand, 
our results indicate that in the open-tube 
technique Ino.47Gao.53As well layers and 
the InP barrier layers are not mixed due to Zn 
diffusion, even for very thin layers. 

Conclusion 
In summary, we have investigated crystal 

quality after Zn diffusion by the open-tube 
technique in MOVPE, for the first time. Unlike 
the sealed-ampoule technique, crystal quality in 
Ino.76Gao.24Aso.55Po.45 /InP structure is 
not degraded by Zn diffusion when using the 
open-tube technique. In the sealed-ampoule 
technique, many dislocations and defects arise 
after Zn diffusion, and a second peak    of 

Ino.76Gao.24Aso.55Po.45 in the long 
wavelength region appears. On the other hand, in 
the open-tube technique, dislocations and defects 
were not observed, and the second PL peak was 
not observed, even after Zn diffusion. Moreover, 
intermixing of In and Ga at the hetrointerface 
between Ino.47Gao.53As well layers and InP 
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barrier layers did not occur, even for very thin 
layers. 
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Figure 1. Cross-sectional TEM images taken 
after Zn diffusion by (a) the sealed-ampule 
technique and (b) the open-tube technique. 
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Introduction 

InP/In053Ga,)47As heterojunction bipolar transistors (HBTs) for high-frequency applications impose 
stringent requirements on the ohmic contact to the thin (< 100 nm) p-In05,Ga047As base layer. If 
high current gain is required, for instance in low-noise front-end applications, it is favorable to 
limit the base layer doping to values < 1 * 1019 cm"3, while the contact resistivity should be < 1 * 10"6 

Qcm2. Usually, nonalloyed metallizations do not yield sufficiently low contact resistivity in the 
relevant doping range, whereas alloyed systems suffer from inherent problems with nonplanar 
interfaces and comparably deep penetration of contact components. Alternatively, low-ohmic 
contacts on p-In^Ga^As doped below 1 * 1019 cm"3 can be fabricated by implantation of p-dopant 
into nonalloyed metallizations. We have recently demonstrated the feasibility of this concept in 
case of Zn or Cd implanted Pd/Ge contacts on p-In0 „Ga^As [ 1 ] and show now that Pd/Au-based 
contacts are even more suitable for this purpose. A comparative study of both systems, e.g. Pd/Ge 
and Pd/Au/LaB6/Au, is presented. 

Experimental procedure 

For the investigation of contact resistivity pc, epitaxial 
In053Ga,)47As layers, Zn-doped to 2-3* 1018 cm"3 and 0.5 pm 
thick, were grown on semi-insulating InP(OOl) by metal-or- 
ganic chemical vapor deposition. For backside secondary ion 
mass spectroscopy (SIMS) measurements, samples con- 
tained quaternary marker layers for depth calibration. These 
InnfiGa,)4As„SfiPn l4 markers, 8 nm thick, are inserted equi- 
distantly into the In^jGa^As layer, which is Zn-doped to 
1*1018 cm"3. The marker distance is 50 nm with the first 
marker located 130 nm below the surface. 

The contact resistivity was determined by using the 
transmission line model (TLM). Test structures were pre- 
pared employing a standard lift-off process. Immediately 
before loading into the vacuum chamber, samples were 
treated with diluted HF (1%) for 15 s to remove the native 
oxide, rinsed in deionised water for 45 s and dried in flowing 
nitrogen. Contact deposition started with the evaporation of 
20 nm Pd at a base pressure <5* 10s mbar. After this, Zn was 
implanted with an energy of 5 or 25 keV and a dose of 
1*1015 cm"2. This results in dopant location close to the semi- 
conductor, while radiation damage tailing into the 
In053Ga,)47As layer is kept to a minimum. Theoretical calcu- 
lations (TRIM [2]) of the concentration of displaced host 
atoms and implanted ions show that radiation damage drops 
to a level of l*101!t cm"3 at a depth of approximately 25 nm 
inside the semiconductor for an implant energy of 25 keV. 

However, no radiation damage tailing into the semiconduc- 
tor is expected for an implantation energy of 5 keV. After 
the implantation, the deposition process was finished by 
evaporating 40 nm Pd and 200 nm Ge or 10 nm Au, 100 nm 
LaB6, and 100 nm Au. The growth of LaB6 has been inter- 
rupted at a thickness of 50 nm for oxygen flooding to in- 
crease its stability against Au diffusion [3]. Contact forma- 
tion was performed by rapid thermal annealing under flow- 
ing nitrogen for 30 s. 

Samples for SIMS investigations were prepared 
analogously to the TLM structures regarding evaporation, 
implantation, and annealing. After that, they were waxed 
contact side down on dummy pieces of GaAs, mechanically 
thinned to a thickness of approximately 150 urn, and etched 
selectively down to the Inll33Gal)47As layer in HC1:H3P04, 
1:1. SIMS measurements were performed in a CAMECA 
ims 4f system using a 5.5 keV Cs+ ion beam at 42° inci- 
dence. MCs+ ions (M stands for the analyzed element, for 
example As, Pd, etc.) were analyzed to minimize the influ- 
ence of matrix effects, except for Au where the high mass of 
the metal-Cs cluster exceeds the separation range of the 
apparatus. 

Results and discussion 

In Fig. 1, the contact resistivity of implanted Pd/Ge and 
Pd/Au/LaB,/Au contacts is displayed in dependence on the 
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Fig. 1     Contact resistivity pc versus annealing temperature Ta of Zn-implanted Pd/Ge (a) and Pd/Au/LaB6/Au (b) contacts 
on In^Ga^As (p = 2-3*1018 cm'3) for different implantation conditions. 

annealing temperature and for different implantation ener- 
gies. For comparison, the contact resistivity of analogously 
treated but unimplanted reference samples is also given. The 
current-voltage characteristics of unimplanted contacts are 
nonlinear as expected for doping concentrations < 1*1019 

cm"3 in case of p-In()53Ga()47As [4,5]. Thus the corresponding 
pc values were calculated from the differential resistance at 
zero voltage. The lowest value is 8* 10"5 Qcm2 for 
Pd/Au/LaB6/Au contacts annealed at 300 °C. Both implanted 
and unimplanted Pd/Ge contacts are difficult to evaluate for 
annealing temperatures <400 CC, probably due to the pres- 
ence of unreacted Ge. Contact morphology starts to deterio- 
rate at temperatures >550 °C and >500 °C for Pd/Ge and 
Pd/Au/LaB6/Au contacts, respectively. 

Contact implantation with 25 keV results in the 
occurrence of a thin, highly resistive layer beneath the con- 
tact caused by radiation damage tails, which leads to non- 

ohmic behavior for low annealing temperatures. This is 
particularly evident in case of Pd/Au/LaB6/Au contacts, 
where pc is approximately two orders of magnitude higher 
than for the unimplanted reference contacts at annealing 
temperatures up to 300 °C. Further increase of the annealing 
temperature results in substantial decrease of pc for both 
metallizations. Pd/Ge contacts reach a minimal resistivity of 
1*10"5 Qcm2 after annealing at 550 °C. This value is more 
than two orders of magnitude lower than for the reference 
contact. Even lower pc is found in case of Pd/Au/LaB6/Au 
contacts, where a sharp transition to ohmic behavior occurs 
between 300 and 325 °C. The minimal resistivity is 1-2*10"6 

Qcm2 at temperatures of 400-450 °C. 
Lowering the implantation energy to 5 keV leads to 

quite different behavior for both metallizations. Pd/Ge con- 
tacts reveal strong lateral nonuniformity of pt with the aver- 
age value being only slightly lower than for the reference 
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Fig. 2 SIMS spectra of Pd/Ge contacts Zn-implanted with 25 keV and annealed at 550 °C (a) and Pd/Au/LaB6/Au 
contacts Zn-implanted with 5 keV and annealed at 425 °C (b). Inside the semiconductor region sputter time values 
correspond to depth in nm. 
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contacts. On the other hand, for temperatures >300 °C the 
Pd/Au/LaB6/Au contact shows only minor dependence on 
the implantation energy. The resistivity is slightly lower 
reaching a minimal value of 7* 10"7 Qcm2 at 425 °C. At 
temperatures below 325 °C, the resistivity is comparable 
with that of unimplanted contacts indicating the absence of 
radiation damage tailing into the semiconductor. 

The interface of contacts annealed at conditions for 
minimal pt has been characterized by backside SIMS. In 
Fig. 2, linear SIMS plots are shown, from which the position 
of the metallurgical contact interface can be extracted. Its 
location is related to SIMS signal decay to half of maximum. 
Inside the semiconductor region, sputter time values corre- 
spond to depth in nm as calculated from the known distances 
of the quaternary marker layers. 

The SIMS spectrum of a Pd/Ge contact implanted 
with 25 keV and annealed at 550 °C is shown in Fig. 2(a). 
The spectrum is representative for annealing temperatures 
>400 °C. The most striking feature is the redistribution of 
implanted Zn toward the contact interface. The position of 
the contact interface has not shifted into the semiconductor 
within the resolution limit of the measurement as inferred 
from the As and Ge depth distribution. 

Pd/Au/LaB6/Au contacts also exhibit redistribution 
of implanted Zn into the semiconductor. This is evident from 
Fig. 2(b), which shows the SIMS plot of a contact implanted 
with 5 keV and annealed at 425 °C. In contrast to Pd/Ge, the 
contact interface shifts significantly into the semiconductor 
and appears now at a depth of approximately 45 nm as deter- 
mined from the Pd depth distribution. 

To evaluate the indiffusion of contact species be- 
yond the contact interface into the semiconductor, semi- 
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logarithmic plots of the SIMS spectra discussed above are 
given in Fig. 3. Based on implanted calibration samples, ion 
intensity corresponds to concentration in cm"3 inside the 
semiconductor. In and Ga concentration is normalized to its 
theoretical value inside In053Gall47As. The diffusion depth is 
set to concentration decay to the resolution limit of the SIMS 
measurement. 

The diffusion depth of Pd/Ge contacts annealed at 
550 °C is almost 100 nm as shown in Fig. 3(a). Except for a 
slight broadening, the shape of the Zn distribution does not 
vary, when the annealing temperature is raised from 400 to 
550 °C. In contrast, Pd and Ge indiffusion is much less pro- 
nounced at 400 °C. Pd/Au/LaBr/Au contacts implanted with 
5 keV and annealed at 425 °C exhibit a diffusion depth of 
nearly 150 nm (Fig. 3(b)). However, this value is as low as 
60 nm for a temperature of 375 °C, which is already suffi- 
cient to yield a low pc of 1-2* 10"6 Qcm2. 

The properties of implanted Pd/Au/LaB6/Au con- 
tacts can be understood in terms of consumption of damaged 
In,,53Ga,)47As during contact formation as well as local dop- 
ing by indiffused Zn. The transition to ohmic behavior in 
contacts implanted with 25 keV occurs at temperatures of 
300-325 °C, when the contact has penetrated 25-30 nm into 
the semiconductor. This value fits well the extension of the 
damaged layer estimated by our TRIM calculations. Conse- 
quently, pc is only weakly dependent on implantation energy 
for temperatures >300 °C. In this temperature range, im- 
planted Pd/Au/LaB6/Au contacts apparently behave like 
conventional Pd/Au/Zn-based metallizations. For the latter it 
is assumed that Pd and Au dissolute a significant amount of 
Group-Ill atoms during annealing by that creating the vacan- 
cies necessary for incorporation of indiffused Zn on sites in 
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Fig. 3 SIMS spectra from Fig. 2 of Pd/Ge contacts Zn-implanted with 25 keV and annealed at 550 °C (a) and 
Pd/Au/LaB6/Au contacts implanted with 5 keV and annealed at 425 °C (b). Inside the semiconductor region ion 
intensity values correspond to concentration in cm'3. 
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the Group-Ill sublattice [6,7]. Indeed, high uptake of In and 
Ga by the reacted layer is observed in contrast to Pd/Ge (Fig. 
3). Thus, the observed resistivity lowering may be attributed 
to the creation of a highly doped layer beneath the contact. 
Since the Zn distribution in Pd/Ge contacts annealed be- 
tween 400 and 550 °C does not change essentially, the pc 

decrease in this temperature range may be attributed to in- 
creasing Zn incorporation on Group-III sublattice sites com- 
bined with progressive annealing of implantation damage. In 
contrast to Pd/Au/LaB6/Au, radiation defects providing the 
required vacancies seem to be the key for pc lowering in this 
contact scheme since contacts implanted with 5 keV do not 
show ohmic behavior, although the Zn distribution is almost 
identical with that of contacts implanted with 25 keV. On the 
other hand, the compensating effect of residual defects pos- 
sibly prevents such low resistivities as in case of 
Pd/Au/LaIL/Au contacts. 

tacts of InP/In05,Ga„47As HBTs. Especially Pd/Au/LaB6/Au 
contacts offer very low resistivity with the diffusion depth 
being well below 100 nm. This metallization is scheme 
currently integrated in our HBT process combined with 
further optimization of the contact composition with respect 
to contact indiffusion and contact resistivity. 
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We have developed two shallow low resistance Pd-based ohmic contacts on p-InP 
based on solid-phase reactions. These contact schemes are the Ge/Pd(Zn) and the 

Sb/Pd(Zn) contacts. Lowest contact resistivity in the order of ~2 to 5 xlO"6 Q-cm2 has 

been obtained on p type InP doped to ~2 xlO18 cm"3 grown by chemical beam epitaxy 

(CBE). The maximum protrusion of the contact into the substrate is -150 Ä for samples 

annealed at 420 °C and ~ 500 Ä for samples annealed at 500 °C, which are shallower than 
the conventional Au-based ohmic contact on p-InP. 

In the Ge/Pd(Zn) contact system, contact resistivities between 5 xlO"5 to 2 XlO"1 

£>-cm2 can be obtained. Precipitates of trapped materials of ~ 200 Ä in dimension during 

annealing have been observed by cross-sectional transmission electron microscopy 

(XTEM) technique in the samples annealed at 500°C. A model based on the solid phase 

regrowth mechanism»1 is proposed to rationalize the electrical and metallurgical 

properties. This is the first non-Au based low resistance ohmic contact on p-InP achieved 
by solid phase regrowth process. 

In the Sb/Pd(Zn) contact scheme, we attempt to form InPxSbx.x / InP 

heterostructure to lower the contact resistivity. Rutherford Backscattering Spectrometry 

(RBS) and XTEM studies showed that the contact/substrate interface is shallow and 

uniform for samples annealed below 500 °C. However, solid-phase regrowth and 

formation of InPxSb,.x were not observed. Low contact resistivity of low 10"6 ß-cm2, 

however, has been obtained. We will discuss the correlation of the electrical and the 

metallurgical properties of this contact and possible ohmic contact formation mechanism. 

Ref: [1] T. Sands, E.D. Marshall, and L.C. Wang. » Solid-phase regrowth of compound 
™iOT by reaction-driven decomposition of intermediate phases ", /. Mater. Res., 
J, y 14 (lyöo). 
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Transmission line model measurement for the Sb/Pd(Zn) indicates that low contact 
resistivity in the order of 10"6 Q-cm2 has been obtained for samples annealed at 500 °C. 

*** Metallurgical investigation by cross-sectional TEM will also be presented. 
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High-spatial-resolution characterization of residual strain 
in commercial LEC-grown InP(lOO) wafers 

M. Fukuzawa and M. Yamada 

Department of Electronics and Information Science, Kyoto Institute of Technology, 
Matsugasaki, Sakyo-ku, Kyoto 606, JAPAN 

Abstract: By using a high-spatial-resolution scanning infrared polariscope, in-plane components of residual strain 
have been characterized quantitatively in 2"^ LEC-grown Fe-doped InP (100) wafers. Their two-dimensional 
distribution maps reveal characteristic fine structures such as slip-like patterns originated from crystallographic 
glides during crystal growth process, highly-strained spots and filaments due to inclusions or voids inside the wafer, 
or due to scratches on the surface. Solidification factor dependence of residual strain is also examined together 
with etch pit density and resistivity. 

I. Introduction 

Residual strain or stress is observed when a part of ther- 
mal stress during crystal growth process is frozen into 
a crystalline ingot while generating dislocation, which is 
likely to degrade device performances or to cause various 
problems such as wafer warping and cracking. Therefore, 
it is very important for wafer makers and users quanti- 
tatively to characterize the residual strain as well as the 
dislocation density. 

By using a linear and circular polariscope, Völkl and 
Miiller[l] estimated the residual stress in thick (3mm) 
InP slices in connection with a numerical analysis of ther- 
mal stress in the LEC growth of InP crystals. Miiller[2] 
and Hirano et.al.[3] used an infrared polarization mi- 
croscopy to see microscopic strain field patterns of pre- 
cipitates as well as whole-wafer strain patterns, although 
their measurements were not quantitative but qualita- 
tive. By developing a high-sensitive computer-controlled 
infrared polariscope[4], Yamada et.al.[5] made the first 
quantitative characterization of residual strain in a LEC- 
grown InP (100) wafer, and Yabuhara et.al.[6] character- 
ized various commercial InP wafers quantitatively. How- 
ever, their characterization results were poor in spa- 
tial resolution («2mm) to see fine structures of residual 
strain distribution. Then, we have recently developed a 
scanning infrared polariscope[7] as a whole-wafer inspec- 
tion tool to characterize the residual strain in commer- 
cial III-V compound wafers with reasonably high spatial 
resolution (« 200//m). 

In this paper, we present the high-spatial-resolution 
characterization results of residual strain distribution 
measured in various commercial (100) wafers of LEC- 
grown Fe-doped InP crystal. The three-dimensional dis- 
tribution map has exhibited characteristic fine structures 
of residual strain, whose origins are discussed here. So- 
lidification factor dependence of residual strain has also 
investigated by examining several sets of wafers sliced 
from the front, middle and back portions of ingots. 

II. Quantitative Photoelastic Characterization 
of Residual Strain 

In the present experiment, we used the high-spatial- 
resolution scanning infrared polariscope [7], which was 
developed as a whole-wafer inspection tool to character- 
ize the residual strains in commercial III-V compound 
semiconductor (100) wafers. By using this apparatus, 
we can measure strain-induced birefringence, and then 
estimate the following residual strain components [4]: 

\Sr-St\ = [{Syy-Szzf + {2SyzfYI\        (i) 

(2) £>zz = k6 
cos 2ip 

Pll -Pl2 

2|Sy2| = k6 
sin 2ip 

Pa 
i 
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(3) 

where 6 and ip are the phase retardation and the princi- 
pal direction of birefringence plate, d is the plate thick- 
ness, k = (\/irdnl), prfs and n0 are the photoelastic 
constants and the refractive index at the probing light 
wavelength:A, respectively. 

\Syy — Szz\ means the difference of the tensile strains 
along the crystallographic y and z directions while 
2|5yj| means the shear strain between the y and z di- 
rections. |5r-5t| means the difference of the tensile 
strains along the radial and tangential directions in the 
local cylindrical coordinate system, which may be used 
as the total figure of in-plane residual strains. 

III. Fine Structures in Residual Strain 
Distributions 

Figure 1 shows a series of two-dimensional distribution 
maps of \Sr - 5(| measured in a commercial 2"<j> LEC- 
grown Fe-doped InP(lOO) wafer by changing the spatial 
resolution. These maps demonstrate that as increasing 



(D) 
250/iim 

[Oil] 
Fig.l A series of two-dimensional distribution maps of 
|Sr — S-t| measured with four different spatial resolutions 
in a commercial 2"cj> LEC-grown Fe-doped InP(lOO) 
wafer. The spatial resolution is noted beside each map. 

the spatial resolution, fine structures become clearer and 
clearer. It is found that there are several characteristic 
features in fine structures which cannot be observed in 
the lower-spatial-resolution maps, that is, (A) dark fila- 
ments, (B) dark spots, and (C) slip-like patterns which 
are almost aligned along the (Oil) crystallographic di- 
rections close to the peripheral region. These are more 
clearly seen in the three-dimensional display map shown 
in Fig.2. The dark filaments and spots seen in Fig.l are 
corresponding to the sharp peaks in Fig.2. Their peak 
values attain in maximum about ten times as large as 
the average value (1.57 x 10-5) of residual strain in this 
wafer and their full widths at half maximum are about 
250 to 750 /im for the spots, 1500 to 3000 (im for the 
filaments. 

In order to investigate the origin of the dark filaments 
and spots which are highly strained, we have carefully 
checked the wafer surface with an optical microscope. 
We found that there were scratches on the wafer sur- 
face corresponding to the three filaments noted by (Al) 
to (A3) in Fig.2, which were perhaps produced in han- 
dling wafer with tweezers. It is well-known that mechan- 
ically deformed regions are highly strained. Therefore, 
we may conclude that the dark filaments observed here 
are caused by the scratches. It should be noted here 
that our characterization technique is not affected by 
the variation in reflectivity due to scratches or surface 
conditions[4]. 

On the other hand, we could not find out anything 
on the surface regions where the spots noted by (Bl) 
to (B3) and the other spots were located. Presumably, 
there is a possibility that the spots observed here are 
caused by voids or inclusions inside the wafer, or by bire- 
fringent dusts which float down on the wafer surface dur- 
ing the measurement. It was confirmed that the spots 
noted by (Bl) to (B3) were always observed in the re- 
peated measurements. Therefore, we may conclude that 
there is something inside the wafer which is accompa- 
nying strong strain field. It is very interesting that the 
strong strain field is spreading over the probing light spot 
size («200/xm). Even if there is a small size of defects 
such as voids or inclusions, the strain field may spread 
around the defects, due to strong mismatch between the 
defect and the crystal structure. By using a infrared 
polarization microscopy, Müller [2] have found that the 
strain fields around In and vanadium-rich precipitates 
with the dimension of tens pm spread over more than 
hundreds /im. 

The slip-like patterns seen in Fig.l correspond to the 
ridges indicated by (Cl) to (C3) in Fig.2.  If we might 
present here the two-dimensional distribution maps of 
l<>    — <> \Jyy     Jz and  2|Sy21 instead  of  \Sr — St\ ,   then  we 
could clearly see the slip-like patterns in the 2|Sy;s:| map 
rather than in \Syy — Szz\ map. This fact indicates that 
the dominant origin of slip-like patterns is 2|Sy2[ , that 
is, the shear strain between the y and z directions. 
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should be also noticed that the slip-like patterns are al- 
most aligned along the (Oil) crystallographic directions. 
Therefore, it may be presumed that the slip-like defects 
are caused by the (Oil) crystallographic glide due to 
strong thermal stress during crystal growth process[8,9]. 
This presumption may be supported by the fact that 
these slip-like patterns are seldom observed in wafers 
sliced from ingots grown by the vapor pressure controlled 
Czochralski (VCZ) method, in which the thermal stress 
is reduced during its crystal growth process. It is noted 
here that the averaged value of residual strain in VCZ 
wafers is considerably low compared with that in LEC 
wafers[6]. The slip-like defects observed here may de- 
grade the epitaxial layer as found by Miner et.al[10]. 

VI. Solidification Factor Dependence of 
Residual Strain 

In order to see the solidification factor dependence on 
the residual strain distribution, we have systematically 
examined several sets of wafers sliced from the front, 
middle, and back portions of Fe-doped InP crystalline 
ingots. An example is shown in Fig.3.        We note here 

that the front wafer is intentionally scratched, the mid- 
dle wafer is the same shown in Fig.l, and the back wafer 
is cracked in two pieces. We can see many dark filaments 
due to scratches in the front wafer, confirming the con- 
clusion on scratch-induced strain stated in the previous 
section. Also, dark spots due to voids or inclusions are 
found out in all wafers shown here. Furthermore, we can 
see more clearly a lot of long slip-like patterns in the 
front wafer than in the middle and back wafers. 

On the whole-wafer distribution map of residual 
strain, it is very difficult for us to find out any charac- 
teristic features in the front, middle, back wafers shown 
in Fig.3. We note here that they varied from wafer to 
wafer and from ingot to ingot. Then, the value of resid- 
ual strain averaged over whole wafer was examined to- 
gether with etch pit density (EPD) and of resistivity as 
a function of solidification factor. Figure 4 shows the so- 
lidification factor dependences of the averaged \Sr — St\ , 
EPD, and resistivity. Here, we present the results mea- 
sured in another set of wafers, since the averaged values 
might be changed by the scratches and crack as shown 
in Fig.3. It is found that as increasing the solidification 

Fig.2. The three-dimensional dis- 
play map of |Sr - St| measured in the 
same wafer as in Fig.l. Several char- 
acteristic features in fine structurs of 
residual strains such as (A) filaments, 
(B) spots, and (C) slip-like patterns 
are clearly seen. 
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(A)Front (B)Middle (C)Back 

[Oil] [Oil] 

Fig.3. Two-dimensional distribution maps of |Sr - St|measured in three wafers sliced from the (A)front, (B)middle, 

and (C)back portions of a 2"</> LEC-grown Fe-doped InP(lOO) csystalline ingot. The front wafer is intensionally 
scratched and the back wafer is cracked in two pieces. 

factor, the resistivity is increased, because the Fe concen- 
tration is also increased and then native shallow donors 
are compensated with Fe atoms which act as deep ac- 
ceptors. The Fe concentration of the wafers examined 
here was in the order of 1016 cm-3. It is found in Fig.4 
that the averaged values of residual strain and EPD ex- 
hibit a tendency that they are increased as increasing 
the solidification factor, that is, the Fe concentration. 
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of the 2316 cm'1 Hydrogen Related Line 
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US Air Force Rome Laboratory, Hanscom AFB, MA 01731 

fParke Mathematical Laboratories, Lowell, MA 01854 
ttMIT Lincoln Laboratories, Lexington, MA 02173 

tttLawrence Berkeley Laboratory, Berkeley, CA 94720 

INTRODUCTION 
High purity bulk InP crystals have a measured free carrier concentration which is higher than the 

residual net donor concentration as determined by glow discharge mass spectroscopy (GDMS) and SIMS. 
Similar discrepancies are found in semi-insulating iron doped InP between measured Fe2+ concentrations 
(equivalent to shallow donors) and the impurity content of the material. The problem of the missing 
donors is closely related to the achievement of undoped, semi-insulating InP by annealing in P- 
overpressure1,2, since it has been shown recently that the loss of intrinsic donors is in part responsible for 
conversion from n-type conductivity to high resistivity 107 Q-cm material. In this paper we present 
evidence that a hydrogen-related defect is responsible for the missing donors. 

We have studied the microscopic structure of the hydrogen related vibrational mode at 2315.6cm"1 

by deliberately doping bulk InP crystals with deuterium and resulting in samples codoped with both 
isotopes. In contrast to the spectrum observed in undoped samples with only hydrogen present, the 2316 
cm"1 line in hydrogen-deuterium containing samples is split into at least three components approximately 
0.5 cm"1 apart. This can be explained if the defect contains more than one hydrogen atom; the additional 
lines are caused by mixed complexes containing hydrogen as well as deuterium. Our results are fully 
consistent with the defect model proposed by Darwich3 et. al for the defect: a cluster consisting of an 
indium vacancy and four surrounding hydrogen atoms which contribute four electrons to the trivalent 
vacancy, leaving one surplus electron available. 

Preliminary investigations on samples annealed in P-overpressure at 950°C, show that the 2316 
cm"1 line disappears from the spectrum and a reduced free carrier concentration is measured. 

EXPERIMENTAL 
A high pressure crystal growth system was used compounding indium phosphide. The injection process 

for crystal growth of bulk InP by the magnetic liquid was completed within an hour, the injector was raised, 
encapsulated Kyropoulos (MLEK) method.   For both and a (100) seed was lowered into the melt.   A two 
the reference crystal and the deuterium doped crystal, inch diameter Kyropoulos crystal was grown by slowly 
800 grams of high purity (6-9's) indium and 0.4 grams cooling the melt with the seed in place.  Then a flat- 
of iron were loaded into a quartz crucible together with topped cylinder was grown as the crystal was slowly 
the  encapsulant.     250  grams  of high  purity  red pulled from the melt.   After several hours of growth, 
phosphorus were loaded into a quartz injector ampule the crystal was removed from the melt and cooled 
and suspended above the crucible.   Deuterium doping slowly to room temperature. 
was accomplished by the addition of 5 grams of heavy Annealing experiments were performed in a 
water (D20) to the B203 encapsulant. During furnace pressure-balanced  quartz   ampule  to  provide   a P 
evacuation   an   unknown   amount   of heavy   water overpressure of 40atm. at 995 °C. For this experiment 
evaporated, but it was visually apparent that some of a high purity undoped InP crystal was divided and one 
the D20 remained on the hygroscopic encapsulant. The half was annealed for 19 hours.    The free carrier 
crucible was then heated to  1100°C to melt both concentration and the hydrogen absorption spectra 
indium   and  encapsulant,   after  which  the  injector were   measured   and   compared   before   and   after 
transfer   tube   was   lowered   into   the   melt   for annealing. 
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For photoluminescence measurements we used 
slightly n-type bulk InP samples. Absorption 
measurements were performed on a Digilab 80E-V 
vacuum fourier transform spectrometer equipped with 
a cooled Ge:Cu photoconductor. Spectra were 
measured with a nominal resolution of 0.125 cm"1, with 
samples mounted in a continuous flow helium cryostat 
and cooled to 6.5K. 

RESULTS AND DISCUSSION 
An interesting feature in the microscopic 

structure of the 2315.6 cm"1 line was observed in the 
deuterium-doped samples. Figure 1 shows the 
absorption spectra of semi-insulating iron doped InP 
samples in the frequency range characteristic for the H- 
P stretching modes. 
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Figure 1   Absorption spectra for InP crystals grown with and 
without deuterium doping 

Comparison of the two spectra obtained on samples 
grown with and without the addition of heavy water 
(D20), shows a single sharp peak at 2315.6 cm"1 which 
appears as a triplet in the deuterium doped material. A 
variety of other absorption lines can be seen, 
prominently located at 2255, 2288, and 2311 cm"1 as 
well as the triplet. A detailed list of all lines observed 
in our reference sample and the H-D codoped sample 
is given in table 1. Also provided is a comparison with 
available literature data and the putative assignments. 
Except for the line at 2202 cm"1, all lines observed in 
the reference sample are also found in the H-D codoped 
sample.    But the H-D codoped sample exhibits 5 

additional absorption lines, the most obvious ones 
located in the triplet about the dominant hydrogen 
absorption peak. In addition three lines are located at 
2264.4 cm"1, 2320.5 and 2322.1 cm"1. A comparison 
with literature values reveals that at least one of them 
(2322.1) has been associated with hydrogen alone. 

Table I   Summary of absorption lines between 2000 and 2400 

this work other 
references 

reference 
sample 

assignment 

2142.7 - 2142.7 
2174.5 . 2174.5 
2178.5 - 2178.5 

- 2202.4 2202.6 Vfc-H 
2250.7 2250.78<3) 2250.5 
2254.6 2254.65(3) 2254.6 
2264.4 2262.4 at 77K(6) - 
2273.5 2273.4(3) 2273.6 
2287.7 2287.7(3) 2288.2 Znto-H 
2311.3 2311.27<3) 2311.4 
2315.6 2315.6(3) 2315.6 
2316.1 - - 
2316.6 - - 
2320.5 - - 
2322.1 2322.12(3) - 
2333 2332.9(3) 2333 

To verify the presence of deuterium in the 
sample, we also observed absorption peaks in the 
spectral region of deuterium related absorption. These 
peaks were much weaker, indicating that less 
deuterium than hydrogen was incorporated in the 
samples. We observed three lines at 1684.5, 1686.3, 
and 1664.6 cm"1. The latter one is the deuterium 
analog of the 2287.7 cm"1 Zn-H line, while the former 
two are close to the deuterium equivalent of the 
2315.6 cm"1 absorption line. 

The presence of two different hydrogen 
isotopes in InP bulk material is helpful in determining 
the atomic arrangement of hydrogen in the lattice and 
thus predicting its electronic behavior. Bai4 and 
Nielsen5 have studied the absorption spectra of H-D 
codoped silicon, using both isotopes to separate defects 
containing only one hydrogen from complexes with 
more than one hydrogen per defect. In multiple 
hydrogen complexes partial replacement of hydrogen 
with deuterium reduces the symmetry of the defect and 
gives rise to additional absorption lines. In H-D 
codoped samples it is found that both center lines with 
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local vibrational modes a 2223 cm"1 (hydrogen only) 
and 1617 cm"1 (deuterium only) each split into at least 
five components. The spectrum is assigned to a fully 
passivated silicon vacancy (VSiH4) which has tetrahedral 
symmetry consistent with the behavior of the absorption 
spectrum under uniaxial stress. Upon partial 
replacement of some of the hydrogen atoms with 
deuterium a total of 12 lines is expected, five of which 
could be observed in the region close to the hydrogen 
line and five more in the region of the deuterium line. 

Several studies of the absorption spectra from 
hydrogen and deuterium ion implanted InP have 
established that the absorption at 2315.6 cm"1 is due to 
the local vibrational mode of a hydrogen atom bonded 
to a native defect in InP7,8'9. The frequency of the local 
vibration suggests that the hydrogen is bonded to a 
phosphorus atom. In a recent comprehensive study of 
hydrogen in InP, Darwich3 et al. investigated the 
uniaxial stress splitting of the 2315.6 cm"1 local 
vibrational mode. Their results indicate the defect has 
tetrahedral symmetry similar to the case of the 2223 
cm"1 line in proton implanted silicon. Based on the 
similarities between the observed stress splittings in the 
case of the 2223 cm"1 line in silicon and the 2315.6 cm" 
1 in InP it has been concluded that the latter is due to 
a fully passivated indium vacancy (V^PHJ). 

Our results provide further evidence for the 
similarities between the two defects in silicon and InP. 
They are in agreement with models involving more 
than one hydrogen atom per defect. In particular the 
triplet of lines observed in silicon is very similar to the 
triplet observed here, except that the splitting is smaller 
(0.5 as opposed to 1-2 cm"1). This is consistent with 
the shorter bond length (0.142 nm for P-H in PH4 

versus 0.148 nm in SiH4) and the larger InP lattice 
constant (0.586 nm versus 0.543 nm in silicon), both 
reducing the interaction between neighboring hydrogen 
atoms. Furthermore in the frequency range of the H-P 
stretching modes we find a total of six lines not 
observed in the reference sample. This would be in 
agreement with the expected number of lines based on 
group theory. However since two of these lines (2264 
and 2322.1) have frequencies close to features reported 
in the literature for samples with hydrogen only, their 
assignment to H-D complexes is somewhat uncertain. 

How does one explain the electrical behavior of 
this complex? We note that the observation of an 
electrically active, hydrogen related complex has so far 
been restricted to partially passivated multivalent 
defects.    More commonly the complexing between 

hydrogen and simple defects and impurities leads to 
passivation, i.e. the removal of an electronic level. In 
a recent publication10 we have shown that in semi- 
insulating InP:Fe there is a discrepancy between the 
background donor concentration as measured by the 
Fe2+ concentration and the donor concentration 
obtained from an analysis of the impurity 
concentrations. In addition, we demonstrated that the 
difference is caused by the presence of an intrinsic 
donor related to the absorption at 2315.6 cm"1 Since 
this line is due to a defect complex, as shown in this 
work, consisting of an intrinsic defect and several 
hydrogen atoms, it was not clear if the intrinsic defect 
alone or the whole complex is responsible for the 
"missing donors". 

We will now propose a simple yet appealing model 
that may be able to account for all the presently 
available data. Assuming that the defect consists of an 
indium vacancy where the four dangling bonds are 
passivated with hydrogen we note that these four 
hydrogen atoms contribute four electrons to the bonds. 
However, the indium atom taken from the crystal 
contributed only three electrons to the bonds - thus 
there is one surplus electron in the neutral V^Ht defect 
as shown in Fig. 2. 

/~\ 

\s 

Figure 2  Schematic of VIn H4 defect 

This extra electron is expected to be only loosely 
bound to the defect, accounting for its donor-like 
behavior. These are the "missing donors" from the 
discrepancy  between the  donor  concentration,  as 
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measured by Fe2+, and the impurity concentration of the 
material (mainly silicon and sulfur). These intrinsic 
donors can be accounted for by the defect related to the 
2315.6 cm"1 line. 

We have annealed undoped InP samples with 
free carrier concentrations typically l-2xl015 cm"3. 
After annealing at 995°C for 19 hours under high 
phosphorus overpressure, the samples showed high 
resistivity similar to what has been observed by 
Hofmann1 and by Kainosho2. Our absorption spectra 
measured in the range from 500 to 3500 wavenumbers 
reveal that the 2315.6 cm"1 line has been removed by 
the annealing process. Other absorption and 
photoluminescence lines indicate that iron and copper 
have been introduced during the annealing process. 
Therefore our observations indicate that the following 
two mechanisms were involved in achieving the high 
resistivity: indiffusion of deep iron and copper 
acceptors and the loss of intrinsic donors which we 
identify as VIn-(PH)4 complexes. For high purity InP 
where the shallow donor concentration is dominated by 
Vfc-CPH)^ the combined effect of these two processes 
is sufficient to explain high resistivities. Our findings 
are in agreement with the observations by G. Hirt11 et 
al. They conclude that the conversion to semi- 
insulating material during the annealing of high purity 
n-type InP is caused by the loss of intrinsic donors. 

CONCLUSION 
In summary we have shown that in H2-D2 

codoped InP samples a splitting of the 2315.6 cm"1 

hydrogen related local vibrational mode is observed. 
This provides further evidence for the assignment of 
this line to a fully hydrogenated indium vacancy. 
Based on a simple argument we suggest that this 
defect shows electrical activity as a donor in 
agreement with previously reported results. We 
observe that this defect is lost during annealing under 
P-overpressure which has been shown to result in 
semi-insulating material. We suggest that the loss of 
intrinsic donors is due to the reduction of the VH4 

defect associated with the 2315.6 cm'1 line. 

REFERENCES 
1. D. Hofmann, G. Müller, N. Streckfuss; Appl. Phys. A 48 (1989) 315 
2. K. Kainosho, H. Shikamura, H. Yamamoto, O. Oda; Appl. Phys. Lett. 59 (1991) 932 
3. R. Darwich, B. Pajot, B. Rose, D. Robein, B. Theys, C. Rahbi, C. Porte, F. Gendron; Phys Rev B 48(1993) 17776 
4. G.R. Bai, M.W. Qi, L.M. Xie, T.S. Shi; Solid State Comm. 56 (1985) 277 
5. B. Bech Nielsen, J. Olajos, H.G. Grimmeis; Phys Rev B 39 (1989) 3330 
6. D.W. Fischer, M.O. Manasreh, G. Matous; Semicond. Sei. Technol. 9 (1994) 1 
7. V. Riede, H. Neumann, H. Sobotta, C. Ascheron; Solid State Comm. 65 (1988) 1063 
8. J. Tatarkiewicz, B. Clerjaud, D. Cote, F. Gendron, A.M. Hennel; Appl. Phys. Lett. 53 (1988) 382 
9. D.W. Fischer, M.O. Manasreh, D.N. Talwar, G. Matous, J. Appl. Phys. 73 (1993) 78 
10. F.X. Zach; J. Appl. Phys. 75 (1994) 7894 
11. G. Hirt, D. Wolf, G. Müller; J. Appl. Phys. 74 (1993) 5538 

681 



ThB3.4 
Single-Step Annealing of Be and Si Implants in S.I InP to Minimize Be 

Redistribution  in  the  Completed  p+/n    Junctions 

B. Molnar 
Naval Research Laboratory 

Washington, D.C. 20375-5347 USA 

Abstract 
The electrical characteristics of p+/n junctions in semi-insulating InP, formed by using a deep Si implant and a shallow 

Be implant, are reported. Both the electrical and atomic profiles found by the investigation indicate that the anneal-induced 
redistribution of Be can be prevented if the Be and Si implants are activated in a single-step anneal. In addition it was found 
that prolonged anneal time and elevated temperatures have significantly reduced Be compensation near the surface. 

Introduction 
There is considerable interest in fabricating integrated 

microwave devices on InP due to its desirable material 
properties. These devices require selectively-doped p- and n- 
type regions which are most conveniently formed by 
localized ion implantation into semi-insulating (S.I) InP 
substrates. Junction Field Effect Transistors (JFETs) have 
been investigated for InP microwave amplifiers. For the 
creation of fully ion implanted JFETs, a low energy Be 
implant for the p+ region and a deep Si implant for the n- 
channel regions have most often been used (1-6). 

In the JFET ion implantation process, there are several 
significant barriers which need to be overcome for the 
achievement of optimized p+/n structures. These barriers 
include: a) A double diffusion front which degrades the 
abruptness of the Be profile is created during the implant 
activation anneal, b) The hole concentration near the 
surface is often substantially less than the acceptor 
concentration. 

Several groups have examined aspects of this problem 
in the past. The results clearly show that more work is 
necessary to fully understand and optimize the conditions 
for the InP JFETs. 

Experimental Background 
The bulk of the material used in this work was liquid- 

encapsulated-Czochralski (LEC) grown (100) oriented, Fe 
doped, S.I InP wafers. Undoped wafers were only used to 
obtain a clear picture of the Be redistribution without the 
Fe disturbance. All implantations were done at room 
temperature in a non-channeling direction. 

The p-side of the p-n junction was formed by shallow 
Be implantation in the 25-50 keV energy range. For the n- 
channel formation the samples received medium dose Si 
implants. To investigate the influence of the position of 
the Si implant relative to the Be implant, Si implantation 
with energy between 90 and 600 keV was chosen. P 
implantation was also studied. For P/Be co-implantation, 

the influence of the position of the P to the Be was 
examined. The P energy was between 100 and 400 keV. 

The implanted layers were activated from 600° C to 
850° C using either a furnace anneal (FA) or a rapid thermal 
anneal (RTA) system. Most often the anneals were 
performed using a capless close contact technique with a 
flow of forming gas (7). 

The annealed samples were electrically characterized using 
either C-V profiling or differential Hall measurements. The 
atomic profiles were derived from secondary ion mass 
spectrometry (SIMS) measurements using a Cameca IMF- 
3fion microprobe. 

Results  and  Discussion 
Problems related to the Be implants into the Fe doped 

InP and their anneals will be illustrated with the help of 
Figures 1 and 2.   Figure 1 shows the SIMS Be profiles 

Substrate; Fe doped 

.   Implant; 1 MeV   lxl014cm2Be 
\ No anneal — 
\ Anneal   751) °C 15 min" 

A/^*r 

p^^^U 
DEPTH  (ulcrona) 

Fig. 1. The SIMS profiles of Be and Fe on a SI InP before 
and after a 750° C 15 min. anneal. 

for a 1 MeV Be implant with a dose of lxl014/cm2 before 
and after annealing at 750° C for 15 min. With the use of 
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high energy the surface influence is minimized. The Fe 
SIMS profile is only shown after the anneal. The as 
implanted Be profile approximates a Gaussian distribution 
with a projected range of 19000 A and energy straggling of 
2100 A, which is close to the theoretical prediction. The 
Fe distribution is uniform in the substrate. Significant 
redistribution of Be and Fe results during annealing. At the 
surface there is Fe and Be pile up. This is an artifact of 
SIMS profiling. The annealed Be profile is a slightly 
diffused version of the as implanted profile, followed by a 
short concave region with a low concentration tail. As a 
result of the anneal, significant Fe depletion is created under 
the annealed Be profile. These results are similar to the 
observations of Oberstar, et al, (8). In addition, it was 
found that the Be tail is present in the S.I InP even after an 
RTA of a few seconds (9). 

Figure 2 shows the resulting electrical carrier, Polaron 
profiles of the same Be implant, as shown in Figure 1 with 
different activation conditions.    The electrochemical 
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Fig. 2. Electrical carrier profiles of a Be implant with 
different annealing conditions. 

profiling reveals the initial presence of an n-type layer at 
the surface. With the increase of anneal time, the n-type 
conductivity decreases as the hole doping from the deep side 
of the profile advances to the surface. There is some tail in 
the hole profile after a 15 sec anneal. The tail is 
substantially increased after a 15 min anneal at 750 C. 
After 15 min the hole concentration approximates the Be 
distribution. It is observed that during the short time 
anneal the implantation damage created n-type conductivity 
which is not removed (10). The presence of n-type doping 
after the short anneal added free electrons to the donor 
implant and compensated the acceptor implant. 

Similar n-type conductivity influences the P/Be co- 
implantation. It was observed that the short time anneal 
was inadequate since some of the damage of the P 
implantation was retained which introduced n-type 
conductivity (10). The hole concentration profiles are 
compared in Figure 3 after an RTA for the Be and the Be/P 
co-implanted cases. 

/LSS V 
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60  keV 4eM/cm2  Be 

Anneal; 875 C  Ssec 

\ 
\ 
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Fig. 3. The activated Be profiles for a 60 keV/4xl014/cm2 

Be implants either with (dotted) or without (dashed) a 
matching P co-implant after RTA. 

The LSS profile of a 190 keV/3.4xl014/cm2 P 
implant is also shown. In the P co-implanted cases the tail 
is indeed substantially reduced and the activation is 
increased, as was already shown by Wang (11). However, 
the n-type doping introduced by the P implantation damage 
is not eliminated by the short time anneal. The n-type 
doping leads to a substantially less hole concentration at 
the surface than the acceptor Be concentration. Thus the P 
doping limits the achievable gate contact resistance. 

The electrical characteristics of p+/n junctions using a 
deep Si implant and a shallow Be implant have been 
reported by Hausser and Romer (6). They have concluded 
that it is advantageous to anneal the two implants 
separately and to use long time anneals. In order to avoid 
the influence of Fe, they have used undoped, n-type wafers. 
Isolation between the devices, however, requires a S.I 
substrate. SIMS studies have been performed on Be 
implants using unintentionally doped InP. Substantial Be 
redistribution has been found after either anneals. Such 
redistribution prevents the formation of an abrupt, shallow 
p+ layer. 

Quality JFETs require shallow, highly activated Be 
layers and a low dose Si implanted n-channel with high Be 
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mobility. It is found that without an additional P co- 
implantation, the Be redistribution can be prevented using a 
single prolonged anneal if the Be and Si implants have an 
opposing gradient at the junction. The influence of the 
anneal's sequence for Be and Si implants with an opposing 
gradient is shown in Figures 4 and 5.   In Figure 4 the 
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Fig. 4. SIMS atomic profiles of well separated Si and B 
after two-step implant and anneal cycle. 

profiles of Si and Be are shown before and after the anneal 
cycles. The 600 keV/6.1xl012/cm2/ Si implant was 
annealed at 750° C for 15 min, before the 
50 keV/8.8xl013/cm2/ Be is implanted. The Be was 
activated in a second-step at 750° C for 15 min anneal. The 
Si and the Be each have an opposing gradient at their 
junction. There is Be redistribution in this case. This is 
the same redistribution as the Be redistribution in undoped 
InP. The annealed Si implant provides an n-type 
background doping where the Be is located. Without first 
annealing the Si implant, there is no n-type background 
during the Be activation. 

The case of Si and Be implants' activation with a 
single 750° C 15 min anneal is shown in Figure 5. The Si 
implant schedules were: 300 keV/4.0xl012/cm2 and 600 
keV/8.1xl012/cm2. The Be implant was; 50 
keV/8.8xl013/cm2. The Si level under the Be profile is 
about 3xl016/cm3. 

The implanted Si and Be profiles have an opposing 
gradient at their intersection. In Figure 5 is shown the 
depth profiles of the ions and the corresponding holes and 
electrons. The annealed Be profile at the tail agrees with 
the as implanted Be profile. At the implanted Be 
maximum, there is some Be rearrangement. The Be 
accumulations are in the same regions where some Fe 
accumulations have been observed after the anneal. 

1919 

1018 

.9 

I'D c o 
O 

I1'0'7fcr 

1016 

1015 

r 

\ 

\ 

Annealed 

i       i 

Be 

-= 

- Si 

./• ~~. -»_/■ s              • *\ 

 Be            \; 
 Fe                  • 

Z oooooo   Holes \% Z 

- 
_i  i      i i       I       I       I       I       i i      \ 

- 
0.2 0.4 0.6 0.8 1.0 1.2 

Depth \pm) 

Fig. 5. SIMS atomic profiles and the corresponding 
electronic profiles of well separated Si and Be implants after 
a single 750° C, 15 min anneal. 

The measured hole profile is in good agreement 
with the Be atomic profile with an 80% activation. No Si 
re-distribution has been observed during the annealings. 
The electron concentration follows the Si profile, but in the 
end of the Si range it decreases faster than the Si. It can be 
seen in Figure 5 that the n-type carrier concentration 
decreased in the same region where the Fe concentration 
increased. It suggests that the increased concentration of 
the deep acceptor Fe is compensating the n-type doping of 
the Si implants. 

We have shown, that if the Be and Si implants are well 
separated, only a single activation anneal is required to 
prevent Be redistribution. Cases where the Si and Be 
implants were not separated are shown in Figures 6 and 7. 
In these examples the Si and Be implants were in the same 
location. The atomic profiles before and after a two step- 
implant and anneal cycle are shown in Figure 6. The 90 
kev/6.0xl012/cm2 and 300 keV/6.6xl012/cm2 Si was 
implanted first and annealed at 750° C for 15 min. Then 
the 50 keV/8.8xl013/cm2 Be was implanted. The Be 
implant was activated with an additional 850° C 10 sec. 
anneal. On the annealed Be profile substantial Be 
redistribution is observable regardless whether RTA or FA 
is used. The redistribution of the Be is similar to those 
found in the cases of undoped InP, where there is no Fe 
interference. 

In Figure 7, are shown the SIMS profiles of coinciding 
Si and Be implants before and after a single anneal at 750° 
C for 15 min. The Si implants schedules were: 
100 keV/2.2xl012/cm2 and 240 keV/6.4xl012/cm2. The 
Be implant was: 50kev/8.8xl013/cm2. For the annealed 
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Fig. 6.   SIMS atomic profiles of coinciding Si and Be 
before and after a two-step implant and anneal cycle. 
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Fig. 7. SIMS atomic profiles of coinciding Si and Be 
implants before and after a single-step anneal at 750° C for 
15 min. 

Be profile substantial redistribution is observable regardless 
whether RTA or FA is used. It was shown, that if the Be 
and Si implants coincide, the Be redistribution is 
independent of the anneal cycles. 

Conclusions 
The influence of two implant annealing sequences and 

the Si implant's position relative to the Be implant has 
been studied. In addition, the influence of the co-implanted 
P was also examined. It has been found that Be 
redistribution can be prevented without additional P co- 
implantation by using a single, long time anneal for the 
well-separated Be and Si implants. Short time anneal of 
the Be implanted layer revealed the presence of an n-type 
layer on the surface side of the profile. Long time anneals 
lead to increased activation of the Be implant without 
additional Be diffusion. 
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Introduction 

In a perfectly abrupt heterojunction, an intrinsic crystalline strain is expected due to interface bond lengths that 
deviate from those of the bulk (1). In reality, heterojunctions also contain additional crystalline strain due to compositional 
mixing across the interface, i. e. some of the atoms on one side of the heterojunction have crossed over to the other side and 
vice versa. It has been the intention of our work to use strain as a measured parameter to better understand the 
compositional abruptness of the InP/InGaAs heterojunction grown by OMVPE. Our approach has been to intentionally 
perturb interface compositions by inserting very thin layers of known composition and thickness at interfaces of multilayer 
superlattice structures and assess the consequences to the measured strain. From this it has been determined what strain is 
predictable and what strain is an excess due to As/P intermixing. In addition inferences of surface reconstruction behavior 
and atomic bonding configurations across the heterojunction can be made. 

Multiple layer superlattices have been used as the test structure, where for each superlattice period the dimensional 
change from the inserted layer is a significant fraction of the period thickness. The strain and thickness of the superlattice 
period can be obtained from x-ray diffraction rocking curves (XRDRC), and a simple analysis can be applied to identify the 
elastic strain contributions of individual thin mismatched regions. 

Initial experiments were performed on InP/InGaAs superlattices in which monolayer equivalents of binaries (InAs, 
GaAs, AlAs, GaP, AIP) were inserted into one or the other of the InGaAs/InP heterojunctions. We were able to determine 
which inserted layers would produce the expected strains, and which were exceptions. The next experiments were performed 
on samples which were primarily either an InP or GaAs matrix in which binary layers or specialized interruptions were 
introduced periodically to form the superlattice. From this we were able to more clearly determine the behavior of a 
phosphorus terminated surface exposed to arsine, and the arsenic terminated surface exposed to phosphine. 

Interpretation of strain thus for a known composition the layer thickness can be 
Strain is attributed to the lattice dimension changes determined. For cases where both layer thickness and 

introduced by interface bonds and mismatched regions in an composition are known the strain can be calculated, and any 
otherwise lattice-matched structure on an InP (001) substrate, excess strain can be attributed to intermixing. 
It is assumed that the in-plane layer lattice is coherent with Results from the excess strain due to intermixing 
the InP substrate and differences in the layer lattice are limited to a value for the (strain x thickness) product, 
parameters cause elastic distortion of axj the dimension thus the actual thickness and alloy compositions cannot be 
perpendicular to the interface. The strained ai dimension is independently known. However, for InP lattice-match, a 
related by known elastic compliance coefficients to the positive (biaxially compressive) strain can only be due to 
relaxed lattice parameter (2,3). The average Aaj/a over a InAs, thus we can identify an equivalent InAs thickness, 
single superlattice period and the period thickness are ^ InAs-like strain could be from an InAsxPi_x alloy over 
determined directly from XRDRC data, and the measured w arbitrary thickness, as well as from In-As interface atomic 
(Aaj_/a x thickness) product is equivalent to the sum of the bonds. 
(strain x thickness) products of all the individual strained Although Vegard's law applies independently for 
regions within the single period. substitutions of atoms on both the group III and group V 

(1)   (Aa /a)QT x d~T = (Aa /a).„ x d^ + {unknown )     elements across the heterojunction interface is only observed 
±   isL     bL J_   ML    ML for the group V sublattice. Since all the group III elements 

sublattices, strain from intermixing of the constituent 
elements across the heterojunction interface is only obs 
for the group V sublattice. Since all the group III elen 
are incorporated during OMVPE under the high V/in ratio 

[strain inaj _ Tstrain due to the"! + rexcess strainn     conditions used here, their spatial distribution through the 
single period J     L   inserted layer   J period thickness has no effect on the average lattice 

parameter and therefore group HI intermixing is not 
Since most of the structure is lattice-matched, the strain is        measurable by this procedure. This insensitivity to group III 
due to the inserted layer and changes in the intermixing intermixing assures the interpretation that any excess strain 
across the heterojunction interfaces. In absence of interface       js due to exchange of group V elements, P and As. 
intermixing, the strain is due solely to the inserted layer, 
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Experimental  details 
The growth technique used a lamp-heated horizontal 

reactor at 650°C, 20 Torr pressure with V/III ratios of >200 
for InP and > 120 for InGaAs. The gas sources were 
trimethylindium (TMI), trimethylgallium (TMG), arsine 
(AsH3), and phosphine (PH3). Growth rates were ~2 A/sec 
for each of the constituent III-V binary compounds. Source 
gas switching was done with careful balance of flows and 
pressures, and no growth interrupts were used except as noted 
in the text All samples were grown on (001) on-orientation 
substrates. 

Results 
The initial series of samples consisted of 30 period 

nominally lattice-matched 90 Ä InGaAs - 90 A InP 
superlattices in which very thin layers of a mismatched 
binary III-V (InAs, GaAs, AlAs, GaP, AIP) were introduced 
locally at one of the interfaces (4). The inserted layers were 
kept very thin, equivalent to 1 or 2 monolayers, to avoid 
strain relaxation. In most cases, the strain was proportional 
to the layer growth time, and inserted layer thicknesses could 
be calculated using equation 1.  The growth rates of very 
thin layers were found to be identical to thick-layer 
equilibrium growth rates. The major exceptions were for 
GaAs or GaP layers introduced at the InP-grown-on-InGaAs 
interface, which introduced excess strain. The reason for 
these exceptions is not clear, however, onset of three- 
dimensional growth mode with the Ga compounds is 
suspected from the resulting degradation in diffraction 
patterns and the poor layer morphologies. An important 
result of this work is confirmation that thin layer growth 
rates are the same as for thick layers and that strains of 
inserted layers are predictable. 

To study strain from the interactions of As and P at 
the interfaces, two additional series of superlattices were 
grown, one based on thin As-compound layers inserted 
periodically into InP (5) and the other of P-compound layers 
inserted into GaAs. The same 180 A period spacing, 30- 
period superlattice was used. 

In figure 1 strain data is shown for InP superlattices 
with three different inserted strained layers: GaAs, InAs, and 
InAs-equivalent generated by exposing the InP to ASH3 (5). 
One significant feature is the extrapolation of the strain in 
each case to a nearly identical offset value at zero time. This 
offset is attributed to In-As interface bonds formed almost 
spontaneously by a rapid replacement of P by As on the 
AsH3-exposed InP surface. InP overgrowth of As results in 
the As incorporation as an InAs component Very slow 
displacement of As surface atoms by P from PH3-exposure 
allows most of the inserted layer As to remain. The 
interface layer strain is equivelent to about 2/3 monolayer of 
InAs. The behavior is similar when an InAs or GaAs layer 
is deliberately grown. Figure 1 also shows additional time 
dependent InAs-like strain as As continues to replace P in 
the InP from the thin layer growth of the As-compounds. 

The slow replacement of surface As by P from PH3 
is demonstrated in figure 2. InP was initially exposed to 
ASH3 for 1.38 seconds to exchange As for surface P, then a 
second exposure was made for varying times to either only 
H2 or H2 with 0.02 PH3 mole fraction (5). Exposure to 
only H2 for up to 20 seconds resulted in no change of strain, 

thus no loss of As. Exposure to PH3 slowly reduces the 
strain for times out to -10 seconds to the strain of the stable 

a 
< 

0.0- 

-0.1 - 

-0.2 

Expected InAs 

A   AsH3 
D    InAs 
•   GaAs 

Expected GaAs 

1 2 

Time     (seconds) 

Figure 1. Strain in superlattices (30-periods of 180 A) 
formed by inserting thin As-compound layers periodically 
into InP. The expected strain values are calculated from 
known layer strains and thicknesses. The zero time offset 
strain is attributed to InAs interface bonds. An additional 
excess InAs-like strain component forms as both InAs or 
GaAs layers grow. 
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Figure 2: Strain in superlattices (30-periods of 180 A) 
formed by two steps: a 1.38 second exposure of InP to ASH3 
followed by growth interruption in either H2 or PH3. This 
shows slow replacement of surface As by P. 
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interface (-2/3 ML InAs equivalent.) Longer exposure to 
PH3 reduces the strain at a much slower rate. This behaves 
as though weakly-bonded excess surface As atoms are 
initially removed to expose the more strongly As-bonded 
interface layer. 

In figure 3 is shown GaP-like strain from P 
replacement of As on a GaAs surface when exposed to 
phosphine. As with InP superlattices, P replaces As rather 
slowly, both when forming Ga-P interface bonds and during 
the longer period P-As exchange. The interface strain is 
equivalent to 0.5 monolayer GaP and takes about 1 second to 
form. Rapid replacement of P by As from ASH3 for these 
surfaces is confirmed by complete desorption of P during a 
short pause under only A5H3 before resuming GaAs growth. 

0.0 

Fig. 4, is exactly the sum of the strain components of the 
separate steps. 
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Figure 3. Strain in superlattices (30 periods of 180 A) 
formed by PH3 exposure of the GaAs surface. This shows 
slow replacement of As by P to form equivalent of a half 
monolayer GaP interface and shows continuing slow As by 
P replacement with time. Also shown are superimposed data 
points for 20 second PH3 exposed surfaces which were then 
followed with ASH3 exposures of 1 and 5 seconds with a 
resulting complete desorption of the P atoms. 

In figure 4 is shown strain for GaAs superlattices 
formed by introducing different thicknesses of InP or GaP. 
When InP and GaP layers are introduced (group in alkyls are 
present), there is no offset strain at the zero time intercept. 
The tensile strain from GaP inserted thin layers is half that 
expected from their thickness, while the InP thin layers 
inserted into GaAs produce compressive strain exactly as 
expected. These results will be discussed in the next section. 

Introduction of P onto the GaAs surface from PH3 
does not affect the growth of subsequent inserted layers. The 
resultant strain from a two-step inserted layer growth of a 
PH3 exposure followed by a GaP or InP layer, shown in 
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Figure 4. Strain in superlattices (30 periods of 180 A) 
formed by inserting thin InP and GaP layers. The expected 
InP strain (dashed line) is identical to the measured strain. 
The expected GaP strain (solid line) is double the measured 
strain which is consistent with the actual layer composition 
of GaAs.5P 5 (dotted line). A preliminary PH3 exposure 
step of 6 sec. for GaP or 10 sec. for InP shows its strain as 
an added component unaffected by the grown layer. 

Discussion 
It is generally accepted that As rapidly replaces P on 

InP surfaces and P more slowly replaces As on GaAs 
surfaces (6). This behavior has been demonstrated by 
Reflectance Difference Spectroscopy studies of OMVPE-like 
exposure of InP and GaAs to the group V hydrides (7). The 
2/3's monolayer InAs-like interface strain is attributed to the 
relative rates of the combined fast As-for-P and slow P-for- 
As exchange processes occurring for our growth conditions. 
To first order, very rapid arsenic substitution for P on 
surfaces of InP results in strain from In-As bonds (half a 
monolayer equivalent InAs for a complete As surface layer), 
and with InP overgrowth additional In-As bonds are formed 
to give a full monolayer of InAs. In practice it is expected 
that during InP overgrowth there is As loss so that some P 
replaces surface As and the net strain would be somewhat 
less than a complete monolayer of InAs. It is also possible 
that the initial As coverage of InP does not occupy all the 
surface sites so the result is only ~2/3 monolayer InAs. The 
designation of this strain as due to an interface layer is 
supported by reported photoluminescence results for 
insertion of brief ASH3 exposure of InP at 600°C. Seifert et 
al (6) conclude that a resulting thin quantum well is due to a 
60% As occupied layer. The excess InAs-like time- 
dependent strain from As-compound growth in InP most 
likely results from a carryover of As as previously proposed 
(4,6,8). 
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On GaAs surfaces the strains from As-P exchange 
under hydride exposure show similar exchange rate 
behaviors, except that ASH3 exposure in the presence of 
TMG for growth of a GaAs overlayer does not completely 
desorb surface P, even though in the absence of TMG the 
phosphorus is readily removed. Also, PH3 exposure of 
GaAs shows no interface layer offset strain when growth of 
InP or GaP takes place. Both the As for P exchange and the 
P for As exchange are inhibited when group in atoms are 
added to the surface. This is suggestive of the As-P 
exchange being highly dependent on rapid surface diffusion 
for which the Group III atoms introduce a barrier (9). 

Some surprising implications in the distribution of 
atomic substitutions also come from thin layers inserted into 
GaAs. In the absence of layer growth (with no group III 
alkyl present) PH3 exposure results in replacement of surface 
As within about 1 second, but the total interface strain is 
only half monolayer GaP-equivalent, rather than a full 
monolayer expected for complete P coverage of the surface. 
The strain indicates there is exactly 50% P substitution for 
As. This implies that the As-P distribution is probably 
ordered and that this surface is stably configured for ASH3 
exposure at 650°C. We see additional evidence of a preferred 
50/50 As/P distribution in growth of nominal GaP on 
GaAs. The resulting layer strain does not correspond to GaP 
at the introduced growth rate, but to GaAs.5P.5. For the 
limited number of GaP monolayers investigated here, 
residual As carryover has combined with P to give this alloy 
composition. Also, the 50/50 apportioning of captured 
surface As and P atoms occurs only when Ga atoms are 
present, and this may be associated with the tensile strain of 
Ga-P bonds. 

The results from growth of InP monolayers inserted 
into GaAs is anomalous because the perfect correspondence 
of the measured strain with that of the intended InP thickness 
shows no evidence of excess As incorporation. This appears 
contradictory to evidence of As carryover in superlattices on 
InP substrates. However a difference here is the large 
compressive strain of the InP. Unlike the superlattices on 
InP substrates where InP layers have -0% strain, the InP 
layers inserted into GaAs has strain of+8% which may 
provide a mechanism for segregating the available excess As. 

