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Preface

The 13th International Symposium on Gallium Arsenide and Related Compounds was
held in Las Vegas, Nevada from September 28 through October 1, 1986. There were
360 participants from 15 countries.

There were 180 regular papers and 16 late news papers submitted from which the
Technical Program Committee selected 91 regular papers and 8 late news papers to be
presented at the conference. In addition to the submitted papers, there was a plenary
session with three invited speakers.

The papers from the plenary session are in Chapter 1. The submitted papers are
arranged in the remaining seven chapters. The late news papers are included in the
chapters dealing with their subject. As an example, the work on quantum well
structures is included in the chapter with that name as well as the chapters on
high-speed devices, optical sources, characterisation and epitaxial growth. Readers
looking for papers on a particular topic are encouraged to explore chapters on related
subject areas.

W T Lindley



GaAs Symposium Award and Heinrich Welker
Gold Medal

The Gallium Arsenide Symposium Award was initiated in 1976. Candidates for the
Award are selected by the GaAs Symposium Award Committee from those who have
distinguished themselves in the area of III - V compound semiconductors. The Award
consists of $1000 and a plaque citing the recipient's contribution to the field. In
addition, the Heinrich Welker Gold Medal, sponsored by Siemens, is also presented to
the award recipient.

The 1976 Award was presented to Nick Holonyak of the University of Illinois for his
work leading to the development of the first practical light-emitting diodes and his
continuing research on III-V compound semiconductors. The second Award was
received by Cyril Hilsum of the Royal Signals and Radar Establishment (now at GEC
Research Laboratories) for his contributions in the field of transferred-electron logic
devices and the advancement of GaAs MESFETs. In 1981 the Award and Medal were
presented to Gerald L Pearson, Stanford University, for his research and teaching in the
field of compound semiconductor physics and new device technology. In 1982 the
Award and Medal were presented to Herbert Kroemer, University of California at
Santa Barbara, for his contributions to hot-electron effects, the Gunn Oscillator, and
III - V heterojunction devices including the heterojunction laser. The 1984 Award and
Medal were presented to lzuo Hayashi (now at Optoelectronics Joint Research
Laboratories) for his contributions to the development and understanding of room
temperature operation double-heterojunction lasers. In 1985 the recipient was Heinz
Beneking, Technical University of Aachen, in recognition of his distinguished
contributions to the development of I1l - V compound semiconductor technology and
new structure devices.

At this conference, the 1986 GaAs Symposium Award and Medal were presented to
Alfred Y Cho, AT&T Bell Laboratories, for his pioneering work in the development of
molecular beam epitaxy and his contributions to I II-V compound semiconductor
research.
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Alfred Y Cho is Head of the Electronics and Photonics Materials Research Department
of AT&T Bell Laboratories, Murray Hill, New Jersey. He received a BS, MS and PhD
in Electrical Engineering from the University of Illinois in 1960, 1961 and 1968,
respectively. He joined AT&T Bell Laboratories in 1968 where he pioneered the
development of molecular beam epitaxy (MBE). He has published more than 200
scientific and technical papers and holds 27 patents related to MBE. His original work
included observation of surface reconstruction during crystal growth. He also defined
the Ga- and As-stabilised surface structures of GaAs which led to the first con-
struction of a surface phase diagram. Other topics include the first demonstration
of an MBE superlattice structure, the first application of MBE to microwave devices,
such as FETs, Mixer and IMPATT diodes, and the fabrication of optical devices, such
as the laser, LED and photodetectors.

Dr Cho was elected to membership in both the National Academy of Sciences and the
National Academy of Engineering. He is a Fellow of the Institute of Electrical and
Electronics Engineers and the American Physical Society. He was the recipient of the
Electrochemical Society Electronics Division Award, the American Physical Society
International Prize for New Materials, and the IEEE Morris N Liebmann Award.
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Young Scientist Award

The International Advisory Committee of the GaAs Symposium has established a
Young Scientist Award to recognise technical achievements in the field of Ill-V
compound semiconductors by a scientist under the age of 40. The award consists of
$1000 and a plaque citing the recipient's contributions. The first Young Scientist Award
was presented at the 1986 Symposium to Russell D Dupuis for his work in the develop-
ment of organometallic vapour phase epitaxy for Ill - V compound semiconductors.

After earning his PhD in Electrical Engineering in 1973 at the University of Illinois
at Urbana-Champaign, Russell Dupuis joined the Semiconductor Research and
Development Laboratory of Texas Instruments in Dallas, Texas where he worked on
liquid-phase epitaxy of GaAs and GaP for LED's. He joined the Electronics Research
Division of Rockwell International in 1975 where he worked on MOCVD of GaAs and
AlGaAs for lasers and solar cells. In 1979, he joined the Solid State Electronics
Research Laboratory of AT&T Bell Laboratories. He has continued his work on
MOCVD growth of I Il - V compound semiconductors, including GaAs, AIGaAs, InP,
inGaAs and lnGaAsP materials. He was promoted to Distinguished Member of the
Technical Staff of Bell Labs in 1985. For his work in developing the MOCVD process,
he was given the IEEE Morris Liebmann Award in 1985.
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Atomic layer epitaxy

H. Watanabe and A. Usui

Fundamental Research Laboratories, NEC Corporation
1-1, Miyazaki 4-chome, Miyamae-ku, Kawasaki, Japan

Abstract. Atomic layer epitaxy (ALE), a new growth technique with control at
te monolayer level, is reviewed with reference to the importance of the degree

of surface coverage (0) of the adsorbed vapor species. In ALE growth of GaAs
using a metal chloride (GaCI) process, 0 is observed to be unity and insensitive
to the GaCl partial pressure and substrate temperature. A similar result is
obtained in ALE growth using a metalorganic source such as Ga(CH 3)3, but
under more restricted conditions. We call these ALE processes "digital
epitaxy" because precise control of analogue parameters such as pressure,
temperature and growth time is not required. In comparison with MBE and
MOCVD, ALE offers advantages of greater thickness uniformity, fewer
surface defects, less edge growth in selective epitaxy, and monolayer control in
sidewall epitaxy. The electronic properties of GaAs grown by ALE are also
discussed.

1. Introduction

Various kinds of multilayer structures requiring monolayer-level control have
been proposed for high speed or optical devices. At present,these devices are
discussed in discrete forms but, they will be eventually integrated to higher
performance functional ICs. Atomic layer epitaxy (ALE), originally proposed by

untola et al (1980), seems to be attractive as an epitaxial technique to make
such monolayer-level controlled IC wafers because of its potentially unique
characteristics.

The present paper describes (1) the principle and the current status of GaAs ALE
with reference to the importance of the degree of surface coverage (8) of the
adsorbed vapor species, (2) the proposal of the novel idea "digital epitaxy", (3)
unique advantages of ALE over MBE or MOCVD, and (4) some electronic
properties of GaAs grown by ALE.

2. Principle and review of GaAs ALE

A general review was recently made for ALE of Il-VI and ll-V compounds
(Goodman and Pessa 1986). Therefore the present paper focuses on such topics as
GaAs ALE (including the latest papers) and concentrates on the study of the
surface coverage kinetics and also unique advantages of ALE.

Figure I shows a single sequence in GaAs ALE. An essential point in ALE is the
alternative supply of two kinds of source gases, such as trimethylgallium (TMG)
and AsH3 (Nishizawa et al 1985, Bedair et al 1985, Doi et al 1986a, Mori et al
1986), triethylgallium (TEG) and AsH3 (Nishizawa et al 1986, Kobayashi et al
1985), or GaCl and AsH 3 (Usui and Sunakawa 1986a, 1986b). Although
adsorbed vapor species in step I have not been identified, they are considered to

© 1987 lOP Publishing Ltd
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step 1 step 2 step 3 step 4 step 5

TMGor G&CO reaction
adsorption purge with AsH3  purge =step 1

"%

L .... -I - III

Fig. 1 Sequence of GaAs ALE

be organic gallium radicals containg mono- or di-methyl molecules in TMG-ALE
(Nishizawa and Kurabayashi 1986, Tischler and Bedair 1986, Bedair et al 1986).
In GaCI-ALE, it is believe that the GaCI source gas is directly adsorbed on the
substrate surface on the basis of the growth kinetic studies of GaAs chloride
transport VPE (Shaw 1975 , Cadoret and Cadoret 1975). A crucial factor in ALE
as a monolayer-accurate growth method is the surface coverage (0) of the
adsorbed vapor species. The surface coverage after the purge process (step 2)
must be kept unity in order to achieve the monolayer abruptness. Since no direct
measurement has been made of the surface coverage after (or before) the purge
step, we estimate the surface coverage from the grown thickness per single ALE
cycle, i.e. the total grown thickness divided by the number of ALE cycles.

Figure 2 shows grown thickness per cycle as a function of the partial pressures of
TMG, TEG and GaCl source gases. In TMG-ALE by Nishizawa et al (1985) (they
call it MLE: molecular layer epitaxy) growth was carried out in vacuum
chamber, while all the other ALE works were done in H2 carrier gas CVD
systems at total pressures of 760 Torr (Tischle.', Doi, Usui), 90 Torr (Kobayashi)
and 100 Torr (Mori). Tischler et al used a type of reactor whose substrate holder
makes it difficult to determine TMG partial pressure over the substrate, which,
therefore, is plotted as half of that in the TMG inlet.

0 6 - a*"100)

.5 5 TEG 450 C

34 1Gi- c
U 0 .I . . . .I L , . I , , ! . .

1MG TW 630 C
3 fl50~ CrwlI 2.83 A 1G 1r" 400 C GaU-5

01 It t ... to '1o'5 'Its 1*o 10' 10" 107  106  10 10' 103  102

1P3 P ouwe of 1WMTG d GO (Mlm)

Fig. 2 Source gas pressure dependence of ALE growth

Nishizawa et al observed that grown thickness per cycle saturates to a value
smaller than the monolayer thickness of 2.83A. This may be due t. insufficient
supply of Asl13 in step 3. By increasing the AshI3 partial pressure it
approaches 2.83A. Similar saturation was observed in ALE by Tischler et al. As
discussed by Nishizawa and Kurahayashi (1986) and Tishler and Bedair (1986)
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there must be a self-limiting process in TMG-ALE, but the saturation seems to be
not perfect. A similar result is also obtained by Mori et al (1986).

Doi et al (1986a) found that no growth takes place if the substrate temperature is
lowered to 400°C. They irradiated the substrate with an Ar-laser light to
enhance the TMG decomposition on the surface, and obtained a cycle thickness of
2.83A. They explained their series of experiments that Ar-laser light decomposes
TMG to gallium atom at limited surface sites (arsenic sites) which are decreased
with increase of adsorbed gallium and no more decomposition nor radical
adsorption occurs after the complete monolayer coverage of gallium atoms. They
named this particular ALE process "SME by SL-MOVPE" (stepwise monolayer
epitaxy by switched-laser MOVPE).

TEG-ALE by Kobayashi et al (1985) exhibits no saturation in the growth
thickness per cycle indicating the absence of the self-limiting mechanism. TEG
is thermally unstable, and homogeneous pyrolytic decomposition by the P-
elimination mechanism starts at 3000C or below (Yoshida et al 1985). No stable
adsorbed radical is generated after TEG decomposition, which leads to adsorption
of gallium atoms on gallium atoms, resulting in 0> 1.

Usui and Sunakawa (1986a) carried out GaCl-ALE and observed no GaCl
pressure dependence, from which they conclude that GaCl adsorption is very
stable, and no decomposition, hydrogen reduction of adsorbed GaCI, or adsorption
on GaCl takes place, resulting in unity coverage of GaCl.

3. Surface coverge in ALE
a. Adsorption mechanism

The depenedence of the surface coverage (0) of adsorbed vapor species on its
partial pressure (P) has been interpreted by several different formulae such as
Henry's Eq. 0aP, Freundlich's Eq. OPl/n (n: integer), or Langmuir's Eq.

0 = KPI(1 +KP) , .......... (1)

where K, the adsorption constant, is a function of temperature T. We assume
that the grown thickness per single ALE cycle is equivalent to the surface
coverage in step 2 in Fig. 1. The experimental curves in Fig. 2 seem to be well
explained by one of these formulae. In order to determine which adsorption type
is applicable to the above experiments, temperature dependences are studied and
summarized in Fig. 3.

12
.P GaAs(100)
U

.2 I10

uTEGTM

o 1h,,.. ,M,

200 00 00 OOX 0022 63 A G&EGCb*0

200 300 400 500 600
Growth Temperature (C)

Fig. 3 Growth temperature dependence of ALE growth
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Unlike GaCi-ALE, all ALEs using metalorganic sources (MO-ALE) show
increasing 0 with T which is not likely in the normal adsorption types described
above, where the temperature increase causes reduction in surface coverage. We
can not use conventional simple adsorption equations for MO-ALE. Although
more detailed study is needed, we can say that in MO-ALE at least two processes
take place simultaneously on the substrate surface. One is the thermal
decomposition process, enhanced by a temperature increase, which forms not
only radicals but also atomic gallium. The other is the adsorption process where
adsorbed species (radicals or gallium atoms) are generated by thermal
decomposition, and hence the concentration increases with increasing partial
pressure of source gases (TMG) but saturates due to the limited adsorption site.
A consistent explanation for MO-ALE in Figs. 2 and 3 is possible in this way.

For GaCI-ALE we assume that GaCl adsorption obeys the Langmuir Eq. (1),
where 0 approaches unity by increasing P and becomes insensitive to not only P
but also temperature. The adsorption layer thickness measurement in chloride
transport GaAs VPE and the surface coverage calculation of GaCI by Cadoret
(1980) support the Langmuir mechanism. The fact that the grown thickness per
cycle exhibits no dependence on GaCl partial pressure and growth temperature is
well explained by Eq. (1) in the limit KP > > 1.

b). Coverage calculation
Adsorption constant K is expressed by

A)! + TAS
K= exp(- ) ,RT

where AH and AS are enthalpy and entropy changes due to the adsorption, R the
gas constant. We assume that AH of GaCl adsorption is 35.2 Kcal/mol (Cadoret
1980) or 55.7 Kcal/mol (Korec 1982) , and AS is enthalpy change from vapor to
liquid, 22 cal/deg. At 450'C, K=6.3X105 (Cadoret) or 1.1X1012 (Korec).
Therefore, we obtain 1-0=2X10-3 (Cadoret) or 1X10-8 (Korec) when GaCl
Fressure is 1 X 10-4 atm. Although the assumptions used here must be discussed
urther, we believe that the GaCl coverage is more than 99%, which is also

supported by extrapolating the result by Theeten and Hottier (1976).

4. Cycle speed in ALE
One of the disadvantages in ALE is the slow speed of a single cycle. In Table 1,
calculated impinging rates (Ri) of TMG, TEG or GaCI in ALE experiments are
shown. Degrees of excess supply, Ri-t/Ns, are fairly large in all ALE works where
t and Ns are the exposure time and surface lattice sites of GaAs (100), 6.4X 1014
cm- 2 , respectively. This calculation suggests that we can reduce the exposure
time, at least, by 1-2 orders of magnitude. However, because of the mechanical
limit of gas valves or the substrate transfer system and also because of the limits
of adsorbtion speed in step 1 and reaction speed in step 3 in Fig. 1, it seems

Impmgng rate Exposure

Gas atmosphere R. R. t NS

(molecules Cm s.c) (secod)

N,.sh2awa *t alo 0 1

1 TMG vacuum 2.0.10 -3.9.10 4 0.12- 25

KobalaSh, * I,
:t al TEG 90 Tort ", 3.110 -2.2.10 1 50 - 350

0o, a 1 al TMG 76 To, H., 5.5m10-2.5.10" 1 8 - 4000

US., @ at12000
Us*e l Gadl 760 To, H;, 1.3.1o0- 1.3.10 6

1986 - 120000

Table 1 Impinging rate in step 1 R. a i v z it4. '-'L 2

= re~~~mini~~ %"Mliima f'i
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difficult to reduce the ALE cycle to less than 1 second. 1 second per monolayer is

equal to conventional MBE or MOCVD growth rates.

5. Digital epitaxy

As discussed in Section 3, the surface coverage of adsorbed species is usually a
function of the substrate temperature and the partial pressure of the adsorbed
species, and, hence, we need precise controls of the temperature, the pressures
and the flow rates to obtain a desired thickness. On the other hand, under the
particular conditions in Figs. 2 and 3, the grown thickness per cycle is not
dependent on source gas pressure and growth temperature and is equal to a
monolayer thickness. Total thickness is determined only by the number of ALE
cycles, and no control of the partial pressures or the growth temperature is
required. ALE is classified to analogue and digital ALEs.

Analogue ALE: 0 = f(T, P, flow rates)
Digital ALE: 0 * f(T, P, flow rates)

We need digital ALE with 0=1. Digital ALE with 0<1, which is realized when
an adsorbed species is so large that it covers more than one lattice sites, is less
useful because a grown interface has no atomic abruptness.

Since growth time is irrelevant in determining the grown thickness, now we are
free from the requirement to control any analogue quanties and, hence, ALE
under this particular mode (digital ALE) can be called "digital epitaxy"
(Watanabe 1986, Usui and Sunakawa 1986c). Doi et al (1986c) also call their
SME by SL-MOVPE digital epitaxy. The advantages of ALE described below are
particularly clear under the digital epitaxy condition. As shown in Figs. 2 and 3,
the range of source gas pressure and growth temperature to assure digital
epitaxy is remarkably wide in GaCI-ALE as compared with TMG-ALE.

6. Advantages of ALE

a Accurate thickness control and reproducibility
The grown thickness in digital epitaxy is simply determined by the number of
ALE cycles. No precise control of temperatures, pressures, flow rates or growth
time is required. Furthermore, no careful design of reactor, especially the
substrate holder and its surroundings, is necessary even for a multiwafer
epitaxial reactor. This situation is of particularly significance in mass-
production of multiple large wafers with a high reproducibility.

b) Excellent thickness uniformities 0.6
Thickness nonuniformity in
conventional CVD is caused by the T-AU Ts = soo'c
non-uniform boundary ayer
distribution along the flow
direction and also by the depletion 0.4

effect of the source gases. MBE I
needs substrate rotation to
minimize inhomogeneous flux
distributions. In ALE, the growth o. 2 =O70'
rate is not influenced by these ITsf=OOC
parameters and hence in principle (3s 0) s -l
uniformity must be excellent, 3_ _______

independent of the susceptor 0

structure, flow pattern or flux 0 2 4
distribution. This is confirmed in ss OcUee( i

MO-ALE on a 3-inch substrate by
Mori et al (1986) as shown in Fig. 4. Fig. 4 Thickness uniformity by TMG-ALE
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Because of the very narrow space between substraie and reactor wall, the non-
uniformity in the conventional MOCVD mode is particularly large. However, by
simply switching to ALE mode, i.e. switching from simultaneous to alternative
supply of TMG and AsH 3, the non-uniformity is drastically improved. No
fluctuation is obse-ved within experimental error in the ALE mode, which
supports the growth kinetics explained above.

c) Mirror surface of grown layers
ALE process in the digital epitaxy mode offers high quality mirror of grown
surface. No additional surface texture is observed after ALE growth. No
terraces, hillocks, or oval defects are developed during digital epitaxy. This is
confirmed for the substrate orientations of (100), 2* off (100), (511), (211) and
(111) A,B (Usui and Sunakawa 1986a). This is explained as follows. Because the
lattice sites are completely occupied with the adsorbed species (GaCI), the
adsorbed species are unable to migrate and aggregate, causing a irreqularity.
GaAs decomposition is negligibly small at low temperatures of 400-500°C.

d) No edge growth in selective epitaxy
Selective epitaxy, growth through the window of a SiO 2 mask on the substrate,
has been adopted for several reasons, for instance, to reduce source and drain
contact resistances in GaAs FETs. In conventional epitaxial methods, the
growth rate in the window is enhanced and determined by the window area. This
is due to the reactant flow from the mask surface to the window area. Figure 5
shows optical photographs of selective epitaxy of source and drain regions (white
areas) in a GaAlAs/GaAs 2DEG FET (Miyamoto et al 1986). Edge growth or
facet development are frequently observed in conventional selective epitaxy by
VPE. GaCi-ALE in the digital epitaxy mode solves these problems. Mirror
surface without edge growth nor facet development are seen in ALE. Grown
thickness in selective epitaxy is readily controlled by the number of ALE cycles,
independent of the window area.

GaCI-ALE Hydride VPE

Fig. 5 Selective epitaxy of source and drain regions of GaAs 2DEG FET

e) Sidewall epitaxy
In GaCI-ALE, it was confirmed that a single ALE cycle offers a monolayer growth
on (111)A,B, (211) and (511) as well as (100) (Usui and Sunakawa 1986a).
Therefore, epitaxial growth at the monolayer level on sidewalls of a structured
substrate such as shown in Fig. 6, is possible if the source gas partial pressure is
sufficiently high for the coverage to be unity on all exposed surfaces of the
fabricated substrate. By carrying out such sidewall epitaxy on a previously
processed epitaxial multilayer wafer, we can obtain three-dimensionally confined
low-dimension structures for use in novel devices. This is difficult to obtain by
MBE or MOCVD.
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Mask

Fig. 6 Sidewall epitaxy

7. Electronic properties of GaAs layers grown by ALE.

a) MO-ALE
GaAs epitaxial layers grown by ALE with metalorganic source gases frequently
show p-type conduction. Hole concentrations are 1017 -101 9cm-3 with
mobilities of 60-200cm 2/vsec. (Nishizawa et al 1986, Doi et al 1986b). To obtain
high purity n-type layers, Kobayashi et al (1985) introduced a small amount of
AsH3 during the TEG-exposure step (step 1 in Fig. 1). They call this technique
FME (flow-rate modulation epitaxy). They succeeded in growth of n-type
materials having carrier concentrations of 1014-1016cm- 3 and mobilities at 77K
as high as 4.2X 104 cm2/vsec. They also successfully obtained a modulation-
doped structure with a 2DEG mobility of 7 X 104 cm 2/vsec at 6K. Additional
AsH 3 introduction during TEG suppresses carbon contamination and explains
the excellent properties (Makimoto et al 1986)

b) Chloride-ALE
The best among GaAs grown by GaC1-ALE is n-type with carrier concentration of
6X1015 cm- 3 and mobility of 1.6x 104 cm 2/vsec at 77 K, where
photoluminescence at 5 K suggests carbon acceptor compensation (Matsumoto
and Usui 1986). A striking fact is that this sample shows no electron trap signal
in DLTS within the detection limit of IX 1013 cm- 3. (N. Iwata 1986). The major
electron trap EL2 was not detected in this ALE sample. It is in remarkable
contrast with conventional VPE or MOCVD samples which exhibit EL2 in the
concentration range of 10 14 -10 15cm- 3 . When the GaCl coverage is not perfect,
for example 1-0=10-6, and arsenic atoms occupy these vacant sites, antisite
arsenic (AsGa) concentration becomes as high as -1016 cm- 3. It has been
frequently said that As(-, acts as a deep donor defect EL2. The absence of EL2
signal in DLTS measurement means that (1) the GaCl coverage is almost perfect
(1 -0<10-9), (2) arsenic atoms are hardly incorporated to GaCl vacant sites, or
(3) the EL2 defect does not have a simple form of AsGa but rather it is a complex
defect (EL2 family) as proposed by Ikoma and Mochizuki (1985). Further defect
study using ALE samples will aid in the identification of El,2.

8. Summary

Atomic layer epitaxy of GaAs is reviewed with emphasis on the surface coverage
of adsorbed species. A digitaJ epitaxy concept is proposed for ALE under the
particular condition where grown thickness is insensitive to any analogue
quantities such as source gas pressures, growth temperature and growth time,
and is determined only by the digital quantity ALE cycle. Several advantages of
ALE, especially as digital epitaxy, are demonstrated. These advantages will be
particularly useful for obtaining large diameter IC wafers containing monolayer-
level-controlled, three-dimensionally-confined devices. Some preliminary results
of electronic properties of the GaAs gr.,%'n by ALE are discussed.
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Impurity-induced disordering and its applications in optoelectronics
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Abstract. The technology and applications of impurity-induced disordering have been
rapidly advancing. Many different impurities, as well as vacancies, have proven capable of
enhancing the disordering. So far, three different approaches - diffusion from the surface.
ion implantation, and doping during epitaxial growth - have been used to introduce the
impurity source. High performance devices have already been demonstrated using either Zn
or Si as the impurity. Ihese results demonstrate clearly that impurity-induced disordering
will play a key role in future integrated optoelectronics.

1. Disordering Mechanisms

In the fie )ears that hase elapsed since the first demonstration of the phenomenon of impurity
induced disordering (11)) (1 aidig et al 1981b) and the obvious implication to integrated
optoclectronics (Holonyak ct al 1981), considerable effort has been devoted to studying and utili/ing
this effect. It is becoming increasingly apparent that the effect is an almost unisersal one, being
observed in a wide sariety of lll-, alloy systems as well as being induced by a wide variety of
impurity species. Studies hasc hcen carried out using surface diffusion, ion implantation and doping
during epitaial growth. [he results of this work indicate that the mechanisms are at least as
complicated as the technique is universal. 1i1) is especially attractive because it significantly
enhances the disordering compared to thermally induced disordering (Chang and Koma 1976.
Fleming et al 1980, Laidig et al 1981a and 1982). although thermal annealing has been used
succssfull, to modify the waelength of the laser emission (Camras et al 1983, Meehan et al 1983
and 1984).

Numerous studies have been performed using surface diffusion of impurities to facilitate 1l1). In
Table I are indicated some of the conditions that were first used in order to achieve 1i1) in a variety
of III-V materials. Of particular interest is the work demonstrating disordering on the column V site
i.e.. GaP/GaAs, P and lnP/Ga In As I  P. This work illustrates that the disordering
phenonema are not unique to the column Ill site species. In the InP/Ga - YnAs, 5P, material
system. it is possible to achieve disordering etficts on both sites by using the appropriate annealing
temperature range. In this %%ork disordering first occurs on the column III site at temperatures
between 450-550 C. shifting the photolurninescence to a lower energy. At higher temperatures of
550-7(X1 C. disordering on the ,.olmn V site Oc.urs. resuting in in increase in photoluminescence
energy.

In addition to atomic species. iacarcies on column Ill sites hasc' been used to effect disordering as
indicated in Fable 1. By providing a surface condition that allows Ga to be preferentially removed
from the surface of the crystal, an effective surface source of Ga vacancies was created, and
disordering as a result of this vacancy "species" diffusing into the crystal has been observed. The

c 1987 lOP Publishing Ltd
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IllV Mteral Impurity -T

III-V Material Species (C) First Reported
- II

Zn 500-600 LaidigW D et al (1981b)

Si 850 Meehan K et al (1984d)

AI.Ga1 xAs/AlyGa1 _yAs Ge 750 Kaliski RWetal (1985)

S 850 Rao E V K et al (1985)

Cu 700 Shimizu Netal (1985)

Vq 825-875 DeppeDGetal (1986)

GaP/GaAs._,P, Zn 825 Camras M Detal (1983a)

GaAs/n.Ga,_xAs(x-0 15) Zn 615-680 LaidigWDetal (1983)

ln Ga, _As/lnAI, yAs Zn 550 Kawamura Yet al (1985)

InP/Ga. l[nAs .P, Zn 450-700 Razeghi M (1986)

Table I A list of IlI-V structures along with the corresponding impurity species
and temperature conditions in which impurity induced disordering via
diffusion was first reported.

combination of vacancies with other diffusing species can enhance [li). For example Si diffuses
more rapidly when excess arsenic is present (Kavanaugh et al 1985) and ( Omura et al 1986). The
excess arsenic is a mechanism for providing Ga vacancies which enhance the Si diffusion.

Ion implantation his also received considerable attention as a method for introducing the disordering
species. Implantation is advantageous because it permits use of species for which there are no surface
diffusion sources. lable 2 contains a list of the wide ariety of species that hae been implanted
followed by heat treatment in disordering studies in the AIGaAs alloy system. As can be seen.
disordering has been observed not only with common dopants such as Si, Zn lie, Mg and Se. but
also with imp)anted lattice constituents such as Ga, Al, and As. and even with non-electrically active
species such as Kr. The process of implantation is complicated greatly by the issue of implant
damage, which may create disordering of its own as well as interfere with the diffusion kinetics of
the implanted species which is intended to disorder. thereby hocking the disordering process. Heat
treatment after implanting plays a significant role in implantation disordering. In one study it has
been observed that concentrations of 3xl018/cm- are required for Si implant disordering (Kohavashi
ct al 1986). whereas other workers (Guido et al 1986a) hase observed disordering at lower
concentrations under different conditions. Recent work has resealed that diss)rdering is suppresed
not only by defects, but also by the presence of additiinal implanted species. Be has been shown to
suppress disordering due to Ge when both species are introduced by ion implantation and to cause
disordering when implanted alone. Uo complicate matters even further, these disordering suppression
effects have a dependence on the order in which the two species were implanted (Venkatesan et ,i
1986b). Ihe fact that other workers (Ralston J et al) obtain different results for le as a disordering
species is an indication that all relevant process parameters have not yet been fully characteri/ed. All
of these observations suggest an interplay of several mechanisms at work in the disordering process.

)isordering with complex mechanisms has also been observed in strnctures that have been doped
during epitaxial growth. An AlAs-GaAs superlattice with uniform Si doping has been shown to hase
a threshold to disordering somewhere between 2 and 4x018/cm3 with annealing at 8(X)*C for 2
hours (Kawabe ct al 1994). Selectively doping only the GaAs layers in such a structure to
3xl0il/cml has also been shown to yield disordering of the entire structure when annealed at
temperatures above 650"C (Iwata et al 1985). Also the (Si2),(GaAs)i , alloy has been used as an
internal Si sosurce for alloy disordering (Guido et al 1986b). In addition, very promising results hae
been achieved by using laser scanning to enhance the Si diffusion process in a selectise. patterned
manner (Iplcr et al 1986). Again. the variations reported in the concentrations required to produce
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Ion -T
Ill-V Material Species (C) First Reported

Si 675 Coleman J J et al
(1982)

Zn 575 Camras M D et al

(1982)S 850

Al - 850 Gavrilovic Pet al

Kr 850 (1985b)

Al.Ga,. As/AlGai As Ga- 750 ilHrayama Yet al

(1985a)

B 750-800
F - 750-800 Hirayama Yet al
Ar- 750-800 (1985b)
As* 750-800

Be- "' 660
Bg- 660 Ralston J et alMg*• 660

Se- 660 (1986)

Be-
Ge* 850 Venkatesan T et al

Be *, Ge - (1986b)

Table 11 A list of IlI-V structures along with the corresponding impurity
species and temperature conditons in which disordering by ion implantation
followed by heat treatment was first reported. (1) indicates no disordering
observed.

the disordering effect vary due to the complex nature of the process. Similar to the work with lie
implantation previously mentioned, Ie has been shown to suppress disordering due to Si when both
species are dopants grown in multilayer structures (Kawabe ct al 1985). For example. Figure 1
shows that a region doped only with Si disorders as expected, while the superlattice structure
remains unaffected in a portion of the same material also doped with lxlO19/cm- of lie.

2. Device Applications

In the field of 1ll), device results have tollowed %cr, rapidlv on the heels of process development.
Although photopumped laser samples Aere lirst used to studs the quality of the disordered material
(Meehan et al 1984a). buried heterostructure lasers have received the most attention thus far. Ill) of
the active region stripe by Zn diffusion in AIGaAs multiple quantum well laser material (Meehan et
al 1984b) and AIGaAs single quantum well material (Fukuzawa ct al 1984) resulted in the first
device applications of ll). prompting extensive investigation (Nakashima et al 1985a) and (Semura
et al 1985a and 1985b) into this system for the realization of an easily fabricated laser source with
low threshold and high efficiency. Laser devices with thresholds as lov, as 20mA have been reported
b these techniques. Ihese devices were typically fabricated on p-type substrates, in order to simplify
device contacting after performing the p-type /ine disordering diffusion. Oxide isolation stripes
required fiir very narrow stripe widths resulted in a relatively comp!icated desice process.

In 1983. a technique was demonstrated for diffusing Si into GaAs from a thin film source ot
elemental Si (Greiner et al 1984). ['his technique was quickly exploited to achieve Ill) (Mehan ct il
1984d). and buried hetrostructure lasers using Si-II were demonstrated (Meehan ct al 1985a and
1985b). Figure 2 shows an SEM cross-section of a buried heterostructure stripe formed by Si Ill).
These devices offered the potential advantage of utilizing the more typical n-type GaAs substrate in
their fabricaion. In addition, techniques have been developed to fabricate extremely narrow stripes
without correspondingly high resolution lithography. As a result, threshold currents as low as 1.5-
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Fig. I Auger profile of Ga in the superlattice doped with Be and Si. Doping
profiles are shown above the figure. (a) is the as-grox~n and (b) is after
annealing at 780 C for 2 h (Ka~abe et a] 1985).

;mA has~e been achiesed (lkvppe et A1 1985) and ( I'homnton et al 1985). In addition, these devices
hase been shown to he capable of high efficiencies (lhornton et al 1986d) as well as long life
11 Ibornton et al l'486b) I he data indicates that useful deu ce lifetimes in the tens of thousands of
hours LIan be achie%ed.

Ihe relata'.c suI[Eailih of' /n aind Si for the purpose ot' Ill) has also been studied I Ihornton et al
1986Li. Ibis stuid - obsersed that the process using /n has thc adsantages of' lower diffusion
temperature. shorter diffusion time and better characteri/ed properties of /n diffusion. 'he silicon
diffusion pflmess has the ad%atttages of lower carrier concentraiiin required to produce disordering,
mire abrupit interface transitions hetmeen ordered and disordered material, and compatibility with n
ty.pe substrates. I-or specific de\ ice applicationts. one or the oilher of these species may he preti~rredl.
['he buried heterosinicture laser deuIce Lan easi[Y he extended ito its high power array analog. he
optical haveguiding is sutlictentl% Ntrong such that xer closel spaced stripes remain uncoupled
4 1Ihornton et Al 1986a). hut %arthous mechanisms may he intriiduced into these sitructures to induce
phase-locking (Gasrilosic et al 1985a).

[he simplicity of ion implantation compared ito diffusion has encouraged the extensive mestigation
of implantation disordering desc ribed ahose. Iio date. howeser. the applications of these techniques
to) ds i(c fabrication are tlew. Si in implantation has been used to make buried heterostructure
lasers in the AlGaAs system (Gasrilosic et al 19h5c). and /n ion implantation has been used to
make electroluminescent diodes in the llnGa)As/GaAs strained layer superlatic system (Myers et Al
1986). Results. however. have not yet reached the same lesel of device performance as by

c(,nvenfioinal diff'usion. partly because very high implant energies. typically several Me%. are required
to reali/c the deep implants necessary to achieve the potentially simple dcvice fabrication. he

Fig. 2 S1F.1 cross-section of a portion of a heterostructure array laser
fibricated by impurity induced disordering. 1-ach filament is 3.2 j~m wide.
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lattice damage resulting from high energy, high dose implants into a complex Ill-V cr~stal lattice
structure (Gavrilovic et ali 1985b, Guido et al 1986a, KinlloN et al 1986. Matsui et Al 1986. Ralston et
al 1986, Schwarz 1986a and 1986b. and Venkatesan et al 1986a) are difficult to anneal out.
Nevertkiela& the great deal of effort in this area will no doubt prose fruitful in this extremely
promising technique.

In addition to the buried heterostructure laser, 1ll) has been alsoi utilized to fabricate Iransverse
Junction Stripe ('[iS) lasers with improved performnance (Nang CL at 1986). Figure 3 shows, a sketch
of the structure for a recently demonstrated Zn-Ill) 'I S laser. which gains improved performance
from the disordering of the active region to reduce carrner diffusion away from the Active portion of
the multiple quantum well active region. Ibhis device has the significant advantage of being realiz.able
on a semi-insulating t ' pe substrate, lending itself much more readily ito intcgrauoin with present
GaAs integrated circuits.

Activ. Region >' Fig. 3 Schemaitic diagram of a transverse
junction stripe laser fabricated by Zn impurity

/ induced disordering (Yang et al 1986).
A10sGa0_As:Si (1O"Icm')

GaAs semi-insuating subsrate

40
Z
L 3 -Deep Zn Diffusion

32 ~--- Shallow Zn Diffusion-
24 a Si Diffusion

0~ 16 ---------------

wJ 8V
X a a 3

00 20 40 60 s0 100 '120

WINDOW REGION LENGTH (Ium)

Fig. 4 Variation of threshold current with
window region length for zinc INakashima et al
1985h) and silicon (Thomrton et al 1986d)
disordered window laser deo ices.
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Another type of device which has received some attention from the ll) technique is the window
laser (Yonezu et al 1979). Designed for high optical output power per unit area of the emission
facet, the window laser minimizes absorption at the output facet by making the material at the
cleaved facet have a bandgap wider than the emission energy of the laser cavity. These devices have
been successfully fabricated by both Zn (Laidig et al 1984. Suluki et al 1984. Semura et al 1985a
and Nakashima et al 1985b) and Si (hornton et al l986d) II). Due to the higher carrier
concentrations required to achieve disordering with Zn. propagation loss due to free carrier
absorption in the window regions becomes an increasingly significant problem. Figure 4 shows a
comparison of the increase in threshold with window region length for Zn and Si window laser
structures. The effects of free carrier ahsorption on .n-diffused window lasers are clearly evident in
this data. Both deep (strongly disordered) and shallow (weakly disordered) Zn window lasers are
shown bro comparison. I he Si disordered des ices show no significant tendency towards increasing
threshold current with increasing window region length, reflecting the low carrier concentration and
low free carrier absorption level in thi, structure.

[he effe-ctiveness of St Ill) in the creation of the window region is shown in figurc 5. where the

Sw,-5O iii

i..

Fig. 5 L.ight versus current charactenstics for a
typical control device and a typical window ,WLO So Pm
device dnsen to their catastrophic limits, as well -
as an antireflection coated device that does not c.o
exhibit catastrophic damage up to 2.1 %hatts
(Thornton et al 1986d). r- WLOin

1.0 2.0 3.0 4.0 5.0

CW CURRENT (A)

light versus Current charactenstics for a control device with no window facet, an uncoated window
facet. and a window facet with a quarter wave facet coating are shown. As can be seen, the laser
with a window region exhibits a catastrophic facet damage level which is 2.3 times higher than the
non-window device. Even more importantly, the coated facet window laser device does not exhibit
catastrophic damage even up to 2.1 watts cw from a 100lm aperture. The power limitation on this
device is no longer catastrophic facet damage, hut thermal effects due to the !arge heat dissipation in
the device. [hus it can he seen that Ill) techniques can dramatically improve the high power
performance of these devices.

In conclusion, there is a tremendous amount of research yet to be done i6 the field of Impurity
Induced )isordering. ['he allo systems to be disordered, disordering species, and device applications
are all receiving a great deal of attention. Ihe field promises to provide many revolutionary
processing techniques to the world of III-V semiconductors.

I'he authors gratefully acknowledge the technical assistance of H. Chung. R. l)onaldson. F. Endicott.
N. Matnier. W. M(osby. S. Nelson. I). Taylor. T. Tjoe, and 1). Trs-at of Xerox PARC.
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resonant value in a time much smaller than the scattering time. In the opposite
case instead the build-up time of the wave in the Fabry-Perot (f i/intrnsic
resonance width) is long compared to the scattering time, so that collisions tend
to randomize the phase of the wave function and prevent the resonant
enhancement of the transmission.

Recently. Reed et al (1986) showed that the replacement of AIGaAs in the
barriers with an AlAs/GaAs superlattice with the same average composition
considerably improves the IV characteristics of RT diodes, by making it
symmetric. Nakagawa et al.. (1986) have also reported RT in triple barrier
diodes.

1.2 Resonant Tunneling Bipolar Transistors

The physical picture of coherent RT has lead to a design strategy intended to
optimize the Fabry-Perot resonator conditions. In particular. Davis and Hosack
(1963) and Ricco and Azbel (1884) pointed out that achievement of a near-unity
resonant transmission requires equal transmission coefficients for both barriers at
the operating point - a condition not fulfilled for barriers designed to be
symmetric in the absence of an applied field. To counter that, a RT structure
was proposed by Capasso and Kiehl (1985) in which a symmetric DBQW was
built in the base of a bipolar transistor, and the Fabry-Perot conditions were
maintained through the use of minority-carrier injection (Fig. I and 2). Thus,
this novel geometry maintains the crucial, structural symmetry of the double
barrier, allowing near unity transmission at all resonance peaks and higher peak-
to-valley ratios and currents compared to conventional RT structures. Both
tunneling and ballistic injection in the base are considered (Fig. I and 2).

Shortly after this initial proposal. Yokayama et al. (1985) reported the low
temperature operation (70 K) of a unipolar RT hot electron transistor (RHET)
112]. This structure contains a double barrier in the emitter.

Recently, we have demonstrate(] the room temperature operation of the first RT
bipolar transistor (RTBT) (Capasso et al. 1086 b). The band diagram of the
transistor under operating conditions is sketched in Fig. 3. along with a
schematics of the composition and doping profile of the structure (bottom). The
DB consists of a 74 A undoped GaAs QW sandwiched between the two undoped
21.5 A AlAs barrier and that the AIGa As graded emitter is doped to
:3xl0n'cm- 3. The portion of the base (AI 007 (;aO93As) adjacent to the emitter
was anodically etched off. while the rest of the base was contacted using AuBe.
These base processing steps are essential for the operation of the device.

There is an essential difference with respect to the previously discussed RT
transistors. These structures rely on quasi-ballistic or hot-electron transport
through the base. These schemes place stringent constraints on the design and
make it difficult to achieve room temperature operation due to ,he small electron
mean free path (<.500 at 3M0 K), since electrons that have suffered a few
phonon collisions cannot reach the collector. -The key to the present structure is
that electrons are thermally injected into and transported through the base, thus
making the device operation much less critical. This new approach has allowed

• ulnn n••Llnll UIlImml ll[ll Il
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us to achieve for the first time RT transistor action at room temperature.
Thermal injection is achieved by adjusting the alloy composition of the portion of
the base adjacent to the emitter in such a way that the conduction band in this
region lines up with the bottom of the ground-state subband of the QW (Fig. 3a).
For a 74 A well and 21.5 X AlAs barriers the first quantized energy level is E,
= 65 me V. Thus the Al mole fraction was chosen to be x = 0.07 (corresponding
to E9 = 1.521 eV) so that AEZEI. This equality need not be rigorously
satisfied for the device to operate in the desired mode, as long as E, does not
exceed AE, by more than a few kT. The QW is undoped; never-the-less it is
easy to show that there is a high concentration ( Tx10'1 cm - 2 ) two-dimensional
hole gas in the well. These holes have transferred from the nearby Al0 07Ga0 93As
region, by tunneling through the AlAs barrier, in order to achieve Fermi level
line-up in the base. Consider a common emitter bias configuration. Initially the
collector-emitter voltage VCE and the base current IB, are chosen in such a way
that the base-emitter and the base-collector junctions are respectively forward
and reversed-biased. If VCE is kept constant and the base current IB is increased,
the base-emitter potential also increases until flat-band condition in the emitter
region is reached (Fig. 3b left). In going from the band configuration of Fig. 3a to
that of Fig. 3b the device behaves like a conventional transistor with the collector
current increasing with the base current (Figs. 3a-3b right). The slope of this
curve is, of course, the current gain 3 of the device. In this region of operation
electrons in the emitter overcome, by thermionic injection, the barrier of the
base-emitter junction and undergo RT through the double barrier. If now the
base current is further increased above the value IBTH corresponding to the flat
band condition, the additional potential difference drops primarily across the first
semi-insulating AlAs barrier (Fig. 3c). between the contacted and uncontacted
portions of the base. since the highly doped emitter is now fully conducting. This
pushes the conduction band edge in the A10 07Ga 0 93As above the first energy
level of the well, thus quenching the RT. The net effect is that the base
transport factor and the current gain are greatly reduced. This causes an abrupt
drop of the collector current as the base current exceeds a certain threshold value
IBTt (Fig. 3c, right). The devices were biased in a common emitter configuration
at 300 K and the I-V characteristics were displayed on a curve tracer. For base
currents < 2.5 mA the transistor exhibits normal characteristics, while for IB>
2.5 mA the behavior previously discussed was observed. Fig. 4 shows the
collector current versus base current at VCE = 12 V, as obtained form the
common emitter characteristics. The collector current increases with the base
current and there is clear evidence of current gain (13 = 7 for Ic > 4 mA). As
the base current exceeds 2.5 mA, there is a drop in IC because the current gain is
quenched by the suppression of RT. Figure 5 illustrates the common emitter
characteristics at 100 K. It is apparent that in addition to the previously
discussed dependence of IC on IB (see Fig. 4), there is also a large negative
conductance in the I¢ vs VCE curve for base currents in excess of the threshold
value (= 4 mA at 100 K). This is easy to understand by noting that in order to
reach the band configuration of Fig. 3c and quench RT (at a fixed IB > IBTH) the
collector-emitter voltage VCE must be large enough for the collector-base junction
to be reverse biased and draw a significant collector current. Single frequency



20 Gallium A rsenide and Related Compounds 1986

oscillations (at 25 M! z, limited by thle probe stage) have been observed in these
devices when biased in thie negative conductance region or the characteristics.
One important advantage of this device compared to the RI-ET is that it has
much higher current gain in its "onl" state. Other FIT transistors have also been
proposed ranging from Stark effect RT's (Bonnefoi et aL. 1985) to quantum -,%Ire
unipolar FITs (Capasso and Luryi, 1985).

RT transistors are potentially very valuable for miany logic and signal processing
applications. These include new tilt rahigh-speed analog-to-digital converters,
parity generator circuits, high density memories using multiple valued logic
(Capasso. 1985).

1.3 Sequential Resonant Tunneling and Effective Mass Filtering in
Superlattices.

In a strong electric field in a su perlat tice til- iniiniband picture breaksdown when
the potential drop across thle sitperlat tice period exceeds the mi niband widthI.
When this condition is satis-fied t he quanit urii states becomle localized ill the
individual wells. In this limit anl enhanced elect ron current will flow at sharplN
defined %-allues of the external field, when thle ground1( state inl thle n-t h well Is
degenierate withI the first or second excited state in tile (n+ I)-thI well, as
illustrated in Fig. 6a. Und~er such conditions. tile current is due to electron
tun neling bet ween thle adjacent wells withI a subs-equent (le-excit at ion in the
,z-4 I )thI well, by eissionl of phionons. Ili ot her words, elect ron propagation

through thle entire superlat tice involves sequienitial FIT.

Experimient al difficulties inis o~n t his phenomenon are usually associated with
the noii-uniforinitv of thle electric field across the siiperlat tice and the
inst abilities generated by negative differential condtuctivit y. To ensure a stirictly
controlled and spatially uniformn electric field. (apasso et al. (1986 e) lplaced the
superlat tice in thle i region of a reverse- biased ju-i-t~ nnction. This
st ructutre allow.edl for the first timte to odbserve tile sequential lHT prelict ed by
Kazarinov and( Su ris (1972). Two NDl? peaks ob~served inl thle pliot ocurrent
characteristics. Fig. 7. correspond to thle resonances shown schiemat ically ill Fig.
8. For tilie Sequential IHl regime. Kazarinov and Sunis (1972) had p~redlicted the
possililitv of a laser action at thle ititer-suibbandl transitioni frequency - anl effect
not yet obse rved expje rimnttally* inl suiperlat tice (Fig. 61)). Anot her interesting
possib le applicationi of sequential UT'l is a narrow band (a few me\N) ir detector
which uses absorption between the first tw~o sl'bajids of t lie wells (Capasso et al.
1986). The applied volt age is smch tile first and seconid excited states of adjacent
wells are resonant. Thus thle jptotoexcited elect rotis t ujuel to thle nlearby well
and give rise to a P hotocuirreit.

('apasso et al. ( 1985a.b,). recettly reporte I tlie, observat ion of a *ew% ext reunely
large photoctirrent aiilificatiot. llieioueioti at very low voilt ages inl a
superlattice of Al 4s1iir,,As/(;a01 171l 0 -,3-_s inl thle qualat in coiiplittg regimec (35
A wells 35 A* barriers). Hoon tempera tire restotisivit ies at X = 1.3 pmn are
typicallY 2X J0.1 and 3(X) Am ps/~alt t. at 0.3 'oIt and 0.08 Volt s bias respectively.
while the highest measured value is *Ixl~l A/W. correspoundhing to a current gain
of 2xil0'. This effect. wihichi represents a new quantuiin type phtt~oitd netivit v. is
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caused by the extremely large difference in the tunneling rates of electrons and
heavy holes through the superlattice layers (effective mass filtering; Fig. 8).
Wheni thickness and compositional fluctualtions cause fluctuations in the subband
energies of the order or greater than the miniband width AE minihand
conduction cannot he sustained and hience conduction will proceed hy phonon-
assisted tunneling between adjacent w~ells, (hopping conduction). Since electrons
have a much smaller mass than holes, their tunneling rate between adjacent wells
is much larger (effective mass filtering). Photogenerated holes therefore remain
relatively localized in the wells (their hopping probability is negligible) while
electrons propagate through the superlattice (Fig. 8a). This effective mass
filtering effect produces a photocuri'cnt gain, given by the ratio of the lifetime to
the electron transit time. The gain strongly dlecreased with increasing
A10 481no5-2As barrier layer thickness and becomes unity when this exceeds 100
A . T1his confirms effective miass filtering as the origin of the large gain, since, as
the barriers are made thicker, electrons also eventually tend to become localized,
thus decreasing the tunneling probability and increasing the recomlbinlation rate.
The temperatunre dependence of the responsivity conclusiv~ lv confirmed hopping
conduInct ion.

For superlattices miade of thle samne two materials withI wider electron mninibands
(achieved by using thinner barriers) the elect ron transport is by mniniband
condluction. while holes are still localized (Fig. 8b). Such superlattice effective
mass filt ers will have a mumclh greater gaiii-band%%idt h p~roduct than the other kind
(Fig. Sa) due to the niuch shorter elect ron tranlsit timle.
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Improvement in the uniformity of electric properties of semi-insulating
3"0 In-mixed GaAs single crystal by high magnetic field applied liquid
encapsulated Czochralski technique

T. Kawase, A. Kawasaki, K. Tada
Sumitomo Electric Industries, Ltd.
1-3, Shimaya 1-chome, Konohana-ku, Osaka 554, Japan

Abstract. 3"; semi-insulating indium-mixed GaAs single crystals were
grown by vertical magnetic field applied liquid encapsulated Czochralski
technique. We found that application of a magnetic field strongly
affected solid-liquid interface shape, slip-dislocation length, indium
concentration distribution, and neutral EL2 distribution.

1. Introduction

The dislocation-frve semi-insulating LEC GaAs single crystals with large
diameter have been successfully obtained by mixing indium (Jacob et al.
1983, Kimura et al. 1984, Nakanishi et al. 1984, Tada et al. 1984). Some
authors have previously reported the effects of magnetic field application
on the impurity concentration and the electrical properties of GaAs single
crystal (Fukuda et al. 1983, Terashima et al. 1986a). Recently a notable
effect on carbon contamination with high magnetic field application has
been investigated by rerashima et al. (1986b).

We applied the high magnetic field in the growth of in-mixed GaAs single
crystals, and found the following effects: (1) reduction of the slip
dislocations propagating from the crystal surface, (2) improvement of the
uniformity in the distribution of indium concentration, (3) improvement
of the uniformity in the distribution of the neutral EL2 concentration,
[EL21 . In this report, we discuss the relationship between those effects
and the changes of the thermal environment in the melt, especially near
the melt surface, by applying magnetic field.

2. Experiments

3", -1001" oriented In-mixed GaAs single crystals were grown by vertical
magnetic field applied liquid encapsulated Czochralski (VMLEC) technique.
Ihe GaAs melts (about 3.6kg) including 1.6wt% indium were prepared from
GaAs polycrystals and metal indium in 6" pBN crucibles. The crystals and
the crucibles were counterrotated at rates of 5 rpm and 20 rpm,
respectively. The crystals were grown at a constant pull rate of 6.0 mm/h
under 15 % 25 atm nitrogen atmosphere. Magnetic fields were applied to
the melts up to 6000 Oe.

The solid-liquid interface shapes were observed by X-ray'topography. The
indium concentrations in the crystals were determined by inductively
coupled plasma atomic emission spectrometry (ICP) analysis. [EL2lwere
evaluated from the optical absorption at X = 1 Pm (Martin et al. 1980).
The infrared ray (IR) transmission images were observed by conventional

1987 1OP Publishing Ltd
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type IR apparatus and video image processing system (Katsumata et al. 1985).
The temperature gradients and the temperature fluctuations in the GaAs melt
without crucible rotation were measured by using W5%Re-W26%Re thermocouples
at three points aligned along radial direction of the crucible.

3. Results

Figure I shows the average vertical temperature gradient between deptns of
0 mm and 15 mm under the melt surface. Figure 2 shows the temperature
fluctuations at a depth of 15 mm. The average temperature gradient is low,
but also the temperature fluctuation is extremely large at the crucible
center at H = 0 Ge (H : magnetic field strength). In a higher magnetic
fields, the temperature gradient becomes higher, and the temperature
fluctuation becomes smaller at the crucible center. Temperature gradient
in the melt increases from 25°C/cm (at H = 0 0e) to 35°C/cm (at H = 3000 Oe)
at the center of the crucible. On the other hand, temperature gradient,
at a position of 40 mm apart from the center of the crucible, decreases by
applying a magnetic field. It follows from this fact that the turbulent
free convective flow at the crucible center at H = 0 Ge is surpressed by
the magnetic field application. The measurement at 6000 Oe gave the result
similar to that at 3000 Oe. Therefore, the magnetic fields higher than
3000 Oe don't give drastical further changes. Figure 3 shows the X-ray
topographs at the center region of the crystals grown at H = 0 Ge and
H = 3000 Oe. The growth striations of the crystal grown at H = 0 Ge are
intersected each other, and are random in spacing. These behaviors
represent that growth and remelt are randomly repeated due to a large
temperature fluctuation at the center region. The striations of crystals
grown at H = 3000 Oe appear to be aligned parallelly and regularly.

From the striation pattern, the magnetic field application is found to
make a convex shaped interface flatter. The value of A/D (A : deviation
of the solid-liquid interface from the flat plane, D : diameter of the
crystal), which is introduced in order to evaluate the interface shape, is
about 1% at H = 6000 Oe, while it is about 8% at H = 0 Ge. Figure 4 shows
the variation of the value of A/D with magnetic field strength. X-ray
topographs also show that a magnetic field application affects the slip
dislocations in the periphery regions of the crystals. Figure 5 shows the
X-ray topographs of (00) wafers (indium concentration : 2500 wtppm)
perpendicular to the growth axis. The length of slip dislocations of the
crystal grown at H - 3000 Oe is much shorter than that at H = 0 Ge.

Figure 6 shows the radial distribution of indium concentrations on (100)
wafers where the indium concentrations are about 2500 wtppm (the fraction
solidified (g) of 0.3). This figure suggests that the indium on the solid-
liquid interface,concentrates at the center of the crystals. On the
other hand, by applying magnetic field, the indium distributioa is
relatively flat at the center of the crystals.

Figure 7 shows the radial [EL2] distribution in the as-grown crystals.
The crystal grown at H = 3000 Oe has the wider region with uniform [EL21
distribution than the crystal grown at H = 0 0e. The regi.,n with uniform
[EL2

°] is coincide with the dislocation free region. Figure 8 shows the
IR topographic images of the longtitudinal section in the center region of
the crystals. These images reveal the similar striation patterns as shown
in the X-ray topographs.
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4. Discussion

The flow modes of the melt change drastically and become stable by applying
a magnetic field to the GaAs melt. The temperature fluctuation results in
the striations, and the changes of temperature gradient along axial
direction are reflected on the change of solid-liquid interface shape from
the convex to the flat by applying a magnetic field. Therefore, as shown
in Figure 4, the solid-liquid interface shape (A/D) doesn't change largely
above 3000 Oe. These results are confirmed from the striation patterns of
the X-ray topographs and IR absorption images. Melt flow also affects the
distribution of impurity concentration in the crystal. There are

differences between the indium concentration distribution along the radial
direction in the crystal grown at H = 0 0e and in the crystal grown at
H 

= 
3000 Oe. At zero magnetic field, the high indium concentration at the

center region is probably caused by the following two reasons. The
dominant natural convection, which flows from the periphery of the growing
crystal to the center, accumulates indium atoms swept out from the
interface at the center region. Or the high indium concentration region
is confined under the interface region which is called the Taylor-Praudman
cell (Carruthers et al. 1968). In a magnetic field if crystal rotation is
changed by an appropriate rate, indium concentration becomes uniform due

to the melt flow induced by a forced convection from the center to the
periphery of crystal.

From the results of X-ray topograph, IR absorption image and EPD
distribution, it is found that magnetic field application reduces the

length of slip dislocations along radial direction on the wafer. Since
magnetic field little affects on the thermal environments above the melt
surface, the reduction of the length of slip dislocations is attributable
to the change of the temperature gradient in the melt, especially along
radial direction. Radial temperature gradient at the interface is lower
under the growth conditions resulting in the flat solid-liquid interface

than those resulting in the convex one. Therefore, a magnetic field
shorten the length of the slip dislocations since the thermal stress in
the crystal is reduced in the low temperature gradient.

These slip dislocations give a large effect to the [EL2*] distribution.
It is reported that [ELI*] are affected by dislocations in the region
where dislocation densities are more than 1000 cm

- 2 
(Takebe et al. 1985).

High (EL2°3 at the periphery is related to the slip dislocations.
Therefore, the uniform tEL2

°
J regions are broadened considerably, since

dislocation free regions without slip dislocation are expanded by applying
a magnetic field. This broadening of uniform [EL2

°
] regions is confirmed

by IR absorption images of the (100) wafers cut perpendicular to the growth
direction. The IR absorption images also show similar results as the X-ray
topograph in which the contrast of the striations become weaker by applying

magnetic field. What contributes to the absorption, especially striation
pattern, in IR image is not yet fully understood. However, the striations
in IR image may influence the microscopic [EL2°] distributions in the
crystal along the radial direction as well as the axialldirection.

5. Conclusion

We have grown 3"% semi-insulating indium-mixed GaAs single crystals by
vertical magnetic field (up to 6000 Oe) applied liquid-encapsulated
Czochralski technique. We have found that the change of the flow modes in
the melt by applying a magnetic field affects the inhomogenity of
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the indium concentration and [EL2°1 distribution, and the length of the
slip dislocations. Improvement of macroscopic tEL2

°
1 distribution was

attributed to the broadening of the dislocation free region which was
achieved by the reduction of the temperature gradient in the melt applied
magnetic field.

Acknowledgements

The authors would like to thank the people of the Semiconductor Division,
The Analytical Characterization Center, and the Semiconductor Materials
R & D Dept. of Sumitomo Electric Industries, Ltd. for precious experimental

cooperation and discussion.

References

Carruthers J R and Nassau K 1968 J. Appl. Phys. 39 5205
Fukuda T, Terashima K, Katsumata T, Orito F, and Kikuta T 1983 Extended

Abstracts of the 15th Conf. on Solid State Devices and Materials 153
Jacob G, Duseaux M, Farges J P, Van Den Boom M M B, and Roksnoer J P 1983

J. Crystal Growth b6 417
Katsumata T, Obokata T, Nakajima M, and Fukuda T 1985 Defect Recognition

and Image Processing in Ill-V Compounds (Montpellier) p1 4
9

Kimura H, Afable C B, Olsen H M, Hunter A T, Miller K T, and Winston H V
1984 Extended Abstracts of the 16th Conf. on Solid State Devices and
Materials 63

Martin G M, Jacob G, Poiblaud G, Goltzene A, and Schwab C 1980 Defects and
Radiation Effects in Semiconductors (Oiso) Inst. Phys. Cont. Ser. 59 281

Nakanishi H, Kohda H, Yamada K, and Hoshikawa 1984 Extended Abstracts of
the 1bth Cont. on Solid State Devices and Materials 63

Tada K. Murai S, Akai S, and Suzuki r 1984 Proc. of IEEE GaAs IC Symposium
(Boston) p49

Takebe T, Murai S, Tada K, Akai S 1984 Proc. of 12th Int. Symposium on
GaAs and Related Compounds (Karuizawa) Inst. Phys. Conf. Ser. 79 283

Terashima K, Yahata A, and Fukuda T 1986a I. Appl. Phys. 59 982
Terashima K, Washizuka S, Nishio .1, Shimada H, Yasuami S, and Watanabe M

1986b Presented at 4th Conf. on Semi Insulating Ill-V Materials (Hakone)



Inst. Phys. Cootf Se. Na 83: Chapter 2 33
Paper presented at In:. Symp GaAs and Related Compounds. Las Vegas, Nevada. 1986

Distribution coefficient of carbon in gallium arsenide

U. V. Desnica and L.. M. Pawlowicz*

Cabot Corporation, Billerica Technical Center, Billerica, MA 01821
*Massachusetts Institute of Technology, Cambridge. MA 02139

Abstract. We performed a systematic study of the distribution

coefficient of carbon in LEC GaAs crystals grown with different pulling

rates, R. The concentration of CAs along the ingots was determined
using carbon-related IR-LVM absorptio.% on httemaue

effective distribution coefficient of carbon strongly depends onl

pulling rate, ranging from 1.15 for R - 5 cm/h up to 2.5 for R -~ 0.03
cm/h. This indicates that the value of the equilibrium11 distrihult iol

coefficient of C in GaAs exceeds 3, which is considerab-.- hifi-hicr t hmui

has been previously estimated.

1. Introduction

Carbon is one of the major electrcical ly art ive chemical contawhiajt s il

"undoped" semi -insulating (SI) GaAs grown by the liquid eilcapsulai:d
Czochralskj (LEC) method 'Brozel (1986), Holmes et al . (1180). In fiaAs

lattice carbon occupies arsenic sites where it acts as . l,1o

acceptor. CAs. Its concent rat ion generall1 v exceed(s t he t ota I

concentrat ion of residual donor impurities in LEC GaAs. whi ch would
result in p-type GaAs. Semi - insulating behavior is obtai nedl lwecatis of
the native compensating deep donor defects known as E1.2. It is beli''.-eil
Kirkpatrick et al . (1985): that the balance of carbon shlllow acce.pt ors

and EL2 deep donors governs macro- and microscopic propertie-s of l iAs.
especially its high electrical resistivity, as well as the uniforiritv of

relevant properties: therefore radial and axial dist rihut ion Of lbothi

carbon and EI.2 need to he known in detail. Inl split, of its oh.-iou-.

importance. the data onl the di s tribut ion of carbon ill t~fAs c rst .1 s 'ar,

intcons istent and coot radic tory: reported values for k v.-rv f rom 0.8-..

Here we present the resulIts of a detaile-d itrest ifl-a:ion of di sti-rut:ioi:

coefficient of carbon inl GaAs. The carbon coticetlit rit ion win wimstireml

usilng the carbon-relIated localized Vibrat ional1 mTode I' aisOrlit i ('

The carbon distribution was determined along the growthI ax is of 'L.F(*

GaAs crystals - which were grown at di fferent pull inn, rates - av l,

found that the k eff for carbon st ronglv depends oti t lie pullI log cit i-so

that the equilibrium distribution coefficient , k 0 . (for if initesimal I-

small pulling rate) is very l arge - exceeding i. TInts. f or low pull intig

rates,* a very pronouncedl non- ufi formi ty of C~ has to( 1 -~ c ttdi .alf'uik- tilt

ingot, which miaw account for some of the tiot-uii nrpi!% rv o dnin- ill Ii

electrical and other propf-rt ies of GaAs itugot s

1987 loP Publishing Ltd



34 Gallium Arsenide and Related Compounds 1986

2. Experimental

All GaAs ingots used in this study were grown by the LEC method in the
same high-pressure growth apparatus. Pre-synthesized GaAs was used as
the charge source: the same source material was used for all crystals
measured. The charge material was cleaned in organic solvents, and
etched in 3:1:1 H2SO4 : H202 : H20. The crystals were grown in PBN
crucibles, 1.4-inch diameter by 1.5-inch depth; the standard charge size
was approximately 70 g. Crystals were pulled in <111> directions. The
typical dimensions of the grown crystals were 1.25 cm in diameter, 10 cm
in length. The growth time varied from approximately 3 hours for the
fastest-pulled crystal (5 cm/h) to approximately 12 hours for the slowest
(0.625 cm/h).

The concentratio. of carbon was determined using a Fourier Transform
Infrared (FTIR) spectrometer (Nicolet XLX-1), with a spectral resolution
of 0.6 cm

" 
, at room temperature. The IR absorption at room temperature

due to the excitation of localized vibrational modes of C s results in an
absorption peak at 580 cm

"I
, with a half width about 1.3 cm

"I
. At low

temp ratures absorption spectrum of carbon is very sharp (less than
lcm" ), but it splits into at least five peaks, which makes it rather
inconvenient for determination of the area under the carbon-related
peaks. At present, LVM absorption is the most sensitive method for
deterination of c~rbon in GaAs: the sensitivity limit is in the range
of 174 C-atoms/cm }lomma Y and Ishii Y (1984):.

3. Results

In all GaAs ingots we found that the concentration of CAs decreases from
the seed toward the tang end. The distribution coefficient of CAs in
GaAs is. therefore. definitely larger than 1. The concentration
distribution of carbon along the pulling direction (axial distribution)
was measured, and plotted against kl-g). where g denotes the fraction of
the GaAs melt which has been solidified. Changes of carbon concentration
along the ingots are presented in Figure 1, with the pulling rate, R, as
the parameter. It is clearly seen that the distribution function is
quite different for different pulling rates. It is seen that small
pulling rates give more pronounced changes in carbon concentration and
vice versa, indicat ing that the measured, effective distribution
coefficient of carbon depends strongly on the pulling rate.

For a L.EC grown crystal k can be generally expressed by the equation:

Cs keff Cl 1 keff CL0 (.g)keff -I

where CS and CL are fhe carbon impurity concentrations in the solid and
the m'lt respectively , while CLO is the initial carbon concentration in
the melt. Measured changes in all ingots follow formula (1) so that for
every pulling rate the effective distribution coefficient can be
determined from the slope of log C, vs. (l-g) plots. ,The results are
presented in Table I:
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Table I

Effective Distribution Coefficients For Carbon in GaAs

Pulling Rate, R(cm/hr) 0.625 1.25 2.5 4.1 5

Effective
Distribution Keff 2.5 2.1 1.5 1.3 1.15
Coefficient

Present results extrapolated to R-0 can be used for the determination of
the equilibrium distribution coefficient ko . The relationship between
effective and equilibrium distribution coefficients can be expressed by:

k
0

keff ko + (1-ko ) exp (-R6/D) (2)

where 6 is the effective diffusion layer thickness and D is the diffusion
constant of the impurity in the dilute liquid. Consequently:

In (In k)ke I - R 6/D (3)
keff o

C G

U 0

X1 X

U x

C 0

X

0t

Covalent Radi i

Fig.3 Correlation between distribution
coefficients and covalent radii for
group IV elements in Ge and GaRs.
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Figure 2. depicts the dependence of ln[(keff -l)/keff] on R. To the
limits of experimental error this dependence is linear. By extrapolating
to R-0, one finds a value k. of approximately 3.5. The linearity of the
ln[(keff-l)/keff] dependence on R also indicates that 6/D remains more or
less constant, i.e. that the 6/D ratio is not considerably disturbed by
changes in the pulling rate. From the same data 6/D is estimated to be
0.28 (h/cm). If we assume the diffusion constant to be of the order of
magnitude 1O'5(cm2/sec) , one can estimate the effective diffusion layer
thickness to be 0.1mm.

In order to compare the distribution coefficient of carbon with
predictions based on chemical trends we plotted in Figure 3 measured
values of k for group IV elements in GaAs against their covalent radii.
Correlation of this type was observed for Ge [Willardson and Allred
(1967) . In spite of a considerable scatter in reported experimental
vlaues of k in GaAs it is evident from Figure 3 that same type of
correlation holds for GaAs as well. Extrapolation of this trend from Pb,
Sn. Ce and Si to C indicates that one should indeed expect a high k value
*or C in (:aAs, in accordance with our experimental finding of k0=3.5.

Discussion

The value of 3.5 for k. which we have obtained in this work is
considerablv higher then up to now published data for keff: In earlier
reported results based on indirect methods of carbon determination
Iillardson and Allred (1967), Thomas et al. (1984)], the effective
distribution coefficient. keff. for carbon in GaAs was estimated to be
18 and 0-0. respectivelv, indicating an almost uniform concentration of

carbon along the ingot with only a slight increase from seed to tang end.
Converselv, Chen et al. (1984) found the carbon concentration in the seed
end to be approximatelv three times larger than in the tang end, which
indicates that carbon tends to segregate from liquid into solid phase of
CaAs. In their work. the carbon concentration was determined by far
infrare-d localized v'brational moe (LVM) absorption, and was in the
range of 0.8-2.5 x 10 6 C atoms/cm . (IR-LVM absorption can detect only
CAs' but up to now there is no evidence that carbon occupies any other
place in the GaAs lattice. and in particular not for the case of low
carhon copcentra ions.) Appl,;ing the LVM method to two carbon doped (up
to -. x I

1
0 

6 
C/cm ) LEC GaAs ingots, pulled at a rate of 2 cm/h, Kobayashi

and Osaka 1985) determined keff to be 1.44. Kirkpatrick et al. (1985)
also foind that the distribution coefficient for carbon in CGaAs is larger
than 1. but that it is a strong function of the carbon concentrations
ranf'jng fromn 1.3 to 2.3 for a concentration range of 5xl0 to

'NI( lni 'cm . ithin the narrow range of initial melt carbon concentration
I-. ou'r samples ( '-4\1015

/cm
3

) we did not observe such a trend (Figure
1)i(owev.r, .'en if there is some concentration dependence of keff in
okt 'Im.e,. it is obviouslv insignificant in comparison with the much

t ronc,( r inu tence ot pulling rate on carbon distribut ion along the

!,n t h1i.; work. we have shown that keff is strongly dependent on the
pull ir, rat,' The value of keff = 1.44 4 0.08 obtained by Kobavashi and
osaka tI' 83) at a pulling rate of 2 cm/h, is in good agreement with the
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results at a similar pulling rate in this work, as shown in Figure 2.
The carbon distribution in ingots grown by Chen et al. (1984) also showed
that k must be larger than 1, but we were not able to compare
quantitatively their results with ours since their pulling ratL was not
specified. The earlier published values of 0.8 and 0.9 were estimated
from Hall analysis. The presence of other donors and acceptors can
easily mislead the interpretation of the Hall experimental data. In
addition, the GaAs crystals analysed by Thomas et al. (1984) were p-type,
Ga-rich GaAs material, and one can not exclude the possibility that C
behaves differently in non-stoichiometric material.

