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Abstract
The convergence of 111-V compound and Si technologies has been advanced toward the

intcgration of photonics and electronics.

111-V-on-Si epitaxy is overviewed from the

vicwpoint of defect control and device technologics for monolithic integration and future

preospects are discussed.

I. Introduction

Photonic devices and LSIs have achieved revolution in
information-communication and computing systems.
However, it would be hard to expect the marked progress of
both devices individually in the near future since their
technologies have been matured. Photonic systems have thc
specific features of high-speed and high-capacity processing.
The LSI is highly adaptive to various electronic systems and
forms the core of computing systems.  Thus, highly
functional systcms arc expected when the photonic systems
and the LSIs are implemented to a Si platform.

Various Si optical components , such as waveguides, ring
resonators, couplers and others, havc been developed with the
fine processing technologies of the Si LSI.  However, reliable
light emitting deviccs such as semiconductor lascrs have not
been rcalized by utilizing GaAs and InP layers grown on a Si
substrate.  The convergencc of 111-V compounds and Si has
becn proposed even in the Si LSIs, in which a 111-V compound
and Ge are embedded as channel materials for electron and
holes in CMOS LSls, respectively [1].

Thus, the key technology of the conversion of photonics
and electronics is the technology for the conversion of 111-V
compounds and Si including Ge.  The epitaxial growth of
111-V compounds on a Si substrate (111-V-on-Si) had been
energetically studied over the world in the "80s.  Howevcr,
the prospect for growing dislocation-free 111-V compound
layers was hardly obtained.  Around the start of 21 century,
heteroepitaxial technologies for a dislocation-free 111-V-on-Si
were developed [2.3].  On the other hand, technologies for
wafer bonding and chip bonding have been developed for
practical use, which keep defect-free 111-V compounds [4].

In this plenary talk, we clarify firstly the main causes of
problems and their countermeasures in the 111-V-on-Si
heteroepitaxy.  Then, heteroepitaxy for dislocation-free
111-V-on-Si and optoelcctronic-device applications arc
overviewed.  Finally, future prospects are discussed.

11. 111-V-on-Si heteroepitaxy

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.

A. Fundamental problems
The 111-V-0on-Si heteroepitaxy has the three following
problems, as seen in Table 1:
(1) the difference in crystalline structures and the number of’
valence electrons;
(2) the difference in lattice parameters;
(3) the difterence in thermal expansion coefficicnts.

Table 1. Material parameters of {HI-V compounds. Ge and Si

Si Ge GaP  GaAs InP InAs

Latlice 61307 56579 54512 56533 58687 60583
parameter (nm)

Thermal
expansion
cocefticient
(<10°K™"y

Energy
bandgap (¢V)

256 590 460 686 475 452

112 066 226 142 1.34 0.36

As aresult, the following structural defects are generated
[5], as shown in Fig. 1(a):
(1) anti-phase domains (APDs) and stacking faults (SFs):
(2) misfit dislocations (MDs) and threading dislocations

(TDs):
(3) glide dislocations

The generation of the APDs are due to single atomic steps
on a Si (100) surface.  The SFs are generated at the
coalcscence of growing islands which are formed on a
chemically stabilized Si surface adsorbing As or P atoms
Pits are generated at an initial growth stage when Ga atoms
react with a Si surface.

The MDs arc generated in principle when the thickness of
a growing 111-V compound layer is over a critical thickness.
In the growth of GaP-on-Si. the critical thickness is about 50
nm.  The density of the MDs increases with the increase in



the thickncss of the GaP layer.
reaction of the MDs.

The glide dislocations could be introduced from a growing
surface in a cooling process after the growth. Thisisduetoa
large tensile strain in [11-V compound layers caused by large
differcnces in thermal expansion coefficients.

The TDs arc formed by the

233 nm

Si/GaPN/GaP-on-Si GaPN
= GaP
* SiSub

200nm
" GaPN
Si Sub SiSub.

GaP-on-Si GaPNo.o2/GaP-on-S|
Misfit dislocation
4 nm 4 nm

15 ML GaP

MBE 450 °C MEE 450 °C
Stacking fault

2000m 200 am_

MEE 500 °C

MEE 580 °C

(a) Generation (b) Suppression

Fig. 1. Generation and suppression of structural defects in Gal®-on-Si
heteroepitaxy

B. Reduction in structural-defect density

The APDs are sclf-annihilated during the growth on Si
(100) substrates misoricnted toward the <110> dircctions [6,
7). The density of the SFs can be decreased by enhancing
two-dimensional growth. This was achieved by
migration-enhanced epitaxy (MEE) in the growth of GaAs and
GaP layers on a Si substrate [8].  The low-temperature (LT}
MEE is more effective for suppressing the growth of the
APDs. The generation of the pits was suppressed by
decreasing the quantity of Ga atoms at the initial growth stage
[9].  These countermeasures were applied to the growth of a
GaP initial layer on a Si substrate in our lattice-matched
dislocation-free growth mentioned below.  The results are
shown in Fig. I(b).  Similar results were obtained recently
by alternately supplying TEGa and PH: in MOVPE [10].

Methods for the reduction in TD densities are classified
into the three following methods.  The TDs are mostly
originated in the MDs generated on account of a
lattice-mismatch.

(1) Suppression of generation and propagation

A buffer layer is grown before the growth of 111-V
compound layers. The lattice parameters are increased
gradually or stepwise according to the growth by varying alloy
compositions.  For the stepwise buffer layer, the difference
in lattice parameters is reduced [11].  Thus, the MD density

is low compared with that in the growth without the buffer
layer.  Asarcsult, the low TD density is rcalized. It
should be noted that a TD-frce 11-V compound layer is hardly
obtained.

(2) Threading dislocation bending

Dislocations tend to be moved and bent under mechanical
stress at high tempcrature.  For temperature cycling (TC),
mechanical stress is induced by the large difference in thermal
expansion coefficients between the I1I-V compound and Si.
The dislocations are moved even in high-tcmperature (HT)
annealing.  The TD density decreased to around Ix 10° cm™
by applying the TC after growth in the growth of GaAs-on-Si
[12l.

(3) Dislocation-free growth

Lattice-matching is ideal for the dislocation-free growth.
II-V-N alloys called dilute nitrides can be lattice-matched to
Si since lattice-paramcters decreased with the increase of N
compositions [13].  We have grown a GaPNg; layer on a Si
substrate. A 20 nm thick GaP initial layer was grown on the
Si substrate before thc growth of the GaPNg g, for preventing
the reaction of N atoms with a Si surfacc.  The grown
GaPNy o, layer was dislocation-free in principle. A Si
capping layer can be grown on the GaPNg . laycr.  Thus,
the edge dislocation on a glide plane is prevented from being
introduced from a Si surface since the tensile strain of thc Si
capping layer is negligibly small [3].  These results are
shown in Fig. I(b).

It was reported that the TDs disappeared after TC in GaAs
and Ge layers grown selectively in a small arca of around 10
pm squares on a Si substrate [14, 15]. A small number ol
TDs moved out of a grown area.

Lateral growth is also effective for the rcduction in the TD
density in liquid phase epitaxy (LPE), MBE and MOVPL.
Laterally grown I1I-V compound (GaAs and GaN) layers
contain a few dislocations since the TDs propagate upward
from a selective area on a Si substrate [16, 17].  The surface
of the Si substrate is covered with laterally grown layers when
stripe areas are opened periodically through a SiO, layer on

Table 2. Defect generation and countermeasures

Difference between  Structural Countermeasures

111-V compounds  defects

and Si

Crystalline APD Misoriented Si (100) sub.
structure SF (and Pi1) LT-MEE (Initially less Ga
Number of supply)

valence electrons Aliernately supply MOVPE
Lattice parameter  MDand TD Buffer layer (Graded,

Stepwise)
Dislocation bending (TC.
[1T-annealing)

Thermal expansion Glide
coeflicient dislocation

Si capping layer




the Si substrate. It should be noticed that areas at which the
laterally grown layers coalcsce contain highly dense
dislocations.  This technology has been practically applied
to the growth of GaN laycrs on a sapphire substratc for the
fabrication of reliablc lascr diodes [18).  The lateral growth
of an InGaAs layer was reported, in which an InAs pillar was
grown on a small area with a diamcter of 2 pm on a Si
substrate [19].  These results are summarized in Table 2.

In order to avoid the difficulties in the 111-V-on-Si
heteroepitaxy, wafer bonding has been developed.  GaAs
and InP wafers were bonded to a Si substrate with a SiO, layer
in H, atmosphere at relatively low temperature.  Ge wafers
were also bonded to the Si substratc.

I11. Device application

Laser diodes (LDs) are typical discrete optoelectronic
devices.  Thcy wcre fabricated with a 111-V compound
epilayers grown on a Si substrate.  For monolithic
optoelectronic intcgrated circuits (OEICs), optoclectronic
devices are formed in a l1[-V compound layers and electronic
circuits are in a Si substrate or a Si epilayer.

A. Discrete devices

AlGaAs double heterostructure (DH) lasers and InGaAsP
DH lasers were fabricated with 111-V compound layers grown
ona Si substrate.  AlGaAs DH lasers showed marked
degradation during operation since the 111-V compound layers
contained a high TD density around 10° — 10°cm ™,

InGaAsP DH lasers showed relatively stable operation at room
tempcerature [20].  The lascrs are less sensitive to the TDs in
operation at room tempcrature.  For a GaAsPN MQW laser,
lasing was reported under optical pumping at low temperature
[21]. The epilayers of the laser were lattice-matched to a Si
substrate.

For photodetectors, Ge photodiodes (PDs) were fabricated
on a Sisubstrate.  An cdge detection typc is effective in
coupling a waveguide on the Si substratc.  For
multi-junction solar cclls, an InGaP/InGaAs/Gce structure
achieved a high efficiency of around 40 % [22].

B. Optoclectronic integrated circuit (OEIC)

A monolithic OEIC was tried to be fabricated by using the
GaAs-on-Si, in which an GaAs LED was driven by a
MOSFET driver circuit implemented to the Si substrate [23].
It was not practical since highly dense TDs were contained in
the GaAs epilayer.

We showed that monolithic OEICs can be implemented to
dislocation-free epilayers of a Si/InGaPN/GaPN DH on a Si
substrate covered with the 20 nm thick GaP initial layer [24,
25]. A process flow was basically the same as that for LSIs
although process conditions were optimized for both 111-V
compounds and Si.  InGaPN/GaPN DIl LEDs and
MOSFETs were fabricated anywherc in a chip. A
monolithic OEIC was fabricated recently, in which a MOS
counter circuit drovc the LED, as shown in Fig. 2 [26].  The
light emission with a peak wavelength of about 650 nm was
observed according to counting results.

1 bit countar circut

Output Voltage (V) Iapat Valtage (V)

Fig. 2. A monolithic OEIC with GaPN LED and Si MOS counter
circuit

Hybrid OEICs have been developed with the wafer
bonding and the chip bonding.  The silicon laser was
fabricated by bonding an AlGalnAs MQW wafer to a Si
waveguide wafer [27].  The MQW and the waveguide were
coupled optically and an optical cavity was constructed by
setting reflectors at both ends of the waveguide.  Then [.5
pum wavelength light emitted in the MQW is amplified in the
Si wavcguide by stimulated Raman scattering and lasing
occurs.  In high-speed LAN systems, various devicc chips,
such as 1.5 pum InGaAsP LDs. Ge PDs and LSIs were bonded
to a Si substrate with wavcguides and elcctric wires.

1V. Conelusion

The conversion of photonics and electronics is based on
the conversion of 111-V compounds and Si.  The causes of
the fundamental problems of the 111-V-on-Si heteroepitaxy
have been clarified and the problems overcome.  Defcct-free
hcteroepitaxy has been under development.  For
lattice-matched heteroepitaxy, the increase in light emission
efficiency of 111-V-N alloys is a key issue since N atoms
generatc point defects. Small-arca sclective growth and
quantum dot growth might be practical in latticc-mismatched
N-free heteroepitaxy.  Band edges are shifted by
introducing N atoms with high electron affinity and by strain
caused by a latticc-mismatch.  These effects should be taken
into account for the design of LDs [28].

Optical wiring in a LSI chip has been argued [29].

Parallel optical wiring between LS| chips could be realized by
using monolithic OEIC technology.  The wiring leads to
massively parallel information processing for high
performances.  Photonic-electronic conversion systems
would be constructed with monolithic OEICs . LSIs and
optical systems bonded to a Si platform for ultimately high
performancc and low encrgy consumption.
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ABSTRACT

The COmpound Semiconductor Materials On Silicon (COSMOS) program of the U.S. Defense Advanced
Resecarch Projects Agency (DARPA) focuses on developing transistor-scalc hetcrogeneous integration processes
to intimately combine advanced compound scmiconductor (CS) devices with high-density silicon circuits. The
technical approaches being explored in this program include high-density micro assembly. monolithic cpitaxial
growth, and epitaxial layer printing processes. In Phase | of the program. performers successfully demonstrated
world-record differential amplifiers through heterogeneous integration of InP HBTs with commercially
fabricated CMOS circuits. In the current Phase I, complex wideband, large dynamic range, high-speed digital-
to-analog convcrtors {DACs) are under development based on the above heterogencous integration approaches.
These DAC designs will utilize InP HBTs in the critical high-speed, high-voltage swing cireuit blocks and will
employ sophisticated in situ digital correction tcchniques enabled by CMOS transistors. This paper will also
discuss the Phase 111 program plan as well as future directions for heterogeneous integration technology that
will bencfit mixed signal circuit applications,

Index Terms — Si CMOS, InP HBT. heterogencous integration. compound semiconductor, mixed signal
circuit, ADC, DAC.

The views, opinions, and/or findings contained in this article/presentation are those of the author/presenter and should not be
interpreted as representing the official views or policies, either expressed or implied, of the Defense Advanced Research Projects
Agency or the Department of Defense.

I. INTRODUCTION

The development of compound semiconductor (CS)
electronics has been motivated by their many superior
materials properties relative to silicon. For example, high
electron mobility and pcak velocity of InP-based material
systems have resulted in transistors with f, above 1THz [1]
as well as a 32 GHz dircct digital synthesizer {2]. Wide energy
bandgap GaN has enabled large voltage swing as well as high
breakdown voltage power devices [3]. Excellent thermal
conductivity of SiC also makes tens of kilowatt-level power
switches possible [4]. Nonctheless, CS technologies have
failed to displace Si in all but the most specialized electronic
applications. This fact can be attributed to the aggressive
device scaling and the extremely high levels of integration
driven by Moore’s Law over the past 50 years. Even for RF
applications, where compound semiconductors are most

978-1-4244-5920-9/10/$26.00 ©2010 1EEE.

commonly  found, the advantages of compound
semiconductors have been eroded by advances in silicon
CMOS and SiGe heterojunction bipolar transistors. Recent RF
CMOS [5] and SiGe HBT results [6] have driven the RF
performance of silicon-based electronics well beyond what
was previously thought realizable. Given these trends, it has
becn incrcasingly clear that the future of 11-V electronics
depends not on displacing Si. but rathcr on heterogeneous
integration of compound semiconductors with silicon
technology.

Heterogeneous integration of compound scmiconductors
with silicon has becn explored in past dccades [7]. [8]. but its
main practical implementation today is through the use of
multi-chip modules or similar assembly techniques. Multi-chip
module techniques have been prevalent in various
microwave/millimeter-wave RF syslems. but performance for
high-speed/bandwidth mixed-signal systems has been limited



by 1/O parasitic cffects between chips in such modules and by
device and interconncct variability issucs.

The U.S. Defecnse Advanced Research Projects Agency
(DARPA) COmpound Semiconductor Materials On Silicon
(COSMOS) program focuses on developing transistor-level
heterogencous integration technologies which will overcome
technical challcnges such as accurate device-level placement,
robust heterogeneous interfaces. dense heterogeneous
intcrconnects (HIC), and high yield processes to cnable
hcterogeneous integration at micrometer distance scales. If
this vision can be achieved with high yield and at low cost,
this revolutionary technology will allow circuits in which the
optimum device is chosen for each specific function within an
integrated mixed-signal microsystem. This capability will not
only havc significant impacts on the performance of toth
military and commercial circuits, but it also represents a new
paradigm for the compound semiconductor community.

11. PROGRAM OBJECTIVES AND CHALLENGES

The objective of the COSMOS program is to develop a
viable high-yield process for the transistor-scale
hetcrogeneous integration of compound semiconductor
devices with standard Si CMOS, thereby cnabling superior
performance in spccific mixed-signal circuit demonstrators not
possible in eithcr device technology by itself. To this end, the
COSMOS program seeks to integrate transistors from at least
one CS  technology, CMOS transistors, and back-end
interconnect tcchnologies on wafers fabricated using a
standard Si CMOS foundry process. This must be achieved
without any extraordinary modifications of thc Si CMOS
process.

The COSMOS program is exploring thrce different
integration strategies in order to rcalize the program
objectives. One approach, pursued by a tcam led by Northrop
Grumman Acrospace Systems, involves sub-circuit integration
in which 1I-V device “chiplets” arc asscmbled onto a
processed CMOS wafer with high-density [9]. At the other
end of the spectrum, in an approach being developed by a
Raytheon-led team [10], monolithic integration methods are
being explored to cpitaxially grow I11-Vs on CMOS-
compatiblc substrates. An intermediate approach is being
studied by a tcam led by HRL Laboratories [11]. In order to
achieve the challenging demonstration circuit performance
goals, all three teams chose to integrate state-of-the-art InP
HBTs with silicon CMOS transistors. In order words, the
COSMOS program is developing a novel InP-based BICMOS
integrated circuit technology for the first time.

There are major technical challenges of these three
fabrication approaches which have been addressed in the carly
phases of the program:

(1) Placement of CS Devices: A central problem is the
capability to manufacture, position, rcgister, and align
“chiplets™ or “islands™ (~several um on a side) of CS
on a Si substrate.

(2) lleterogeneous Material Interfaces: A successful
COSMOS  implementation must  address  the
coefficient of thermal expansion (CTE) mismatch
which is expected to occur at this interface and
potentially degrade device performance.

(3) Dense lleterogencous Interconnects. To cnablc fine-
scale integration, interconnects and vias must be
defined with very short (-sevcral um) pitch
separations without excessive electrical losses whilc
maintaining high electrical isolation.

(4) Yield Enhancement: A high yield COSMOS process
will be critical to enable the routine fabrication of
heterogencous intcgrated circuits with high reliability
and low cost. The ultimate yield goal of thc COSMOS
technology is to match that of commercial Si
technologies.

11l. PROGRAM PLAN

To realize the COSMOS vision for mixed-signal
applications, the program has established aggressive technical
milestones as shown in Table 1. In the first Phase, COSMOS
proved the feasibility of micrometer-scale heterogeneous
integration process by realizing a simple demonstration circuit
with minimal performance degradation of the CS and Si-based
devices as a result of the integration proccss, i.e.. < 10%
reduction in transconductance of both types of transistors aftcr
heterogeneous integration. In the second Phase, the program
will further reduce the length and pitch of heterogeneous
interconnects for increasing complexity of the demonstration
circuits. Ultimately, high yield, robust transistor-level
heterogeneous integration processes will be developed with
record-breaking mixed signal demonstration circuits.

Table 1. Key COSMOS Program Technical Metrics

Motric  [Unit|  Phasel Phasell | Phaselll |
HIC* Length | pm S5 S5 , s5 ]
HIC Pitch | ym $25 13 I s§ ]
HICYield | % 299 2999 | 29999 |

|

Diff Amplifier | DIA Converter | A/D Converter
«Siow rate 2 10 Vissec | - Resolution2 13 bits | - 18 SNR bits

Demonstration +Voltageswing23V |- SFDR2 78 dBc(@ | - SooMHz BW
lowue™ 1 GH2)

Clrcuit +DC gain* -SFDR 2 96 dBc
BW2 10¢ VV- GNz < PowerS25W Powers oW
* Power 5 100mW
Clrcuit
Robustness™ % et B0 52

* HIC = Heterogeneous iterconnect
** Fraction of yielded citcuits which remain yielded after 100 temp b

overe
temperature range from -55 C to 85 C with dwell-time at esch lunw-llun’utm of at isast ten minutes

In the first Phase of this program, the performers focused
on transistor-scale integration technology. integrating CS and
Si CMOS transistors within a small circuit on very short
length scales (e.g. S pm HIC in length). The demonstration
circuit was a heterogeneously integrated differential amplifier
(DA), which provided both proof of the integration concepts,
and world record characteristics compared to today’s state of
the art.



Phase 11 foeuses on yield enhaneement and eireuit
integration. The objeetives of this phase are to signifieantly
improve both the yield and the density of the heterogeneous
intereonneet proeess. The speeifie eireuit demonstrator to
validate performanee builds on the simple differential
amplifier eoneept in Phase I but at a mueh higher level of
eireuit eomplexity: a heterogeneously-integrated 13-bit digital-
to-analog eonverter (DAC).

Finally, in Phase 11l the performers will demonstrate
advaneed heterogeneous eireuits. The objeetive of this phase is
to seale the COSMOS proeess to an even more eomplex
mixed-signal eireuit, eonelusively demonstrating that fine-
seale heterogeneous integration ean be realized on a large
seale with high yicld. The speeific eireuit demonstrator to
validate performanee will be a heterogeneously-integrated 16-
bit analog-to-digital eonverter (ADC).

IV. PROGRAM ACHIEVEMENTS

As previously mentioned, three innovative heterogeneous
integration proeesses are eurrently being developed in
COSMOS  program: micrometer seale assembly [9],
monolithie epitaxial growth [10]. and epitaxial layer printing
[11] approaches as illustrated in Fig. | (a)-(e). All integration
processes successfully demonstrated intimate integration of
InP and silieon transistors, and all teehnieal goals of the first
Phasc of the program were achieved.

n g W= o g 0N

(a)

Figure I. Hecterogeneous integration processes: (a)
mierometer seale assembly. (b) epitaxial layer printing, and (¢)
monolithie epitaxial growth.

A mierometer-seale assembly proeess is being developed
by the team led by Northrop Grumman Aerospaee Systems.
By first separately fabrieating small InP HBT “ehiplets™ and
silicon CMOS waters, COSMOS cireuits are assembled and
connected by heterogeneous interconnects (HIC) whieh are
enabled by low temperature metallic bonding interfaees. The
major advantage of this method is the flexibility to choose any
CS deviees for integration with minimal proeess modifieation.
However, the fabrieation of small “chiplets.” the accuraey of
the deviee placement, and the fabrieation yield of the HICs are
key teehnieal concerns. At the end of the Phase I, the NGAS
researchers sueeessfully integrated 0.18 pm CMOS with
advaneed 0.25 pm InP HBT as scen in Fig. 1(a).

In eontrast, the monolithie integration of [11-V deviees and
Si CMOS on a silieon substrate is revolutionary but extremely
challenging (Fig. 1(b)). The approach developed by the
Raytheon team starts by fabrieating CMOS eireuits on silicon
template wafers, also known as SOLES (Silicon on Lattices
Engineered Substrates) waters [12]. After etehing windows to
expose the Ge template layer undemneath the buried oxide
layer, lattice-matched buffer layers as well as metamorphie
InP HBT epitaxial struetures are subsequently grown with
appropriate thiekness. InP HBT deviees are then fabrieated
and a BCB-based multilayer intereonnect proecss is used to
intereonneet the InP HBT and previously fabricated Si CMOS
deviees. Sinee the SOLES wafers are eurrently not widely
used in silieon foundries, the proof-of-eoneept demonstration
in this program is eritieal for future teehnology adoption to
industry partners. In Phase I, the epitaxial technique to grow
deviee-quality struetures within the window was suecessfully
demonstrated for the first time. The eutoff frequeney of 0.5
pm-emitter-width InP HBTs fabrieated within the re-growth
windows is higher than 200 GHz. and integration of higher
frequeney geometries is possible. Furthermore, the fabrieation
yield of this unique monolithie integration process is high, and
there is no performance degradation evident for either silicon
or InP transistors.

To offset the technical risks of growing high-quality
epitaxial layers in situ (Raytheon approach) and aecurate
device placement (NGAS approach), an “epitaxial layer
printing” proeess has also been explored by researchers ut
HRI. Laboratories. Starting from transferring high quality
epitaxial layers for InP HBT 1o a earrier water and then
removing the original InP substrate, the epitaxial device layer
ean be segregated and bonded on top of a pre-fabrieated
planarized CMOS wafer. Subsequently, the InP device mesa
and HBT strueture are defined. Finally, the InP and silicon
intereonnect systems are interfaeed together. As shown in Fig.
1(e). the state-of-the-art 0.13 pm foundry CMOS wafers are
integrated with 0.25 pm InP HBTs. These InP transistors can
achicve a cutoff frequency of more than 400 GHz.

The Phase 1 COSMOS demonstration cireuit, shown in
Figure 2(a), is a simple differential amplifier (DA), which is a
fundamental eireuit building bloek in digital-to-analog and
analog-to-digital eonverters. To improve the resolution and
signal bandwidth of mixed signal eireuits, a high speed DA
with high low-frequeney voliage gain is usually desired. As
has been established in silieon-based BICMOS eireuit designs.
employing high speed bipolar transistors. (e.g.. SiGe HBTSs),
for the differential pair and using PMOS transistors as the
aetive loads will significantly improve the DA performanee
[13]. The COSMOS program leverages this eireuit concept by
heterogeneously integrating InP HBTSs, silicon NMOS and
PMOS together as shown in Fig 2(a). All three teams in the
program sueeesstully demonstrated recording-breaking DAs
based on their heterogeneous integration approaehes. For
example, a COSMOS amplifier with > 50 dB low-frequeney
voltage gain as well as 95 GHz unity gain bandwidth has been
demonstrated [I1]. It is worth noting that sueh reeord



performance is impossible to achieve with either CS or CMOS
technology alonc.
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Figure 2. (a) Circuit diagram of a COSMOS differential
amplifier, (b) a frequency response curve to illustrate the
potential performance improvement, and (c) COSMOS Phase
I DA measured result.

While continuously enhancing the heterogeneous
integration processes, the teams arc currently designing
COSMOS-based DACs. Low power silicon CMOS
technology provides the capability to calibrate and correct the
static as well as dynamic errors in the data convertors in situ.
Additionally, InP HBT technology intrinsically provides better
transistor matching as well as much higher transistor speed
and breakdown voltage than CMOS technology. However,
even in this case, digitally assisted correction techniques are
required to achieve the highest speed and dynamic range
performance. Thus, aggressive DAC goals were intentionally
defined (Table 1) to demonstrate the world’s fastest, high
dynamic range DAC. Several novel design techniques are now
being utilized in COSMOS DACs, including dynamic element
matching, digital dithers, tunable current sources, and output
deglitcher circuits to reduce conversion errors. These DACs
are currently in fabrication and will soon be evaluated. Based
on design simulations, it is expected that these DACs will
demonstrate record performance.

Although great progress has been made to date in the
COSMOS program, there are further technical challenges that
must be addressed. For example, the thermal conduction path
(through thermal via) to efficiently transport heat away from
the high-current density InP HBTs can be further optimized to
fully exploit the performance of the InP technology. A
comprehensive and fully integrated computer-aided-design
(CAD) environment is still needed to facilitate and optimize
the COSMOS circuit designs based on “the best junction of
the function™ concept. In addition, the heterogeneous
integration processes are continually being optimized under
the program and the yield and reliability of the processes will

certainly be further enhanced. The ultimate goal is to establish
low-cost COSMOS tcchnology to benefit not only defense but
also commercial applications.

V. OUTLOOK

The InP-silicon COSMOS technology has demonstrated
record performing differential amplifiers and will soon enable
ultra high performance mixed signal circuits. However, the
current COSMOS technology will also allow designers to
create other classcs of circuits that further push the state of the
art. For examplc, DARPA’s Feedback Lincarized Amplifier
for RF Electronics (FLARE) program has demonstrated ultra
wideband, ultra lincar microwave operational amplifiers with
>50 dBm of output-referred third-order intermodulation
distortion intercept (OIP3) [14] by trading thc excess
bandwidth of 300 GHz InP HBT technology for linearity with
negative feedback techniques. By applying COSMOS
technology to further increase the open-loop gain of the
amplifiers, even higher lincarity amplifiers without power
consumption penalty will be attainable.

Furthermore, it is logical to envision intimately integrating
other advanced CS material systems with silicon as well.
Figure 3 shows a collection of silicon-based ADC data
published in literature in the past decade. The performance of
these silicon ADCs are clcarly bounded by the estimated 0.1
THz+V Johnson Figure of Merit (JFoM), which is defined as
the product of the maximum breakdown voltage of the
transistor and the unity gain cutoff frequency (fr). While the
current COSMOS program is focusing on pushing the ADC
performance towards the InP 2.5 THz*V limit, we can
cnvision the integration of GaN devices with silicon as well
[15]. With digital calibration, linearization, and self-hcaling
techniques developed in other DARPA programs, one can
envision creating next-generation high power transmitters by
combining GaN technology with silicon. Beyond electronics,
the potential impact of monolithically integrating high-
performance CS-based photonics with silicon in a chip can
also be realized in the near future.

The State-of-the-Art Analog-to-Digital Converters (ADC)
Advanced CS Programs
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VI. CONCLUSION

Heterogeneous integration at transistor seale has been
suceessfully demonstrated. It provides unparalleled flexibility
in circuit design for the implementation of inereasingly
demanding and complex mixed signal analog to digital
converters and other cireuit applications. The COSMOS
program is developing fabrication capabilities to combine the
functionality provided by state-of-the-art CS and silicon
devices. The suceess of the COSMOS technologies will enable
tremendous savings of size. weight, power, cost, and
fabrication cyele time of RF and mixed-signal microsystems.
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Nanowires for Quantum Optics

N. Akopian'. E. Bakkers', J.C. Harmandz, R. Heeres', M. v Kouwen', G. Patriarchez,
M. E. Reimer', M. v Weert!, L. Kouwenhoven', V. Zwiller'

lQuantum Transport, Kavli Institute of Nanoscience, TU Delft, Delft, The Netherlands
2Laboratory of Physics of Nanostructures, CNRS, Maroussis, France

We present optical measurements on nanowire heterostructured quantum dot devices. Quantum
dots defined with hetero-matcrial structures are presented as well as a novel type of quantum dot
defined by the crystal phase of the semiconductor. We demonstrate the possibility of electrically
addressing a single quantum dot with photocurrent and perform electroluminescence
measurements on a single nanowire light emitting diode. The applicability of our devices to
advanced quantum optics and quantum plasmonics measurements is discussed.

Nanowire quantum dots offer a range of advantages over the well established self-assembled quantum dots. The
light extraction efficiency can be far higher because the dot is not fully embedded in a high refractive index material
and the nanowire, given the right diameter, can act as a waveguide for the quantum dot emission. The position of the
nanowire can be controlled by simply positioning the gold seed particles that are used as catalysts to grow the
nanowire heterostructure. The lateral size of the quantum dot can be controlled at will with the nanowire diameter
from a few to tens of nanometers and the height of the quantum dot is simply set by the growth time. Stacking two
quantum dots in a nanowirc is straightforward, making quantum dot molecules easily realized. The possibility to
grow a shell around the nanowire enables surface passivation as well as strain engineering. Because of the very
small diameters of nanowires, strain at heteroepitaxial boundaries is easily accommodated by lattice deformation
instead of defect formation as is the case for two-dimensional growth. This versatility enables the combination of a
vast range of materials, even including thc combination of silicon and I11-V materials. Last but not least, a single
nanowire can be electrically contacted and al the current flowing through the device will then flow through the
quantum dot.
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Fig 1. Left: structure of an InAsP/InP nanowire quantum dot, a transmission electron microscope image of a nanowire
quantum dot is shown, the quantum dot is highlighted by the red rectangle. Photoluminescence spectra taken under
increasing laser power showing the exciton (X) and biexciton (XX) emission. Right: Integrated power dependence for the
exciton and biexciton.
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Our first goal was to define a high quality nanowire quantum dot heterostructure, where the emission tinewidth
would be narrow enough to cnable quantum optics experiments. We obtained high quality quantum dots made of
InAsP in an InP nanowire with a thin InP shell acting as a surface passivation for the nanowire. A schematic of the
structure is shown in fig la. A transmission clectron microscope image confirms the presence of the quantum dot. as
shown in fig 1b.

Optical measurcments were performed at the single quantum dot level at cryogenic temperatures using a micro-
photolumincscence setup with a high numerical aperture objcctive (0.85 NA). sensitive CCD and spectrometer with
a resolution of 25 peV. Spectra taken under increasing laser excitation power density are shown in fig ¢ where the
cxciton and biexciton emission lines are observed. The identification of the exciton and bicxciton lines is confirmed
by a power dependence shown in fig 1d where the exciton shows a linear power dependencc while the biexciton
shows a quadratic power dependence. This behavior is very much reminiscent of the usual self-asscmbled quantum
dot behavior.
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Fig 2 Left: Schematic of the single spin memory experiment: a circularly polarized laser pulse creates an exciton. The

photoluminescence polarization is then analyzed. Right: Photoluminescence spectra under right circularly polarized

excitation measured under increasing magnetic field from 0 to 6 T. The photoluminescence is always right circularly
polarized.

The narrow lincwidth of the exciton emission (typically of the order of 100 peV) enables the observation of a
Zeeman splitting at casily accessible magnetic fields. We tuned the excitation laser to the p-shell of the quantum dot
for quasi-resonant excitation and set its polarization to right circular polarization. This then creates a given spin
orientation of thc elcctron and hole. No spin flip is to be expected from the p to s shcll relaxation and the
luminescence should therefore retain the same polarization than the incoming excitation laser pulse. This experiment
was performcd with the sctup schematically shown in fig 2a, where the laser and photoluminescence polarization is
precisely measured. The mcasurcd cxciton photoluminescence is shown in fig 2b as a function of magnctic ficld
intensity for right circular excitation. The photoluminescence is dominantly right circular polarized, demonstrating
that the cxciton spin is conserved during relaxation. Our nanowire quantum dots can thercfore act as spin memories
for time scales in excess of their radiative lifetimes (of about 1 ns). The same cxperiment was performed with left
circularly polarized light and demonstrated left circularly polarized photoluminescence. [1]
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Quantum dots are usually defined with material heterostructures such as InAs in GaAs. This material combination
has been a very successful and thoroughly studied quantum dot system. Nanowires offer a new route to charge
confinement at the nanometer scalc: the crystal phase is an additional degree of freedom: both zincblende and
wurtzite crystal structures are stable at the nanometer scale. While both crystal structures have the exact same
chemical compositions, their band structure differ in bandgap as well as in band alighment. A zincblende InP region
in a wurtzite InP nanowire confines electrons in the conduction band. We show InP nanowire in fig 3a, transmission
electron microscopy i9mages are shown in fig 3b. The red arrows indicate zincblende regions. While the zincblende
segments are not yet fully controlled in terms of position and width during growth, the density is low enough to
study a very small number of such structures optically. In fig 3c, we show an atomic resolution image, where the
narrow zincblende region that can confine electrons is visible.
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Fig Fig 3 (a) Scanning electron microscope image of an InP nanowire. (b) Transmission electron microscope image of two
InP nanowires. The red arrows indicate zincblende segments. (c) atomic resolution image showing a zincblende segment.

A photoluminescence spectrum taken on a single InP nanowires containing zincblende segments is shown in fig. 4.
The emission linewidth is very narrow (24 peV, limited by our spectrometer resolution) and very intense with an
integrated intensity above 10”4 detections/s. This demonstrates the great value of this novel type of quantum dots
where only the crystal phase is used to define the confinement potential. We have demonstrated that these crystal
phase quantum dots act as single photon sources, and that the radiative lifetimes are very long, as expected from the
type 1l recombination in this system [2].
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The high quality InAsP quantum dots in InP nanowircs were then positioned in nanowires with a p doped extremity
on one side and n doping on the other to define a pin structure. This structure can be used both as a dctector by
reverse biasing the pn junction or as a light emitting diodc under forward bias. A schematic view of the band
structure of the device is shown in the top of fig 5. A photocurrent image was obtaincd by applying a constant
reverse bias on the nanowire structure and measuring the current while a laser spot was scanned across the device.
The resulting image is shown at the bottom of fig 5 where the surface reflection was also added to make the contacts
visible. An intense photocurrent spot is clearly visible in the middle of the nanowire, cxactly where the quantum dot
is expected. This demonstrates that absorption takes place in the quantum dot and that under reverse bias the
photogenerated electron-hole pairs tunnel out and contribute to a current.