The mechanisms for the time-dependent strains due 
to As-P exchange for P-surfaces exposed to ASH3 and for 
As-surfaces exposed to PH3 look to be very different 
Excess InAs-like strain in P-compounds is more consistent 
with As-carryover at the upper interface than with As 
diffusion at the lower interface. Confirmation of upper 
interface carryover has been demonstrated by x-ray scattering 
measurement of AsH3-exposed InP surfaces (10). The 
source of the As excess is still somewhat unclear. Adsorbed 
surface excess from c(4x4) or d(4x4) GaAs-like surface 
reconstruction (6) is plausible, but the very large quantity of 
available As is surprising. No diminishing of the excess As 
is seen within the few monolayers studied here. For the case 
of GaAs exposed to PH3, the excess GaP-like strain behaves 
more like it is due to diffusion of P into the underlying 
GaAs. Strain from two-stage growths where InP or GaP are 
grown over a PH3-exposed surface show no interaction of 

the two steps as one might expect from P-carryover, 
although P carryover at a low level for long time could look 
similar. Significant GaAs surface roughening with longer 
exposures to PH3 (7) also suggests diffusion of P into the 
GaAs underlayer. 

Conclusions 
We have studied the strain in OMVPE grown ultra 

thin As-compound layers in InP and P-compound layers in 
GaAs to assess interface behavior relevant to InGaAs/InP 
heterojunctions. Strain contributions from As-P exchange at 
the heterojunction interfaces were identified. The very rapid 
replacement of P by As from ASH3 and the slower 
replacement of As by P from PH3 results in a rapidly formed 
strain contribution from InAs rich interfaces for superlattices 
on InP substrates. An additional InAs-like strain in the 
inserted layers is proportional to the growth time and is 
attributed to carryover at the upper interface of excess 
adsorbed surface As into the InP overlayer. P interaction 
with As-compounds is sufficiently slow that excess negative 
strain occurs only when deliberate growth interrupts under 
PH3 are introduced into superlattices grown on GaAs 
substrates, and P incorporation behaves more like diffusion 
into the underlying GaAs rather than as P carryover into the 
GaAs overlayer. Under our normal growth conditions, 
growth of thin GaP-compound layers on GaAs incorporates 
residual As at an exact 50% As-50% P ratio. 
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Introduction 

For MBE and MOCVD growth of III-V compound heterostructures containing phosphorus and 
arsenic compounds, control of the P-As exchange reaction at the growth interface is one of the major 
factors affecting the interface quality. Although several reports(l-5) have mentioned the presence ot 
this exchange reaction, a detailed investigation has not been made so far. 

This paper presents for the first time the result of a detailed investigation on the P - As exchange 
reaction which takes place on the InP surface when it is exposed to As4 beam Characterization was 
made by growing an additional InP cap layer on the As4 beam exposed InP surface and analyzing the 
resultant InP/InAsxP,.x/InP single quantum well (QW) structure shown in Fig. by 
photoluminescence (PL) and X-ray diffraction (XRD) measurements. The results provide quantitative 
data on the rate and depth of the exchange reaction as a function of growth parameters which may be 
useful for MBE growth of P and As containing heterostructures. 

Experimental 

The growth was performed in an gas source MBE 
system with a turbo-molecular pump and an ion 
pump. Solid In (7N) and As (6N), and cracked gas 
PH.} were used as the sources. The substrate was (001) 
InP. The substrate temperature was measured by an 
infrared pyrometer and controlled by a thermocouple 
which made a physical contact to the sample holder. 
Beam fluxes were measured by a quadruple mass 
spectrometer (QMS) closely located above the 
substrate holder. 

Growth of InP/InAsxPi.x/J.nP single QW 
structures shown in Fig.l consisted of mainly three 
steps, including growth of an InP buffer layer, 
exposure to As4 beam and growth of an InP cap layer. 
The buffer and cap InP layers were grown at the same 
conditions with the growth temperature of 440 °C and 
the growth rate of 1.5 Ä/s. After the growth of the 
buffer layer, the surface was kept under PH3 supply 
for a while in order to smoothen the surface. The 
substrate temperature was then reduced below 360 °C 
and PH3 was switched off. Then, the As4 exposure 
process was started by opening the As shutter when 
the substrate temperature was quickly raised to a 
target temperature, Te, i.e. the exposure temperature. 
The overshooting of the substrate temperature was 
controlled to be below 10 °C. After the exposure was 
finished, the As4 beam was shut off and the substrate 
temperature was dropped quickly below 300 °C. The 
exposure time, tAs^ is defined as the opening period of 
the As shutter. The cap InP layer was grown after the 
As cell was completely cooled and the residual As 
was sufficiently pumped out. For the growth of the 
InP cap layer, the substrate temperature   was again 

In AsxPl-x well produced by 
P-As exchange reaction. 

/    InP cap-layer  

InP buffer-layer 

InP sub. 

Fio. I Structure of InP/InAsxPi_x/InP single QW. 

simultaneously rather than opening the P shutter first. 
This was to prevent the re-evaporation of As and the 
occurrence of an opposite exchange reaction of As 
replaced by P, 

Growth was monitored by reflection high-energy 
electron diffraction (RHEED). The RHEED pattern 
during the growth of both buffer and cap InP layers 
was a clear streaky (2x4) pattern, and long persistent 
RHEED oscillations were observed. When the 
exposure to As4 started, the streaky (2x4) pattern 
persisted for about first 2 minutes and then became 
spotty (at 450 °C). The spotty pattern changed to a 
streaky one in a few seconds after the start of the 
growth of the cap layer. 

PL measurements of the InP/InAsxP].x/InP single 
QW samples were made by a conventional lock-in 
detection technique with an Ar+ laser (514.5 nm line) 
as the excitation source (1 W/cm2). The detector was 
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a liquid nitrogen cooled Ge photodetector (North 
Coast Scientific Corp.). X-ray rocking curve 
measurements of the QW samples was made in a 
high-resolution 3-crystal diffractometer with a Mo 
target (Ä.Kal=0.70926Ä) and a Ge (220) 
monochromater. 

Results and Discussion 
PL spectra 

Figures 2 (a) and (b) show the low temperature 
(18 K) and room-temperature (300K) PL spectra of 
several QW samples formed at an exchange 
temperature of Te = 450 °C for various values of the 
exposure time, tAs- Intense emissions were observed 
from all samples.   The energy positions of the PL 

peaks from the samples with tAS of 9 s and 20 s are 
nearly the same, and those from others shift to lower 
energy with the increase of tAs- When tAs increased to 
more than 40 to 125 s, significant splitting of the peaks 
occurred. For these peaks, computer deconvolution 
into Gaussian subpeaks was made as shown by dashed 
curves. It is noted in Fig.2 (b) that some of the 
positions of the constituent subpeaks or shoulders of 
the split spectra agree among different samples, as 
indicated by arrows in Fig.2 (b). 

Some of the samples showed peaks at 1.42 eV in 
Fig.2 (a) and at 1.35 eV in Fig.2 (b), and these are 
obviously due to the band edge emissions from InP 
cap and buffer layers. 
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Assignment of PL peaks 
In order to assign the observed PL peaks, 

theoretical calculation of the fundamental el-hhl 
transition energy for InP/InAsxP].x/InP QW was 
performed using the envelope function approximation. 
The band discontinuity of 310 meV for unstrained 
InAs/InP, which has been determined by several 
different methods and widely adopted by many 
authors (6-8), was used and the effect of strain was 
also included in the calculation. The material 
parameters for InAsxP].x alloy were linearly 
extrapolated from the widely used values of InAs and 
InP (10). The results are shown in Fig.3 (a) for 18 K 
and in Fig.3 (b) for 300 K as a function of the well 
width in the unit of ML, i.e. the half of lattice 
constants of strained InAsxP].x with x=l .0 to 0.85. 

The assignment of PL peaks in Fig.2 was then 
done by plotting the experimental energy positions on 
the theoretical calculations as shown in Fig.3. Here it 
was assumed that the 1.33 eV peak and the 1.20 eV 
peak at 18 K (IPG103, IPG104 and IPG108) in Fig.2 
(a) correspond to the QWs with the well width of 1 
ML and 2 MLs, respectively. The peaks with the next 
lower energy of 1.15 eV was then assigned to 3 ML 
QWs, 1.08 eV peak to 4 MLs, and so on. Assignment 
of PL peaks at 300 K in Fig.3 (b) was done in the 
same way with the assumption of that the 1.28 eV 
peak corresponds to 1 ML QW. As seen from Fig.3, 
the PL energy positions agree well with those for el- 
hh 1 transitions predicted from the calculations at both 
18 K and 300 K. Such assignments seem to be also 
consistent with the previous reports (11-14). From 
these results, the As composition of the present QWs 
should be about 90 - 95%. This is consistent with our 
X-ray photoeiectron spectroscopy (XPS) study of As - 
P exchange reaction during the thermal cleaning of 
InP substrate under AS4 pressure. 

Thus, PL results in Figs.2 and 3 indicate that the 
QW width due to the exchange reaction can be more 

-200 -100 0 

e (arc sec) 

100 

than 8 MLs in the sample of IPG99. However, 
observation of a PL peak corresponding to 8 ML QW 
does not directly mean that the exchange reaction 
takes place uniformly into the depth of 8 MLs. As 
mentioned above, RHEED pattern changed to spotty 
feature when tAs exceeded 2 minutes. This indicates 
that the surface became rough during the exchange 
reaction. It is thus reasonable to say that 3- 
dimensional (3D) islands formed on the surface. The 
island formation mechanism in such non-growth 
procedure can be well understood in term of the strain 
relief process where the original 2D layer piles up to 
form 3D islands (15-16), due to existence of very 
large strain (3.2%) between InAs and InP. From this 
viewpoint, the 8 ML QW represents the height of the 
highest islands, rather than the thickness of a uniform 
2D Layer. The splitting of PL peaks in IPG96 and 
IPG99 samples provides further evidence of this 
islanding process. 

X-ray diffraction 
Figure 3 shows the X-ray rocking curves for 

several samples. The diffraction patterns are different 
in shape, depending on the growth parameters. 
However, clear Pendellösung fringes were observed in 
all samples, indicting that the wells were 
pseudomorphic (7). In Fig.4, a reference sample of 
IPG105 with t^s of 0 s is also included. Although this 
sample consisted of only two InP layers for the buffer 
and cap, there still existed Pendellösung fringes. This 
implies that the epitaxially grown InP layers have 
different lattice constants with that of InP substrate. 
Detailed X-ray diffraction investigations indicated 
that a very small composition deviation equivalent to 
InPo.9955Aso.0045 exists in the InP cap layer whereas 
no such deviation was detected between the buffer 
layer and the substrate InP. This slight composition 
deviation in the cap InP layer was attributed to the 
incorporation of the residual As during the growth. 

-200 0 200 

9 (arc sec) 

400 

Fig.4 X-ray rocking curves of some samples. IPG105 
is a reference sample consisting of only the buffer and 
cap InP layers. 
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Fig.5 A typical example showing the computer 
simulation of X-ray rocking curve for determining the 
average well thickness. 
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Fig.6 Dependencies of the exchange depth, LEX, and 
the number of PL peaks, N, on the As exposure time, 
tAs- 

Average depth of exchange reaction 
Since the compositions of all the layers are 

known, the average well thickness or the average 
depth of exchange reaction can be determined by 
fitting the simulated X-ray rocking curves based on 
the dynamical diffraction theory to the measured 
rocking curves. In the simulation, only the thicknesses 
of QWs and cap layer were adopted as adjustable 
parameters and the buffer layer was considered as part 
of the InP substrate. An example (IPG99) of fitting is 
shown in Fig.5, and here the well thickness was 
determined to be 5.5 MLs. The cap layer thickness 
can be precisely determined from the Pendellösung 
fringe period. 

Since the typical X-ray spot size in the diffraction 
measurements was as large as several millimeters, the 
thickness obtained here should be an averaged value 
among various wells having different well 
thicknesses. Such an averaged well thickness can be 
interpreted as the average depth of exchange reaction, 
LEX- Dependence of LEX on tAs at the same substrate 
temperature of 450 °C is shown in Fig.6. As seen in 
Fig.6, the exchange depth increases with the increase 
of As4 exposure time, but trends to saturate when tAS 
is over 2 minutes. 

Fluctuation of well thickness 
As shown in Fig.2 (a), the PL line-width at 18 K 

is relatively narrow as 19 meV for 1 ML-thick well 
formed at tAs = 9 s (IPG103), but broadens to 40 meV 
for the same 1 ML-thick well formed at tAs = 20 s 
(IPG104). With tAs increases further, the line-width 
becomes wider and then splitting takes place. This 
indicates that fluctuation of the well thickness 
increases as tAs is increased. As a crude measure of 
well thickness fluctuation, the number N of PL peaks 
required for curve fitting is plotted also in Fig.6 vs the 
exposure time tAs. The variation of N seems to follow 
the variation of the average depth of exchange 
reaction, indicating the increase of N is mainly due to 
the formation of 3D islands by strain relief process. 

Conclusion 

The P - As exchange reaction on InP surface 
exposed to AS4 beam was studied using PL and x-ray 
diffraction measurements on InP/InAsxP].x/InP 
single QW structures. 

It was found that the XRD technique is useful to 
determine the average depth of exchange reaction, and 
the PL technique provides clearer information on the 
composition change and fluctuation of the reaction 
depth. XRD technique has shown that the average 
depth of exchange reaction is not limited to the top 
monolayer, but penetrates as deep as 5.5 ML for long 
exposure. The PL results have shown that an 
exchange efficiency is as high as 90-95%. The 
splitting in PL peaks was observed when the reaction 
depth exceeded 2 ML, indicating increase of 
fluctuation of the reaction depth for strain relief 
process. Both the reaction depth and the fluctuation of 
the well thickness increases with the increase of As 
exposure time but the reaction depth tends to saturate 
when the average exchange depth reaches 5-6 MLs. 
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FA1.3 
Characterization of InAsP/InGaAsP strained MQW crystals 

for 1.3 |im-wavelength laser diodes 
using a microscopic photoluminescence 

Masashi Nakao and Hideo Sugiura 
NTT Opto-electronics Laboratories, 

3-1 Morinosato Wakamiya, Atsugi, 243-01 Japan 

A microscopic photoluminescence (\i-PL) method was used to characterize strained InAs o.sPo.s/InGaAsP multi- 
quantum well crystals with a series of well numbers (n=2— 14). This method was useful for detecting misfit 
dislocations in the crystals, especially at the initial stage of their generation. We also measured the   (i-PL intensity 
profile of a laser diode (LD) cavity. The intensity, being mainly influenced by the [Oil]-directed misfit dislocations, 
was closely correlated to the LD characteristics such as threshold current. 

1. Introduction 
Semiconductor laser diodes (LDs) with strained InAsP/ 

InGaAsP multi-quantum wells (MQWs) have attracted 
much attention for their use in 1.3- um wavelength optical 
subscriber communication systems because of their low 
threshold current and high temperature operation [1]. 
Because the lower growth temperature may prevent misfit 
dislocation generation by a large lattice mismatch of 1.5%, 
the strained MQW structure has presently been grown by 
chemical beam epitaxy (CBE) [2] at a growth temperature 
of around 500 °C lower than by metalorganic vapor phase 
epitaxy (MOVPE) at 650 °C [3]. There are many works on 
strain-induced defects such as misfit dislocations [4-6], 
which have usually been studied using a transmission 
electron microscope (TEM) [5] or a cathode luminescence 
method[6]. Neither of these are suited to testing samples 
conveniently under processing conditions. 

We have reported that the photoluminescence (PL) 
characteristics show good correlation to the LD characteris- 
tics [7]. For example, threshold current of the LD decreased 
as PL intensity increased. Here we have used a photolumi- 
nescence method with microscopic spatial resolution (so- 
called |X-PL) to analyze highly strained InAsP/InGaAsP 
MQWs before and after processing of semiconductor laser 
diodes. We also investigated the relationship between PL 
and LD characteristics from a smaller area of view such as 
the cavity area of a LD. The results of the |A-PL method 
gave us closer correlation between PL intensity and LD 
threshold current. 

2. Experimentais 
Crystal growth was carried out by the chemical beam 

epitaxy (CBE) system[2]. Substrate temperature was 520 
V.. The samples had separate confinement double hetero- 
structures (SCH): MQWs consisting of 5.5-nm-thick 

InAso.sPo.5 and 11-nm-thick InGaAsP (Xg= 1.13|i.m) were 
grown on the pre-etched (100) InP substrates. The number 
of wells in the MQW was varied from two to fourteen. 
Samples for PL measurements were covered by a 100-nm- 
thick p-doped InP layer on the strained MQW layers. For 
LD samples liquid phase epitaxy (LPE) was used to grow 
the additional 2-|i.m-thick p-InP cladding layer and a 300- 
nm-thick p-InGaAsP contacting layer. 

Two PL systems were used; the first of which is a YAG- 
laser based photoluminescence (YAG-PL) mapping system 
reported previously [7]. PL mapping profiles of the 
epitaxial wafer, such as peak wavelength, intensity, and 
full-width at half maximum, were examined at room 
temperature with a high through-put (~ 1 second/ point). 
The high-power YAG-laser (~ 1W, cw) was used to excite 
only active layers, i.e. InAsP. The spatial resolution is 
around 0.1 mm. 

The second system is a |i-PL system. A 3-mW He-Ne 
laser (?i=633 nm) or a 3- mW YLF laser (A^=1047 nm) with 
a beam waste of 5 (Xm in diameter is irradiated through a 
objective lens (25x, NA=0.3) vertically to a sample. The 
excited carriers are generated in the different depths due to 
the irradiation of He-Ne and YLF lasers, namely in the 
vicinity of the wafer surface including the p-InP cladding 
layer and in the MQW active region, respectively. 
Photoluminescence from the sample is collected by the 
same objective lens, and introduced to the detection part 
consisting of a grating monochromator and an InGaAs 
detector. Then, |i.-PL intensity mapping was carried out at a 
fixed wavelength around the PL peak position by scanning 
the sample in the x,y-directions every 2.5 |im. The sample 
was set on the x,y-pulse stage with an additional x,y-off-set 
angle regulation system to keep the distance between the 
object lens and the sample constant within microns. The p.- 
PL measurements were carried out at room temperature. 
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The spatial resolution was estimated to be less than 5 um. 
The wafers with a strained MQW structure were 

processed into 50-|i.m-wide stripe lasers, each with a 300- 
(im-long cavity directed to [Oil]. This direction was 
selected for convenience of metallization by electrode 
patterning. The well numbers investigated here were 4, 6, 
and 10. The threshold currents of the laser chips without a 
facet coating were measured at room temperature under 
pulsed current. 

3. Results and Discussion 
3.1. Photoluminescence characteristics 

Fig. 1 shows results of high power YAG-photolumines- 
cence (YAG-PL) measurements for as-grown InAs 0.5P0.5/ 
InGaAsP strained MQW samples represented by open 
circles. The YAG-PL intensity of wafers varies with their 
well number (n). That is, the YAG-PL intensity increases 
gradually with n-value up to n=8. At n=14 the YAG-PL 
intensity becomes very low, less than one-tenth of the other 
values. The samples were annealed at 620T) for 2.5 hours. 
This annealing condition is same as that for over-growth by 
LPE in the practice process of LD fabrication. We could not 
observe any obvious annealing effect on the YAG-PL 
intensity for samples of n<8, but PL intensity for the sample 
n=10 decreased by a factor of two shown as a closed circle 
of Fig. 1. Considering the changes in YAG-PL intensity in 
Fig. 1, it should be noted that the degradation of the 
strained MQW crystal may start from n=10. The YAG-PL 
method is useful to check the quality of active layers 
immediately after their growth, however, due to the low 
spatial resolution (~ 0.1 mm order) it is difficult to identify 
the origin of quality degradation such as due to misfit 
dislocations. 

To investigate the origin of degradation in the YAG-PL 
intensity, microscopic photoluminescence ( p.-PL) 
measurements were performed. Figure 2 shows mapping 
profiles of the p.-PL intensity measured at a fixed 
wavelength (ca. 1330 nm) under the He-Ne laser excitation 
for the samples with various well number. Each profile is 
normalized at it's maximum intensity. The observation is 
carried out in a typical area of 2 mm x 2 mm. No special 
pattern can be observed in the p-PL intensity mapping 
results of n=4, and intensity variations are as small as 5%. 
A cross-hatched pattern is observed for the samples of n>6. 
The contrast of the pattern becomes clearer with increasing 
well number. At n=14 clusters with a very weak (J.-PL 
intensity appear. We will show later using a plane view 
TEM that the lines reflect misfit dislocations. 

In order to make clear the generation place of the misfit 
dislocation, the fl-PL intensity mapping was carried out 
under the YLF laser irradiation, which could be excited 

only the MQW region. The observed p.-PL intensity 
profiles were almost same as those of the He-Ne laser 
irradiation as shown in Fig. 2, except for the difference of 
absolute |l-PL intensity values. These results indicate that 
misfit dislocations exist in or closed to the MQW layers, 
and they do not extend to the above InP cladding layer. 
Becase if the misfit dislocation extended to the cladding 
layer, the recombination process of the excited carriers 
would be changed and consequently the |i-PL intensity 
profile of He-Ne irradiation would be different from that of 
YLF. This will be discussed later using TEM cross- 
sectional view. We have demonstrated the |l-PL as a 

convenient tool for observation of the cross-hatching 
pattern due to misfit dislocations of the strained InAsP 
MQW crystals. 
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Fig. 1. Well number dependence on YAG-PL intensity. 
Before (O) and after (#) annealing at 620 °C for 2.5 hrs. 
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Fig. 2. p.-PL intensity profiles for strained InAsP/InGaAsP 
MQW crystals with n=4, 6,10 and 14; measured at 1330 nm. 
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3.2. TEM observations 
Next we observed the samples by using a TEM to clarify 

the observed cross patterns in the (i-PL images. Fig. 3 
shows the plane views of TEM for the samples of n=8 and 
14. Misfit dislocations directed to [011] and [011] are 
observed. A line number of the [01 Indirection is more than 
that of the [011]-direction. The density of dislocations is in 
the order of 104 cm1 for n=8 and in the order of 105 cm1 for 
n=14. The line patterns in these TEM-images resembles 
those of the \i-PL mapping images in Fig. 2. Therefore, we 
can conclude that the cross patterns observed on the (X-PLs 
are misfit dislocations. Fig. 4 shows cross-sectional view of 
TEM for n=14 sample. We could observe generation of 
dislocations at the interface between the strained MQW 
layer and the buffer layer (shown by white arrows), 
extending into the buffer layer. It was also found that the 
misfit dislocations do not extend into the MQW layer. This 
observation has good agreement with the p.-PL results using 
the diffenrent excitation sources as mentioned above. 

3.3. Laser diode characteristics 
Figure 5 shows histograms of threshold current density 

(Jth) for wide-stripe type lasers with well number of 4, 6 
and 10. There is little difference in Jth between n=4 and 6 
in spite of generating misfit dislocations in the sample of n= 
6 (cf. Fig. 2). The averaged value of threshold current 
density, as small as 0.7 kA/cm 2, is fairly low and both 
dispersion values (a) are less than ±0.03 kA/cm 2. 
However, at n=10 the value of the threshold current density 
is distributed in a wide range, i.e. from 0.8 to 2.2 kA/cm 2, 
depending on the position in a bar. Here, a large dispersion 
of threshold current density, i.e., G=0.44 kA/cm2, which is 
one order of magnitude larger than that for n=6, could be 
observed. These results show that misfit dislocation 
densities of up to 104 cm1 (this value was estimated from 
the TEM plane view of n=8 in Fig. 3 and the increasing 
tendency of dislocation line number which appeared in Fig. 
2.) do not seriously influence the LD   threshold current 
and that for the density of more than 10 4 cm1, i.e. the case 
of n=10, some laser chips deteriorates. In the present LDs 
the cavity direction was [011]. This direction was more 
generative direction of misfit dislocations, which could be 
evident from the images of Figs. 2 and 3. The influence of 
dislocations on the long term LD operation is now under 
investigation. 

The laser chips of n=10 were further examined to clarify 
the threshold current dispersion which appeared in Fig. 5. 
The results of light output vs. injection current and ji-PL for 
three neighboring LD chips are shown in Fig. 6a and 6b, 
respectively. The three chips such as A-C which are 400 
|im apart are drawn schematically in the same figure. The 

Fig. 3. Plane view TEMs for n=8 and 14. 

Fig.4. TEM cross-sectional view of  n=14 sample. 
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Fig. 5. Histogram of threshold current density for laser 
diodes with well number of 4, 6, and 10. 
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threshold current increases in order of B to A to C. To 
measure |X-PL properties of the chips, the substrate-side of 
the LD bar was polished chemo-mechanically to remove the 
metal electrode, and (i-PL spectra were observed from the 
polished-side. On the Fig. 6b the cavity parts were 
surrounded by front-side contact metal parts, which 
appeared strong PL intensity because of highly refractive 
scattering light. As shown in Fig. 6b, the n-PL intensity in 
the region of laser cavities, which strongly depends on the 
dislocations directed to [Oil], decreases in order from B to 
A to C. It should be noted that the  (X-PL results of Fig. 6b 
do not correspond to the \L-PL mapping of n=10 in Fig. 2. 
This is because samples were annealed during LPE over- 
growth. Comparable results to Fig. 6b are those of n=14 in 
Fig. 2. For example, very low |i-PL intensity in the cavity 
of chip C should correspond to a band region of low 
intensity in the n=14 sample. Comparing the results of Fig. 
6a with Fig. 6b, the threshold current value of the three 
increases as the (J.-PL intensity decreases. And the 
efficiency (dimension is mW/mA), defined as the ratio of 
light output versus injection current, decreases with the \i- 
PL intensity. Thus |J.-PL observation of a small area such 
as a cavity gives us useful information about LD 
characteristics. Thus, we can conclude that the dislocation 
lines directed to [011] mainly determine the LD 
characteristics. 

4. Conclusion 
We have shown sensitive and convenient observation of 

misfit dislocations generated in strained InAs 0.5P0.5/ 
InGaAsP MQWs crystals by using the ji-PL method. This 
was assigned by comparing to TEM observation. We have 
also demonstrated the advantage of the (i-PL method as 
compared to a traditional YAG-PL method. The |X-PL 
method is essentially a non-destructive characterization 
method, therefore we applied it to characterize wafers in the 
processing of laser diode fabrication. Defects such as misfit 
dislocations observed by u,-PL measurements were found to 
significantly influence LD characteristics such as threshold 
current. This is the first report to show direct correlation 
between dislocation characteristics and LD properties by  n,- 
PL. We will use this method to examine the quality of 
grown crystals and try to improve the subsequent LD 
characteristics by introducing new MQW structures such as 
stress compenzation. 
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Introduction 
Strained layer multi-quantum well (SL-MQW) lasers [1] with large amount of strain are expected to realize high 

output and high speed operation. However, in such SL-MQW structure, there is a problem that the photo- 
luminescence (PL) intensity is reduced when the total thickness of the well layers exceeds a critical value [2]. 
Therefore, the clarification of the degradation mechanism of PL characteristics in SL-MQW is very important. In this 
paper, the dependence of PL characteristics on both SL-MQW structure and epitaxial growth condition is studied. The 
degradation of PL characteristics in the SL-MQW is confirmed as a broadening of PL linewidth and an unusual 
temperature-dependence of PL peak wavelength. By using a high-resolution transmission electron microscope (HR- 
TEM), the structure of atomic ordering [3] is demonstrated over entire barrier layers of the SL-MQW structure with 
degraded PL characteristics. By increasing growth temperature, elimination of the ordering structure as well as 
improvement of the PL characteristics have been confirmed even in the SL-MQW structure with large amount of 
strain. 

I.   Experiments 
Structures: Figure 1 shows the schematic energy-band 
diagram of studied SL-MQW structure. A lattice- 
matched InGaAsP buffer layer (PL wavelength 
Xg=1.05 ixm, thickness dbu=150 nm), SL-MQW 
layers (Xg=1.3 iim), and an InP cap layer (dc=200 nm) 
are grown on a (001) just oriented Sn doped n-InP 
substrate by low pressure metalorganic vapor phase 
epitaxy (LP-MOVPE). The SL-MQW layers are 
constructed of strained InGaAsP well layers 
(compressive strain Aa/a=0, +0.6, and +1.0 %, dw=6 
nm) and unintentionally strained InGaAsP barrier 
layers (A.g=1.05 n.m, db=10 nm). The number of 
quantum well (Nw) are 1, 3, 5, 7 and 10. All layers 
are unintentionally doped. 

Growth conditions: The crystal growth is performed 

InP 

1 
1.05nm InGaAsP 

Strained InGaAsP 
(Aa/a=0, +0.6,+1.0%) 

SL-MQW 
/Nw=1,3,5,7,10\ 
\Xg=1.3um / 

= < Well layer 
dw=6nm 

=<-Barrier layer 
db=10nm 

Buffer layer 
"bu =150nm 

-n-lnPSub. 

Fig. 1   Schematic energy-band 
diagram of studied SL-MQW. 

in a vertical LP-MOVPE reactor with resistance 
heating. Trimethylindium (TMI), triethylgallium 
(TEG), arsine (ASH3), and phosphine (PH3) are used 
as sources for the growth, and hydrogen as a carrier 
gas. The epitaxial growths of the SL-MQW structures 
are carried out at the substrate temperature of 580, 
600, and 620 °C. The growth pressure is 60 Torr. 
TMI and TEG are maintained at 25 °C. TMI is 
bubbled by hydrogen gas at a rate of 200 SCCM. The 
flow rate of PH3 (100 %) is 100 SCCM. The 
compositions of InGaAsP layers are adjusted by 
changing the rate of TEG and ASH3. The total flow 
rate is 22 SLM. V/III ratio and growth rate are 240 
and 1 \imlh for the growth of InP, respectively. The 
alloy composition of lattice-matched barrier and buffer 
layers, which is evaluated by PL peak wavelength at 
about 293 K (RT), is adjusted to be constant, in each 
growth at different temperature. The compositions of 
strained well layer are also adjusted for the PL peak 
wavelength of SL-MQWs to be 1.3 jjm at RT, in each 
amount of strain and growth temperature. 

Measurements: The amount of strain and the 
thickness of well layers in SL-MQW layers were 
estimated by the X-ray rocking curve. The optical 
characteristics were evaluated by the full width at half 
maximum of PL spectrum (PL linewidth) at the 
measurement temperature (Tm) of 77 K and the shift 
of PL peak-energy from RT to 77 K (PL shift). The 
excitation wavelength in the PL measurements is 
514.5 nm. The interfaces of SL-MQW layers and the 
structure of atomic ordering are observed by using a 
high-resolution transmission electron microscope 
(HR-TEM). 
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II.   Results  and   Discussions 
Well number dependence of PL linewidth: Figure 2 
shows the dependence of PL linewidth on well number 
as a parameter of the amount of strain in the well 
layers. Each sample is grown at the substrate 
temperature of 580 °C. The PL peak wavelengths of 
the measured samples range from 1.32 to 1.34 |im at 
RT. As shown in Fig. 2, the PL linewidth is slightly 
decreased with increasing well number from 1 to 10, 
in the case of unstrained MQW structures. However, 
the PL linewidths largely broaden with increasing well 
number, in the SL-MQW structures with the strain of 
0.6 and 1.0 %. The increase of PL linewidth occurs at 
5 wells in the SL-MQW structures with 0.6 % strain, 
and only at 3 wells in the SL-MQW structures with 
1.0 % strain. It is said that, as the amount of strain 
becomes larger, the degradation of crystal quality in 
the SL-MQW structures, which is confirmed as the 
increase of PL linewidth, occurs at smaller well 
number. 

Well number dependence of PL shift: Figure 3 shows 
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Fig. 2   Dependence of PL linewidth at 77 K on well 
number for different SL-MQW structures. 
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the dependence of PL shift on well number as a 
parameter of the amount of strain in the well layers. 
Each sample with different well number and strain in 
Fig. 3 corresponds to that in Fig. 2. As shown in 
Fig. 3, for the unstrained MQW structure, the PL 
shifts at different well numbers show almost constant 
values without reduction. However, in the SL-MQW 
structures with the strain of 0.6 and 1.0 %, the PL 
shifts decrease with increasing the well number from 1 
to 10. Above all, at the SL-MQW with 10 wells and 
1.0 % strain, PL peak wavelength shows negative PL 
shift (opposite to usual temperature-dependence). The 
reduction of PL shift occurs at 5 wells in the SL- 
MQW structures with 0.6 % strain, and at 3 wells in 
the SL-MQW structures with 1.0 % strain. These 
well-number dependence is very similar to that of PL 
linewidth. Therefore, the degradation of crystal quality 
in the SL-MQW, which is also evaluated as the 
reduction of PL shift, is enlarged with increasing well 
number and the amount of strain. 

WTEM measurement: The clarification of the 
degradation mechanism in SL-MQW is very important 
in order to suppress the degradation of crystal quality. 
The origin of degradation has been predicted to be 
ascribed to the generation of dislocation or 3 
dimensional nucleation. The degraded SL-MQW 
structure (Type-A : Nw=10, Aa/a=0.6 %, and Ts=580 
°C), which shows the largest PL linewidth in this 
study, is investigated. Figure 4 shows a picture of 
transmission electron microscope for wedge-shape 
sample (WTEM). As shown in Fig. 4, the WTEM 
picture reveals sharp interfaces and an excellent 
periodicity. It is considered that 3 dimensional 
nucleation is scarcely generated. 

TED measurement: TEM samples prepared parallel to 
both  (110) and (no) planes are examined by 

-Well layer 

■ Barrier layer 

Buffer layer 

Fig. 4  WTEM picture of degraded SL- 
MQW structure with 10 wells and 0.6 % 
strain, grown at 580 °C. 
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Fig. 5   TED pattern of the degraded SL- 
MQW, taken in the <110> direction. 

Fig. 6   HR-TEM image of the degraded SL- 
MQW, taken in the <110> direction. 

a transmission electron diffraction (TED) and a high- 
resolution transmission electron microscope (HR- 
TEM). Figure 5 shows TED pattern obtained only 
from the well and barrier layers of the degraded SL- 
MQW (Type-A). The picture is taken in the <11 0> 
direction. Superlattice reflection spots, visible as two 
sets of ordered spots of l/2(lll) and l/2(Tll), are 
observed halfway between the fundamental spots of 
(000) and (ill), and between (000) and (Til). These 
superlattice reflection spots indicate the presence of 
both variants I and II of CuPt-type atomic ordering due 
to alternating group III (or V) element atoms on the 
same set of the two {111} planes of their respective 

sublattices. The intensity and sharpness of the two 
sets of spots exhibit that the ordered structure is well 
developed in both directions. No superlattice 
reflection spot is seen at the TED pattern taken in the 
< 1 To > direction. 

HR-TEM imase: A typical HR-TEM image of the 
degraded SL-MQW (Type-A) is shown in Fig. 6. 
Doubling in periodicity of {111} lattice fringes, i.e., 
the presence of arrays of bright and dark spots on each 
second (l T1) or (T11) fringe, is clearly observed. The 
structure of atomic ordering is confirmed not in the 
well layers but in each barrier layer. It is considered 
that strong ordering occurs in the barrier layers, 
because the barrier layers are composed of low content 
of Ga and As atoms. It has been predicted in Ref. 4 
that the ordering diminishes with compositions from 
InP towards lattice matched InGaAs in the case of 
atmospheric pressure MOVPE growth. No dislocation 
structure is observed in the TEM image in the SL- 
MQW (Type-A). So, dislocation is considered to be 
scarcely generated in the sample. No ordering 
structure is also seen at the HR-TEM image taken in 
the <lTo> direction. 

Temperature dependence of PL linewidth: It has been 
also predicted that atomic ordering diminishes as the 
growth temperature increases, for a fixed composition 
[4, 5]. So, it is expected that the increase of growth 
temperature is effective to suppress the degradation of 
SL-MQW structure. Figure 7 shows the dependence 
of PL linewidth at 77 K on the amount of strain in the 
well layers as a parameter of the substrate temperature 
at epitaxial growth. When the amount of strain is 0.6 
and 1.0 %, the PL linewidth shows large values of 
more than 40 meV for the SL-MQW structures grown 
at 580 °C. However, when the temperature is 
increased from 580 to 620 °C, the broadening of PL 
linewidth is completely suppressed even in the SL- 
MQW structures with 1.0 % strain. 

Temperature dependence of PL shift: Figure 8 shows 
the dependence of PL shift on the amount of strain in 
the well layers as a parameter of the substrate 
temperature. Each sample in Fig. 8 corresponds to 
that in Fig. 7. As shown in Fig. 8, for the SL-MQW 
structures grown at 580 °C, the PL shift steeply 
decreases to negative value, as the strain increases over 
0.6 %. However, when the temperature is increased to 
620 °C, the reduction of PL shift is also completely 
suppressed even in the SL-MQW structure with 1.0 % 
strain. It is said that the degradation of PL 
characteristics, such as the increase of PL linewidth 
and the reduction of PL shift, is improved with 
increasing growth temperature. Also, it is expected 
that still larger amount of strain and still larger 
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number of well layers can be introduced with further 
increasing growth temperature unless the intermixing 
of P and As becomes dominant at the interfaces of 
well and barrier layers. Because, the PL linewidth as 
well as the PL shift shows almost the same values 
among the unstrained MQW samples grown at 
different temperature, it is predicted that the ordering in 
the SL-MQW structure is enhanced by tensile strain 
unintentionally introduced into the barrier layers. 

Temperature dependence of ordering: The nondegraded 
SL-MQW structure (Type-B : Nw=10, Aa/a=0.6 %, 
and Ts=600 °C), which is shown in Fig. 7 and 8, is 
investigated by using WTEM. The WTEM picture of 
the SL-MQW (Type-B) reveals sharp interfaces and an 
excellent periodicity the same as that of SL-MQW 

(Type-A). TEM samples of SL-MQW (Type-B) are 
also prepared parallel to both (110) and (no) planes, 
for TED and HR-TEM observation. No superlattice 
reflection spot observed in TED pattern taken in both 
< 11 0> and <lTo> directions. No atomic ordering 
structure is also observed in the HR-TEM images 
taken in both <110> and <lTo> directions. The 
degradation of PL characteristics in the SL-MQW 
structure is thought to be explained not only by the 
generation of dislocation or 3 dimensional nucleation, 
but also by the generation of atomic ordering. 

III.   Conclusions 
Degraded PL characteristics, such as the increase 

of PL linewidth and the reduction of the shift of PL 
peak-energy from RT to 77 K, are observed in the SL- 
MQW structures with large amount of strain 
(Aa/a>0.6%) and large number of well layers (Nw>5) 
grown at low substrate temperature of 580 °C. In 
TED and HR-TEM pictures taken in < 11 0> direction, 
the structure of CuPt-type atomic ordering is clearly 
observed in each barrier layer of the SL-MQW 
structure with degraded PL characteristics. By 
increasing substrate temperature from 580 to 620 °C, 
the increase of PL linewidth and reduction of PL shift 
are completely suppressed even in the 10 wells SL- 
MQW structure with 1.0 % strain. Elimination of the 
ordering structure is confirmed in the SL-MQW 
structure grown at substrate temperature of 600 °C. 
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INTRODUCTION 
The heteroepitaxy technology of a lattice-mismatched system has been attracting much 

attention, since it provides an additional freedom for the material design of novel device fabrication. 
For example, molecular beam epitaxially (MBE) grown GaAs-on-InP optoelectric integrated circuits 
which combine InP-based long-wavelength optical devices with high-speed GaAs electric devices 
have been demonstrated]!]. In this heteroepitaxial growth system, however, it is well known that a 
large number of defects remain in a grown GaAs layer, since the lattice constant of GaAs is 3.7% 
smaller than that of InP. These defects cause a degradation of the device performance. Therefore, it 
is necessary to understand the growth mechanism related to defect generation in more detail for 
further development of the above-mentioned hetero-material device fabrication. In this study, we 
investigated the growth mode transition process of GaAs heteroepitaxial growth on an InP substrate. 
The surface structures were observed using an ultra-high vacuum scanning tunneling microscopy 
(STM) system equipped with an MBE facility. 

EXPERIMENTAL 
An InP (001) substrate was chemically 

etched and loaded into the STM multi-chamber 
system. Details concerning the multi-chamber 
system have been reported elsewhere[2]. After 
preheating, the sample was transferred to an MBE 
chamber and thermally cleaned in an arsenic flux of 
3xl0"3 Pa. The temperature of the sample was 
gradually raised up to 510 °C in order to remove 
the surface oxide and to make the surface In- 
stabilized[3]. After keeping the sample temperature 
at 510 °C for 3 minutes, a certain amount of GaAs 
was deposited onto the surface. The amount of 
GaAs deposition was varied from 1.0 ML to 800 
ML. After GaAs deposition, the arsenic flux was 
shut off and the sample was immediately transferred 
to the STM chamber for STM measurements. All 
STM measurements in this study were performed in 
the constant mode with a tunneling current of 200 
pA and a sample bias voltage of -2 V relative to 
the tungsten tip. 

RESULTS AND DISCUSSION 
Before GaAs deposition on InP substrates, 

the surface structures of InP were observed by 
STM.   Figure 1 shows an STM image of an InP 

surface thermally cleaned in an arsenic flux at 510 
°C for 3 minutes. The STM image showed about 
1.6 nm periodic lines of about 0.4 nm width 
running along the [110] direction. These lines are 
considered to represent In-In dimer rows of an In- 
stabilized (4x2) reconstructed structure[3]. Then, a 
certain amount of GaAs was grown on the InP 
surfaces, and the surface structures were observed 
by STM. 

!** 

*Ü$ ^BPr 
***! 

Fig. 1: STM image of an InP surface thermally 
cleaned in an arsenic flux at 510°C for 3 minutes. 
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[110] 

Fig. 2: STM images of GaAs deposited on InP surfaces. The amounts of GaAs deposition are: (a)1.0 ML, (b)1.5 
ML, (c)2.5 ML and (d) 4.3 ML. In the initial stage, a growth mode transition from 2D- to 3D-island growth 
occurred when more than 2.0 ML GaAs was deposited on the surface. 

Figure 2 shows STM images of GaAs- 
deposited InP surfaces in the initial stage for GaAs 
deposition of less than 5.0 ML. In this stage, a 
growth mode transition from two-dimensional (2D) 
to 3D-island growth occurred. Figure 2(a) shows an 
STM image of a 1.0 ML GaAs-deposited InP 
surface. In this image, the surface comprises only a 
(2x4) As-stabilized structure. Although it is not 
possible to resolve each individual unit cell, dark 
lines running along the [110] direction, 
corresponding to the missing dimer rows, can be 
seen. An STM image of the 1.5 ML GaAs- 
deposited InP surface is shown in Fig. 2(b). 
Although more steps were observed in the image 
than in that of a 1.0 ML GaAs-deposited surface, 

the growth still seems to be 2D on the atomic scale. 
On the other hand, when 2.5 ML GaAs was 
deposited on an InP surface, 3D-islands elongated 
in the [110] direction were observed (Fig. 2(c)). It 
is clear that the growth had already changed to 3D. 
This growth mode transition seems to occur when 
more than 2.0 ML GaAs is deposited, since the 
reflection high-energy electron diffraction pattern 
of this surface changed from streaky to spotty type 
with this amount of GaAs deposition. Figure 2(d) 
shows an STM image of a 4.3 ML GaAs-deposited 
surface. In this image, it is observed that all islands 
on the surface elongate in the [110] direction, and 
that their density increases. 

706 



Li'*B 

mm.. 

Fig. 3: Larger area STM images of GaAs deposited on InP surfaces. The amounts of GaAs deposition are: (a)10 
ML, (b)90 ML, (c)200 ML and (d)800 ML. The surface structure gradually changed from 3D to 2D with 

increasing the amount of GaAs deposition. 

These islands further elongated along the 
[110] direction and coalesced with a greater 
increase in amount of GaAs deposition. When 10 
ML GaAs was deposited on the surface, the islands 
having a longer shape along the [110] direction 
covered the entire surface (Fig. 3(a)). The 
anisotropy of the island shape disappeared with the 
following GaAs deposition. In the STM image of a 
90 ML GaAs-deposited InP surface, large islands 
of about 100 nm x 100 nm in size were observed 
(Fig. 3(b)). These large islands then changed to 
larger domains due to coalescence between the 
islands, and the surface morphology gradually 
became flat with further increased GaAs deposition 
(Fig. 3(c)). Figure 3(d) shows an STM image of an 

800 ML GaAs-deposited InP surface. In this case, 
the surface recovered to a GaAs 2D structure; that 
is, 1.6 nm periodic dark lines running along the 
[110] direction, corresponding to the missing dimer 
row of a GaAs (2x4) reconstructed structure, can be 
observed in the STM image. Furthermore, it should 
be noted that a dark line (indicated by the white 
arrow) running in the [110] direction between the 
holes on the surface can be observed. The density 
of this kind of line was roughly coincident with the 
dislocation density, which was estimated by a 
cross-sectional transmission electron microscope 
observation. This line is therefore considered to 
correspond to a misfit dislocation line which 
appeared  on the GaAs surface resulting  from a 
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recovery to 2D. 

SUMMARY 
The growth mode transition processes of 

GaAs heteroepitaxial growth on an InP substrate 
were investigated using an STM multi-chamber 
system equipped with a molecular beam epitaxy 
facility. During the initial stage, the growth mode 
transition from 2D- to 3D-island growth occurred 
with more than 2.0 ML GaAs deposition on the InP 
surface. This 3D-island structure gradually became 
flat with increasing the amount of GaAs deposition, 
and finally recovered to a GaAs 2D structure. 
Furthermore, an extended dislocation line can be 
observed in the STM image of the recovered GaAs 
surface. 
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Introduction 
Recently, DFB lasers integrated with electroabsorption modulator have attracted 
wide interest because their low chirp operation makes them highly suitable for high 
bit rate {STM 64 level of 10 Gbit/s NRZ), long haul 1550 nm transmission over 
standard - dispersive - single mode fibre (1-4). Also very long distance (> 300 km) 
systems at 2.5 Gbit/s benefit from the virtually chirp free behaviour of the devices 
(5-7). In comparison to LiNb03 Mach-Zehnder modulators, InP based 
electroabsorption modulators offer long term stability, compactness, and less 
vulnerability to self phase modulation (8). In addition, monolithic integration with 
the DFB laser is possible within the InP materials system. Integration of the 
electroabsorption modulator to the DFB laser is a very attractive option because of 
the very low laser to modulator insertion loss and the reduction in packaging effort 
(and thus cost) compared to external modulators. Moreover, the required matching 
between modulator bandgap and DFB wavelength is done by the device 
manufacturer and is of no concern to the user of the device. 
In this paper, the design, fabrication and testing of 1550 nm DFB lasers with 
monolithically integrated electroabsorption modulator are reported. System 
performance of butterfly-packaged devices in 10 Gbit/s NRZ transmission over 
standard single mode fibre (SMF) with 17 ps/nm/km dispersion is included. Among 
the results are 10 Gbit/s transmission without the aid of optical amplifiers up to the 
theoretical limit of 50 km and up to 150 km using one optical booster amplifier. 

Background 
Both bulk quaternary layers using the Franz- 
Keldysh effect and multiple quantum well 
(MQW) stacks of the Quantum Confined 
Stark effect type or Wannier Stark effect 
type have been employed so far in InP based 
electroabsorption modulators (1-4,9). 
Although the MQW modulators offer a higher 
attenuation efficiency, the Franz-Keldysh type 
devices show less chirp and are less critical 
with regard to the exact detuning between 
modulator bandgap and laser emission. In 
addition, the Franz-Keldysh modulators are 
less prone to saturation effects i.e. 
degradation of attenuation at higher power 
input from the laser (10). In this work, the 
attention is focused therefore on integrated 
modulators of the Franz-Keldysh type. 
In principle, DFB lasers integrated with an 

electroabsorption modulator should operate 
entirely chirp free as the laser is biased well 
above threshold leading to stable single mode 
emission. Spectral broadening would only be 
due to the finite pulse duration AT from the 
Fourier limit AT.Af ~ 1. Additional chirp, 
however, is generally introduced by two 
factors, namely residual facet reflection and 
phase modulation caused by the variations of 
the refractive index of the modulator which 
are accompanied by the changes of the 
absorption. Both factors determine the 
temporal distributions of intensity and 
frequency which are decisive for the obtained 
system performance. In case of residual facet 
reflection, light reflected at the modulator 
front facet is fed back into the DFB laser 
where it changes the carrier density in the 
active layer and thus produces chirp (11). 
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Because the carrier density changes depend 
on the facet phases, the chirp induced by 
reflections is depending on laser and 
modulator bias as well as on temperature. 
Reflections can be minimized by optimizing 
the facet coating and the introduction of 
window structures (4). In addition, the laser 
can be made less sensitive to reflections by 
increasing the /cL product (11). The 
reflections affect the chirp over the entire 
pulse duration proportional to (1 +02)1'2 (with 
a being Henry's a parameter for the DFB). 
The refractive index variations of the 
modulator, however, mainly play a role during 
switching giving "transient chirp" (12) due to 
the phase modulation (A0/At = Acu). The 
sign of the a parameter of the modulator (a 
= dn/dk with n and k the real and imaginary 
parts of the refractive index) determines 
whether positive chirp during switching on 
and negative chirp during switching off or 
vice versa is obtained (10, 12). 

Device fabrication 
The lateral structure of the DFB lasers with 
integrated electroabsorption modulator is the 
Semi-insulating Planar Buried Heterostructure 
(SIPBH)  which  is  entirely  grown  by Low- 
Pressure   (LP)   OMVPE   (13).   The   growth 
temperature is 625°C. Laser and modulator 
active layers are butt-joint coupled by our 
optimized   LP-OMVPE   process   on   2-inch 
wafers (14). For comparison, devices with 
various DFB wavelengths were fabricated by 
changing the grating pitch while keeping the 
composition of the modulator layer constant 
at a luminescence wavelength of 1480 nm. 
About 2 pm wide mesas are wet-chemically 
etched with an additional 20 pm wide groove 
in    the     p-lnP    cladding     layer    at    the 
laser/modulator     transition.     The     SIPBH 
structure is completed by standard growth 
procedures (13). The 20 pm wide groove is 
thereby filled with semi-insulating Fe-doped 
InP,  which  leads to  an  optimal  electrical 
isolation    (resistance    -     100    kQ)    with 
simultaneous highly efficient optical coupling 
between laser and modulator. A schematic 
longitudinal cross-section of the structure is 
shown in Fig. 1. For improved bandwidth, a 
second Fe-doped InP regrowth aside 10 pm 
wide mesas centered around the active layer 
is carried out in a way similar to ref. (15). 
The thus obtained structure may be called 
"Double     Semi-insulating     Planar     Buried 
Heterostructure"   (DSIPBH). The modulator 
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parasitic capacitance can be reduced in this 
way to 0.7 pF and bandwidths over 20 GHz 
are achieved (figures refer to 250 pm long 
modulators). The modulator front facet is 
coated with a quarter wave anti-reflective 
SiOxNy coating having R < 10"4 at the lasing 
wavelength. Laser and modulator lengths are 
500 and 250 pm, respectively. During 
fabrication special emphasis is laid on 
manufacturability by using proven technology 
(SIPBH, butt-joint coupling, coating, etc.) and 
as much as possible 2-inch wafer processing. 

Results 
The room temperature laser threshold current 
is typically in the range 10-15 mA. Fibre 
coupled powers of 3 - 6 dBm (2 - 4 mW) at 
100 mA drive current and zero modulator 
bias can be obtained [Ä =   1555 nm). The 
dependence on detuning is shown in Fig. 2 
where the output power as a function of 
modulator bias is plotted for two devices at 
1532 nm and 1555 nm lasing wavelength, 
both   having   the   same   {A   =   1480   nm) 
modulator layer. The output power strongly 
decreases with decreasing lasing wavelength, 
whereas the attenuation amounts to 4 - 5 
dB/V in both cases (devices include 50 D 
matching   circuit).   The   a   parameter   was 
measured   by   the   Fibre   Response   Peaks 
method (16). Small, negative a values are 
found for VbiM < -0.5 V, see Fig.3. Reliability 
tests (70°C, 150 mA and -3 V modulator 
bias) show no extra degradation with respect 
to commercial DFB lasers. 
The devices  are packaged  in  hermetically 
sealed butterfly packages containing a 30 dB 
optical isolator, a power monitor, a thermo- 
electric  cooler and  and  a thermistor.  The 
careful matching of the drive circuit leads to 
an electrical reflection coefficient well below - 
15  dB  up to nearly  20 GHz and a 3 dB 
bandwidth  of  12  GHz  (Fig.  4).  Modulator 
sensitivity  is  4  dB/V.  The  spectral  width 
under large signal modulation is independent 
of laser and modulator bias at a value of 10 
GHz,   which   is  determined   by  the  device 
bandwidth proving that there is no additional 
chirp. 

System experiments at the STM-64 level of 
10 Gbit/s showed a small dispersion penalty 
of ~ 1 dB for transmission over 50 km 
standard SMF (17 ps/nm/km dispersion), thus 
attaining the theoretical limit for the first time 
(3). By using an optical booster amplifier 
(EDFA) giving  13 dBm output power, the 



transmission range is increased to 150 km 
(17), as is apparent from the BER curves 
shown in Fig. 5. This is due to both the 
enhanced power margin and the generation of 
self phase modulation in the fibre. Finally, at 
2.5 Gbit/s, transmission over 460 km 
standard SMF (limited by fibre availability) 
was demonstrated (7). 

Conclusions 
High performance, DFB lasers with integrated 
electroabsorption modulators with good 
manufacturability and reliability have been 
presented. The processing includes proven 
technology such as laser - modulator butt- 
joint coupling, SIPBH technology, 2-inch 
wafer processing and optimized facet 
coating. Butterfly packaged devices show 
only 1 dB penalty for 10 Gbit/s NRZ 
transmission over 50 km standard SMF 
(theoretical limit) without the use of an 
optical amplifier. With an optical booster 
amplifier, self phase modulation in the fibre is 
exploited and repeaterless 10 Gbit/s 
transmission is possible over 150 km 
standard SMF. 
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DFB + Integrated Electroabsorption Modulator 
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Figure 1: Schematic longitudinal cross-section 
of -DFB laser with integrated electro- 
absorption modulator. 
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Figure 2: Attenuation curves for 50 Q DFB-MOD devices with 
1532 nm (a) and 1555 nm (b) lasing wavelength. Upper and 
lower curves at 100 and 50 mA DFB drive current, respectively 
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butterfly packaged DFB laser with integrated 
electroabsorption modulator. DFB drive 
current is 100 mA. 

Figure 5: BER curves 
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amplifier 
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selective area growth MOVPE technique 
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I Introduction 
External optical modulators are considered to be the key components for ultra low chirp and high 

speed modulation(l). Recently considerable progress has been made with DFB lasers integrated with an 
external electroabsorption modulator that used the selective area growth technique and achieved high 
performance with low modulation voltage (2V) and low chirp (<0.02 nm) (2-4). The Mach-Zehnder type 
(MZ) modulator has been proposed as one of the most promising device, since it can achieve virtually zero 
chirp, thereby maximizing the transmission distance (1). Considerable progress in the design of the 
semiconductor MZ-type has been accomplished and discrete devices have been demonstrated with 
satisfactory results (5-9). A successful integration of a Distributed Bragg Reflector (DBR) laser with a MZ 
modulator has been demonstrated (10). The fabrication processes used in the structure involved etching 
away the active region and regrowing the passive waveguide. This etch and regrowth technique is in 
general very complex and special care is needed to avoid the defects generated from the regrowth interface 
around the Y-branches, thus making it virtually nonmanufacturable. In contrast, selective area growth 
(SAG) technique (2-3) offers a simple straight forward design and fabrication processes. The SAG not 
only eliminates the need for etch and regrowth for the in-plane bandgap energy control along the optical 
axis, but also restricts the crystal growth of the waveguides at the Y-branches into phtolithographically 
defined dielectric film windows formed on the substrate. This yields a better control of the waveguide 
geometry as well as the crystal quality. Here we report the first monolithically integrated DFB laser with a 
MZ-type external modulator fabricated by the selective area growth MOVPE technique and operating at 
the 1.55 urn wavelength 

II Device structure and fabrication. The device structure shown in figure 1 consists 
The epitaxial growth of all the layers was done of a MZ interferometer with two Y-branches, 

at the growth temperature of 670°C and a two phase modulator arms and an amplifier 
reactor pressure of 80 mbar. TMIn,  TMGa, section in a Cap Mesa Buried Heterostructure 
100% AsH3, and 100% PH3 were used as the (CMBH)    type    configuration.    The    CMBH 
precursors. Tetraethyl Tin and DMZn were used structure used a 3 um thick Fe-doped InP 
as n and p-type doping, respectively. 

DFB SECTION Y-BRANCH      PHASE MODULATOR      Y-BRANCH AMPLIFIER 

"■■■ '■; ^Hr 'l^^^fw^^-i-iPl*' ,:> ■:*■ ¥»5» ■■■:■■■ ■ 

Fig. 1 Microscope picture of the integrated DFB laser with Mach-Zehnder interferometric modulator 
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(1.5E17 cm"3 of Fe) and a 0.6 urn thick n-InP 
layers as current blocking layers with a 
subsequent growth of p-InP cladding and p+ 
InGaAs cap layers. The amplifier section 
consists of an angled waveguide that acts as a 
traveling wave type optical amplifier. The device 
was fabricated using 5 steps of low pressure 
MOVPE growth and the selective area growth 
technique (2-4). The MQW core waveguides 
were grown in single continuous MQW layers 
with the bandgap energy in each part of the 
devices being adjusted to the designed values by 
changing the dimension of the dielectric oxide 
mask. (2-4). The core of the MQW waveguide 
contains 8 periods of a 0.65% compressively 
strained InGaAsP quantum well and a 
nominally lattice matched 1.28 um InGaAsP 
quaternary barriers and surrounded by 50 nm 
thick 1.28 um InGaAsP SCH layers on both 
sides. All the layers are grown directly on a 
(100) n-InP substrate having a first order grating 
(pitch=240.5nm) partially formed only on the 
DFB region. The DFB region, the phase 
modulation region and the amplifier region have 
a length of 500um, 570um and 650um, 
respectively. The angle between the Y-branches 
was 10 degree. The spacing between the arms 
were 20 urn center to center. Isolation grooves 
with length of 55 um and depth of 0.7 urn deep 
was formed on both sides of the Y-branches 
between the DFB laser and the phase modulators 
thus yielding a typical isolation resistance over 
lOOKfl The reflectivity of the amplifier side 
was reduced by the angled waveguide and an 
antireflection coating. The laser side facet has a 
high reflectivity coat for high power operation. 

HI Wavelength control of the selective area 
growth (SAG) 
A spatially resolved micro photoluminescence 

setup was used to characterize the crystal quality 
in each of the regions. Figure 2 shows the 
measured photoluminescence spectra of each 
region with PL peak wavelengths for the DFB, 
the phase modulator and the amplifier regions at 
1.54 (im, 1.47 (im and 1.52 um, respectively. 
We observed a slightly broader PL halfwidth in 
the laser and the amplifier region than in the 
phase modulator regions. This broadening might 
be due to the inhomogeneity of the selectively 
grown crystal in those regions, since it has a 
higher growth rate. 

T                   |                     1                     | 1 / 
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VV-<b) 
to 
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3 
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<D ■ / / 1.47nm \                   v\ 
C / /             \               n 
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~—^*^           .S N.                                  V^ 
=>—T—     i T        1 I                > 1 .—^ 
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Fig. 2   Spatially   resolved   photoluminescence 
spectra of each regions in the structure. 

IV Loss at the Y-branches. 
In order to estimate the loss at the Y-branches, 

we have fabricated an integrated Fabry-Perot 
laser with a Y-branch attached to one side. The 
loss is estimated by comparing the change of the 
threshold current of the integrated structure as 
compare to the solitary laser when the Y-branch 
is cleaved away from the same chip. Using a 
simple model and neglecting the Interferometric 
effect at the Y-branch, the loss at the junction 
can be expressed as 

here ic, i0 are threshold currents of the device 

with and without the branch. £ is the optical 
confinement factor in the active region which is 
estimated to be 10% from the layer structure, go 
is the threshold gain of the FP with 645 
um   long which includes the mirror loss (17.7 

cm"1) and the absorption loss in the structure (15 
cm"1) and is estimated to be 32.7 cm"1. C is the 
power coupling efficiency of light from the 
active region to the branch. Also, the 
recombination of the carrier inside the active 
region is assumed to be bimolecular so that the 
quadratic relation between the gain and the 
current holds. Figure 3 shows the light current 
characteristics of the devices before and after 
cleaving away the branch. The output light is 
observed through the branch side. We observed 
an increase of roughly 40% in the threshold 
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current without a significant change in the slope 
efficiency of the structure. From the above 
equation, coupling efficiency of 65% was 
obtained and this corresponds to a loss of 
approximately 1.75dB. This value is considered 
low for the branch of this angle. 

5, ■  

5 
E 

S o 
Q. 

(a) Laser (length = 645 um) 
(b) Laser with the branch (length = 805 (im) 

20 40 60 80 

Current (mA) 

100 120 

Fig. 3 Light current characteristics of the device 
before and after cleaving away the Y-branch. 

V Power divider at the Y-branches. 
For efficient modulation, it is important that the 
Y-branch in the MZ structure acts as a 3 dB 
power divider. Figure 4 shows the near-field 
image of the laser light launched from the 
integrated DFB laser operated above threshold 
current, into the Y-branches. The image is of the 
output light observed at the end of the two arms 
of the phase modulators that were cleaved at the 
center of the structure. 

Fig.4 Near Field Image of the light launching 
from the DFB lasers when observed from the 
phase modulator arms. 

The observed infrared image shows two 
symmetric beam spots with Gaussian shape 
profiles both in-plane and perpendicular to the 
MQW core layer. The splitting ratio was around 
100:97 both when the laser was operated above 
and below the laser threshold current. This near 
3 dB splitting ratio of the Y-Branch results from 
the single continuous growth of the crystal 
around the dielectric oxide mask used in the 
selective area growth technique. 

V Device Characteristics 
Threshold current ranges from 35-55 mA with 

an output power over 1 mW was observed when 
the DFB laser section was forward biased and all 
other parts were left electrically floating. 
Amplification of 3 dB was observed when the 
amplifier region was pumped. The relatively low 
amplification is probably due to the too short a 
gain peak of the amplifier. The laser wavelength 
was 1.5473 urn with a side mode suppression 
ratio of better than 40 dB. Figure 5 shows the 
attenuation characteristics of the MZ-type 
modulator as a function of the voltage applied to 
only one arm of the device. We observed 
relatively small attenuation when the reverse 
voltage of one of the phase modulator arm is less 
than 6 V and the other arm was left floating. 
The reason for this is not quite clear but it might 
be due to the fact that the depletion region did 
not extended throughout the MQW core 
waveguide or the imperfection of the device 
fabrication causes an initial phase difference 
between the two arms of the interferometer. The 
attenuation of the light increased rapidly as the 
reverse voltage is increased to 9V. When further 
reverse voltage is applied, a clear periodic 
behavior of the attenuation light is observed. 
The switching voltage between the first 
maximum attenuation to the next minimum 
attenuation is as small as 1.5 V with a 
maximum attenuation of 17.5dB. A similar 
attenuation characteristic was also confirmed 
when the reverse voltage was applied to the 
other arm of the phase modulators, indicating 
that the light is launched symmetrically into the 
phase modulator sections. Further improvement 
of a lower voltage and increased attenuation can 
be accomplished by both further adjusting the 
bandgap wavelength of the phase modulators 
closer to the DFB lasing wavelength thereby 
increasing the electrorefractive effect near the 
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bandgap  wavelength  (11)  and  optimize  the 
doping profiles in the phase modulator sections. 

4 6 8 

Applied Voltage (V) 

Fig. 5 Attenuation characteristics of the 
integrated DFB laser and a Mach-Zehnder 
interferometric optical modulator as a function 
of reverse voltage applied to a single 
interferometer arm. 

In conclusion we have demonstrated the first 
monolithic integration of a DFB laser with a 
Mach-Zehnder type modulator fabricated by the 
selective area MOVPE growth technique. We 
have achieved a low loss and near 3 dB Y- 
branch power divider in the structure with the 
modulator achieving an attenuation up to 17dB 
and a n phase shift voltage of 2 V. 
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Introduction 

In optical communication systems several optical interconnections between 
semiconductor optoelectronic devices and single mode fibres are required. The very small 
refractive index difference in a glass fibre results in a weakly guided optical mode with a 
typical mode size of 8 - 10 Urn for 1.55 urn wavelength. Since the mode size in an 
optoelectronic waveguide device is much smaller (< 2 urn) and generally highly 
asymmetric, there is large mode mismatch between the fibre mode and the device mode, 
and therefore the fibre-chip coupling efficiency is low. 
There are several approaches to improve the fibre-chip coupling efficiency, such as the use 
of micro-optical imaging elements like micro-lenses or tapered/lensed fibres. Normally, 
those approaches still suffer from the field symmetry mismatch problem, since only the 
size and not the shape of the elliptical mode is converted. When using micro-lenses or 
tapered/lensed fibres, the reduction of the coupling loss is usually at the expense of the 
alignment tolerances, resulting in high packaging cost. 
During the past years, many researchers have therefore focused on the integration of mode 
size converters with opto-electronic waveguide components, in order to achieve a larger 
and more symmetric near field pattern at the device facet [1 and references therein]. Such 
components allow low coupling losses and large alignment tolerances and hence lower 
packaging costs. 
We have previously demonstrated the monolithic integration of a mode size converter 
with a PBH InGaAsP/InP double heterostructure laser using the SMG technique, which 
exhibited a coupling loss as low as 4.8 dB to a cleaved single mode fibre [2]. In this paper 
we present a PBH InGaAsP/InP strained MQW laser with integrated mode size 
transformer and a coupling loss of 3.3 dB. 