Large equilibrium distribution coefficient of C in GaAs can have
serious practical consequences: for compensation mechanism and
especially for n- to p-type conversions. Wafers cut from the tang end of
the ingot will have a considerably lower carbon concentration than wafers
cut from the seed end, especially in ingots grown at low pulling rates.
If carbon is really the main shallow acceptor and thus responsible for
compensation of residual shallow donors, then its presence is crucial to
obtain semi-insulating GaAs. A considerable decrease in its
concentration at tang end should then lead to n-type conductivity in that
part of ingots, This effect should be further enhanced by the fact that
all important shallow donor impurities (Si, Se, Te) have distribution
coefficients lower than 1, i.e. they tend to accumulate toward the tang
end of the ingot. Experimentally, however, just the opposite behavior is
observed; LEC grown GaAs Si ingots often tend to become p-type at the
tang end. Present results obviously rule out the possibility that the
accumulation of carbon at tang end can significantly contribute to n- to
p-type conversion. Therefore, it seems that some other acceptors
(perhaps native defects) play an important role in the compensation
mechanism observed in SI GaAs, and that those defects may be responsible
for SI behavior in at least the tang end of LEC GaAs crystals.
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The effects of residual acceptors on the electrical properties of low pressure
LEC GaAs: a comparison of theory and experiment

W.M. Duncan and G.H. Westphal

Texas Instruments Incorporated, Central Research Laboratories,
Dallas, Texas 75265

ABSTRACT
In this study we have determined the concentration of residual impurities and
defects, and electrical properties of undoped and In doped GaAs ingots grown
using the low pressure liquid encapsulated (LP-LEC) Czochralski technique. A
novel approach of using a combination of photoluminescence and infrared
absorption measurements to quantitatively measure total acceptor
concentration is presented. Variation in the residual acceptor concentration is
found to be the dominant variable in determining the electrical properties of
LP-LEC GaAs. Deep donor concentrations are shown to be relatively invariant
within ingots and from ingot-to-ingot. A multilevel model was also developed
to calculate the electrical properties of these ingots from the measured
concentrations of electrically active centers. Using the multilevel model, the
calculated resistivities are in good agreement with those measured
experimentally. Calculations also show that the resistivity is a very sensitive
function of deep donor activation energy.

INTRODUCTION

Undoped semi-insulating GaAs grown by the liquid encapsulated Czochralski (LEC)
technique is receiving much attention as a substrate material for fabricating
monolithic microwave and digital integrated circuits. Although high-pressure in
situ synthesis and LEC growth of GaAs is currently in common use, low pressure in
situ synthesis and LEC growth (Pekarek 1970, Hughes and Li 1982, Duncan 1983) is
an efficient alternative to the high-pressure method. The quality of low-pressure
LEC (LP-LEC) GaAs, however, has not been well established. Furthermore, no
detail studies have been reported to date as to the residual impurity and defect
characteristics of low pressure material.

Since the early work by Haisty, et al. (1962) on high resistivity behavior in GaAs,
there have been numerous papers which have undertaken to explain the electrical
properties of GaAs based on measured impurity concentrations or on intentional
doping. The first indications that the phase extent of GarAs is electrically active
were presented by Lombos, et al. (1982) resulting from a comparison of impurity
and transport measurements to Fermi level calculations. At about the same time,
the importance of stoichiometry on the electrical properties of GaAs was
demonstrated from high pressure LEC growth experiments (Holmes et al 1982, Ta
et al 1982). In the current work we have grown undoped and In doped LP-LEC
GaAs crystals from melts compounded in situ at low pressure. Impurity and defect
assessments of the LP-LEC material were carried out using a combination of
spectroscopic techniques. In addition, the Fermi energy and, hence, the electrical
properties of these ingots were calculated from the spectroscopically measured
concentrations of electrically active centers using the charge neutrality equation
and statistical expressions for ionized impurity and carrier concentrations,

, 1987 lOP Publishing Ltd
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Calculated electrical properties were compared to those determined from Hall
measurements.

EXPERIMENTAL

The low-pressure material used in this study was synthesized and grown in a
modified silicon crystal puller at pressures less than 30 psig (207 kPa). The crystals
were pulled in the < 100> direction from unintentionaly doped or isovalent In
doped melts. The melts were synthesized in situ at low pressure just prior to
growth. A resistively heated arsenic injection cell was used to introduce arsenic
gas into the liquid Ga melt held at the melting point of GaAs. Pyrolytic BN crucible
liners and dry boric oxide (-120 ppmw water, Rasa grade " D") encapsulant were
used in all cases. Melts were arsenic rich (As/Ga of 1.00S) with volumes of 3500 to
7000 grams starting with 7 nines Ga (Alusuisse) and 6 nines double refined As
(Cominco). Due to the controlled compounding reaction obtained using arsenic
injection, melts with repeatable stoichiometry were prepared. These crystals were
grown with nominal body diameters of 3.3 inches. Crystal rotations of 8 rpm CCW
and crucible rotations of 4 rpm CW were typically used. All crystals were post
annealed at 850'C for 24 hours prior to wafering. Dislocation densities as
delineated using KOH etching varied from 6,000 to 80,000 per cm 2 in these
crystals.

The chemical properties of the low pressure GaAs were determined using
secondary ion mass spectroscopy (SIMS), localized vibrational mode (LVM)
absorption, near infrared (NIR) electronic optical absorption and photo-
luminescence (PL). The SIMS measurements were performed using a Cameca IMS-
3F ion microanalyser. The localized vibrational mode analysis of carbon employed
an IBM Instruments IR-98 Fourier Transform Infrared (FTIR) spectrometer. Carbon
measurements were made at 77 K on 80 to 120 mil thick slabs. The carbon
absorption coefficient, a, at 583 cm" was calculated using the expression,
ln(T/Ta)= ax, where T and T. are the peak and baseline transmittances at 583 cm-',
respectively, and x is the specimen thickness. The optical absorption cross-section
of Hunter, et al. (1984) was used to convert from carbon absorption strength to
concentration. The material was also analysed using photoluminescence (PL)
measurements. An unfocused Ar' ion ion-pump laser at 5145 A with incident
power density of approximately 1 W/cm 2 was used for exciting the luminescence.
The emitted light was collected and then analyzed using either a Michelson
interferometer or a 0.8 M dispersive double monochromator. Near infrared
absorption measurements were made using a Cary 14R spectrophotometer at
room temperature on 80 to 120 mil thick slabs The absorption coefficient, a, at
1.097eV was calculated using the expression, ln(T/T.) = ax where T and T are the
transmittances at 1.097 eV and 0.60 eV, respectively, and x is the sample thickness.
The conversion coefficient of Martin (1981) was used to convert the 1.1 eV
absorption coefficient to deep donor concentration. Resistivity and mobility
values of as-grown material were determined using low current van der Pauw-Hall
effect measurements (Hemenger 1973). Sample contacts were formed by alloying
with In.

RESULTS AND DISCUSSION

Impurity, defect and electrical measurements were made on seed and tail samples
from six undoped and two indium doped ingots (0.1% by weight in the melt). The
concentration of residual shallow donors Si, S, Se and Te were determined from
SIMS. The concentrations of the shallow donors Si, S and Te were always found at
the background of SIMS on any given day. Average concentrations were 3X10'4,
5X10 14 and 2X1013 cm 3 for Si, S and Te, respectively. Residual Se levels were found
between 9X1012 and 2X10 11 cm 3 , an order of magnitude higher than the SIMS
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background. Therefore, from the SIMS, an upper limit of 5XI 1 4 to 1X1OII cm I is
expected for the total residual shallow donors concentration in this material.

The shallow acceptors C, Mg(Be), Zn, Si, were analysed using a combination of
LVM absorption and photoluminescence. Carbon was first measured
quantitatively from its LVM absorption. Photoluminescence measurements were
then used to determine the relative intensities of the free-electron-to-neutral
acceptor, F-A0 , transition for C, Mg(Be), Zn and Si. Magnesium and beryllium are
indistinguishable in PL due to their nearly equal ionization energies (Ashen et al
1975). Based on quantum mechanical calculations for shallow acceptors in direct
gap semi-conductors (Dumke 1963), F-A0 transition probabilities are proportional
to the impurity concentration. A small correction in calculating shallow acceptor
concentrations from PL intensity ratios is required due to the differences in
transition probability resulting from the different activation energies for each
impurity. In order to avoid contributions from neutral donor-to-neutral acceptor
(D-A 0 ) transitions to the manifold of acceptor bands, impurity ratios must be
extracted from spectra taken at sufficiently high temperatures (typically 25°K)
such that the donors are predominately ionized. Shown in Figure 1 is the PL
spectrum of a low carbon sample which also contains Mg(Be), Zn and Si residual
acceptors. A four Gaussian fit (dashed line) has been used to approximate the
individual acceptor contributions to the acceptor manifold. Contributions due to
impurities other than C have been found significant only for low carbon material
([C]<lXlO'5 cm 1). The presence of Ge, Sn, Cu and Mn acceptors can also be
detected by PL, but these impurities have not been observed in any LP-LEC GaAs
studied to date Total shallow acceptor concentrations in these ingots measured
using LVM absorption and PL are found to vary from 1X10 to 1.5X10 6 cm

F-Mg

_ FIGURE 1. PL Spectrum (-) andW Gaussiam fit (---) of a low carbon
Z F-Zn F-C specimen at 4 2 K. Free electron-z

W D+X to-neutral acceptor, F-A , band
> positions are indicated for C,

-AX\ D-X- Mg(Be), Zn and Si Free exciton
'-I\/ - and bound exciton recombi-

nations are also shown.

11800 12000 12200

WAVENUMBER (CM-1)

Deep acceptor concentrations have also been determined for these ingots using
SIMS measurements. The deep acceptors were found at the background of SIMS
on any given day The average SIMS backgrounds are 2X10 I cm for both Cr and
Mn and 1 5X10 cm for Fe From consideration of segregation coefficients,
these metal impurities would be expected to accumulate in the last to freeze
region of the crystal. However, transition metals in samples taken from the tails
of these crystals are also observed at or below the background of SIMS. Therefore,
transition metal impurities are expected to be present at levels well below the
SIMS background in these crystals.
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Deep donor concentrations have been determined using the near infrared
absorption method of Martin (1981). Although the nature of the deep center (i.e.,
EL2 vs. ELO) is not defined from the near IR measurement, Skowronski, et al.
(1986) have shown that the deep donor optical cross-sections are nearly equal for
EL2 and ELO. The mean neutral deep donor concentration (EL2 plus ELO) in these
ingots was found to be 1.5X1O' 6 cm Iand varied +/- 22% ( +/- 1 sigma relative to
mean). The uncertainty due to measurement signal-to-noise is +/-2X10 5 cm' or
+/-13% of the mean and no systematic variations were observed from seed-to-tail
in these crystals.

From consideration of the relative concentrations of shallow donors and shallow
acceptors in this material, the electrical conductivity of these crystals have been
calculated based on the presence of three level types, deep donor, shallow
acceptors and shallow donor. We have not included the deep acceptors in this
treatment as the shallow acceptor concentration exceeds the shallow donor
concentration. Since at room temperature, deep centers ionize only as a result of
trapping excess carriers of the opposite charge type, deep acceptors would not
contribute to conductivity in the presence of excess shallow acceptors.
Furthermore, the deep acceptor concentrations in this material have been shown
indirectly to be present at very low levels.

The position of the Fermi energy E as a function of impurity concentration can
be determined from the charge neufrality condition.

n+ I Na," =p+ Y Ndj+  (1)

where n and p are the free electron and hole concentrations, respectively, and
Nai- and Ndl are the ionized acceptor and ionized donor concentrations,
respectively. Assuming nondegenerate carrier concentrations, Fermi-Dirac
statistics can be used to determine the quantities in the charge neutrality
equation. The free electron and free hole concentrations are given under these
conditions by:

n = Nc exp[-(Eg-EF)/kT] (2)

and

p = Nv exp[-(EF)/kT] (3)
where N, and N, are the conduction band and combined light and heavy hole
valence band density of states, respectively, Eg is the 295 K bandgap of GaAs, EF is
the Fermi energy, k is Boltzman's constant and T is temperature. The Nc and Nv
values given by Blakemore (1982) are used in the calculation. The ionized
acceptor concentration is given by

Na,- = Na,(1 + (1/g) exp[(Ea,-EF)/kT]} (4)

and the ionized donor concentration given by
Ndi" = Nd1{1 + g exp[(EF-EdJ)/kT]} (5)

where Na, and NdJ are the specific doping concentrations and Ea, and Ed are the
respective activation energies The degeneracy factor, g, is taken to be 4 for
shallow acceptors and 2 for both the deep and shallow donors. ,

In the case of deep donors, concentrations were calculated from the absorption
coefficent, a, at 1.1 pm. Since the 1.1 pm absorption is due to the electronic
transition between neutral deep donor states and the conduction band, the
absorption coefficient depends both on total deep donor concentration and the
Fermi energy (Walukjewicz 1983). Therefore, the deep donor contribution is
entered into the calculation as an absorption coefficient rather than a
concentration. The absorption coefficient at 1. lpm is given by:
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a= Nddr(1 f)0 (6)
where NddT is the total deep donor concentration, o is the absorption cross-section
and f is the deep donor Fermi function:

f = {1 + (g exp[(EF-Edd)/kT)]}" (7)

Hence, the ionized deep donor concentration is given by:

Ndd + = (a/o)f/(l-f) where f = 1 (8)
With these equations, the known physical constants, the measured shallow
impurity concentrations, and the deep donor absorption coefficient, a unique
value for the Fermi energy can be found.

Once the Fermi energy has been determined, the resistivity can be calculated
using equations 2 and 3 and the resistivity equation:

p = [q(epe + PPh)] "1  (9)
where Pe and Ph are the conductivity (drift) mobilities for electrons and holes,
respectively. Although drift mobilities in general are expected to vary with
ionized impurity concentration, all of the material studied has low free carrier
concentrations (less than 108 cm- 3) and low total ionized impurity concentrations
(less than 2 X 1016 cm- 3). Hence, the weak doping mobilities cited by Blakemore
(1982) are used in the calculations.

Shown in Figure 2 is the resistivity versus shallow acceptor concentration behavior
for three deep donor activation energies calculated based on the three level
model. The curves in Figure 2 were calculated for a near IR absorption coefficient
of 1.20 cm- 1 (Ndd of 1.52 x 1016 cm- 3 for an f of zero in equation 6above) and for a
shallow donor concentration of 5 x 1014 cm- 3 . Also shown in the figure is the
experimental resistivity versus total acceptor concentration data. As can be seen
from the figure, the resistivity in this regime is very sensitive to the deep donor
activation energy. The experimental data agree with a deep donor activation
energy of about 0.65 eV. Not unexpectedly, calculated resistivities are
independent of both shallow donor activation energy over the range of 5 to 7
meV and shallow acceptor activation energy over the range of 25 to 40 meV.
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/ •.i ' FIGURE 2. Resistivity versus
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I for deep donor activation

// / energies of 0.69 meV (---), 0.65
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Using a deep donor activation energy of 0.65 eV and a shallow donor
concentration of 5 x 1014 cm- 3, the Fermi energy has been calculated for each
sample from the total shallow acceptor concentration and the near IR absorption.
The calculated Fermi energies vary from 0.754 to 0.823 eV. From these Fermi
energies and equations 7 and 8 above, the deep donor centers are calculated to be
less than 1% ionized in these crystals.

CONCLUSIONS

From impurity and defect evaluations of high purity LP-LEC GaAs ingots, variations
in the total shallow acceptor concentration are found to be the dominant variable
in determining the resistivity of as grown material. The carbon shallow acceptor is
found in all ingots with Zn, Mg(Be) and Si also contributing to the resistivity in low
carbon material. Variations in total deep donor concentrations in this material
are small. Good agreement is demonstrated between electrical properties
calculated from measured impurity concentrations and those determined from
Hall measurements.
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Abstract The main acceptor in undoped LEC SI-GaAs has been
considered to be carbon. However, the crystal with a low carbon
concentration ( < 1 X 1015 cm -

3) even revealed a high resistivity
( > ix0

8
Q cm). This suggests that acceptots other than carbon should

be considered to explain the semi-insulating mechanism. The highly
Si- or Al-doped crystals with the high B concentrdtion ( > Ixl0

18

cm -3 ) 
were p-type. Infrared absorption, SIMS and Hall effect

measurements were carried out to estimate the BAs concentration. We
have found that the 3 - 4% to the total boron concentration occupies
the arsenic site and acts as acceptors. In SI-crystals with the high
B concentration (> ixlO

1 7 
cm-

3
), the presence of BAs possiblly

contributes to the SI-mechanism.

1. Introdouct ion

Undoped semi-insulating (SI) GaAs is promising to fabricate high-speed
integrated circuits and microwave devices. The SI-mechanism has been
explained by the compensation of the deep donor EL2 with the excess
acceptors over shallow donors (Martin Pt al. 1980, Holmes et al. 1982a).
The main acceptor has been suggested as carbon (lWolmes et al. 1982a, Ta
et al. 1982). However, the crystal with a very low carbon concentration

(< 1 X 1015 cm
- 3 ) 

also revealed a high resistivity ( > 1 X 10
8 
2--cm).

Furthermore, it has been reported that the conversion factor from the
absorption coefficient to the carbon concentration conventionally
obtained by FTIR is a few times larger than the result obtained by
secondary ion mass spectroscopy (SIMS) (Homma et al. 1985). These
suggest that acceptors other than carbon should be cunsidered to explain
the SI-mechanism. Boron on the arsenic site (As) is the most possible
candidate for the acceptor, but there have been no detailed studies. In
this paper, we describe the role of the BAs acceptors in LEC SI-GaAs
based on the results obtained infrared absorption (IR), SIMS and Hall
effect measurements.

19N7 lOP Publishing I Id
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Table I Characteristics of Si- or Al-doped crystals with a high B

concentration.

p ESi] EEL2] [BAS] 1B] BAS]/1B

Si - doped 2E16 IE17 1.2E17 3E18 0.04

Al-doped 2E16 <1E)5 -1E16 3E16 IEi8 0.03

Al - doped 12E16 <1E15 FIE16 13E16 3E18 0.04

2. Experimental

The crystals used in this study were grown in an Ar ambient from PBN

crucibles using a high pressure puller by the LEC technique with in situ
synthesis. The infrared absorption spectra were acquired with the FTIR
spectrometer with CsI beamsplitters. The measurements were carried out
at 10 K by using a temperature-variable Dewar with KRS-5 windows. The
carbon concentrations were determined by using the LVM IR method at room
temperature. The conversion factor reported by Brozel et al. was used to

obtain the absolute carbon concentration (Brozel et al. 1978). The
concentrations of boron, silicon and other impurities were measured by
SIMS. The absorption coefficient at 1.1 jum was determined by the method
reported by Martin et al. (1979). The carrier concentration was

determined by Hall measurements at room temperature.

3. Results and Discussion

Highly Si- or Al-doped crystals were grown under the growth conditions

similar to those of SI-crystals except for doping. The initial arsenic
atom fraction (x=As/As+Ga) of the melts was 0.503. It was expected that

the Si-doped crystal is n-type conductive, while the Al-doped crystal is
semi-insulating, since Al is electrically inactive in GaAs. However,
contrary to the expectation, all the crystals were conductive with p-type
conductivity. The characteristics of the crystals are summerrized in
Table I. Note that all the crystals contain the high boron concentration

(> ixl0
1 8 

cm-3). The boron was unintentionally incorporated into the

crystals by deoxization of B 2 0 3 encapsulant by Si or Al, since SiO 2 and
Al20 3 are more stable than B2 0 3 near the melting point of GaAs. In these
crystals, the carbon concentrations were less than 2x10

1 5 
cm , other

residual acceptor concentrations were less than lIm15 "m
- 3

. However,
the free hole concentrations p were more than 2x10

1 6 
cm

- 3 . 
These

results show that acceptors other than impurities such as C, Mg, Mn and
Zn must be present in these crystals.

The presence of the native acceptor defect GaAs was studied by infrared
absorption. Figure 1 shows the infrared absoption spectra of three

crystals (A)-(C). (A) was the undoped Ga-rich crystal. (B) and (C)
were Si- and Al-doped crystals shown in Table I, respectively. The

infrared absorption around 574 cm
-1 

has been reported to be related to
GaAs antisite defects (Elliott 1983). The peak is clearly observed for
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(A), but not for (B) and (C).
-GAs TIOK The GaAs concentrations of (B)

(A) PHONON and (C) are estimated to be
ABSORPT1O less than 1xl0

15 
cm

- 3 
from the

peak hight (Elliott et al.
1982). This is consistent with
the initial melt composition.
This result suggests that no

SBGa specific stoichiometry change
was occured by the high doping
material of Si or Al.

hLL Boron is understood to occupy

O () the Ga- or As-site in GaAs, but
not the interstitial, since no

M change in the depth profile of
the implanted boron has been

observed during annealing

< temperature up to 900 
0
C

(Toulouse et al. 1979). The BGa
is electrically inactive, while

the BAs acts as acceptors.
Thus, the observed p-type

conversion of Si- or Al-doped
crystals can only be explained
by occupation of the highly

600 560 520 480 doped boron on the arsenic

ENERGY(cm
1) site.

We next estimate the ratio of

Fig. 1 Infrared spectra of three the BAs concentration to the

crystals (A)-(C). total B concentration for the
crystals shown in Table I. In
p-type crystals, the following

equation can be realized to
keep charge neutrarity: NA = + + ND+ + NDD + , where p is the free hole
concentration, NA , ND and NDD are the concentrations of shallow

acceptors, shallow donors Si and deep donors EL2 , respectively. The
EL2 concentration was neglected in the highly Si-doped crystal (Lagowski
et al. 1982). The contribution of carbon is also neglected, since the
carbon concentrations of these crystals are lower than p ( > 2x106 cm

- 3)

by one order of magnitude. Thus, we can estimate the B As concentration

A by assuming [BAJ = NA. The total B concentration [B was
measured by SIMS. The calculated results shown in Table I indicates that

the 3 - 4 % to the total boron concentration occupies the As-site.

When undoped LEC SI-crystal is grown usin dry B 2 0(< 100ppm wt H20),

the high B concentration (> ixlO
1 7 

cm
-

) is incorporated into the
crjtal. Then, from the above estimation, BAs acceptors in the order of
10 % cm - 3 

may be present in the crystal. This amount would be large
enough to contribute to the SI-mechanism.

To clarify the contribution of BAs to the SI-mechanism, we compared the
characteristics of SI-crystals containing definitely different order of
boron concentration but with similar carbon concentration. Emori et al.



48 Gallium A rsenide and Related Compounds 1986

Table II Characteristics of samples (A) and (B) in Fig. 2.

As MOLE B2 0 3 BORON CARBON 3 0'.

FRACTION (ppm) (cm-3) (cm 3 ) (-cm) (cm- )

A 0.46 -2000 xlO'5 1.2x1O s  7x10 7  1.0

B 0.50 <100 2x10'7 I.5x10 1  8xlO7  1.5

-p-type n-type SI

-- /N, 7A/

Fig. 2 Melt composition dependence
of resistivity in the crystals

grown from the wet and dry B2O3
(Emori et al. 1985). Fig. 3 Calculated resistivity as a

tunction of the 1:1.2 concentration.

1985) have found that the initial melt composition deopeniel;cc ,f the
resistivity is definitely different for the crystals grown using wet
(2000 ppm) and dry (100 ppm) B2( 3 Hlearafter, we call the former le.-
crystals and the latter D-crystals. Their results are shown in Fig. 2
for the comparison with the, calculated results qiven below. rolut that
the critical melt compo~sition changing the conductivity from n-type SI to
p-typ' Is distinctly smal ler for the W-crystals than the D-crystals.

0

The characteristics of two typical W- and [-crystals, (A) and (B) arrowed
in Fig. 2 are summerzzed in Table Ii. tote that the boron concentration
of (A) (1 X 1015 cm - 3 ) is by two order of magnitude lower than that of
(B) (2 X 1017 cm- 3

), while the! carbon concentrations are similar to each
other. The absorption coefficient at 1.1 jum (()I.1), which is
corresponding to the EL2 concentration (NEL2) , is smaller in (A) than in
(B). Since these samples reveal the similar resistivity, the Fermi level

• I I i mam.m Im d laml/ii ma e Na aiM
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is also located at the similar position. Thus, the smaller 0( 1. of (A)

shows the lower concentration of EL2, since the effect of the correction

factor attributed to the electron occupancy function of EL2 is neglected

(Walukiewicz et al. 1983). The difference of 0( 1.1 between (A) and (B)

is due to the melt composition change, since NEL2 decreases with

decreasing As mole fraction (Holmes et al. 1982b).

Figure 3 shows the calculated resistivity as a function of the NEL2 under

the conditions of NA - N0 = 2 X 1015 cm - 3 and 5 X 1014 cm
- 3 (Johnson et

al. 1983, Kikuta et al. 1984). This indicates that the critical EL2

concentration changing the conductivity from p- to n-type increased with

increasing NA - ND. Figures 2 and 3 suggest that NA - ND is large in D-

crystals than in W-crystals. The ND of D-crystals has been found to be

similar to that of S-crystals, indicating that large NA - ND means large

NA. Since the carbon concentrations of D-crystals are similar to those of

W-crystals, the presence of acceptors other than carbon should be

required in D-crystals. As shown above, if the 3 - 4 % of total boron
atoms occupies the arsenic site, the BAs concentration is high enough to

explain the large NA of D-crystals. Therefore, we conclude that the

large NA - ND of D-crystals is due to the large BAs concentration,
indicating the contribution of the boron acceptors BAs to the SI-

mechanism in the LEC GaAs crystals with the high boron concentration

( > 1 X 101 7 cm-3).

It has been speculated that the melt composition becomes more As-rich
with increasing in the water content in the B201 encapsulant to explain
the smaller critical melt composition for the W-crystals (Emori et al.

1985. About 30 g decrease in Ga is needed to explain the shift in Fig.
2, when 500 g Ga is initially charged in the crucible. However, such an

large amount of a loss durinq the orowth was not observed in our
experiments. Therefore, the melt composition change seems not to be the
main reason for the critical melt composition shift in Fig. 2.

Boron on arsenic site has been observed using LVM spectroscopy (Gredhill
et al. 1 4). The ippearance of BAs by LVm, depends on the charge state

of BAs, i.e., the negative chdrge state is only detectable. Thus, in p-
type material, no IVN absorption is detectable since the charge state of
bAs is neutral. Accordingly, the LVM peak of BAs was not observed in the
Si- or Al-doped crystals in spite of the high B concentration. rhe more
direct evidercu of th orsence .)f bs would be obtained from the LVM
observatior for the? crystals shown in Tahll I changing the charge state
iy t he neutron irradiation.

4. Summary

The main acceptor in urdoped LEC SI-GaAs has been considered to be

carbon. However, the crystal with a low carbon concentration ( ( 1 X
1015 cm

~3
) even revealed a high resistivity (> Ix1O

8 Ci cm). This
suggests that acceptors other than carbon should be considred to explain
the semi-insulating mechanism. We have investigated the role of boron in

the crystals and have found that the 3 - 4 % to the total boron
concentration occupies the As-slte and acts as acceptors.
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A TEM study of precipitates in As-grown semi-insulating indium-doped
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Abstract P'recipit ation in as-grosvri scm iiinsiiatiiig In-doped GaAs crystal has been
studied using transmission electron mic-roscopy. Hexagonal As precipitates that exhi-
bit a very simiple orient ation relationship ssitli thle GaAs matrix were found. although
the cr ' stal showed no evidence of Ini-containing particles. Precipitates of quite
different phase(s), very likely. a new As-rich Ga-As phase, have also been observed with
very large int erplanar spicing% The number density of these particles is estimated to
be approxiiiiat cl) I 5x ( ciii

1. Introduction

l'rveipit ales iii as-groikn GaAs are believed to affect the properties of GaAs both structurally
and elect ruicallY Often t(hey are studlied iii relation to thle behavior of growti-in dislocations
(Sirlatid et al, I9q-l. 1'or example) aiid iii fact have been suspected to be a potential source of
d'hisct ins I Cornier et al. 19 .)~ 'lhi are, also believed to lie importaiit to the homogenei-

is f t r ystals, related in general to iel distibution of point defects. In fact. the precipitates
are suspcted to lie responisibile :ot last pai All. for the, fact that the EL. concentrainn a
(;:iAs ( rystal bi'~onies munii iwcr,' h-mintle s aifter mailing at certain temperatures

Ole-rn atins of pre'cipit ates liase bieii repo)rted iii several articles (Nlarkov et al. 198-4. for
exaniiple) Afew% TENI stuidies to characterize t hi particles have been also published, general-
Il' ihV i ifeing the aaS heXagonail arseiiic phase (C'nllis et al. l9S(), Lodge it al, 19S.5). No de-
a ied Stu in dv. however, h as been dotie on prec ipit at ion in ii-dolied c rystalIs despite thle iiipor-

tant fact that In-doping ri'di ces ihislocattion deinsity (Irast ieall' svithout apparent change in
electronic piroperties (VotiNeida iid] 1Inlan. l!I 6) Iii the present reseairch pirograii. at bat-
terv of y'4 M techiniques luIms Isen applied in :ii effort to more coniiiletely characterize thle
pirecipitaites and te, extend Tie annrlvsis to thle loped crys.tals Hisults Otil pirecipitates lin the
In-doped mitaterials are preseit-d aid discd ehlre

2. Experimertal

'Th e crystal inv'est iga ted iii thIi s svor k %%,,s grosw n be an 1.1C technique at ai lose axial thertiisl
gradient of aboi4 60"CU ciii. fills' eiial"ifilatel Ini 11,) 3 The inditnlin i'oicettrat iii in tile
inelt was% 2.Sx10 cn M T'he n rvstal si-as miiain l% 1 isricin ion-free exepht an an n~nlar region of
about l~inii at t lie peripliur A sere ike dislocat non ilinsitY %%sas abiout --)i"X) -iii It vas also
seniul-itisuatung with resistivit 'x of 10'11n Uciun lier details of the growth condlit ions and
results of mtiacroscopic charact urizat ion have beent reporteid elseseluere (Elliot et al, I1081).
Bloth chemical thining (chlorite iti mnethanol) anid ion millinug weere isedl to pirepaiire suitable
,rE~i samplles and( no signttifi cant dIifferenci's wvere foiinil betwseen saminlles moad e by t hes-
different tehin iiques. Prepared satiilles wvere fi rst observed atid screenetd using a Philips
1E1M3OI 111;,M followedI b)*e more dlet aileid atualYsis in a JEOI. 200CX 'l'1CM equnipped wit I iil-
tah igh resolttion grn or t erA Pihi lips EN H Ot) TEN I TEM~ w as used for moi~st iof lie



52 Gallium Arsenide and Related Compounds 1986

chemical analysis although a JEOL 200CX AEM with ar. ultra-thin window detector was also
employed for light element Energy Dispersive X-ray Spectrometry (EDXS) analysis (Z -_ 5).

Due to their low density and relatively large size, the precipitates presented many experi-
mental difficulties. In particular, two conflicting conditions had to be satisfied at the same
time: the specimen had to be thin enough to give meaningful results and yet had to contain
the precipitate within the probed volume. Fortunately, when the precipitates were coupled to
dislocations, they were more readily found in the thicker regions of the sample, allowing

"controlled thinning" with the ion mill while monitoring the thickness periodically in the
TEM. Figure 1 is an example of this procedure, where the decreasing length of the disloca-
tion clearly shows the decrease in thickness of the sample.

Fig.1 Series of images of same precipitate
illustrating the sample preparation pro-
it.chire to result in a precipitate in the thin
ara of sample. Decrease in the length of
,i4alpi, lines reflects tie reduction in
I hwlk ni,."

3. Results of General Observation

About 65 TEM sample %%re p 'pateI fr,,m %at ius parts of an In-doped GaAs crystal. By
surveying this large number of .pelllmtmvn .it mm ttima ated that the precipitate number den-

sity is approxinmately 1 1)Y10 mi. whih is slightly lower than but comparable to the value
reported for dislocate d udlrmyd *staIs (Coriter et al. 198111). Most of the precipitates
were found in the dislocated regions of the crystal and were coupled with nominally straight
dislocations (see Fig. I for examphle Islated precipitates. however, were also found in the re-
latively dislocation-free regions lh. ere all ohsrvcd to have a tetrahedral shape bounded
by (I1 niatrix planes atd to vary m size from a few tens to over two hindred nanometers.
Their tetrahledral shnape can he easml visualized froni the fact that their projected shape on
the {110 tnatrix plane is an isoscel-s triangle wit h two inside angles of 5.50 and one of 70°

(Fig. 2(a) and Fig. 3(a)) and that tlie projected shape on the I 1} matrix plane is an equila-
teral triangle (Fig. 4(a))

4. Characterization of Observed Precipitates

Figure 2(a) shows a multibeati Image of a typical precipitate found in In-doped GaAs and
Figs. 2(b) and (c) are corresponding selected area diffraction patterns (SADP) with extra
spots indicated and indexed. Notice the two SAI)'s were taken from slightly difleent crys-
tallographic orientations near a same - 110 -mat rix pole This approach was necessary to
accentuate weak diffraction spots a-sociated with t"e particle. .casmired interplanar spacings
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and angles, summarized and
compared with the theoretical
values in Table 1, clearly indi-
cate that this is a hexagonal
arsenic precipitate.

In agreement with this conclu-
sion, results of the chemical

2_ • analysis by EDXS in TEM,
___- 2 Fig. 2(d) show excess As com-

22 pared to the matrix but no
major element other than Ga
and As in the precipitate. It
should be stressed that the
EDXS spectra presented in
this work may not represent
quantitative values because of
the likelihood that the precipi-
tates are completely sur-
rounded by the GaAs matrix.
It is very interesting that a
simple orientation relation-
ship exists between this parti-
cle and matrix GaAs and this

* point will be discussed in
more detail in next section.

2000 CtS d

150 As MAT

a -- PPT Fig.2 Multibeam image, (a),
1000 ' and SADP's, (b) and (c), oh-

tained from a hexagonal As
precipitate in In-doped GaAs.

500 , Foil planes are (T20)a and

. ,
220

,GaA s In (d) anEDXS
spectrum lfrom the precipitate

0_ _lv C K V is compared with one from
4 9 12 16 20 nearl)v matrix.

Table 1 Analysis of lilfrmction patterns.

Mea-sured Included Angles Theor Planes in
Spacings( ii) Mleas "'heor Spgs(nni) Ilex As

Fig. 2(bq),(c) 0oi 1m1°  131 0.311 (101)
0.275 0.277 (T02)

Fig. 3(c) 1.9 91
0.6s

Fi g. -(h) 0..50 6.7
0 67

. .. .. ...... .... ... .. ...... .. .. .I
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Imm

0. h

Fig.3 Information from all uniidentified precipitalte; (a) BF image at 220 matrix two beam
condition, (b) corresponding SADP with exIra spots arrowed, (b) EDXS spectrum from ma-
trix and (d) EDXS spectrum from the precipitate (d). Note a very small spacing in SADP
which corresponds to 1.9 nm of interplanar spacing in real space.

AS As

4 8 12 16 20

501I

50 0 KEDGE I1S EV

40

H1 Fig.4 Microscopy data from another
unidentified preci~itate; (a) high resolu-

20 tion image, (c) EDXS spectra comparing

10 particle and matrix and (d) EELS spec-
10trum from precip~itate, (b) shows

0 LIJ f--v magnified image of boxed part in (:i) :id
0 0 60 120 180 240 SADIP. Foil normal is < III
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Figures 3 and 4 contain informnationi obtained li 'in other particles. Four interplanar spac-
ings and two included angles measured from t it diffraction patterns, F'igs. 3(c) and 41(h), are
summarized in Table 1. Note that an interplanar spacing as large as 1.0 nrn is dletected.
The two patterns also show that a certain orientation relationship exists between thle matrix
andl precipitates although there is no apparent consistency betweet, them. The observed vari-
at ion in intensit iv's of the diffract ed spots furthermore suggests an ordlering in a direct ion
parallel to the c 1 - mtatrix~ dire~ctioti. This is also apparent in the high resolution image,
Fig. 4(b). Precipitate EI)X spectra, Figs. 3(b), 3(d) and 4(c), show that the precipitates are
As-rich and do not contain any other major elements with Z -10, except CGa and As. The
spectrumi in Fig. 3(d I shows anl indiumn peak, bitt it is toce small in sanplitude to be related to
any kind of compound. Figures 3(h) and 3(d) show the results of an EDX analysis with an
ultra-thin window detector and Fig 4(d) the result of Electron Energy Loss Spectrometry
(EELS) analysis emtployed to detect the existence of light elements. It is clear front these
data that large amounts of light (elemients are iiot present in the p~rec ipitates. A thorough
search has been performed~ butl tio good tmatcht with all the information given has yet been
found. It is suggested that the precipitates are an ordered compound of Ga and As which is
As-rich. Although tno such compound has been rep~orted in the literature, the formation of a
metastable phase may he possible uinder the high local piressutre and high temtperatutre growth
conditions experienced by the crystal. Such a metastable phase may also be stabilized by a
very small amount of impurities. possiblY below the detectability limits of FDXS or FELI,.

5. Discussion

There are very few reports of precipitates in Itt-doped GaAs except one of .'s-rich particles in
In-doped crystals grown frotn an As-rich inelt (Barrett et al, 1984). Since no In-bearing
phase has been fotund even in this work, it tnay be concluded that indium is not involved in
formation of precipitates in GaAs at the concentration level shidied in this work arid precipi-
tation hardening is not a major miechanism for the observed reduction in dislocation density
caused by In dloping. However, it is still very interesting that a number of precipitates. all of
them related to excess As. have beetn observed because this cait give clues to the behavior of
As-related defects in a growing crval, for ex:mple to agglomierat iott phetiotietta of the de-
fec ts. M ost of all, the existtetice 'f im11 it lifed coni ple\ liltLscs wvhicht woul ( tot lie formed at

lie norittal etnvironmtient iflittrates the c iplicatei biehavior of these defects.

Table 2 L~atti ce iinit I ii eit
htexi avtl .\s an mlfat rix

lla:1 tes ill, kIt i Nhistiatihi('i

GAs m

A very aimplle orient at toin relat itiuslipI can be dedktced from t lie SA lMl 'a iii Vig. 2 bet weenti tlie
As precip~itate arid mtiarix. natnelY (MI0 I I I (P. andi ( 120)"t . 2021(. % , Note that
the posit ion of the 00:3 As spot 'an be calii atel ito' ie ott the line 'connecting tyle~ tra tistititt rd
bearti and the Ill GaAs sp, even -t lhu gh the spot loes itt appiear very brighit itndier these
diffracting conditiotis. Table 2 shows, I hat uiritices ini planar sjuacitigs, iir Laitice, iiiisinatubi.
are quite small in buoth directionis suggcstlitig that this irienti tott rel-titiwhili is ettergeticalli
favorable. fIn fact the As itotis iii the (WXI) phitl of irsetui are itt an :irratigenient similar
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to that of Asatomsin the (IIB plane of GaA' Since the same orientation relationship has
been observed by Sands et al(I985) between the lmatrix andl hexagonal As precipitates formed
by the thermal oxidation of GaAs. it is believed that this kind of orientation relationship -s
generally taken by a hexagonal As precipitate in GaAs althbough ('ullis et al (1980) reported
they observed no simnple orient at ion relationship b~et ween ani As particle and its indoped
GaAs matrix.

It is also interesting that the precipitates have a tetrahedral shape while particles in undoped
GaAs reported previously show round or somewhat cylindrical shape (Cullis et ali, 119W~ Cor-
nier et al. IO984A). suggesting that the interfacial energies and or fcormationi mechanism is al-
tered by In-doping. Experiments to obtain more precise- inform at ion ott the precipitation
phenomena in GaAs and to clarify utwcert ainties remalininig in t his work are itt progress.

S. Conclusions

As a result of an extensive TENI work. a low dt'nsit 'v -about 1.5x l0s cmn3- of precipitates has
been observed in In-doped GaAs crystals None of particles was found to contain significant
amount of In, however all were found to he As-rich Otie phase in particular was identified as
hexagonal As. Anialysis of diffractiotn patterns fromt these precipitates shows a very simple
orientation relationship between the preipittis and matrix Vnidenirtfled As-rich particles.
wkith ain iiiterplaiiar spatcinig it., large a., 1 9 tin. iaivi beln as51 bserved
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Correlation between melt stoichiometry and activation efficiency in
Si-implanted GaAs

A. R. Von Neida, S. J. Pearton, M. Stavola, and R. Caruso

AT&T Bell Laboratories, Murray Hill, New Jersey 07974, USA

Abstract. The net donor activation efficiency of Si implanted in undoped, semi-
insulating, Liquid Encapsulated Czochralski grown GaAs is found to be a strong
function of the melt stoichiometry. The net activation efficiency after annealing of
100 keV 29Si ions implanted at a dose of 5 xl012 cm- 2 ranged from 26% in material
grown from a melt containing 471/ atom % As to 91% for a sample from a 65 atom
% As melt. DLTS on conducting samples from crystals grown in a similar manner
show much higher concentrations of stoichiometry-related defects like EL2 in
material from As-rich melts, indicating that melt stoichiometry differences are
reflected in the stoichiometry of the resulting crystal. The results are consistent
with an increased occupation probability for Si on a Ga site in As-rich material.

I. Introduction

The need for uniform and reproducible activation of implanted Si in semi-insulating GaAs
is paramount if an implantation-based technology for high-speed integrated circuits in this
material is to succeed. The channel layers comprising the field effect transistors in these
circuits are formed by implanting Si at low doses (1-7 x 1012 cm - 2) to give shallow
(4I000A), n-type (10I 17 cm - 3) regions in the semi-insulating substrates. There are
generally quite significant variations in the net donor activation efficiency over the wafer area,
and from wafer-to-wafer and ingot-to-ingot. There are some obvious reasons for these
variations, such as non-uniform compensating acceptor backgrounds in the material, which
may be different from one crystal to another. These variations can be accentuated during the
implant activation anneal, in which contamination from the surface or encapsulant-induced
stresses can alter the doping profile. Another parameter which may be critical in determining
implant activation is the stoichiometry of the semi-insulating substrate. Several attempts to
examine this dependence have employed material with a relatively small range of As atom
fractions in the melt (As/As + Ga - 0.488 - 0.509) leading to somewhat inconclusive results
(Sato et al 1984. 1985). In this experiment, the activation efficiency of 29Si ions implanted at
a low dose (5 x 1012 cm - 2, 100 keV) into GaAs grown from melts of widely varying
stoichiometries (As/As + Ga - 0.475 - 0.650) was investigated.

. Experimental

The samples for implantation were prepared from the seed end of undoped high resistivity
crystals which were grown by the Liquid Encapsulated Czochralski (LEC) technique. The
four crystals were grown in the < I I I > a direction from charges contLning As concentrations
of 471/2, 50, 52/2 and 65 atom % respectively. In order to stabilize the As-rich compositions,
high pressures were used in the melt formation phase (-100 atm.) and subsequent pulling
procedure (35 atm.). This is obviously a crucial requirement if the melt stoichiometry
variations are to be reflected in the crystal. Low growth rates were required to minimize the
development of constitutional supercooling. Typically, the crystals weighed 30-80g with a
maximum diameter of 20mm.

1987 lOP Publishing Ltd
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LEC WA A 3. Results and DiscussionMLT 40 atom % AS I

n.?AiO" cm-
3  The electrical characteristics of the high

V..5 V resistivity samples were determined by Hall
Tmeasurements, and the dislocation densities

were obtained by preferential etching and
,,1o counting. These are given in Table 1. The

E(0 63) As deficient charge gave rise to material with
.OLTS low p-type conductivity; all other crystals

displayed n-type conductivity. The major

LEC GaAs -. 900- 5 acceptor in our material is C, typically
-LT 0'7ton.present at the 5 xlO 15 cm 3 level. Shallow

SCAP * donors such as S and Si incorporated during

85 C growth are also present at the 1015 cm- 3

- level.
I2 EL2 Three other crystals were grown under

TS similar conditions but were intentionally
rE032) doped with Si to give n-type (-0" cm-3 )

0 75 conducting GaAs. The charges for these
LEC GaA s crystals contained 40, 50 and 55 atom % AsMELT 55 aom %. As

M-2 xI
O
"

cm 3  respectively. Deep level concentrations in
3 Tthis material were examined on Au-Schottky

barrier contacted samples by standard deep
level transient spectroscopy (DLTS) analysis

140 in a system based on a PAR model 410
4i EL2 capacitance meter and lock-in amplifier. The

- DLspectrum from each sample is shown in
, to 3 )Figure 1. In the As-deficient material a level

at Ec - 0.63eV is present at a concentration
0 00 2............. of 7 x1015 cm , determined from the

'rMPERATPEf accompanying Thermally Stimulated
Capacitance (TSCAP) scan. The difference

Fig. I DLTS spectra and TSCAP scans in such scans under bias-on and bias-off
from conducting GaAs samples taken from conditions gives a measure of the ionized trap
crystals grown from melt containing 40, 50 concentration in the material.
and 55 As atom % respectively. The
increasing EL2 concentration indicates that
the resultant crystal stoichiometry reflects
the increasing As concentrations in the
different melts.

TABLE I. Characteristics of high resistivity GaAs crystals used for implantation

Dislocation
As atom % p30(0" cm) A300 (cm 2 V-ls-') Noo (cm - ') Density (cm - 2)

47 1.8 x 10' 374 9.4 x 10'0 3 x 104

50 6.2 x 10' 4073 2.5 x 109 ei X l0
4

52 5.7 x 10' 4619 2.4 x 107  I X 101

65 2.6 x 106 3914 6.1 x 108 2 x 104
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Is, 5 ,o t Cm
2 ,00 keo The density of the well-known stoichiometry

950 '-C . related level EL2 (Ec - 0.80eV), generally

assumed to be related to As0 8 defects, is
ATOM % As <1014 cm- 3. By contrast, in the sample

o" 0 -0- 65 taken from the 50 As atom % melt material,
0 ,.0 EL2 is present at a concentration of14' -6x 1' cm -3 , with another lower

5 POFIE AE centraltion (_I. X15 cm-) level at
E Ec - 0.32eV, possibly EL7, also evident. In

the 55 As atom % sample EL2 is even more
dominant, with a concentration of
-1.4 Xl016 cm -3 . This is a good indication
that the trend in stoichiometry variation in
the melt is reflected by the stoichiometry of
the resultant crystal. Also present in the
As-rich material is a level at Ec - 0.39eV,
possibly EL5, at a concentration of
-4 x 1015 cm -3 .

Armed with this knowledge we are
.. . - justified in looking for implant activation
E- variations in the semi-insulating samples.

After mechanical polishing with Br-methanolFig. 2 Net free carrier profiles in GaAs and etching for 5 mai in 5:1:1

samples taken from crystals grown from and at for t were
widely varying melt stoichiometries, after HSO4:H202:H20 at 70C, these were29Si implantation (5x 10 2 cm- 2, 100 keV) implanted at room temperature to a dose of
and activation (950"C, 5 sec). 5 x1012 cm - 2. Ion channeling effects were

minimized by tilting the samples with respect

_0 to the beam. Implant activation was

o s achieved at 950"C for 5 sec in a Heatpulsea1S $12 Heatpulsce
09 scc ssec -- 410T furnace, with the sample of interest

,5 placed face-down on another GaAs substrate
08 .to minimize As loss from the surface.

(Malbon 1976) This technique avoids
possible complications that can arise fromX stress induced in the near-surface region by

Z encapsulants such as SiO (Pearton ano
O Cummings 1985) (Nishi 1985) and that lead

to enhanced diffusion of the implant Si.
04 -
031 Carrier concentration profiles in each

03 ------- - sample were obtained by 10 kHz045 050 55 060 065 capacitance-voltage (C-V) measurements
AS ATOM FRACTION IN MELT using a mercury probe (1.5mm diameter dot

size) as a Schottky contact. The series
Fig. 3 Relative donor ratio in Si implanted resistance was monitored simultaneously with
GaAs samples grown from different Ga or the C-V data, ani showed the resultant
As-rich melts. The cross hatched area is the carrier profiles to be affected only on the bulk
range of relative donor concentration across side of the profile below a concentration of
the diameter of a commercial wafer. This _5 X 10l cm- 3. This effect, together with
wafer has net donor activations of 46-56%. unavoidable channeling during implantation
The range of melt stoichiometry this and Debye tailing of the electrons into the
represents under our growth conditions is semi-insulating substrate leads to extended,
0.485-0.508 atom % As. low-concentration tails on the carrier profiles.

mmmII i n I I• I• I im m i •i •ME
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Fig 4 Net free carrier profiles in 50 Fig. 5 Net free carrier profiles in 50
atom ' : As samples co-implanted with atom 7

c As samples co-implanted with
Si + As, compared to a Si-only implanted Si + Ga. compared to a Si-only sample.
sample. Beyond an optimum dose The effect is opposite to that of As
(.4 l0l cm -2) of As. the Si co-implantation.
activation begins to decrease.

Figure 2 shows carrier profiles measured in the center of each sample after implantation
and annealing. Each curve is the average of five separate profiles taken across the diameter of
the sample. The variation of the profile does not exceed the range shown by the error bar.
There is a clear and dramatic dependence of Si donor activation efficiency on melt
stoichiometry. a much more convincing demonstration than previously observed (Sato op cit
1984. 1985), that Si donor activation efficiency increases as crystals become arsenic rich. The
surface-depletion corrected donor activation efficiency ranged from 26q; for the 47'/ atom
As material to 91" for the 65 atom As composition.

Hall mobilities measured at 77K in the Si implanted material were used to obtain average
compensation ratios in the implanted region by comparison with the calculated values of
Walukiewicz et. al. (1982). This was done by integrating under the respective carrier profiles
to obtain an average carrier density, which together with the 77K mobility leads to a value for
NA/ND) (acceptor-to-donor ratio). Assuming that all of the Si ions are substitutional and that
the charge in the implanted region is due either to Si(;a (N1)) or SEA. (NA). then we can
calculate the fraction of Si donors as shown in Figure 3. The trend with increasing As atom
fraction suggests the cause of the increased donor activation in As-rich material is simply the
preferential occupation by Si of Ga sites. This trend is physically reas.,aable. as in very As-
rich material. Ga site occupation will asympotically tend towards unity.

Also shown in Figure 3 is the range of activations measured across the diameter of a
standard (2"4 ), commercially obtained wafer after a similar implantation and annealing cycle.
There are two points to note. First, the range of activations measured for our Ga or As-rich
material is much larger than the variation within a particular melt-stoichiometry sample, and

=mllmnmlmmall • ,,d I Wz
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secondly this latter variation makes it very difficult to draw conclusions based on the use of
slightly Ga or As-rich material. (Sato et al 1984, 1985). Several other possible explanations
for the dependence of activation on crystal stoichiometry are ruled out. For example, there
could be more compensating acceptors present as the As concentration decreases. However,
significant differences in the background acceptor concentrations between the various samples
would also affect the shape of the implant carrier profiles. On the bulk side of the implanted
distribution the profile would be much sharper for samples with significant acceptor densities, a
situation common to Cr-compensated GaAs. Certainly, in our samples the acceptor
concentrations are much below the l017 cm- 3 level needed to affect the implant activation. To
ensure that the implantation and annealing cycle did not cause the break-up of previously
neutral impurity complexes, Ar was implanted to a similar dose and range as for the Si, and
the samples were subjected to an annealing treatment. There was no significant change in
carrier concentration or mobility in any of the samples after this procedure. In common with
the results of Sato et. al. (1984. 1985) we did not notice any correlation of peak implant
doping concentration or profile shape with dislocation density in the samples, so that gettering
of compensating acceptor impurities to dislocation cores is not a feasible explanation for the
variation in Si activation efficiency.

We can also attempt to increase the occupation probability for Si on Ga sites by co-
implanting Si and As into stoichiometric GaAs (Krautle 1981) (Park et al 1981). The effect
of various As doses (180 keV ions) on the carrier orofiles from our standard Si implants
(5 x 10'2 cm- 2 . 100 ke.') is shown in Figure 4. The net donor activation efficiency increased
from 5Q '7, to 681c for optimum As doses. As the arsenic dose is increased above 3 x 1013 cm-2 .
damage related compensation begii.s to become significant as shown by the decrease in the
peak carrier concentration. In this case the As implant leads to the formation of local regions
of nonstoichiometry (Christel and Gibbons 1981). No significant effect was found in the order
of the co-implantation, or whether the As implant was annealed prior to the Si implant.
Therefore, although an artificial increase in the occupation probability of Si on Ga sites by As
co-implantation can lead to enhanced donor activation, it is not as effective as a standard Si
implant into As-rich material. This would be expected from a consideration of the relative As
excess introduced by the two methods; one cannot simulate by implantation a very As-rich
sample because the remnant damage after annealing tends to compensate the low dose Si
donor activity. In contrast to the enhanced donor activation for As co-implantation, Ga + S;
implantation into 50 atom ' As samples leads to a decrease in net electron concentration after
annealing as shown in Figure 5. These results were not duplicated when the donor species used
was selenium which occupies an As sub-lattice site. Because Se is not an amphoteric dopant
its lattice location for low doses remains essentially unaffected.

The As co-implantation results can be used to make a simple estimate of the actual
stoichiometry in the crystals, as opposed to the melt stoichiometries we have quoted. An As
dose of 10 cm - 2 at 180 keV. corresponds to an excess introduced into the implanted region of
the order of 1018 cm- 1. This is eq'uivalent to an As atom fraction of -50.001%. The
activation in this co-implanted sample increased from 59 to 68%, and is approximately the
same as that in the 52/2 atom % As melt stoichiometry material. Assuming a linear
dependence of net activation on crystal stoichiometry we can also estimate the As deficiency in
the 47"/2 atom '% As melt material to be -2.5 x 1018 cm - 3 , and similarly, an As excess of
-5 x 10' cm - 4 for the 65 atom % As melt sample. As expected f~om the GaAs phase
diagram, (Murle 1979) very little of the As excess in the melt is carried over to the crystal.
While these point defect concentrations in the crystal correspond to a very' small fraction of the
melt stoichiometry they are sufficiently large to have an important effect on the Si activation
efficiency. This trend in crystal stoichiometry with melt stoichiometry is qualitatively similar
to that measured by Terashima et. al. (1985) using a coulometric titration method on crystals
grown from melts of widely varying composition.
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4. Conchnions
The data reported here emphasize that local variations in As concentration can have a

profound effect on the activation of low dose (- 1012 cm - 2 ) Si implants into GaAs. We also
note that there may be other contributions in determining the uniformity of the donor implant
activation such as spatial variations in background acceptor concentration. This effect has
been more widely recognized than that produced by local variation in stoichiometry. The
relative importance of these two phenomona in the final activated profile will be a function of
the purity of the crystal and its thermal history. Indeed, local stoichiometry variations can also
be induced by non-uniform heating during the implantation activation step, which can lead to
increased loss of As from the hotter sections of the wafer. In conclusion, we demonstrate a
strong dependance of implanted Si donor activation efficiency in semi-insulating GaAs on the
stoichiometry of the initial melt. To achieve reproducible activation, not only across the whole
substrate, but irom wafer-to-wafer, close attention must be paid :o the crystal stoichiometry.
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The use of selective pair luminescence to characterize iemi-insulating GaAs

Emil S. Koteles. James Kafalas, Stanley Zemon and Peter Norris

GTE Laboratories Incorporated
40 Sylvan Rd.
Waltham, Massachusetts 02254

Abstract. Selective pair luminescence (SPL) has been shown to be a powerful
technique for investigating excited levels of shallow acceptors in semi-insulating
LEC-grown GaAs. We now illustrate its usefulness as a nondestructive
characterization tool for studying variations of crystal quality due to differing growth
conditions, postgrowth treatments, as well as spatial variations within a given boule.
A direct correlation is demonstrated between the quality of a sample as indicated by
SPL spectra and as determined by room temperature mobility measurements.

I. Introductian

Gallium arsenide (GaAs) is, perhaps. one of the most studied and most technologically
important members of the family of Ill-V compound semiconductors. Efforts are
continually being made to improve the crystal quality and purity of this material. An area
of critical importance is that of bulk grown GaAs, because it is used both as the starting
material for a host of devices and integrated circuits and as a substrate for epitaxial
layers. Ideally, for these uses, undoped GaAs wafers, usually grown by the liquid
encapsulated Czochralski (LEC) technique, should be of high purity and of uniform
quality. These attributes are usually determined by transport measurements (generally
resistivity and Hall effect measurements to determine total impurity-generated carrier
concentrations) and low temperature photoluminescence measurements (which provide
information on acceptor identities and rclative concentrations). However, transport
measurements have their limitations in these materials. In many cases, it is difficult to
make good ohmic contacts at the low temperatures required to obtain usable information
about impurity concentrations and charge carrier mobilities. In addition uniformity
studies necessitate the fabrication of many samples requiring much time and effort and
the destructior of the wafer. On the other hand, optical studies, since they do not require
contacts and are nondestructive, are much more attractive. Also. it is possible in
principle, and increasingly in practice, to raster-scan i. whole wafer and thus obtain a
rapid determination of the uniformity of PL intensity over a wafer. This is equivalent to
uniformity of wafer purity or quality since PL intensity can be assum:d proportional to
impurity concentration (Yokogawa et al 1984ab).

It has recently been demonstrated that added sensitivity and resolution for acceptor
identification is possible when a semi-insulating GaAs sample is .tudied using the
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selective pair luminescence (SPL) technique. This process has been discussed in detail by
Tews et al 1979 and has been studied in GaAs by Hunter and McGill 1982, Kisker et al
1983 and Koteles et al 1986.

SPL is a low temperature photoluminescence process which takes place in semi-
insulating semiconductors and which involves the resonant excitation of pairs of donor
and acceptor impurity atoms separated by a particular spatial distance. This selective
excitation is possible since the donor-acceptor pair transition energy (which depends on
the Coulomb interaction) is a function of the pair separation. A resonant incident photon
generates an electron-hole pair with the hole in an excited state. Then, since the decay of
excited holes to their ground states is much more rapid than donor-acceptor
recombination rates, the emitted photon is down-shifted by an energy amount equal to the
energy difference between the excited and ground states of the acceptor impurity. These
differences are quite sensitive to the chemical nature of the acceptor and thus provide an
accurate and sensitive method for studying excited leels of acceptors in these materials.

In this paper we will show that it is also possible to utilize this technique as a
characterization tool for detecting small changes in material properties due to changing
growth conditions and annealing. It has been suggested recently (Wagner et al 1986) that
electronic Raman scattering is useful for quantitative analysis of shallow acceptors in
these materials. lovever, since this is a nonresonant technique, in order to obtain a
spectrum comparable in signal-to-noise to that of a resonant SPL spectrum, the input
power must be increased b) more than six orders of magnitude.

2. EiperimentaI

The GaAs samples used in this study were grown at GTE Laboratories using the liquid
encapsulated Czochralski (LEC) method in a Malvem MSR-6-R high pressure crystal
puller with a PBN crucible. Cross-sectional (100) wafers were cut from various positions
along the length of the one kilogram undoped boules (which were approximately 15 cm
long and 5 cm in diaiieter) and polished. For the annealing study one half of a boule was
subsequently annealed for 20 hours in an argon atmosphere at 900 OC. Results from
wafers cut from :he end of this boule were then compared with results obtained from
nearly adjacent wafers cut from the control (unannealed) boule half.

Hall measurements were made in the Van der Pauw configuration using indium contacts
alloyed into the sample in a hydrogen atmosphere. Typically, the transport measurements
indicated the semi-insulating nature of these materials. Room temperature resistivities
were in the 107 12cm range with mobilities of the order of 103 cm2/Vsec and net carrier
concentrations of the order of 107 cm 3 (n-type). Attempts to directly measure residual
acceptor concentrations of zinc using neutron activation analysis were unsuccessful since
the concentrations were below the detection limit of the technique (i.e., less than 5xl016

cm I).

The optical studies were performed with a double grating spectrometer coupled with a
cooled GaAs photomultiplier tube and photon counting system. The samples were
mounted strain-free in an exchange gas LHe cryostat and excited with about 100
mW/cm 2 of power from a Kr ion laser pumped tunable dye laser. The laser beam was
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focused to a spot size of about 100 l.tm diameter and for spatial dependence studies the
spot was moved across the sample in steps of about 3 mm.

3. Results and Discussion

Figure 1 presents the 5K SPL spectra of nominally undoped semi-insulating LEC-grown
GaAs wafers obtained from five different sources. The energy of the exciting laser beam
(-1.510 eV) was chosen so as to maximize the intensity of 2S3 2 to 1 S3/2 transitions in
order to simplify the identification and increase the sensitivity of the technique (Koteles
et al 1986). Thus, for example, in the top spectrum (sample 311) the strong, narrow peaks
are identified as being due to these transitions from carbon, zinc and silicon/cadmium (it
is not possible to distinguish between Si and Cd using excited impurity energy levels).
The weak peak at higher energy is due to 2P3n to IS32 transitions in carbon. Although the
total emission efficiency is approximately the same in all these samples and room

temperature transport measurements
GaAs yielded similar electrical results, the ratio

h= 1.509M1 ev of SPL intensity (the narrow peaks) to
C: 2S3/2  PL intensity (the broad background)

varies considerably. In some spectra (e.g.
Fig. 1 bottom) PL dominates while in

z others (e.g. Fig. I top) SPL features
Zn: dominate. From other spectroscopic data

3/2 in the exciton region it appears that

NI: 2S 312  
better quality samples yield stronger SPL

C 3/2 features. This finding is in agreementd: S312 3/2 with studies of the change of crystal

I. 311 quality as a function of distance from the
Z head (seed end) to tail of a typical boule

discussed below.

Z To study the ability of SPL to monitor

changes in crystal quality j3 a boule is
6 being grown from a seed, sample wafers

from the head and tail ends of two boules
o (numbers 13 and 20) were measured both

X3 with room temperature Hall effect and

212 SPL. The results from both boules
exhibited similar trends. Transport
measurements indicated that wafers from
the tail end of the boule were of better

AC quality than those from the head end

1473 1.482 1.486 1.490 1.494 1.498 with mobilities as large as 5780
hW] cm-2iVsec (as much as a factor of two

greater than the head end). Tail end
I- gure I 5K SPL spectra of five semi- resistivities were somewhat smaller but
,iiaIt.ng. nominally undoped LEC-grown still in the 107 rcm range. The change in
,.A% dmple% from different boules or theSPL spectra, as shown in Figure2,

* 
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Figure 2 5K SPL spectra obtained from GaAs wafers cut from near the head (H) or tail
(T) of two different LEC-GaAs boules (numbers 13 and 20) grown at GTE Laboratories.

was much more dramatic. The spectra of the head wafer from both boules (labelled by
13H and 20H in Figure 2) were dominated by PL with a small SPL peak due to carbon
superimposed on top. Only weak SPL structure due to other impurities was observable.
The spectra of the tail wafers (labelled 13T and 20T) were stronger, by about a factor of
two, and possessed much mote intense SPL peaks. The increase in the carbon peak
intensity with respect to the PL background (perhaps as much as a factor of three) was
smaller than that of the other two acceptor impurities (as much as a factor of 20 in the
case of zinc in boule 13). This can be understood in terms of the increasing concentration
of zinc and silicon/cadmium atoms in the melt due to the low incorl ration rate of these
impurities into the solid boule. However, as growth proceeds the liquid melt reservoir
becomes depleted thereby increasing the impurity atom concentration and the
incorporation of impurities into the boule. The change in the relative concentrations of
carbon versus zinc and silicon/cadmium between the head and tail of the boule is a direct
consequence of differences in the segregation coefficients of these impurities. By
performing a careful study of changes in the SPL spectrum along a boule from head to
tail it should be possible to derive unkown segregat.on coefficients with respect to a
known standard (e.g. carbon) in dilute systems.

,-AftI=m m m ma - i i mm m
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It is also interesting to study changes in(fl __n_:_,$3 __,_____a__nealedthe SPL spectrum as a result of bouie
annealing. In Figure 3, a comparison ofSPL spectra from wafers taken from0d Zn:2S31  GaAs

3/2 5810-32 annealed and as-grown (control) boule-
halves (of boule 5810-32) is presented.

W Again, the increase in PL emission
efficiency -about 3X) of the annealed

Z sample with respect to the as-grown
1- 312sample is taken to be an indication ofX1 si/cd:2S 3

/
2  improved crystal quality. This is in

0 agreement with transport measurements

C -which show an increase in the average
M mobility of the annealed boule over theWz unannealed of a factor of two (to about*5200 cm2/Vs). The cause of the changes
0 X3.33 /As-GROWN in the relative intensities of the zinc and
- 333A- RO N i thtoe a b n b t ee h w p cr

I- silicon/cadmium peaks compared with0
X that of carbon between the two spectra. 830 835 will be discussed later. Changes in the

WAVELENGTH (nm) wafer uniformity due to annealing are
Figure 3 5K SPL spectra of an as-grown easily monitored using SPL. In Figure 4
(bottom) and annealed (top) GaAs wafer, the intensity of the Zn:2S3/2 peak

(normalized to the smallest value
VERTICAL GaAs - measured) as a function of distance

SCAN 5810-32 across a wafer is presented for both
c As GROWN annealed and as-grown wafers. Over a

- 2.0NEALEA distance of 15 mm (starting from the
U 2.0 center of the wafer which is taken to be 0

N mm) the intensity of the peak in the as-
Ugrown sample changes by as much as
S230% in a characteristic M (or half M in
Ut: -- this case) pattern. In the annealed sampleZ

however, the intensity of the peak- changes by less than 15%, an indication

I L of much better boule uniformity. Again,
, this is in agreement with transport results
N :which show more uniform mobilities

across the annealed wafer than across the
M unannealed wafer. Across the
00.5 unannealed wafer, the exact form of the

acceptor distribution varies slightly
depending on the chemical nature of the

VERTCALimpurity. The cause of this variation is
5 10 is not clear but may be related to the effect

VERTICAL POSITION (mm) of differences in growth conditions along
Figure 4 Intensity of Zn:2S3/2 SPL peak as a the growth front on acceptor
function of the distance from the center of a incorporation rates. However, in the
wafer for an as-grown (open circles) and annealed wafers, all the different
annealed (closed circles) GaAs wafer, acceptors are similarly uniformly
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distributed over the wafer. Thus, in comparing SPL spectra of annealed as opposed to
unannealed wafers, significant modifications in the relative peak intensities of Zn and
Si/Cd to C acceptors at certain places on the wafer are observed as shown in Figure 3.
Finally, it would be straightforward to couple this measurement with a rastering
technique such as that demonstrated by Yokogawa et al 1984a,b to obtain a complete two
dimensional map of acceptor impurity distributions over a wafer.

4. Summary

We have previously demonstrated the utility of selective pair luminesence for the
identification of acceptor impurities in semi-insulating GaAs and determinations of their
relative abundances. We have now shown that SPL can also be utilized for monitoring
changes in the crystal quality of LEC-grown GaAs as a function of growth parameters
(e.g., by comparing SPL spectra from samples taken near the head and tail ends of a
boule) and as a function of postgrowth treatment (e.g., the effect of annealing on SPL
spectra).

Acknowledgements: We should like to thank E. Hartmann and I. Alexander for help
with the growth and treatment of the GaAs boules and wafer preparation.
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InP doped with isoelectronic impurities

R. L. Henry and R. J. Gorman

Naval Research Laboratory, Washington, DC 20375-5000

1. Introduction

Large diameter InP crystals grown by the LEC technique typically have a
dislocation density exceeding 5 X 10

4
cm

- 2
. Jordan, Von Neida, and

Caruso (1984) have shown that the dislocation densities are related to
strain arising from temperature gradients between the crystal and its

surroundings during the growth process. The calculations of Jordan et
al (1985) show that only very small temperature gradients can be tol-
erated to grow undoped dislocation free InP. As a practical matter
crystal growth pruolems such as diameter control, solid-liquid inter-

face shape and twinning become more severe when growth is attempt-
ed using small temper- ure gradients. One additional method of lower-
ing the disLoca, on density is to harden the lattice via the addition
of impurities. Zinc and sulfur dopants have been shown by Seki,
Watanabe, and Macsul (1978) and germanium has been shown by Brown,
Cockayne, and MacEwan (1981) to produce InP crystals with a low dis-
location density. These dopants do affect the electrical conductivity
such that semi-insulating InP cannot be obtained when the required
quantities of the above dopants are added to yield a low dislocation
density. Jacob (1982) has reported the use of isoelectronic impuri-
ties to lower the dislocation density of GaAs and InP. One of the
attractions of Group III or Group V dopants is that the conductivity

of a crystal containing high concentrations of dopant would not be
substantially different from the conductivity of an undoped crystal.

Thus semi-insulating low dislocation density crystals are attainable
and semi-insulating In-doped GaAs crystals have been grown by many
laboratories. Much less work has been done on InP doped with iso-

electronic impurities. The purpose of this paper is to expand on
the early work of Jacob (1982) and to do the investigation using InP
melts of 450g size rather than the 70-80g melts used by Jacob.