Photocurrent (pA)

0 0
E
2
=3 -
=]
3
7]

10 -100

0 5 10
Stage x (um)

Fig S Top: band structure of a nanowire quantum dot light emitting diode. Bottom: photocurrent image of a nanowire
device under reverse bias. A reflection image was superimposed with the photocurrent to make tbe electrical contacts
visible.

The very same device that was used for photocurrent measurements can also be used for electroluminescence
experiments. Here a single quantum dot embedded in a nanowire is electrically cxcited; this reprcsents an important
step towards the realization of a practical single photon turnstite device where single photons would be generatcd on
demand under the injection of single electrons. In fig 6 (left), we present a schematic of the device we have realized
where ohmic electrical contacts are made to both the p and n doped regions and electroluminescence occurs at the pn
junction under forward bias. A microscope image of the real device under white light illumination and zero bias is
shown in tig 6 (center), here the device is held at liquid helium temperature. Fig 6 (right) shows the device under a
forward bias of 2 V. Electroluminescence is clearly observed from the center of the nanowire where the pn junction
is expected. This constitutes the operation of the smallest tight emitting diode reported so far where the active region
is only one single quantum dot.
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Fig 6. Left: schematic of a single nanowire light emitting diode. Center and right: microscope image of a nanowire light
emitting diode, from ref |3|.

Our single quantum dot nanowire offers great application perspectives in the field of integrated quantum optics. We
show in fig 7a a schematic representation of an all on-chip quantum plasmonics device where a single nanowire
light emitting diode is used as a source and is coupled to a plasmon waveguide. A superconducting nanowire is then
used to detect single plasmons in the near field. A plasmonic waveguide coupled to a single plasmon detector was
fabricated and successfully operated in our group [4]. Fig 7b shows an integrated plasmonic Hanbury-Brown Twiss
interferometer where two plasmonic waveguides are couple over 5 microns to obtain a 50-50 coupling according to
simulations. Here, both output arms are coupled to superconducting nanowire single plasmon detectors. Merging
optically active nanowire structures with plasmonic structures offers a very strong potential for on chip-quantum
optics experiments.

Fig 7. Left: Integrated quantum plasmonics concept. A nanowire light emitting diode is coupled to a plasmonic
waveguide. Single plasmons are detected with a meandering superconducting nanowire. Right: A plasmonic beam splitter
(coupled waveguide) coupled to two independent single plasmon detectors.

In conclusion, we have demonstrated that optically active quantum dots in nanowires are very good nano-optical
systems with properties and functionalities that offer advantages over more conventional self-assembled quantum
dots. In particular, the possibility of merging nanowire quantum dot light emitting diodes with plasmonics circuits
offers a wide field of applications and experiments.
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Abstract—We grew InAsP and InP/InAsP/InP heterostrueture
NWVs (NWs) by selective-area MOVPE and earried out miero-
photolumineseence (;:-PL.) measurement. We investigated growth
conditions for InAsP NWs and that embedded in InP NWs,
and obtained exeiton and biexeiton emissions from InAsP QDs
at optimized growth eonditions. Negative binding energy of
biexeiton was observed due to the strong Coulomb interaetion
between the holes in the QDs.

Recently, semiconductor NWs (NWs), which are one of
the one-dimensional nanostructures with thin diameter of hun-
dreds of nanometer or less. are attracting great deal of intercst
as new building blocks Tor nano-photonic and nano-clectronic
devices. One of the interest in such one-dimensional semi-
conductor nanostructure is in a possihility to realize various
kind of heterostructures, including quantum wells (QWs) or
quantum dots (QDs) [1]. [2]. by utilizing growth control in the
axial or radial directions [3], [4]. In addition, because of their
small lateral size, it is expected to realize heterostructures Iree
from constraints originating from lattice mismatching issues.
Therefore, it is possible to realize high-quality heterostructures
going beyond a conventional limit of strained-layer systems.
lor example, hased on InP [5], [6].

Comhination o NWs and QDs by embedding QDs inside
NWs is particularly promising for single photon sources
[7] used in quantum information and quantum cryptography
application. The reasons are as follows. Firstly, it is possible
to put onc single QD in NWs by appropriate control of the
growth. Secondly, geometry of NWs makes the formation of
clectrical contact easy. and it is advantageous in achicving high
light extraction efficiency. Furthermore, QDs in NWs have
an advantage that vanishing fine structure splitting of exci-
tons is expected [8]. which is necessary to realize entangled
single photon sources. This is because I1-V semiconductor
based NWs are, in general, grown in the (111)-direction
ol zincblende crystal, and the {111} surface has three-fold
symmetry. Consequently, there are no intrinsic anisotropy for
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vertical and parallel polarizations. Such symmetry also leads
10 an expectation that the shape anisotropy of QDs on {111}
surfaces is much smaffer than those on (001) surfaces.

Here. we report on the growth ol InP/InAsP/InP heterostruc-
ture NWs hy selective-arca MOVPE (0 realized InAsP QDs
inside of InP NWs. We first describe the growth of InAsP
NWs on InP substrates to investigate the growth conditions
for InAsP. Next, InP/InAsP/InP heterostructure NWs were
grown. By optimizing the growth conditions for InAsP, QDs
are formed in InP NWs. Formation ol QDs were confirmed
hy micro-photoluminescence (p-PL) measurement.

InP-based NWs were grown on InP(111)A or (111)B sub-
strates partially covered with S10» mask. First, 20 nm-thick
Si0; film was deposited hy RF-sputtering, and periodic array
of circular mask openings was defined by clectron beam
lithography and hy wet chemical etching. Obtained mask
opening diamcters dy was around 100 nm and distances
between the openings (pitch a) were 600 nm, 800 nm. 1000
nm, 1500 nm and 3000 nm. Sclective-arca MOVPE growth
was carried out on these substrates using trimethylindium
(TMlIn). terthiryhutilphoshine (TBP) and arsine (AsH3) for
precursors of In, P, and As, respectively. Two types of samples,
namely, sample A and B, were grown to study the growth
of InAsP NWs and to form QDs, respectively. For sample
A. InAsP NWs were grown on InP (111)A and B substrates
while changing the supply ratio Ry of group V precursors
to investigate its impact on the composition of grown InAsP.
Here. Ry is defined hy the ratio ol partial pressures of TBP
and AsHg, that is, Ry = [TBP]/[AsH3]. and was set at 1.3,
20, and 50. Growth temperature T, was 580°C' and growth
time was 20 min. For sample B, tnP/InAsP/InP heterostructure
NWs were grown as lollows. First, InP NWs were grown at
T, = 660°C for {5 min, followed by the growth of InAsP
at T, = 580°C with various growth time t, and Ry-. In the
present study, f, was 1, 3, 10 and 30 sec, and Ry was 1.3,

EXPERIMENTAL DETAILS



20 and 50. Finally, InP capping were formed with two steps,
namely. at the same temperature for { min growth without
interruption and at 660°C for 10 min.

Optical properties of the samples were studied hy p-PL
at 4K. He-Ne laser was used for an excitation light source
and was focused on the sample hy x50 microscope objective
lens with spot size of about 2 pm. PL from the sample were
collected through the same objective lens and analyzed hy a
spectrometer equipped with liquid-nitrogen-cooled Si charged
coupled device (CCD) or InGaAs photodiode (PD) array.

II1. RESULTS AND DISCUSSIONS
A. Growth of InAsP NWs

Figure { shows a typical scanning clectron microscope
(SEM) image of InAsP NWs (sampte A) grown on InP (111)B
substrate. Here, Ry is 20 and similar SEM images were
obtained for different Ry, One can see uniform array of InAsP
NWs arc formed. NWs had hexagonal cross section and their
sidewall facets were {110}, similar to the case of InAs [9].
On the other hand, NWs on (f11)A substrates did not grow
vertically; instead, we obtained tripod structures in the part of
the mask opening, as typicatly shown in the inset of Fig. 1.
We have reported that the growth direetion of InAs NWx are
in the (111)B dircction [9], while it is in the (111)A direction
[10], [11] for InP in selective-arca MOVPE, This suggest that
the InAsP growth direction is refated to the composition of
InAsP. That is, P rich InAsP NWs would grow in the (111)A
direction but As rich oncs in the (111)B direction. Since the
present results show that the growth direction of InAsP NWs
is in the (111)B direction, we think As-rich InAsP NWs are
formed. For tripod structure on (11 1)A, we think the direction
of the tripod is in the (111)B direction and As-rich InAsP is
also formed.

We also carried out low-temperature PL. measurement of
InAsP NWs with various Ry using an InGaAs PD array
detector. However, we were not ahle to any detect PL signal
from InAsP NWs grown grown for Ry=1.3, 20 and 50.
Instead. we ohtained PL peak at 0.78 ¢V from reference planar
region for Ry-=20 and 50. We belicve these results show the
emission energy of InAsP NWs are beyond the detection limit
(down 10 0.73 ¢V) of our PL setup. and that the ratio of P to As
incorporated into NWs and planar fayers is much fewer than
the supply ratio of TBP to AsH; (=Ry') during the growth.
From the emission cnergy, the composition of P in InAsP NWs
is estimated to he 0.42 for Ry = 50, and the amount of F is
much fewer in NWs or planar regions for lower Ry, Such few
incorporation of P in InAsP is also reported for planar growth
in MOVPE [12].

B. Growth and characterization of heterostructure NWs

As mentioned in the previous section, InP NWs grown
in the (111}A direction, while InAsP grows in the (111)B
direction in our prescnt conditions. It also shoutd be noted
that the present growth condition for InP NW recsults in the
formation of wurtzite InP with {211} sidewall facets [13].
With afl thcse complications, we chose the the growth of
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Fig. 1. SEM images of (a) InAsP NWxs (sample A) on (111)B InP substrale.
Insct shows InAsP grown on (111)A InP substrale

InP/InAsP heterostructure (sample B) on (ITI)A suhstrate,
since the required thickness for InAsP QDs and QWs are
much thinner than InP NWs. Figure 2(a) shows a typical SEM
image of InP/InAsP/InP NWs. Ry is 20 and ¢, is 10 sec. It
was found that the diameter of NW hccame cnlarged from
its middle. Such enlargement of the top was not observed for
InP NWs. Furthermorce, the diameter of InP NW prior to the
growth of capping InP was the same as the mask opening. This
is shown in SEM images of Fig. 2(b) and (¢). where InAsP
was grown for I min with 2y=20. We can clearly see NWs
with uniform thickness and edges of the SiOymask. Thus, the
enlarged top was formed after the growth of capping InP. Therc
are some bent NWs in Fig. 2(b), which are resulted from non-
uniform sidewall growth of a straincd layer [14]. However,
such bent NWs werc formed only for the growth time of 1
min. Therefore, we conclude that side wall growth of InAsl
layers was negligible, especially for short t;, InAsP was grown
on the top of InAsP. and the cross section of NWs is as shown
in Fig. 2(d).

Fig. 2. (a) SEM image of InP/InAsP/InP NWs (sample B). (b) and (¢)
show InAsP/InP NWs withoul InP capping. (d) Schematic cross section of an
InP/InAsP/InP NW.

Next, we carriecd out PL measurement of sampfe B grown
with various group-V supply ratio (Ry/) and growth time ¢,
of InAsP. Firstly, we show typical PL spectra with different
Ry in Fig, 3(a) (Ry=20) and (b) (Ry=50), with t, = 3 scc.
In these figures, spectra of NW array width different pitch a



In addition 10 the PL from InP NW at 1.51
¢V (which has wurtziie crystal structure [11]. [13]) and InP
substrate at 1.43 ¢V, we observed PL emission around 1.2
eV oor L4 eVoin sample B for 12y:=20 and 50, respectively.
These are atiributable 1o the emissions from InAsP layer. This
means that the emission from InAsP layer embedded in InP
shows considerable blueshilt as compared to InAsP in sample
A. Large Ry, that is, high TBP supply ratio, resulted in
the blueshift off PL emission energy, as expected [tom the
increase of P incorporation in InAsP layer. However, decrease
ol IRy down 10 1.3 resulted in much broader emission band,
particularly for long f, (=10 sec) (not shown here). Therefore,
it is considered that larger 2y and short growth time is
important to obtain unilorm InAsP layer.

We also can see that the emission energy is also dillerent
with a. Dillerence of alloy composition with diffcrent a is re-
ported for group-IT alloy, for instance, InGaAs [ 15]. However,
it is not expeeted for group-V alloys, because incorporation
of group-V materials are thought o mainly be determined
by their precursor concentration in the gas phase, and their
concentration gradient in the vapor phase is uniform in the
region lar smaller than their dilTusion length (~ 1004m). Since
clear tendency for a is not observed in the emission energy,
lurther investigation is necessary for precise control of InAsP
composition.

To Turther conlirm the origin of blueshilt in sample B,
we compared the PL spectra ol differem #,, as in Fig.4(a).
Ry is 20. We can confirm the lowest encrgy emission from
InAsP layers changed with 7, indicating the origin ol blueshift
is quantum confinement elfect due to the reduction ol the
thickness ol InAsP layer.

We estimated the thickness of InAsP layer assuming the
InAsP layer forms unstrained QW in InP. and the results
are summarized in Fig. 4(b). Here, the lowest encrgy of the
emission peak is used 1o estimate the well width of InAsP, and
P composition i of 0.6 is assumed, based on the experimental
results for sample A described in the previous seetion. The
increase of InAsl> thickness with growth time {, is cvident.
It is. however, noted that the thickness is lower than that
estimated Trom growth rate of InAsP NW (dotted line) and
shows sublincar increase with f,. These errors would be
caused by the negligence ol strain effect, and non-constant
growth rate, or change of P incorporation during growth.

are also shown.

C. Optical properties of QDs in NWs

Finally. we carried out detailed PL. measurement on NWs
grown Tor K{y-=20 and f, = 3 scc. Because the excitation spot
size for PL is about 2 gm. single NWs can be measured il the
pitch @ ol NW array is 3 pm. Figure 5 (a) shows PL specira
from a single NW and its dependence on excitation intensity.
We got very sharp emissions of X and XX at 1.227 ¢V and
1.232 ¢V, respectively, The full width of half maximum of X
was 400peV at the excitation power density of 1 W/em?, as
shown in Fig. S(b). Figure 5 (¢) represents excitation power
dependence of X and XX. The peak X increases linearly as
excitation power density, and XX shows squared dependence.
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Therefore, we conclude X and XX are emissions Itom exciton
and biexcitons in a single InAsP QD embedded in NWs,
respectively. 1t is noted that binding energy ol bicxciton is
negative (Ey — Eyy 4.5meV), This is presumably due to
the strong Coulomb interaction between the holes of biexciton.
Such negative binding ol biexcitons are reported in Stranski-
Krastanow InAs QDs. and indication ol the formation ol very
small QDs [16].

Sharp emissions originating Irom Qs are observed in some
other NWs ol sample B grown for ?y-=20 and 50, and 7, less
than 3 sec. In addition, both excitonic and biexcitonic emission
were observed in most of the QDs. The emission peak energy,
intensity, and linewidth diflers NW to NWs, and some NWs
seem 1o contain muhiple QDs. Nevertheless. the emission
energy is reasonably controlled by Ry, and larger Ry resulted
in the emission at the higher energy level. Excitonic and
biexcitonic Trom QDs have been conhirmed between 1.02 eV
[17] from 1.45 eV at present. Binding energy of biexciton is
both positive and negative, which seems to be correlated with
emission energy: it is positive for smaller emission energy. and
large and negative for higher energy. Therelore. our InAsP
QDs embedded in InP offers a wide tunability of emission



cnergy and possibility for single pholon emission 1o cover
wholc optical fiber communicalion band, as well as to study
the optical properlies of QDs.

X XX
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Fig. 5. (a) PL spectra of an InAsP QD. X and XX were considerec to be

exciton and biexciton, respectively. (h) Blow-up of a spectrum for excitation
power density of 1 W/cm?. (c) Excitation power dependence of integrated
peak intensity for X and XX.

IV. CONCLUSION

We grew InAsP NWs and InP/InAsP/InP verucal het-
erostructure NWs by seleclive-arca MOVPE to form a single
QD in NWs. InAsP NWs vertical to the substrate were grown
on (111)B InP subsirate, indicating that the growth dircction
of NWs is in the (111)B in the present growth conditions.
Alloy composition of P and As in InAsP can be controlled by
changing the supply ratio of their precursors. Incorporation
of P is smaller 1han As. resulting in As-rich InAsP NWs. PL
measurement of heterostruclure NWs confirmed the composi-
tion und thickness of InAsP layer can be controlled by growth
conditions. Emissions of ¢xeiton and biexciton in QD were
confirmed by 2-PL measurement and their excilation intensily
dependence. Negative binding energy of bicxciton was found,
suggesting strong Coulomb interaction between holes confined
in small QDs.

ACKNOWLEDGMENT

The authors would like 1o thank M. Van Kouwen for ex-
perimental support and Dr. V. Zwiller for fruilful discussions.
The work is partly financially supportcd by a Grant-in-Aid
for Scicntific Rescarch, supported by Ministry of Education,
Culwre, Sports, Science and Technology, Japan.

18

REFERENCES

(1] E. D. Minot, F. Kelkensberg, M. van Kouwen, J. A. van Dam. L. P,
Kouwenhoven, V. Zwiller, M. T. Borgstrom, O. Wunnicke, M. A.
Verheijen, and E. P. A. M. Bakkers, "Single quantum dot nanowire
LEDs,." Nana Let. vol. 7, no. 2, pp. 367-371, Jan 2007.

V. Zwiller. N. Akopian, M. van Weert, M. van Kouwen, U. Perinetti,
L. Kouwenhoven, R. Algra. J. Goémez Rivas, E. P A. M. Bakkers,
G. Patriarche. L. Liu. J.-C. Harmand. Y. Kobayashi, and J. Motohisa.
“Optics with single nanowires.” Comptes Rendus Pliysigne. vol. 9, no. 8,
pp. 804815, 2008.

L. Lauhon. M. Gudiksen, D). Wang. and C. M. Licher, “Epitaxial core-
shell and core-multishell nanowire heterostructures.” Narre, vol. 420,
pp. 57-61. Jan 2002.

M. Gudiksen, L. Lauhon. J. Wang. and D. Smith, and
C. M. Lieber,"Growth of nanowire superlattice structures for nanoscale
photonics and electronics.” Nature, vol. 415, p. 617, Jan 2002.

F. Glas, “Critical dimensions for the plastic relaxation of strained axial
heterostructures in free-standing nanowires.” Physical Review B, vol. 74,
no. 12, p. 121302(R), 2006.

M. W. Larsson, J. B. Wagner. M. Wallin, P. Hikansson, L. Froberg,
L. Samuelson, and L. R. Wallenherg, "Strain mapping in free-standing
heterostructured wurtzite InA/InP nanowires.” Nanotechnology. vol. 18,
p. 015504, Jan 2007.

M. Borgstrom. V. Zwiller, E. Miiller. and A. Imamoglu. “Optically bright
quantum dots in single nanowires.” Nano Len, Jan 2005,

R. Singh and G. Bester, “"Nanowire quantum dots as an ideal source of
enlangled photon pair.” Physical Review Letters, vol. 103, p. 063601,
Jan 2009.

K. Tomioka. P. Mohan. J. Noborisaka, S. Hara, and J. Motohisa. “Growth
of highly uniform InAs nanowire arrays hy selective-area MOVPE.”
Journal of Crystal Growth, vol. 298, pp. 644-647. Jan 2007.

M. Inari, J. Takeda, J. Motohisa, and T. Fukui, “Sclective arca
MOVPE growth of InP and InGaAs pillar structures for InP-hased two-
dimensional photonic crystals.” Physica E: Low-dimensional Syvstems
and Nanastructures, vol. 21, no. 2-4. pp. 620-624, 2004,

P. Mohan, J. Motohisa. and T. Fukui, "Controlled growth of highly
uniform. axial/radial direction-defined. individually addressahle InP
nanowire arrays.” Nanotechnalogy, vol. 16, no. 12, p. 2903, 2005.

T. Fukui and Y. Horikoshi, “InAsShP-InAs superllatice grown hy
organometallic vpe method.” vol. 19. no. 9. pp. L55I-L.554. 1980.

Y. Kitauchi, Y. Kohayashi, K. Tomioka, S. Hara, K. Hiruma, T. Fukui.
and J. Motohisa, suhmitted.

P Mohan. J. Motohisa, and T. Fukui, "Realization of conductive InAs
nanotubes based on lattice-mismatched InP/InAs core-shell nanowires,”
Applied Physics Letters, vol. 88, p. 013110, 2006.

T. Sato. Y. Kobayashi. J. Motohisa. S. Hara. and T. Fukui. "SA-MOVPE
of InGaAs nanowires and their compositions studied by micro-PL
measurement.” Journal of Crvstal Growth, vol. 310, pp. S111-S113,
Jan 2008.

D. Sarkar. H. van der Meulen, J. Calleja. J. M. Becker. R. J. Haug, and
K. Pierz. "Exciton fine structure and biexciton binding energy in single
self-assembled InAs/AlAs quantum dots,” Journal of Applied Physics,
vol. 100, p. 023109, Jan 2006.

H. Sasakura. H. Kumano. 1. Suemune, J. Motohisa. Y. Kobayashi.
M. van Kouwen. K. Tomioka. T. Fukui, N. Akopian, and V. Zwiller,
“Exciton coherence in clean single InP/InAssP/InP nanowire quantum
dots emitting in infra-red measured by fourier spectroscopy.” Journal of
Physics: Conference Series, vol. 193, p. 012132, Jan 2009; H. Sasakura
el al., submitied.

(21

(7

(8]

©

(10]

[

ul
(131

(4]

[15]

(16]

1171



2010 International Conference on Indium Phosphide and Related Materials
Conference Proceedings
227 IPRM 31 May - 4 June 2010, Kagawa, Japan

11:45 -12:15
TuA2-3 (Invited)

InAs/InP QDs broadband LED using selective MOVPE growth

and double-cap procedure

K.Shimomura, Y.Suzuki, Y.Saito, and F.Kawashima

Dept. Engineering and Applied Sciences, Sophia University
7-1 Kioi-cho, Chiyoda-ku, Tokyo 102-8554, Japan.
E-Mail: shimo@pic.ee.sophia.ac.jp

Abstract

InAs/InP QDs broadband LED more than 450 nm spectrum width was succcssfully

demonstrated. The broadband spectrum was obtaincd from the height controlled double-cap

procedure and strain controlled buffer layer fabricated by the selective MOVPE technique.

I. Introduction

Broadband emission deviees in long wavelength band
are important for the optieal ecommunication systems
such as WDM light sources, infrared speetroseopy,
and medical application such as optieal coherence
tomography. To achieve broadband light emission, a
scmiconductor material with a wideband energy
distribution is necessary. By using the quantum well
structure, only one dimension of the height ean be
controlled the quantum encrgy level. On the other
hand, in the QDs strueture, the three-dimensional
control of the energy level is possible, and we can
expeet to obtain the widc energy lcvel eontrol in the
QDs structure.

In a previous study, we obtained wideband
electrolumineseenee (EL) from InAs/InP QDs by a
double-eap procedure and selective MOVPE growth
[1]. Using a narrow-stripe array mask with a wide
mask at one side of the array. we controlled the
emission wavelength in each array waveguide. We
also attempted to control the vertical height of the
QDs by changing the eap layer thickness during the
double-eap procedure [2]. To obtain broader band

lumineseenee, we controlled the strain under the QDs

by changing the Ga content of the Ga,In, ,As buffer

978-1-4244-5920-9/10/$26.00 ©2010 1EEE.
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layer [3].

In this paper, we explain the growth conditions of the
InAs/InP QDs broadband LED using selective
MOVPE growth and double-eap proeedure, and also
show the speetrum width of QDs LED.

I1. Selective MOVPE using a double-cap
procedure
A QDs-array waveguide structure was grown by
seleetive area growth by low-pressure MOVPL using
a SiO, narrow-stripe mask array with a wide SiO,
mask at one side of the array. A schematie diagram of
thc mask pattern is shown in Fig. 1. Since the supply
material does not grow on SiO,, the eoncentration of
the material at the upper part of the SiO, mask
becomes high. and lateral vapor diffusion oceurs at
the non-masked part of the mask pattern. The growth
speed becomes large near the wide mask and small in
the far side of wide mask. And at the same time, the
eomposition of Ga and In of GalnAs layer ehanges in
each array waveguides due to the diffusion length
difference between Ga and In. Hence the peak
wavelength of the emission of light in each array
waveguide changes by the difference of QDs energy

level.
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Fig. I: Schematic diagram of the SiO, mask pattern.

The growth of QDs is Stranski-Krastanov (S-K)
growth mode [4], and during the growth of QDs, we
used double-cap procedure. The growth process of
double-cap procedure is explained as follows. After
the growth of InAs QDs, first-cap layer (FCL) was
supplicd thinner than the height of InAs QDs. Then
the growth interruption performed under the supply
of phosphide. During the As/P exchange occurs, the
unprotected island are planned. After the growth
interruption, InP sccond-cap layer (SCL) was grown.
By using this doublc-cap procedure, thc uniformity of
QDs hcight improves in cach array wavcguides.

By using selective MOVPE growth and double-cap
proccdure, we can control the size and encrgy level of
QDs for the direction.

lateral In the previous

experiment, we have tried to control the QDs
vertically in each array waveguide [3]. If we change
the FCL thickness during double-cap procedurc, wc
can control the QDs height vertically. Furthermore, if
we change the composition of GalnAs buffer layver
under the QDs, we can control the QDs encrgy
because of the strain cnergy difference between QDs
and buffer layer. By using these lateral and vertical
control of QDs size and energy, we have tried to

obtain the broadband LED.

I11. Results and Discussion

In the sclective MOVPE growth, the wide mask

20

width was 100-200 pum. The number of stripe was 16,
and stripes were formed parallcl to the [011] direction.
The array waveguide was selectively grown with the
width of 4 um and the space between next array was
3 um. We named the nearest waveguide array as no.l,
and array no.16 was in the far side of wide mask. The
precursors used in the MOVPE growth were TMI,
TEG, TBP, TBA, and DEZn, DTBSi as a p and »
dopant.

The dependency of PL peak wavelength and
thickness of the FCL at the non-masked area was
shown in Fig2. From this figure, the peak
wavelength was clearly blue-shifted as the thickness
of FCL was decreased. The wavelength shift between
0.5 nm thickness FCL and 2.0 nm thickness FCL was
100 nm. From this result, if we grow the different
thickness of FCL in the multiple stacked InAs QDs,
the emission

the

we could expect further wide

wavelength LED. In our growth conditions,
height of the QDs in the non-masked area was
approximately 5.5 nm. Therefore, we could control

the height of QDs below this value.
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Fig. 2: PL peak wavelength of QDs versus FCL

thickness.

Fig. 3 shows the PL peak wavelength from QDs
when the composition of GalnAs buffer layer was
changed. We can clearly observed if we increased the

Ga composition of buffer layer, the PL wavclength

2.5



was blue shifted because of the strain between QDs
and buffer layer was increased. And we obtained
more than 500 nm PL wavelength change by

changing the bufter laycr.
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Fig. 3: PL peak wavelength ot QDs versus Ga

composition of the bulter layer.

By using these experimental results, we have
fabricated 3 QDs layer LED by changing the FCL
thickness and composition of GalnAs buffer layer.
Fig. 4 shows the schematic layer structure of a
three-layer InAs QDs LED with varying Ga content
in the buffer layer and also an FCL thickness that
varicd layer by layer. The growth procedure is as
follows. First, 110-nm-thick n-InP and 1.4-nm-thick
Gay 47Ing s3As layers were grown on (100)-oriented
n-InP substratc at a temperature of 640 °C and a
pressure of 100 Torr. InAs QDs were grown at a
temperature of 540 °C and a pressure of 15 Torr. The
growth rate of the QDs was 0.013 ML/s, and the
source supply time was 35 sec. In addition, growth
interruptions of 60 sec occurred during supply of
TBA after QDs growth. The Gagrlngs:As layer
under the QDs was grown to prevent phosphorus
desorption during these growth intcrruptions. Wc then
uscd the double-cap procedure. After the growth of
InAs QDs. 3-nm-thick Gay7slngsAs layer, which
were thinner than the height of the InAs QDs and are
referred to as the FCL, were supplied. The

Gag 7:Ing 2sAs as a FCL in place of InP was used to

improve the PL intensity and the uniformity of QDs
size after the ref. [5.6]). A growth interruption of 8
min was then applied under a supply ol TBP, during
which As/P exchange occurred. and unprotected
istands are planned. After this growth interruption.
the temperature and pressure were increased to 640
°C and 100 Torr, respectively. Then, a 22-nm-thick
InP second cap layer (SCL) was grown. After the
growth of 2™ and 3" GalnAs layer and
double-capped QDs layer, S5-nm-thick i-InP, 1.5 um
p-InP. and 10 nm p-Gag 47Ing5:As layers were grown
at a temperature of 640 °C and a pressure of 100 Torr.
In this device, the Ga content (x) and FCL thickness
were 0.47 and 3 nm in the first QDs layer, 0.27 and
1.5 nm in the second layer, and 0.75 and 4.5 nm in

the third layer, respectively.

AuZn

p-GalnAs
p-InP InP SCL 22nm
i-InP /7 InAs QDs 4.5nm

i Ga, 5Ing 5As

e

gha InAs QDs 1.5nm

Ga, ,,In, ;As
A 00 QD 5o
n-InP Gay 4Ing ;As

n-InP Subs.

AuSn

Fig. 4: Schematic layer structure of InAs QDs LED

Fig. 5 shows the EL spectrum of an InAs QDs array
waveguide LED with various CW injection currents
measured at room temperature where the device
length was 218 pm. Table | summarizes the FWHM
of spectrum with various injection current. By
increasing the injection current, the spectrum width
was gradually reduced, but wc have obtained more

than 450 nm FWHM of the spectrum, when the

2



injection current was less than 60 mA. This
broadband spectrum width was obtained because of

the lateral and vertical control of QDs size and

energy level.
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Fig.5: EL spectrum as a function of injection current.

TABLE I: FWHM of spectrum with various current

Current

(o) 10| 20| 30| 40| 50| 60
FWHM 484 1 462 | 479 | 450 | 443 | 451
(nm)

From the PL mcasurements, the peak wavelengths
were 1800 nm, 1550 nm, and 2050 nm for the first,
second, and third QDs layers, respectively. By
comparing the EL spectrum, the emission from the
second layer, where the Ga composition of the buffer
layer was 0.70, was considered too weak. In the PL
measurcments, the PL intensity was reduced
remarkably when the Ga composition of the buffer
layer was high becausc of the large strain energy. To
increase the intensity of QDs where the high Ga
composition buffer layer, we have to optimize the
growth conditions of buffer layer and QDs.

However, because we obtained an EL spectrum width
more than 450 nm, the lateral and vertical controls of

QDs energy are effcctive for a broadband LED.
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IV. Conclusion
Broadband LED with a spectrum width of more than
450 nm was obtained in an InAs QDs array
waveguide. In the three-layer QDs array waveguide,
the height of the QDs was changed by changing the
FCL thickness during the double-cap procedure. The
strain of the QDs was controlled by changing the Ga
composition in the Ga,In,_ As buffer layer using

selective MOVPE growth.
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Semiconductor lasers with quantum dot (QD) based active regions have generated a huge amount
of interest for applications including communications networks due to their anticipated superior
physical properties due to three dimensional carricr confinement. For example. the threshold
current of idcal quantum dots is predicted to be temperature insensitive [1]. Wc have investigated
the operating characteristics of 1.5pm InAs/InP (100) quantum dot lasers focusing on their carrier
recombination characteristics using a combination of low temperature and high pressure
measurements. By measuring the intfinsic spontaneous emission from a window fabricated in the
n-contact of the devices we have measured the radiative component of the threshold current
density, J,.s. We find that J,,, is itself relatively temperature insensitive (Fig. ). However, the
total threshold current density, J;, increases significantly with temperature leading to a
characteristic tempcrature 7p~55K around RT. From this data it is clear that the devices are
dominated by a non -radiative recombination process which accounts for up to 94% of the

threshold current at room temperature (Fig. 1).
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Fig. 1. Jy and J,q as function of temperature
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Different carrier rccombination proccsses have distinctive dependencies on the band gap,
thereforc hydrostatic prcssure provides a robust tool to study the dominating proeesses since it
allows one to reversibly vary the band gap of an operating device in the absence of other
compositional changes {2, 3]. Fig. 2 shows that the lasing energy increases (reversibly) with

pressure in the QD lasers with a pressure coefficient that is temperature insensitive, ~8meV/kbar.
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Fig. 2, Dependence of lasing energy on Fig. 3, Variation of threshold eurrent with
hydrostatie pressure and temperature for a temperature and pressure for the QD lasers.

quantum dot laser

In Fig. 3, we plot the corresponding pressure and temperature dependence of the threshold
current, normalised at atmospheric pressure. At room temperature, a strong decrease in
threshold current is observed with increasing pressure, consistent with Auger recombination
dominating as per previous findings on 1.5um (311B) InAs/InP [2] and 1.3um InAs/GaAs [3]
QD lasers. With decreasing temperature, the rate of decrease in threshold eurrent with
pressure reduces. This is exactly as one would expect due to the reduced importance of Auger
recombination at lower temperature, as evidenced from the temperature dependenee data in
Fig. 1. From these data it is clear that the thermal behaviour of these QD lasers is dominated
undcr ambient conditions by Auger recombination.

In summary. we have investigated the temperature sensitivity of recombination processes in
1.5pum InAs/InP QD laser grown on (100) InP substrate using temperature dependent
measurements on Jy, and J,,; and hydrostatic pressure measurements of Jy and lasing
wavelength to determine the dominant recombination processes. The temperature behaviour
of Jy and J,,; and decrease in .Jy, with increasing pressure indicates that these devices are
dominated by NR recombination processes which decrease strongly with increasing pressure
and also decrease with decreasing temperature. The presence of NR recombination proeesses
is consistent with the temperature dependence characteristics observed in Fig. 1 and Fig. 3.
Therefore we conclude that Auger process is dominant NR recombination processes in these
devices
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Abstract—III-V FETs are in development for
both THz and VLSI applications. In VLSI, high
drive currcnts are sought at low gatc drive voltages,
while in THz cireuits, high cutoff frequencies are
required. In both eases, soureec and drain aeecss
resistivitics must be deereased, and
transconductance and drain current per unit gate
width must be inereased by reducing the gate
dicleetric thickness, reducing thc inversion layer
dcpth, and increasing the channel 2-DEG density of
statcs. We here deseribe both nm self-aligned
fabrication processes and channel designs to address
these scaling limits.

1. INTRODUCTION

III-V transistors of ~10 to 100 nm lithographic
dimensions are being developed both for sub-mm-wave
(0.3-3 THz) applieations and for use in large-scale
digital integrated circuits. Both applications dcmand
improved transistor characteristics; both applications
demand significant changes in the design and
fabrication of the channel, of the source/drain access
rcgions, and of the gate dielectric.

For application in VLSI, FET leakage currents
must be low and drain drive current densities must be
high despitc low supply voltages.  High intrinsic
transconductance and low source / drain acccss
resistivities are therefore required.

For application in THz 1Cs, high eurrent-gain ( f,)
and power-gain ( f,_ ) cutoft frequencies are requircd.
With present InGaAs HEMTs, f  is limited by
parasitic capacitancc charging times whieh are only
reduced by increasing the FET transconductance per
unit gate width. As with the VLSI application, the drive
current and transconductance must be increased and the
source aeeess resistance reduced.