Device structure and fabrication nominal growth rate on a non masked substrate. The SMG 
„.     ,    .              ,                        . ,    „„TT            . technique is described in detail elsewhere [4] 
Fig. 1 gives a schematic view or the PBH strained '                  , .                      r               iT_   ^         ... 

, ,~„, ,         r,,    ,               ■      r               , »„™,r The tapered laser requires four growth steps. All 
MQW laser. The laser consist of a strained MQW active 
region, which is buried by p/n-InP current blocking layers. 

growth  steps  were  performed  in  a  low  pressure  / 

m,  _„ , . , . atmospheric pressure horizontal MOVPE-reactor [51. In a 
The total cavity length is 650 um, the width of the active ,. .,    ,      .... i      . • . • .     c 

, „J      C
T ,      . . , first growth step, the shadow mask, which consists or a 

region is  1.5 urn. In the mode size transformer the ,       T _,   .      r       . ,     ,        T _.        . . 
, f, „,. ■,,,       r        r, 6 urn InGaAs spacer layer and a 1 urn InP mask layer, is 

thickness of the active region is reduced by a factor 3 over .      T n    i. .   .   TU     .I.    U J I ■ „ „„„ °    ,.        , .   , .        „ grown on a n-type InP substrate. Then the shadow mask is 
a distance of 200 urn. To achieve the vertical tapering of , ..     ,,     ^    ,    ,   ,   _ ... , ,     .      t , . 

^      , „ ,    _,.,,_,      ,   .       r  °, defined by standard photolithography, non-selective etching 
the active layer, we made use of the SMG technique [3,4]. .        .   , . , ,    .     . ..       , lU   T _,   . 

_,,_ .i- ii-iiii through the mask layer and selective etching of the InGaAs 
SMG uses a monocrystalline mask, that is held by .        .      „    „. „,     ,    , . ,   .      , t J . , , spacer layer (see Fig. 2). The shadow mask was designed to 

means of a spacer layer at a certain distance above the , . .-.»•.       •      r^n   TU       -J,.     C »U I 
_    . ... ,    , , achieve adiabatic tapering [61. The width of the mask 

substrate. During epitaxial growth the deposition on the .   , . . .,    .        ,.. .....   r 
,        ,        ,   ,       ....      ,    , window varies exponentially from 150 urn at the start or 

substrate takes place through the window in the shadow , ^   ,       *\  .        ,   r.u   . J- . r 
,   _ . , , r ,. ,,,.,.        , the taper to 5 am at the end of the taper over a distance of 

mask. Thickness changes are fully controlled by the lateral „__ T    . . ,      . . , , ,     , 
- ,     ,    , .       , , 200 urn. In this way the thickness decreases more slowly 

dimensions of the shadow mask and the reactor pressure : .jri-™.- ■ •        . 
„ .   , ,,,-,, at the end of the taper. The relative growth rate through a 

the smaller the mask window and the higher the reactor , .   ,       .     ;, . . ,        , 
,    . , , .... . 5 urn window is three times lower than that on a non- 

pressure, the larger the growth rate reduction relative to the 717 
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FIG. 1 :   Schematic drawing of a PBH strained MQW laser with integrated mode size converter 
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cladding 
active region 
cladding . 
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cross-section 

FIG. 2 :   Shadow masked growth of the laserstructure 

masked substrate. For more details on the growth and the 
definition of the shadow mask, we refer to [4]. 

In a second growth step the 200 nm n-InP cladding 
layer, the active region, and the first part (300 nm) of the 
p-InP cladding layer are grown using the shadow masked 
growth technique (see Fig. 2). The active region consists 
of 4 wells of 7.5 nm 1 % compressively strained 

Ino.84Gao. l6Aso.74Po.26 between 15 nm unstrained 
Ino.75Gao.25As0.54Po.46 (^ = 1.25 |im) barriers. The 
MQW is surrounded with 75 nm 
Ino.75Gao.25Aso.54Po.46 separate confinement layers. 
This growth is performed at atmospheric pressure in order 
to achieve the highest possible thickness reduction [4], 

After this second growth step, the shadow mask is 
removed. To do so, the deposited layers in the mask 
window and in the unmasked areas are covered with 
photoresist. The deposited layers on top of the mask, the 

718 

InP mask and the InGaAs spacerlayer are then selectively 
removed. 

After the lift-off of the shadow mask, 3 \xm wide 
Si02-stripes are deposited and 1 |im high mesas are etched 
with HCI/H3PO4 followed by bromine-methanol. In a 
third growth step the mesas are planarised with p/n current 
blocking layers. 

Then the SiC>2-stripes are removed and the second 
part (1.7 u.m) of the p-InP cladding layer and the 150 nm 
p+-InGaAs contact layer are deposited in the fourth growth 
step. 

Ti/Au p-contacts and AuGe/Ni n-contacts are defined 
by conventional processing techniques. Current is only 
injected in the planar section of the laser and not in the 
taper. Therefore the p+-InGaAs contact layer is selectively 
removed on top of the mode size converter. Since both the 
reduction of the quantum well thickness and the 
compositional variations during SMG increase the bandgap 
in the tapered section [4], the taper behaves as a transparent 
window. 

Experimental   results 

Lasers were cleaved at different positions in the 
taper region, which means that taper lengths ranging from 
20 \xm to 200 p:m were examined. The length of the active 
section was always 450 u:m. 

The non-tapered reference lasers, have a CW 
threshold current of 7 mA and a differential quantum 
efficiency of 28.2 % per facet. The laser performance is 
hardly influenced by the taper integration (see Fig. 2). We 
observed a slight increase of both threshold current and 
differential quantum efficiency. A laser with a 200 u;m 
tapered section has a threshold current of 8.2 mA and a 
differential quantum efficiency of 31.5 %. 

Due to the taper, the beam divergence, measured at 
10 mA above threshold, is decreased from 33.6° x 32.3° to 



16.6° x 11.8° (see Fig. 3). The coupling loss, when the 
laser light is coupled into a cleaved single mode fibre with 
a core diameter of 8 |J,m, is reduced from 9.3 dB for a 
reference laser to 3.3 dB for a tapered laser (see Fig. 3). The 
measured coupling losses are mean values, since the non 
AR-coated lasers were very sensitive to Fabry-Perot 
reflections from the cleaved fibre facet. We observed a 
Fabry-Perot ripple of 1 dB when the cleaved fibre is moved 
along its axis close to the laser facet. The alignment 
tolerances for 1 dB excess loss are ± 1.7 (J.m in horizontal 
and ± 1.7 |J.m in vertical direction for a reference laser, and 
± 2.1 and ± 1.7 pirn for a tapered laser with a 200 |im 
taper, respectively . 
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We also measured coupling losses to lensed fibres 
producing different Gaussian beam radii between 1.5 and 
5.5 (im. The maximum mean value of the coupling loss is 
3.3 dB (beam radius of fibre lens : 1.5 \im) for a reference 
laser and 1.7 dB (beam radius of fibre lens : 2.3 (im) for a 
laser with a 200 |im taper. Those losses include the 
Fresnel reflection as well as optical inhomogenities and 
aberrations of the fibre lenses. The corresponding 1 dB 
excess loss alignment tolerances are ± 0.85 (i.m in 
horizontal and ±0.85 |im in vertical direction for the 
reference laser, and ±1.3 and ± 1 |0,m for the tapered laser, 
respectively. 
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Coupling loss to cleaved fibre as a function of taper 
length. 

Conclusion 

We have successfully integrated a mode size 
converter with a PBH strained MQW InGaAsP/InP 
laserdiode using the SMG-technique. The laser 
performances are hardly affected by the taper integration. 
Due to the taper, the coupling loss to a cleaved fibre is 
reduced from 9.3 dB for a non-tapered laser to 3.3 dB for a 
laser with a 200 (im taper. 
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Abstract: A GalnAsP/InP collimation GRIN lens monolithically integrated with a tapered waveguide laser 

was realized, and a circular beam divergence (e//=7°)8i=7.50) was obtained with the output width of 15um 

and the core thickness of the GRIN lens of about 8 um. 

1. Introduction 

In optical fiber communication systems, highly 

efficient coupling between laser diodes (LDs) or 

semiconductor laser amplifiers (SLAs) and single 

mode fibers is very important in order to reduce the 

driving current and noise figure, respectively. Good 

coupling is still problematic because the output 

beam divergence angle of LDs or SLAs is very large, 

especially perpendicular to junction plane, while the 

diameter of SMF is very small, so that it is difficult 

to obtain the lowest coupling loss with butt-joint. 

There are many approaches and techniques to 

reduce the coupling loss to SMF, such as by 

inserting one or more lenses[1][2], by integrating 

vertically tapered multi quantum well waveguide[3], 

by fabricating a microlens on the SMF tip [4], and 

by using integrated optical modeshape adapters[5] 

with vertically tapered waveguide. However, in 

order to improve the butt coupling loss, narrow 

beam divergence of LDs or SLAs in both lateral and 

vertical directions is essentially required. 

To meet this purpose, we proposed a 

GalnAsP/InP   collimating   GRIN   lens   (CGL)[6] 

monolithically integrated with a tapered waveguide 

structure active region. In this work, a circular beam 

property with narrow beam divergence is presented. 

2. Design and Structure 

Figure 1 shows the schematic structure of CGL 

monolithically integrated with a linearly tapered 

active region. The basic structure of CGL is 

GalnAsP multi-waveguides with their refractive 

index n2(x)=n2(0)[l-(gx)2] for x s a and n2(x)=nc2 

for x > a,where x is the vertical direction, n(0) and 

no are the refractive indices on the optical axis and 

the cladding, respectively, a is the distance between 

the optical axis and the cladding, and g is the 

focusing constant determined by VÄn/a, An is the 

relative refractive index difference (An= [n2(0)- 

nc2]/n2(0)). The refractive index of GaJni.xAsyPi.y 

was calculated using the modified-single-effective- 

oscillator (MSEO) method. The lattice-matching 

condition of y=2.197x and the wavelength of 1.5urn 

were used to determine the bandgap wavelength of 

GalnAsP at a desired refractive index in the 

fabrication. 
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To obtain the collimating type CGL, the length 

has to follow the condition, L - [(2m + 1)/4]LP , 

where the pitch length LP -2n/g, m=0,l,2,.., and 

g - VZn/a . When the core thickness is 6 ~ 10 um 

close to that of SMF, m=0 and An z.3%, the length 

of the CGL is calculated to be about 30 um ~ 50 tun, 

hence an excess loss due to absorption in the CGL is 

negligibly small even if the absorption loss 

coefficient is 5 ~ 10 cm"1. 

First, we fabricated the CGL by liquid-phase- 

epitaxy and observed the beam divergence angle of 

this CGL. The 8-steps GalnAsP waveguide of 1 urn 

thickness was grown on n-InP (Sn doped) substrate 

with 0.05um thick GalnAsP (lg=1.50um) active 

layer in the center and 1mm thick p-InP cladding 

layer on the top. The refractive index difference An 

of waveguides was 5%, and it was to be 9% 

including the active layer. The upper layers were 

doped with Zn and the lower layers were doped with 

Te to form a p-n junction. The soak temperature Ts 

and the growth temperature TG were 615°C and 

591°C, respectively, and a cooling rate was 0.7°C 

/min. 

The far-field pattern of CGL was observed 

using the light from a laser diode with the 

wavelength of 1.50um transmitted through lenses 

and focused to the CGL. The CGL was biased to 

monitor the photo current so as to assure best beam 

coupling condition, at this condition far field 

patterns of several CGL samples with different 

device lengths were measured. Figure 2 shows the 

vertical beam divergence as a function of the CGL 

length. The collimating length of the GRIN lens was 

estimated to be around 3 2 um from a best fitting of 

theoretical curve and the narrowest divergence of 

ödegree was obtained. This value is better than 

previously reported result of 12degree[3] in which 

the number of wells in a multi quantum well 

structure is changed. 

3. A CGL monolithically integrated with 

tapered active region 

To design the CGL monolithically integrated 

with tapered active region as shown in Fig. 1, it is 

important to consider the reflectivity at the interface 

of the tapered active region and the CGL. To 

minimize the power reflectivity R the equivalent 

refractive index of CGL was designed closed to that 

of tapered active region by controlling the thickness 

and refractive index of each layer, and here R was 

calculated to be 3.6X 10"7 .The CGL, designed to 

have a parabolic index profile with the relative 

refractive-index difference of 5%, consists of 

91ayers of GalnAsP GRIN core region whose 

thickness is about 8.2urn. The active region width 

was 1.5 um and 15 urn at the input end and the 

output end, respectively, and the length is 800um. 

This device was fabricated by two step LPE growth 

and selective etching process. The island type Si02 

mask was used in order to avoid anomalous growth 

step[8] in the fabrication. 

The lasing characteristics of this device was 

measured with cleaved facets and tested under low 

duty cycle pulsed operation(200ns, 5kHz) at room 

temperature. Threshold current In, of samples were 

achieved about 500~ 1000mA for the CGL length 

of lOOum which was approximately 3times the 

collimating length. At the output facet the near-field 

pattern was observed by an IR vidicon camera 

equipped with a line scan system using 40   X 
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objective lens. Figure 3 shows the near-field 

intensity profile and beam spot of this device with 

an injection current of 0.51th (Ith=10A, sample 

#TA-16). The lateral and vertical width (FWHM) 

were about 12um and lOum, respectively. 

Figure 4 shows the far-field characteristics of 

this device at 21H, (Ith=500mA, sample #TA-3). 

FWHM of vertical and lateral beam divergence 

were obtained to be 7.5degree and 7degree, 

respectively. Based on above experimental results, 

coupling loss was estimated using Gaussian 

approximation method[8]. The core diameter and 

the refractive index difference of single-mode fiber 

are assumed to be lOum and 0.3%, respectively. 

Neglecting the lateral and angular misalignment, the 

coupling loss was estimated to be about -O.ldB. As 

can be seen here that with improvement of output 

beam divergence angle in both lateral and vertical 

direction, lowest coupling loss of SLAs to single 

mode fiber can be attained. 

4. Conclusion 

A GalnAsP/InP semiconductor collimating 

GRIN lens was proposed and fabricated to improve 

the vertical output beam divergence of LDs or SLAs 

and simultaneously reducing the coupling loss to 

single mode fiber. A GalnAsP/InP collimating 

GRIN lens (CGL) integrated with the tapered active 

region has been realized. Nearly circular beam spot 

size of 12 X 10 mm2 (lateral X vertical) was 

obtained. FWHM of lateral and vertical beam 

divergence angle has been obtained to be 7 deg. and 

7.5deg., and which resulted in the estimation of 

coupling loss to single mode fiber to be -0.1 dB. 
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Introduction 
The wavelength range around 1.5 urn has been known as less hazardous to human eyes. High power 

pulse laser diodes (LDs) of this "eye-safe" wavelength range will be attractive for free-space optical 
measurement systems. For such systems, a narrow beam divergence is effective to decrease the optical 
component size. In order to obtain the high power and a narrow beam divergence, a variety of devices have 
been investigated, such as semiconductor amplifiers [1], monolithically integrated master oscillator power 
amplifiers (MOPA) [2,3], resonant antiguided structure LDs [4], and flared waveguide LDs [5-8]. Flared 
waveguide LDs can be driven at higher current level than semiconductor amplifier, and several watts output 
power with nearly diffraction limited beam characteristics were demonstrated in wavelength of 0.98 um [7]. 
However high power characteristics under pulsed condition, important for free space measurement systems, at 
the "eye-safe" wavelength range, have not been clarified yet. In this paper, we report high power and narrow 
far-field angle, 1.5 um-eye-safe pulsed lasers with a flared ridge waveguide for the first time. High power (9.6 
W) operation, with narrow lateral far field divergence (3-4° ), has been obtained. These devices will be 
applicable for free-space optical measurement systems as "eye-safe" light sources. 

Structure and Fabrication of Flared LDs 
Figure 1 shows a schematic diagram of the 

fabricated flared LD. In order to maintain fundamental 
mode in flared waveguide, the buried heterostructure 
[5] and the self-aligned bent active layer lasers with 
flared waveguide [6] were reported. In this study, we 
introduce ridge structure into the flared waveguide to 

obtain high output power in terms of decreasing 
leakage currents outside the active region. The flared 
LD was fabricated by two-step MOVPE process. 
First, n-InP cladding, active region and 1 (xm-thick p- 
InP cladding layers were grown on an n-InP substrate. 
The active region has a separate confinement 
heterostructure    including    five    quantum    wells 

WR=6#m 

Ti/Pt/Au 
Si 02 

GalnAsP/GalnAsP 
n-InP Sub. 

Ti/Au 

Fig.l Schematic diagram of fabricated flared LD 
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consisting of 3.7 nm-thick 0.9 % compressive strained 
GalnAsP (A.g=1.55 urn) with 8 nm-thick GalnAsP 
(A.g=1.2 urn) barriers. Next, The tapered ridge 
waveguide, consisting of 0.5 pm-thick p-InP 
additional cladding and 0.2 pm-thick p-GalnAs 
contact layers, was selectively regrown between 10 
pm-wide Si02 mask stnpes on the 1 pm-thick p-InP 
cladding layer. The active region width of the front 
facet and rear facet are 100 pm and 6 pm, 
respectively. According to the theoretical estimation 
with the equivalent index method [9], less than 8 pm 
stripe width is required for fundamental mode 
operation. The total cavity length is 1400 pm, 
consisting of a 1000 pm-long tapered section between 

10 _20°C Pulsed 
WFlOOwm 

. L=1400/jm 
AR/HR 

I  'I  r 

(25ns, 10kHz) 
T 

1.542  1.592   1.642 
Wavelength (#m) 

l_l I L_J 

0       10     20     30     40     50 
Peak Current GO 

Fig.2 Light output-current characteristics of flared LD. 

200 um-long straight sections. The radiation loss of 
this linearly tapered waveguide with this angular 
width is theoretically estimated to be 3 cm-1 [10], this 
value can be neglected in comparison with that of 
internal absorption loss of semiconductor lasers. The 
10 urn outer region from the edge of the ridge mesas 
were etched to reach the n-InP cladding layer, to 
prevent reflections and propagation of radiative mode 
in the tapered waveguide. The reflectivity of the front 
facet was adjusted to 6 % with a SiNx low reflective 
coating, and that of the rear facet was 95 % with a 
Si/SiCte multi-layer high reflective coating. The LD 
was mounted on a Si heat-sink with junction up 
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Fig.3 Lateral far-field profiles from a 100 (im wide facet 
at peak current of 20 A (a) and 40 A (b). 

configuration. 

Lasing Characteristics 
Figure 2 shows light output-current and 

lasing spectrum of the flared LD at 20 °C pulsed 
condition (25 ns pulse width, 10 kHz period). The 
measured threshold current and differential slope 
efficiency were 900 mA and 0.23 W/A • facet, 
respectively. Maximum output peak power of 9.6 W, 
with 1.592 pm center wavelength, was obtained at the 
peak current of 45A (current density of 61 kA/cm2). 
This output power is identical with that of broad area 
type LDs with 100 pm-wide straight active region. 
The peak power was limited by the maximum current 
of the current source and saturation of output power. 
From independent experiment using the broad LDs, 
saturation of output power were remarkable above 
current density of around 50 kA/cm2. One origin of 
this saturation is considered to be temperature rise in 



active region. The temperature raise in active region 
of the flare LD was estimated as 20 K with current of 
45 A. This value was estimated from the measured 
d?i/dT value of 54 nm/K, where A. and T represent 
wavelength and temperature, respectively. 

The lateral far-field profiles from the 100 
um wide facet at two different current levels are 
shown in Fig. 3. A narrow and single lobe far field 
pattern of 3° and 4° are observed at peak current of 
20 A and 40 A, respectively. The far field divergence 
is sufficiently narrow in comparison with that (22° ) 
of the 100 um-wide broad area LDs. The 
perpendicular far field divergence is measured to be 
45° ,which is dependent on QW and SCH structure. 
The measured lateral far-field is broader than the 
diffraction limited angle of 1.4° .assuming a 100 urn- 
wide ridge waveguide aperture. It may be caused by 
the nonuniform carrier distribution with spacial hole 
burning as the current is increased. The diffraction 
limited beam will be obtained by modifying the 
narrow ridge waveguide section. 

Figure 4 shows output power from the front 
facet against that from the rear facet for the flared LD 
with both facets as cleaved. The output power ratio, of 
rear to front facets, is more than 0.9 up to high current 
levels. In flared LDs that have large different spot 
widths, a factor of two difference of output power 
from the different facets has been reported [6], Our 
results, however, show that it is possible to reduce 
this difference by introducing a high mesa structure 
into the outside the ridge waveguide to prevent 
unwanted reflections and radiations. 

Conclusions 
We fabricated high power and narrow far- 

field angle, 1.5 um-eye-safe pulsed lasers with a 
flared ridge waveguide. High power (9.6 W), with 
narrow lateral far field divergence (3-4° ), have been 
obtained. These devices will be applicable for free- 
space optical measurement systems as "eye-safe" 
light sources. Additionally, by decreasing a 
perpendicular far field divergence, it is easy to 
collimate the output beam. Such LDs will further 
attractive for optical range finder, laser radar and so 
on. 
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Introduction 

InAlAs/InGaAs heterostructure field-effect transistors (HFET) on InP-substrates are the best high frequency solid-state 
three terminal devices avialable today. Ultra-short gate-length devices [1] exhibit ultra-high speed and low noise but due 
other performance lacks like high output conductance, gate leakage, and low breakdown voltage they are not suitable for a 
lot of applications. Moreover, some of these disadvantages are strongly correlated to material properties and quality. 
Therefore a physical understanding of the underlaying mechanism is essential in order to improve device performance by 
proper design and technology. The knowledge about the reasons of high output conductance [2], high leakage [3-10] and 
low breakdown voltage [11-13] has been advanced recently, resulting in impressive improvements. In this contribution key 
issues of this development are addressed and state of the art InAlAs/InGaAs HFET devices are presented. Medium gate- 
length devices (Lg = 0.5 ... 0.8 urn) combine high gain ( fou=i ^ 180 GHz at VQS ^5V), high on-state breakdown voltage 
and high power driving capability ( Vos,max ^ 15 V, IQ > 300 mA/mm, PQC = 4-5 W/mm), and low leakage (I^max < 50 

uA/mm at VQS = 3 V) regardless of the choosen growth technique MBE or MOVPE. 

1. Leakage and breakdown mechanism 

In this section the consequences of InAlAs/InGaAs material 
drawbacks and HFET design for gate-leakage, output- 
conductance and breakdown behaviour are discussed. Much 
attention has been paid to the effect of impact-ionization in 
the smaller band gap InGaAs channel material [3-6, 8-10]. 
In fig. 1 the basic layer sequence and contact configuration 
of an InAlAs/InGaAs HFET is shown. In addition the band 
diagram of a biased device is sketched both in vertical 
direction from the gate to the channel and in lateral 
direction from the source to the drain. Using this diagram 
the basic contributions to the gate leakage current (cf. fig. 2) 
can be illustrated. Electrons dominate the gate leakage 
current in the off-state mode (VGS = VT) due to tunneling 
through the InAlAs Schottky barrier [13]. As can be seen in 
fig. la the barrier width is extremly small at the drain-end 
of the gate and becomes even smaller with increasing gate- 
drain voltage and with higher doping concentration in the 
InAlAs-carrier supplying layer. Hence both effects result in 
a higher gate leakage. In the on-state mode (VGS > V-r) 
three contributions can be separated. Firstly, at negative 
gate bias holes can be very effectively collected by the gate 
and result in an excess gate leakage. As shown in fig. la 
these holes are generated in the small band gap InGaAs 
channel material by impact-ionization at the drain-end of 
the channel. Photo-current measurements [6] revealed that 
most of these holes travel to the source and increase the 
output conductance. Some of them are able to overcome the 
hole barrier build from the valence band discontinuity at the 
channel/spacer interface where the barrier is relatively thin 
(cf. fig. la) [5]. The contribution of holes to the gate 
leakage (cf. fig.2) has opposite dependencies in VGS- At 
constant drain bias the impact-ionization rate follows IQ and 
hence +VGs whereas the transfer probabilry of holes follows 
+VDG and  hence  -VGs   resulting  in  the  typical   input 

729 

characteristic shown in fig. 2. Secondly, at very high drain 
bias (VDS > 4 V) a second negative excess gate leakage 

Source 

Fig. 1: (a) Schematic band-diagram of a biased 
InAlAs/InGaAs HFET as a function of lateral and vertical 
dimensions and (b) basic layer sequence. 



6 
6 

ÖD 

B 
U 

100 

0 

-100 

3 , 
<u 

00 

200 

electron Impact-lonlzatlon 
\f     =    tunneling and hole transfer 

v •,    v 
ov 

'DS 

-300 

-3 -2 -10 1 

gate-source voltage VGS / V 

Fig. 2: Gate-leakage current of an InAlAs/InGaAs HFET 
(Vj= -1,4 V) as a function of gate- and drain-bias 
exhibiting an excess negative gate leakage current. 

occurs around VGS a 0.3 V which origin is not clear yet. 
Thirdly at very positive gate bias the electron tunneling of 
the forward biased gate-source diode becomes dominant. 
The degrading influences on the output conductance of 
short-channel effects [1] and of high conductivity in the 
buffer or at the buffer/substrate-interface (cf. 2.1 MBE 
Approach) can be eliminated by material growth [12,16,17] 
and device design. Then the influence of impact-ionization 
is dominant. A further reduction of output conductance 
requires a lower impact-ionization rate and hence a 
reduction of the electric field at the drain-end of the device 
which goes along with a drastical increase of the gate-drain 
diode breakdown voltage. The reduction of the electric field 
at the drain-end of the device is mainly provided by a 
laterally extended gate-recess etch process (cf. 2.3 Device 
Technology) and is the key step for low leakage, low output 
conductance and high breakdown. The gate-length itself has 
a minor influence on the breakdown voltage and a shorter 
gate-length may improve the speed. However, the design 
parameters for ultra high speed operation like a very high 
doping concentration allowing a narrow distance between 
gate and channel drastically reduce the breakdown voltage 
to typically less than 3 V. 

2. Material Growth and Device Fabrication 

The development of the InAlAs/InGaAs HFET was initiated 
using the molecular beam epitaxy (MBE) [e.g. 3]. But, due 
to the easier feasibility to perform the growth start on the 
InP-substrate under phosphorous stabilizaton the metal- 
organic vapor phase epitaxy (MOVPE) is very attractive. In 
the authors group both techniques have been used resulting 
in a very stimulating discussion and competition. However. 
two independent approaches are neccessary in order to 
benefit from the individual advantages of both methods 

growth time / a.u.   ► 

Fig.  3:   Wafer temperature  Tg during MBE growth  of 
InGaAs/InAlAs HFET with different buffer configurations 

2.1 MBE Approach: Among the solid source MBE growth 
parameters we found that (i) the growth start on InP- 
substrate and (ii) the buffer optimization has the strongest 
influences on breakdown. Prior to growth on the "ready for 
use" s.i. InP:Fe substrates a thermal cleaning cycle is 
carried out according to fig. 3. We observed that the 
temperature for oxide desorption varries from batch to batch 
and has to be adjusted individually. A detailed investigation 
of the temperature cylce during growth is reported in [12]. 
We found that the growth of the InAlAs-buffer at reduced 
temperatures (sample c,d in fig. 4 at Tg= 420 °C) resulted in 
strongly increased on-state breakdown voltage of more than 
14 V up to ID a 300 mA/mm. After low-temperature growth 
a growth stop and a temperature spike is neccessary to 
maintain the low field channel mobility above 11.500 
cm2/Vs which is a state of the art mobility for lattice 
matched InGaAs. 
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Fig. 4: Output characteristic at VGS = 0 V for HFET with 
different buffer configurations: 
(a) quaternary InGaAlAs/lnAlAs SL, (b) InGaAs/InAlAs SL, 
(c) like b but grown at reduced temperature ofT„= 420 °C, 
(d) 114 nm InAIAs grown at reduced temperature of ' T„ = 
420 °C. 



2.2 MOVPE Approach: Phosphorous containig 
semiconductors are much easier to grow with a metal- 
organic vapor phase epitaxy (MOVPE) and are hence a 
strong motivation for the use of this system for InP-based 
HFET. MOVPE grown Al-containing semiconductors, 
however, require additionally efforts in order to avoid 
drawbacks due to a higher background concentration. 
InAlAs particulary suffers from a high oxygen load [16]. 
High quality InAlAs can be provided by means of 
purification of the hydrides [e.g. 17] and using optimized 
growth parameters [16]. Recently a novel concept has been 
developed which totally avoids InAlAs [15]. In order to 
obtain high voltage and low leakage operation the potential 
of Gao5Ino.5P spacer [11] and Schottky barrier [11,18] has 
been evaluated. The motivation of this work is illustrated in 
fig. 5. The thin and highly strained Gao.5Ino.5P layers 
increases the Schottky barrier height and as a spacer the 
valence band discontinuity. The Gao.5Ino.5P spacer acts 
succesfully on the suppression of hole-tunneling to the gate. 
Moreover a high etchant selectivity can be used for the 

OalnP 
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impact 
ionization 

holes 

10 11 12 13 14 15 16 17 
drain-source voltage VDS / V 

Fig. 6: Output characteristics of an InAlAs/InGaAs MOVPE 
grown HFET (LQ= 1 fim, Lw=30 fim). 

3 Device Characteristics and Discussion 

The DC output characteristics of a lattice matched 
InAlAs/InGaAs MOVPE grown HFET (Lg = 0.7 um) with a 
laterally extended gate-recess are plotted in fig. 6. Typically 
a 2DEG density of of ns = 2.5-3-1012 cm-2 is used resulting 
in a drain-current of I D,max >  300  mA/mm.   A broad 

Fig.   5:  Schematic band-diagram of an InAlAs/InGaAs 
HFET with a GalnP spacer and barrier layer, respectively. 

lateral extended gate-recess. Experimentally an improved 
output conductance and breakdown voltage has been 
demonstrated [11]. 

2.3 Device technology: High voltage and low leakage 
HFET require a couple of technological steps which have 
been elaborated in recent years. The mesa-sidewall leakage 
has to be reduced after mesa etching using a selective 
etchant [7]. Ohmic contacts are evaporated using Ge/Pt/Au 
[11] on MOVPE layers whereas on MBE layers Ge/Ni/Au 
can also be used. The drain-gate spacing should exceed 
LDG ä 1.5 um if a breakdown voltage in excess of V-QQ > 10 
V is intended. A lateral etching of the InGaAs cap layer 
using e.g. a highly selective succinic etchant (selectivitiy of 
70) is neccassary to improve the gate-drain breakdown 
voltage above 10 V. A lateral etch of 350 nm improves the 
gate-drain breakdown to VDGBr (IDG = 10 mA/mm) > 20 V 
A gate length of LG = 0.5 - 0.8 um is defined by optical 
lithography and Ti/Pt/Au is used for the gate-metallization. 
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transconductance profile with g^max ^ 400 mS/mm and a 
high breakdown voltage of 15 V are provided. Higher 
current levels up to 1 A/mm are possible but result in a 
lower breakdown voltage whereas higher breakdown 
voltages up to 30 V are attainable at lower current levels. 
Experimentally we observe an upper limit of the current 
voltage product of PDC = 4.5 W/mm. 

RF-measurements were performed on various samples 
especially at high drain voltages. We generally observe a 
reduction of the current gain cut-off frequency at higher 
drain bias due to an extended drain delay time. From VDS 

= 

2 V to 8 V typically a reduction from about 40 GHz to 30 
GHz (LG = 0.7 urn, lattice matched InGaAs-channel) is 
observed. On the other hand under the same conditions the 
extended space-charge region at the drain end of the device 

Fig. 7: Evolution of unilateral cut-off frequency fGU=I °f 
a HFET with LG = 0.7 um as a function of drain and gate 
bias 



reduces the gate-drain capacitance Cgd from 120 fF/mm 
down to 70 fF/mm and hence increases impressively the 
gain of the device (cf. fig. 7). We have measured at"high 
drain bias a maximum stable gain > 12 dB at f = 40 GHz 
and a maximum available gain cut-off frequency of typically 
more than 100 GHz. A low leakage current improves the 
noise up to about 10 GHz [10]. The mfleunce of the laterally 
extended gate-recess and the accordingly reduced fT on the 
noise behaviour is under investigation. In high power 
operation the noise of the device is in any case dominated by 
the high drain current. 

4. Conclusions 

Most of the physical mechanism determining breakdown, 
gate leakage, and output conductance of InAlAs/InGaAs 
HFET have been identified. This understanding led to an 
impressive improvement with respect to breakdown and 
power performance of these high frequency devices. MBE 
as well as MOVPE grown structures have demonstrated that 
InGaAs FET-channels are suitable for corresponding 
applications and a replacement by a higher bandgap 
material is not necessary up to PDC = 4.5 W/mm. A carefull 
design of layer stacks in terms of buffer, spacer and barrier 
layers as well as of device layout, i.e. gate-drain distance, 
gate-recess process makes available the superior transport 
properties of the InGaAs material for high speed, high gain, 
and yet high breakdown and power devices. 
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Introduction 

InP-based InAlAs/InGaAs heterojunction field effect transistor (HJFET) structures have advantages for use in 
low noise and high power devices because of their high electron mobility and high sheet carrier density(l). While 
device performance has been enhanced by increasing the In-content in InGaAs channels(2,3,4,5), increasing In- 
content above 53% has been reported to decrease the critical thickness of such channel layers(6,7). Decreasing 
the channel thickness below lOnm leads to degradation of the electron confinement in the channel. Therefore, until 
now no further enhancement of electron mobility has been obtained with subsequent increases in In-content beyond 
80%. In our current study, we have successfully managed to improve electron confinement using a thick, high 
In-content channel indium composition modulated structure. Using this structure, the highest electron mobility at 
room temperature yet reported for an InP-based pseudomorphic structure, 18,300 cm2/V-s, has been obtained. 

Channel Indium Composition Modulated structure 

The Channel Indium Composition Modulated structure 
contains In053GaO47As(lnm)/InogGaO2As(2nm)/InAs(4nm)/ 
In08Ga02As(4nm)/In053GaO47As(9nm) layers as a channel 
(Fig 1). In this structure, the upper In^Ga^As (2 nm) 
layer is inserted to form smooth In0_53Ga0.47As/ 
InogGao2As/InAs heterointerfaces. The lower InogGao2As 
(4 nm) layer is inserted to increase the total high In- 
content channel thickness up to 10 nm, which is 
sufficient to obtain high electron confinement. The 
insertion of these In^Ga^As layers is based on the 
experimental results which are described in the "Critical 
thickness of InAs layer" section. Using this structure, 
we have successfully increased the thickness of a high 
In-content channel (including a 4 nm InAs layer) in an 
FET structure. This thick high In-content channel 
increases the carrier confinement, which leads to 
enhancement of electron mobility. 

Experiment 

Critical thickness of InAs layer 

We have based our channel design on a series of 
growth experiments. In the first experiments, we 
determined the thickness up to which smooth surfaces 
can be obtained in InAs growth with molecular beam 
epitaxy (MBE) under various arsenic (As4) pressure 
levels. In subsequent experiments, we determined the 
maximum thickness of an InAs layer upon which it 
was possible to form a smooth In053Gao47As surface 
with MBE. In both cases, surface morphology was 
observed during MBE growth by reflection high energy 
electron diffraction (RHEED). 

Growth of Channel Indium Composition Modulated 
structure 

The Channel Indium Composition Modulated structure 
(Fig.l) was grown on InP(OOl) semi-insulating 
substrate by conventional solid source Molecular Beam 
Epitaxy (MBE). The growth sequence was as follows 
: (1) a 200 nm In052AlO4gAs buffer and a 9 nm 
In053Gao47As subchannel were grown at 500 °C. (2) The 
substrate temperature was then decreased to 440°C 
under an As4 background pressure. (3) 4 nm 
InogGao2As, 4 nm InAs, 2 nm In^Ga^As and 1 nm 
In053Ga„47As channel layers were grown at 440°C. (4) 
The substrate temperature was increased to 520°C under 
As4 background pressure. (5) A 4 nm In052Al04gAs 

In0.s2 Alo.<8 As 20nm 

IPo.5 2 Alo.4 8 AS 
Si 3X10"cm-' 

20nm 

Inn   5, Aln   4« As 4nm 
Irin * n Ga<i d 7 As 1nm 
Inn « Gan ■> As 2nm 
InAs 4nm 
Inn R Gan i As 4nm 

Irio s3 Gao .47 As 9nm 

Ino .5 2 Alo .4 a As 200nm 

InP sub. 

Channel layers 

Fig.1  Our new structure including 
ln0 a Gao .2 As/In As/I n0 a Ga0.2 As 
high In-content layers 
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The streaks indicate a smooth surface. Although 4 nm 
had previously been reported to be the critical thickness 
for a strained InAs layer, RHEED observations of this 
structure have confirmed a smooth and unrelaxed 
surface after MBE growth to a 10 nm thickness of 
high In-content layers including a 4 nm InAs layer. 

Carrier confinement and electron mobility 

The electron density distribution in the high indium 
composition layers in each InGaAs channel was 
calculated by solving Schrödinger's equation self- 
consistently with Poisson's equation. For our 
calculation, we chose band gaps of 0.41 eV (InAs), 
0.54 eV (In08Gao.2As), 0.74 eV (In^Ga^As) and 1.44 
eV (In052Al048As), adjusted taking the strain effect into 
consideration. Conduction band discontinuities were 
assumed to be 65 % of their corresponding bandgap 
discontinuities. The electron effective mass in the 
InGaAs channel was set at 0.04lme0, where me0 is the 
free electron mass. 

Figure 3 shows profiles of conduction band energy 
and electron density around the high In-content layers 
in our structure (a) and two conventional structures 
(b,c). In our structure, electron density in the InAs 
layer is above 50 %, and in the high In-content layers 
in the channel it is above 90 %. By way of contrast, 
electron confinement in the conventional 
In,, ^Gao 47As(4nm)/In0 8Gao 2As( 10nm)/ln0 „Ga,, 47As(6nm) 
structure was about 70 %, and about 60 % in the 
conventional In053Ga047As(4nm)/InAs(4nm)/ 
In053Ga()47As(12nm) structure. This superior electron 
confinement in the high In-content channel of our 
structure contributes to the enhancement of electron 
mobility. 

In our new In0gGa02As(2nm)/InAs(4nm)/ 
In08Ga02As(4nm) structure, room temperature electron 
mobility was 18,300 cmVVs roughly 14 % higher than 
that in either of the conventional structures (Table 1). 

High Indium 

composition layers 
Mobility 

(cnf/V-s) 
Sheet carrier 
density (cm'2) 

Carrier 
confinement 

Ino.iGao.iAs/lnAs/ 
Ino.iGao.iAs 

(our new structure) 
18,300 1.9X10'2 92% 

Ino.iGao.iAs 
conventional structure) 

16,200 1.6X10" 74% 

InAs 
conventional structure) 16,000 1.9X10'1 61% 

r  1 

0.5 

8-0.5 

40     60 
DEPTH (nm) 

(a) 

40      60 
DEPTH (nm) 

(b) 

40      60 
DEPTH (nm) 

(c) 

80 

Z 
HI 
D 
Z o 
cr 
H 
ü 

80 

80 

Table 1 Electron mobility and sheet carrier density 
in our new structure and conventional structures Fig.3 Conduction band structures and electron density 

profiles around high In-content layers 
(a) our structure (b) conventional structure 
with lno.aGao.2 As(10nm) (c) conventional 
structure with lnAs(4nm) 
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spacer, a 20 nm In052Al048As donor containing layer 
and a 20 nm In052Al048As undoped layer were grown 
at 520°C. Steps (2) and (4) are growth interruption 
steps for changing the substrate temperature. 

Carrier confinement and electron mobility 

We compared carrier confinement and electron 
mobility in our new structure with these in two 
conventional structures. In one, the InGaAs channel 
included an In08Gao2As (10 nm) layer. In the other, the 
InGaAs channel included an InAs (4 nm) layer. The 
thicknesses of these layers were determined by 
calculations and electron mobility measurements to be 
its critical limit (5,8). For our experiments, total 
InGaAs channel thickness in the two conventional 
structures was fixed at 20 nm, the same as in our new 
structure. The carrier confinement was calculated by 
solving Schrödinger's equation self-consistently with 
Poisson's equation and the electron mobility was 
measured by the van der Pauw method. 

Results and discussions 

Critical thickness of InAs layer 

In the first experiments, a streak RHEED pattern was 
observed on the InAs layer during MBE growth up to 
a thickness of 8 nm at 440°C substrate temperature 
under As4 pressure of 5 X10'6 Torr (Fig.2(a)). Beyond 
8 nm a spotty RHEED pattern appears, indicating that 
the limit for MBE growth of InAs with smooth 
surfaces is approximately 8 nm in thickness. This result 
indicates that an InAs layer accumulates high strain 
energy corresponding to its thickness of 8 nm, although 
8 nm is twice the reported critical InAs layer thickness 
(4 nm)(5). 

In our subsequent experiments, we observed that an 
In053Ga047As layer formed on a 6 nm thick InAs layer 
produced a spotty RHEED pattern (Fig.2 (b)), even 
though the 6 nm thick InAs layer itself had produced 
a streak pattern. Our RHEED observations indicate that 
a rough surface was produced over the 6 nm InAs 
layer at the instant of heterointerface formation. 
In053Ga()47As growth on an InAs layer of 4 nm 
thickness, however, was smooth and produced a streak 
RHEED pattern. In our experiments, 4 nm was the 
thickness limit for InAs layers upon which it was 
possible to obtain smooth In^jGao^ As/In As 
heterointerfaces. 

From these results, it appears that, although a smooth 
surface was formed by InAs growth on a 6 nm InAs 
layer, a rough surface was formed by In^Ga^As 
growth on the layer. This difference indicates that 
heterointerface roughness may not be caused by high 
strain energy, but be caused by (1) a large interface 
free energy at the In^Ga^-, As/In As heterointerface, 
and (2) a large difference in surface free energy 

between the In^jGao^As layer and InAs layer(9). In 
order to counter these, we have inserted a In^Ga^As 
layer into the heterointerface.This is because (1) the 
interface free energy at both the In0 ^Ga,, 47 As/ 
InogGaojAs and In^Ga^As/InAs heterointerfaces is less 
than that at the In^Ga^As/InAs interface, and (2) the 
difference in surface free energy between the inserted 
layer and the InAs layer is less than the original 
difference in surface free energy between the 
In053Gao47As layer and the InAs layer. 

Figure 2(c) shows a RHEED pattern after the growth 
of In0 8Ga02As(2nm)/InAs(4nm)/In0 8Gao2As(4nm) layers. 

(b) 

Fig.2 RHEED pattern 
(a) after Bnm thick InAs layer grown 
(b) immediately formed heterointerface 

with ln0 .s a Gao .< r As layer on 6nm thick 
InAs layer 

(C) after ln0 a Ga0.2 As/lnAs/ln0.»Ga0.2 As grown 
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Conclusion References 

In conclusion, we have successfully obtained the 
highest electron mobility yet reported for an 
InAlAs/InGaAs heterostructure using an indium 
composition modulated channel. With this channel, we 
have successfully obtained a In08Ga02As(2nm)/ 
InAs(4nm)/In0gGa02As(4nm) channel within InGaAs 
layers, with smooth In0,52Al0_4jAs/In0,j3Ga0.47As/ 
InogGaojAs/InAs/Ino.gGao^As heterointerfaces. The thick, 
high In-content channel in our new structure produced 
superior electron confinement, contributing to the 
highest room temperature mobility yet reported for InP- 
based pseudomorphic InAlAs/InGaAs heterostructures. 
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METAMORPHIC InAlAs/InGaAs HEMTs ON GaAs SUBSTRATES WITH FA2.3 

COMPOSITE CHANNELS AND fmax of 350GHz 

M. Chertouk, H. Heiß, D. Xu, S. Kraus, W. Klein, G. Böhm, G. Tränkle and G. Weimann 

Walter-Schottky-Institut, TU München, D-85748 Garching, Germany 

INTRODUCTION 

0.13(im T-gate metamorphic In0 32A10 6gAs/In0 32Ga0 68As HEMTs grown on GaAs substrates were fabricated with 
composite InGaAs channels, combining the superior transport properties of In0 52Gao 4gAs with low impact ionization in 
In0 32Gao 68As. The use of composite InGaAs channels leads to excellent DC-characteristics, high drain currents of 750mA/mm, 
extrinsinc transconductances of 600mS/mm combined with still very low output conductance values of 20mS/mm, thus giving 
gm/g0 ratios of 30. A maximum frequency of oscillation fmax of 350GHz with current gain cut-off frequency fT of 150GHz has been 
obtained at VDS=1.5V. These are the best microwave frequency results ever reported for any FET on GaAs substrates. Using 
theoretical as well as experimental support, we show that excess output conductance in 0.13nm lattice matched and metamorphic 
In0 52A10 4gAs/In0 52Gao 48As HEMTs is based on weak impact ionization in high gate-drain field region. 

In052Al048As/In052Ga048As HEMTs lattice matched to InP are well suited for high speed and low-noise applications. 
Unfortunately, the high output conductance and low breakdown voltage remain as obstacles for optimum power performances. In 
order to overcome such undesirable characteristics, a double-recess gate process or undoped surface cap-layer was introduced to 
reduce the peak electrical field in the InGaAs channel near the drain. This in turn increases the breakdown voltage and reduces the 
output conductance [1,2]. 0.15um InAlAs/InGaAs HEMTs have shown excellent high-frequency performance: fmax of 405GHz 
with fT of 130GHz have been obtained [1]. The fmax was improved to record values of 455GHz using undoped InGaAs 
cap-layers [1]. On the other hand a record fT of 340GHz has been demonstrated with a gate length of 50nm and 80% indium in 
the channel [3]. However, the associated fmax was only 280GHz. Such results demonstrate the tradeoff between fmax/fT ratios and 
fT values for sub-0.2u.rn lattice matched InAlAs/InGaAs HEMTs. In this paper, we report on novel 0.13um 
metamorphic InAlAs/InGaAs HEMTs on GaAs substrate with composite InGaAs channels. This leads to a high power gain at 
higher saturation velocity regime, an fmax of 350GHz and fT of 150GHz. We demonstrate, with theoretical as well as 
experimental support, that this performance is due to the wider band gap of the sub-channel, which reduces the impact ionization 

in high gate-drain field, hence, the output conductance. 

I. DEVICE STRUCTURES 

Metamorphic InAlAs/InGaAs HEMTs layers ( MM ) were 
grown by MBE on GaAs substrates, using low-temperature 
grown linearly graded InAlAs buffer with an 
In composition from 0.03 to either 0.32, or 0.52, i.e. the 
composition corresponding to lattice matched material on 
InP. The MM-HEMT structure consists of a 250nm thick 
undoped InAlAs buffer embedded between two ten period 
superlattices, composite channels consisting of 12nm 
InGaAs channel layer with an In content of 0.52 on top of 
20nm InGaAs with In-content of 0.32, a 2nm InAlAs spacer 
layer, a 12.5nm InAlAs supply layer doped to 1019cm"3, a 
lOnm undoped InAlAs barrier layer and 5nm undoped 
cap-layers followed by lOnm doped InGaAs (31018cm"3). 
MM-HEMTs with 32nm thick InGaAs channel and an 
In-content of 0.32 and 0.52 were also fabricated. 
Hall mobilities and 2DEG densities, measured at 300K, are 

7268cm2/Vs and 4.75-1012 cm"2 for metamorphic 
composite channel and 6600 cm2/Vs and 4.21012 cm"2 for 

MM-structures with an In-content of 0.32. 

We have fabricated 0.13|xm gate length InAlAs/InGaAs 
HEMTs using e-beam lithography and a selective gate recess 
etching, giving a lateral gate to recess edge separation 

of ~ 50nm. 

II. DC AND RF CHARACTERISTICS 

Metamorphic InGaAs/InAlAs HEMTs with reduced 
In-content have increased band gaps, leading to drastically 
lower impact ionization and improved carrier confinement due 
to higher conduction band discontinuities. 0.13u.m 
metamorphic InAlAs/InGaAs HEMTs with an In-content of 
0.32 in the channel, corresponding to the wider band gap of 
leV, show extremely low g0 values of 10 mS/mm. This leads 
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to a gm/g0-ratio of - 40, and fT and fmax values of 105 and 
310GHz. On the other hand, metamorphic HEMTs with 
In-contents around 0.52, show high output conductances of 
150mS/mm as HEMTs lattice matched to InP. This leads to 
gm/g0-ratio ~ 4.5 and fT and fmax values of 185GHz and 
220GHz [8]. 

Based on these results we have fabricated novel 
metamorphic HEMTs with composite InGaAs channels, 
combining the superior transport properties of 
In052Ga048As with the low impact ionization in 
In0 32Ga0 ggAs. The electrons near the source flow in the 
narrow gap region, thus having high low field mobilities and 
high carrier densities; hot electrons near the drain flow in the 
wide band gap sub-channel unaffected by impact ionization. 

900 
Top cuve: Vgs=0V 

Vgs step:AVgs=-0.3V 

1.0 1.5 
Drain Bias (V) 

Fig.l:    I-V    characteristics    of    0.13(J.m    metamorphic 
InAlAs/InGaAs HEMTs with composite InGaAs channel. 

19.5GHz.ixm, corresponding to an effective carrier velocity 
of 1.22107cm/s. Thus we demonstrate novel metamorphic 
HEMTs, which achieve high fmax in the high saturation 
velocity regime by introducing a wider band 
gap sub-channel, where the hot electrons can flow in high 
field drift region unaffected by impact ionization. It is worth 
noting that the record fmax of 350GHz with an fT of 100GHz 
has been reported using double gate recess AlGaAs/InGaAs 
HEMTs [9]. Thus our results advance to the state of the art in 
terms of high frequency performances (fmax- fT) for any 
FETs on GaAs substrate, furthermore, close to the record 
fmax °f 405GHz with an fT of 130GHz reported for lattice 
matched InAlAs/InGaAs HEMTs with doped cap-layer [1]. 
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Fig.2: Power gain ( MSG and MAG ) against frequency for 
0.13u.m gate length MM-HEMTs with composite channels. 

III. PHYSICAL MODEL OF THE OUTPUT 
CONDUCTANCE IN 0.13 am InAlAs/InGaAs HEMTs 

The I-V-characteristics of a 0.13|im metamorphic HEMT 
with composite channel are shown in fig.l. The 
characteristics show no kink. The DC output conductance 
confirms the above, showing a value of 20mS/mm at 
VDS=2V in contrast to with 150mS/mm for lattice matched 
HEMTs. The composite channel MM-HEMTs have a 
maximum drain current of 750mA/mm, an extrinsinc 
transconductance of 600mS/mm at IDS=320mA/mm. 
Furthermore, the gate diode characteristics are excellent: a 
gate breakdown voltage of -7V has been measured at 
IG_DS=-lmA/mm and forward Schottky junction 
turn-on voltage of 0.8V. The S-parameters of 150nm-wide 
MM-HEMTs with composite channel were measured from 
2-70GHz using on wafer probing. An fT of 150GHz and a 
fmax of 350GHz has been obtained for a device with 0.13|J.m 
gate length and 150um gate width, biased at maximum 
extrinsinc transconductance (VDS=1.5V, VGS=-1.25V and 
IDS=330mA/mm). The fmax was extrapolated with 
-6dB/octave from the last measurement point of maximum 
available gain (MAG), where the measured stability factor 
k>l as indicated in fig.2. Thus an fmax/fT ratio of 2.33 has 
been  obtained  in  combination   with  a  fT-L-product  of 

Here, we present a physical model to explain the 
excess output conductance in InAlAs/InGaAs HEMTs. Fig.3 
shows a cross section of InAlAs/InGaAs HEMTs with the 
profile of the electrical field in the channel. The electrons are 
injected from the source side into the high 
gate-drain electrical field region, namely drift region, whith 
effective length LDeff. In this region impact ionization occurs 
and starts at VDS=VDSsat. We suggest the 
following mechanism. Firstly, the electrons generated by the 
impact ionization flow to the drain and produce an excess 
drain current AID. Secondly, holes generated by impact 
ionization flow either to the gate, if their energy exceeds the 
valence band offset, or to the source. The output conductance 
due to weak impact ionization can be expressed as follows : 

go(VDS,VGS) = AIDS/(VDS-VDS,sat) (1) 
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We assume that the high-field region is divided into two 
parts: one just below the gate, and the other between the gate 
and drain edges, where the drain and gate biases act laterally. 
The two subregions are assumed to be completely depleted, 
and  the  depletion  region  can  be  approximated  with  a 



rectangular shape. The excess drain current AIDs due to ioni- 
zation process can be written as [4]: 

^DS ( VDS. VGS ) = On Ll Deff *D (2) 

where ccn is the impact ionization rate in the InGaAs channel. 
LDeff is the effective length over which ionization occurs and 
ID is drain-source saturation current without impact 
ionization. F. Osaka et al gave an analytical expression of the 
ionization coefficient an for InGaAs materials with Indium 

content of 0.53 [5]: 

ocn=5.3- 107exp(- 1.95108/Emax)   (cm"1) (3) 

The maximum electrical field Emax (V/m) in the drift region 
can also be expressed in a simple manner : 

:(V, DS " vDS,sat )/L, Deff (4) 

where VDS-VDS sat is the voltage drop in the high field drift 
region. The length of the drift region can be described as a 
space charge layer; it is therefore proportional to the square 
root of the drift voltage drop [6]. We can write: 

-Deff = L0(V: 0V vDS ■V DS.sat 
1/2 (5) 

where L0 is an adjustable parameter. The saturation drain 

voltage VDS sat can be expressed as: 

VDS,sat=VDs-(VGS-Vth) 

where V^ is the threshold voltage, and VDS, VGS are 

intrinsinc biases, given by : 

"DS 'DS IDs(Rs + Rd)   and  VGS = VGS -IDSRS 

VDS and VGS are the voltage applied at the external G-S and 
D-S terminals of the device, and Rs, and R<j are the source and 
drain parasitic series resistances, respectively. 

We use the Materka-Kacprzak model for drain current HEMT 
modelling [7]. The transfer characteristics is expressed by: 

JDS = IDSS ( VGS "vth)tanh 
ßV DS 1 

Li+0(vGS-vth). LvGS -Vfc. 

The parameter IDSS is the saturation current, and ß, y, 9 are the 
model parameters. In addition, the threshold voltage V^ is 
expressed as V^Q + y VDS. The total output conductance in 
InAlAs/InGaAs HEMTs can be expressed as the sum of the 
output conductance due to the impact ionization (eq.l) and 
the output conductance due to the deconfinement of electron 
from the channel to the buffer: 

go = «n LDeff IDS / (VDS-VDS,sat) + gob d-VGS/Vth)1/2 (6) 

Drain 
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Fig.3: The physical processes of impact ionization and buffer 
layer conduction responsible of excess output conductance in 
InAlAs/InGaAs HEMTs. 

Note that all parameters IDss, V^Q, ß, 0 and y can 
be extracted from IDs= f(VGS) measurements at lower VDS 

where the impact ionization is very weak. The presented 
model uses only two adjustable parameters to calculate 
g0=f(VGS), namely L0 and gob, which affect g0 due to the 
impact ionization and buffer layer conduction, respectively. 

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 

Fig.4 shows a typical bell-shaped characteristic of the output 
conductance as a function of the gate bias at VDS=2V for 
0.13iim lattice matched InAlAs/InGaAs HEMTs. A good 
agreement is found between the measurement and our model 
calculation. The following parameters were used: 
IDSS=680mA/mm,Vth0=-1.39V, y=0.075, ß=0.925, 9=0.38 
L0=35.5 nm.V"1/2, Rs=RD=0.35£lmm, and gob=60 mS/mm. 
Note, that the drain current without impact ionization is 
calculated at VDS=0.8V. This bell-shaped characteristic can 
be explained by the dependance of the ionization process on 
both IDS and the electrical field Emax. These, however, are 
affected in the opposite direction by gate bias. 

This model is supported by several experimental 
observations on our 0.13|im lattice matched HEMTs: 

a) decreasing the band-gap energy of InGaAs channel by 
increasing the In-contents in pseudomorphic channels from 
0.53 to 0.74, strongly raises the output conductance from 
140mS/mm to 210mS/mm due to the increasing impact 
ionization coefficient. 

b) increasing the lateral gate recess from 50nm to HOnm 
reduces the g0 about 30% due to the increasing of the drift 
region length, thus decreasing the channel electrical field. 

c) by using an undoped InGaAs cap-layer, we reduce the out- 
put conductance from 150mS/mm to 40mS/mm at VDS=2V, 
due to the reduction of the potential in the recess edges of 
drain, i.e. a decreasing the electrical field in the channel. 
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bias for 0.13|im InAlAs/InGaAs HEMTs lattice matched to InP. 

d) increasing the gate length from 130nm to 250nm reduces 
the g0 about 50% due to the increasing of the drift region 
length, i.e. a decreasing the electrical field in the channel. 
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of 

The wider band gap energy of InP and its higher saturation 
velocity make this material the best candidate of sub-channel 
for lattice matched InAlAs/InGaAs HEMTs [6]. 

We can conclude that, the output conductance in sub-u.m 
InAlAs/InGaAs HEMTs is due to weak impact ionization in 
high field gate-drain region of the InGaAs channel and 
deconfinement of 2DEG from the channel to the buffer. 

The model can also be used to calculate the extrinsinc 
transconductance verus gate bias or drain current. 
The extrinsinc transconductance can be expressed by: 

gm=A (IDS+ an LDeff ID)
/AV

GS 

In summary, we have designed, fabricated, and demonstrated 
a novel 0.13u.m metamorphic InAlAs/InGaAs HEMTs with a 
composite channel on GaAs substrates with high cut-off 
frequencies and current drive capability. Such devices exhibit 
very low g0 of 20mS/mm and state of the art fmax values of 
350GHz with an fT of 150GHz. The power gain enhancement 
is mainly due to the channel design, as confirmed by our 
theoretical model. Thus, metamorphic growth technology of 
InAlAs/InGaAs HEMTs with composite channel will become 
useful if the reliability of the device can be assured. 

For the calculation of the transfer characteristic, we use the 
same parameters used for g0 = f (Vgs). Fig.5 shows that the 
bell-shape of gm-Ios changes and the maximum gm decreases 
as VDS increases to 2V. The dashed line is the calculated 
transfer characteritics without impact ionization. It seems that 
this behaviour is due to the weak impact ionization in high 
gate-drain electrical field region which reduces the maximum 
gm and increases the output conductance. Thus, high power 
gain can not be achieved at higher drain bias by short gate 
length InAlAs/InGaAs HEMTs. To overcome these 
undesirable effects of impact ionization, a wider energy band 
gap sub-channel is necessary for hot carriers in high field drift 
region. As shown in Fig.l, the metamorphic 
InAlAs/InGaAs HEMTs with composite channel show no 
dependance of gm and output conductance on drain-source 
bias. Thus, a higher gain can be reached at high drain bias, 
where a reduced feed-back capacitance is obtained. 

This novel channel concept can be used for lattice matched 
HEMTs  to  achieve  high  fmax/fx ratios  with  a  high  fT. 
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Introduction 
InAlAs/InGaAs HEMTs lattice-matched on InP substrates are considered the most promising devices for millimeter- 

wave and optical communication systems because of their excellent high-frequency and low-noise performance[l]-[6]. 
However, thermal instability of the alloyed ohmic electrodes is a major drawback of these HEMTs and improvement in 
this area is a fundamental requirement. The contact resistance of conventional AuGe-alloyed ohmic electrodes is degraded 
by thermal stress because of the reaction between Au and In[7],[8]. On the other hand, a low potential barrier height 
between the n-InGaAs and the metal electrodes make it possible to form non-alloyed ohmic electrodes with a low contact 
resistance on the n-InGaAs[9]. These are more thermally stable than alloyed electrodes. Various non-alloyed ohmic 
electrodes with contact resistance low enough for device applications have been discussed by several authors[10]-[13]. Non- 
alloyed ohmic electrodes, however, cause a large parasitic source resistance due to the contact resistance between the n- 
InGaAs capping layer and the channel layer rather than contact resistance between the n-InGaAs capping layer and the metal 
electrodes. This high contact resistance is caused by large conduction band discontinuity between a InALAs layer and a 
InGaAs layer, which decreases the tunneling current between them[14]. 

In this paper, we propose a highly-doped triple capping layer consisting of n+-InGaAs, n+-InALAs, and n+-InGaAs 
which significantly reduces the contact resistance between the capping layer and the 2DEG channel. It is shown 
experimentally that the low contact resistance results in a very low parasitic source resistance of the HEMTs with the triple 
capping layer even though non-alloyed ohmic electrodes are used. The DC characteristics of these InAlAs/InGaAs HEMTs 
are also reported. 

Experiments 
A cross-sectional view of an InAlAs/InGaAs HEMT 

with a triple capping layer is shown schematically in Fig. 
1. The epitaxial layers, which were lattice-matched on 
InP, were grown on InP substrates by molecular beam 
epitaxy. Growth at a low substrate temperature enabled a 
very high Si-doping concentration of 3 x 10*" cm"3 in the 
triple capping layer which consists of a 50-nm-thick n+- 
InGaAs layer, a 20-nm-thick n+-InAlAs layer, and a 5-nm- 
thick n+-InGaAs layer. The undoped InAlAs barrier layer 
was 10 nm thick, the Si-doped ( 5 x 101** cm"3 ) InAlAs 
carrier-supplying layer was 12 nm thick, and the undoped 
InAlAs spacing layer was 2 nm thick. Ti/Au non-alloyed 
ohmic electrodes were used as the source and drain 
electrodes. A low contact resistance of 2 x 10"' Qcm2 

was obtained between the electrode and the top n+-InGaAs 
layer, which is a very minor contribution to the total 
resistance. The gate electrode consisting of Ti/Al metal 
was formed after recess etching. 

The source resistance and the contact resistance between 
the triple capping layer and the 2DEG channel was 
evaluated to clarify the advantage of our capping layer. 
The contact resistance was evaluated by fitting the 
measured source resistance to the source resistance model 
proposed by S. J. Lee et al[14] which is illustrated in Fig. 
2. Here, pi and p2 denote the sheet resistance of the 
capping layer and the channel layer, respectively, and Ri 
denotes the resistance of the channel under the spacing near 

Source Drain 
n+-InGaAs. 
n+-InAlAs 
n+-InGaAs ■+-£ 

Triple capping 
layer highly 
doped with Si 
(3xl019cnr3) 

a. 
E\   Gate  P 

un-hiAlAs 
IT  

10 nm 
-InAlAs       12nm 

un-InAlAs 2nm 
un-InGaAs channel 40 nm 

InAlAs buffer layer 
(0.3 - 0.5 urn) 

SI InP substrate 

50 nm 
20 nm 

. 5nm 

Fig. 1. Schematic cross-sectional view of an 
InAlAs/InGaAs HEMT with a highly-doped triple capping 
layer lattice-matched on InP. 

the gate and Rci denotes the contact resistance between the 
source electrode and the capping layer. These four values 
were determined by Hall measurements and transmission 
line model measurements. The parameters pi2 and Rc2, 
which are the contact resistance and the effective contact 
resistance, respectively, between the capping layer and the 
channel layer were determined by fitting the measured 
source resistance for various distances L to the expected 
source resistance for each L based on the model. 
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Contact resistance for conventional single n+- 
Ino.53Gao.47As capping layers doped at concentrations of 
5 x 1018 cm"3, 1 x 1019 cm"3, and 3 x 1019 cm"3 was 
also evaluated for comparison. The doping concentration 
of 3 x lO^9 cm"3 is almost the limit of Si active doping 
concentration in InGaAs. For these samples, the thickness 
of the single capping layers is fixed at 50 nm. 