2. Experimental Procedure

The InP crystals were grown by the liquid encapsulation Czochralski
procedure using polycrystalline InP as the starting materil. The size
of the melts, the shape and size of the boules and the growth condi-
tions were reproduced for the various experiments in order to assess

which of the Group IllI or Group V impurities was most effective at
lowering the dislocation density. So as not to alter the ratio of
Group III: Group V atoms within the melts, all dopants were added in
the form of IIIP or InV compounds. The crystals were grown in the
(1I)P direction with a pull rate of 14 mm/hr. The puller was
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pressurized to 38 atm with dry argon and a 60g pellet of B203 with H20
content of less than 100 ppm was used for each experiment. The depth
of the B203 was approximaLely 12 mm In the 50 mm diameter pyrolytic BN
crucible. Subsequent experiments used a 8203 depth of 20 mm In order
to lower the thermal gradient and make additional improvements in the
dislocation density of As-doped InP. For the etching studies, (111)
oriented wafers were cut from the boules at the point where approx-
imately 50% of the melt had been solidified. Etch pits were produced
following the procedures of Akita et al (1979)

3. Arsenic-Doped InP

Boules were grown with InAs additions to the melt of 1%, 4%, 6% and 8%
by weight. Single crystals were readily grown with up to 6% by weight
additions of InAs, although there was some evidence of constitutional
super-cooling during the growth of the last to freeze portions of the
6% crystals. The crystal that was doped with InAs at 8% by wt. became
polycrystalline before the boule reached the full diameter and single
crystal growth could not be achieved using the 14 mm/hr pull rate. The
etch pit densities for the middle wafers of an Fe-doped crystal and
crystals doped with InAs at 1% and 4% are shown in Figure 1. It is
apparent that the crystal grown from the 4% InAs-doped melt contains a
central core approximately 8mm in diameter with a very low dislocation
density. The etch pit density outside the central core is similar to
that of the Fe-doped crystal. Figure 2 shows a micrograph of the
etched central core region. We are at a loss to explain the abruptness
with which the etch pit density plunges to zero. Figure 3 shows micro-
graphs of an etched (110) wafer cut from the As-doped boule. The
growth striations Indicate that the center part of the boule experienc-
ed faceted growth. Hulme and Mullen (1962) had shown that faceted
growth of Te-doped InSb resulted in the segregation coefficient being
up to nine times larger for growth in the faceted region compared to
growth off the facets. SIMS analyses were made to test whether As
behaves similarly in faceted growth of InP and to calculate a segrega-
tion coefficient for As. The SIMS results are shown in Table 1. The
As concentration was measured tn the central core region and near the
edge for 2 different wafers. The As concentration did not differ
significantly between the central facet and the edge of the wafers.
SIMS results are also shown for a wafer from the top and bottom of the
1% crystal. A segregation coefficient of .4 was calculated using the As
concentrations determined from SIMS. X-ray diffraction and Vegards law
were also applied to As-doped InP. The As concentrations determined by
the X-ray technique are shown In Table I for the 6% crystal. A segre-
gation coefficient of .6 was calculated using the X-ray determined
As concentrations.

Figure 4 shows the EPD of a wafer from a crystal doped with InAs at 6%
and Fe at 200 ppm by weight. This crystal was grown using 90g of B203
and an RF coil containing two more turns than the coil, used for the
other crystals. The EPD is 4 5 X 103 cm- 2 over approximately 75% of
the wafer diameter and it also has a central core of zero dislocation
density. The crystal is semi-insulating with a room temperature
resistivity of 4 X 106 ohm-cm at the top and 2 X I07 ohm-cm at the

bottom of the crysal. The electrical properties of the As-doped crys-
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tals are listed in Table 2. Smaller temperature gradients In addition
to the As-doping will be required to achieve a lower dislocation
density.

4. Antimony-Doped InP

Single crystal growth was achieved from a melt doped with InSb at 1.4%
by weight. After approximately 75% of the melt had been solidified, the
boule abruptly became polycrystalline. The etch pit density for the
Sb-doped botte is shown in Figure 5. This crystal has a small central
core with an etch pit density of zero and the etch pit density of the
remaining part of the wafer is similar to that for an undoped boule.
We have been unable to achieve single crystal growth with larger con-
centrations of InSb in the melt. SIMS analysis indicate an Sb concen-
tration of 2 X 1018 cm- 3 for the first grown area and 5 X 1018 cm- 3 for
the last grown single crystal area. Using the SIMS results a segrega-
coefficient of .01 Is calculated for Sb in InP.

5. GalLium-Doped TnP

Tohno et al (1984) have published EPD and Keff results for Ga-doped lnP
in which thay concluded that In order to grow a low dislocation density
crystal with diameter larger than 15mm, a Ga concentration of at least
1020 cm- 3 would be needed. They also reported that twinning is a
problem when Ga concentrations exceed 5 X 1019 cm- 3 . For our work one
crystal was grown with GaP added at .05% by weight which would give 5 X
10 9 Ga cm- 3 at the top of the boule. The EPD as seen In Figure 6 Is
slightly lowered at the seed end of the boule while the EPD for wafers
from lower in the boule are not significantly different from an undoped
boule. Several attempts were made to grow a boule doped with both Ga
(.05 wt%) and As (4 wt%). Crystal growth was difficult but we finally
achieved a full diameter single crystal boule which became polycrys-
talline after approximately 30% of the melt had been solidified. The
EPD was similar to that for an undoped boule but double crystal X-ray
diffraction rocking curves indicated that the boule was composed of
many grains with small angles of mlsorientation.

6. Conclusions

The results show that As is the isoelectronic dopant which Is most
suitable for lowering the dislocation density of tnP. Both Ga and Sb
do lower the EPD but the EPD Is lower still for As-doped material.
Arsenic Is more effective because it can be used at higher concentra-
tions than either Ga or Sb. The high concentrations of dopants enable
the observation of growth striations within the boules evidencing
faceted growth. Semi-insu!ating InP can be achieved by adding Fe in
addition to the Isoelectronic dopants otherwise the carrier
concentrations and mobilities are similar to those of undoped InP.
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Table 1 Measured Arsenic Concentrations

As(cm-3 ) As(cm-3 )
InAs (wt%) SIMS X-ray Location

1% 6 X 1019 ±.5 top
1% 1.8 X 1020 ±.5 bottom
4% 2.7 X 1020 ±.5.. top center
4% 2.7 X 1020 ±.5 top edge
4% 3.9 X 1020 ±.5 middle center
4% 3.3 X 1020±.5 middle edge
6% 5.7 X 1020 top
6% 6.0 X 1020 middle
6% 7.9 X 1020 bottom

Table 2 Electrical Properties of InP Crystals

Dopant ND-NA(cm-3 ) P77 cm
2/Vs p(ohm-cm)

None 3.3 X 1015 36,600
None 5.2 X 1015 33,200
InAs (1%) 3.3 X 1015 36,400
InAs (4%) 3.8 X 1015 33,000
InAs (8%) 3.6 X 1015 31,600
InSb (1.4%) 4.5. X 1015 31,200
GaP (05% 3.4 X 1015 34,700
GaP,InAs 3.5 X 1015 36,100
InAs,Fe 4 X 106
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Fig. I Etch Pit Densities for Doped
InP Crystals
A. 2-87-H Fe-Doped

2.~. ~B. 3-12-H 1% by wt. inAs
-12- 317-H C. 3-1- 4% by wt. inAs

'2.

Fig. 2 Micrograph Showing Edge of
Central Core for As-Doped
Crystal.

Fig. 3 Micrographs of

Etched (110)Wafer.
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lsobutylphosphine and tertiarybutylphosphine sources for OMVPE growth
of hnP

C.H. Chen, C.A. Larsen, G.B. Stringfellow

Department of Materials Science and Engineering, University of Utah, Salt Lake
City, UT 84112, USA

Abstract: Isobutylphosphine (IBP) and tertiarybutylphosphine (TBP) are
less toxic than phosphine and have been used to grow InP. Excellent
morphologies are achieved for IBP at high V/Ill ratios and low growth
temperatures. For TBP, low V/Ill ratios can be used. Carbon is the dominant
acceptor and its incorporation is supressed at higher temperatures and
higher V/Ill ratios. The carbon concentration is much less with TBP than with
phosphine or IBP. Best mobilities are 2800 and 3100 cm2N-sec for IBP and
TBP, respectively, with minimum electron densities in the mid 1016 cm 3

range.

INTRODUCTION
In less than a decade, organometallic vapor phase epitaxy (OMVPE) has
become a leading contender for producing both ultra-pure III/V semiconductors
and superlattices (Kawai et al 1985). Problems associated with the purity of
group III methyl and ethyl organometallic sources are largely in the past. A
major obstacle to further progress in OMVPE and the commercialization of this
growth technique lies with the group V sources. The group V hydrides, AsH 3

and PH3 , have been known for some years to sporadically contain 02 and H20
which results in poor material quality, especially for Al containing alloys (Wagner
et al 1981 and Dapkus et al 1981). Even more difficult to deal with is the hazard
of using high pressure cylinders of these extremely toxic materials
(Cole-Hamilton et al 1984). As a result, costly equipment is needed to make
OMVPE systems "absolutely" safe. A third problem for PH3 is its slow pyrolysis
rate (Stringfellow 1984a). This makes it necessary to use high V/Ill ratios to
prevent morphological problems (Stringfellow 1984b). The slow pyrolysis of
PH3 compared with AsH 3 also gives compositional ron-uniformity for
compounds containing P and As if a temperature gradient exists across the
wafer (Stringfellow 1983).

A potential solution for these problems is the use of group V organometallic
sources. They are liquids contained in small stainless steel bubblers at
atmospheric pressure. This automatically decreases the toxic hazard
tremendously. Since they are liquids they should be easily purified and may

(, 1987 lOP Publishing Ltd
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ultimately be as pure as the group III organometallic sources. In principle, the
molecules might be engineered to pyrolyze at lower temperatures than the
hydrides. However, the problem to date has been that the organometallic P
sources, triethylphosphine and trimethylphosphine, do not pyrolyze significantly
at ordinary growth temperatures (Moss et al 1981 and Renz et a1 1980).

We recently reported the first use of 1BP and TBP for the growth of device quality
InP (Larsen et al 1986 and Chen et al 1986a). The use of these liquid
organometallic phosphorus sources reduces the toxic hazard and handling
problems associated with the group V hydrides. The material quality is similar to
that obtained using PH3 . The problem with slow pyrolysis is improved using
TBP. Both sources produce PH 3 which, for IBP, is the primary phosphorus
source for the growth process. Preliminary results indicate that TBP produces
phosphorus directly, thus allowing the growth of high quality InP layers at lower
V III ratios than either PH 3 or IBP.

EXPERIMENTAL
The reactor, which has been descibed in detail (Kuo et al 1985), was of the
horizontal, atmospheric pressure, cold wall type. The sources used were TMIn,
IBP* and TBP* . For growth of InP using TMIn and IBP, typical flow rates were
300 cc/min at 17C for TMIn and 500 cc/min at 1-20C for IBP. For growth using
TMIn and TBP, typical flow rates were 100-260 cc/min at 7C for TBP and 200
cc'min at 17C for TMIn. The carrier gas was Palladium-diffused hydrogen with a
flow rate of 2.5 liter/min. The substrates were semi-insulating InP or GaAs
oriented 3 degrees off the (100) orientation toward (110). The morphologies,
photoluminescence (PL) spectra, and electrical properties were evaluated on
epilayers grown on InP substrates. The epilayers grown on GaAs were used
only to determine the epilayer thicknesses. Prior to loading into the reactor, the
substrates were etched in A-etch (H2 S0 4 :H2 0:H2 0 2 =5:1:1) for 4 minutes at
room temperature.

A He-Ne laser was used in low temperature PL measurements. The excitation
intensity was about 10 W/cm 2 . The conventional lock-in technique was used
with a Ge detector cooled to 77K. The van der Pauw method was used to
measure the mobility and carrier concentration. The magnetic field intensity was
5 kGauss and the current was 10 piA.

RESULTS
InP layers grown using IBP at temperatures of 580_<T < 630C,, at the proper V/Ill
ratio, have a smooth mirror-like appearance. The values of V/Ill ratio necessary
to obtain good surface morphologies are found to increase with increasing
temperature, from a value of 60 at 580C to 110 at 630C.

For InP layers grown using TBP, smooth morphologies could be obtained at
lower values of V/Ill ratio. For example, at 610C, good morphology InP could be
grown at a V/Ill ratio of 26. The ability to grow good morphology layers using
TBP with lower values of V/Ill ratio than for either IBP or PH 3 is apparently due
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to the direct production of phosphorus, as inferred from the data of Larsen et al
(1986) and Chen et al (1986a). Using PH 3 , growth at 650C and a V/Ill ratio of

_>30 is routine (Hsu et al 1986 and Fry et al 1985).

6K PL spectra for InP grown using IBP at 600C and values of V/Ill ratio of 90, 126
and 217 are shown in Fig. 1. Two peaks are observed. The shortest wavelength
peak at approximately 873 nm, is attributed to bound exciton (BX)
recombination. The peak located at approximately 892 nm is attributed to a
donor to acceptor pair transition(DAP), probably involving carbon, as deduced
from earlier studies of InP grown using ethyldimethylindium and phosphine (Fry
et al 1985). Since Zn also introduces a peak at a similar position in InP, the
dependence of intensity on V/Ill ratio is necessary to make a definitive
identification. We see a marked decrease in the ratio of the DAP to the BX
peaks with increasing V/Ill ratio. Since C resides on the P sublattice and Zn on
the In sublattice, this V/Ill ratio dependence indicates the acceptor to be C. The
full width at half maximum of the BX peak also becomes narrower for larger V/Ill
ratios, changing from 8.8 meV for a V/Ill ratio of 90 to 7.8 meV for a V/Ill ratio of
217. In general, the PL spectra from InP grown using IBP are very similar to
samples grown under similar conditions using PH 3 (Hsu et al 1986 and Fry et al
1985). As reported by Larsen et al (1986) and Chen et al (1986a) the carbon
peak decreases rapidly with increasing growth temperature. These results are
similar to the decrease in the carbon peak observed in GalnAs grown using
TMIn, trimethylgallium (TMGa), and AsH 3 (Kuo et al 1985), and in InP grown

using ethyldimethylindium (EDMIn) and PH3 (Fry et al 1985).

9K PL spectra for InP layers grown using TMIn and TBP are shown in Fig. 2 for
growth temperatures of 550, 600 and 620C with a constant V/Ill ratio of 60.
Similar to the results for IBP (Larsen et al 1986 and Chen et al 1986a)
increasing growth temperature results in a reduction in the ratio of the
intensities of the DAP to BX peaks. From the V/Ill ratio dependence of the DAP
peak seen in Fig. 3, we conclude that the acceptor involved is again carbon.
The full width at half maximum is about 5 meV for these three samples. These
spectra are very different than those presented in Fig. 1. Using TBP the carbon
concentration is markedly less than using IBP. This is more clearly seen in Fig.
4 where three spectra are ploted for samples grown at 600C using TMIn and
PH 3 , TBP or IBP using the V/Ill ratios indicated in the figure. Even though a high

V/Ill ratio is used, the IBP grown InP contains appreciable amount of carbon. But
for TBP grown InP, much less carbon is detected using a V/Ill ratio similar to that
for PH 3 .

The room temperature free electron concentrations for InP samples grown using
TMIn and IBP ( 2 different sources) or TBP are plotted versus input V/Ill ratio
during growth in Fig. 5. The V/Ill ratio dependence of carrier concentration and
mobility was measured only for the second, less pure bottle of IBP giving carrier
concentrations in the 1017 cm- 3 range. The carrier concentration appears to
decrease slightly at higher values of V/Ill ratio. The mobility shows a definite
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Fig. 2. 9 K photoluminescence spectra
Fig. l. 6 K photoluminescence of layers for layers of InP grown using TMIn
of InP grown using TMIn and IBP at three and TBP at a V/Ill ratio of 60 andvalues of V/Ill ratios: 90, 126, and 217. several alues of growth temperature.
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Fig.3 9 K photoluminescence spectra
for 3 InP epilayers grown using Fig. 4. 9 K photoluminescence spectra
TMIn and TBP at 600 C and values of for 3 JnP samples grown at 600 C
V/111 ratio of 40,60, and 90. using TMIn and IBP, IBP or phosphine.
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1

10~ Fig. 5. Electron

w density and mobility
measured at 300 K
versus input V/Ill

10 1ratio during growth
for InP grown at
600 C and using:

3000 () IBP bottle#1,
-M (a) IBP bottle #2,
. " and ()TBP.

2000

50 100 150 200

V/Ill RATIO
increase with increasing V/Ill ratio. However, the highest mobilities obtained
using the 2nd bottle of IBP are only 2400 cm2Ns. The highest mobility values
measured to date were 2800 cm2Ns for the first bottle of IBP and 3100 cm2/Vs
for TBP, both at low values of V/Ill ratio. These values are consistent with a total
ionized impurity concentration of approximately 5x10 16 cm- 3 (Walukiewicz et al
1980). Using TMIn and PH3 , typical 300 K electron mobilities of 3500 cm2/Vs
are observed, although the very best TMIn yields room temperature mobilities in
excess of 5000 cm 2/Vs and carrier concentrations of 1014 cm-3 (Hsu et al 1986
and Chen et al 1986b) in the same reactor used for the present study.

SUMMARY
In conclusion, IBP and TBP have been studied in terms of their potential use as
sources for OMVPE growth. The compounds have been used effectively to
produce epitaxial layers of InP. The layer purity is found from both Hall effect and
low temperature photoluminescence studies to improve drarr'atically as the Will
ratio is increased to 217 and as the growth temperature is increased from 580 to
630C for IBP. Higher values of V/Ill ratio are also required to obtain good surface
morphologies at higher temperatures. Using TBP, a dramatic increase in layer
quality was observed with increasing growth temperature. Somewhat lower
values of V/Ill ratio of approximately 26 can be used to yield excellent
morphology layers. In addition, the carbon concentrations for InP layers grown at
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a value ot V/Ill ratio of 40 were lower than layers grown at much higher values of
V/Ill ratios using IBP and layers grown using PH 3 at a similar V/ill ratio. For
growth temperatures between 600 and 630C, the best layers have optical and
electrical properties which are comparable to similar layers grown with
phosphine as the phosphorus source, except that lower values of V/Ill ratio can
be used for TBP due to its more rapid pyrolysis rate. However, neither the IBP
nor TBP purity is quite as good as the best PH 3 . The best values for carrier

concentration were in the low 1016 cm- 3 region with mobilities of 2800 cm2Ns
for growth using IBP and 3100 cm2 Ns for TBP. Due to the much lower safety
risks of IBP and TBP, and the potential for higher purity compared to phosphine,
it is expected that they may fill a significant need in the OMVPE growth of
phosphorus containing IIIN semiconductors.
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High mobility, low compensation GaAs grown by OMVPE

S.K. Shastry, S. Zemon, and P. Norris

GTE Laboratories Incorporated, 40 Sylvan Road, Waltham, MA 02254

Abstract: Iigh purity epitaxial GaAs with very high electron mobility
(190,000 cmz/V.s at 77 K) and low compensation (NA/ND < 0.05,
ND=1.21x10'

4 
cm

-3
) has been reproducibly grown by low pressure organo-

metallic vapor phase epitaxy.

1. Introductinn

The utility of GaAs and related compounds for high-speed electronic and
optoelectronic device applications is well known. These applications
require high carrier mobility, and therefore high purity and low
compensation material. However, high mobility, epitaxial GaAs layers
grown on (100)GaAs substrates by liquid-phase epitaxy (Miki and Otsubo
1971), vapor-phase epitaxy (Wolfe and Stillman 1975), or molecular beam
epitaxy (Larkins et al 1986) are often compensated (NA/ND - 0.15-0.6
where NA and ND are the acceptor and donor concentrations, respectively).
Further, these layers are obtained only after quite elaborate baking of
the epitaxial growth systems. Epitaxial GaAs layers grown by
organometallic vapor-phase epitaxy (OMVPE) have thus far fared poorly
(NA ND - 0.

4
-0.

8
), with total impurity concentrations being about 1 x

10 cm
-3

, and often more (Nakanisi et al 1981, Dapkus et al 1981, Bhat
et al 1982, Shealy et al 1983, Roth et al 1983, Kuech and Potemski 1985).
The only reported work on low compensation (NA/ND - 0.06) GaAs was on
(2 l)A-substrates grown by AsCl3 VPE (Colter et al 1983), and this
precludes direct comparison to results obtained with the commonly used
(100)-substrates.

We have grown high purity (ND-NA - ND = 1.21 x 1014 cm
- 3

) GaAs layers by
low pressure OMVPE in a vertical reactor. Previously, epitixial GaAs
layers with 77 K electron mobilities of 130,000-140,000 cm /V.s were
grown in this reactor (Black et al 1?15) * These layers were, however,
compensated (NA/ND = 0.7, NA = 2 x 10 cm-

3
), and the dominant rqsidujl

impurity was carbon. We have now obtained higher purity (NA < 1011 cm
-
)

GaAs layers by eliminating system leaks and reducing contamination
sources. The present layers are reproducibly and routinely grown on 2-
in. diameter substrates without extensive baking or purging of the OMVPE
system. In this paper, we report on the factors contributing to the
growth of such high purity material.

2. Experimental Procedure

The epitaxial layers were grown on undoped LEC semi-insulating GaAs
substrates. They were (100)-oriented with 20 off toward (110) and a
quoted dislocation density of 5 x 104 cm

- 
. The polished, as-purchased

GaAs substrate was dipped in dilute (10%) HCI, blown dry, and loaded into
the vertical, RF-heated reactor via a load-lock arrangement. The
substrate was then heat-treated at 6000C for 10 minutes under arsine (56
sccm) and hydrogen (5 slm) flows. using triethylqallium (TEG), a 0.5-pm
thick GaAs buffer layer was then grown at 600oC; grbwth was further
continued for 4-5 hours at a desired temperature, between 550

0
C and

7000C, with a growth rate of about 40 nm/min. This amounted to an
arsine:TEG mole ratio of 17.5 at the inlet of the reactor. (This is
referred to as the V:III or As:Ga ratio in this paper.) Some experiments
were carried out at different V:III ratios, between 8 and 65, by varying
the arsine flow rate. All the experiments were carried out at 50 Torr.

Hall and Van der Pauw measurements were made at 300 K and 77 K under room
light with magnetic flux densities of 0.2-0.5 *T and sample currents of
2.5-100 IA using an automated measurement system. The layer thicknesses
were measured by cleaving and staining, and corrections were made for
interface and surface depletions (Chandra et al 1979). Carrier

© 198 lOP Publishing Ltd
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concentrations were also measured TEMPERATURE (OC)
by C-V profiling to confirm the
Hall effect measurements. Com- 700 660 Goo 550
pensation was estimated using the 1015 700 ' 55
empirical curve of Wolfe et al
(1970). Photoluminescence (PL)\
and magnetophotoluminescence (MPL) E ED 2.8e
measurements were made at 4.2 K I
(Zemon et al 1986). E i
3. Results and Discusmion Z

In the initial stages of this $._
study, it was found that using C
molecular sieve filters at the I.-3E
outlet of the arsine tank and at w
the inlet of the vacuum pump was Z
essential to improve the purity of 0
the GaAs layers. The former 0
filter caused a reduction mainly in 13
the donor concentration while the -
latter reduced the acceptor /OMVPE GS
concentration. PL measurements S sTrr;As:Ga=17.s
indicated this acceptor to be N oN0 DONORS
carbon. All the work reported in NA AONORS
this paper was carried out by -AE
incorporating these filters. The
epitaxial layers thus grown were 121 ___ _
smooth, featureless, and uniform in 1.0 1.1 1.2
thickness within ± 10%. They were
n-type with net carrier 1000/T(K

- 1
)

conclitrations ranging from about 2
x 10 cm- to 4 x 101 4 cm- 3 . Hall
data on layers grown between 5500 C
and 700 0C with V:III ratio of 17.5 Fig. 1 Variation of residual
are shown in Table I. A reduction impurity concentrations as a
in 77 K mobility and an increase in function of growth temperature
the impurity concentrations are for V:III ratio of 17.5
seen for layers grown below 6000C
and above 6500C. Figure 1 shows
the residual donor and acceptor concentrations as a function of growth
temperature over the range of 5500C to 7000C. The open circles and
closed triangles represent N and NA, respectively. ND increases with an
activation energy (ED) of aZout 2.8 eV for growths above 6500C. This
value of En is close to the dissociation energy of silane or organosilane
species (Weast 1984); thus, the donor species could be Si. NA increases
with an activation energy (EA) of about 6 eV. This is unusually high,
and hence is unlikely to be due to a simple surface activated process.
We note that in the vertical RF-heated reactor, even at 50 Torr,
convection flows of vapors increasingly take place above 6500C. Thus,
the rapid increase in NA could be due to the recycling of reaction
products onto the growth surface or due to the formation of defect
complexes at the higher growth temperatures.

For layers grown below 6000C, both ND and NA increase as the growth
temperature is decreased, with ED of about 1.8 eV and EA of about 3.2 eV.
This temperature dependence is similar to that of S (Bass and Oliver
1977) and Zn (Bass and Oliver
1977, Glew 1984) doping in Table I Hall data on 10- to 12-11m
OMVPE GaAs. Additionally, E of thick OMVPE GaAs layers (V/III - 17.5)
3.2 eV is close to the C-H gond
strength (Weast 1984). Thus
the residual impurities in Growth ND A77*
these layers could be S, Zn, temp (°C) (1014 cm-3 ),NA/ND (cm2 /V.s)
and C. The layer grown at
5500C is nearly compensated, 950 4.60 0.95 98,000
though its 77K mobility is 55 4.60 0.95 9,000
unusually high for such low 575 1.78 0.46 149,000
growth. This is probably due 600 2.20 0.36 153,000
to the still comparatively 19y 625 2.12 0.06 166,000imeirity concentration (<1011 650 1.21 <.05 190,000
cm ) and the associated long 65 1.71 0.05 190,00
relaxation time for the ionized 675 4.75 0.26 111,400
impurity scattering process. 700 7.50 0.4 86,000

1300 - 6800-8500 .cm.V.s
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The layers grown between 600
0
C and 6500C exhibit high 77 K electron mobil-

ity and yery low residual acceptor concentration. ND is typically 1-2 x
10Y4 cm

- 3 
while NA is an order of magnitude or more lower in these lay-

erq.,The highest mobility layer (grown at 650
0
C) had a 977 of 190,000

the highest
reported for OMVPE
GaAs at this temper-
ature. The estimated EXCITON PL
value of NA is nqg
morq than 5 x 10

±

cm
-
J
,  

whil ND is
1.21 x 10

4  
cm

The uniformity over
the 2-in. diameter OMVPE GaAs
wafer is excellent, O
with J77 varying by VIIII= 17.5

about 12%. Such low
compensation layers
have been repro-
ducibly grown over 6 4.2K
times in the present 4
work.

Figre 2 shows the4. K PL spectra of

the GaAs layers grown
at 550

0
C, 600

0
C, and

6500C with a V:III 0 1
ratio of 17.5. It is Ia A ACCEPTOR PL
seen that the PL am-
plitude in the ac- Ia

ceptor region is very [
much less than that

in the exciton re- 0
gion. This is indic- 0 820
ative of low shallow TG600C

acceptor concentra- 815 820
tion in these layers. (M, 82D

Figure 3 shows on an - Te=SOc
expanded scale the - _-__
exciton region for a 815 820 825 830 835
sample grown at 625

0
C WAVELENGTH (nm)

with V:III ratio of
17.5. We note that
the acceptor bound Fig. 2 4.2-K PL spectra for high purity OMVPE
exciton line (A

O
, X) GaAs grown at 5500C, 600

0
C, and 650

0
C (V/III =

is over two orders of 17.5) . The excitation intensity was 0.5 mW/cm
2
.

magnitude smaller For clarity, the x-axis for the exciton spectra
than the donor bound is shifted.
exciton line (DO, X),
indicating very low
compensation consistent with the Hall data. Additionally, the PL line
widths are sharp [0.15 meV full-width-half-maximum for the (DO, X) line),
and the excited states [DO, X)*] of the (DO, X) line are well delineate
chaacteristic of material with impurity concentration in the low 1014
cm range (Skromme et al 1985) . These results are similar to those
reported for low compensation, high purity hydride (Abrokwah et al 1983)
and chloride (Colter et al 1983, Dorrity et al 1985) VPE GaAs.

Figure 4 shows the PL and MPL data for our high purity sample of Fig. 3.
The three sharp acceptor MPL (2.5 T) lines are denoted (Zemon et al 1986)
as free-to-bound acceptor lines Ce, A

0
0) , (e, AO MBe,' and Ce, AoZn),

while the remaining three broad lines (Ashen 1W al 1975) are the
companion donor-to-acceptor lines (DO, A

0
O), (DO, A°M /Be)

, 
and (DO,

A-zn). The TO and LO phonon replicas of the free excitgn emission (XTo
and XLO) and the LO phonon replica of the (DO, 11) line are also
identified (Skromme et al 1983). Another demonstration of the reductions
in the acceptor PL intensity in the low compensation GaAs can be seen
from comparing the PL amplitude of the acceptor lines to that of XO
transition. The latter is a higher order intrinsic process. Thus, it is
expected to be weak and independent of the degree of compensation. From
Fig. 4, the ratio is on the order of 10:1, while for typical high purity
compensated material, the ratio is much larger, on the order of 400:1
(Zemon and Lambert 1986). Preliminary MPL results for donor identifi-
cation via the "two electron" replica of the donor bound exciton (Dean
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et al 1984, Reynolds
et al 1984) indicate a (00,X)
that the residual
donors are mainly Si
and Ge with sulphur
often present in GM VPE Gaf

lesser amounts. EXCITON P.
C

Acceptor region MPL 4.2 K
spectra of GaAs lay- (a

ers grown at temper-
atures > 675°C did >. ( DO, D

0
h)

not reveal any sharp
(e, AO) structure, z
suggesting that the w GAIN X1O
concentration of shal-
low acceptors is fur-
ther decreased. The Ui (AO, X)
high concentration of Z X (DO
residual acceptors as W'X)n=2
determined from the
Hall data (Table I) z
therefore signifies
the presence of com-
pensating defect com- -
plexes in these lay- 817 819 821
ers. The MPL spectra WAVELENGTH (nm)
of layers grown at
temperatures S 600

0
C

revealed Zn and C as
the main acceptors
present. An activa- Fig. 3 A high resolution (0.01 nm) PL spectrum
tion energy EA of 3.2 of a sample grown at 625

0
C with V:III ratio of

eV derived from Fig. 17.5
1 also suggests that
this is the case.

Table II shows the
Hall effect data of Table II Hall data for GaAs layers grown at 575

0
C

GaAs layers grown at ....
575

0
C for different V:III ND'77*

V:III ratios. All i 4
- 3) 

NA/N (cm2/V.)
the layers have low ratio cm
total impurity conce-
tration (< 5 x 10

4  
17.5 1.78 0.46 149,000

cm ), and hence high 45.0 1.00 0.40 160,000
77 K electron mobil-
ity. They are, how- 65.0 2.96 0.53 133,000

ever, compensated. -- -
Here, both ND and NA *9300 = 6800-7700 cm

2
/V.s

slightly increase
with increasing V:III ratio. PL spectra indicate that Zn and C are the
main acceptors in these layers, the latter being reduced at the higher
V:III ratio. Compensation in the present GaAs 13yers grown at the low
temperature (< 600

0
C) appears to be due to shallow acceptors other than

defect complexes.

Table III shows the Hall effect data of the layers grown at 650
0
C for

different V:III ratios. Layers grown at Iw V:IP)I ratios (< 40) have low
total impurity concentration (< 3 x 10 cm ) and low compensation.
Both ND and NA initially decrease (around V/II - 17.5) and then
increase with increasing V:III ratio. PL spectra indicate Zn as the main
residual acceptor in layers grown at low V:III ratio. However, no
shallow acceptor could be identified by PL in layers g-own at high V:III
ratios (- 50), although electrical measurements indicate an increasing
amount of acceptors. This could be due to defect complexes formed under
high V:III ratio growth conditions. The dominant residual donors in
these layers appear to be Ge and Si. These assignments satisfactorily
agree with the impurity activation energies derived from Fig. 1.

. .. .---- -- - -- -- -- ,m~m-- • d~m-Aukm m
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4. Sary

High purity, low com-
pensation GaAs lay-
ers have been grown (
reproducibly on 2-

strates by low pres-
sure OMVPE. The Mg/Be Mg/Be
highest purity sam- C Ml
ple had total im- C Zn
purity concetratioq
of 1.24 x 1011 cm

-  
t

and compensation of Ufl
less than 0.05. The Z• ~W,
77 K electron mo-
bijity was 190,000
cm /V.s. Zn, C, S, w
and Ge are the main Q
impurities for lay- Z 
ers grown below 

XLO

600°C; amounts of C i ( O
and S decrease for 2
growths at higher
temperatures. Com-
pensation in layers I
grown at lower (5
600°C) temperatures
appears to be due to
shallow acceptors,
while in layers 0 T
grown at higher ______
(>650°C) tempera-
tures, it appears to 825 830 835 840
be due to defect com- WAVELENGTH (nm)
plexes. Nonethe-
less, almost all the
layer have ow (< 5
x I0

4 
cm-') total

ionized impurities, Fig. 4 4.2-K PL of the acceptor region in zero
and the PL spectra magnetic field and at 2.6 T for the sample of
show features typi- Fig. 3. The MPL spectrum was taken with the sam-
cal of such high ple in the Faraday configuration for left circu-
purity GaAs. larly polarized luminescence. Lines are drawn be-

tween the zero field and 2.6-T spectra connecting
Acknowledgements equivalent luminescence transitions.
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4
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-3
) NA/ND (cm

2
/V.s)
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2
/V.s

'



86 Gallium Arsenide and Related Compounds 1986

Referancas

Abrokwah J K, Peck T N, Walterson R A, Stillman G E, Low T S, and
Skronme B J 1983 J. Electron. Mater. 1Z 681

Ashen D J, Dean P J, Hurle D T J, Mullin J B, and White A M 1975 J. Phys.
Chem. Solids 36 1041

Bass S J and Oliver P E 1977 Gallium Arsenide and Related Compounds 1976
(Inst. Phys. Conf. Ser. No 33b) pp. 1-10

Bhat R, O'Connor P, Temkin H, Dingle R, and Keramidas V C 1982 Gallium
Arsenide and Related Compounds 1981 (Inst. Phys. Conf. Ser. No. 63)
pp. 101-106

Black J, Norris P, Koteles E, and Zemon S 1985 Gallium Arsenide and
Related Compounds 1984 (Inst. Phys. Conf. Ser. No. 74) pp. 683-684

Chandra A, Wood C E C, Woodard W, and Eastman L F 1979 Solid State
Electronics 22 645

Colter P C, Look D C, and Reynolds R C 1983 Appl. Phys. Lett. 4U 282
Dapkus P D, Manasevit H M, Hess K L, Low T S, and Stillman G E 1981 J.

Cryst. Growth U 10
Dean P J, Skolnick M S, and Taylor L L 1984 J. Appl. Phys. U 957
Dorrity I A, Hewins D, and Medland J D 1985 Gallium Arsenide and Related

Compounds 1984 (Inst. Phys. Conf. Ser. No. 74) pp. 211-216
Glew R W 1984 J. Cryst. Growth U 44
Kuech T F and Potemski R 1985 Appl. Phys. Lett. 42 821
Larkins E C, Hellman E S, Schlom D G, Harris Jr. J S, Kim M H, and

Stillman G E 1986 Appl. Phys. Lett. 49 391
Miki H and Otsubo M 1971 Japan. J. Appl. Phys. 12 509
Nakanisi T, Udagawa T, Tanaka A, and Kamei K 1981 J. Cryst. Growth 5.f

255
Reynolds D C, Colter P C, Litton C W, and Smith E B 1984 J. Appl. Phys.55

1610
Roth A P, Charbonneau S, and Goodchild R G 1983 J. Appl. Phys. 5A 5350
Shealy J R, Kreismanis V G, Wagner D K, Xu Z Y, Wicks G W, Schaff W J,
Ballantyne J M, Eastman L F, Skromme B J, and Stillman B J 1983 Gallium
Arsenide and Related Compounds 1982 (Inst. Phys. Conf. Ser. No. 65) pp.
109-116

Skromme B J, Low T S, Roth T J, Stillman G E, Kennedy J K, and Abrokwah J

K 1983 J. Electron. Mater. 12 433
Skromme B J, Bose S S, Lee B, Low T S, Lepkowski T R, DeJule R Y,

Stillman G E, and Hwang J C M 1985 J. Appl. Phys. 58 4685
Weast R C 1984 CRC Handbook of Chemistry and Physics (Boca Raton,

Florida: CRC) pp. F172-F183
Wolfe C M, Stillman G E, and Dimmock J 0 1970 J. Appl. Phys. A1 504
Wolfe C M and Stillman G E 1975 Appl. Phys. Lett. 27 564
Zemon S, Norris P, Koteles E S, and Lambert G 1986 J. Appl. Phys. 5
2828

Zemon S and Lambert G 1986 (Private Communication)



Inst. Phys. Conf Ser. Na 83: Chapter 3 87
Paper presented at Int. Symp. GaAs and Related Compounds, Las Vegas, Nevada, 1986

Rare-earth ion-doped InP grown by metalorganic chemical vapor deposition

Kunihiko Uwai, Hiroshi Nakagome and Kenichiro Takahei

NTT Electrical Communications Laboratories
3-9-11, Midori-cho, Musashino-shi, Tokyo 180, Japan

Abract Yb is doped into lnP epitaxial layers by metalorganic chemi-
cal vapor deposition for the first time. The Vb-doped InP shows n-type
conductivity. Sharp photolumunescence lines due to Vb intra 4f shell
transitions are observed at 4.2K, showing a marked increase in
linewidths with increasing temperatures. Above 80K, the Vb emission in-
tensity is found to decrease more rapidly with increasing temperatures
than the near band-edge emission intensity.

1. Introduction

Rare-earth ions are known to exhibit sharp emission lines due to intra 4f
shell transitions and have been used for laser materials such as Nd in yt-
trium aluminum garnet (VAG) (Kaminskii 1981). Though the hosts of rare-
earth-doped laser materials have been limited to insulators, semiconductor
hosts have an advantage because of the possibility of fabricating light
emitting devices using minority carrier injection. Rare-earth ions in U-
VI semiconductors have been extensively studied for applications as
electroluminescent devices (Anderson et al 1965, Anderson 1966). However,
I-V semiconductors are potentially superior to Il-VI semiconductors as

host materials for rare-earth doping because most rare-earth elements take
a trivalent state, or an isovalent state at cation sites when doped into In
-V materials. Moreover, advanced technology of rn-V semiconductor crys-
tal growth and processing allows suitable material tailoring for fabricat-
ing rare-earth doped optical devices.

However, in spite of the obvious advantages mentioned above, rare-earth ion
doping into rn-V semiconductors was not realized until the late 1970s and
early 1980s when two groups began studying the optical properties of
several rare-earth ions in binary Ir-V semiconductors (Kasatkin et al
1978, Ennen et al 1983). These two groups successfully synthesized rare-
earth doped :9-V semiconductors and observed characteristic sharp lines
arising from 4f electrons of rare-earth ions at low temperatures. However,
the possibility of growing high-quality epitaxial layers doped with rare-
earth elements has not been extensively explored except in a few pioneering
experiments (Haydl et al 1985).

Epitaxial growth of high-quality rare-earth doped rn-V semiconductors is
essential for the fabrication of thin film optical devices. Furthermore,
the use of epitaxial layers for definite material characterization is ad-
vantageous because the quality of epitaxial layers is usually superior to
that of bulk crystals. Since a lower background doping level can be
achieved by epitaxial growth owing to lower growth temperatures (usually

© 1987 lOP Publishing Ltd
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lower than 6001C), the possible association of rare-earth ions with unin-
tentionally doped elements can be avoided. Thus, optical spectra from
epitaxial layers are more likely to be caused by isolated rare-earth
elements. This greatly simplifies the identification of the origin of
these spectra.

Liquid phase epitaxy (LPE) is usually the simplest method for growing high-
quality layers. However. low solubility of rare-earth atoms into a molten
column MB metal and small distribution coefficients of rare-earth
materials prevent us from growing highly doped epitaxial layers by LPE.
Moreover, the higher growth temperatures needed to overcome these obstacles
probably cause increased contamination from the apparatus.

Growth processes controlled by mass transport such as metalorganic chemical
vapor deposition (MOCVD) and molecular beam epitaxy are suitable for doping
elements with small distribution coefficients. We have successfully grown
rare-earth (Yb) doped InP by MOCVD using cyclopentadienyl compounds of
ytterbium. MOCVD has some advantages over other growth methods. Using
metalorganics of rare-earth elements, we can avoid exposing these highly
active metallic elements to oxygen and hydrogen when growing epitaxial
layers. Furthermore, a variety of purifying methods can be used at stages
of synthesizing metalorganics. This paper describes the growth procedure
and the electrical as well as optical characteristics of Yb-doped InP.

2. Experimental

Yb-doped InP epitaxial layers were grown on Fe-doped semi-insulating InP
substrates by low-pressure (O.atm) MOOD using triethylindium (n(C2H5)J),
phosphine (PH3) and tris-cyclopentadienyl ytterbium (Yb(C5H5)3). The gn-
doped ]ayers were of the n-type with electron concen rations of 101
lOrcs"A at room temperature. Growth conditions for undoped layers have
been described elsewhere in detail (Uwai et al 1985).

Vb was doped by sublimating and transporting Yb(C5H5)3 with H2 flow.
Doping concentrations were varied by varying container temperatures of
Yb(C5H5 )3 . Typical growth temperatures were in the range from 550 to 6501C.

Yb concentrations in grown layers were determined by secondary ion mass
spectroscopy (SIMS) calibrated by inductively coupled plasma (ICP) atomic
emission spectroscopy. The calibration method is described elsewhere (Uwai
et al 1986). Electrical characteristics were examined by the van der Pauw
method using rectangularly shaped samples.

PL was excited with a He-Ne laser operating at 632.8nm and analyzed with a
1.25-a monochrom'tr coupled with a cooled Ge p-i-n detector. Detailed
structures due to intra 4f shell transitions in Yb were measured at 4.2K
with a wavelength resolution of O.Inm. Temperature dependence of PL
spectra was also investigated between 4.2K and 200K. No corrections for
monochrometer and detector response have been made.

3. Results

Surface morphology of grown layers was inspected using a differential in-
terleregce microscope. The layers with rare-earth concentrations below
IO'cm" show specular fsatureless surfaces. With increasing Yb concentra-
tions up to 5X 10'cm" . epitaxial layer surfaces show a wavy structure.
Further increases in Y concentrations to IXlO ocm "3 results in a rough
surface. Although growth conditions are not yet optimized, these results
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suggest that the epitaxial growth process is seriously affected by Yb in-
corporation during growth. However, it is noteworthy that the shape of a
PL spectrum due to intra 4f shell transitions measured at 4.2K is not af-
fected by Yb incorporation in this concentration range in spite of the sig-
nificant change of the surface morphology and the PL intensity.

The effect of rare-earth doping on electrical characteristics of the grown
layers was investigated by varying doping concentrations. All of the Yb-
doped layers show n-type conductivity, irrespective of Yb concentrations.
Table I summarizes carrier concentrations and Hall mobilities of two
layers with different Yb concentrations. The measurements were made at
300K and 77K by the van der Pauw method. Ratios of carrier concentrations
at 77K to those at 300K n(77K)/n(300K), which indicate the degree of car-
rier freeze-out, are also shown. Yb concentrations determined by SIMS are
shown in the right-hand column of the table.

Table 1. Electrical characteristics of Yb-doped layers

Sample Carrie.- n(77K) Hall Yb
Conigntritions n(3OOK) Mob lilies Concsntrations*
(10cm- ) (10cm /Vs) (cm" )
300K 77K 300K 77K

MOJ 2.1 1.5 0.7 3.7 13.0 4X 1014
MOL 4.0 1.7 0.4 3.4 7.6 5X10 16

*determined by SIMS.

Sample MOJ, which is lightly doped with Yb, shows carrier concentrations
and mobilities similar to those of undoped layers without serious carrier
freeze-out at 77K (n(77K)/n(300K)-0.7). In contrast, sample MOL, which
shows only a slight increase in the carrier concentration at 300K from the
value of NOJ, shows a significant carrier freeze-out (n(77K)/n(300K)'--0.4).

PL characteristics are investigated for sample MOL at temperatures between
4.2K and 200K. At 4.2K the sample exhibits sharp emission lines charac-
teristic of Yb intra-4f-shell transitions near 1.23eV (Ennen et al 1983)
with weaker near band-edge emissions which consist of free exciton (or
band-to-band) recombination and band-to-acceptor recombination, as shown in
Fig.l. Figure 2 shows an enlargement of Yb lines. As can be seen from the
figure, a few distinct zero-phonon lines (ZPL's) are observed with acoustic
phonon sidebands. One- and two-phonon replicas appear at lower energies as
shown in Fig.3. Lines are numbered using the notation given by Ennen et al
(1983). (Lines 18 and 19 have not been resolved for ion implanted samples
(Ennen et al 1983).)

If we assume that the contributing phonon energy is 310.2±1cm "1 (38.5±
O.1meV), which is close to the energy of the local phonon in InP (Tapster
et al 1981, Tapster et al 1982, Skolnick et al 1983), we can make the as-
signment of phonon replicas as shown in Fig.3. (The notation "n-mu" in
Fig.3 means the a-phonon replica of ZPL In.) Line 12 is located 347.5cm
(43.1meV) below ZPL 4. This energy is close to the longitudinal optical
phonon energy in InP (Mooradian and Wright 1966). Furthermore, we observed
a small shoulder at the higher energy side of line 12 and a peak between
lines 12 and 13, which are not yet identified.

Temperature dependence of the Yb-related spectrum is shown in Fig.4. In
this figure, ZPL's 3, 4, and 8 at 4.2K, 28K, 43K and 82K are shown together
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Fig.l PL spectrum of sample MOL Fig.2 Yb PL lines of sample MOL
(Yb concentration 5XlO1 6cm' 3 ) at 4.2K. Lines are numbered fol-
at 4.2K. lowing Ennen et al (1983).
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with the phonon sidebands. At temperatures from 4.2K to IOK, the spectrum
as well as its intensity remain essentially unchanged. At 43K, however,
two ZPL's denoted by 4 and 8 decrease in peak height and notably increase
in full width at half maximum (FWHM). At this temperature, ZPL 8 can not
be observed as a distinct peak because it merges with an acoustical phonon
sideband of ZPL 4. The FWHM of ZPL 4 increases to 3.26meV at 82K from
0.86meV at 4.2K. In spite of the marked increase in FWHM, the peak
energies of ZPL 4 and 8 remain 1.238eV ard 1.231eV, respectively, the shift
being less than 1meV between 4.2K and 82K.

Although both the Yb lines and the near band-edge emissions show a decrease
in intensity as the temperature rises, the Yb lines become remarkably
quenched as the temperature rises above lOOK. Figure 5 shows the tempera-
ture dependence of the integrated intensities of the Yb lines and the near
band-edge emissions above 80K. The near band-edge emissions include a
band-to-band (or exciton) transition and a band-to-acceptor transition
while the Yb lines include all the phonon sidebands as well as ZPL's.
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The Yb emission intensity remains nearly the same between 4.2K and 43K,
while the near band-edge emissions begin to decrease above 20K. On the
other hand, as can be seen in Fig.5, the near band-edge emissions decrease
in intensity with increasing temperatures above 80K with an activation
energy of -10meV, while the Yb emissions decrease rapidly above lOOK and
their activation energy cannot be precisely defined. The Yb emissions are
scarcely observed above 200K.

4. Discussions

In contrast to Yb-doped epitaxial layers grown by liquid phase epitaxy
(Haydi et al 1985). MOCVD-grown InP invariably shows n-type conductivity.
It is possible that p-type conductivity observed for LPE-grown layers is
caused by impurities in Yb metal used for doping. For example, impurities
such as Zn and Mg are often observed as contaminants in rare-earth
metals. They are easily incorporated into epitaxial layers because they
have much larger distribution coefficients than that of Yb. thus contribut-
ing to p-type conductivity.

PL results at 4.2K (Fig.2) and 82K (Uwai et al 1986) confirm that MOCVD-
grown layers contain less amount of the unintentionally doped acceptor com-
pared with the ion-implanted (Ennen et al 1985) or LPE-grown layers (Haydl
et al 1985). The band-to-band emission is stronger than the acceptor-
related emission both at 4.2K and 82K in MOCVD-grown layers, while in the
ion-implanted or the LPE-grown layers the acceptor-related emission
dominates the near band-gap emission.
The carrier freeze-out observed in sample MOL suggests that unknown deep
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levels are incorporated into our MOCVD-grown epitaxial layers. SImS
measurements reveal that transition metals such as Fe and Mn are incor-
porated into the layers together with Yb. Therefore, at present, we cannot
determine to what extent Yb affects the electrical properties of the
layers.

The mechanism of the temperature dependence of the PL spectrum is not clear
at present. Though the FWHM of ZPL 4 at 4.2K is as narrow as 0.86meV, this
line broadens considerably as the temperature increases from 4.2K to 82K.
This broadening is considered to be related to the Debye temperature of the
host and the coupling strength between phonons and impurity ions (Yb)
(Kushida 1969). The reason for the rapid decrease in the Vb emission in-
tensity with increasing temperatures above 80K is not fully understood
either. It should be noted that in contrast to InP:Yb studied here, Yb
emissions in CdS do not decrease in intensity with increasing temperatures,
although the linewidths increase considerably (Anderson 1966). A com-
parison of these two hosts might shed light on the energy relaxation
mechanism in rare-earth doped semiconductors.

5. Conclusions

Yb has been doped into InP epitaxial layers by MOCVD for the first time.
The Yb-doped InP shows n-type conductivity in contrast to the LPE-grown
layers. Sharp ZPL's due to Yb intra 4f shell transitions were observed at
4.2K with phonon sidebands at lower energies, showing a marked increase in
linewidths with increasing temperatures. Above 80K the Yb-related emission
intensity decreases drastically and Yb emission is scarcely observed above
200K.
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1. Introduction

In all kinds of chemical vapor depositions (CVD),2because the pressure
inside the reactor is typically greater than -10 torr and up to
atmospheric, the flow of the gaseous reactants is vWscious. If however,
the pressure is sufficiently reduced (down to < 10 torr) so that the
mean-free paths between molecular collisions becomes longer than the
source in-let and substrate distance, the gas transport becomes molecular
beam. Such thin-film deposition process is called chemical beam
deposition or chemical beam epitaxy (CBE) (Tsang, 1984) if the thin film
is an epitaxial layer. Thus, CBE is the newest development in epitaxial
growth technology. It combines many important advantages of molecular
beam epitaxy (MBE) (Arthur, 1968) and organo-metallic chemical vapor
deposition (OM-CVD) (Manasevit, 1968), both of which were first developed
in 1968. And, therefore, it promises to advance the epitaxial technology
beyond both techniques.

In CBE, unlike MBE which employs atomic beams (e.g. AL, Ga, and In)
evaporated at high temperature from elemental sources, all the sources
are gaseous at room temperature. They can be organo-metallic or
inorgano-metallic compounds. For III-V semiconductors the Al, Ga and In
are derived by the pyrolysis of their organo-metallic compounds, e.g.
trimethylaluminium, triethylgallium and trimethylindium, at the heated
substrate surface. The As2 and P2 are obtained by the thermal
decomposition of their hydrides passing through a heated baffled cell.
The use of hydrides was first introduced into the MBE process in 1974 by
Morris and Fukui (1974) and later applied to the growth of GaAs and
InGaAsP by Calawa (1981) and Panish (1980). Unlike OM-CVD, in which the
chemicals reach the substrate surface by diffusing through a stagnant gas
boundary layer above the substrate, the chemicals in CBE are admitted
into the high vacuum growth chamber in the form of a beam. Further, in
OM-CVD, most of the pyrolysis of the organo-metallics is believed to
occur in the gas phase, while in CBE there is no gas-phase reaction.

I

The system design and growth conditions have been described previously
(Tsang 1984, 1986 a, b) and so are their advantages over MBE and OM-CVD
(Tsang and Miller, 1986c). Thus, we shall describe here a summary of the
results obtained from the characterizations of CBE-grown
Gao. 47 no.53 As/InP quantum wells and superlattices.

1987 lOP Publishing Ltd
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1. Single Quantum Wells

Ga0  In0  ,As aid's have been prepared by many growth techniques
inclu ingAdcYD (Razeghi et al. 1983; Kuo et al 1985) chloride transport
vapor phase epitaxy (VPE), (Kodama et al. 1983) MBE using solid arsenic
and phosphorous sources (Tsang, 198 4; Marsh et al. 1985) and arsine and
phosphine sources (Temkin et al. 1985; Pani3h 1986). Recently, it Was
shown that GaInAs QW's prepared by CBE are of extremely high quality,
superior in many respects to those madie by CHCVD, VPE, or MBE. The
optical emission from these QW's is intense and of' narrow linewidth
(Tsang et al. 1986a) . Figure 1 shows a transmission electron microscopy
(TEM) photograph of the cross-sectional view of a stack of 3ingle
Ga0 . 47 1n0 5 3 As QW's separated by InP down to a thickness of -10A.

Extremely high quality Ga0 47InO As/InP quantum wells with thickness as
thin as 6 2 have also been prepaf'N by CBE. Emission as short as 1.09 pjm
at 2K (1.1'4 pzm at 300K) was obtained. Very sharp intense efficient
luminescence peaks due to excitonic transitions were obtained from all
quantum wells as shown by an example in Figure 2.

Ga4?Ifl5 3As/InP QUANTUM WELLS!

* oA -<T z2K

d ~ X z g647A nm
-20 t

Z Ga47In53As
z~40 

REFERENCEwi X'.5

104.io 201 40& r0 80A 1504 Z-000A,
U,

so . _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _

1.1 1.2 1.3 1.4 1.5 1.6
GakIAs WAVELENGTH~ X (/4m)

Fig. 1 A cross-sectional TEM of a stack of GaInAs/InP QW's of different
thicknesses.

Fig. 2 A typical photoluminescence spectrum from a stack of quantum wells
with different thicknesses separated by 700k InP barriers, at 2K. The
pumping power is 1 wjW and pumping area is -50im diameter.

The PL linewidths at 2K were the narrowest that have been ever reported
for Ga~ MIn0  3As quantun wells grown by any technique (Marsh et al.
1985; Phnish 4tal .1986; Miller et al. 1986; Razeghi et al. 1983, 198J4)
as compared in Figure 3.
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Fig. 3 Represents a compilation of PL linewidths (FW14) as a function of
well thickness for the best published Ga0 MTIn 0 53 A/InP quantum wells
grown by O-CVD and MBE together with present results grown by CBE. The
dashed curve was calculated broadening due to jndfilling from
impurities. A sheet carrier density of 2 x 10 cm was used. The
dotted curve was calculated broadening due to "effective" interface
roughness, Lz, of a/2 assuming finite-height barriers.

In fact, such narrow linewidths for Ga0 47 In 0 5 3 . As quantum wells are,
for the first time, at least equal to the nar owest linewidths ever
reported for the perfected GaAs/AlAs and GaAs/AlxGaI xAs quantum wells.
These linewidths indicate the "effective" interface roughness to be 0.12
lattice constant, which can be interpreted as that the quantum well was
largely consisting of a big domain of the same thickness Lz perforated
with small domains of (Lz + a /2), where a (=5.86K) is the lattice
constant. No broadening due ?o band filling from impurities was found.
Alloy broadening in Ga0 7 n As was limited to the intrinsic value of
1.3 meV (Tsang, et al. 1986a.'f486b). Also, for the first time in
Ga0 4 In 53As quantum wells, the measured PL energy upshifts were in
excel~en? agreement with theoretical values.

For GaAs/AlxGal As single and multiquan-um well heterostructures,
studies (Tsang e? al. 1986c) using low temperature photoluminescence and
excitation spectroscopy techniques also show that on the average the
samples are similar in quality to similar structures grown by MBE and in
certain characteristics superior to the MBE ones. For example, unusually
sharp excitation peaks have been obtained up to quantum transition levels
as high as E3h. Further, in some important respects, especially the
absence of band-filling due to impurities they are also superior to tilose
grown by OM-CVD (Miller et al. 1985).

Compared to AlGaAs/GaAs QW's, almost
no photoluminescence excitation ,I, ,
spectroscopy (PLE) has been reported on
GaInAs quantum wells although such data
could give valuable information
on important parameters such as band offsets "
and relevant electro,2 and hole masses.
(Claxton et al. 1986, Kodama et al. 1986).
Taking advantage of the narrow and
extremely intense emission of excitons
confined to InGaAs quantum wells grown : 0 .
by the CBE technique. 'm A
PLE (Sauer et al. 1986) spectra were
excited by a 10OW halogen lamp in
conjunction with a 0.3m McPherson • /
grating monochromator at a blaze
wavelength of 1.6 pm. .: .
The photoluminescence (PL) light was
detected at 90 degrees by a 0.6m Jobin- . ..................-''e
Yvon grating single monochrometor with
1.5 pm blaze wavelength.
Figure 4 shows the PLE spectra from a Fig. 3 PL linewidth versus
seven-layer quantum well
structure grown on an InP substrate wafer. QW thickness
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Next to the substrate a 0.5 pm InP buffer layer was grown followed ky a
1520R wide InGaAs control layer, and six wells of thickness L = 130X
762, 60R, 30R, and 23R. The InP barriers separating the wells are 6002
thick. The control layer serves as a reference for the PL spectra from
which precise energy upshifts of the QW emission can be calculated. All
the transition levels can be cleared assigned for the first time
demonstrating indeed the excellent quality of the CBE-grown GaInAs/InP
Qd's. Fits to the spectra suggest that the band offsets are Q -60% and
Qh 40% with masses mle =0.041 mo , mhh = 0.465 mo and meh = 6.085 m.,
Energy dependent corrections for mne due to conduction band
noparaboliciti~s are essential for a good fit and yield Ye 3.3 x
cm for the yek correction term in the energy dispersion.

In Figure 5, we compare PL energy shifts, as a function of well thickness
Lz , with data from other works. Our experimental points lie
substantially higher than the points compared, and are in good agreement
with the three calculated curves displayed.
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Fig. 4 Photoluminescence excitation (PLE) spectra of the multi-layer
sample at 2K.'2 Light detection is at the PL energy positions. An area of
1.5 x 1.5 mm is excited. Weak peaks are shown hatched for clarity.

Fig. 5 Experimental and theoretical energy shifts from the In rGa o
band edge and comparison with data from other works (redrawn om ish
et a!., 1986). (Razeghi et al. 1983; Marsh et al. 1985)

Although the origin of the discrepancies between experimental upshifts
and theory in the previous works~ is not krown the agreement in the
present case gives evidence for the superior quality of the samples grown
by CBE. The relatively small differences between our calculated curve
(dashed line in Fig. 5) and the two other curves (full lines) result from
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the assumption of different conduction or valence band offsets,

respectively, as shown in Fig. 5 and different boundary conditions: The

full lines refer to the Bastard model (1981) assuming conservation of

current whereas we have neglected effects due to mass differences in the

well and barrier material. In all three cases the electron and hole

masses in InGaAs are the same, with the energy dependent NP corrections

of the electron mass for the dashed curve as discussed above. The negr

coincidence of the three calculated curves shows that the PL energy

positions are not sensitive to the mass values and band offsets chosen as

expected for the n = I electron-heavy hole transitions.

3. Superlattices

Ga0 47In As/InP superlattices were also grown by CBE and characterized

by low teh~irature photoluminescence, room-temperature absorption and

photocurrent spectroscopiea.. Figure 6 shows a cross-sectional TEN of a

portion of a 100-period GaInAs (110)/InP (130R) superlattice. The

general picture of interface abruptness and smoothness are clearly

conveyed. Room-temperature absorption spectroscopy was performed on

several samples of different well thicknesses. Figure 7 shows two

typical spectra.

0
1 5- InGaAs(IO)/InP (1304 1

100 PERIODS 0

1- 10- a-.--40.6

InGaAs (70 A) /InP(200 A) 204
0 5 -- 64 PERIODS

-0 2

------------------------ '-----0.0 - 0.. ..

1200 1300 1400 1500 1600 1700

__WAVELENGTH (nm)

Fig. 6 A cross-sectional TEM of a portion of a 100-period GaInAs

(002)/InP (130R) superlattice.

Fig. 7 Two typical room-temperature absorption spectra of CBE-grown

superlattices.

Not only are the various principal quantum transitions clearly

identified, the forbidden E transition can also be identified for the

first time from absorption spectra.

Photocurrent (PC) measurements were also performed at room-temperature
and 77K. Spectra from a typical superlattice sample is given in Figure

8. Again, all quantum transitions even E and as high as'Eh (for the

first time in PC) were clearly resolved. 1h addition to these

measurements, low-temperature PL of these superlattices al.so gave FWHM
similar to those of single e's.
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Fig. 8 Photocurrent spectra at 300K ar.d 77K from a typical superlattice.
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Formatior of DX centers by heavy Si doping in MBE-grown Al.Gai-x As
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Abstract. The dependence of shallow donors and DX centers on the
Si doping concentration in AlxGa1_xAs layers grown by MBE has been
Investigated. In the shallow-to-DX transition region around x=0.2,
the concentration ratio of DX centers to shallow donors was found
to be closely related to the Si doping concentration. While few DX
centers were observed in the samples with a Si concentration of
about 1x10

1 7 
cm

- 3
, DX centers became dominant in those samples

with a doping concentration above 1x10 1 8 cm- 3 , as used in HEMTs.
These results can be explained by the effect of electron

distribution between f-valley and DX center level.

1. Introduction

The DX centers in N-AlxGaI-xAs layers have recently been the subject
of much research since they influence the performance of important
devices such as high electron mobility transistors (HEMTs). Reports
show that n-type dopants in AlxGaixAs layers form two types of
donors, shallow donors mainly in the composition region below x=0.2
and DX centers above x=0.3 (Watanabe et al. 1984, Schubert et al.
1984). These results indicate that, in order to avoid the undesirable
inflaence of DX centers on HEMT performance, AlGaAs layers with a
composition of less than x = 0.2 are preferred. However, the above
conclusion is based on experiments on rather lightly-doped
N-AlxGaIxAs layers (about 1xi017 cm-

3
). In HEMT applications, more

heavily doped N-AlxGa1_xAs layers (about Ix10 1 8  
cm-

3
) are used. In

this work, therefore, we investigated the dependence of shallow donors
and DX centers on Si doping concentration mainly in the shallow-to-DX
transition region around x=0.2.

2. Sample Preparation

Samples were grown by conventional MBE on semi-ins'alating GaAs
substrates at a substrate temperature of 680°C. They included 0.2-pm
undoped GaAs; 0.3- or 0.5-am undoped AlxGa1_xAs buffer layers, which
can prevent two-dimensional-electron-gas formation; and 4-pm Si doped
AlxGalxAs layers. The doping concentration was varied from 8x10

1

cm- 3 
to 3x101

8 
cm-

3
. In this work, the composition of the AlGaAs

layers was carefully controlled as the maintainance of the constant
composition with various doping concentrations is very important. It
was precisely determined from the thickness of AlAs and GaAs

epitaxial layers grown just before the sample growth, and also
determined by x-ray diffraction, consistency of the obtained results

© 1987 loP Publishing Ltd
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being within 12.5%. These epitaxial layers were characterized by van

der Pauw Hall and DLTS measurements.

3. Results

For N-AlxGa1 _xAs layers around x=0.2 with various doping
concentrations, the concentrations of shallow donors and DX centers
were estimated from Hall measurements at 77 K. Figure 1 shows the
electron concentrations of N-A10*19 5Gao 80 5As (a) and N-Alo.2 2Gao.7 8 As
(b) layers in darkness (solid circles) and five minutes after being
exposed to light (open circles), as a function of the reciprocal
temperature of the Si effusion cell. Even for N-Alo.19 5Gao.8 05As,
the persistent-photoconductivity (PPC) effect was observed in heavily-
doped samples. The electron concentration changed little after
exposure to light in the samples with a doping concentration of less
than 3x1017 cm- 3 . In the more heavily-doped samples, however, the
electron concentration increased considerably after being exposed to
light and persisted after the light source was removed. The heavier
the doping, the more significant this PPC effect became. For N-
A10 .2 2 Gao.7 8 As, on the other hand, a persistent increase in electron
concentration was observed even in the slightly-doped samples, but
became significant in the more heavily doped samples. While the
electron concentration in darkness implies a shallow donor
concentration which can ionize at 77 K, the persistent increase in
electron concentration after exposure to light is thought to indicate
the DX center concentration, because of its very small capture cross
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Fig. 1 Electron concentration of N-Alo.1 9 50ao.8 0 5As (a) and N-

A10 . 2 2 Gao. 7 8 As (b) layers at 77 K as a function of reciprocal
temperature of the Si effusion cell.
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section at 77 K (Zhou et al. 1982). Around x=0.2, therefore, the
formation of DX centers is thought to depend on the doping
concentration, and a considerable amount of DX centers are thought to
be formed by heavy doping even in the N-Alo.19 5 Gao. 8 0 5As layers which
were believed to have only a small amount of DX centers (Watanabe et
al. 1984, Schubert et al. 1984). It should also be noted that the

electron concentration after exposure to light is proportional to the
Si vapor pressure (broken line) both for x=0.195 and x=0.22. This
indicates that almost all the incorporated Si atoms act as either kind
of donor and that the auto-compensation effect does not seem to be
important.

To assure DX center formation in these heavily doped, low Al content
samples, the temperature dependence of Hall measurement and DLTS
measurement were made for the same samples as in Fig. 1 (a).
Figure 2 shows the temperature dependence of electron concentration in
N-Alo.1 95Gao.8 0 5 As layers with three typical doping concentrations.
As in Fig.1 , solid circles represent electron concentration in
darkness and open circles after light exposure. The sample with the
slightly-doped concentration of 8x1 0 16 cm-

3 
exhibited a behavior

similar to n-type GaAs with shallow donors: a weak dependence of
electron concentration on temperature and no PPC effect (Tachikawa
et al. 1985). With increased Si concentration, however, below 150 K
the PPC effect became significant, indicating an increase in the
concentration of DX centers. Moreover, the increase in the activation
energy of the carrier concentration above 150 K, Ea, with the Si
doping concentration is thought to imply an increase in the DX-center-
to-shallow-donor concentration ratio rather than the increased carrier
compensation suggested by Chand et al.(1984).

T(K)
0OO 200 100

- 6a1 ..,As (x :O0.195) E =0.47 eV AIxGo0-xAs

E PPC (X • 0 195)

E. 1016a
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t cml

£ E0 0 5 .5 m0V
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0 3x10
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3
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Fig. 2 Electron concentration Fig. 3 DLTS spectra for
for N-Al 0 1 9 5 Ga 0 0 8 0 5 As layers N-AlO 1 9 5 Ga 0 * 8 0 5 As layers with
with three doping concentrations various dopin 7 concentrations
(8x101 6

, 3x10
1

7, 2.6x10
1 8 

cm-
3
) (8x101

6 
to 9x10 cm-

3
).

as a function of reciprocal

temperature.
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Figure 3 illustrates DLTS spectra for four samples with a doping
concentration, ND, of less than 9x1 017 cm - 3 . Schottky contacts to
all of the samples had a sufficiently low leakage current to allow
DLTS measurement. The rate window was 5.77 ms. While no DLTS signals
corresponding t9 electron traps were observed in the slihtly-doped
sample of 8x10 1 cm- 3, a small signal appeared at 3xiO 15 cm- 3 and
increased significantly with increased doping concentration. These
signals had the characteristic two-peak feature often observed for DX
centers, and the activation energy of electron emission obtained from
these signals is 0.47 eV, nearly equal to the reported va2ues for DX
centers of Si-doped Al0 3Gao.7 As (for example, Zhou et al. 1982).
Besides, the electron trap concentration estimated from these DLTS
signals was roughly consistent with the persistent increase in
electron concentration in Fig. 1(a). Therefore, it can be concluded
that DX centers are formed in the A10 .1 9 5Gao.8 0 5As layer as a result
of heavy Si doping and thus cause the PPC effect.

We also examined the dependence of DX centers and shallow donors on
the doping concentration for other compositions. The concentration
of shallow donors, NSD, and that of DX centers, NDX, were estimated by
Hall measurement at 77 K in the same manner as in Fig. 1. Figure 4
summarizes the concentration ratio of DX centers to total donors as a
function of the total donor concentration. The result for x=0.34
reported by Watanabe et al. (1984) is also shown. The DX centers
are dominant above x=0.3 and are independent of the doping
concentrations. Around x=0.2, however, the ratio proved to be
strongly dependent on the doping concentration. Moreover, the DX
centers appeared at the higher doping concentration for lower Al
contents. It should be noticed that even in the N-Alo.1 5Gao.8 5 As
layers, which were firmly believed to include no DX centers, the PPC
effect was observed in the samples doped more heavily than 2x1018
cm-3. The concentration of DX centers estimated from this PPC effect
is significantly high, about 10% of the total donor concentration for
the sample with an Si content of 3x10 18 cm-3 .

1.0 - R ' - - -j - -30 x..4 X . 3 0J

Z X-022

o 0.5-
Z X-.195

0

iOI il0Iola 1 10g

NDX + NSD (cm-3 )

Fig. 4 Concentration ratio of DX centers to total donors for
various N-AlxGaxAs layers as a function of the total donor
concentration. NDX represents the DX center concentration, and
NSD that of the shallow donors. The data for x=0.34 was
originaly reported by Watanabe et al.

........ "O
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4. Discussion

These results can be explained by EnergY
the effect of electron distribution L orX

between the r-valley and the DX
center level. We can see from EIox10 1 cm "3

Fig. 4 that the ratio of DX centers E1
to the total donors is determined Shalow
both by the AlxGal-xAs composition
and the doping concentration.
Moreover, the ratio was independent
of MBE growth conditions (Ishikawa
et al. 1985). These results
suggest the importance of the band - k
structure effect in the formation A
of the DX center. Thus, we can Alo.2Gao8 As
explain our results in terms of the
band structure. The DX centers in
AlGaAs are believed to be the deep Fig. 5 Schematic energy diagram
levels associated with the L-valley showing position of the Fermi
(Mizuta et al. 1985) or X-valley level and DX center level for
(Lang et al. 1979). Around x=0.2 N-A1o.2Gao.8 As.
the energy level of the DX centers
associated with such a non-P-valley is expected to be just above the
bottom of the f-valley. Therefore, at light doping concentrations
such as 1xi0 17 cm-3, electrons occupy mainly the r-valley. However,
increasing the doping concentration to about Ix10 1 8 cm-3 raises the
Fermi level 50 or 60 meV and electrons will begin to populate the DX
center levels. Thus, as the doping concentration increases, the DX
centers become signi"-cant at around x=0.2. Figure 5 schematically
shows this situation. For x=0.15, the energy level of the DX centers
is expected to be further above the F-minimum, so the DX center
appears at a higher doping concentration. For AlxGa1_xAs above x=0.3,
in contrast, the DX centers are dominant, regardless of the doping
concentration because the energy level is considered to be much lower
than P-minimum.