THz InGaAs HEMTs and InGaAs MOSFETs thus
faee several similar design challenges. To inercase the
transconductance of both HEMTs and MOSFETs. the
gate barrier must be thinned, which increascs gate
leakage. In VLSI application, gate leakage must be very
small, and an MOS structure with a widc-gap
(insulating) gate dieleetrie is required. Even for HEMTs
used in THz ICs, the wide-gap gate barrier
semiconductor layer has been thinned to the point

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.

where gate leakage reduces microwave power gain:
better barricrs are nccded. In both devices high
transconductance implies both high carricr velocities
and high carrier densities in the 2-dimensional clectron
gas. Semiconductors with low carrier effective mass
provide high carrier velocities yet low 2-D densities of
states hence low carrier densities, high effective mass
provides low veloeities yet high earrier densities. [1]
This limitation must somehow be addressed. Both
devices need low access resistances. Both devices need
thin channels both for high transconduetancc and for
low output conductance.

Design challenges with THz InGaAs HEMTs and
InGaAs MOSFETs also differ in key aspects. Unlike
THz HEMTs, where overall device dimensions can be
mueh larger than the gate length, in VLSI the deviee
packing density must be high hence all device
dimensions must be small. In particular, in VLSI the
souree/drain contaets must have dimcnsions comparable
to the gate length, placing greater demands on low-
resistivity source/drain contaets. Similarly. while in
THz HEMTSs the N+ drain ean have a large offsct from
the gate to reduee drain eleetrostatie coupling and
conscquently output conductance, in MOSFETs for
VLSI both density and logic design requirements force
the N+ drain region to be placed adjacent to or under
the gate. Electrostatic design and vertical scaling of the
VLSI device is therefore more demanding.

We describe below our efforts to develop 111-V
MOSFETs for VLSIL. Although III-V MOS gate
dielectrics {2, 3] remain an area of intense development,
we focus here on device design and on development of
process flows for fabrication of nm devices. Since their
low 2-dimensional density of states makes 111-V
channel materials uncompetitive for application in nm
FETs, we also discuss modified I1I-V channel designs
whieh address this limitation,

1. FET SCALING LAWS

First consider FET scaling laws (Table 1) [4] . To
increase bandwidth y :1. capacitanccs and transit delays
must be reduced y:1 while maintaining constant
voltages, currents, and resistances. In InGaAs FETs
with L ~35 nm, the gate-source €, o &l and gate-
drain C_, o ¢l fringing capacitances are a substantial
fraction of thc total capacitance, and consequently limit



Table 1:
scaling laws:
bandwidth in an arbitrary circuit

Constant-voltage / constant-velocity FET
changes required for y:lincreased

\r’!_"i"_ ¥ _"i"_ Fp— m “ 0l

parameter law | parameter law
gate length L, , source-drain contact | ! electron density 7'
lengths L, (nm) n =(C, ./ LWXV, -V,)/q(ecm™)

gate width W (nm) g injection velocity (m/s) 7"
equivalent oxide thickness 7! i = (4/38N20C, oV, =V VIMC)™

T, =T,/ &, (nm) drain current /, =gnyv,,_,, (mA) 7
dielectric capacitance y™ drain current density [, /W, (mA/zm) y'
Cor = Ea, LW, /T, (IF) transconductance o/, / 6V, (mS) 7'
wavefunction mean depth 7, (nm) d gate-source, gate-drain fringing capacitances g
wavefunction depth capacitance 7! Cory €W, o Cpy x W, (fF)

Cins = B L B, LT (IF) S/D access resistances R , R, (Q) y*
DOS capacitance (ballistic case) T S/D access resistivities RW, ,RW (Q - m) e
Co. =q'glmm ) LW, 127h" (fF) S/D contact resistivities p, (Q—zm?*) 7’
gate-channel capacitance 7! temperature rise (one device, K) ~W
C.,=M/C, +1/C,, +1/C,T" (fF)

f.. C,  and C,, are only weakly dependent on lateral
geometry, hence the (C, +C,)AV/I dclay is
reduced y:1 only if 1, /W, |5|ncreased vl

Consider drive current scaling in the ballistic limit.
I,=qny, W, is determined by the carrier injection
velocnty v, and the sheet carrier concentration »n =
@@ LRWR XV, -V,)/ g, where the gate-channel
capacitance C,, =[1/C, +1/C,,, +1/Cy,]" is the
series combination of dielectric C, =g LW.IT.,
wavefunction depth Coin = Bugurl T, I T and densnty

depth

of states C, =q’ -dn /dE, capac1tances T, is here the
wavefunction mean depth In the ballistic case,
C,.=q’'gmm)" LW [27h’, where gis the # of

populated valleys, and m and m the effective masses
parallel and perpendicular to transport; near
equilibrium, C, is 2:1 larger. Given ballistic transport
[5] and assuming degenerate carrier concentrations,

B =B o 2 KT 2 =813 )U(E, — B, )} =
(4/37)2¢9C,_,(V,, =V,)/mC, )" . We scale ‘)y
maintaining constant v while reducmg Gy LB e

Caad B 5 amd Ty /L W, by y:l so as to increase
n by y: 1. This requtres fixed transport mass m, , T,
and T . reduced p:1, and C, increasedy : [ by
increasing the # of valleys or the perpendicular mass.
The FET is scaled such that the on- state current
density [, /W, (mA/gm) varies as 7' while the
current per unit source and drain Ohmic contact area
(mA/gm®) varies as y’. It is well understood that
difficulties in reducing 7, (gate leakage by tunneling)
will impede constant- voltage FET scaling; note also that
T must scale as p ', requiring thinner wells or
stronger confinement of the wavefunction in the well by
strong vertical fields, and (R + R,)/W_must scale as
7', requiring a y*:1 reduction in contact resistivity
p. and increased carrier concentrations in the access

regions. Design goals include low access resistance,
high drive current density, thin wells, high sheet carrier
density, and gate barriers that are both thin and high in
energy.

To out-perform future scaled Si MOSFETs, drive
currents must exceed 1-2 mA/gmat 300 mV gate
overdrive (V, — V ) . We must develop Ohmic contacts
of ~0.5 Q - sm’ contact resistivity; this resnstivrty must
not increase when operating ~150 mA/um’ current
density, nor can the contact metals diffuse under such
high current and thermal stress through device junctions
only ~3-5 nm below the surface. 7, must be at most 2-
3 nm.

We describe our efforts to develop process to
fabricate FETs having such parameters. We must also
consider changes in the channel design necessary to
enable the target high current densities.

I11. DENSITY-OF-STATES LIMITS AND
HIGH CURRENT DENSITY CHANNELS
We now examine the density-of-states limit to drive
current and modified channel designs which address
this limit.
Low transport mass produces high carrier velocities
but low charge densities while high transport mass

produces low carrier velocities but high charge
densities. At a glven dielectric thickness 7, , there is
an optimum m* maximizing /,. We find

[ W, =d,-K -V, =V)VY"? ¢)]

where

Ju—( j 29) " (g'm,
kY4 2’

](I V) '=84 mA/um  (2)
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Figure I: ', L, and X-valley orientations for (100)- and (111)-oriented wafers

Table 2 Parameters of [', L, and X-valleys for several suitable semiconductors

I" valley X valleys* L valleys ]
material substrate | m*/m, m,/m, m /m, Ey—E; m,/m, m /m, E, =iE,
Ing sGag sAs InP 0.045 1.29 0.19 0.83 eV 1.23 0.062 047 cV
InAs InP 0.026 13 0.16 0.87 eV 0.65 0.050 0.57eV
GaAs GaAs 0.067 1.3 0.22 0.47 eV 1::9. 0.075 0.28 eV
GaSb GaSb 0.039 .51 0.22 0.30 eV 1.8 0.10 0.07 eV
Si Si 0.92 0.19 (negative) *Si minima at A ~0.85-(100) |
and [(6)m, =9mm, /(m, +8m,). The X valleys have (IOO)
] ne(m /m)" orientations, in bulk InGaAs, GaAs, and GaSb have
I (|+(( IC_ Yeg-(m"m" Im )" (3) minima well above I'and L, and in a (111) well have
docar | o low m = 3mm, /(m +2m,)quantization mass. In
is the normalized current density. approprlate thin weIIs the X and L[T11].[11 I] and
o =L1/C, + LEC T s C,. and C, in series, [111] quantized states are driven to high encrgies and
whlle C,.= (]ZHI(,LRH'K/ZITrII. Given one isotropic  depopulated. T, can be selected to placc I' and

L[I11] at similar cnergies, doubling C, ,or I' driven
in energy above L[I11], and transport provided in
multiple L [111] valleys.

valley (m =m =m*, g=1)and | nm rotal equivalent
dielectric thickness EOT (1B e = il P L1 TUEL) ),
highest current is obtained for m*/m, =0. 05 while for

0.3 nm EOT, peak /, is obtained at m*/m" =0.2; given

one isotropic valley, low m* gives low /, in nm FETs 035 | . |

[6], though low m* reduces transit time for any EOT. = - '"GEAS}_,.f-G-af.S_?"? gl -

Note than for Si {100} FETs [6], m*/m, =0.19 and § sl S o

=2h § P LS ot §

. Consider a 3 nm (100) GaAs well with strained 3= ‘;355:::____ Welongid
AISb barriers. The L bound states lie 177 meV above E 0154-"" 04 \

that of I'. Equilibrium (not ballistic transport) analysis g 01 oem\_‘f

uscs  Schriodinger-Poisson, the  cffcctive  mass é 605 JEOT reldes twmevioociondesty 10nm\“:
approximation, and parabolic bands. 0.66 nm Al,O, and 8 J(mean wavefunction deptn'e. . o) \“‘4

0.34 nm AISb lie between the well and gate, giving 001 T gy ' A
T,,=0.37 nm. Under strong inversion €, /LW, =24 i),

//F/cm far bclow C /LW, =9 ,uF/cm ,' and the

high-mass L-vallcys an’ for,, ~24-10" em . Under Figure 2: FET normalized drive current K, where
ballistic transport, €', and thc maximum n, would both 1,/W, =@84mA/jtm)- K -((V, =V,)/1V)"?, and gis

decrease 2:1.

Increased C, and low m can be obtained by using
L valley minima '1Ione or combined with the T valley.
The InGaAs, GaAs, and GaSb L-valleys [7] have low
m,/m, (0.062-0.1) and high m, /m,  (1.23-1.9). The L-
valleys have (l 1 l) orientations, and transport in a (100)
channel includes contributions from the high m, .
Using instead a (111) wafer, the L[I11] valley is
oriented vertically, and shows low transport masses
(m, =m_=m) and high confinement mass (m _=m,).
The L[Ill] [1T1], and [lll]mmlma show hlgh
transport mass[6] (m, +8m,)/9 in one in-plane
direction, but low confinement mass

the # of valley minima.

Consider a 2.3 nm (111) GaAs well with straincd
AISb barriers. m _is large, thus the first two L[111]
states are separated by only 84 meV. The I'statc lies 41
meV above the lower L[I11] state; 3 valleys arc
populated over a 300mV range of V_ : LI [T 1],
and [111] and X lie 175 and 288 ch above the lower
L{I11] state. In equilibrium simulation »n =
7-10% cm “with ¥ -V, =300 mV, and modcrately
hlgher n_docs not populate heavy valleys. In invcrsion,

Coall, W =4 uF/cm’. The benefit over the (100)
design is Iarg,er in the ballistic case.
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Figure 3: Simulation of I', I'-L, and multiple-L valley FETs: quantized states, wavefunctions, charge density, and

sheet carrier concentrations vs. bias. Well cnergies and

charge densities calculatcd using the effective mass

approximation and assuming parabolic bands. The gate dielectric is 0.3 nm Al,O,. Well charge densities are

computed assuming thermal equilibrium; in the ballistic limit, C

is 2:1 smaller than in equilibrium, and

does

multiple-valley FET channels provide a proportionally larger improvement in N . 0.66 nm is 2 monolayecrs.

In InGaAs, GaAs, and GaSb. the L-valley m, is
>25:1 larger than the I -valley mass, hence T, can be
made 5:1 smaller for a given quantization energy. m, is
high in the barriers, hence multiple wells can be placed
between ~ 1 nm  barriers without significant well
coupling hence energy redistribution. Multiple L[111]
quantum wells can stacked to incrcase ghence C, .
Consider a FET with two 0.66 nm (2 ML) (100) GaAs
wclls separated by strained 0.66 nm AISb barriers.
Given zero field, the two L[111] states split in energy
by <40 meV; for V', —¥, =300 mV the separation is 56
meV. L{111].[111],and [111] and X lie 322 and 346
meV above thc lower L{I111] state. Thc I state is
driven to high energy. In equilibrium, », is driven to
7.8-10" cm *with V' —F,~300 mV; moderately
higher ~ »n does not populate heavy valleys.
C,./LW, =4 pgF/cm’. The advantage over [" {100}
is greater for ballistic transport. A triple- well L[I111]
design gives similar results. In these FETs, the upper
wells charge most strongly because of charge division
between the wells' C, and the well-well capacitance

s
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C,,=&e W /T, where T is the well pitch. With
thin wells, and low m, , C, can be increased 1.5:1 to
2.2

The designs above use very thin wells and barriers.
1t must be determined whether such layers can be grown
and whethcr mobility is acceptable. The energy
calculations must be refined. 2-4 ML GaSb and InAs
wells [8,9] have been grown. Preliminary tightbinding
calculations using an sp3d5s* basis [10] conducted for
triple I.Inm GaSb wells with 1.lnm AISb barriers
confirm the symmetry of the lowest state manifold and
its expected transverse dispersion. Excited states are
slightly lower than predicted by effective mass, but the
design still appears viable. Experimental demonstration
of such channel designs would enable I11-V FETs to
provide smaller carrier transit times and larger drive
currents than Si MOSFETs even for gate dielectrics
with cquivalent thickness below 0.5 nm.
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Figure 4: Process flow for 111-V FETs with source/drain
regrowth by MEE.

IV. FABRICATION PROCESSES FOR NM 111-V MOSFETS

Established [11-V HEMT structures do not well
address scaling requirements of Section 1I. We have
thercfore developed a fully self-aligned InGaAs
MOSFET process flow [11,12,13,14] (fig. 1). In this
flow, 4.7 nm Al,O, gate dielectric is deposited by ALD
ona S nm In,, Ga, . Aschannel, thc gate is formed by
blanket W/Cr/SiO, deposition and RIE etching, and thin
25 nm Si N gatc sidcwalls formed. After etching the
ALO, . self-aligned S/D InAs N+ regions (50 nm thick,
8<10" ecm ', 23 Q sheet resistance) are formed by
migration enhanced epitaxy, and self-aligned S/D
contacts formed by in-situ blanket cvaporation of Mo
(1-3Q—m’ contact resistance) and a subsequent
hcight-selective etch [15]. Mesa isolation and back-end
metal completes the process. Unlike HEMTs, no gate
barrier is present in the S/D regions, the source and
drain are fully self-aligned to the gate. and carrier
densities in the S/D access regions are high
(~1.5x10"cm™). Figure 3 shows measured /, for a
200-nm- L devicc.
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We have dcmonstrated high-pcrformance decp-submicron inversion-modc InGaAs
MOSFETs with gate lengths down to 150 nm with record Gy, excecding 1.1 mS/um.
Oxide thickness scaling is performed to improve the on-state/off-state performance and
Gp is further improved to 1.3 mS/um. HBr pre-cleaning. retro-grade structure and
halo-implantation processes are first time introduced into I11-V MOSFETs to steadily
improve high-k/InGaAs interfacc quality and on-statc/off-state performance of the
devices. We have also demonstrated the first well-behaved inversion-mode InGaAs
FinFET with ALD AL Oj as gate dielectric using novel damage-free etching techniques.
Detailed analysis of SS, DIBL and Vy roll-off are carricd out on Finl'ETs with L, down
to 100 nm and Wgj, down to 40 nm. The short-channel effect (SCE) of planar InGaAs
MOSFETs is greatly improved by the 3D structure design. The rcsult confirms that the
ncwly developed dry/wet ctching process produces damage-frce InGaAs sidewalls and
the high-k/3D InGaAs interface is comparable to the 2D case. Finally, ultra-shallow
doping for Vt adjustment in deep submicron InGaAs MOSFETs using sulfur monolayers
is demonstrated. This brings ncw potential solution to ultra-shallow junction formation
for the further scaling of 111-V MOSIETs.

I. Introduction

In the quesl for perfect dielecirics for 111-V semiconduclors,

significant progress has bcen made recently on inversion-type
cnhancement-mode 1nGaAs NMOSFETs. opcrating under the
same mechanism as Si MOSFETs, using high-k gatc
dielectrics. The promising dielectric options include ALD
ALO, HfO,, HfAIO. ZrO, and in-situ MBE Ga,0:(Gd-0;).
Most recently. record-high inversion current above 1 A/mm
has been achieved for long-channel Al,O;/InGaAs MOSFETs.
In order to further verify the potential of scaling of the InGaAs
MOSFETSs towards the dccp-submicron regime, we have madc
the surface channel inversion-type InGaAs MOSFETs with
gatc lengths down to 150 nm using electron beam lithography
(EBL), and performcd various techniques including oxide
thickness scaling, channel engineering, novel surface
trealmenl and 3-dimensional InGaAs FinFET with Fin widih
down to 40nm. These devices are compared in terms of the
on-state performance and off-state performance. The results
show that these InGaAs surface channel MOSFETs have greal
potential for next gencration high performance applications.

11. Oxide Thickness Scaling of InGaAs MOSFETs

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.
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Fig.1 illustrates thc cross scction of an ALD
ALO/ng 15Gag 2sAs MOSFET. A 500 nm p-lype 4 < 10" /em’
buffer layer, a 300 nm p-type | X 107 /em” Iy <sGay 4-As layer,
and a 12 nm strained p-lype | >X 10" /om’ Ing+:GagasAs
channel were sequentially grown by molecular beam epitaxy
on a 2-inch p -InP wafcr. Fig. 2 shows the process flow for the
Inversion-typec Enhancecment-mode InGaAs MOSFET. After
surface cleaning and ammonia passivation, thc wafers were
transferred via room ambient 10 an ASM F-120 ALD reactor. A
10 nm thick Al,O; encapsulation layer was dcpositcd at a
subslrate temperature of 300°C. All patterns were defined by a
Vistec VB-6 UHR EBL system. The sourcc and drain rcgions
of the MOSFETs were formed by selcctive implanation of
110" cm™ at 20 keV Si and annealcd at 600°C - 700°C for 10
s in N; for aclivalion. Relalively low implanialion energy was
chosen here to avoid the penetration of implanted Si ions
through thc 280 nm thick elcctron beam resist used to protect
the channel regions.
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Fig. 1 Cross-section schematic view of InGaAs MOSFET.

Process flow
NH,OH surface treatment
10 nm ALD Al,O, encapsulation layer
S/D implantation (20 KeV, 1x10'4/cm?)
S/D activation (600-700° C)
5 or 2.5 nm ALD Al,O, regrowth
Ohmic contact (Au-Ge/Ni/Au, 320° C)

Gate metal evaporation (Ni/Au)

Fig. 2 Proccss flow of the Inversion-type Enhancement-modz2
InGaAs MOSFET.

After treatcd with (NH,)-S solution for 10 minutes, another
5 nm Al,O; or 2.5 nm AlQ; was also grown by ALD after
stripping away the encapsulation oxide layer. The ohniic
sourcc and drain contacts were made by electron-beam
evaporation of AuGe/Ni/Au and annealing at 320°C for 30 s in
N,. The gate electrode was made by electron-bcam
evaporation of Ni/Au. The fabricated MOSFETs have nominal
gate lengths L, of 100, 110, 120, 130, 140, 150, 160, 170, 180
and 200 nm defined by the source-drain implant separation.
The device process is not self-aligned.

The oxide thickness scaling has bcen introduced to cxplorc
the potential for the complete scaling. Reduction of Al,O;
down to 2.5 nm (EOT=Inm) can improve the electrostatic
control of the channel significantly, and can increase the
electric field to the semiconductor surface at similar voltage
supply. A typical 160 nm-gate-length inversion-mode
Ing7Gay3As NMOSFET with 5 nm AlLO; as gate dielectric
shows a lg,, of 840 pA/um and peak G, of 650 puS/pm at
maximum supply voltage of Vpp=1.6 V. Thc contact resistancc
R¢ of 350 Q-pm is measured by TLM. After subtracting the
contact resistance, the resulting intrinsic G,, is as high as 840
uS/um. A similarly  finished 160  nm-gate-length
inversion-mode Ing,Gag:As NMOSFET with 2.5 nm AL Os as
gate dielectric shows 14, of 810 pA/um and peak G, of 1100
puS/um at maximum supply voltage of Vpp=1.6 V. Afier
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subtracting the contact resistance, the resulting intrinsic G, is
as high as 1790 pnS/um. The Vi shifts positively almost 0.5V
as can be seen in the latcr part of this paper.

Fig. 3 compare lg, and G, of 2.5 nm and 5 nm Al,O;
devices without HBr treatment at Vpp=1.6V. Record high
extrinsic transconductance G, of 1.3 mS/um is reached at
Ly=150 nm. Both the 1, and G, of the 2.5nm devices are
significantly improved over the Snm devices. Espccially for
the transconductancce, the improvement is more than 50% for
long channcl devices and more than 80% for the shorter
channel devices (channel lengths less than 170 nm). This
shows the great potcntial InGaAs MOSFETs have in terms of
the gate stack scaling.
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Fig. 3 Comparison of lsg and G,, vs L., for devices with
2.5nm and Snm thick gate dielecrics w/o HBr pretreatment
and at V4.=1.6V

Improved off-state characteristics are summarized in Fig. 4.
S.S. improves through the better gate control by reducing the
effect from the interface trap capacitance. Both the SS and
DIBL show great potential to be further improved to be
comparablc with Silicon with bctter gate control. This
comparison shows the potential of both on-state and off-state
performance of the deep-submicron InGaAs MOSFETs for
logic applications. The availability of cven highcr diclectric
constant material, i.e., ALD LaLuO; (k=24-26), provides a
pathway to further scale down the InGaAs MOSFETs.
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Fig. 4 Comparison of SS, DIBL, V1 and 1./l vs. Ly, for the
devices with 2.5nm and 5nm Al,O;.

111. Novel
MOSFETs

HBr Surface Pretreatment for InGaAs

The interface quality between the gate oxide and Il1I-V



channel material is commonly regarded as one of the major
challenges tor high performance 111-V MOSFETs. Although
the ALD process has a self eleaning mechanism and can
effectively reduce the interface trap density, it is one of the
major causes for degrading transistor performance due to the
contribution of C,. To further improve the interface quality
between ALD oxide and InGaAs channel, novel HBr
(NH;),S has been proposed in order to get better on-state
performance as well as off-state performance.

m NiAu Gate 1) NH,GH aurfaca trestmeni and ALD Al,0,

10nm depoaition

"
LD ALO \ 12nm 1210 jem
S m-nun.na.clA ™ \ pein,, Ga, ,As 2) $/D pattarning and Si implantation

 region \ (20KaV /1% 10"em? range: 25nm)
Source | / Drain 3} Stimplanied 8/D sctivation using RTA
. (808°C 158 in N;}
- 41 Dilutsd HBr and (NH,),S Irsatient
e - {conirolted sampis with only (NH,1,S
300 nen 1210 Jem traatman ) and 5nm ALD ra-grawth

5} PDA: 400500 °C 308 In N,

68) S/D contact patterning and Au/Ga/N|
ohmic metal and 320°C snneal

7} Gata pattarning, NiAu evaporation and
Hift-off

Fig. 5 Cross section schematic view and process lNow of the
HBr treated InGaAs MOSFET

Fig. 5 show the schematie cross section of IIBr treated
MOSFETs. ALD Al,O; as gate dielectric was grown directly
on MBE InGaAs surface. A 500 nm p-doped 4x10' cm™
buffer layer. a 300 nm p-doped 1x10"7 ¢cm™ In, s:Gag 47As and
a 12 nm Ix10"7 em? Ing7Gay:As channel layer were
sequentially grown by MBE on a 2-inch InP p+ substrate for
all samples except tor the retro-grade sample. The process
flow is shown in Fig. I4. After surface degreasing and
ammonia-based native oxide etching, the wafers were
transferred via room ambient to an ASM I'-120 ALD reactor. A
10 nm thick ALO; laver was deposited at a substrate
temperature of 300 °C as an encapsulation layer after NH,OH
treatment. Source and drain regions were sclectively
implanted with a Si dose of 1x10" cm™ at 20 keV through the
10 nm thick Al,O; layer. The implantation condition was
chosen carefully to achieve the desired junction depth and S/D
doping concentration. Implantation activation was achieved by
rapid thermal anneal (RTA) at 600 °C for 15 s in a N> ambicnt.
After removing the tOnm oxide in BOE, HBr / (NH,),;S
combination was used as the novel pretreatment and followed
by another Snm AlLO; growth by ALD. HBr treated InGaAs
surfaee is hydrophilie and is believed to be helpful to passivate
InGaAs surface from surface recombination veloeity
measurecments [16]. And it is expceted to improve interface
properties and the output performance. After 400-500 °C PDA
process, the source and drain ohmie contaets were made by an
electron beam evaporation of a combination of AuGe/Ni/Au
and a lift-off process, followed by a RTA proecss at 320 °C for
30 s also in a N, ambicnt. The PDA temperature cannot exceed
500°C, as the remaining Sulfur atoms on the interface will be
activated and serve as an n-type doping at temperatures above
600°C. The gate cleetrode was defined by clectron beam
evaporation of Ni/Au and a lift-off process.
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Fig. 6 output and transfer characteristic of an HBr treated 160
nm InGaAs MOSFET with Snm AlL,Ox.

A well-behaved 1-V characteristic of a 160 nm-gate-length
inversion-mode 1n, 7Gay ;:As NMOSFET with 5 nm ALO; as
gate dieleetric is demonstrated in Fig. 6 with I, of 925
pA/um and peak G,, of I.I mS/um at maximum supply
voltage of Vp,=2.0V. The contact resistance R of 350 (2-pm
is measured by TLLM. After subtracting the contact resistance,
the resulting intrinsic G, is as high as 1.8 mS/um.
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Fig. 7 (@) 14 and I, at three Vg of the same In,-Ga,:As
MOSFET with L,=160nm. (b) secaling characteristies of
maximum drain current and peak transconduetanee vs 1.,

Fig. 7(a) shows l4 and I, at V4=2.0V, 1.6V and 0.03V.
respectively. It is elear that 1., (the reverse-biased pn-junction
leakage current) determines the leakage floor and lyat V, < 0
as discussed before caused by the tmplantation and activation
steps. The off-statc is thus affected adversely by this parasitic
cffect. Therc is no Fermi-level pinning at V,, < 0 since the
gate still controls the channel well as shown in Is with 7-8
orders of magnitude change with the gate bias. The analysis on
I, reflects more accurately the intrinsic properties of devices
by avoiding the substrate leakage. The major contribution of’
the differenee of drain and source current comes from the
non-optimized S/D junctions. which ean be improved by the
refined implant condition and following thermal activation.
Fig. 7(b) summarizes the inerease of 1y, and G,,, the on-state
performance. versus the channel length Ly from 250 nm to
150 nm. The maximum drain current changes from 700
pA/um to 1 mA/um and peak transconduetance changes from
750 uS/um to more than | mS/um as the gate length scales. It
shows pretty good trend of inereasing output performance
while scaling the channel length. which is promising for
further sealing into the nanometer regime.

IV. Channel Engineering for InGaAs MOSFETs

Channel engineering-retro-grade strueture and
halo-implantation—has been studied to further improve
off-state performance. The underlying heavily doped InGaAs
layer beneath the channel of the retro-grade structure would




improve the S/D punch-through. The halo-implantation was
performed by implanting Zn with +30 degree angles to the
normal.
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Fig. 8 Comparison of lg,, G, vs L for 4 different types of
channel engineering.

Fig. 8 summarize l4. and G,, of 4 different types of devices
with 5 nm ALQO; at all L, measured. Uniform channel as
shown in Fig. I without HBr pretrcatment is uscd as a control
sample. HBr treated sample (without channel engineering) has
the best on-performance among the four and is attributed to
thc improved interface. Both retro-grade sample and
halo-implanted sample are degraded on-current and peak G,,,
which are expected from inducing scattering and reducing
channel mobility. This is a trade-off for the improved off-state
performance such as S.S. and DIBL as demonstrated in Fig. 9.
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Fig. 9 Comparison of SS, DIBL vs L, for 4 different types of
channel engineering

02
(a) Vie® 1V o 1| (b) 1w 2 e )
(1) - A L°d * .
I * o 'iw' 3’ : : =R
el 5 g I &
Eaoa © s 5.
# | B e Y g
sy R s Wl e.comol O RG
3 © Halo « HBr & Malo
e ] % 200 g 0 1% 200
Lep tom) Lep (nm)

Fig. 10 Comparison of (a) Vt and (b) 1,,/1,x obatained from 4
different channel engineering.

Fig. 10(a) shows V¢ vs L, using I4=I1pA/pm metrics at
V4.=1.6V. The typical roll-off of V at shorter gate lengths is
also observed here. All treated samples have better Vy roll-off
than control sample. Fig. 10(b) summarizes 1,/l,¢ vs L, of 4
differcnt types of dcvices from 1. I,/loe is chosen as I,
(Va=1.6V, V=23V +Vi)lag (Vas=1.6V, Vp=-1/3V4tVyq),
where Vyp is determined by IpA/pm metric. The similar
dcfinition is also used for Is. Junction leakage is the dominant
factor currently for Iy at V<0 or I For retro-grade sample,
lsw, or Lo is higher due to heavily p-doped 2x10"%/cm’ layer in
source/drain. This junction leakage mainly comes from the
non-optimized S/D junctions after implantation and activation
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which can be greatly improved by better control of the process.
If eliminating the junction leakage or l,/l,¢ taken from I,
lon/lor is improved to 104-106 at 150-200 nm gate lengths.
Without considering the contribution from short-channel effect,
with the lowest S.S. of 126 mV/dec. For HBr treated samples
at V4.=0.05V, the upper limit for interface trap density D; is
2.8x10"/cm*-eV. The short-channel effect will significantly
degrade SS when the gate lengths get shorter. The first pitfall
introduced in calculating D, directly from SS comes from
SCE, especially in the deep submicron region. The
deteriorating of SS for short devices could be attributed to the
enhanced SCE by adding a term of CGD, which is a function
of drain induced barrier lowering. With DIBL of less than 100
mV/V, it is reasonable to assume the SCE is minimized for
250 nm long device. Morc detailed intcrface characterizations
by CV and GV methods are on-going to more accurately to
determine the interface properties of the deeply scaled InGaAs
MOSFETs.

V. 3D structure: InGaAs FinFET

With the continuous request of carrier transport boosting in
CMOS devices, very recently, much progress has been made
on achieving on-state performance of inversion-mode In-rich
InGaAs MOSFETs using high-k gate dielectrics. However, the
off-state performance of InGaAs MOSFETs is far from
satisfactory according to ITRS requirement. The short-channel
effect (SCE) of InGaAs MOSFETs deteriorates more quickly
than Si MOSFETs due to its nature of narrower bandgap and
higher semiconductor diclcctric constant. In order to achieve
better gate control capability, new structure design like
FinFET demonstrated successfully in Si devices, is strongly
needed for short-channel 111-V MOSFETs. However, unlike Si,
the dry etching of l1I-V semiconductor surface has been
believed to be difficult and uncontrollable, especially related
with surface damage and integration with high-k dielectrics. In
this paper, we report for the first experimental demonstration
of inversion-mode Ings;Gag3sAs tri-gate  FinFET using
damage-free etching and ALD Al,O; as gate dielectric. The
SCE is greatly suppressed in terms of SS, DIBL and V¢
roll-off. Detailcd analysis and comparison are performed on
the FinFETs with channel length (L) from 200 nm to 100 nm,
fin width (Wy,,) from 100 nm to 40 nm, and fixed fin height
(Hg) of 40 nm. The reduction in the SCE shows the great
promise for InGaAs transistors to continue scale into the
sub-100nm regime. Fig. 11 shows the schematic cross section
of the uniform device structure and the device fabrication flow.
A 500 nm p-doped 2x10'® cm™ InP layer, a 300 nm p-doped
2x10" cm™ and a 40 nm 2x10'® cm™ Ings:Gag 4-As channel
layer were sequentially grown by MBE on a 2-inch InP p+
substrate. The heavily doped InP layer beneath the channel
was chosen to prevent punch through and reduce substrate
leakage because of its higher bandgap.
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Fig. 11 Cross section schematie view and 3-dimensional
schematic view of the InGaAs FinFET

Due to the non-optimized source/drain junctions. the
heavily doped InP layer resulted in worsen junction leakage.
After surface degreasing and ammonia-based native oxide
eteching, the wafers were transferred via room ambient to an
ASM F-120 ALD reactor.. A 10 nm thiek Al.O; layer was
deposited at a substrate temperature of 300°C as an
eneapsulation layer. Souree and drain regions were seleetively
implanted with a Si dose of 1x10" em™ at 20 keV through the
10 nm thiek AlLO; layer. The implantation condition was
chosen carefully to achieve the desired junetion depth and S/D
doping coneentration. Implantation aetivation was achieved by
RTA at 600 °C for 15 s in a nitrogen ambient. The reduction of
activation temperature from 750 “C to 600 °C resulted in much
improved S/D  junction leakage while achieving similar
activation efficieney.

A eombined dry and wet etching was used to pattern the
fin structures. High-density plasma etcher (HDPE) BCI/Ar
was used for dry etching at the chamber pressure of 2 mTorr.
The gas flow of BCIly/Ar is 15 secm/ 60 scem and the RIY
source power and bias power is 100 w and 50 w, respectively.
The achieved etching rate for InGaAs under this eondition is
estimated to be 20nm / min. The positive l[i-beam resist
ZEP-520A was used as an ctching mask in this case. To
achieve the desired small feature of 40nm, the original ZEP
520A resist was diluted with A-thinner (anisolc) at the ratio of
1:0.7. The resist thickness of the diluted ZEP 520A is around
200nm at a spinning speed of 2000 rpm. A short dip of 3
seeconds in diluted H.SO:H-0::H-O (1:8:400) solution was
carried out immediately after the dry etching to remove the
damaged surface layer. The rcsulted fin channels have a depth
of 40 nm which ean be seen from the last SEM image in Fig.
12.

after
metallization

dry etching

Fig.
Zoomcd in imagc of the channel region with gate dieleetric
and gate metal (¢) SEM image of the Fin strueture after dry
ctehing (d) Cross seetion SEM image of a Fin after dry etehing
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More sophisticated proeess is needed to make the fin
side-walls perfeetly vertical. A 5 nm ALO; film was regrown
by ALD after removing the encapsulation layer by BOL
solution and (NH,),S surface preparation. After 400-500 °C
PDA process, the source and drain ohmic contacts were made
by an electron-bcam evaporation of a eombination of
AuGe/Ni/Au and a lift-oft proeess, followed by a RTA proeess
at 320 °C for 30 s also in a N, ambient. The gate electrode was
deposited by electron- beam evaporation of Ni/Au and a
lift-off process. The fabricated MOSFETSs have a nominal gate
length varying from 100 nm to 150 nm and fin widths from 40
nm to 100 nm. From the SEM images of Fig. 12 (a) and (b).
the gate metal covers uniformly on the parallel multi-fin
channels. All patterns were defined by a Vistee VB-6 UHR
electron-beam lithography (EBL) system. A Keithley 4200
was used for MOSFET output eharaeteristies. The combined
dry and wet etching for the formation of fin channels results in
damage-free sidewalls. It is verified by the earrier transport
through the fin channels without any significant degradation.
compared to the planar devices. Fig. 13 depict the
well-behaved output characteristic of a FinFET with 40 nm
and 100nm Wy, at same ehannel tength of 100nm. There is no
signifieant reduction of drain eurrent even when the fin width
is reduced down to 40 nm dimension. Note the current density
is scaled by the fin width plus 2 x fin heights. Iig. 14(a) shows
the typieal output charaeteristies of a planar 100 nm-long
MOSFET. It cannot be turned off at zero gate bias due to the
SCE. Fig. 14(b) depicts the well-behaved output eharaeteristic
of a FInFET with 40 nm W, at same ehannel length. From
the eomparison. it elearly shows the FinFET has much better
behaved output characteristies in terms of off-state while
maintaining the on-state performanee compared to the planar
device.
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Fig. 13 lg4 vs Vg, of a FInFET with L,,=100nm and W,
40nm or 100nm.
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Fig. 14 1, vs V4. of a (a) Planar MOSFET with L.,=100nm and
(b) FinFET device with Ly, =100nm and W, =40nm.