Source Spacing 

un & n-InAlAs 

p2 
-W-   un-InGaAs 

Ri      Channel 

Fig. 2. The equivalent distributed circuit for parasitic 
source resistance of HEMTs which was proposed by S. J. 
Lee et al.[15]. The source resistance was analyzed by 
using this model. 

Results  and   Discussion 
The dependence of the contact resistance pi2 and source 

resistance Rs (at L=1.6 urn) on the doping concentration in 
the capping layer is shown in Fig. 3. In the single 
capping layers pi2 and Rs were reduced by increasing the 
doping concentration, however, the values are not low 
enough for device applications. On the other hand, a 
contact resistance of 3 x 10"^ i2cm^ for the triple capping 
layer was obtained, which is about one order of magnitude 
smaller than that of conventional structures with a single 
capping layer doped to 5 x 10^ cm"3. The contact 
resistance is also smaller than that of a highly doped (3 x 
10*9 cm"3) single capping layer, which means that the 
large reduction in contact resistance is due not only to the 
high doping concentration of 3 x 10*9 cm"3, but also to 
the use of three capping structures. We calculated energy 
band diagrams and electron density profiles for the HEMTs 
with a conventional single capping layer doped to 5 x 10*° 
cm"3 and for those with a highly-doped triple capping layer 
so we could better understand the merits of the triple 
capping layer. Figure 4 shows the calculated band 
diagrams and the electron density for the HEMTs with a 
conventional single capping layer doped to 5 x 10J° cm"3 

and for those with a highly-doped triple capping layer. 
There exist two potential barriers for electrons between the 
capping layer and the 2DEG channel for the conventional 
single capping layer. These barriers decrease the tunneling 
current between the capping layer and the channel and are 
the cause of the high source resistance. On the other hand, 
the potential barrier near the capping layer is much lower 
for the triple capping layer because of the high peak 
electron density of  4 x 10*9   cm*3   in   the   bottom 

1018 1019 

Doping concentration 
in capping layer (cm "3) 

Fig. 3. The source resistance and contact resistance 
between a single or triple capping layer and the 2DEG 
channel vs. doping concentration at the capping layer. 

30      50     70     90     110     130 
Depth from surface (nm) 

Fig. 4. The energy band profiles and electron density 
profiles for the triple capping layer and the conventional 
single capping layer. 

n+-InGaAs layer of the three capping layers as shown in 
Fig. 4. This electron density is higher than the doping 
concentration of the layer. The excessive electrons in the 
bottom n+-InGaAs layer are offered from the n+-InAlAs 
layer as shown in Fig. 4, which lowers the energy barrier 
to the 2DEG channel more effectively.  As a result, the 
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contact resistance pi2 between the capping layer and the 
2DEG channel is significantly reduced. 

A low source resistance of 0.57 Qmm, which is 60% 
that of a conventional structure with a single capping layer 
doped to 5 x 1018 cm"3, was obtained from the HEMT 
with a highly-doped triple capping layer. 

The reduction in the source resistance appears to be due 
to a reduction in the parallel conductive resistance in 
addition to a reduction in the vertical conductive resistance 
across the hetero-interfaces which is related to the contact 
resistance pi2- To separate these effects, we evaluated the 
contributions of each element to the source resistance 
using the parameters obtained from the equivalent 
distributed circuit for parasitic source resistance shown in 
Fig. 2. Figure 5 shows the contribution of the vertical 
conductive resistance for various capping layers. For the 
conventional single capping layer, the contribution of the 
vertical conductive resistance across the hetero-interfaces is 
as large as 0.63 Qmm. With the reduction of contact 
resistance pi2. the resistance element of vertical 
conduction falls to 0.4 Qmm. The other components of 
the source resistance - which include the contact resistance 
between the capping layer and the source electrode, the 
resistance element of the two parallel conductive layers, 
and the resistance of the channel under the spacing near the 
gate - are reduced by 0.1 Qmm to only 0.17 Qmm. It is 
clear that the reduction in the source resistance is mainly 
due to reducing the resistance element of vertical 
conduction. 

Single 
Si: 5 x 1018 cm3 

Single 
Si: 3 x 1019 cm"3 

Triple 
Si: 3 x 1019 cm"3 

 1 1       1 1 1       1       '       1 

Vertical conductive 
resistance    0.63 

Others 

0.27 

0.54 0.23 

0.40 0.17 

. , . . 

cm"3 and 3 x 1019 cm"3 are also shown in this figure as 
the solid lines. The values for the single-capping layer 
HEMTs were estimated using the intrinsic 
transconductance data from the HEMTs with a triple 
capping layer. The low source resistance of the HEMTs 
with a triple capping layer results in very high peak 
extrinsic Gm for various gate lengths. These values are 
higher than those for previously reported InP-based 
HEMTs with the same gate lengths. For the HEMTs 
with a shorter-gate-length of about 0.4 urn, the peak 
extrinsic Gm is especially high compared to previously 
reported HEMTs because the reduction in source resistance 
strongly affects the extrinsic transconductance in this 
region where the intrinsic transconductance is also higher 
than for longer gate lengths. For a device with a gate 
dimension of 0.4 x 20 um, a high peak extrinsic Gm of 1 
S/mm was obtained, which is 42% higher than recently 
reported values for HEMTs on InP with the same gate 
length. 
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Fig. 6. Peak extrinsic transconductance for HEMTs with a 
triple capping layer plotted against the gate length together 
with data recently reported values for HEMTs on InP. 
Solid lines indicate the estimated peak extrinsic 
transconductance for HEMTs with single capping layers. 

Fig. 5. The contribution of the vertical conductive 
resistance to the source resistance for the various capping 
layers. The reduction in source resistance with the triple 
capping layer is due to the decrease in vertical conductive 
resistance. 

Figure 6 shows the peak extrinsic transconductance 
(Gm) for HEMTs with a triple capping layer plotted 
against the gate length together with recently reported data 
for HEMTs on InP. The calculated peak extrinsic Gm for 
the HEMTs with single capping layers doped by 5 x 1018 

Summary 
A highly-doped triple capping layer consisting of n+- 

Ino.53Gao.47As, n+-Ino.52Alo.48As. and n+- 
Ino.53Gao.47As was investigated with the goal of reducing 
parasitic source resistance in InAlAs/InGaAs HEMTs. 
Analysis of the source resistance revealed that the 
contribution of the resistance element at n+- 
Ino.53Gao.47As/un-Ino.52Alo.48As/un-In0.53Ga0.47As 
channel hetero-interfaces is as large as 70% of the total 
source resistance when non-alloyed ohmic electrodes are 
used. The highly-doped triple capping layer reduces the 
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resistance element of vertical conduction between the 
capping layer and the 2DEG channel. Thus, source 
resistance was reduced to 0.57 Qmm and contact resistance 
to 3 x 10"5 Qcm2 in the HEMTs with a highly-doped 
triple capping layer. This source resistance is 60% that of 
HEMTs with a conventional single capping layer, and the 
contact resistance is one order of magnitude smaller. The 
low source resistance results in peak extrinsic 
transconductance as high as 1 S/mm for a device with a 
0.4-|i.m-long gate, which is 42% higher than that of 
previously reported HEMTs with the same gate length. 
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ABSTRACT 

We have obtained extremely high reliability on the AlInAs/InGaAs/InP HEMT using WSi ohmic electrodes. 
The WSi electrode of this device demonstrates high stability under a high temperature (Ta=170^-200'C) 
operating life test. The sample analyzed by a cross-sectional TEM/EDX shows no degradation of 
WSi/InGaAs interface, on the other hand, titanium (Ti) and fluorine (F) are detected in the AlInAs layer. The 
estimated degradation mechanism of this device is related with decrease of carrier concentration in the 
epitaxial layer. 

INTRODUCTION 

AlInAs/InGaAs/InP based HEMT is to provide 
superior device performance, because of their higher 
material properties than the InGaAs/GaAs based HEMT[1]. 
It is due to the larger conduction band discontinuity between 
AlInAs and InGaAs which allows for more effective charge 
transfer into the channel layer and for better carrier 
confinement. Furthermore, AlInAs has a high doping 
capability which also allows for a high charge transfer into 
the InGaAs channel layer. 

Recently extremely low noise figure of 0.9dB with an 
associated gain of 7.0dB at 60GHz was demonstrated for a 
HEMT with selectively wet-recessed gate [1]. Therefore the 
InP-based HEMT will likely be a key component, for 
example, in satellite communication and so on. These 
devices are required to maintain performance capability for 
long time operation. However, the reliability of these 
devices has not received attention that much [2]. 

The primary degradation mechanism for the InP-based 
HEMT is an increase in the ohmic contact resistance[3]. 
Usually AuGe alloyed ohmic contacts have been applied to 
the InP-based HEMT. These contacts, however, easily 
migrate to the gate[4], and increase its contact resistance 
compared to the GaAs-based HEMT [3]. Another 
mechanisms also demonstrated, a migration of ohmic metal 
or gate sinking [4], degradation of a passivation [5]. These 
changes bring about catastrophic failure or serious 
degradation of its device performance. 

On the other hand, InP-based HEMT with non alloyed 
refractory WSi ohmic contacts are expected to have a 
excellent thermal stability, because its sufficient thermal 
stability is recognized under annealing temperature up to 
380"C on ohmic contact test patterns [3]. 

The demonstrated RF performance of AlInAs/InGaAs/InP 
HEMT with refractory WSi non-alloyed ohmic contacts has 
an extremely low noise figure of 0.8dB with an associated 
gain of 8.0dB at 40GHz [6]. 

In this study, the reliability of AlInAs/InGaAs/InP 
HEMT with WSi ohmic contacts is examined by high 
temperature DC accelerated life tests. The degradation 
mechanisms will be discussed by considering the results of 
changes of the electrical parameters during life test and the 
results of the observation of a cross-sectional TEM 
micrograph and EDX analysis. Finally excellent stability of 
WSi ohmic electrode for InP-based HEMT will be 
demonstrated. 

Gate 

undoped AlInAs ,Si planar doping 
undooeo1 AlInAs 
undoped InGaAs 

undoped AlInAs 

S.l.lnPSub. 
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Fig.l   Schematic cross-section of AlInAs/InGaAs HEMT 
with WSi ohmic contacts. 



EXPERIMENTAL 

Fig.l shows a schematic cross-sectional view of the 
AlInAs/InGaAs/InP HEMT with WSi ohmic contacts 
which was evaluated in this study. Fig. 2 is a photograph 
showing a typical AlInAs/ InGaAs/InP HEMT. The gate 
length and gate width are 0.15;/ m and 120//m, 
respectively. The device is planar Si-doped and passivated 
with a thin silicon oxynitride (SiON) layer. Details of the 
device fabrication and performance are reported elsewhere 

[1][6]. 

Fig.2 A Photograph of a AlInAs/InGaAs/InP HEMT 

DC accelerated life test were performed at temperatures 
of Ta=170"C to 200t: and the operating DC parameters 
were Vds=0.8V, Id=12mA. In this low temperature regime 
a thermal accelerated life test is all that is required to 
demonstrate the intrinsic device reliability and clarify failure 
mechanisms. The main specific parameters recorded are 
drain current at zero gate bias (Idss), maximum 
transconductance (gm), pinch-off voltage (Vp), and source 
and drain parasitic resistances (Rs,Rd). After the initial 
measurement the devices did not receive a burn-in for 
stabilization. A tested sample was later analyzed in detail by 
cross-sectional TEM and EDX. 

RESULTS AND DISCUSSION 

Fig. 3 and 4 show the results of changes of Idss and 
gm, as a function of time during life test at 170*0 for the 
10 test devices. Idss shows a gradual decrease, but gm does 
not show notable change. 

0        100      200      300      400      500 
Time [hours] 

Fig.3 Drain current versus time for the DC bias operational 
life test at 170t:. 

Time [hours] 
Fig.4   Transconductance  versus   time   for the   DC  bias 
operational life test at 170^. 

Fig.5 shows the results of the changes in Rs and Rd 
as a function of time during life test. A slight increase of 
parasitic resistances is observed. The Rd varies only less 
than 40% and the Rs varies 10%. One salient feature is that 
the degradation of Rd is larger than that of Rs. This larger 
increase in Rd compared to Rs is probably caused by a 
stronger electrical field between gate and drain. 

Fig.6 shows a change of pinch-off-voltage (Vp) during 
life test. It shows a slight decrease similarly to the decrease 
curve of Idss as shown in Fig.3. 
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between gate and WSi electrode by EDX. 

100       200       300      400 

Time [hours] 
500 

Fig.5 Source and drain parasitic resistances versus time for 
the DC bias operational life test at 170*0. 

Fig.7 Cross-sectional TEM photograph of AlInAs/InGaAs 
InP HEMT with ohmic contact. 
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Fig.6   Pinch-off voltage  versus  time  for the  DC  bias      area 

operational life test at 170*0. 

Fig.7 shows a micrograph of the cross-sectional TEM 
after 500 hours aging at 1700. Fig.8 and Fig.9 are 
magnifications of parts of Fig.7 in the gate/AHnAs and the 
WSi(drain)-electrode/InGaAs area, respectively. We cannot 
observe remarkable degradation around gate (Fig.8) and WSi 
electrode (Fig.9). 

In order to prove the presence of an impurity 
diffusion, high spatial resolution (10Ä) EDX analysis was 
performed on the same sample as shown in Fig.7~9. 
Fig. 10 shows an EDX atomic profile of the gate barrier 
metal (Ti) in the gate/AHnAs interface region. Titanium 
signal shows a tail inside AlInAs layer, on the other hand, 
inter-diffusion of WSi and InGaAs can not observed. We 
can also  observe an impurity   (F) in  the AlInAs layer 
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Fig.9 Cross-sectional TEM photograph of 
AlInAs/InGaAs InP HEMT with WSi ohmic contacts in 

the ohmic contact area 
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Fig. 10 EDX atomic profile of gate metal (Ti) in an AlInAs 
layer. 
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Fig. 11 Idss plotted as a function of the square-root of time. 

In order to discuss the degradation mechanism, the 
decrease of Idss is plotted as a function of the square-root of 
time as shown in Fig. 11. It fit quite well to linear 
dependence on square root of storage time. This type of 
dependence suggests that the degradation mode is due to 
diffusion controlled mechanism. EDX analysis shows 
diffusions of Ti and F into AlInAs layer. We have no 
information about Ti diffusion into AlInAs, however, 
N.Hayafuji et.al. demonstrated a decrease of carrier- 
concentration and electron mobility of Si-doped AlInAs 
layer by the thermal diffusion of fluorine [7]. Therefore, 
the changes of Idss and Vp are probably due either to Ti 
diffusion or to fluorine diffusion into AlInAs resulting in a 
decrease of carrier concentration in the epitaxial layer. 

On the other hand, Rs and Rd reveal little change 

during high temperature life test. The analyzed results by 
cross-sectional TEM and EDX indicate no inter-diffusion of 
WSi and InGaAs. Therefore it is demonstrated that the WSi 
ohmic contact has a sufficient stability for AlInAs/ 
InGaAs/InP HEMT. 

SUMMARY 

High temperature DC accelerated life tests were 
performed for AlInAs/InGaAs/InP HEMT with WSi ohmic 
contacts. During life tests, changes of Idss and Vp are 
observed but Rs, Rd and gm demonstrate little changes. 
Cross-sectional TEM and EDX analysis show no WSi 
contact degradation, however gate electrode (Ti) and fluorine 
diffusions into AlInAs are observed. It is estimated that the 
degradation mechanism of this device is the decrease of the 
carrier concentration in the epitaxial layers by the impurity 
diffusions. Nevertheless, the WSi ohmic contact for this 
HEMT has a excellent stability under the high temperature 
DC operation. 
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Growth and characterization of InGaAs/InAIAs 
in-plane superlattices on (110) InP 

SA1.1 
Yoshiaki Nakata (Invited) 

Fujitsu Laboratories Ltd., 10-1 Morinosato-Wakamiya, Atsugi 243 - 01, Japan 

We studied the surface steps during growth on misoriented (110) InP substrates, and grew 
InGaAs/InAlAs in-plane superlattices (IPSLs) using molecular beam epitaxy. The surface 
steps were evaluated by reflection high energy electron diffraction and atomic force microscopy 
(AFM). We found that two types of surface steps (single and double monolayer steps) were 
arranged depending on the growth conditions. Step edges of both types were seen to be little 
undulated in the AFM images. For the IPSL growth, we alternately grew half monolayers of 
AlAs and GaAs and single monolayers of InAs, keeping the regular arrays of single monolayer 
steps. The structural studies of IPSLs using transmission electron microscopy and 
photoluminescence measurements indicated InGaAs/InAlAs IPSLs composed of InAs/GaAs 
and InAs/AlAs monolayer superlattices were grown with some evidences of disordering. We 
also grew InAs/GaAs in-plane strained superlattices with the periodicity of about 8 nm on the 
misoriented (110) InP substrates. 

1. Introduction 
There is a strong need for a breakthrough in semiconductors, especially in compound semiconductors. 

Much attention has been paid to quantum wires and quantum boxes as the source of the breakthrough. 
Growth of laterally modulated structures using step flow growth on misoriented substrates is a very im- 
portant technique for directly forming quantum well wire and box array structures without lithographic 
fabrication process. Successful works had been extensively done by Petroff et al. [1-3] and Fukui et al. 
[4-6]. They had grown alternately fractional layers of GaAs and Al(Ga)As using step flow growth on 
misoriented (001) GaAs substrates. Most studies, however, focused on the GaAs/Al(Ga)As systems 
grown on misoriented (001) GaAs substrates. InGaAs or materials including InAs, which are attractive 
for practical applications, have hardly been investigated. 

For the growth of laterally periodic structures (i.e., in-plane superlattices (IPSLs)), controlling the 
configuration of the surface steps or terraces is crucial, as is controlling the growth mode to be step flow 
one. These features are, as well known, dependent on not only the growth methods and conditions, but 
they also should be affected by the substrate orientations to be grown on. Recently, we have succeeded 
in growing (InAs)i/(GaAs)i laterally modulated monolayer superlattices (LM-MSLs) using regular ar- 
rays of single monolayer steps on misoriented (110) InP substrates by molecular beam epitaxy (MBE) 
[7,8].   This result suggests the potential of these substrates for growing IPSLs. 

In this paper, we describe the surface step arrangements and structural features of InGaAs/InAlAs 
IPSLs grown on misoriented (110) InP substrates by MBE [9,10]. We also demonstrate growth of the 
InAs/GaAs in-plane strained superlattices (IPSSLs) on misoriented (110) InP substrates. 

2. Experimental 
Samples were grown by conventional MBE. The substrates were misoriented (110) InP tilting toward 

the [001] direction. During growth on these substrates, the surface steps of the (1 it) B terminated by 
group V atoms should be arranged. Surface steps were evaluated by reflection high energy electron 
diffraction (RHEED) with an acceleration voltage of 25 kV and atomic force microscopy (AFM) operated 
in air. The IPSL structures were evaluated by transmission electron microscopy (TEM) and 
photoluminescence (PL) measurements. 

3. Results and discussion 
3.1. Step arrangements 

In growing InGaAs on slightly misoriented (110) InP substrates, we found that the two types of surface 
steps were arranged depending on the growth conditions. Figs, la and lb are typical RHEED patterns 
obtained from the InGaAs surfaces growing on a substrate tilted at 3°. The electron beam incidence was 
parallel to the step edge ([110] azimuth). Pronounced split spots indicated single (Fig.la, 4 nm wide 
terraces) and double (Fig. lb, 8 nm wide terraces) monolayer steps were arranged. These step arrange- 
ments were controlled by the growth conditions.  Fig. lc shows the relationship between the step arrange- 
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ments and the growth condi- 
tions. The double monolayer 
steps were arranged at either a 
lower temperature or a higher 
As pressure than those of single 
monolayer steps, although the 
double monolayer step arrange- 
ments with larger terrace widths 
require longer migration of at- 
oms than single monolayer 
steps. Presumably, the As in- 
corporation or the As related 
atomic reconstruction at the step 
edges plays an important role 
for these step arrangements. 

10 
2 ML step Step Arrangements! 

InGaAs 

GR = 0.3 (im/h 

<a> (b) 
Substrate Temperature (°C) 

(C) 
Fig. 1. Typical RHEED patterns showing (a) single monolayer step 

arrangements and (b) double monolayer step arrangements,    (c) The relationship 
between the step arrangements and the growth conditions. 

Fig.2a and 2b are AFM images of the InGaAs surfaces arranged in single (a) and double (b) monolayer 
steps grown on the substrates tilted at 1.2°. About 10 and 20 nm wide terraces, comparable to the expected 
mean terrace widths (single monolayer steps: 10 nm wide, double monolayer steps: 20 nm wide) were 
formed periodically.   Step edges of both types were seen to be little undulated. 

In the alternate growth of AIAs, GaAs and InAs for the IPSLs, the RHEED split spots showing single 
monolayer step arrangements were clearly seen,  although the spot profiles changed slightly.    On the other 
hand, the split spots 
showing the double 
monolayer step ar- ft^^^^^^^^^^^^^^^^H l^^^^^^^^^^^^^^^^fcÄ 
rangements became 
unclear. The Al 
migration is con- 
sidered to be insuf- 
ficient to arrange 
the double mono- 
layer steps, or the 
reconstruction at 
the step edges 
would be broken by 
incorporating Al at- 
oms. Thus, we 
used the single 
monolayer step ar- 
rangements for 
growing the IPSLs. 

(a) (b) 

Fig. 2. AFM images of the InGaAs surfaces with (a) single monolayer steps and (b) 
double monolayer steps. 

3.2. IPSL growth and their structures 
3.2.1. InGaAs/InAIAs IPSLs 

InGaAs/InAlAs IPSLs were grown using alternate growth of half monolayers of AIAs and GaAs and 
single monolayers of InAs, maintaining the regular arrays of single monolayer steps. The opening and 
closing shutter sequences for each cell are shown in Fig.3a. The substrate used was a misoriented (110) 
InP tilting 3° toward the [00T] direction. A schematic diagram of the IPSL structure expected by ideal 
step flow growth is shown in Fig. 3b. In this case, InGaAs (2 nm wide)/InAlAs (2 nm wide) superlattices 
composed of InAs/GaAs and InAs/AlAs monolayer superlattices are expected to grow. The growth rates 
of AIAs, GaAs and InAs were about 0.15 pm/h. It takes about 5 seconds for single monolayer growth. 
The substrate temperature was about 440°C. The As pressure for the ternary layers of InGaAs and 
InAlAs growth was about 3.5 x 10-6 Torr and for the binary layers of IPSL (AIAs, GaAs and InAs) growth 
was about 1.8 x 10"6 Torr. We changed the As pressure at the interface between the ternary layers and the 
binary layers without growth interruption by exchanging two As cells. 

Fig. 4a is a transmission electron diffraction (TED) pattern from the (110) cross-section.    Two types 
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of superstructure spot pairs double positioned in the [001] direc- 
tion are clearly observed. One type is observed at about {h, k, 
1+1/6.8} in which h, k, 1 are all even or all odd, corresponding to 
such fundamental spots as 002, 220, 111, etc. The other type is 
observed at about {h, k, 1+1/13.5} in which h, k, 1 are either (odd, 
odd, even) or (even, even, odd), corresponding to such positions 
of the ordinary monolayer superlattices as 001, 110, 112, etc. 
These superstructure spot pairs reflected the lateral periodicity in 
the [001] direction. They are satisfactorily explained by the for- 
mation of the structure shown in Fig. 3b. 

Fig. 4b and 4c are the (110) cross-sectional view and the (110) 
plan view of TEM dark field images obtained from an IPSL. In 
these images, the dark and bright areas correspond to the InGaAs 
and InAlAs regions, respectively. The InGaAs/InAlAs laterally 
periodic structures grown just on the InGaAs buffer layer are 
clearly observed. The periodic direction is almost in the [001] 
direction. The periodicity is approximately 4 nm on the average, 
which is comparable to the terrace width expected from the sub- 
strate tilt angle (4 nm wide). Although the undulations of peri- 
odic contrasts along the growth direction and partial disordering 
are often observed in the cross-sectional view, a plan view image, growth, 
which is obtained from a horizontal thin region in the IPSL shows good periodicity and straight contrast 
along the step edge direction of the [T10] direction. This suggests that compositional fluctuations along 
the step edge direction are smaller than those along the growth direction.   This would be fortunate for 

Fig. 3. (a) The opening and closing 
shutter sequences for the IPSL growth. 
(b) A schematic diagram of the IPSL 
structure expected by ideal step flow 

Fig. 4. (a) A (110) cross-sectional TED pattern of the IPSL grown on a substrate tilting 3°.   (b) A (110) cross- 
sectional view of TEM dark field image of the IPSL.   (c) A plan-view of TEM dark field image of the IPSL. 

growing thinner layers of IPSLs such as quantum well wire 
array structures. 

The PL spectrum of the IPSL measured at 4.2 K is shown in 
Fig. 5 together with those of the (InAs)i/(GaAs)i LM-MSL, 
the InGaAs (2 nm thick)/InAlAs(2 nm thick) conventional lay- 
ered superlattice (SL) on a misoriented (110) InP substrate, 
and the Ino.5Alo.25Gao.25As alloy on (001) InP substrate. 
The IPSL spectrum has two peaks. The energy of the main 
peak is far higher than that of the (InAs)i/(GaAs)i LM-MSL 
and lower than that of the InQ.5Alo.25Gao.25As alloy. The 
main peak energy of 1.06 eV is close to that of the InGaAs (2 
nm thick)/InAlAs(2 nm thick) conventional layered 

—i— 
PL 

4.2 K 

0.7 

InGaAs/lnAIAs 
IPSL(2 nm 12 nm) 

(InAs), /(GaAs), 
LM-MSL 

-1 1 1 1  
InGaAs/lnAIAs 

conventional SL 
/(2nm/2nm) 

0.9 1.0 1.1 
Energy (eV) 

Fig. 5. A PL spectrum of the IPSL measured 
at 4.2 K. 
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superlattice, suggesting that InGaAs (2 nm wide)/InAlAs (2 nm wide) superlattices were grown. The 
other peak (sub-peak) at the energy of 1.13 eV is close to that of Ino.5Alo.25Gao.25As alloy. This is 
considered to be the luminescence from the strongly disordered or alloyed regions. The line width of the 
IPSL spectrum was 47 meV. This is much broader than that of the conventional superlattice of 9 meV. 
This broadening is presumably due to the compositional fluctuations resulting from undulations of the 
lateral interfaces along the growth direction and disordering in the IPSL. 

3.2.2. InAs/GaAs IPSSLs 
We also grew InAs/GaAs IPSSLs together 

with the InGaAs/InAlAs IPSLs on a substrate 
tilted at 1.5°. The InAs/GaAs IPSSLs were 
grown by alternate growth of half monolayers of 
GaAs and InAs. During the growth of IPSSLs, 
the RHEED split spots showing single mono- 
layer step arrangements were kept. The three- 
dimensional growth with island formation was 
not observed. A schematic diagram of the 
cross-sectional sample structure and a (110) 
cross-sectional TEM image are shown in Fig. 6. 
Although the lattice-mismatch should exist, lat- 
erally periodic structures with the periodicity of 
about 8 nm were grown. 

4. Summary 

Fig. 6. A schematic diagram of the cross-sectional 
sample structure and a (TlO) cross-sectional TEM 

image. 
We studied the surface steps during growth on the misoriented (110) InP substrates, and grew InGaAs/ 

InAlAs IPSLs by MBE. We found two types of surface steps (single and double monolayer steps) were 
formed depending on the growth conditions. Step edges of both types were seen to be straight in the 
AFM images. For the IPSL growth, we grew alternately half monolayers of AlAs and GaAs and single 
monolayers of InAs, keeping the regular arrays of single monolayer steps. The TEM observations and PL 
measurements indicated that InGaAs/InAlAs IPSLs composed of InAs/GaAs and InAs/AlAs MSLs were 
grown with some evidences of disordering. We also grew InAs/GaAs IPSSLs with the periodicity of 
about 8 nm on the misoriented (110) InP substrates. 
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Selective MBE growth of InGaAs and InAlAs on high-index facets SA1 -2 
and its application to fabrication of InGaAs ridge quantum wires 

H. Fujikura and H. Hasegawa 
Research Center for Interface Quantum Electronics and Department of Electrical Engineering, 

Hokkaido University, Sapporo 060, Japan 

Introduction 
Recently, quantum wires and quantum dots have attracted significant attention because of new quantum 

mechanical phenomena in solid-state physics and their device applications. For realizing quantum wires and quantum dots, 
various approaches have been made. Among them, selective and self-organizing growth is promising method because of 
absence of process-induced damages (l)-(3). To achieve selectivity and self-organizing motion, growth on high index 
facets is particularly interesting because of possible growth rate modification and related material transfer. 

Paying attention to the high mobility and the large conduction band discontinuity of InGaAs/InAlAs system, we 
have recently studied the growth characteristics of this system on nonplanar substrates and attempted formation of quantum 
wires by selective molecular beam epitaxy (MBE) (4)-(6). In this paper, we present novel results on MBE characteristics of 
^OM^OA-A* 

and Ino.52A1p.48As layers on pre-fabricated ridge structures with (311)A facets and their successful application 
to fabrication of InGaAs ridge quantum wires. Sample structures were investigated by scanning electron microscope (SEM). 
Low temperature photoluminescence (PL) and cathodoluminescence (CL) measurements were made to characterize the 
fabricated InGaAs ridge quantum wires. 

Experimental 

As substrates for growth experiments and actual 
fabrication of ridge quantum wires, mesa-patterned (001) 
InP substrates with 4/«n pitch, prepared by 
photolithography and wet chemical etching, were used. 
Orientation of the mesas were <110> direction and each 
mesas consists of a terrace with width of lfim and two 
sidewall (211)A or (lll)A facets. Following the substrate 
preparation, two kinds of the nonplanar starting structures A 
and B shown in Fig.l were formed by MBE growth of 
InGaAs or InAlAs. Structure A and B were grown on the 
mesa-patterned substrate with (211)A and (lll)A 
sidewalls, respectively. 

Growth characteristics was studied by SEM 
observations for both InGaAs and InAlAs layers with thin 
marker layers grown on the starting structures under various 
growth conditions. On the structure A, InGaAs and InAlAs 
layers were grown within temperature ranges from 400 to 
500°C and from 500 to 580°C, respectively. On the other 
hand, both materials were grown within a temperature range 
of 500 to 580°C on the structure B. Using the results 
obtained in the growth experiments, including selectivity of 
growth, formation of new facets and their developments, 

(001) terrace (311)A 
(311)A 

structure A structure B 

Fig. 1   Schematic view of starting structures. 

two types of InGaAs ridge quantum wires were successfully 
fabricated by selective MBE growth. These wires were 
characterized by PL and CL measurements at low 
temperatures. 

In each MBE growth, substrates were rotated 
during the growth and the growth rate on the planar 
substrate was set at 6000Ä/h throughout this study. As 
pressure was varied in the range from 1 to 3xl0~6 Torr, 
maintaining As stabilized surfaces. 

Growth Characteristics 

Growth on the starting structure A 
Figures 2 shows a cross-sectional SEM image of 

InAlAs layers with thin marker InGaAs layers grown at 
500°C and its schematic drawing. It is seen in Fig.2 that the 
growth rate is enhanced on the terrace with the terrace 
width being continuously reduced as the growth proceeds 
and (311)A facets were formed next to the terrace although 
the initial sidewalls were (211)A facets. The lines 
connecting the intersection of the (001) terrace and  the 

600nm (3H)A facets 

Fig.2  Cross-sectional SEM image of InAlAs layer with 
InGaAs marker layers grown on the structure A. 
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(311)A sidewall facets maintains a constant angle, 8, with 
respect to (001) terrace. It is also seen in Fig.2 that the 
growth on the terrace tends to be initially irregular. The 
irregular growth also occurred in other conditions and 
materials, and particularly InAlAs grown at 580°C show 
much pronounced irregularity. On the other hand, InGaAs 
showed less irregularity and an InGaAs layer grown on a 
narrow terrace (<1000A) nor InGaAs layer grown on a wide 
terrace at a lower temperature of 400°C showed no such 
phenomenon. 

Figure 3 summarizes the ratio of growth rate on the 
terrace region to that on the planar substrate, r, as a function 
of the terrace width together with the angle 8 for each case. 
The growth rate of InGaAs grown at 500°C was remarkably 
enhanced on the terrace while it is less pronounced at 
400°C. InAlAs showed much smaller enhancement. The 
angle, 6, was estimated to be 50° for InAlAs growth at 
500°C and 40° for InGaAs growth at 400°C, respectively. 

These phenomena seen in Fig.2 and Fig.3, as well 
as the formation of (311)A sidewalls seen in the growth of 
starting structures, can be explained in terms of a 
differences in incorporation rates of group III atoms into 
each facets. Namely, a slower incorporation rate of group 
III atoms into (311)A facets than that into (001) terrace 
leads to migration of group III atoms from (311)A facets to 
(001) terrace, resulting in the enhancement of growth rate 
on the terrace and reduction of terrace width. The slower 
incorporation rate on (311)A facets also leads to 
development of (311)A facets on the starting structures. The 
angle 8, between facets is determined by the ratio of the 
growth rates between the terrace and the (311)A facets as 
discussed by Jones et al. (7). A larger value of 6 for InAlAs 
than for InGaAs corresponds to a smaller terrace-to- 
(311)A facet growth rate ratio for InAlAs. The smaller 
enhancement of growth rate ratio r and a larger value of 8 
for InAlAs can be explained both in terms of shorter 
migration length of Al atoms. 

i ' i 

InGaAs(500°C) 
6=25° 

InGaAs(400°C) 

6=40° 

InAlAs(500oC) 
6=50" 

_l k—L. 

"l^c       (3H)A 

T* 
tpla: 

0.5 
W(um) 

Fig.3  Relation between growth rate ratio (r) and terrace 
width (W) in the growth on the structure A. 

(411)A faset rigion 

1000A 
InGaAs / 

starting structure 

Fig.4   Cross-sectional SEM image of InAlAs layer with 
InGaAs marker layers grown on the structure B. 

Growth on the starting structure B 
Figure 4 shows a cross-sectional SEM image of 

InAlAs layers with InGaAs marker layers grown at 580°C 
on the structures B and its schematic drawing. In this case, 
(311)A facet of InAlAs was found to be unstable and 
(411)A facet gradually expanded at the top as seen in Fig.4. 
Additionally, InGaAs grew selectively on the (411)A facet 
region formed at the top of InAlAs ridge and wire like 
structures were formed. On the other hand, when the growth 
was made below 550°C, InGaAs and InAlAs grew with 
uniform thickness and maintained the initial (311)A ridge 
structures. The above mentioned selectivity can be applied 
for formation of wire structures on the ridge and the size of 
such a wire can be controlled by the amount of the InAlAs 
growth. 

The dependence of stable facets on the growth 
condition can be explained by the change of the 
incorporation rate of group III atoms at different 
temperature. For the growth of InGaAs within the whole 
temperature range studied here and for the growth of 
InAlAs below 550°C, the incorporation rate of group III 
atoms into (311)A facet is smaller than that into (411)A 
facets, so that (311)A facet is maintained. On the other 
hand, for the growth of InAlAs at 580°C, the group III 
incorporation rate into (411)A facet becomes smaller than 
that into (311)A facet, leading to the formation and 
expansion of (411)A facets as seen in Fig.4. 

Fabrication of ridge quantum wires by selective MBE 
growth 

Growth of ridge quantum wires on the structure A 
With the knowledge of values of r and 8 in Fig.3, 

the terrace width at a certain point of growth can be 
accurately determined by the thickness of the layer grown 
on the planar substrate. Thus, the width of the ridge 
quantum wire (=width of the terrace) can be also controlled. 
A  cross-sectional  SEM   photograph  of  InGaAs   wire 
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Optical properties of ridge quantum wires 
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Fig. 5 SEM photograph of InGaAs ridge quantum wires 
grown on the structure A (a) and structure B (b). 

selectively grown on InAlAs terrace is shown in Fig.5(a). 
The triangular shaped wire with lateral width of 300A were 
successfully formed. In Fig.5(a), the quantum wells are also 
seen on the (311)A sidewalls. 

In this sample in Fig.5(a), the InGaAs wire layer 
was grown at 500°C to achieve a high selectivity of the 
growth according to Fig.3. The nominal thickness of the 
wire layer in this sample was 25Ä. The InAlAs barrier layer 
and InGaAs starting structure were grown at 500 and 
400°C, respectively, to suppress the irregular growth. The 
advantage of this method is that the width of wires can be 
reduced far smaller than the lithography-defined terrace 
width. 

Growth of ridge quantum wires on the structure B 
Figure 5(b) shows an InGaAs ridge quantum wire 

grown on the structure B. The wire with a lateral width of 
1000Ä was selectively grown on the (411)A facet region on 
the top of InAlAs ridge. Presence of very thin quantum 
wells on (311)A sidewall facets can also be recognized in 
this figure. 

In this sample, bottom InAlAs barrier layer was 
grown at 580°C to form a (411)A facet on the top of the 
InAlAs ridge. Then, InGaAs wire layer with a nominal 
thickness of 25Ä and a top InAlAs layer were grown at 
550°C. Following the growth of wire layer, growth was 
interrupted for 1 minute to enhance the gathering of the 
InGaAs into (411)A facet region (8). Since the width of 
(411)A facet region (=wire width) can be controlled by the 
growth itself as seen in Fig.4, uniform wire sizes can be 
achieved even if the size fluctuation exists in the terrace 
width of the mesa-pattern defined by lithography. 

Ridge quantum wires grown on the structure A 
The 4 K PL spectrum of the ridge quantum wire 

grown on structure A is shown in Fig. 6 together with that of 
reference ridge quantum well. The reference sample had the 
same structure as the wire except that it had a thick InGaAs 
well at the top of the terrace. In the spectrum of the ridge 
quantum wire, an intense and narrow peak is seen at 0.969 
eV with a shoulder at high energy side. The ridge quantum 
well has a broader peak at around 0.8 eV. 

The sharp peak in the ridge quantum wire spectrum 
is believed to originate from the wire itself. In fact, the 
observed energy shift of 159 meV of the peak of ridge 
quantum wire from band gap energy of bulk InGaAs agrees 
excellently with the theoretical value of 156 meV obtained 
by numerically solving Schrödinger equation by finite 
difference method using the observed shape and size of the 
wire. On the other hand, the position of the broad peak in 
the ridge quantum well was in a good agreement with that 
of the planar quantum well. The smaller and broad peaks 
observed above 1.05 eV in the ridge quantum wire and well 
seems to be originate from InAlAs barrier layers, since 
these peaks were often seen in the PL spectra of InAlAs 
layers grown on corrugated substrates without InGaAs 
wires(5). The shoulders observed at about l.OeV in both 
samples may be due to the thin quantum wells on (311)A 
facets as seen in Fig.5(a). The strong intensity and narrow 
width of the peak from InGaAs ridge quantum wire 
indicates that the wire crystal quality is excellent. 

Ridge quantum wires grown on the structure B 
The CL spectra of the ridge quantum wires grown 

on the structure B measured using spot excitation of the 
sample surface are shown in Fig.7. The solid and broken 
lines are the CL spectra measured using spot excitation of 
ridge region, including the quantum wire, and of the bottom 
groove region,respectively. In the spectrum measured by 
exciting the ridge region, an intense peak was observed at 

3 

OH 

0.6 1.0    1.2    1.4 
Energy (eV) 

Fig. 6  PL spectra of a ridge quantum wire grown on the 
structure A and these of a ridge quantum well. 
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Fig. 7  CL spectra of ridge quantum wire grown on  the 
structure B using spot excitation. 

(a) Cross -sectional SE image 

(b) Cross -sectional CL image (E=1.058eV) 

(c) Cross -sectional CL image 
(panchromatic image) 

(d) Top -view CL image (E=1.058eV) 

»Mi 

W0 
Fig. 8  4K CL image of ridge quantum wire grown on the 

structure B. 

1.058eV. On the other hand, the smaller and broader peak is 
seen in the spectrum of the bottom groove part within a 
energy range from 0.9 to 1.2eV. The results of observation 
of CL image to clarify the spatial origins of these peaks are 
shown in Fig.8. The cross-sectional monochromatic (at 
1.058eV) and panchromatic CL images measured at 4K are 
shown in Fig.8(b) and (c), respectively, together with the 
corresponding secondary electron (SE) image given in 
Fig.8(a). A top-view CL image (at 1.058eV) is also shown 

in Fig.8(d). In Fig. 8(b) and (d), spots and lines with intense 
and uniform brightness can be seen at intervals of 4/an. In 
the panchromatic image (Fig.8(c)), such bright spots and 
additional emission spots with a much weaker intensity can 
be seen. 

Since the positions of these bright spots and lines 
exactly correspond with that of the ridges in SE images, the 
intense peak at 1.058eV in Fig.7 is found to originate from 
the InGaAs ridge quantum wire itself. On the other hand, 
the weak emission seen between the bright spots in Fig. 8(c) 
correspond to wells located at the bottom of the grooves and 
these were origin of broad peaks in Fig.7. The shoulder 
observed at the higher energy side of the peak at 1.058eV 
may be due to thinner wells on (311)A and sidewall facets 
whose presence was recognized in Fig.5(b). Strong intensity 
of the emission from the ridge quantum wires in spite of its 
small volume indicates that the wire crystal quality is 
excellent. In addition, judging from the uniform brightness 
of CL image at 1.058eV, uniformity of this wire thought to 
be very high. 

Conclusions 

By the growth experiments of In Ga As and 
In „Al As on two types of non-planar starting structures 
having (311)A facets, detailed growth characteristics were 
clarified. 

Using the results of growth experiments, two types 
of InGaAs ridge quantum wires were successfully 
fabricated by selective MBE growth on these starting 
structures. 

The results of low temperature PL and CL 
measurements indicated that the wires with excellent crystal 
quality and uniformity can be made by two approaches 
presented here. 
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Introduction 
Utilization of the 2D-3D growth mode transition during the initial stage of highly strained growth (Stranski-Krastanow 

(SK) growth) is a novel technique to fabricate dislocation free self-assembled quantum dots (SADs). In(Ga)As SADs on 
(100) GaAs by molecular beam epitaxy (MBE) showed excellent size uniformity and good optical quality [1,2]. They are also 
interesting as a strained template for selective growth[3] and a strained dot with localized carrier confinement potentials[4]. 
Recently, on (311)B GaAs, high quality InGaAs quantum disks were fabricated by growth interruption during metalorganic 
vapor phase epitaxy (MOVPE) growth[5,6] which resembles the SAD formation method. However, this method is expected 
to be different from that for SAD by MBE because the disks are not formed on (100) GaAs and the wetting layer that exists 
under the SAD layer in SK growth was not apparent. In this paper, we report on MBE growth and optical characterization of 
InAs/InGaAs SADs on (311)B GaAs as well as (100) to study the differences of using (311)B substrates. We also report on a 
compound SAD structure where the composition of the wetting layer and the SAD layer is changed, which is intended to 
suppress the luminescence from the wetting layer. The narrowest full widths at half maximum of the PL peak from SADs on 
(311)B are about 35 meV at 2 K and 40 meV at room temperature, respectively, which are much narrower than those 
measured from reference (100) SADs. The PL linewidth is not strongly affected by the measurement temperature, which 
indicates that thermal broadening in PL emission is greatly reduced. These narrow PL spectra demonstrate an advantage of 
using (311)B substrates in SAD growth by MBE. 

Experimental Procedures 

Samples were grown by MBE in Varian/Intevac Modular 
Gen II systems. For all samples, GaAs (311)B and (100) 
substrates are prepared and bonded side by side on the same 
Mo block. Before the growth, the substrates are heated up to 
around 630°C for oxide desorption. After the oxide 
desorption from both substrates, a GaAs buffer layer was 
grown at a substrate temperature of 600°C. The arsenic beam 
equivalent pressure was kept at 8 - 9 xlO"6 Torr. Both As2 and 
As4 are used as arsenic species, but no obvious difference 
was found in critical thickness or in optical quality. After the 
GaAs buffer layer, an Al^Ga^As layer, an AlAs/GaAs short 
period superlattice and a GaAs layer were successively 
grown in most samples. In some samples, the SAD layer was 
grown on the first GaAs buffer layer and capped only by 
GaAs. For SAD growth, the substrate temperature was 
reduced to 520°C and the InAs/InGaAs SAD structure was 
formed on the GaAs layer. There, 1 s growth of InAs or 
GaAs that corresponds to 0.1 or 0.2 monolayer (ML) on 
(100) was followed by a 2 s arsenic exposure, and this 
sequence was repeated until the reflection high energy 
electron diffraction (RHEED) showed the transformation to a 
spotty pattern. For compound SAD structures, an InAs or an 
InGaAs layer was first grown below the critical thickness to 
form a wetting layer, then a SAD layer whose composition 
was different from the wetting layer was grown. In the 
samples   for   structural   characterization,   the   substrate 

temperature was immediately reduced after SAD formation 
and the samples were kept in vacuum before characterization. 
Otherwise, the SAD layer was covered by GaAs and the 
substrate temperature was ramped to 600°C. Then it was 
covered by an Al^Ga^As layer and a GaAs layer. In most 
samples, the wide gap materials are introduced in order to 
prevent carrier leakage from the GaAs layer adjacent to SAD 
layer to the substrate or surface. This structure is necessary 
to yield intense photoluminescence (PL) at room temperature. 
The conduction band diagram of a typical sample is 
schematically shown in Fig. 1. 

Structural characterization was performed by atomic force 
microscopy (AFM) to determine the density and shape of 
SAD structures. PL measurements were performed at 2 K 
and at room temperature using an Ar+ laser as an excitation 
source. PL was detected by a cooled Ge detector using a 

(AIAs)(GaAs) SL 

AlGaAs 

GaAs 
GaAs 

-0.5 um        I-] 

SI-GaAs sub 
(100), (311 )B 

SAD layer 

Surface 

Fig. 1. A schematic conduction band diagram of a 
typical sample. 
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phase-locking technique. 

Results and Discussion 

Structural Characterization 
AFM measurements showed that InAs SADs are formed 

after depositing 1.5 ML on (100) GaAs substrate[7]. 
However, from RHEED observations, the SAD formation 
becomes clear only after a growth of 1.7 ML (0.55 nm) of 
InAs on (100) GaAs. The critical thickness for SAD 
formation on (311)B GaAs measured by the change in the 
RHEED pattern is close to that of (100) GaAs (0.55 -0.58 
nm: Note that, as the thickness unit of ML is dependent on a 
crystallographic axis, we will use nm hereafter). Fig. 2 shows 
the RHEED pattern from a (311 )B surface measured along 
[011] direction. After the SAD formation, chevron patterns 
between spots are seen in the figure. This indicates that the 
SAD structure should have certain facets. 

In Fig. 3, AFM images of In^Ga^As SADs on (311)B and 
(100) GaAs are shown. The SADs are formed after growing 
nominally 1.45 nm In05Ga05As. Uniform dots with a typical 
dot diameter of around 30 nm and height of 13 nm are 
observed on (311)B GaAs although the exact shape can not 
be resolved. A density of SADs is 2xl010 cm"2. Consequently, 
14% of the surface is covered by SADs. On the (100) 
reference sample, the SAD density is lower and the 
fluctuation in diameter appears greater than that on (311)B. 
As the uniformity in diameter and height depends on the 
coverage[7], the grown thickness should be adequate for the 
SAD formation on (311)B. Although exact calculations were 
not performed, the dimension of the SAD structure is 
expected to be small enough to show three-dimensional 
quantum confinement effect. 

It was demonstrated that InGaAs quantum disks on (311)B 
GaAs fabricated by MOVPE with growth interruption were 
well aligned[5]. Also in MBE, the SAD structure on (311)B 
was regular and some of the dots are aligned along certain 
direction on the surface. From the AFM measurements, the 
uniformity of the dot size on (311)B substrates seems to be 
superior to that on the (100) reference samples. Thus, the 
utilization of (311)B is also expected to be advantageous in 
fabricating uniform and dense SADs in MBE. 

(a) (b) 
Fig. 2. Reflection high energy electron diffraction 
(RHEED) patterns measured along [011] direction from 
(311)B surface (a) before and (b) after SAD formation. 
Chevron patterns are observed between spots after SAD 
formation (b). 

r**&*-   rev -f^sv"-1*^! 

(a) 

1.00 

Optical characterization 
PL spectra measured from InAs SADs (nominal growth of 

0.58 nm InAs) at 2 K are shown in Fig. 4. In these samples, 
SAD structures are sandwiched by GaAs layers without 
AlGaAs and superlattice layers. In Fig. 4 (a), PL from SADs 
on (311)B is observed at 900 nm with a full width at half 
maximum (FWHM) of 46 meV. An intense and sharp 
emission is also observed at 866 nm. We believe this peak 
originates from a wetting layer that exists underneath the 
SAD layer because a similar intense peak was observed from 
a control 0.52 nm InAs quantum well sample without SADs. 
From SADs on (100), PL was observed whose peak position 
was at 1049 nm with a FWHM of 127 meV. PL from the 

(b) 
Fig. 3. 1 urn x l(im atomic force microscope images of 
In05Gv,As SADs on (a) (311)B and (b) (100) GaAs. 
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Fig. 4. Photoluminescence spectra from InAs SADs 
(nominal thickness of 0.58 nm) measured at 2 K. SADs 
are grown on (a) (311 )B and (b) (100) GaAs substrates. 

wetting layer was very weak in this sample. Comparing these 
results, it is found that the PL linewidth from SADs was 
reduced by a factor of three by using (311)B substrates. 
Sharp and intense PL from the wetting layer was only 
observed from the (311)B structures. PL peak intensities 
from SADs in both samples were almost identical. The same 
characterization was performed on In^Ga^As SADs grown 
on (311)B and (100) GaAs. There, the linewidth from (311)B 
SADs was 60 meV, while that from (100) SADs was 78 meV. 
Although the ratio of the linewidths was smaller than InAs 
SADs, an improvement in the linewidth was observed. 

In order to suppress the intense PL from the wetting layer 
in (311)B, we introduced a compound SAD structure where 
the composition of the wetting layer and the dot layer is 
different. The structure consists of InAs SADs on an InGaAs 
wetting layer as well as InGaAs SADs on an InAs wetting 
layer. In Fig. 5, PL spectra measured at 2K on the compound 
SAD structures of InGaAs dots (nominal thickness of 0.85 
nm) on InAs (0.42 nm) are shown. The PL from the wetting 
layer was suppressed and could not be resolved in this scale. 
The FWHM of the peak from (311)B is 35 meV. A shoulder 
peak was detected in the PL spectrum from (311)B SADs. 
An origin for this subpeak is not currently understood. It may 
be from the dots with different size or from excited states. 
Further experiments like excitation intensity dependent PL or 
time-resolved PL measurements should be necessary to 
identify the origin. At room temperature, this peak is 
enhanced to show a distinct peak. 

In Fig. 6, PL spectra measured at room temperature from 
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the compound SADs are shown. Intense PL emissions from 
SADs are observed, indicating that the SAD structures have 
good optical quality and can be utilized as a light emitting 
source at room temperature. From the SADs on (311)B, the 
PL linewidth is observed to be as narrow as 41 meV. This 
value is almost the same as that from GaAs bulk structure. 
On the other hand, the PL peak from the SADs on (100) has 
a width of about 102 meV. As the peak height is not 
degraded, the reason for this broadening is expected to be the 
thickness distribution or the different strain effect in different 
dots. 

Thus, it is seen that the SADs on (311)B GaAs had 
narrower PL peaks than those on (100). As the PL linewidth 
is not strongly affected by the measurement temperature, this 
width is governed by the structural distribution rather than 
the thermal broadening. So the improved size and shape 
uniformity in (311)B SADs is the probable reason for the 
reduced PL linewidth. 

The growth mechanism for the self-organized quantum 
disks on (311)B by MOVPE was discussed as a complex 
interplay of surface energy, strain, and surface diffusion[5]. 
High surface mobility and surface energy are assumed to be 
important. It is not straightforward to apply the same 
discussion to the results in MBE. However, if the high 
surface adatom mobility on (311)B surface assumed in the 
previous discussion held as well in the MBE growth, the 
SAD size uniformity would be expected to be improved 
because the size can very quickly reach equilibrium during 
the growth. For the uniformity of the SAD shape that relates 
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Fig. 5. PL spectra measured from InGaAs/InAs 
compound SADs on (a) (311)B and (b) (100) GaAs at 
2 K. The linewidth of SAD peak from (311)B is as 
narrow as 35 meV. 
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Fig. 6. PL spectra measured from InGaAs/InAs 
compound SADs on (a) (311)B and (b) (100) GaAs at 
room temperature. The linewidth of the SAD peak from 
(311)Bis41meV. 

with the strain magnitude and the strain distribution, the same 
assumption can apply. In this assumption, when the surface 
with higher adatom mobility is adopted, more uniform SAD 
structures can be expected. 

When the growth orientation is different, it is expected 
that some other characteristics are different like In surface 
segregation or preferable facets in 3D structures. Further 
growth studies with various growth directions can clarify the 
origin for improved PL characteristics. 

The half width of 41 meV at room temperature from 
(311)B SADs is comparable to the value observed from the 
30 nm isolated disks fabricated by MOVPE[6]. The narrow 
PL spectra from the SADs demonstrate an advantage of 
using (311)B substrates in MBE. By optimizing the growth 
condition, material system and surface orientation, quantum 
dot structures with high uniformity and good optical quality 
are expected to be realized in SAD growth. 

Conclusions 

We have fabricated InAs/InGaAs self-assembled quantum 
dots on (311)B GaAs substrates. By RHEED observation, the 
critical thickness for SAD formation on (311)B is measured 
to be almost the same as that on (100). Uniform SAD 
structures on (311)B are confirmed by AFM observation. PL 
measurements on InAs SADs show a reduced linewidth from 
(311)B SADs compared to (100) SADs. In the measurements, 
an intense PL peak from the wetting layer that exist under the 

SAD layer was observed from the (311)B sample. We 
introduced compound SAD structures which are intended to 
suppress the luminescence from the wetting layer. At room 
temperature as well as at 2 K, narrow PL emissions are 
observed from the compound SADs of InGaAs dots on an 
InAs wetting layer. The linewidths are about one half of 
those from the (100) SADs. The narrowest PL linewidth of 
41 meV was obtained at room temperature. One reason for 
this improvement is expected to be the improved uniformity 
in (311)B SADs, which may be achieved by the high surface 
adatom mobility. This improvement demonstrates an 
advantage of using (311)B substrates in SAD growth by 
MBE. 
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The InGaAs quantum dots were grown on multi-atomic step structure by MOCVD growth. Then AFM 
images indicated that these quantum dots are grown not on the terrace but on the multi-atomic step edges. 
Using this phenomenon, we demonstrate successful alignment of the InGaAs quantum dots by the 
spontaneous growth without any pre-processing technique. Finally formation of twin InGaAs quantum 
dots was demonstrated. 

Fabrication of quantum dots is important for 
optoelectronic device application as well as for basic 
physics.(l) For this purpose, various technological 
approaches have been performed. Among them, 
Stranski-Krastanow (SK) growth mode is useful in the 
formation of quantum dots. This technique has attracted 
attention because quantum dots are directly formed on 
substrate without processing such as electron beam 
lithography, etching process, and ion implantation is 
required. This growth mode is started with an initial two 
dimensional layer deposition on the substrate material. 
After a critical layer deposition thickness is achieved, the 
surface transforms into three dimensional highly strained 
dot structures that grow coherently on the surface. 

In fact, studies of strained dot structures by SK 
growth method previously show by molecular beam 
epitaxy or metal organic chemical vapor deposition 
(MOCVD).(2-5). Particularly, the diameter of quantum 
dot as well as 15 nm has achieved by this growth mode 
in MOCVD. (5) However, the position of the quantum 
dots were randomly distributed. 

In this paper, we demonstrate successful alignment 
of the InGaAs quantum dots by the spontaneous growth 
without any pre-processing technique. After a multi- 
atomic step structure of GaAs epilayer was formed on a 
GaAs vicinal substrate, InGaAs quantum dots were 
grown on this structure by MOCVD growth. Then 
atomic force microscope (AFM) images of indicated 
that these quantum dots are formed not on the terrace but 
on the multi-atomic step edges. Further, we show that 
the InGaAs quantum dots are copulate in a growth 
condition which is different from that of the dots 
alignment. 

The fabrication method proposed here is that the 
quantum dots are grown on the multi-atomic step edges 

of multistep structure which results from the step 
bunching through the generation of facets with two 
different orientations during annealing.(6) By carefully 
choosing the growth condition, this multi-atomic step 
edge can be formed on almost straight lines.(6-8) In 
addition, we have already found that the dot density on 
GaAs substrate misoriented is higher than that on GaAs 
(001), which indicates that the quantum dots are easily 
formed on the step edge than on the terrace.(9) Therefore, 
by artificially forming the multi-atomic steps during the 
growth, the position of the quantum dots can be 
controlled, as illustrated in Fig. 1. 

multistep InGaAs dots terrace 

Fig.l: Schematic illustration of InGaAs quantum dots 
on the multistep edge of GaAs epilayer. 

The samples were grown by the MOCVD growth. 
Trimethylgallium (TMG), trimethylindium (TMI) and 
arsine (AsH3) were used as source materials. First, 
200nm-thick GaAs layer on a GaAs substrate was grown 
at 700°C. Then the temperature was decreased to 500°C 
and the growth was interrupted. Then, Ino.5Gao.5As were 
grown on GaAs layer at this temperature. During GaAs 
layer growth, AsH3 partial pressure was 89 Pa. The 
V/III pressure ratio was 500. In this condition, multi- 
atomic step structure appears and step edges of this 
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structure is formed on almost straight lines. During 
InGaAs quantum dots growth, AsH3 partial pressure was 
22 Pa. This condition was the same as in previous 
paper.(9) 

To study the difference between with and without 
misorientation of the substrates, a GaAs (001) substrate 
and GaAs (001) vicinal substrates were used. The 
directions of misorientation were [010], [110]A and 
[110]B directions The misorientation angle was 2.0°. 
The surface was studied with an AFM in the air at room 
temperature. 

Figure 2(a) shows an AFM image of the InGaAs- 
dots grown on GaAs (001) surface. The AFM images of 
the InGaAs-dots grown on GaAs (001) vicinal surface 

toward [010], [110]A, [110]B directions, respectively, 
are shown in Figs.3(b)-(d). As shown in these figures, 
there is clear difference among the samples with and 
without misorientation of the substrates. The multi- 
steps are clearly formed on the vicinal substrates and the 
quantum dots are formed on the multi-atomic step edges 
regardless of the misoriented directions. On the other 
hand, on the GaAs (001) substrate without 
misorientation, the quantum dots are no formed 
anywhere and two-dimensional islands appear between 
the monolayer steps. The results indicate that the vicinal 
substrates are useful to form the multi-atomic step 
structure which lead to localization of the quantum dots 
at the step edges. 

Fig.2: AFM images of InGaAs quantum dots on GaAs surface with various directions of 
misorientation. (a) no misorientation. The directions of misorientation are (b) [010], 

(c) [110]A and (d) [110]B. The growth time is 3 sec. The scale is 500 nm x 500 nm. 
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We found that area dot density increased consistently 
with the growth time. By choosing growth time, dots 
density is controlled Figure 4 shows AFM images of the 
quantum dots grown on the [010]-misoriented surface. 
The growth time for the InGaAs dots are 3.5 sec. As 
indicated in the figure, the InGaAs quantum dots are well 
aligned at the multi-atomic step edges. 

150 

300  o 

Fig.3: An AFM image of aligned InGaAs quantum dots 
on [010] misorientated surface. The growth time is 3.5 

sec. The scale is 300 nm x 300 nm. 

Finally, successful fabrication of twin quantum dots 
(TQDs) is demonstrated as shown in fig. 4. The growth 
condition is as follows. The growth temperature which 
is higher than that of aligned dots was 600 °C. The 
partial pressures of TMG and TMI were one fifth as 
compared with that of aligned dots. The growth time is 
25 sec. The GaAs substrate without misorientation was 
used. The line in which the TQDs stand is parallel or 
perpendicular to cleaved surface. The distance between 

TQDs is close to 100 nm. The size of one dot is large 
or small than the other. This growth mode is clearly 
different from the mode of aligned dots. However, the 
details of mechanism of TQDs formation has yet 
clarified. 

In conclusion, we demonstrated successful alignment 
of InGaAs quantum dots using spontaneous growth 
technique through formation of the multi-atomic step in 
the GaAs epilayer on vicinal substrates. This technique 
is promising for full in-situ formation of the quantum 
dots with small size. Finally, formation of twin 
quantum dots was demonstrated. 
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Fig.4: An AFM image of twin quantum dots. The 
growth time is 25 sec. The scale is 2 |Xm x 2 \xm. 
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Introduction 

Precise carrier confinement in reduced dimensional structures such as quantum wires and quantum dots is believed to 

give a novel density state and improve the performance of optical devices. Since 1984 much work1-3) has been done using 

a natural formation technique by epitaxial growth and /or a combination of fine lithography, etching and quantum well 

growth. However, up to now, no superior optical performances has been obtained compared to that of quantum wells . A 

coherent islanding phenomenon of strained InGaAs films on a GaAs (100) substrate4), called the Stranski-Krastanow 

epitaxial growth mode, has recently been receiving attention again as a useful method for making quantum dot structures5- 

6) because of its potential for creating damage-free nanostructures. There are some problems, however, such as the inevitable 

two-dimensional wetting layer residue, poor size-controllability, no ordering, and very narrow optimum growth conditions. 

Unfortunately, room temperature photoluminescence emission (PL) from buried InGaAs islands have yet been reported. 

On the other hand, we have recently found a new phenomenon of the self-organized formation of strained InGaAs 

microstructures during epitaxial growth by metalorganic vapor phase epitaxy (MOVPE) on a GaAs (311)B surface7). This 

results in nano-scale InGaAs quantum disks surrounded by lower AlGaAs barriers due to mass-transport. On GaAs (311)A 

surfaces, one-dimensional faceting due to step bunching forms quasi-quantum wire-like morphologies.These phenomena 

during growth interruption may come from the lower barrier height for adatom migration on high-index planes, compared 

with that on the (100) surface. The excellent crystal quality and homogeneity in size manifests itself in high PL efficiency 

and extremely narrow PL spectra at room temperature8). Moreover, we have achieved low-threshold operation of a quantum 

disk laser with a self-organized nanostructure as an active region at room temperature9-10). The question arose as to 

whether the self-organization due to strained systems occurs universally in other III-V compound semiconductor systems. 

Here, we report that self-organization can occur similarly on InP substrates. 

Experimantal quantum wells and Al0.48lno.52As and/or InP barriers were 

grownonInP(311)B,(311)A and (100) substrates. Interrupt 

The growth apparatus used was a low-pressure time after InGaAs epitaxial growth was 2.5 minutes for self- 

metalorganic vapor phase epitaxy (MOVPE) system with organization. The atmosphere gas during the growth 

substrate temperatures between 600 and 700 °C. Trimethyl interruption was AsH3 and/ or PH3. The epitaxial layers were 

alkyls of gallium (TMG), aluminum (TMA), indium (TMI), covered with strained InGaAs cap layers with the same 

arsine and phosphine were used as material sources. The composition and nominal thickness as the inner InGaAs 

growth rate was 1 |im/h for the ternary compounds and 0.6 structure. These cap layers exhibit the same morphologies 

|j.m/h for InP.   Epitaxial layers with nominal InGaAs as the inner buried InGaAs structures, which were observed 
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by high-resolution scanning-electron microscopy (SEM)1') 

and atomic force microscopy (AFM). For the 

photoluminescence (PL) measurements the microstructures 

were overgrown by 50 nm thick layers of InAlAs or InP. 

All PL measurements were performed at room temperature. 

Results and discussion 

In the case of compressive In0.8Ga0.2As with 

Ino.52Alo.48As barriers lattice-matched to InP, on the (311)B 

surfaces, we find well-ordered microcrystal arrays with a 

base size of 120 nm with buried quantum microstructures 

as shown Fig.l. The surface morphology of InO.8Gao.2As 

grown with the relatively lower substrate temperature of 

600°C and a thinner thickness of 3.5 nm shows an 

inhomogeneous formation of microcrystal including some 

modulated structures. This indicates the suppression of 

adatom migration and lateral mass-transport from the AlInAs 

buffer layer. This suggests a similar formation mechanism 

with the InGaAs/AlGaAs system8) resulting in built-in 

InGaAs microstructures inside the AlInAs microcrystals. 