Based on these interpretations, DX center formation, depending on the
doping concentration, can be observed in other alloy systems with an
energy configration as shown in Fig.5, where the energy of the DX
center level is very close to that of P-minimum. Recently, donor-
related deep centers, which have very similar characteristics to those
of the DX centers in AlGaAs, were reported by Kitahara et al. for S-
doped Gao.521no.4 8P grown by chloride VPE. The concentration ratio to
the donor total also proved to increase as the doping concentration
increased (Kitahara et al. 1986). Since the energy level of these
centers is expected to be just above f-minimum, the results can be
explained in the same way as the present case.

Finally, the influence of DX centers on HEMTs should be mentioned.
Even in the case of low Al content epitaxial layers where x is less
than 0.2, DX centers are expected to influence the performance of
HEMTs because of the heavily doped AlGaAs layers of more than 1x10 18

cm- 3 . For x=0.2, a considerable amount of shift in the threshold
voltage of HEMT between 300 K and 77 K was observed, the DX center
concentration being estimated to be about 30 1/6 of the total donors
(Suzuki et al.). This is consistent with the present result.
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5. Summary

The dependence of shallow donors and DX centers on the Si doping
concentration in AlxGaj_xAs layers has been investigated in detail by
means of Hall measurement and DLTS measurement. The DX-center-to-
shallow-donor concentration ratio was found to increase with the
doping concentration in the transition region around x=0.2, and the
formation of DX centers by heavy Si doping in AlxGajxAs layers with a
low Al content (x<0.2) was confirmed for the first time. These
results were explained by the effect of electron distribution between
the '-valley and the DX center level.
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Nonradiative recombination process at deep levels in AIGaAs grown by
MBE

Miyoko O.Watanabe, Yasuo Ahizawa, Naoharu Sugiyama and
Takatosi Nakanisi

Research and Development Center, Toshiba Corporation
1, Komukai Toshiba-cho, Saiwai-ku, Kawasaki 210, Japan

Abstract Recombination at deep levels in MBE-grown AlGaAs has been
studied by DLTS. Temperature dependences of both electron and hole
capture cross sections were measured for observed deep levels (DX
center, E -0.60eV and Ec -0.66eV). The capture cross iection 4 were
thermally activated and were found to be very large (10 10 cm 

)

at T=-, suggesting that these levels are nonradiative recombination
centers. Based on the capture cross sections, recombination lifetimes
were estimated. The results indicated that E -0.60eV acts as the most
efficient nonradiative recombination center.c

1. Introduction

It is well known that, in AlGaAs, both photoluminescence intensity and
deep level concentration are sensitive to the growth condition (Lang et
al 1976, Yamanaka et al 1984). The presence of deep nonradiative centers
is c'ten inferred, either from decreased radiative efficiency or from
increased deep level concentration. However, definite experiments, which
unambiguously identify nonradiative recombination at deep levels in
AlGaAs, have not yet been reported.

The nonradiative recombination mechanism has been studied for GaAs and
GaP using various junction capacitance techniques (Lang and Henry 1975,
Henry and Lang 1977, Lang 1974a). It was shown that estimation of both
electron and hole capture cross sections for individual deep levels were
essential for understanding the recombination process. Most of the
measurements made, using these techniques, have been on both n-type and
p-type samples. Such method is suitable for measuring definite deep
levels, that can be identified to be the same in n-type and p-type
materials. However, for undefined deep levels it is only necessary to
measure both electron and hole capture cross sections either in n-type
or p-type samples.

This paper presents nonradiative recombination processes at, deep levels
in MBE-grown AIGaAs. Both the electron and hole capture cross sections
were measured for n-type materials.

2. Experiment

Te Al0 7 As p n structures were prepared by MBE on (100) oriented
n GaAs subs)rates. A cross-sectional view of the p n AlGaAs diode is
shown in Fig.l. The doping concentration, ND, in the n-AiGaAs /1gyer,
which was the layer under investigation, was varied between 5xlO and

1987 lOP Publishing ,td
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17 -35x10 cm- . Epitaxial layers were grown at a substrate temperature of
600*C, with As 4/Ga flux ratio of 2, and at a growth rate of lum/h.

The p +n diodes, with various diameters, were fabricated for DLTS
measurements by wet etching mesas, followed by deposition of AuZn/Au and
AuGe/Au on the p-side and n-side, respectively. The metals were alloyed
at 420'C for one minute.

Doping concentration in the n-AlGaAs layers was measured by C-V
profiling at room temperature. The capacitance measurement frequency was
IMHz. For characterizing deep levels, DLTS was used, with which both
majority carrier (electron) traps and minority carrier (hole) traps
could be detected. DLTS was performed at temperatures ranging from 100
to 450K.

3. Deep Level Characteristics

3.1. Deep Level

Typical DLTS spectra obtained for n-Al 0 3Ga0 As are showp in Fig.2,
where the reverse bias voltage of -lV wag applied to the p n junction.
The solid curve shows the spectrum taken for the pulse bias voltage of
OV, the condition under which only electron traps could be obtained.
Three electron traps (0.44eV, 0.67eV and 0.77eV) were detected,
corresponding to DX center, E -0.60eV and E -0.66eV, which will be
discussed in 3.2. The dashed curve in Fig.2 shows the spectrum taken
under a condition where holes were injected into the n-AlGaAs layer by
20msec saturation injection pulses. Comparing the two spectra shown in
Fig.2, we find that the detected electron trap concentrations varied
with injected hole concentrations, which will be discussed in 3.3, and
no hole traps are detected. The three deep levels observed here are the
same as the reported deep levels in MBE-grown AlGaAs (Mooney et al 1985,
Yamanaka et al 1984). Typical concentrations are listed in Table I.

3.2. Electron Capture Cross Section

We will confine our discussion to the carrier capture cross section of
each deep level shown in Fig.2. Electron capture cross section a valuesn

SiO AufuZn 0

2*, OA

ad,3000A 2, p0
0. 67eV

'20 (EC-0.60ev)

Alas GGIT~ As IP~M

GaAsI I0"e
W.IsIO1 13000AIr v 1

n*-sub 04e
(CDCcener) 0.77eJ(Ec-0.66e'

Au/AuGe 200 300 400
Temperature (K)

Fig~l. Cross-sectional view of Fig.2. DLTS spectra for n-Al0 3Ga0 .7 As.
the sample.
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were obtained by measuring DLTS signals (AC) for various trap filling
times, which is a conventional method that was first developed by
Lang(1974b). Figure 3 shows the temperature dependence of a for deep
levels in n-AlGaAs. One can see a general trend: all the levels have
electron capture cross sections, whiCh injrease exponentially with
temperature and are very large, a =10 --- 10 cm, at T=. Furthermore,
the obtained values were found to be independent of carrier
concentration. These facts suggest that the electron capture is a non-
radiative process by lattice-relaxation multiphonon emission at T>200K
(Henry and Lang 1977). The energy depth values for the three levels were
found to be 0.14eV, 0.60eV and 0.66eV from the conduction band minimum.

3.3. Hole Capture Cross Section

In order to obtain the values for hole capture cross section a of deep
levels observed as electron traps, first, let's consider a mere basic
model involving electron and hole capture in a deep level. For
simplicity, we will describe the situation in n-type material, which has
a lower-concentration of a deep level, in an asymmetric p n junction.
Consider a hole-injection condition for a 0 pulse-biased state. The
electron-occupied deep level concentration, NT , is given by (Lang 1979)

NT0 (t,pN) = NT (n iv U - e(Onnn+pvPpN)t), (1)T N T On V  n + 0 p v p 0
where+a donor-type deep level is assumed to have one of two states, NT
or N . In Eq.(), t is time during which the forward ias voltage isT +
applied, NT is the total deep level concentration (N =N +N ), v (v)
is the thermal velocity for electrons (holes), and n p s the fr e
electron (injected hole) concentration. At t=-, we obtainN

NT0 (p) =N T  (2)T N T pnVnn+ jPVpp N *

This concentration is described as fN T, 10-14
where f is the ratio of the electron-
occupied deep level concentration to the
total deep level concentration. This I0"s

factor is approximately obtained as

0,?( ~~~ 10.16N N AC (
NT ACmax (3)

Table I. Measured deep level concentra-
tion and estimated minority- 0-1

carrier lifetimes (T=-300K).

I0
- 0 o  

D-0co 6e

DX center E,-O.6OeV Ec-O.66eV

T . OX t O1 7 m -
3  
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3  

6 .$ x 1 5 m 
~3

*rpX116 -3
lsm -Y 2SOnsec 6.5nsec 18insec i0 -8
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.1i 7m 3 5psec. 14nsec 42neec2 3 4(n lxiO.1cm-; 4O
w
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This was calculated for NT(DX center)f1.0x1016Om "$ . rig.3. Temperature Dependence of

electron capture cross sections.
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Here, 1%C is the DLTS signal, taken under the condition where all the
deep levels, NT ary occupied by electrons, and AC is the DLTS signal
corresponding to NT . An increase in injected hole concentration leads
to a decrease in f. Figure 4 shows the pulse bias voltage V dependence
of the observed DLTS signal for the DX center. Initially, signal AC
increased with increasing V for V =0 % 1.3V. This is considered to be
due to the effect of decieasing pdepletion width with V . Then. AC
decreased with V (V > 1.3V), due to increased hole concentration.
Therefore, the makimum value for AC is expected to correspond to AC .
From Eqs. (2) and (3), a factor (l-f)/f, which determines the holemato
electron capture cross section ratio, is simply expressed by

1-f =PvPP (4)
f 'nVn n .

Equation (4) gives the means of obtaining c by plotting (l-f)/f vs. p,
Figure 5 shows the plot of (l-f)/f vs. F obtined from the data in
Fig.4. Here, the injected hole concentration p was evaluaes from the
measured current I of the diode, as follows: pN=yI/qSx(T/D ) , where
y is the hole injection efficiency, S is the junction aea, T is the
hole lifetime, and D is the hole diffusion coefficient. D was
evaluated as D =)ikT, wJere ,the injected hole mobility was assigRed at
each electron Pconcentration by using the hole mobility obtained in a
p-type sample of the same carrier concentration. In the calculation of
p , y was between 0.7 and 0.9 (Lang 1979) , and we assumed T =10nsec
(asey 1976). A linear relationship between PN and (l-f)/f is obtained
in Fig.5. From the slope of this plot, the hole cpture cross section a
for the DX center was found to be l.3x10 cm at T=204K. ThE
temperature dependence of the hole capture cross section was obtained
from the same measurements, but with different rate windows for DLTS
corresponding to different peak positions, the technique being similar
to that in obtaining the temperature dependence of the electron capture
cross section.

4
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DX oox cne 0r/
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v 04

020
01 00,€ 0 /

0 I 2-0 2 46
v, (v)P, (X1tZM-3)

Fig.4. DLTS signal vs. pulse Fig.5. (l-f)/f as a function of
bias voltage, injected hole concentration.
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Figure 6 shows the temperature dependence of the hole capture cross
sections for the three deep levels observed in n-AiGaAs. The DX center
and E -0.66eV level had thermally activated cross sections. The
activation energy for the DX center was 0.14eV, which is in reasonable
agreement with the c.c. diagram of the DX center formed by Si (Lang and
Logan 1978). Extrapplation in yig.6 yielded the hole capture cross
sections of Jx=10

-  
\ 10 cm 

, 
which are similar to the electron

capture cross sections, sugqestir.q that the hole capture processes are
also multiphonon emission

4. Recombination Lifetime

The recombination lifetimes (electron T and hole ) were estimated
n(Shockley and Read 1952), using the capture crost section values

obtained at room temperature, which were extrapolated from the
temperature dependence of c and . Lifetime values, t and i , were
estimated for the observed deep levEl concentrations shownnin Tabke I.

The hole lifetime associated with a deep level, which plays an important
role in n-type material, is expressed by

p=(* (5)
p p pT

0
The value of NT  for each deep level was obtained from Eq.(2). QCyntijy

wa, calculated from- dh measured values of N (lxIO cm
n 6xl0 cm ) and p(lxlO cm ), where N Dn because of the dominant
traps being the DX center (Watanabe 1984) . Calculated values of , are

listed in Table I. p

Similarly, the electron lifetime, which is important in p-type material,

+ -l
vn NT ) 1

was a1ulajed for the co~iti ns where
p=lxln cm and n=lx1O cm . Here,

1I-
13  

the DX cenjgr c~ncentration was assumed
to be Ixl0 cm . The electron lifetime
calculated values are also listed in

10
"
K Table I.

These results indicate that for

10-15,E -0.60eV level was the shortesl' both
in n-type and p-type materials. TheseF OX center values were considered to be comparable

1016 EC-0 I IA02
2

.
5

Wto the radiative recombination
lifetimes estimated for these

conditions (Casey 1i)76). An increase in
I-1 E c -0.60eV level concentration results.c

in a decrease in a nonradiative
recombination lifetime. As a result,

OO18 reduction of E -0.60eV level
0 15 concentration is very, important to

103/TJIK) obtain high-quality AlGaAs. It was
experimentally confirmed that

Fig.6. Hole capture cross sections normalized photoluminescence intensity
vs. inverse temperature. (fIdE/n) decreased with an increase in

the E -0.60eV level concentration.
c
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Previously, E -0.66eV level has been proposed as a nonradiative
recombination center in AlGaAs grown by MBE (Yamanaka et al 1984,
Akimoto et al 1986). This was based only on experimental results, where
the PL intensity decreased with an increase in the concentration of
E -0.66eV level. This level concentration usually increases with thec
concentration of E -0.60eV level, therefore it can be considered that.c ,
the decreased PL intensity, observed by Yamanaka et al and Akimoto et
al, was due to the increased E -0.60eV level concentration.c

5. Summary

Recombination at deep levels in MBE-grown AlGaAs was investigated by
DLTS. Detected deep levels were the DX center, E -0.60eV, and E -0.66eV.c .c
The temperature dependence of the electron capture cross section n was
measured for each deep level by a conventional method. The temperature
dependence of the hole capture cross section 0 was also measured by
analyzing recombination process. All of the deep levels had capture
cross section described _ npr4 p(-AE/kT), where the AT

=
p) andAE

values obtained were 10 --. l0 cm and 0%0.30eV. These facts suggest
that these recombination processes are nonradiative. Based on the values
of the capture cross sections obtained, recombination lifetime T values
at room temperature were estimated. The T value for E -0.60 level wascfound to be the shortest. Reduction in E -0.60eV level concentration is

essential to obtain high-quality AlGaAs. In conclusion, the present
experiments offer a highly efficient tool for characterization of
electrical and optical quality of AlGaAs layers.
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MBE growth of GaAs on Si using thermally strained layers
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Texas Instruments Incorporated, Central Research Laboratories,
P.O. Box 225936 N/S 147, Dallas, TX 75265

ABSTRACT. A thermally strained GaAs layer has been used as a buffer layer
in 4KBE growth of GaAs layers on Si substrates. To grow such buffer layer
the substrate temperature was cycled with a short period. The as-grown
GaAs layers were extremely smooth and flat, and compatible with ion
implantation and thermal annealing processes. After annealing the total
defect density was reduced at least 1000 x.

1. Introduction

The GaAs epitaxy on Si substrates is now considered to be a practically
important technology in both Si and GaAs device fields. The monolithic
integration of GaAs devices with Si circuits (Choi et al 1986) and the large
area GaAs integrated circuits on Si substrates (Monaka et al 1984, Shichijo
et al 1986) are the two major goals of this time. One of the major
difficulties in reaching these goals is the high defect density in the
epitaxial GaAs layer. Previous transmission electron microscopy (TEN)
studies by Metz et al (1985), Fischer et al (1986), and Lee and Tsai (1986)
indicate that misfit dislocations, stacking faults, and twins are the major
defects in HOE grown GaAs-on-Si layers. The usual defect density is
108-10

9
/cm

2 
at the top of a 3 pm epilayer grown using the conventional GaAs

growth condition. Assuming a one dimensional concept, this may be
interpreted as one defect per every 1 pm.

For defect reduction in GaAs-on-Si layers Akiyama et al (1984) and Masselink

(1985) proposed low temperature growth initiation procedures and Metz et al
(1985), Fischer et al (1986), and Lee (1986) claimed the use of tilted Si
substrates. Relatively smooth surface morphologies have been achieved by
them. Strained layer superlattice (SLS) such as InGaAs/ GaAs (Fischer et al
1986, Lee 1986) or GaP/GaAsP (Soga et al 1985) have also been used for
defect reduction since it is generally known that a variation of lattice
strain results in a deviation of the dislocation direction. The dislocation
densities of GaAs-on-Si layers grown with InGaAs/GaAs SLS buffer layers
ranges between -106 and 10 /cm

2
, depending on growth conditions and defect

counting method.

The other approach for defect reduction is post growth thermal annealing.
Lee et al (1986) have found that the true defect densities of any GaAs-on-Si
layers can be reduced by several orders of magnitude by proper thermal
annealing. However, in most cases many cracks or slips are found in the

annealed surfaces. This may be ascribed to the film stress release during
the high temperature annealing. Therefore, it is necessary to minimize
residual film stress. In this paper, a new type of homojunction buffer
layer is proposed for this purpose. This layer can provide an extremely
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flat and smooth surface for the final GaAs-on-Si layer which is compatible
with thermal annealing process. Both the as-grown and the annealed layers

are characterized, and the annealing properties are compared with the layer
grown on an InGaAs/GaAs SLS buffer layer.

2. Thermally strained layer.

In the usual SLS the lattice strain is produced by the enforced lattice
match of two crystals with different lattice constants. Another way to
introduce strain into a heteroepitaxial layer structure is by varying the
growth temperature without changing the material choice. For instance, in
molecular beam epitaxy (MBE) or organo-metallic chemical vapor deposition
(NOCVD), if the substrate temperature can be alternated within a short
period of time, the epitaxial film may be either contracted or extracted
periodically due to the dissimilarity of thermal expansion coefficients
between the substrate material and the epitaxial material. This bimetallic
crystal deformation brings a dynamic strain variation into the epitaxial
layer with the same period as the substrate temperature cycle. Since the

strain is induced by thermal variation, we may call such a layer 'thermally
strained layer (TSL)'. The strain in the TSL will be constant whenever the
substrate temperature is kept constant. The strain variation during the TSL
growth depends on the difference between the thermal expansion coefficient

of the substrate crystal and that of the epilayer crystal as well as the
amplitude of the temperature cycle. Since the GaAs expansion coefficient is
-2.6 times larger than the Si, the GaAs TSL may introduce a relatively large

strain variation into the GaAs-on-Si layer during the epitaxy. With this
idea the TSL may be used as a defect filtering buffer layer in MBE growth of

GaAs-on-Si layers.

3. MBE growth of GaAs-on-Si with TSL

For this work, all GaAs-on-Si layers

were grown on 2-inch diameter (100) 700 2.0

Si substrates tilted by 3-4 degrees I [ 2
toward a (011) zone. The Si substrate
cleaning procedure was described S 0

previously (Lee 1986). Each substrate
was introduced into the MBE chamber 

5001

using an indium-free mounting I
substrate holder, and heated at 1000*C 400

for 3 minutes to provide an oxide-free 1.0
surface just before the growth. The 300 i---- ----

first 50 A thick GaAs layer was

deposited at a substrate temperature 200 o
of 580*C with a growth rate of 0.3 pm/hr. T, 0.5

After this, the growth rate was 100 --- gothr
te

raised to 0.9 pm/hr and the substrate

temperature was cycled five times L
between 425*C and 625*C every 600 A 0' 0.1 0.2 0.3 0.40

growth period, as illustrated in LAYERTH!CKNESS(Wn)

Figure 1. Following the 0.3 pm thick
buffer layer growth, the substrate
temperature and growth rate were set Fig.l. Substrate temperature

at 580*C and 0.9 pm/hr, respectively, and growth rate control for
to grow 3 pm thick GaAs layers. TSL growth
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4. Characterization of an as-grown layer.

Figure 2 shows the typical surface

morphology of a 3 pm thick GaAs-on-Si
layer grown with the TSL buffer layer.
The surface looks very smooth; no
grains were observed in this phase
contrast optical micrograph with a 850x

magnification. Surface defect density
was -50/cm

2
, including the oval type

defect density of -30/cm
2
. This value

is much less than the typical surface
defect density of GaAs layers grown on
GaAs substrates in the same HBE system,
-500/cm

2
. The wafer flatness was measured

by a direct surface profilometer (Taylor-
Hobson model Talvsurf 4). The profile
showed 1.1 pm warpage on the center of
the 2 inch wafer. The radius of curvature
is estimated to be -284 m from that
profile, indicating that the residual Fig.2. Surface morphology
thermal stress of this GaAs layer is ot the GaAs-on-Si layer
negligible, grown with a TSL buffer.

Detailed defect structure was investigated using TEN. Figure 3 shows a TEN
image from the TSL cross section. The area near the GaAs/Si interface has
too many dislocations to define the density. Over the first 0.25 Pm the
dislocation density is reduced quickly, and near the 3 pm top layer it
appears to be less than 10

8
/cm

2
. Besides the dislocations, several stacking

faults (or twins) are seen in this micrograph as straight lines. Small
surface ripples are observed on the top surface; the heights of them are
less than 200 A. It should be noted that in this cross sectional image the
dislocations over 0.25 pm from the GaAs/Si interface are discrete and short
in lengths. The dislocations have deviated from the growth direction and
only the short portion of their paths are seen through this thin TEM
specimen (less than 1 pm). Since the dislocation paths are observed over
0.25 pm the deviations may have happened during the TSL epitaxy. This may
be an evidence that the TSL acted like a SLS by deflecting the dislocation
paths due to thermally induced strain variation.

,' ' Fig.3. TEM cross section of

GaAs-on-Si layer with a TSL
.""buffer. Dislocation paths

are discrete over 0.25 pm

from the GaAs/Si interface,
- indicating dislocations

. were deflected during the
-- TSL epitaxy.

SGaAs
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G aA s G~

F:q.4. TEN cross sections of the annealed GaAs-on-Si layer with a TSL before
•on-implantation (a) and after icn-implantation at 850*C for 15minutes.

S. Anneaiinq properties of GaAs-on-Si with TSL buffer

For defect reduction, the GaAs-on Si wafer with the TSL buffer was annealed
in a conventional quart2 furnace with As over pressure at 850*C for 15
minutes. Another wafer with Si ion-implantation was also annealed
simultaneously. After annealing, no morphological change was observed under

optical microscope; no film ciacks or slips were found, and the warpage
change was negligible.

Figure 4(a) shows the TEN image obtained from the annealed GaAs-on-Si layer

specimen. Compared with the as-grown layer, the annealed layer has few
defects in the top 2 pim and has no twins and stacking faults. Figure 4(b)
shows another TEN cross section of tne ion implanted and annealed specimen.

The defect density in this GaAs layer seems to be lower than the annealed
only layer. No implantation damage was observed. A wide view of the TEN
cross section indicates that the defect free space extends over 20 Jm in the
near surface region. If we assume that the two dimensional defect density
(defect/cm

2
) is simply a square of the one dimensional defect (defect/cm),

then the total defect density in ti.at area is less than 3 x 10 /cm
2

6. Comparison with an In0 .15Ga0 .85 As/GaAs SLS

For the comparison, one 5 pm thick GaAs on-Si layer was grown with a four-
period of In0 .15Ga0 .85 A/GaAs (30 A/200 A) SLS buffer layer. The SLS was
grown at 510

0
C with a growth rate of 0.3 pm/hr and the continuing GaAs layer

was grown at 580'C with a growth rate of 0.9 pm/hr. One piece of this layer

was annealed simultaneously with a TSL sample.

N
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(a) GaAs-on-Si with TSL (b) GaAs-on-Si with SLS
0000 10000

800- a0-grown --- au-grown000 annealed annealed

200: 66 ' 606

2000 2000

0L -)'_ 0 t- _ 1 -
63 66 67 68 65 66 67 68

2 0 (degrees) 2 e (degrees)

Fig.5 X-ray diffraction patterns of the GaAs-on-Si with a TSL buffer layer
(a) and an In0 .15Ga0 .85As/GaAs SLS buffer layer (b).

Figure 5 shows (400) x-ray diffraction patterns obtained from the TSL sample
(a) and the In0 .15Gao. 8 5As/GaAs SLS sample (b) both before and after
annealing. There are not any significant differences in terms of the GaAs
peak linewidths or relative intensities between the TSL sample and SLS
sample, indicating that their GaAs epilayer crystallinities are very similar
to each other. In both cases, the linewidths of GaAs peaks were
significantly reduced after annealing. Combined with the TEM data these
linewidth reductions of x-ray peaks proved that thermal annealing truly
improved the overall crystallinity of the GaAs-on-Si layers.

The x-ray diffracticn proved that
the TSL was as good as the SLS as
a buffer layer. However, the real
advantage of the TSL buffer layer
was found after annealing. Figure 6
shows the surface morphologies of
the annealed samples. The TSL sample
surtace (a) remains unchanged, while
the SLS sample surface (b) has many
cracks or slips with (011) orien-

tations. The reason may be explained
by 7urvature measurements. The radius
of curvature of the SLS wafer was
20 m before annealing, while it was
36 m after annealing. From this
curvature change it is easily

said that the film stress released
by thermal annealing induced those
cracks or slips. The radius
of curvature of the as-grown layer
with TSL buffer was 284 m long. It
is now under investigation which
combination of the TSL results in Fig.6. Morphology Comparison
the minimum stress in the as-grown of annealed GaAs-on-Si layers
GaAs-on-Si layers, with a TSL (a) and SLS (b)

mmm 1m m mm•mmm m
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7. Conclusion

TSL has been used as a buffer layer for the NBE growth of GaAs-on-Si layers.

The as-grown GaAs layers were superior to the other layers in wafer flatness

and surface morphology. TEN micrographs indicate that the TSL acted as an

effective buffer layer to confine the threading dislocations. The usual

defect densities of the as-grown layers were less than 10
8
/cm

2
. The defect

density was reduced by factor of -103 after thermal annealing. The GaAs

crystallinity grown on the TSL was comparable to that grown on an

In0 .1 5 /Ga 0 .8 5 As/GaAs SLS; however, the TSL wafer was more resistive to high

temperature annealing. After annealing, the surface morphology of the TSL

layer sample did not change, while the SLS sample layer had many cracks and

slips. This result indicates that the TSL system is more compatible with

conventional device processing associated with ion implantation and

annealing. To compromise the defect filtering function with the annealing

compatibility, it may be useful to combine a low composition (-5 %)

InGaAs/GaAs superlattice with the TSL growth.
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Properties of AIGaAs grown by molecular beam epitaxy on lenticular
substrates

G. D. Kramer, R. K. Tsui, J. A. Curless and M. S. Peffley

Motorola, Inc., Semiconductor Research and Development Laboratories,
5005 East McDowell, Phoenix, Arizona, 85008, USA

Abstract AlGaAs grown by MBE on GaAs substrate orientations close to
(100) has been studied by using lenticular substrates to determine the
effect of misorientation on surface morphology and photoluminescence
efficiency. Growth parameters which were investigated are aluminum-
arsenide mole fraction (0.3 & 0.4), V/11 BEP ratio (11 & 6) and sub-
strate temperature (620

0
C & 650

0
C ). There is two-fold symmetry in the

surface morphology about the <l00 axis. The smoothest areas, which also
have the best photoluminescence, are centered 60 off <100> toward <1ll>A,
i.e, where growth occurs on monatomic steps terminated by gallium atoms.

1. Introduction

Smooth morphology and good optical quality are important properties of
semiconductor epitaxial layers that are necessary to optimize device
performance. Aluminum gallium arsenide (AlGaAs) is an epitaxial material
that has been atudied extensively because of its desirable properties, that
is, a wide hand-gap material lattice matched to gallium arsenide (GaAs).
However, AlGaAs grown by Molecular Beam Epitaxy (MBE) has a rough surface
and poor optical characteristics when grown under certain conditions that
are desirable for device applications (Alexandre et al 1985, Petroff et al
1984, Stall et al 1985). Improved surface and optical quality can be
achieved by using high growth temperatures and low V/Ill BEP ratios (Tsui
et al 1984); however, at these higher temperatures there are problems of
diffusion and gallium desorption. Recently, we reported that misorienting
the GaAs substrate from <100> in a proper direction yields greatly improved
structural and optical properties of AlGaAs epitaxial films (Tsui et al
1985, 1986). We also presented evidence of a specific misorientation, that

is, a critical angle which gives better-quality epitaxial material. We now
report the results of an experiment to more accurately define this critical

angle and to determine how the critical angle changes with growth
conditions.

The experiment was to grow epitaxial AlGaAS on a convex GaAs substrate
which allows all orientations within a certain number of degrees (depending
on geometry) to be stvAied in the same growth run. Four epitaxial layers
were grown under diffs'ent conditions. The growth parameters which were
varied were the growth temperature (620

0
C and 650

0
C), V/Il BEP ratio (6

and 11) and aluminum arsenide (AlAs) mole fraction x (AlxGal-xAs where x
20.3 and 0.4). The epitaxial films were evaluated by observing the surface
morphology and photoluminescence spectrum.
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2. Experimental Procedure

Four substrates were cut with a (100)-orientation from the same silicon-

doped (n+) horizontal Bridgman grown GaAs ingot. They were ground to a
plano-convex shape and have a radius of curvature of 100.76 mm, a diameter
of 51 mm and a thickness of =5 mm. The convex surface was then polished to
a specular finish. This shape allows all orientations within 140 (i.e. out
to (511)) of the <100>-direction to be studied in one growth run.

Before epitaxial growth the substrates were solvent cleaned sequentially
with two rinses each of: toluene, acetone and 2-propanol heated to just

below the boiling point The lenses were then rinsed in deionized water
and etched in a 4:1:1 H2SO4 : H202 : H20 solution heated to 100

0
C. The

lenses were etched for a total of 5 minutes, and for the first minute, the
solution was stirred. The substrate lenses were removed from the etch
solution, rinsed in deionized water and blown dry with nitrogen. After

this preparation, the surface of the lens-shaped substrate appears visually
to be nearly as good as standard (100) GaAs wafers prepared for epitaxial
growth in our laboratory. The lenses were mounted on molybdenum substrate

carrier blocks using molten indium and stored in the ultra high vacuum
(UHV) of the MBE system until ready for use (usually within 24 hours).
There was some initial concern that the thicker, heavier lens-shaped

substrates might either slide off the mounting block or crack as they were
heated, but this did not turn out to be a problem.

A Varian GEN II MBE system was used to grow the AIGaAs epitaxial layers.
This UHV system has two vacuum-locks in series with the growth chamber.

Pumping is done by titanium sublimation pumps, ion-pumps and cryo-pumps.
There are eight source furnaces arranged radially and pointed toward the

substrate holder. The group III furnaces are adjacent to one another to
reduce the possibility of a periodic compositional variation as the sub-
strate 4s rotated. The uniformity of composition x was evaluated with
electron microprobe over the surface of the lens toward the <Ill>A-direct-
ion. The variation was found to be x + 0.012 over the diameter of the lens.

There are several terms used in the following discussion that should be
clarified. The Beam Equivalent Pressure (BEP) is defined as the pressure
measured by an ion gauge that is rotated into the growth position; the ion

gauge position is then adjusted to maximize the reading. To measure the
arsenic BEP, the ion gauge is first exposed to 10 seconds of gallium, then
with the gallium shutter open, the arsenic shutter is opened, and the BEP
read immediately. The gallium background is subtracted to give the arsenic
BEP. The gallium and aluminum BEPs are measured by opening the shutters
individually and subtracting the background with the shutters closed. The

BEP ratio is defined as the arsenic BEP divided by the sum of the gallium
and aluminum BEPs. The arsenic is called minimum when the V/Ill BEP ratio

is set at the lowest level where AlGaAs can be grcwn without metal-rich

morphology.

The AlGaAs in all four runs was grown at a rate of 1 micron per hour to a
thickness of =4 microns. The first three runs were grown using an AlAs
composition of x = 0.3. Run #1 was grown at 620

0
C with minimum arsenic

(V/Ill BEP ratio of 6.5). The BEP readfngs were: arsenic, 3.2 x 106

torr; aluminum, 1.2 x 10
-7 

torr; and gallium, 3.7 x 10
- 7 

torr. Fig. 1
shows a composite picture of phase contrast micrographs taken of the

surface of the epitaxial layer. A quarter of the lens is representative of
the surface morphology of the whole lens for all of these growth runs
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Pig. 1. Surface morpholoay and photoluminescence (7?K) of AlGaAs grown

on convex GaAs substrates (qrowth conditions shown). Smooth mor-

phology and hand-to-hand emission are only found around 60 off

<100> toward rll>A.
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because of the two-fold symmetry about the <100> axis. The micrographs
show that growth on the <100> orientation is rough as expected. The only
smooth regions are located about 6 degrees off <100> toward <111>A. The
surface becomes rough again as the angle increases even more toward the
<ill>A-direction indicating that the amount or misorientation is critical.

The critical angle is 60 and was determined by observing the smoothest area
of the lens using a Nomarski-contrast microscope. The photoluminescence
was measured using the 5145 angstrom line of an argon-ion laser with an
intensity of 20 W/cm

2 
and a photomultiplier with S-i response. The 77K

photoluminescence spectra were taken at three degree intervals of
misorientation off <100> toward <111>A and <lll>B and correspond to the
positions illustrated by the diagram in Fig. 1. The results presented in
Fig. 1 show that the areas with the smoothest surface morphology also have
the best photoluminescence. Band-to-band emission is visible only toward
the <111>A direction. The deeper-level defect-related peaks are reduced or
even eliminated in the smooth region.

Run #2 used the same growth temperature of 620
0
C and x = 0.3 but the

arsenic flux was increased to yield a V/III BEP ratio of 11.2. The BEPs
were: arsenic, 5.6 x 10-6 torr; aluminum, 1.3 x 10

- 7 
torr; and gallium,

3.7 x 10
-7 

torr. Surface morphology is shown by the composite Nomarski-
constrast micrographs in Fig. 2. Run #2 has a large smooth area compared
to Run #1 that is triangular shaped. Notice that the surface is fairly
smooth in the <100> direction and for misorientations toward the <111>A out
to 140, but the orientations toward <111>B all have rough surfaces. The PL
spectra (Fig. 2) show band-to-band emission only toward the <111>A
direction. The strongest emission is from 60 to 9

0 
which is within the

region of smoothest morphology. There is some evidence of much weaker

band-to-band emission from 00 to 60, also within the smooth region. In
this instance, the defect-related band near 1.712 eV is still evident.

For the third run, the temperature was increased to 650
0
C with x = 0.3 and

the minimum V/III BEP ratio of 6.7. The BEP readings were: arsenic, 3.2 x
10-6 torr; aluminum, 1.2 x 10

- 7 
torr; and gallium, 3.6 x 10

-7 
torr.

The smooth area is slightly smaller than for Run #1, and again located off
<100> toward <111>A. The PL spectra show band-edge emission only from the
smooth regions.

Finally, in Run #4 the aluminum mole fraction was increased to x = 0.4 with
growth temperature of 650

0
C and V/III BEB ratio of 6.1. The BEP readings

were: arsenic, 3.3 x 10
-
6 torr; aluminum, 1.7 x 10

-7 
torr; and gallium,

3.7 x 10
- 

torr. The surface morphology pattern is very similar to the
other minimum arsenic growth runs. The PL spectra agair show band-edge
emission only from the smooth regions.

3. Discussion and Sinary

A pictorial summary of the surface morphology of the four AlGaAs epitaxial
growth runs is shown in Fig. 3. These smooth regions were determined
carefully by a subjective study of the surface using a Nomarski-contrast

microscope. The critical angle of misorientation which produces the
smoothest morphology in all cases studied is 60 off <100> toward <111>A
i.e. (13,1,1)A to (14,1,1)A. The region with smooth morphology changes
shape over the range of conditions studied. The strongest effect was in
Run #2 when the arsenic flux was doubled. This varietion increased the
area of the smooch region about the critical angle and produced a wedge-
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SUMMARY OF REGIONS WITH SMOOTH
MORPHOLOGY

V|II BEP RATIO
MINIMUM ARSENIC 2X MINIMUM ARSENIC

_ 3RUN #1 RUN #2
.- (111)A . "-.'.(11 1)A

. • , .. 1 " 620oC

AI::Gai - -As
(111)e (111)8 GROWTH

RUN #3- TEMPERATURE

Fx_ = .4 
(111)AIx -- 4 . . .650'C

(111)8

RUN #4 (
(11 )A 650'C

• (11) Lii SMOOTH
Fi. 3. Comparison of smooth areas for different growth conditions.

shaped smooth area that expands from the center (2O0)-orientation of the
substrate. There are sm,-ll variations in the shapes of the smooth regions
of Runs 1,3 and 4. It is not clear whether these variations are
significant due to the difficulty of precisely controlling the growth
conditions. The 77Y photolumirescence indicates that the best AlGaAs, as
evidenced by band-to-hand emission is only found in the regions of
smoothest morphology. In the case of increased arsenic flux the best PI, is
only in the region around the 60 critical angle. Substrate misorientation
by the critical angle will result in better-quality AIGaAs being grown at
lower temperatures (620

0
C and 650

0
C). This misorientation should also lead

to improvements in the quality of heterojunction interfaces.
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The electrical properties of In-doped and low-temperature-grown MBE

GaAs

M. Missous and K.E. Singer

Department of Electrical Engineering and Centre for Electronic Materials
Universitv of Manchester Institute of Science and Technology,

PO Box 88, Manchester M60 IQD, U.K.

Abstract This work reports the electrical properties of MBE GaAs grown

at low temperature. It is demonstrated that the use of indium doping
increases the measured free electron concentration and reduces the
compensation ratio, The use of As 2allows good electrical quality GaAs
to be grown down to 430

3
C at 0.2 pm/hour. Excellent doping control is

exhibited down to i x 1016 cm
-
1 and mob'lities - 2/3 of that for the

best MBE material are reported.

1. Introduction

The growth of high electrical and optical quality GaAs epitaxial films is
well established, and under the most carefully controlled conditions it is
now possible t: produce low-doped n-type material whose peak mobility
approaches that obtainable by liquid phase epitaxy. For example, Moustakas
(1986) has grown intentionally silicon-doped matecial with a net free

electron concentration of 9 x 10'1 cm'
3 

and a 55K Hall mobility in excess
of 20(0,000 cm2/vs. The production of such high quality material requires
careful attention to reducing the level of background CO in the MBE system,
as well as optimising the growth conditions of arsenic to gallium flux
ratio and substrate temperature. The latter of these two is typically in
the range 580 to 600c'C for a growth rate of - 1 pm/hour. Whilst these
substrate temperatures cause no difficulties in the growth of the majority
of structures based on the GaAs and AIxGa, .xAs material system, there are a
number of important areas where a reduction would be desirable.

The object of the work described in this paper was to investigate two
possible approaches to the practical growth of acceptable device quality

GaAs at lower substrate temperatures. The first of 1hese techniques was
the use of the isoelectronic impurity indium introduced into the epilayer

at concentrations in the range 0.05 to 0.5 atomic %; the second was to
use As2 rather than As 4.

A number of investigations have been made of the low temperature growth of
GaAs. Wood et al (1978) found that below 5000C the material became
increasingly resistive owing to the presence of compensating defects. Good
crystal quality epilayers - as judged from the RED patt.rn during growth -
have been grown at temperatures as low as 260

0
C, whilst at even lower

temperatures (- 90
0
C) the surfaces remained smooth but showed no

reconstruction (Neave et al 1978). A more detailed study of the electrical
and photoluminescence properties has been made by Metze et al (1983). They
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demonstrated that a dramatic increase in the film properties could be
achieved by reducing the growth rate. For example, they found that for
material doped to - 1 x 101cm

"3
, a reduction in growth rate to 0.2Mm/hour

allowed the substrate temperature to be reduced to 4500C, whilst at
0.02ptm/hour, - 10'ecm

-3  
material could be grown at 380

0
C. These

measurements were made using As 4 and silicon as the n-type dopant. More
recently a technique entitled Migration-Enhanced Epitaxy (MEE) has been
demonstrated (1986) in which the incident beams are interrupted at
approximately the monolayer growth frequency. This has allowed material

with good PL properties to be grown down to 200
0
C at average growth rates

of 0.2pm/hour. However, as yet no electrical data on these films have been
reported.

2. Experimental

Growth was performed in a MBE system based on a Riber 2300 growth chamber.
Conventional substrate preparation techniques were used (Missous et al
1986) and elemental sources were used for Ga, In, As 4 and Si. The arsenic
dimer was generated from a cell containing nominally undoped,
semi-insulating LEC GaAs. The substrate temperature during growth was
estimated from the oxide desorption temperature as determined by
observation of the appearance of clear RED streaks during initial heating
of the substrate in an arsenic flux. For the substrate preparation
procedure and heating rates used we have determined this desorption
temperature to be 580 ± 100C ; the calibration of the substrate molybdenum
block thermocouple having been done previously by observation of the Al-Si
eutectic temperature. After oxide desorption the substrate temperature was
reduced by a chosen amount for epilayer growth. Beam fluxes were measured
using a monitor ion gauge. For As 4 , and growth at 5800C, the minimum As 4
flux for arsenic stable growth gave a beam equivalent pressure ratio of 5:1
(As 4 :Ga). We have denoted this as a flux ratio (J) of 1. Similarly, the
minimum beam equivalent pressure ratio for As. growth was 2:1 and the
equivalent flux ratio for this species has also been denoted 1.

Assessment of the epilayer has been made by conventional room temperature
and 77K Van den Pauw Hall measurements and by C-V profiling using the
Polaron PN4200 Electrochemical profiling system.

3. Results and Discussion

There were five variables availables to us in this work; indium doping or
no indium doping, As 2 or As 4, substrate temperature during growth, group V

to group III flux ratio and growth rate. The experimental evidence shows
that all these factors, singly or in combination, affect the electrical
properties of the epilayers. To systematically vary each parameter in
various combinations with the others would generate a vast matrix of
samples, and consequently we have sought to establish the trends by a
careful selection of conditions for each growth run. At this stage of the
work we have decoupled the investigations of indium doping and the use of
As 2 .

The results of this work thus fall into the following'two categories:

(i) Effect of indium doping
The substrate temperature was kept relatively high (540 to 550

0
C),

although below the normal GaAs growth temperature in order to
reduce indium re-evaporation. Only As4 has been used.

AOL mm mm mm•ll m
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(ii) Effect of As2
For all these epilayers the growth temperature was held at an
estimated 430 0C. Comparisons were made between layers grown under
nominally identical conditions apart from the choice of group V
species. In another series of growth runs the effect of the V:III
flux ratio was investigated.

3.1 Indium doping

The most obvious effect of indium doping was to increase the measured free
electron concentration. This effect is illustrated in figure I which is a

----------- - ---

II

fjJ

Profile of film with alternate
In and non In-doped layers.

C-V profile of an epitaxial film consisting of alternate indium-doped and
non indium-doped layers. Apart from shuttering the indium source, all
conditions were kept constant throughout growth. The effect of the indium
was to increase the free electron concentration from 8 x 1015 to 1 x 1016
cm "1. We have also grown homogeneous films both with and without indium
doping on semi-insulating substrates for Hall analysis. The results are
shown in table I and it can be seen that even though the free electron
concentration is higher in the indium-doped layer, the mobility (at both
300 and 77K) is also higher, indicating a substantial decrease in the
compensation ratio.

N N +NANDNA

n300 300 n., ND NA
-3 -3 2cm cm /V, s cm cm /V.s

GaAs 1.2xl0" 6460 1.1xl i s  16,730 1.9

iaAs(In) 2.OxlO' 6760 1.9x106 17,100 1.4

Table 1

We have also reported (Missous et al 1986b) an increase in the excitonic
PL intensity and reductions in the deep level concentrations measured by
DLTS. The increase in free electron concentration was observed for doping
from 1016 to - 7 x 101 9 cm "3 ; the percentage increase being similar
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over the entire range. This observation precludes two possibilities:
first, that any observed increase in free electron concentration is simply
caused by an additional dopant being present in the indium source, or
second, that the indium reduces the concentration of some compensating deep
levels. If either of these effects were dominant the increase in the
observed free electron concentration would bi constant, rather than being

proportional to the doping level as we observed. Instead, the magnitude of
the effect must be related to the silicon concentration, and this suggests
that the indium brings about a reduction in the amphoteric nature of the
dopant. Rytova et al (1982) have suggested that as the tetrahedral radius
of indium is greater than gallium, the strain introduced in the lattice
changes the ratio of gallium to arsenic vacancies. Clearly, any reduction
in the concentration of arsenic vacancies relative to gallium will increase
the tendency for the silicon atoms to occupy gallium sites, leading to an
increase in free electron concentration

3.2 Non indium-doged low temperature growth.

The starting point for these measurements was the data of Metz et al
(1983). We have grown a series of chree samples using As 4 and growth rates
between 0.25 and 0.12pm/hour. The As 4 :Ga flux ratio was - 1 for all the
layers, and the substrate temperature was 430

0
C. Figure 2 shows the

electrochemical C-V profile for - layer grown at 0.2pm/hour. It can be
seen that whilst it was possib :o dope at - 1.2 x 1018 and only just
possible to dope at 4 x 10'', the lower doped (target was 5 x 1016) layer
is heavily compensated. Similar results were obtained from the layer
grown at 0.12pm/hour. According to the data shown in Figure 3 of Metze et
al (1983), the maximum growth rate for a substrate temperature of 430

0
C is

- 0.12pm/hour. However, that figure should be used with caution as it is a
compilation of data from epilayers grown in the range 2 x 1015 to 2 x 101

8

cm
"3

. It is clear from our results that for a given growth rate the
transition temperature between growth of electrically active and non-active
layers is dependent on the level of intentional doping. Taking this into
account and remembering that the transition is very sharp, the results from

our measurements are in reasonable agreement with those of Metze et al
(1983).

a -

84-6-,- 1

I,?

0 G O t O O0 04 068 G8 t

WN-

FiXZ GaAs grown at 430"C Fig.3 GaAs grown at 4301C
with As 4 and J - 1 with As2 and J - I

The effect of switching to the use of As 2 is illustrated by the profile
shown in Figure 3. This shows a layer grown under identical conditions to
that in Figure 2 apart from the choice of arsenic species. The target
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doping of - 1 x 1016 is easily achieved and taking account of the thermal
response of the silicon source and Debye smearing effects, the required
profile is closely followed.

As with As 4 , we have found the electrical quality using As 2 also to be
dependent on the V to III flux ratio. This is illustrated by the profile
(Figure 4). This film was grolwn under identical conditions to that in
Figure 3 apart from the arsenic:gallium flux ratio which was 3.8 compared

to - 1 and the target doping which was increased to 5 x 10
6
. Even at

this increased doping level the layer is seen to be heavily compensated.
We have also prepared films with different flux ratios on semi-insulating
substrates for Hall analysis. The results are shown in table 2

J(As 2 :Ga) Tsub(°C) n,.(cm'
3
) t p - (cm2/v.s)

3.8 430 7.3 x 10'
6  

2600

1.1 I 430 6.8 x 1016 4000

Table 2

Like the other layers these were grown at 430
0

C using As 2 and with flux
ratios of 3.8 and 1.1. The improved mobility of the layer grown with the
lower flux ratio again points to the importance of this parameter. The

mobility of 8 x 1016 cm 
3 

GaAs grown under conventional conditions is
typically 6000 cm

2
/Vs, so whilst our best low temperature growth layers

fall short of this figure, the material quality is nevertheless adequate
for a number of device applications.

Additional evidence of the electrical quality of the layers can be obtained

from the I-V characteristics of Schottky diodes formed on the material.

The ideality of the contact is sensitive to the presence of deep levels in

the semiconductor which can give rise to space charge recombination/

generation current. This effect is shown in the log I vs. V

characteristics in figure 5. Both devices exhibit good logarithmic

behaviour, but it is clear that the ideality of the layer grown using As 4

(n - 1.22) is considerably worse than that using As 2 (n = 1.04). The

reverse current at -IV is also about 100 x greater in the As4 grown device.

Prelimii .iy PL and DLTS studies on these layers support the picture that

19 A

4 A,

B: AS2

Is

-S

s2 4 as dS S. Q 54 55 O to

X(Pm) SLAS(Volts)

Fip.4 GaAs grown at 4300C FieS In I-V of samples

with As2 and J = 3.8 with As2 and As 4
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emerges from our results. A significant reduction in the deep level
concentrations are observed in DLTS, and PL has shown an increase in the
intensity of near band edge excitonic features. These results will be
published in more detail shortly.

Neave et al (1980) have reported a reduction in trap concentrations by
using As 2 for GaAs grown at conventional temperatures. They proposed that
the simpler surface chemistry involved when using the dimer leads to fewer
vacancies being incorporated owing to the higher steady-state arsenic
surface coverage. Our results support their observation and demonstrate
that the beneficial effect of As2 is even more important at lower growth
temperatures.

4. Conclusions

The use of the isoelectronic dopant indium at concentrations in the range
0.05 to 0.5 at.% has been shown to improve the electrical quality of GaAs
grown at 540-550

0
C. Apart from a reduction in the trap concentration and

increase in the exciton-related PL intensity, the indium also brings about
- 25% increase in the free electron concentration and reduces the
compensation ratio from - 2 to 1.4. We suggest that the most important
role of the indium is to modify the vacancy concentration in the material,
thus reducing the amphoteric nature of the silicon dopant.

Growth at lower temperatures (4300) is shown to be possible by the use of
As 2  Although the electrical quality is inferior to the best MBE GaAs
grown at higher temperatures, by careful control of the flux ratio we have
been able to grow layers with controllable doping down to I x 1016 and with
Hall mobilities of - 2/3 of the best reported values. An important
practical point is that the procedures we have adopted do not require
unrealistically low growth rates, nor, as in Migration Enhanced Epitaxy
(Horikoshi et al 1986), many thousands of shutter operations per micron of
growth.
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Atomic layer epitaxy cf III- V compounds by hydride VPE
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Abstract. Atomic layer epitaxylAIrA of 111-V compouind o edtr-
InAs, InP, GaP and InGaP is carried out by the chlorid, A!!'hnd
is confirmed that the growth is indeed dio ital, 1.0. 1!!, r"rw
thickness per ALE cycle is almost equal to the -ocnor iko-
is nearly independent of growth conditions. A Langmuir tYl- adrorptin
model for chloride gases is employed to discuss the merhanisr of t,
digital epitaxy and the growth under mixed chloridoe ain cuni on
The method is also applied to the Prowh f f han
heterostructures.

1. INTRODUCTION

Recently, in the growth of UtI-V compoutid smcnutr, e'

epitaxy(ALE)(Suntola et al. 1980) has been introduced as a new r.'i I
control grown thickness with one monolayer accuracy and -3 mk..
heterostructures with very abrupt inte-rfaces(Nishisawn o i "','.
Bedair et al. 1985, Doi et al. 19861. In the conventional MV(i. M C'" d
VPE methods, these conditions have been realized by !ifo
control of growth time, flow rates and temperatures, ITo contrai, l
can achieve layer-by-layer growth without such a fine cni ml of
conditions. We have already ceported the ALEt of OaiAs usir'Tw~ ;ind A 0'

over a wide range of Ga~l partial pressure and ierowth eprior
and Stunakawa 1986). It was shown that the grown thioknes:; por -n, Ai
cycle is approximately equal to the monolayer thickness nod, thot,'
grown thickness depends solely on Ga(l adsorption cycles. Thin 'Y
growth is called a digital epitaxy, heause no analor~uepoa'om
as mentioned above need be controlled precisely (Watanabo nd I
In the chloride ALE method we used, it was possihlo fn yao ij-'al
epitaxy of GaAs over a wider range of hirowtbi rondit ionis tfvirit'hi-l
methods so far reported. This is perhaps because the choioAM: ro
involves only a Langmuir type adsorption of Ca~l in contratst lo ii
ALE growth where dissociation reactions of hydrocarbons (such -v;
group) take place together with adsorption. This is ain idva itapo ,!' ftc

present method.
In the present paper, the chloride ALE is widely applied ,to the, Prowt!- of

II-V compound semiconductors other than GaAs such as. loP, InAn, Gri.-p 11nd
InGaP. We show here that the digital epitaxy has been onfirmed nnt~~
materials and that the growth can be well understood by tho 1,,i nPma ii r
type adsorption model. Furthermore, we rcport on the prolwlh I -sf ;c'
heterostructures and the incorporation mechanism oi' seleniur anid t he
electrical properties of grown layers.

2. EXPERIMENTAL

1987 loP Publishing ltd
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The reactor used was a horizontal multi-chamber reactor as previously
reportediii and Sunakawa 1986). This reactor has a high-temperature
source zone containing In and GIn Source metals, and a low-temperature

substrate zone. HCl gas supplied from upstream reacts with the metal
sources producing CaCi or InCI, which in turn is carried with Ht to the
Substrate zone kept at the atmospheric pressure. AsH3  PH3 and A were
supplied to another chamber and the substrate holder wa switched getween
the two chambers automatically. The substrate was exposed to GaCI for 6
seconds and to As 4for 10 seconds alternatively. One ALE cycle,
consisting of a single round of g~as exposure, purge of AsH HorfPH 3and
substrate transfer, completed in 41, seconds. The AsH, or hel 3elow was
suspended during the substrate transfer to. preven~ th 

3
etraneous

deposition on the substrate. The above cycle was repeate-d 200 times
typically. The growth temperature arid the metal source temperature wo
45IOC and 75nGC, respectively unless stated otherwise.

3. RESULTS AND DISCUSSIONS

Figure 1 shows the 4
relationship between the HCl 1 InAs Ill B

gas partial pressure over In -W.sIll 9aAslll 0

and Ga source metals, and tihe 3 r-iP 100
-GaA.,. 100 "100_____n 1400

growth rate of Ill-V compound 0) dP~o 100 0
semiconductors by the present M a 0

m-ethod. Monolayer thicknesses c
for those materiails, wtiich
are mtd (rated inr tic (
ordino, 0r _111P

X, "'l 3 X, r. i nd '. 7-3
for InAs 100), IaAs (I 0 104
InP( ljflt , TAs ( In() anT d 10 1010

Lap Inn), rospect ively. Tire PHCO(Ca.1n) (atm)

H("l gas part ial prrc~sro w~ V i L. I rowth rat- de-prendetrw' on the HC1
varied from 4x IC to 1n . -r no ja I rrssrP toi Iranspo-rt Ga or In
The growth rates of rie ~i riis I 1l-V cpons.The values
I ayers were found *: ag re t ordinaite represot morrlayor
well wi th ralculat t-6 ~ for t hosemaeias
monolayer thicknesses at I
were almost irciepenetil -f tn 11! 1 ,a s pair t iraI pre-ssure wit hin tihe
accuraicy of t he measuremen ts [ ( , ,x(,ept thie g!rowth of a[i f'or lower
TtWl pairt al pressur-. All obtrin-d ;arfcvm; were, completel ' y mlirror-ilike
free from, any surface defets a: in the caise of' OaAs previously
reported isui and Sunakatw riae That: we hatve confi rmed tihat dipital
ep itaxy cart be successfully mipplIi-l to 10-cent ii n or P-containing,
maiterials as well.* To rli edig itail epi taxy , ronolayer adsorption of
Gadl and InCl s houild tarke p1ac on rtho lire ring surfaice. ';ict monolayer
adsorption of ulsqorhates can be wellI understood fry a langmul r type
adsorption mechainism. The o rtt'c equrat ion of t he Lancrnul r adsorption
is simply expressed a s e p!l I +Kp t ( e: coverage, K:* adsorpt ionn
eqri i ibrirm constant ). This e~quation inidicates fiat e in trl~a]y equal to
unity whren Kpol, i te. the amount orf adsorption hardly deperrds on the
part ial presarr of adisorbates and the temperature. The condi t iron Kp>:l
is considered to be applicable to tire present system for a wide rasnge of
vrowth conditions. Tihe validity of this assumptiorn will bo discussed
elsewheretWatnna-be and ttsui 10)86).

The Langru ir type adsorption model was found to explain well another
experimental resirl is when two adsorbatos exist in the some gas phaise. In
t he loP ALF on TnP(InlO, it was found thrt. addition of free-ilg to InCI
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resulted in a remarkable decrease in the prown thickness. Closed circles
in Figure 2 show grown thicknesses normalized by the thickness without
free-HCl 3.0 X. This value was approximately identical to the monolayer
thickness. By adding 5% of free-HCl, the grown thickness decreased to
about 1/3 and with 20% of free-HCl, practically no growth was observed.
These results can be well understood by a Langmuir type competitive
adsorption model for mixed gases as follows. By Markham-Benton equation,
the adsorbate concentration of species i can be written in the form

v.-bK.p. /(+ 2K.p.)
where b is the saturationladsorate cohc~n4ration, K, and p. are the
adsorption equilibrium constant and the partial pressure o' species
i,respectively. Applying this equation to the present system, we obtain

Vicf bK ncIPlncl/(l+ KInCIPInCl+KHcPHclI)

Using x and Y defined by the relation
x-v IC /(v 1 0I CI i Y-pli~ 1 /(P 1 Cl~p

These equations rane 
1

rewrs 'en as
I/(!-x)4(l-K /K )(l/y)

Here y denotes the ratio of HCI to Re tocl chlorides. Furthermore, x is
equal to the surface coverage of InCI if we assume that the adsorption
sites are occopied by either InC1 or tCl(i.e. no vacant site). The solid
lines in Fic. present calculated x as a function of y for several

different values of the parameter K Rl/K The curve can he best
fifted to the experimental results w en K /K C I is 0.02. A similar

comparison was made on the ALF of GaAs. Substrates used in the growth
wore ([In( IaAs and the girowth temperature was 450 'C. In Fig.3,
experimental results are shown together with the curves calculated
acsu-inp mixed adsorption of (GaC, and Hf). In the case of GaAs, the
effect of free-HCI on the Prowth was found to be very small in contrast

to the case of InP and was almost negligible for ye0.9. The value of
F_ ,/K -. that gives the best fit was as high as 120. These results

'RC l h I"
i aCate that the hea of adsorption(q ) of GaCl molecules on an As
surface is considerably larger than t a of HCl while q Ii- is fairly

smalIler on a P surface. Since the heat of adsorption is a measure of the
binding energ:y between the adsorbate and underlying atoms, the bond

10, 10
I, 0, 200400

WIP100) 100

I K~SaCI'KHCI 25 5
V ih -

o 480

00
80-a0 -46100

03

008

2 2 Ges(000
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between In and P is considered to be much weaker than between Ga and As.
Actually, InP has a relatively large dissociation pressure among the III-
V compounds at the present growth temperature. In any case, these results

strongly support that the adsorption process in the present system is of
the Langmuir type.

Now let us discuss our preliminary result of the ALE growth of InGaP.
Both of GaCI and InCl were supplied simultaneously in the present growth.
The substrates were GaAs(l00) and the grqwth temperature was 4501C. The
partial pressure of PH3 was 2.xlO- . As for the GaCl to InCl
ritio p . n(PC 's ) in the gas phase, two different values 0.17
and C.H 1I were a ope . Microphotographs of grown surfaces are shown in
Fi_.4 rocether with that of the conventional hydride VPE InGaP grown at
',, Oc. In the case of the conventional method, the surface obtained
rvealad very rough morphology as shown in Fig. 4(c). Furthermore, the
lialf width of the x-ray rocking curve was greater than 1000 secongs

haghou, the lattice-mismatch(,da/; ) was approximately as low as 3xlO ,
aind the peak intensity was also very weak in spite of relatively large
layer thickness(t-2.4 im). In contrast, completely mirror-like surfaces
w-P- obtained by the present method as shown in Fig.4(a). When the GaCl

InCl ratio was 0.1 , line-hatched patterns due to the large lattice-

'isratchl4a/'v-1 l0 - were observed as shown in Fig. 4(b). Thus, in the
AI
0
, :nGaP growth is possible even at low temperatures as low as 450 

0
C,

wich io the lowest temperature so far reported in the InGaP epitaxial
row. The grown thickness of the layer in Fig. 4(a) was about 840
i.iiin by the ALE cycle 300, the growth rate of 2.8 X/ALE cycle is
t-ain,,f. L This is consistent with the monolayer thickness of In Ga P..0.50Q.5

Accordinsly, the monolayer adsorption of the Langmuir type is considered
o take place in this case as well. The

alloy coposition is determined by the
;-ptit,,ve adsorption of GaCl and InCl.

i';,)t even a small GaCl fraction
. ' in the gas phase resulted in a

i ' ' 1r Ir (r Ga fraction of 0.71, in the
,aolid phase may be attributed to the
at ons' idosorption of GaCI on the growing

ic- a compared to the InCl

tidorp t ion.

1,he ALE of GaAs, since arsenic
!clcules such as As4 and As have very2
!ilc!l vapor pressures, the incorporation
into the crystal is considered to be

govorned by the Eley-Rideal surface :<
pr'Ooss, in which Ga-As bonds are formed
by 'he- reaction between adsorbed GaCl and
:I" arsenic gs. We intoduced H Se

which easily decomposes to Se and H2 at

1,ta present growth temperature, into the
reactor instead of AsH . It is known that 100 um
.;, makes a bond with ,a to form gallium

slenides such as GaSe, Ga Se3 and Ga Se.
This indicates that se lenium Fig. 4 Microphotographs of

incorporation also obeys the Eley-Rideal InGaP as-grown layers:(a)

proces:;. 'Selenium is also an n-type nearly lattice-matched ALE

doparif in ruT-V compound semiconductors. InGaP, (b) lat~ice-

The r-owth procedure was as follows; mismatched( da/a -l.SdlO- ) ALE

f'irst, on the GaAs substrate, nine layers InGaP, (c) conventional VPE

of GaAs were grown, then, the source gas InGaP grown at 550
0
C.
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in the AsH3 chamber was switched from AsH 3 to H Se whose partial pressure
was 4x10-4. After exposure to GaCI, the substra?e was carried into a 11 Se
atmosphere. The exposure time to H Se was identical to that of As

2 .3
After that, nine GaAs layers were again grown and the whole cycle was
repeated 20 times. In this experiment, (100), (111)A and (111)B
substrates were used. Figure 5 shows the dependence of selenium
concentration from the SIMS measurements on the growth temperature for
(100) and (111)B substrates. The growth temperature was varied from 3500C
to 550 *C. The concentrations were calibrated using 1 IMS intensity

obtained from conventional VPE-grown Se-doped (n=l.8xlO cm ) GaAs,
assuming that all of the incorporated Se act as donors. The selenium
concentration increased rapidly with decTasin§ growth temperature and

the maximum value was on the order of 10 cm . Although the selenium
concentration for (111)B is much larger than for (100) surface, both
exhibit almost the same tendency. If we assume that exactly one Se layer
is formed and replaces an As2 lane 3in the pr ;sent structure, the Se
concentration should be 2.2xi0 cm . The experimental results are in
good agreement with this value for lower growth temperature. This
suggests that selenium is actually incorporated in the form of
monolayers, but further investigations should be carried out to esta~lish

this point. X-ray rocking curve revealed lattice-mismatch of 5.5xlO for

the sample grown on (l00)GaAs substrate at 350
0
C. However, no surface

morphology such as hillock, pit or hatched-pattern due to the lattice-

mismatch was observed and a completely mirror-like surface was
obtained.
The carrier concentration was measured by the van der Pauw method on
those samples. The growth temperature dependence of the carrier

concentration for various samples i., shown in Fig. 6. The carrier
concentration has a peak at around 4h()OC for (100) and (Ill)A sampleT
The 3 highest value was obtained for '1l)A and was as high as 1.4xlO
cm . The carrier concentrations of GaAs(l00) samples were slightly below

those of (111)A. The carrier concentration decreased drastically on both
sides of 4501C. The decre;se in fhe higher temperature side is clearly
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related to the reduced incorporation of Se as shown in Fig.5. On the
lower temperature side, heavily incorporated Se presumably forms gallium
selenide layers. As a result, Se does not work as a donor in GaAs and the
carrier concentration is decreased. In the case of (Ill)B, carriers are
not generated up to around 550 C presumably because Se is incorporated in
higher concentration than for (lO0)GaAs and gallium selenide layers may
be formed. At the t-mperature region where selenium layers are
considered to be formed, obtained layers revealed high-resistive
characteristics. To explain the difference in the amount of
incorporated Se between substrates , we propose a simple model. When the

substrate, after adsorption of GaCI, is exposed to H Se and Se is
incorporated into the As sites, a Se atom is surrounded by three Ga atoms
on (111)B surface while it has only one and two neighboring Ga atoms on
(111)A and on (100) surfaces, respectively. This suggests that Se atoms
on (111)B are most stable and the stability decreases in the order of
(100) and (111)A. The experimental results shown in Fig. 5 and 6 can be
well explained by this model. Thus, using the present method, new
structure such as GaAs/GaSe, which are very difficult to grow by the
conventional growth methods, can be readily grown. This is another
advantage of the chloride ALE growth.

4. CONCLUSIONS

The atomic layer epitaxial method using chlorides was applied to the
growth of III-V compound semiconductors InAs, InP, GaP. InGaP was also

grown by the present method at a low growth temperature of 450 OC. Grown
thicknesses per ALE cycle were found to be almost identical to their
monolayer thicknesses and the digital nature of the epitaxy was confirmed
over a wide range of chloride partial pressure. A Langmuir type monolayer
adso-ption model was employed to explain the mechanism of the digital
epitaxy. The ALE growth of GaAs and InP layers under the condition of
simultaneous existence of HCl and GaCl or InCl was also discussed. The
obtained results also strongly support that the adsorption of chlorides
is of the Langmuir type. Furthermore, it was shown that Se planes can be
inserted during the growth of GaAs by supplying t2 Se instead of Ash.
These results indicate that the present technique has a wide range of
applications in the growth of various new materials and structures.
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Atomic layer epitaxy of !I - V materials and quantum-well structures
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North Carolina State t'niversity

Ra!eigh. NC 27695-7911

Abstract. The growth of GaAs, In:As and In(a -x\s (0< x < .,3) by atonic layer

epitaxy is reported along with the presence of a self-lirnit ing mechanisn which
controls the deposition to one monolayer per cycle over a wide range of growth
conditions. InAs/;aAs single-quantum-well structures with well widths of 2 and
I monolayers exhibit inftinse urninescvnce with very narro% Imewidths of' 12 and
17 meV respectively

I. Introduction

In the past year or two, there have been a number of reports of III -V semiconductor
growth techniques which may conveniently, if somewhat inaccurately be listed
under the name atomic layer epitaxy (ALE) Nishizawa 1985, Usui 1985, Kobayashi
1985 and Tischler 1985). Although they do not all conform to the ideal ALE mode
ione monolayer deposited per cycle (Goodman 1986n, they do have in common the
fact that some variable of the growth process is cycled and the film thickness then
becomes dependent on the growth per cycle and not a growth rate as in conven-
tional growth techniques. In this paper, the growth of GaAs, InAs and In Ga 1 ,As
tO<x<.43) is described. A self-limiting mechanism is present which limits the
deposition to one monolayer per cycle. A model is presented to explain this self-
limiting mechanism. Extremely thin InAsiGaAs single-quantum-well (SQW)
heterostructures grown by ALE are also described. Photoluminescence spectra from
these structures are intense with very narrow linewidths indicating high quality
material and sharp interfaces.

2. ALE of GaAs. InAs and InGaAs

The experimental setup and growth conditions for the \L.E of GaAs (Tischler
1986a), InAs and InGaAs (Tischler 1986b) have been described previously. Basically
an atmospheric pressure metal-organic chemical vapor deposition (MOCVD) system
was modified by the addition of a new susceptor and growth chamber. The growth
chamber has separate inlet tubes for the column Ill arid coli ...... V species. The sub-
strate is continuously rotated between the two ga, strerv ,and thus is alternately
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exposed to1 the cliinr III anid colinir V 'pt-it-s. This cleis repeat ed as desi red
Aithi onte i-vile rvsutin,, in Owe h-positionl of on tierroriola. vr of mraterial (2.S3 A for
Ga.\s). Thus fte total thick ness i, deterijid ((nh ' v ' e attic constanit of thle

miaterial and the niiiiihor of Aii' Ac vle takes 2.6 seconds anid each expostire

tme is ahoitt O0l3*'ecoiids.

Fi!guru I shio%%s the ( ;aAs filmt
hickniess per cycle as a fhit'- E

iii oif 'I(flow (Tiscliler 0 5-

1986a1). It is vident that L

t here, is ;j (,lf-lirniitili, u 0 4',

miechanismn present a hiih
Allows, ((Ti v on. iioiioliver, to Ir 0. 3% -'+ ( 100)
hi' depositeld i lidepeiiiit'll t itf LUJ

the '1'I(; or .\sit ~ i The c' 0 2-
M

Self-hliiinig miecfiantistir is al'~o F_

pre'~ent at -griowth temtpera- 0 1 -

ttres fronti Ii)0 1 to 00'C mid

for sIihbtlrates oriented (100). CD -------- L --------____________
5 1 0 15 20 25

2 to',%ard. <(Il1>, (110A TMG FLOW (umoles/min)
Mnd liii)(B. TIhc siinfaies of'
all t hisc l aver were s;htill ' ( v ' and r I_ T.hiick ne(ss of ( aA s per eve he versus
mnirror-like. The- sevlf hlinilig TM \( flow.,
tnchla ni si wa;s also present (10)0) 'Sub-strates
itt the gross thI of rin\ As rd * 'T z=63( C. ..\s113=52 trroleltniin:

lit (; 13)sa(1< 150 (" ASHl3= 156 ttolv/rrrin:
('1ichler 1986hb), espi.ially g = 150"C(. Asi, 1 moemn
for a ers with co mn positions =' 630' C , A ,41:1 = 1ll) iriiole/ oin;
tnear the hinarv endpoints. 10tlilerii
TFhe filmni t Iiick ness per vc le is Tg 1' 700 ('. .S:5 tniole/mnin.
Sotrrew'hat greater than otte (1ll) Suhbstrates: A\ = ( III (A; 13 (I I I B
itotiola aver (tort less thian two) C.I' =630 ( - . .\-l 13-12

for x -. V

flux iii thle samne Svstelri. 'I'his was done with arid without rotation The TMG and

\sI e i n ro ucne to gehel ioth 
grow t h a ie ho g n inletig te asafn t ube, and

A 13wrinrdcdtgteinoilgotchmethogoninetuead

thte substrate was either held stationary in the gas stream or rotated through the gas
streamh. The rotation scherre was the same as that used for ALE. In both cases, the
aniount dleposited irncreased withi the FM; fluix. This is in contrast to the ALE
results where the depositior' per cYcle was independent of the reLA'2ant fluxes and is

an indication that ALE growthI is proceeding hy a different mechanism than conven-
tional hii 1k NlO( VI).