SS from the saturation region as well as DIBL are
compared among FinFETs with 4 different WFin from 40 nm
to 100 nm and the planar FET in Fig. 15. The trend shows the



device with narrower WFin has better SS and DIBL as
expected. The SS of FinFET with 100 nm channel length
improves more than 34% percent and degrades much slower
when channel length gets shorter. The DIBL is greatly reduced
from 440 mV/V for the planar device to 180 mV/V for the
FinFET at 100 nm gate length.
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Fig. 15 Comparison of SS and DIBL of FinFETs and Planar
FETs.

In order to evaluate the sidewall quality aftcr the dry/wet
etching, it is common to estimate the intcrface trap density (DD;,)
from SS. The channel surfaces of FinFET should be not
better than the planar devices, if not worse after going through
all the patterning and etching processes. From Fig. 36, it is
clear that the SS is not only affected by interface trap density,
but also by SCE. Simple estimation of D, from SS would
result in gross overestimation. The results show the linear
region, similarly as in saturation region, SS of FinFETs are
lower than those from the planar FET even in the 150 nm
channcl device which has small SCE. This indicates that the
interface properties of Al,O:/InGaAs on the etched sidewalls
arc not degraded much by the Fin etching process, or D, on
the sidewalls is not much larger than that on the planar
structures. It verifies that the newly developed dry/wet etching
process is damage-free and suitable for 3D 11I-V device
fabrication. Thc upper limit of average D, on the top and
sidewall surfaccs in Ings;Gag 47As FInFET is 1.7x10"%/em’-e V.
The similar trend is also observed from the simple calculation
of SS vs. Wgi/Len as a function of D;,. The result confirms that
thc ncewly developed dry/wet etching process produces
damage-frce InGaAs sidewalls and the high-k/3D InGaAs
interface is comparable to the 2D case.

VI. Sulfur doping effect for Vy adjustment

We study the thermal stability of the (NH,),S treatment
by adding two difterent S activation annealing step in our
gate-last Iny,sGay »5As devices. After S/D activation at 600°C
and removing the encapsulation Al,O; layer, (NH,),S solution
is uscd to passivate the surface. Thc samples were transferrcd
to an ALD chamber immcdiately for Snm ALD regrowth.
Previous XPS studies show that after ALD growth, part of
sulfur still cexists at high-A/111-V interfacc. Two different S
activation anneal were carried out at 400°C or 600°C after gate
oxide deposition. Fig. 16 (a) shows the linear regime threshold
voltage extracted for these gate-last devices. Devices annealed
at 600°C with variable gate lengths exhibits a ~-0.35V Vy shift
compared to the ones anncaled at 400°C. This is consistent
with the split CV measurement results shown in Fig. 16 (b),
showing a similar negative V shift on the C,-V, curve. This
indicates that the PDA process at 600°C partially activated the
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S laycr at the interface, introducing extra ncgative charge that
promotes inversion.
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Fig. 16 (a) linear extrapolated Vy and (b) Split CV

measurement of gate-last InGaAs devices with 400°C or
600°C PDA after gate oxide deposition.

In conclusion, threshold voltage adjustment has been
realized by activating the sulfur surface layer. The same
technique can be used to form ultra-shallow junctions of S/D,
providing a solution for the further scaling of 111-V MOSFETs.

VII. Conclusion

In summary, we have demonstrated high-performancc
deep-submicron inversion-mode InGaAs MOSFETs with
record G, exceeding 1.1 mS/um. HBr pre-cleaning,
retro-grade structure and halo-implantation processes are first
time introduced into 111-V MOSFETs to steadily improvc
high-k/InGaAs interface quality and on-statc/off-state
performance of the devices. We have also demonstrated the
first wcll-behaved inversion-mode InGaAs FinFET with ALD
A1,O; as gate dielectric. Detailed analysis of SS, DIBL and V¢
roll-off are carried out on FinFETs with Ly down to 100 nm
and Wg, down to 40 nm. The SCE of planar InGaAs
MOSFETs is greatly improved by the 3D structure design.
Much morc work on high-k/InGaAs intcrface and InGaAs
ultra-shallow junction are needed to make 111-V an alternative
technology at CMOS 15 nm technology node.
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Abstract

We demonstrated a high-mobility InP 5 nm/InGaAs 12 nm composite channel MOSFET with MOVPE
regrown n'-source/drain region for low series resistancc and high source injection current. A gate dielectric was

g o 3 5 . g 9
Si0, and thickness was 20 nm. A carrier density of regrown InGaAs source/drain layer was over 4 x 10"’ ¢m

3

In the measurement of submicron (= 150 nm) device. the drain current was 0.93 mA/pmat =3 V. I}, =1V
and the peak transconductance was 0.53 mS/pum at V,; = 0.65 V, respectively. The channel length dependence of

transconductance indicated the good relativity.

I. Introduction

ITRS2009 (1) suggested that, 1I-V scmiconductor device
technology will potentially be introduced in LSI technology to
realize circuits having capabilities superior to those of current
CMOS circuits. Logic applications using 111-V devices have
alrcady been researched. Conventional InP-based transistors
with HEMT decvice structures have becn fabricated (2).
Furthermore, 111-V MOSFETs with high-k diclectrics have been
studied recently (3)-(6).

The ITRS stated that MOSFETs will be expected to have a
saturation drain current (/) that is as high as 2 A/mm. To satisfy
this requirement using a 111-V channcl, the source doping
concentration must be greater than ~5 » 10" cm * (7).However,
this is diflicult to realize using ion implantation technologies for
H1-V materials. A possible solution is a MOSFET with regrown
sourcc and drain(S/D) structures (8), (9) so that the
transconductance (g,) and /, are high; such MOSFETSs can be
used to realize high-speed and low-power-consumption devices.

Previously, we have demonstrated InP/InGaAs MOSI'ETs with
a laterally buried-regrown S/D structure and a gate length of 6
um (10). However, /; and g, were not so high because of its
long channel length. Here, we report a submicron channel (=
150 nm) MOSFET with a heavily doped (>4 x 10" cm )
regrown S/D and InP 5 nm/InGaAs 12 nm composite channel
structure.

I1. Device structure and fabrication process

Figure I shows (s) a schematic image and (b) layer profiles of
the fabricated MOSFET. In this research, InP 5 nm/InGaAs 12
nm composite channel structure was selected to suppress the
effect ol surface roughness scattering and to improve the
interface charactcristics between a channel and a gate diclectric.

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.
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The channel InGaAs was grown on InAlAs barrier layer to make
the quantum well channel structure for electrical confinement.
The submicron gate length was designed hy electron beam (EB)
lithography and other structures were lormed by contact UV
lithography.

4pm .1um,

L = 200 nm

Cr 40 /S0, 20 nm/INP 5 nm/InGaAs 12 nm

(a) schematic image of device structure

Source/Drain
- Au 160nm

Gate stack

i-InAlAs 100nm

i-InAlAs 100nm
T UGS T TR & T

(b) layer profile of device structure

Fig. | Schematic image ol Tabricated device



Fabrication process of regrown S/D MOSFET is as follows.
First, an 300-nm-thick SiO, dummy gate for selective regrowth
was formed on InP/InGaAs channel by plasma enhanced (PE)
CVD and CF, dry etching using an Al mask which has width of
320 nm. While the dry etching, 60 nm lateral etching was
occurred at both side of dummy gate. After an Al mask removal
using H:POy etching for 10 min. the length along thc channel
and height of the dummy gate was around 200 nm and 300 nm,
respectively, and its edge seems to be almost vertical as shown
in Fig. 2 (a). Second, thc undcreut into the InGaAs channel was

formed using HCI:H,O = 3:1 and citric acid:H,O, = 1:1 solution.

The lateral undercut length required to form a slight gate overlap
was around 25 nm. After the cleaning of the InAlAs surface by
HCI:H,O = 1:5, samples were immediately loaded into MOVPE
chamber. The temperature was increased to 585°C in AsH;
atmosphere (to prevent As from escaping InAlAs and InGaAs)
and MOVPE selective regrowth was carried out.

Ir_ﬂ.D surface

AT

(a) dummy gate structure (L,

buried length
~40 nm:
o

n*-InGaAs
(Regrowth)

|

InP/InGaA:
200 nm

(b) before and (c) after regrowth (L, = 2 pm)

Fig. 2 SEM imagcs of dummy gate

In this regrowth condition, the laterally buried length was
estimated to be over 40 nm from SEM observation of a longer
undercut structure with L, = 2 um, as shown in Figs. 2 (b) and
(c). Thereforc, it was expected that thc 25-nm undcrcut was
completely filled by regrown InGaAs. A thickness of regrown
InGaAs was over 200 nm. The Hall measurement of regrown
InGaAs which was grown on InAlAs/InP square substrate was
carried out to evaluate the carrier profile. The carrier density
was over 4 x 10" cm °, electron mobility was 960 cm’/Vs and
sheet resistance was 13 (V¥square. That carrier density ‘was
comparable to required value and it indicated low series
resistance and high injection ability.

After the regrowth, device isolation was carried out using a
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citric acid solution. Next, the dummy gate was removed by BHF
and replaced with a 20-nm-thick SiO, gate insulator that was
deposited using PECVD after channel surface passivation by
(NH,),S. Then, a Cr/Au gate electrode was formed by EB
deposition. The gate stack was formed using Cr 40 nm/SiO; 20
nm/InP 5 nm/InGaAs 12 nm. Finally, S/D contact holes were
etched by BHF and Ti/Pd/Au S/D electrodes were also dcposited.
The (a) optical microscope image of fabricated device and (b)
cross sectional SEM image of gate stack and regrown
source/drain region was shown in Fig. 3.

Buried length

(b) cross scctional SEM image of MOSFET
Fig. 3 Device images of fabricated regrown MOSFET

All devices in this report have the channel width of 20 um. A
cross sectional SEM image shows source to channel contact
without void, gate stack structure with targeted thickness,
intrinsic gate length of around 150 nm and good flatness of
channel and insulator layer.

III. 1-V characteristics of MOSFET

The (a) IV, and (b) I,F, charactcristics of the fabricated
MOSFET with an intrinsic gate length (L,) of 150 nm are shown
in Fig. 4. Drain current modulation and MOSFET operation was
clearly observed. /; was 0.93 mA/pm at V,= 1V, }, =3 Vand
the maximum g, was 0.53 mS/um at }, = 0.65 V. The gate
leakage current was less than the measurement limit. /, and g,
were larger than those in the previous regrown MOSFET with
L,=2pm(/;=042mA/pmat ¥, =3V, ¥,;=1Vand g,=0.15
mS/um at V4 = 0.65 V). Although the gate voltage was large due
to the large effective oxide thickness (EOT) (= 20 nm), their
values indicated that this device structure and MOVPE regrown
S/D had good capabilities. These current improvements were
caused by channel scaling and a threc times higher S/D doping
concentration compared with previous devices.
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Fig. 4 1-V characteristics of regrown S/D MOSFET

The electron mobility was calculated to be around 3,000
em’/Vs from gate capacitance and g, at ;= 10 mV in L,=6
pum devices. Series resistance of regrown S/D MOSFET was
around 0.5 Q-mm. It was 3 times smaller than the series
resistance of non-regrown S/D MOSFET.

Currently, subthreshold swing is around 1 V/dec and g, is
limited by the large EOT. These are caused by
Si0-/scmiconductor characteristics such as large interface state
density and low permittivity.

In the future, we intend to improve the gate dielectric

characteristics by introducing high-k insulator having an EOT of

several nanometers and optimizing surface passivation and post
deposition/metallization annealing condition.

Figure 5 shows plots of estimated channel length versus
transconductance at ¥, = 0.65 V.
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The clear enhancement due to L, scaling was observed in both
of submicron and micrometer region. It indicates that /, and g,,
will be more enhanced by gate length scaling to less than 100
nm.

IV. Conclusion

We have reported the -V characteristics of a submicron
InP/InGaAs composite channel MOSFET. A hcavily doped
source/drain was formed by laterally buried regrowth using
MOVPE. In the [-V measurement of MOSFETs with submicron
gate lengths (= 150 nm), /, was 0.93 mA/um at }, - 3 V, I, = |
V and the maximum g, was 0.54 mS/um at ', = 0.65 V. This
indicates that a channel scaling led to an increase in the current
and the MOVPE regrown process had superior capabilities for
high currcnt operation.
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' Abstract—In this paper, a 200 nm n-ehannel
inversion-type self-aligned Ings3Gagg7As
MOSFET with a ALO; gate oxide deposited by
Atomie Layer Deposition (ALD) is
demonstrated. Two ion implantation proeesses
using silicon nitride side-wall are performed for
the fabrication of the n-type souree and drain
regions. The 200 nm gate-length MOSFET with
a gate oxide thiekness of 8 nm features the
transeonduetanee of 70 mS/mm and the
maximum drain current of 200 mA/mm.

Keywords-111-V MOSFET; In, s,Gay As; inversion; self-
aligned; ALD; Al,O;

I INTRODUCTION

Fabrication of metal-oxide-semiconductor field-ettect
transistors (MOSFETs) using 111-V based compounds, in
particular the In-rich InGaAs, has recently gained counsiderable
attention for high-performance application, since InGaAs can
provide a high mobility to overcome the major roadblocks that
Si technology is facing for advanced CMOS devices. Thanks to
ALD [1-3,5-8] and in-situ UHV deposition [4], good insulators
have been obtained for 111-V MOSFETs. The first double ion
implantation Ing 5;Gag 7As MOSFET using sidewalls process is
demonstrated.

Il.  EXPLRIMENT

A, Epitaxy growth and oxide deposition

Lattice matched Ings;Gag 0As epitaxial layers were grown
using solid sourcc molccular beam epitaxy (RIBER 32P) on
semi-insulating InP substrate. The layers, from bottom to top,

978-1-4244-5920-9/10/826.00 (C2010 1EEE.
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consisted of 500-nm-thick carbon-doped (N, 1x10" /em’
Ings;Gag4-As and 300-nm-thick carbon-doped (N, = 1x10"
cm’) Ing :Gag g2As. After surface cleaning and pretreatement,
an 8-nm-thick AL,O; is grown by Atomic Layer Deposition
(ALD) at 300°C using H-O and AI(CH;); like prccursors and
annealed at 600°C during | min.

B.  Fabrication of 200 nm gate length self aligned InGuaAs
MOSFET

The fabrication of the n-channel inversion mode
Ings;Gay7As MOSFET starts with a  deposition, using

sputtering technique, ol a 300-nm-thick ol Tantalum on the
cntire wafer. To define the self-aligned gates, an c-beam
lithography using Hydrogen SilsesQuioxane (HSQ) resist is
performed. After removing the uninsulated HSQ in TMAH
solution, uncovered Ta layer is etched by Reactive lon L:tching
(RIE) process using chlorine based gazes with Ar. A first ion
implantation of Si is realized at 15 keV (5%10" /em?) 1o form
the light doping area. Before the second ion implantation,
silicon nitride sidewalls are realized by depositing 20 nm-thick
SizNy by PECVD and by anisotropic RIE etching. then
fabricated by e-beam lithography and evaporation.

o Ammonia surface treatment Sidewalls
¢ 8nm alunina deposited hy Oxide
ALD. anncaled at 600°C, Imin
e Ta sputtering 200nm j . :
o 11SQ hithography Salee Drain
¢ TaRIE etching Ry S
o I*implantation S1 (15 keV) g S -h;u%‘__“ et S
o SkN, by PECVD 20nm
o Sidewall. RIE etching
o 2™ implantation, Si (35keV) C-doped Ing ;Gao7As 110" am’
¢ Activation annealing 750°C 10s
¢ Ti/Pt/Au ohmic contacls
* Mesa wet etching
o Ti/Pt/Au hody contact, anncaling and Ti/Au pads
Figure 1. InGaAs MOSFET scheme (right) with labrication process (left)



After the second ion implantation at 35 keV (8.5x10" /cm?),
the wafer is annealed at 750°C during 10 s. Ti/Pt/Au ohmic
contacts are Mesa isolation is realized by wet etching
(H;PO4:H,0::H,0) through an optical lithography and air-
bridge gates are created during this etching. Finally, Ti/Pt/Au
back-gate contacts are realized by optic lithography, wet
etching until p+-InGaAs layer and e-beam evaporation. Fig. 2
shows a TEM image of 200 nm gate length
Ta/AI:O;,/InO 53080 47AS MOSFET.

Figure 2. TEM image of 200 nm gate length Ing :Ga, 4-As MOSFLT (zoom
in inset).

M. RESULTS

4. DC measurements of 200 nm self aligned InGaAs
MOSFET

On-wafer DC measurements are carried out at room
temperature. Through TLM measurements implanted regions
exhibit contact resistance of 0.4 €2.mm and sheet resistance of
62 Q/o. Fig. 3 shows typical drain current (13) characteristics
versus source-drain voltage (V4) with a gate voltage (V,)
varying from 0 to 3V with a step of + 0.5V. The maximum
drain current of 200 mA/mm is achieved at a gate bias of 3 V
and a drain bias of I V (Fig. 4) and a maximum extrinsic
transconductance g, of about 70 mS/mm is obtained. Gate
current as function of gate voltage is shown in Fig. 5. Using C-
V measurements with HF-LF method (Fig. 6) and the equation
(1), an interface trap density (D,) of 2.8x10" eV'em™ has
been evaluated on MOS capacitor.
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Figure 3. Drain curreni versus source-drain voltage for a 200 nm gate length
Ta/ALOVING :Gag wAs MOSFET for differeni gate voltage varying from 0 V
to3 V with astep of 0.5V.
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Figure 4. Transconductance versus gate voltage for a 200 nm gaie lengih
Ta/ALO/In0.:Ga, ;2 As MOSFET and his associated drain eurrent for Vy =
0.5Vand Vg= 1 V.

10° 4

T 1

v, (V)

Figure 5. Gate current versus gate voltage for a Ta/8nm-Al,Ov/Ing «:Ga, 47AS
MOSFET
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B. Discussion about D,, contribution to DC performances of
200 nm self-aligned InGaAs MOSFET

The results are not measured up compare to thosc of the
literature but this transistor has potentialities. We suspect the
presence of high interface trap density between alumina and
InGaAs, higher than D, measured with the MOSCAP by HF-
LF method because of the different thcrmal budget. It is
known that gate first process increases the native oxides
content at the oxide/scmiconductor interface without specific
passivation compare to gate last process [9] and thus, D,
increases and rcduces DC characteristics. But it also known
that this specific passivation for gate first process exists
reducing interface trap density [5]. So, higher drain current,
transconductance could be expected for our device.

IV.  CONCLUSION

A 200 nm gate length self-aligned Ings;Gag42As MOSFET
fabricated using side-walls process has been presented. This
non optimized transistor cxhibits good DC performanccs.
Compare to the literature, these results are not the best because
of high D, due to gate first process and no specific passivation.
But we expect better DC performance by removing D,
contribution.
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Abstract

Recent advances in integrated photonic devices for next-generation Ethernet are described. In particular,
1.3-pm-range uncooled photonic devices (namely, electroabsorption modulator integrated lasers, directly
modulated lasers, and lens integrated dcvices) are focused on. A key technology for uncooled operation is an
InGaAlAs multiple quantum well (MQW). which produces a strong clcctron confinement. The
electroabsorption modulator integrated lasers, which incorporated an InGaAIAs-MQW absorption layer, cxhibit
uncooled 25.8-Gbit/s and 43-Gbit/s singlc-mode fiber 10-km transmissions. The 1.3-pm directly modulated
laser, which consists of an InGaAlAs MQW distributed feedback (DFB) active stripe, cxhibits uncoolced dircct
modulation at 25 Gbit/s. To improve the optical coupling of the directly modulated laser, we developed a
lens-integrated surface-emitting laser, which incorporatcs an InGaAlAs DFB active stripe. This lens-integrated
laser exhibits 25-Gbit/s direct modulation up to 100°C. Furthermore, the lens-integrated photodiode exhibited
high speed (35 GHz). high responsivity (0.8 A/W). and large alignment tolerance (26 um) for direct coupling to
a single-mode fiber. These photonic devices have demonstrated their potential for implemcntation in
cost-effective 100-Gbit/s and 40-Gbit/s Ethernet.

I. Introduction way to reduce the cost and power econsumption of 40-Gb
Ethernet transeeivers in the near future. A major technologieal
Recent growth in Internet traffic is increasing demand challenge is therefore to build 1.3-pm photonic devices
for more bandwidth in networks. To meet this demand. the operating at 25/40 Gbit/s. In addition, if uncooled operation of
IEEE P802.3ba Task Force has been working on the the 25/40-Gbit/s devices wcre possible, further reduction in
standardization of the next-generation high-speed Ethernet, the power consumption of the transceivers would be possible.
namely, 100-Gb Ethernet and 40-Gb Ethernet. In the near According to the currently discussed standards for 100/40-Gb
future, standards for 100-Gb Ethernet and 40-Gb Ethernet are
going to be released. A unique aspcct of the 100/40-Gb 100 T l I =
Ethernet standards is the adoption of multi-channel : : V| eaoes' g AT
transmission to achieve high data rate. In this way, the signal 299 oy i R P

rate needed for each channel can be slower than the total data
rate of 100 Gbit/s, which is still a challenge for a laser device
to achieve.

In  th¢ 100-Gb-Ethernet  standards, long-rcach
specifications (100GBASE-LR4 (10 km) and 100GBASE-
ER4 (40 km)) are based on a wavelength division
multiplexing (WDM) of four-channel, 25-Gbit/s signals with
frequency interval of 800 GHz in the 1.3-um wavelength
range. For 40-Gb Ethernet, although a 10-km-transmission
specification (40GBASE-LR4) is based on a 10-Gbit/s
four-channel WDM in 1.3-um range, a single-channel scheme
using a 40-Gbit/s laser device is expected to be an cffective

Bt rate [Gbn's]

Distance (km)

Fig. 1. Technology trend conceming uncooled lasers

’

978-1-4244-5920-9/10/$26.00 ©2010 IEEE. 44



Ethernet, lasers should be cooled to stabilize the signal
wavelengths on the narrowly spaced WDM grid. Such cooling,
however, increases the power consumption of thermo-electric
coolers. Uncooled operation of a laser is therefore a key to
achicve compact, cost-effective, and low-power-consumption
next-generation 100/40-Gb Ethernet transceivers.

There are two potential candidates ftor such
very-high-hit-rate uncooled light sources: an electroahsorption
modulator integrated distrihuted feedback (EA/DFB) laser and
a directly modulated DFB laser. The advantages of an
EA/DFB laser are high speed and low-chirp characteristics.
Accordingly, very-high-hit-rate operation (25 to 100 Gbit/s) of
EA/DFB lasers has been reported (1-5). On the other hand, the
advantage of a directly modulated laser is its lower power
consumption and cost cffectiveness.  Very-high-hit-rate
uncooled operation of directly modulated DFB lasers has also
heen reported (6-9). Figure 1 shows the technology trends in
uncooled lasers over the last ten years or so. As for uncooled
lascrs, there is a trade-oft between bit rate and link distance.
Accordingly. our challenge has been to develop 25/40-Gbit/s
uncooled lasers for 10-km transmission.

In the development of very-high-bit-rate devices for
next-generation Ethernet, one of the key technologies is
photonic integration of functional ¢lements. Photonic
integration not only reduccs the sizc and cost of transceivers
but also improves device performance. For example, the light
output power of an EA/DFB laser is substantially higher than
that of a discrete modulator owing to its lower insertion loss.
Moreover, an integrated lens is very effective in developing a
high-specd and  high-efficiency  photodiode  because
high-speed photodiodes have a very small junction apcrture.

Focusing on uncooled lasers and lens-integrated
devices, the following sections present recent advances in
integrated photonic devices for next-generation Ethernet.

I1. Eleetroabsorption modulator integrated DFB
laser

An electroabsorption modulator integrated distrihuted
feedhack (EA/DFB) laser is a promising light sourcc for
next-gencration  high-speed  Ethernct. Because of its key
features, namely, high spced, low chirp, and compactness, it is
expected to provide transceivers with low power consumption
and small foot print. To realize a high-specd,
low-powcr-consumption EA/DFB laser, it is essential not only
to optimize the design of a multiple quantum well (MQW) but
also to incorporate the proper matcrial for each functional
element in the modulator and lascr.

Butt-joint integration is a key technique for achieving
independently optimizing the design of each functional
element. By using this technique, it is possible to
independently control the design parameters of each
functional element, such as material composition, well number.
well width, and band discontinuity. Accordingly, to achieve
sufficient extinction ratio, output-power handling capability,

InGaAlAs MQW

InGaAsP WG

Butt-jointed interface 500 nm

—

Fig. 2. Scanning-electron-microscope image of
hutt-jointed InGa AlAs-InGa AsP interface

electrode pad :
. pad

DEB laser waveguide EA modulatos

HR n-InP substrate
AR

Iig. 3. Schematic structure of LA
modulator integrated DIFB laser

Intensity [10dB/div]

1 1 1

1280 1285 1290 1295 1300
Wavelength (nm)

Fig. 4. Lasing spectraofan EA/DFB laser

and wide-temperature-range operation, an InGaAlAs MQW
was incorporated in the EA modulator.
One of the major difficulties in developing hutt-joint
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Fig. 5. 25.8-Gbps eyc diagrams of EA/DFB
laser before and after 12-km SMF transmission

integrated devices is to produce good optical coupling
between the functional elements. We therefore previously
developed a high-coupling-efficiency butt-jointing process
with in situ cleaning (10). Figure 2 shows a
scanning-electron-microscope image of the butt-jointed
structure composed of a 1.3-pm-rangc InGaAlAs MQW layer
and an InGaAsP waveguide (WG) layer. The InGaAsP layer
was seamlessly connected to the InGaAlAs layer with the
same thickness. Optical-coupling efficiency at the
InGaAlAs-InGaAsP butt-jointed interface of a multiple
butt-jointed laser was quantitatively estimated to be more than
97%. By using the butt-jointing process, we have developed
high-speed EA/DFB lasers for next-generation Ethernet (1, 2).

Figure 3 shows the schematic structure of the fabricated
EA/DFB laser—which eonsists of an InGaAlAs EA modulator
(100 pm in length), a passive waveguide (60 pm in length),
and a DFB laser (400 um in length). The passive waveguide is
incorporated to reduce the optical absorption at the jointed
interface. All components are monolithically integrated on an
n-InP substrate.

The fabrication process for the EA/DFB laser is
explaincd as follows. First, the integratcd structure was
formed by multi-step butt jointing. A eorrugation grating was
then formed on the strueture. After that, an InP cladding laser
was grown on the structure. The wafer was then processed
into a low-parasitic-capacitanee strueture with a small-area
bonding pad of the EA modulator for high-speed modulation.
The total capacitance of the EA modulator was designed to be
lower than 0.2 pF. A highly reflective coating film and an
anti-reflective coating film were then deposited on the facet at
the end of the DFB laser and on the front of the EA modulator,
respectively. The chip was die-bonded on a chip carrier with a
50-Q terminal resistor.

Figure 4 shows the lasing spectra of an EA/DFB laser at
0°C, 25°C, 55°C, and 85°C. Stable single-mode operations
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Fig. 6. 43-Gbps eye diagrams of EA/DFB laser
before and afier 10-km SMF transmission at85C

with a side-mode suppression ratio of over 40 dB were
confirmed at all operating temperatures.

Figure 5 shows non-filtered eye diagrams obtained undcr
25.8-Gbit/s modulation at 0°C and 85°C. Clear eye openings
were obtained even after 12-km transmission at both
temperatures. The measured dynamic extinetion ratios were
9.9 dB and 9.6 dB at 0°C and 85°C, respectively. As shown in
Fig. 6, uncooled 43-Gbit/s 10-km transmission of an EA/DFB
laser was also confirmed (2).

IIL. Directly modulated DFB laser

Uncooled operation of lasers is critical for developing
compact and low-power-consumption transceivers. Uncooled
25-Gbit/s direct modulation of 1.3-pm DFB lasers has been
demonstrated and shows their potential for implementation in
next-generation 100-Gb Ethernet (6-8). A key technology in
achieving such uncoolcd operation is the InGaAlAs MQW,
which produces a strong electron confinement. We have
previously demonstratcd uncooled 25-Gbit/s direct modulation
of an InGaAlAs-MQW laser up to 95°C (8).

To improve the drive-current dependence of the
relaxation oscillation frequency (/) of the laser, a short cavity
structure was incorporated in the laser. Figure 7 shows the
cavity-length (L.) decpendence of the lasing characteristics of a
Fabry-Perot laser at 85°C. The slope of f, increases
monotonically by shortening L.. Shortening of L. is also
effective for lowering threshold current and slope efficiency.
Given this result, we fabricated a laser with a 160-pm-long
cavity because the increase of the slope of £, deviates from the
proportional relation at L, below 200 pm.

The fabricated laser consists of a DFB laser stripe with a
ridge-waveguide structure. Figure 8 shows the temperaturc
dependence of the light-current characteristics of the
fabricated DFB laser. The threshold currents were 13.1 mA
and 14.9 mA at 85°C and 95" C, respectively. The slope
efficiencies were 0.36 W/A and 0.34 W/A at 85°C and 95°C,
respectively. To evaluate the high-bit-rate performance, a
digital modulation test was carried out at 25 Gbit/s. Thanks to
the high-gain InGaAlAs MQW and the short-cavity structure,
clear eye openings were obtained from 25°C to 95°C (8).

Although the DFB laser exhibits superior performance, it
is not completely satisfactory because it has a 30°-wide,
edge-emitting output beam, which prevents the use of simple
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surtace-mounting technology. A standard approach for surface
mounting is to use 1.3-um vertical-cavity surface-emitting
lascrs (VCSELs) (11). However, it is still a challenge for a
1.3-um VCSEL to operate at the ultra-high speed at elevated
tcmperature becausc of saturation of laser-chip output powcr
due to its small active volume. We have thus integrated a 45°
total-reflection mirror and an aspheric lens into a DFB laser,
namely, a lens-integrated surfacc-cmitting laser (LISEL). and
demonstrated 1.3-pm surfacc cmission of a very narrow beam
(2°) (12). Furthermore, we have recently demonstrated the
100°C, 25-Gbit/s operation of a novcl LISEL, which is
dircctly mountable on a high-frequency coplanar line (9).

Figure 9 illustrates the schematie structure of our novel
LISEL. It consists of a short InGaAlAs-MQW DFB active
stripe with length of 150 pm, a 45° total-retlection mirror, a
monolithic aspheric Icns, and flip-chip bondable elcctrodes.
The laser beam produced in the DI°B active stripe is internally
reflected at the 45° mirror and emitted from the bottom surface
of the InP substrate through the monolithic lens for output
collimation. We expect that using flip-chip bonding will result
in superior high-speed characteristics becausc the parasitic
inductance produced by wire bonding is eliminated.

The fabrication process for the LISEL is as follows. An
InGaAlAs-MQW activc layer was first grown on an InP
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Fig. 9. Schematic structure of lens-integrated
surface-emitting laser
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Fig. 10. 25-Gbps eye diagrams of lens-
integrated surface-emitting laser

substratc by metal-organic vapor-phase epitaxy (MOVPE).
After a corrugation grating was formed, an InP cladding laser
was grown on the structure. The wafer was then processed into
a standard ridgec-waveguide structure. After that, a 45° mirror
was fabricated by etching. After the wafer was thinned. an
aspheric lcns was fabricated on the bottom sidc of the InP
substrate by etching. The profile of the etched InP lens was
estimated to be a highly symmetrical parabolic shape. which is
ideal for collimation of a Gaussian bcam (13). An
anti-reflective coating film was formed on the surface of the
monolithic lens. The device was mounted on an AIN heat sink
with a high-frcquency coplanar line in a junction-down
configuration.

Threshold currents of fabricated LISELs are 6.4 mA at
25°C and 13.8 mA at 85°C. Single longitudinal mode
operation with side-modc suppression ratio of more than 40
dB was obtained at both temperatures. The slope of f, was
estimated to be 3.6 GHz/mA'~ at 25°C and 3.2 GHz/mA'~ at
85°C. Thesc high values arc due to the high gain of the
InGaAlAs MQW,

Eye diagrams obtained under 25-Gbit's direct
modulation at 25°C and 100°C arc shown in Fig. 10. Thc
center bias current and the peak-to-peak modulation current
are, respectively, 25 and 37 mA at 25°C and 40 and 41 mA at
100°C. 25-Gbit/s eye opening are obtained cven at 100°C
owing to the steeper slope of f, at high temperature. To the




best of our knowledge, this is the first time 1.3-pm
surface-emitting lasers have produced a 25-Gbit/s eye opening
at 100°C.

IV. Lens-integrated photodiode

In multi-channel high-speed systems, high-speed and
high-efficieney photodiodes with large alignment tolerance
will be a key component in improving overall system
performanee. However, achieving large alignment toleranee of
high-speed photodiodes is difficult because these photodiodes
need a small aperture. Monolithic integration of a lens is a key
technology for achieving such large alignment tolerance,
although more processing steps are required. Aceordingly, we
have developed an aspheric-lens-intcgrated photodiode (14).

The schematic structure of the fabrieated lens-integrated
photodiode is illustrated in Fig. 11. This photodiode is a
mesa-type back-illuminated PIN photodiode, which has a
small eireular junction area (10 pm in diameter) and a
backside-etehed lens. The surface of the lens is eoated with an
anti-reflection film. Furthermore, the photodiode has a highly
reflective mirror on the top of the photosensitive region to
eope with the bandwidth-efficiency trade-off that occurs with
conventional vertically illuminated photodiodes.

The bandwidth of the fabricated photodiodes at a reverse
bias voltage of 3 V was estimated to be 35 GHz. This large
bandwidth is due to the small junction area. Figure 12 shows
the measured responsivity curves as a function of transverse
distance from the optical axis for a lens-integrated photodiode
and a photodiode without a lens. A flat-ended single-mode
fiber was used for the measurement. The maximum
responsivity is larger in the case of the lens-integrated
photodiode. This responsivity improvement is due to the
shrinking of the becam spot size on the focal plane. Moreover,
the misalignment tolerance of the lens-integrated photodiode
(26 um) is more than four times larger than that for the
photodiode without a lens (6 pm). This enlargement is due to
two lens effects: compensation of incident-light-position
deviation and shrinking of the spot size on the focal plane.

By using such lens-integrated photodiodes, we have
developed a compact quadplex receiver for 100-Gb Ethernct
(15). This reeeiver eonsists of an optiecal Demux module and
four 25-Gbit/s receiver optical sub-assemblies (ROSAs).
Using the Icns-integrated photodiodes rcsulted in uniform and
highly efficient optical coupling for each wavelength. The
quadplexer reeeiver achieved error-free 10-km single-mode
fiber transmission.

V. Summary

Four kinds of 1.3-pm-range, very-high-bit-rate uneooled
devices, namely, 25/40-Gbit’'s EA/DFB lasers, 25-Gbit/s
direetly modulated lasers, 25-Gbit/s surface-emitting lasers,
and lens-integrated photodiodes, have been dcvcloped. These
uneooled deviees are expected to provide cost-effective
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transceivers for high-speed data links, especially for
next-generation Ethernet.
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40Gb/s SOA-integrated EAM using cascaded structure

Tsu-Hsiu Wu, Jui-pin Wu, Hung-Jung Yan, and Yi-Jen Chiu
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Abstract: A 40Gb/s data transmission is demonstrated through a new approach, the cascaded integration of
EAM and SOA. Low driving power 1Vpp with -3dB bandwidth 47GHz, cxtinction ratio 20dB. and optical
gain of 11.8dB are attained.