However, the ordering and the homogeneity in size are 

slightly worse compared with those of the InGaAs/AlGaAs 

system. 

On the InP (311)A surface as shown in Fig. 1(b), 

modulated step-bunching occurs along the [233] direction, 

which is somewhat different to the InGaAs/AlGaAs system 

with clear one-dimensional faceting resulting in quasi- 

periodic wire-like morphology. A slight difference in self- 

organization phenomena between compressive InGaAs/ 

AlGaAs on GaAs (311) substrates and compressive InGaAs/ 

InAlAs on InP (311) substrates may come from the high 

vapor pressure of indium compared to gallium. 

On the contrary, in the case of 3.5-nm thick InO.8GaO.2As 

layer over an InP buffer on a InP (311)B substrate at 650°C, 

microcrystals are formed with elongated features in the [01JJ 

direction, with less pronounced uniformity and ordering as 

shown in Fig.2(a). Here, the atmosphere gas was PH3 during 

the growth interruption to decrease any exchange reaction 

of the surface group-V atom. It is found that a self- 

organization phenomenon also occurs in the InGaAs/InP 

system, similar to the InGaAs/InAlAs system. The 

pronounced difference in shape of the microcrystals for both 

strained material systems comes from the difference in the 

composition elements in buffer layers of InAlAs and/or InP. 
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Fig. 1 AFM images of the surface morphology developed after the 
growth of 5-nm-thick Ino.8Gao.2As / Alo.4sGao.52As (a) on InP 
(311) B, and (b)  on InP (311) A substrates. 

(a) 

(b) 

Fig.2 AFM images of the surface morphology developed after the 
growth of 3.5-nm-thick Ino.8Gao.2As / InP (c) on InP (311) B, 
and  (b)  on InP  (311) A substrates. 

On InP (311)A substrates, both microcrystal and bunching 

formations can be found as shown in Fig.2 (b), which is 

also quite different from the InGaAs/AlGaAs system. The 

poorer adatom migration due to the high vapor pressure of 

indium and phosphorous may possibly inhibit clear facet 

formation, a well-defined structure and clear ordering during 

the self-organization. 



Table 1    Surface Morphologies of InGaAs Cap Layers on InP Substrates 

Epitaxial Layers Substrate Temperature (degrees) 

Coditions 
1               1              1              1 

600    1    625    1    650    1   670   1    700 

Barrier      ,      Strain      ,V-gas,     InGaAs     ,d(nm) *OAB[ OAB]OAB|OAB]OAB 

In.52A1.48As_jCompressive|AsH3{ln.8Ga.2As    [    3.5 f b d/m [f b d/m]  f b d _] f b/d dj f b/d d 
[Tensile          JAsH3 jln.25Ga.75AS]    3.5 ]              j f b d/I J             ]   f b r 

InP                 'Compressive'AsIB'ln.SGa^As     '    3.5 f b d/t '              '   f b d  '             ' 

1"                    IPH3   1"                      1    3.5 f b f/m 1 f d/b d 1 f d/b d 1              1 

iTensile          1 AsH3 Hn.25Ga.75Asl    3.5 1               1   f b d  1              1 
~i               r      r               i 

l"                    |PH3   |"                      |    3.5 
T            1            "1            1 
1               |   d d d  |              | 

*0AB 

0=(100) 

A=(311)A 
B=(311)B 

f=flat 
b=bunching 

d=microcrystal 

m=modulated 
r=rough 

l=elongated 

Typical surface morphologies are summarized in Table 

1, including the tensile cases of Ino.25Gao.75As with 

In0.52Alo.48As and/ or InP buffer layers. Altogether, for InP 

(100), (311)A, and (311)B substrates respectively, flat-, 

microcrystal-like (or modulated step-bunching), and 

microcrystal-like morphologies can be obtained. One of the 

features in the InP substrate system is that microcrystal 

formation possibly occurs on the InP (311)A surface 

accompanied by a bunching phenomenon. This difference 

may result from the high vaporizing pressure of indium and 

phosphorous. 

Moreover, in the case of the tensile InO.25Gao.75As 

system with an atmosphere gas of AsH3 during growth 

interruption the surface morphologies show a similar 

tendency to the compressive InO.85GaO.l5As system, while 

the fine structures of the microcrystals for both systems are 

somewhat different. However, the tensile case with the 

InP barrier during interruption with PH3 shows microcrystal 

images for (100), (311)A, and (311)B surface orientations. 

It is very difficult to explain the pronounced differences of 

surface morphologies in the tensile In0.25Ga0.75As/InP 

system with AsH3 and/or PH3. However, even on the InP 

(100) surface relatively high substrate temperature with 

phosphine atmosphere may possibly enhance the slight 

exchange of V-atoms and adatom migration resulting in the 

inducement of mass-transport. 

Finally, we discuss the PL emission from built-in InGaAs 

microstructures. Concerning the InGaAs/InAlAs 

system,unfortunately, at the present stage we have no PL 

emission at room temperature. This is possibly due to the 

slight intermixing between InGaAs and InAlAs during 

mass-transport. However, concerning the Ino.8Gao.2As /InP 

system, we can show the relationship between the peak 

wavelength of room temperature PL and the growth 
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temperature for InP (100), (311)A, and (311)B substrates 

in Fig.3. This result shows that if we use the V-gas of PH3 

during the growth interruption, some exchange of a group- 

V element of built-in InGaAs microstructures from As to P 

occurs. This results in large PL shift, and subsequent 

degradation of interface and crystal quality,which is quite 

different from the case of InGaAs/AlGaAs system. 

Conclusion 

We have found that self-organiztion phenomeon of 

strained InGaAs on an InP (311) substrate occurs during a 

growth interruptin in MOVPE growth. These phenomena 

1700 

1200 
590      600      610      620      630      640     650      660 

SubstrateTemperature (degrees) 

Fig.3 Room temperature photoluminescence peak wavelength 
versus substrate temperature for InGaAs microstructures on InP 
(100) , (311) A,and (311) B susbstrates. (t: Interrupt time 
after InGaAs growth) 



are similar to those that occurs in the material system of     (311)B substrate," IEE Electron. Lett. 31, pp. 209-211,1995. 

InGaAs on a GaAs (311) substrate. This suggests that the 

natural formation of nanostructures due to self-organization 

phenomena of strained layers on high Miller-index planes 

of III-V compound semiconductors by vapor phase epitaxy 

can be a rather common feature. 

ll.J. Temmyo, A. Kozen, R. Nötzel, and T. Tamamura, "Self- 

organization of strained InGaAs microstructrues grown by MOVPE 

on InP (311) substrates," in Extended Abstracts of the 55th Autumn 

Meeting, 1994; the Japan Society of Applied Physics, Nagoya, 20a- 

T-9, Sept. 1994. 
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(Invited) 

The recently demonstrated quantum cascade laser is 
a fundamentally new semiconductor laser (1-3). It relies 
on only one type of carrier (unipolar laser) and on 
quantum jumps of electrons between discrete conduction 
band energy levels of quantum wells. As such the 
wavelength can be tailored over a very wide range from 
the mid-ir (a few microns) to the far-ir (-100 urn) by 
simply varying layer thicknesses. Two types of quantum 
cascade lasers will be discussed. In the original structure 
the relevant intersubband radiative transition is between 
states centered in different neighboring wells to facilitate 
population inversion, i.e. the transition is diagonal 
(Fig. 1). In this design, however, the width of the 
luminescence transition is relatively broad 
(FWHM-22 meV) due to the interface roughness since 
electrons traverse several heterointerfaces in the photon 
emission process. As a consequence the peak gain is 
reduced. To circumvent this problem we designed the 
structure of Fig. 2 where electrons make a vertical 
radiative transition essentially in the same well (4). This 
reduces considerably the width of the gain spectrum 
(FWHM = 10 meV) and therefore the laser threshold 
current density. To prevent electron escape in the 
continuum, which is greatly reduced in the case of the 
diagonal transition, the superlattice of the digitally graded 
injector is designed to act as a Bragg reflector for 
electrons in the higher excited state and to simultaneously 
ensure swift electron escape from the lower states via a 
miniband facing the latter (Fig. 2). A crucial feature of 
both structures is that the lower state of the laser transition 
is separated by an optical phonon (= 30 meV) from the 
n = 1 state. This strongly enhances the scattering of 
electrons out of the n = 2 state. The calculated time is 
T2I = 0.6 ps which is considerably less than the 
relaxation time between the n = 3 and n = 2 state (a few 
ps) thus creating the population inversion condition. 
Electrons can in turn tunnel out of the n = 1 state in a 
subpicosecond time to prevent electron build-up. 

Quantum Cascade Laser with Diagonal Transition 

The AlInAs/GalnAs structure grown by MBE 
comprises 25 stages, each consisting of a graded gap n- 
type injection layer and a three coupled-well active 
region, cladded by AlInAs waveguiding layers (1-3). The 

undoped active region includes 0.8 nm and 3.S nm thick 
GalnAs wells separated by 3.5 nm AlInAs barriers. 
3.0 nm thick AlInAs barriers separate the active regions 
from the digitally graded n-type doped injectors 
(~1017cm~3). The samples were processed into mesa 
etched ridge waveguides and the laser facets were 
obtained by cleaving. Powers = 30 mW in pulsed 
operation and thresholds of 5.8 kA/cm2 for a 2.8 nm 
long device have been obtained at X = 4.3 u.m and at a 
heat sink temperature -100 K (Fig. 1)." The slope 
efficiency is = 0.1 W/A. An outstanding feature of this 
laser is that the gain is much less sensitive to temperature 
than conventional semiconductor lasers. The temperature 
dependence of the threshold indicates an exponential 
increase - exp(T/T0) with a T0 = 110 K. Operating 
temperatures up to 125 K have been achieved with a few 
mW of power. Well defined longitudinal modes are 
observed (Fig. 3). The mode spacing is in good 
agreement with the calculated one 

1 „„      -i- 
( 

2nL, 
0.55 cm    ). The linewidth of the dominant 

mode (-0.3 cm-1) is presently limited by heating effects 
and mode hopping during the pulse. The intrinsic 
linewidth of these lasers in cw single mode operation is 
expected to be Schawlow-Townes limited, similar to 
atomic lasers, without the linewidth enhancement factor 
typical of diode lasers (1). 

Recently we have demonstrated pulsed operation at 
X = 8.4 |j.m in a quantum cascade laser with a threshold 
of 2.8 kA/cm2 and an optical power of 30 mW at a 
100 K heat sink temperature. 

Quantum Cascade Laser with Vertical Transition 

In this structure (Fig. 3) the 25 active regions 
consist of a 4.5 nm GalnAs wells coupled to a 3.6 nm 
well by a 2.8 nm AlInAs barrier. Tunneling injection into 
the active region is through a 6.5 nm AlInAs barrier and 
electrons escape out of the n = 1 state through a 3.0 nm 
AlInAs barrier. The superlattice well and barrier 
thicknesses are respectively €w = 2.1, 2.1, 1.6, 1.7, 1.3 
and 1.0 nm and €b = 2.1, 1.9, 2.0, 2.3 and 2.7 nm in 
going from left to right in Fig. 2. The waveguiding 
cladding regions are similar to those of the diagonal 
transition structure.  After processing, the samples were 
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Fig. 1. Peak optical power from a single facet against 
drive current of quantum cascade laser at two different 
heat sink temperatures. The collection efficiency is 40%. 
Inset: Two periods of the 25 stage staircase/coupled well 
region of the laser under operating conditions. The 
calculated energy separation between the n = 3 and 
n = 2 states of the laser transition (wavy arrow) is. 
295 meV, and that between the n = 2 and n = 1 states is 
-30 meV. 

85 kV/cm 

Active   I    Bragg 
Region  I Reflector 

Fig. 2. Schematic conduction band diagram of a portion 
of the vertical transition quantum cascade 
Gao.47 In<x53 As/Alo.48 Ino.52 As laser structure under 
positive bias condition and an electric field of 
8.5xl04V/cm. The dashed lines are the effective 
conduction band edges of the 20.8 nm thick superlattice 
graded gap electron injector. As shown, this superlattice 
is also designed as to create a minigap that blocks the 
electron escape from level 3. The wavy line indicates the 
transition responsible for laser action. The moduli 
squared of the relevant wave functions are shown. 
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Fig. 3. High resolution emission spectrum showing the 
longitudinal mode structure for the laser of Fig. 1. The 
drive current is 6.5 A. 
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Fig. 4. Peak optical output power from a single facet vs. 
injection current at various heat sink temperatures for a 
quantum cascade laser with vertical transition. Inset 
High-resolution spectra of the sample above threshold. 
Near single longitudinal mode operation is observed. 
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cleaved in L„v = 2.4 - 3 mm length bars. Current 
pulses of 30 ns were injected in the device with a 20 kHz 
repetition rate. Fig. 4 displays the L-I curve for a 2.4 mm 
long device obtained by focusing the light with a f/0.8 
optics on a fast HgCdTe detector. The peak optical power 
is -80 mW at 80 K. The measured slope efficiency is 
300mW/A per facet and essentially temperature 
independent and corresponds to a differential quantum 
efficiency per period of 4.5xl0~2 when corrected for the 
collection efficiency of the apparatus. The threshold 
density has a value J,h = 1.7 kA/cm2 at 10 K and 
3 kA/cm2 at 100 K. Operating temperatures up to 200 K 
have been demonstrated in an optimized vertical transition 
laser in pulsed operation. Recently we have shown CW 
operation with 2 mW of power at 60 K temperature and 
X = 4.6 Jim. 
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Abstract 

We report on the transverse mode and polarization characteristics of a novel 1.52-(xm 
vertical-cavity laser that utilizes an InGaAsP strain-compensated quantum-well active layer 
and two AlAs/GaAs quarter-wave mirrors. The 6 and 8 |Xm diameter devices exhibit 
room-temperature pulsed threshold currents as low as 4 mA, and a maximum output power 
of 14 mW was measured on a 60 |im diameter device. 

Long-wavelength vertical-cavity lasers are 
potentially integrable low-cost sources for optical 
communication systems. The practical choice for 1.3 
(Xm and 1.55 |J.m emitting/absorbing material is the 
quaternary InGaAsP alloy lattice matched to InP. 
The difficulty in using this material system lies in the 
relatively small refractive index values that can be 
achieved by varying the InGaAsP composition. A 
large refractive index ratio is essential for the 
realization of high reflection coefficients in practical 
distributed Bragg reflectors. Furthermore, the 
thermal conductivity of quaternary alloy is an order 
of magnitude lower than that of InP. To address 
these issues we have proposed [1] and demonstrated 
[2] long-wavelength vertical-cavity lasers (VCLs) 
using AlAs/GaAs mirrors and InGaAsP active layers 
bonded by w*afer fusion [3]. Using this method, 
substrates of vastly different lattice constants can be 
bonded to produce an optically transparent junction 
that is both electrically and thermally conductive [4]. 
Wafer fusion opens great possibilities for realization 
of novel optoelectronic devices that utilize InGaAsP 
and GaAlAs materials in a single structure. Recently, 
we reported a new long-wavelength VCL structure 
that uses two AlAs/GaAs quarter-wave mirrors and 
an InGaAsP strain-compensated quantum-well active 
region [5]. These devices were fabricated by two 
wafer fusion steps and exhibited record values for 
pulsed threshold current at room temperature. In this 
paper, we report on devices that have similar mirrors 
and active layer structure, but were fabricated using 
improved reactive ion etching. This process 
improvement has resulted in a threefold reduction in 
the lowest threshold current value: 4 mA pulsed at 
room-temperature. Furthermore, we show that, even 
though these lasers operate in many transverse 
modes, the light output is highly linearly polarized 

with the electric field parallel to the [Oil] direction. 
Single mode operation was observed on 6 and 8 fim 
diameter devices in which the degree of polarization 
along [011] axis was as high as 97%. 

2nd fused 
junction 

p-contact 

1st fused 
junction 

active layer 
7 QW: 7 nm 
(+1% cs) 
6 BAR: 8 nm 
(-0.9% ts) 

Figure 1. Double-fused vertical-cavity laser structure. 

The double-fused vertical-cavity laser 
structure, shown in Figure 1, uses two MBE-grown 
AlAs/GaAs quarter-wave mirrors fused to an 
MOCVD grown InGaAsP active region. The bottom 
reflector is a Si-doped 25-period GaAs/AlAs mirror 
designed for 99.8% reflectivity, while the top is a Be- 
doped 24-period GaAs/AlAs mirror designed for 
99.5% reflectivity. In order to reduce the effects of 
absorption in p-type GaAs  and AlAs  at long 
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Figure 2. Finished double-fused vertical-cavity 
lasers. Ten different sizes between 6 and 60 u.m 
inclusive are shown. 

wavelengths, the p-mirror features a hybrid doping 
scheme: The 10 periods closest to the cavity are 
doped 3-10*' cm~3, while the rest of the mirror is 
doped 110^° cm"3. All the interfaces have been 
linearly graded over 18 nm and doped approximately 
five times the bulk doping. 

Recent studies have shown that strained 
quantum wells have higher optical gain and lower 
transparency than unstained quantum wells [6], [7]. 
In order to achieve the high gain needed in InP-based 
vertical-cavity lasers the number of wells required 
exceeds the number of strained wells that can be 
grown coherently. For this reason, strain- 
compensated InGaAs / InGaAsP [8] quantum wells 
have been investigated for long-wavelength vertical- 
cavity laser applications. In this laser we have used 
strain-compensated InGaAsP wells and barriers 
grown under a constant As/P ratio [9]. MOCVD 
growth under the constant As/P ratio has the 
advantage of minimizing the group V element inter- 
diffusion during the growth and the subsequent high 
temperature processing (wafer fusion). The active 
layer of our double-fused laser consists of seven 
strained InGaAsP quantum wells (7 nm and 1% 
compressive strain) with strain-compensating 
InGaAsP barriers (8 nm and 0.9% tensile strain). 

The fabrication process involves two wafer 
fusion steps: the first step is the fusion of the n-type 
mirror to the InP active layer, and then after InP 
substrate removal, the p-type mirror is fused to the 
other side of the active layer. In order to minimize 
Be diffusion, the p-type mirror undergoes the high 
temperature fusion step only once. Both fusion steps 
are performed at 630°C for 20 minutes in a hydrogen 
atmosphere [l]-[4]. The InP substrate was selectively 
removed using a mixture of HC1:H20 down to an 
InGaAsP etch-stop layer, while the GaAs substrate 
was removed using NH4OH:H202 spray etching at 
pH 8.3 [10]. The devices were defined with circular 
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in Ref. [5] 
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Figure 3: Threshold current as a function of the 
diameter for devices reported in this work compared 
to the device reported in Ref. [5]. The error bars 
indicate the largest and the lowest valjie measured, 
while the data point is the median of the 
measurements. 

p-type contacts which were used as a mask in CI2 
reactive ion etching. An SEM micrograph of finished 
devices is shown in Figure 2. 

All ten laser sizes on the mask (6 to 60 |am 
inclusive) operate at room-temperature under pulsed 
conditions (50 ns / 25kHz / 25 °C). The lasing 
wavelength is 1517 nm + 2 nm, depending on the 
location on the sample. The lowest threshold current 
of 4 mA was measured on several 6 and 8 p.m 
devices. The highest pulsed output power of 14 mW 
was measured on a 60 (im device. The external 
differential quantum efficiency of devices with 
diameters larger than 26 |J,m was approximately 
2.5%, while for smaller devices it reduced to below 
1%. The temperature dependence of the threshold 
current shows an exponential behavior around room 
temperature with a characteristic temperature of T0 = 
28 K. The voltage drop across the devices at 
threshold ranges from 12 V on the largest to 24V on 
the smallest devices and is dominated by the p- 
AlAs/GaAs mirror heterojunction resistance. This 
high voltage drop can be significantly reduced with 
an improved mirror design. The uncertainty of our 
current and voltage measurements is estimated to be 
±5%. 

Figure 3 shows the threshold current of 120 
devices (measured in this work) compared to our 
previous result [5]. The largest and the lowest value 
of the threshold current measured are shown with the 
upper and the lower ends of the error bars. The 
devices reported in Ref. [5] had corrugated sidewalls 
resulting from selective etching of GaAs over AlAs 
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Figure 4: Polarization-resolved light-current 
characteristics of a 36 u.m diameter device. The 
associated near-field patterns are shown in Figure 5. 

Figure 5: Polarization-resolved near-field pattern for 
the device with light-current characteristic shown in 
Figure 4. (a) I«Ith, E_l_ [011], (b) I - Ifl,, EII [011], 
(c) I - 1.8 Ith, E_l_ [011], (d) I« 1.8 Ith, EII [011]. 

and roughness from interruptions during the etch. In 
this work, the etching was uninterrupted, the 
GaAs/AlAs selectivity was reduced by reducing the 
base pressure before the etch three times (down 17 
|jPa), and the etched devices were kept in N2 
atmosphere to slow down AlAs oxidation. This 
improved etching scheme resulted in a threefold 
reduction in the lowest threshold current as well as 
the operation of smallest devices on the mask (down 
to 6 urn). The yield on this run was better than 95%: 
Out of 125 devices of all diameters, 120 were found 
to läse. The difference between the threshold current 
data for devices in Ref. [5] and this run clearly 
indicates that the rough sidewalls have a significant 
impact on the cavity loss for small diameters, while 
for large devices both samples show that the best 
broad-area threshold current density possible with 
this cavity is in the range 3-4 kA/cm2. Further 
improvement of these values is expected with a better 
p-type AlAs/GaAs mirror design. 

Multiple transverse-mode operation was 
observed in the near-field patterns and the spectra of 
devices of all sizes. Most of the 6 and 8 (im diameter 
devices lased in a single transverse mode up to 3 or 4 
times the threshold current. The output from all 
devices was highly polarized, even when many 
transverse modes were lasing. In all of the devices 
tested, the maximum intensity was polarized along 
the [011] direction (electric field parallel to the 
[011]). 

Figures 4 and 5 show the polarization- 
resolved light-current characteristics and the 
associated near-field patterns of a 36 (im diameter 
device at I = Ith and at I = 1.8 Ith- The existence of a 

field pattern with 16-fold radial symmetry at I ~ Ith 
(Figure 5b) attests the quality of the etched sidewalls 
and the absence of damage to the active layer from 
wafer fusion. The absence of emission from the 
center may be a result of current crowding at the 
edges and indicates that a large number of transverse 
modes are already present at threshold. The near- 
field pattern with the 16-fold radial symmetry clearly 
exists only with the electric field polarized along the 
[011] direction. The central region of the laser starts 
to emit at higher currents (Figure 5d), while the light 
intensity along the orthogonal direction (Figures 5a 
and 5c) is much weaker on all device sizes. The 
cause for this highly polarized behavior is not well 
understood. We speculate that polarization 
anisotropy has been introduced by uniaxial strain 
locally introduced and relaxed by the dislocations at 
the fused interface. We have performed polarization- 
resolved measurements of the photoluminescence 
from the active layer of this device and were not able 
to observe such anisotropy (note that the InP 
epilayers are exposed in the completed device to 
make such measurements possible). 

An example of a highly polarized output 
from a 6 urn device is shown in Figure 6, where at 15 
mA the degree of polarization V=(Imax- 
IminVCimax+Imin) was 97%- Tne threshold current 
of this laser was below 4 mA, and the linewidth was 
limited to 0.5 nm by chirping during the pump pulse. 
The multiple-mode operation of a 10 (im diameter 
device at two times threshold is illustrated in the 
polarization-resolved near-field pattern shown in 
Figure 7. 
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Figure 6: Polarization-resolved light-current 
characteristic of a 6 (im diameter device. At 15 mA 
the degree of polarization was 97 %. 

Very strong polarization anisotropy has been 
observed in multi-mode double-fused vertical-cavity 
lasers . The maximum intensity for all devices occurs 
with the electric field parallel to the [011] direction. 
Further investigation of this polarization anisotropy 
may open possibilities for realization of vertical- 
cavity lasers with stable and controlled polarization 
characteristics. Finally, the improved fabrication of 
double-fused 1.52 (im vertical-cavity lasers resulted 
in record low values of pulsed threshold current and 
threshold current densities at room-temperature. 
With improved p-type Al(Ga)As/GaAs mirrors and a 
suitable surface passivation continuous-wave room- 
temperature operating long-wavelength vertical- 
cavity lasers should be possible. 
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Abstract 

We propose a novel laser structure which uses a SiC>2 insulator sandwiched with InP as a current blocking layer. The 
structure has been successfully fabricated by directly bonding InP to SiC>2. A threshold current density of 1.9 kA/cm2 and 
a maximum output power of 60 mW have been achieved for a 1.3-jJ.m InGaAsP laser with a bulk active layer and a 300- 
(im cavity. This result implies that the leakage current is negligible. The parasitic capacitance has been measured to be 31 
pF even for a laser with an area of 300 |xm x 300 p.m. 

Introduction 

Direct wafer bonding has been shown to be an 
attractive technology to realize an integration of different 
materials [1-7]. Various kinds of semiconductors have been 
successfully integrated onto dissimilar substrates, 
including InP-on-GaAs [2-4] , GaAs-on-Si [5] , and InP- 
on-Si [6,7]. Recently, we have extended this technique to a 
new material combination of InP-Si02- Direct bonding of 
III-V materials to SiÜ2 allows the realization of III-V 
semiconductor-insulator-semiconductor (SIS) structures 
which will be useful to realize new III-V devices. 

In this paper, we propose a novel laser structure which 
uses the InP-Si02-InP SIS structure as current-blocking 
(CB) layers. The leakage current and parasitic capacitance 
are expected to be smaller in this structure than the 
conventional CB structures such as the p-n-p-n thyristor 
[8] and the semi-insulating buried heterostructure [9]. A 
threshold current of 10 mA and a maximum continuous- 
wave (CW) output power of 60 mW have been 
successfully achieved for a 1.3-|im InGaAsP/InP laser with 
a cavity 300 (im long. The parasitic capacitance has been 
measured to be as low as 31 pF even for a laser with a 
wide area of 300 (im x 300 \xm. 

Device   fabrication 

The device fabrication process is illustrated in Fig. 1. 
First, a 0.2-|im-thick InGaAs etch-stop layer and a 1.5- 
(im-thick n-InP layer (n = lxlO18 cm-3) were grown at 
650 °C on an n-InP substrate using low-pressure (50 Torr) 
metalorganic vapor phase epitaxy (MOVPE). The epitaxial 
wafer was then directly bonded on a 0.1-pirn-thick SiC>2 
CB layer which was deposited on a p-InP substrate using 
chemical vapor deposition (Fig. 1 (a)). The direct bonding 
procedure is basically the same as that demonstrated 
previously [4,7] and can be summarized as follows: The 
surfaces of the n-InP and S1O2 were treated with a 
H2S04:H202:H20 solution and rinsed in deionized water. 
The wafers were then spin-dried and brought into contact 
just after drying. The wafers adhered to each other, 
although weakly, even at room temperature. The adhesion 
is believed to be a result of hydrogen bonding between OH 
groups absorbed on  the wafer surfaces during  the 

pretreatment. The wafers were then loaded into an 
annealing furnace and heated at 650°C in a H2 atmosphere 
for an hour. The bonds after the heat treatment were strong 
enough to endure subsequent device processing such as 
photolithography, etching, regrowth, and cleaving. 

(a) Direct bonding 
InGaAs 

n-InP sub. y etch-stop 

— n-InP 

\ \ \ \ \ \ X V V Y \ - ., \ — Si02 CB 
p-InP sub. 

(b) Selective etching 
n-InP 

3SS33SSSXSZ- Si02 CB 
p-InP sub. 

(c) Stripe etching 

:-:■.- :•■.•.•:•:•:•:•:•:•:: ■.:■.:■. 

\\\\\ A\\\ 

p-InP sub. 

Si02 mask 

- SiQ2 CB 

(d) Regrowth of the DH 

1—n-InP 

r^v IA.V\V InGaAsP 
active 

Fig. 1   Laser fabrication process 
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Fig. 2 shows transmission electron micrographs for the 
cross section of the bonded InP-Si02 interface. It can be 
confirmed from Fig. 2 (a) that InP and SiC>2 are directly 
bonded and there are no significant dislocations formed in 
InP. One of the interesting features at the bonded interface 
is the formation of crystalline particles in SiC>2, as shown 
in Fig. 2 (b), observed at some areas of the interface. This 
suggests that a kind of solid-phase epitaxy takes place at 
the interface, as reported for deposited Si02-InP interface 
[101, and is believed to be partially responsible for the 
strong bonding. 

(a) 

InP 

Si02 

Ar, and the Si02 CB layer was etched with a buffered HF 
solution. Finally, the surfaces of the exposed p-InP 
substrate and the sidewall of the etched InP were slightly 
etched using 3HC1:1H3PC>4 solution (Fig. 1 (c)). 

After the SiC>2 etching mask was removed, a double 
heterostructure (DH), consisting of a 50-nm-thick p-InP 
layer (p = lxl018crrr3), a 0.12-(j.m-thick undoped 
InGaAsP active layer (kg = 1.3 (im), and a 1.5-|im-thick 
n-InP cladding layer (n = lxl018cm"3), was regrown on 
the patterned wafer using liquid phase epitaxy (Fig. 1 (d)). 
In this regrowth step, the sidewall of the SiC>2 CB layer 
had to be covered with a thin layer of InP using the mass 
transport phenomenon [11]. For the mass transport 
process, the CB layer was slightly side-etched using 
buffered HF, then the wafer was heated at 660 °C for 45 
minutes in a H2 atmosphere. During the heat treatment, 
the wafer was covered with an InP wafer [11]. Fig. 3 
shows a cross-sectional scanning electron micrograph of 
the wafer after the regrowth. It can be confirmed the desired 
DH structure is actually realized. 

10 nm 

(b) 

a 

<mmmm InP 

Si02 

10 nm 

■Si02 

2|j.m 

Fig. 3 SEM picture of the wafer after regrown. 

Fig. 2 Cross-sectional transmission electron micro- 
graphs of InP-Si02 interface bonded at 650 °C. (a) It 
can be confirmed that the wafers are directly bonded, (b) 
The formation of crystalline particles are observed. 

Next step in the laser fabrication is selective-etching of 
the substrate. As shown in Fig. 1 (b), the n-InP substrate 
and the InGaAs etch-stop layer were selectively etched to 
expose the n-InP layer. A 0.2-|im-thick SiC>2 etching 
mask was then deposited and 1.5-(j.m-wide stripes were 
formed along the <011> direction. The n-InP layer was 
then etched by reactive ion etching (RIE) using CI2 and 

Device   characteristics 

The fabricated lasers were mounted on Si heat sinks 
with junction-down configuration and tested at room- 
temperature CW condition. The cavity was 300 \xm long 
and the facets were left uncoated. The lasing wavelength 
was 1.3 (im. The light-current (L-I) and voltage-current (V- 
I) characteristics of the SiÜ2 CB laser are shown in Fig. 4 
(a). The threshold current was 10 mA and the slope 
efficiency was 0.31 W/A. The width of the active region 
was measured to be 1.8 (im, with which the threshold 
current density is estimated to be 1.9 kA/cm2. This value 
is identical to that estimated from the broad area lasers 
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fabricated with the equivalent active material, which 
implies that the leakage current is negligible. 

The maximum power of 60 mW is comparable to the 
highest value previously reported for 1.3-jim InGaAsP 
lasers with 300-fj.m-long cavity and no coatings [12]. The 
maximum power is mainly limited by the temperature 
increase. The laser maintained a single-lobed emission 
pattern up to the maximum power. 

The temperature dependence of the threshold current is 
shown in Fig. 4 (b). CW operation was achieved up to 
110°C. The characteristic temperature To was 72 K 
between 20 and 70°C, and 42 K between 70 and 110°C. 

(a) 
1 I'M  J r I  1   1  |  I  I   I   I  |  !   I   I   I   |   I  I   I  I   | I I I  I   |  I   I  1   IJTTrT 

RT   CW 

Ith = 10 mA 
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Fig. 4 (a) Light-current and voltage-current characteristics 
of the SiC>2 CB lasers, (b) Temperature dependence of 
the threshold current. 

The parasitic capacitance was measured at 1 MHz for 
11 lasers with the area of 300 p.m x 300 (i.m. The results 
are shown in Fig. 5. The average capacitance is 31.1 pF. 
This value is close to the expected capacitance, eS / d, 
which is estimated to be 36 pF when the dielectric 
permittivity of the S1O2 CB layer (e) is 3.98 x 10"n 

F/m, the area of the laser chip (S) is 9 x 10"8 m2, and the 
thickness of the CB layer (d) is 0.1 |im. The capacitance 
can readily be reduced by making the area S smaller, for 
example, by using a double-channel structure. 
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Fig. 5  Measured parasitic capacitance of the lasers with 
the area of 300 x 300 ^m2. 

Conclusion 

In conclusion, we propose a novel laser structure which 
uses a buried SiC>2 insulator as the current-blocking layer. 
The structure has been fabricated using direct bonding. A 
threshold current density of 1.9 kA/cm2 and a maximum 
CW output power of 60 mW have been achieved for a 1.3- 
|im InGaAsP/InP laser with a cavity 300 urn long. The 
parasitic capacitance was measured to be 31 pF even for a 
laser with an area of 300 (J.m x 300 \xm. The capacitance 
can be reduced by using a double-channel structure. 

This proposed fabrication process will be also 
applicable to other device structures such as three- 
dimensional integrated circuits and field effect devices with 
III-V semiconductors. 
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Direct bonding of high quality InP on Si SB1 -4 

and its application to low threshold semiconductor lasers 
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Introduction 

A direct bonding has been developed as an approach to fabricating III-V optical devices on Si. An InGaAs/GaAs 
multiquantum-well (MQW) laser on Si has already been demonstrated.1 However, no long-wavelength device has yet been 
fabricated on Si by this technique. We reported the bonding of InGaAs/InP MQW structures on Si? The etch-pit densities (EPDs) 
of the InP surfaces were significantly low (~ 104cm2), the lowest values ever reported for the InP/Si system. In conventional 
heteroepitaxial growth of III-V on Si, it has been reported that high density of threading dislocations are re-introduced from the 
IH-V/Si interface due to thermal stress in the cooling stage.3 In our bonding process, on the other hand, heteroepitaxially grown 
buffer layers on Si were used intending to relax the thermal stress. In this paper, we report on the dislocation reduction 
mechanism that we deduced from the transmission electron microscopy (TEM) results and from comparison of three buffer layer 
structures on Si. We also obtained the first low threshold (J^ — 1 JkA/cm2) room temperature pulsed operation of InGaAs/InGaAsP 
MQW lasers on Si.6 

Experimental 

The samples used here were grown with a Varian 
Modular Gen II MBE system. Gaseous arsine and phosphine 
cracked at 950°C, as well as In, Ga, and Al metals, were used 
as sources. Typical sample preparation and bonding processes 
were as follows. 

An InGaAs layer (0.3 um), which acted as an etch-stop 
layer during the InP substrate removal after bonding, was first 
grown on aFe-doped InP(lOO) substrate. Then, an InGaAs/InP 
(5nm/20nm) multiple-quantum-well (MQW) structure, 
sandwiched between two InP layers (1.5 fx m x 2), was grown. 
In addition, a multiple-layer stacked buffer layer was 
heteroepitaxially grown on a Si(100)2°off<011> substrate. 
This buffer layer consisted of a GaP layer (0.3 fi m), a GaAs 
layer (1 it m), an InAlGaAs step-graded layer (1.3 fx m), and 
finally, an InP layer (1.5 ii m). 

The InP surfaces of both samples were mirror-polished 
to reduce surface roughness formed during epitaxial growth, 
cleaned with H2S04:H202:H20 solutions (3:1:1), and rinsed in 
de-ionized water. The samples were then placed with their 
mirror-polished sides in contact under a weight of about 300 
g/cm2 and loaded immediately into an annealing furnace for 
bonding. They were annealed at 700°C for 1 hour inH2 

ambient After the samples were bonded, the InP substrate as 
well as the InGaAs etch-stop layer were removed by 
conventional wet etching. 

An etch-pit density (EPD) was measured by etching the 
InP surface with HBr:H3P04 solution (1:2) for 8 seconds. A 
typical Nomarski contrast photograph of the etched surface is 
shown in Figure 1, revealing a significantly low EPD of about 
104cm'2; this value is the lowest one ever reported and is 
comparable to that of Fe-doped InP substrates used for MQW 
growth.2 

Results and discussion 

TEM observation 
The dislocation propagation characteristics of the 

bonded structure were studied by transmission electron 
microscopy (TEM). Figure 2((a)~(c)) shows the cross 
sectional TEM images of the same sample shown in Figure 1. 
Figure 2 (a) is a low magnitude bright field image taken with 
[011] electron beam direction. Because of slight sample 
rotation of 0.8° about [100] direction in the bonded interface, 
the upper bonded MQW layer was used for setting the 
diffraction condition. A higher magnitude bright field image 
taken by 022 reflection and a high resolution lattice image of 
the bonded interface are shown in Figure 2 (b) and (c), 
respectively. These observations confirm that an abrupt 
interface without any voids is formed in the bonding process. 

The InP/InP bonded interface is clearly distinguished in 

m 

50 [im 
Figure 1    Nomarski contrast photograph of an InP surface 
etched with HBr:H3P04 solution (1:2) for 8 seconds, 
revealing a significantly low EPD of about lö'cm2. 

11 
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Figure 2 Cross sectional TEM images 
of the same sample shown in Figure 1: 

(a) bonded structure 
(b) enlarged  interface image (g=022) 
(c) interface lattice image 
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Figure 2 (a) and (b), because of the introduction of 60° misfit 
dislocations with strain field spreading along them in the (100) 
just/2° off misoriented interface (Figure 2 (c)). In Figure 2 
(c), the positions of extra {111} half-planes, which are typical 
of 60° dislocations, are shown by arrows. 

The observed long range waviness of the bonded 
interface may be due to atomic rearrangement (mass transport) 
during the high temperature bonding4; this long range waviness 
permits three types of interface structures to exist 
(schematically drawn in Figure 3 (a)— (c)). Among them, (b) 
is a theoretical structure when flat substrate surfaces with just 
and off orientations are bonded. To accommodate the 
misorientation at the bonded interface, 60° misfit dislocations 
and "new" (100) lattice-planes with theoretical spacing of — 
8.4nm should be introduced in the lower side of the interface. 
On the other hand, the observed interface structure in Figure 
2 (c) corresponds to the structure in Figure 3 (c), where 60° misfit 
dislocations and "new" (100) lattice-planes are introduced in 
the both sides of the interface. 

No defects were found in the bonded MQW layer over 
the whole inspected region. Moreover, all of threading 
dislocations in the buffer layer grown on Si (as high as about 
108cm"2) were terminated at, or bent along the bonded interface 
(Figure 2(b)). From these results, we deduced that the 

(c) 

misoriented interface acts as a dislocation blocking layer, 
probably because of interaction of the threading dislocations 
with the 60° misfit dislocations in the interface, or with the 
interface strain field spreading along the 60° misfit 
dislocations. 

MQW 

interface 

(a) (b) (c) 

Figure 3    Schematic drawings of three types of interface 
structures that exist for a bonded interface with long range 
waviness. Among them, (b) is theoretical one when flat 
substrate surfaces with just and off orientations are bonded, 
and (c) is observed one in Figure 2 (c). 
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Buffer structure dependence 
To investigate the dislocation reduction mechanism in 

detail, three types of buffer layer structures on Si were 
compared. Figure 4 shows photographs of the InP surfaces 
etched by HBr:H3P04=l:2 solution after bonding. The 
dislocation density was reduced from~105 to ~ 10 cm by 
using a multiple-layer stacked buffer layer containing GaAs 
and GaP layers instead of a simple InP layer with the same 
thickness. The insertion of an InAlGaAs step-graded buffer 
layer didn't affect the dislocation density. These results indicate 
that the insertion of GaAs and GaP layers is important to relax 
the thermal stress and to reduce the propagation of threading 
dislocations in the buffer layer below the bonded interface (as 
high as about 108cm"2) during the cooling stage. 

On the other hand, it has been reported that high density 
of threading dislocations ( — 107cm"2) were introduced due to 
thermal stress after high temperature bonding (700°C) when an 
InP substrate was directly bonded with a Si substrate without 
any buffer layers.5 It is suggested, therefore, that the 
dislocation density was reduced from — 107 to —lO'cm2 by the 

buffer structure etched surface (EPD) 

1.3x105cnr2 

MQW 

interface 

InP buffer 

Si(100)2 off 

2.5x104crTV2 

MQW 

interface 

GaP buffer 

InP buffer 

GaAs buffer 

Si(100)2 off 

2.0x104crrr2 

MQW 

interface 

GaP buffer 

InP buffer 

In/J^GaAs 

GaAs buffer 

Si(100)2 off 

50//m 

Figure 4    Photographs of the InP surfaces etched by 
HBr:H3P04=l:2 solution after bonding by using three types 
of buffer layer structures on Si. 

dislocation blocking effect of the (100) just/2 ° off misoriented 
interface structure. 

Application to lasers 
InGaAs/InGaAsP MQW lasers ( A -1.55// m) on Si 

were fabricated by bonding. The structure is shown in Figure 
5. Based on the above results, we used the simpler buffer layer 
structure without the InAlGaAs step-graded buffer layer on 
Si. 

A Be-doped p+-InGaAs contact layer (an etch-stop layer 
: 0.3// m) was first grown on a n-InP(100) substrate, followed 
by a Be-doped p-InP cladding layer (1.5// m). Then, a non- 
doped InGaAs/InGaAsP (5nm/10nm x 4) MQW structure 
(A ~ 1.55 // m), sandwiched between two InGaAsP ( A g ~ 
1.15//m) optical guide layers (0.2//m x 2, Be-doped and 
Si-doped, respectively), was grown. Finally, a Si-doped n-InP 
cladding layer (1.5 // m) was grown. In addition, a Si-doped 
multiple-layer stacked buffer layer was heteroepitaxially grown 
on a n-Si(100)2° off<011> substrate. This buffer layer consisted 
of a n-GaP layer (0.2// m), a n-GaAs layer (1 // m), a n-InP 
layer (1.5 // m), a n-InGaAs contact layer (0.3 // m) and finally, 
a n-InP layer (1.2 // m). Both samples were then bonded and 
the InP substrate was removed. 

The laser structures bonded on Si substrates were 
processed into 50// m mesa width stripe lasers with co-planer 
electrodes. The mesa was formed by wet etching and the 
surface of the n-InGaAs bottom contact layer, located below 
the bonded interface, was revealed for the Ti/Au contact. The 
Si substrate was lapped down to 60 p. m and then cleaved into 
laser-array bars with typically 300// m cavity length. For 
comparison, lasers with the same structure were fabricated on 
InP substrates. 

Excellent p-n diode characteristics are retained after the 
high-temperature annealing at 700°C during bonding. 
Although the current passes through the n-InP/n-InP bonded 
interface, the same series resistance as that of lasers on InP 
substrates was obtained, which means no current barrier exists 
at the bonded interface. 

The lasers on both Si and InP substrates were tested 

50 jim 

p-lnGaAsP 
InGaAs/InGaAsP MQW 
n-lnGaAsP 

Ti/Au 

n-GaP buffer layer 

Figure 5   Schematic cross-section of mesa stripe laser with 
50 n m mesa width on Si substrate. 
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Figure 6 Typical I-L characteristics (330,« m cavity length) 
of a laser on Si under RT pulsed operation (300ns-1 kHz). 

under an RT pulsed condition (300ns-1kHz). Figure 6 shows 
the typical current-light (I-L) characteristics (330^ m cavity 
length) of a laser on Si. The threshold current density is 
estimated to be as low as 1.7kA/cm2. Furthermore, 
dependence of the threshold current density (JA) upon the 
reciprocal of cavity length (1/L) was investigated and plotted 
in Figure 7 for the lasers on Si and InP substrates. Although 
the data points are somewhat scattered, the lasers on both 
substrates have essentially similar dependence, demonstrating 
that the performance of the lasers on Si is comparable to that 
on InP. This result agrees well with the excellent EPD value 
of about 104cm"2. 

Conclusions 

High-quality InP layers were fabricated on Si by 
direct bonding at700°C. EPDs of the InP surfaces were 
significantly low, about 104cm"2, the lowest values ever 
reported. The dislocation reduction mechanism was 
investigated by using TEM and by comparing three buffer 
layer structures on Si. The results indicated that the insertion 
of GaAs and GaP layers is important to relax the thermal stress 
and to reduce the propagation of threading dislocations in the 
buffer layer during the cooling stage (from ^lO5 to — 
104cm"2). Furthermore, it was suggested that the dislocation 
density was reduced from —107 to ~105cm'2 by the 
dislocation blocking effect of the (100) just/2° off misoriented 
bonded interface. 

The first low threshold RT pulsed operation of 
long-wavelength InGaAs/InGaAsP MQW mesa stripe lasers 
on  Si  substrates fabricated by direct    bonding    was 

784 

1/L (mrri1) 

Figure 7 Dependence of the threshold current density (LJ 
on the reciprocal of cavity length (1/L) for lasers on Si and 
InP substrates: O MQW LD on Si, • MQW LD on InP 

demonstrated. The mesa stripe broad area lasers had a 
threshold current density of 1.7kA/cm2, which was 
comparable to the value for lasers on InP substrates. 
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Free-Orientation Integration by Direct Bonding: Fabrication of 

(001) InP-based 1.55^m-Wavelength Lasers on (110) GaAs Substrate 

Y. Okuno, M. Aoki, T. Tsuchiya, and K. Uomi, 

Central Research Laboratory, Hitachi, Ltd. 

Kokubunji, Tokyo, Japan 

We propose a new concept "free-orientation integration", which should be implemented by the 

direct bonding technique. In order to investigate the possibility of such integration, we examine the 

direct bonding of (001) InP and (110) GaAs. Cross-sectional observation shows that these wafers 

can be united without generating dislocation. (001) InP-based 1.55-)im wavelength lasers are 

fabricated on (110) GaAs. The light-current characteristics of the lasers are almost identical to 

those of lasers fabricated on (001) GaAs, while the turn-on voltage is higher by about 0.4 V, due to 

the large band discontinuity at the bonding interface. The results show that device fabrication by 

direct bonding on different materials with different surface orientations is possible with satisfactory 

quality. 

SB1.5 

Introduction 

The monolithic integration of various kinds of materials 

will make new types of integrated devices possible, such as 

photonic integrated circuits (PICs) and opto-electronic 

integrated circuits (OEICs). However, integration of 

different materials has to overcome mismatches in their 

material properties, such as lattice constants and thermal 

expansion coefficients. For example, heteroepitaxy such as 

GaAs-on-Si has been intensely studied as a key technology 

for developing OEICs [1]. However, the density of threading 

dislocations is high in the layers grown epitaxially on lattice- 

mismatched substrates, which makes it hard to create OEICs 

by heteroepitaxy. 

On the other hand, direct bonding has recently received a 

lot of attention, because this technique can be used to 

fabricate highly lattice-mismatched hetero-structures 

without generating any threading dislocations. This 

technique has been used with good results especially in the 

case of InP and GaAs [2,3,4,5]. Fabrication of III-V 

materials on Si has also been reported [6,7,8]. In addition, 

direct bonding enables us to change the relation of 

crystallographic axes between wafer pairs, which makes it 

possible to create novel structures which cannot be obtained 

by epitaxial growth [9]. In particular, direct bonding of 

different materials with variously related crystallographic 

axes will give us much extended possibilities for device 

integration [10]. With this as our motivation, we further 

investigate the possibility of using the direct bonding 

techniques for free-orientation integration: to freely integrate 

various kind of material with various crystallographic 

orientations. In this paper, we examine the direct bonding of 

(001) InP and (110) GaAs, of which the numbers of dangling 

bonds are extremely different at the bonding interface, and 

demonstrate the application of this bonded structure to 

device fabrication. 

Structual properties 

Both InP and GaAs substrates used in this study have a 

range of surface misorientation of 0.3°. Epitaxial growth was 

performed by conventional low-pressure MOVPE. The 

direct bonding procedure was carried out as follows: Both 

InP and GaAs wafers were chemically etched in a mixture of 

H2SO4 and H2O2, and cleaned in dilute HF. They were 

placed face to face, and their horizontal crystallographic axes 

were adjusted by aligning their (110) cleaved facets to be 
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Figure 1 High-resolusion cross-sectional TEM image of 
the bonding interface of (001) InP and (110) GaAs and 
a schematic lattice model. 

parallel. They were then loaded into the MOVPE reactor, and 

a pressure of 30 g/cm2 was applied on them by a tungsten 

block. They were heated to either 600°C or 700°C for 30 min 

in H2 flow. 

Figure 1 is a cross-sectional image taken with a high- 

resolution transmission electron microscope (TEM) of the 

bonding interface of the (001) InP and (110) GaAs, and a 

schematic lattice model. It is natural that the manner of 

bonding between InP and GaAs at the atomic level is very 

obscure since the number and nature of dangling bonds are 

largely discrepant at the interface. Even the location of the 

interface is not clear and the region around the interface 

seems likely to be somewhat amorphous. Nevertheless, no 

evidence of either edge-type or 60°-type dislocation is 

observed. No threading dislocation was observed in low- 

magnification TEM, which confirms successful elimination 

of dislocation in the layers. 

Device application 

(001) InP-based 1.55|im-range long-wavelength laser 

diodes (LDs) were fabricated on (110) n-GaAs by applying 

the above method. LDs were also fabricated on (001) GaAs 

by anti-phase and in-phase direct bonding [10] for 

polyimide 

Si02 

strained MQW 
active region 

bonding interface- 

p+-InGaAs P-contact 

n-InP 

(001) InP-based laser 

[110] 

? 
[001] 

n-GaAs substrate 

n-contact 

[110] [ooi] 

[110]® [lT0] 

on (110) GaAs 

[001] 

-i [iror       [1101^* 
anti-phase in-phase 

on (001) GaAs 

Figure 2  Schematic laser structure and the relation   between the crystallographic axes of (001) InP and 
(110) or (001) GaAs. 
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comparison. Figure 2 shows the structure of the reversed- 

mesa ridge-waveguide laser [11] and the relation of the 

crystallographic axes for each type of direct bonding. The 

multiple quantum well (MQW) active region, emitting at 

1.55 urn, consists of five 6 nm InGaAsP wells with 1% 

compressive strain separated by 10 nm InGaAsP barriers. 

The layers for the laser were first grown upside-down on a 

(001) p-InP substrate and then directly bonded onto three 

different GaAs substrates. After the p-InP substrate was 

selectively removed by HC1, a ridge waveguide structure was 

formed along the [110] axis of the InP. Figure 3 is a cross- 

sectional view taken with a scanning electron microscope 

(SEM) of a LD fabricated on (110) GaAs. The top of the 

reversed-mesa stripe is about 5.2 |im wide and the 

waveguide is about 3.0 nm wide. The (001) InP/ (110) GaAs 

interface is very smooth, showing no significant 

misorientation of cleaved facets between the two wafers. 

Figure 4 shows the light-current (I-L) and voltage-current 

(I-V) characteristics of the LD on (110) GaAs under CW 

operation at room-temperature, together with those of the 

LDs on (001) GaAs. The cavity length is 400 |im and the rear 

facets were coated with highly reflective (HR) film. Note that 

almost the same I-L characteristics, such as the threshold 

5.2 |im 

20 

p-elec trade—> 

polyimide —^ 

(001) InP 

4 
(110) GaAs 

3 |im 

Figure 3   Cross-sectional SEM image of the (OOl)InP- 
based 1.55-|Jjn strained MQW LD on (110) GaAs. 
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Figure 4   I-L and I-V characteristics of the (001) InP-based 
LDs on (110) GaAs and (001) GaAs substrates. 

current of 15-17 mA and the slope efficiency of about 0.22 

W/A, were obtained for all three kinds of LDs. On the other 

hand, in terms of I-V characteristics, the turn-on voltage of 

the LD on (110) GaAs is a little bit higher by about 0.4 V than 

that of both LDs on (001) GaAs. The electrical resistance of 

the LD on (110) GaAs is equivalent to that of the other two 

types. These facts mean that there exists a larger barrier 

height at a bonding interface of different surface orientations, 

than with a same-surface-orientation interface. Since the I-V 

properties do not change by rotating the horizontal axes 

alone, the origin of the higher barrier height is attributed to 

the large mismatch in the number of dangling bonds: some 

interface state must be being formed at the (001) InP / (110) 

GaAs interface due to that mismatch. In this way, we have 

shown that fabrication of (001) InP-based LD on (110) GaAs 

substrates is possible with acceptable laser performance. The 

effect of the bonding interface appears in the higher turn-on 

voltage, however, the effect is probably not serious, so the 

LD can achieve high reliability [10]. 

It is noteworthy that device fabrication on different 

materials with different surface orientations is possible 

without degrading device performance'. If free-orientation 

integration is conducted by direct bonding, we will be able to 
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obtain novel types of integrated devices which cannot be 

fabricated by epitaxial growth. For example, the (001) InP / 

(110) GaAs structure of this study can serve as an integrated 

structure of (001) InP-based LDs and (110) GaAs-based 

rotating phase-plate as frequency shifter [12]. We think that 

other types of direct bonding, such as (001) InP and (110) 

GaP or (111) InP and (110) GaAs should also be possible 

using the same technique. Direct bonding still doesn't allow 

bonding of any combination of wafers, however, it should be 

noted that direct bonding can overcome the differences of 

both material and crystallographic orientation. 

Conclusion 

We examined direct bonding of (001) InP and (110) 

GaAs. We found that this type of direct bonding is possible 

without generating any dislocation, in spite of the extreme 

mismatch of dangling bonds. In device application, the LD 

showed almost identical I-L characteristics as those of LDs 

fabricated on (001) GaAs. The turn-on voltage increased by 

about 0.4 V due to the enormous band discontinuity at the 

(001) InP/ (110) GaAs interface, but the resistance was not 

affected. Therefore, the direct bonding technique has great 

potential for free-orientation integration, opening up new 

opportunities for monolithic integration of various devices. 
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ABSTRACT 
We have developed an etching process with real-time counting of each monolayer removed, thus achieving etching with 
monolayer precision and control. This is an exact reversal of CBE process. The new etching capability which we refer to as 
monolayer chemical beam etching, CBET, is achieved by employing in-situ RHEED intensity oscillation monitoring during 
etch. Having both epitaxial growth and etching integrated in the same process and both capable of ultimate control down to 
the atomic layer precision represents a very powerful combination. This permits instant switching from growth to etching 
and vice versa, clean regrowth interfaces critical for device applications. The surface morphology is found to be dominated 
by the surface cation diffusion mechanism. With this understanding, novel methods that takes the advantage of enhanced 
migration of surface cations have been shown to greaüy improve the surface morphology. We also show that CBET can be a 
very effective means of surface contaminant cleaning prior to regrowth. The effectiveness depends on the strength of 
chemical reactivity of the contaminant to form volatile chlorides. Using dielectric marks, selective-area etching and etching 
followed immediately by regrowth having excellent etched and regrown morphologies were obtained. 

1. Introduction 
Chemical beam epitaxy (CBE) is a versatile semiconductor 
epitaxial growth technique1,2 that utilizes beams of 
chemicals directly impinging on a heated substrate surface. 
Under properly controlled conditions, decomposition of 
metal-alkyls on the surface resulted in the incorporation of 
the desired elements to produce the epitaxial film in a 
layer-by-layer fashion. By introducing a chemical that 
reacts with the substrate materials at growth temperature to 
form volatile species, the growth is immediately converted 
into a chemical beam etching (CBET) process3,4. If the 
etching also proceeds in a layer-by-layer fashion, this 
process can be viewed as an exact reversal of the chemical 
beam epitaxy. As in the case of growth, in principle, 
etching control at monolayer scale is feasible by CBET. 
For the development of advanced optoelectronic devices 
where multiple sujps of etch and regrowth are needed, such 
an in situ etching method has the potential of providing an 
accurate etch depth control, a clean interface without ion 
damage and fewer processing steps. 

In this work we show that etching in a high vacuum 
growth chamber can be monitored in real-time by means of 
reflection high energy electron diffraction (RHEED) 
intensity oscillation. This makes possible etch rate control 
at monolayer scale. Furthermore, the surface morphology 
obtained at an etching temperature comparable to the 
growth temperature of InP or GaAs is shown to be 
dominated by the surface cation diffusion mechanism. 

2. Experimental 
The etching experiments were carried out in a CBE system 
with a gas manifold equipped with a growth-vent 
switching system, a precision goniometer stage, and 20 
KeV RHEED gun3,4. The intensity of the specular beam 
of the RHEED pattern was measured by using a 
photodetector with an entrance aperture. AsCl3 of PC13 

was used with H2 carrier gas in a concentration of 5% and 
a low-temperature (~50°C) injector was used to introduce 
the gas into the chamber. The (100)-oriented GaAs or InP 

substrate was used. Etching of InP was done at substrate 
temperatures from 450 to 570°C. For the RHEED 
measurements, etching was done on GaAs at substrate 
temperatures from 450 to 650°C with cracked AsH3 flux. 
The chamber pressure during etching was typically 
lxlO-5 torr. The surface morphology was studied by 
Nomarski or atomic force microscopy (AFM). The system 
design is shown in Fig. 1. 

hCftTB} SUBSTRATE 

BHEBD INTENSITY 
OSOUATTON 
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Fig. 1. Schematic diagram showing the CBE/ML-GBET 
system 

3. RHEED Measurements 
In the experiment, a clear (2x4) As-rich reconstructed 
surface RHEED pattern was first established for the 
incident beam of the [110] azimuth after oxide desorption 
and annealing at 600°C under cracked AsH3. Fig. 2 shows 
the trace of RHEED intensity oscillation from the specular 
beam immediately after the initiation of GaAs growth by 
switching in the triethylgallium (TEGa) flow. The period 
of oscillation corresponds exactly to a single (Ga+As) 
layer. This provides a real-time growth thickness control 
with atomic layer precision. On switching out the TEGa 
flow, the intensity oscillation stops abruptly and is 
followed by a recovery which is associated with a surface 



smoothing effect due to the surface cation diffusion that 
minimizes the step density. 

TEGa SWITCH IN 
GROWTH STARTS 

I      GROWTH 

SUBSTRATE TEMP = 580°C 

AsC23 IN 
ETCHING STARTS 

STOP ' ETCHING STOP 

AsC£3 = 0.15 seem 

t-AsCej OUT 

ONE MONOLAYER OF 
GaAs GROWN 

ONE MONOLAYER OF 
GaAs REMOVED 

10 20 50 60 

TIME (sec) 

Fig. 2. A trace of the intensity oscillations of the specular 
beam in the (2x4) RHEED pattern immediately after 
commencement of GaAs growth by switching in TEGa 
(left portion) and etching of BaAs by switching in AsCl3 

(right position). Note the abrupt and complete start and 
termination of growth and etching achieved. 

Next,AsCl3 was switched in from vent. Fig. 2 shows 
that a damped intensity oscillation starts immediately in a 
way very similar to the growth situation. The period of 
oscillation also corresponds to exactly the time required to 
remove one monolayer of GaAs. The uniform periodicity 
indicates a constant etching rate. When AsCl3 is switched 
out, the oscillation also stops abruptly indicating a clean 
termination of the etching process. The intensity recovery 
indicates a smoothing process is taking place. As in the 
growth case, the oscillatory effect in RHEED suggests that 
etching occurs via a layer-by-layer process. Thus, we have 
demonstrated that the chemical beam etching (CBET) 
process is just the reverse of the chemical beam epitaxy 
(CBE)4. The use of RHEED oscillation is a very powerful 
method to control the etching with atomic scale precision. 
This technique should be applicable to other growth-etch 
chamber, for example, the MOCVD reactor where 
oscillatory behavior in the optical reflectance spectroscopy 
has been associated with monolayer growth of GaAs5. It 
should be possible to apply this technique in Si etching 
because RHEED oscillation is present in Si CBE6. 

The damping in amplitude of the RHEED oscillations 
is related to the evolution into a steady-state roughness. 
The recovery at the end of growth indicates the coalescing 
of smaller domains to minimize the surface step density. 
This smoothing process is due to the surface cation 
diffusion which is faster with higher temperature of lower 
As flux impinging on the surface. The similarity in the 
RHEED intensity profiles between etch and growth modes 
suggests that the etched and the grown surfaces have 
developed a comparable micro roughness at least in the 
initial stage. If a steady-state roughness is maintained for 
etching as in the case of growth, the RHEED measurement 
provides a powerful means of in situ monitoring for 
control at monolayer scale. 

RHEED oscillations also provides a very fast and 
accurate in-situ measurement of etch rates versus etching 
parameters which provide very useful insight regarding the 

etching mechanisms3,4. 
The present technique also allows instant modification 

of growth rate during growth. An example is shown in 
Fig. 3. During growth, an AsCl3 etching beam is switched 
in at the instant indicated by the arrows. It is seen that the 
growth rate is abruptly decreased, and in proportion to the 
amount of AsCl3 added. The converse can also be done 
during etching by adding TEGa beam to change the 
resulting etching rate and morphology as observed 
previously in the etching of InP using PC13. 

3,7 

GROWTH 
G = 0.34 

G(0.34) + E(0.05) 

G(0.34) + E(0.075) 

■AsC«3 IN,.Tsub = 500°C 

TIME (sec) 

Fig. 3. RHEED intensity oscillations showing the instant 
modification of GaAs growth rates by switching in a 
AsCl3 beam during growth. The modification of etching 
rate and surface chemistries can also be achieved during 
etching by adding a TEGa beam. 

In Fig. 4, we demonstrate that instant switching 
between growth and etching and vice versa can be 
achieved easily. In this experiment the switching-ins and 
switching-outs were performed manually. In actual 
applications, they can be performed simultaneously with 
computer control, if desired. 
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Fig 4. A RHEED intensity oscillation trace demonstrating 
instant switching between growth and etching and vice 
versa. The switchings were performed manually in this 
experiment For more precise tuning in switching, 
computer control can be used. 

4. Surface Cleaning by CBET 
To investigate the effectiveness of etch cleaning by 
CBET8, the sample is designed to include an intentionally 
contaminated surface by 5 doping of Be which is then etch 
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cleaned by the AsCl3 gas. GaAs is regrown on the etched 
surface and the etched structure is analyzed with secondary 
ion mass spectroscopy (SIMS). The doping level is about 
l/10th of a monolayer which is below the on-set of Be 
segregation such that the unetched 8-doped layer is well 
resolved in the SIMS depth profile with a spatial resolution 
better than 100 A. 

Figure 5 shows the SIMS depth profile of a sample 
embedded with four Be 8-doped planes each doped to a 
sheet concentration about pne-tenth of a monolayer and 
separated by about 1000 A GaAs. The second 8-doped 
plane below the surface has been etched by about 300 A 
using a pulsed etching method which is assumed to have a 
smoothing effect comparable to the one under continuous 
etching but without coinjected AsH3.

7 Though some 
residual Be can still be detected but with an ion count 
almost two orders of magnitude lower than the unetched 
peak. For contaminants other than Be, if the formation of 
volatile chloride is less energetically favorable than BeCl, 
etch cleaning will be more difficult Our initial result 
shown in Fig. 5 on the etch cleaning of Si"contaminated" 
surface appears to be the case. While the etching of a few 
hundred A GaAs nearly removes all the surface Be dopant, 
AsCl3 appears much less effective in etching away the Si 
codoped with Be. In Fig. 5, the Si peak is only reduced by 
about a factor of 2 after etching. 

0    2000   4000   6000   BO00   10000  12000  14000 

Sputtering Time (sec) 

Fig. 5. Log plot of the SIMS depth profile indicating the 
presence of residual Be at an intensity almost 2 order of 
magnitude down from the unetched peak. However, the 
codoped Si peak shows only small reduction in intensity. 

5. Selective-Area Etching and Regrowth 
The etched profiles of Si02 mask patterns obtained under 
such etching conditions are shown in Fig. 6^ The SEM 
micrograph for the etched cross-section of <011> oriented 
SiOa stripes have perfectly smooth and featureless 
sidewalls (Fig. 6a). There is some undercutting of the Si02 

mask and at the base, <111>A oriented facets are formed. 
This anisotropy is characteristic of the chemical nature of 
etching. The cross-section of <011> oriented stripes does 
not show any undercutting of the Si02 mask and very 
smooth <111>B sidewalls are obtained (Fig. 6b). 

tiäftäSÜ 

Fig. 6. SEM micrographs of selective-area etching using 
Si02 stripes aligned in (a) the <011> direction and (b) the 
<011> direction. In both micrographs, the Si02 masks are 
still on the surface. 