The effect of rotation rate, was also investigated. This was done in two ways. In the
first case, thre actual rotation rate was lengt henied This was done by changing the
pause Itme hetweei each step of the stepping motor which drove the rotating part or
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the susceptor. In the second case. the actual exposure time was lengthened, but the
time to rotate from one inlet tube to the other was kept constant. This was done by
briefly stopping the substrate under each inlet tube. Almost all of the layers were
partially hazy and this hazy area increased as the exposure time was increased. In
the shiny areas of the substrate the growth was still about, one monolayer per cycle,
whereas it was larger (but generally less than two monolayers) in the hazy areas.
This non-unifortnity may have its origins in the asymmetrical design of the suscep-
tor. (.ases are more readily heated and trapped near the inside edge of the sub-
strate. This would result in premature cracking of the TMG and possibly deposition
of more than one monolayer per cycle. Additionally, as the exposure time is
increased, the thermal boundary layer develops more fully allowing cracking of the
TMG in the gas phase, with the result that greater than ore monolayer per cycle
would be deposited. It is probable that the exposure-time window for monolayer
deposition could be opened some by (hanging the design to remove areas in which
gases can be trapped.

(;aAs was also grown with a shorter exposure time, - .16 seconds. The total rota-
tion rate was increased by reducing the pause time between each step of the step-
ping motor. One rotation occurred in about 1.3 seconds which is about twice as fast
as the normal rotation rate. The surface was shiny and the thickness was about one

monolayer per cycle.

3. Self-Limiting Mechanism and Growth Model

A possible explanation for the
self-limiting mechanism may be
derived from the growth condi- M M M M M M
tions (Tischler 1986a, 1986d). Ga
Since the thermal boundary
layer is quite thin, the TM(;

molecule may not decompos( SUBSTRATE
until it is close to, or on the sub-
strate surface. There, the TN(;
molecule can acquire enough Fiure 2: Schematic of the growth model
thermal energy from the sub- showing TMG radicals adsorbed on the sur-
strate to partially of fully decom- face.
pose or to re-evaporate undisso-
ciated. At least a coverage of one monolayer of chemically adsorbed species on the
GaAs substrate will take place. It may be that some fragment, or radical, of the
TMG molecule is what is adsorbed on the surface. A possible example of this situa-
tion is shown in Figure 2. In this case, the TMG radical is attach-d to the surface
where one of the methyl radicals used to be. At this point, the surface is not GaAs,
but is covered with a layer of TMG species. It is known that the GaAs surface
catalyzes the decomposition of AsH3 and PH 3 (Leys 1981, Nishizawa 1983 and

Stringfellow 1984) and there is evidence that it also may catalyze the decomposition
of TMG (Schlyer 1976). Thus while the cracking efficiency of TMG on the GaAs
surface for these temperatures can be fairly high (Nishizawa 1983), when the GaAs
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surface is covered with m;tonolayer of (;a species, the cracking efficiency or con'lenr-
sation coefficient may then be very small and additijonal TM( ; inlolecti Iis miay Owlin

re-evaporate before they have a chance to decolnipost.

A& this point, there is a inoriolaver of TNIG railicals onl the suirface. %Vhlin tis is

exposed to the AsH 3. an exc han ge react ion 0ccuiirs bet weeni AsI I., and Ol e '1' \ I( frag-

inent,

F-x
Ga(('11 3 )X (adsorbed) , \,1,,iGAs(solid) +~ x( I!l+ 2- if,

with the methane and hYdrogen liberated ats a gas. Th is process is repe'atedl in each

cycle. Azil. 1 is not expect i'd to ('oltillini to deposit onl the sunrface because of' it,; high

v apc-r pressure. If the self-limnoit in g niechan isin is ind(eed a resuilt of" th linole t il a

nature of the sources. one nmigh t expect that ALF in a NIBEA -type systemn with eli'-

mnental sources (such as (;a or As) wouldf not produce thle same results. Mlore %work is

needed to verify t hese assii pt I011S.

-4. InAs/GaAs Sitine-Xuanttum-WVell tructures

'fhe SQN% structures were
grown Luo (GaAs:Si sub- InAs/GaAs Single
strates. oriented (100), -2' Ouantumn Well
towards <011>. A 1 tri Structures

thick GaAs buffer layer was T19

grown by conventional C
MOCVD; that is. with tit, (2) (4)

AsH 3  and TNMG arriving

snmtiltaneously at the sub-
strate. The GaAs confining

layers and the InAs wells *

were glown by ALE. The x2C

details of the ALE growth

process have been previously
reported (Tischler it'86c).
To ensure that the InAs was 4
deposited pseitdonorphcally 800 825 850 875 900 925 950
(elastically strained), the
well widths were kept below wavelength (nml

the ritca!thicnes hfor Figure3: Photoluminescence liipectra for the 2
the onset of dislocation gen- and .4 cycle single quantum wells. The integer
eration (Matthews 197-1). next to each spectra corresponds to the number
For this large lattice of InAs monolayers in the well.
mismatch 7.4C), h, is

about 20 A.The single quantumi wells were characterized by photoluwines' ence

(PL) spectroscopy at 19 K. The [It, spectra is %ery sensitive to material and inter-

face quality (Welch 1983~ and 198.5. Tsang 1986). Hligh quality SQW's typically
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exhibit sharp. intense peak- (I)evcaid I1)XI. ()lita 1986 and "ang 1986).

The spectra for the 2 and I c' v. %cll

1corresponding to 6.6 and 13.1 \ (.,i 20
lSM21} are sho%%n in Figure 3. Thc o

luit esceict , 
is .trot g V, ith very lv arrov,

,pvctral I %idt hi,. indicating tie hig h >

quality of the mater.al and the inter- E 1 5
fares. "'he eill ihicktnesses are calhu-

laued from the ,roV. h per cycle itvas- I-

ired onl thicker ,arnp's 117) A to 0.3
lIttn) using tra ,ilr ssion vltiiron micros- 10

0. j

( 1WI. ) of the pectra are 12 and 17 "o

meV I for the 2 and I cvcle V.ells rispc- -. 5
tivelv). These are ,hown in Figure I I. ____o___o ____
which is a plot of the P1, IWI \i viru,

Well width. v, id th . \Iso lis;ted are datai
for SQ\V's in mtitiv ditIereint mathrial 0 , 10 1 5. 20-0 5 10 1 5 200

systems grow i. by molecLar beant QUANTUM WELL WIDTH (nm)
taxy (.1BI'1). MO(V) and chemical
beatli epitaxy ((IF). It cal be een
that the .- LF restlts are atOnui the nar- Fivre 

4 : Photolminescence linewidth

rowecst reported tor such thin SQ\Xs in as a function of well width.

this or other material sAttns. A ALE InAs/GaAs (19K. this work)
* MBE .\IAs/GaAs (2K. Tsang 1986)

A secondid 2i strui- , MBE-PLE AlGaAs/GaAs (2K.,\scnideti jal "2 -ycle ."QW lr,- Ohta 1986)
tiire. gromn 7 months after the first one,tnicthsaftr te hst \LOCVD AI~a.\s!GaAs (21K.
ias alnost idntica! spectral charac-

teristics. Peik i ergies ;,nil F hI- M for Deveaud 1981)* CBE In a(;a .TAS/lnP (2K.
these tV.o sanples are within A and 0.5 5

neV of each other, respectively. The Tsang 198S61.

photoluninescetive peak energy. Fl\ l
arid photolininescence peak eriergy variation tcross each sattple (I .5 by 1.5 ci ) are

very uniformr which indicates a high digrei of' control of laver thickness and inter-
Face quality. 'lhe peak energy variation across each sampl is only 5-7 uwV. These

results indicate that .\I.E has the ability to produce thin uniform layers, high qual-
ity material and sharp interfaces.

5. .onclusions

The ALE of (aAs. InAs and In (;a _s (0<x<.I;i) has beeh dmonistrated. A

self-limiting niechanism is Irsent which controls the deposition to onely one imo:ro-

layer per cycle independent of the input luxes, growth tempterature and sribstrate

orientation. The deposited thickness is found to be more stnsilive to the rotation
rate. lnAs/(aAs single-qrantui-well structures grown by ALE show photolumittes-
cen'e spectra which arc irttertse ,i th %,ry narrow linewidths, Additionally the IT
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peak variat ion is very small across the entire so hst rate. These results indicate that
ALE has the capability to cont rollablY p)rodluce t hini uniformi layers with abrupt
interfaces.
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Optical characterization of stress effects in GaAs/Si

S.Zemon, C. Jagannath, E.S. Koteles, S.K. Shastry, P. Norris,
G. Lambert, A.N.M. Choudhury, and C.A. Armiento

GTE Laboratories Incorporated, 40 Sylvan Road, Waltham, MA 02254.

Abstract: The dependence of the two excitonic features in GaAs/Si on
external uniaxial stress has been found to be in good agreement with
theory. A photoluminescence (PL) study of layers of varying thickness
shows that the tensile stress is constant between 1 and 10 pm. PL
measurements further indicate that the acceptor binding energy is
reduced in GaAs/Si, consistent with literature deformation potentials.
Rapid thermal annealing is found to cause a stress increase.

1. Introduction

3aAs grown directly on Si (GaAs/Si) is of intense current interest
because of the many device applications (Fischer et al 1986a, b and
references therein). We have found that optical spectra provide not only
an insight into important material properties, but also a simple and
rapid way to characterize the material (Zemon et al 1986). In a recent
publication (Zemon et al 1986) the spectra have been interpreted in terms
of a model in which the light hole (mj = ± 3/2) and heavy hole (mj = ±
!/2) valence band degeneracy has been removed by the biaxial tensile
stress generated by the thermal expansion mismatch between GaAs and Si.

At 4.2 K the PL spectrum consists of four lines (Zemon et al 1986) which
are often reported in the literature (Wang 1984, Metze et al 1984,
Masselink et al 1984, Fischer et al 1985, Duncan et al 1986) . We have
identified the two higher energy lines as the heavy- and light-hole
exciton features. In this paper we confirm and further explore our model
by means of PL excitation spectra of samples subjected to an applied
uniaxial stress. Furthermore, we report on the stress uniformity and
reproducibility for five layers of differing thicknesses from I Pm to
10 pm employing photoluminescence (PL) techniques. Finally, we present
the results of acceptor studies on undoped GaAs/Si as well as on layers
implanted (Mg, Zn, Si) and annealed using rapid thermal annealing (RTA).

2. Experimental Details

Our GaAs/Si growth techniques have been previously reported (Shastry and
Zemon 1986) . Samples used for the PL study of implanted acceptors were 4-
Wn thick. 24Mg+ was incorporated into the layer by ion implantation
having two implant schedules of dose and energy, 1 x j012 cm

- 2 
at 100 keV

and 2.5 x 1012 cm
-2 

at 400 keV, respectively. 6
6
Zn+ was implanted with a

I x 1012 cm
-2 

dose at 100 keV and a 3 x 101 cm
-2 

dose at 400 keV. 
2 9

Si

ions which are amphoteric dopants in GaAs, were implanted in another
layer with a dose of 2 x 1012 cm

-2 
at 100 keV. The samples were then

annealed by a capless RTA technique using an enhanced overpressure

proximity method (Armiento and Prince 1986). All the samples were
annealed in N2 ambient with an AG Heatpulse 410 System. Mg+ and Zn+

1987 lOP Publishing Lid
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implanted samples were annealed at 950
0
C for 10 sec, whereas the Si

implanted samples were annealed at 950
0
C for 30 sec just to allow the

implants to show acceptor-like behavior. The carrier concentrations were

determined to be - 6 x 1016 cm
-3 

to a depth of - 1 pim for Mg
+ 

and Zn+ and

to a depth of 0.2 pm for Si. The experimental techniques involving
uniaxial stress and PL excitation spectroscopy (Jagannath and Koteles

1986) and PL (Zemon et al 1986) have been described previously.

3. External Uniaxial Stress Experiments

We preface the discussion of ou.. present work with a summary of the

pertinent results reported earlie. (Zemon et al 1986). From high

temperature PL studies (the line shape, the spectral width, the
temperature dependence of the energy peaks, dependence of PL intensity

upon excitation power) as well as 4.2 K PL, PLE and selective excitation
studies, it was proposed that the spectra are dominated by conduction-

band-to-light-hole (mj = ± 3/2) transitions for 300 K ? T 150 K, with

conduction-band-to-heavy-hole (mj = 3 1/2) transitions dominating below

100 K. At 4.2 K both lines are excitonic. In addition, at 60 K T
4.2 K, two impurity lines can be observed, the shallower one identified
with carbon. The split valence band model qualitatively accounted for the

peak energies of the intrinsic lines assuming a stress of 2-3 kbar.

The two 4.2 K exciton lines were further studied as a function of an

external uniaxial stress along a (100) direction applied in the plane of
the layer. In the presence of an applied uniaxial stress X, in addition

to the residual biaxial tension X,, the eigenvalues of the strain

Hamiltonian are

E ± = E, + A(X+2X,) 9 t(X+Xo)
2  

- XX 
/ (1)

with A = a(Sll + 2S 12 ) and B b(SliS 1  ) - l where a, b are the
hydrostatic and shear deformasion potentials respectively, and S11 and

S12 are the elastic compliance constants. Eo is the excitcn energy in
GaAs in the absence of any stress and is taken to be 1.5152 eV.

In Fig. 1, we plot
(as so'id circles)
the variation of the

exciton peaks with
uniaxial stress up to
a value of 6 kbar. * EXCITON PEAKS

The solid lines -THZORY

represent the
theoretical fit to
the data using Eq. 1
with A=-3.5 meV/kbar, -

B=-2.4 meV/kbar and
X 0 -3 Kbar. Following z 1.505 *

the normal conven-
tion, X is negative
(positive) for com-
pressive (tensile) 1.485

stress. These values 0 2 4
of A and B are in APPLIEO STRESS (kbarl
good agreement 1with-
in 10% ) with the
experimental values
found in literature Fig. 1 Data and theoretical fit for the exter-

(Chandrasekhar and nal uniaxial stress measurement at 4.2 K. The

Pollak 1977). The applied stress is compressive.
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ag;eement between the experimental points and theory is good, furtner
confirming our identification of the peaks.

4. Fj,$Spectra for Lavr 4--In iLmThick

PL data were taken on five s.mples grown to various thicknesses, i.e., 1,
2, 3, 4 and 10 gm. Spectra for the 10-pm sample are shown in Fig. 2 with
identifications based upon previous work (Zemon et al 1986).
Note that the 4.2 K spectrum is domi.iated by a
(± 1,/2)-exciton transition at - 832.5 nm. The a TDEP. PL V2
4.2 K acceptor and deep level PL amplitudes t GaAs/S$

beyood - 840 nm are reduced by about a factor 3
of 40 below that of the dominant exciton a

trarsition. (A similar low level of acceptor
PL' is observed for our homoepitaxial material
(Shastry et al 1987).1 The PL spectra from all
fove samples had weak impurity features, in t
contrast with the results obtained by others
(Metze et al 1984, Masselirk st al 1984,
Fischer et &l 1985, Duncan et ai 1986) in which
impurity features re much stronger. The 4.2 K z 76K
spectral width of the (± 1/2) exciton for the
1 m- sample is 4.3 meV, comparable to that (Do. A)

reported 1y Punan et a! :1986) for MBE-grown ! C
material. When the excitation intensity is - 4.2K,

incteased (not shown), the (± 3 /2)-exciton peak 8,5 835 855

:an te dctected at 824.4 nm and a (e, A
O
) peak A(nm)

at 843.1 m. The latter is determined to be a
(e, A

)) 
and not a (D

O
, A

O
) transition from the Fig. 2 PL spectra for

b-ehavior with power density at 4.2 K [a (DO, a 10-pm sample at scv-

A
0
) transition at 845.3 nm is observed at 4.2 K eral temperatures. At

for the lower excitation densities used in Fig. 4.2 K, 1e is 50 mW/

2, and at 25 K where donors become ionized. cm.

Carbon is identified as the dominant shallow

acceptor in undoped GaAs/Si (Zemon et al 1986) . We will return to the

discussions of the (e, AOC) transition in a subsequent section.

The (± l/2)-exciton peak as well as the other peaks are essentially the
same for all five samples. Since the exciton peaks can serve as a meaure
of biaxial tensile stress ithrouqh Sq. (1) with X = 0], it is clear that
all five layers are subjected to substantially the same stress near the

surface excitation region. Thus, for these layers no substantial stress
gradients exist, at least for distances greater than 1 p.m from the
interface. Of course, this is the expected result for ,i pracTical
cases where the film thickness is much, much less than tho radius of

curvature (typically - 10-30 m).

5. Acceptor FL

In ord-r to examine the FL behavior of acceptors in GaAF./Si, implantel

and annealed layers were used. Figure 3 shows the PL for a Mg-implanted
sample at three temperatures, 20.4 K, 70.6 K and 159 K. We identify the
longest wavelength line with (e, A°Mg) since it shows the characteristic
reduction in PL amplitude due to thermal ionization as the temperature
approaches 70 K. Based on the trends seen in previous work (Zemon el al

1986), we identify the two sho~t wavelength lines as intrinsic
transitions associated with the (± 1/2)- and the (± 3/2'-valence bands.
Data taken at 9 K as a function of excitation intensity 

1
1e ) are shown in

Fig. 4. The shifting of the peak of the longest wavelength line as le is
increased from the lowest to highest values is interpreted in terms of
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the expected shift from (DO,
A°Mg) to (e, AOMg). The fact 6. [(GaAs: Mg)/Si
that the (± 1/2) transition J ±3/2 ±1/2
increases nonlinearly with I
typical for p-doped material, is 4
due to strong hole trapping by 159K
acceptors at low Ie. When the 11
spectrum is extended to 880 nm, (eA.)
a line situated (36.7 ± 0.5) meV L .
below the (e, AOMg) peak is 2 -

observed at an intensity two Z
orders of magnitude below that w
of the [e, AOMg) line. This Q
weak signal is identified with
the longitudinal optical phonon 20.4K
replica. 

2 K -

815 835s85
Data obtained for the Zn- and Si- X nm)
implanted layers were similar to
those of the Mg layers except Fig. 3 Mg-implanted GaAs/Si spectra
that the acceptor lines were at several temperatures.
shifted to longer wavelengths.
Table I summarizes the pertinent
results. We list the estimated t (GaAs:Mg)/Si

zbiaxial stress Xo [obtained from z 9K
using Eq. (1) for X 0 in Po 1Wcm2  

(A)
conjunction with the peak energy /
of the (t l/2)-exciton trans- i /
ition], the energy difference m ±1/2
AE(X O ) between the (± 1/2)-
exciton transition and the Ce,

zAo ) transition, and the energy u 10 Po
difference AE(O) obtained from -
bulk (unstressed) GaAs. Note u
that AE(O) - AE(Xo ) - 4.5 meV, a, (e.A*,)an indication that the acceptor wU

binding energy in GaAs/Si has 2 0
decreased with respect to that -
of GaAs/GaAs. 825 835 845 855

X(nm)

Stress data have appeared in the
literature for carbon acceptors, Fig. 4 Mg-implanted GaAs/Si
A°C, in GaAs (Bhargava and spectra at 9 K for several ex-
Nathan 1967). For AOC transi- citation powers.
tions, Bhargava and Nathan
reported that the hydrostatic
deformation potential is equal
to that of the valence band A

0  
X. AE(X,) AE(O)

while the shear deformation
potential (b') is less than the (kbari meV meV

valence band value (b), i.e., b' Mg 3.4 17.1 21.7
= 0.56 b. Using b' in Eq. 1
(with X 0) we plot the Zn 3.6 20.4 ---
theoretical variation of the (e, Si 3.5 23.2 27.6
A°C

) 
transition energies in Fig.

5 along with the two exciton
energies. The fact that the Table 1 Icceptor CAO) PL
splitting of the two acceptor data for samples implantei

peaks has a weaker stress and annealed.AE(X) =

dependence than that of the two E(4l/2)-E[(e, AO ) ].
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exciton peaks causes the acceptor binding energy to decrease with
increasing Xo. The crosses represent the peak energies obcained for the
10-1im sample (see Fig. 2). X0 - 2.5 kbar was obtained by fitting the (±
1/2)-exciton peak to the theoretical curve. The fact that the (± 3/2)-
exciton data point falls very close to the theoretical line demonstrates
the good agreement obtained between theory and experiment. Note that the
(e, A°C) data point falls on the theoretical curve for the (± 1/2)
acceptor level, confirming that the acceptors in GaAs/Si have a reduced
binding energy. The data for the samples of other thicknesses are in
good agreement with that for the 10-gm sample. We note that a (± 3/2)-
acceptor transition is not observed at 4.2 K, presumably due to thermal
depopulation and the fact that the PL peak falls on the long wavelength
tail of the much stronger (± 1/2)-exciton line.

6. Rapid Thermal Annealing of GaAs/Si

It is apparent from the data of Table I that GaAs/Si which has been
implanted and annealed using RTA at 950

0
C has undergone an increase in

stress of about 1 kbar from the - 2.5 kbar value found before processing.
In order to further investigate this phenomenon, an uaimplanted 4-pm
layer was processed using RTA at 950

0
C for 10 s. The resultant (± 3/2)-

and (± 1/2)-exciton PL peaks for 4.2 K are plotted as closed circles in
Fig. 5. Note that again the biaxial tensile stress has increased about

1 kbar to - 3.5 kbar. Using the model of Ishida et al (1986) and as-
suming stress relief at the annealing temperature (950

0
C) instead of the

growth temperature (600
0
C),

a calculation of the strain
induced by the GaAs and Si
differential thermal con- t- As GROWN 600*C
traction between 950

0
C and 1.515 RTA 9SC

600
0
C gives a value of Iz- THEORY

about 0.1%. This corres-
ponds to a stress of about
1 kbar, thus accounting for ,

at least a major part of EXCITONS 31
the stress increase during 1.495

RTA. Thus, it is clear
that after high temperature
processing (Inomata et al
1985, Nonaka et al 1984), z (e.AO)
GaAs/Si will be subjected "

to an increase in the 475 1/2
biaxial tensile stress. ±1/2

7. sumar

External uniaxial stress 1.455±/2
experiments have confirmed 2 4
the split valence band BIAXIAL TENSILE STRESS
picture suggested by Zemon
et al (1986) . The sample
stress is found to be in-
dependent of thickness for Fig. 5 Comparison of PL peaks of as-

layers between 1 pm and grown and RTA GaAs/Si at 4.2 K with

10 Pm. Furthermore, ac- theory

ceptor binding energies in
GaAs/Si are shown to be re-
duced from those for homo-
epitaxial material. Finally, rapid thermal annealing of GaAs/Si is found
to cause a stress increase in the material.
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Impurity gettering and dislocation reduction by GaAs(In) and InP(As)
strained layer epitaxy and related device effects

T.Tilli, R.Schummers, P.Narozny, N.Emeis, H.Beneking, H.Klapper*

Institute of Semiconductor Electronics, Aachen University of

Technology, Sommerfeldstra3e, D-5100 Aachen, FRG

Institute of Crystallography, Jggerstra~e 17-19, D-5100 Aachen, FRG

Abstract: It is shown that strained isoelectronically doped buffer

layers grown on GaAs and InP substrates reduce the dislocation den-
sity due to the formation of a dislocation network at the interface.

Applied to bipolar transistors a great improvement in current gain is
found in comparison to conventionally fabricated devices.

1. Introduction

It is known that the performance of Ill-V-devices is significantly

influenced by dislocations. For example Roedel et al. (1979) have found
that the external efficiency of Si-doped GaAIAs LEDs is reduced with
increasing dislocation density. Petroff et al. (1973) show that in
short wavelength GaAlAs lasers a high density of point defects formed by
pair recombination causes the grown-in dislocations to punch out loops.
This dislocation multiplication leads to dark-line-defects, a primary
cause of laser failure. Kasahara (1985) has found that the threshold
voltage of GaAs FETs imitates the dislocation distribution of the

substrate. This leads to the conclusion that for highl-integrated GaAs-
ICs the dislocation density must be lower then 200cm as pointed out by

DiLorenzo et al. (1984).

Many investigations have been made to achieve GaAs and InP substrates
with low dislocation density. Jordan et al. (1984,1985) have studied the
dislocation generation in GaAs and [nP. Two methods have been reported

to reduce the dislocation density: (a) low temperature gradient during
growth, (b) impurity hardening by doping with excessive amounts of S or
Ge in InP or similary Si, Te or In in GaAs. This was experimentally

confirmed by Kimura et al. (1984), who have grown low dislocation
indium-alloyed GaAs and by Kohda et al. (1985), who have ,grown com-
pletely dislocation-free In-alloyed GaAs. The influence of the tempera-
ture-gradient was experimentally determined by Jordan et al. (1984).
But there remain some problems with this methods as pointed out by

Jordan et al. (1984). A low temperature gradient leads to instability

during the crystal growth and the excessive doping is not possible when
semi-insulating substrates are needed.

Therefore some other methods have been reported to reduce the

dislocation density In the active layer of devices. Matthews et al.
(1976) show how threading dislocations can be removed away from the

epitaxial layer using misfit strain. This was shown experimentally for

1987 lOP Publishing iId
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example in GalxAlxAs-multilayer structures by Bartels et al. (1977), in
Ga I Al As l P -layers on GaAs by Rozgony et al. (1974), in compositio-
nally grades In,Ga)P by Abrahams et al. (1975) and in GaAlAs super-
lattice structures by Osbourn (1982). Using such strained layers not
only the dislocation density is reduced but also a gettering effect
takes place. Beneking et al. (1985b) show that the outdiffusion of Cr
from the substrate is suppressed. Salih et al. (1985) have shown that
the misfit dislocations network at the interface between a Ge containing
Si epitaxial layer onto Si getter Cu and Au. Beneking et al. (1985a) and
Kalukhov et al. (1985) show that also the intrinsic deep levels can be
reduced by isoelectronic impurities.

We have used isoelectronically doped epiaxial layers, especially
GaAs(In)-layers on GaAs grown by LPE and MOCVD and InP(As) layers on InP
grown by LPE with a lattice mismatch between layer and substrate in the
range 10-5...10 - 4. The behavior of threading dislocations and the misfit
dislocation network has been studied by X-ray-topography and etching
methods. To demonstrate the device quality achievable with those
strained layers GaAs-Schottky-diodes based on LPE material (Narozny et
al. 1985), GaAs- and inP-pn-diodes based on LPE and MOCVD material
(Beneking et al. 1985b, 1986), and GaAs-double-Schottky-interdigitated
photodetectors based on LPE material (Schumacher et al. 1986) have been
fabricated. They confirmed the prediction of better material uniformity
as well as device relevant data. The reduction of deep levels leads to
an excellent 1/f noise behavior and the minority carrier lifetimes are
about double as high as for similar diodes fabricated without strained
layer epitaxy. Correspondingly the diffusion length is enhanced.

2. Dislocations

It has been found by etching experiments recently (Beneking 1985a,

1985b)that the EPD in the epitaxial layer can be reduced by a factor of
20 with an isoelectronic doping in the range 0.15%-0.3%. Several microns
of growth must be performed to achieve the desired EPD reduction
(Beneking 1985a). X-ray transmission topographs were obtained by the
Lang method using a MoK source. The GaAs samples were grown by LPE on
Si and Cr doped subtrates with low dislocation density to observe
individual dislocations. The thickness of the layers were lOm and ISpm,
the In concentration in the epitaxial layer of different samples was 0%,
0.15%, 0.30% and 0.5%. Therefore it was possible to study the influence
of layer thickness and In concentration on the misfit dislocation net-
work and the bending of threading dislocations. Fig. la-ld show the
influence of the In-doping on the misfit dislocation network density.

? ..
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III

Fig. 1: Misfit dislocation network for different In-concentrations
a)O%, b)0.15%, c)0.3%, d)0.5% (Si-doped GaAs-Substrate)

Fig. la shows the absence of a dislocation network because no In-doping
was performed. Fig. lb to Id illustrate the increasing dislocation
network density with increasing In-doping (and therefore lattice
mismatch). All misfit dislocations run either in [110 or [110]
directions and originate either from the wafer edges (fig. Ib),
scratches (fig ib) or from substrate dislocations ( fig 2, arrows).

Further eyperiments have shown that
the misfit dislocation network density
increases with increasing substrate
dislocation density, because many
misfit dislocations originate from
substrate dislocations (fig 2). There-
fore it can be concluded that the
epitaxial dislocation density is re-
duced because many substrate dis-
locations are bent at the interface to
form misfit dislocations which run to
the wafer edges.

Fig. 2: Bending of dislocotions at
the interface. (0.3% In)

In the case of InP strained layers -
the dislocation reduction was
studied by etching methods
(Beneking 1985a, 1985b). It was
shown that the EPD can be reduced
by a factor of 20. We have also
applied X-ray topography, but the
poor quality of InP substrates re-
duces the usefulness of this method.
Fig. 3 shows an example. The misfit
dislocation network can be seen,
but the very rough substrate back-
side leads to a very strong back-
ground. By polishing the backside,
the resolution should be improved. Fig. 3: Dislocation network for

As-doped InP
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3. Devices

The current gain of a bipolar transistor is determined by the emitter
effciency and the base transport factor. An improvement in the base
transport factor can be achieved by increasing the minority carrier
diffusion length. Since the diffusion length is related to the crystal
quality and the deep level impurities, one has to improve the layer
quality.

In order to show the effect on the current gain of bipolar transistors,
In-doped (0.15%) and conventionally npn transistors have been fabri-
cated. A homojunction transistor has been chosen instead of a hetero-
junction transistor to exclude interface recombination effects. A 8 Pm
buffer layer has been grown on a (100) n +-substrate followed by the
collector, base and emitter layers with lpm, 0. 5pm, 0.Spm thickness and
a doping level of 10 cm - , 10 cm 3 , and 1019cm - , respectively. For
the strained layer device all epitaxial layers are doped with 0.15% In.

20 Fig. 4a shows the I-V
I I -_ characteristic of anT 6B= In-doped device

1C O.ImA whereas Fig. 4b shows
mA t the curves of a

10 conventionally fabri-
1 - - - -- - cated transistor. An

S - -I 20 enhanced current gain
S- div by a factor 2.5 can

S- -be seen from the

characteristics. The
0 - ] 1 same breakdown

voltage and the same
0 1 2 Early voltage

S. .indicate identical
50 - base widths and

S- B doping concentrations

/- 0.5mA so that the enhanced

mA I/ current gain Is
I - caused by the im-

25 L , - - proved diffusion
- - - - - =10 length. Furthermore a

" div steep breakdown
Sbehavior of the I-Vb) - - characteristic of the

M _2In-doped transistor0 indicates a homo-

0 12 geneous layer quali-
VCE ty.

V
Fig. 4: I-V characteristics of bipolar transistors

a) In-doped b)conventional

To show that a carrier lifetime enhancement occurs by isoelectronic
dopin epitlxial pn-diodes have been investigated. First a lightly doped
(n-10 cm- ) 15pm n-Jayer was grown on a n -substrate followed by a
highly doped (p.SxlOl cm- 3) p-layer. Devices with different (0%, 0.15%,
0.3%, 0.5%) In-concentrations have been fabricated to study the
influence of the In-doping concentration. Fig. 5 shows the I-V-charac-
teristic of a conventionally fabricated GaAs-diode in comparison to an
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In-doped device (0.3%). The recombination current with an ideality
factor of n-2 is reduced by the In-doping so that the diffusion current
with an ideality factor n-il appears at a higher current level. The
minority carrier lifetime and diffusion length can be determined by
measuring the recombination current irec of the diode in forward
direction at a current level where recombination determines the I-V-
characteristics.

V

Irec ' ni A e d / 2rp exp(-)2
VT

where ni is the intrinsic carrier concentration, A is the diode area, e
is the electron charge and d is the deoleLion layer width. The diffusion
length of the holes can then be calculated by

Lp 
= 

(Dp rp)

where D is the diffusion coefficient.

1I -

A 0~ / .-

10-6 Y/

10-9 /1

0 1 v 2
V

Fig. 5: Forward characteristics of an (0.3%) In-doped pn-diode in
comparison to a conventionally fabricated diode

Fig. 6 shows the

6 diffusion length and
24 the scattering of the

.Lp 5 \pS value for different
pm % In concentrations

4 18 measured with a
series ")f diode
placed on a 1cml

3 12 sample. An improved
diffusion-length can

2 be seen from the dia-

SL 6 gram which reaches

1 its maximum value at
0.3% In and decreases

0 1 0 when further ircrea-
0 0.1 0,2 0,3 0,A O.S sing the In con-

centration. Beside an
1n11/% increase in diffusion

length a decrease of

Fig. 6: Hole diffusion length Lp and standard the standard devia-
deviation sL against In concentration tion takes place
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which indicates a homogenious layer quality.

4. Summary

It has been demonstrated that the epitaxial layer quality and uniformity
of GaAs and InP wafers can be improved by applying a single strained
epitaxial layer, because the dislocation density and the deep levels are
reduced drastically. The method presented is not resticted to the pre-
sented examples and will be a very promising tool in IIl-V technology.
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AIN on GaAs and InF for application to MIS structure - low temperature
growth of AIN using TMAI and hydrazine

M. Mizuta, S. Fujieda, T. Jitsukawa and Y. Matsumoto

Fundamental Research Labs., NEC Corporation
Miyamae-ku, Kawasaki, Kanagawa 213, JAPAN

Abstract. Aluminum nitride on n-GaAs and n-InP was successfully grown at
low temoerature. For both MIS (metal-insulator-semiconduc?r) systems the
surffce:*taty density (N55) was greatly reduced: N.s<lO for InP and
<10 cm eV for GaAs. For GaAs the reduced N was confirmed by the ICTS
(isothermal capacitance transient spectroscopyTsmeasurement. The abnormal
C-V characteristics of GaAs MIS diode is discussed by a model of N
distribution with two discrete levels. ss

1. Introduction

There has been a demand for the control of the surface band bending of III-V
semiconductors upon metal deposition and/or insulator deposition, specifi-
cally for GaAs and InP. This is because precise manipulation of the Schottky
barrier height or Fermi level at the surface (Ef_) would make MESFET or
MISFET performance much more reliable. Presently, however, the surface or
interface of GaAs is pinned around 0.8eV below the conduction band (CB)
regardless of what foreign atoms are deposited (Spicer 1980). Surface deple-
tion other than under the gate due to this pinning also degrades the MESFET
performance, such as the side gating effect. Therefore a proper passivation
of the surface is a requisite for these devices. To date, however, practical
interface and/or surface properties are insufficiently controlled experi-
mentally and also are not reasonably understood theoretically. Several
models have been proposed for the Fermi level pinning of the deposited metal
Schottky barrier(Tersoff 1985, Sfjkey 19851 Spicer 1980), for which required
N is estimated to be around 10 cm eV . For the case of semiconductor-
iulator interfaces pinning usually takes place. However, because of lack
of screening by the metal, much smaller N could easily pin the surface. As
a consequence, although the MISFET devii has several advantages over the
MESFET or HEMT type devices, poor interface quality in terms of electrically
active states does not allow large excursion of E . We explore here the
possibility of an unpinned insulator-semiconductor 4stem.

Up to now, most of MIS-type structure have been fabricated utilizing depos-
ited dielectrics since the complex phases of the native oxides, especially
for GaAs(Schwartz 1983), prohibits the control of their dielectric proper-
ties. Among several candidate insulators, nitrogen-based materials have
received attention since the nitridization is known to occur, which might
produce a smooth interface change. Tn fact the nitridization of the GaAs
surface by the nitrogen-plasma has been reported to reduce surface recombi-
nation velocity(Pankove 1983), and diode leakage current (Pearton 1984). The
nitridization or nitride-deposition have been conducted by NH3 or N plasma
previously. We believe, however, that the high-energy plasma-particie could
introduce defects at the surface to degrade the interface property.

1987 lOP Puhli'hing Lid



154 Gallium A rsenide and Related Compounds 1986

In this study, we use the low-temperature pyrolytic reaction to deposit a
nitride film on GaAs and InP. AIN was chosen here because the ionicity and
thermal expansion coefficient are very close to those of GaAs and InP and
also its bandgap is large enough to yield high-resistivity. The typica,
deposition temperature of AIN by the pyrolysis of NH3 , however, has been
reported to be more than 1000 C, which is too high for the processing of
GaAs and InP. Lower temperature pyrolytic CVD of nitrides is expected with
hydrazine (N2H ), instead of NH, because hydrazine is known to decomoose at
a much lower t~mperature, therefore preserving the stoichiometric control of
AIN.

2. Experimental

a) Depositio",rocedures of AlN
Growth was carried out in a low-pressure MOCVD reactor. TMA (trimethyl
aluminum) as an Al source and hydrazine as a N source were both held at 20'
C and transported by hydrogen. n-GaAs(100) and n-InP(100) were used as sub-
strates. Before the nitride growth, GaAs substrates were heated inductively
up to 620 'C with AsH flow. This is intended to remove oxides on the
substrate surface. Flowi of hydrazine and metalorganics, in this order, were
then introduced to initiate growth. In some cases epitaxial GaAs was grown,
prior to AIN, in the same reactor as an active layer. For the case of InP
substrates, a pre-treatment (or removal of oxide) was undertaken by heating
the substrate up to 500'C with AsH 3 flow.

b) Electrical measurements
A MIS diode was fabricated by evaporating Au or Al and soldering Indium for
the back ohmic contact. Capacitance-voltage (C-V), Current-voltage (I-V) and
ICTS (isothermal capacitance transient spectroscopy) were measured using HP
4280A and 4192A capacitance meters and 4140B picoammeter with a desk-top
computer. C-V characteristics shown
in this paper were taken with a volt-
age sweep rate of O.5V'sec from nega- TEMPERATURE ('C)
tive to positive gate voltage (VG). 2.2 800 600 400 200

I I I I I I

3. Results and Interpretation *
2.0

a) Growth of AIN film 00

Figure 1 shows temperature dependence - 1.8 -0
of growth rate and index of refrac- 0 S *

tion for AIN with constant transport 10
rates of TMA (2.5 jmol/min) and of AlN on (10) GaAs
hydrazine (56 )jmol/min). Since the "
required value of the VIII (the o o o o 0
ratio between number of N atom and o
Al atom in input source gases) has 0
been reported as 1000 when NH3  is 3
used, it is especially noted that do10 0
V'III is less than 20 for the present 00

growth condition. 0
0I 1 I 1 I I

At high temperature (T (deposition 0.8 1.2 1.6 2.0

temperature)>450C) th growth rate 1000/T (K_1 )
reaches an approximately constant
value where the rate was found line- Fig. 1 Temperature dependence
arly dependent on the transport rate of growth rate and refractive
of ,MA and independent of hydrazine index of AIN on (100) GaAs
flow as long as V/III>5. Therefore
in this temperature region, mass-
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transport-limited growth takes place.

For 4500C>T >3500C, growth rate is thermally activated: dependent not only
on the trangport rate of TMA but on hydrazine as well, both with sub-linear
relation. We found that this dependence is due to the surface-catalyzed
decomposition o' TMA rather than hydrazine (Mizuta 1986).

Further decreasing temperature, deposition of AIN proceeds without deterio-
ration of surface morphology from 350°C down to 220 0 C as shown in Fig. 1.
Preliminary SIMS (secondary ion mass spectrometry) measurements, however,
show that the film contains more oxygen, which could be from the hydrazine
source itself, than for films grown at higher temperature. Therefore, growth
kinetics as well as the film composition may be quite different from at
higher temperature.

Films grown in this study (220oC<T <8600C) presently show no evidence of
crystallinity from the x-ray diffracometry.

b) Electrical characteristics of AIN film
From I-V characteristics of AIN on n*-GaAs with Ta=339-8601C it is revealed
that the Pool-Frenkel type current results above IxlO Vcm for both forward
and reverse direction. Below this voltage I-V characteristics show16 ohmic
nature. The resistivity is estimated, from this slope, to be >10 61cm.
However the measuring current is reaching the present instrument resolution
and therefore the true resistivity wogld be larger. Rieletric breakdown,
defined as current density of 10 Acm occurs at 4x10 Vcm .

The dielectric constant of the film ranges from 5 (Td=300°C) to 7.5 (500°C),
which is evaluated from
the IMHz capacitance of
the Al!AIN/n -GaAs
structure. Frequency 200 Al AlN/n-GaAs l:DC. 2:l OOz, 3:l OkHz
dispersion of the ca- 16 -3 4:10dtz, 5:lMtz
pacitance is around 10 n-l.5XO6 an
betwe~en 50Hz and 10MHz 150- 1
for T d=280-490°C. -2

c) Capacitance-Voltage 4

characteristics a 10 C 5

GaAs 150
The typical C-V and G-V < 50
characteristics for . T >5WC
700A Al Y6 o GaAs I0
(n=l.5xlO cm , LEC) G
are shown in Fig. 2, 0 REGION C
where the solid lines 50)
represent for data T
3700C. It is noted
that the frequency 0
dispersion of the ca- - __ _ ,
pacitance between DC -5 0 5
(quasi-static) and APPLIED GATE VOLTAGE, VG (V)
IMHz at the accumula-
tion side is fairly Fig. 2 C-V and G-V characteristics of GaAs
small (less than 20 % MIS diodes for LEC GaAs as active layers.
at V =10V), evidence of G-V curve is taken at IMHz. Solid lines are
low R from mid-gap to for T d370'C. An abnormal C-V dependence
CB (le also Fig. 3). appearg in the region I and II.
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On the other hand, for Td)50C,
as represented by the dotted 1.4 E Al /Al/n-Gas
line, the C-V curve deterio- C
rates badly, indicating little
excursion of E The change in .1.
N for diffPent deposition 2/
cfditions is observed as shown 1.0 -- ./:
in Fig. 3; reduction in N re- . '3 ' "
sulted when an active la~r is 5 = .
epitaxial GaAs (curve 2) grown E E
in the same reactor compared to 0.8 \ .6
LEC GaAs (curve 3). Further . ....
reduction was observed by the
post-anneal of this diode at
230°C for 1 Y(cuve j): yield-
ing N ss< 10 cm eV . On the 0 ..
other hand N deteriorates i012 1013 1014
when the pre-deosition treat- 2 1
ment of AsH flow at 6200C was N (cm eV
not employed for LEC GaAs ss

sample (curve 4). Fig. 3 N distribution for different
depositioh s and treatment colitio~s.

For the depletion to inversion 1,2: epitaxial GaAs (n5jO -sm ),
side, every curve in Fig. 2 3-6: LEC GaAs (n=l.5xlO cm ) as
shows the same abnormal active layers. 1: post-annealed, 4: no
voltage dependence as has al- AsH, pre-treatment. 1-4: T d 370°C
ready been reported(Kohn 1978). 5: d=450%, 6: Td500 C.
There are two features in
this voltage range: reMion
I- a constant capacitance,
which is not the inversion 2 Al'Al /n-InP
capacitance, upon V change 'T I -

and region II- a mnotonic o--nAsH3  .. " A.
decrease in capacitance 2 - AsH / N vs EeV
with decrease in V . I2 --- s. / S E
region II, a plot of C L EC
vs V0  (Cn the depletyon 1
layer Dcapacitance: 1/CD  : .5 / .8
I/C -1/C. -
andmetugg voligila eFoss . - /
semicoRductor) shows a _ 4
straight line, suggesting 1 - -on3  0 EV
deep depletion. This de- n 1O 1011 1012 1013
crease, however, disappears 0 1
in both DC and IMHz C-V -5 0 5
by irradiating the sample APPLIED GAIE VOLIAGE, VG W
with a sub-bandgap light.

Fig. 4 C-V characteristics for InP MIS
In-P diodes with different pre- and post-
The retwlts for AIN/n-InP treatment: --- pe-treatment with
(n=6xlO cm 3) are shown in AsH 3 at 500°C,- - no pre-treatment,
Fig. 4. The frequency dis- - - - - - post-annealed at 300°C(l hr)
persion of the capacitance for the pre-treated sample.
is quite small for the de-
pletion-inversion side if
the deposition AIN (T =350-4000C) is followed by the pre-treatment of AsH
flow at 500°C. N disfributions are also reflected by this pre-treatment ai
shown in the inift. The remarkable fact is that drastic reduction of N
resulted from the post-anneal of the MIS diode at 290C for 1 hr yieldiAi
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Al/AlN/n-GaAs

0 5P

0, L/-.6-6 --eV-

3.5 4.0 PM I EAK 2 1. ,;
1I007T-

TIME (sec) Fig. 6 A model for N distri-
bution for GaAs MIts Hatched

Fig. 5 ICTS spectra for GaAs MIS. Traces peaks are semi-discrete levels
are taken at room temperature. Reduced corresponding to peak 1 and 2.
signal scale for traces 2-5. Measurement The dotted line represents U-
conditions are: 1: V G -, 2: V G 2, 3: V shape surface state. The solid-2.5 , : n 3 5:V G =3.5 Pulse vo tages b  line is the sum of these states
are lV f' r and 2V for 2-5. to simulate the present result.

less than 1o0lcm-eV l . The abnormal capacitance change at the depletion-
inversion side observed for GaAs did not manifest itself here.

4. Discussion of the GaAs MIS diodes

As described above N s seems to be quite reduced between midgap and CB.However this is rather ontradictory to the previous understanding (Hasegawa
1983); the minimum of N is located between midgap to valence band (VB).We, therefore, performedSihe transient capacitance measurement to determine
the Ef at which N is reduced. An example of the ICTS is shown in Fig. 5.Here f a pacitance i ansients were recorded (and processed(Tomokage 1985)) at
V -OV after a pulse with its amplitude of 10V was applied (curve 1). This
cyearly indicates that at least two levels are involved for electron
emission. The peak 1, which has a shorter time constant, disappears both
when increasing Vn more than 4V and decreasing Vn less than OV with
constant pulse voltige of 2V. The width of the envelpe of peak 1 for traces
2-5 is fairl) small as seen in the figure. These results suggest that the
peak I corresponds to a energetically semi-discrete level. We deduced the
depth (E t ) of this level to be .66eV as shown in the inset. These facts
indicate that N is low enough to change E, around E-0.7V and above.
Therefore, low N s Sat midgap to CB is confirme6 C

Furthermore, with the above fact in mind, this level can be seen in Fig. 3
as a hump located at E -O0.7V. This hump apparently decrease its magnitude
wich decreasing T. Tsgether with this decrease in the discrete level con-
centration, the d nsity of the continuous surface state towards CB (corre-
sponding to fast state) is also reduced as clearly seen in the figure. The
reducton of the frequency dispersion of the capacitance is probably due to
the reduction of the fast surface state rather than of the discrete level.

For the peak 2, it disappears when V . But upon decrease in V^ it appears,even at V G corresponding to deep-dep~etion condition. The onsei of the gate

5 m m•mm m m•••m
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bias, at which the peak 2 appears, roughly corresponds to right hand side of
the region I in Fig. 2 ( this corresponds to Ef =E -.9V). The capacitance
value of the region I, however, is always larger ha the expected value of
the inversion capacitance. Therefore in the reg;on I where the C-V curve is
flat, the surface is not inverted but is pinned.

Now we can construct a model to explain the abnormal C-V behavior of GaAs
MIS structure. From Fig. 2 under a large negative V , semiconductor is sub-
jected to deep-depletion. Even under such a cond~tion surface is still
pinned because charging and/or discharging of the level (peak 2), probably
electron emission, cannot follow the E change. Therefore deep-depletion
resulted in order to keep the charge bTance. This assumption perfectly
explains C-V behavior under the sub-bendgap light illumination and a sudden
decrease for the quasi-static measurement shown in Fig. 2; light illumina-
tion enhances the electron emission from the level, therefore keeping the
charge balance and preventing the occurrence of deep-depletion. Also under
deep-depletion, voltage across the insulator does not increase since almost
all the voltage is used to develop the depletion width, resulting in the
very small net charge flow which corresponds to a sudden decrease in the
quasi-static measurement.

For p-type GaAs, although we have not tried M11S structure presently, several
reports show quite similar abnormal C-'.' characteristics(Kohn 1978), however,
symmetrical to the gate bias. This strongly suggests that when E is scan-
ned from VB to midgap, E is pinned to the same level as peak Further

increase in V results in the deep-depletion because charging and or dis-
charging. in his case probably hole emission, cannot follow. Therefore our
proposed model consists of two discrete-like levels and U-shape fast surface
states as shown in Fig 6. The concentration of level I (peak 1 deduced
from the 1C-S weas~remnt and that of level 2 (peak 2 is estimated to be
more than 10 cm 'eV from C-, characteristics. These nor-steady state
behaviors of the discrete level have already been proposed in Si and GaAs
(Wei 1974, Kazior 19831 to account for the abnormal C-V curve as well as
large frequency dispersion. However, for GaAs we think anomalous dispersion
is not due to this discrete level but due to the fast surface state located
near CB.
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Ordered structures in OMVPE grown GaAs, - ,Sb, and Ga, - ,InAsl -,.Sb,
aIlovs

i I. R. Jen. Mi. J. Chernig. M. J. Jou, and G. B. Stringfellow

D~epartment of Materials Science and !nteinecring. Univern.itv of Utah, Salt Lake City. Utah
84112. USA

Ab-trc, Eectron icroscopy results for- (001) oriented GaAs1 - Sb , layers with
x 0.5 and 0.75 anid Ga I-iv ~s 1 S rw by orgarinetallic vapor phase epitaxN
indicate that ordered phases are formewd during growth. For ternary alloys with Y.=0.5.
two ordered phases are obsersed. The simipie tetragonal. CuAu-l type phase consists of
alternatine, I l00 oriented GaA\ and GaSb layers. Only the 2 variants with tetragonal c
axes perpendicular to the -,rowtlj direction are observed. Two variants are observed for
the chalcop rite. 1:I 1 structure %kith alternating 12 10) oriented GaAs and GaSb layers.
For ternary la% ers Awith x 0 75. an LI13 ordered structUre is observed. This 3:1
structure cotnsist,, of alternating superlattice planes along l 00 1, one of which is GaSb
and the other a 50 50 mixture of GaiAs and GaSh. F:or a Ga. 63 In0 .3 7 Aso.9 Sbo.1 1'
laser, a 2f0-30A periodicit% is superimposed on the ordered CuAu-l and chalcopyrite
struct tires,.

GaAs1 -xSbx tlloss are potenltially imporant materials for applications such as tandem solar
Lclls (Iledair et a] 1982 and Frias et al 19)82) arid d tectors in the wavelength range from 1.3
to 1,.6 pnm (I ass et al 1981 ). The quatcrnars GaI- lnx AsIv Sb Y alloys have an even wider
rangze of band gaps, rangzing from 1.43 to 0.1 eV. I lowever. these alloy systems also contain
larg-e miscibility gap% (Stringfello% 19'3)- All 111; V alloys with lattice parameter differences
hetLseen the en~d components (Aj>0l have positive enthalpies of mixing, with the deviation
front ideality increasing %kith Aa- (Stringfellow 1974) for disordered alloys. i.e.. those with
random mixing onl the respective sublatticels). Molecular beam epitaxy (MBE) (WVaho et al
1979) and organometallic vapor phase epitaxy (OMVPE) (Bedair et al 1983. Stringfellow et
Al 1983. Cherng et al 1984a, 1984b, 1986a, 1986b) techniques can be used to growk these
inetastable allas s inside thle region of solid immiscibility because of kinetic limitations on thle
speed with \% hich the constituents~ can redistribute themselves on the surface during growth.
I igh qualitN GaAs I -,Sb, lattice matched to InP substrates. x 0.47, has been succecsfull\
-ros n bN ()Na''PE by' Chern, et AlH l984b. 1986a). Ga1 I xlnAs I-,Sbv alloys over thle

etntire range oif solid contpoNs:tton hate also beer grown by 0MVPE: (Chler et al 1986b).

Recently. len et a] (I198 6a) reported the occurrence of" orderitng in GaAs I -,Sb, alloys.
tiortnally a sign of a negative des iation from ideality (Swalin 1962). This seeming
contradiction was anticipated by Sris'astava et a] (1985). Bawed on a first-principles
local -density total energy minimizaItion calculation. they predicted that Ill-V semiconductor
A~131 xC pseudobtnarv alloys. %here A anid B are group Ill elements and C is a group V
element, should hate thermods mimic aly stable ordered structures for thle compositions

198-t I fPubli'lliiW I ILI
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A 3 B 1C 4 , ABC 2 and AI B3 C4 . The stability of these ordered structures is mainly due to a

reduction in strain energy. In a random alloy, the strain energy is the major factor leading to
the large positive enthalpy of mixing. The ordered structures are able to accommodate the
two dissimilar bond lengths when Aa*0 with a minimum of distortion. The ordered phases
were predicted to be observed if the surface mobility during growth is high enough, and the

growth temperature is lower than the critical temperature for the order transformation (TO)
(Srivastava 1985). Similarly ABI_,C, alloys, with mixing on the group V sublattice, are

also expected to have stable ordered structures.

Srivastava et al (1985) predicted that for GalnP2, an alloy with a moderate positive deviation

from ideality for the disordered alloy, two ordered structures, the CuFeS2 -type chalcopyrite

structure (El 1) and the the simple tetragonal, CuAu-l, structure(Ll o ) would have nearly

identical energies, and would thus both be expected to occur under the appopriate growth
conditions. This prediction apparently describes very well the experimental observations of
Jen et al (1986a) for the GaAs 0 .5Sb 0 .5 alloy.

In this paper we report further observations of the ordered structures in GaAs, xSbx with

x=0.5 and describe for the first time the occurrence of a new ordered phase in this material
with x=0.75. Initial results on ordering in the more complex quaternary alloy
Ga ixlnxAsI .ySby are also presented.

The GaAsl.xSbx and Gal.xlnxAsI _ySby epilayers were grown OMVPE in a horizontal, IR

heated reactor at atmospheric pressure. The sources were trimethylgallium (TMGa),
trimzthylindum (TMIn), trimethylarsine (TMAs), and trimethylantimony (TMSb). The
substrate was InP oriented 3' off (001) toward (110). GaAsl-xSbx with x=0.5 is lattice
matched to the InP substrate and the epilayer with x=0.75 has a large mismatch. The
quaternary epilayer studied is slightly mismatched. The growth temperature was in the range
from 550 to 680C. The V/I11 ratio was about 4 for the ternary sample with x=0.5, 1 5 for
x 0.75, and 4.6 for the quaternary szmple, assuming complete pyrolysis of all reactants.
The growth rate was typically 0.09 am/min and the thickness of the epilayers was about 1.5
pm. The detailed growth technique has been described previously (Cherng et al 1984b,
1986a. 1986b ).

The composition was determined by x-ray diffraction for t-rnary samples by comparing the
relative position of the (400) peak for the epilayer to that of the InP substratc. For the
quaternary sample the composition was determined by the electron microprobe an-tlysis
(EMPA) technique using GaSb and InAs as standards.

The transmission electron microscope (TEM) sampies were prepared by first mechanically
thinning the sample to about 60 pm. Chemical etching with a solution H 3 PO 4(0) : IC(I)

was used to remove the remainder of the InP substrate. The etching solution attacks InP
much faster than the GaAsI.xSbx and Gal.xlnxAsl.ySby layers. Fina. etching using a < I
% Br 2 /Cli 3 OH solution brought the samples to transparer'cy. A JEM-200CX scanning

transmission electron microscope (STEM) was used at 200kV.

The 10011 electron diffraction pattern for a iample of GaAs0 .5 3 Sb 0 .4 7 grown at 600'C with

a layer thickness of 1.5 pm is showr. in Fig. 1. In addition to the normal zincblende spots
with Miller indices being all even or all odd, extra, zincblende-forbidden, { 1001 and
J l.i/2,0) spots appea.. Fig. 2 shows the dark field image formed by 4 { 1,1/2.01 order
induced spots. A rough estimate of the domain size of the ordered regions is approximately
50 to 100A. Similar diffraction patterns and TEM images have been observed for other
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000 100 200

Fig. 1 [001 pole electron diffraction pattern Fig. 2 Dark field image of
of GaAs 0 .5 Sb 0 .5  GaAs 0 .5 Sb 0 .5 formed from El 1 spots

samples grown at 580 and 600'C. However, not all samples grown in this range show
evidence of ordering, and all samples grown at either higher or lower temperatures show
only the normal zincblende diffraction patterns.

The superlattice spots indicate the presence of both Li o (CuAu-J) and El I (chalcopyrite)

anion superlattices (Srivastava et al 1985), with the As and Sb atoms arranged in alternating
planes, { 100} for LI 0 and { 2101 for El I This ordering doubles the period of translational
symmetry, giving rise to reciprocal lattice spots spaced 1/2 as far apart in the , i00> and
<110>direcions for LI 0 and in the <210> directions for El l. The diffraction pattern

shown in Fig. I contains all the diffraction spots for a mixture of LI o and El lexcept the
I 1101 spots. The LI o ordered structure has 3 variants, with 6 for Ell" For example the LI o

structure is tetragonal, thus there are 3 variants depending on the orientation of the tetrahedral
c direction in the lattice. For the variant with periodicity along the [0011 growth direction,
the superlattice spots wiil appear for Miller indices with either I odd and h, k even or I even
and h, k odd. This would give rise to (±1±10) spots, which are missing. This indicates
that only 2 variants of LI o are present. The absense of the f 1101 type spots in thL 11121
pole electron diffraction patt;n confirms the absence of the 3rd variant of the Ll structure

(Jen et a 1986b).

The chalcopyrite structure has 2 variants along each of the 11001, 0101, and 1001] axes,
which give rise to: (± 1 /2,0,±l ) and (± 1 /2,± 1,0); (0,± 1/2,± I) and (± 1,± 1/2,0); and
(0.±1,±1/2) and (±1,0,±1/2) spo:s, respcctively. The presence of only 2 E I variants could

account for the superlattice spots observed in Fig. 1. The absence of (0, ±1, ±1/2) and
(±1,0. ±1/2) spots in the 11121 diffraction pattern suggests that the 2 variants of El I with c
axes parallel to the growth direction are missing.

This aralysis indicates that we have a mixture of 1,10 and El I ordered structures. IHowever,

ihe %ariant of lI 0 with the c axis parallel to the growth direction is missing. This is exactly

ht-it i% expected from simple kinetic considerations. Since diffusion in III/V solids is
c-,rcmc,, .slow. any ordering must occur at the interface during growth, The As and Sh

iN ntra durini
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atoms are adsorbed on the surface in a random arrangement, and any ordering mist ,occur
before the deposition of the next layer. The formation of the varians " th the tetrag,,nal c
axis perpendicular to the gr th direction requires a diffusion distance of les, than one 1,1, L
constant. The formation of tl, 3rd variant with its c axis parallel to the growth direc,
would require diffusion distances of as large as 1/2 the domain size of aptroxirnately 5(1
seen in Fig. 2. Since the diffusion time is proportional to the square of distance, the 3rd
variant would require approximately 100 times as long to form.

The only other rex-rt of ordering in GiAs I -XStx alloys, was that of Murgatroid et al (1986)
for layers grown at 540C by MBE. They reported results similar to those for our OMVPE
grown layers. However, their electron diffraction patterns indicated the ordering to occur on
{ 111 } oriented planes. The 11121 diffraction patterns, would clearly show the 1/2{ 111 }
spots. Their absence shows that we have no [ 111 type ordering present in our OMVPE
grown samples (Jen et al 1986b).

In Fig. 3, we show the 10011 diffraction pattern for a sample of GaAs0 .2 5 Sb0 .75. The
pattern is very simple and distinct from that foi- the sample with x=0.5 shown in Fig. 1.
Only [001 } and [012} spots are seen. This diffraction pattern is indicative of a structure
with [0011 layers in the fcc anion sublattice composed alternately of all Sb atoms and of 1/2
Sb and 12As atoms. We conclude this alloy has the LI 3 ordered structure. This type of
structure has been reported for the Cu 3 Pt system (Schneider et al 1944). The structure is

orthorhombic, but only slightly shifted away from cubic. We see evidence of this from
electron diffraction patterns which show that the high index spots begin to divide into two
spots.

Fig. 4 shows the LI stncture for the anion ,;ublattice. As atoms sit on the positions (000),

(1.2 1/2 0), (1/2 0 1/2), (0 1/2 1/2), (1/4 1/4 0), (3/4 3/4 0), (3/4 1/4 1/2), and (1/4 3/4 1/2)
which forms two fcc lattices with one translated by (1/4 1/4 0) relative to the other. 24 Sb
atoms occupy the remaining sites.

There are two variants along the <100> direction giving { 1101 spots, which are missing.
This indicates that, again, the variants with their c-axes along the growth direction are not

'0

* 0

10 10

0

02 To 000 010 020 ' - 4I

220 2 220o -.As

Fig. 3 [0011 pole electron diffraction patttern Fig. 4 LI 3 crystal structure

of GaAs 0 .2 5 Sb 0 .7 5
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formed. This has been substantiated by electron diffraction patterns taken from other poles.
In Fig. 5, the dark field images taken using the two order induced spot, I 120) and (3001 ,ire
shown. The order induced spots are contributed by different order doi ins (i.e. variu, )
with sizes of about 60 A by 120 A. The domains are perpendicular to each other. Thc
narrowed shape of the domains may explain tie elongation of the order induced spots.

, V01 PMn

(a) (b)
Fig. 5 Dark field images of GaAs 0.25 Sb 0 .7 5 obtained using the (120) (a) and (300) (b)

order induced spots.

The ordered structure (Fig. 6) found in the Ga 0 .6 31n0 .37As 0 9 8 Sb 0 .0 2 sample grown at
600*C is virtually the same as for the ternary GaAs 0 ,5 Sb0 .5 sample. However, a doubling
of some spots is observed. From the dark field image we observe a lamelar structure

composed of approximately 20-30 A thick, (110) oriented parallel layers. The size is
consistent with the separation of the doubled superlattice spots in the electron diffraction
pattern.

In summary, we observe ordering in OMVPE grown GaAsI xSbx samples with x=0.5. This
is remarkable in that the random solid alloy is known to have a large positive enthalpy of
mixing. The chalcopyrite (El 1) and simple tetragonal (L 0 ) ordered phases are both present.
Only the 2 variants of LI 0 which have their tetragonal c axes perpendicular to the growth
direction, and 2 of the 6 El 1 variants are observed. For layers with x=0.75 we have
observed for the first time an ordered structure, 113, composed of alternating 100} layers
of GaSb and a regular 50/50 mixture of GaAs and GaSb. For quaternary
Gal..xnxAsl-ySby samples we observed a 20-30A layered structure, in addition to the
localized ordered structures observed for GaAs0 .5Sb0 .5
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(a) (b)
Fig. 6 (a) [0011 pole electron diffraction pattern for Ga0.6 3 ln0 .3 7 AsOqg5bO0 2 ; (b) two
beam dark field image using (220) spot
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Growth behaviors and characterization of plasma-assisted epitaxial InSb
and InAs on different substrates

T. Hariu, S.F. Fang, K. Shida and K. Mlatsushita

Department of Electronic Engineering, Tohoku Universit:.y
Sendai 980, Japan

Abstract. Inb and r1As epitaxial layers with mirror surface were
grown at relatively low temperatures by plasma-assisted epitaxy in
hydrogen plasma with less supply ratio of anions relative to cation,
than in MBE. Electron densities and mobilities of ixl01(cm

- 3 
and

39000cm
2

/Vs for :nSb, and 4xl~l6cm
- 3 

and 21000cm2/Vs for InAs were
obtained. 1rowth behaviors and electronic properties of layers Frown
on different lattice mis-matched sustrates were compared.

1. introduction

InSb, InAs and their alloys are attractive semiconductor materials for

application to high-speed devices and to optoelectronic devices and TC's
in the longest wavelength infrared region of all Ill-V compound sei-
conductors. These optoelectronic devices can be discrete, as some of
them have already been in practical application, but they are desired to

be integrated on the same chip of Si IC or higher sreed CaAs IC to
achieve more intelligent functions with higher sensitivity and higher
speed. It is then required to develop technologies which can grow these
materials epitaxially at low temperatures even on lattice mis-matched
substrates, as in the case of aAs on Ci which recently has been
extensively investigated.

The purpose of this paper is to comparatively describe the Fro~th
behaviors and electronic properties of InSb and InAs Crown on different

substrates by plasma-assisted epitaxy (PAE) in hydrogen plasma.

2. Plasma-Assisted Epitaxy

PAE has been developed for the low temperature epitaxial growth of semi-
conductor crystals by supplying atoms with enhanced internal energy to
activate chemical reaction and kinetic energy for migration on the grow-
ing surface (Takenaka et al 1980). Several other advantages of PAE,
including the cleaning effect of substrate surface at low temperatures
(Hariu et al 1981), have already been confirmed (Hariu et al 1981h).

Similar PAE apparatuses as described elsewhere (Hariu et al 1982) were
used for the growth of the present InSb and InAs layers. 

6
-nine purity

elemental sources were used and supplied from resistively heated
crucibles through hydrogen plasma to substrates. The use of hydrogen
plasma was found to give epitaxial layers of much better quality
compared with other plasma gases (Sato et al 1984).

© 1987 lOP Publishing Lid
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t:.' r, iaxation of lattice mis-r.atch and t.e eiectronic :ro ertie.; of' igrown
Ia:, .. a: ey are usually <1-'> oriented, aut ::onetimc: :ui trate: with
orientation 3 and 8 degrees off <100> toward were also used. After
c;emical etchino" to cltain mnirror surfacei, t e sutstrates are treat d in
hi.druren -la_-na at a temperature of e xmittxIal rwth r cetow, to remove
native oxie lad-o , " i,,for tI,e -rowt; cf" laver:-.

rt wa.: fir. t con::rmed t.:at r.irror :urface_- of -rown la.er: can Le
ctained in }A-_ wit;. less OuF]I" ratio of anion, relat:ve to cations than
in '-iME, mor:.ot likelyv due to the sutaji:," of excited atom:s or molecules in
]A (,:i::at.;~sta tt al 10.51. "or cxampio, >irt-itt et al l(Y8) complained

t<at in>~-ro-th of .nA " on -:l: , ,A s 'r:uz 1; rat io laroer ti:an PG/i is
re uired for mirror-like surfaoe, iut in :AA!A: r. ratio around 5/1 is
.ufficient as far as the surface morphology is concerned. Surface
morriholorieo of layers grown on lattice ris-matched .utstrates with orien-
tation just 01 <1)0> and off <100> did not show remarkable differences
as far as they were observed under a 'lomarski microscope, however,
conclusive evaluation has not been derived yet.

Epitaxial layers were obtained in quite a wide ranoe of substrate
temperature: 250-4430C for Intb and 300-5500C for InAs. it was ai::c
Fcssitle to grow epitaxial InAs on (l0)01 after the surface cleanin. was
achieved in hydrogen irlasma at 530'C, while poly-crystalline la:,'er: frew
orn -i without this treatment.

* -. l and 2 show the variation of lattice constants and ihalf-widths of
(4O:) X-ray diffraction lines of Ingb and Ino s, respectively, grown on
different substrates,
as a function of the
thickness of grown I
layers. in both 56.78 5678
cases, th e thickness 0(BULK InSb)

above iwm is required 56.76 0

for toe growthrestoring, the lattice 56.74[ lnb CAs

constants of bulk,
except the case of 012 InSbon GaSb

InSb on GaSb. In the
latter case, the : 0.10"
difference of thermal

0.08expansion coefficients 0.
is considered to be 0.06
responsible for the tO ZO 10
strain even in thick FILM THICKNESS (pm)

layers. However, the
deviation of lattice
constants of grown .ig.l The variation of lattice constants
layers cannot be (shown by X-ray diffraction anples) and
systematically half-widths of diffraction lines of lnmb
explained only in on different substrates as a function of
terms of the thickness of g<rown layers.
difference of thermal
expansion and/or of
lattice constants.
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ccan ihe sugt-ested that________________
t:e conhirnation of [61-U

abtaeandc a -7rown 61.11

layer leads to eas;ier
relaxation. 61.07
.:.e smaller half -width: 60 I-oG~
of i.nfo on iaL7L than an 0I~ nG~
;aAs and of Ir~s on in! 0 nso n

t::an on i1aAs can be
a ttributed to the 0.14-
amTaller lattice mis-I.
:7atcz: durink the g-rowt.. 9 012

variation for IrAs 0.100
layers with thickness 0
of ahos t 2i'm- as a FILM THICKNESS (Pm)
function of' rowthm

tecieratre. Th is

%'arlati,)n does not come
from th e difference of -,.-e variation of lattice constants
thiermal exoanscn shown by. X-ray diffraction angles) and
coeff'icients, but from h.al:'-widthc: of diffraction lines of Tn.As
the difference of on, different substrates as a function of
irowthi behiaviors at thi ckness of vrown layers.
different temperatures.

.U .noed layers of both-
7AE-mn~b and -InAs
shnowed n-tyre BL

conduction. As sho wn

similar electronic_
property were obtained
in a wide range ofa

supply ratio, compared7
with MBE (IMiggitt et al. js on Gas

1978, Yano et al 1979, O

Kubiak et al 198l4). It is
also observed that the
electronic properties
of InAs layers grown on ox>

lnP are less sensitive
to the growth conditions-
including this supply 4k- 6w--.-~. ~ _
ratio, compared with IrAs 00 GROWTH TFW'LHATIM&*C)
on GaAs.

The dependence of
electronic properties F~ig.3 The variation of lattice constants
of InSb and InAs on (shown by X-ray diffraction angles) and
substrate temperature half-widtns of diffraction lines of InAs
are shown for layers grown on GaAs as a function of growth
grown on (100) semi- temperature.
insulating GaAs in
Figs.5 and 6,
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> 0 Inso x0

InAs on GaAs

* As on InP 0

0

-I 

)

o 
0

110 100

As/in atomic ratio

F'ig.4 Carrier concentrations and Hall mobilities ofn-tyle undoT-ed i-A'E-InAL irown on semi-insulating

'1C) ;aAs and inP at 45"c, as a function of suppl:;
ratio As/In.

respectively. In Fig.5, the dependence of /4-widths of (OO) X-ray
diffraction lines of InSb layers on substrate temperature is also included.
The corresponding dependence for InAs has already been shown in Fig.3.
The variation of the electronic properties has the same tendency with the
crystallographic property in both cases, and the optimum substrate
temperature with applied rf power of 20W in this case are about 380'C for
InSb and 5000 C for InAs.