Introduction

40Gb/s data transmission based on electroabsorption modulators (EAM) has been widcly used in high-speed
optical telecommunication due to their high extinction ratio, low driving power and the capability of integrating with
other semiconductor devices [I]. However, in a single EAM waveguide made by p-i-n material, the highly loaded
capacitance and also the intrinsic optical absorption in i-layer will lead to low electrical- and optical- transmission.
Monolithic integration of laser, electroabsorption modulator (EAM), and semiconductor optical amplification (SOA)
is a promising solution due to the performance, such as compactness, multi-functions, optical gain. Using cascaded
EAMs integrated high impedance transmission lines (HITL), several advantages have been found, for example, high
modulation efficient, and lower impedance mismatch into 50-ohm instrument in comparison with single EAM
waveguide [2-5]. In this work, a cascaded EAMs monolithically integrated with SOAs in a long waveguide is used
for 40Gb/s data transmission. Also, in the same chip, it allows the cascaded EAMs to interconnect the cascaded
HITLs, leading to successful 40Gb/s data transmission with low driving power, high A.C. modulation efficient, and
the optical gain.

Experiment and Results

The schematic plot of the integrated SOAs-EAMs is shown in figure 1. Both EAMs and SOAs are serially and
periodically connected in a optical waveguide, performing the distributed modulation and amplification processing.
HITLs [4] are utilized for by-passing SOA and high-speed interconnecting line. The same active region used in
EAMs and SOAs is MOCVD-grown InGaAsP M.Q.W.s (6 wells) sandwiched by p- and n- InP layers. The width of
optical waveguide is 3um. The lengths of three EAMs and two SOAs are 300um and 600um respectively. The
isolation regions between EAMs and SOAs are formed by H-ion implantation. N- and p- contacts are made by
evaporating Ni/AuGc/Au and Ti/Au metals. PMGl is used for planarization, HITL and final CPW line bridging.

Figure 2 shows the D.C. fiber-to-fiber optical transmission against with bias. The incident optical power of

0dBm centered at 1590nm is used to excite the device. As shown, the high modulation extinction ratio of 20dB in
2.5V is obtained. As it can be seen, the relations of transmission against voltage are similar as the pump current
increases from zero to 70mA, implying that the operation of SOA doesn’t degrade the extinction ratio in such
cascaded structure. In high-speed characterization, a high-speed vector network analyzer incorporating with a
high-speed photodetector is used for measuring the electrical-to-optical (EO) transmission. The output and input
microwave feed lines are terminated by 50-ohm instrument. As shown in figure 3, the broadband EO response with
as high as 47GHz of -3dB bandwidth is attained. As examining the overall device electrical response, the
microwave reflection (S11) is below -10dB from D.C. to 35GHz, suggesting that employing the cascaded EAMs
with HITLs can have benefit over the conventional single waveguide of EAM. A 40Gb/s data transmission test
setup is used for characterizing the large signal response. Figure 4 shows the eye diagrams of the cascaded EAMs
and SOAs. Due to the low microwave reflection, the high built-up microwave power inside the cascaded EAMs
lead the device to perform under low driving electrical power. The driving electrical power is as low as v (V,,),
suggesting the high-extinction modulation along long waveguide can still be sustained at high-speed regime. A bit
error rate test with pattern length of 2'>-1 is utilized to measure the data modulation quality. As shown in figure 4,
an error-free performance is observed, implying that such cascaded scheme of integration can have high potential
for >40Gb/s data modulation application.

978-1-4244-5920-9/10/$26.00 ©2010 IEEE, 50
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SOAs.

4. Conclusion

We proposed and demonstrated a 40Gb/s data transmission based on the cascaded integration of SOAs and
EAMs. By cascaded connection between HITLs and EAMs, -3dB bandwidth of 47GHz with low microwave
reflection of <10dB allow such device to operate at 40Gb/s data transmission at low driving voltage of | V.
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Abstract—Static and dynamic properties of InP-
bascd Quantum Dashes of 1.55pm directly
modulated lasers are reported. Using growth and
design optimization, we¢ demonstrate lincwidth
cnhancemcnt factor above threshold as low as 2
and decreasing with injected current. This
unique chirp behavior leads to uncompensated
and non-amplificd SMF 10Gb/s transmissions at
a constant bias current from back-to-back up to
65km. This recsult opens the way to the
fabrication of a low cost DML for access and
metro applications.

Keywords; Quantum dashes, gas source molecular beam
epitaxy, opto electronic devices, InP-based directly modulated lasers

l.  INTRODUCTION

Quantum Dots (QDots) and Quantum Dashes (QDashes)
struetures emitting in the 1.55pm window are very promising
for metropolitan and access networks requiring low-cost
devices. In particular, the expeeted higher differential gain and
lower chirp in low dimensional heterostructure [1] should lead
to directly modulated lasers (DML) with high modulation
bandwidth and should enable long distance transmission.

The standard transmission distanee without dispersion
compensation obtained with 1.55um direetly modulated multi-
quantum-well (MQW) lasers is around 20 km. For longer
distances, new limitations arise from linewidth enhancement
factor -induced chirp. Long reach 10Gb/s transmission
(typically 40 km and above) using DML has already been
demonstrated by compensating the fiber dispersion to avoid the
chirp induccd signal dcgradation. It was achieved for instanee
by using dispersion compensation fibre, specific filtering or
electronic compensation. These solutions are in general not
compatible with low cost and low power consumption
applications. The devclopment of a low cost DML allowing to
cover a large range of transmission distance (typically
10:60km) without using complex compensation requiring

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.
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specific in-line adjustment or power consuming cards is
therefore of paramount importance.

QDashes laser with modulation bandwidth in continuous
wave (CW) mode operation up to 10GHz [2,3] and high
temperature behavior for short distanee 10Gb/s transmission
[4] have been dcmonstrated, opening thc way to a further
optimization. In this paper, we demonstrate that the design
optimization of QDashes devices leads to very low chirp
distributed feedback (DFB) lascrs, even at high injected
current. As a consequence, error-free uncompensated and non-
amplified SMF 10Gb/s transmissions is demonstrated at a
constant bias current from back-to-back up to 65km.

1. EXPERIMENTS

The dashes-in-a-well (DWELLY) lascr structure was grown
by gas source molecular beam epitaxy on a S-doped (001) InP
substratc. It eomprises 6 laycrs of InAs QDs embedded within
a 6nm-thick InGaAsP quantum well (Ag=1.45um) each,
separated by 20nm-thick InGaAsP p-doped barriers
(Ag=1.17um). The optical confinement is obtained by a
separated confinement heterostrueture (SCH). The p-side and
n-side SCH layers are respectively 20 nm and 70 nm thick in
order to reduce the carrier transit timc and to limit the
recovery of the optical modc and the absorbing p-doped
layers. Optimized growth condition leads to the formation of
high-density QDashes with significantly rcduced P1. lincwidth
(down to ~50meV) due to homogeneous dash size.

We studied 500pm- and Imm-long DFB lasers. An anti
reflectivity (AR) coating has been depositcd on the front facet
whereas the back facet is as-eleaved. As shown in Fig.1,
threshold current of 30mA and external efficicncy of 0.15W/A
are observed for 500pm DFB buried lasers. As a result, output
power up to 10mW is achieved at 100mA in CW opcration.
DFB lasing emission is 1540nm as illustrated in Fig.2. The
gain peak is in thc rangc of 1530:1560nm, depending on
cavity length. For Imm-long lasers, the DFB detuning is about
-20nm, which is an optimum for the diffcrential gain. For
500um-long lasers, the detuning is about +5nm, which appears



as a good compromise betwcen dynamic properties and
temperature behavior allowing the investigation of 10Gb/s
transmission both at room temperature and in semi-cooled
operation.

Ontpnt pows )
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Fig 1 Outpul power versus injechion current of the S00pm-long BRS DIFB
taser measured under CW operation al 25°C
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I1l. DYNAMIC PROPERTIES

As shown in Fig.3, the small signal -3dB modulation
bandwidth of the Imm-iong DWELL-based BRS laser is about
10GHz at 140mA. The modulation bancwidth is electrically
limited by the RC parasitic limitation rclated to the BRS
process. From the elcctrical response, we can cxtract the
intrinsic response of the DFB laser and derivc a theoretical
modulation bandwidth as large as 16GHz as illustrated in
Fig.3. The high intrinsic dynamic propertics are confirmed by a
damping factor as low as 0.3ns. Such low x factor indicates a
damping limit of modulation bandwidth of about 30GHz and
therefore confirms the potential of QDash lasers for high speed
applications.

53

e
) -
__/// \\‘
é e \\\
: N\
L] “a,
& ‘\\ :
3 N\
]
&
s
i iy
2 s A
——Measuredresponse (dB) \
\/
-18 — Intrnsic response (dB) \\‘
21 Etectrical response (dB) S,
“
-24
0 s 10 15 0
Frequency (GHz)

1g.3: Small signal modulanion response of a lmme-long DIB laser

The linewidth enhancement (I.EF) factor above threshold
of the Imm-long DWELL-based BRS laser is as low as 2
(Fig.4), which is then comparable to the best MQW-bascd
lasers. More remarkable, the LEF decreases with the injccted
current from ~2.1 to 1.8 (Fig.4) whereas the LEI increases
significantly with injected current for standard MQW-based
DFB lasers. At 10Gb/s, the transmission performances are in
general strongly limitcd both by the transient chirp and the
adiabatic chirp. This uniquc behavior of QDash-based sources
would open the way to operate the DML at high current. which
is very efficient to reduce the transient chirp, but keeping a low
LEF. It would allow for increasing either the extinction ratio or
the transmission distance.
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Fig. 4. Linewidih enhancement factor above ihreshold of a Imm-long DI'B
lascr as a function of injecied curreni

IV. LARGE SIGNAL 10GB/S TRANSMISSION

For transmission evaluation, the output signal is sent to a
10Gb/s APD receiver. before error detection. either directly
after the laser (back-to-back measurement) or after
transmission in a 15, 25, 40 and 65km standard single-mode
fiber. There is no EDFA and no filter in the sctup and the
launch powecr sent in the fiber is attenuated down to 3dBm for
cach biasing current in order to minimize non linearities.

Using a 500um-long cavity DWELL based laser, the
average DC current (100mA) and the modulation dcpth (+/-
50mA) were chosen to optimize the bit error rate (BER) at




10Gb/s for 65km transmission and these bias conditions were
kept constant for shorter distances. The resulting extinction
ratio was 3dB. As shown in Fig.5, the BER is reported in back-
to-back configuration and for fibre lengths of 15, 25, 40 and
65km. Error free 10Gb/s transmission is achieved at constant
bias current from back to back up to 65km. Notice that 10Gb/s
transmission over the 38km theoretical limit has been already
demonstrated using dispersion supported transmission [5] but
this approach requires to modify the bias conditions for each
distance as the dispersion in the fibre is compensated by the
DFB chirp. This result obtained using a very simple
configuration opens the way to the fabrication of low cost
DML for access and metro applications.
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Fig.5: 10Gb/s bit error rate a1 25°C in back to back and after 15, 25, 40 and
65km SMF transmission of a 500um-long DFB laser. Inset: eye diagrams in
back to back and after 65km.

V. CONCLUSION

The optimization of InP-based Quantum Dashes buried
distributed feedback lasers including growth conditions, design
and processing has been carried out. As a result, we
demonstrated directly modulated lasers with modulation
bandwidth of 10Gl1z and linewidth enhancement factor as low
as 2 even at high injected current. Error free 10Gb/s
transmission was achieved at constant bias current from back
to back up to 65km of standard fibre. This result opens the way
to the fabrication of a low cost DML for access and metro
applications. Further optimization would be to increase the
optical budget and the temperature opcration for access
applications and to enlarge the extinction ratio for metro
applications.
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Abstraet

1490nm surface emitting BH-DFB-laser diodes incorporating a 45° turning mirror and an integrated monitor
photodiode arc presented for the first time. The devices show VCSEL-like threshold currents of as low as
3...7mA in the operation temperature range between 20°C and 90°C and a modulation bandwidth of >8GHz.
The integrated monitor diode operates temperature independent and is therefore well suited for laser power
eontrol.

1. Introduction
I1. Device Structure and Processing
Fabrication costs of conventional edge emitter DFB lasers are

largely determined by the costs for facct coating, screcning The fabricated DFB-HCSEL devices rely on a MOVPE grown
and selection of devices to guarantee key specifications, such strain compensated MQW InGaAsP/InP layer structure, as
as output power and single mode behaviour. These costs are used with edge emitting lasers, and a BH design with pn
significant because all this work has to be done on bar or even current blocking layers. Careful optimization of active layer,
chip level. VCSELSs represent a very attractive alternate laser optical wavcguide and DFB grating was the key to achieving
structure because - apart from their high-speed capability in low threshold operation. The 1* order DFB grating
conjunction with low-power consumption - they offer the incorporating a A4 phase shift was formed by mcans of
possibility of full on-wafer processing and testing associated electron beam direct writing. The laser and the integrated
with substantial cost reduction. However InP based VCSELs monitor diode sections were defined by two separate p-
emitting in the long-wavelength range used for tclecom contacts whilst otherwise using the same active layer
applications still suffer from limited single-modc optical structure. Employing an optimized chemically assisted ion
output power, especially in uncooled operation. Additionally, beam etching proccss 45° facet mirrors were etched on both
it is very challenging to achieve the wavelength accuracy sides of the lascr cavity, as sketched in Fig. 1.

required for DWDM or CWDM systems, and the combination
with a monitor diode is rather difficult to accomplish.

n-contact p-contact

monitor dlode laser light
Regarding single-mode surface emitting lasers there are 1 emission AR-<coating
alternatives to VCSELSs, namely horizontal cavity DFB lasers 1 1t

using second order gratings [1,2] and DFB lasers employing a
45° turning mirror (3], the latter structure being commonly
referred to as HCSEL. In this paper we present single-mode
1490 nm HCSEL devices featuring optical power-current

characteristics that are approaching those of state-of-the-art acve layeriaser

InP based VCSEL to open up the way to eventually use very s

low power consumption VCSEL drivers. Furthermore we Fig. 1: Schematic cross-sectional view of developed HCSEL-
demonstrate the integration with a monitor photodiode. As structure

with VCSELs the developed HCSEL devices allow for full

on-wafer processing and testing.

The front mirror deflects the cmitted light to the surface facet
via total internal reflection, whereas the rear mirror couples
non-absorbed light out of the laser cavity thus suppressing

978-1-4244-5920-9/10/$26.00 ©2010 IEEE. (314)




back rcflections. The surface above the output facet (right
side) was anti-reflection coated applying an on-wafer
deposition process. Thanks to the specific HCSEL design all
lasers can be individually characterized and tested on-wafer
using an adapted conventional wafer prober. The footprint of
the HCSEL chip including thc monolithically integrated
monitor diodc amounts to 310um (L) x 250um (W) only.
being comparable to VCSEL lasers.

Fig. 2 shows a microscopic image of a proccssed device.

vertical light
emission
optional laser p-pad
laser n-pad
monitor diode LS
pad 0 9
Fig. 2: Microscopic image of a processed HCSEL device with

integrated monitor diode

HI. Characteristics

The optical output power characteristics of a fabricated
HCSE-DFB-laser is depicted in Fig. 3. The lasers exhibit
extremely low threshold currents ranging from 3...7 mA over
the operation temperature range from 20°C to 90°C associated
with a T¢-value of >70K.
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Fig. 3: CW HCSEL output power (mounted on heatsink)
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The lasers show stable single mode emission with a side mode
suppression ratio of 45dB at an operation current of 6mA only
proving that both the on-wafer AR-coating on the front facet
and the angled back facet yield sufficiently low residual facet
reflectivity (Fig. 4).
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Fig. 4: HCSEL optical spectrum at 6mA operation current
and T=20°C
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Fig. 5: Monitor diode current in dependence of the bius
voltage at 20°C and 90°C: (top) laser not electrically
conlacted, (boltom) laser operation current = O0mA



Fig. 5 depicts the voltage dependence of the dark current of

the monitor diode measured without having cleetrically
contacted the laser section (top) and with the laser operation
current set to OmA (bottom), respectively. In the latter case an
enhanced current Now at voltages < -2V is observed due to
leakage current into the laser seetion caused by the limited
electrical separation resistance of about SkQ between monitor
diode and laser.

Nevertheless the integrated monitor diode shows a good linear
dependenee of the photo current on the optical output power
(Fig. 6) and a weak temperature sensitivity only. Operation at
-2V bias voltage turned out to be the optimum bias condition
for temperature independent operation of the monitor diode.
The difference between the 20°C and 90°C monitor current
values at -2V bias voltage and at a fixed laser power amounts
10 about 8% only. This relatively small deviation suggests that
the integrated monitor diodes can be used to control the laser
output power in the full temperature range between 20°C and
90°C.

|00
mo-01

-20
-30 Vertical angle /

Horizontal angle / * -1 ag 40 FWHM = 20
FWHM = 23° b
Fig. 7: Optical farfield of a HCSEL measured in vertical

direction

I'he modulation bandwidth was determined by

directly

contacting the surface n- and p-contact of the laser with a RF
probe head. No 50 Q adaption was implemented here. As
shown in Fig. 8 the modulation bandwidth at 12mA bias
current amounts to about 7 GHz at 20°C and 5.5 GHz at 90°C
allowing for low bias current uncooled direct modulation at
2.5Gb/s. The maximum 3 dB modulation bandwidth of these
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Fig. 6: Monitor diode current in dependence of the laser
optical output power at T=20°C (top) and 90°C (bottom)

The optical far-field pattern of the vertically emitted optical
beam is depicted in Fig. 7. The measured FWHM angles
amount to 20° and 23° in the two perpendicular lateral
directions thus providing a fairly eireular beam prolile to
enable efficient fiber coupling of the devices.

lasers amounts to > 8GHz.

20°C and
8/10/12/15/20mA
operation current

90°C and
12/14/16/20/25mA
operation current

D 26 4 6 86 106 126 146G 16G 180G
Frequancy / Hz

Fig. 8: Small signal frequency response of the HCSELs at
20°C (top) and 90°C (bottom) respectively
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IV. Conclusion

1490nm DFB-HCSELs with integrated monitor diodes have
been presented for the first time. The devices show ultra low
threshold currents of 3mA at 20°C and 7mA at 90°C and
deliver optical output power of well above SmW in this
tempcrature range. Whilst the current characteristics are
approaching those of state-of-the-art VCSELs the output
power performance is clearly superior. With further
optimizing the laser design even lower currents are believed to

be achievable thus eventually allowing to employ
conventional low-powcr VCSEL driver circuits. The
integrated monitor diode works nearly temperature

independent although it uses the same layer structure as the
laser itself. Nonetheless, if required for further refined
photodiode performance an InGaAs based structure
implemented by selective area growth could optionally be
uscd.

Furthermore these devices can be fabricated also in one- or
two-dimensional arrays enabling simultaneous coupling to
multiple waveguides or fibers for parallel optical links.
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Abstract

Based on a theorctical analysis of internal quantum efficiency of a thin-film GalnAsP/IaP latcral current

injection type Fabry-Perot laser prepared on the semi-insulating InP substrate, its fabrication proccss was

modificd. As the results. the internal quantum efficiency was improved by a factor of 2 and the waveguide loss

was rcduced to 2/3 in comparison with previously reported devices. A threshold current of 11 mA and an

external diffcrential quantum efficicncy of 33% wecre obtained for the device with 720 um-long cavity and 1.7

um-wide stripe under a room tempcrature continuous-wave condition.
Kevwords- Lateral current injection, Membrane structure, Photonic Integrated Circuit.

I. INTRODUCTION

With the ever increasing amount of data in LSI circuits, the
CMOS speed should increase by utilizing the scaling law.
However, scaling law has other cffects such as signal delay. heat
generation, and crosstalk for global wiring in the chips, which
limit total pcrformance of LSI chips. An introduction of optical
interconnection can be a possible solution for these problems
[1]}-14].

As the low power consumption light source for the optical
interconnection on the chip, a membrane distributed-feedback
(DFB) laser has been proposed. A membrane lascr consists of a
thin (~150 nm-thick) semiconductor core layer including the
wirelike quantum-well (QW) activc regions sandwiched by low-
index polymer claddings [5]. Since this membrane DFB
structure has a strong optical ficld confinement feature into the
active region due to its high index-contrast waveguide structure
as well as small volume of the active region, very low threshold
operation was predicted and was demonstrated under an optical
pumping at room-temperature continuous-wave (RT-CW)
condition [5],[6]. A threshold pump power of as low as 0.34
mW under a RT-CW condition and a stable singlc-mode
operation with a sub-mode suppression ratio (SMSR) higher
than 30 dB up to 85°C havc bcen reported [7]. However, no
electrical injection has been reported.

To achieve injection-type membrane laser for light source in
the photonic integrated circuits on the Si-LSI, a lateral current
injection (L.CI) structure is promising candidate. Although a LCI
laser with thick (I pm) current guiding layer has already been
reported [8], [9]). a thinner semiconductor layer is needed for the

978-1-4244-5920-9/10/$26.00 ©2010 1EEE.
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Fig. 1 Structure of a thin-film LCI-BH laser.

injection-type membrane laser to obtain high optical field
confinement along the vertical direction. A RT-CW operation of
a LCI buried-hetero structure (BH) laser. which consists of an
only 400 nm-thick GalnAsP core layers with 5 QWs on a scmi-
insulating (SI) InP substrate as shown in Fig. I, has been
demonstrated {10]. However, due to the low internal quantum
efficiency (19%). opcration characteristics of this device werc
poor compared with those of vertical current injection type
lasers [11].

In this paper, we report a theoretical analysis of internal
quantum efficiency of the LCI-BH laser and also a
demonstration of improved lasing characteristics attributed to
higher internal quantum efficiency.

II.  THEORETICAL ANALYSIS

To investigate the causes of poor quantum efficiency in the
previous reported device, the radiative recombination profiles of
the LCI-laser have been simulated based on a semiconductor
device simulator APSYS (Crosslight Software Inc.). Figures 2
(a) and (b) show the simulation results for the previous device
[11] and for the present device, respectively. The active region
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Fig. 2 Calculated amount of radiative recombination.

of these L.CI-BH lasers consist of five 1% compressivcly-
straincd QWs (6 nm-thick, £, = 0.8 V) and 0.15% tensile-
straincd barriers (10 nm. £, = 1.0 eV), sandwiched between
optical confinement laycrs (OCLs, £, = 1.0 eV, 150 nm-thick).
The total GalnAsP layer thickness is 400 nm, designed to have
about 5% optical confinement factor for SQWs. Doping
conccentration of both p- and n-InP layers is 4 x 10'® /em’. The
stripe width and the distance between p- and n- electrode are
fixed to 2 pin and 10 pum, respectively.

The simulations were done at the injection current of 0.02
mA per pum (unit length along the stripe) which corresponds to
an injected sheet carriers per unit time of 1.25 x 10" /cm-sec
carriers or 10 mA with the cavity length of 500 um. In the
previous device as shown in Fig. 2(a), about 90 nm-thick OCLs
remained under the p-InP caldding layer (as can be seen in the
SEM views and corresponding illustrations in Fig. 3).

Due to the carrier leakage in the residual OCL, 2.1 x 10"
‘'cm-scc of carriers are radiative recombination element in the
active rcgion. This means that expected internal efficiency at
this current Icvel can be only 17%. On the other hand, 57% (7.1
x 10" /emrsec ) of carriers are consumcd as radiative
recombination in the residual OCL. This phenomenon is
especially apparcnt under the p-InP region becausc of the slower
mobility of holes compared to that of electrons. By eliminating
this residual OCL, the radiative recombination outside of the
quantum wells reduces and the recombination in the active layer
increases to 37% (4.6 x 10" /cm-sec ), which is approximately
two times higher than that for the previous one, as shown in Fig.
2(b).
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Fig. 3 Cross sectional SEM views (upper) and
corresponding illustrations (lower).

Figure 3 shows the cross sectional SEM views and schematic
illustrations of two types of devices in the previous report (a)
and this work (b). In this work, the OCL at p- and n- regions
were totally etched to reduce carricr leakage. The fabrication
processes illustrated in Fig. 4 are as follows. Firstly, an initial
wafer with undoped GalnAsP core layers consisting of straincd
compensated 5 QWs as mentioned in simulated structure, were
prepared by organo-metallic vapor-phase-epitaxy (OMVPE)
growth on a SI-InP substrate (Fig. 4-1). Then, the lateral
junction structure was fabricated by 2-step photolithography,
reactive-ion-etching (RIE), and OMVPE selective area regrowth
[10]. A 7 um-wide mesa structure were formed with a SiO,
mask and RIE (Fig. 4-2). After removing the plasma damaged
surface by sulfuric acid based solution, n-InP was selectively
regrown at the side of the mesa as a cladding layer (Fig. 4-3).
Next, by etching the part of the wide mesa and the one side of
the buried n-type layer, narrow wide stripcs were formed (Fig.
4-4). Then, p-InP cladding and p-GalnAs contact layers were
regrown (Fig. 4-5). After these junction formation proccsses, a
part of the contact layer near the stripe edge was removed by
sulfuric acid solution to reduce optical absorption by p-GalnAs.
Finally, Ti/Au electrodes were deposited on the p-GalnAs and
the n-1nP area (Fig. 4-6).

After polishing the wafer and cleavage into bars,
measurements were done under a RT-CW condition. Figure 5
shows typical light output (L-/) and applied voltage-current (}-/)
characteristics of the previous and present devices. A minimum
threshold current of 11 mA and an external differential quantum
efficiency of 33% were obtained for the device with 720 um-long
cavity and 1.7 um-wide stripe while those for previous device
were 19 mA and 8.1% for the device with 730 pm-long cavity
and 1.4 pm-wide stripe under RT-CW conditions, as shown in
Fig. 5. The threshold currcnt density (J;) normalized by the
stripe width I, and the cavity length L was as low as 900 A/cm’

EXPERIMENTAL
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which is almost a half of that of the previous device (1.9 kA/cm?).
A waveguide loss of 4 cm ' and the intcrnal quantum efficiency
of 40% were obtained from the relation between the cavity length
and the inversc of the ditTcrential quantum cfficicncy as shown in
Fig. 6. This internal quantum efficiency was two times higher
than that (19%) of the previously reported device. Hence these
results quantitatively agrce with the above mentioned simulation
results in Section 11. The waveguide loss of the previous device
was 6 cm ' [11]. which can be attributed to slight roughness of
the surface of residual OCL. The risc-up voltage was observed to
be 0.8 V and the differential resistance at the threshold current
was around 20 € which is 2-3 times higher than that of our
conventional DH lasers.

The transparent current density J,. per well is estimated to be
90 A/emt’ from the dependence of the square root of ./, on the
inverse of cavity length, as shown in Fig. 7 [12]. This value is
slightly higher than that of conventional DH lasers fabricated in
our laboratory. Even though the internal quantum efficiency was
much improved, it is still low compared with conventional DH
lascrs. These poor characteristics are mainly attributed to weak
carrier confinement in thc LCI structurc becausc the hetero
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barrier between the quantum well and the OCL is parallel (o the
carrier’s flow.

Further increase of internal quantum efticiency can be attained
by an adoption of wider band gap materials like an InP for the
OCl.s and barrier layers and an increase of the number of QWs
because the LCH lasers are immune from carrier pile-up problem
of holes in conventional vertical injection type lasers.
Furthermore an adoption of thin (150-200 nm thick) membrane
structure sandwiched by low refractive-index material such as
benzocyclobutene enhance the optical continement factor by a
factor of around 3. hence much lower threshold current as well as
higher quantum etticiency.

1V.  CONCLUSION

Lateral current injcction type buried-hetcro structure lasers
were investigated by using a simulation tool, and improved lasing
properties attributed to increase of internal quantum efficiency
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were obtained experimentally by completely etching the residual
GalnAsP optical confinement layer beneath the n- and p-InP
cladding layers. These experimental results were in good
agreement with theoretical ones. This lateral current injection
structure can be applied to electrically driven low power
consumption membrane lasers as well as other photonic
components for future on-chip optical interconnections.
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Abstract

In this work we report on the erystal growth and surface
characterization of antimonide substrate materials. The
Czochralski  technique = has  been  used to
grow single crystal InSb and GaSb ingots with typical
etch pit densities of <IE2 ecm? and <2E3 cm™,
respectively. X-Ray topographs (XRT) have enabled the
high resolution mapping of the defect structure in GaSb
substrates, demonstrating that ingots can be produced
with large areas of zero dislocation density. Epitaxy-
ready surfaces with very low levels of surfacc roughness
and uniform oxide coverage have been demonstrated for
4" GaSb.  We have shown that smaller diameter
antimonide ingot and wafer production processes can be
scaled to deliver high quality substrates in large diameter
form.

I. Introduction

Indium antimonide (InSb) and gallium antimonide
(GaSb) are important Group [lI-V  compound
semiconductors for photodctectors that opcrate in the mid
(3-5 pm) to the long wavelength region (8-12 pm) of the
infrared (IR) spectrum. Interest in these materials is
driving the development of several new detection
technologies that are important for military, industrial and
medical applications'*’. Furthermore, several niche
applications for antimonides also exist which include
mid-infrared edge emitting lasers, ultra-high high
mobility transistors, magnetic sensors and thcrmo-
photovoltaic cells.

When compared with other commercially available
compound semiconductors such as GaAs and InP, the
antimonides are considered as a niche product
manufactured in limited quantities and mostly in 27
diamcter wafer form.  As such, demand for thesc
materials has matured slowly, but more recently
requirements for large format, high performance infrarcd
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detectors is driving substantial new intercst in the
development of larger diameter substrates. Of particular
note is the industry’s requirements for photodetectors that
operate in the long wavelength IR region, this being met
by sophisticated Ga(In)Sb/InAs based strained layer
superlattice (SLS) structures deposited by molecular
bcam cpitaxy (MBE)'. For such devices, 4" GaSb
substrates will be required, requiring current small
diameter wafer production technologies to be successfully
scaled.

In this paper, we report on the bulk crystal growth of
InSb and GaSb materials. Then we discuss our latest
work on the scaling of our GaSb processes to deliver 47
substrates suitable for the deposition of high quality
epitaxially grown detector structures.

II. Growth and Characterization of Antimonide
Substrates

A. Bulk Crystal Growth

GaSb (100) and InSb (211) ingots were grown by the
Czochralski (Cz) method*®. The Cz method is well
established for the growth of Group IlI-V compound
semiconductor crystals and in addition to being the choice
of production technique for antimonide crystals, it is also
used within the industry to manufacture InP materials
too’. Fig. | shows examples of typical GaSb and InSb
crystals grown by the Cz method.

(a) (b)

Fig. 1: Images of single crystal (a) 3™ GaSb-Te (100) and
(b) 37 InSb-Te (211) ingots

For the commercial production of InSbh. the majority
of ingots arc grown in thc (211) direction.  This
orientation strikes thc optimum balance between growth
yield and the requirement of InSb detector devices to be
fabricated on (nl1) type substrates. Production af InSb
(100) crystals is possible, but difficulties are encountered
in the growth of this orientation type which can have an
adverse effect on yield. Furthermore. applications of
InSb (100) remain very limited, so should wafers of this
orientation be required, these are oblique cut from (nl1)
type crystals. GaSb crystals are grown in the (100) plane.
The exclusive application of this material recmains as a




mono-crystalline substrate for epitaxial growth where the
orientation of the wafer remains unchanged, or is subtlety
mis-oriented away from the (100) direction to optimize
epitaxial morphology for a given layer deposition
condition.

In the production environment, the aim is always to
maximize the number of substrates that can be cut from
each ingot that meet a well defined set of physical.
electrical and crystallographic specifications. For InSb
and GaSb, the quantity of 2" and 3™ wafers that can be cut
from onec ingot is already rcasonable, Table I, but as
production demands incrcase it is anticipated that longer
ingots will be required. This is especially the case for 4™
diameter crystals where the number of wafers that cach
ingot can yield is relatively low. This is the subject of
development efforts at Wafer Tcchnology and the target
will be to increase the number of wafers that cach ingot
yields.

Table 1. Comparison of antimonide ingot dimensions and
typical wafer quantities cut.

Ingot Diameier
(inches) Length (mm) Number ot Wafers
2 80-220 50-150
3 80-110 50-75
4 50-70 30-40

B. Crystal Quality Assessments

Growth of any 111-V semiconductor crystal is prone to
the incorporation of several defect types. These can have
the effect of reducing yield or limiting the bulk material
specification that can bc offered. Examples of such
defects are twins, polycrystalline growth and dislocation
clusters’. Whilst the long-term vision of crystal growth
has always been to produce dislocation-free crystals, the
complexities of the Cz system means that defect
suppression is very much part of any growth process
methodology. Scaling growth processes presents further
challenges to address in defect reduction and in support of
growing high quality antimonide crystals, this topic has
received significant attention in this work.

Dislocation density is a measure of crystalline quality
and assessments were made using a proprietary
dislocation revealing etch and measurement by optical
contrast microscopy. Typical etch pit densities (EPD) of
<1E2 ecm™ are found in InSb which is considered one of
the lowest defect type compound semiconductor materials
available commercially.  GaSb though is a more
dislocative material where EPD values of 1-2E3 em™ are
typically obtained. The spatial distribution of etch pits
was assessed by the same technique where the density of
etch pits at 69 individual locations across a wafer was
mapped. Although considered as a low resolution method
of assessment that is mostly used to provide feedback on
crystal homogeneity, it is potentially of significant
interest at the device levcl wherc the spatial performance
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of for example, a detector can be correlated with the local
quality of the underlying substrate and epitaxial layers.
Fig. 2 shows etch pit density maps for typical 3™ InSb-Te
(211) and 3™ GaSb-Te (100) substratcs

Major Flat

Major Fiat

Fig. 2: Etch pit density maps measured by optical contrast
microscopy for (a) 3" InSb-Tc (b) 3™ GaSb-Te substrates.

The crystal quality of GaSb substrates has also been
assessed by synchrotron white beam X-Ray topography
(XRT). This high resolution method of dislocation
imaging has been used to characterize extended defects
and strain in GaSb substrates and has supported
improvements in the bulk quality of our GaSb over
successive gencrations of 2" and 3™ ingots grown. Details
of this measurement technique are outside the scope of
this work, but can be found elsewhere’. Fig. 3(a) shows a
topograph taken at the centre of an older gencration 3™
GaSb substrate with a dislocation density of 1,700 cm™,
these dislocations appearing as bright lines in the
topograph. In contrast to that result, the topography for
current gencration 3™ product (Fig. 3b) shows no
dislocations in the centre part of the wafcr, although
analyzing the defect density at the wafer edge revealed
that the dislocation density in this part of the substrate is
still higher than in the centre of the wafer.



Fig. 3: X-Ray topographs from (a) thc centrc of a first
generation 3" GaSb-Te substrate. Disloeation lines with a
density of 1,700 em-2 show up as bright lines and (b)
eentre of a eurrent generation 3" GaSb-Te substrate where
no dislocations are present.

Analysis of a first generation 4" GaSb wafer by XRT,
Fig. 4, reveals a similar trend where the central portion of
the substrate has a zero or very low numbcr of
dislocations whieh then inerease in density towards the
substrate edge. It should be pointed out that the eellular
structure shown in the image is a measurement artefact
and does not relate to the dislocation structure of the
crystal grown.

Although XRT is a powerful method that can analyse
the defeet structure of crystals in significant detail, its
applieation on a routine basis is limitcd because of cost
praetieality issues associated with the use of a
synchrotron light source facility. Usefully though, eteh
pit density assessments performed by optieal eontrast
mieroseopy are quick, easy to perform and the results ean
be correlated with high resolution determinations by XRT
in a semi-quantitative way.
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Fig. 4: X-Ray Topograph of a 4 GaSb-Te substrate.
Dislocations show up as fine bright lines. Note that the
ccllular structure in the image is an artefact of the
measurement scan.

The results presented for first generation 47 GaSbh
substrates shows a similar trend to past iterations of 2"
and 3" GaSb ingots grown. Whilst a large proportion of
the wafer area is eharaeterized by regions of high quality
material with zero or low levels of dislocation density, the
peripheral structure at the wafer edge demonstrates that
enhaneements to the erystal growth proeess are required.
There arc several strategies by whieh sueh improvements
can be made and these are the subject of on-going
development efforts at Wafer Technology.