Fig. 7a shows the SEM micrograph of a trial of in-situ 
etching by CBET followed immediately by a regrowth of 
InP/InGaAs superlattice (to serve as a time marker) by 
CBE inside the same chamber. The switch from etching to 
growth was simply accomplished by gas switchings with a 
3 s interruption. The stripes are aligned in the <011> 
direction. Etching was conducted at 570°C under an 
etching rate of -6 amgstrom/s. The InP/InGaAs regrowth 
was carried out at 550°C. 
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Fig. 7. (A) SEM micrographs of an initial trial of in-situ 
etching by RCBE followed immediately by a regrowth of 
InP/In/Ga/As superlattice (to serve as a time marker) by 
CBE in the same run. The stripes were aligned in the 
<011> direction. The Si02 masks are still on the surface. 
(B) Nomarski optical photograph showing the surface 
morphology of_the regrown structure. (A) (011> cross- 
section; (B) <011> top view. 

The surface morphology was very smooth as shown by 
the Nomarski microscope photograph in Fig. 7b. 

Because the superlattice was grown in a V-groove 
consisting of <111>B planes, the superlattice is not perfect 
as revealed by the SEM cross-section. 
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Introduction 

The safety problem associated with the use of toxic gases is a major concern for the semiconductor industry 
and for the speciality gas producers. Amongst the different proposed alternatives, the "on site" gas generation 

is very attractive because the toxic gas is produced at low pressure and in small quantities at demand. 
The use of an arsine electrochemical generator has been reported for hydride VPE (1) and MOVPE (2,3). 

In this work we report on its first application to Gas Source MBE for the growth of InGaAs and InGaAsP. 
A prototype arsine generator developed by Air Liquide for MBE applications (4) has been used on a RIBER 

GSMBE machine. The electrochemical cell has been optimised to produce more than 90% arsine in H2. To solve 
the problem of the short/long term stability of the (AsH3, H2) mixture, which is critical for InGaAsP growth, 
the generator is fitted with an Air Liquide proprietary membrane separation stage (5) to further enrich the gas 

mixture in AsHß to a level higher than 99%. 
Reported here for the first time is the demonstration of the long term stability of the arsine concentration in the 
gas mixture produced by the electrochemical generator and the ability to grow InGaAsP quaternary layers and 

strained multi quantum wells structures with a precise and reproducible As to P composition. 

Arsine generator 

The principle of the arsine generator is described on 
the schematic diagram of figure. 1. 

molecular 
sieve 

Figure 1:   schematic diagram of the arsine generator 

The generator is made of three main parts: 
i/ an electrochemical cell for the generation of the 
ASH3/H2 gas mixture, 
ii/ a gas purification stage for the removal of water 
vapor and hydrogen from the gas stream to end up 
with the delivery of pure arsine, 
iii/ a control module for the automatic operation of 
the generator and the safety interlock. 

Generation of AsHrj/H? mixture 

Arsine and hydrogen are generated at the cathode 
according to the following electrochemical reactions: 

HAs02 + 6H+ + 6e" -> AsHß + 2H2O 

2H+ + 2e-->H2 793 

To maximize the AsHß to H2 ratio and to reach 

arsine concentration higher than 90%,  the  H+ to 
HAs02 ratio is kept constant over time. This is made 
possible through: 
i/ the generation of six protons by oxidation of 
water  in  the  anodic compartment,   following  the 
reaction: 

3H20 -> 6H+ + 6e" + 3/2 O2 

ii/ the adjunction  of a saturator  containing solid 
arsenic oxide in the cathodic loop, which leads to the 
saturation of the solution with HAs02 according to 
the following reaction: 

AS2O3 + H2O -> 2HAs02 

iii/ the use of a cationic membrane to allow for the 
proton transfer between the anodic and cathodic 
compartments and, at the same time, to avoid the 
transfer   of   arseniate    ions    to    the   cathodic 
compartment. 
iv/ the use of a high liquid velocity in the cathodic 
compartment to keep the HAs02 conversion below 
10%. 
The overall reaction can then be written as follows: 

1/2 As203 + 3/2 H2O -> AsH3 + 3/2 O2 

Separation/Purification stage 
The water vapor present in the main gas stream   is 
removed  in two  steps:  first on a Peltier cooled 
condenser held at 3CC, second on a molecular sieve 
drying column. 
The arsine concentration in the ASH3/H2 mixture is 
increased   to   99.9%   by   using   a   hollow   fiber 
membrane   separation   stage   (5).    When   the 



appropriate membrane is used, the difference in 
physical properties (dissolution) between AsH3 and 
H2 molecules leads to a much faster diffusion of H2 
through the permeable membrane and to an 
enrichment of the main gas stream in AsHß. The 
performance of this separation stage can be 
adjusted by modifying the pressure drop over the 
membrane with a simple mechanical pump. The arsine 
concentration in the main gas stream is thus a 
function of the arsine/hydrogen mixture flow rate at 
the membrane input and the pressure drop over the 
membrane. 
On figure 2,  the performance of this membrane 
separation stage is demonstrated. 

100 150 200 

AsH3/H2 feed flow (seem) 

Figure 2: Arsine concentration after the membrane 
separation stage (arsine concentration in feed flow is 
15%). 

The arsine concentration in the main gas flow is 
plotted as a function of the feed flow rate for a 
feed concentration of 15% AsH3 in H2 coming from 
a gas cylinder. Even starting with this low arsine 
concentration in the feed gas, the final arsine 
concentration can be kept over 99.5% for a feed 
flow of 60 seem and over 95% up to 200 seem. This 
results means that it is possible with this separation 
principle to stabilize the arsine concentration over 
99.5% during the life of the electrochemical cell. 

Safety and control module 
The electronic control module contains the power 
supplies for the Peltier cooler, the electrochemical cell 
and the mass flow controller, a microprocessor unit 
to control the electrochemical cell parameters, the 
valves and the different pressure and temperature 
sensors. Pressure in the cathodic and anodic storage 
tanks, temperature of the Peltier cooler, signal of the 

arsine detector are monitored continuously and if a 
fault is detected, the generator is immediately 
stopped and isolated from the rest of the 
installation. 
To have a stable arsine flow in continuous utilisation, 
arsine is taken from a small capacity which pressure is 
regulated between a low and a high level. This gives 
the freedom to use the generator at a higher flow 
rate than the instantaneous production capacity of 
the cell for a given period of time. In our case, the 
production capacity of this prototype 
electrochemical cell was about 15 seem at the 
beginning of the cell life, a value higher than the 
maximum of 5 seem needed to run the GSMBE 
process. 

Gas analysis 
The gas mixture at the exit of the generator has 
been monitored over about 40 hours. The evolution 
of the hydrogen concentration with time is given on 
figure  3. 
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Figure 3: H2 concentration at the exit of the arsine 
generator monitered over more than 30 hours. Each 
stop represents a shut down and restart cycle of the 
equipment. 

It is seen that, once the membrane separation stage 
is properly adjusted, adjustment which explains the 
H2 peak in the first hours, the H2 content is kept 
below 1000 ppm over time, even after a number of 
shut-downs and restarts of the generator. The purity 
of the arsine produced by the electrochemical 
generator was analysed by gas chromatography 
(TBT Discharge lonization Detector) and compared 
with ULSI specifications, as given in table A. 
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Tab e A 

Source/Purity (ppm) CO CO2 CnHm 02 H2O 'H3 SiH4 

ULSI 0,5 0,5 0,5 1 1 0,01 0,01 

Generator 0,08 0,5 0,2 1 3 <0,01 <0,01 

The overall purity of the arsine produced by the 
electrochemical generator is very good and satisfies 
the most severe ULSI specifications. The oxygen 
level is just at the specification limit and is probably 
due to a diffusion from the anodic compartment 
through the cationic membrane. This point can be 
improved by replacing the water oxidation reaction 
in the anodic loop by a hydrogen oxidation reaction 
to produce the necessary protons. In this case, the 
anodic compartment is simply replaced by a gas 
diffusion electrode.The high water vapor level can be 
easily reduced by a modification of the molecular 
sieve drying column. In any case, these low ppm 
values for oxygen and water vapor can be reduced 
to ppb values by using an arsine purifier (ie. 
Waferpure cartridge from Millipore). 

GSMBE experimental results 

The prototype arsine generator has been fitted to a 
RIBER 2300 Gas Source MBE machine. The gas 
cabinet was modified in order to be able to switch 
easily from arsine cylinder to arsine generator. The 
arsine purifier (Waferpure from Millipore) normally 
used with cylinder arsine was by-passed during the 
runs with generator arsine to have a direct 
evaluation of generator performance and gas purity 
on the layer quality. 
The performance of the generator has been tested 
by growing thick lattice matched InGaAsP layers 
and compressively strained InGaAsP MQW layers. 
The results have been compared to reference runs 
done with cylinder arsine. The results of four series of 
InGaAsP growth runs with different settings of the 
separation stage are given in table B. 
The photoluminescence wavelength (lp[) and the 
lattice mismatch (Aa/a), deduced from the X-ray 
rocking curve, are used to calculated the arsenic 
composition in the grown layer. This value of the 
arsenic composition can than be compared to the 
composition of the reference samples grown in the 
same conditions with cylinder arsine. The same 
setting of the arsine mass-flow controller has been 
used for all the runs. As can be seen in table B, the 
difference in arsenic composition between the test 
runs and the reference runs is small but measurable 
for the three first test samples. The adjustment of the 
separation stage was made step by step, starting 
with an estimated arsine concentration of about 
95% for set 1, and ending with a concentration 
higher than 99.5% for set 4, conditions in which the 
test and reference samples cannot be distinguished 
anymore. 795 

During this adjustment process, we also prepared 
InGaAsP compressively strained MQW structures of 
constant X design with lattice matched barriers of 
the composition given in table B. 

Tabl eB 

Run number IPL (nm) Aa/a (ppm) Y(As) (%) 

set 1/#1 1171 -849 38.9 

reference #1 1177 -621 39.7 

set 2/#2 1170 -771 38.7 

set 3/#3 1173 -204 39.0 

set 3/#4 1181 0 40.1 

set 3/#5 1180 -142 40.0 

reference #2 1181 -118 40.1 

set 4/ #6 1184 -240 40.5 

On figure 4, the peak photoluminescence of the 
MQW wafers is plotted and compared to structures 
grown with cylinder arsine. 
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Figure 4: Room temperature photoluminescence peak 
wavelength as function of run number. 
(Open symbol: MQW structure grown with arsine 
cylinder, closed symbol: MQW structure grown with 
arsine generator). 



On the figure are also indicated the mean and sigma 
values deduced from the statistical analysis of a 
large number of wafers grown with cylinder arsine. 
As shown on figure 4, the same trend is seen for the 
MQW structures as for the lattice matched 
quaternaries discussed in table B. The first grown 
wafer has a lower than normal peak 
photoluminescence wavelength consistent with a 
deficit in arsine concentration of the order of 5%. 
After proper adjustment of the separation stage, the 
photoluminescence peak wavelength of MQW 
structures is within the standard deviation for the 
same structure grown with cylinder arsine and with 
the same mass-flow controller setting. 
The adjustment made on the separation stage was 
to increase the pressure drop over the membrane to 
increase the diffusion of H2. This result is a direct 
proof of the arsine content of the generated 
(AsH3,H2) gas mixture to be stable above 99.5%. 
On figure 5, the room temperature 
photoluminescence intensity of the same series of 
MQW wafers demonstrates that the overall quality 
of the generator and reference wafers is equivalent. 
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Figure 5: Room temperature photoluminescence peak 
intensity as function of run number. 
(Mean   and   sigma   values   are   for   the   normal 
population) 

High quality bulk InGaAs, InGaAsP and MQW 
structures have been grown with the arsine 
generator, the quality assessed by all the standard 
characterization tools being at least equivalent to 
the test runs with cylinder arsine. The background 
doping level is about 10^ cm-3 for ^j^ |nGaAsP, 
as measured by the Hall method. 
The evaluation of broad area lasers of l,48um 
MQW structures consisting of six compressively 
strained wells (0,9%) of 9nm thick, with lattice 
matched InGaAsP barriers, grown with the arsine 
generator showed a threshold current density of 

0,675kA/cm2 and a differential efficiency of 
0,236mW/mA for 600um long devices, 
performances comparable to the best results 
obtained for this structure. 

Conclusion 

A prototype electrochemical arsine generator fitted 
with a special hydrogen separation stage has been 
demonstrated for the first time to solve the 
medium/long term arsine concentration stability 
problem experienced before. The ability to stabilize 
the arsine concentration at a value higher than 
99,5% has been proven by the reproducible growth 
of lattice matched InGaAsP and compressively 
strained InGaAsP MQW layers. The quality of the 
InP/lnGaAsP layers grown with electrochemically 
generated arsine has been demonstrated' to be 
comparable to the same layers grown with pure 
cylinder arsine. Such a hydride generator is 
particularly well adapted to GSMBE because of the 
low hydride consumption and because the growth 
chemistry being unchanged, the generator is directly 
compatible with existing calibrations and processes. 
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Abstract : Heavily carbon-doped n-type InP was grown by Metalorganic Molecular Beam Epitaxy (MOMBE) using 
elemental In and tertiarybutylphosphine (TBP). In this study, TBP was employed as both phosphorus and carbon 
source, and carbon-doping characteristics in MOMBE growth of InP using TBP were discussed for the first time. The 
electron concentration of carbon-doped InP could be controlled in three orders of magnitude (n=1016~ 10'9 cm3) by 
varying the growth temperature and TBP cracking temperature. As the TBP cracking temperature increases, electron 
concentration was increased and also showed less dependence on growth temperature. This indicates that the overall 
carbon incorporation in InP may be dominated by the more atomic-like carbon-containing species of the cracked TBP. 
In addition, the lattice location of carbon impurity atom in InP was estimated for the first time by the observation of a 
gap mode using Raman scattering spectroscopy. The observed peak at 225 cm1 corresponds to a gap mode due to 
carbon impurity substituted on In lattice site in InP and shows a good agreement with the theoretical value. This is a 
direct evidence that carbon from TBP is incorporated on In lattice site and acts as a donor in InP. 

1.   INTRODUCTION 

Recently, carbon (C) has attracted a significant 
attention as a promising dopant for p-type GaAs and 
InGaAs materials, because of its low diffusivity and 
capability of heavy doping [1,2]. Also, carbon has been 
already successfully used as a base dopant, especially in 
GaAs- and InP- based heterojunction bipolar transistors 
(HBTs) [3-5]. In fact, we have successfully fabricated the 
carbon-doped base InGaP/GaAs HBTs with an ultra-high 
hole concentration of 1.5xl021 cm-3 \n the base for the 
first time and the details is described elsewhere [5]. 

From this point of view, if carbon acts as a well- 
behaved donor in InP emitter, the improved performance 
of carbon-doped base InP/InGaAs HBTs would be 
expected. However, unlike heavily carbon-doped GaAs, 
the behavior of carbon in InP has not been well 
understood yet. Therefore, it is very important to 
investigate carbon-doping characteristics in MOMBE 
growth of InP. There have been several studies for the 
effect of growth condition on the carbon residual impurity 
concentration in MOMBE growth of InP [6-8]. In first 

principle calculation, Weyers et al. have reported that 
carbon is likely to behave as a donor in InP [9]. It is also 
anticipated that carbon is well-behaved dopant and have 
advantages for the growth of heavy doped n-type InP as 
like in case of heavily carbon-doped GaAs. 

Besides, tertiarybutylphosphine (TBP) has attracted a 
considerable interest as a promising replacement of 
phosphine (PH3), widely used as a phosphorus source in 

MOMBE growth of InP, because of its lower pyrolysis 
temperature and less toxicity [8,10]. In this study, TBP 
was employed as both phosphorus and carbon source, so- 
called a carbon auto-doping source, in MOMBE growth 
of heavy carbon-doped InP. Also, the carbon doping 
characteristics for MOMBE growth of InP using TBP 
were discussed in detailed for the first time. Moreover, the 
lattice location of carbon impurity atom in InP was 
estimated by the observation of a gap mode due to carbon 
impurity substituted on In lattice site in InP using 
Raman scattering spectroscopy. 

2.   EXPERIMENTAL 

The epitaxial growth of InP was performed with a 
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modified VG V-80H chamber. Elemental Indium (In) and 
TBP were used as source materials of group III and V, 
respectively. All carbon-doped InP epilayers were grown 
on Fe-doped semi-insulating (SI) InP (100) substrates. 
TBP was introduced into the chamber without a carrier 
gas and its flow rate was controlled by a mass flow 
contollor (MFC). The newly designed cracking cell which 
consists of PBN crucible with tantalum (Ta) as a catalyst 
was employed for the efficient decomposition of TBP in 
the temperature range of 700 to 1200°C [5]. Carrier 
concentrations and mobilities of carbon-doped InP 
epilayers were measured by van der Pauw Hall method. 
Secondary ion mass spectrometry (SIMS) measurement 
was used to determine the atomic carbon concentrations 
in the grown carbon-doped InP epilayers. Also, Raman 
scattering spectroscopy measurements were performed to 
investigate the lattice location of carbon impurity atom 
in the grown carbon-doped InP epilayers. 

3.  RESULTS  and   DISCUSSIONS 

All carbon-doped InP epilayers grown in this work 
showed n-type conductivity. Fig. 1 shows the dependence 
of the electron concentration of carbon-doped InP 
epilayers on growth temperature with various TBP 
cracking temperature. It is found that electron 
concentration increases exponentially as the growth 
temperature decreases and can be controlled in three orders 
of magnitude (1.0xl0!6~ 1.4x1019 cm-3) by changing the 
growth temperature and TBP cracking temperature. As 
TBP cracking temperature increases, electron 
concentration increases. This tendency is more 
pronounced in high growth temperature region. This 
result may be explained on the basis of the TBP cracking 
behavior. In higher cracking temperature, carbon- 
containing species of TBP should be decomposed into the 
simpler type ones, although they have been not identified 
yet. Since these atomic-like carbon-containing species 
have the lower vapor pressure than that of the more 
complex type ones, they can be easily adsorbed on the 
growing surface. Ultimately, this leads to the increase of 
carbon incorporation. In addition, the growth temperature 
dependence of the electron concentration becomes weaker 
and the activation energy for the carbon incorporation 
becomes lower. That is, under higher TBPcracking 

temperature condition, the overall carbon incorporation 
into InP may be dominated by the carbon-containing 
species with the simpler type, i.e., atomic-like ones. 
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Fig.l. Dependence of the electron concentration of carbon- 
doped InP epilayers on growth temperature and TBP cracking 
temperature at constant TBP flow rate of 0.3 seem. 

However, according to Hall and SIMS measurements 
of InP epilayers grown in low growth temperature (below 
350°C), the electrical activity of the incorporated carbon 
donor was revealed only about 15 percent. This may be 
explained by the distinct carbon incorporation mechanism 
as compared with that of the high growth temperature 
region. Although the complex type carbon-containing 
species have higher vapor pressure than that of the 
simpler type ones, they are able to be adsorbed on the 
growing surface in such low growth temperature. 
However, it is insufficient to give rise to a favorable 
surface migration and dissociation of the adsorbed 
molecules, since the temperature of growing surface is 
considerably low. Subsequently, this process may lead to 
the incorporation of carbon-interstitial type. This may be 
responsible for the reduction in the doping efficiency of 
carbon dopant and the degradation of electrical properties 
of InP epilayers grown in low growth temperature. 
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Fig.2. Electron mobilities of n-type InP epilayers measured 
at 300K plotted as a function of carrier concentrations. The 

open circle (O) and closed circle (•) indicate the values of 
carbon-doped InP epilayers grown at TBP cracking 
temperature of 700 °C and 800~1200°C, respectively. The 

values of silicon-doped(A) InP epilayers doped with Si2H6 

and undoped(D) InP grown by GSMBE using TMI and PH3 

[ref. 6] are also plotted. 

Fig.2 shows the variation of electron mobilities of 
InP epilayers as a function of electron concentrations 
measured at 300K. The electron mobility decreases with 
the increase of electron concentration. These values fall 
on the extention of those of undoped InP epilayers grown 
by gas-source molecular beam epitaxy (GSMBE) using 
TMI and PH3 (by Morishita et al.) [6]. In the same 

figure, the electron mobilities of silicon-doped InP doped 
with disilane (Si2Hö) in the same growth chamber are 

also plotted. It is found that the electron mobilities of 
carbon-doped InP epilayers are comparable to those of 
silicon-doped InP epilayers. Besides, in the case of 
carbon-doped InP epilayers with higher electron 
concentration, it is found that the electron mobilities of 
carbon-doped InP epilayers grown under higher TBP 
cracking temperature are somewhat enhanced. This may 
be attributed to the incorporation of the more atomic-like 
carbon-containig species in InP. 

In general, when a impurity atom is substituted on 
the heavier atom lattice site of the host crystal, then, 
local vibrational mode (LVM) in the gap between the 
optical and accoustic vibration branch, known as a gap 

modes, may occur [11]. According to the theoretical 
investigation for InP by Gaur et al., a carbon impurity 
substituted on In lattice site (C|n) produces a gap mode 

band at 233 cm-1 [12]. In fact, in the subsequent Raman 
scattering spectroscopy measurements, we clearly 
observed the gap modes for Qn in InP. Fig.3 shows non- 

polarized Raman spectra (at 300K) of carbon-doped InP 
epilayer with electron concentration of n = 4.3xl017 cm-3 
and Fe-doped SI-InP substrate. The peak at 225 cm-l is 
observed only in the case of carbon-doped sample. This 
corresponds to a gap mode due to Cjn and shows a good 

agreement with the theoretical value. This is a direct 
evidence that carbon from TBP is incorporated on In 
lattice site and acts as a donor in InP. 
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Fig.3. Raman scattering spectra of carbon-doped InP 
epilayer and Fe-doped SI-InP substrate (excited at 2.41 eV). 
The peak at 225 cm-1 is assigned to a gap mode due to carbon 
impurity substituted on In lattice site. 

In the subsequent Raman scattering spectroscopy 
measurements of carbon-doped InP epilayers with 
various electron concentrations, as shown in Fig.4, the 
identical peaks at 225 cm' are also observed. In addition, 
this peaks do not shift unlike the plasmon-like coupled 
plasmon-phonon mode L+i which is clearly separated 

from LO phonon peak as electron concentration increase. 
This result indicates that the peak at 225 cm-' is a gap 
mode due to Ci„, not a plasmon-type excitation of the 

free electron gas. Therefore, it can be concluded that the 
observed n-type conductivity of our samples might be due 
to the carbon donor originated from TBP. 
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2.41 eV). 

4.   CONCLUSION 

Heavily carbon-doped InP epilayers up to electron 
concentration of 1.4x10'9 cm-3 were successfully 
achieved by MOMBE using elemental In and TBP, 
without the use of external carbon dopant source. In this 
study, we suggest that TBP can be used as carbon doping 
source as well as phosphorus source, so-called a carbon 
auto-doping source. Furthermore, the carbon-doping 
characteristics in MOMBE growth of InP using TBP 
were discussed for the first time. It was found that the 
characteristics of carbon incorporation is affected by the 
TBP cracking temperature. As the TBP cracking 
temperature increases, electron concentration was 
increased and showed less dependence on growth 
temperature. This indicates that the overall carbon 
incorporation into InP may be dominated by the more 
atomic-like carbon-containing species of the cracked TBP. 
In addition, the lattice location of carbon impurity atom 
in InP was estimated for the first time by the observation 
of a gap mode using Raman scattering spectroscopy. The 
observed peak at 225 cm-' corresponds to a gap mode due 
to carbon impurity substituted on In lattice site in InP 
and showed a good agreement with the theoretical value. 
This is a direct evidence that carbon from TBP is 
incorporated on In lattice site-and acts as a donor in InP. 
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Introduction 
Vertical cavity surface emitting lasers (VCSELs) operating in the long-wavelength region have long been recognized as key 

devices for optical interconnection systems, but continuous-wave operation at 1.55 (Jjn has not been available because of the 
lack of a high-reflectance mirror. For 1.55-pm distributed Bragg reflector(DBR), we have proposed an AlPSb/GaPSb material 
system lattice-matched to InP[l],[2]. This system has a large refractive index at 1.55 Jim. A few studies on the epitaxial growth 
of these materials have been reported in detail[3]. The present paper describes studies of the growth of these materials using gas- 
source molecular beam epitaxy (GSMBE). The most remarkable feature revealed in this study is that alloy compositions 
strongly depend on group V supply ratio and growth temperature. We also investigated the optical and electrical properties of 
GaPSb. 20 pairs of AlPSb/GaPSb DBR reflectivity measurement demonstrates a stop-band width of 206 nm with maximum 
reflectivity exceeding 99% at approximately 1.66 \un. 

Designing a new material system 
High-reflectance DBRs require materials with a large 

refractive index difference between them and small absorption 
at the operating wavelength. This refractive index difference 
has great influence on the number of DBR pairs necessary for 
high-reflectance mirror and on the stopband width. The 
commonly used InGaAsP/InP material system, however, has 
a small refractive index difference at 1.55 |im[4]. 

100 
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1300 1500 1700   - 
Wavelength(nm) 

Fig. 1 
Theoretically   calculated  reflectivity   for  InGaAsP/InP   and 
AlPSb/GaPSb systems. The mirrors consist of 20 pairs of DBR 
layers. 

Figure 1 shows reflectivity spectra of a 20-pair DBR 
calculated for both an InP/lnGaAsP system and an 
AlPSb/GaPSb system. In the AlPSb/GaPSb system, the 
number of pairs necessary for achieving high reflectivity is 
about half of that in the InP/lnGaAsP, and is almost the 
same as that in an AlAs/GaAs system at the 0.98 \im. 
Several material systems including various antimonide 
compounds have been proposed recently, such as AlAsSb/ 
GaAsSb DBR[5] and AlAsSb/AlGaAsSb[6]. The former 
system has a large refractive-index difference similar to that of 
AlPSb/GaPSb DBR, but would suffer from the absorption in 
the GaAsSb layer at 1.55 p.m. With the latter system, the 
absorption at 1.55 (im can be reduced when Al composition 
is increased, but this also reduces the refractive index. 

Experimental 
Samples were grown by GSMBE. Phosphine gas (PH3) 

cracked at 950t was used as the phosphorus source; the solid 
sources were Sb, In, Ga, and Al; and the dopants were Be and 
Si. Sb4 arrival rate was calibrated by using a nude ion gauge 
to measure beam equivalent pressure (BEP)[7J, and the P2 
arrival rate was calibrated by observing the group V- 
controlled intensity oscillation of the reflection high-energy 
electron diffraction (RHEED)[8] of GaP on a GaP substrate. 
Growth temperatures were measured by a special pyrometer. 
The exact substrate temperature was obtained by measuring a 
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reflectivity and a pyrometric emission at 950 nm 
simultaneously in order to cancel out an apparent oscillation 
in a pyrometric emission due to interference. A large Sb 
beam transient is usually observed when using a solid Sb 
source, so the beam flux decrease was compensated by 
intentionally increasing cell temperature. 
A double crystal X-ray diffraction (XRD) measurement was 

used to confirm the lattice matching. The surface morphology 
are observed by using a Nomarski microscope. 

Results  and  Discussion 

Growth  studies 
We used the same Sb beam flux during AlPSb/GaPSb DBR 
growth because the Sb shutter could then be kept open to 
eliminate the Sb beam transient. The ternary compositions 
were controlled by adjusting the PH3 flow rate, which could 

be rapidly changed at the heterointerfaces. The growth rates 
were 0.5 |im/h. 

A 1500 A-thick ternary and a 500 A-thick InP capping layer 
were grown in order to examine their lattice constant. A 
mirror-like morphology was obtained near lattice-matching 

conditions. The measured difference of the XRD peak of 
GaPSb and AlPSb from that of the InP substrates is shown 
in Figs. 2 and 3 as a function of P2/Sb4 supply ratio and as a 

function of growth temperature. Both of the ternary 
compositions can be controlled by adjusting the ^2/^4 

supply ratio. The composition of AlPSb, in particular 
strongly depends on the group V supply ratio, so the growth 
of AlPSb requires precise control of the P2/Sb4 ratio. 
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Fig. 2 
Experimental lattice mismatch vs P2/Sb4 ratio. 

Figure 3 shows that the composition of GaPSb is sensitive 
to growth temperature. Sb desorbs at high growth 
temperatures, causing surface morphology degradation. The 
composition of AlPSb, on the other hand, shows only weak 

dependence on growth temperature. XRD measurement 
showed that the rocking curves from GaPSb are wider than 
those from AlPSb. If this broadening is due to a slight 
change in growth temperature during GaPSb growth, it would 
indicate the importance of controlling GaPSb growth 
temperature precisely. 
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Experimental lattice mismatch vs growth temperature. 

Optical  characterization 
The refractive indices of GaPSb and AlPSb at 1.55 urn were 
measured with an elipsometer (marked by closed circles in 
Fig. 4), and found to be 3.579 and 3.037, respectively, thus 
confirming the large refractive index difference between them 
(An=0.542). 
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Fig. 4 Photon Energy (eV) 
Photon energy dependence of measured and calculated refractive 
indices. 

The refractive index dispersion relation of GaPSb was 
obtained using a reflection spectroscopy technique [9].In Fig. 
4 the photon energy dependence of measured refractive indices 
is plotted together with the calculated refractive index spectra 
based on simplified models of the interband transitions [10]. 

802 



A good agreement between measured and calculated spectra 
was obtained. 
The bandgap of GaPSb lattice-matched to InP should be 
larger than 0.8 eV(1.55 |im) in order to prevent optical 
absorption in DBR. 
Owing to the large bond-length difference between Ga-P and 

Ga-Sb, a relatively large bowing parameter which reduces the 
bandgap for GaPSb alloy can be anticipated. The bowing 
parameter of GaPSb is estimated theoretically to be 2.72 eV 
[11] and determined experimentally to be 3.6 eV [12] for T 
conduction band minima which gives the bandgap of 0.809 
and 0.609 eV for InP lattice matching composition, 
respectively. Room temperature photoluminescence (PL) and 
optical transmission were measured to determine the bandgap 
of the GaPSb layer. A strong PL spectrum with the peak 
wavelength at 1467 nm (0.845 eV) with a full width at half 
maximum of 49 meV was observed, yielding the bowing 
parameter of 2.52 eV, which is close to the value estimated 
theoretically[2]. The optical transmission spectrum also 
shows a sharp absorption edge at near 1465 nm, confirming a 
small absorption at 1.55 (im. It should be noticed, however, 
that to prevent absorption at 1.55 \im, the antimonide 
composition should be kept less than 0.6763 (0.6492 when 
lattice-matched to InP), and that this requires precise 
composition control. 

The measured carrier concentrations in Si-doped GaPSb (Fig. 
6), however do not correspond to Si densities. In the highly 
doped region, conductivity was n-type and carrier densities 
(marked by open circles) appear to be nearly half of Si 
densities. At much higher Si densities, electron concentration 
seems to saturate at 5xl017 cm-3. In the lower-doped region, 
on the other hand, the data marked by a closed circle showed 
p-type conductivity. This indicates that the sample contained 
p-type back-ground impurities. 
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Fig. 6 
Carrier concentrations as a function of Si density in GaPSb. 

Doping  characterization 
The electrical properties of Be-doped and Si-doped GaPSb 

were characterized by Hall measurements at room 
temperature. Be and Si concentrations were measured by 
secondary ion mass spectroscopy (SIMS). We measured a 
series of 1 (im-thick samples with different dopant 
concentrations in order to verify the efficiency of doping. The 
measured hole concentrations in Be-doped GaPSb are plotted 
in Fig. 5, and are almost the same as Be densities. Thus, Be 
is effectively incorporated as a p-type dopant. 
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Fig. 5 
Hole concentrations as a function of Be density in GaPSb. 

Growth of a highly reflective DBR mirror 
Figure 7 shows a cross-sectional scanning electron 

microscope (SEM) image of an 8-pair of DBR layers. The 
surface morphology and the layer flatness were excellent 
Figure 8 shows the XRD obtained from this sample around 
the (004) InP reflection. The DBR peak showed close lattice- 
matching to the InP peak: within 0.1%. The superlattice 
period estimated from the satellite peak distance is 1% of the 
designyalue. 

Fig.7 05 \im 

Cross-sectional SEM image of the 8-pair of DBR layer. 
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Fig. 8 
XRD diagram of the 8-pair DBR. 

Figure 9 shows the measured reflection spectrum(a) and the 
calculated spectrum(b) for a 20-pair DBR mirror. The 
measured reflectivity spectrum is asymmetrical with a peak 
reflectivity exceeding 99% near 1628 nm, which is 45 nm off 
the center wavelength (1583 nm), and with a stop-band width 
of 206 nm. The high peak reflectivity and wide band-width 
with only 20 pairs of the DBR layers demonstrate the 
advantage of using the AlPSb/GaPSb system for the 1.55 
(im region. The reduced reflectivity near 1500 nm might be 
due to absorption in the GaPSb layer. The GaPSb alloy 
composition was shifted to Sb-rich composition during 
growth, due to the decrease in growth temperature. We think 
that this problem can be solved by controlling growth 

temperature precisely (±4 °C). 
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1800 

Fig. 9 
Measured (a) and calculated (b) optical reflectivity of the DBR 
mirror with 20 pairs of AlPSb/GaPSb layers. 

Conclusions 
We demonstrated that an AlPSb/GaPSb system has a large 

index difference, which is useful for Bragg reflectors in InP- 
based VCSELs emitting near 1.55 p.m. The alloy 
composition of AlPSb is sensitive to the group V supply 
ratio, and that of GaPSb is sensitive to growth temperature. 
Precise control of growth conditions is therefore necessary 
with this material system. A highly reflective DBR were 
obtained in this growth study, its reflectivity near 1.6 (im 
exceeded 99%. The possibility of doping control in GaPSb 
layers was also demonstrated. This thin DBR structure will 
be of great help in creating a low-threshold VCSELs for use 
at long wavelengths. 
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We propose sulfur-free wide-gap II-VI quaternary compounds of MgZnCdSe as a material of visible light emitting 
devices. MgZnCdSe compounds have bandgap energy from 2.1 to 3.6 eV, maintaining lattice-matching to InP 
substrate. MgZnCdSe lattice-matching quaternary compounds with various Mg composition were grown on (100) 
InP substrates, for the first time. A wide range of photoluminescence (PL) peak wavelengths from 572 run (2.17 eV) 
to 398 nm (3.17 eV) at 15 K was obtained with increasing Mg composition. 

1. Introduction 
Since Mg chalcogenides (MgS, MgSe, MgTe) were 

mixed with II-VI wide-gap semiconductors!!], the 
flexibility of fabricating II-VI semiconductor laser di- 
odes were rapidly spread. That is, combinations of the 
materials having wide bandgaps and lattice-matching 
each other can be realized, i.e. as ZnSSe 
/MgZnSSe/GaAs (which composition range of 
MgZnSSe corresponds to an area encircled by dashed 
line in Fig. 1). ZnCdSe/MgZnSSe blue-green separate 
confinement heterostruclure laser diodes (SCH-LDs) 
with ZnCdSe as an active layer, ZnSSe as guiding lay- 
ers and MgZnSSe as cladding layers were fabricated. 
The success of the room temperature continuos wave 
(RT-CW) operation was obtained[2]. 

However, there are some problems in using 
MgZnSSe compounds. That is, sulfur may serve bad 
influences to GaAs substrates[3], probably being one of 
origins for producing stacking faults. With increasing 
bandgap, p-type doping characteristics of the crystal 
was deteriorated[4]. And it was suggested that the pres- 
ence of sulfur had some role in the deterioration [5]. 
On the other hand, by ZnCdSe/MgZnSSe system on 
GaAs, it is very difficult to fabricate light emitting 
devices with emission wavelength above 550 nm due to 
induced high-compressive strain in active layers. 

In this paper, novel II-VI quaternary compounds of 
Mgx(ZnyCdi-y)i-xSe, which is lattice-matching to (100) 
InP substrates, are proposed (see hatched area in Fig. 1). 
The bandgap energy of MgZnCdSe is estimated (using 
binary bandgap values) to be from 2.1 eV (i.e. for 
Zno.48Cdo.52Se, 580 nm) to 3.6 eV (for Mgo.9Zno.1Se, 
344 nm) under lattice-matching condition to InP. 

The lattice-matching condition of the crystal to InP 
substrates can be realized by keeping the Zn 
composition y to be 0.48 because the lattice parameter 
between MgSe and InP is very close. This property is 
effective for growing lattice matching multi-layered 
heterostructures.   And due to their wide range bandgap 

wavelength, it was also very attractive materials for 
visible light emitting device. Note that high- 
performance laser diodes were not realized in the 
wavelength range from 620 nm to 530 nm, which is a 
sort of missing wavelength range of semiconductor la- 
sers as long as we use well-known and well-established 
material systems. From this point of view, MgZnCdSe 
compounds are very attractive because of high material 
possibility for realizing the lasers with wavelengths 
from 580 nm (yellow) to less than 500 nm (blue). More- 
over, MgZnCdSe was expected to be free from the 
problem that II-VI compounds such as MgZnSSe or 
ZnSSe held, because MgZnCdSe was sulfur-free. Re- 
cently, a preliminary stage of experiment for ZnCdSe 
ternary compounds grown by MBE were reported [61. 
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Fig. 1. Relationship between lattice constant and 
bandgap energy for wide gap II-VI semiconductors 
including MgZnCdSe. 
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Table A. Growth conditions of Mgx(ZnyCdi-y)i-xSe 

Sample Mg beam pressure Mg composition Growth rate VI/II ratio 
(x l(T8Torr) X ((xm/hr) 

a 0 0 0.61 1.64 
b 0.6 0.07 0.66 1.52 
c 1.1 0.12 0.70 1.43 
d 1.7 0.21 0.79 1.27 
e 2.3 0.28 0.86 1.16 
f 4.2 0.49 0.99 
g 5.6 0.65 1.04 
h 0 0 0.66 
l 0.3 0.02 0.67 
J 0.5 0.05 0.69 
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Fig. 2. Typical 15K-PL spectra of MgZnCdSe. 

2. Experimental 
MgZnCdSe layers with various Mg compositions 

were grown on (100) InP substrates by molecular beam 
epitaxy (MBE). The source materials were elemental 
Mg (6N), Zn (7N), Cd (6N-S) and Se (6N-S). After 
surface thermal cleaning of InP substrates at 480 °C. 
MgZnCdSe were grown at 280 °C. The equivalent 
beam fluxes of Zn and Cd were fixed at l.OxlO"7 and 
2.0xl0"7 Torr. That of Se was fixed at 1.8X10'6 Torr 
in the sample (a) ~ (g) and 1.2x 10"6 Torr in the sample 
(h) ~ (j). While that of Mg was changed from 0 to 5.6x 
10"8 Torr, to change Mg composition. Thus the growth 
rate was changed from 0.6 to 1.2 u.m/hr. (the layer 
thickness from 0.9 to 1.5 (.im). The growth parameters 
of MgZnCdSe are listed on Table A. Lattice 
mismatching of grown layers (Aal/a) was in the range 

from 0 to +0.37%. 
The Mg composition x of Mgx(ZnyCdi-y)i-xSe (y= 

0.48) were roughly estimated from the growth rate 
increment for MgZnCdSe compared with ZnCdSe. The 
lattice constant was determined by the 0-29 method of 
X-ray diffraction. The bandgap energy was roughly 
estimated from the bandedge emission in 
photoluminescence (PL) spectrum at 15 K under He- 
Cd laser light (325 nm) excitation. The surface 
morphology was observed with Nomarski microscope. 

3. Results and discussions 
Figure 2 shows typical PL spectra of MgZnCdSe 

with various Mg compositions at 15 K. Each of peak-A 
is thought to be the bandedge emission. On the other 
hand. peak-B and -C on the longer wavelength side of 
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Fig. 3. PL peak intensity of MgZnCdSe as a function of 
Mg composition. 
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Fig. 4. Ratio of PL peak intensity of MgZnCdSe as a 
function of Mg composition. 

peak-A is thought to be the donor-to-acceptor (DA) 
emission and the deep level emission caused by native 
defects etc., respectively, referring to the spectra of 
other II-VI compounds like MgZnSSe. We notice that 
peak-B was dominant in a low Mg composition region 
(x=0 and 0.02), while peak-A became dominant in a 
high Mg composition range (x=0.05 to 0.65). 

As a function of Mg composition, the intensity of 
peak-A, -B and -C is shown in Fig. 3 and the PL peak 
intensity ratio of peak-B/peak-A and peak-C/peak-A are 
shown in Fig. 4. Although an absolute intensity of 
peak-A, -B and -C got strong with increased Mg 
composition, the ratio of peak-B/peak-A and peak- 
C/peak-A decreased. The peak-B and -C should be 
disapered at the optimized growth condition. 

Figure 5 shows the full width at half maximum 
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Fig. 5. FWHM of PL peak -A (bandedge emission) as a 
function of Mg composition. 
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Fig. 6. Bandgap energy of MgZnCdSe at 15K as a 
function of Mg composition. 

(FWHM) of bandedge emission (peak-A) as a function 
of Mg composition. FWHM of peak-A increased from 
12.5 to 190.5 meV with increased Mg composition, 
which may suggest that crystal compositional 
uniformity was degraded for such high Mg composition. 

Figure 6 shows the bandgap energy as a function of 
Mg composition, which was estimated from bandedge 
emission in PL spectrum at 15 K. We can see that with 
increasing Mg composition the bandgap energy 
increased monotonically from 2.17 to 3.12 eV. From 
this figure, the bandgap of MgSe can be extrapolated 
(x=l) to be about 3.6 eV which value is close to a 
reported bandgap of MgSe at 77 K [1]. 

In this work, we realized that initial stage of growth 
was very important to obtain high quality MgZnCdSe 
crystals.   Fig. 7 shows reflection high energy electron 
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diffraction (RHEED) patterns of ZnCdSe which were 
grown on (a) perfectly thermal cleaned, (b) imperfectly 
thermal cleaned InP substrates. The corresponding 
surface morphologies of ZnCdSe to these RHEED 
patterns are shown in Fig. 8. A streak (2x4) 
reconstruction RHEED pattern and an almost mirror- 
like morphology were observed for the case of (a), 
while in the case (b), a cross RHEED pattern was 
observed, which suggested that ZnCdSe may included a 
twin crystal structure. And the surface morphology was 
very rough. From this result, we can say that the 
growth of MgZnCdSe on InP substrate is greatly 
influenced by the substrate surface conditions before 
the growth. Thus in order to improve the crystal 
quality, some initial growth processes, such as 
introduction of InP buffer lavers should be needed. 

;1 
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(a) 

[Oil] 

(b) 

4. Conclusions 
We propose sulfur-free wide-gap II-VI quaternary 

compounds of MgZnCdSe as a material for visible light 
emitting devices. MgZnCdSe have bandgap energy 
from 2.1 to 3.6 eV. maintaining lattice matching to InP 
substrate. MgZnCdSe lattice-matching compounds with 
various Mg composition were grown by MBE on (100) 
InP substrates, for the first time. 

With increasing Mg composition, the bandgap 
energy increased monotonically from 2.17 to 3.17 eV. 
The PL peak intensity increased dramatically and 
bandedge emission became dominant for higher Mg 
compositions. While the FWHM of bandedge emission 
increased from 12.5 to 190.5 meV with Mg 
composition, which may suggest that crystal 
compositional uniformity was degraded for higher Mg 
composition region. 

It was clarified that the growth of MgZnCdSe on InP 
substrate was greatly influenced by the substrate 
surface condition before the growth. Thus, some proper 
processes should be performed in initial growth stage of 
MgZnCdSe in order to improve the crystal quality. 
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ABSTRACT 

This paper describes a novel InP-based FET processing technology for high-reliability microwave 
applications. High performance InAlAs/InGaAs heterojunction FETs (HJFETs) were fabricated using completely 
Molybdenum-based electrode technology (COMET). The fabricated lfim gate-length COMET-HJFET exhibited 
excellent DC and RF performance, including a transconductance of 470mS/mm and a current gain cutoff 
frequency of 40GHz. High temperature DC bias tests performed on the COMET device demonstrated improved 
reliability compared to that for the conventional InP-based HJFET. The superior reliability of the developed 
COMET-HJFET is attributed to the reduced interdiffusion between metals of the electrodes and semiconductors 
by introducing a refractory metal of Mo as a barrier metal. 

INTRODUCTION 

InAlAs/InGaAs heterojunction FETs (HJFETs) fabricated 
on an InP substrate have demonstrated excellent microwave 
and millimeter-wave performance [1-3]. One important 
subject to be resolved is a reliability issue. To date, several 
approaches have been reported to improve reliability by 
modifying the epitaxial structure of the devices [4,5]. 
However, there are still concerns about device reliability 
associated with gate and Ohmic metallizations. This paper 
describes a novel InP-based HJFET process technology, 
called completely Molybdenum-based electrode technology 
(COMET), in which superior reliability is realized without 
sacrificing excellent DC and RF performances. 

DEVICE STRUCTURE AND PROCESS 

Figure 1 shows a schematic cross-section of the 
fabricated COMET-HJFET. The structure was grown by 
MBE on a 3-inch diameter semi-insulating InP substrate. The 
layers consist of an undoped InAlAs buffer layer, a 40nm 
undoped InGaAs channel layer, a 3nm undoped InAlAs 
spacer layer, a lOnm n-type (5xl0l8cm'3) InAlAs layer, a 
20nm undoped InAlAs Schottky layer, a 20nm n-type 
(lxl019cm3) I^^Ga^As cap layer and a 20nm n-type 
(lxl0'9crn3) In07Gao3As cap layer. Gate electrodes were 
deposited on the undoped InAlAs Schottky layer to enhance 
the gate breakdown voltage. The heavily-doped n-type 
In^Ga^As cap layer on the top surface was introduced to 
achieve low contact resistance by nonalloyed Ohmic 
metallization. 

The COMET-HJFET process includes mesa-isolation, 
conventional photo-lithography, gate metal evaporation, 
Ohmic metal evaporation and lift-off. Since the COMET 
process employs Mo/Ti/Pt/Au metal systems for both gate 
Schottky and Ohmic electrodes, these two electrodes could 

be fabricated by a simultaneous electron-beam evaporation of 
Mo/Ti/Pt/Au (i.e., simplified version of COMET). Such a 
novel COMET process flow is illustrated in Fig.2. In this 
work, this simultaneous evaporation technique was employed 
to fabricate liim gate-length COMET-HJFETs. 

Source Drain 
W/////Ä            ^ W/W/, 
n-ln07Gao.iAs\      ffh 1         20nm 
n-lno.53Gao.47As\    yyyfo /          20nm 

i -InAlAs 20nm 
n-lnAIAs 10nm 
i -InAlAs 3nm 
i -InGaAs 40nm 

i -InAlAs 
InP Substrate 

Fig. 1 Schematic cross-section of fabricated COMET-HJFET. 
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Fig.2 COMET with simultaneous Mo/Ti/Pt/Au evaporation 
process, (a)recess etching, (b)gate and Ohmic patterning, 
(c)Mo/Ti/Pt/Au evaporation, and (d)lift-off. 
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THERMAL STABILITY OF MoTiPtAu 
SCHOTTKY DIODES 

To investigate thermal stability of the gate metal 
deposited on an InAlAs Schottky layer, two types of 
Schottky diodes (i.e., Mo/Ti/Pt/Au on n-InAlAs and Ti/Pt/Au 
on n-InAlAs) were fabricated on semi-insulating InP 
substrates and heat-treated at various temperatures. The 
thicknesses of Mo, Ti, Pt and Au were lOnm, 30nm, 30nm 
and 200nm, respectively. The doping density of the n-InAlAs 
was 2xlOI7cm3. Figure 3 shows the measured Schottky 
characteristics as a function of the stress temperature. The 
stress time was fixed for 10 minutes. Even after a thermal 
stress at up to 400°C, the Mo/Ti/Pt/Au diode maintained its 
initial barrier height of 0.64eV and its initial ideality factor 
of around 1.15. The Ti/Pt/Au diode, on the other hand, 
exhibited distinct degradation in the barrier height from 
0.65eV to 0.58eV and in the ideality factor from 1.09 to 1.80 
after the thermal stress at 400°C. The breakdown voltage, 
defined at a reverse current density of 20mA/mm2, also 
degraded significantly for the Ti/Pt/Au diode after stress at 
more than 350°C. Long-term thermal stress tests were also 
performed. The thermal stress at 300°C for 15 hours for the 
Ti/Pt/Au diode resulted in degradation in the barrier height 
from 0.65eV to 0.55eV, the ideality factor from 1.09 to 2.10 
and the breakdown voltage from 4.1V to 0.6V, while no 
significant degradation was observed for the Mo/Ti/Pt/Au 
diode. 
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Fig.4 Auger depth profiles after annealed at 400°C for 
30min. (a)Au/Pt/Ti/InAlAs, (b)Au/Pt/Ti/Mo/InAlAs. 
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Thermal stability of the nonalloyed Ohmic contacts 
deposited on n-type (lxl019cm'3) L^Ga^As were 
investigated. Figure 5 shows the stress temperature 
dependence of the contact resistance evaluated for 
Mo/Ti/Pt/Au and Ti/Pt/Au nonalloyed Ohmic contacts. The 
stress time was fixed for 5 minutes. The initial value of the 
contact resistance (Re) was 0.04 £2-mm for both contacts. 

0.3i 1 1 i 1 1 r 

0        100     200     300     400 

Temperature CO 

Fig.3  Schottky characteristics as a function of stress 
temperature. Stress time is 10 minutes. 

Auger depth profiling studies, plotted in Fig.4, identified 
distinct evidence of interdiffusion between Ti and InAlAs for 
the Ti/Pt/Au diode after the thermal stress (400°C, 30min.), 
while no significant interdiffusion was observed for the 
Mo/Ti/Pt/Au diode. The results demonstrate the importance 
of an introduced thin Mo layer between Ti and InAlAs to 
prevent interdiffusion and to obtain stable Schottky 
characteristics against thermal stressing. 
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The Mo/Ti/Pt/Au Ohmic contact preserved its excellent initial 
Re value after thermal stress up to 350°C, whereas the 
Ti/Pt/Au contact exhibited significant Re increase after a 
350°C thermal stress by over 400% (i.e., Rc=0.17 Q-mm). 
The results of the long-term thermal stress test at 300°C for 
15 hours also demonstrated that the Mo/Ti/Pt/Au contact 
maintained its low Re within a 5% change, while the Re 
value for the Ti/Pt/Au contact increased to as high as 1.4 
Qmm (i.e., more than 30 times increase). 

Auger depth profiles after thermal stress also proved the 
importance of a thin Mo layer between Ti and InGaAs to 
prevent interdiffusion and to obtain stable Ohmic 
characteristics. 

DEVICE CHARACTERISTICS 

The feasibility of the developed COMET device 
processing was investigated by fabricating InAlAs/InGaAs 
HJFETs with a ljirn gate length using simultaneous 
evaporation of Mo/Ti/Pt/Au for gate, source and drain 
electrodes. Typical DC drain characteristics for the fabricated 
100(im gate-width device are shown in Fig.6. The device 
exhibited good pinch-off characteristics with a threshold 
voltage of -0.7V. At a drain bias of IV, a maximum 
transconductance of 470mS/mm was achieved. The gate-drain 
breakdown voltage defined at a gate current of -ImA/mm 
was 3.5V. 

300 

0.5 1 
Drain Voltage(V) 

1.5 

Fig.6 Typical DC drain I-V characteristics of a lxl00|im 
COMET-HJFET. 

Figure 7 shows the frequency dependence of the current 
gain calculated from the S-parameters measured up to 40GHz 
with a drain bias of 1.5V. The current gain cutoff frequency 
evaluated with a -6dB/oct roll-off was 40GHz. The power 
gain cutoff frequency evaluated from the frequency 
dependence of the Mason's unilateral gain at the same bias 
point was 85GHz. 
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Frequency dependence of current gain and Mason's 
unilateral gain for l|j.m-gate COMET-HJFET. 

RELIABILITY OF COMET-HJFET 

High-temperature DC bias tests were performed for the 
developed COMET-HJFET. Devices were biased at a drain 
voltage of IV and at a gate voltage of -0.2V under an 
ambient temperature of 250°C. Figure 8 shows the gm 
degradation ratio as a function of the stress time. For 
comparison purpose, an HJFET with a Ti/Pt/Au gate and 
with a Ti/Pt/Au nonalloyed Ohmic source and drain was also 
tested. Up to 630 hours, the COMET HJFET maintained its 
high gm values with only 10% degradation, whereas the 
Ti/Pt/Au device exhibited considerable degradation in gm by 
60%. Corresponding to the gm degradation, the source 
resistance of the Ti/Pt/Au device increased by more than 10 
times of its initial value, while the source resistance of the 
COMET-HJFET was kept relatively unchanged (i.e., about 
50% increase). The degradation in the source resistance for 
the Ti/Pt/Au device is closely related to the increase in the 
Ohmic contact resistance due to the interdiffusion of Ti and 
the cap layer of InGaAs. 
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Fig.8 Degradation in gm for COMET and Ti/Pt/Au HJFETs 
after DC operation life test at 250°C. 
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The threshold voltage shift was negligible for the 
COMET-HJFET, while the Ti/Pt/Au device exhibited a 
negative threshold voltage shift by -0.2~-0.3V after stressing 
for 630 hours. The negative threshold voltage shift observed 
for the Ti/Pt/Au device is principally ascribed to the decrease 
in the barrier height due to the interdiffusion between the 
gate metal of Ti and the Schottky layer of InAlAs. These 
stable characteristics of the COMET-HJFET with respect to 
the high-temperature DC bias tests indicate that the effective 
suppression of the interdiffusion both at the gate Schottky 
diode and at the source and drain Ohmic contacts is of 
primary importance to achieve superior reliability for InP- 
based HJFETs. 

NOISE PERFORMANCE OF 
0.2^m GATE COMET-HJFET 

To confirm the high-performance capability of the 
COMET-HJFETs for microwave and millimeter-wave 
applications, COMET-HJFETs with 0.2(im T-shaped gates 
were fabricated. The epitaxial structure employed was the 
same as that shown in Fig.l, except the planar Si-doping 
used in the InAlAs donor layer. A 0.2[im T-shaped 
Mo/Ti/Pt/Au gate was defined using direct-write electron- 
beam lithography and lift-off technology [6]. The devices 
were passivated with a plasma-enhanced CVD SiN film 
prepared at 200°C. The device had a total gate-width of 
200|J.m with 8 fingers. 

The threshold voltage of the fabricated 0.2|im COMET- 
HJFET was -0.7V. The maximum extrinsic transconductance 
was measured to be 500mS/mm with a source resistance of 
0.5 Qmm. Figure 9 shows the frequency dependence of the 
noise performance. The device was biased at a drain voltage 
of 1.1V with a drain current of 10mA. At 12GHz, the 
COMET-HJFET exhibited a minimum noise figure of 0.4dB 
with an associated gain of 15.2dB. Also, the device exhibited 
a minimum noise figure of 0.79dB with an associated gain of 
13.0dB at 22GHz. These noise characteristics are among the 
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best data reported for the passivated devices with a 
comparable gate-length, indicating the developed COMET 
process is promising for highly-reliable and high-performance 
applications, such as microwave and millimeter-wave low- 
noise amplifiers and other various ICs. 

SUMMARY 

We have successfully developed a novel InP-based FET 
processing technology for high-reliability microwave and 
millimeter-wave applications. The fabricated ljim gate-length 
COMET-HJFET exhibited excellent DC and RF performance, 
including a transconductance of 470mS/mm and a current 
gain cutoff frequency of 40GHz. High temperature DC bias 
tests performed on the COMET device demonstrated 
improved reliability compared to that for the conventional 
InP-based HJFET. The superior reliability of the developed 
COMET-HJFET was attributed to the reduced interdiffusion 
between metals of the electrodes and semiconductors by 
introducing a refractory metal of Mo as a barrier metal. 
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Introduction 
Schottky contacts on n-InP have potentially wide applications in high-speed electronic 
and optoelectronic devices. However, the InP Schottky diodes have produced only low 
Schottky barrier height(SBH) of about 0.4eV due to the firm interfacical Fermi-level 
pinning.1) Though some approaches by inserting oxide interlayer or applying surface 
treatments have been used to produce Schottky diodes with high SBHs, but the diodes 
showed poor reproducibility and poor reverse current-voltage characteristics.2,3) This has 
been an obstacle to formation of practically useful InP Schottky diodes. 

The paper demonstrates that the pinning of Fermi level can be removed at InP metal- 
semiconductor interfaces produced by the novel in situ electrochemical process.4-5) The 
process consists of anodic etching of InP and subsequent cathodic deposition of metal, both 
of which are done in situ in the same electrolyte. InP Schottky diodes with various 
metals(Ag, Sn, Cu, Co, Pd, Ni and Pt) have been formed by using different electrolytes 
based on chloric or sulfuric acid and containing barrier metal ions. The diodes exhibited 
nearly thermionic emission characteristics. SBH changed over a wide range from 0.35eV 
to 0.86eV. The Pt/InP diodes gave the highest SBH of 0.86eV which is the highest value 
ever reported for an intimate metal contact to InP. 

Experimental 

N-type InP crystals with a donor density of 
5xl015cm~3 and (100) orientation were used as 
substrates. A Ge-Au-Ni contact layer was depos- 
ited on the backside of the substrate at room 
temperature and annealed in H2 at 350°C for 5 
minutes to form an ohmic contact. The front InP 
surface was masked by a positive-type photores- 
ist film to define circular dots for Schottky con- 
tact formation. 

Figure 1(a) illustrates schematically the 
experimental apparatus. The three-electrode 
electrochemical cell contains an InP substrate 
electrode, a Pt counter-electrode and a saturated 
calomel electrode(SCE) as a reference electrode. 
The InP electrode were fixed with wax to the 
sample holder. The potential of the InP electrode 
was controlled by a potentiostat with a pulse 
generator. Figure 1(b) shows the electric pulse 
waveforms for avalanche pulse-etching and 
pulse-plating, respectively. The etching depth 
was controlled by adjusting amount of holes 
required for anodic oxidation by application of 
electric avalanvche pulse or photopulse4'5). After 
one hundred nanometer thick InP was etched, 
Schottky barrier was immediately formed by in 
situ pulse-plating of metal on InP. Seven kinds of 

Pt electrode 

Reference electrode (SCE) 

n-lnP 

Electrolyte 

\ 
Stirrer 

Potentiostat 
with pulser 

Vacuum 

15V- 

(a) 
1 MS 

0.4ms     w 

Avalanche pulse 

0.4ms 

-0.5V—IV 
0.5~5MS 

Plating pulse 

(b) 

Fig. 1 The electrochemical cell and pulse forms 
for the etching and plating. 
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electrolytic solutions, based on chloric or sulfuric 
acid, i.e., AgCl, SnS04, CuCl2, CoS04, PdCl2, 
NiS04+NiCl2 and H2PtCl6, were prepared for 
depositing Ag, Sn, Cu, Co, Pd, Ni and Pt, respec- 
tively. 

For purpose of comparison, GaAs Schottky 
diodes were also produced by the novel electro- 
chemical process with the same electrolytes. In 
addition, InP and GaAs Schottky diodes were 
formed by conventional vacuum evaporation 
techniques where metal was deposited on to the 
substrate surfaces. Prior to vacuum evaporation, 
surfaces were chemically etched in a solution of 
H2S04:H202:H20=3:1:1. 

The structural and electrical properties of the 
InP and GaAs Schottky diodes produced by the in 
situ electrochemical process were characterized 
as compared with the diodes formed by the 
vacuum evaporation, by using atomic force 
microscopy(AFM), X-ray photoemission spec- 
troscopy(XPS), current-voltage(I-V), ca- 
pacitance-voltage^-V) techniques. 

Results and Discussion 

I-Vbehavior during plating 
Figure 2 shows typical current-potential charac- 
teristics as observed during plating of Pt on InP 
surfaces with direct current (DC) electrolysis and 
with pulse electrolysis65 in the dark. In the DC 
electrolysis, Pt deposition is predominant in the 
potential plateau range from -0.3V to -1.1V. For 
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Fig. 2 The current-potential curves of Pt plating 
on n-InP with DC electrolysis and pulse electro- 
lysis in the dark. 

potential lower than -1.1V, strong increase in the 
cathodic current was observed, and this is due to 
reduction of H2. Although Pt deposition also 
takes place at the same time, the reduction of H2 

becomes dominant over Pt deposition. In contrast 
to DC electrolysis, the pulse electrolysis can be 
carried out under larger overpotential and higher 
instantaneous current densities. This seems to 
result in larger densities of Pt nuclei and to de- 
crease the number of defects. In fact, Pt metal 
films obtained on n-InP were smoother and more 
uniform. Similar electrochemical behavior was 
also observed on GaAs electrodes. 

XPS and AFM study 
Figure 3 shows the observed typical XPS spectra 
of the surface-sensitive In3d5/2 and P2p core 
levels at the Pt/InP interfaces formed by the elec- 
trochemical process and the vacuum evaporation. 
The analysis of the interfaces was done after 
revealing the interface region by Ar+ ion sputter- 
ing. The interfaces prepared by the novel electro- 
chemical process was almost free of oxide, 
whereas that by the vacuum evaporation showed 
the signals of P oxide and In oxide. This indicates 
that the novel electrochemical process prevents 
oxide formation as in the case of GaAs4). AFM 
study revealed that the electrochemical etching 
resulted in smoother surfaces with rms roughness 
of 0.5nm and 0.7nm for InP and GaAs samples, 
respectively, as compared with the conventional 

447 442 v 135        130 
Binding energy (eV) 

Fig. 3 XPS spectra of In3d and P2p core levels 
from the Pt/InP Schottky interfaces formed by 
(a)electron beam deposition and (b) novel elec- 
trochemical process. 
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chemical etching. No holes due to local avalanche 
breakdown were observed on the etched electro- 
chemically surfaces. 

I-Vcharacteristic and SBH 
The typical I-V characteristics of the InP Schot - 
tky diodes formed by the novel electrochemical 
process are shown in Figure 4. The I-V data were 
analyzed in term of the thermionic emission 
model of current7). The value of the effective 
Richardson constant was 9.4Acm"2. Except for 
Ni, the Schottky contacts showed nearly ideal 

0.2 0.4 0.6 
Voltage (V) 

Fig. 4 The forward I-V characteristics of the 
metal/InP Schottky diodes fabricated by the novel 
electrochemical process 
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Fig. 5 The forward I-V characteristics of the 
metal/GaAs Schottky diodes fabricated by the 
novel electrochemical process 

thermionic emission characteristics of ideality 
factors close to unity. The Pt/InP diode gave the 
SBH value of 0.86eV. This is the highest SBH 
ever reported for n-type InP Schottky barrier 
contact formed by direct intimate contact between 
metal and semiconductor. 

On the other hand, as shown in Figure 5, the 
GaAs Schottky diodes formed by the same elec- 
trochemical process showed large SBHs of about 
leV Though they showed reasonably good ther- 
mionic emission characteristics, SBHs exhibited 
no clear dependence on the metal workfunction in 
contrast to the InP diodes. 

Table 1 lists the values of the n factor and the 
barrier heights 0B 

I-v and 0D„C_V , obtained from Bn 
I-V and C-V measurements for the InP and 
GaAs Schottky diodes, respectively. The 0Bn

I_v 

and 0Bn
c_v values were in good agreement within 

±0.02eV. The ideality factor n were close to 
unity. The barrier heights of the InP Schottky 
diodes varied over a wide range from 0.35eV to 
0.86eV for Ag, Sn, Cu, Co, Pd, Ni and Pt metals. 
The barrier heights of the GaAs Schottky diodes 
are higher than leV 

Table. 1 Schottky barrier height and ideality factor 
of InP and GaAs electrochemical Schottky diodes. 
<t> i-v 

Bn and 0Bn
c v were obtained from I-V and C-V 

measurements, respectively. 

Metal ♦ (eV) 
m 

Sample C(ev> c-v 
VeV> n 

Ag 4.26 InP 0.35 0.33 1.07 

Sn 4.42 InP 0.43 0.40 1.34 

Cu 4.65 InP 0.47 0.47 1.04 
Co 5.0 InP 0.48 0.48 1.05 

Pd 5.12 InP 0.55 0.56 1.00 

Ni 5.15 InP 0.53 0.51 1.23 

Pt 5.65 InP 0.86 0.85 1.11 

Ag 4.26 GaAs 1.04 1.07 1.05 

Cu 4.65 GaAs 1.05 1.06 1.05 

Co 5.0 GaAs 0.97 0.96 1.05 

Pd 5.12 GaAs 1.00 1.01 1.04 

Pt 5.65 GaAs 1.07 1.09 1.05 

SBH vs. metal workfunction 
The metal workfunction dependence of SBH 
values of the GaAs electrochemical Schottky 
diodes is shown in Figure 6 together with the data 
obtained on vacuum deposited GaAs and InP 
Schottky diodes. As seen clearly in Fig.6, Fermi 
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levels are strongly pinned at about 0.4eV and leV 
from the conduction band edge for InP and GaAs 
Schottky interfaces, respectively. 