Table I summarizes the electronic properties of the best InSb and InAs
layers on different substrates. Further optimization of deposition
conditions is expected to result in further reduction of epitaxial growth
temperatures and improcement of electronic properties.

4. Conclusions

InSb and InAs epitaxial layers with mirror surface were grown on (100)
GaAs, InP, GaSb and Si at relatively low temperatures by plasma-assisted
epitaxy in hydrogen plasma with less supply ratio of anions relative to
cations than in MBE. Electron densities and mobilities of lxlOlcm - 3 and
39000cm 2 /Vs for InSb, and 4xOl16cm-3 and 21000cm 2 /Vs for InAs were
obtained. The electronic properties were not so critically sensitive to
the supply ratio. It is suggested that the combination of different
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anions between substrates and
grown layers can contribute to
easier lattice relaxation in
epitaxial growth on highly
lattice mis-matched substrates.
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Laser selective deposition and direct writing of single crystal III - V
compounds films

N H Karam N A EI-Masry and S M Bedair

Electrical and Computer Engineering Department, North Carolina State University,
Raleigh, North Carolina 27695-7911

Abstt. Laser induced chemical vapor deposition (LCVD) has been used for
the first time to selectively grow and directly write single crystalline GaAs and
its ternary alloys with P and Al on GaAs substrates. Deposition parameters
were adjusted to reach growth rates low enough, typically 20 A/s, for epitaxial
growth to take place. Multiple scanning was found to improve the quality of
the deposited films and give a better control of the deposition thickness.

1. Introduction

Laser induced chemical vapor deposition (LCVD) has been the subject of growing
interest due to its potential in selective epitaxy of optical and electronic components.

The deposition process may be characterized as either pyrolytic or photolytic in nature
(Allen, et.al., 1984) depending on the reactants, substrate and the laser wavelength.
In a pyrolytic (thermal) process the laser wave length is selected such that the reac-
tants are transparent and the substrate is absorbent. Hence, focusing the laser beam
at the substrate creates a localized hot spot where deposition occurs and direct-writing
is achieved by scanning the laser beam. Examples for such a pyrolytic process were
reported for C, Si and Ni by Allen (1981, 1984), Bauerk, et.al. (1982) and Leyen-

decker, et.al. (1981). On the other hand, a deposition is photolytic in nature when the
substrate is transparent while the reactants are absorbent to the laser power. In this
case the deposition can be achieved at lower temperatures as for the case of Cd, Zr
and Al demonstrated by Ehrlich, et.al. (1981a, 1981b, 1982) and Froidevaux, et.al.
(1982, 1984).

The utilization of LCVD direct writing has been largely directed towards the deposi-
tion of metallic elements and compounds. Much less work has been reported on LCVD

of III-V compound semiconductor. For example, InP was deposited on InP, GaAs and

quartz substrates by Donnelly, et.al. (1984) using ArF excimer laser while GaAs was
deposited on GaAs and Si substrates (Bedair, et.al., 1986 and Karam, et.al. (in press))
More recently Christou (1986) reported the use of an excimer laser to recrystallize
amorphous GaAs deposition on Si. In this paper we will elaborate on some of the
results we have obtained on laser induced chemical vapor deposition of GaAs and its
alloys with P and Al on GaAs substrates. Particular emphasis is directed toward the
control of the growth parameters for epitaxial deposition of the above compounds.

1987 lOP Publishing Ltd
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2. EzameaW

The experimental set-up for LCVD is illustrated
schematically in Figure 1. The experiment was . -

carried out in a specially designed vertical
MOCVD system operated at atmospheric pres-
sure and was previously described by Bedair,
et.al. (1984). GaAs substrates oriented 20 off the
<100> towards <110> were irradiated with -d"
an Ar+ laser. The laser beam was focused on o o o
the substrate, that is thermally biased to a tem- 0 A C "

perature 25'C S Tb :- 500'C, using a lens (focal 0 0
length = 2cm). Laser beam scanning was o
achieved by translating the focusing lens at the - C .
desired speed using a computer controlled step-
ping motor.

Trim ethyl Gallium , TM G (- 13'C) or Triethyl .......

Gallium, TEG (-5VC), Trimethy Aluminum,
TMA (20-C), PH3  (5% in H2), and A3H3  Figue1. Schematic diagram of
(5% in H2) were the sources used for Ga, Al, P a laser chemical vapor deposition
and As, respectively. The flow rate of H2  apparatus.
through the TMG bubbler was in the range 1-
2.5 sccm, TEG bubbler was 5-10 sccm and TMA 0-40 sccm. The AsH3 and PH 3 flow
rates were in the range 20-200 sccm with H2 as the carrier gas which maintains the
total flow in the reactor at - 4000 sccm.

3. a D

Laser induced chemical vapor deposition (LCVD) and direct writing of GaAs and its
alloys with P and Al was achieved by scanning the focused laser beam relative to the
sample, resulting in deposition in the area that is locally heated by the Ar' laser. The
deposition rate and composition are a function of the mole fraction of the reactants,
the laser power density (p), scanning speed (S) and substrate bias temperature (Tb).
LCVD allows the growth rate to be several orders of magnitude larger than the con-
ventional CVD. For the same TMG mole fraction (2.5 sccm) in the gas phase the
growth rate achieved by low-scanning speeds is about 400 A/sec (Bedair, et.al., in
press). This is fifty times larger than that achieved in our conventional MOCVD
experiments. Such an extremely high growth rate is accompanied by poor crystalline
quality and grainy surface. This may be a result of the inefficient ol't diffusion of the
reaction products (methane, ethane, TMG complexes and carbon) and probably their
incorporation in the deposited film.

Several approaches were employed to decrease the growth rate of GaAs and GaAsP in
order to be comparable to that of conventional MOCVD and eliminate the effect of
reaction products on grown films. Low growth rates can be achieved by reducing the
TMG mole fraction in the gas phase. Figure 2 shows two single scans (A and B) of
GaAs on a GaAs substrate at p = 3.8 x 104 W/cmI, S = 20 Lm/s and Tb = 350'C.
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The H2 flow in the TMG bubbler for lines (a) and (b) is 2.5 and 1 sccm. It was found
that even close to the minimum bubbler temperature (-13'C) and minimum reliable
flow rate of TMG (- Icc/min) the growth rate was only reduced to 300 A/s which is
an order of magnitude higher than conventional growth.

A second approach to reduce the growth rate a -'

was to reduce the laser power density. However,
for a given power density, the quality of the
deposition is improved by reducing the exposure
time or increasing the laser scanning speed.
This may cause some difficulty in achieving lines
of reproducable thickness when very low laser
power density is used. For example, at p of the
order of 102 W/cm 2 , Tb in the range of 375-
500°C and S = 0 no laser deposition is observed
for long exposure times (15 mins.). On the
other hand for p = 3.8 x 104 W/cm 2, S = 20 ,-

tim/sec and Tb -350C, rough deposition is ALAW

achieved that is several microns thick, m

The third approach, which we believe is the ige. LCVD single scans of
most successful is accomplished by using last GaAs on GaAs substrate at
scanning speeds S = 100-200 gm/s, at p = 3.8 x 104W/cm2 ,
moderate power densities Tb = 350°C and S 20R.m/s;
p= 1.5 x 103- 3.3 x 104 W/cm 2 and Tb in the a) TMG flow = 2.5 sccm,
range 375-500'C. Shiny lines with good mor- b) TMG flow-- 1 scem.
phology at growth rates as low as 20 A/s have
been obtained and by multiple scanning any
desired thickness can be achieved. According to Lax (1977), the estimated substrate
temperature at the center of the scanned line is - 600-700'C depending on the surface
reflectivity. Fast scanning does remove the growth (deposition region) surface away
from the reaction products. Using a diffusion coefficient for the reaction products of
about 0.1 cm 2/sec and laser spot size 500 Ram these species will take about 10 sec to
diffuse away to distance that is to say twenty times the size of the reaction region
(twenty times is just an aribitrary number). At a scanning speed of 200 pRm/s, for
example, the laser beam crosses the 500 iLm reaction region in 2.5 sec which is shorter
than the time required for the reaction product to diffuse away from the deposition
region. Thus reaction products will not interfere with the deposition process. How-
ever, on the other hand, for low scanning speed of 10 A.m/sec, the laser beam crosses
the deposition region in 50 sec. In this case the reaction products do not have enough
time to diffuse away from this region, and thus they will influence the quality of the
deposited films.

The optimum scanning speed depends also on the laser power density. For example,
as shown in Figure 3, at a scanning speed of 200 txm/s, films with good surface mor-
phology are obtained at laser powers of 4 and 5 watts (Figure 3a and 3b); however, 6
watts power gave a poor surface morphology as shown in Figure (3-C). The maximum
thickness of the deposited film per scanning cycle is found to depend on the laser
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TABLE 1. GaAs growth rate per scan as a function of laser
power at Tb = 37Vs =

2 00pLrm/s, aid laser spot size
=50

0 lp.

GaAs(l) GaAs(2) (;aAs(3)
Laser power (W) 4 5 6
Number of scans 60 60 40
Deposited thickness/scan (A~ 65 130 400
Max. growth rate (AVsec) 26 52 160

power density as shown in (a) (b) (C)
Table L. This indicates
that the deposition process
i5- controlled by the surface
reaction kinetics and the
surface temperature rather
than the mass transport as
in the case of the conven-
tional MOCVD.
Transmission electron
mricroscopy (XTEM) was
used to study the crystal
qualit of this new LCVD CM
technique. Figure 4 shows Fieure 3.The variation of the deposited GaAs layera bright field image of a thickness with laser power density at Tb 37.5'C,
epitaxially grown LCVD S = 200.m/s and laser spot size of 500p~m;
line at g = 400. This line a) 4W, b) 5W and c) 6W.
was grown at
p = 15 x 103 W/cm2 ,
Tb =500TC and S =200
pRm/s. More work is under 5i
way to study the struc-
tural defects associated
with this technique.
3.1 Gja.A: The surface o
temperature of heated
spots or lines can affect the
spatial composition of ter-Sl
nary alloys. GaAs1 1P.
compound is a good candi-
date to show %iuch effect.
This is because in a con-
ventional %O'I)
depends critic all' int thq [al&tI'
growth teniprattin' fmoA
given A-413 tolI ., I'll,
frart ion it)iit& pa h&_
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High growth temperatures allows
more efficient cracking of PH3 and
thus increases the value of x. The 10
spatial distribution of P across a _
deposited GaAsP line (500 pim 8
wide) using S=S is shown in Fig- i
ure 5. As shown in this Figure the 8 e

incorporation of P in the deposited
:4film is not uniform and decreases at .

the boundaries where the surface !
temperature falls to that of the sub-
strate bias temperature 0 ____•

(Tb = 375*C). This temperature is 0 200 400 600
too low to crack PH3 and the value Ostance (urn)
of x should be close to zero. This
nonuniform composition across the Eigum-A. Phosphorous profile of GaAsP on
scanned GaAsP line can cause some GaAs by SIMs.
limitations for this LCVD process. Nonuniformity can be reduced by using a laser
beam with uniform intensity rather than the gaussian profile.

3.2 AlGaAs: Epitaxially AIGaAs was grown on GaAs substrates using the multiscan
technique with compositions up to 25% Al measured by the electron micro probe(EMP). This was achieved at constant S -- 200 atm/s, p =- 1.5 x 103 W/cm ,

Tb = 500°C and at flow rates of TMG and A. H 3 of 1 and 20 sccm respectively.
Increasing thz flow rate of TMA results in increasing Al concentration in the LCVD
deposition with 40 seem corresponding to 25% Al.

In conclusion, epitaxial GaAs and its ternary alloys with P and Al was selectively
grown for the first time with LCVD direct writing technique. Photoluminescence and
XTEM show that the material grown is comparable to that of conventional MOCVD.
Controlling the growth parameters coupled with the multiscan technique provide
better control over the grown crystal quality and the thickness. The deposition pro-
cess is believed to be pyrolytic in nature and controlled by the surface kinetics.
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Optical characterisation of high purity GaAs and InP grown by vapor

levitation epitaxy

B J Skromme, H M Cox, and S G Humnel

Bell Communications Research, Red Bank, NJ 07701

Abstract. Low temperature photoluminescence measurements have been used
to characterize GaAs and InP grown using chloride transport in conjunction
with novel single phase source techniques in both VLE and conventional VPE
reactors. Analysis of the exciton spectra indicates that the material is
of high purity; selective pair luminescence and resonantly-excited two-hole
transitions are used to identify residual C and Zn acceptors. Growth rates
and residual acceptor incorporation are relatively insensitive to varia-
tions in growth parameters, rendering these techniques highly suitable for
the control led growth of alloys.

1. Introduction

Vapor levitation epitaxy (VLE) is a new approach to vapor phase epitaxy
(VPE) in which the substrate is suspended above the growth apparatus by the
flowing growth vapors (Cox 1984). As presently implemented, the VLE system
requires a hot wal I (exothermic) deposition process such as the trichloride
or hydride techniques. In order to achieve high purity material while
simultaneously avoiding the intrinsic instabilities of conventional satu-
rated (two-phase) sources (Shaw 1971, Miers 1983), we have employed var-
iants of the trichloride transport technique where only single phase
sources of liquid Ga(In) and/or solid GaAs(InP) are used. These techniques
are easily extended to the controlled growth of alloy materials with uni-
form and repeatable composition. In the following, we present the results
of electrical and photoluminescence (PL) measurements which demonstrate
that the material thus grown is of high electrical and optical quality.
Under optimum conditions, the sensitivity of growth rates to variations in
the growth parameters is shown to be weak. In addition, the residual
shallow acceptor species are positively identified in each case and their
incorporation is shown to be nearly independent of growth conditions.

2. Experimental

The design and construction of the VLE system used in this study have been
described elsewhere (Cox et al. 1986); the conventional VPE system is
similar to that described previously by Cox et al. (1985). Two different
single phase sources were used for the GaAs growths. In 'he first tech-
nique, H2 and HCI obtained from the pre-cracking of AsCl3 at 8900C is
passed over a liquid Ga source and the resulting GaCl is combined with a
separate flow of AsCl 3 in H2 which bypasses the source boat. The tempera-
tures, mole fractions of the reactants, and other relevant growth parane-
ters used with this technique are listed in the first column of Table I.
It should be noted that the furnace temperature profile was varied from
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Table I. Growth conditions

GaAs InP
Ist technique 2nd technique

(VPE) (VLE) (VLE) (VLE)
TS (°C) 708-800 800 750 750,650,600
Tr (°C) 680-701 700 650 650,550,5R0
[5CI] (Ga/In) 9.4x0 -  6x10 - 3  

-- 0-l.Oxo-[As~~l .3-4.x10
-3 

ixlO
- 3  

----

AsCI] (bypass) .6x x10
[AsC13/PCI 3] (GaAs/InP) -- 5x10 2  0.74-1.7x10-3

III/V 2.0-30 6.0 20.67 0.75-3.4
Total flow (scan) 640 1500 2500 1500
Substrate type n+ or Cr-doped SI Cr-doped SI S-doped n+ or

Fe-doped SI
Substrate orientation 60 off (100) 60 off (100) 30 off (100)

approximately flat to a substantial gradient; the III/V ratio, which is
directly controllable by changing the [HCl](Ga)/EAsCl 3I(bypass) ratio, was
varied over a considerable range. It should be noted that the amount of
HC introduced to the deposition zone (from cracking of the AsCl 3 bypass
flow) varies proportionally to the III/V ratio.

In the second technique, AsCI 3 in H2 is simply passed directly over single
crystal GaAs source material as described previously (Cox et al. 1985). The
conditions employed in the VLE system using this technique are given in the
second column of Table I. The III/V ratio with this technique is fixed by
the source reaction efficiency which was taken to be 0.67 for the
calculation (Shaw 1975).

The source technique employed for the InP growth in the VLE system was
described previously by Cox et al. (1985). A flow of PC1 r H2i s used to
transport polycrystalline InP source material (MCP, n=3x10 cm-}. Addi-
tional InCl is generated by passing a separate flow of HCl in Hz (derived
from pre-cracking of AsC1 3) over an In source; the III/V ratio can be
adjusted by changing the ratio of the two flows. Growth conditions are
listed in Table I. The III/V ratios were calculated assuming the source
reactions go to completion (Shaw 1975). For one sample, HCl derived from
PCR3 was used to transport the In; comparable results were obtained.

The PL was excited using an Ar-pumped dye laser and LDS 821 dye; a 1.0 m
double spectrometer, cooled GaAs and S-1 photomultipliers, and photon
counting detection were employed. Resolution was typically 0.07 R for the
exciton spectra and 0.7 R elsewhere. The data were arquired using a comput-
er and corrections were made where necessary for system response as a
function of wavelength. Samples were suspended strain-free in superfluid
He.

3. GaAs Characterization Results

Electrical and PL characterization was employed to compare the quality of
the best material produced with each of the single phase source techniques.
In Fig. 1 we show exciton spectra recorded under the same measurement
conditions for each of four samples. The peaks are labeled following Heim
and Hiesinger (1974). The FWHM of the (D°,X) peaks for the VLE and VPE
smples grown using a Ga source and AsC13 bypass (2nd and 4th spectra from
top) are 0.17 and 0.13 meV, respectively, indicating very high purity. The
PL data are particularly useful in evaluating these layers since Hall

i
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effect measurements were not possible on either (the former was grown on an
n+ substrate and the latter was so thin as to be totally depleted). For
comparison, a sample grown using a saturated Ga source in the same VPE
reactor with the same source materials is shown in the 3rd spectrum. This
sample has a (D°,X) FWHM if 0.15 meV and a 77 K Hall mobility of 164,000
cm /Vs for n=l.3x10 14 cm- . The two-electron transitions (D X) 2 are
somewhat better resolved in this reference sample, but otherwise & sam-
ples grown with the single phase Ga source appear to compare quite favor-
ably in purity. The uppermost spectrum for a sample grown with the solid
GaAs sourge has a (DoX) EWiM of 0.26 meV; the 77 K mobility is measured as
92,000 an /Vs and n=4xl0 " cm- 3.  This sample is significantly less pure
than the others but is still to our knowledge the highest purity GaAs ever
reported with this technique.

In order to positively identify the residual shallow acceptor species char-
acteristic of the single phase source techniques, selective pair lumine-
scence (SPL) measurements were employed (Tews and Venghaus 1979, Hunter and
McGill 1982, Kisker et al. 1983). In Fig. 2 we show SPL spectra recorded
for four different excitation wavelengths for a sample grown with a solid
GaAs source. A full set of excited states of Zn acceptors are observed,
with energies in excel lent agreement with previous work (Kisker et al.
1983). No evidence is seen for other shallow acceptor species in this
sample. Resonant enhancement of the very sharp Zn two-hole (TH) transition
(Ashen et al. 1975) occurs as the laser is tuned through the (A°,X) peaks.
A doublet splitting of the 2s3/ 2 state resulting from the axial donor-
acceptor interactions at small separation distances is observed in the
bottom spectrum; analogous observations were reported in InP (Dean et al.
1979) but this effect has not previously been reported in GaAs.

Similar SPL measurements were used to identify the principal residual shal-
low acceptors in samples grown with the single-phase Ga source as C and Zn.
The Zn (D°-A° ) peak is typically about 20X weaker than the C peak under
non-selective excitation in samples grown with well-baked source materials.
This result holds regardless of source temperature or III/V ratio, except
at the lowest value of the latter where Zn incorporation is enhanced. In
nearly al I of these samples, the shallow acceptor peaks were roughly 50-
10OX weaker than the near band-edge exciton peaks, suggesting that deep
acceptors may contribute most of NA.

The variations of growth rate, carrier concentration (measured fromC-V
profiling), and (D°,X) FWHM are plotted in Fig. 3 as a function of the mole
fraction of AsC1 3 introduced directly into the deposition zone. The drop
in growth rate at low [AsCI I is due to insufficient mass transport of As,
while the drop at high [AsC? 3J is a thermodynamic effect of the excess HCl,
in agreement with Chatterjee et al. (1982). It is apparent that a large
range exists where the growth rate is relatively insensitive to [AsCI 3 1,
which is highly desirable for reproducibility.

It appears that the donor incorporation, as indicated by the carrier con-
centr~tion and the (D°,X) FWHM, peaks sharply at a mole fraction of about
8x10- . However, the sharpness of the peak is probably exaggerated by the
fact that the corresponding sample was the first layer ever grown in this
reactor. Impurities such as S which later baked out of the source materi-
als may therefore have contributed. The same growth conditions were not
repeated in later runs. We speculate that the drop in donor incorporation
as [AsC 3I] increases is due to a conventional "mole-fraction effect" on Si
incorporation by the excess HC1 (see Mullin (1977) and references therein).
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The same three parameters as in Fig. 3 were measure as a function of
source temperature (Ts) with constant [AsC1 3 ]=l.56x10-. The growth rate
is constant to within 5% for TS=708-800

0
C, which is not surprising since

the reaction with the Ga should be complete (Shaw 1975). The average value
of n drops from 2x105 to 5xlO1 to 4x101 cm- as Ts drops from 800 to 750
to 700°C; corresponding values of (T°,X) FWHM are 0.46, 0.22, and 0.16 meV.
This type of effect was previously -ted in experiments with various single
flat temperature zone methods (Kouk tu et al. 1979) and is attributed to a
reduction in the generation of chlorosilanes in the source zone which
leads to a reduction in Si donor contamination.

4. InP Characterization Results

An exciton spectrum for a moderately thick (8 pm) InP layer grown on a
semi-insulating substrate is shown in Fig. 4. Excellent resolution of the
various peaks is observed, comparable to that achieved in very high purity
layers grown using the conventional saturated In source (Dean and Skolnick
1983). This particular layer is totally depleted but a layer with a siN-
la exciton spectrum has a 77 K mobility of 75,300 cm

2
/Vs and n=2xl04

cm- . The exciton spectrum compares quite favorably with those recently
reported for high purity InP samples grown by MOCVD which have considerably
higher 77 K mobilities (Di Forte-Poisson et al. 1985 and Zhu et al. 1985).
An accurate comparison, however, would require PL measurements performed
under the same experimental conditinns.

ENERGY (eV)
Exciton spectra were examined for a series 140 139 138 137

of thin (1-2 pm) layers grown on n+ sub- I2r I - A-)
strates over the range of growth condi- VLEInP

tions described in Table I. None of the T=I7K

spectra of layers on n+ substrates were as
well resolved as that of Fig. 4, possibly 2P 1 ,,[,

due to out-diffusion from the substrates.
No consistent trends in spectral quality Zn(TH)

as a function of mole fractions were ob- PL.=,225 "., W-

served, indicating that impurity incorpor- t_427V

ation is apparently largely independent of
III/V ratio, etc. The sample grown with 2l (Ae.
T,=650 and TG=550 0 C fell within the range l
of those grown at higher temperatures, but 4 2Wcm

the sample grown at 600/5000 C displayed -"
much weaker and broader peaks. _2
The residual acceptor in the InP layers 1W

was positively identified as Zn in all , ,25ev

cases using SPL and resonantly-excited
two-hole transitions. An example of both
resonantly and non-resonantly excited
spectra is given in Fig. 5. With above- W/-1
band-gap excitation at moderately high t4247v ,

intensities, the Zn (TH) peak is only just I
discernible (uppermost spectrum). As the 8800 LEG0 H0 8 0 050 ,0WAVELENGTH ( I)

laser is tuned into resonance with one of
the (A°,X) components, the corresponding Fig. 5. Selective and non-
sharp TH peak corresponding to Zn accep- selective pair luminescence in
tors (White et al. 1972) is resonantly VLE TnP
enhanced; weaker SPL peaks are simulta-
neously observed. As the laser is tuned
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to lower energies, the broader SPL peaks corresponding to various excited
states of Zn acceptors (Dean et al. 1979) become stronger. Under low-
intensity above-band-gap excitation (bottom spectrum) the non-selective
(D°-AO) peak is quite narrow and no other acceptor peaks are observed.

The strength of the Zn-related peaks was found to be a strong function of
the baking of the InP source material after loading. The ratio of Zn
(A°,X) to (Do,X) peak heights decreased steadily in one case from 6.0 for
the first run after loading a new source to 0.33 for the fourth run (total
hot time=115 min at 750 0C). Baking of the InP between runs is not per-
formed because of the P loss that would result. The peak height ratio is
reduced to around 0.06 after a large number of runs.

5. Conclusions

We have demonstrated the capability of growing high purity GaAs and InP by
both VLE and conventional VPE using novel single phase source techniques
which can be readily extended to the controlled and reproducible growth of
alloys. While not discussed here, these samples were grown under condi-
tions which also yield excellent surface morphology and uniformity (Cox et
al. 1986), and are thus quite practical for device production. We have
shown that growth rates and residual acceptor incorporation are relatively
insensitive to changes in growth conditions, which is highly desirable from
the point of view of process control. The residual shallow acceptors have
been identified and necessary baking steps after source loading have been
noted. Finally, we note that no toxic gases or pyrophoric liquids are re-
quired for growth, in light of recent increased concern over safety.

6. References

Ashen D J, Dean P J, Hurle D T J, Mullin J B, White A M, and Greene P D
1975 J. Phys. Chem. Solids 36 1041

Chatterjee A K, Faktor M M, Lyons M H, and Moss R H 1982 J. Crystal Growth
56 591

Cox H M 1984 J. Crystal Growth 69 641
Cox H M, Koza M A, Keramidas V G, and Young M S 1985 J. Crystal Growth 73

523
Cox H M, Hummel S G, and Keramidas V G 1986 Proc. 8th Int. Conf. Crystal
Growth, York, July 14-18, 1986, to be published in J. Crystal Growth

Dean P J, Robbins D J, and Bishop S G 1979 Solid State Commun. 32 379
Dean P J and Skolnick M S 1983 J. Appl. Phys. 54 346
Di Forte-Poisson M A, Brylinski C, and Duchemin J P 1985 Appl. Phys. Lett.

46 476
Helm U and Hiesinger P 1974 Phys. Stat. Sol. (b) 66 461
Hunter A T and McGill T C 1982 Appl. Phys. Lett. 4 169
Kisker D W, Tews H, and Rehm W 1983 J. Appl. Phys. 54 1332
Koukitu A, Seki H, and Fujimoto M 1979 Jap. J. Appl. Phys. 18 1747
Miers T H 1983 Gallium Arsenide and Related Compounds Albuquerque 1982 ed

G E Stillman (Bristol: Inst. Phys.) pp 125-132
Mullin J B 1977 J. Crystal Growth 42 77
Shaw D W 1971 J. Crystal Growth 8 117
Shaw D W 1975 J. Phys. Chem. SolTds 36 111
Tews H and Venghaus H 1979 Solid State Commun. 30 219
White A M, Dean P J, Joyce B D, Clarke R C, and Taylor L L 1972 Proc. llth

Conf. Phys. Semiconductors, Warsaw (Warsaw: Polish Sci. Pub.) pp 190-195
Zhu L D, Chan K T, and Bal lantyne J M 1985 Appl. Phys. Lett. 47 47



Inst. Phys. Conf. Ser. No. 83: Chapter 3 183
Paper presented at Int. Symp. GaAs and Related Compounds, Las Vegas, Nevada, 1986

Growth of Gal -InAs layers with excellent compositional uniformity on
InP by OMVPE

H. Kamei, G. Sasaki, T. Kato, H. Hayashi, K. Ono and K. Yoshida
Advanced Semiconductor Devices R & D Department,
Sumitomo Electric Industries,Ltd.
1-3 Shimaya 1-chome, Konohana-ku, Osaka 554, Japan

Abstract. GalxlnxAs layers with excellent compositional uniformity
have been obtained on 2 inch diameter InP substrates by reduced
pressure organometallic vapor phase epitaxy. The reproducibility of

composition in run-to-run was also excellent.

1. Introduction

Gal-xInxAs lattice-matched to InP is a promising material for the fabrica-
tion of high speed transistors, optoelectronic devices operating in the
wavelength of 1.3 - 1.55 om, and optoelectronic integrated circuits.

For these applications, organometallic vapor phase epitaxy (OMVPE) is one
of the most advantageous growth methods in respect of the controllability
of layer thickness and composition (Razeghi'et al. 1983, Smeets et al.
1986), large area growth, and high throughput. In this paper, we report

OMVPE growth of Gal-xlnxAs layers with excellent compositional uniformity
on 2 inch diameter InP substrates. The compositional uniformity of the
Gal-xlnxAs epilayers was evaluated by double crystal x-ray diffraction and
photoluminescence measurement.

2. OMVPE Growth

Gal-xlnxAs epilayers were grown directly on a 2 inch diameter Fe-doped InP
substrate oriented 20 off the (100) in a water-cooled vertical reactor at
reduced pressure. Triethylgallium (TEG), trimethylindium (TMI) and arsine
(AsH3 , 10 % in H2 ) were used as the starting sources, and were introduced
together with the carrier gas into the reactor from the top. The sub-
strate was positioned perpendicular to the gas stream on a RF-heated carbon
susceptor. Hydrogen was used as the carrier gas. I - 2 im-thick epi-
layers were typically grown under the conditions listed on Table 1.

Table 1. Typical growth conditions.

Growth temperature 600, 650 and 700°C
Growth pressure 60 Torr
Total gas flow rate 3.4 slm
TEG flow rate 2.6 x 10-6 mole/min
TMI flow rate 3.5 x 10-6 mole/min
AsH3 flow rate 5.4 x 10

- 4 
mole/min

v/iIl 90
Growth rate 1 Wm/hr

Substrate rotation rate 12 rpm
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As shown in Fig. 1, the controllability 10 .. .
in composition of the epilayers was ex- b A's
amined by measuring the lattice mismatch Thiene -m~m

to the InP substrate for the epilayers
grown at different TMI flow rates with
the constant TEG flow rate. The linear- : O
ity of the lattice mismatch against the
composition broke due to the misfit dis-
locations at the large lattice mismatch 2 TEG
in the InAs-rich region in Fig. 1. 2 molelmin

-10 , , , A l j

The variation of epilayer thickness was 3 -6

less than +4 % against the mean epilayer TMI t(0O mole/minr
thickness over a 2 inch diameter wafer.

The morphology of the epilayers showed Fig. 1. The lattice mismatch
a mirrorlike surface, as a function of TIl flow rat,.

3. Results

Fig. 2 shows the variation of lattice mismatch to the InP substrate in
each epilayer grown at different growth temperatures of 600, 650 and 700C.
Other growth conditions except for the growth temperature were kept con-
stant in the growth of the epilayers shown in Fig. 2. The best composition-
al uniformity was obtained from the epilayer grown at 600C. On the other
hand, the epilayers grown at 650 and 700'C showed the unfavorable variation
of composition in the GaAs-rich region although the tendencies of the vari-
ation in composition were different from each other. The variation of
composition in the epilayers grown at 650 and 700C was considered to be
caused by the depletion of TMI in the gas phase above the hot substrate.

In order to evaluate the accurate variation of lattice mismatch in the
epilayer grown at 600C, we have grown an intentionally lattice-mismatched
epilayer. In a lattice-mismatched epilayer, we can evaluate the accurate
lattice mismatch of the epilayer to the substrate from the separated x-ray

diffraction peaks of the epilayer and the substrate. As shown in Fig. 3,
the variation of lattice mismatch to the InP substrate was less than
1.5 x 10

-4 
in the 2 inch diameter epilayer grown at 600C, which corre-

sponded to the variation in composition of less than 0.1% mole fractions
in consideration of the tetragonal distortion.

.owt WM 600M GoA,xnxs 0530

A i Growth, WMr, 6O*CI -05-

650t U.0526!

I-to 7001c 02
_,-,. 0524

-.0 0 t0 20
20 10 20 RADIUS (mm)

Fig. 2. The variation of lattice Fig. 3. The variation of composition
mismatch in Gal-xInxAs epilayers in an intentionally lattice-mismatched
grown at 600, 650 and 700°C. Ga1-xlnxAs epilayer grown at 600'C.
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A narrow x-ray diffraction peak of the epilayer was observed over the
whole substrate area. The typical x-ray rocking curve of an intentionally
lattice-mismatched epilayer on the InP substrate is shown in Fig. 4.
The full width at half the maximum (FWHM) of the (400) reflection from a
2 1m-thick epilayer was as narrow as 16 arcsec, and was comparable to the
FWHM of the InP substrate. We also observed the FWHM of 20 arcsec for a
1 Jim-thick epilayer. These narrow FWHM of the epilayers indicate that
the compositional uniformity of the epilayers depthwise was also excellent.
In addition, so far as we are aware, these FWHM are the narrowest that
were ever reported for Gal-xlnxAs epilayers grown by any method.

We performed the photoluminescence measurements at 4.2 K for the epilayers
with the excellent compositional uniformity. As shown in Fig. 5,
an excitonic transition peak with the FWHM as narrow as 1.5 meV was
observed. This narrow FWHM of the excitonic transition peak was consistent
with the uniformity results obtained by x-ray diffractions.

ThKW, - 20 jo
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ro

-I_
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Fig. 4. The x-ray rocking curve Fig. 5. The photoluminescence
of an intentionally lattice- measurement of a Gal-xlnxAs

mismatched Gal-xInxAs epilayer. epilayer at 4.2 K.

Further, we evaluated the reproducibility of composition in run-to-run for

17 growth runs which were performed over a period of 4 months under the
same lattice-matching growth conditions. As shown in Fig. 6, almost all
epilayers except for 2 epilayers exhibited the only one double crystal

x-ray diffraction peaks with the narrow FWHM of 15 - 22 arcsec.
The variation of lattice mismatch in 17 growth runs was less than 3 x 10

-4
,

which corresponded to the variation in composition of less than 0.2 % mole
fractions.

o 541 Ga, ,inAs
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Fig. 6. The reproducibility D 0 . .
of composition in run-to-run - 05

for 17 growth runs performed o

under the same lattice- 0
matching growth conditions. osxO
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4. Summary

We demonstrated the growth of Gal-xInxAs layers with excellent composition-
al uniformity over the area of a 2 inch diameter InP substrate by reduced

pressure OMVPE using TEG, TMI and AsH 3 in a vertical reactor. The composi-

tional uniformity in a wafer and the reproducibility of composition in
run-to-run of the Gal-xlnxAs layers described here would be sufficient for

the production of optoelectronic devices.
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Double-injection induced conductivity between n and p contacts to semi-
insulating GaAs: Experiment and numerical simulation
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Abstract. Two-dimensional simulations of current-voltage (I-V) and
Tonization induced current between co-planar n-type and p-type contacts
on semi-insulating (SI) GaAs are compared with experimental data.
Possible outdiffusion of deep levels in a thin layer near the surface
is considered, although the surface interface is treated as ideal.
Simulated and experimental results agree in many respects despite
simplifying assumptions in the model.

1. Introduction

Motivation for studying contact junctions to semi-insulating (SI) GaAs and
conduction between contacts is provided by the need for electrical
isolation between circuit elements in integrated circuits. A well-known
problem is the so-called backgating/sidegating effect wherein a bias
applied to a contact is observed to affect the current in a proximate
transistor. Also there is a requirement for tolerance to ionizing
radiation which might be encountered in space. The sidegating effect is
dependent upon the properties of the channel-substrate junction [Kocot
19821 and upon the conductance between the contacts. The onset of
sidegating has been associated with the onset of space-charge limited
current [Lee 19821 but the threshold voltage is generally much less than
would be expected from bulk properties, and one explanation which has been
advanced is loss of deep-levels (EL-2) near the surface [Chang 1984a) .
This effect has been modeled analytically [Chang 1984b] by assuming a thin
layer with reduced trap density bounded top and bottom by uniform constant
potentials. One-dimensional numerical simulations have also been reported
[Horio 1984].

In this paper we describe two-dimensional simulations based on a model
similar to that proposed by Chang and Lee. A two-dimensional simulation
takes into account the trapping which occurs above and below a degraded
layer, which would strongly influence the layer conductance if the
thickness is less than the Debye length. For the initial work to be
described the surface is treated as an ideal interface, with the sample
effectively mirrored at the surface plane. The surface layer is therefore
bounded by two SI bulk regions rather than by SI bulk below and surface
states of surface states. This is unrealistic for GaAs, which is known to
have a large density of surface states. However, this Issumption does
facilitate investigation of the effects of a thin layer with reduced
impurities without additional complications.

The simulated results are compared with experimental measurements on
devices fabricated by ion-implantation into nominally undoped
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liquid-encapsulated Czochralski (LEC) substrates. The devices are
coplanar n- and p- type contacts 100 micrometers wide with separations of
2, 4, 8 and 16 micrometers. They were fabricated by the McDonnell-Douglas
Microelectronics Center using processing similar to that for junction
field-effect transistor integrated circuits ITroeger 1979).

2. Mathematical Model

The steady state simulation uses the semi-classical drift-diffusion
approach. This involves a simultaneous solution of three coupled
non-linear differential equations: the Poisson Equation, and the
Continuity Equations for electrons and for holes. The electron and hole
currents are determined from field-dependent mobilities and the gradients
of quasi-Fermi potentials [vanVliet 1980).

Generation and recombination processes at deep traps are handled by means
of Shockley-Read-Hall statistics [Hall 1952, Shockley 1952). Since for SI
material the free carrier concentrations may be very small, space charge
on the deep traps is fully accounted for in the Poisson equation. This
important detail is frequently neglected in numerical modeling of
semiconductor devices [Svierkovski 1984, Alwin 19761.

The SI properties of nominally undoped LEC GaAs are attributed to
compensation of shallow acceptor impurities (primarily carbon) by
intrinsic deep donors (primarily EL-2) [Holmes 1982]. The deep donor
concentration is taken to be on the order of lxlOEXP16 cmEXP-3 and the
acceptor concentration to be the order of lxlOEXP15 cmEXP-3. The deep
donors in the bulk are arbitrarily kept a factor of ten higher in
concentration than the shallow acceptors. The energy level of the deep
traps is taken to be 0.68 eV below the conduction band [Look 1983). The
deep donor cross-section of lxlOEXP-13 cmEXP-2 is the same as used by
Horio [1984). However, the acceptor cross-section of 2xlOEXP-18 would
give a hole lifetime of tens of microseconds, which is much longer than
the nanosecond lifetimes actually observed in this material [Flesner
19851. Therefore, we chose a hole cross-section of lxlOEXP-14 cmEXP-2 to
get nanosecond time-scale recombination for assumed trap concentrations.

The sample is modeled as a rectangular parallelopiped with ion-implanted
contact regions in the upper corners. See Fig. 1. The planar metal
contacts to the ion-implanted n and p regions are treated as
zero-resistance, ideal "Ohmic" contacts. The zero resistance is specified
by fixed-potential Dirichlet boundary conditions; the "Ohmic" nature
through the assumption of a fixed thermal-equilibrium concentration of
electrons and holes. The other boundaries of the device are assumed to be
symmetry planes across which there is no net current and zero normal
electric field (Neumann boundary condition). This last assumption treats
the surface as being ideal, and is equivalent to burying the surface
between two mirror-image devices.

To simulate surface degradation either the deep donors only, or the deep
donors and shallow acceptors are removed from a thin layer near the
surface. The thickness of the degraded layer is taken to be of the order
of 0.2 to 1 micrometer. [Chang 1984al

Photoexcitation is simulated by pair generation which is uniform laterally
and vhich decays exponentially away from the surface. Electron beam
excitation is also modeled by increased pair generation, but it is
confined to a vertical grid line with a depth of 1 micrometer.
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The finite-difference method is used for discretization of the
differential. equations which are linearized by a modified version of the
Newton method. The Successive Line Over-Relaxation (SLOR) method
[Vachpress 1970] is used for an iterative solution to the linearized
equations. To avoid numerical instabilities for the divergence of the
current, we use the Scharfetter-Gummel 11969] method.

The electrostatic potential and charge concentrations are determined at
the grid points shown in Fig. 1. Currents and electric fields are assumed
uniform between grid points. The Poisson equation and the continuity
equations use box integration surrounding the grid points.

3. Results

The dark I-V characteristics of p-SI-n devices with length L of the SI
region as a parameter are shown in Fig. 2. The simulated curves were
obtained assuming no surface degradation, and with impurity concentrations
of 7xlOEXP15 EL-2 and 7xlOEXP14 C per cc. The simulations show an ohmic
I-V at low voltage with a transition to recombination limited current
proportional to exp(qV/2kT) at higher voltage with the transition voltage
increasing as the square of the contact separation L. In comparison, the
data for the 2, 4, and 8 micrometer samples also show current proportional
to exp(qV/2kT) at higher voltages, but the scaling of voltage with L is
more nearly linear than quadratic [Flesner 1986]. The 16 micrometer
sample rises much more steeply. The data are ohmic at the lowest
voltages, but the transition to non-ohmic behavior is more complex.

Outdiffusion of EL-2 (which produces a slightly p-like region) near the
surface has been simulated, and found to lead to a lowering of the
threshold voltage for transition to recombination limited current. This
is illustrated in Fig. 3. For this figure larger concentrations of
impurity levels were assumed to accentuate the effect. A strong
dependence on layer thickness relative to depletion depth was found. The
effect of creating a degraded surface layer is indistinguishable from
decreasing bulk impurity concentrations, which increases diffusion
lengths. This means that partial p-type surface conversion cannot be
inferred from forward p-SI-n I-V data without additional information.

We also simulated the effect of removing both deep donors and shallow
acceptors from a thin layer leaving an intrinsic region. Such a layer was
found to have a negligible effect on the p-SI-n I-V. The reason for this
is that charge trapped above and below an intrinsic layer, which has a
large Debye length, still dominates the conductance. A p-type layer, on
the other hand, provides a potential well and even though the conductance
without injection may be negligible because of carrier depletion, hole
transport can contribute significantly to the forward I-V.

Figure 4 shows simulation and data for photoconductivity in an 8
micrometer p-SI-n device. The induced current reverses sign when the bias
equals the open circuit photovoltage. Simulation and dataagree well, and
this effect is useful experimentally to determine separately the junction
voltages and the SI region voltage drop [Flesner 19861.

Simulated n-SI-n I-V without degraded layers were similar to those
obtained by one-dimensional simulation [Horio 19841. Neither a p-type nor
intrinsic layers were found to produce a significant effect on the n-SI-n
I-V. Sidegating was also studied in simulation by monitoring the change
in total number of electrons in the positively biased n-channel contact
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Junction region as a function of bias. The simulated sidegating is also
insensitive to degraded p-like or trap-free intrinsic layers.

The effects of excitation by focused electron beam were simulated as shown
in Fig. 5. No effort was made to adjust parameters for fitting to the
data other than for amplitude scaling for convenient comparison. The zero
bias simulation amplitude is multiplied by a factor of 2 and the 2 V bias
simulation amplitude is divided by 15. Both the modeled and experimental
spatial dependences reveal the presence of n-SI junction fields, which
separate excited carriers and thereby induce current collection. At zero
bias the n-SI junction is found both experimentally and in simulation to
act as a photodiode. With applied bias the actual n-SI-n devices behave
like back to back diodes with the current collected limited to less than
the e-beam generated current. The simulation, on the other hand, shows a
photoconductive gain of about 15 at 2 V. bias indicating that the junction
barriers in simulation are less effective than the actual device barriers
in suppressing photoconduction between n-type contacts. Such
photoconductive gain between n-SI-n contacts is observed experimentally
only at very high excitation levels [Flesner 1985). Similar
investigations are in progress on p-SI-p devices.

4. Discussion and Conclusions

Although the forward I-V for the p-SI-n devices is strongly affected by
the presence of a degraded p-like surface layer, similar results can be
obtained by simply reducing the bulk impurity concentrations. Hence, no
conclusions regarding the presence of such a layer can be made from I-V
data without more information. Additional problems are the lack of
quantitative agreement for the length scaling and the anomalous I-V of the
16 micrometer sample.

The n-SI-n I-V and the resulting sidegating phenomenon does not seem to be
affected by either a p-like layer or by an intrinsic layer. This suggests
that additional features, such as surface states, will have to be included
in the model before progress can be made in understanding sidegating
phenomena. Efforts are being made in this direction.

The agreement of the experiment and simulation regarding photo- and
electron-beam induced currents suggests that the behavior of the
contact-substrate junctions can be investigated using the assumed SI
properties as a starting pcint. The presence of built-in fields at these
junctions will influence the behavior of integrated circuits exposed to
ionizing radiation. For example, the junctions are "blocking" contacts
which suppress photoconductivity while inducing photodiode-like charge
collection.
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7. Figur Captions

Figure 1. 12x12 grid used in device simulation.

Figure 2. Forward I-V for p-SI-n devices, experiment (a) and simulation
(b). Contact separations are 2, 4, 8 and 16 micrometers from left to
right.

Figure 3. Effect of p-like layer on p-SI-n forward I-V. L = 16
micrometers and the trap density is 4x1OEXP16 EL-2, 4xlOFXP15 C. The
upper curve is for a p-like layer 0.2 micrometer deep.

Figure 4. Effect of uniform illumination on an 8 micrometer p-SI-n
device I-V, data (a) and simulation (b). The log of the absolute value
of current is plotted.

Figure 5. In (a) a schematic of the EBIC experiment is sh6wn and (b) and
(c) illustrate results for a 4 micrometer n-SI-n device. For (b) the
applied bias is zero and the simulated results (triangles) have been
multiplied by a factor of two. For (c) a bias of 2 V is applied and
the simulated amplitudes have been divided by 15. The scale is
normalized to the e-beam generated current. Assumed EL-2 and C
concentrations are IxIOEXPI6 and IxIOEXPIS, respectively.
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Scanning laser photoluminescence imaging technique for nondestructive

evaluation of direct bandgap materials

D.L. Parker and Nathan Moon

Department of Electrical Engineering, Texas A&M University, College Station

Texas 77843.

Abstract. A commercial laser trimming system with an adapted, AO modu-
lated, Argon ion laser is used to serpentine raster scan direct bandgap

semiconductor wafers. The photoluminescence radiation is synchronously
detected and used to generate a two dimensional yield map for display
and recording as with an SE. The technique has been successfully

applied to a variety of GaAs wafers. Image features have been corre-

lated with crystal defects.

1. Introduction

Photoluminescence (PL) analysis is currently widely used to study the
electronic effects of various defects and impurities on direct bandgap
semiconductor materials. This powerful tool usually requires that the
sample be cooled to very low temperatures and further the sampled area is

relatively large, allowing no conclusion about microscopic distributions
of impurities and defects. Cathode luminescence (CL) offers high spatial
resolution however the technique requires special sample preparation and
is somewhat destructive. The imaging method described in this paper has
relatively high spatial resolution (better than 10 microns); is compatible
with thin dielectric films such as Si0 2 or SigN4 ; and is nondestructive.
The latter feature allows analysis of the same sample before and after

each of several processing steps. The method may prove to be a useful
compliment to conventional analytic methods in device-process-defect-relia-

bility studies.

2. Experimental

A block diagram of the imaging system is shown in figure 1. The laser
trimming system has an 80x8Omm

2 
xy beam positioning capability with 2.5

micron accuracy. An AO switched Argon ion laser has been added to the sy-
stem so that this radiation may be substituted for the Nd:YAG which is
usually used for resistor trimming or link blowing. The blue green line
square wave modulated at frequencies from 200Hz to 40kHz is usually used

for PL imaging. This wavelength is absorbed in the first micron or so of
most semiconductors producing essentially one excess hole-electron pair

per absorbed photon.

The software which controls the system allows entry of scanning speed from
Imm/sec to 1000mm/sec and scanned size areas in binary steps from 2.5x2.5

mm2 up to 80x80mm
2
. The scan mode is always serpentine raster with 1000

lines and the x-y analog signals are automatically adjusted to fill the
monitor and scan converter screens regardless of the scan size.

© 1987 1OP Publishing Lid
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Fig. I Block diagram of scanning laser
photoluminescence imaging system

The PL light is picked up by a fiber bundle moving with the laser beam.
Three different positions have been used for the fiber bundle termination:

1.)near the front wafer surface at 45' to the wafer surface and the laser
beam; 2.)on tiie backside looking normal to the wafer; and 3.)in the TV
illuminator beam path through the final objective lens which delivers the
laser beam. The first position was used to generate a l images shown in

this paper and comparisons with the other two positions are still under-
way. A filter is used in front of the fiber bundle to reject the laser
light and the spectrometer is operated in a low resolution mode (slits re-
moved) to maximize the signal. The detector0 is an S-I photomultiplier
with useful sensitivities out to about I1000A in the infrared.

Gain and offset controls on the lock-in amplifier are used as brightness
and contrast controls to enhance image features. In some cases total
black to saturated white may represent only a 10: change in the Pl. signal.
All images to date have been made with the sample at room temperature and
with the spectrometeroset to pass the maximum hand-to-band luminescence
radiation (about 8700A for GaAs).

The scan converter stores an image as it is generated for viewing on a TV
monitor at the end of the scan. The high resolution monitor with a scope
camera attached is used to record hard copies. All features seen in the
PL images are very reproducible and none are visible hv optical microscope
inspect ion.

3. Results

Figure 2 is a PL image of a 75mm LEC GaAs wafer after a source-drain SI
implant (,1013 cm-

2
). Figure 3 is a 2.5x2.Smm

2 
zoom near the center of

this wafer. The small black geometries are regions which received the

Si implant and the white honeycomb is typicallv seen over the entire
wafer. The white areas will be shown to be pinned to dislocation

clusters. Figure 4 is a PL image of the same wafer after a capped
thermal anneal. (850C 30 min.) The white splotches are probably due to
pinholes in the capping film or localized contamination. Although the
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PL imaging technique can be nondestructive the Argon laser can produce
changes in the GaAs material if the power is too high. The square boxes
in this image were produced by prior laser scans at too much power. These
damaged areas are not visible and have been observed to "f !e away" after
several weeks of storage in air at room temperature.

After annealing the honeycomb structure is in exactly the same place as
before; however the white bands are wider. Before annealing the bands are
40-100 microns and about 150 microns after annealing. These results are
consistent with the work of T. Kamejima et al and suggest that dislocations
getter radiation killing impurity and/or defect states.

Fig. 2 PL, image of 7rmn
LEC GaAs wafer after
Si implant

FIR. 3 P1. image ofSI
2.5x2.Smm

2 
portion near

the center of the wafer
shown in Fig. 2

nn=An uin mmi lJn m m
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Fig. 5 PL image before anneal

Fig. 4 PL image after anneal Fig. 6 XRT image of above

Figure 5 is a PL image of a portion of the wafer near the lower left edge
taken before annealing. Figure 6 is an x-ray topograph (XRT) of the same
region shown in figure 5. The black arrows in each image indicate unique
features to assist the reader in confirming the complete correlation of the
honeycomb structures with dislocation networks shown in the XRT image.

4. Conclusions

The scanning laser photoluminescence imaging technique has been shown to
nondestructively produce high contrast reproducible images of the distri-
bution of dislocation clusters in GaAs wafers. Work is in progress to im-
prove the spectral resolution by cooling the wafer specimen and the photo-
multiplier tube. Further comparisons of the luminescence radiation re-
ceived at each of the three pickup points are being made. Also work is in
progress to attempt to correlate PL features with device characteristics

such as threshold voltage and backgateing effects in MESFET transistors.
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GaAs wafer investigation by near-infrared transmission and

photoluminescence topography techniques

J. Windscheif and W. Wettling

Fraunhofer-Institut fur Angewandte Festk6rperphysik, Eckerstr. 4,
D-7800 Freiburg, W.-Germany

Abstract

Two optical topographical methods for homogeneity control of GaAs
wafers are presented. The first one (NIRtop) monitors the transmission
of near infrared light, while the other one (PLtop) records the room
temperature photoluminescence. The topograms are displayed as false
colour pictures of high resolution. By comparison a remarkable
resemblance for both methods is found when applied to undoped s.i.
LEC material. The two methods in combination are very useful for the
inspection of surface quality and of various technological processes
as annealing, ion implantation, activation and epitaxial growth of
thin films.

1. Introduction

Various topographical methods have been developed during the past few years to measure
the spatial inhomogeneity of s.i. LEC GaAs wafers with respect to almost an'. physical
property (Fillard 1985, llakone 1986). Of special interest are methods that correlate
different properties because they allow a deeper insight into the physical mechanisms that
lead to the inhomogeneities. Optical topographical techniques are especially useful because
they are fast and nondestructive and can, therefore, be used as a routine characterization.

The present paper concentrates on the aspect of correlating the two topographical me-
thods near infrared transmission topography (NIRtop) and photoluminescence topograph%
(PLtop). Both methods have been used by a number of workers separately (Brozel et al.
1984. Dobrilla and Blakemore 1985. Hovel et al.1986), but not much work has been done
to compare the two methods (Wettling and Windscheif 1986, Ltbhnert et al. 1986).

We have investigated s~i. LEC GaAs wafers, n- and p- doped wafers, MBE layers and ion
implanted layers. It will be shown that the two techniques in combination are a valuable
tool for routine characterization of GaAs material and also of technological processes as
etching. polishing, annealing, implantation and activation.

2. Experimental Set-up

Our experimental set-up was similar to that described earlier (Wettling and Windscheif
1986) but with some improvements. In short: The NIR topograms were performed by
moving the wafer perpendicular to a fixed illuminated slit and focussing the image of the
flit to a 256 diode Si detector array. Transmitted light between 1.18 and I 38 eV is
recorded, a spectral range where the optical absorption is closely related to the

1917 lOP Publishing Ltd
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concentration of deep donor E.2 defects (Martin 19811. The signal front the detector
arra, is transferred to a computer (IP 217) and stored line by line in a 256 x 256 data
file as lb bit integers. All topograms shown were recorded from standard thickness
wafers (0.3 to 0.5 mm).

In the PLtop experiment Argon laser light (514.5 nm, chopped at 500 11z) is focussed to
the wafer and the band edge luminescent light (870 nm) is recorded through several
filters b- a cooled SI photomultiplier. a lock-in detector and a digital storage oscilloscope.
The wafer is scanned by a computer controlled x-y stage. The data (512 x 512 pixels) are
stored in the same format as the NIRtop data in the computer.

two dimensional images of the absorption and the luminescence data are composed using
a false colour mapping technique. One-dimensional traces of absorption and luminescence
along a line through the wafer can also be extracted from the data. Thus a direct com-
parison of the to methods can easil. be performed.

In the following section we discuss topograms of whole 2 inch wafers (spatial resolution
100 to 200 um and of enlarged sections of about 15 x 15 mm (resolution 30 to 60 Pin).
In the NIR absorption measurements also a microscope can be used to record enlarged
images w ith a resolution down to I pJm. In this configuration the diode array is moved
while the wafer is fixed. Upon reproducing the coloured topograms in black and white
the different colours are represented as different grey values, It is emphasized that the
.oloured mapping, are much more illustrative and impressive.

Results

|or s i. undoped LW GaAs it %sas shown in a previous paper that NIRtop and Pl.top
mappings exhibit almost identical pictures of the macroscopic inhomogeneitv ("W"-shape)
a, well as of the cellular structures (Mettling and Windscheif 1986). This is demonstrated
in Fig I Areas of high absorption correspond to areas of increased PL intensity. This
can be explained bN, assuming that the 1l.2 center exists in the material in two charge
,tates. I1 20 and l 2*. Ihe I L.2* concentration is higher and therefore the EL20

concentration is lonker in areas of larger net acceptor concentration due to compensation
of the shallow acceptor stateF. As NIR absorption is caused by the EL2 0 states and an

Fig I NIR topogram (left) and P1. topogram (right) of the celstrai section of a s.i.
undoped LECI" grown GaAs wafer. The section is 19 x 19 mm- for NIRtop and
16 x 16 mm- for PLtop. Dark areas correspond to low absorption and low emission.
respectixely. The dark horizontal line in the right figure was .leached by repetitive
scanning 'ith the laser
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increased nonradiative recombination can be assumed to result from the EL2+ states the
observed correlation of PL topograms and NIR topograms is understandable. It should,
however, be recalled that the NIRtop measures bulk properties through the full thickness
of the wafer, whereas PLtop measures surface-near properties to a depth of about 200 to
300 nm.

Indium alloyed LEC grown wafers are, as expected, much more homogeneous than undo-ped wafers. In addition they exhibit remarkable differences in their topograms. Fig. 2
gives a NIR topogram and a PL topogram of the central section of an In alloyed wafer.
There is no cellular structure of the inhomogeneity. Instead one observes dark areas
which consist of isolated dots or accumulations of dark dots. These dots are dark also in
PL (in contrast to the situation in undoped material mentioned above). In NIR transmis-sion microscope pictures they show a higher definition than the more "cloudy" cellular
structures of the undoped material. This is demonstrated in Fig. 3 where small sections of
as-grown and In alloyed wafers are compared. It seems therefore that the inhomogeneous
absorption mechanism is somewhat different in In-alloyed wafers.

The PLtop technique can also be used to study the homogeneity of MBE or MOCVD
layers. In general. in PL topograms MBE films show larger intensity and better
homogeneity than their s.i. substrates (Hovel and Guidotti 1985). Fig. 4 shows two PL
traces of a 200 nm n-doped MBE layer and of its substrate after removing the MBE
layer.

It was recently observed that the PL intensity varies nonlinearly with the incident laser
power and that the PL intensity decreases (bleaches) with time upon illumination of one
spot of the wafer with constant laser power (Hovel and Guidotti 1985, Wettling and
Windscheif 1986). We find these two effects always in combination but not in all samples
that we have studied. Superlinear power dependence and bleaching of PL intensity is
observed in s.i. undoped LEC substrates, in In-alloyed s.i. substr es ang in high ohmic
MBE films with donor and acceptor concentration (Nd-Nal < 10 cm- .

• t,* ,.0. ,41 ,..
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Fig. 2 NIR topogram (left) and PL topogram (right) of the central section of an indium
alloyed s.i. GaAs wafer. Dark areas correspond to high absorption and low emission.
respectively. The dark horizontal line results from a crack in the wafer

V
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Fig. 3 Comparison of microscopic transmission topograms of "cellular" structures of a s.i.
undoped wafer (left) and "cluster"-like structure in an In-alloyed s.i. wafer (same wafer
as in Fig. 2), The measured section is 2 x 2 mm . Dark areas: high absorption

The two effects are not -or only weakly- found in n-doped and p-doped wafers and in
n-doped MBE films, as shown in Fig. 5. Therefore these two effects are related to the
high resistivity of material or to the midgap position of the Fermi-level, rather than to
the growth method. Further investigations are necessary to prove whether they are related
to surface states and band bending effects at the surface. As also shown in Fig. 5, a 200
nm thick n-doped ion implanted and activated layer shows a "mixed" behaviour, namely a
linear power dependence of the PL intensity up to 50 mW and a quadratic power law for
larger laser powers. This finding fits well to the other observations if one assumes that
the PL is generated to a larger part in the n-type layer (which has a linear power law and
no bleaching) and to a smaller extend in the s.i. substrate material (which shows a
superlinear power law and strong bleaching).

We have also used NIRtop and PLtop to study ion implanted layers in s.i. wafers before
and after activation. After implantation the NIR absorption is increased by orders of
magnitude in the implanted layer. The PL intensity is completely quenched after
implantation but it is recovered by thermal activation. After the activation process the

Fig. 4 One dimensional PLtop trace of a
z200 nm thick n-doped MBE layer (upper

trace) and of its substrate (lower trace)
to demonstrate the good homogeneity of
MBE layers. The PL intensity of the MBE
layer is four times larger than that of the

0 1. 2 3 4 substrate. The reason for the increase
DISTANCE 1cm] from left to right is not yet clear
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Fig. 6 PL topograms 7 a secjion of a wafer before ion implantatton (left) and after
implantation (Si, 5,10 'cm- I and thermal activation (right)
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original cellular structure of the wafer is observed again (see Fig. 6). It remains to be
determined to which extend this structure is due to the n-doped layer or to the substrate.
Furthermore, the PLtop can be utilised to monitor the homogeneity of the temperature
profile during the activation process. Details of the investigation of ion implanted layers
will be published in a subsequent paper,

4. Conclusions

The two topographical methods NIRtop and PLtop used in combination are well suited to
study inhomogeneities of bulk GaAs wafers and of epitaxial and ion implanted layers. As
the PLtop method measures a layer near the surface only it can also be used to probe the
quality of the surface preparation (polishing, oxide films) an( of technological processes,

It had been shown by several authors that these optically detected inhomogeneities are
closely related to structural inhomogeneities (dislocations, internal strain) and to inhomo-
geneities of electrical properties of the bulk of the wafer and of devices fabricated on
them (Nanishi et al. 1985). A detailed understanding of the correlation of all these
complicated observations is still lacking although progress in this field is very rapid. It is
hoped that topographical techniques will serve as powerful tools for these investigations,

5. Acknowledgement

The authors appreciate many valuable discussions with U. Kaufmann,
J. Schneider, H.S. Rupprecht, K.H. Bachem. RS. Smith and W. Jantz. The project is sup-
ported by the Bundesministerium for Forschung und Technologie.

6. References

Brozel M R, Grant I, Ware R M, Stirland D J and Skolnick M S 1984
J. Appl. Phys. 56, 1109

Dobrilla P and Blakemore J S 1985 J. Appl. Phys. a, 208
Fillard J P (editor) 1985 Defect recognition and image processing in

Ill-V compounds (Amsterdam, Oxford. New York Tokyo: Elsevier)
Hakone 1986, Proceedings of the 4 th conference on semi-insulating Ill-V

materials, to be published
Hovel H J and Guidotti D 1985 IEEE Transact. Electron. Devices ED-32, 2331
Hovel H J, Albert M, Farrel E, Guidotti D and Becker J 1986 in Proc. of the 4

th conf.
on semi-insulating III-V materials, (Hakone, Japan), to be published

L6hnert K, Wettling W and Koschek G 1986 in Proc. of the 4th conf. on semi-
insulating IIl-V materials (Hakone, Japan), to be published

Martin G M 1981, Appl. Phys. Lett. 39, 747
Nanishi Y, Miyazawa S and Matsuoka Y 1985 in Defect recognition and image

processing in III-V compounds (Amsterdam, Oxford, New York, Tokyo: Elsevier) p225
Wettling W and Windscheif J 1986, Appl. Phys, A40, 191



Inst. Phys. Conf Ser. No. 83: Chapter 4 203
Paper presented at Int. Svmp. GaAs and Related Compounds, Las Vegas, Nevada, 1986

Characteristics of deep electron-traps in Te-doped AIGaSb on GaSb
substrate

Y. Takeda, Y. Zhu*, and A. Sasaki

Department of Electrical Engineering, Kyoto University

Kyoto 606, Japan

Abstract. DLTS and C-V measurements of Te-doped GaSb and Al Ga Sb
were conducted in a wide range of x to investigate the characterx
istics of deep electron-traps and their composition dependence in
this alloy system. No deep electron-traps were detected in the

range OxiO.2 by DLTS measurement to the detection limit of nIxlO
cm . In the higher range of x, deep electron-traps were detected
and its concentration increased steeply with x and saturated. The
trap characteristics were found to be very similar to the DX-center
in AlGaAs.

1. Introduction

It is well known that a donor forms a deep electron-trap center, i.e.,
the DX-center, in Al Ga As with a certain range of x (Lang 1979).

Dominance of the deep eectron-trap concentration and occurrence of
persistent photoconductivity have raised much interest in the origin of
the DX-center from both view points of physics and device applications.

Many models have been proposed for the origin of the DX-center. As for
X of DX, As-vacancy was originally proposed (Lang 1979), and later, a
bond reconstruction between donor and host atoms (Kobayashi 1985),
crystal field formed with a mixture of Al and Ga (Iwata 1986),

association with L- or X-band (Saxena 1982, Chand 1984, Schubert 1984,
Mizuta 1985), band crossing (Lifshitz 1980), central cell potential of
donors (Yamaguchi 1986), and others have been proposed. A complex

formation with As-vacancy has almost been excluded from the origin
because it was found that the sum of the concentration of electrons
trapped by the DX-center and by the shallow levels was constant over
a wide range of Al composition (Watanabe 1984).

To understand the behavior of the DX-center more widely and deeply,
deep donor levels in other alloy semiconductors have been started to be
investigated (Tachikawa 1985, Nojima 1986, Watanabe 1986). Among them,

GaSb and AlGaSb are thought to be a good test material for those
several models for the DX-center. From the L-band associated donor
model, GaSb is predicted to have deep donor levels from its band
structure, and if it is the case, all the models which are related to
the constituent Al atom are excluded from the origin.

In this paper, we will report the DLTS and C-V measurements of Te-
doped G&Sb and AlGaSb Schottky diodes. No deep electron traps were
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detected in GaSb and Al Ga Sb with lower x(<0.2), but in the higher x
range, deep electron-traps wfth high concentration, drastic change in

capacitance with temperature, and persistent photocapacitance were
observed.

2. Experiments

GaSb and AlGaSb were grown by LPE at 4000C and 5000C on Te-doped n-type
GaSh substrates (Takeda 1984). Crystal orientation was (100) and the
dopant was Te. Czochralski-grown Te-doped GaSb substrates were also
used for the measurements. The behavior of amphoteric Si and Ge as a
donor would be interesting, but group IV elements are acceptors in this
alloy system, at least in the lower Al range. Al composition in AlGaSb

was determined by EPMA and double crystal X-ray diffraction considering
the lattice distortion. For the C-V and DLTS measurements, Schottky
diodes with Au as a contact were formed on GaSb and AlGaSb wafers. Al
composition was varied from 0 to 0.77. Conditions for DLTS
measurements are summarized in Table 1.

Table 1 DLTS measurement conditions

Capacitance Meter Boonton, 72B
Sampling NF, Digital Boxcar Integrator BP-10
Injection Pulse 0 V, 20 ms - 25 ms
Emission Pulse -0.5 V
Temperature 77 K - 300 K
Rate Window 27 s

-1 
- 215 s

-
1

3. Results

Electron-traps were not detected, to the detection limits shown in
Table 2, in Te-doped GaSb and AlGaSb with Al composition up to 0.20.
The energy range covered was approximately between 0.1 and 0.9 eV.

On the other hand, deep electron-traps were detected in Al Ga Sb with

x>0.20. A series of DLTS signals for electron emission arf sAwn in
Fig. 1. Half widths become larger at higher compositions and at x-0.7
double peaks were observed. The ratio of the electron-trap
concentration (Nt) to the shallow donor concentration (n) increased
steeply in the composition range from 0.2 to 0.5 and then almost
saturated at higher compositions. These data points are plotted in
Fig. 2 in conjunction with reported band structures (Cheng 1976,

Alibert 1983).

Table 2 In this composition range no deep electron-traps were detected
by DLTS to the detection limits shown in the parentheses.

Aicomsition LEC LPE LPE LPE LPE
(EPMA) GaSb GaSb 0.07 0. 18 0.20

* (cm 3 )
*t RT ' 2xlO

17  
3x10

1
7 1x1

1 7  
lx

1
0 6x10

Dtection limit Not detectsd Not detecte Not detectd Not detected Not detected

(cm
-3
) ( 10 

13  
2110

13  
) 431013 ( 11013 ) ( 1i013

m, n.mmefnm nnnmtmMltn•" ~
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Fig. 2 The Al composition dependence of the ratio N /n (deep electron-
trap concentration to shallow donor concentration) is superimposed on
the reported band structures. If the deep electron-trap is the donor

level associated with the L-band, it should be detected .ven in GaSb.

In both band structures the r- and L-band cross-over is at 0.20. Deep
electron-traps were detected beyond this composition.
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In Al Gai Sb Schottky diodes with higher x, several characteristics
related o deep electron-trap were observed. Figure 3 shows a DLTS
signal observed in a Schottky diode of Te-Al Ga^ 6Sb A large peak0. b
of AC and a long injection pulse width (20 mil required to fill the
traps are observed here. In the Al Gal Sb diodes with a lower x than
0.4 the activation energy for thermal electron-emission an43 crols
section of the trap were calculated to be 0.39 eV and -.10 cm
respectively, and at x higher than 0.4 the activation energy for
thermal1olectrotemision and cross section of the trap were 0.49 eV
and 10 -. 10 cm , respectively. The activation energy for
electron-capture was obtained as 0.30-0.32 eV at x-0.4 and 0.38 eV at
x-0.6, from the C2 -DLTS during the injection pulse and from the
injection pulse width dependence of AC.

A temperature cycle of the Te-Al ga0 6 Sb diode capacitance is shown
in Fig. 4. Increase of the capacitance by light illumination and
persistency of the increased capacitance are quite similar to those
observed in donor doped AlGaAs (Lang 1979).

4. Discussion

In our experiments deep electron-traps were not detected in Te-doped
Al Ga Sb with x between 0 and 0.2. Gouskov et al. reported twoX1-x
electron-traps with thermal activation energies of 0.145 and 0.39 eVJn
Te-ddped Aln 1Gan 8Sb, though the concentrations were low (N /n%10
(Gouskov 198S n e we are now interested in the origin of the
DX-center of which concentration is quite high, we neglect a low
concentration electron-traps. If a donor is associated with the L-band
to form a high-concentration deep electron-trap, even GaSb should have
an electron-trap like the DX-center since the energy separation between
the r-band minimum and the L-band minima in GaSb is as small as
0.078r,0.0919 eV (Neuberger 1971) and the density-of-states effective
mass (0.7m0 ) (Neuberger 1971) of the L-band of GaSb is even heavier
than that of Al0 45Ga0 55As (0.6m.) (Casey 1978). The result appears
to deny the L-bafd assciation model of the DX-center. The band
crossing of the r- and L-bands has also nothing to do with the
DX-center, since electron-traps were not detected at x-0.2 where the r-
and L-bands cross. However, the steep increase of the deep
electron-trap concentration was observed near x-0.4 where the r- and
X-bands cross.

In the higher Al-composition range, high density electron-traps were
detected and most of the donors were found to form deep levels. Such
characteristics as differences in the activation energis for the
electron-capture and emission, the slow capture rate, the temperature
dependence of capacitance and the persistency of photocapacitance at a
low temperature are very simiar to those observed for th DX-center in
AlGaAs. Other characteristics such as persistent photoconductivity and
anomalous composition dependence of the thermal activation energy of
free electrons should be examined to prove the detected deep traps to
be the same as the DX-center. The conductivity measuremnts and Hall
effect measurements are not easy for AIGaSb since a semi-insulating
substrate is not available. In bulk crystals of Te-doped
Al 1G.Oa .69 Sb, persistent photoconductivity was observed (Konczewicz19W uo

=. = = = mna~mmmll~nl n [ l lm
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5. Summary

1) Deep electron-traps were not detected in Te-doped GaSb and
Al xGa xSb with x up to 0.2.