C. Surfaee Analysis

High quality surface finishing is an important requisite
for all eompound semieonduetor substrates. This is
especially the ease for epitaxial layer growth where a
clean and uniform starting substrate surface is required
that needs no form of pre-treatment prior to growth.
Whilst the vast majority of InSb devices are based on the
fabrieation of implanted junction deviees that do not
demand epi-ready’ levels of finishing, GaSb surtaces are
challenging to prepare for epitaxy, not only when
eompared with InSb, but with respeet to other eompound
scmiconductor materials too'. Surfaee  polishing
techniques have previously been developed here that
address this coneern. Supporting this is the formation of
a uniform surfaee oxide whieh must desorb eleanly and
consistently prior to layer growth. Surface oxides on
epitaxy ready polished substrates were assessed using a
Woollam VASE spectroscopie ellipsometer (SE) that
maps oxidc uniformity using thc analysis of polarized
light reflections from the substrate surfaece''. The 4"
GaSb oxide thickness uniformity map, Fig. 5, shows an
average oxide thiekness of 45 A and uniformity of 4 A
which is very comparable to that seen on 2™ and 3" GaSbh.




| 10 Par srvetes Graph

Fig. 5: SE map of oxide thickness on a 4™ GaSb substrate

Morphology assessments havc been made on
substrates using a Taylor Hobson 3D optical profilcr that
maps surface roughness using white light interfometry'”.
Surface roughness (rms) measurcments were made over a
sample area of ~300 um? at five points across the surface
of a 4” epitaxy-ready substrate. From this we have
demonstrated a uniformly smooth surface with an average
(rms) surface roughness of 2.0 nm which is very
comparable to assessments made on 2" and 3” GaSb
substrates.

Fig. 6 shows an example of a surface roughness (peak
to valley, nm) map measured using the same technique
and displayed as a color image where height information
is represented by color changes.

These results demonstrate that high quality 4 GaSb
surfaces have been produced that are very comparable in
their characteristics to those of smaller diameter GaSb
substrates. Reproducible substrate preparation techniques
have enabled uniform oxides and low roughness surfaccs
to be produced, both of which are important requirements
for high quality epitaxial growth. Epitaxial growth
testing of these 4” GaSb substrates has recently been
reported elsewhere'”.

] 50 100 150 200 250 ym nm
N 1 s 1

Fig. 6: Surface roughness (peak to valley, nm) map of 4”
GaSb substrate.
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I11. Conclusion

In conclusion, wc have shown that high quality single
crystal 3" and 4” InSb and GaSb ingots can be produccd
by the Cz method. Defect mapping by optical contrast
microscopy and X-Ray topography has enabled the
dislocation structure of ingots to be quantified. Epitaxy-
ready surface finishing processes have been successfully
scaled to larger format GaSb substrates delivering
surfaces with high quality attributes for layer growth.
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The paper describes microgravity experiment using Chinese recovery satellite and the in-situ measurement of
composition profile in the solution by X-ray penetration method to make clear the effect of gravity on the
growth of InGaSb ternary alloy semiconductor erystals.

I. Introduetion

High quality homogeneous In,Ga,..Sb alloy semiconductor
crystals are required for the fabrication of optoclectronie
devices such as detectors, thermo-photo-voltaic cells, etc.,
since wavelength and lattice constant are controlled in the
rangc of 1.7 — 6.8 pm and 6.0959-6.4794 A by adjusting
the indium eomposition, respectively. However, it is very
difficult to grow high quality homogeneous In,Ga,.,Sb bulk
crystals due to the large separation between the solidus and
liquidus lines in the InSb-GaSb phase diagram (1). Since
the eomposition in the erystal is different from that in the
solution, the rejected solute accumulates in the solution
during growth. As a result, the composition in the crystal
changes with time. Due to segregation phenomenon and
tempcrature fluctuation caused by convection, interface
brcakdown easily occurs and consequently polycrystalline
crystals are grown (2-3). Since the transportation of the
solute is affected by convection, the dissolution and growth
processes are strongly influenced by gravity. The main
attraction for the microgravity condition is that it is
possible to suppress the complex convective heat and mass
transports and make dccper insight into transport
phenomena.

There are several crystal growth related studies carried
under microgravity conditions. For instance, Witt et al.
grew a Tc-doped InSb crystal in Skylab and aehicved
uniform dopant distribution (4). Kinoshita et al. grew
PbSnTe crystals in the SL-JJFMPT mission, and
demonstrated that the eteh pit density was reduced (5).
Nishinaga et al. and Duffar et al. showed that the quality of
GaSb crystals was improved under microgravity (6-7).

We have performed several microgravity experiments using
space shuttle, drop tower, Chinese recoverable satellite and
airplane (8). The cffects of diffusion and Marangoni
convection on the mixing of multi-component melts have
been investigated in the space shuttle (9-11). In the drop
tower experiments, in-situ solidification process was
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observed using a high speed CCD ecamera (12). The effeets
of gravity on the shape of liquid-solid interface and
composition profiles have been clarificd by comparing the
experimental results in the Chinese recoverable satellite
and on earth (13). The effects of the gravitational direction
on the dissolution and growth processes were investigated
by inclining the electric furnace on earth (14). The flow
pattcrn and composition profilcs have been caleulated as a
function of gravity level (15-16). The experimental and
numerical results showed that the shapc of the growth
interface and composition profiles were strongly influenced
by gravity.

Wc have grown tcrnary bulk crystals by the temperaturc
gradient freezing mcthod combined with the heat pulse
tcchnique. (17-18). To grow homogencous crystals, the
balance among the dissolution rate of feed, growth rate of
erystal and the transportation of solute in the solution is
very important. Therefore, thc dcvclopment of the in-situ
measurement technique of thc composition profile in the
solution during growth is strongly required. We have
applied the X-ray penetration method using a CdTe line
detector to investigate the composition profile in the
solution (19).

The paper describes microgravity expcriment using
Chinese recovery satellite and the in-situ mcasurement of
composition profile in the solution by X-ray penetration
method for making clear the effect of gravity on the growth
of InGaSb ternary alloy semiconductor crystals.

1. Microgravity experiment using Chinese
recoverable satellite

A. Experimental method

To prepare the samples for microgravity experiment, GaSb
single crystals were grown by the Czochralski method. For
the growth of GaSb, elements of Ga and Sb were charged
in a carbon crucible, and were heated by r.f. induction
current in the hydrogen atmosphere. The grown crystal
pulled in the <111> direction was about 10 mm in diamcter



and 110 mm in length. InSb crystals were grown by the

same method. These erystals were transformed into
cylindrical shape by using a lathe blade and the
GaSb(1TDHA-InSb-GaSb(111)B  sandwich sample was

prepared as shown in Fig. I1(a). Fig. I(b) shows the
configuration of an ampoule. The size of the ampoule was
13 mme x 122 mm long. The GaSb(111)A-IinSb-
GaSb(111)B sandwich sample was inserted in a BN tube
and then put into a quartz tube. To prevent aceidental
breaking of the ampoule and to adjust the volume change
from solid to liquid and viee versa, both the ends of the
sample were packed by carbon sheets. The ampoule was
evacuated to 10™ Pa, and then sealed off. The outside view
of the ampoule is shown in Fig. 1{e). The white portion is
the BN tube and the black parts are carbon sheets.
Mechanical test was done on the ampoule both by applying
vibration and by rapid heating and cooling. Subsequently it
was made sure that the ampoule could be used safely for
the microgravity experiment.

InSb
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8. 3 4 36 6583
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Fig. 1 (a) GaSb(111)A-InSb-GaSb(111)B sandwich
sample. (b) Ampoule configuration (e) Outside
view of ampoule.

The temperature-time  protile of the microgravity
experiment using a Chinese recovery satellite is shown in
Fig. 2. The temperatures were measured by two
thermocouples inserted into the heater bloek. T; was used
to mcasure the temperature at the center of the sample, and
T,. at a point 20 mm away from the center. The temperature
difference between T and T, was about 20°C. The sample
was heated to 706°C, and decrcased at an average rate of
0.5°C/min. The total period of the experiment was 6 hours.
The gravitaty level was 10* ~ 107 G. The experiment was
carricd out on carth in a vacuum chamber using the same
furnace to compare with the microgravity experiment. The
temperatures were measured at three different points: center
of the sample and at two other symmetric points 20 mm
away from the center. The temperatures were the same at
the symmetric points.
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Fig. 2 temperature-time profile of the mierogravity
experiment using a Chinese recovery satellite.

B. Numerical method

In order to understand the effeet of gravity on the shape of
solid/liquid interface, numerical simulation was carried out.
Fig. 3 shows the configuration and coordinate system for
the analysis. The symmetrical model was used. and the
half-zone of the system was solved. The governing
equations of continuity cquation. Energy equation,
Diffusion equation. and the boundary conditions were
solved by the finite difference method. The relationship
between temperature and composition was obtained using
InSb-GasSb binary phase diagram.

Symmetrical
axis
k) :
X
solution
9

Fig. 3 Configuration and coordinate system for the
analysis.

C. Results and discussion

Figs. 4(a) shows the outside view. the schematic
representation  of the dissolved area, and the Ga
composition profile around the eenter of the space-grown
crystal. For the comparison, the results of the earth-grown
erystal are shown in Fig. 4(b). The Ga composition was
measured by Energy Dispersive X-ray Speetroscopy (EDS)
in the divided areas of 2.0 x 1.6 mm”. The shape of the
interface was almost parallel and the Ga eomposition was
almost uniform across the radial direction for the space-
grown erystal. On the other hand. the shape of the interface
of the earth-grown erystal broadened toward the



gravitational direction. The Ga eomposition deecreascd from
the upper region towards the lower region. This indicated
that the gravitational segregation occurred on ecarth. These
results clearly suggest that gravity affected not only the
composition profiles but also the shape of the solid-liquid
interface.
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Fig. 4 Outside view, the sehematie representation of
the dissolved area, and the Ga composition profile
around the center of the samples. (a) Space-grown
erystal, (b) Earth-grown crystal.

Figs. 5 (a) and (b) show the numcrical simulation results at
587 °C for zero and 1G gravity ficlds, respectively. The Ga
eomposition profiles in the solution were quite different for
both the eases. Under zero gravity, dissolved GaSb
diffused from the interface towards a region far from the
interface in the solution. This brought about the
composition gradient along the axial direetion in the
solution. However, the Ga eomposition was uniform along
the radial direction. Thercfore, the dissolution of GaSb took
plaee uniformly at the intcrface. This resulted in the flat
interface. On the contrary, under 1G gravity, the Ga
eomposition was not homogeneous in the radial direetion.
A large amount of Ga-rich solution moved to the upper
region due to buoyaney sinee the density of liquid GaSb
(6010 kg,’cmj) was smaller than that of liquid InSb (6320
kg/em”). This eomposition gradient beeame a driving foree
of flow at the intcrface. At the solid-liquid interface, the
dissolution of GaSb in the upper region was suppressed due
to the existence of large amount of Ga eomposition in the
upper region of the solution. On the other hand, in the
lower region of the solution, a large amount of In
eomposition was aceumulated. Since the GaSb eomponent
was insufficient, the dissolution of GaSb into the solution
was enhanced. As a result, the shape of solid-liquid
interface broadened towards the bottom. These numerieal
results qualitatively explain the experimental results shown
in Fig. 4.
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III. Measurement of composition profile by X-ray
penetration method

Fig. 6 indicates the eonfiguration of the sample and the
temperature profile. Rectangular shaped
GaSb(seed)/InSb/GaSb(feed) sandwich sample was used
for the experiment. The dimensions of GaSb (seed, feed)
and InSb samples are 6 mm x 6 mm x 3mm and 6 mm x 3
mm x 3 mm, respectively. In order to observe the
dissolution process and eomposition profile of the solution,
the sample should be inserted into the material whieh is
transparent to X-rays. In the present investigation, boron
nitride (BN) and quartz were sclected as transparent
materials for X-rays sinee the absorption by them was very
small eompared with GaSb and InSb. The sandwich sample
was inserted into the BN tube and it was inserted into the
quartz ampoule. The quartz ampoule was evacuated about
10™* Pa and then sealed.

The sealed ampoule was fixed into the furnaee vertically. In
order to get the inside temperature profile at the sample
position, dummy sample was prepared with BN tube and it
was inserted into the quartz. The quartz ampoule with
dummy sample was sealed and then made a hole through
feed side to seed end. The temperature profile in the
furnace at the sample position was measured by connecting
the CA thermoeouples inside a dummy sample at the seed
end and feed end before the X-ray penetration experiment.
With respect to the reference temperature 650°C, the inside
temperatures of seed end and feed end were measured as
525.2°C and 581.7°C, respectively. The temperature
gradient at the sample position was fixed as 3.7°C/mm. The
GaSb feed side was set up at high temperature region and
GaSb seed side was set up at low temperature region.
During the experiment, the thermoeouple was conneeted at



the middle of the furnace for the measurement of reference
temperature. The temperature of the furnace was monitored
by using the reference temperature.

L *uay
Figh
* Carbos sheet
TClam
+-oCabon theet Low
4+ BN -
1 +Cartion dhret

Fig. 6 Sample configuration and temperature
profile

Fig.7 shows the X-ray penetration measurement system
configuration. The furnace was fixed on a platform, which
can be moved along the three directions X, y, z and can be
rotated along the 360°. X-ray souree is the tungsten target

with an acceleration voltage 150 kV and the current 0.1 mA.

The detector is a rectangular shape CdTe line sensor which
has 64 cells in x-direction and 1510 cells in y-direction.
The size of the each eell is 0.1 mm. So the total active area
of the detector is 6.4 mm x 151 mm. [n order to get the
relationship between the X-ray intensity and InGa,Sb
composition, the solidus and liquidus X-ray penetration
intensities of the GaSb and InSb standard samples were
measured. By making the calibration line between the
penetrated X-ray intensities of the standard samples,
in,Ga,..Sb composition was measured.

Heater

Semple

Fig. 7 X-ray penetration measurcment system
configuration.

Fig. 8 shows the combined X-ray images of the sample as a
function of time. The room temperature figure shows that
solid GaSb(seed)/InSb/GaSb(feed) sandwich sample. The
light region and dark region indicate the GaSb and InSb,
respectively. Since the X-ray penetration intensity of [nSb
is smaller than that of GaSb, the InSb region is seen as
darker compared with GaSb region. While increasing the
temperature, InSb was melted at 640°C in 4 min. During
this phase transition, volume of InSb melt was reduced due

A

Fig. 8 X-ray images of the sample as a function
of time.

to the density difference between the solid (5.78 g"cm“) and
liquid (6.32 g/C|n3) of InSb, and InSb melt region became
darker compared with InSb solid region. Since the X-ray
penetration intensity of [nSb melt was smaller than that of
InSb solid, the InSb melt region looked darker. Once the
InSb was melted, the temperature was maintained as
constant at 650°C for the enhancement ol dissolution of
GaSb into InSb melt. From 7 min 30 sec, GaSb seed and
feed were started to dissolve into the InSb melt and the
interface position moved towards the GaSb seed end.
Gallium composition profile of the solution was measured
by making the calibration line between the liquidus
intensities of GaSb and InSb. Fig. 9 (a), (b). (¢). (d) and (¢)
show the Ga eomposition profile of the In-Ga-Sb solution
at 7 min 30 sec. 7 min 42 sec, 8 min, 10 min and 15 min,
respectively. All the profiles are compared with the InSb
melt at 7 min profile to see the dissolution process clearly.
The distance between 0 to 6 mm shows the initial GaSb
seed position. The distance between 6 to 9 mm shows the
initial InSb position and the distance between 9 1o 15 mm
shows the initial GaSb feed position. In Fig. 9 (a). the 7
min data show the Ga composition profile after InSb was
melted. The length of InSb melt was reduced to 2 mm
compared with the InSb solid length of 3 mm due to the
density difference between the solid and liquid of inSb.
From the X-ray penetration method. the reduction of the
volume ehange from solid to liquid was clearly seen. From
the 7 min 30 sec data. it is obvious that GaSb seed and teed
were started to dissolve into InSb melt. So, the Ga
composition in the In-Ga-Sb solution was gradually
increased due to solutal transport from GaSb seed and
GaSb feed to the InSb melt, in other words In composition
of the In-Ga-Sb solution was decreased as Ga incorporated
in the solution.

After 7min 42 see. only the seed interface was shifted
towards the lower region as shown in Fig. 9 (b). On the
other hand, feed interface was in the same position. [t
indicates that the dissolution of feed into InSb melt was
suppressed and the dissolution of seed into InSb melt was
enhaneed. The reason is that the dissolved GaSb moved
towards the upper region due to solutal convection since
the density of liquidus GaSb (6.01 g/cm") was smaller than




that of liquidus InSb (6.32 g/‘cm‘). So. most of the GaSb
components were accumulated at the fecd interface which
suppressed the further dissolution of GaSb feed into InSb
melt. In other words it enhanccd the dissolution of GaSb
seed into InSb melt since the large amount of InSb existed
at the lower region (near the sccd-solution interface). From
the 8 min data shown in Fig. 9 (c), Ga composition of the
solution further increased since almost 2 mm of the GaSb
seed was dissolved into the solution and the dissolved Ga
solute transported to the feed/solution interface.Therefore,
the Ga composition gradually decreased from the seed
interface to the middle of the solution. At 10 min as shown in
Fig. 9 (d), only a small amount of GaSb dissolved into
solution. The Ga composition near the seed/solution
interfacc was decreascd and it was increased near the
feed/solution interface. As can be seen from the Fig. 9 (e),
the dissolution became slower and dissolved GaSb diffused
to the feed/solution interface at IS min. The results clearly
demonstrated that the GaSb seed was dissolved faster than
GaSb feed cven though the GaSb feed temperature was
higher than that of GaSb seed temperature. The X-ray
images clearly indicate that gravity plays the major role
during the dissolution of GaSb into the InSb mclt.

IV. Conclusion

Microgravity studies on the dissolution and crystallization of
In,Ga,..Sb have been donc having the sandwich combination
of InSb and GaSb{l111} as the starting material using the
Chinese recoverable satellite. The same type of experiments
were performed under 1G gravity condition for comparison.
The shapc of the solid/liquid interface and composition
profiles in the solution were found to be significantly affected
by gravity. The dissolution process of GaSb into InSb melt
was observed by X-ray penetration method. GaSb
(seed)/InSb/GaSb (feed) sandwich sample was used for the
cxperiment. GaSb seed was dissolved faster than GaSb feed
even though thc GaSb fced temperature was higher than that
of GaSb seed temperature. The dissolved GaSb moved to the
upper region due to solutal convection sincc the liquid GaSb
density was smaller than that of liquid InSb. So, most of the
GaSb components were accumulated at the feed interfacc
which suppressed the further dissolution of GaSb feed.
Therefore, the dissolution of GaSb seed into InSb mclt was
enhanced. These results clearly indicate that gravity affects
solutc transport and dissolution and growth processes of alloy
semiconductor bulk crystals.
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Abstract—We have suceeeded in increasing size of
In,Gaj,As (x: 0.1 — 0.13) platy single erystals to 30
X 30 mm?’ in surface area for mass production of
laser diodes. Key points are to suppress
conveetion in a melt and to keep constant
temperature gradient for obtaining homogeneous
erystals. Grown crystals have enough quality as
substrates for 1.3 pm laser diodes. Fabricated
laser diodes on these substrates were evaluated by
measuring lasing characteristics at various
temperatures and by measuring bit error rate for
transmission through a single mode fiber up to 20
km. Lasers showed high temperature stability
and error free transmission and showed the merit
of ternary substrates.

Keywords-component; bulk crystal growth, ternary, a new
growth method, substrates for 1.3um laser diodes, laser
Sabrication

. INTRODCTION

In;_Ga,As ternary substrates are promising for laser
diodes with & = [.3um because a large conduction band offsct
between the well and barricr layer is possible and output power
decrease at high temperatures is much less than those on InP
substrates. We have invented a ncw crystal growth method
named the travelling liquidus-zone (TLZ) method and
succeeded in growing compositionally uniform In,_Ga,As
ternary single crystals(I-3). Here, we report large platy
Iny 13Gay g7As crystal growth by the TLZ mcthod, fabrication of
laser diodes on ternary substrates, and results of laser
performance tests.

II. CRYSTAL GROWTH AND CHARACTERRIZATION
Crystal growth method used in the present experiments is

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.
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a TLZ method. The TLZ method is a kind of zone melting
method but is different from a conventional zone melting
mcthod in melting source materials at relatively low
temperature gradient(1-3). Crystal growth proccdures are as
follows. A GaAs seed, an InAs zone former, and a GaAs feed
were cut into plates with 2 mm thickness and were inserted into
a boron nitride crucible with a rectangular bore and were sealed
in vacuum in a quartz ampoule and then heated in a gradient
heating furnace. The principle of the TLZ method is shown in
Fig. I. In the TLZ method, low melting point InAs is meltcd at
temperatures around 1000°C and forms a liquidus zone by
dissolving the adjacent solid GaAs. Narrow liquidus zone is
formed when small amount of InAs is used. Due to low
temperature gradient in a zone (about 10 K/cm) as well as
narrowness of the zone, solute in the zone is almost saturated
and it can be called liquidus-zone. This liquidus-zone travels to
the lower In concentration side spontaneously due to
interdiffusion between InAs and GaAs (to the higher
temperature side). When the ampoule is translated towards the
lower temperature side in accordance with the freezing ratc,
homogeneous crystals are grown because the freezing interface
is kept at a fixed temperature. We increased dimensions of
grown crystals from 10 X 50 to 30 X 50 in surface area with
kecping the thickness to 2mm in platy shape. Growth direction
was <[00>. Compositional profiles of grown crystals were
measured by EPMA (Electron Probe Micro-Analyzer) and
crystal quality was evaluated by measuring X-ray rocking
curves.

[II. LASER FABRICATION

Laser diodes were fabricated on Ing 3Gayg;As substratcs
using the usual laser process. Strained MQWs having the
combination of Ing2GaygsAs and Ing33Gag¢2As were prepared
by metal-organic vapor phase epitaxy (MOVPE)(4). The stripe
mesa type laser was fabricated by chemical etching. Bottom
ridge width of 1.7 um enabled single mode lasing. Laser
performance was evaluated by measuring lasing characteristics
and 20 km transmission test through a single mode fiber.



1V. RESULTS AND DISCUSSION

FFigure 2 shows an example of a grown crystal by the TLZ
method. A roughly polished surface of the crystal shows that
single crystal region extends more than 30 X 30 mm’,
Compositional uniformity is excellent as shown in Fig. 3: InAs
mole fraction 0.13 + 0.01 is achieved in this single crystal
region and good crystallinity with the full width at half
maximum (FWHM) of less than 0.04" in X-ray rocking curves
is obtained (Fig. 4). Such excellent compositional uniformity
and crystal quality owes to matching of sample translation rate
and freezing rate and resulting in a fixed freezing interface
position relative to heater segments. In this point of view,
constant temperature gradient during translation of a sample
was important for obtaining compositional uniformity. This is
because the freezing rate is determined by the temperature
gradient and variation of temperature gradient causes variation
of freezing rate and compositional fluctuation. Such increase in
surface area in platy crystals without deteriorating crystal
quality also shows that convection in a melt is suppressed by the
limitation of melt thickness (2 mm) and enlargement in melt
width did not cause convection. If convection occurs in a melt,
local inhomogeneity will be resulted due to stirring of a melt by
convection. Good homogeneity shows that convection was
suppressed in the course of crystal growth.

In the TLZ method, spontancous growth rate is
determined by temperature gradient bccause concentration
gradient is determincd by temperature gradient in a saturated
melt zone: higher temperature gradient gave higher growth rate.
Higher growth rate is favorable for mass production, but higher
growth rate caused constitutional supercooling in a melt. This
is because solute concentration profile deviated from linear
gradient and formed a concave profile at higher temperature
gradient. Too low temperature gradient is not mass productive.
were applied. Temperature stability was important for high

= Temp. (T}

1200°C

T [T PR PRI PRI PR

0(GaAs) 1 {InAs)

12} Sample configuration and solute ib) InAs - GaAs system
roncentration refile

Fig. I Principle of the TLZ method with
referring to the InAs-GaAs system.
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Fig. 2 Roughly polished surface of a TLZ-grown platy
crystal.
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quality crystal growth. If air flow around the growth ampoule
occurs, it causes temperature fluctuation. In the experiments,
ampoules were sandwiched by glass wool in a furnace tube and
air flow around ampoules was prevented.

Figure 5 shows cross sectional view of a fabricated laser
diode. The stripe mesa was in the [011] direction, forming a
reverse mesa. The active rcgion was consisted of four
Ing 1eGage2As wells and five Ing -GaggsAs barriers.  Single
mode operation was realized by reducing a ridge width to
1.7 pm.  Selective wet etching was utilized for such narrow
ridge formation.

Figure 6 shows continuous wave (CW) lasing
characteristics at various temperatures. It is shown that high
output powecr is obtained cven at 150°C. Such high temperature
stability in output power is made possible on ternary In, Ga,As
substrate for the first time. A 10-Gbps direct modulation and
transmission tests through a single mode fiber up to 20 km were
successfully performed using a fabricated laser diode as shown
in Fig. 7. Bit error rate (BER) for back-to-back configuration
after 20km transmission was less than 107 at -18 dBm. The
result shows feasibility of the fabricated laser diode.

V SUMMARY
We succecded in growing device quality 1n,Ga,_,As platy
crystals with x~0.13 and single crystal region larger than 30 X
30 mm’ by the TLZ mcthod. High quality of thus prepared
ternaly crystals as substrates was proved by fabrication of high
performance laser diodes with A = 1.3 pm.
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We demonstrated to form InP porous structures on n-type epitaxial layers grown on p-type
(001) substrates. The high-density array of straight pores with 150nm diameter and 5000nm depth
was formed by the electrochemical anodization process, where the pore depth could be controlted by
the anodization time in the n-type layer. The present p-n InP porous structures show the low optical
reflectance in UV-, visible- and near-infrared region. The current transport properties clearly show
the rectifying behavior. These features are very promising for practical application to high-efficiency

photo-sensitive devices.

[. Introduction

Recently, intensive research efforts have been made on the
high-density  formation of semiconducior nanostructures for
applications  such as  photonic  cryslals, quantum and
optoclectronic  devices. Mainstream  approaches to Torming
semiconductor nanostructures have used conventional methods

such as the lithography. dry-etching, or crystal growth processes.

However, there are severe limitations in downsizing and
increasing the density of nanosiructures because most processes
involved require lithography in defining the size and position of
the nanoslructures.

One possible alternative technique is the electrochemical
process. which can form various semiconductor nanostructures
in self-assembled fashion. The most well-known application of
the electrochemical process is the anodic formation of porous
structures. The direct Tormation ol porous structures onto
semiconductor substrates has been reported first on Si " and
later on I1-V semiconductor materials such as GaAs,*™ GaP/*”
IR GaN ! and Sic™

In this paper. we report the clectrochemical formation of
porous nanostructures on n-type Inl> epitaxial layers grown on
p-type InP substrates. As for the anodic pore formation on n-InlP?
substrates, we have already reported that structural Features such
as pore diameter and depth can be controlled by unodic
conditions."*'” In this paper. the pore formation of p-n
substrates was first optimized. The surlace reflectance and
electronic transporl  properlies  were investigated  for  the
application to the optoclectronic devices.

1. Experimental

The setup ol the electrochemical process used in this study is
shown in Fig. I(a). The electrochemical process was performed
using a standard cell with three clectrodes, i.e.. an InP working
clectrode. a Pt counter electrode and a saturated calomel
clectrode (SCE) as reference. The sample structures are
schematically shown in Fig. I(b). u-type InP epitaxial fayers (N

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.
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= 8107 cm™) grown on p-type luP (001) substrates (N, =
SxI0™ em™) were used for The porous formation. For current
supply. a AuZn ohmic contact was made on the back surlace of
the InP subsirale using conventional metal evaporation and
anncaling. Anodization was carried out lo form a porous
structure in HCl-based electrolyte. In this study, the anodic bias
V, was set at 6 V with reference to the SCE, as shown in Fig.
I(a). All the experiments were performed in the dark at room

Potentiostat I

Vs =6V

InP
substrate

/
CE. SCE. WE.
HCI electrolyte

(@)

after anodization
surface with pores

intial substrate

ohmic contact (AuZn/Ni)
(b)

Fig.1 (a) Experimental setup and (b) schemaric

illustrations of InP porous structures.



temperature.

To clarify the tunability of the pore depth, Inl porous
structures were formed by changing the anodization time. After
that, the surface reflectance properties and the current transport
properties were investigated on the sample having a different
pore depth, d. The rellectance measurements were performed
using an ultra-violet (UV)-visihle spectrometer (UV-1700,
Shimadzu) in the back reflection configuration. The wavelength
range of the light source was set from 205 to 1100 nm
corresponding to the photon energy range from 1.12 10 6.0 eV.
The 1-V measurements were performed using a parameter
analyzer (HP4156A. Agilent technologies) and compared with
the planar p-n junction diodes.

1. Results and Discussion

A. Anodization of p-n InP suhstrates

Figurc 2(a) shows the anodic currents measured during the
anodization of p-n InP suhstrates illustrated in Fig. 1(b). As
shown in Fig. 2(a), the anodic currents gradually decrcased with
the anodization time, and then the currents steeply increased at
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Fig.2 (a) Correlation between anodic currents and
anodization time during pore formation. (b) Pore depth
measured as a function of anodization time,
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around 6s. This kind of behavior has not been scen in the case of
the porous formation on n+InP substrates. '

Figure 2(b) plots the pore depth as a function ol the
anodization time during the pore formation in the n-type layer.
The inset of Fig. 2(h) shows the cross-sectional SEM images of
the InP porous structure anodized Tor 6s. It was found that the
straight pores with a diameter of about 150 nm reached at the
boundary ol p-n junction. As shown in the insct of Fig. 2(b), the
pore diamcter was slightly enlarged in the p-type region as
compared with the top n-type region. This is probably because
large amounts of positive holes are supplied in p-type suhstratc
and used for the anodic etching. The steeply increased currents
obtaincd in Fig. 2(a) are very consistent with this result showing
that the pore depth reached to the p-type suhstrate at around 6s.

Experimental data measured from the SEM ohservation
showed linear relation between the depth and time, as shown in
Fig. 2(b). From these results, it was found that the depth of the
regular pore can he controlled by the anodization time in the
n-type cpitaxial layer. However, the experimental data did not
pass through the origin and it was 2pm larger than the
theoretical values calculated hy the electric charge hased on
Faraday’s law. This result suggests that the irregular top layer
with smaller porc diameter was formed at very hcginning of the
pore formation, as schematically shown in Fig. I(b).

B. Optical and clectrical properties

In order to clarify the feasihility for the device application,
the hasic optical and electrical properties on the p-n InP porous
structures were investigated. We first investigated the effects of
the irregular top layer on the surfuce reflectance by comparing
two kinds of porous samples with and without the irregular top
layers. The sample without the irregular top layer was prepared
hy the wet chemical etching or the photo-clectrochemical (PEC)
ctching!'” after the anodic pore formation.

Figure 3 shows the surface reflectance of three kinds of
samples measured in UV-, visible- and near infrared- region.
First, the reflectance of the planar sample was higher than 30%
over the measurement range. Typical peaks were obscrved
around 880 nm (1.4 ¢V), 410 nm (3.0 ¢V), and 450 nm (5.0 eV),
which were attributed to the interband transitions."™ The
reflectance obtained from the porous sample with the irregular
top layer was 5-10% lower than that obtained from the
reference sample. As plotted in Fig. 3, the spectral features of
the InP bulk remained in the porous sample, showing that
crystal quality was maintained beyond a certain level after the
pore formation.

On the other hand, the reflectance of the porous sample
without the irregular top layer drastically decreascd as compared
with the other two samples. The reflectance was lower than
1.0% over the measurement range. In the visible light range of
380-750 nm, which corrcsponds to the energy range of 1.6-3.2
eV, the reflectance dropped to beclow 0.3%, which was much
lower than the values of 5-10% reported for Si porous
structures.'"” Thesc results indicate that the optical view of the
porous surface was reflected in the difference of the microscopic
surface morphology. As shown in the inset of Fig. 3, it was
found that the porous sample without the irregular top layer has
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Fig.3 Surface reflectance spectra measured as a function

of wavelength of incident light.

dilfuse optical reflection resulting in a black surface.

[hen, we investigated the photovoltaic properties of the
porous p-n diodes by focusing on the dilference ol the
microscopic  surface  morphology.  For the clectrical
measurements, GeAuNi ohmic contacts were formed on the top
surface of p-n Inl” porous samples. Figures 4(a) and (b) show
the current-voltage (/-V) curves measured on two Kinds of
diodes under the dark and light conditions. The obtained data
shows clear rectifying behavior for both diodes, indicating that
InP nanowalls between each pore show proper conductivity and
carricr mobility. However, the photo-currents obtained on the
porous samples varied greatly between the samples  with
different surface morphology. We found the photovoltaic
response was remarkably improved after the removal of the
irrcgular top layer around the top electrode. These results
indicate that the photovoltaic response strongly depends on the
structural - properties in  reflection to the surface optical
reflectance. The results obtained here are promising for the
application o the practical devices based on the InP porous
structures.

IV. Conclusion

In this study, an clectrochemical anodization process was
applied to the fabrication of a porous nanostructure for n-type
InP epitaxial layers grown on p-type InP(001) substrates. The
straight pores were formed in the n-type layer. where the pore
depth could be controlled by the anodization time. The surface
reflectance properties were reflected in the difference of the
microscopic surface morphology, showing that the porous
sample without the irregular top layer has diffusc optical
reflection. As for the current transport properties. the p-n porous
structure  shows  clear  rectifying  behavior  and  large
photocurrents Tor the sample without the irregular top layer. The
results obtained here are promising for practical application to
high-efticiency photo-sensitive devices, such as solar cells and
photodetectors with built-in anti-reflective (AR) functions.
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PREPARATION OF N-TYPE InP SUBSTRATES
BY VERTICAL BOAT GROWTH
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Abstract
N-type InP substrates have becn manufactured using Vertical Boat (VB) Technique. In this paper. we will report
improvement in etch-pit density (EPD) distribution for 2-inch S-doped. 2-inch -Sn-doped and 4-inch S-doped
VB InP substrates in comparison to VCZ (SEI's proprietary Vapor pressure controtled Czochralski) InP sub-
strates. EPD of 2-inch S-doped VB InP substrate is lower than SEI's standard EPD specification 500 cm™ from
seed-cnd to tail-cnd. Etch-pit densities are drastically reduced comparcd to those of VCZ with carrier concentra-
tion ranging from 3E18 cm™ to 4E18 cm™. The VB technique enables a decreasc in slip-line defects of S-doped
InP with low carrier concentration range. Average lot size of 2-inch S-doped VB InP is almost 1.4 times larger
than that of VCZ InP. 4-inch S-doped VB substrates and 2-inch Sn-doped VB substrates are also manufactured

using the VB technique.

I INTRODUCTION

N-type InP substrates have been widely used for photonic
devices such as photodeteeters, laser diodes and light emitting
diodes. For photonie device application, low dislocation dens-
ities are required. SEI has already developed a new Vertical
Boat (VB) technique which improves microscopie and macro-
scopic uniformity of 4-inch Fe-doped semi-insulating InP sub-
strates (1-4). 3-inch Fe-doped InP was also grown by the VB
method in mass production scale following to the volume pro-
duction of 4-inch Fe-doped InP crystals. These Fe-doped VB
InP substrates have lower dislocation density (EPD) compared
to conventional VCZ (SEI's proprietary Vapor pressure con-
trolled Czochralski (5-6)) substrates. For example. a standard
EPD specification of the 3-inch Fe-doped VB InP is 5000em*
while that of VCZ InP is 10000cm™, however, process capabil-
ity index of EPD at seed-end wafer is 1.4 for 3-inch Fe-doped
VB whereas that of Fe-doped VCZ is less than [. The VB
lechnique is suitable for preparing semi-insulating Fe-doped
InP substrates which have stable quality in mass produetion
scale.