In contrast to these, it is evident that the SBH 
values of the InP electrochemical Schottky diodes 
is strongly dependent on the barrier metal work- 
function, as shown in Figure 7. The value of the 
interface index defined by S(= d(pBJd(p ) is found 
to be as large as 0.4. This indicates that Fermi 
level pinning at the InP Schottky barrier inter- 
faces is largely removed by use of the novel elec- 
trochemical process. 
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Fig. 6 Metal Work function dependence of SBHs 
of metal/GaAs diodes formed by the electrochem- 
ical process and by the vacuum evaporation and 
metal/InP by the vacuum evaporation. 

^0.8 
CD 

D) 
j». 0.6 
I— 
© 

£ 0.4 

0.2- 

T   i    i   I    i   i—I—i—1—i—i—i—i—i—1-71—r 

n-lnP 
Pt   / 

/ 
Electrochemical      / 

/ 

/Pd 

Ag 
Sr/T • Ni 
0/    Co 

S=0.4 

J L-Ä I     I     1 -I I I I 1_ '     ■      '      ■ 
5 6 

Work fu notion (eV) 

Fig. 7 Metal Work function dependence of SBHs 
of metal/InP diodes formed by the electrochemi- 
cal process. 

The difference of behavior between the elec- 
trochemical and vacuum deposited InP Schottky 
diodes and that between the electrochemical InP 
and GaAs Schottky contacts can be explained at 
least qualitatively in terms of the relationship 
between the energy involved in the processing 
and the energy of cohesion at the semiconductor 
surface. 

Conclusion 

Schottky diodes with nearly ideal thermionic 
emission characteristics on n-lnP and n-GaAs 
were formed by a novel in situ electrochemical 
process. The novel electrochemical process 
produces a smooth and oxide-free Schottky inter- 
faces in contrast the vacuum evaporation process. 
The SBH values of the InP electrochemical 
Schottky diodes can be changed over a wide 
range from 0.35eV to 0.86eV depending on the 
metal workfunction, removing Fermi level pin- 
ning. The Pt/InP diodes gave the highest SBH of 
0.86eV. 

References 
1) E. H. Rhoderick and R. H. Williams: Metal- 

Semiconductor Conföcr(Clarendon, Oxford, 
1988)2nd ed., Chap.2. 

2) O. Wada and A. Majerfeld: Electron. Lett. 
14(1978)125 

3) O. Wada, A. Majerfeld and P.N. Robson: 
Solid-State Electron. 25(1982)381 

4) N.-J. Wu,T. Hashizume and H. Hasegawa: 
Jpn.J.Appl. Phys 33(1994)936 

5) T. Hashizume, H. Hasegawa, T. Sawada, 
A.Grub  and H.-L. Hartnagal: 
JpnJ.Appl.Phys 32(1993) 486 

6) P. Bingra, H. Gerisher and D. M. Kolb. J. 
Electrochem. Soc. 124(1977)1012 

7) S. M. Sez: Physics of Semiconductor Devices 
(Wiley, New York, 1981)2nd ed., Chap.5. 

816 



Cadmium Sulfide Surface Stabilization and Schottky Barrier 
Enhancement for InP Based Optoelectronic Devices 
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Introduction 

InP and lattice matched III-V compounds are recognized as desirable materials for high frequency opto-electronic 
circuits. Lattice-matched and strained ternaries and quaternaries of InGaAlAs or InGaAsP on InP allow the 
production of high electron mobility transistors (HEMTs), heterojunction bipolar transistors (HBTs), optical detectors, 
lasers, and other critical opto-electronic devices. Although high quality epitaxial material is commercially available, 
the ability to form well-behaved interfaces between the epitaxial semiconductor and insulators or Schottky metals 
remains elusive. A variety of techniques have been used to reduce or eliminate the effects of problematic surface 
chemistry on device behavior. We have used thin layers of cadmium sulfide to reduce the gate leakage of 
InAlAs/InGaAs HEMTs (Id/Ig=5xl04) and the dark current of InAlAs/InGaAs optical detectors (Id < InA). X-ray 
photoelectron spectroscopy indicates a reduction of surface oxides and the prevention of subsequent group III or V 
oxide formation. 

Background 
Thin interfacial layers of elemental silicon have been 

used to improve the performance of GaAs- and InGaAs- 
based metal insulator semiconductor field effect 
transistors (MISFETs).1'1 The silicon interfacial layer 
terminates the III-V semiconductor surface, reducing the 
interface state density.'21 Deposition of an insulator over 
the silicon results in a superior dielectric/semiconductor 
interface, allowing modulation of the surface Fermi level 
throughout the bandgap. The electrical characteristics of 
GaAs/AlGaAs-based HBTs,[3] InP-based MISFETs,I4] and 
InP/InGaAs metal-semiconductor-metal (MSM) 
photodetectorst51 have also been improved by treating 
samples in sulfur-bearing solutions. In the case of InP, 
sulfur replaces missing phosphorus at the surface, 
resulting in a thermodynamically favored and stable In2S3 

passivating layer.161 We are investigating the use of 
cadmium sulfide (CdS) as an interlayer to improve the 
electrical characteristics of the InP/insulator interface and 
the InP-based Ill-V/Schottky-metal junction. 

CdS is a wide-bandgap (2.42eV) semiconductor. The 
lattice constant of the zincblende crystal matches to within 
0.6% of crystalline InP. Metastable zincblende CdS layers 
have been grown epitaxially on (110) InP by molecular 
beam epitaxy and (100) InP by pulsed laser deposition. 
Recently, hexagonal phase CdS grown on (111) InP by 
chemical bath deposition (CBD) has been reported.'71 

Experimental 
We used the chemical bath technique to prepare our 

layers. The CdS is deposited from an aqueous solution of 
ammonium hydroxide, cadmium sulfate, and thiourea.1'1 

The solution is heated (to 30-90°C) in a separate water 
bath for improved temperature stability, which leads to 

improved control of the layer growth rate and crystalline 
quality. CdS is readily deposited on both (111) and (100) 
InP substrates, which must be carefully prepared to avoid 
the formation of native oxides. Low growth rates (20 
A/min) are used to deposit thin layers of approximately 
100Ä or less. 

An atomic force microscope (AFM) was used to 
determine the average roughness of deposited films on 
bare InP substrates. The target thickness of the CdS layer 
was 50Ä. Scans revealed an increase in average peak-to- 
peak roughness from 6Ä for HF-etched InP to 15Ä for 
CdS-covered samples. Auger microprobe measurements 
showed bulk Cd to S ratios near unity. Auger depth 
profiles also suggest the deposited material is cadmium 
rich at the surface and sulfur rich at the CdS/InP 
interface. X-ray photoelectron spectroscopy (XPS) was 
used to investigate the effects of CdS treatment on native 
oxides of InP and InAlAs. An InP sample was oxidized in 
ozone at 300°C for 10 minutes. The oxides of In and P 
are clearly visible in the upper XPS curves of Figure la 
and lb after the ozone-assisted oxidation.    After the 
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Figure 1. XPS analysis of CdS-treated InP and InAlAs. Upper 
curves are before CdS treatment, lower curves are after CdS 
treatment, (a) \n3d doublet, (b) P2p, (c) AsJrf. 
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Figure 2.   InGaAs/InAlAs HEMT process with CdS 
passivation. 

deposition of a thin layer of CdS, the group III and V 
oxides are greatly reduced as shown in the lower curves of 
Figure la and lb. Similar results were obtained for the 
InAlAs sample of Figure lc. The InAlAs sample was not 
intentionally oxidized. Suppression of the InP substrate 
XPS peaks with CdS films of approximately 150 Ä, in 
addition to the AFM scans, suggests uniform coverage. 
Photoluminescence (PL) of treated InP samples showed a 
marked increase in intensity over untreated samples. PL 
is known to be highly sensitive to surface quality. 

HEMT Results and Discussion 
The CdS interlayer is used in an InGaAs/InAlAs 

HEMT process. Mesas are first formed with a phosphoric 
acid-based etch. After removing the photoresist, the 
sample is treated in the CdS chemical bath, and Si02 is 
deposited to passivate the entire wafer surface. The Si02 

layer is deposited at 270°C at 3 Torr using a 5% Sift, in 
He flow of 100 seem and an oxygen flow of 33 seem 
(Figure 2a). AuGeNi contacts are formed with a liftoff 
process after etching openings in the oxide layer. After 
contact metalization, a second Si02 layer, which protects 
the ohmic contacts during the second CdS treatment, is 
deposited (Figure 2b). The channel regions are exposed 
by etching openings in the double oxide layer, then 
recessed with a succinic acid-based etch to selectively 
remove an InGaAs cap layer. The sample is then placed 
in a CdS bath to passivate the exposed channel region. 
After treatment, the gate layer is aligned to the recess and 
TiAu metal is sited with a double layer resist lift-off 
process (Figure 2c). 
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Oxide deposition was found to have an adverse effect 
on device isolation. Samples treated with CdS prior to the 
first oxide deposition were seen to have less leakage 
between the InAlAs/InGaAs mesas. Figure 3 compares 
the surface leakage of CdS-treated and untreated samples 
after the first oxide deposition and contact metal 
evaporation. Surface leakage was measured between 
1000|im long mesas that are separated by 50um, before 
and after a 1 minute, 350°C, forming gas anneal. For 
untreated samples, an increase in leakage was consistently 
observed after the ohmic anneal. For CdS-treated 
samples, leakage current was two orders of magnitude 
lower than that of untreated samples. There was no 
significant increase in leakage after the ohmic anneal for 
the CdS-treated sample. 

Figure 4 compares the I-V characteristics of devices 
with and without channel treatment. Devices with CdS- 
treated channels had to be annealed 1 minute at 250°C in 
forming gas before desired I-V characteristics were 
obtained. The gates are lOO^im wide by lum long. 
HEMTs with channel passivation show reduced gate 
leakage, Id/Ig=5xl04. 

Devices processed without the passivation generally 
showed higher transconductance. Although there is some 
non-uniformity in the gate-to-channel spacing, which can 
be attributed to the recess etch, the lower 
transconductance may also result from the additional 

KT 

S-icr5 

3 
Ü 
V 

™  10"6 

« 
_i 
« 
in 

o 10 ,-7 

n 
v> 
0) 

10-3 

untreated after oxide and S/D metal 

(after ohmic anneal) 

untreated after oxide and S/D metal 

(before ohmic anneal) 

CdS-treated after oxide and S/D metal 

(before and after ohmic anneal) 

1 

Voltage (V) 

Figure 3. Leakage current between mesa layers with and without 
CdS passivation. 
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Figure 4. Results of CdS-treated and untreated HEMTs: Drain Current, Gate Current, and Transconductance. 

thickness of the CdS passivating layer. Moving the gate 
further away from the channel would reduce the 
transconductance. XPS measurements suggest a CdS 
layer of approximately 50Ä. It is also possible that 
cadmium is doping the InAlAs surface, replacing the 
Schottky contact with a pn junction. If a junction-type 
gate exists, lower transconductance would be expected 
since the oxide opening and channel recess are longer 
than the designed gate length. 

MSM Results and Discussion 
MSM detectors were fabricated with the four processes 

illustrated in Figure 5. The detector starting material was 
nominally undoped InAlAs/InGaAs/InAlAs grown by 
MBE. MSM-A is our standard process: mesa definition 
followed by the positioning of TiAu fingers with a double 
layer resist lift-off. MSM-B is similar to MSM-A, but 
treated with CdS after the mesa step and before 
metalization. For MSM-C, the fingers are placed first, the 
sample is secured to a glass substrate with epoxy, the 
substrate is removed to expose the epitaxial layers, and the 
mesas are aligned from the backside of the sample. 
MSM-D is processed as MSM-C but the surface is CdS 
treated before the fingers are placed. The mesa is 50u.m x 
50nm. Finger width to spacing ratios (w/s) were 1/1, 2/1, 

1/2, and 2/2. A photomicrograph of MSM-D is shown in 
Figure 6. 

Reverse leakage currents for the MSM samples are 
shown in Figure 7. The CdS treated samples, MSM-B 
and MSM-D, demonstrate greatly reduced dark currents. 
The backside mesa processed samples, MSM-C and 
MSM-D, avoid contacting the low bandgap InGaAs 
absorbing layer at the mesa sides with the finger metal. 
Dark currents for MSM-C and MSM-D were measured 
before and after mesa definition. The dark current of 
MSM-C is lower than that of the standard sample by an 
order of magnitude, implying the leakage is not entirely 
due to side wall coverage. The combination of CdS 
treatment and backside mesa (MSM-D) produced the most 
promising results. The dark current of MSM-D is more 
than three orders of magnitude lower than that of the 
standard process. The reverse leakage of MSM-D was 
reduced further by treating the exposed mesa in the CdS 
chemical bath, thereby completely enclosing the mesa in 
CdS. Leakage current dropped below InA for 50^m x 
50um mesas, as shown in Figure 7. 

Responsivity of backside illuminated MSM detectors 
was approximately 0.5A/W, which was not substantially 
higher than that of front side illuminated devices. Proper 
design of the InAlAs buffer layer or an antireflection 
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Figure 5. MSM fabrication processes with substrate removal and CdS treatments. 

coating    would    reduce    reflection    during    backside 
illumination, increasing the responsivity. 

depositing CdS is inherently adaptable to a wide range of 
optoelectronic device processes. 

Conclusions 
We have investigated the use of CdS interlayers grown 

by CBD. We have deposited CdS on a wide variety of III- 
V semiconductors. We found that native oxides were 
reduced by the CdS treatment. CdS-treated and untreated 
HEMTs and MSMs were compared. Thin, 50Ä layers 
were effective in reducing gate and surface leakage. 
Backside processing of InGaAs/InAlAs MSMs allows 
complete coverage of the mesas.   The CBD process for 
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Figure 6.    Photomicrograph of completed MSM-D structure 
after substrate removal. The gate fingers run under the mesa. 
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Figure 7.   Dark current measurements of MSM structures 
illustrated in Figure 5. 
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SB2.4 
Improvment in Schottky diode characteristics of 

metal-Ino.52Alo.48As contact using an in situ 
photochemical etching and surface passivation process 

Soheil Habibi, Masahiro Totsuka, Jun Tanaka and Satoru Matsumoto 
Faculty of Science and Technology, Keio University, Hiyoshi 3-14-1, Yokohama 223, Japan. 

HBr and H2S gases were used together with a 172 urn Excimer lamp and a deep UV-lamp for photochemical etching 
and surface passivation of InGaAs/InAlAs material system. Schottky diodes were fabricated on 11 - Ino.52Alo.4s As 
by EB evaporation of Mo/Ti/Pt/Au with the consequent alloying. AES and XPS measurements of the passivated 
InAlAs surface reveal that the photochemically generated S*-radicals are capable of removing In-0 and As-0 bonds 
from the surface and replacing them with In-S and As-S bonds. The reverse bias leakage current of the surface 
passivated diodes were reduced by 3 orders of magnitude compared to the diodes with unpassivated surface. We 
obtained an effective barrier height of 0.79 eV and an ideality factor of 1.03, for the fabricated diodes after surface 
passivation. 

1     Introduction 
InGaAs/InAlAs heterostructure is an attractive material 
system for fabrication of high electron mobility transistor 
(HEMT) devices due to its large conduction band offset 
and small effective electron mass of InAlAs in barrier 
layer. However, InAlAs schottky contacts suffer from low 
schottky barrier height, excessive reverse leakage current 
and low break down voltageW. 

The high density of midgap states at unpassivated 
surfaces of most III-V compound semiconductors results 
in high surface recombination velocities and Fermi-level 
pinning that limit the device performance' i. 

To reduce the leakage current of InAlAs based diodes 
for HEMT application, two ways have been considered. 
One is the introduction of additional epitaxial layers in 
HEMT structures^! and, the other is the passivation of 
the surface of the InAlAs layer prior to schottky metal 
deposition. The Fermi-level unpinning that would re- 
sult from reduction of surface state density would pro- 

duce improved Schottky contacts'^. Sulfur treatment 
has been successfully applied for the passivation of GaAs 
surface'4] ^]. But, there are few reports on the pas- 
sivation of InAlAs. This paper seeks to discuss ways 
to improve the metal-schottky contact characteristics of 
Ino.52Alo.i8As by (1) applying a dry photochemical sul- 
fidation of InAlAs layer based on H2S gas and a deep 
Ultra Violet lamp and, (2) depositing a multi-layered 
Mo/Ti/Pt/Au metal contact to fabricate schottky diode. 

We have recently developed a dry photochemical Etch- 
ing system based on HBr gas and a 172 nm excimer 
lamp!"], to selectivly etch the InGaAs over InAlAs. Our 
basic purpose in this experiment is to develope a sulfida- 
tion process which is performed in the same chamber as 
the etching. Thus, the samples are first InGaAs etched 
using HBr and a 172 nm Excimer lamp then the chamber 
is thoroughly purged of HBr and without opening it, H2S 
gas is introduced into the chamber but this time, it is ex- 
posed by a deep UV-lamp. In this way, after the etching 

the samples are first passivated by sulfur and then, are 
brought into contact to the air. Thus, the possibility of 
the creation of surface states at the InAlAs surface is re- 
duced considerably. After applying this photochemical 
sulfidation process, the InAlAs surface has been exten- 
sively studied by AES and XPS measurements. 

Furthermore, the electrical characteristics of the fab- 
ricated schottky diodes have been studied by reverse bi- 
ased I-V measurements, for estimation of the leakage 
current and break down voltage and, forward bias mea- 
sured for barrier height 0Bn and ideality factor, n deter- 
mination. 

2     Experimental 
The epitaxial layer was grown on (100) n+ — InP sub- 
strate by reduced pressure MOVPE. The structure is 
shown in fig. 1. The top InGaAs layer has two func- 
tions. One is the protection of the InAlAs surface and 
the other is the structural similarity with HEMT device 
epitaxial structure. 

The experimental setup is the same as previously 
reported'"!. The system is capable of performing both 
photochemical etching using HBr gas and sulfur passi- 
vation using H2S gas. For surface passivation, we used 
H2S together with a deep ultra violet lamp of Hg+Xe. 
H2S starts absorption at about 250 nm with a maximum 
at about 187 nm'''. The absorption spectrum in this re- 
gion is nearly continuous. The primary process by light 
absorption at this region appears to be creation of H2 

and S radicals. 

hv 
H2S ^ H2 + S A < 4060Ä. (1) 

After etching of the top InGaAs layer, the chamber is 
purged of HBr gas and is evacuated again to a base pres- 
sure of about 10~5 Torr by the turbo molecular pump. 
At this stage, the H2S gas (H2S 10% + Ar

2 90% ) is 
introduced into the same chamber while the chamber 
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Sample Structure 
Thickness, Nj 

Undoped InGaAs 20 nm 

250 nm 

-3 
200 nm, 1E18cm 

200 nm, 1E18~cm 

2-8E18~cm 

undoped InAlAs 

n-lnAlAs 

n-lnAIAs 

n-lnP Substrate 

In Al    As ;x=0.52 (double crystal X-ray Diffraction; 

In Ga     As ;y~0.5 
y   1-y 

Growth Method: Reduced pressure MOVPE 

Process n 
<t>Bn 
[eV] 

Leakage current 
density [A/cm2] 

at -1 V bias 
PCE+SSP+Litho 

+SSP+EB 
1.03 0.79 2.66 x 10-" 

PCE+EB 1.57 0.72 3.85 x 10-0 

PCE+Litho 
+SSP+EB 

1.33 0.74 5.41 x 10"' 

WE+Litho 
+SSP+EB 

1.25 0.73 4.85 x 10-° 

WE+Litho 
+WP+EB 

1.34 0.64 2.26 x 10~s 

WE+Litho+EB 1.68 0.61 4.04 x 10~6 

Figure 1: The crystal structure for the samples used in 
the experiments. 

main valve to the vacuum system is kept closed.   The 
passivation was performed at a chamber pressure of 760 

Table A: Processed diodes with their measured data. 
The following abbreviations have been used: SSP: 
dry sulfur surface passivation, WP: wet passivation in 
(NH.i)2Sx, WE: wet etching in citric acid, PCE: photo- 
chemical etching in HBr gas, Litho:  photo lithography, 

e- Torr. sample temperature of 80°C, and UV-light expo-    EB: electron beam evaporation (for Schottky metal d 
sure time of 60 minutes.  There was no gas flow during    Positi°n) 
the passivation. 

Schottky diodes were fabricated to evaluate the mer- 
its of this photochemical process. First ohmic contacts 
were formed on the ??.+ - InP side (back side) of the 
samples by evaporating AuNiGe followed by alloying at 
350°C for 90 seconds in Nitrogen atmosphere. 

Fig. 2 illustrates the AES spectra of the photochem- 
ically surface passivated InAlAs and an as-etched refer- 
ence sample. In the as-etched surface, a strong oxygen 
signal appears at 510 eV and the presence of carbon at 
272 eV is evident. After the passivation, a signal for 
sulfur at 152 eV appears. The carbon signal is reduced. 
So is the oxygen signal. An increase in the intensity 
of aluminum signal at 1396 eV is also observable. This 
result suggests that the surface of InAlAs after the pho- 
tochemical treatment is covered with In-S, As-S and the 
nonvolatile A1203. This A1203 is formed on the surface 
after the etching of the cap InGaAs and acts as the etch 

We fabricated diodes by adapting (1) an in situ pho- 
tochemical etching and surface passivation process, (2) 
only photochemical dry etching and no passivation. (3) 
wet etching of the cap InGaAs layer in a solution of cit- 
ric acid:H202 [1:1]181 and no passivation. (4) wet etching 
and wet passivation by dipping them into (NH4)2SX so- 

lution at 50°C for 30-60 seconds!9] and, (5) wet etching 

and wet passivation. The diode holes were patterned on     t     i        c    ±i~      i    ,■ *      . • ffii 
f, ,    , ,   ,   .   ril ,.        ,   . IV1I1LU ua    stop layer for this selective etching system ib] 
the samples by usual photo-lithographic techniques using 
a negative photoresist. After the lithography, samples 
were loaded into the electron beam evaporator chamber 
for schottky metal deposition. 

The schottky metal was a multilayered deposition of 
the form Mo/Ti/Pt/Au [2nm/30nm/200nm/200nm] by 
electron beam evaporation and alloying at 350°C for 10 
minutes in Nitrogen atmosphere. The processing tech- 
niques and measured results arc presented in table A. 

3     Results and Discussion 

To determine the passivation mechanism, Auger elec- 
tron! spectroscopy AES and x-ray photoclectron spec- 

Figure 3 is an XPS spectra of the In 3d5/2. Al 2p and 
As 3d core levels of the as-etched and dry photochemi- 
cally treated in H2S samples taken with a take-off angle 
of 30° relative to the average surface plane. The small 
take-off angle measurements will detect the photoelec- 
trons originating near the surface, reflecting the bonds 
near the surface. 

Figure 3(a) is the XPS spectra of the In 3d5/2 core 
level. The In 3d5/2 reference energy values of 444.0 eV 
for InAs, 444.3 eV for ln20 or ln203, and 444.7 eV for 
In2S3 arc shown by vertical lines. We can see from this 
figure that the In-0 bonds of the as-etched sample have 
been disolved by the dry photochemical sulfidation pro- 
cess and in its place In-S bonds have been formed at 

troscopy XPS measurements of the as-etched surface and tlle llpar surface of the photochemically treated sample, 
photochemically treated in H2S samples were performed. These In-S bonds represent In2S3. 
Furthermore, schottky diodes were I-V measured for de- Figure 3(b) shows the XPS spectra for Al 2p core 
termination of reverse leakage current, break down volt- IcveL A1 2P reference energy levels of 73.6 eV for Al As, 
age, ideality factor n and schottky barrier height <j>Bn. 

74-3 eV for A12S3 and 74.7 eV for A1203 are illustrated 
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Figure 2: AES spectra from the Ino.52Alo.4sAs surface 
(a) as-etched surface, (b) dry photochemical sulfidation 
treatment. 

!n3d 

3=3C !n-As 

by vertical lines. Here, the A1203 signal is still dominant, 
even after H2S photo-sulfidation process, and the shift 
towards A12S3 at 74.3 eV is negligable. Thus, one can 
conclude the nonvolatile A1203 is not etched away by 
this photo-sulfidation process. 

Figure 3(c) illustrates the As 3d core level of the same 
sample as in Fig. 3(a) and (b). As 3d reference energies 
of 40.6 eV for InAs, 41.0 eV for AlAs, 43.5 eV for As2Sz 

and. 44.9 eV for As-0 are shown by vertical lines. After 
photochemical sulfidation process the As-In and As-Al 
bonds have been disolved and As-S bonds formed at the 
surface. This As-S bond represents AS2S3. 

Arsenic oxides are electrically leading materials and 
are thought to be one of the main causes of the leak- 
age current for schottky diodes fabricated on InAlAs. 
These XPS analysis suggest that the developed dry pho- 
tochemical sulfidation process is capable of eliminating 
the As-0 and In-0 bonds and replacing them with As-S 
and In-S bonds, respectively. As for A1203, this is a very 
stable material and as mentioned earlier, is not removed 
by this photo-sulfidation process. However, A1203 is an 
insulating material and does not have any effect on the 
leakage current of the schottky diodes. 

The Fabricated schottky diodes were I-V measured to 
determine the dependence of the leakage current, break 
down voltage, schottky barrier height and ideality factor, 
on the applied passivation process. 

The schottky barrier height 4>BU 
and the ideality fac- 

tor n were determined from a least square fit of the linear 
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Figure 3: XPS spectra of the (a) In3d5/2, (b) Al 2p, 
and (c) As 3d core levels from Ino.52Alo.4sAs surface (i) 
as-etched and (ii)prepared by photochemical sulfidation. 

portion of the forward biased I-V curve of Fig. 4, using 
the expressions: 

qVF JF = Jsexp(——) 
nkT' 

when qVp > 3fcT, and 

4>B, 
kT,   ,A'T2, 

q        Js 

(2) 

(3) 

where Jp is the forward current density, Vp is the ap- 
plied voltage, Js is the saturation current density, and 
A*{— A-Kqm'k2fh?) is the effective Richardson constant. 
By taking m* = 0.075mo for n — IUQ^ZAIOA&AS, a the- 
oretical value of 9.00 A/cm2k2 is obtained for A'fä 

The value of the leakage current, at reverse bias, is 
shown in Fig. 5 and the leakage current density of the 
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Figure 4: Forward bias I-V characteristics of the fabri- 
cated diodes after: (a) dry etch and dry passivation, (b) 
wet etching and dry passivation, and (c) wet etching of 
the cap layer. 

fabricated diodes, at -1 V bias, is given in table A. It 
is clear from Fig. 5 that by adapting dry photochem- 
ical etching the leakage current of the schottky diode 
is reduced compared to diodes fabricated by applying 
wet etching process. Moreover, the combination of dry 
photochemical etching and in situ passivation produces 
the best diodes, in terms of leakage current reduction. 
When compared to diodes fabricated only by wet etch- 
ing, the leakage current reduction is almost 3 order of 
magnitude. Diodes processed by applying dry etch-dry 
passivation have a leakage current of about 145 times 
less then those fabricated by only dry etch and no pas- 
sivation. This is a remarkable improvement. 

4     Conclussion 

We have developed an in situ process of photochemi- 
cal etching and surface passivation using HBr and H2S 
gases, respectively, for InGaAs/InAlAs material system. 
AES and XPS spectra of the passivated InAlAs sur- 
face showed that In-O and As-0 bonds at the surface 
have been etched away and replaced by In-S and As-S 
bonds. Thus, reducing the surface states and probabil- 
ity of Fermi-level pinning at the surface. Schottky diodes 
fabricated by applying this passivation process showed a 
reduction in reverse bias leakage current of 3 orders of 
magnitude. Scottky barrier height, 4>Bn-, of 0.79 eV and 

Figure 5:  Reverse bias I-V characteristics of the fabri- 
cated diodes. 

an ideality factor of 1.03 were achieved for the fabricated 
diodes. 
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3-9-11, Midori - cho, Musashino - shi, Tokyo 180, Japan 

SB2.5 

Introduction 

Sulfur treatment with (NH4)2Sx is regarded as an efficient 
surface passivation technique to reduce surface states on 
both GaAs(l) and InP(2). Although surface chemical 
bondings of sulfur - treated InP as well as GaAs have been 
studied by x - ray photoelectron spectroscopy (XPS), the S2p 
photoelectron spectra obtained by XPS are not necessarily 
understandable because the S2p peak is split into doublet 
peaks. In this study, we measured Sis photoelectron spectra 
by using synchrotron radiation soft x - rays, which have no 
spin - orbit splitting, to investigate the effect of water rinsing 
and the change in the sulfur chemical bond by annealing in 
vacuum after the (NH4)2 Sx - treatment. 

Experimental 

S - doped n - InP(lOO) wafers were used 
as sample substrates. One wafer was dipped 
into the (NH4)2SX solution and then blown with 
dry nitrogen gas before being loaded into a 
vacuum chamber. Another wafer was rinsed 
with deionized water after the (NH^jSx 
- treatment. The Sis core - level photoelectron 
measurements were carried out by using 2.7 
keV soft x - rays monochromatized by a pair of 
InSb(lll) crystals at the NTT beamline 
(BL - 1A) of the Photon Factory in the National 
Laboratory for High Energy Physics in 
Tsukuba, Japan(3). The measurements were 
done before and after annealing the two 
(NH4)2Sx - treated samples with and without a 
water rinse at 400°C for 10 min in vacuum. 
Reflection high - energy electron diffraction 
(RHEED) patterns were recorded to obtain 
information about the surface structure of the 
samples before the photoelectron 
measurements. 

Results and Discussion 

RHEED patterns of the two samples with and 
without the water rinse after the (NH4)2SX 
- treatment are shown in Fig. 1. A comparison 
of them reveals that the rinse made the 
RHEED pattern clearer. When both samples 
were annealed in vacuum,  the  (2x1) 

reconstruction reported in ref. (4) was not 
observed by our RHEED measurements. 
Although the RHEED patterns after annealing 
are not shown here, their patterns remained 
(lxl) structure and there was no difference 
between with and without the water rinse. 

Fig. 1 RHEED patterns of InP(lOO) (a) without 
and (b) with rinsing by deionized water after 
(NH4)2Sx - treatment. 

Figure 2 shows Sis photoelectron spectra for 
the (NH4)2Sx - treated InP(lOO) samples with 
and without the water rinse and before and 
after annealing. For comparison, Sis 
photoelectron spectra before annealing for 
(NH4)2Sx - treated GaAs(lOO) samples with and 
without the water rinse are also shown in Fig. 
3; these were measured in the same manner. 
The Sis peaks were deconvoluted by assuming 
four sulfur bonding states : S - In, S - P - In, 
S-S, and S-O for the (NH4)2SX- treated InP 
surface(4, 5), and S - Ga, S - As, S - S and S - 0 
for the GaAs surface(6). 
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The Sis spectral change of the InP surface 
due to the water rinse was found more clearly 
than that of the GaAs surface. After rinsing the 
(NH4)2SX - treated surfaces with water, the S - 0 
bonds were completely removed for the InP, 
but not for the GaAs surface, while the S - S 
bonds drastically decreased for both the InP 
and GaAs surfaces. This result appears to be 
consistent with the RHEED pictures of both the 
InP surfaces with and without the water rinse 
in Fig. 1. After the samples were annealed, 
only the S - In bonds were observed for both the 
annealed InP surfaces in spite of the bonding 
state being different before annealing. These 
Sis spectra suggest that annealing the 
(NH4)2SX - treated InP is necessary to complete 
the surface termination by the S - In bond, 
although the water rinse is more effective for 
removing the S - S and S - 0 bonds from the 
(NH4)2Sx - treated InP surface than from the 
(NH4)2SX-treated GaA surface. The effect of 
the water rinse on the InP surface is 
understood by considering the layered 
structure of the (NH4)2 Sx - treated InP surface 
indicated by a combined analysis with XPS 
and surface sensitive synchrotron 
photoemission spectroscopy: elemental sulfur 
and sulfur oxides remain on the layer of 
monosulfides and/or polyasulfides(5). 
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DEVELOPING MODELS OF OMVPE GROWTH FROM IN SITU X-RAY MEASUREMENTS 
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This paper summarizes our recent x-ray scattering and x-ray spectroscopy experiments looking at the organometallic vapor 
phase homoepitaxial growth of GaAs. The measured composition profiles and growth rates agree well with predictions by 
Jensen and coworkers for our reactor. Evidence for the presence of a partially decomposed trimethylgallium layer on the 
surface during growth at 500°C is presented. A schematic model of growth which includes the presence of this structurally 
ordered adsorbed layer is presented. 

This paper summarizes our recent use of x-ray measure- 
ments to determine the atomic mechanisms of organome- 
tallic vapor phase epitaxy (OMVPE). Detailed information 
about OMVPE processes has been difficult to obtain be- 
cause of the high pressure, chemically reactive environ- 
ment present during growth. X-ray scattering measure- 
ments have been uniquely productive in determining the 
structure of surfaces during OMVPE growth. For example, 
we have studied surface smoothness, step ordering, growth 
modes, growth rates and surface reconstructions. In addi- 
tion, x-ray spectroscopy measurements have revealed 
much about the complicated gas phase behavior in the 
OMVPE reactor. From these scattering and spectroscopy 
measurements, a more complete model of OMVPE growth 
is being developed. 

The following will discuss some of our new results. First, 
we will show results profiling the concentration of the ar- 
senic precursor as a function of height above the substrate. 
Next, growth modes and growth rates are determined by 
observing =1 Hz oscillations of the x-ray intensity from the 
(11/) crystal truncation rod near the 110 position. A careful 
analysis of these growth oscillations suggests that use of 
trimethylgallium (TMG) as a precursor leads to the adsorp- 
tion of an organic group on the surface while use of trieth- 
ylgallium does not. We believe that the desorption of this 
methyl group is the rate-limiting step in growth of GaAs 
using TMG. 

Experimental Background 

The experiments were performed using a purpose-built 
OMVPE reactors and a diffractometer in which high-qual- 
ity semiconductor films can be grown while simultaneous- 
ly allowing the diffraction of x-rays from the surfacefl]. 

The substrates used for these measurements were 
GaAs(OOl) wafers 25 mm in diameter and 1 mm thick. For 
various experiments the wafers were misoriented by 0.25° 
along the (111)A, 0.25° along the (111)B, or were nominal- 
ly singular (<0.05° in a random direction). After mounting 
in the reactor, the sample was annealed at 600°C in flowing 

tertiarybutylarsine (TBAs) and H2 until the surface was 
smooth as indicated by a sharp and intense 110 CTR. Typ- 
ical partial pressures were 70 Torr of H2 and 100 mTorr of 
TBAs. While under a continuous flow of TBAs, growth 
was started and stopped by switching either trimethylgalli- 
um (TMG) or triethylgallium (TEG) between the reactor 
and vent line. 

X-ray Spectroscopy Measurements 

A number of important growth characteristics of an 
OMVPE reactor are strongly influenced by the gas dynam- 
ics of the reactor. For example, growth uniformity is often 
controlled by flow patterns in the reactor, the temperature 
distribution controls the pyrolysis of the precursors, and 
switching of gas flows may limit the production of sharp 
interfaces and doping levels. Even though these parameters 
are crucial to the design of a successful reactor, they are 
difficult to control and even harder to predict. While much 
effort is being expended on improving modeling of reactor 
designs and performance, those efforts are limited by the 
availability of accurate data on existing designs. Data mat 
would be useful include composition and temperature pro- 
files of the gas phase, response of the reactor to transients 
and accurate measurements of growth rate for a wide range 
of conditions. X-ray absorption spectroscopy can be used 
to directly measure compositions in the gas phase. 

We have made substantial progress on each of these three 
issues. As an example, Figure 1 shows the behavior of this 
signal as the reactor is moved vertically past the stationary 
synchrotron beam. The fluorescence rate, and hence the 
number density in the gas phase, is relatively constant at 
room temperature. At high temperature, the fluorescence 
rate falls off smoothly as the distance above the substrate is 
decreased. Since this fluorescence rate is a measure of the 
number density in the gas phase, it should increase smooth- 
ly above the surface simply because the gas density at con- 
stant pressure drops with increasing temperature. 

Also shown in Figure 1 are computational fluid dynamics 
(CFD) calculations of the concentration gradients in our re- 
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actor under these conditions [2]. Clearly there is excellent 
agreement between the CFD predictions and our data. 
These calculations confirm that the dominate effect is heat- 
ing of the gas stream. However, an interesting and unex- 
pected result is the slight downturn in the concentration 
near the substrate for the room temperature data. This turns 
out to be due to a pinching effect from the purge flow used 
to eliminate window deposition. 

X-Ray Scattering Measurements 

Figure 2 shows the intensity of the 110 and the 110 reflec- 
tions as a function of time during two identical pulses of 
GaAs homoepitaxial growth. Considering the 110 data, the 
strong oscillations in the scattered x-ray intensity are obvi- 
ous and correspond to the growth of one GaAs layer. It is 
possible to use these growth oscillations in much the same 
fashion as RHEED oscillations in MBE growth. For exam- 
ple, Figure 3 shows the growth rate as a function of TMG 
partial pressure for two different temperatures. While it 
was thought that the growth rate was proportional to the 
TMG partial pressure at these temperatures, these data 
clearly show that the growth rate is kinetically limited; 
probably by the decomposition of the TMG species on the 
surface. 

The nature of the growth process using TMG can be further 
explored by examining the behavior of the CTR's during 
growth in more detail. In Figure 2, the behavior of the (110) 
and (110) CTR's during growth at 500°C are compared. 
Several differences between the two azimuths are clear in 
Figure 2: 1) the oscillations are much stronger at the (110) 
position, 2) there is a strong initial peak at the (110) and 3) 

tiie weak oscillations at the (110) are out of phase with the 
(110) oscillations. It is interesting to note that none of this 
behavior is observed during growth using TEG, suggesting 
that the chemical processes associated with TMG are lead- 
ing to this behavior. 

Our preliminary analysis leads to a model where decompo- 
sition of a methylgallium species on the surface is the rate- 
limiting step. To see this, first consider a simple model in 
which the surface reconstruction is not a function of island 
morphology during growth. The intensities of the (110) and 
(110) reflections can be written as: 

^10 « < [£ (fA, - fG.) + fsurfac J [ 1 ~ 26] } (EQ 1) 

and 

^10 " { ß (fAs + fGa> " fsurface] t! ~ 26] } (EQ 2) 

where f^ace is the scattering factor of the atoms occupy- 
ing the sites at the surface (which are Ga sites in this mod- 
el), and 0 is the fraction of surface covered by bilayer- 
height islands (which runs from 0 to 1 as each bilayer is 
grown). The initial state under a flow of TBAs has a partial 
second layer of As. The occupancy of this layer is given by 

Surface = «Aiu/*iiö= °-55 • ^"s resu^ is *& qualitative 
agreement with previous crystallographic studies of this 
surface. 

To understand the behavior of the data in Figure 2 as 
growth is initiated, we have developed a model shown in 
Figure 4. The initial starting surface, looking at (1) in Fig- 

I" 
1.4 

O u c — o 
Ü 1-o 

% o.. 

§ 0.6 I- 

« 04|- 

0C 0-2 h- 

IlJUjfyfok9^ 

T T 
  Model (510°C) 
  Model (50°C) 
O Data (50°C) 
D Data(510°C) 

OO^ 

0.0 3.0 6.0 12.0 15.0 

Height above susceptor (mm) 

Figure 1: AsKa fluorescence from the gas phase as a 
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ure 4, has a partially completed extra layer of arsenic with 
a coverage of =0.55 adsorbed on what would normally be 
gallium sites [4]. We postulate that TMG is only partially 
decomposed at this temperature and that, at the beginning 
of growth a methylgallium species either displaces this ad- 
sorbed arsenic layer or completes the layer. In either case, 
looking at (2) in Figure 4, the methylgallium species scat- 
ters x-rays more strongly than either arsenic or gallium and 
enhances the scattering at the (110) position. Similarly, 
along the (110) direction, the methylgallium species re- 
duces the x-ray scattering by enhancing f,urface. 

After the surface is saturated with methylgallium, the rate- 
limiting step for further growth is the desorption of the me- 
thyl radicals. As the organic desorbs, sites become avail- 
able for arsenic and more methylgallium to attach. Such 
isolated atoms then coalesce into bilayer-height islands. As 
the island coverage 0 increases, the intensity at the (110) 
position decreases to zero and then increases, due to the fi- 
nal factor in equations (2-3). Each bilayer produces one os- 
cillation in the intensity. 

If the new islands formed on the surface were immediately 
terminated with the methylgallium species, the intensity of 
the (110) CTR would oscillate weakly around zero but 
in-phase with the (110) CTR. There are many possible 
sources for the weak, out-of-phase (110) scattering 
shown in Figure 2. For example, the surface of the islands 
could be saturated with arsenic more rapidly than with the 
methylgallium species (because of the much higher partial 
pressure of TB As), or the edge of the islands might have a 

different structure than the center, resulting in an average 
surface structure that oscillates as the island morphology 
oscillates. After the TMG source is turned off, the surface 
gradually returns to its pre-growth state. 

This model is consistent with the non-linear growth rate de- 
pendence shown in Figure 3 and is supported by the greatly 
enhanced growth rate, at constant TMG flow, as the TBAs 
partial pressure is increased. Thus, we believe these results 
are strong evidence for saturation of the surface with a me- 
thylgallium compound during growth with TMG. It should 
be emphasized that similar effects are not seen under simi- 
lar conditions using TEG. In that case there is no upward 
spike at the onset of growth, the growth rate is linear with 
TEG partial pressure and strong, in-phase oscillations are 
seen at both the (110) and (110). These differences are 
consistent with the much different decomposition mecha- 
nisms of TMG and TEG. 

Summary and Conclusions 

In summary, we continue to use x-ray spectroscopy and 
scattering techniques to study the surface of a film growing 
in the chemically harsh, high pressure and high tempera- 
ture environment of organometallic vapor phase epitaxy 
(OMVPE). The use of x-ray intensity oscillations to study 
growth rates and growth modes (in much the same way as 
RHEED analysis has been used in UHV techniques) has 
been used to study growth processes. In a simple example, 
we showed that the growth was kinetically limited by the 
decomposition of the TMG at 500°C and 560°C. 

Finally, it is well established that x-ray diffraction tech- 
niques can be used to understand the surface structures 
present during growth[4-8]. In a significant difference from 
the MBE case where growth occurs on a p(2x4) reconstruc- 
tion, we typically find either a p(lx2) or a c(4x4) recon- 
struction at lower growth temperatures and a lattice gas of 
As dimers terminating the surface at higher temperatures. 
We find little evidence that the presence of a well-defined 
reconstruction has any effect on growth kinetics and, in 
fact, see no change in the growth rate as we cross the well- 
defined phase transition boundary between the ordered 
phases and the As dimer lattice gas. However, the nature of 
these reconstructions is thought to control the shape of is- 
lands during growth and to influence the morphology of 
device structures during epitaxial regrowth[9]; and we are 
currently exploring the dependency of island size and 
shape as a function of reconstruction and V/HI ratio. While 
not discussed here, x-ray diffuse scattering associated with 
these intensity oscillations can be used to probe correla- 
tions on the growing surface. Diffusion coefficients and ac- 
tivation energies can be extracted from these correlations 
and show that OMVPE growth is substantially different 
than MBE or MOMBE growth [10]. 
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Introduction 

Selective area epitaxy on partially masked substrates can be more and more considered as an undispensable tool for 
monolithic integration of optoelectronic devices [1]. In contrast to planar epitaxy on unmasked substrates, the prop- 
erties of selectively deposited material depend on the the mask pattern. Especially for selective area metalorganic 
vapor phase epitaxy (MOVPE) the local growth rate and In-content of GaJn^ASyP,^ shows an increase towards the 
mask edges, which has particularly a strong effect on the optical properties of selectively grown quantum wells. 
Nevertheless, the local variation of the growth rate offers the opportunity to obtain a precise change of effective 
bandgap using an appropriate mask pattern. Integrated laser-modulator devices without butt coupling have already 
been successfully realized [1,2]. 
Furthermore, thickness fluctuations in very thin wells of only a few monolayers give rise to the "monolayer splitting" 
in luminescence experiments depending on the growth conditions [3-5]. Well known from planar epitaxy, quantum 
well interfaces seem to be degraded due to an As/P-exchange resulting in a redshift of the PL-spectra compared to 
atomically smooth interfaces. The local variation of the growth conditions in selective area MOVPE will result in 
a local change of interface quality over a wide range. Thus, a large variety of interface properties can be seen at a 
glance. Therefore, we used selectively deposited quantum wells grown under various conditions in order to gain 
more information about the mechanisms determining the interface quality. 

Experimental 

All samples were deposited by low-pressure MOVPE 
at 640°C using TMIn, TEGa, AsH3 and PH3 as pre- 
cursors. A standard reactor pressure of 80mbar was 
used. 
The (lOO)-oriented InP-substrates were coated with 
lOOnm Si02 by electron-beam-evaporation. Peri- 
odically arranged stripe openings were defined by 
conventional photolithography and wet etching 
(period 600jim, opening width 400^m). 
The selectively deposited structures consisted of a 
75nm GalnAs reference layer followed by four quan- 
tum wells with thicknesses between 0.6 and 5nm 
separated by 20nm InP as barrier material. In most 
cases, a 5s H2-purging step was used when switching 
between two materials to optimize the interface quali- 
ty. The nominal thicknesses mentioned here always 
refer to planar-unmasked growth conditions. 
The samples were examined by spatially and spec- 
trally resolved cathodoluminescence (CL) at T = 8K 
using a modified scanning electron microscope at 5- 
lOkeV.  The  measurement procedure consisted of 

series of CL-spectra recorded along a linescan per- 
pendicular to the stripe. 

Results and discussion 

a) Thick quantum wells (d > 6nm) 

Fig.l shows a CL-linescan of a thick quantum well of 
5nm nominal thickness and a 75nm GalnAs reference 
layer. Both linescans show a continous decrease of 
their CL-signal towards the edge of the mask. For the 
mask pattern used in these experiments, the energy 
shift of GalnAs-bulk layers was about lOmeV. 
Assuming gas phase diffusion of the growth species 
from masked substrate areas towards the openings 
[6], the variation of GalnAs-composition and local 
growth rate was calculated from planar data and 
shows a very good correspondence to the ex- 
perimental data [7]. 
The comparison between our numerical simulations 
and experiments enabled us to determine a charac- 
teristic transport parameter D/k for different reactor 
pressures, as illustrated in Fig.2. The compositional 
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Fig. 1 CL-linescans and corresponding simula- 
tion results of selectively grown bulk-GalnAs 
and a 5nm quantum well. The spectra were 
recored perpendicular to the stripe opening. 

variation of selectively grown GalnAs seems not to 
depend on the V/IIL^^-ratio, chosen betweeen 2 and 
35. 
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Fig. 2 Transport parameter D/k for TMIn and 
TEGafor different reactor pressures. The para- 
meter D/k can be considered as some kind of an 
effective transport length for gas phase diffusion 
and incorporation. 

b) Thin quantum wells ("d < önm-) 

Fig.3 shows a survey of all CL-spectra of four quan- 
tum wells with nominal thicknesses of 0.6, 1.2, 3, 
5nm, recorded along a linescan perpendicular to the 
stripe. Very thin quantum wells showed a terrace-like 
variation of their CL-energies with distance from the 
mask edge. In close vicinity to the edge of each 
terrace,   the   CL-intensity   decreases,   whereas   the 

luminescence of the next terrace increases. Depending 
on the growth conditions and mask dimension, each 
terrace is extended over several 10^m. 

Wavelength (nm) 
Fig. 3     Monolayer splitting in selectively de- 
posited quantum wells  recorded between  the 
edge (x=0) and the center of a stripe opening. 

We evaluated quantum well thicknesses from the 
energy of the CL-signals assuming an ideal rec- 
tangular potential well with finite barrier height. 
Taking the measured variation of composition into ac- 
count, the thickness difference for adjacent CL-ter- 
races is about one monolayer GalnAs, as demonstra- 
ted in Fig.4. The absolute value of the thickness in 
fractional values of monolayers (see Fig.4) must be 
explained with non-abrupt interfaces defining the 
quantum wells. An intermediate monolayer at one or 
both InP/GalnAs-interfaces due to the exchange of As 
and P can quantitatively explain the deviation from 
ideally abrupt quantum wells and a thickness of non- 
integer multiples of monolayers [3]. 
So we conclude, that the plateaus in CL-spectra can 
be related to monolayers. Only terrace steps cor- 
responding to a thickness difference of one monolayer 
have been detected, indicating that the steps are for- 
med at one of the two InP/GalnAs interfaces. 
Obviously, surface transport processes responsible for 
the formation of this interface configuration are of 
growing importance when decreasing the thickness of 
quantum wells. 
To   influence   terrace   formation   during   MOVPE 
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Fig. 4 Terrace-like variation of luminescence 
for quantum wells (nominal thickness 0.6, 1.2, 
3, 5nm) and bulk-GalnAs. 

be seen from the outer terraces near the mask edges 
Therefore we assume, that a microscopic interface 
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Fig. 6 CL-linescans of 0.6nm quantum wells 
grown at different reactor pressures 

growth, we studied the influence of several epitaxy 
parameters. A decrease in V/III-ratio and reactor 
pressure resulted in a disappearence of terrace struc- 
ture, as illustrated in Fig.5 and 6, respectively. 
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Fig. 5 CL-linescan of 4 quantum wells and 
bulk-GalnAs grown under identical growth 
conditions, as compared to Fig. 4. 
Except :V/111a .=3 

The remaining shift in energy, especially of the thin- 
nest quantum well in Fig.5 and 6 is too small to be 
caused by monolayer fluctuations. The small line- 
width for the thin quantum wells in Fig.5 and 6 
suggests, that a lateral variation of the interface 
roughness on a much smaller scale compared to the 
exciton radius ("microroughness", Ref. [8]) must be 
responsible for the continuous energy shift. Even for 
well defined monolayer terraces, the CL-energy 
within one terraces is not accurately constant, as can 

roughness having a length scale significantly below 
the exciton radius is superimposed on discrete mono- 
layer steps. A slight change in local growth rate 
results in a variation of the heterojunction roughness. 
To gain further insight into the mechanisms respon- 
sible for the lateral distribution of monolayer steps, 
we studied the influence of growth interruptions when 
switching from one material system to the other. 
Fig.7 demonstrates the effect of an increased H2- 
purging time at both interfaces InP-KJalnAs and 
GaInAs-»InP. 
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Fig. 7 Influence ofH2-purging at both interfaces 
on luminescence. CL-linescan ofO. 6nm quantum 
wells. 

Similar to the results in planar epitaxy, an extended 
H2-purging results in a blueshift of quantum well 
luminescence [3]. Furthermore, monolayer terrace 
formation is suppressed under these conditions. 
Asymmetric   growth   interruptions   should   clarify, 
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which interface gives rise to the monolayer steps. 
We started experiments with AsH3-purging at the 
upper    (GaInAs-»InP)    and   the   lower    interface 
(InP-*GaInAs). 
Fig.8 shows CL-scans of three samples, grown with- 
out AsH3-purging as reference, with 5sec AsH3- 
purging at the lower and 5s AsH3-purging at the 
upper interface. The V/III-ratio of 7 for GalnAs- 
growth was chosen rather low to inhibit terrace for- 
mation. 
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Fig. 8 CL-linescans of 0.6nm quantum wells. 
Influence of AsHrpurging at the upper and 
lower interface (InP-+GaInAs). Only scan (A) 
shows a step-like shape. 

Additional AsH3-supply at the lower interface results 
in a strong redshift and regain of monolayer steps. 
The equivalent AsH3-supply at the upper interface 
doesn't seem to have such a strong influence. 
We conclude that the lower interface might be crucial 
for the generation of terrace-steps. Nevertheless, our 
experiments have so far not been able to prove, 
whether the monolayer steps are located at the upper 
or lower interface. Earlier experiments [3] indicated 
that monolayer steps might be located at the upper 
interface. Appropriate experiments with growth inter- 
rupts will provide more information. 

Summary 

In summary, we investigated optical properties of 
selectively deposited quantum wells. As expected for 
selective MOVPE, composition and growth rate of 
bulk layers and quantum wells with thicknesses above 
6nm are determined by gas phase diffusion. Thin 
quantum wells (Lz<6nm) showed a clearly visible 
thickness variation in monolayer steps. The mono- 
layer steps are extended at least over several 10/xm 

depending on the mask pattern. Their formation can 
be influenced by the growth conditions, especially 
growth interruptions at the heterointerfaces. Based on 
our recent experiments, the lower interface (InP-* 
GalnAs) is supposed to be crucial for the generation 
of monolayer steps. 
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High-mobility G^^In,, 53As/InP heterostructure by atmospheric 
pressure MOVPE using cyclopentadienyl indium 
M. Usuda, K. Sato and RTakeuchi 
Showa Denko K.K. Chichibu Works 
KOnuma and T. Udagawa 
Showa Denko K.K. Chichibu Research Laboratory 
1505 Shimokagemori, Chichibu. Saitama 369-18, JAPAN 

Lattice matched Ga047In0 53As/InP heterostructure was grown by atmospheric-pressure MOVPE reaction 
system using monovalent cyclopentadienyl indium (C5H5In). The heterointerface characteristics were 
evaluated using double crystal X-ray diffraction method and wedge TEM technique. The reaction 
system gave Zia/a=2.95xl0"4 accompanied with smooth mirror-like surface. The abrupt Ga047 

In^As/InP heterointerface was also given. The lattice matched heterostructure showed electron 
mobilities of n 300K=12700cm2/Vs atns300K=4.2xlOncm-2and i± 77K=108000cm2/Vs atns77K=3.9xlO"cm-2. 

SA3.3 

1. INTRODUCTION 

Lattice matched Ga0 47In0 53As/InP heterostructure 

has been applied to key materials as millimeter- 

wave electronic and optical communication devices. 

Metalorganic vapor phase epitaxy (MOVPE) 

method is one of promising techniques to obtain the 

heterostructure. Metalorganic VPE of indium based 

layers under atmospheric-pressure has, however, 

serious polymerization problem between group V 

hydrides and conventional trialkylindium precursors, 

such as trimethylindium ((CH3)3In) and triethyl- 

mdium  ((C2H5)3In)  [1-4]  . 

Previous paper has been reported that monovalent 

cyclopentadienyl indium (C5H5In) is promising 

indium precursor for atmospheric-pressure growth of 

InP [5] . Cyclopentadienyl In decomposes readily 

to metallic indium and cyclopentadiene (C5H6) 

around 250°C [5] and has attractive features as 

follows: 

1) Lewis basic nature which allows to prevent poly- 

merization with Lewis base PH3. 

2) Rare carbon contaminator for the resultant layers 

because of thermal stability of C5H6. 

In this paper, Ga^In,, 53As/InP heterostructure is 

grown by atmospheric-pressure MOVPE using 

monovalent C5H5In and characterized. 

2. EXPERIMENTAL 

GalnAs/InP heterostructure was grown on the 

(100) mirror surface of Fe-doped InP substrate by 

atmospheric-pressure MOVPE at 570-640°C. The 

heterostructure was consisted of 4000 A GalnAs 

and 1000 A InP. Phosphine (10% in H2) and AsH3 

(10% in H2) were used as Group V sources. In the 

growth, C5H5In was kept at 50°C and was carried 

with 120 SCCM of Pd-purified H2 into quartz 

reactor equipped with RF heating system. The H2 

transporting gas was kept at 6 SLM. Flow rates of 

gases were adjusted precisely using He-leak-tight 

mass-flow controllers. These conditions gave a 

growth rate of about 25 nm/min. 

The lattice match between Ga047In053As and InP 

layers was characterized using double crystal X-ray 

diffraction method and wedge TEM technique. The 

uniformity in electron mobility of 2" $ Gat- 

ing ä3As/InP heterostructure wafer was measured 

using array of Hall element possessing Au/Ni/AuGe 

ohmic contact. 
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(a) x=0.43 

(b) x=(t 4" 

(c) x=0.51 

InP-Sub. 

Zla/a=2.95X10-4 

G^47In053As 

J ^-i__ 
Fig.  2.  X-ray  diffraction pattern  of Ga047In05,As/InP 
heterostructure. 

10M m 

Fig. 1. Nomarski interference photographs of Gax- 
In,.xAs/InP heterostructure at various Ga 
corriposition(x). (a) x=0.43, (b) x=0.47 and (c) x=0.51 

3. RESULTS AND DISCUSSION 

3-1.     Crystallographic     Characterization     of 

Ga047In053As/InP Heterostructure 

Figure 1 shows Nomarski interference 

photographs of GaxIn,.xAs/InP heterostructure at 

various Ga composition (x). Gallium composition 

was evaluated based on the lattice constant by 

double crystal X-ray diffraction measurement. The 

surface morphology was drastically changed with 

Ga composition. Extremely smooth mirror-like 

surface was obtained at x=0.47 (Fig. 1-b). X-rav 

diffraction pattern at the composition indicated the 

heterointerface fairly gave lattice matched structure 

with ZW'a=2.95xl 0"4 as shown in Fig. 2. Contrary 

to this, mirror-like surface was difficult to obtain 

at the region far from x=0.47. The surface with 

circular hillocks was obtained at x=0.43 (Fig.l-a). 

At x=0.51, cross-hatched pattern was observed (Fig. 

1-c). 

Figure 3 shows the Ga047In053As/InP hetero- 

structure interface revealed by wedge TEM 

technique. The heterointerface have superior 

abruptness without presence of obvious interface 

strain. 

t -H 
'\::«;j mm 

Ga<1.47][n«.53AS 

InP 

20ÖÄ 

Fig   3.  Wed«e TEM photograph for the interface of 
Ga047In()_„As/lnP heterostructure. 
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Table 1.   Electrical properties of Ga o. 4? In o. 53 As/In? heterostructure grown by 
atmospheric-pressure reaction system using C 5 H 5 In. 

Layer Mobility(cm 2 /Vs) Sheet Carrier C01 
300K 

icentration(cm      ) 

No. 300K                      77K 77K 

1 11500                    80000 6.4 X 10 ' ' 8.0 X 10 M 

2 10500                    70000 5.0 X 1011 6.9 X 10 ll 

3 10000                    76000 9.3 X 10 " 7.0 X 10 ' ' 

4 9000                    74000 2.4 X 10 12 1.2 X 10 12 

5 12700                  108000 4.2 X 10" 3.9 X 10 ' ' 

3-2. Electrical Properties of   Ga0Jn05i4s/InP 

Heterostructure 

Electrical properties were evaluated by Hall effect 

measurements utilizing Van der Pauw geometry and 

Hall element array. 
Table 1 summarizes the electrical properties of 

Ga047In053As/InP heterostructure obtained by Van 

der Pauw method. The compensation ratio, 

K=(ND+NA)/(ND-NA), were calculated based on 

the theoretical relations between mobility for 

electrons and free electron concentration in 

Gao.47Ino.j3As at 300K [6] . The compensation 

ratio of Ga047In053As/InP heterostructure ranged 

between 1 and 2. The relatively lower 

compensation ratio may probably due to the less 

carbon contamination in the Ga047In0 53As layer. 

The maximum mobility was ß 300K= 12700 cmVVs 

at ns3o0K=4.2xlOucm-2and ß 77K=108000 cm2/Vs at 

ns77K=3.9xl0"cm"2 as listed in Table 1. 

The uniformity in electron mobility of 

Ga047In053As/InP heterostructure was measured 

utilizing Hall element array with 400 ß m pitch as 

shown in Fig. 4. The mobility had homogeneous 

distribution over 2 inch diameter wafer (Fig. 5). 

The heterostructure epitaxital wafer gave the 

average mobility of 9150 cm2/Vs at n =7x10 "cm"2. 

Coefficient of variation in mobility was 0.2%. 

200 /zm 
1 « 

Fig. 4. Microscopic photograph of Hall-element array 
with 400 u m pitch. 

S 

0.7 

O 

X 0.5 

o 
s 

AVE.=9150cmVVs 
S.D.=19.2cmVVs 

C.V.=0.2% 

  

  ...... 

Distance from center  (mm) 

Fig.   5.   Uniformity   in   electron   mobility   of  2"    0 
Ga047ln0!,As/InP heterostructure. 
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A Hall effect device fabricated utilizing the high 

mobility characteristics also gave high product- 

sensibility of 870 V/AT. The obtained sensitivity is 

maximum value for Ga^In,, 53As/InP heterostructure 

Hall effect device reported so far [7]  . 

4. CONCLUSION 

The atmospheric pressure MOVPE system using 

monovalent C5H3In has potential advantage for high 

quality Ga047In0 53As/InP heterostructure with abrupt 

heterointerface. The reaction system allows to give 

both high electron mobility over 9000 cm2/Vs and 

homogeneous mobility distribution. 
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Selective MOVPE growth of InGaAsP and InGaAs using TBA and TBP 

Y.Sakata, 'T.Nakamura, *S.Ae, "T.Terakado, Y.Inomoto, 'T.Torikai and H.Hasumi 
ULSI Device Development Laboratories, 'KANSAI Electronics Research Laboratory 

NEC Corporation 

2-9-1 Seiran, Ohtsu, Shiga, 520, Japan 

Introduction 

Tertiarybutylarsine (TBA) and Tertiarybutylphosphine (TBP) are promising precursors as the substitute 
for Arsine (AsH3) and Phosphine (PH3), because of their low toxicity and high decomposition efficiency 
leading to excellent controllability of group-V composition[l]. On the other hand, selective MOVPE growth 
technology is one of the most attractive method to realize integrated MQW waveguide devices, such as 
DFB-LD/ EA modulator integrated light source [2][3], because the in-plane bandgap of MQW can be 
controlled only by changing a dielectric mask geometry [2][3][4]. However, unintentional compositional 
change is also introduced into barriers and SCH layers in the MQW waveguide, which results in complicated 
bandgap control and the net strain increase. In this paper, we have demonstrated selective MOVPE growth of 
InGaAs(P) using TBA / TBP for the first time, and shown the difference from conventional selective growth 
using AsH3 / PH3. Finally, we proposed the selectively grown MQW structure to overcome the above mentioned 
problem. 

Experimental procedure 
MOVPE growth was performed in a horizontal 

reactor at a temperature of 625 °C and a pressure of 
75Torr. Trimethylindium(TMIn) and Triethyl- 
gallium (TEGa) were used as group- HI source 
materials, (a) TBA, TBP and (b) AsH„ PH3 were 
used as the group-V source materials. Typically 
lOOnm thick Si02 film was deposited on a (100) 
just oriented Sn-doped InP substrate by 
atmospheric CVD method. Then a pair of Si02 

mask stripes was patterned by a conventional 
photolithography technique and wet etching with 
buffered HF solutions. The mask stripe width Wm 

was varied from 4 to 22// m and the open stripe 
width W0 was fixed to 2 ft m. These stripes were 
formed in the [Oil] directions. This stripe mask 
pattern was formed on considering direct 
waveguide formation by epitaxy without etching 
process [2][5]. A ridge InP /InGaAs(P) /InP DH 
structures were grown on the open stripe region. 
Typical growth rates on unmasked area are 0.5 ft 
m/h for InP, 0.4 ft m/h for InGaAs and InGaAsP. 

SEM observations were used for evaluating the 
selective growth structure and growth rate. Micro- 

probe Photoluminescence (PL) measurements at 
room temperature were used for estimating the 
bandgap wavelength of selectively grown layers, 
where Ar laser beam was focused to a 1 ft m in 
diameter with exciting light power density of 
60kW/cm2. 

Figure 1. A cross section SEM photograph of 
selectively grown InP/InGaAs/InP ridge structure 
using TBA/TBP 
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Structure of selectively grown layer 
The SEM cross section for selectively grown 

InP/InGaAs/InP layers using TBA and TBP is 
shown in Fig.l. Smooth interfaces surrounded by 
(100) top surface and (111)B side facets were 
realized, and no edge growth was observed. This 
structure is as excellent as the conventional 
selective MOVPE growth using AsH3/PH3 [4] [5]. 
Furthermore, no polycrystal was appeared on the 
Si02 masks. 