2) Deep electron-traps were detected in Te-doped Al Gai Sb with x
beyond 0.2, and its concentration increased steeply and saturated.

3) Considering the composition dependences of the electron-trap and
band structure, the deep electron-trap is not formed simply by the
association with the L-band.

4) In the higher x range the activation energy for thermal
electron-emission was 0.49 eV and that for electron-capture was 0.38
eV.

5) Thermally stimulated capacitance and persistency of ti'e
photocapacitance were similar to those observed in donor doped
AIGaAs.
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Correlation of sitructural, chemical and optical properties of GalnAs
quantum wells

Ili ti I I it -av I F. Foa t .t. A Re jatv and S I HaRosner*; D.
Bi1 it~ F,' ad 1) ac FtI

k*IleWIt t 1%1' kald ll'at' es. (iC [Xc Ni Lal,,k Road, P'ala Alto. :A Y-a304

I nt Itat Itat fast aaa 1paaa r, ik. Iv- t:aIsc ta tativ.sa'atat Bl-r Ia.
liaada-aaaa.,s"t lass, It, I Betc lift 1". (rlai

Attx at, t Optital spectra art eco rrelat ed with st ructural ad chemical
paaape ut ias in atCa As qajtarttaa w- I grown btatweena W and Al InAs
1,aaia-as lay tganoa meatallicI vaporo phase epitaxv - Thick (3 microna)
Ia-.ers, of Al IatAs antd tGalaAs Lit t it t,- maatctaedt to lad-' ara- also studied anad
aelaibi t nl- araaadaam di st riloat tons (at At oaad la uapon thle Coluam Ill
stab- lat t it-, it Al laaAs , tl pet aia-u coatpos " it Ioaa dal uuat is fit
tUaltAs,

I I t r odak c t iota

Experimheta maIaethods for dt-t aaaalaaiy t. lie detai le v ffect s of structural
azad claeaata propert ies ott lcciwittaiat iaaa spectrna ia quanat um well systems
have hi taertu bee lacco akiang. In tai s paper,- we aeport anew methods faa
ianvest igatiaag t hes'. as-at iaaaaslal . aoal report oan correlat inns of opt ical.

s rtat aa~al andl thiatata -l pla-lelas in ;aInAs qtaataaa Wel1ls grown betweena
Int aaPad Al laAs batr ia-as lay aagatao -ltat a Iic vapour phase epitaxy (OIPE).

2. Eaa-a i aO-tal

Samtples Were gasawtt11 la tlll0aSpalaliL paasstle OMVPtK (atagaai -aaethtaa' soutrces
for tiley Co ut IIl e lemernts ad .arsinae and pios plaine Orta the C;olumn V.-
Urow t r ateas werte oaf thew ordera of 4- An gstaroas /se I( a Or tat-v c omnpounds
anad 2 Aaagst roats/sae lta laat'. - al aAs/AlInaAs St rUtaaLaatS were jcrown at 64(0 C
oia lit, stabstrate-s witha saartace ataraaaalIS orieaated to1 withaian 11.2 degrees of

1 ()1 j (as atraS-aoc h%' X - aa'. adliffracdt io , aaat G(al As.'Int aa t rtactutaes were
garawaa oafa I aip waf (as whoase start. a-tatrtlaas wer. rat at ed hav 3 degrees trota
[100J , alsa at a telaaparatt Ira tat ia4ll C. All teiratry al laas weae nmital lv

gaoni withI caaaapos it iaaas stach taat their a-lattice paraamtaaters aaaat ched thtose
oft tha NPt sublstraat e. Tis was coaaatit Or NO (aee I aaataaaa) layers tol
atn acattaxa a <' 0. 1* aver.age lat t ita aai smatch hay X-vaav tiff t act irn. Thle
coar-respondlin tl ltlipls it inoias alar - 4 t/1(- ~3 sand All).- 481n t ,,As.~

MAtoait- cca e st rutu tra Imaeastaremaenlts of qalatatumi well s tic tu(re were made
tby careful aaaaivsls aad qant ificat iona of haigha retltat Iotalt ranasamissiona
electro mat iacroscoape ( IIRTEM) Ilatt ice images.- It is well ktown thlat for the
special case of art ext eata ttala peritodi c speci meal, imaged at arn (aptlaaum
elect a-oa tl rarsope (alaI jet1 I vv I eras dle flacts , tiae i ma ge iaait enls i t y i s
rr-(pt itarla I - - t lae c rystal I putel ia I priaje(-t"d a I ag t he elecvt ron heat

direct inn Ir tawime lnea spatil I reqtutu-ies less tha"a t the ml c roscope
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pioint r" point It-soilutio ,, ~si-I' 148 1. irhiis with accurate
qiat titiit m ot HIRTEM imuage inivils itivs , there is: Chemical. as well as
st i'It iii iit"Iiuut 1ionl jiliei,-ii ill tile illage. Under More general
cspt-Ilirnilit .11 'onijt ions. espi- i;IIIv inl tile presenlt case of a potent ial
di-sit iliiv it il ilit ef .ni- it is ilicessari' to accutrately calculate the

p- in tii i-at i(Ii and i ist ilunt-tit al transfer tunict ions using a numerical
T, , niqut - wn.t os !h,- inuft is i- me-t hiid Wtoodmani and Moodie, 1974). In
tifs WI.'ii-,,- id lv talv-.'I tile rangei of expeiiueital conidit ions uiidet

wt. I ,It tit Oti \pit IjaIill .1 imIai f- ,mI Ild b.Ie ilated t o the chemistry and
-21U r t tie pi hilt-il A-iitt lieijiiitifit lii of image intensit ies

I't. IS l t (11 il-I 1 5 lli I, I "ittii1itly, ili rode li it omet er, as iindi cat ed

sIt,-ii.it Iii .1 1 i Il iegili I Bv. i-t aed scinnuing of iifferent areas of a
Vii tilliii- wit.d-i ii.d iii tt illt~iion fict ions of well widths aiid

A2 A

Position

-vI R.ii 1 . 0 i. sn i i-i . li - iiPv Em i.T ti- %t rn%-t i,-I. image iof a (it 1 lIAs
f- u n li wt- I I -!wt -- AlI litA'ik I ii I ,. ' ill Ii'sp ii tig, i i ,detsli toiuietet'

it lit i 1.-',- .it , I. i---z It -. It ru-iI01-s wi tti At InA% harriers wer-e
-I i tt ( it I hiF 111i i t i Vii I' J . , t , B( Ii-I i i isii itii,h 0'.1 tim line of a

w Fli' lasei , witfh (xciit iot1 ilitelsit i vs ut I I '11 W-cm .N PL spectra of

fitirl it ilI st illt I' wi-ti , lilri td it tlewlit t Packaird Labnoratories also
1114,' ! 1). iii r i l ii. t i t w F1 I-i i. it mi excitiat ion intetisitY of 0.3
.it. I'l ii- .s ,i I I ,, i' ,t y,- Ii git ing% andt spect rometer tresponise wetre

p.I tiul-it-di

Pitj iif i hI-s ;it t.-Iiij . PBS' ,was pu-iforineit usiug 21.) MeV He' ions .
ifpl itiu' t thinI I A, - piuitittim well Is bet weIl In? baurriers wer-e

dv t Pi-ul 14-dI "-. 'i, t I.Iii, If t Ii- i.i-kgroinud lI I s ignttalI giving a
mu-i-i~~ u-uit i t ii-iit i-i it- i-t imiihii it (;,I and As atoms per uinit area.
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This number was then converted to chemical composition by reference to the
quantum well width measured by HRTEM.

3. Results from- Auant urnwell structures

Figure 2(a) shows results from detailed HRTEM investigations of three
samples each consisting of five extrem~ely thin (< 30 Angstrom) GalnAs
quantum wells between 200 Angstrom Al~nAs barriers. The well widths
within a given s-imple Were nominally identical, hut varied from sample to
sample. Experimental points are derived from combinations of Pt. and HRTEM
measurements. The thieoret ical curve corresponds to the solution of the
Schrodinger equation for n=l electron - heavy-hole transitions in a
one -dimensional finite square quantum well. Effective mass and band gap
parameters used are for iaInAs : zone center effectilve mass: 0.041m0
(electron). .4

7
0 (1k-axv hole): b and gap (OK): 0.811 eV: for AlInAs : zone

center effective mass ti.0'm() (electroni). 0.62m,0 (heavy hole); band gap
O4K) 1 .55 e%' . whtere lit( is thle elect ron rest mass . The conduct ion band
di scont inui tv used wais '0t and thle cunf incement ener-gy dependence of thle
effect ive mBass in] the- GLalnAs Well was calculated as by Welch et al (1986).
with thle equat ion in> E 1 mk0) I+2aEj where m(kO) is the zone center
effectivye mass and a is I . 1 3' for elect rons and 0. 346 for holes. Although
there is uticertaint; in some ot these parameters (part icularly the hole
effect ivxe masses ind the conduict ion hand di scont inu it y) we note a
reasoniable quatit itat ive agreement between experimental measurement and
theoretical predictions of peak recombination energy.

a b
GalnAs AlnAs

Isf-i GalnAs InP

14W- ir 13-

P L P1L
Peak 12-Peak 1.2-

.

o9h 09 .

10 20 5b 40' 5 60 20 40 60 SC 100 120
MeaSS~ed Well Wdth IA tail.surd wev wimh (A)

Fig. 2: Theoretical calculat iotts (shown by dotted linies) of n-I1 electron-
heavy hiol' eoeimbtinat ion i-tieirgies at 4K fnir Gal nAs quant on.wells between
(a) Al IntAs harriecrs and ith) I nP barrilers. Inrput paramet ers are given in
thle text . Experimental measurements (firom PL anid HRTEM) are shown by
siqoates - withI eriror bars.

Fo r Ca I tA s!/ I iP (platit uti we I I samples,- we ft id a sna 11I svstematic

disi-repaiu-v bet wei exper iment al P1. aiiid HRTFM measurements and t heotret ical
predi it 1 us of recombi inathi en ri-gies in tHatm. as shown li Figure 2(b),-
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theoretical calIcul atioits gen-i ally imply a slightlIy higher recomnbinat ion
eiiergt thli we ijicasur- . ll, ta) tAs parametecrs used inl this calculation
are thle samte as I host, ust-d it Fig~ure 2. for id-' we use: effective mass,
0.0805111i", I-t1, runll ili'lin 0  titeaVV hole): hand gapl, 1 .42 eV . The
conidutitrion lpin listii n our jil 1 vt was t akein as 40*. -'T'e 4K Pl. hal fwidths of

hese iajtiillts tre intf lii lowest reported, varvittg froni 8 ine-V fur the
10)3 Anrstiloini well to .'( we%* ittr the it) Angstruon well . Note that these
sitinctotis ctl aited a Singlet (Ut I iLAs quantuin well,

Titis apparent sl ighit di sirn-pant v e tweelt thieory and experienit could be
modified~ by ilsitig a sigititicaitiv lower coitductioi band discontinuity
and, 'or much higher quatiruin well ci tea ive masses (these parameters have
Conlsiderahl' experimlicntal tkai ~itaiilts) , hilt we also wanited to investigate
wite tihe' r etinpos i t i otna I eiftect s coul d rec'onc ile experiment and theory.
Comptosit ions of rthe tlt i eke.: well s were ineasurid Using the RES and HRTEH
techittIques oiut I flied ill sect iont '. vie Idi ng tot samples indicated in Figure

2(b) Wiith inn-all Wi-I I hicktilcsses oh 5a and 1.03 Angstromns, Ili concentrations
ttf 224+-2 and 24s-1 i atomic pn- in'ltt respectively. assuinrg perfect square
well prof i In- Tiis appt retil Ini defic it with respect to the
l,,t tifc t-i~tt-i cottmpotsit ion ttf '( ' at omit' percent It might nelate to
el ither (i a torte spttittittgi n;,t ilit lease, i.e a (;axl ,As alloy with x

gra t I il th-ei '..- Vitn-li t lr I't ice matching to IllP (note, however
rthat tihi s wou In p it oduc v a Ii i ghte r qunttuin well band gap. alid thus a higher

teohni l 4o n-Inn I dN W-i l olA Ic ease- the discrepancy between
i-sl insi-lit att) tietr', ntr( i i I anl et-ess of As, with r-espect to the
exan-t IV- tin* atittti ct-t itt rat iton n-xpect ed for a perfect square well
prof le. tw iist-ti hv tin As lta Iilt into (lie imP barrietr marial , due to
nitit-ahitmt switIchirg tf rte As source.- Titis could result in apparent
excess oh bth itit aind ti-i il the quanitumi well if a petfect square well
profile is assiumed. Micintdemsitometer traces of HRTEM- lattice images of
GaltimAs I riP striuc Itires ith ioitdIca'c slirght deviat ions from square well
pm roti I-vs Wt, art' c'iri ciit Iv i vest i gat i utg whtetlher these deviat ions in the

aat tin wc-IlI piutf ile n-aul lectlci le experiment arid theory.

,4. Rn sitrs fio Thick 1 i m~icrii) Fpjtaxial Ternar Layers

Inl t forhttt tot bet let tiinetand thin f i lm structures, we decided also to
stmn,; t hickeri tern~trv Ilavers lar t ice-matched to In? substrates, such that
radtiat ivi- r.-n'imhinal i, o iii rthe tertiary layers was essent iai ly bulk- like -

Ili pairr i culi .r -w- wc re iotlirei-s ted iii resolving the discrepancy between PL
hal fwiiiri measulremnt , Iti t hese th icker layers: low temperature PL
ha Itw il its. iti iG I tAs I an- rcis lte~f heeii measured to he as l ow as 1 . 5 meV at

I " K yC1 . . ' t1 i I . 1 i'09, i w IIt IIi is c-ttse t' ofi- (iteoe re t le 1i itimi t , wh il1st
n-nrr e spi..i1(tiq i 1',' ha1 fi w il its i it I it i i-k Al I I hAs Ilave rs htave bee-i oft the otrder
ofi '0- W Int-V

S tI IittI olI~i a 'lt
1  

Itleinit I 11 s ( odin s "I t I mv,: e th incker lIaye rs tevealed
S iglil f it-alil e iii its l Ioinl tiiidtii nIl st r ihnt i ons of at omls ove r the Column
Ill suilatt ice. lo it hritVk AlIlIitAs l avers , i t was found that al though the

tevrnlary .. timpiimiti W.I- I . I v; liltt itne -ma t cite
1 

tott lie subs tra te ( from X -ray
d i t frai t i on i .t ht-e wits a luh diisi ty (ahititt lU'/1cm2 ) of crystalline
tinfe-i-Is. Also. c- cltilt ti ia t-lion inidicatedt a non-raidom distribution
of Al a t lit iltw- Minili tiimtni g plienomninia have been noted in other'
teiiar' Ill V ii I,,.s (, r. Eiit vt ill' 198); len et al, 1986). In this
wtoik. pI-li-ivw (-li-.t iirt d i I fi att l (i.e. eetront ibeam parallel to
g'riiwt i1( i in- ti ot I) li-ea Is oriituIg v nioj f Al ar] Ili atoms out alternate (110)

pae-.as ilicm-t ni ; livlii- stroniig appearatn-e of the forbidden (110)
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reflections in the electron diffraction pattern of Figure 3(a).
Diffraction patterns recorded in the cross-sectional mode (electron beam
perpendicular to growth direction), show ordering of Al and In atoms on
alternate (111) planes as shown by the electron diffraction pattern of
Figure 3(b). A similar phcnomenon, with two different ordered phases in
the same material has been observed in OMVPE-grown GaAso.5Sbo.5 (Jen et
al. 1986).

a .

, 9-

bl

X It
1 1

1

Fig. 3: Electron difiraction Fig. 4: Cross-sectional TEN [4001
patterns from a 3 micron laver of dark-field image showing periodic
AlInAs, (a) plan view along [10ttt. compositionIal ,odulations (arrowed)
showing extra (110) spots (arrowed) along the [100] growth axis of a 3
(b) Cross-s-ctional along ,-011 micron layer of ,alnAs on an InP
showing extra 1/2(11) and 1/2)11 ) substrate. The fringe contrast
spots (arrowed), rutning at an angle to the sides of

the image is due to specimen
thickness effects.

Cross-sectiontl electron diiraction patterns of 3 micron tUalnAs lavers
exhibited no ordering-related electron diffraction spots. A weak periodic
modulation itt image intensity was toted, however, along the growth
direction with a mdulation wavelength of about 2000 Angstroms (see Figure
4). It is diffi .,1t to quant ifv ttis periodicitv it terms of a
compositional modulat ion. but the observed variations in image intensity
probablv correspond to chemical variat ions of the order of a few percent

• . I + • I IIAI-
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change in Ga and in composition. RBS also revealed shorter periodicity
variations near the surface of the ternary layer, with a periodicity of
approximately 500 Angstroms and a chemical modulation of about +- 1% Ga or
In concentration. No comparable fluctuation effects were noted in TEM
measurements of AlluAs layers. These apparenL composition modulations may
arise from periodic variations in the OMVPE source temperatures during
growth.

These structural effects do not appear to give a definitive explanation of
the difference in bulk recombination halfwidths in GalnAs and AlInAs
layers. Compositional fluctuations of the type illustrated in Figure 4
might be expected to affect spectral broadening, depending upon the
modulation wavelength and amplitude, but no evidence for such fluctuations
were found in the higher halfwidth AlInAs material. The existence of
Column III ordering in AlInAs might produce an additional broadening
mechanism if the degree of ordering varied iom point to point in the
sample (we have evidence of this from electron diffraction), and if the
band gaps of the ordered and random materials significantly differed.
Atomic relaxation and stress around defects could also produce a
broadening mechanism. Finally we note that electrical measurements
indicate significant impurity concentrations in the thick AlInAs films (of
the order of 10

16
/cm2 using Van der Pauw, and 10l

7
/cm

2 
using C-V

techniques), which might also be expected to produce spectral broadening.

5. Conclusions

Unified measurements of the structural, chemical and optical properties of
GalnAs quantum wells have enhanced our understanding of these materials.
For GaInAs quantum wells grown between AlInAis barriers, we are able to

reconcile experimental measurements and theoretical predictions of peak
recombination energies. A slight systematic discrepancy is noted between
experiment and theory for recombination energy in the GalnAs/InP system,
which is consistent with evidence for non-abrupt switching of As during
OMVPE growth. Studies of thicker ternary layers have revealed
non-uniform distribution of Column 1II atoms, specifically ordering within
the unit cell in AlInAs layers and periodic compositional modulations in
GaInAs layers.
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Photoluminescence studies of single GaAs quantum wells with extended

monolayer-flat regions
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Abstract We present low-temperature photoluminescence (PL) and excitation (PLE) spectra for
single GaAs/Alo.37Gao.63As MBE-grown quantum wells for which growth was interrupted at each
interface for 2 minutes. The multiple lines observed in PL and PLE are ascribed to free-exciton
emission from extended (> 300A,) monolayer-flat regions of the wells differing in thickness by one
monolayer. The individual lines are the sharpest and best-resolved ever reported for narrow wells.
The remaining inhomogencous widths place limits on the range of alloy fluctuations in the barrier
material. Systematic differences in the relative intensity of the multiple peaks in PL and PLE
spectra point to rapid lateral transfer from narrower to wider regions of the wells. PLE spectra also
imply efficient transfer of excitation through the 300A barriers separating individual wells. Lower-
energy bands due to lightly-bound excitons are also observed, indicating a slight increase in neutral-
acceptor incorporation.

I. Introduction

In some cases the photoluminescence spectra of GaAs quantum wells exhibit a multiple peak structure
associated with emission from extended monolayer-flat regions which differ in thickness by single
monolayer (ML) steps, 2.83A. Although structure has been reported in continuous-growth samples
(Deveaud et al 1984, Goldstein et al 1983, Reynolds et al 1985), the use of growth interruption at the
heterointerfaces has been shown to enhance this structure (Bimberg et al 1986, Fukunaga et al 1985,
Hayakawa et al 1985, Juang et al 1986, Miller et al 1986, Ohta et al 1986, Sakaki Ot al 1985, Tanaka
et al 1985, Voillet et al 1986), presumably by allowing additional surface atom migration to smooth out
local roughness. In this paper we present low-temperature photoluminescence (PL) and
photoluminescence excitation (PLE) spectra of interrupted-growth single GaAs quantum wells in which
the individual lines of the multiplets are the narrowest for a given well width and the best-resolved
reported to date. The narrowness and clear separation of the monolayer lines permit an unambiguous
identification of the transitions involved, and provide new information on inter- and iatra-well energy
transfer within these structures.

2. Samples and experimental results

The samples were deposited at 600'C on a (100) semi-insulating GaAs substrate in a Gen II MBE
station. The interrupted-growth sample consisted of 4 single GaAs wells of nominal widths 100A, 50A,
25A and 15A grown in that order and separated by 300A barriers composed of AI0 .37 'ao.63As. A buffer
region consisting of 5000A GaAs followed by IOOOA Alo.37Gao.63As was deposited on the substrate prior
to the growth of the wells, and the top well was capped with 1000A of AIo.37GaO.63As. The growth was
interrupted for 2 minutes at each well/barrier interface to allow smoothing of the surface. A reference
sample of identical nominal structure was deposited under the same growth conditions, but without
interruption at the interfaces. The PL spectra were excited with an Argon ion laser operating at 5145A,
and detected through a monochromator with an SI-response photomultiplier using lock-in techniques.
Excitation power densities were varied over 6 decades from 10 MW/cm 2 to 10 W/cm2 . A tunable cw dye
laser was used to obtain the PLE spectra. For all measurements the samples were mounted in a
variable-temperature cryostat.

(c 1987 lOP Publishing Ltd
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In Fig. ia we contrast the cw PL spectra of the interrupted and continuous-growth samples. While the
latter exhibits a single broad line for each of the 4 wells, the spectrum from the interrupted-growth
sample consists of pairs or triplets of much nprrower lines for each well with individual components
associated with monolayer-flat regions differing in width by I ML. The estimated thicknesses in ML
units are given in the figure. A comparison of the linewidths (FWHM) for transitions attributed to free
exciton emission are plotted in Fig. lb. Even in the absence of local surface roughness, variations in the
confining barrier heights will still exist due to local compositional fluctuations in the barrier alloy. The
linewidths of the three narrowest wells provide a consistent upper limit of Ax - 0.006 ± 0.001 on the
range of alloy composition within the diameter of the exciton, which is thought to be - 300A (Miller et
al 1981).

Free-excton and defect-related PL lines were distinguished on the basis of PLE measurements described
previously by Miller et al (1986). Figure 2 shows PL and PLE spectra for the single well of 50A
nominal width in the interrupted-growth sample. The PLE spectrum was obtained by monitoring the
emission at the low-energy side of the peak labeled D in the PL spectrum. Substructure associated with
the ML steps is evident in both the light- and heavy-hole regions designated Ell and Elh respectively.
The absence of PLE signal in the region of D itself as well as the quenching of this line by 20K indicate
that it is due to a lightly-bound exciton. The other two PL lines are attributed to free-exciton
transitions, and we estimate the well thicknesses to be 21 and 22 ML. A very weak 20 ML line is also
observed, but is not evident in this linear plot. Any Stokes shifts between the free-exciton PLE and PL
peaks are smaller than the 0.2 meV resolution of the measurements. Such small shifts are again
consistent with the absence of short-range surface roughness. For comparison, a 2 meV Stokes shift is
observed in the emission of the equivalent well in the continuous-growth reference sample.

A significant difference between the PLE and PL spectra is apparent, however, in the relative strengths
of the transitions associated with different ML regions. The emission is consistently weighted more
heavily towards the lower-energy peaks in the multiline spectra. Since the PLE spectra provide a
measure of the fractional area of each ML thickness region within the exciting laser spot, this shift of
the intensity to lower energy lines reflects rapid lateral motion of the excitons to wider regions of the
wells. Presumably it is the same lateral motion that leads to significant Stokes shifts in quantum wells
with short-range surface roughness, but is more readily identified here where there are discrete and
well-resolved emission lines associated with different spatial regions in the well.

- CON';NUOUS GROWTH

-~TC NTERRUPTED GROWTH

20C

6
ENEPG' (ft)

PEAK ERG (60

Fig. I. Part a displays a comparison of 6K photoluminescence spectra for an interrupted growth and a
continuous-growth sample grown under identical conditions. Both samples contain 4 single GaAs
quantum wells of nominal thicknesses 100A, 30A, 25A and 15A between 300A Al,,Ga,63As barriers.
The interrupted-growth sample shows multiple narrow PL lines corresponding to recombination in
monolayer-flat regions larger than the exciton diameters which differ in thickness by one monolayer. In
part b the observed linewidths (FWHM) of free-exciton transitions are plotted versus peak energy.
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2E I

1-E 1. Fig. 2. 6K photoluminesence emission and_ 2 zexcitation spectra for the 50,A nominal width well

in the interrupted-growth sample. The PL
2 2 20 spectrum exhibits 2 sharp lines attributed to

recombination in 21 and 22 ML thick regions,

PL and a third line ascribed to a lightly-bound
2, exciton. Substructure associated with ML

thickness differences is also evident in both the

heavy hole (Eb) and light hole (Ell) regions of

the PLE Spectrum.

The '~R0 62

The relative weight in the PL lines is also a function of the excitation intensity. This is apparent in the

6K PL spectra displayed in Fig. 3a which span 6 orders of magnitude in laser intensity. The two

emission lines at - 1.765 eV and - 1.79 eV originate from the narrowest well of the interrupted-growth
sample in regions we estimate to be 7 and 6 ML wide respectively. Although excitation spectra imply
that the well is predominately 6 ML wide, the 7 ML line is consistently more intense in emission. The
magnitude of this discrepancy depends on laser power, and is greatest at the lowest excitation densities.
Higher intensities and higher temperatures increase the relative emission intensity from the narrower
region. As shown in Fig. 3b, however, 1I/I, does not continue to grow as the laser intensity is increased,
but saturates at a value well below unity.

The relative strength of free to acceptor-bound exciton emission also depends on laser intensity. In
Fig. 4a and b we display semilog plots of the 6K PL spectra from the two narrowest wells of the
interrupted-growth sample, nominally 25A and ISA wide, again over 6 decades in excitation power. The
25A (ISA) well spectrum shown in part a (b) exhibits peaks associated with 10-12 ML (6-8 ML)
regions. Evident in the 10-12 ML peaks is a low-energy shoulder on each line which grows in relative
strength as the laser intensity is lowered, and eventually becomes the dominant emission at the lowest
powers. This emission is presumably due to a shallow defect which becomes saturated at higher
intensities. This behavior is less well resolved in the spectra from the narrowest well shown in part b
because the lines are slightly broader.

It is tempting to ascribe the change in the relative weights of the monolayer lines with intensity to a
similar process. Namely, if one considers the wider parts of the well as "traps", for the excitons, then at
low temperatures and intensities most of the excitons will recombine at these sites. Raising the
temperature will allow thermally excited release back to narrow well regions and enhance the higher-
energy lines, as observed. Similarly, since there is a somewhat smaller fractional area of these wider
regions, they will saturate at high excitation densities and their relative contribution to the PL spectrum
will be diminished. The analogy breaks down, however, in that the relative intensity of the higher-
energy 6 ML line does not continue to grow with additional laser intensity, as it would if a simple
saturation effect were responsible. Apparently the source of the branching ratio involves other processes.
Since the change in the relative weights of the lines occurs at about the same low intensities as the cross
over from defect-related to fre-exciton emission, a more complicated interplay of defect-trapping,
energy-transfer and recombination rates may be responsible for this behavior. One posibility is that the

main recombination channel at low intensities involves free holes in the well donated by acceptors in the
barrier layers. These holes have a relatively long timt to thermalize, and will thus reside almost
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Fig. 3. Excitation-density dependence of the relative strengths of the 6 and 7 ML lines of the narrowest
well in the interrupted growth sample. In part a the spectra are shown over a range of 6 decades in
laser power. The peak heights have been normalized to the same magnitude. The ratio of intensities.
16/17 is depicted in part b.

exclusively in the wider parts of the well. This model explains in a natural way why the onset of
increased PL in the narrower region should occur when the optically-excited carrier population becomes
comparable to the acceptor density.

Luminescence due to recombination in one well can also be excited by absorption at higher-lying states
in other wells. This is evident in Fig. 5 where we display a PLE spectrum obtained by monitoring the
emission from the widest (00A nominal width) well in the interrupted growth sample. Individual ML
lines are not resolvable in this well, and the only transitions associated with this well which appear in
this PLE spectrum are the n - I light hole (EIP °A) and n - 2 heavy hole (ElbA). The other lines
present in the spectrum replicate absorption peaks observed in the PLE spectra of the narrower wells.
The peaks in the region enclosed by the dotted box are identified as the n - I heavy and light hole
absorption lines for 20-22 ML from the 50A nominal-width well. Those within the dashed box represent
absorption in the 10-12 ML regions of the 25A nominal-width well. Since these additional peaks
compete quite favorably with those associated with absorption in the same well, it is obvious that inter-
well energy transfer is also quite efficient. Given that the intervening barriers are 300A thick, it seems
unlikely that a single-step tunnelling process is responsible. It is more probable that defect structures
such as dislocation chains between the wells act as effective channels for this migration. Note that a
radiative transfer process cannot be invoked since the 100A well is below the narrower wells in the
sample structure. Absorption in the narrower wells reduces the laser intensity reaching the wider well,
and light reemitted by the narrower wells can only partially compensate for this loss. Thus photon
recycling between wells cannot be. responsible for peaks in the PLE spectrum. Although to our
knowledge such effective transfer through thick barriers has not been reported before, we do not
necessarily consider it a signature of interrupted-growth samples alone. We suggest that these features
are merely easier to identify in this sample due to the narrowness of the transitions in the absence of
short-range interface roughness.

Figure 6 shows a more extended PL spectrum of the narrowest well measured at 10 W/cm 2 excitation
power. The semilog format highlights additional weaker structure in the spectrum. A lower-energy
free-exciton emission associated with 8 ML-wide regions is observed with an intensity almost 3 orders of
magnitude weaker than that of the 7 ML line. There is evidence of an unresolved defect-related line
under the high-energy Boltaman tail of the 7 ML emission. This defect emission is apparently
associated with the 6 ML regions as it is quenched in the same laser intensity range in which the 6 ML
free-exciton line is lost. Additional weak defect-related structure is evident above and below the 6-8 ML
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Fig. 4. 6K PL spectra as a function of excitation density for the 25A (part a) and ISA (part b)
nominal-width wells of the interrupted-growth sample.

multiplet. The high-energy shoulder at 1.805 eV is approximately 10-15 meV below the position
expected for the 5 ML free-exciton line, and we attribute it to a defect-related transition in the 5 ML
regions. In fact, it is probably due to the same defect responsible for the unresolved line between the 6
and 7 ML peaks which also lies - 15 meV below the associated free-excition line, in that case the 6 ML
peak. The lowest-energy peak, also labeled D in Fig. 6. is again attributed to the same defect, in this
case associated with 8 ML-wide regions. The equivalent defect line for 7 ML would fall close to the
same energy as the 8 ML free-exciton line, and the peak marked "8" may contain contributions from
both sources.

The presence of a defect line associated with 5 ML regions, while the equivalent free-exciton line is
absent, indicates that the trapping rate at these sites competes favorably with the transfer rate to other
parts of the well, and that both are quite rapid in comparison to the radiative recombination rates. Thus
only those excitons or carriers trapped at these sites. whch are local minima in energy, remain long
enough in these narrow regions of the well to recombine there. Although there is a somewhat higher
level of defect incorporation in this interrupted-growth sample over its continuous growth counterpart as
indicated by a slightly lower PL quantum efficiency, this pattern has not been consistently repeated in
other sets of samples grown in our system (Miller et al 1986). In general this extensive study of defect-
related transitions in the interrupted-growth sample was informative primarily because of the ability to
resolve and identify these lines rather than because of the moderate enhancemeot of their intensities.

3. Conclusions

In this paper we have presented PL and PILE measurements on a sample with 4 single GaAs wells for
which the growth was interrupted at each heterointerface The growth interruption results in the
elimination of short-range interface roughness so that excitons experience monolayer-flat regions at least
as great as their 300A diameter. The resulting PL and PLE spectra exhibit multiplets of discrete lines
associated with these regions which differ in thickness by single ML steps. In the absence of interface
roughness, the individual lines are extremely sharp and well-resolved. The remaining inhomogeneous
widths place an upper limit of Ax - 0.006 ± 0.001 on fluctuations in the barrier alloy composition within

the diameter of the exciton.

The narrow PL and PLE lines allow unambiguous identification of free and bound transitions. In
comparison to the PL spectra, the dominance of higher-energy lines in the PLE spectra associated with
absorption in narrower regions of the well reveals efficient lateral energy transfer. At the lowest
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Fig. 5. PLE spectrum of the 100A nominal-width Fig. 6. Extended semilog plot of the 6K PL
well in the interrupted-growth sample. The spectrum of the narrowest well in the

spectrum contains absorption peaks associated interrupted-growth sample. Peaks labeled 6, 7
spitrum contan 25A nominal-width wells, and 8 are attributed to free-exciton recombination

wit th 50 an 25 nminl-wdthwels, in regions of 6. 7 and 8 ML thicknesa
indicating effective inter-well energy transfer reg ion fft-7lan d trcne
though the 300A Alo 37Ga0 63As barriers, respectively. Additional defect-related structure~is labeled D.

intensities the lower-energy lines completely dominate the PL spectra, which may reflect recombination
with free holes donated by acceptors in the barriers layers. The presence of lines in the PLE spectra
arising from absorption in other wells indicates that there is also rapid energy transfer between wells.
The interrupted growth sample also exhibited a slight increase in defect incorporation.

The separation of the spectra into discrete and extremely narrow monolayer lines opens up many new
avenues of investigation into the static and kinetic parameters of these quantum well structures. Time-
resolved PL studies may provide clear measurements of lateral and well-to-well transfer rates. With the
increased resolution and discrete ML lines, additional cw measurements should provide much more
definitive values of system parameters such as effective masses and binding energies.
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Abstract. [-sine photoluirinescence we investigated the properties
of the electron-hole plasma in quasi-twodimensional GaAs/GaAlAs-,
InGaAs/InP- and GaSb/A1Sb- quantum well structures. In all sys-
tems strong bandfilling and large band renormalizations are ob-
served. Pronounced structures in the luminescence spectra reflect
the particular ,ubband structure of the quantum wells. The emis-
sien lineshapes can be described quantitatively assuming recombi-
nation between electron- and hole subbands including forbidden
but parity-allowed transitions. From the analysis we obtain the
plasma parameters and determine the dependence of band renormali-
zation on plasma density in two-dimensional systems.

I. Introduction

Due to their new physical properties and due to a widu variety of
possible applications especially in optoelectronic devices quantum
well structures have attracted a large amount of research both in
the fields of material technology and characterization (Dow 1986).

In this paper we report high excitation luminescence measurements in
Ill-V multiple quantum well structures at temperaturei between 2 K
and 300 K. We used GaAs/GaAlAs- samples grown by MBE with well
widths Lz between 21 A and 180 A (Al-content between 19 % and 43 %),
GaSb/AlSb- samples grown by MBE with Lz between 58 A and 121 A and
lattice-matched InGaAs/InP- samples grown by MOVPE (using adducts
(Scholz 1986) as well as alkyls (Razeghi 1983) as metal precursors)
with Lz between 30 A and 210 A. In all samples the barrier widths
were large enough to avoid coupling between the wells. In the high
excitation experiments we excited an EHP using a pulsed dye laser
(in the case of GaAs/GaAlAs; r = 10 ns) or a frequency-doubled
Nd:YAG-laser; T 100 ns) with excitation powers Pex between
100W/cm2 and 1 MW/cm 2 . The pulse widths were large enough to provide
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quasi-stationary conditions. Backscattering geometry was used to
avoid the observation of stimulated emission.

II. Experimental results

I To show the general behaviour of
GoAs/GAIAst the plasma luminescence we depict

= 96A in figure 1 a series of sponta-
TL = 300K neous emission spectra recorded

in a GaAs/Ga 57Al.43As-MQW sample
80 kW/cm with Lz = 9' A at a lattice tem-

" Iperature of 300 K. With increa-
6sing excitation power the spectra

broaden drastically (up to 400
') meV). Pronounced new structures

80 kW/cm 2 appear at the high energy sides
due to the band filling and the
occupation of higher subbands.

8 kW/cm 2 The high energy sides of the
spectra become flat as a conse-
quence of the heating of the car-

0. kW/cm 2 riers by the nonresonant excita-
1.4 1.5 1.6 1.7 tion. The low energy edges shift

Energy (eV) to smaller energies due to the
band gap renormalization in the

Fig.1 Dependence of plasma lumi- de , EHP.
nescence on excitation intensity

The features of the plasma spectra are quite sensitive to the parti-
cular subband structures of the quantum wells .
Therefore they depend strongly on the well width within one material
system (Tr~nkle 1985). In GaAs/aAlAs- samples, e.g., for Lz < 50 A,
where only the lowest subbands (le, lh, 11) are occupied even for
the highest excitation intensities, we observe a single broad emis-
sion line. For samples with 50 A < Lz < 150 A the spectra show the
strongly modulated structures like in figure 1. The energetic diffe-
rences between the structures in the spectra decrease strongly with
increasing well width and for Lz > 150 A broad unstructurized emis-
sion bands remain.

For comparable well widths the luminescence lineshapes are quite
sensitive to the properties of the material system. In figure 2 we
compare spectra from samples of about 100 A obtained at comparable
excitation intensities. We observe large differences beteen the
systems:
i) The spectrum obtained from the GaAs/Ga.57Al.3As- sample shows up
to seven structures. In this system the relatively large c!nduction
band discontinuity leads to three electron levels for Lz = 96 A. In
the potential well of the valence band there are four heavy hole and
three light holes levels. Transitions between occupied subbands are
responsible for the structures in the spectra.
ii) The spectrum obtained from the InGaAs/InP- sample shows still
four structures. In this material system only one third oi the band
discontinuity is in the conduction band, leading to a relatively
flat potential well for the electrons. Therefore only two subband
levels in the conduction band can be expected and fewer transitions
should be observable.
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Qualitatively in this system the dependence of the luminescence
lineshape on the well width is comparable to that observed for GaAs/

GaAlAs samples. With decreasing well width the splitting between the

structures increases (Tr~nkle 1986a) and for very narrow and very

broad wells single emission bands remain.

InGaAs/InP GoSb/AISb
L = 95A L = 1O0A
TL = 1OOK TL = 300K

• GaAs/GaAIAs

TL = 300K

1.4 1.5 1.6 1.7 0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0

Energy (eV) Energy (eV) Energy (eV)

Fig.2 Dependence of plasma luminescence on material parameters
The spectrum of the InGaAs/InP- sample is measured at a lattice
temperature TL = 100 K. At higher TL the structures are not that

pronounced anymore.

iii) The spectrum obtained in the GaSb/AlSb- sample shows only one

broad line without further structures. In this material system the

potential well in the conduction band is very deep (= 1.2 eV), lea-
ding to a large splitting of the subband levels even for relatively

thick quantum wells. Therefore higher subbands are not occupied and
in our set of samples we observe no change in lineshape with increa-
sing well width (Trinkle 1986b).

I 11 . L-ineshape -analysis

In order to quantitatively describe the spontaneous plasma lumines-

cence we performed a lineshape analysis calculating spectra for al-

lowed transitions between two-dimensional subbands. Neglecting any
broadening effects the emission spectra should be described by:

I(rW) w2 fe(k) fh(k) f dl
1 VkeT )+Eh(k))

Here fiw is the transition energy; fe,fh denote the electron and hole
Fermi functions; the integral describes the joint density of states.
We assumed the electrons and holes to be distributed in parabolic

subbands according to Fermi statistics using a cogimon quasi-Fermi
level for electrons and holes respectively. In order to account for

the experimentally observed low energy tail the calculated spectra
have been broadened using a Landsberg type formalism (Landsberg
1966). Previously this has been applied successfully to different

3D-systems and relates the broadening to relaxation processes.
In this eimple analysis we neglected the complicated dispersion re-

lation in the valence band due to the subband mixing (Altarelli

1985). We approximated the mean curvature of the dispersion relation
by the three-dimensional masses in the cases of GaAs/GaAlAs and

InGaAs/InP. Using a realistic dispersion relation for the case of

GaAs/GaAIAs (Broido 1986) we have shown that this approach is rea-
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sonable especially for the lower subbands. In the case of the highly
stressed aSb/AlSb-layers (lattice mismatch 0.65%) we took into ac-
account the stress effects (Bir 1974) and calculated the in-plane
masses assuming the high stress limit (TrAnkle 1986b). A summary of
the in-plane masses used in our analysis is given in table 1:

laAsiGaAlAs InGaAs/InP GaSb/AlSb

m et'- 0.041 0.047e
mhl 0.465 0.071

mlti .- 0.05 0.124

Tab.1 In-plane masses Iin units of the free electron mass m)
used in the 'ineshape analysis of the high excitation spectra

In figure A we lepict three exemplary results for our analysis:
0 a rather thin .;a'b AI'b- sample (Lz = 58 A): Only the lowest sub-
bands are involved in the transitions (lhh,llh) and the agreement
between the exper'ment ani the calculation is very good.
ii) a rather thiok '.aAs a 76AI 2As- sample (Lz = 180 A):
Many subban13 -ntriIute to the lineshape (lhh,1lh,...,3hh). The
energetio 1Lff~rpnoe between the subbands is rather small, the tran-
sitions merge to a single trcal line. Again this behaviour is model-
lei by our lineshape analysis quite well.

a rnlaAs,-nr- ,ample with a well width in the range of 100 A
" ... . 'niS pa the agreement seems to be poor, especially

the seucni striotir in the experimental spectra is not explained at
-a..

- GoAs/GoAIAs InGoAs/lnP GoSb/AISb

TL = 3 0 0 K TL
= I0OOK TL = 2K

n%

1.4 1.5 1.6 1.7 0.7 0.8 0.9 1.0 0.8 o.9 1.0 1.1
Energy (eV) Energy (eV) Energy (eV)

Fig.3 Lineshape analysis of plasma spectra for different material
systems, different well widths and different lattice temperatures

To overcome this problem we have to include forbidden- but parity-
allowed transitions (An = -2, 14) in our analysis (TrAnke 1985). In
figure 4 we depict the result for the InGaAs/InP- sample with Lz =
95 A (solid line). Now the agreement betweer experiment and theory
is very satisfactory and explains the second structure in the spec-
trum as a transition between the first electron and the third heavy
hole subband (13h).
This agreement between the experimental spectra and the calculated
lineshapes can now be used to determine basic parameters of the
quantum well structures. As an example the dashed lines in figure 4
show calculated spectra assuming different depths of the potential
well in in the valence band of 450 meV and 360 meV, respectively.
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Especially the energetic position
of the structure assigned to the

inGaAsAnP 2hh- transition is very sensitive
L.2 = 95A to the change in well depth. The
T lOOK best fit (solid line) is obtained., for a potential well depths of

S",390 meV, which is equivalent to
. \ 2hh 65% of the banddiscontinuity ap-; * Ipearing in the valence band. This

U value is in good agreement with
those obtained in other experi-\' .. 36 meVments (gilela 1986).

C 3 t OmeV

I. m Fig.4 Lineshape fit includingI \forbidden but parity-allowed/ 450 meV transitions (solid and dashed

0.8 O.9 1.0 lines). The dashed lines il-
Enerjy (eV) lustrate the sensitivity of

fit to the well depth Uvb in
in the valence band.

IV. Band A._ rensrmalization.

From the lineshape analysis we obtain the plasma densities, temperd-
tures and renormalized band gaps. Therefore we are able to determine
the density-dependence of the band gap renormalization, which is due
to many-body effects in the carrier plasma.
The band gaps for very low densities can be measured in absorption
or excitation spectroscopy taking into account the appropriate ex-
citon binding energies. In the case of the GaAs/GaAlAs- samples we
take binding energies obtained from excitation spectroscopy (Dawson1986). In our samples of the other material systems the exciton bin-
ding energies are negligible because the electron-hole interaction
is largely screened by a relatively h'.gh background carrier concen-
tration (z 1016 cm-i; Kleinman 19 5).
In figure 5 we show the dependence of the band gap renormalization
on the carrier density for well widths smaller than 120 A in the
three material systems.

0 1 , " . . . I I " . I . ,-
- GAw.VA/ 4 InGoAsAnP a 35A GoSb/AISb 0 58AT - 2K * % oe. T - 10OK * 58A i = 2K * 70A

& 95A 0 78A

*41 A ."" 'I1 •.
- 0 •83 A -,

- 3 0 . . . - I I ......1012 1012 1012

nso CM- 2 ) nZ= (cm- 2 ) n2 (cm-2 )

Fig.5 Band gap renormalization in quasi-twodimensional systems
(TL " 2K for GaAs/GaAlAs and GaSb/AlSb; TL = 100 K for tnGaAs/InP)
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In all systems the relation between the lasma density and the band
gap renormalization is close to AEg - n?13 . This agrees with theo-
retical expectations (Schmitt-Rink 1984). In the GaAs/'GaAlAs-samples
the renormalization reaches values between 25 meV and 40 meV for
densities between 4.1011 cm- 2 and 1.5.1012 cm-2 ; in the InGaAs/
InP- samples they are between 35 meV and 50 meV for densities bet-
ween 6.1011 cm- 2 and 2.1012 cm- 2 . Finally in the GaSb/AlSb- samples
we observe a band gap renormalization between 30 meV and 50 meV for
carrier densities between 4.1011 cm- 2 and 9.1011 cm- 2 . In any system
we observe no systematic dependence of the band renormalization on
the well width. This is a clear evidence that the two-dimensional
limit is reached in our samples.
The absolute values of the band renormalization in the 2D-systems
are much larger than those obtained in 3D-structures of comparable
materials (figure 5a shows for example the values obtained in GaAs-
mesa structures at comparable densities (Capizzi 1984)) This is a
consequence of the increase in excitonic Rydberg due to the confine-
ment of the carriers in the quantum wells.

In summary we have demonstrated that high excitation luminescence
measurements in quantum well structures yield information on basic
material properties like band discontinuity distribution as well as
insight in many-body effects in reduced dimensionality.

We acknowledge the collaboration of H Leier, P Wiedemann and G Laube
and discussions with K W Benz. We are grateful for the financial
support by the Deutsche Forschungsgemeinschaft (contract P71/20) and
the Stiftung Volkswagenwerk and the Office of Naval Research.
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Magneto-luminescence measurements in InGaAs/GaAs single-strained-
quantum-wells

E.D. Jones, I.J. Fritz, J.E. Schirber, M.C. Smith and T.J. Drummond

Sandia National Laboratories, Albuquerque, New Mexico 87185

Abstract. We report low-temperature magneto-luminescence studies on
p-type and n-type single-strained-quantum-well InGaAs/GaAs
structures. These structures exhibit a large strain-induced energy

splitting between the in-plane "light-" and "heavy-" hole valence
bands and thus effects due to valence-band mixing are minimal. From
an analysis of tne magneto-luminescence spectrum, the in-plane
valence-band masses are found to be in the range of 0.14 to 0.17m in
agreement with transport data on the p-type samples. Hydrostatic-
pressure magneto-luminescence data for pressures up to 4 kbar and
magnetic fields to bT at 4K are also presented.

Single-strained-quantum-well (SSQW) structures comprise a thin strained-

layer material sandwiched between thick layers of another material. The
present work is concerned with magneto-luminescence measurements with

In ra As as fte strained SSQii and OaAs as the unstrained thick-
i e -x

layered material. The unusual vwlence-band properties of semiconductors

resulting from such a biaxia1 stress have been previously discussed (Bir

and PiKus 19"4 and Fritz et al 1986). Magneto-luminescence studies for
the InGaAs/jaAs strained-layer-superlattice (SLS) structures have been
previously presented rJones et al 1985a and 1985b). For both the SSQW
and SLS structures, the InGaAs layer is under compression, has the
smaller band gap energy and also is the active layer. SSQW structures
have the maximum imount of plan,r compression '-T.4%). Hence the

"heavy" and "light" hole valence bands are well seperated reducing
effects of valen-,.-banI 1ixin: prominent for GaAs/GaPAs JLZ structures
(Jones Pt a:

In this paper, we r,-tort ' -" 'w-tomperature, magneto-
luminescr - rr-ts jjre,-rt~ v.7! wn X - typo fT-1 and x =

.' . n-ty;- . T ' ' rx" ._xAs/] As structures with well

W"Iths -,f " . T1 .. r or -rr-nt rt io ns were

-, , T, i %,.r, -n

mtmrV e. . ." . r='?- .,Ir, t, -

"a . !. '!. " . ,- •. t ",W em? ; atures

qI" It W
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and high magnetic fields has been previously described (Jones et al
1985b) and only a brief description will be presented here. Magnetic
fields to 6.5T were provided by a superconducting solenoid and
luminescence data were obtained in the 1.6 - 4K range by pumping on the
helium bath in which the sample was immersed. The magnetic field
direction was normal to the SLS layers. The [100] face of the sample
was attached to one end of a 100-~jm core-diameter quartz fiber by GE
7031 varnish. The sample was illuminated by the 514.5 nm line of an
Argon-ion laser through the fiber-optic cable. Hydrostatic pressures,
to 4 kbar, were generated using the solid helium technique (Schirber
1970). For analysis, the luminescence signal, returning back through
the fiber, was directed by a beam splitter to a monochromator, a S1-
photocathode photomultiplier and a CAMAC-based data acquisition system
(Jones and Wickstrom 1985).

U)
cn z

w
I- z
z -

w -

1270n 1200 1310 1330 lawo lam law3

LUMINESCENCE ENERCY (meV)

Figure 1. Luminescence spectrum for the n-type SSQW T0195 at 4K and
6-3T. The 4th order logarithmic intensity is also plotted. Note the
double peak structure for the n > 0 Landau-level transitions at 1315
meV, etc.

Figure 1 shows a typical magneto-lIumi nescence spectrum for the n-type
SSQW T0195 at 4K and 6.3T. For more detail, the logarithmic intensity
Is also displayed in Fig. 1. Several Landau-level transitions are
clearly evident. The double peak structure, discussed in the figure
caption, is probably the luminescence from excited states of either
excitons and/or shallow bound donor states. Because of space

-- a it i N Nmm H I ai
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limitations, these data and conclusions will be presented at a later
date. For this paper, only those transitions associated with the
interband Landau-levels will be used in the present data analyses.

The luminescence energy in the presence of a magnetic field B, is given
by (cgs units)

E = E + (n + 1/2) ehB/pc (1)g

where E is the band gap energy, n is the Landau-level index, e is theg

electronic charge, h is Plank's constant over 2r and W is the reduced

mass (i/p = 1/me + 1/mh) where me is the conduction-band mass and mh is

the valence-band mass. All masses will be expressed in units of the

free electron mass m and will refer to their in-plane values.o

Values for the band gap energy E and the reduced mass p can be obtainedg

by plotting the Landau-level luminescence energies as a function of

magnetic field B and performing a two parameter "best fit" of Eq. 1 to

the data. The resulting "fan" diagram for the data shown in Fig. 1 is

displayed in Fig. 2. The straight lines drawn through the data are

calculated with the best-fit-values 1/w = 21.5 and E = 1289 meV.
g

Analyses of the magneto-luminescence spectra for the the other two

structures yields 11w = 21.8 and E = 1300 meV for the n-type SSQW T0196g

and 1/p = 20.1 and E = 1374 meV for the p-type SSQW TO160.
g

In order to calculate the plane valence-band mass mh from the reduced

mass a, knowledge of the conduction mass me is required. For all three

samples, below-band-gap luminescence from a conduction-band to acceptor-

level transition was observed. An analysis of the magnetic field

dependence for this transition yielded a conduction-band mass m = 0.069e

± 2%. Similar values for the conduction-band mass m were obtained fore
InGaAs/GaAs SLS structures (Jones et al 1985a). However-, as noted by

these authors, a value of m = 0.069 for the conduction-band mass ise

larger than the value obtained from magneto-transport measurements,

where m ranges from 0.056 to 0.060. The reason for these differencese

is not understood. Using the optically determined conduction-band mass

of me = 0.069, the valence-band masses mh for each structure are

calculated from the reduced mass data presented above and are

respectively mh = 0.17, 0.14 and 0.14 (±6%) for T0160, T0195 and T0196.
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Figure 2. Magnetic field dependence of the luminescence energy of the
Landau-level transitions for the n-type SSQW sample T0195. The index n,
top to bottom, runs from 6 to 0.

These values are in good agreement with the magneto-transport data for
p-type InGaAs/GaAs SSQW structures of Fritz et al 1986. The differences
between these valence-band mass values may be consistent with the
predictions of Osbourn et al (1986) which, because of valence-band

nonparabolicity, show that the valence-band mass is concentration
dependent. It is to be noted here that, in contrast to the difference
between the magneto-luminescence-determined and magneto-transport-
determined conduction-band mass me, the valence-band masses determined
by these techniques do not appear to be significantly different. This
result suggests that further investigation concerning the determinations
of the conduction-band mass using optical methods is needed.

Figure 3 shows the pressure dependence of the luminescence spectrum for
the n-type SSQW T0195 at atmospheric and 3.8 kbar pressures at 4K and
6T. Besides the shift in energy, both spectra are i'entical, and this
is indicative of the hydrostatic quality of the He pressure medium. The
double peak structure in the spectra is clearly evident and again will
not be discussed here. The pressure-coefficient for the band gap energy
E is 10.0 meV/kbar. For n-type SSQW T0196, the pressure-coefficient
f~r the band gap energy was found to be 10.5 meV/kbar. The pressure-
coefficients for the band gap energy for these SSQW structures are in
good agreement with those obtained for the InGaAs/GaAs SLS structures
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Figure 3. Pressure dependence of the luminescence spectrum for the n-
type SSQW T0195 at 4K and 6T. Curve A is atmospheric pressure and curve
B is for 3.8 kbar.

(Jones et al 1985b, 1985c) Because the valence-band mass m is
determined by subtracting two large numbers, the pressure-coefficlenk or
this parameter is difficult to determine due to the experimental
uncertainties.

In conclusion, we have presented magneto-luminescence data for p-type
and n-type InGaAs/GaAs SSQW structures which allowed determinations of
the valence-band mass. It was found that the values for these masses
are "light" and are in agreement with those obtained by magneto-
transport methods and also with theoretical expectations, It is noted
here that in contrast to the magneto-transport method, magneto-
luminescence determinations of valence-band masses are not restricted to
p-type samples.

The authors wish to acknowledge Dr. G. C. Osbourn and Professor A. Elci
for many important conversations and D. L. Overmyer and K. J. Blake for
excellent technical assistance. This work was performed at Sandia
National Laboratories supported by the U.S. Department of Energy under
contract number DE-ACO4-756DPO0789
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Hole transport and charge transfer in GaAs/lnGaAs/GaAs single strained
quantum well structures

I.J. Fritz, J.E. Schirber, E.D. Jones, T.J. Drummond and G.C. Osbourn

Sandia National Laboratories, Albuquerque, New Mexico 87185

Abstract. We report studies of MBE-grown single strained quantum-
well structures with In Ga As wells and GaAs barriers.

0.2 0.8
Structures with selective p-type doping were investigated using Hall-
effect, magnetoresistance and magnetoluminescence measurements.
Measured carrier densities were fit to a simple charge-transfer
model. Directly measured effective masses confirm the prediction of
a strain-induced, density-dependent light hole mass for planar
conduction. Mobilities comparable to electron mobilities were
attained.

1. Introduction

High-quality strained-layer epitaxy (the epitaxial growth of lattice-
mismatched crystalline films without misfit dislocations) is possible
for film thicknesses less than a mismatch-dependent critical value (Van
der Merwe and Ball 1975. Matthews and Blakeslee 1974). This phenomenon
has been utilized in the development of strained-layer superlattices in
a variety of compound-semiconductor material systems. The present work
is concerned with the use of strained-layer epitaxy for fabricating
single strained quantum-well (SSQW) structures, which comprise a thin,
strained layer sandwiched between thick layers of the substrate material
or p,,ssibly another material which is lattice-matched to the substrate
(Fritz, et al 1986a).

We report results of experiments on SSQW structures with In 0Ga 0As0.2 0u
wells and GaAs barriers. A series of MBE-grown structures with ;)ell
widths of -90A and selective p-type doping has been investigated using

Hall effect, magnetoresistance and magnetoluinescence measurements. We
have chosen to stud, p-type doping because of the interesting changes in
the valence band structure produced by the built-in strain in the
quantum well. For the present samples the InGaAs layers are under

biaxial compression of 1.4%. The effect of biaxial compression on bulk
material (Bir and Pikus 1974) is illustrated schematically in Fig. 1.
The, volumetric component of strain t increases the bandgap whereas the
axial component ,splits the normaYly degenerate heavy and light hole
bands. As indlcated by the dispersion curves, the uppermost valence
band has a light mass [mh* - (O.l-0

2
)me , where m is the free electron

mass) near the zone center, a phenomenon which is expected to lead to
enhanced electrical transport for holes in our SSQW structures compared
to GaAs. Recent calculations have suggested that the planar light hole
mass depends strongly on carrier density due to band nonparabolicity

1987 [OP Publishing lid
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Fig. 1. Effect of built-in strain Fig. 2. Schematic illustration
on (a) energy levels and (b) valeulce- of simple model for band bending
band dispersion. Strain is caused by and charge transfer in SSQW
biaxial stress (compressive) due to structures. Half of the symme-

lattice mismatch between GaAs and trically doped structure is

InGaAs. shown.

(Osbourn et al 1986). Therefore it is of interest to study properties
over a range of densities.

2. Charge Transfer

Control of carrier density in the quantum well requires an understanding
of the charge transfer process, which depends strongly on the details of

the doping profile, due to the rather small band offset (-60-70meV for
the present structures) and deep acceptor levels (V = 30meV for Be in
GaAs). A simple model has been developed to estimate charge transfer.
In Fig. 2 half of a symmetric SSQW structure is shown. The quantum well
of width L confines a carrier gas of areal density p. The region of
width d adjacent to the well is an undoped spacer layer, beyond which

is a region of width dd doped at a volume density of P3D' Our simple
model ignores band-bending in the well and assumes zero space charge in
the spacer layer. We denote V as the band bending in the depletionb

region and V1 as the Fermi energy relative to the bottom of the subband.

We consider two limiting situations. The first ("partial transfer") is
under conditions where the depletion width dI is lesE th.an'd and the

second ("full transfer") is in the limit where the depletion width is

wide enough for all charge to transfer. In the partial transfer regime

we use the depletion width approximation to model the space charge. A

simple analytical expression then describes the charge transfer:

-
2 

22( + 4d P3D)AV -em p +
8(P 3D + p I
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where h is the reduced Planck's constant, e is the electronic charge
magnitude, and e is the GaAs dielectric constant. Here AV, which is the
difference between the band offset and the sum of the confinement energy
and Va' is taken as an adjustable parameter, due to uncertainty in the
offset. Note that we have assumed a parabolic band with mass m* to
approximate the band filling. A value of m* - 0.14 m was used. In the
full transfer regime we have the simple relation p - 9ddp 3D.

In Fig. 3 results for measured carrier density (from Hall data below
77K) are plotted vs P2D (from nominal growth conditions) for a series of
nine samples with nom nal dimensions of d - 125 A and d - 150 A. Good
fits of the charge transfer model are ob~ained for dimensions about 20%
smaller than these as indicated by the lines on the figure. The 20%
difference is within experimental uncertainty. A value of AV = 35 meV
is obtained from the fit. This value is consistent with the value of
-30meV predicted from simple modeling (Osbourn 1983, Fritz, et al 1986b)
based on a valence-band offset of 0.235eV between GaAs and InAs.

1012 - ~-'-*-- 1 o /
InGoAs/GoAs /0.16 

InGoAs/GaAs
SSOW /T160 p-type

Be doping 7T6 .6

partial transfer .1

0.12-
fo, tran.ler
dd - 100 A

1018 1017 1016 0.10 1
0.2 0.4 0.6 C. 1 2 4

P30 (cm- 3 ) p (1011 cm 2
)

Fig. 3. Measured charge transfer Fig. 4. Directly-measured hole
characteristics for a series of effective mass for SSQW samples.
samples with nominal spacer thick- Dashed line represents variation
nesses of 150A and doping spikes of of single sample with optical
125A (solid circles). Best fits of excitation. Solid curve is fit
the charge transfer model (solid and to theoretical tight-binding
dashed lines) are obtained with some- model.
what thinner layers, as indicated.

3. Mass Measurements

Strong quantum oscillations of magnefres stance were observed at 4K and
below for samples with p > 1 x 10 cm (Fritz et al 1986a). Samples
with lower carrier density generally had mobilities which were too low
for observation of oscillations. Effective masses were determined from
the temperature dependence of the amplitude of oscillation in field
regions where the oscillations were sinusoidal (Schirber et al 1985).
Results for (reduced) effective mass mh*/m as a fun.-tion of p are shown
in Fig. 4 for five SSQW samples. Data obtained on one sample with
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density varied by optical excitation are indicated by a dashed line.

The solid line represents a model tight-binding calculation which has

been fitted to the data at high density (Osbourn et al 1986). Agreement

with experiment is within experimental uncertainty.

Confirmation of the light planar hole mass has also been obtained from

magnetoluminescence measurements (Jones et al 1985). Typical data for
an SSQW sample are shown in Fig. 5. The single band-edge luminescence

peak observed at zero field becomes a series of peaks due to transitions
between Landau levels at high field. Three levels are observed at 6.3T.

From the level splitting, a reduced mass may be determined, from which a

hole mass may be calculated, provided the (effective) electron mass is

known. For the sample of Fig. 5 a mass of mh*/m = 0.17 is obtained, in

good agreement with the value of 0.16 obtaine8 from magnetoresistance
data.

0

InGaAs/GaAs B=O

SSQW T160 -1 1012

T= 1.6K -2 InGoAs/GoAs

p-SSQW

.E T160

0 Z
8~=6 3T

_2
" TI 6B

/ 1011

332 - 36 1 38 V40 1422 10 100 400

Luminescence Energy (eV) T (K)

Fig. 5. Magnetoluininescence data at Fig. 6. Hall carrier density B
B = 0 and 6.3T. Both linear and versus temperature for two
logarithmic traces are given. SSQW samples.

Three Landau level transitions are
observed at high field.

4. Hall Effect

Hall-effect data between 4K and 300K are shown in Figs. 6 and 7 for two
SSQW samples, T160 and T168. As can be seen from Fig. 3, our charge

transfer model suggests that sample T160 is in the ,artial transfer
regime, whereas T168 is in the full transfer regime. The data of Fig. 6

for the temperature dependence of the Hall density 1/eR H are consistent

with this picture, as can be seen from the following argument. The
measured Hall ratio for the present problem must generally be described

by the theory of two-layer conduction (Kane et al 1985). However, at

temperatures near 300K, the mobilities of the InGaAs well and GaAs

barrier are nearly equal, so that the measured Hall coefficient yields a

-Amomkmmm m mmmm lmllmmlm mm• I
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Fig. 7. Hall mobility versus Fig. 8. Hall mobility versus

temperature for two SSQW samples. carrier density at 4K for sample

T168 at various levels of

optical illumination (solid

circles), for several p-type

SSQW's in the dark (open

squares), and for a gated n-type

SSQW.

close approximation to the total carrier density. The total density is

also measured correctly at low temperatures, where the carriers in the

GaAs are frozen into the acceptor states. Thus the high- and low-

temperature limits of the data in Fig. 6 suggest that about 25% of

sample T160's carriers transfer into the well, whereas sample T168

appears to exhibit nearly total charge transfer.

Hall mobility data are shown in Fig. 7. The data for sample T160 are

typical of our best samples, with mobility increasing monotonical~y Vith

decreasing temperature to 4K. Mobilities at 4K of up to 3 x 10 cm /Vs

haXe 2been achieved. This value is comparable to the value of 3.5 x

lOcm /Vs obtained for n-type selectively-doped InGaAs/GaAs

superlattices grown in the same growth chambe5. At 77K typical

nopil~ties for the present samples were 7 x 10 cm /Vs compared to 3 x

10 cm /%'s for the n-type superlattices. Note that the ratio of n- to p-

type mobilities (at 77K) is -4-5 compared to a ratio of -25 for high-

quality GaAs/AlGaAs heterostructures. This may be taken as evidence of

enhanced transport for holes in the strained InGaAs layers, even though

present-day mobilities are less than have been achieved in the AIGaAs

system.

Mobility data for sample T168 are also shown in Fig. 7. For this

relatively lightly-doped sample, the low-temperature mobility is

significantly degraded compared to samples with higher carrier density.

W4e believe the degradation at low temperature is most likely due to

residual impurities in the (nominally) undoped regions of the structure,

although the exact nature of these impurities has not as yet been

determined. We have investigated the dependence of the Hall effect in

sample T168 at 4K under optical illumination and have obtained data for
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mobility as a function of carrier density from the results. The data
are shown in Fig. 8 as solid circles. Note that the mobility changes by
a factor of -9 for a factor of 2 change in carrier density. Such a
strong dependence does not appear to be interpretable in terms of
current tleories of screened Coulomb scattering (Drummond et al 1981),
and may partly reflect changes in the charge state of impurities under
illumination. By contrast, data obtained on an n-type selectively-doped
SSQW with carrier density varied by an applied field showed a weaker
dependence of mobility on density, as indicated by the dashed line in
Fig. 8. The open squares in Fig. 8 represent data on four other p-type
samples and show a fairly H ron§ decrease of mobility for carrier
densities greater than 2 x 10 cm . Increases in the effective mass,
intersubband scattering, and remote impurity scattering with density
probably are important contributing factors in the reduction of mobility
at high density. Further measurements on samples with a range of spacer
thicknesses are needed to investigate these effects in more detail.

5. Conclusions

We have investigated p-type selective doping in CaAs/InGaAs/GaAs SSQW
structures using electrical transport and optical techniques. A simple
model appears adequate for describing charge transfer in these
structures and should prove useful for designing structures for device
and fundamental studies. Effective-mass measurements confirm the
existence of a strain-induced light mass for planar transport, and Hall-
effect studies indicate enhanced transport due to this light mass.
Improvements in crystal-growth techniques to reduce impurities need to
be made in order for the full potential for high hole mobility to be
realized.
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Characterization of modulation-doped FET's using the Shubnikov -

de Haas oscillations

S.Y. Chou + , C.S. Lam', D.A. Antoniadis*, Henry I. Smith*, and C.G. Fonstad*,

Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Abstract. Novel uses of the Shubnikov-de Haas (SdH) oscillations in the char-
acterization of AIGaAs/GaAs MODFET's are demonstrated. The SdH oscil-
lations were used to measure the gate-to-channel capacitance, the density of
two-dimensional electrons in the channel, and to detect the onset of parallel
conduction in the AlGaAs layer. The characterization methods do not require
knowledge of any device parameters, and are immune to parasitic capacitance
and source-drain series resistances. One needs to know only the magnetic field,
the gate voltage, and the SdH oscillation period. The characterization methods
can be applied to MODFET's fabricated in other materials.

1. Introduction

The gate-to-channel capacitance per unit area and the onset of parallel conduction in
a modulation doped FET (MODFET) are the fundamental parameters for both device
and circuit design. These parameters, however, cannot be determined accurately by
conventional C-V and I-V measurements, due to the effects of parasitic capacitance
and series resistance. This paper describes the use of the Shubnikov-de Haas (SdH)
oscillations to measure directly the gate-to-channel capacitance and the onset of the
parallel conduction in AIGaAs/GaAs MODFET's. The SdH oscillations refer to os-
cillations of the drain current or transconductance of an FET in a magnetic field, as
the magnetic field or the gate voltage is swept respectively (Ando et al 1982). The
SdH measurements are immune to the parasitic capacitance and source-drain series
resistances. One needs to know only the magnetic field, the gate voltage, and the SdH
oscillation period.

2. The Shubnikov-de Haas oscillations

When a magnetic field B is applied normal to the electron conduction plane of an
n-channel MODFET, the energy of the quasi-two dimensional electrons in the chan-
nel becomes quantized. The energy levels E., so-called the Landau levels, are given
(Landau and Lifshitz 1965) by

E, = (n + 1 )hw,
(1)

"1987 lOP Publishing Ltd
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where Yi =0, 1, 2. .are thet Landau level numbers, hi is the Planck constant divided
liy 27-,. qD/Yn is thet cyclotron frequency, q is the absolute value of the electron
charge, and rnz is the effective miass of the electron.

As the Fermi level is swept, by varying the gate potential in a fixed magnetic field,
across the Landau levels, the drain current peaks when the Fermi level and a Landau
level are linied up, arid dips when the Fermi level is between the two Landau levels.
Therefore the drain current oscillates with the gate voltage. The oscillation is referred
as the Shubuikov-de Haas Oscillation with the gate voltage (SdH--G ). Similarly, the
dIraini current can oscillate with the magnetic field at a fixed gate potential (SdH-NI) as
well, as the Landau levels are swept, by changing the magnetic fie-ld, across the fixed
Fermi level.

In the SdH-G. the maximum number of electrons per unit area that each Landau level
can accommodate. AN, is fixed and given by (Landwchr 1973)

g,qB (2)
7rh

where 9, is the valley degenieracy of a semniconduictor. which is 1 for GaAs and 2 for
100) Si (Note). When the gate voltage, Vr. is well above the threshold voltage. VT,

of the device, the number (if electrons per unit area in the channel is related to the
gate-to-channel capacitance. C, by

N=C 0 S- ' 1T) .(3)
q

Thiis.

AN - V;- (4)
q

where Al s is the incremnit of gate voltage necessary to create AN, and equals the
spacing between adjacent oscillation pieaks (Note that at low temperatures electrons
fill energy states uI) to the Fertii level). Equatiiig Eqs. (2) and (4). we have

gq2  B

or

C =7.72 x lt<'g,( -- ) F/cin2  (5a)

where B is in tesla anid Al -;s is in volts. Experiuientally, bothI B atill ' can he
mieasured with goodl precision. aiid thlerefore thle ga t - t r lmiliel capasc itani ce. C. o f a
device cati be extracted dlirectly.