We had tried to prepare high quality n-type InP crystals by
the VB technique, however, VB growth of 2-inch S-doped InP
had been difficult because a twinning problem was serious for
low dislocation density 2-inch S-doped InP. In this paper, we
report success in developing n-type P such as 2-inch S-
doped, 2-ineh Sn-doped and 4-inch S-doped InP erystal
growth by VB technique.

1. EXPERIMENTAL

Figure 1 shows VB technique for InP single crystal growth
in SEI (1-4). The VB technique used in the study was funda-
mentally the same as that used in VB growth of semi-insulat-
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ing InP crystals. InP crystals were grown in high-pressure
stainless steel puller under a 4-5 MPa nitrogen gas almosphere.
Heat shield and heaters were modified for 2-inch InP growth
to prevent twinning caused by temperature fluctuation.

Dislocation density is one of the most important properties
of InP substrates. Dislocation density can be quantified by
measuring the elch-pit density. (100) substrates were polished
and etched in a H;PO,-HBr solution tor elch-pit density meas-
urement. Distribution of eteh-pit density was measured by an
automatic counting system (7).

High Pressure Stainless Puller

-+4— N2z Gas

A _- Vertical Boat
-1 Boric Oxide
w}— Heat Shield

\ Heater
o

N2 Gas

(! > Rotated

Figure 1: Vertical Boal growth technigue Tor <100
seeded InP crystals.



1L RESULTS

(A) 2-inch S-doped InP

Figure 2 shows 2-inch S-dopcd InP crystals manufactured
by (a)VCZ and (b)VB. The round-shaped VB crystal is much
longer than the VCZ crystal. Length of crystal within standard
specification is limited by EPD and/or carrier concentration.
Figure 3 shows comparison of carrier concentration depend-
ence on normalized crystal length in VCZ and VB. The VB
crystal is longer than the VCZ crystal with the samc carrier
concentration range (3-8 E18 cm'¥).

(a)VCZ

Figure 2: Comparison of 2-inch S-doped InP crystals which
were round-shaped. (a) VCZ crystal (b) VB crystal.

2-inch S-doped InP

CC(E18em™)

—_ N W & DN =) ® O
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l
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normalized length torm seed-end

Figure 3: Comparison of carrier concentration between
VCZ crystals and VB crystals as a function of normalized
crystal length. VB crystals are 1.4 times longer than VCZ
crystals under the same carrier concentration rangc.

Figure 4 shows comparison of EPD distribution of 2-inch
S-doped InP. A Peripheral region of a VCZ wafer(a) has a
higher EPD value than that of a VB wafer at the same carrier
concentration. Figure 5 shows dependence of EPD on carrier
concentration in VCZ and VB substrates. Average EPD values
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of VCZ substrates are higher than standard EPD spec 500 cm™
in low carrier concentration region of less than 4E18 cm™. Slip
lines are the reason why the VCZ wafer has higher EPD values
and larger EPD deviations. On the other hand, EPD values of
VB substrates are lower than standard specification 500 ¢cm*
in carrier-concentration from 3E18 cm” to 8E18 cm™. EPD be-
comes extremely low where carrier concentration is higher
than SE18 em” for both VCZ and VB substrates.

Figure 4: Dislocation distribution of 2-inch S-doped InP.
(a) VCZ-InP; EPD average is 390 cm”, carrier concentration

4E18 cm™, (b) VB-InP: EPD average is 220 cm™, carrier
concentration 4E18 cm™”

2-inch S-doped InP
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Figure 5: Dependencc of EPDon carrier concentration in
2-inch S-doped VCZ and VB crystals.

(B) 2-inch Sn-doped InP

Twinning problem is not serious in case of Sn-doped InP
because solidification hardening effect by Sn is smaller than
that of S. This indicates that growth of low dislocation density
Sn-doped InP is difficult. We have optimized growth condition
to decrease EPD in our VB technique for Sn-doped InP. Fig-
ure 6 shows dislocation distribution of 2-inch Sn-doped VB
InP in comparison with that of VCZ InP. Etch-pit density is
drastically decreased by the VB tcchnique. Slip lines are not
obscrved in thc VB wafer; Cellar dislocation structure at cent-



ral part of the wafer is not observed in the VB InP. Figure 7
shows effect of carrier concentration on EPD in 2-inch Sn-
doped InP. EPD values arc not sensitive to carricr concentra-
tion in case of Sn-doped InP at least within a standard carrier
concentration specification. The VB technique cnables dc-
crease EPD of 2-inch Sn-doped InP.

Figure 6: Dislocation distribution of 2-inch Sn-doped
InP. (a) VCZ-InP; EPD 4400 cm™, carrier concentration
1.6E18cm™. (b) VB-InP: EPD 460 cm™. carrier concen-
tration [E18 cm™’.
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Figure 7: Comparison of EPD values of 2-inch Sn-doped InP
between VCZ and VB. EPD average 5000 cm™ is a mass pro-
duction spccification for VCZ. VB growth of 2-inch Sn-
doped is R&D stage, therefore, mass production spec is not
determined yct.

(C) 4-inch S-doped InP

Figure 8 shows an EPD map of 4-inch S-doped VB crystal
where carricr concentration is at 4.5E18 cm™. 4-inch S-doped
VCZ crystals under mass production stage was not available in
SEI. therefore, we compared the 4-inch VB crystals with S-
doped 3-inch VCZ crystals. Figure 9 shows an example of
EPD dcpendence on carrier concentration for 3-inch S-doped
VCZ InP and 4-inch S-doped VB InP. Etch-pit density of the
VB substrate in low carrier concentration region is much smal-
ler than that of 3-inch S-doped VCZ crystals. EPD of 4-inch S-
doped crystal gradually decreases with increasing carrier con-
centration, howcever, the EPD decease rate of 4-inch VB crys-
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tal is much moderate compared to that of VCZ crystals. EPD
values of 4-inch S-doped VCZ InP as R&D stage [6] was rc-
ported: a seed-end EPD was 9000 cm™ at carrier concentration
3.4E18 cm” and a tail-end EPD was 400 cm’* at carrier con-
centration 6.4E18 cm™. Advantage of VB technique is obvi-
ous for mass production of 4-inch S-doped InP. Mass produc-
tion of 4-inch S-doped VB is possible under a specification
where EPD is less than 5000 cm™ and carrier concentration
between 2E18 cm™ and 8E18 cm”.

X100 /ceZ
%0 100

S
=

Figurc 8: EPD map of 4-inch S-doped [nP V3. [EPD) aver-
age is 840 cm’, carrier concentration is 4.5E18 cm*
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000 e B 4inch S<doped VB
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Figure 9: EPD distribution of a 4-inch S-doped VB crystal
compared with 3-inch S-doped VCZ. EPD in low carrier
concentration region is much smaller than that of 3-inch S-
doped VCZ. Mass production of 4-inch-S doped InP is
possible.




IV. Conclusions

N-type InP substrates were prepared by VB technique. Av-
erage etch-pit density ol N-type VB substrates were lower than
thosc of VCZ substrates. Etch-pit density of 2-inch S-doped
VB substrates in low carrier concentration (3E18 - 4E18 cm™)
was much smaller than that of VCZ substrate; Slip lines were
prevented by the VB technique. This improves product yield
and lot size of 2-inch S-doped InP crystals. Etch-pit density of
2-inch Sn-doped VB substrates were almost a half compared
to that of VCZ substratcs in any carrier concentration. Etch-pit
densities of 4-inch S-doped VB substrates in low carrier con-
centration range (2E18 to 4E18 cm™) were much smaller than
that of 3-inch S-doped VCZ substrate. VB technique enables
preparing larger diameter substrate with lower sccd-end carrier
concentration.

SEI has started to apply the VB technique to preparing 3-
inch S-doped, 2-inch Fe-doped and 2-inch Zn-doped crystals.
SEI Standard specifications of InP substrates are summarized
in Tables 1 and 2. SEI would like to shift growth technique
from VCZ to VB which will improve quality.

Table I: Standard specification of N-type InP in SEI

Dopant  Carrier concen-  Size VCZ VB
tration(cm™) (inch) EPD EPD
(em?) (cm™)
S 2~8E18 4 R&D £5000
S 3~8EI18 2 £5000 £5000
S 3~8E18 2 £500 £500
Sn I~4 E18 ) $5000  ($3000)

Table 2: Standard specification of semi-insulating InP in SEI

Dopant Resistivity Size vCZ VB
(Qcm) (inch) EPD EPD
(cm™) (cm?)
Fe >1E7 4 £10000 £5000
Fe >1E7 3 £10000 £5000
Fe >1E7 2 £5000 R&D
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We fabricated various kinds of 111-V semiconductor nanowires and eore-shell nanowires
using selective area metalorganic vapor phase epitaxy (SA-MOVPE) on (111) oriented
substrates, such as GaAs, GaAs/AlGaAs, InP, InP/InAs/InP on I1I-V substrates. and InAs
and GaAs on Si. As for device applications. we fabrieated GaAs/GaAsP core-shell
nanowire photo-exeited lasers, and InP eore-shell pn junetion solar eells. 1 will also
introduee 111-V semieonductor nanowires grown on Si (111) substrates .

Recently, semieonduetor nanowires 100-nm diameter grown by SA-MOVPE
have attraeted much attention for their  is shown in Fig. 1. GaAs nanowires with
physieal  properties and  possible  excellent size and shape uniformities were

applications. These nanowires have small
diameters on the nanometer seale, and
they are expeeted to exhibit the 1D
transport property and the 2D quantum
confinement effeet. We can also eontrol
the type of eonduetion of semieonduetor
nanowires and fabricate pn junctions and
heterostructures, which are important for
applieations of low-dimensional deviees.
Most semieonduetor nanowires have been
fabrieated by using Au or In metal droplets
as catalysts under vapor-liquid-solid
(VLS) mechanisms.

Reeently. a new fabrieation proeess of
nanowire growth using solid eatalyst
partieles under the vapor-solid-solid
(VSS) meehanism has been reporte.
Oxide-assisted growth also been proposed
without metal eatalyst. This means that
nanowire modes and their

were grown with six-fold symmetrie
{-110} vertieal sidewall faeets on the
opening area of partially masked GaAs
(111)B substrate. A seanning eleetron
microscope (SEM) image of a typieal
high-density GaAs nanowire array with a
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obtained. We eonfirmed that the nanowire
formation attributes of {-110} sidewall
facets vertical with respeet to (111)B
substrates  appcared  during  growth.
Therefore these nanowires grown by
SA-MOVPE attributes of neither an
oxide-assisted nor eatalytic growth. in
whieh the growth of nanowires should
have no relationship to the orientation of

the substrates.
‘ \ ‘

-110]}

Hl‘

\‘\\ il

growth
mcchanisms are still a controversial topic.

We fabricated semieonduetor 1
nanowires by using  seleetive-area jun
metalorganic ~ vapor  phase  epitaxy l L 4.5 4
(SA-MOVPE)(1-3).  GaAs nanowires Fig. 1. Bird's-eye and top view of SEM images
of typical GaAs nanowires on GaAs (111)B
substrate.

We also suceessfully fabricated single
GaAs/GaAsP coaxial eore-shell nanowires

nad applied to lasers. Highly uniform



GaAs/GaAsP  coaxial nanowires were
prepared. Photoluminescence spectra from
a single nanowire indicate that the
obtained heterostructures can produce
near-infrared (NIR) lasing under pulsed
light excitation at 4.2K as shown in fig.2.
Lasing wavelength is 816nm. The end
facets of a single nanowire form natural
mirror surface to crcate an axial cavity,
which realizes resonance and give
stimulated emission. This study is a
considerable advance towards the
realization of nanowire-based NIR light
sources (4).
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Fig. 2 PL intensity vs excitation power intensity

A periodically aligned dense
core-shell InP nanowire array was
fabricated and used in photovoltaic device
applications. We fabricated a photovoltaic
device using the core-shell pn junction
InP  nanowire array covering a
7.0x2.6mm” area on the p-type InP (111)A
substrate. The structure of the SiO, mask
pattern and growth conditions were the
same as already reported (5). After
nanowire growth, the space between
nanowires was filled with CYCLOTENE
resin (Dow Chemical) as a transparent
electrical insulator, by spin coating. The
overlaid excess resin was removed by
reactive ion etching, exposing the tips of
nanowires. A transparent indium tin oxide
(ITO) film electrode was then sputtered
onto the nanowire array at room
temperature, followed by heat treatment at
400°C to reduce the resistance of ITO. A
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comb-shaped Ag electrode was also
formed on the transparent ITO electrodc.
The backside electrode of the substrate
was formed by alloying Au-Zn. Figure 3
shows an actual solar cell devices obtained
by scanning electron microscope (SEM)
observation after substrate cleavage. The
chip size was 1x1 cm” and the active
nanowire area consisted of three
2.0x2.6mm’ segments. The active-arca
contained the space bctween nanowires,
but excluded domains that were covered
with the Ag electrode connecting the
whole array.

Fig. 3 SEM image of a core-shell pn

junction nanowire photovoltaic device
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Fig.4 Measured -V characteristics of a solar
cell fabricated with core—shell pn junction
nanowires on a p-type InP(111)A substrate.

Photovoltaic performance was
measured under Air Mass 1.5 Global



(AM1.5G) illumination, where the
radiation intensity was ealibrated using a
reference cell module just before
measurement. Figure 4 shows
current-voltage (I-V) eharaeteristies of
the InP nanowire array cell. The device
exhibited 0.43V of open eircuit voltage
(Voc), 13.72 mA/em” of short eireuit
eurrent (Js¢). and a fill faetor (FF) of 0.57
for 3.37% overall efficieney.

Finally, we demonstrate vertical InAs
and GaAs nanowire growth on Si (111)
substrates by modifying initial Si (111)
surfaee. Si has no polar nature, that 1s, both
(111) oriented surface can exist in terms of
[T1I-V nanowirc growth. Therefore, vertieal
and tilted nanowires ean grow on the same
surfaee. To control the growth direction to
vertical direction. we used the specific
growth sequence.

First, the substrate was eooled down to
400 °C after thermal eleaning. Next, AsH3
was supplied at this temperature to form
the  As-ineorporated  Si’"  surface.
Moreover, As atoms and In atoms should
be effieiently supplied to the Si(111)
surfaee to form a (111)B-oriented surface
just before InAs nanowire growth. We
therefore  introduced the flow-rate
modulated epitaxy (FME) mode at 400 °C.
FME is a method of alternating group I11-
or V-preeursor supply during MOVPE.
The purpose of the FME is to enhanee the
termination of In atoms to As ineorporated
Si*" and bare Si'" surfaees beeause the In
termination to a bare Si'* surface also
forms (111)B-like surface. We also
introduced an H; interval between the
TMIn and AsHj3 supply to cnhance the
exehanges of supplied matenials. The FME
mode was carricd out for 20 cycles at
400 °C. After the FME mode, typieal InAs

nanowire growth was earried out at 540 °C.

As a result, almost of all nanowires were
eontrolled to vertieal direetion. The results
suggcest that a (111)B-oriented surfaee was
effcctively formed on Si(111) by using
this growth sequenee (6). Using similar
growth sequence, we also succcssfully
control the growth direction of GaAs
nanowires on Si(111) substrates as shown
in Fig.5 (7). Cross-seetional transmission
eleetron mieroseope images showed that
misfit disloeation with local strains was
aeceommodated in InAs/Si interface, while
no misfit dislocation was observed in
GaAs/Si interfaee.
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500 nm

Fig. 5 SEM image of GaAs nanowires on Si
(111) substrate.
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Abstract: We present planar. self-aligned. twin-free,
and high-mobility  GaAs  semiconductor  nanowires
epitaxially grown on (100) and (110) GaAs substrates. In
addition. such planar nanowires are directly transfer-
printable and compatible with cxisting  processing
technology and integratable with various devices.

I. Introduction

Semiconductor nanowires (NWs) have been
extensively studied in the past decade for applications
in  nanoelectronics and nanophotonics. 11I-V
semiconductor NWs are of particular interest because
of their direct band gap, high carrier mobility, and
ability to form versatile heterojunctions. It has been
shown that the lowest free energy surface is (111)B
and thus NWs grown on (111)B substrates are
vertically aligned and perpendicular to the substrate.
However, the out-of-plane NW geometry remains a
challenge for wafer-scale integration with current
planar processing technology. In addition, the
abundance of twin-plane defects, widely reported in
<I111> 11I-V NWs, has been found to degrade the
optical and electronic properties.

When (100) substrates are used, NWs still mostly
grow in the <111> direction, which is 35.3° angled
from the substrate. Other growth directions have been
observed sporadically during NW growth, presumably
due to modification of free energy by strain, surface
tension etc., and such NWs have reportedly shown
fewer twinning defects (1).

Here we report the controlled large area growth of
self-aligned, twin-free, high mobility and transfer-
printable, planar <1 10> nanowires on (100) substrates
using metalorganic chemical vapor deposition
(MOCVD). Structural and electrical characterization
will be presented and discussed.

The sensitivity of nanowire morphology to growth
conditions (e.g. pressure, temperature, growth surface
preparation) has been exploited in vapor phase growth
systems to produce novel nanostructures that extend
the nanowire application space (e.g. Tian et al. (2)).
We show that by introducing low level p-type vapor
phase precursors into the growth chamber during
nanowire growth, we show it is possible to induce
periodic notching in planar GaAs nanowires.
Furthermore, we demonstrate that by choosing the
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crystal orientation of the growth substrate, the growth
direction of planar nanowires can be engineered.
Importantly, we have determined a route towards
completely unidirectional growth of planar 1i1-V
nanowires through growth on a (110) substrate.

I1. Experimental Details

The controlled growth of I11-V planar NWs on
semi-insulating (S1) GaAs (100) (on-axis and
misoriented) and (110) substrates was achieved using
Au nanoparticle catalyst (5 — 300 nm in diameter) in
an atmospheric MOCVD reactor. Before growth,
substrates were annealed at 620°C in the MOCVD
reactor. Trimethylgallium (TMGa), trimethylindium
(TMIn), and arsine (AsH;) were used as Ga, In and As
precursors respectively. Intentional doping was
obtained with disilane (Si2Hs) for n-type, and carbon
(CBry) and Zn (DEZn) for p-type. Nanowires were
grown with an excess flow of AsH; (>100 V/11I ratio)
unless otherwise mentioned. The effect of growth
temperature, pressure, and substrate on the nanowire
orientation and alignment were studied systematically."
Detailed nanowire MESFET device fabrication,
measurement and modeling have been reported (3.4).

I11. Results and Discussion
A. GaAs nanowire growth on (100) substrates

A systematic growth study shows that the
morphology and yield of the GaAs planar NWs can be
controlled primarily through the growth temperature
under our growth conditions. Shown in Figure | are
SEM images of NWs grown in different orientations.
The growth of the planar NWs self-aligned laterally
along either the [1-10] or [-110] crystal direction with
uniform diameters (Figure la and Ib) can be achieved
at growth temperatures of 470+10°C with yield as
high as 96%. For temperatures outside of this
window, angled <111> (Figure Ic) and tapered <110>
planar NWs (Figure 1d) form at lower and higher
temperatures, respectively. The growth rate of the
tapered NWs is noticeably slower than the planar
NWSs grown at the lower temperature of 460°C. The
triangular shape and reduced growth rate are



Figure 1. GaAs nanowires grown on GaAs (100) substrate
The nanowire orientation and morphology is controlled
primarily through modulation of the growth temperature. (a-
d) SEM images show  (a.b) well-aligned <110> planar
nanowires grown at 475°C. (c¢) predominantly <111>
nanowires grown at 420°C. and (d) tapered. well-aligned
<1t 10> planar nanowires grown at 520°C. Inset of (d) shows
high-magnification SEM image of tapered planar nanowire
as viewed along its growth axis (scale bar is 100 nm).
Sample is not tilted in (a) and tilted 85° in (b-d). Adapted
from (3).

attributed to temperature-enhanced NW sidewall
growth that reduces the amount of wmaterial
(presumably Ga) available to the Au seed particle,
thereby limiting the VLS growth rate along the axial
direction of the NW.

In addition to tcmpceraturc, thc growth oricntation
can also be perturbed by impurity incorporation
(discussed later), and total reactor pressure
parameters. A low yield of planar NWs is observed
(~10%) when grown at a total reactor pressure of 100
mbar.

B. TEM results

Transmission electron microscope (TEM) analysis
was carried out on a JEOL 2010 microscope cquipped
with a LaB, filament. Shown in Figure 2a is a TEM
image of a planar GaAs NW terminated by an Au
particle. Figure 2b shows a high resolution TEM
image obtained from the interface between the GaAs
planar nanowire and the (100) GaAs substrate as
viewed along a <1 10> direction that is perpendicular
to the nanowire growth direction. The GaAs nanowire
clcarly extends the substrate zinc-blendc lattice
epitaxially and the growth direction is along the
<110> direction. No apparent misfit dislocations are
found. Remarkably, the planar NWs are essentially
free of twinning defects, in contrast to the widely
reported <111> 111-V NWs,
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Figure 2. TEM images of planar GaAs nanowires. (a) Low-
magnification TEM image of <110> planar nanowire
without stacking faults. (b) High-resolution TEM image of
the nanowire-substrate interface. Adapted from (3).

C. GaAs planar nanowire MESFET

A long channel planar GaAs nanowire metal-
semiconductor field effect transistor (MESFET)
device has been used to characterize the NW carrier
concentration and mobility. Shown in Figure 3 are the
NW-MESFET geometry and output and transfer
characteristics for an intentionally silicon doped GaAs
NW channel that is ~ 200 nm wide in trapezoidal
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8 01V steps e
0o 0 v ——
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MESFET  with dimensions  labeled.  Bottom:  electrical
characterization (a) /),y family of curves for 17,5~ -0.4
to 0V with 50 mV steps. (b) /-1 transler characteristics
for I'pg = 0.1 10 0.5 V with 100 mV steps. Insel shows /),
Fe;s plot on a semilog scale. Adapted from (4).




cross-section. A doping concentration of N, = 2.3-10"
cm” was extracted from experimental data by
numerically solving Poisson’s equation for the NW
channel transverse cross section at the threshold bias

conditions. To obtain the low-field electron mobility,
we modified a standard long-channel electrical model
to include the effect of source/drain resistances and a
trapezoidal channel cross section. An electron
mobility of g, = 4120 cm?/V-s was extracted from
experimental /)¢V)s measurements and provided
excellent fit between the model and experimental
results. This value corresponds closely to reported
values of electron mobility in bulk GaAs with a
doping density of N, ~2:10"" cm™ and thus indicates
the excellent material quality of planar GaAs NWs.

D. Transfer-printed planar nanowires

For a number of applications it is desirable to
transfer NWs from their growth substrate onto another
substrate. For example, 11lI-V materials can be
integrated with Si without the issues related to
epitaxial growth of mismatched materials. NWs can
also be deposited onto polymer or paper for use in
applications requiring mechanically compliant
substrates.

For planar NWs, the unique growth properties of
self-alignment along the <1 10> direction and epitaxial
growth on the substrate can be exploited to transfer-
print the NWs to other substrates while maintaining
position and alignment. By growing the planar
nanowires on a sacrificial layer that can be
subsequently removed to release the epitaxially
attached planar NWs, we demonstrate the possibility
of parallel transfer of the highly-aligned planar NWs
to a foreign substrate. Shown in Figure 4 are
examples of picking up the released NWs using
PDMS stamp and transfer to a Si substrate while
maintaining both the original NW registration and
alignment.

E. P-type doping in planar nanowires

We have found that CBr4 or DEZn (carbon and zinc
precursors respectively) under certain vapor phase
concentrations (approximately 0.01% of DEZn/TMGa
or CBr4/AsH3) induce periodic notching along the
growth axis of planar GaAs nanowires with a period
that is proportional to the Au seed diameter and a

delayed incorporation depending on dopant type
(Figure 5).
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PDMS stamp Growth substrate

Figurc 4. Schematic of removal of planar NWs with PDMS
stamp and subsequent transfer-printing to silicon substrate
(right). Adapted from (3).

Preliminary transmission electron microscopy
analysis show the notching is associated with periodic
twinning of the crystal; similar to what was reported
for wvertical 11I-V nanowires grown on (111)B
substrates (5). Such periodic twinning has been
predicted to alter the electronic band structure and
produce miniband effects that have device
applications.

Au seed
-

Periodic notching

250 nm
A LL

A ’

%

GaAs (100) substrate 250_""‘

Figure 5. Scanning electron microscope images (SEM) of
planar <110> GaAs nanowires exhibiting periodic notching
induced by a low concentration of CBrg4 added to the growth
reactor.

F. Nanowire growth on other substrate
orientations

We have investigated growth of planar nanowires
on substrates with various different crystal
orientations. Described above, planar <l10> GaAs
nanowires grown on GaAs (100) substrates grow in
one of two antiparallel directions; however, self-
alignment along a single <110> direction is, from an
integratability point of view, more desirable. When
planar nanowires are grown on (100) substrates with a
10° offcut towards [1-10], the planar nanowires orient
in nonparallel directions yet still remain in the plane
of the substrate (Figure 4a). This suggests that,
through simple modification of the growth substrate



crystal orientation, the planar nanowire growth
direction can be “tuned”.

Indeed, when grown on (110) substrates, planar
nanowires exhibit unidirectional growth along a single
crystal direction (Figure 4b). The demonstration of
unidirectional growth is an important step towards
position and alignment controlled integrated nanowire
devices in a form compatible with conventional planar

processing technology.

(a) 10 Degree
% Offcut (100)

Figurc 6. The planar nanowire growth direction can be
engincered through choice of growth substrate. (a) Planar
nanowires grown on a GaAs (100} with a 10° offcut towards
[1-10] (b) Unidirectional <100> planar GaAs nanowires
grown on the GaAs (110) substrate.

G. Extension of planar nanowire growth to other
ITI-V materials

The planar growth mode demonstrated above for
GaAs NWs can also be extended to InAs NWs. When
grown at 380°C (Figure 7) on a (100) GaAs substrate,
a small percentage (~30%) of NWs are planar and
self-aligned with each other. On closer inspection
(inset of Figure 7) the planar InAs NWs appear to
have grown laterally and epitaxially on the (100)
GaAs surface. The InAs planar NWs on the (100)
GaAs surface may have misfit dislocations because of
the large lattice mismatich between InAs and GaAs.
Further work will be necessary to determine the
structural characteristics of the InAs planar NWs.

Similar planar InAs NW growth was observed on
InAs  (100) substrates at the 380°C growth
temperature; interestingly the yield of InAs planar
NWs was significantly higher on the (100) GaAs
substrate. This may not be surprising considering the

low surface energy between Au and GaAs which may
promote planar growth preferentially on the (100)
GaAs surface.

Figure 7. Planar InAs NWs grown on a (100) GaAs
substrate. Inset shows close view of InAs planar NW.

IV. Conelusion

We have reported a novel type of GaAs NW that is
planar. which makes it compatible and highly
integrable with existing processing technology and
photonic and electronic device designs. The planar
GaAs nanowires are of high quality without twinning
defects and can be transfer-printed to arbitrary
substrates. Growth morphology and direction can be
controlled through modification of growth parameters,
introduction of impurities, or choice of growth
substrate orientation. We demonstrated aligned,
unidirectional growth of planar nanowires on (110)
substrates; a major step towards achieving a highly
integrated nanoelectronic or nanophotonic system
based on self-assembled materials.

V. References

I. B. Tian et al.. *Single crvstalline kinked nanowire
superstructures.” Nature Nanotechnologv.vol. 4. p. 824,
2009.

2. S. A.Fonuna and X. Li. "Metal-catalyzed
semiconductor nanowires: a review on the control of
growth directions.” Semiconductor Science and
Technology, vol. 25. p. 024005. 2010.

3. S.A.TFortuna, J. Wen. 1. S. Chun, and X. Li. "Planar
GaAs Nanowires on GaAs (100) Substrates: Sclf-
Aligned. Nearly Twin-defect free. and transfer-
printable.” Nano Letters. vol. 8. p. 4421. 2008: and
references therein.

4. S. A Fortuna and X. Li. "GaAs MESFET with a High

Mobility Sclf-Assembled Planar Nanowire Channel.”

IEEE Electron Device Letters, in press, 2009: and

references therein.

R.E. Algra et al. “Twinning superlattices in indium

W

9




2010 International Conference on Indium Phosphide and Relaled Materials

Conference Proceedings
220d [PRM 31 May - 4 June 2010, Kagawa, Japan

16:45 -17:00
TuA4-3

RF-MBE growth of InNN/InGaN MQW structures by DERI
and their characterization

'T. Araki, 'H. Umeda, 'T. Yamaguchi, 'T. Sakamoto, *E. Yoon and Y. Nanishi

'Ritsumeikan University, 1-1-1 Noji-higashi, Kusatsu, Shiga 525-8577, Japan

“Seoul National University, Gwanak 599 Gwanak-ro, Gwanak-gu, Seoul 151-742, Korea

Abstract

We successfully demonstrated fabrication of InN/InGaN multi quantum well (MQW)
structures using a novel growth method by utilizing In droplet elimination by radical-beam
irradiation (DERI). First, InGaN was grown under a metal rich (Ga+In>N*) condition by
supplying Ga, In and N* simultaneously. in which In was preferentially swept out to the surface.
Second, the swept In on the InGaN was transformed to InN by N* irradiation. Thus, by simply
repeating these processes InN/InGaN MQW structure was fabricated. Three types of MQW
structures were fabricated with different in beam flux. We found that thickness of In well layer

can be controlled by changing the In beam flux during InGaN growth whereas In composition
and thickness of the InGaN barrier layers were constant.

I. Introduction
InN and related alloys are very attractive
materials for infrared optical devices because of

their narrow direct band gap among Ill-nitride
semiconductors. However, realization of such
devices has been hindered by the intrinsic

difficulties in the growth of thcsc materials
although several results on the fabrication of
InN/InGaN multi quantum well (MQW) structure
were reported [[-3]. Recently, for the growth of
InN and InGaN by
plasma-assisted  molecular  bcam  epitaxy
(RF-MBE), we have developed a novel growth
method by utilizing In droplet elimination by
radical-beam irradiation (DERI) [4, 5]. Using the
DERI method we are able to obtain high quality
InN reproducibly. Furthermore, we have also
found that for InGaN growth using the DERI
method, preferential incorporation of Ga over In
on an InGaN growing surface was occurred when
the samples are grown
conditions. In this work, we will proposc a new

radio-frequency

under a metal-rich
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method of InN/InGaN MQW
structures using the DERI method. We also
discuss about

fabrication

11. Experimental

The samples used in this study were grown in a
MBE system (EpiQuecst
RC2100NR) equipped with conventional effusion
cells for In and Ga. An active nitrogen radical
beam is generated by a commercialized nitrogen
plasma source (SVT Associates 6.03). Thc
structures of InN and InGaN can be monitored in
situ by reflection high-energy electron diffraction
(RHEED) analysis using kSA400 (k-Space
Associates). A GaN template grown on (0001)
sapphire by metalorganic vapor phase epitaxy
(MOVPE) was used as a substratc in this study.
After the deposition of GaN and InN intermediate
layers on the GaN template, 10 periods of
InN/InGaN MQW structures were fabricated
using the DERI method. Figure 1 shows growth
process of InN/InGaN structure by DERI. This

conventional
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Figure 1 Growth process of InN/InGaN structure using
the DERI method.
formation process (DFP) and droplet elimination
process (DEP).

which is composed of droplet

method was composed of droplet formation
process (DFP) and droplet elimination process
(DEP). In the DFP, InGaN was grown under a
metal rich (Ga+In>N*) condition by supplying
Ga, In and N* simultaneously. In this process, Ga
was preferentially incorporated into the growing
InGaN layer, and whereas In was preferentially
swept out to the surface [S]. This swept In on the
InGaN underlayer was transformed to InN by the
DEP wusing N* irradiation. Thus, by simply
repeating the DFP and DEP, InN/InGaN MQW
fabricated. During the MQW
growth, rf power and Ga beam flux were kept
100 W L7 = g7
respectively. Three types of MQW structures
were fabricated with different In beam flux; 0.90
X 10, 1.08X 10, 1.32 X 10° Torr.

The  structural  characterization of  the
InN/InGaN MQW structures grown by DERI
were carried out by X-ray diffraction (XRD,
PANalytical X'Pert MRD) and transmission
electron microscopy (TEM, JEOL2010).

structure was

constant at and Torr,

I11. Results and Discussion

Figure 2 shows ©-20 XRD profiles of the
InN/InGaN MQW structure grown with an In
beam flux of 1.32% 10 Torr. Addition to the
peaks from GaN and InN, Ist and 2nd order of
satellite peaks originated from MQW periodic
structure were clearly observed. From all of
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Figure 2 XRD ©-26 profiles of the InN/InGaN MQW
structure grown with an In beam flux of 1.32x10°
Torr. Red and blue profiles show experimental and

simulated data, respectively.
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Figure 3 Cross-sectional TEM image of the InN/InGaN
MQW structure fabricated by repeating the DERI
method.

samples, satellite peaks as shown in Fig. 2 were
confirmed. Figure 3 shows a ¢ross-sectional TEM
image of the I[nN/InGaN MQW structure
fabricated in this study. Periodic contrast ot the
InN/InGaN MQW structure was observed. These
results confirmed that the InN/InGaN MQW
structures with abrupt hetero-interfaces and




Table 1 In composition and thicknesses of In,Ga, (N
barrier and InN well of InN/InGaN MQW fabricated
with different In beam flux.

In beam flux ( x 10-¢ Torr)
1.32 1.08 0.90
i e 073 0.72
bt e (S 6.6 6.6
] 8 40 2.1
uniform layer thickness were successfully

fabricated by the DERI method.
The In composition and layer thicknesses of
InN well and InGaN barrier layers of MQW

structures ~ were  determined by fitting
experimental XRD profiles with simulation. Table
| summarizes structural paramcters of the

InN/InGaN MQW structures fabricated with three
different In bcam flux. In composition and layer
thickness of InGaN barrier layers for three types
of InN/InGaN MQW structures are about 072 and
6.6 nm, respectively. It is found that the In
composition and thickncss of the InGaN barrier
layers were almost constant although In beam
flux was varied during the growth of InGaN
barrier. On the other hand, the thickness of InN
well layer was increased with the increase of In
beam flux. These results indicate that the
relationship between the supplied Ga and N*
during InGaN growth dctermines the In
composition and thickness of the InGaN barrier
layer. Figure 4 shows dependence of the In beam
flux on the thickness of InN well layer. The
thickness of InN well layer was linearly increased
with the increase of In beam flux. It is considered
that when we increased the In beam flux, the
amount of In droplet which was swept out to the
during InGaN  growth
Therefore, the thickness of InN well layer which
was transformed from in droplet during the DEP
process increased.

surface increased.
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InN well thickness (nm)
(%] w - [4,] (=] ~J

-
L
L

08 09 10 11 12 13
In beam flux (X 10 Torr)
Figure 4 Dependence of the In beam flux on the

0
0.7 1.4

thickness of InN well layer.