Compositional changes of selectively grown 
layers 

The PL wavelength shifts versus Wm, for 
several composition of InGaAs(P), was shown in 
Fig.2. In this figure, wavelength shifts were 
defined as the PL wavelength shift from the 
minimum mask width (Wm=4^ m) region. Every 
InGaAs(P) were grown by using TBA/TBP. They 
show the PL wavelength shift toward longer side 
with increasing Wm. These wavelength shifts were 
caused by growing compressive strained (In-rich) 
InGaAs(P). This feature is explained as long 
diffusion length and fast incorporation of indium- 
containing species rather than gallium-containing 
species [6]. The wavelength shift (composition 
change) is increasing with longer bandgap- 
wavelength InGaAs(P). This behavior can be 
explained by following mechanism. The short 
bandgap- wavelength InGaAsP has a large indium 
content at the initial state, therefore, it is hard to 
increase the indium content, compared with the 
long bandgap-wavelength InGaAs(P). 

Figure 3 shows the PL wavelength of 
selectively grown InGaAsP as a function of Wm, 
comparing the selective growth using (a)TBA/TBP 
and (b) AsH3/ PH3. PL wavelength shifted toward 
longer side with increasing Wm for both 
(a)TBA/TBP and (b) AsH3/ PH3. These wavelength 
shifts were mainly brought by the indium- 
increasing mechanism. The PL wavelength shift of 
the (a)TBA/TBP grown InGaAsP was less than that 
of the (b) AsH3/ PH3 grown InGaAsP. This 
difference was occurred by the high decomposition 
rate or fast incorporation rate of indium-containing 
species with the presence of AsH./ PH3. 
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Figure 2. PL wavelength shift of selective grown 
InGaAs(P) from the minimum mask width (Wm=4 
p. m) as a function of Wm ,for several composition 
InGaAs(P). Q means InGaAsP (Quarternaly), and 
the numbers show the bandgap wavelength at 
unmasked region. All InGaAs(P) were grown by 
using TBA/TBP. 
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Figure 3. PL peak wavelength of selective grown 
InGaAsP versus Wm, comparing (a)TBA/TBP and 
(b) AsH3/PH3. V/m ratio is 90 for both (a) and (b). 



In Fig.3, both InGaAsP grown by (a)TBA/TBP 
and (b)AsH3/PH3 were used the same TMIn, TEGa 
flow rate, however, PL wavelength at unmasked 
area of (b)AsH3/PH3 was about 60nm shorter than 
that of (a)TB A/TBP. This phenomenon means that, 
AsH3/PH3 caused the high decomposition or fast 
incorporation of In-containing species, compared 
with TB A/TBP. 

The wavelength shift also strongly depends on 
the vapor phase lateral diffusion length (Ld) of 
group- III source materials on the mask region. The 
growth rate of selectively grown layer is a function 
of Ld and Wm. We measured the relationship 
between growth rate and Wm to investigate the Ld. 

Growth rate enhancement and vapor phase 
lateral diffusion length 

The normalized growth rate (d/d0) of selectively 
grown InGaAsP using both (a)TBA/TBP and (b) 
AsH3/ PH3 are shown in Fig4. In this figure, one can 
see that there are two modes of growth rate 
enhancement. The former appears in Wm<4~5 p. m 
region and indicates the effect of surface migration 
from Si02 masks[7]. The latter appears in Wm>4~ 
5 fj. m region and shows the effect of the vapor 
phase lateral diffusion. The effect of surface 
migration is very small, so that ,we considered only 
the vapor phase lateral diffusion effect. In Fig.4, 
the experimental data were adjusted by the 
following approximate equation, which is based on 
a consideration of one dimensional vapor phase 
lateral diffusion. 

d/d0= 1 +k • (Wm-4) ■ exp{-(Wm-4)/2Ld} , 
where Ld is the vapor phase lateral diffusion length 
of group- IH species, and k is the adjustable 
parameter related to the incorporation rate, 
respectively. This calculation is available for the 
effect of lateral vapor phase diffusion, so that, the 
starting point was set on Wm=4 fx m. From this 
result, Ld of (a)TBA/TBP growth is smaller than 
that of (b)AsH3/ PH3 growth. To make clear the 
origin of Ld difference, InGaAs(P) was selectively 
grown using TB A/TBP or AsH3/PH3 with several V 
/m ratios. The dependence of Ld on the V/M ratio 
is  summarized  in  Fig.5.  In  this  figure,  Ld  of 

(a)TBA/TBP is smaller than that of (b) AsH3/ PH3 

at a given V/HI ratio. Because TBA and TBP have 
higher decomposition efficiency, there are a lot of 
group-V radicals (such as AsH2, AsH, PH2, PH) on 
the crystal and Si02 mask surfaces. These radicals 
reduce the mean free path of group- El sources, and 
lead to a parasitic reaction. Therefore, Ld decreased 
with higher V/ÜI ratio. 

InGaAs(P)- 

do dII 

*& 
V/////S. 

H l Wm I Wo  l Wm 

d/do=1 +k- (Wm-4) -exp{-(Wm-4)/2Ld} 
L d: lateral diffusion length (vapor phase) 
k : constant 

2.2 

O     2 

1.8 

InGaAsP 

(b)AsH3,PH3 

Ld=20 ft m a • 

{  (a)TBA,TBP 
Ld=12//m 

25 5        10       15       20 

Mask width Wm [/x m] 

Figure 4. Schematic cross section of selectively 
grown layer (upper), and Normalized growth rate 
of InGaAsP against the Wra. V/M ratio is 90 for 
both (a)TB A/TBP and (b) AsH3/ PH3. The solid and 
dashed lines are fitting curves as a parameter of Ld. 

Application 
Vapor phase lateral diffusion length Ld, using 

TBA/TBP, can be widely controlled over the wide 
range of V/III ratio, even in the low V/ÜI ratio. 
This feature enables to relieve the problem of the 
selective MOVPE grown MQW waveguide 
structure, which has unintentional composition and 
thickness changes in barriers and SCH layers. In 
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other words, selectively grown MQW waveguide , 
which consists of the well layers grown by 
TBA/TBP with lower V/1H ratio and the barrier / 
SCH layers grown by those with higher V/W ratio, 
has the advantage of improving the bandgap 
controllability and reducing the net strain of MQW, 
simultaneously. 

35 

(b)AsH3)PH3 

(a)TBA,TBP 

-•-• 

20     40     60      80 

V/lll    ratio 

100 

Figure 5.    Dependence of lateral diffusion length 
on V/m ratio for (a)TBA/TBP and (b) AsH3/ PH3. 

Conclusion 
Selective MOVPE growth of InGaAs(P) on 

mask-patterned InP substrate using TBA/TBP was 
investigated for the first time. Selective growth 
was achieved with no polycrystal on the Si02 

masks. Several compositions of InGaAs(P) were 
selectively grown and the bandgap wavelength 
shifts were evaluated against the mask width. 
Larger wavelength shift was observed with longer 
bandgap wavelength InGaAs(P). From the 
measurement of growth rate enhancement, vapor 
phase lateral diffusion length was estimated for 
several InGaAs(P) with various V/HI ratio. It was 
made clear that lateral diffusion length of group- 
El species using TBA/TBP can be widely 
controlled over the wide range of V/III ratio, even 
in the low V / El ratio. From this feature, the 
selective MQW growth using TBA/TBP have more 

excellent bandgap controllability than that using 
AsH3/ PH3, so that it is extensively expected to 
realize the high performance integrated MQW 
optical waveguide devices. 
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Abstract 

We have investigated strain-compensated InGaAs/InGaAsP multiple-quantum well (MQW) structures grown by 

metal-organic vapor phase epitaxy on (001) GaAs substrates, by using photoluminescence (PL) measurements and 

transmission electron microscopy (TEM). It was found that the lattice distortion in and near the MQW structures caused 

by compressive strain in InGaAs wells was reduced far below the levels of ordinary InGaAs/GaAs MQW structures 

when tensile-strain InGaAsP barriers were introduced. Furthermore we have fabricated 0.98-|J.m laser diodes (LDs) with 

the strain-compensated QW active layer, and found that the mean time to failure of such LDs is expected to be three to 

four times longer than that of LDs with ordinary GaAs barriers. 

Introduction 

Recently, strain-compensated multiple quantum 

well (MQW) structures have attracted much attention as 

the active layers of semiconductor laser diodes (LDs) [1- 

3]. It has been reported that the maximum number of 

QWs and maximum strain in the QWs that can be 

attained without causing misfit dislocations can be 

increased by strain compensation [3], which has 

improved device properties [1-3]. However, there have 

been few reports which study the effect of strain 

compensation on the reliability of semiconductor laser 

diodes (LDs) [4]. Furthermore, many of these studies 

dealt with MQWs grown on InP substrates, and there 

have been few reports on strain-compensated MQWs on 

GaAs substrates [5]. In this study, we grew strain- 

compensated QWs consisting of compressivc-strain 

InGaAs wells and tensile-strain InGaAsP barriers 

(hereafter referred to as strain-compensated 

InGaAs/InGaAsP QWs) on GaAs substrates, and studied 

the effect of strain compensation on the reduction of the 
843 

lattice distortion in and near the strained MQWs by using 

photoluminescence (PL) measurements and transmission 

electron microscopy (TEM). Furthermore, we fabricated 

0.98-|i.m LDs with a strain-compensated 

InGaAs/InGaAsP QW active layer, and found that the 

mean time to failure (MTTF) of such LDs is expected to 

be three to four times longer than that of LDs with 

conventional GaAs barriers. 

Experiments 

InO.2GaO.8As/InGaAsP and InO.2GaO.8As/ GaAs 

MQW structures were grown on (001) GaAs substrates 

by metal-organic vapor phase epitaxy (MOVPE). The 

growth temperature was 650°C and the growth pressure 

was 40 torr. Triethylgallium (TEGa), trimethylindium 

(TMIn), arsine (AsH3), and phosphine (PH3) were used 

as source materials. For PL measurements and cross- 

scclional TEM analysis, 70-nm-thick GaAs buffer layers, 

170-nm-lhick InO.48GaO.52P layers lattice-matched to 

the   GaAs   substrates,   the   active   layers,   and 



InO.48GaO.52P layers were grown successively after the 

substrates were heated to the growth temperature in an 

AsH3 atmosphere. PL measurements were carried out at 

room temperature using the 514.5-nm line of an argon- 

ion laser. To evaluate the lattice mismatch (Aa/a) 

between the GaAs substrates and the InGaAsP barriers, 

70-nm-thick InGaAsP layers were grown on the 

substrates. The lattice mismatch was measured by X-ray 

diffraction. 

Figure 1 shows the strain-compensated MQW 

structure. 5-nm-thick InGaAsP layers were inserted 

between the InGaP layers and the active layers to avoid 

InGaP/GaAs interfaces. Four types of barriers were 

studied. The Aa/a of these barriers are listed in table 1. 

The QWs were InO.2GaO.8As layers which were 

compressively strained on GaAs substrates with a lattice- 

mismatch of about 1.4%. The InGaAs layers are 7-nm 

thick; below the theoretical value of critical-layer 

thickness (about 15 nm) [6]. The thickness of the 

InGaAsP and GaAs barriers was 8 nm. 

InGaAsP 
(Aa/a:0%) 
5 nm 

InGaP 

InGaAsP barriers 
(Aa/a: 0.3%, tensile) 
8 nm 

InGaP 

InGaAs wells 
7nm 

Fig. 1 Schematic figure of the strain-compensated 
MQW structure. Aa/a is lattice mismatch between 
the barriers and GaAs. The vertical direction 
shows comparative bandgap energies. 

Table 1 Materials of barriers and Aa/a 
between the barriers and GaAs. 

material Aa/a 
a GaAs — 

b InGaAsP 0% 

c InGaAsP 0.3%, tensile 
d InGaAsP 0.6%, tensile 

Results   and   discussion 

Photoluminescence   properties 

Figure 2 shows the dependence of the peak PL intensities 

of the QW structures with the four types of barriers on 

the QW number. For each case, when the number of 

QWs was small, PL intensities strengthened as the 

number of QWs increased, because of the enlarged light- 

emitting region. However, in the case of MQWs with 

GaAs barriers, the PL intensity dropped when the well 

number exceeded 3, and cross-hatch patterns appeared on 

the samples when the well number exceeded 2 as 

indicated by shadow in the figure. On the other hand, 

when InGaAsP (Aa/a: 0%) barriers were used, PL 

intensities increased until the number of QWs exceeded 7, 

and no cross-hatch pattern was seen on the samples with 

the well number below 5. As the InGaAsP (Aa/a: 0%) 

was almost lattice-matched to GaAs, this result shows 

that dislocations are more easily created in GaAs than in 

InGaAsP. Furthermore, no cross-hatch patterns or 

decreased PL intensities were seen for MQWs with either 

0.3 or 0.6% tensile-strain barriers, even in the case of 15 

QWs. This shows that, by strain compensation, the 

maximum number of QWs without cross-hatch patterns 

on the samples can be increased; by more than 7 and 3 

times larger than those in the case of GaAs barriers and 

InGaAsP (Aa/a: 0%) barriers, respectively. 

1.4 
InGaAsP 
(Aa/a : 0.3%,    » A 

un
it)

 to
 

tensile) 

si   1.0 
InGaAsP 
(Aa/a: 0.6%, 

£> 0.8 tensile) 

in
te

ns
 

o
 

\     InGaAsP 

OH 
s^i  (Aa/ a : 0%) 

0.4 

n? 

GaAs 

i    I   i    1   i   1 .i.i.i. 

0    2    4    6    8   10   12   14   16   18  20 

QW number 

Fig. 2 Dependence of PL intensities of InGaAs/GaAs 
and InGaAs/InGaAsP QW structures on well number. 
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Cross-sectional  TEM   analysis 

Figure 3 shows cross-sectional TEM photographs of an 

InGaAs/GaAs single QW structure. Figures 3 (a) and (b) 

are the photographs of the same sample at the same 

position, except that in the case of Fig. 3 (b), the 

electron beam was applied to the sample at an angle at 

which thickness fringes are not observed. In Fig. 3 (a), 

thickness-fringe bending is seen over more than 10-nm- 

thick region in GaAs layers. On the other hand, the 

InGaAs/GaAs interface region is about 1-nm thick, as 

can be seen in Fig. 3 (b). Therefore, this thickness fringe 

bending is due to lattice distortion in GaAs layers. 

(;i) ihi 

Figure 4 (a) and (b) are cross-sectional TEM 

photographs of InGaAs strained MQW structures with 

GaAs barriers and InGaAsP barriers (Aa/a: 0.3%, tensile), 

respectively. The number of QWs is 5 for Fig. 4 (a) and 

15 for Fig. 4 (b). In Fig. 4 (a), strong thickness-fringe 

bending in GaAs barriers can be seen as in Fig. 3 (a). On 

the other hand, in the case of InGaAsP barriers, almost 

no thickness-fringe bending is seen (Fig. 4 (b)), and the 

lattice distortion in the MQW structure is thought to be 

reduced in the case of InGaAsP barriers. 

Figures 5 (a) and (b) are the wide view 

photographs of Fig. 4 (a) and (b), respectively. In Fig. 5 

(a), thickness-fringe bending due to lattice distortion is 

seen in regions more than 100-nm thick in the InGaP 

layers near the MQW layers. On the other hand, in Fig. 5 

(b), no thickness-fringe bending is seen, although the 

number of QWs is three times larger than that in Fig. 5 

(a). This means that the lattice distortion near the MQW 

structure is reduced by the reduction of average strain in 

the strain-compensated MQW structure. 

Fig. 3 Cross-sectional TEM photographs of 
an InGaAs/GaAs strained QW structure. 

(a) GaAs barriers (b) InGaAsP barriers 

Fig. 4 Cross-sectional TEM photograghs of InGaAs 
strained QW structures with GaAs barriers (a), and 
InGaAsP (Aa/a : 0.3%, tensile) barriers (b). 

iirwSSjSfS 

(a) GaAs barriers (b) InGaAsP barriers 

Fig. 5 Cross-sectional TEM photograghs of InGaAs 
strained QW structures with GaAs barriers (a), and 
InGaAsP (Aa/a : 0.3%, tensile) barriers (b). 
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Reliability   of  0.98-nm   LDs 

To study the effect of strain compensation on the 

reliability of 0.98-pn LDs, we fabricated two types of 

LDs: one with tensile-strain InGaAsP barriers (Aa/a: 

0.3%) and the other with GaAs barriers. For both 

structures, the active layers had a single QW. The LD 

structures are described elsewhere [7]. Figure 6 shows the 

increase in percent of these LDs' drive current (AI) at 

1000 hours for a constant optical power output of 100 

mW at temperatures of 50 and 90°C. For both 

temperatures, the Als of the LDs with InGaAsP barriers 

are three to four times smaller than with GaAs barriers. 

This means the mean time to failure (MTTF) of these 

LDs with tensile-strain InGaAsP barriers is three to four 

times longer than with ordinary GaAs barriers. This 

improvement in reliability can be attribuicd to the 

reduction of lattice distortion by the strain compensation. 

Conclusion 

To investigate the effect of strain-compensation 

on the crystal quality of strained InGaAs MQW structures 

on GaAs substrates, we grew strain-compensated QWs 

with compressive-strain InGaAs wells and tensile-strain 

InGaAsP barriers on GaAs substrates by MOVPE. By 

PL measurements and cross-sectional TEM analysis, it 

was found that lattice distortion in and near the QWs can 

be reduced by introducing tensile strain InGaAsP barriers. 

Furthermore, we have found that the MTTF of 

0.98-|im LDs with tensile-strain InGaAsP barriers is 

expected to be three to four times longer than that of 

those with ordinary GaAs barriers. This means that the 

reduction of lattice distortion by strain compensation 

leads to the improvement of 0.98-|im LDs, and also 

shows that strain compensation is a good way of 

achieving high reliability in strained QW LDs. 
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NEW QUANTUM FUNCTIONAL DEVICES 
—Present Status and Future Prospects of RHET Technology~ 
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Recent research in semiconductor device technology seems to be aimed at reducing 
costs and decreasing power dissipation, rather than developing new and advanced 
semiconductor devices. I believe however, that the need to reduce device sizes will 
continue, even into the next century. When devices enter the nanometer scale, quantum 
mechanical effects play an important role in the device's function; therefore, it is 
important to continue basic research in this area to cultivate these new "nanoelectronic" 
devices. 

Recent quantum effect nanometer-scale devices can be divided into three categories. 
1) Quantum wave devices, which use the electron-wave transport and control the phase 

of the electron wave. 
2) Quantum functional devices, which use quantum effects, such as size and tunneling 

effects in ultrafine structures. 
3) Atomic or molecular devices, which use the motion of the atom or molecule. 

Single electron devices could be included in quantum functional device category. This 
paper reviews our research activities on quantum functional devices and discusses our 
future research direction. 

SB3.1 
(Invited) 

RHET Technology 

In 1985, we proposed and demonstrated a 
Resonant-tunneling Hot Electron Transistor, or 
RHET [1], which uses a resonant-tunneling 
barrier as an electron injector. When a particular 
voltage is applied to the base, the resonant- 
tunneling effect injects electrons from the emitter 
to the base. Electrons that survive scattering in 
the base region and reach the collector make up 
the collector current. When the base voltage 
increases further, the resonant-tunneling is less 
and the collector current decreases; therefore, the 
RHET exhibits a negative transconductance. 
Using this RHET, we decreased the number of 
transistors needed in full adders to about one 
fourth that of conventional bipolar circuits. The 
RHET could be called the first functional quantum 
effect device. 

Although this RHET circuit used fewer 
transistors, it used many resistors. To overcome 
this drawback, we developed a double-emitter 
RHET [2] [3]. The double-emitter RHET shown 
on the right in Fig. 1 is essentially the same as the 
RHET on the left, but it has separate emitters and 
no base electrodes. 

Under normal bias conditions in the 
conventional RHET, electrons in the emitter are 
injected into the base layer. Electrons scattered in 
the base region, drain to the base electrode. The 

double-emitter RHET turns on when the voltage 
difference between the emitters exceeds a certain 
threshold, that is the sum of the emitter barrier's 
forward and reverse turn-on voltages. The low 
potential emitter works as an injector of electrons 
and the high potential emitter works as a sink for 
scattered electrons, like the base contact of 
conventional RHETs. Thus, the emitter plays a 
different role depending on its potential. When 
the two emitters have the same potential, either 
both high or both low, the RHET goes off. 

Emitter   ResonanMunneling 
Base      p^j    barrier ^ 

Emitters 
E1 E2 
^3,   .rera. 

Collectorbarrief'^   ™leCt0r Icollectortorierl ,  C°llector 

Conventional RHET Double-emitter RHET 

Fig. 1  RHET structures & band diagrams 
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We plotted the characteristics of a double- 
emitter RHET with different voltages VEE applied 
between two emitters (Fig. 2). Bold solid curves 
indicate the I-V characteristics of the emitter Ei. 
The El turns on when a voltage Vth is supplied to 
this emitter. The emitter current peaks at Vp and 
reaches a minimum at Vv. The lighter solid line is 
the load line used to determine the operating 
points with an open collector. 

When VEE exceeds the sum of the emitter 
barrier's Vth values (Fig. 2(a)), the emitters turn 
on and electrons are injected from Ei into the base 
layer. With positive collector voltages, the 
collector current flows. Electrons scattered in the 
base region pass through E2, which acts as a sink 
for electrons, much like the base electrode in a 
conventional RHET. Band diagram in this 
operation is shown on the right bottom in Fig. 1. 
Hence, the emitter electrode works as both an 
emitter and a base depending on its potential. 
Since the transistor does not need a base contact, 
the fabrication process is easier and the device 
structure more flexible than that for a single- 
emitter RHET. The emitter mesa etching 
tolerance increases and the base layer's range of 
acceptable thicknesses and doping levels is wider. 

As VEE increases, the emitter current increases 
and peaks at around 2 Vp, see Fig. 2(b). When 
VEE increases further, both emitters enter 
nonresonant states, shown in Fig. 2(c), where Si 
and S2 [2] are in bistable states. 

Logic Circuits 
Using Multi-Emitter RHETs [3] 

Figure 3 compares XNOR gates using a 
conventional RHET and double-emitter RHET. 
The conventional RHET XNOR gate needed three 
resistors for an input-voltage adder. In the new 
circuit, we can feed the input signals directly to 
the emitters and take the collector voltage as the 
output. The output is high when the multi-emitter 
RHET is off. This condition is satisfied only 
when both inputs are the same logic level. When 
one input is low and the other high, the potential 
difference between the two electrodes exceeds the 
threshold, and the transistor turns on. The output 
then goes low. This indicates that the circuit acts 
as an XNOR gate. 

We then examined a triple-emitter RHET 
structure, shown in Fig. 4. We fed three input 
signals to the three emitters and took the collector 
voltage as the output. The output is high when the 
triple-emitter RHET is off. This condition is 
satisfied only when all the inputs are the same 

logic level. When a low level and a high level 
input occur together, the potential difference 
between the two electrodes exceeds the threshold 
and the transistor turns on, bringing the output 
lpw._ The circuit's logic is described as ABC + 
ABC, and it functions as three input AND/NOR 
gate. Since the subtraction of input voltages is 
done in the transistor, no external elements except 
a load resistor are needed. We can also increase 
the number of emitters. 

VP  ♦      V 
"EE 

Fig. 2 Operation of double-emitter RHET 

Conventional Double-emitter 

Fig. 3   Comparison of RHET XNOR gates 

E1     E2   E3 
ABC+ABC 

3-input AND/NOR 

Fig. 4 Triple-emitter RHET structure 
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Memory   Circuits Using Multi-Emitter 
RHETs [2] 

We can also use a double-emitter RHET as a 
static memory cell (Fig. 5) using the operating 
mode indicated in Fig. 2(c). We connected word 
lines WLi and WL2 to emitters Ei and E2- We 
also connected the bit line BL to the subcollector. 
Each emitter has an n-shaped negative differential 
resistance region, giving two stable states-S 1 and 
S2—when a suitable voltage applied between WLi 
and WL2 (Fig. 2 (c)). The electron potential of 
base region B is higher for Si than S2- 

The main feature of this device is its read and 
write operations, which use its collector barrier 
current-voltage characteristics, shown on the right 
bottom in Fig. 5. No current flows when the 
base-collector voltage is low. The current 
increases and decreases quickly with collector- 
base voltages above and below the bias 
thresholds. By applying the collector voltages 
and monitoring the collector current, we can read 
and change (write) the base potential. 

Figure 6 plots the estimated bit density of our 
new SRAM as a function of the minimum design 
rule, together with that of conventional Si 
SRAMs. The bit density of a 1-Gb Si SRAM is 
expected to reach lO^/cm^ with a minimum size 

of 0.1 u.m. It is believed that further scaling 
down for higher density is unlikely, due to short- 
channel effects, problems with making 
nanometer-scale structures, and increasing chip 
size. 

The bit density of our SRAM chip is higher 
than that of conventional SRAMs. The chip size 
of a 1-Gb SRAM is estimated to be about 1.4 cm^ 

with a 0.1 |im design rule. If our device could be 
made using 10 nm rule, a 1-Tb SRAM with a chip 
size of 14 cm^ is possible. 

Research Directions 

Emerging Technologies towards Ouantum-Dot- 
Tunneling Hot Electron Transistor (OHET) 

To be able to scale down the SRAM cell with 
down to a 10 nm design rule, we need a 
breakthrough in the device process. Recently, we 
have proposed the use of (lll)B substrates to 
make quantum dots [4]. If we use (lll)B 
substrates and anisotropic etching, we can make 
inverted tetrahedral-shaped recesses (TSR) having 
three kinds of (111)A facets, converging to a very 
sharp bottom. We attempted to make quantum dot 
structures by growing an AlAs/GaAs 
heterostructure at the bottom of the TSR. Figure 
7 is the SEM cross sectional view of the grown 

structure. The bright contrast corresponds to 
AlAs and the darker contrast corresponds to 
GaAs. The dot-like structure is 15 nm thick and 
30 nm wide. The advantage of this method is that 
we can position these artificial dots by a mask- 
window; the sizes of the dots are automatically 
reduced to less than lithographic limit. Identical 
dots can be formed based on the uniform shape of 
TSRs. I think this TSR could be used as an 
electron injector for QHETs; where valley current 
will be reduced due to prohibited phonon 
scattering during tunneling through quantum dots. 

VEE 

Fig. 5 Double-emitter RHET SRAM cell 

(14 cm2) 

1p-m 100 nm 

Design rule 
10 nm 

Fig. 6 SRAM integration densities 

<100> 

15 nm 

<111>A 

GaAs substrate 
30 nm 

Fig. 7 Quantum dot structure grown at the bottom of 
the Tetrahedral-Shaped-Recess (TSR) 
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To make electrical contacts to QHETs, we need 
a 10-nm wide wiring technique. We think that 
single crystal metals, that are lattice matched to the 
semiconductors, could be used for the wiring. 
The wiring could be embedded in the QHETs. 
Since NiAl has a negative and InAl has positive 

mismatch, a combination of NiAl and 8-InAl 
could be the same lattice constant with InP. We 
have succeeded in growing 100 monolayer thick 
InNiAl film of which surface is very smooth, 
checked by RHEED. 

Quantum Functional Bipolar Transistors 
Operating at Room Temperature 

Figure 8 shows a schematic cross section and 
energy band diagrams of a functional HBT [5]. 
The HBT has two separate emitters and no base 
electrodes. The key to this device is the use of 
heavily doped base and emitters, which allow 
band-to-band tunneling in reversed bias 
conditions. 

When emitters El and E2 are at the same logic 
level, either low or high, there is no collector 
current since the base is open. When we apply a 
positive bias on emitter 2 with respect to emitter 1, 
the base potential is pulled down due to band-to- 
band tunneling in this emitter 2. Electrons are 
then injected from the forward biased emitter 1 to 
the base region, turning the transistor on. Since 
emitters 1 and 2 are symmetric, the transistor also 
goes on when positive bias is applied to emitter 1 
with respect to emitter 2. 

The device is thus similar to the double emitter 
RHET and is switched on or off depending on the 
voltage difference between the two emitters. The 
important difference between them is that the 
multi-emitter HBTs operate at room temperature 
but do not have a negative conductance region. 

As with RHETs, by using this device we can 
reduce the number of transistors, when compared 
to conventional methods. Also this device can be 
used as functional phototransistors. 

Summary 

Using multi-emitter RHETs, logic and memory 
circuits could be constructed with fewer 
transistors and resistors. Our research on this 
quantum functional device will be going in two 
different direction. One is to scale it down further 
to make quantum-dot-tunneling transistors, 
QHETs. I described new process technology to 
make these quantum dot tunneling structures 
using a GaAs (111)B substrate, and 10 nm wiring 
embedded in device structures. 

^E1 - ^E2 Cow or h'9h) OFF 

Emitter 1 

E2| 

Emitter 2 

m VE1*VE2 

Fig. 8 Quantum functional bipolar transistor 

The other direction is to develop more practical 
quantum functional devices. One example is the 
development of a multi-emitter bipolar transistor 
which has highly doped emitter and base regions 
to allow interband tunneling. This device operates 
at room temperature and could be potentially used 
in bipolar circuits. Also this device has a potential 
to be used as a new functional phototransistor. 
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Abstract 

The noise characteristics of InP-based heterostructure bipolar transistors (HBTs) are studied from 
low frequency to microwave frequency. The non-equilibrium minority carrier transport in the thin base 
region is very effective in reducing the 1/f noise current at low frequency as well as reducing the 
uncorrelated shot noise current at high frequency. Experimentally, a very low 1/f noise corner 
frequency of 1.55 kHz is obtained in AlInAs/InGaAs HBTs with a 70 nm-thick base. This is the 
lowest 1/f corner frequency amongst any compound semiconductor devices reported to date. 
Minimum noise figures of 0.46 dB, 2.0 dB and 3.33 dB are also demonstrated at 2 GHz, 10 GHz and 
18GHz, respectively, with InP/InGaAs HBTs with a 35 nm-thick base and 3.5 um x 3.5 urn emitter. 

I. Introduction 

Heterostructure bipolar transistors 
(HBTs) with high cut-off frequencies and large 
power density have been demonstrated in the 
past few years [1-4]. The high cut-off frequency 
yields larger power gain and better power-added 
efficiency at the operating bandwidth. These 
advantages are very desirable for many 
applications such as portable transmitters in 
personal wireless communication networks. 
Many RF and microwave applications, such as 
front-end amplifiers, mixers, and oscillators, 
also require low noise over a broad operating 
bandwidth. 

Most microwave     low     noise 
applications have been dominated by compound 
semiconductor FETs such as High Electron 
Mobility Transistors (HEMTs) and Metal- 
Semiconductor Field Effect Transistors 
(MESFETs). To realize this low-noise 
performance in FETs, very fine gate geometry 
on the order of hundreds of nanometers has to 
be used. The minimum noise figure of FETs has 
a frequency dependence, and the small gate 
capacitance also makes the broadband matching 

network very difficult to realize. On the other 
hand, HBTs enjoy a more relaxed control of 
lithography dimensions and a relatively 
constant minimum noise figure over an 
extremely large bandwidth up to the current 
gain cut-off frequency, /T . The low frequency 
1// noise of HBTs is also significantly lower 
than FETs. 

There are many noise sources in an 
HBT. The dominate noise sources are: 
generation-recombination noise in the emitter 
space-charge region, shot noise sources in the 
emitter junction, and collector junctions, 
thermal (or Johnson) noise from the base 
resistance, recombination noise in the extrinsic 
base region, multiplication noise in the high 
field collector space charge region, etc. The 
collective terminal noise characteristics of an 
HBT is the interplay of these sources with the 
rest of the device equivalent circuit 

The frequency dependence of the 
spectral density of the collector noise current 
can be illustrated in Figure 1. The noise current 
spectrum shows three regions: (1) 1/f roll-off 
characteristics at low frequency, (2) a flat noise 

+ L. Fan is now with University of California, Los Angeles, CA. 
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floor over a very broad bandwidth, and (3) a 
sleep rise (- f2 ) at high frequency. The shot 
noise, thermal noise, and multiplication noise in 
the collector depletion region make the 
broadband noise floor. The g-r noise and 
recombination noise from the surface and 
impurities are dominate at low frequency. At 
very high frequency, those two shot noise 
sources in the emitter junction and collector 
junction are no longer correlated by the base and 
collector transit delays, and total noise current 
increases substantially. 

ui & 
CO FREQUENCY (In log scale) 

II. Low Frequency Noise Characteristics 

The low frequency current noise is very 
important to many applications, such as high 
precision analog-to-digital converters, ultra- 
stable microwave oscillators, etc. The low 
frequency current fluctuations in the oscillating 
device will be up-converted to the operation 
bandwidth of the high frequency oscillator, and 
the stability of the oscillating frequency (or the 
resultant phase noises) will be significantly 
deteriorated. In the commonly used GaAs metal- 
semiconductor field-effect transistors 
(MESFETs), the generation and recombination 
currents from the buffer layer as well as the 
semi-insulating substrate is the major sources of 
low frequency current noise. Devices based on 
vertical carrier transport, such as emitter-up 
bipolar junction transistors (BJTs) or 
heterojunction bipolar transistors (HBTs), are 
less sensitive to the electronic defects and 
imperfections in the buffer layer and substrate 
material, because the dominant carrier transport 
mechanism occurs in the emitter and base which 
are effectively shielded from noise sources in 
the substrate by the high electrical field in the 
collector and the highly doped and quasi-neutral 
n+ region of the sub-collector contacting layer. 

Fig. 1    Illustration of collector noise current 
power spectrum of a HBT. 
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Fig. 2 A typical low frequency noise current 
power spectrum of an HBT with 1// noise, 
Lorentzian noise from traps, and broadband 
noise  floor  from   shot   and   thermal   noise. 

In BJTs or HBTs, the generation- 
recombination (g-r) current in the emitter-base 
space charge region, the 1/f interface 
recombination current at the emitter-base 
heterointerface and the exposed external base 
region, and the g-r current from deep level traps 
in the wide-gap emitter of a HBT are major 
sources of low frequency current 
fluctuations[5,6]. A typical equivalent input 
noise current power spectrum at low frequency 
is illustrated in Figure 2. The low frequency 
characteristics shows a 1/f recombination noise, 
Lorentzian-shaped g-r burst noise from deep 
traps, and broadband white noise from junction 
shot noise and thermal noise. A figure of merit, 
fc, low-frequency corner frequency, which is 
defined as the intercept of the low-frequency 1/f 
noise roll-off and the shot noise floor. 
Previously, a low frequency noise corner 
frequency (fc) of 470 kHz was achieved in an 
AlGaAs/GaAs HBTJ7]. However, the aluminum 
mole fraction in the emitter has to be limited 
under 32% to avoid the deep trap effect in 
AlGaAs. This lowers the emitter-base bandgap 
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discontinuity in the valence band (AEV) to block 
the back injection of holes from the heavily 
doped base, and the maximum base doping 
concentration is limited. In the InP-based HBT, 
direct bandgap materials such as InP or AlInAs 
can be used as emitters. Because of the higher 
activation energy of the deep traps in these 
materials, the low frequency random-telegraphic 
noise produced by these deep traps can be 
reduced. 

The 1/f noise current of 
AlInAs/InGaAs heterojunction bipolar 
transistors (HBTs) is reduced by utilizing non- 
equilibrium minority carrier transport through 
the thin base region. The thin base thickness 
reduces the scattering of the injected minority 
carriers toward the extrinsic base region, 
while the high injection energy from the 
abrupt AlInAs emitter (AEC - 0.5 eV) reduces 
the effective interaction volume. The burst 
noise from the deep traps is also suppressed by 
the use of direct-gap AlInAs emitter with 
small electron effective mass. 

Figure 3 shows the measured input 
equivalent noise current spectral density of a 
common-emitter AlInAs/InGaAs HBT with 
70 nm-thick base and 3 x 15 urn2 emitter. 
The 1/f noise corner frequency is 1.55 kHz 
measured at 1^= 82 uA. Compared to the 
transistors of the same size but a thicker (100 
ran) base, a 10 dB reduction in the noise 
current spectral density is observed at the 
same emitter current density. This low 1/f 
corner frequency is better than most 
compound semiconductor devices and is 
comparable to the low noise silicon 
bipolar junction transistors with a 
buried base structure. 

ID. Comparison among various bipolar 
technologies 

To illustrate the low frequency noise 
characteristics among various bipolar 
technologies, we measure the noise current 
spectral density of several bipolar transistors. 
Table 1 shows the related information of these 
transistors. Except the carbon-doped AlGaAs 
HBTs, all the HBTs are fabricated with wet 
chemical etching and without wide-gap emitter 
ledges to passivate the extrinsic base region. 

Figure 4 shows the equivalent input noise 
current spectral density at 1 Hz for these 
transistors measured at various emitter current 
density. The horizontal axis of the emitter 
current density is also normalized by the 
perimeter-to-area ratio to minimize the 
geometrical variation of these devices. 

At low operating current, the high 
frequency current gain or even power gain is 
dominated by the dynamic emitter-base junction 
resistance of low emitter current. In this way, we 
may think of the horizontal axis as the operating 
frequency. For a given operating current 
density, the AlInAs/InGaAs HBTs with a very 
thin base width have the lowest 1/f noise 
spectral density even without a passivated 
extrinsic base. The silicon BJT has a diffused 
base structure and a very good 1/f characteristic 
at low current density. Because of the high 
recombination velocity of the GaAs surface, 
GaAs-based HBTs have rather high noise 
current at low current density. The noise current 
of InGaP/GaAs HBTs is improved by utilizing 
the direct-gap InGaP emitter. To improve the 
low frequency noise, effective surface 
passivation techniques such as emitter ledges 
and buried extrinsic base structures will reduce 
the noise current significantly. 

IV. High Frequency Noise Characteristics 

It is well known that one of the 
dominant high frequency noise sources in a 
bipolar transistor is broad band shot noise from 
emitter-base junction and base-collector 
junction, whose spectral density depends on 
emitter current [8]. These two sources are 
correlated through the base transport factor and 
base and collector transit delay for operating 
frequency below the transit-time cut-off 
frequency. Therefore, high cut-off frequency at 
low operating current is needed to reduce shot 
noise. InP/InGaAs HBTs which exploit the 
superior transport properties of InGaAs have 
shown high cut-off frequency at low current 
because of the low surface recombination 
velocity of this material system. Nonequilibrium 
carrier transport in the base and collector of 
these transistors significantly reduces the 
forward transit time, tF, of the injected electrons 
[9]. The short intrinsic transit time through the 
base and collector depletion region increases the 
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Fig. 3 Measured equivalent input noise current 
spectral density of an AlInAs/InGaAs HBT with 
3 X 15 \ua2 emitter area and 70 nm-thick base. 
A very low 1// comer frequency of 1.55 kHz is 
obtained. 

Fig. 4 Comparison of measured equivalent 
input noise current spectral density at 1 Hz for 
bipolar transistors made by several technologies 
as listed in Table 1. The current density of the 
horizontal axis has been normalized by the 
perimeter-to-area ratio. 

Table 1 Device structure of various HBTs used in the low-frequency current noise measurement. 

Silicon AlGaAs/GaAs InGaP/GaAs InP/InGaAs AlInAs/InGaAs 
BJT HBT HBT HBT HBT 

Emitter Size (jam2) 15x75 2x10 100 x150 3x5 3x15 
Base passiviation diffusion ledge none Si02 Si02 
Base Dopant - carbon carbon beryllium beryllium 
Base Doping (cm3) - 6 x 1019 1 x 1019 6xl019 2 x 1019 

Base Thickness (nm) - 80 85 50 70-100 
Maximun Current Gain 250 100 120 50 80-95 

ft   (GHz) 0.400 70 . 120 70 
/„, (GHz) - 85 - 90 42 
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transistor cut-off frequency and upper noise 
corner frequency. Despite the difference in 
microscopic transport mechanisms between BJT 
and HBT, the high frequency noise of the 
InP/lnGaAs HBT is dominated by the thermal 
and shot noises. Therefore, the minimum noise 
figure can be calculated from the macroscopic 
equivalent circuit model using the 
approximation from Hawkins [8]. 

The room temperature frequency 
dependence of measured minimum noise figure, 
Fmto, and associated gain are plotted in Fig. 5 at 
collector currents Ic=0.3mA, 0.5mA and 6.7mA. 
Minimum noise figures of 0.46dB, 1.09dB and 
3.33dB with associated gain of 11.6dB, 5.6dB 
and 1.98dB were obtained at 2GHz, 6GHz and 
18 GHz, respectively, with Ic=0.3mA and 
VCE=1.3V. As a point of reference, this noise 
performance is comparable to most published 
experimental and theoretical noise figures for 1- 
}jm gate GaAs FET's. Very good agreement 
between the measured Fmin and the calculated 
value using Hawkin's approximation. 

V. SUMMARY 

In summary, we have demonstrated the 
noise characteristics of InP/lnGaAs 
heterostructure bipolar transistors. In the low 
frequency regime, because of the reduced 
interaction volume in the thin base, the injected 
non-equilibrium minority carriers improve the 
excess recombination current near the emitter 
perimeter. Combined with the reduced deep trap 
density in the direct-gap emitter, the low 
frequency noise current is reduced significantly 
in these transistors. In the microwave regime, 
the measured minimum noise figure agrees well 
with a modified Hawkins' model and is 
dominated by the base resistance and operating 
current (i.e. shot noise). The short transit time 
for injected nonequilibrium electrons through 
the base and collector depletion region increase 
the correlation between the emitter current and 
collector current, and significantly extends the 
low noise operation to higher frequency. By 
reducing both the lateral and vertical 
dimensions of these HBTs, noise figures less 
than ldB may be realized in the millimeter- 
wave regime. 

» Ie« 6.7 mA 

e » 0.5 mA 

c • 0.3 mA 
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Fig. 5 Measured minimum noise figure (FKON) 

and associated gain (GA) of an InP/lnGaAs HBT 
with emitter size of 3.5 X 3.5 um2. 
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SB3.3 
Low-Frequency Noise Phenomena in InP-Based HFETs Related to Stress Induced 

Degeneration and Interface Properties 
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Institut für Halbleitertechnik, Lehrstuhl I, RWTH Aachen, Templergraben 55, 52056 Aachen, Germany 

Introduction 

During the last years, signal and noise characteristics of modern HFET devices have been improved decisively due to the 
decreasing geometric dimensions as well as due to the application of InGaAs as channel layer with its excellent transport 
properties. The best values for the frequency limits will be obtained, if InAlAs as doping and barrier layer is used, since 
in this case both the conduction band offset AEC at the channel interface and the Schottky barrier to the gate are high. 
However, these devices suffer from degradation effects, mainly shifting the threshold voltage and increasing the 1/f-noise 
level, dependent on electrical and thermal stress, which limits their applicability and which is probably related to the 
aluminium content of the InAlAs. On the other hand, in HFETs with a carrier supply layer consisting of InP, this 
sensibility to stress has not been observed. Nevertheless, in this material system AEC is lower and two components have 
to be exchanged during the epitaxial growth, possibly resulting in a higher concentration of deep traps at the interface, 
which contribute to the low frequency noise. 

Localization of Deep Traps at Interfaces 

In the low frequency (LF) range, noise is caused by a 
change of the conductivity according to the following 
equation: 

Ao = q(\iAn + »-Au-) W 

In heterostructures, there are various possibilies how deep 
traps may affect the channel conductivity. 
Figure 1 shows the conduction band of a HFET with traps 
at different locations (a)-(e) near interfaces. These traps 
may be created during the epitaxial growth or after the 
exposure to stress. 

buffer layer 

Fig. 1   Possible interactions of deep traps (squares) located at 
various interfaces in a HFET with free electrons (circles) 

The effect of traps located in the substrate can be elimina- 
ted by means of a sufficiently thick channel layer or using 
a pure epitaxial buffer layer below the channel. 
First, it can be stated that traps can only contribute to the 
noise, if their energy level coincide with the Fermi ener- 
gy. Therefore, although traps probably are located in the 
channel near the interface (a), these remain neutral and 
may be neglected concerning their LF-noise contribution. 

On the other side of the channel, deep traps in the barrier 
layer can be activated by changing the temperature or the 
gate-source voltage. To characterize these traps, their 
activation energy AET can be determined by a temperature 
resolved measurement, while two different generation and 
recombination processes are possible: 
Either, the traps can interact with the conduction band in 
the barrier according to (b), or the traps exchange their 
electrons with the channel by tunneling through the bar- 
rier (c). In both cases the measured activation energies 
should coincide approximately with the effective AEC, 
since the Fermi level is pinned by the high density of 
states in the 2DEG. Moreover, in case (c) a dependence 
of the activation energy on the distance between trap and 
channel will appear, due to the strong electrical field near 
the interface, which changes the barrier height. 
More realistically, the traps are expected to be uniformly 
distributed at the interface, either locally or with various 
activation energies. Then a 1/f-noise over a certain fre- 
quency range can occur according to the models of Mc 
Whorter [1] and Dutta Horn [2]. 
Besides the GR-processes discussed so far, a real space 
transfer of electrons from the channel into the conduction 
band of the barrier may appear (d), without the assump- 
tion of traps [3]. However, since the electrons remain 
free in both states and can affect the noise merely by 
means of a small alteration in their mobility according to 
(1), this effect will not contribute to the noise as long as 
the equilibrium concentration of electrons in the barrier is 
small and no parallel conduction appears. 
Moreover, traps may be located at the interface to the 
gate electrode (e). These traps can also affect the LF- 
noise as shown in the next section. 
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Effect of the Trap-Induced Electrostatic Field 

Up to now the noise contribution of deep traps has been 
considered exclusively by means of a direct alteration of 
the conductivity in the channel. However, an additional 
effect will exist, if the GR-process causes a local separa- 
tion of charge beneath the gate perpendicular to the chan- 
nel. In this case, a voltage is induced across the gate- 
channel capacitance CG, which modulates the number of 
free electrons in the channel according to the following 
equation [4]: 

N
TQ (I      b 
Cn_   '  2 

AC/ 1 
± — 

H    2 
(2) 

Here, NT means the number of traps at the distance b 
below the gate and H the spacing between gate and chan- 
nel, while the positive and negative signs relate to a char- 
ge transfer into the channel and to the gate, respectively. 
If the gate is biased with a DC voltage, then the trap 
induced voltage will be compensated by a charge transfer 
AQch=CG-AUgs via the external line. Therefore, also traps 
located beneath the gate electrode can modulate the con- 
ductivity in the channel. 
Additionally, by means of the trap induced voltage, a 
correlated GR-process may occur, which is illustrated in 
figure 2. 

AlV-0 

Fig. 2a-c Possible formation of correlated capture and emission 
events due to a self-induced shift of the energetic equilibrium 

If we assume a donor-like trap lying beneath the gate and 
generating an electron onto the gate, the sign of AUgs will 
be negative. In fig. 2a the conduction band of a HFET 

just before a generation event is depicted. The strong 
band bending causes the trap level to coincide with the 
Fermi level in a distance b from the gate. If an electron is 
randomly transferred, then the energy level of the traps 
will be increased due to the induced electrostatic field, see 
fig. 2b. Since the occupation probability of traps at the 
position b is reduced, correlated emission events of all 
traps in this region may be expected. 
After a short period of a few picoseconds, which is deter- 
mined by the external RC time constant, a new equilibri- 
um has been established (fig. 2c). If a current is impres- 
sed, then a noise voltage will appear with an amplitude 
according to the following equation with the output resi- 
stance R^ and the gate length L : 

AC/ ds NT 
r\>M*2? b^ 

H 
(3) 

Although not shown here, the same correlated process can 
take place during the capture of electrons or if the charge 
transfer of acceptor-like traps is considered. However, 
this mechanismus will not be possible, if the traps interact 
directly with die channel. In this case, the sign of the 
induced voltage decreases die probability for further 
emission and capture events, respectively. 

Stress Induced Noise in InAlAs/InGaAs/InP HFETs 

All noise measurements have been performed in the fre- 
quency range from 0.3Hz up to 100kHz for temperatures 
down to 80K by means of a self-controlled measurement 
system developed in our institute, exhibiting a very low 
inherent noise level of 3nV/Hz''4 at 1kHz and 1000 load. 

Fig. 3 Measured noise voltage of an InAlAs/InGaAs/InP HFET 
exhibiting RTS with ID=6mA, Ugs=0V and T= 180K-220K. For 
separation of the signals, an offset voltage has been added at 
every temperature, respectively. 
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As far as no degradation effect is observable, the HFETs 
with InAlAs as barrier layer show a very low 1/f-noise 
without any superimposed GR-spectra. 
However, in some devices also without stress a clear 
random telegraph signal (RTS) could be measured in the 
time domain over a certain temperature range as depicted 
in figure 3. 
This RTS corresponds to Lorentz spectra in the frequency 
domain with an activation energy of 0.34eV, proving the 
underlying GR-process. The minimum number of traps 
interacting with the gate can be estimated using (3) to 
about 300, if a maximum tunneling distance of 5nm is 
assumed. 

> 
T> 

10z 103 
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Fig. 4 Spectra of the noise voltages in figure 3. The RTS clear- 
ly corresponds to Lorentz spectra in the frequency domain with 
an activation energy AET = 0.34eV 

devices does not change, it follows that the threshold 
voltage depends on temperature. 
To examine the physical origin of this shift, in figure 5 
the DC characteristic is correlated with the normalized 
noise power density at 10Hz and 1kHz. 
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Fig. 5 Correlation between the shifting output voltage and noise 
power density at degenerated InAlAs/InGaAs/InP HFETs 

As can be seen, the noise power at 1kHz exhibits a maxi- 
mum just at the beginning of the threshold voltage shift. 
This gives clear evidence for thermally activated traps 
causing the signal degeneration: At high temperature, all 
traps remain in their neutral state. If the temperature is 
lowered and the half of all traps is occupied, then the 
maximum of the GR-noise can be observed. For still 
lower temperatures, all traps become ionized and the 
noise power density therefore decreases again. The same 
effect appears at 10Hz, while the peak is shifted to higher 
temperatures. 

Although the 1/f-noise level is not yet increased instantly 
when RTS occurs for the first time, the onset of RTS 
seems to indicate the beginning of degradation. If the 
devices are thermally stressed for 40h at 200 °C, the 1/f- 
noise will increase drastically and most of them now show 
RTS, while at the same time their threshold voltage shifts. 
However, some devices are not very sensible to stress and 
neither their noise nor their signal characteristics change 
significantly. 
We suppose that the degeneration is caused by the alumi- 
nium content of the InAlAs. Especially at the surface the 
aluminium atoms may react with die oxygen from the 
atmosphere dependent on the processing technique, alte- 
ring the pinning potential at the surface. In [5] it is assu- 
med that an interfacial oxide layer between Ti and InAlAs 
is formed, possibly creating trap like states. 
This assumption is supported by other measurement re- 
sults: If the temperature is lowered, the channel resistance 
of the degenerated HFETs will increase, in contrast to the 
behaviour expected from an increasing mobility. Since the 
sheet carrier concentration in the channel of ungated 

Interface Related Noise in InP/InGaAs/InP HFETs 

In earlier investigations we have proven that the lower 
interface towards the substrate in InP/InGaAs/InP HFETs 
causes the main contribution to the LF-noise in these 
devices [6]. A series of device structures were grown 
with narrow channels to increase the effect of the inter- 
faces, and different switching sequences at the InP to 
InGaAs interface. Switching sequences, where the hydri- 
des AsH3 and PH3 overlap in time during growth inter- 
ruption (t<0) are used as well as growth interruptions 
where the reactor is flushed purely by hydrogen (t>0). 
The sheet carrier density a. T of traps located at the inter- 
faces was determined by frequency dependent C—V 
measurements [7]. These results were compared with LF- 
noise measurements as depicted in figure 6. The noise 
power density exhibits the same trend dependent on the 
overlap time t as the trap density determined from C-V 
measurements. Since all other technological parameters 
have been held constant in these structures, this good 
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conformity shows the dominating effect of the switching 
sequencies on the LF-noise performance. 

1.810'12 

Fig. 6 Correlation between noise power density and trap con- 
centration dependent on the growth interruption time 

Additionally to the distinct 1/f-noise power density, in 
HFET structures grown with t= — Is and t= -0.5s a trap 
with AET = 0.3eV could be detected, see fig. 7, which 
possibly indicates phosphorus substituting indium [8]. On 
the other hand, for t> —0.5s no trap occured. Therefore, 
the assumption that indeed deep traps are created at the 
interface is underlined by these results. 

Fig. 7 Measured noise spectra of a structure using a growth 
interruption time t = -ls revealing a clear trap with AET = 0.32eV 

Conclusions 

Figure 8 shows the normalized noise power density of 
HFETs with InAlAs as barrier layer and those where InP 
is used. All transistors were manufactured in our institute 
using the same geometrical parameters and exhibit almost 
the same sheet carrier concentration in the channel. The 
depicted spectrum of the HFET containing InAlAs is a 
typical result for these devices grown by MBE as long as 
no degeneration effects occur. On the other side, the 
HFETs without aluminium were grown by LP-MOVPE 
and the In mole fraction has been varied from 53 % up to 
81%, showing excellent device properties [9]. The com- 
parison between both material systems reveals that the 

noise of the HFET with InAlAs is slightly lower. This 
can be understood since during the growth of the interface 
in this device only one component must be exchanged. 
Besides, due to the larger conduction band discontinuity 
the penetration depth of the 2DEG into the barrier is 
reduced and with it the activation of traps located there. 
The latter also explains the decreasing noise power with 
increasing indium portion in the channel of the alumini- 
um-free HFETs. However, at 67% indium, the minimum 
is reached and further increasing the strain does not im- 
prove the noise properties. Concluding, it may be stated 
that there exist a trade-off dependent on the special ap- 
plication between the slightly better performance of the 
InAlAs/InGaAs/InP HFETs and those devices with a InP 
barrier, which are less sensible to stress, 
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Fig. 8 Normalized noise power of an InAlAs/InGaAs/InP 
HFET compared to HFETs with InP instead of InAlAs as do- 
ping layer and various In mole fractions in the channel 
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Abstract 
The stability of interfaces between metal (Ni, Pt, Ti, Mo) and III-V compound semiconductors has been investigated by 

the application of Rutherford backscattering spectrometry (RBS). Metal diffusion and interfacial lattice disorder of the 
semiconductors were analyzed for various metal/semiconductor samples annealed at temperatures up to 500°C. The 
interfaces of Ni/GaAs and Ti/GaAs were found to be stable compared to those of Ni/In-based semiconductors and Ti/In- 
based semiconductors, respectively. Faster diffusion of Pt atoms was observed in In- and As- containing materials than in 
P-containing materials. Mo/semiconductors were most stable. 

Introduction 
Degradation of electrical characteristics of InP based 

HEMTs may take place at low temperature compared to 
GaAs based HEMTs. The primary failure mechanisms are 
related   to   electrodes   [1]. The   outdifffusion   of 
semiconductor elements and the interdiffusion of metal 
atoms are observed to account for the increase of the 
ohmic contact resistances and the deterioration of the 
Schottky gate contacts. It is, however, not so clear why 
the differences arise in the reliability of electrodes 
depending on the material systems of the HEMTs. 

There have been many studies on various 
metal/semiconductor structures and on the interfacial 
reactions and resulting formation of compounds [2, 3], 
The metallurgical interface between the first metal and the 
compound semiconductor layer plays an important role in 
determining electrical properties. Although these studies 
supply enough information on the phases that are in 
thermal equilibrium, discussion is still lacking on the 
critical limitations imposed on the compatibility of the 
device manufacturing processes of InP based HEMTs. 
Previous research was mostly concerned with binary 
semiconductors such as GaAs and InP. and not so many 
studies have been made on metal/ternary compound 
semiconductors. The increasing demands of 
miniaturization of devices lead to the idea of the 
formation of shallow contacts, which require us to use 
thinner metal layers or refractory metals. It was pointed 
out that thin metal/compound semiconductor systems 
cannot be assumed to be closed systems, primarily due to 
the high volatility of the group V elements and their 
compounds[4]. Hence the interfaces of thin 
metal/compound semiconductors would exhibit different 
stability from those reported in presious literature. 

In this paper, the initial stage of interfacial reactions of 
various thin-metal /semiconductor interfaces was 
investigated. Practical electrodes used in HEMTs are 
made up of stratified metal layers, including first metal, 
barrier metal and Au or Al on top. In this study, the most 
frequently used first metals and III-V compound 
semiconductor materials in various types of HEMTs were 
chosen. Among the possible triggers of the electrode 
degradation, the interdiffusion of metal atoms was focused 

upon. The Rutherford backscattering spectrometry (RBS) 
was fully used because it supplies information on both 
compositional variation and structural disorder at the 
metal /semiconductor interfaces. 

Experiment 
Metal/semiconductor samples were prepared for 

combinations of the metals Ni, Ti, Pt, Mo and the 
semiconductors GaAs, InP, InGaP, InAlAs and InGaAs. 
InGaP lattice-matched to GaAs and both InGaAs and 
InAlAs lattice- matched to InP were grown by low- 
pressure metal-organic chemical vapor deposition (LP- 
MOCVD). After degreasing and slightly etching the 
semiconductor substrates, 6 to 7 run thick metals were 
deposited by electron beam evaporation. The thinness of 
the metals was chosen so that the surface peaks of the 
semiconductor layers in the channeled spectra could be 
observed without risking dechanneling by the metal layers. 
After the deposition of metals, the samples were stored in 
a vacuum dessicator until some treatment was performed 
in order to minimize the oxidation of the metal surfaces. 
The samples were annealed under N2 ambient for 15 
minutes at temperatures in the range 150 to 500°C. They 
were analyzed by RBS using a 2.4 MeV He ion beam. The 
scattered ions were mostly detected , not at the 
backscattering position (160°), but at the grazing position 
( 105°) because this angle offers better depth resolution. 

Results and Discussion 
The recorded channeling spectra of as-deposited metal 

/InGaAs samples are shown in Fig. 1. The Pt, Ni and Ti 
signals are clearly observed. The In surface peak is very 
close to the Mo signal and is observed as a shoulder peak 
on the higher energy side in the channeling spectra taken 
at the grazing angle. In Fig. 2, the recorded spectra of 
Pt/semiconductor samples are shown. It can be seen that 
ternary compounds semiconductor layers gave higher yield 
than binary semiconductors. 

The interfacial degradation of metal/semiconductor 
structures was analyzed in two ways: one was the diffusion 
of metals, and the other was the variation of the surface 
peaks. The magnitude of the diffusion of metals was 
estimated by using a parameter, defined as the ratio of the 
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Fig.l. RBS channeling spectra for as-deposited 
metal/InGaAs samples. 

height to the full width, at half the maximum of the metal 
signal in the RBS channeling spectra. For the Mo/In- 
containing semiconductor samples, the In surface peak 
was taken as part of the Mo signal because the In peak 
was relatively small. 

In the RBS channeling spectra, peaks appear at 
energy channels that correspond to the surface of the 
semiconductor layer and these are called surface peaks [5]. 
The surface peak intensity that corresponds to the number 
of atoms which the incident He ion beam detects is defined 
by the area of the surface peak. When the crystal is ideal, 
the atoms are arranged in order at the lattice sites. When 
the surface region of the crystal is disordered, the atoms 
are displaced from the ideal lattice sites. Therefore, when 
looked upon from the direction of the incident He ions, 
not only the upper-most atoms, but also the underlying 
atoms are observed. In this case, the aparent number of 
atoms at the surface, the surface peak intensity, becomes 
larger with increasing degree of disorder. The surface 
peak analysis is useful because it reflects the initial stage 
of degradation of the metal /semiconductor interface, even 
when the interfacial degradation is too small to be 
detected as metal diffusion. Hence the lattice disorder was 
estimated from the variation of the surface peak 
intensities related to Ga , As and In. In the analysis of 
the In surface peak of Mo/In-containing semiconductors, 
the channeling spectra taken at the backscattering 
position were used. Because of the limited energy 
resolution at the grazing position, the Ga and As surface 
peaks were treated as one broad peak. 
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Fig.2. RBS channeling spectra for as-deposited 
Pt/semiconductor samples. 

Ni/semiconductors 
Ni belongs to near-noble transition metals and 

conventionally used as the first metal in Au, Ge-based 
ohmic contacts, because of its ability to penetrate thin 
native oxide at the metal/semiconductor surface, leading to 
the formation of laterally uniform contacts [2]. Ni atoms 
were found to diffuse after annealing, even at 150°C as 
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Fig.3. Diffusion of Ni atoms vs annealing temperature. 
Magnitude of diffusion was estimated by a parameter 
defined as the ratio of height to FWHM of metal signal. 
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shown in Fig. 3. The Ga and As surface peak and the In 
surface peak also monotonously increased. At higher 
temperatures, the progress of the Ni diffusion was faster 
in the order of InP, InGaP, InAIAs, InGaAs, and GaAs. 
The fast diffusion of Ni atoms in the P-containing 
materials may be due to the higher vapor pressure of P 
over In(Ga)P than that of As over Ga (In,Al)As. 
Prominent diffusion of Ni and the segregation of In and P, 
instead of growth of NixInP ternary phases, was also 
reported [6]. The interface of Ni/GaAs is considered to be 
stable compared to those of Ni/In-based materials. This 
would partially account for the inferior stability of 
AuGeNi based ohmic electrodes of In-based 
semiconductor devices. 

Pt/semiconductors 
The diffusion of Pt atoms was observed in the samples 

annealed at 250°C as shown in Fig. 4. The initiation of 
Pt diffusion at higher temperatures than that of Ni 
diffusion is considered due to Pt-Pt bonds being stronger 
than Ni-Ni bonds. In the comparison of the magnitude of 
Pt diffusion in the samples annealed at 400°C, there are 
differences between the group of InAIAs and InGaAs, 
and the group of InP, InGaP and GaAs. In thick Pt/GaAs, 
complete reaction results in the layer sequence of PtGa/ 
PtAs2/GaAs and leads to self-limiting behavior[7]. In the 
case of the Pt/InP system [8], the predominant phase was 
polycrystalline Pt5InP and Ptjln at low temperature 
annealing . The reacted phases proceeded to form In and 
P richer phases with increasing temperature, resulting in 
polycrystalline Ptln2, Pt:In3 and textured PtP2/InP. 
Although the final reaction products at high temperatures 
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have the same type of phases in both GaAs and InP , the 
obtained results suggest that the progress of the reaction 
may be faster in Pt/ In- and As-containing 
semiconductors than in Pt/P-containing semiconductors. 
These results are important in the application of thin Pt 
contact layers as the gate contact of HEMTs. 

Ti/semiconductors 
In Ti/GaAs, TiGa and TiAs are the dominant final 

products for the solid phase reactions [9]. A limited 
interfacial reaction between Ti and InP was reported in the 
Pt/Ti/InP system [10]. Observed diffusion of Ti atoms in 
this study was small for all semiconductors until the 
samples were annealed up to 400°C. When annealed at 
450°C , Ti diffusion was faster in the order of InP, InGaP, 
InGaAs.InAlAs and GaAs. Larger differences were 
observed in the surface peak intensities. The In peak was 
larger in the order of InGaP, InGaAs, InAIAs and InP . 
The Ga and As peak was larger in the order of InGaAs, 
InGaP, InAIAs and GaAs (Fig.5). Among the observed 
material interdependence , the only conclusion that can be 
drawn is that the interface of Ti/GaAs is more stable than 
those of Ti/In based ternary materials and possibly than 
Ti/InP. This would account for the inferior stability of 
the Ti/Pt/Au contacts , including the pad contact, in the 
InP based HEMTs than in the GaAs based HEMTs. 

A comparison of Ti/semiconductor interfaces has been 
made among GaAs, GaP, InAs, InGaAs and InAIAs 
which were in contact with Pt/Ti [11]. Ti/semiconductor 
interfaces were concluded to be more stable when Ga 
and/or P were present rather than In and As. Their 
results are not wholly consistent with ours, possibly 
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and As  in Mo/semiconductor samples. 

because    the presence of    Pt    may affect the Ti/InP 
interface. 

Mo/semiconductors 
Mo/semiconductor structures have been found to be the 

most stable of all semiconductors. The diffusion of Mo 
atoms was almost negligible in the temperature range 
under study. The variation of surface peak intensities was 
also negligibly small for annealing up to 450°C ( Fig.6). 
However an increase of the surface peak intensities was 
noticed in the samples annealed at 500'C. This result is 
consistent with the high reliability of Mo based electrodes 
developed for InP-based HEMTs [12]. 

Conclusion 
In conclusion, the structural degradation of the 

metal/semiconductor interfaces was successfully observed 
by RBS. The metal/In based semiconductor interfaces 
exhibited inferior stability to those of the metal/GaAs 
interfaces. This explains the fast degradation of InP based 
HEMTs compared to GaAs based HEMTs. 
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