1V. Summary
Wc¢ have succcssfully demonstrated that the

DERI method for InN growth by RF-MBE is also
very useful for the fabrication of InN/InGaN
MQW structures. The thickness of the InN well
layer increased by increasing the In beam flux,
whereas the In composition and thickness of
InGaN barrier layer remained the same. These
results are successfully explained by taking the
growth process during the DERI method into
account.
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Abstract

Fundamental aspeets in the selective-area metal-organie vapor-phase epitaxy (MOVPE) of 111-V semieon-
ductors are presented in this paper, with an emphasis on the role of vapor-phase diffusion of a group-HI pre-
cursor, which plays the dominant role for substantial modulation of an effective bandgap around wider (>100
pm) masks and is a charaeteristic of MOVPE that is operated elose to atmospherie pressure. A single para-
meter. D/ks (vapor-phase mass diffusivity / surface incorporation rate coefficient), determines modulation of
both thickness and ecomposition of a layer. The value of D/k, can be regarded as an effective lateral diffusion
length of a group-lI precursor, and the value of & ean be decoupled from D/k,, providing insight to surface
reaction kineties of MOVPE. Coupling with reactor-scale distributions provides unique basis for the discus-
sion of comprehensive reaction mechanism. The values of &, will be presented for basie materials composing
InGaAsP system. Lumineseence wavelength from multiple quantum wells (MQWs) around a given mask
pattern can be simulated preecisely based on a simple diffusion/reaction model and it is applicable to monolithie
integration of devices using selective-area growth of InGaAsP-related materials. The same framework can be
applied to IlI-nitride materials, and &, values for GaN growth have been obtained. Visible lumineseenee from
InGaN/GaN MQWs on a patterned GaN template was red-shifted aceording to the mask width, for which only
the thickness modulation of the InGaN wells has been suggested to be the governing meehanism.

high-yield of device fabrication can bc expected (1-4). In the
selective-area growth, group-111 precursors are incident on the
surface, and are re-distributed in the lateral direction around
the masks, leading to in-plane modulation of thickness.
When more than two group-1ll clemcnts are involved, en-
hancement of growth rate around a mask is different among
group-l11 vapor-phase precursors, leading to modulation of
group-111 atomic content as well as thickness. Band edge of
such a compound layer is also modulated accordingly.
Compared with bulk layers, luminescence wavelength from

I. Introduction

Single-chip integration of functional components of a
scmiconductor optical device nccessitates multiple bandgaps
on a chip. As shown in Tablc 1, among other intcgration
techniques, sclective-area metal-organic vapor-phase epitaxy
(MOVPE) of 111-V scmiconductors, in which a substratc sur-
face is partially covered with amorphous masks such as $i10,,
is beneficial in that it requires only a single growth and thus

Mechanism I Diffusion length Modulation
Table. | Comparison of process methods for lateral inte- | Vapor-phase diffusion g Legee
gration of multiple bandgaps that is necessary for inte- Sl sl el

grated optical devices.

Vapor-phase diffusion
[ ]

! Method Pros Cons

Selective-area growth | A single growth ENon-abrupt lateral

{SAG) for a number of interface Edge growth ‘_’V N st
Growth on a patterned | bandgaps BCarriers at waveguide slirfaceiciffuson

surface | > High vield - large loss

t

| Etching and re-growth
Grow a single bandgap

| MRe-growth is not
straight-forward

BAbrupt lateral
interface

Bonding different epi-
layers on a platform

sophisticated growth
HFreedom of design

HBonding necessary

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.
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> Remove MCarriers only at active | Mincreased number of Fig. 1 Two diffusion mechanisms governing the local
unnecessary part region process steps : :

Siepetioh 2 low loss > Low yield growth rate in patterned growth. [In the selective growth

THybrid approach [ WFree from THSevere alignment area, surface diffusion is effective only within several um

Sfrom the mask edge, while vapor-phase diffusion exhibils its
effect within an order of 100 um from the mask edge.



multiple quantum wells (MQWs) exhibits larger modulation
around a maskdue to tailored quantum confinement cffect with
the modulated thickness of the well layers.

In order to obtain substantial modulation of the wavelength,
a mask width should be more than 100 pm. In such a situa-
tion, balance between vapor-phase diffusion and surface in-
corporation of a group-lll precursor dctermines local cn-
hancement of growth rate around a mask, as shown in Fig. I.
Dominant contrihution of the vapor-phase diffusion is a cha-
racteristic of MOVPE that is operated close to the atmospheric
pressure.

Even in a selective area growth in which surface diffusion
scems dominant. vapor-phase diffusion is also coupled and
dctermines the enhancement of growth rate.  Figurc 2 shows
an example. Pyramidal shape of a GaN island is formed by
surface diffusion of a Ga precursor among differcnt crystal
planes. The size of the mask surrounding the island, when it
is larger than a diffusion length of the precursor on the mask
(typically ~10 pm), determines the amount of the precursor
accumulated in the vapor phase and leads to larger growth rate
in the vicinity of a wider mask viu the vapor-phase diffusion.
We can, therefore, conclude that modeling and control of va-
por-phase diffusion is essential for the selective-area growth to
be genuincly applicable to monolithic integration of semicon-
ductor optical devices.

I11. Modeling of vapor-phase diffusion process

(a) GG
X X
0 - =0
ax DAC =0 3
H
ey . .
’ D=kt ¢
| T o 11 o
(b) /

200 pm

< >mask
growth arca 380 um

Fig. 3 (@) A mathemarical model to obtain the concentra-
tion profile of a gronp-1ll precursor that governs a
growth-rate profile in the selective growtl area.

(b) An example of concentration countonrs of a gronp-111
precursor in the vicinity of the selective growth area.  The
precursor diffuses in the perpendicular direction 1o the
contonrs, resalting in lateral transport from above the mask
1o the selective growtl area.
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Figure 3 (a) depicts the governing equation and the boun-
dary conditions for obtaining the coneentration of a group-1il
precursor in the vicinity of the masks (5). An example of a
calculated concentration field is shown in Fig. 3 (b). A
height of the simulation area // should be sufficiently large so
that there is no eftect of // on the calculated concentration
gradient. In other words, lateral re-distribution of the pre-
cursor occurs within u distance // from the surface, and /1 is
normally much smaller than the thickness of a concentration
boundary layer on the surface which is often discussed re-
garding a reactor-scale concentration field.

A single parameter, D/k, (vapor-phase mass diffusivity
surface incorporation rate coefficient), determines a profile of
growth rate enhancement, which is proportional to the con-
centration adjacent to the surface.  D/k has a unit of length
and can be regarded as an effective lateral diffusion length of a
group-111 precursor in the vapor phase. We should note that
D is inversely proportional to a reactor pressure and is strong-

(a) 2 —

Growth rate enhancement (-)

150 100 50 O S0 100 150
Position {um)
(b) Temperature [°C|
701 650 600 45¢ <0
InP
18 kl/mol
-
iG]
- A
7 InAs
E GaAs
P

4 kJ/mol
&8 kJ/mal

10004 T (K))

Fig. 4 (a) Typical parabolic growth-rate enfuncement
(GRE) profiles in a selective growth area for InP (open
squares) and GaAs (crosses) at 10 kPa total pressure and
600°C growth temperature.  The solid lines are calenlared
nsing D'k, as a single fitting parameter.  In the vicinity of
masks, growth rate of InP deviates from the theoretical line
due 1o existence of “rabbit’s ear” whicl is formed as a re-
sult of preferemtial appearance of crystallographic planes.
(b) Arrhenins plot of k, values (surface incorporation rate
cocfficients of a precarsor) whicly are roughly proportional
to the probability of a group-11I precursor to be incorpo-
rated to the surface npon collision to the sarface.
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an indium precursor. probably (CH;)ln, in the actual
MOVPE environment.  The growth rate profile of InP in
the flow direction is governed by the diffusion of CHln from
the vapor phase to the InP surface, at the downstream part
of the reactor (X>120 mm). Since the rate of vapor-phase
diffusion is a function of D, the most probable value of D
can be determined as the value that yields the best agree-
ment of the simulated growth rate profile with the experi-
mental data.

600°C GaAs

k (n/s)

Total flow rate
17000 scem
~o— | 3000 scem
—a— 9000 scem

100 120 140 160 180 200
X posilion (mm}

Fig. 6 Distribution of k, values in the flow direction of a
horizontal MOVPE reactor.

A i e
40 60 80

ly affected by the kind of carrier gas, e.g.. D under H, carrier
is significantly larger than that undcr Ny, The value of Dk,
thercfore, depends on growth conditions.

Growth rate in the selective growth area is often norma-
lized by the value at the position far from any masks. yielding
growth-rate cnhancement (GRE), as shown in Fig. 4(a). The
value of D/k, can be extracted for a specific material and a
growth condition, by fitting a calculated curve to the experi-
mental data taking D/k, as the only parameter. The value of
D can be cstimated if wc assume a molecular weight and an
equivalent spherical diameter (so-called L-J size parameter) of
a group-HI precursor, using Chapman-Enskog’s theory (6).
Figure 4(b) is an Arrhenius plot of &, values for binary mate-
rials (7, 8). InAs has larger &, than GaAs, indicating that
indium *“sticks™ on the surface more readily than Ga on an
As-stabilized surface.  The activation energy for GaAs
changed drastically around 600 °C due to transition in surface
reconstruction structure (9).

For the design of selective-area masks, it is necessary to
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collect the values of &, for all the possible combinations of a
group-I11 precursor and a crystal surface as a function of tem-
perature.

111. Coupled analysis with reactor-scalc distributions

Even if we are not certain about the vapor-phase group-1l1
precursor forming a crystal, a value of D can be estimated, or
validated, through analysis of reactor-scale growth-rate pro-
files of that crystal layer. As shown in Fig. 5, D has a signif-
icant effect on the growth rate profilc in the downstream part
of a reactor, making it possible to determine the value of D
using that profile (10). For GaAs and InP, the valucs of D
determined in such a way agree well with the estimated values
by Chapman-Enskog’s theory.

Interestingly, as shown in Fig. 6, it was found that the &,
for GaAs was not constant over an entire susceptor, although
the susceptor temperature was uniform. This is contrary to
thc assumption in Fig. 3, where £; is unique to a vapor-phasc
precursor.  With an increased total flow rate, the profile in the
upstrcam (Y<130 mm) is pushed to the downstrcam, indicating
that &, varies due to a vapor-phase phenomena. This varia-
tion of k, scems to be an indication that two species, probably
(CHs);Ga and CH-Ga, participate in GaAs growth; in the up-
stream, a fraction of a parent molecule (CH;);Ga is dominant,
resulting in a smaller value of overall & becausc (CH;);Ga has
smaller reactivity (smaller &;) than CH;Ga. The decay of . for
X>130 mm is almost independent of the flow rate and seems
to be related with surface reaction kinetics with CH;Ga; in
detail, the rate of Ga surface incorporation is not simply pro-
portional to a vapor-phase concentration of CH;Ga but exhi-
bits a tendency in which the incorporation ratc is less dcpen-
dent on the CH;Ga concentration when the concentration is
too much, i.c., Langmuir-Hinshelwood surface reaction me-
chanism.

1V. Modeling luminescence wavelength from the MQWs by
selective-area growth and application to monolithic inte-
gration of semiconductor optical deviccs

If the value of &, is known for the target layer, we can si-
mulatc the distributions of laycr thickness and composition
around a given shape of masks. Band lineup of MQWs at a
given position around the mask can be obtained based on the
thickness and composition, as shown in Fig. 7. Quantum
encrgy levels arc, then, obtaincd by solving Schradinger’s
equation with effective-mass approximation. For the case of
InGaAsP MQWs, a red-shift of luminescence wavelength by
approximately 200 nm can be obtained as a result of modula-
tion in both the band-edge energies and the quantum energy
levels.

As shown in Fig. 8, such a simulation reproduccs the
measured dependence of luminescence peak wavelength on
the mask width for both bulk InGaAsP layers and thc MQWs
that are composed of these layers (11).

Figure 9 shows an example of monolithic integration de-
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Fig. 7 Schematic illustration on what happens in the se-
lective-area growth of MOWs. Growth without masks and in
the center of a 60-um-wide growth area that is sandwiched
by 240-um-wide masks. The lateral direction represents
layer thickness and the vertical direction represents energy.
The well and the barrier are InGaAsP with different atomic
content in the growth without masks. The masks bring about
modulations in two aspects: (1) group-U1l atomic content to
akter the position of bund edges, (2) thickuess of the well to
akter the extent of quantum confinement.  Luminescence
wavelength from the two MOWSs are brought about by those
mwo ¢effects.
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Fig. 8 Distribution of pliotohaninescence peak wavelength
at the center of the 60-pun-wide stripe growth area that is
sandwiched by the staircase-like masks as shown on the top.
The graph contains luminescence from the butk InGaAsP
layers corresponding to the well (Q1.5; wriangles) and the
barrier (Q1.2; squares), and huminescence from the MOWs
(circles).  Shifi of luminescence wavelengtl from the bulk
lavers is the result of more In-riclh atomic content for wider
masks.  Luminescence  from the MQOWs  exhibits  more
red-shift according 10 the wider masks, which, as well as the
compositional change described above, reflects reduced
quantum confinement effect due to increased thickness of the
well.  Simulation results, considering the effects of modula-
tion in both group-H1 atomic content and laver thickness,
agrees well with the experimental data.

vice: 4-ch DFB lasers are coupled with waveguides and a
coupler (12). A peak wavelength in the gain spectrum from
the active fayer was red-shifted by setting wider masks at both
sides of the waveguide-type laser structure. A lasing wave-
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Fig. 9 A d4-ch muliple wavelength DFB laser integrated
with a coupler by monolithic imtegration using selec-
tive-area growth. (a) An outlook of the device observed
by an optical microscope.  (b) Photoluminescence spectra
Sfor each active laver which are sandwiched by the masks
with varied thicknesses.  (c) A lasing spectrum observed
at the omtput port of the device, which contains lasing at 4
different wavelengths in 4 channels.

length was finally determined by the grating pitch on the ac-
tive layer, but tuning of the gain peak in the vicinity of the
lasing wavelength is mandatory, which has been achieved by
adjustment of the mask width. Further size reduction of this
deviece is possible by narrowing the spacing between the
channels, which induces interference among neighboring
masks in growth rate enhancement.  Our numerical simula-
tion is of crueial help for the mask design in sueh a compli-
cated situation. As well as the control of luminescence wa-
velength, we ean control of strain in the well layer and thus
polarization eontrol has been demonstrated (13).

V. Extension to Iil-nitride materials

Selective-area growth of GaN-based materials is far more
difticult than that of InGaAsP materials. Specifie erystal
planes tend to emerge preferentially, just as the pyramidal
growth in Fig. 2. Nonetheless, elaborate choice of the direc-
tion of a stripe growth area on the surface of a c-plane GaN
templatc, as well as appropriate growth temperature, make it
possible to obtain smooth GaN surface in the growth area.
Parabolie profiles, whieh are proof of the contribution of va-
por-phase diffusion. were suceessfully obtained as shown in
Fig. 10 (14). These profiles ean be reasonably fitted by the
simulated curves of growth rate enhancement, allowing us to
extraet the value of D/k, for the growth of GaN.

Decoupling 4. from D/k, is not straightforward because the
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Fig. 10  Measured and simulated growth-rate enhancement
(GRE) profiles of GaN along the arrows 1-8 in the schemat-
ic of the mask pattern. Growth temperature was 150°C
and 1otal pressure was 10 kPa with H, carrier gas. The solid
lines denote experimental GRE values and the dashed lines
denote calculated GRE profiles with an assumption of D/k,
= 50 um, which show excellent agreement with the experi-
mental data. suggesting that the growth rate of GaN around
the masks is largely governed by the vapor-phase diffusion
of a Ga precursor and its surface incorporation, similarly to
the selective-area growth of InGaAsP materials.
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Fig. 11 Arrhenius plot of k, for GaN surface reaction as a
comparison with k, for GadAs surface reaction (the same
data in Fig. 4 (b). The ks values for GaN has an activation
energy of 180 kJ/mol, which is much larger than the value
Sfor Gads.

vapor-phase precursor leading to GaN crystal growth has been
still unclear. We, therefore, have analyzed reactor-scale pro-
files of GaN growth rate and tentatively concluded that the
major vapor-phase precursor for GaN crystal is likely to be
(CH;),Ga:NH,, which is a reaction product between the source
materials (CH;);Ga and NH; (15). The value of D for this
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molecule has been also estimated based on the growth-rate
profile, allowing us to obtain &, values as shown in Fig. 11.
Comparison between GaN and GaAs is not straightforward
because selective-area growth of each matcrial is possible at
much different temperatures. It is, however, clear that & for
GaN is much larger than GaAs: based on the &, values, surface
sticking probability of (CH;),Ga:NH, on GaN is almost unity
while that of CH;Ga on GaAs is roughly 0.2.  This is possi-
bly one of the reason why surface morphology of GaN is dif-
ficult to control.

Similarly to the InGaAsP MQWSs, wc havc attempted to
shift visible lumincscence wavelength from InGaN/GaN
MQWs to longer wavelengths by setting wider masks (14).
Figure 12 (a) shows the effect of mask width on the lumines-
cence pcak wavelength for both a bulk InGaN layer and In-
GaN MQWs. Thc peak wavelength from the bulk is indc-
pendent of the mask width, indicating no modulation of in-
dium composition according to the mask width. This is con-
trary to the case of an InGaAsP layer, which contained more
indium in the vicinity of a wider mask. The peak wavelength
shift for the MQWs is, then, solely due to thickness modula-
tion of the InGaN wells according to the mask width. This
assumption is confirmed when we plot the peak wavelcngth
versus the thickness of the InGaN wells, as shown in Fig. 12
(b).

Why there was no modulation of indium content? At the
growth temperature of 830 °C, InN layer cannot be grown due
to its poor thermal stability. It is, therefore, possible that
incorporation of indium to InGaN occurs only when Ga is
incorporated to the InGaN at a fixed In/Ga incorporation ratio.
For wider range of wavelength modulation, modulation of
indium content is demanded, which may be possible at a lower
tcmperature and/or a higher NH; partial pressure.

V. Summary

In selective area growth of I11I-V semiconductor MQWs,
in-plane modulation of a luminescence peak wavelength,
which is mandatory for monolithic integration of
semiconductor optical devices, is mainly brought about by
modulation of the thickness and composition of the well layers.
Substantial modulation is mainly due to vapor-phase diffusion
of a group-lll precursor, and it is well described by a simple
diffusion/reaction model, provided that surface reaction rate
coefficients for the precursors are available. Thc rate
coefficients can be obtained through observation of growth
ratc enhancement with a well-defined mask pattern, and they
provide insight into basic surface reaction kinetics in MOVPE.
The framework of modeling is common for both InGaAsP and
l-nitride materials. Accurate prediction of luminescence
wavelength for InGaAsP MQWs has been achieved.
InGaN/GaN MQWs for visible luminescence are accompanied
by complicated incorporation mechanism of indium, and
InGaN with large indium content needs more comprehensive
analysis.
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Fig. 12 Cathode Inminescence (CL) peak wavelength of

InGaN bulk layver and InGaN/GaN MQWs with varied
growth periods of the well.  The lavers were grown at
830°C and 100 mbar with N, carrier gas.  The thickness of
the wells withont the effect of masks varied from 1.2 to 2.0
nm accordingly.  The luminescence was observed at the
center of a 60-um-wide selective growth area benveen the
masks, the width of which increased stepwise.  The graph
(a) represents the effect of the mask width. indicating that
wider mask resulted in red-shift of the peak wavelength.  In
the graph (b), the peak wavelength was plotted against an
InGaN well thickness, where a well thickness at each posi-
tion was estimated by multiplving the thickness at the posi-
tion sufficienthy: fur from masks by the GRE vale of a bnlk
mGaN at the position of lumincscence measurement, which
had been measnred in another experiment.  Dependence of
the peak wavelength on the well thickness almost fits with a
single curve, suggesting that the red-shifi of the lumines-
cence wavelength is due to an increased thickness of the
well with an increased mask width.  The lines are gnides to
the eye.
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Abstract

InP/GaAsSb/InP DHBTs with 125 and 150 nm collector thicknesses were fabricated by optical contact
lithography in a standard triple mesa proccss. It is shown that a peak current-gain cut-off frequency
fr=7343 GHz and maximum oscillation frequency fuax =351 GHz were simultancously achieved on devices
with an emitter area of 0.6 x 11.5 pm? and a 150 nm collector. To the best of our knowledge, these are the first
InP/GaAsSb DHBTs to offer balanced figures-of-merit exceeding 300 GHz and a current gain > 60. Similar
devices with a thinner collector (125 nm) exhibit a peak fr = 377 GHz with fuax = 318 GHz due to the interplay
between a reduced collector transit time and the increased collector-base depletion capacitance. For the devices
under study, the extrinsic collector-base capacitance was observed to have a small impact on fiax. However,
the base mesa over-etching is essential to reduce the extrinsic capacitance and thus improve f7.

1. Introduction

Type-11 InP/GaAsSb DHBTs have attracted interest in
recent years due to the advantages conferred by the staggered
“type-11" band alignment between the GaAsSb base and the
InP collector, which prevents the electron blocking effect that
occurs in Type-l InP/InGaAs DHBTs at higher current
densities. Additionally, the large valence band discontinuity
AEy at emitter/base (E/B) junction supprcsses hole back-
injection into the cmitter, and basc sprcading into the collector
under saturation-mode operation. Despite these attractive
fcaturcs and somc interesting devicc demonstrations, the gain-
bandwidth properties of InP/GaAsSb DHBTSs still remain to be
optimized.

Recent work on Type-Il InP/GaAsSb DHBTs fabricated
using electron-beam lithography demonstrated f; = 600 GHz
and fuax = 300 GHz with an emitter size of 0.3 x 11.5 ym*
[1]. Other devices defined by e-beam lithography with an
emitter sizc of 0.46 x 3.1 ym’ showed simultaneous valucs
fr =480 GHz and fysx = 420 GHz [2]. Although these devices
exhibited record performances for Type-11 InP/GaAsSb
DHBTSs, clectron bcam lithography is not the most attractive
avenue for the production of high-speed devices due to its
throughput and associated costs. As well, it would be highly
desirable to cngineer devices with balanced values for f; and
fuax With more relaxed critical dimensions.

In this work, we study the scaling of InP/GaAsSb DHBTs
fabricated by optical contact lithography, and we report
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devices which achieve f; = 343 GHz and f;.x = 351 GHz with
the emitter size of 0.6 x 1.5 um* while maintaining a
breakdown voltage BVcgo = 5.85 V. The effects of base mctal
undercut etch and of the base metallization contact width on
the RF performances of our InP/GaAsSb DHBTSs are also be
discussed.

I1. Experimental Procedure

The epitaxial layer structures used hcre consist of a
300 nm »n=3x 10" ecm * InP sub-collector; a heavily doped
n=3x10" cm * 20 nm Gay 47In, 53As etch-stop layer, a 50 nm
collector pedestal and an InP collector with a doping of
n=3x%x10%cm”; a 20nm base and a 40nm (Ga,Iln)P
composite emitter; a 110 nm Gag471ngs:As emitter cap layer,
and a 35 nm composite emiiter contact layer. The 20 nm thick
base is a C:GaAs,Sb,., graded layer with an averagc carbon
doping level of 8 < 10" ecm™ and an [As] concentration
incrcasing from x = 0.4 on the collector side to x = 0.6 at the
emitter side. Samples with InP collcctor thicknesses of 125
and 150 nm were grown. The mcasured base sheet resistances
for both samples were practically idcntical (1200 (¥/sq).

Transistors werc fabricated in a standard triple-mesa
etching process. The base mesa was formed by dry and wet
etching, in a combination engineered to result in a 0.75 um
undercut of the base contact of width W in order to reduce the
extrinsic base collector capacitance Ccpx by leaving a portion
of width W over the semiconductor material. Fig. | shows the
cross-section of a device with the B/E junction protected by a
positive photoresist mask after the base mesa etching step. It



shows that a good alignment by optical contact lithography is
nccessary in order to permit an aggressive base mesa etching.

Fig. | Scanning ¢leciron microscopy (SEM) picture aller aggressive hase
mesa ciching. It shows an undereul of ~0.75 pm for both the base and the
collector.

I11. Results and Discussions

Fig. 2 shows Gummel characteristics from 0.6 < 11.5 pm’
devices for both collector thicknesses. Both fcature identical
base and collector currents before the Kirk eftect sets in. This
indicates that the epitaxial layers are practically identical with
the exception of the collector thickness, and it demonstrates
excellent growth and processing reproducibility.
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Fig. 2 Typical Gummel plol o 0.6 * 11.5 pm’ devices with 1he collector

thickness of 125 and 150 nm, respectively. The hase and collector currents
averlap well al low hrases. Al the higher hiases, the device with the thinner
callector shows a slightly higher collector current due 1o ils higher Kirk
current

The peak current gain exceeds 3> 60 for both wafers,
suggesting that gain is available to be traded-off to further
lower the basc sheet resistance. As expected, the device with
125 nm collector shows a slightly higher Kirk current than the
device with 150 nm collector. This is also vcrified by the plots
of gain as a function of }y; as also shown in the same plot.
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Fig. 3 shows f; and fyax as a function of collector current
for 0.6 x 11.5 um” devices built with a 125 nm InP collector at
the bias of Vg = 1.4V, fi and fyax roll-off as the Kirk effect
occurs. The devices with a 125 nm InP collector exhibit a peak
Suax at the bias of Fg = 1.4 V whereas devices with a 150 nm
InP collector show a peak fiax at the bias of }p = 1.6 V.

Fig. 4 shows f; and fy1x as a function of collector current
for 0.6 x 11.5 ym* devices from cach wafer at the collector
emitter bias of }.¢ = 1.6 V. Under this bias, the InP collector
is depleted in both devices. Fundamental differences in device
performance are highlighted at high current densities, when
the Kirk limit is exceeded in the thicker collector device,
bringing about a precipitous roll-off of f; and fy.x with
increasing current levels. On the contrary, the 125 nm
collector transistor shows fyay </r due to the higher base-
collector capacitance but maintains a better performance at
high current densitics.
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Fig 4 Current gain cut-off frequency and maximum oscillation Trequency
as a function of collector curremt for 0.6 x 11.5 pm’ devices with collector
1hickness of 125 and 150 nm. respectively, g was setto 1.6 V




TABLE I UNDERCUT FEFECTS FOR A 125 NMINP COLLECTOR,

Undercut | Wy W N Suax | S/8nfuax?) | Cen
(pm) | @m)| (pm) | (GHz) | (Glz) (fs) (1r)
0.45 1.25 0.80 360 313 146.3 %3
0.45 2.0 1355 313 278 161.3 8.1
0.75 1:25 0.50 377 318 149.6 T
0.75 2.0 1.25 325 288 155.9 7.8

Similar devices with different base undercut etching and
with various base metallization contact widths were also
fabricated on the wafer with a 125 nm InP collector. Table 1
above summarizes the RF performance of these devices.
Devices with Wy =2 pm base metallization contact show
lower f and fuay values than those with 1.25 pm base contact.
The dcvices with undercut of ~0.75 pm by aggressive basc
over-etching show higher f; values than those with ~0.45 pm
base undercut ovcr-etching. The measured base contact
resistivity determincd from linear TLM patterns is ~ 4 x 10”7
Q-cm’, corresponding to a calculated total base resistance of
Rg ~ 19.4 Q, according to the device geometry shared by all
transistors. The Ry value extracted from RF measurements is
in good agreement, showing a value of Rz =20 Q.

In the simplest approximation, the maximum oscillation
frequency fuax is related to f; by

Suax =1 [ BIRC )

(H

Table 1 shows the effective RgCep products determined from
the measured fr and fyax valucs, as well as the corresponding
Cep. It is found that all the devices show very similar basc-
collector capacitances ~7-8 fF, regardless of very different
amounts of base contact undercut etching. In other words, the
extrinsic base capacitance Ccpy only plays a secondary rolc in

determining fuax. and the intrinsic capacitance Cey dominates.

This observation is in good agreement with thc analysis of
Kurishima {3].

Although an aggressive base over-etching to reducc the
total base-collector junction area does not directly reduce the
effective RzCey value which determines fiyax. Table | shows
that it is beneficial to increase f;: for the 125 nm collector,
reducing H#; and Ws can result in substantial improvements in
/1. leading to an increase of 60 GHz/pm of extrinsic
base/collector width reduction.

IV. Conclusions

The developments presented in the present work show,
for the first time since the demonstration of 300 GHz
transistors by Dvorak et al. [4], that a balanced performance
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can be achieved in InP/GaAsSb DHBTs even without
aggressive lithographic scaling. The extent of the progress can
be better assessed by noting that Chu-Kung er al. reported
0.38 x 8 um’ devices with f; = 358 GHz and fyax = 194 GHz
with BVigo =4.2 V and a current gain of =19 in an electron
beam lithography process [5].

The present results suggest that transistors with f; and

fuax approaching 400 GHz should be possible in an all-optical

process if the total base resistance can be further reduced. In
this context, optical lithography has already permitted the
demonstration of devices with fr =384 GHz [6]. From the
base resistance point of view, assuming base recombination is
dominated by Auger processes would suggest a doubling of
the base doping level would be accompanied by a 4-fold gain
reduction [7). leading to an expected = 15 for a 600 Ohm/sq.
base sheet resistance. There are however some indications that
Auger might not be dominant in GaAsSb matcrials grown by
different methods or with alternate precursors as in [8],
permitting one to anticipate potential even more favorable
outcomes. In any case, the present current gain levels should
comfortably allow for a reduction of the base sheet resistance
to values 700-800 Ohms/sq.
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Abstraet

This paper presents multi-finger InP/GaAsSb/InP HBTs designed for millimeter-wave applications.
The 0.7x10 pm? emitter size 4- and 8- finger devices demonstrated fy and f,,, above 200 GHz and
400 GHz respectively, a eurrent gain of 28 and an emitter breakdown voltage of 7V. We also report on
the performanees of a 2-stage power amplifier based on more eonservative deviees (1x15 pm?
two-cmitter finger). This cireuit delivers an output power above 15 dBm at 60 GHz.

I. INTRODUCTION

In recent years, the interest for InP HBT MMICs has
developed, owing to their large potential for low noise and
power applications at millimeter waves. Most of the recent
work on oscillators (1-2) and amplifiers (3-4) was done using
the mainstream InGaAs-based structures. The GaAsSb-based
double heterojunetion technology (5) which does not need a
spacer nor transition layers in the colleetor offers some
potential advantage for lower thermal resistance and thus for
higher performance.

In this paper, we present submicron multi-finger
GaAsSb-based DHBTs with high bandwidth (f,,,,>400 GHz)
and large breakdown voltage. These characteristies are
suitable for millimeter-wave applications.

II.  HBT STRUCTURE AND PROCESS

HBT heterostructures were grown by Solid Source MBE
on a 3" Sl-InP substrate. The epitaxial layers include a
230 nm thick low-doped InP (5x10'® em™) colleetor to ensure
both a large breakdown voltage (>7V) and a small collector
capacitance. A rather thin (28 nm) uniformly doped GaAsSb
base layer was used (C-doping: 1.5x20 em™). A moderately
thin (50 nm) sub-collector InGaAs layer was also used for low
thermal resistance.

HBT emitters were designed with a 0.7 or | pm nominal
width (actual emitter crystal width is 0.6 and 0.9 pum
respeetively) and 10 pm to 20 um length. Deviees with 1, 2, 4
and 8 interdigitated emitter fingers were realized (Fig. 1). The

978-1-4244-5920-9/10/$26.00 ©2010 IEEE.
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distance between fingers is 8 pm. The base contact extends 0.4
and 0.5 pm on each side of the emitter for the 0.7 and lum
emitter width device, respectively.

(AR

Figure 1: Ix15 ym? 8-finger HBT before interconnection

The devices were fabricated using an all wet-etehed
self-aligned triple mesa technology. Emitter and base contacts
were defined by electron beam lithography in order to obtain a
high alignment aceuracy.  Additional steps for ecireuits
included thin film resistors and capacitors and 3-metal layer
interconnects. BCBB was used for passivation and isolation.

11l DEVICE PERFORMANCES

A. DC CHARACTERISTICS

DC characteristics show a current gain of 28 and a
breakdown voltage of 7V @ 10 pA for the mono- and
multi-finger devices. The ideality factors are 1.0 and 1.49-1.58
for the base-collector and emitter-base junetion, respectively.
The current-voltage characteristies seale with the number of




emitter fingers as illustrated on Fig.2 and Fig. 3.
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Figure 2: Gummel plot of HBTs with 1, 4 and 8, 10um-long
emitter fingers
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Figure 3: I(V) characteristics of HBTs with 1, 4 and 8,
10um-long eniitter fingers
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Figure 4: J;- (Vip) characteristics of HBTs with I-, 4- and 8,
10um-long emitter fingers. The base current density varies
from 0 to 13 kA/cni? (step ~ 2.2 kA/cm?)
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As shown on I(V) characteristics, the saturation slope
increases with the emitter finger number due to emitter
resistance reduction. As a result, for a constant collector
current, the knec voltage decreases with the emitter finger
number. Its value is 0.51V at 1c-=60mA and 0.72V at
1c=120 mA for the 4-finger and 8-finger HBT, respectively. At
very high collector current, we observe a negative slope
indicating that device self-heating is occuring. As illustrated
on Fig. 4 representing the collector current density versus
emitter-collector voltage, the phenomenon is more important
for the 8-finger device which is more impacted by thermal
coupling. Actually, the thermal resistances of the multi-finger
devices do not decrease linearly when the number of fingers
increases (Table 1): the 8-finger HBT thermal resistance is
only 5 times lower than the mono-finger one.

Table 1: Thermal resistance versus the nunmber of fingers (N)
at J=300kA/cm® and V=2V

N | 4 8

2940 1000 590

Ryy (°C/W)

The thermal resistances were extracted following the
method detailed in (6).

B. AC CHARACTERISTICS

For the 0.7 pm HBTSs, current gain cut-off frequency fr as
deduced from S-parameter measurements up to 60 GHz peaks
at 210 GHz, independently of the fingers number for
Vee=1.6V. This valuc is in agreement with the collector
thickness. Kirk effect (defined at peak f7) associated with
upward band bending in collector occurs at 350 kA/cm®

(Fig. 5).
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Figure 5: Variation of fy and fou for a 8x0.7x10 um* HBT,
illustrating the high collector current density at peak f,., and

Ir




Frmax peaks at 410 GHz for J = 280 kA/cm?, and does not
depend on the number of emitter fingers (Fig. 6). We extracted
a Gmax of 15 dB at 60 GHz for the three devices (Fig. 7). This
seems to illustrate the low thermal resistance benefiting from
the all-InP collector. The high f,.. results from a low base
resistance value (10.8 € and 1.55 Q for the 1-finger and 8-
finger respectively) in spite of the limited base thickness (28
nm). For the 8-finger device, peak f,,, occurs at a collector
current of 120 mA for Vg = 1.6 to 2V. These characteristics
appear quite attractive for mm-wave applications.
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Figure 6: f,,.. variations with current for HBTs with varving
number of emitter fingers. While f peak rermains constant,
I¢pear scales up
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Figmre 7: G versus frequency for HBTs with I, 4 and 8
emitter fingers, showing a constant f,.,, value

IV.  FIRST CIRCUIT APPLICATIONS

First circuits have been designed (amplifiers and
oscillators), based on conservative HBT designs (2-finger
HBTs with 1x15 um? emitter size) because of their higher
fabrication yield. The frequency characteristics of these
devices are F;y~200GHz and f,..>300GHz for
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Ver = 1.6V to 2.2V at J¢ = 300kA/cm?. The characteristics of
a 60 GHz 2-stage amplifier (6) shown on Fig. 8 arc presented
on Fig. 9 for biasing conditions: V¢ =3V, 1¢=35 mA,
Vera=3V, 16:=55 mA. For 2.4 dB compression, the measured
linear gain is 9.8dB. Pouima=15.4 dBm and PAE_,.~11%.
The better results observed in measurements compared to the
simulation is due to a slight epitaxy difterence between
modeled and final devices. These results are quite encouraging
and show GaAsSb-based HBT process suitability for
millimeter wave IC realization.

Fignre 8 : 3.9x2.3mm? 2-stage amplifier uphotograph

20 18

18| — Pout (dBm) — Meawrements r

161| — Gain(@B)  oon Simulstion | . P4

— 0, 0

141l — PAE (%) 123
£121 o m
DO < 9 0%
8] B s / &
- ~ r8 )]
3 o
o 4] 6 3>

il a

0 s

24 5

-4 q 4 "o

-6 - L T T T T o

-15 -10 -5 0 5 10 15

Pin (dBm)

Figure 9: Characteristics of the 2-stage 600 GHz amplifier
designed and fabricated in an InP/GaAsSbh process (1 um
emitter width)

The same HBTs were used to design MMIC oscillators
operating at 45 GHz. The characteristics of these circuits are
detailed in (7).

V. CONCLUSIONS

InP/GaAsSb multi-finger DHBTSs have been developed for
millimeter-wave applications. Small base resistance associated
to a high base doping level resulted in 0.7 emitter width 4- and
8-finger devices offering f.« above 400 GHz, togcther with a
large collector current. The thermal cffccts existing particulary
in 8-finger devices are not detrimental to AC performances for
Vg = 1.6V to 2V. These results are very promising for the
realization of amplifiers for E-band transmission.
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