The gate- to- channel capiacitatnce, C. of a MODFET conisists -f two parts: (1) the

capacitance due to time thicknmess. Z., of the AlGaAs layer, and~ (2) the capacitance
due to the average distance, Z,,,,, betweeni thle channel electrolls mid~ thle semiiconiduictor
interface. It is important to note that Z_7. is a function of gate bias, but for I ';,-; > > V,
it does not vary appreciably. The capiacitanice is related to the above two distances by



1 Z, Z,,' + .(6)

where t, is the dielectric constant of GaAs. and e, is the dielectric constant of AlGaAs.
Having measured C by the SdH, the Z., can extracted if Z, is determined using other
methods, or vice versa.

In the SdH-M measurement, the Fermi level, E-, is fixed and so is the electron density
in the channel. Then the period of 1/B is, from Eq. (1), constant and given by

B B, B(, 1  rq,) - - E gN (7)

Rewritting Eq. (7), we have

N gq (8)

or

N = 4.83 x 1010 cm -  
(8a)

which means that the electron density in the channel can be determined from the
period A(1/B). By measuring VGs and A(1/B), we can make a plot of N vs. Vrs. If
C is independent of gate voltage, as can be seen from Eq. (3), the plot is a straight line
and the slope is the gate-to-channel capacitance. When parallel conduction in the low
mobility AIGaAs layer in a AlGaAs/GaAs MODFET begins, C becomes a function of
gate voltage, and drops with increasing gate voltage. In this case, the N vs. VGS curve
deviates from a straight line. The onset of parallel conduction can thus be determined
from the start of that deviation.

The requirements for observation of the SdH oscillations are that the thermal energy
broadening, kT, and the scattering-induced energy broadening, h/r, be smaller than
the Landau level spacing, hw, where k is the Boltzmann constant, T is the tempera-
ture, and r is the momentum relaxation time. This implies that the SdH measuiement
has to be carried out at low temperatures, and that a device has to have a reason-
able mobility. The specific values of temperature and mobility that are necessary to
observe the SdH oscillation can be estimated from hw > kT and h7 > h/r respec-
tively. These expressions give the following two criteria for observing SdH oscillations:
T < l.3B/(m*/mo) K and p > 104 /B cm 2 /V-sec, where B is in Tesla and m0 is the
free electron mass.

From the observation criteria, it can be seen that, except at extremely high magnetic
fields, neither the electrons in the heavily doped AIGaAs layer nor the electrons in
the n+ regions contribute to the SdH oscillation because of their low mobilities. The
fact that electrons in n+ region move in a 3-dimensional space also prevents them
contributing to the SdH oscillations. Therefore, the SdH measurements are immune to
parasitic capacitance and series resistance.
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3. Experimental

The modulation-doped layers used in this study was grown by molecular beam epitaxy
(MBE) on Cr-doped semi-insulating (100) GaAs substrate. The growth tempera-
ture was 610 *C. The modulation-doped structure consists of a 1 pim GaAs buffer,
5 nm thick undoped AL0.3 Ga 0 7.As spacer, a 35 nm thick Si-doped (1 x 10' cm- 3 )

AlO.3Gao.7,As layer, and a 15 nm thick n+-GaAs cap layer. The grown layer has a
Hall mobilities of 4500 cm 2/V-s and 41,400 cm 2/V-s at 300 K and 77 K respectively.
AuGe(70 nm)-Ni(15 nm)-Au(60 nm) was deposited and alloyed to form ohmic contacts.
Mesa isolation and gate recess were then performed by wet chemical etching. Finally.
Ti(60 nm)-Pt(15 nm)-Au(80 nm) gate was deposited by lift-off technique. The drain
I-V characteristics of a 1 pm gate device at 300 K and 77 K are shown in Fig. 1. For
1 pm gate devices, the maximum transconductances measured were 210 mS/mam and
310 mS/mm at 300 K and 77 K respectively. The highest transconductance for 5 jim
gate devices at 300 K was 120 mS/mm.

The SdH measurements were carried out
at low temperatures (-1.2K) in a Bit-
ter magnet. Both the conductance and
the transconductance of devices were di-
rectly measured using a lock-in ampli-
fier. The source-drain voltage was kept
less than the Landau level spacing, i.e.
a few millivolts, to avoid the electron
transition between the Landau levels.
The SdH-G oscillations of a 5-pm gate-
length AlGaAs/GaAs MODFET at dif-
ferent magnetic fields are shown in Fig. 2. (a)

When the gate voltage is below -0.1 V,
the transconductance oscillates period-
icly with the gate voltage, and the spac-
ing between the peaks is constant. From
the spacing of the peaks, the gate-to-
channel capacitance calculated from Eq.
(5) are 1.96xI0 - F/cm2 at B=2.5 T,
and 1.90x10-7 F/cm2 at B=3T. As ex-
pected, the capacitance is independent of
the magnetic field within the experimen-
tal error.

Having the gate-to-channel capacitance
and knowing the total AlO.3Ga.7As thick- (b)
ness, Z,, from the growth parameters, one
can calculate the average distance of elec-
trons from the interface, Z, if the dielec- Fig. 1. The IN characteristics of a I jm
tric constants are known. The dielectric g.te I-V chrateristicsKo a 1b)
constant of Alo.3Gao.As was obtained by gate MODFET, at (a) 300 K, and (b)77 K.
a linear interpolation between the dielec-
tric constants of GaAs and AlAs
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(Casey and Panish 1978). The dielec- GaAs MODFET (173)
tric constants, e. of GaAs and AlAs at L: 5kir
1.3 K were obtained from (Strzalkowski T: 1.3 K
et al 1976)

e. =e.(T =0) +2.5 X 10-3T, EB . el

Where EGGA(T = 0)=12.35 andB 3Tel
4-AIA.(T = 0)=9.31. Using C = 1.93 (- I I I

0.03)x 10- F/cm2 , Zi = 40 rn, and e, -0.60 -0.45 -0.30 -0.15 0 0.15VGS (volts)
Of Al0.3Gao.7As = 11.44, one finds that G(V1S
Z. = 13.5 on 2 fm. Fig. 2. The SdH oscillations of transcon-

5 te 2 nm , ductance g, with gate voltage VGs for a
In the SdH-M measurement, the B field 5-pm-gate MODFET at different ang-

was swept, while the gate voltage was netic fields, and V as = 1 inV.

fixed. Figure 3 shows the drain cur-

rent of the 5pm-gate-length MODFET
vs. magnetic field at two different gate GaAs MODFET (173)
voltages. The electron density was L 5fim

calculated from the oscillation period T t.3 K

(), and is plotted against Vcs in "E
Fig. 4. It can be seen that once paral-
lel conduction starts, the electron den- .. ,
sity in the channel almost ceases to in- C
crease with increasing VGs. From the _ o

linear part of the curve, the gate-to-

channel capacitance is determined to 0 2 6 1 0
b1.5x1- /M 0 2 4 6 8 10 12

be 1.65 x 10- F/cm2, which is about Mognetc field B (T)
15% smaller than that measured by the Fig. 3. The SdH oscillations of the drain
SdH-G method. This difference can be current I with magnetic field B for a 5-
explained by the fact that the paral- um-gate MODFET at different gate volt-
lel conductance starts before Vcs=O, ages.
as indicated in the SdH-G measure-
ment, where the oscillation period of 10
the transconductance becomes larger s T 113 /
when VGs is greater than the -0.1 V. a 8 MN ( /

Had we had more data points bel- - T:.3K

low VGs=-O.1 V, the capacitances mea- "
sured by the SdH-G and the SdH-M -
should be the same. Figure 5 shows the I alnset of poalie
N vs, V0 s curves of an enhancement- z 4 conducton

mode 5-pm-gate MODFET with a dif-
ferent threshold voltage and different 2 -...- 0. 0
threshold for onset of parallel conduc- - 0 0.. .

tion. Again, the N curve bends very

sharply once parallel conduction starts. Fig. 4. The electron density N in the
channel of a 5-pm-gate MODFET vs.
the gate voltages V0s.
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4. Conclusion-

We have demonstrated that the Shub- -0 7.
nikov-de Haas oscillations can be used , -
to measure directly the gate-to-channel - 6 /
capacitance, to measure the carrier C ? GoAsMODFET
density in the channel, and to detect O / L 5/m

the onset of parallel conduction in Al- 5 T -1.3 K
GaAs/GaAs MODFET's. The SdH -QuJ

measurements do not require knowl- 4 05.

edge of device parameters, and are VGS (V)

immune to the gate parasitic capac- Fig. 5. The electron density N in the
itance and source-drain series resis- Fin. of an eeode N in te

tance. When the magnetic field is
known, it is only required to measure MODFET of different threshold voltage

the oscillation period with gate voltage vs. the gate voltages VGS.

to determine the gate-to-channel capacitance. Then the onset of parallel conduction
can be determined from the VOs at which C starts decreasing. The characterization

methods can be applied to MODFET's fabricated in other materials.
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Growth parameter dependence of 2DEG mobility in selectively doped
n-AIGaAs/GaAs grown by MO-CVD

h. Tokuda, A. Tanaka, H. Kawasaki, I. Inami, M. Higashiura, S. Hori
and K. Kazmei

Microwave Solid-State Department, Komukai Works, Toshiba Corporation

1, Komukai Toshiba-cho, Saiwai-ku, Kawasaki 210, Japan

Abstract. Growrth parameter dependence of 2DEG mobility in selectively
doped n-AlGaAs/GaAs was investigated for wafers grown by MO-CVD. The
most characteristic parameter on the 2DEG mobility was found to be
[VI,/[III] ratio. The mobility increased with increasing [V]/[III] ratio,
while sheet carrier concentration was constant. A low noise HEMT fabri-
cated on a wafer grown at optimized conditions showed minimum noise
figurts of 2.77 and 1.18 dB with associated gains of 11.5 and 9.7 dB

at i2 and 18 I}{z, resrectivel$,.

1. Intro"uction

ji:4 electron moility transistors (NEWs) have sihown the superiority to
GaAs 1.PSFE-s as a microwave low noise devices (Kamei et al. 1985). Almost
ali of t e developed NEMTs retorted so far have been urine waferc grown by

.%.. - :-nther ro:. !'Or !rwi' w 'for: for HEM-, and it is
rote tiaily superior to %ME in term. of surface morphology and productivity.

Recen tiy, Tanaka et al. (1988) reorted oz low noise characteristics of
HIE T usi, tl.e wfers grown by MO-CVD. The reported noise figure of o.C7 dB
at iZ '}Ez is encouraging for the utilization of MO-CVD to the growth of
NEI4- wafers. U1 to present, however, little is known on the relations be-
t"een growtl arameters and the p-erformance of }EWTs, and more efforts to-
ward the optimization of growth. parameters are needed to improve the NEWT
performance.

In this paper, growth parameter dependence of 2-dimensional electron gas
(20EG) mobility in selectively doped n-AlGaAs/GaAs structure grown by MO-CVD
is described. HEMTs were fabricated on the wafers grown at different [As3 1/
[TMG] or [Ash ]/([TMG]+[TMA]) ([V]/[III]) ratios, and the relations between
[V]/(IIII ratios and dc and microwave characteristics of HEMTs are also des-
cribed.

2. Epitaxial growth and measurements of 2DEG mobility

The MO-CVD apparatus used through this work was a vertical type reactor
operating under atmospheric pressure. The source materials were trimethyl
gallium (TMO), trimethyl aluminum (TMA) and arsine (AsH ). Silane was used
as a dopant gas. The growth temperature was monitored 5y the thermocouple
which was placed in the graphite susceptor. To anhieve an abrupt AlGaAs/GaAs
interface, growth was carried out under high gas velocity of 50 cm/s and low
growth rate of 3 A/s.

c, 1987 lOP Publishing Ltd
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A 0.5 =m-thick undoped GaAs layer, 10 or 5A -thick undoped AlGaAs spacer

layer, 300 X-thick n-AlGaAs layer and 400 A-thick n-GaAs cap layer were suc-

cessively grown on semi-insulating Cr-doped GaAs substrates. The content of
Al in the AlGaAs layers was fixed to be 0.3. In the growth, the following
three growth parameters were varied and the dependences of 2DEG mobility and
sheet carrier concentration on each parameter were investigated; (i) SiH 4

mole fraction during the growth of n-AlGaAs and n-GaAs layers, (ii) growth

temperature and (iii) [V]/[III] ratio (from now on, [VJ/[III] ratio iE
defined as [Ash3]/[TMG]).

The mobility and sheet carrier concentration of the 2DEC were determined by
the following procedure. The depth profiles of mobility and sheet carrier
concentration (n) were measured using van der Pauw method for each successive
step etching. Figure 1 shows an example of the measured profiles. The mo-
bility shows a peak when etched to a depth e, _ __

of 500 A from the Purface. The peak mobil-
ity and corresponding n are considered to
be those of the 2DEG. his can be under-

stood as follows. When the etching depth
is shallow so that n-GaAs layer still re-

mains, parallel conductions throu-gh n-GaAs, i,11 C
n-AlGaAs and "DEG layers occur. Since the E
mobilities of n-GaAs and n-AlGaAs layers
are lower thai. that of 2PEG ({iyamizu et al. C
1951), the measured mobility is lower than
the 'DE; mobility itself. With further U O

etc:.inf,_ the contribution of n-GaAs layer . il-
conduction decreases, hence the measured

mobility increases and the measured n.
decreases. When the n-GaAs layer is etched
off and electrons in the n-AIGaAs layer are _ 0 0'
derleted, the measured motility and n coin-
cide with those of 2DEC. The SPEC moel it.
begins to decrease with further et c.ing
since it decreases wit:- a decrease of r,
(Mimura 1982). Therefore, the e;i.re

-  iOt 100-O

file of the mobility is expectei to sow 00
a peak where the measured moility and Etching Depth (A)

correspond to those of 2DE. The ac- ig. i Depth irsfiles of sheet
curacy of measured sheet electron concent- -arrier concentration at 300 K
ration was checked by using the simulation !and mobilities at 300 K and 77K
programs developed by Yoshida (1986). 'or a selectively loped wafer.
It was found that the difference tetween
the measured values and caluculated ones
was within 30 % at most.

3. Growth parameter dejendences of .'DEI motility and sheet carrier concentration

Dependences of the 2DEG mobility and i on Sih 4 mole fraction are shown in
Fig. 2. In this case, the sj'acer layer thickness, the growth temperature
and [V]/[III] ratio were 10 sA,640 OC and 120, respective,y. The Sill4 mole

fraction was varied fItm lxlO 7f 4xl- , which corresponds to t.e carrier
concentration of lixlO and 4xlO cm- in n-AlGaAs layer, respectively.
With the increase of Sill4 mole fraction (carrier concentration of n-AlGaAs

layer), n increased and the mobility decreased. This dependence is under-

stood by Sonsidering the scattering of electrons by Si donors in AlGaAs layer

(Ando 1982). From our experiments on fabricating EPTs, it was found that
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Characterization of simultaneous diffusions of zinc and indium into GaAs,

and (AIAs)n(GaAs)m superlattice surfaces and its device applications

J.R. Shealy*, K. Kavanagh** and P.M. Enquist
SchTl of Electrical Engineering, Phillips Hall

Materials Science Department, Bard Hall
Cornell University, Ithaca, NY 14853

and General Electric Company, Syracuse, NY 13221

Abstract. The characterization of a diffusion process which
results in high concentrations of indium and zinc on GaAs
and AlGaAs surfaces is described. These diffusions are
carried out in a closed graphite box with InAs and ZnAs 2
sources in a H2/N2 mixture. Under appropriate conditions
large concentrations of Zn and In are obtained on the
surface (aproximately 1020 cm- 3 of Zn and 10% InAs). The
process has been used for obtaining low resistance p type
contacts (Pc - 2 x 10-7 f%. cm2 ) to GaAs. This technique
has also been applied to the fabrication of narrow stripe (3
Pm) GRIN-SCl quantum well laser structures. These devices,
which were diffused under conditions resulting in
approximately 0.5 Pm of In penetration into the upper
cladding regions, exhibit single mode operation over the
full range of operating currents suggesting an index guiding
mechanism originating from the In related strain field
exists. Single mode output powers of 30 mW/facet (CW) were
obtained on lasers with uncoated facets.

Introduction

The simultaneous diffusion of zinc and indium into GaAs is a
new approach for obtaining low resistance contacts to p type
GaAs. The technique produces the alloy GaO.g9n0.lAs on the
diffused surface which results in the reduction of the
bandgap, improving the tunneling probability at the metal
semiconductor interface. Non-alloyed contacts to GaAs were
measured to be as low as 2 x 10- 7 *i • cm2 after pulse
annealing. [Shealy and Chinn 1985]

In this study, the diffusion profiles and concentrations of Zn
and In have been examined using SIMS and RBS. Penetration
depths have been controlled over a broad range from 1000 'a to
several microns by varying the diffusion temperature over the
range from 575 to 6500C.

A new type of index guided laser has been realized with a
simple planar stripe geometry by diffusing Zn and In into the
upper cladding region of a GRIN-SCH quantum well laser

19817 lOP Publishing Ltd
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structure through a 3 11 opening in a pyrolytic Si3N4 masK.

Experimental

A series of diffusions were carried out on GaAs,
(AlAs)20 (GaAs)loo, (AIAs)2 (GaAs)2, and AlO.5Ga0.5As surfaces.
The surface concentrations and penetration depths of In and Zn
were evaluated by RBS and SIMS data on each of these samples.
When the diffused regions were selective, pyrolytic Si3N4 was
deposited as the mask by the decomposition of dichlorosilane
and ammonia at 6750C and 100 mTorr in a nitrogen background
gas. These films were of high quality compared to
conventional plasma deposited Si 3 N4 films as d monstrated by
low pinhole densities on filps as thin as 200 § and by low
buffered HF etch rates (- 5 X/min) suggesting a high density
Si3N 4 film. The index of refraction of the pyrolylytic Si3N4
was typically in the range form 2.0 to 2.1. The superlattice
structures were produced by the multichamber OMVPE process
discused in an earlier publication.[Shealy 19861

The GRIN SCH lasers were grown in a horizontal reactor at 76
Torr. The upper and lower cladding regiong were 1.75 pm of
A10 .6Ga0 .4As. The GRIN regions were 2500 A of linearly graded
AlxGal-xAs (x = 0.60 to x = 0.20). The quantum well was 150 A
of GaAs. Further details of the growth conditions and layer
structure are reported in [Schaus et al 1985].

Narrow stri e lasers were processed by depositing pyrolytic
Si3N4 (700 X thickness) and patterning 3 Pm openings followed
by plasma etching in CF4/02 and the In/Zn diffusion. The
wafers were then thinned, metallized, cleaved into 300 pm
cavities and tested.

The simultaneous diffusion of zinc and indium into these laser
structures was performed in a sealed graphite box using InAs
and ZnAs 2 sources. Details of the experimental apparatus and
conditions have been previously described. Three different
diffusion temperatures (575, 6000C and 6500C) were employed
for 15 minutes to observe the effects of In and Zn penetration
on laser performance. It was determined that the higher
temperature diffusion resulted in 0.5um of In penetration and
1.5Vm of Zn penetration. It is important to note that the
lateral Zn diffusion effectively broadened the stripe width
from 3Um to 6-7mm.

Results and Discussion

The results using this process and the masking' ability of the
pyrolytic Si3N4 are illustrated by the SIMS data given in Figs.
l(a) and (b). The profile shown in Figure l(a) represents a
shallow Zn/In diffused GaAs surface. The diffusion conditions

iven resulted in a Zn penetration depth of ap roximately 3000
while indium has diffused approximately 800 A. Also, the

concentration of Zn is seen to be largest where the indium has
diffused suggesting a strong interaction between the Zn and In
diffusing species possibly due to strain.

Ask .



I . - Y - - - -

Characterisation 253

In Fig. 1(b), the data given is that of a masked surface (1500
R of Si3N4) which has undergone the longest time and highest
temperature cycle diffusion used in this study. A penetration
of Zn and In into the Si3N4 su face is barely visible and is
estimated to be less than 200 §. These conditions resulted in
relatively deep Zn and In penetration in unmaKsed GaAs
surfaces as shown by the corresponding data given in Fig.
2(a).

20

10' 650C

i~ 5mn .. As 60m

0'102
2 Zn i

St

,'0
1 0 ' ,

.in In •10 :n

000 030 060 090 120 150

'0. Depth (microns)000 030 060 090 I 20 150(mcrons)
Depth (rn~crons)

Fig. l(a). Sims profile of a Fig. I b). Sims profile of
Zn/In diffused GaAs surface. The a 2000 thick pyrolytic
GaAs sample was doped 2x10 1 8  Si3N4 film deposited on
cm- 3 with silicon. GaAs after an anneal in the

Zn/In diffusion apparatus.

A summary of the results of Zn/In diffused GaAs surfaces
appears in Figures 2(a) and 2(b). The penetration depths are
controlled over several thousand angstroms by varying the
time-temperature cycle. Typically, the Zn is observed to
penetrate approximately four times deeper tha, the In as
shown. Although in Zn surface concentration was observed to
be relatively constant with temperature (in the range of 4 x
1019 - 1020 cm3 ), a strong temperature dependence for the In
surface concentration was observed as shown in Figure 2(b).
It is interesting to note that the best p type ohmic contacts
were obtained at 6500C where the In surface concentration is
the highest.
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In Figure 3, Rutherford bacKscattering spectra (750 tilt) are
shown for a GaAs/AlAs superlattice comparing the as grown
sample to a sample annealed at 5750C for 15 min. in the In/Zn
diffusion apparatus. The superlattice consisted of 40 layers
5 of which are seen by RBS in the as grown case before beam
straggling destroys the depth resolution. The superlattice
period was 270/50 9 GaAs/AlAs, respectively. The anneal has
clearly mixed the superlattice. The In peak is observable but
expanded 40 times in the figure. The total In sheet
concentration was 1.3 x 1015 atoms/cm2 with a InAs surface
concentration of approximately 0.02. The depth of the In was
approximately 700 X in reasonable agreement with the SIMS
data. Also the indium penetration was less than the
detectable mixing of the superlattice, presumably the work of
the Zn as has been previously reported.[Laidig et al. 1981]

* 15 minutes 4 60 minutes
N G0 Uunut" a (5 minutes

i 10 i
Z. x"

S o05 0
0

A S~ In

600 625 650 _ _i _

D,fluSon Tempenlture (*C) 600 625 650

Dffusion Temperature (M)

Fig. 2(a). Penetration depth of Fig. 2(b).Variation of InAs
Zn and In in GaAs versus diffus- concentration on the diffus
ion temperature at the indicated ed GaAs surface vs. diffus-
times, ion temperature for the

indicated times.

The diffusion rates in the superlattice structures and AIGaAs
were observed to be significantly faster compared to those in
GaAs as expected from the results of previous studies. [Blum et
al. 1983; Ageno et al. 1985] The data shown in Figure 4, also
indicates a higher Zn diffusion rate for an AI0 "5Ga0.5As
compared with the superlattice (GaAs) 2 (AlAs) 2 . Apparently the
action of disordering the superlattice interfaces reduces the
Zn diffusion rate. However, since the zinc diffuses much
deeper than the indium, the indium diffuses through a mixed
AIGaAs crystal in both cases and, as a result, no differences
within experimental error were seen for indiuw penetration in
bulk AIGaAs or superlattices of the same average Al content.
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Fig.3. Rutherford backscatteriig Fig. 4. Penetration depths
spectra cornp,-ringasuperlattice of Zn and In in GaAs, AlGaAs
of (AIAs) (GaAs) before and after and superlattice sample vs.
a Zn/In diffusii for 15 mai. average aluminum composi-
at 575oc. tion (n/n+m).

As mentioned earlier, this diffusion technique was applied to
the fabrication of narrow stripe lasers using the pyrolytic
Si3N4 masiK. The diffusion temperature had a strong influence
on the electrical properties of these lasers above threshold.
NJamely, the specific "on resistance" was measured to be 1.1 x
10-5, 5.5 x 10-6, and 3.0 x 10-6 .cm2 for devices whose
corresponding diffusion temperature was 575, 600, and 650°C,
respectively. This reduction in the diodes series resistance
iis attributed primarily to an improving p type ohmic contact
as tne diffusion temperature is increased (larger In surface
concentration) . The p type cladding layers' contribution to
the series resistance was also reduced by the deep Zn
penetration at tne higher temperatures used. However, this
contribution was small as the resistivity of the upper
cladding region was approximately 10-2 'cm prior to the
di ff usion.

The lasers which were fabricated under the different diffusion
conditions were tested p side up, pulsed (i us) and CW, for
their emission spectrum, far field pattern, and output power.
The threshold currents and differential quantum efficiencies
exhibited little dependence on the diffusion cycle used, and
were typically 75 mA and 60%. These threshold currents were
determined to reflect at siqnificant amount of lateral current
spreading as narrow mesa dcviccs of thc same cavity length had
threshold current as low as 15 mA.

The devices diffused at 650oc exhibited single mode operation
over the range of currents tested as shown in Figure 5. The
In and Zn penetration in this case was 0.5 i and 1.5 u
respectively. The lateral diffusion of the Zn through the
fask resulted in producing a effective stripe width of 6-7 u
which resulted in the observed narrow far field angle of 50
and the high single mode output powers (30 mW/facet). The CW
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spectra given in the figure indicates a significant amount of
long wavelength shift due to heating ([100oC) in the p side up
configuration. Multimode operation was observed for the
devices diffused at 575 and 6000C. The single mode operation
is believed to originate from a lateral positive index guide
from the strain field originating from the deep In penetration
into the samples diffused at high temperature. The strain
related effects are apparently large enough to overcome the
carrier induced negative guiding effects from the Zn
diffusion.

Fig. 5. Far field, emission
spectra, and power-current

W-,,- ANGLE ,0.curves for a narrow stripe
laser diffused at 6500C
for 15 min. The spectra
and far field data are CW
data.

2L f' 4)

In summary, the simultaneous diffusion of Zn and In into GaAs
and (AlAsln(GaAs) superlattice structures has been
characterized using SIMS and RBS. We have determined the
diffusion depths and the In surface concentrations as the
temperature time cycle is varied. These results suggest that
the In concentration plays a dominant role for obtained
improve ohmic contacts to narrow strip devices. Finally using
this technique, with sufficient In introduced into the sample
a strain related positive lateral index guide was produced
resulting in high power single mode lasers.

The authors wish to acknowledge the contribution of J.W.
Sprague, P. McDonald for assistance in the laser fabrication
and G. Smith for the SIMS data.
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Characterization by Raman spectroscopy of GanP, AllnP and GaAs single
layers and superlattices

G.W. Wicks, D.P. Bour, J.R. Shealy and J.T. Bradshaw

School of Electrical Engineering, Phillips Hall

Cornell University, Ithaca, NY 14853 USA

Abstract. GaInP and AIInP layers and GaInP/GaAs

superlattices are characterized with Raman spectroscopy.
Raman features in the two ternaries have been identified

and the compositional dependence determined. Raman
measurements of GaInP at elevated temperatures determine
the phonon energies vs. temperature and its maximum
temperature of congruent sublimation. Superlattice Raman
measurements allow estimates of intermixing and strain.

Introduction

This paper is a study by Raman spectroscopy of GaInP and
AIInP. Data are presented on the effects of the compositions
of the two ternaries on their Raman features. Raman data at
temperatures up to 505

0
C are presented for Gae.sIno.5P, thus

quantifying the shift of phonon energies with temperature and
locating the maximum temperature of congruent sublimation in a

vacuum. Finally, Raman data on strained and lattice matched
superlattices of GaInP/GaAs are presented, allowing estinmates
of intermixing and strain.

Experimental Methods

All samples in this study are epitaxial structures grown on
(001) semi-insulating GaAs substrates by organometallic vapor
phase epitaxy (OMVPE). The epitaxy occurred at a temperature
of 6500C, under a hydrogen pressure of 76 Torr, and a growth
rate of approximatley 2 microns per hour. Trimethylgallium,
trimethylindium, trimethylaluminum, arsine, and phosphine were

the sources used.

The Raman spectra were measured with the samples at room
temperature and excited by the 5145 R line of an aroon laser,
unless otherwise indicated. The scattered light was
spectrally dispersed with a 0.85 meter double spectrometer
with a 4 cm-1 resolution and detected with a photomultiplier
with a GaAs photocathode in the photon counting mode. A
bacKscattering geometry was used in which the incident light
was polarized along a (100) direction. The polarization of
the detected scattered light was either aligned parallpl or
perpendicular to the incident light, denoted z(x,x)z oL
z(x,y)z, respectively.

1997lOP Publishing Ltd
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Compositional Dependence of Raman Features of GaInP

All GaInP samples in this study exhibited three Raman peaks
between 300 and 420 cm-1 . Figure 1 exhibits the energies of
these peaks vs. GaInP composition. In addition, Fig. 1 plots
the data from the literature of LO and TO phonon energies of
the two binary end points, InP and GaP [Mooradian et al.19661.

S- -TO

c! Fig. 1 Raman freq. of
of GaInP. As indicated

o by the different symbols,
the three modes are

0 a ~identified as the GaP-like
LO mode, the InP-like

; LO mode and a TO mode of
GaInP.

00 015 0.50 0.75 00

As can be seen in Fig. 1, we have identified the highest
energy peak as the GaP-like LO phonon, the middle energy peak
as the InP-like LO phonon and the lowest energy peak as a TO
phonon. This assignment is based on three considerations.
First, the two highest energy peaks are approximately ten
times more intense in the z(x,y)z configuration than in the
z(x,x)z configuration, while the lowest energy peak is the
same intensity in both configurations. These observations are
consistent with the above peak assignments and the
polarization selection rules [Hayes et al. 19781. Second, the
upper branch in Fig. 1 extrapolates toward the LO phonon of
GaP, the middle branch toward the LO phonon of InP and the
bottom branch toward both binaries' TO phonons. Third, the
ratio of the intensity of the upper branch to that of the
middle branch is observed to be approximately proportional to
the ratio of Ga to In in the ternary.

The above assignments of the Raman features of GaInP are not
in agreement with earlier studies of GaInP phonons (Lucovsky
et al. 1971; Beserman et al. 1978], but are in agreement with
more recent studies (Jusserand 1984).

Raman Features of Gao.5_n0.5P at Elevated Temperatures

Raman specta of Gao 5Ino.5P were taken at temperatures up to
5050C by mounting tHe sample in a heater in a vacuum chamber
pumped to 10- 3 Torr. The shifts with temperature of the GaP-
like and InP-like LO phonons are displayed in Fig. 2. At



I . i ,W v i , _- - -... .

Characterisation 259

nFig. 2 LO phonon modes of
Gao.51n0.5P vs. temperature. The
higher energy mode is the GaP-like
LO mode and the lower energy mode is

t the InP-like LO mode.

temperatures below 5000C, the two LO phonons were clearly
resolvable. Above 5000C, the Raman spectrum rapidly changes,
indicating degraded crystallinity, as seen in Fig. 3.
Apparently the maximum temperature of congruent sublimation is
approximately 500c, i.e. the material is stable against
thermal decomposition in a vacuum below this temperature.

Fig. 3 Ga0.51n0.5P

Raman vs. Temperature.
The features of the lower

Raman spectrum is
Z qualitatively similar to

all spectra at temperatures
T less than 5000C. Above

500oc the spectrumchanges5as seeniu h
changes as seen in the

E \WC upper spectrum, indicative
-of degraded crystallinity.

300 325 350 3 400
Roan Shift (cm

I
)

Raman Features of AlInP

All AlInP samples in this study exhibited two clearly resolved
Raman peaks, each with a partially resolved low energy
shoulder. The four peak locations are plotted vs.
composition in Fig. 4. Additionally the LO and TO phonons of
the binary endpoints of AIP [Onton 1970] and InP [Mooradian et
al. 19661 are plotted.

These four Raman features are assigned to be in order of
decreasing energy, the AlP-like LO phonon, the AlP-like TO
phonon, the InP-like LO phonon ana the InP-like TO phonon.
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- Fig. 4 Raman freq. of
I - AlInP. As indicated by+- 'f the different symbols, two

21 LO modes and two TO modes
are observed, each
associated with one of the
binary end points.

.00 on 0 on0, _A

The basis for these identifications is simply that the phonon
modes extrapolate well toward their respective binary compound
endpoints. This ternary phonon picture, consisting of two
sets of binary-like LO/TO phonon branches which meet as they
vanish at the opposite binary endpoint, is similar to other
ternaries. AlGaAs [Abstreiter et al. 1978], AlGaP [Tsu, 1981]
and InAsP [Bedel et al.1984] behave like the above phonon
picture; GaInP having only a single TO phonon branch which
does not join with either LO branch at the binary endpoints
seems to be the exception.

Polarization selection rules were not found to be useful to
identify which of the above phonon features were LO and which
were TO related, as was done in the case of GaInP. The reason
for this is that the available laser lines from the argon
laser are energetically close to the direct bandgaps of these
samples, thus resonant Raman scattering is occurring.
Contrary to the non-resonant case in which the LO phonon is
only allowed in the z(x,y)l geometry, the LO phonon also
appears in the z(x,x)z geometry at resonance [Menendez et al.
1985]. The resonant Raman spectra are shown in Fig. 5. Also

Fig. 5 AlInP resonant Raman spectra.
? P_-- -. t41,v The energy of the laser line ranges

from 2.41 eV to 2.71 eV as indicated.
h-4,6 The energy of the EO band gap as

determined by electroreflectance
-?. is also indicated. The two main

- 2.52v Raman peaks are the AlP-like LO
---.Z 4*V mode at 457 cm-1 and the InP-like

LO mode at 341 cm-1 . A small GaAs
or ,r .7eV, LO peak at 292 cm-1 from the

37 4 7* substrate is also observed for
Re.oom Shit (C"') sub-bandgap laser enervies.

indicated is the Eo bandgap of the sample as determined by
electro-reflectance. As the energy of the laser nears the
energy of the Eo bandgap, the intensity of the two LO modes of
the AlInP increase. Also seen in the fiqure is the appearance of
the LO phonon of the GaAs substrate for laser energies less
than the Eo bandgap of the AlInP, indicating that the AlInP

becomes transparent to light less energetic than Eo, as
expected.
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Raman Measurements of GaAs/GaInP Superlattices

Three GaxInl-xP/GaAs superlattices consisting of fifty 75R/75R
periods were grown for Raman measurements. In one sample, the
GaxInxP was lattice matched to GaAs (x = 0.52); one sample
contained indium rich GaxInl-xP (x 0.35); one sample
contained gallium rich Gaxlnl-xP (x 0.65). The observed
energies of the GaP-like phonon of the GaInP and the LO phonon
of the GaAs are listed in Table 1 along with the expected
values which neglect strain, intermixing, or phonon
confinement effects. LO phonon confinements effects are
neglible at 75 R thicknesses in AlGaAs/GaAs superlattices
[Sood et al. 1985] and are assumed to be similar here. There
is however strain or intermixing or both in these samples.

Intermixing can change the intended GaInP or GaAs layers into
GaxInl-xAsyPl-y layers. Although there is some Raman data in
the literature on GaInAsP compositions lattice matched to InP
[Soni et al. 1986) and to GaAs [Inoshita and Usui 19841, the
Raman features of arbitrary compositions of the quaternary are
not known. Because of this situation, the complete aspects of
intermixing cannot be determined, however some estimates can
be made. Consider first the 4 cm-1 discrepancy between the
expected and observed GaAs LO phonon in the lattice matched
sample. If this were caused by intermixing from the GaInP to
the GaAs of indium only, Raman data on GaInAs [Kakimoto and
Katoda 1982] would imply a composition of approximately 4%
mole fraction of indium. Data on GaAsP would be necessary to
determine the amount of phosphorous which could cause the 4
cm-1 discrepancy. Now consider intermixing of Ga or As from
the GaAs into the GaInP. The fact that the observed GaP-like
phonon of the nominally lattice matched GaInP is very near the
expected value implies either very little intermixing or that
the GaP-like phonon of the resulting quaternary does not shift
with composition. The former situation is thought to be more
likely.

The shift of the LO phonon energy of GaAs, Aw, with the
strain, c, is known to be given y [Weinstein and Cardona
1972]

= - 380 e (cm-1)

A similar relation is not known for GaInP, but is expected to
be very similar since the average of the elastic moduli of GaP
[Weil and Groves 1968] and InP (Hickernell and Gayton 1966]
are almost the same as that of GaAs [Garland and Park 1962].
The magnitude of the total strain in the two mismatched
superlattices studied here is approximately c = 1%. Since the
GaInP and GaAs are of each of similar thicknesses 'and have
similar elastic constants, one might intuitively expect the
strain to divide equally, thereby producing a strain shift of
approximately 2 cm-1 (but of opposite signs) in both layers.
This does not occur. As Table 1 shows, after realizing that
the GaAs LO is shifted by -4 cm-1 due to compositional
intermixing, the magnitude of the strain shift in the GaAs
layers is 0-1 cm-i and that in the GaInP is 3-6 cm -1. Thus
most of the strain occurs in the GaInP with little in the
GaAs. Similar results have been reported in strained
AlInAs/GaAs superlattices [Nakayama et al 1986].
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x GaP-Like LO GaAs L0
observed expected observed expected

.35 376 373 287 292

.52 381 382 288 292

.65 383 389 288 292

Table 1. Energies of GaP-like LO phonon from GaInP and GaAs LO
phonon in GaInP/GaAs superlattices. The mole fraction, x, of
GaP in GaInP is also listed. All energies are in wavenumbers.
The expected energies neglect intermixing and strain.

Summary

GaInP has been shown to exhibit two LO phonons modes and one
TO, whereas AlInP exhibits two LO and two TO phonons. GaInP
phonon energies vs. temperature have been measured, and the
maximum temperature of congruent sublimation is determined to
be approximately 500 0C. Intermixing in GaInP/GaAs
superlattices was estimated and the strain was found to be
primarily in the GaInP layers.
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Effects of internal stress on the thermal stability of superlattice and alloy
semiconductors

Takashi Katoda and Naoki Hara

Institute of Interdisciplinary Research, Faculty of Engineering,

The I'niversitv of Tokyo

4-6-1 Komaba Meguro-ku, Tokyo 153, Japan

I. Introduction

The stability of superlattice and alloy semiconductors during

fabrication or device operation is very important. Disordering of the

superlattice induced by impurities has been discussed (Laidig et al.

1981, Coleman et al. 1983). It is reported that some kinds of alloy

semiconductors have stress in their bonds and include clusters (Kakimoto

et al. 1985). Some kinds of superlattices, such as GaAs-InAs strained

layer superlattices, are known to include internal stress. However their

thermal stability has been rarely discussed. Using laser Raman

spectroscopy we estimated the stress in some superlattice and alloy

semiconductors, and its effect on their thermal stability.

It. Experiment

(GaAs)m(InAs)m and (GaAs) n(AlAs) n superlattices, and Ga l-XInxAs and

Ga ixAl xAs alloy semiconductors were used as samples.

Raman spectra were obtained using an Ar laser operating at a

wavelength of 514.5 nm in a backscattering geometry at room temperature.

Annealing of superIattice and alloy semiconductor was done in an

atmosphere of nitrogen with 6% hydrogen. A SiO 2 capping film was formed

on the surface of superlattice and alloy semiconductor before annealing

in order to protect the surface.

c 1987 lOP Publishing Ltd
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Ill. Results and Discussion

Stress in the superlattice was estimated using the extra shift of the

1.0 phonon frequency measured by laser Raman spectroscopy. Figure 1 shows

the relation between the frequency of LO phonons from GaAs in GaAs-lnAs

superlattice and the number of monolayers. The solid line is the result

calculated using the one-dimensional linear chain model (Barker Jr.

et al. 1978). The LO phonon frequency decreases with the number of

monolayers because of the zone folding effect. Dots in Fig.1 are

experimental results obtained by laser Raman spectroscopy. The

difference between calculated and experimental results is explained as

resulting from stress. A value of stress was derived from the difference

by using the modified relation (Eguchi et al. 1986) derived from the

original model proposed by Cerdeira et al.(1972).

(GaAs) (InAs) (m=l-4) superlattices have stress in the order of
10 2

1lO
0

dyn/cm
2
. Stress in the (GaAs)2 (InAs) 2 superlattice is about 10%

larger than that in (GaAs)4 (InAs) 4. The value of stress in

(GaAs) (InAs)1 includes a relatively larger error because no model which

accurately explains the LO phonon frequency of (GaAs)1 (InAs) 1 exists.

Therefore we used (GaAs) m(InAs)m superlattice with m>2.

m m

BuIk CGOAS LO C( )

27 -F-

285' - , fC

275

270K

210 220 200m (onoloyers) 0 RAMAN SHIFT (crm')

Fig.t Relation between the Fig.2 Raman spectra from

frequency of LO phonons from (GaAs)2 (InAs) 2 superlattice

GaAs in GaAs-InAs superlattice before and after annealing

and the number of monolayers. at 580*C for 30 min.
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Figure 2 shows Raman spectra from (GaAs)2 (InAs) 2 superlattice before

and after annealing. A new peak at about 235cmI is shown in the

spectrum obtained after annealing at 580'C for 30 min. The new peak

corresponds to InAs-mode LO phonon from Ga IxfnxAs (x-0.5). The result

means that disordering was induced by annealing at 580'C. Disordering

was induced by annealing at a higher temperature in the case of the

(GaAs) 4 (InAs) 4 superlattice which has a smaller stress than that in

(GaAs)2(lnAs)2. Figure 3 shows Raman spectra from (GaAs)4(lnAs)4. A new

peak at about 270cm
-1 

was observed after annealing at 800'C for 30 min.

The new peak corresponds to the (,aAs-mode LO phonon from Ga I{n As

(x-0.5). InAs-mode LO phonon whose peak is at about 235cm I is

considered to be included in the tail of GaAs-mode 1,O phonon.

The (GaAs)4 (AIAs)4 superlattice has negligibly small stress and showed

no change in Raman spectra even with annealing at a temperature higher

than 800'C.

Stress accumulated in each bond of ternary alloy semiconductor was

estimated by the method we proposed (Kakimoto et al. 1985) using Raman

spectra. Ga-As and rn-As bonds in Galx InxAs (x=0.53) have stresses of
10 2

the order of 10 dyn/cm while Ga-As and Al-As bonds in Ga lxAlx As have

negligibly small stress. Figure 4 shows Raman spectra from Ga xIn xAs

300 200RW s ---

30 20
RAMAN SHIFT fmrn

" )

Fig.3 Raman spectra from Fig.4 Raman spectra from Ga xlIn xAs

(GaAs) 4(InAs )4 superlattice (x=0.53) grown by MBE before and

before and after annealing. after annealing at 4800C for 8 hours.

ie
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(x=O. I I grown by MBE before and after annealing at 480'C for 8 hours.

It is clear that Raman spectra changed by annealing at this condition.

The change in Raman spectra from the ternary alloy is explained as due

to rearranoement of atoms.

Impurities such as silicon which could be diffused from the SiO2 film

by annealing might contribute to the introduction of disordering.

However no local mode due to silicon or other impurities was observed.

IV. Summary

It was revealed bv laser Raman spectroscopy that the effects of stress

on the Lhermal stability of superlattice and alloy semiconductor are

very large. It is speculated that stress promote interdiffusion of the

host atoms constituting the superlattice and alloy semiconductor.

Effects due to the difference in growth methods of superlattices or

alloy semiconductors should be investigated. For example Gax In XAs

(x=0.53) grown by MBE always showed changes in Raman spectra resulting

from annealing as described here. However, Ga1 xInxAs grown by VPE or

LPE did not show reproducible changes.
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Electron beam measurement of band discontinuities at heterostructure
interfaces

A. Lechner+ , M. Kneidinger++ , K. Ltbke and H. Thim

University of Linz, Auhof, A-4040 Linz, Austria
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Abstract. An E-beam technique is described which allows directly mea-
suring conduction band discontinuities AE at heterostructure inter-
faces. This is achieved by probing the pofential distribution across
the discontinuity using a conventional scanning electron microscope.
Measurements performed on isotype n-doped GaAs/Gao.64AI0 .36As struc-

tures have yielded AE = 0.3eV andAE, A E = 66 : 34 in good agree-
ment with recently obtained results &onfikming that the previously
measured ratio of 85 : 15 can no longer be considered correct.

1. Introduction

The nondestructive experimental methods known for determining band dis-
continuities can be devided into two categories, optical and electrical.
Duggan (1985), Hickmott (1986) and Heinrich (1986) have recently pub-
lished excellent reviews on the various experimental techniques. They
have given good insight into the difficulties of the different proce-
dures and show that great care has to be taken in interpreting the
experimental results. It is thus not surprising that the initial experi-
mental result of A Ec : AE v = 85 : 15 by Dingle et al. (1974) obtained

with GaAs/Ga0 sAIo.2As multiple quantum-well structures has not been

questioned for many years until 1984 when several workers published the
new value of 60 : 40 which is very close to the now generally accepted
value of 65 : 35. Both, electrical and optical methods have yielded
this result so that there is no urgent need for searching for a new
technique unless it is both very simple and yet accurate.

The technique presented here is indeed very simple and has therefore
been used for many years to study surface potentials of both metal and
semiconductor surfaces. In contrast to the two other known electrical
methods, the current-voltage (I-V) and the capacitance-voltage (C-V)
techniques, its accuracy does not depend on the knowledge of. structural
details of the samples investigated and on the various assumptions made
for calculating I-V and C-V as it allows directly measuring the poten-
tial distribution along semiconductor surfaces and, hence, conduction
band discontinuities as will be shown below.

© 1987 lOP Publishing Ltd
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2. Theoretical considerations

Although several kinds of structures can be used for this experiment the
isotype heterostructure which is certainly the simplest structure has
been chosen for convenience. Fig. 1 shows a schematic view of the struc-
ture used. Also shown are the band diagrams for four different levels
of applied bias voltage. By in-
spection of these diagrams it
becomes evident that the magni- ntude of the conduction band nG-GaAs GaAs N-GaAlAs

discontinuity can be obtained
only under forward bias con- n
dition for voltages equal to ohmic Contact Ohmic Contact

or larger than the built-in F E

("diffusion") voltage, i.e., c c

V8  -VD1  + VD2  = Vbi (1) a.

These cases are illustrated in
Figures Ic and id. &E can V
be obtained by simply p~obing
the potential distribution at
bias levels in accordance with EC c\

equ. (1). b.

Fig. I EF

Band diagrams of an n-doped Ec AECN E

isotype heterostructure at 4 c. n---

different bias voltages. E

a. zero bias b. reverse bias

c. forward bias at flat band Ec

condition d. large forward bias My
d.

3. Experimental results

"Isotype" n -GaAs/n-GaAs(buffer)N-Ga0 .64AIo.36As heterojunctions grown

by a step cooling LPE process (Lechner et al. 1979) have been contacted
by evaporating Au Ge Ni Au layers on1o 4oth surfaces and alloying them
at 4200C. Small area (A = 2.2 x 10"'cm') diodes prepared by cleaving
have been mounted to a holder which was then placed into a conventional
scanning electron microscope in a position to allow scanning the elec-
tron beam across a cleaved surface. 20

The diodes investigated exhibited
good rectifying behaviour as shown
in Fig. 2.

Fig. 2 I-V characteristic
of a typical n±GaAs/n-GaAs/
N-GaAIAs heterojunction with
N = 3.10

15cm-3 , n 4 10
17 cm-3 "
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It should be pointed out that
2. 4 JL - 1-- the shape of the I-V charac-

2.Ov - teristics was generally such

- -that a reliable derivation of
I. IN -I the barrier height from I-V

16V . plots was not possible. By
measuring the potential distri-

-1-V bution across the heterointer-
2vm - face directly by means of the
,2V -r \, electron beam accurate determi-

I nation of the barrier height
1! v- =-4-- AEc was indeed possible.

4'vj- -- Figure 3 shows the video signal
versus distance derived from

-1-- 05V the amplified low energy secon-
dary electrons detector for4 04v
different bias voltages. These

.2v _4 "line scans" clearly show a
E depletion layer which exists

within the lower doped N-GaAlAs
E- region on the right hand side.

Its length decreases with de-
S - --- - creasing bias voltage.

I 0-, Fig. 3 Potential line scans
I DISTANCE ("contrast") versus distance

The video signal which we simply call "contrast", K, consists of three
contributions:

K(V) = Kch + Kbi + KVB (2)

Kch = chemical contrast proportional to .Ec

Kbi = contrast due to built-in voltage, also called diffusion voltage

K VB contrast due to externally applied voltage VB

Equation (2) holds for bias voltages with neglegible diode currents.
Under forward bias conditions currents flow which cause additional vol-
tage drops within the undepleted diode regions. They are not yet observ-
able in Fig. 3 due to the low resistivity of the semiconducting
materials used.

The conduction band discontinuity AE can be obtained from that line
scan which exhibits the same potentil step as the line scans at higher
forward bias voltages. At this voltage equation (2) reduces to

K(V) = Kch (3) and -VB = Vbi = 4Ec/e (4)

with e being the electronic charge. In Fig. 3 K(V) assumes a constant
value for forward current levels equal to ImA and 3 mA. The imA curve
thus corresponds to flat band condition.
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Although &E can be calculated from equation (4) the accuracy for estima-
ting the bis voltage at which K(V) assumes a constant value might not
be sufficient. A more accurate way of determining AE is obtained if
K(V) is plotted against V as has been done in Fig. 4. As can be seen the
contrast is a linear function of voltage. 6
The voltage at which K intersects the con- 2
stant value of K=Kh is the built-in vol- .- /
tage V,, and, hencg, equal to AE /e. The
straigM line allows better correction as . "
it is fitted to a large number of experi- /
mental data:AE =O.3eV from Figure 4. 4,

Once Er is known the valence band dis- E /
continulty AE can be calculated using U )
the well knowh band gap formula for M
GaI xAlxAs: E

4Ev=1,2 5 x-AEc= 0.15eV (5) for x=0.36. © 2U

The ratio AE :AEv is thus equal to 66:34 /'
in good agreement with recently obtained
values (Okumura et al. 1985, Watanabe et , 3v=AEc(eV)
al. 1985), confirming that the previously c0,
measured value of 85:15 (Dingle et al. -0.5 0 Q 1 1.5 2
1974) can no longer be considered correct. BIAS VOLTAGE (V)

Fig. 4 Contrast K versus V
4. Conclusions

It has been demonstrated that conduction band discontinuities at hetero-
structure interfaces can be measured directly by probing the potential
acr ss the structure using a conventional SEM. In contrast to the other
electrical methods, the I-V and C-V measurements, knowledge of structural
details of the samples investigated is not essential and no assumptions
need to be made for calculating band discontinuities. However, contacts
must be applied to the structure for applying reverse and forward bias
voltages but the contacts need not necessarily be ohmic as flat band
condition can be established without drawing forward current as it is the
case in MIS structures. The E-beam technique is thus a very convenient
powerful method for characterizing single and multiple heterojunctions
with sufticient electrical and spatial resolution in the order of O.01eV
and 100 A, respectively.
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Activation and characterization of MeV n-type implants in GaAs

Phillip E. Thompson and Harry B. Dietrich, Naval Research Laboratory,
Washington DC 20375-5000

Abstract. The implantation and activation of Si and S having energies
between 1 and 6 MeV have been studied. An activation study is reported
in which both furnace and rapid thermal anneal were utilized. Extended
layers 3 pm deep have been formed having carrier concentrations ranging
from 1.5xlO

6
/cm

3 
to 2xl1

8
/cm

3
. Buried active layers have been pro-

duced at a depth of 3 pm. Carrier profiles for a mixer diode and a
voltage variable phase shifter are shown.

1. Introduction

Selective ion implantation is one of the primary processing methods used in

the fabrication of GaAs discrete devices and integrated circuits. Its use
has become widespread because with selective implantation a variety of
electrically isolated planar devices (for instance FET's) can be fabricated
on the same chip. Selective implantation is the only processing approach
which 3.s genuinely compatible with monolithic integration. Through the
years it has been used to develop a very sophisticated FET-based IC tech-
nology in GaAs. However, there are still many GaAs circuits, many of which
are of an MMIC type which can only be made in a hybrid form. Higher
levels of integration could be achieved in this area if it were possible to
increase the number of device building blocks available to the circuit
designer in a truly monolithic format. An example is the family of devices
which require a buried n+ layer: mixer diodes, vertical varactors and ver-
tical PIN's to name a few. These devices and others could in principle be
fabricated with the aid of higher energy implantation. Hence there is cur-
rently a push to develop an MeV implantation technology in the Ill-V's.
This paper deals with implantation of Si and S, having energies between 1

and 6 MeV, in GaAs.

2. Experimental Procedures

The MeV implantation was performed at Universal Energy Systems, Dayton,
Ohio using a 1.7 MV Tandetron Accelerator. Using triply charged ions,
energies up to 6 MeV were obtained with 1.5 MV on the terminal. In some of
the device applications key implantations were added using the 300 keV AI
implanter at NRL. After implantation the samples underwent a high tempera-
ture anneal to remove implantation damage and to put the dopant atoms into
active sites. Both furnace anneal (FA) and optical rapid thermal anneal
(RTA) were investigated. For the 15 min. FA the samples were encapsulated
with IOOOA of Si3 N4 , sandwiched between two pieces of Si, and kept in a
forming gas (90% N2 , 10% H2 ) atmosphere. For the 10 s RTA, both Si3N4

encapsulation and a capless procedure were employed. In both cases a piece

, 1987 lOP Publishing Ltd
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of GaAs was placed on the sample prior to anneal and a forming gas atmos-
phere was used. The atomic profiles were obtained by SIMS profiling. The
electrical profiles were investigated using electrolytic CV profiling, bulk
Hall measurements, and differential Hall profiling.

3. Results and Discussion

A uniformly doped layer is shown in Fig. I. This carrier profile, obtained
with a differential Hall technique, has an average carrier concentration of
1.5 x 1016/cm3 and an average mobility of 5500 cm2/Vs. The reported drift
mobility at this concentration is 6000 cm2/Vs (Sze 1981). The activation
of low level implants in LEC material is constrained by inherent compensat-
ing centers which are required to make the material semi-insulating. If
the carrier concentration is decreased below 1.5 x 1016/cm3 the activation
and mobility degrade significantly.

An activation study was made of Si implants in GaAs, having energies of 1
to 6 HeV. The sheet carrier concentration and mobility were measured with
the Hall technique. The carrier concentration/mobility measurements for 2
and 6 MeV Si are presented in Figs. 2 and 3. As shown a 850C, 15 min.
furnace anneal is adequate for fluences up to 1014 /cm2 for 2 and 6 MeV Si.
After a 850C, 15 min. anneal the 2 MeV Si implants had % activation/Hall
mobility of 95/4730, 98/4570. and 29%/2940 cm2 /Vs for 5x10 12 , 1013, and
1014 /cm2, respectively. Similarly, the 6 HeV Si implants had 98/4600,
95/4400, and 50%/3300 cm2 /Vs for 5xi01 2 , 1013, and 1014/cm2 , respectively.
The activation percentages are greater than those typically reported for
keV energy Si implants and the mobilities are at least as high. For 1 MeV
Si, 1014 /cm2 , implants it was necessary to anneal at higher temperatures.
High dose implantation will be discussed later in this paper.
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Bulk Hall measurements of an implanted layer, used above, yield sheet car-
rier concentration and average mobility. By employing a differential tech-
nique, i.e., thin layer removal and multiple Hall measurements, the carrier
concentration and carrier mobility at a given depth is obtained (Mayer et
al. 1970). Differential Hall profiles were made of the 6 MeV Si implants
annealed at 850'C for 15 min. (1013, 1014, 5xl0 14 /cm2 ) to further under-
stand the activation process of these buried implanted layers, Figs. 4-6.
The profiles are considered in order of ascending dose. The l10 3/cm2 im-

plant yields a peak carrier concentration of 1017 /cm3 . The mobility of the
carriers at the depth of the maximum in the carrier concentration is 4000
cm2 /Vs. When the fluence is increased to 1014 /cm2 the peak carrier concen-
tration is 5.5x1017 /cm3 with a corresponding mobility of 2600 cm2 /Vs. The
mobility increases on either side of the concentration maximum. The re-
duced activation efficiency with increasing dose is due to the amphoteric
doping nature of Si in GaAs (Bhattacharya et al. 1983). In both cases the
activation percentage and mobilities are comparable to those achieved with
lower energy implantation and successfully used in device fabrication.
When the fluence is further increased to 5xlOl4 /cm2 , the maximum carrier
concentration is 6x,0 17 / cm3 . The carrier mobility at the location of the
maximum is 3000 cm2 /Vs, but there is an anomalous dip in the carrier mobil-
ity 0.5 pm in front of the maximum. This reduction can be understood by
considering the theoretical ion range and displacement profiles of 6 MeV Si
in GaAs calculated using TRIM 2.0 (Ziegler et al. 1985). While the peak in
the ion distribution is at 3 pm, the maximum in the displacements caused by
the implant is at 2.5 pm. The anomalous dip in the mobility profile ob-
served for the 5xlO 14/cm2 Si implant, annealed at 850*C, 15 min., is due to
residual implantation damage. High temperature activation, such as RTA
(1050'C, 10 s) is used to anneal out the damage.

The advantage of using RTA on high dose implants is demonstrated in Fig. 7.
In this case multiple MeV Si implants were used to form a layer 3 Um thick
with an implant concentration of 5xl1 8/cm3 . When FA is used, even at tem-
peratures as high as 900'C for 15 min., the activation is 6 % or less. By
using RTA the activation has increased to 20%.

S implantation has also been used to form n-layers. However, it has been
observed that S rapidly diffuses during high temperature furnace activation
(Wilson et al. 1983). By minimizing the exposure to high temperature
through the use of RTA the diffusion of the S is controlled. The carrier
profile of 1.15 MeV S, 10 4/cm2 , obtained with electrolytic CV profiling,
and the atomic distribution profile prior to anneal, obtained with SIMS,
are shown in Fig. 8. A S diffusion coeficient of 3.7xi0 - 12 cm2 /s was cal-
culated, which is similar to those reported for FA (Pearton and Cummings
1985). The redistribution is reduced since the exposure time to high tem-
perature is down by three orders of magnitude compared to FA.

Co-implantatOn of S and Si has been used to form n+ layers having carrier
concentrations of 2xlol8 /cm3 . An example of the use of co-implantation are
substrates implanted for mixer diodes. The carrier profile is shown in
Fig. 9. The vertical mixer diode structure requires Jow n-type doping on
the surface, suitable for the fabrication of a Schottky barrier diode, and
a deep n+ region for an ohmic contact. The transition between the two
regimes should be as abrupt as possible to minimize the series resistance
of the diode. Mixer diodes are currently being fabricated.

Another example of a device application is a implanted voltage variable
phase shifter. The doping layer requirements are a surface layer having a

Ad- I i •[ l l ]nm
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carrier concentration of 10l7/cm3 and a thickness between 1.5 and 2 M and
a subsurface layer of equivalent thickness and a carrier concentration of
1018 /cm3 . The original voltage-variable phase shifter concept was demon-
strated using VPE substrates (Neidert and Krowne 1985). A "first cut" was
made to duplicate this doping structure using MeV implantation, Fig. 10.
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Devices have been fobricated and phase shift, 0, and insertion loss, L,
measurements were performed for frequencies 2-18 GHz at room temperature.
Comparison of the ion-implanted device results to epitaxial device results
indicates comparable electrical performance, with no more than a 30% reduc-
tion in gain but with an improvement in loss behavior up to 40 Z. These
differences are attributed to differences in doping profiles.
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4. Conclusion

3 Um thick uniform n-layers have been formed in GaAs using MeV implanta-
tion. The doping concentrations ranged from 1.5xlO1 6/cm3 to 2xlO18 /cm3 ,
with carrier mebilities of 5500 and 1500 cm2 /Vs, respectively. Buried
n-layers have been formed 2 Um below the surface using 6 MeV Si implanta-
tion. Both FA and RTA have been investigated. For implant concentrations
of 5xlO17 /cm3 or less, 850°C furnace anneal with a S13N4 encapsulation
proved adequate. At higher implant concentrations RTA proved to be
superior. Implanted profiles for mixer diodes and voltage variable phase
shifters have been produced. The implanted phase shifter devices have
electrical characteristics equivalent to epitaxial devices.
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High activation transient annealing of Si- and Mg-implanted GaAs using
improved graphite heater

Wei Dong Fan, Xin Yuan Jiang, Guan Qun Xia, Wei Yuan Wang
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Abstract. Experimental method and results for high activation and
low redistribution transient annealing (TA) of ion-implanted GaAs are
described. Samples covered with Si-wafer were preheated to 4200C and
raised to 900-12200C (graphite temperature) or higher within 4 sec
using improved graphite heater in purified N2 atmosphere with annealing
time of 20 sec. Undoped SI GaAs samples were implanted with 15OKeV Si
to a dose of 3x013cm-2 and 200KeV Mg+ to a dose of X10210cm

- 2
, When

TA temperature is 12200C for Si-implanted sample and 11700C for Mg-
implanted sample, the activation efficiencies are 92 and 100% respec-
tively. After compared with LSS theoretical distribution and SIMS
measured Mg atomic profile, the redistribution of Mg-implanted sample
after TA is negligible. The Si-implanted TA GaAs wafers were used for
fabrication of GaAs MESFETs with better DC performances.

1. Introduction

Ion implantation has widely been used for impurity doping of wafers in
fabrication of GaAs MESFETs and it's ICs with good uniformity and repro-
ducibility, but there still exist some problems to be solved. The conven-
tional post-implantation annealing, furnace annealing (FA), with encapsu-
lated films or intimately contacted wafer is usually carried out at about
8000C for 30min. The electrical properties of implanted GaAs layer, such
as activation efficiency and carrier concentration profile are affected
due to redistribution of atoms which results in poor controllability for
the device characteristics.

In recent years, a new annealing method, transient annealing (TA), using
radiation heat from halogen lamps (Kohzu et al 1983), arc lamps (Tabatabaie-
Alavi et al 1983), tungsten lamps (Ezis et al 1984), graphite strip heater
(Champman et al 1982), was used for GaAs annealing, ' is characterized by
high temperature annealing within several sec. The prelimilary results
indicated that high activation and low redistribution can be expected.

In this paper, a new design of transient annealing apparatIs with improved
graphite heater is described. The electrical properties of Si- and Mg-
implanted GaAs layer after TA are discussed and GaAs MESFETs were fabri-
cated.

2. TA Apparatus

The schematic diagram of the new designed infrared TA apparatus is shown
in Fig.l. A concave graphite block placed on a quartz pedestal and situ-
ated at the middle of high frequency coil is heated by high frequency
© 1987 lOP Publishing Lid
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Fig. 1 Schematic diagram of the graphite heater

generator. GaAs sample covered with Si wafer is put on a polished quartz
pusher plate which can be moved in and out the graphite block quickly along
the horizontal direction. When the wedge-shaped head of the pusher moves

into the graphite heater, actually the concave graphite block is pressed
on the pusher and a small closed annealing space is formed.

The temperature of the graphite block is measured by optical pyrometer and
the sample temperature is measured by infrared radiation pyrometer and
thermocouple as shown in Fig.l.

Before annealing, the graphite block was heated to experimental temperature
and the GaAs sample was placed in a position near the graphite block where
the sample was preheated to 420

0
C. Then the preheated sample was moved

into the graphite heater and its temperature can be raised to 90% of the

graphite block temperature within 4 sec. After annealing, the sample was
pulled out as quickly as possible. The typical relationship between the
sample temperature and time in GaAs TA process is shown in Fig.2, In this
paper, for convenience, the graphite temperatures were regarded as
annealing temperature.
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3. Experimental Procedures

Samples used in this work were undoped LEC SI (100) GaAs single crystal
wafers. Prior to implantation, the wafers were chemically cleaned and
etched in 3H2SO4 :IH 20 2 :IH 20 +solution at 50 C for 5 min to remove po-

lishing damage. Si+ and Mg implantations were performed at room tempera-
ture at 70 off the <100> crystal axis. TA was performed in purified N2

atmosphere and the GaAs sample was closely contacted with Si-wafer to pre-
vent GaAs dissociation. For comparison, the close-contact capless furnace

annealing was also used.

After annealing, Hall effect and sheet resistivity measurements were made
using Van der Pauw method to examine the activation efficiency and mobility

of implanted wafers. Also, carrier and atomic concentration profiles were
obtained by Polaron automatic concentration profilemeter and SIMS measure-
ments respectively.

4. Results

4.1 Si-implanted GaAs layer characteristics

Fig.3 shows the dependence of activation efficiency and mobility on TA
temperature for Si-implanted GaAs. The activation efficiencg increases
with increasing of TA temperature and amounts to 92% at 1220 C, higher
than that of FA, 50% at 800

0
C for 30 min. The mobilitg increases with

increasing TA temperature from 10500C to about 1120 C, after then it
decreases with increasing of TA temperature.

Fig.4 shows the relationship between the activation efficiency and TA time
at annealing temperature of 1170 C. When the annealing time increases to
more than 20 sec, the activation efficiency decreases.
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Carrier concentration profiles of Si-implanted n-GaAs layer annealed by TA
and FA are shown in Fig.5. It can be seen that higher peak concentration
with negligible redistribution can be achieved after TA at 12200C for 20
sec.

4.2 Mg-implanted GaAs layer characteristics

Fig.6 shows the dependence of activation efficiency and mobility on TA
temperature. The activation efficiency increases with increasing of TA
temperature and reaches 100% at 1170°C, but the mobility saturates at
more than 11200 C. For comparison, the activation efficiency of the sample
annealed by FA at 8000C for 15 min is only 53%,

The concentration profiles for Mg-implanted GaAs wafer are shown in Fig.7.
It shows that the carrier concentration profile after TA is in good agree-
ment with SIMS Mg atom profile and LSS theoretical distribution, and ex-
hibits negligible Mg-redistribution. On the other hand, the carrier con-
centration profile after FA at 8000C for 15 min exhibits wide Mg-redistri-
bution.

4.3 GaAs MESFET characteristics

The TA samples were used in fabrication of GaAs NESFETs with gate length
of 1.5Um and width of 40wm. The GaAs active layer was performed using
SI+ implantation at 15OKeV to a dose of 4,5x10 cm-2 and 50KeV to a dose
of 8x012cm- 2, followed by TA at 11700 C for 20 sec. The source and drain
ohmic contact were made by evaporated Ni/Au-Ge metal and alloyed at 4500C
for 1.5 min, the metal gate was made by evaporated Al using lift off
technique after recessing the n+-layer.
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The electrical characteristics of GaAs MESFET are as follows: IDSSO=I2mA,

gm=1
6 6

mS/mm, Vp=-3.OV, and VB=-OV as shown in Fig.8.

5. Discussion

We have obtained the successful results, high carrier activation and low
atom redistribution by the new designed TA apparatus. AES measurements of
Si-implanted GaAs sample indicate that the surface composition of GaAs is
stoichiometric after TA at 1170

0
C for 20 sec (Fan et al 1986). The im-

proved graphite heater and optimum TA conditions make the suppressing of
GaAs dissociation feasible and the obtaining of higher activation effi-
ciency ros: - ],

The results similar to Fig.4 were obtained by Hiramoto et al (1985). It
is well known that the mobility and carrier concentration of ion implanted
materials depend on damage defects and ionized impurities in the material.
The damage defects decrease and the ionized impurities increase with in-

creasing of TA temperature, which result in increasing of carrier concen-
tration, and increasing of mobility r a certain temperature range and
decreasing of mobility at higher temperature.

The implanted Mg atom distribution shown in Fig.7 is different from the
results by Yeo et al (1982). It seems that if the channeling effect

could be avoided and a lower target temperature could he kept, the Mg
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distribution should be fitted to LSS theoretical distribution.

Chapman et al (1982) had carried out RBS measurements in Se-implanted TA
GaAs samples, and obtained the minimum channeling yield Xmin of 7.2 and
5.5% at TA temperature of 1010

0
C and 1040°C, respectively. The Xmin of

undamaged GaAs crystal is about 4%. It will be worth to carry out RBS
measurements on our Si-implanted GaAs in order to identify the residual
damage defects. It is possible that still higher activation efficiency

can be achieved in Si-implanted GaAs at higher TA temperature shown in
Fig.3.

Although Mg is a fast diffusion element at high temperature, Mg has
negligible redistribution after TA treatment as verified in this experi-

ments. We believe that the deep level impurities in SI GaAs have a lower
redistribution in TA than FA treatment. Besides a very high carrier
activation can be obtained using TA technique. The above advantages are

of benefit to obtain highly homogeneous implanted GaAs for MESFET ICs.

The TA samples were used for fabrication of GaAs MESFETs with better
performances as shown in Fig.8 and in published literature (Kohzu et al
1983). But the stress in large diameter GaAs wafer after TA treatment
and how to avoid it should be further investigated in future for
application of TA technique in GaAs ICs.
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Abstract Epitaxial regrowth is investigated for layers of InP amorphized by ion
implantation at 77' K and room temperature. Experimental criteria for amorphization and
limitation of regrowth are correlated with damage calculated by a Boltzmann transport
equation approach to ion-implant modeling. Conditions for complete epitaxial regrowth
as determined by channeled Rutherford backscattering are presented. The limitation of
solid phase epitaxy in InP is discussed in terms of the atomic imbalance induced by In
and P recoils.

1. Introduction

A number of papers in the literature deal with ion implantation in InP, an area of considerable
interest because of its potential use in a wide variety of microwave, high-speed integrated
circuits and electro-optical devices. An understanding of defects resulting from ion-implant
damage in compound semiconductors is vital for the effective employment of ion
implantation for high density III-V integrated circuits or optical devices. A technique has
been developed by Christel et al (198 lab) for the modeling of lattice displacements and
stoichiometric imbalances resulting from implant damage in compound semiconductors. This
technique, which employs the Boltzmann transport equation (BTE) approach to ion
implantation in compound semiconductors, is used in this work to correlate experimental
observations with physical damage mechanisms. Damage profiles from Rutherford
backscattering spectrometry (RBS) are correlated with features of BTE calculations to
develop a physical understanding of the defect formation processes.

The particular application of the correlation of experiment with BTE calculations that is
addressed in this work is the amorphization and solid phase epitaxial regrowth of compound
semiconductors. The motivation for an amorphizing ion implant followed by solid phase
epitaxy (SPE) is as follows: it has been known for some time that in Si this technique results
in activation of implanted dopants at significantly lower temperatures (<600'C) than those
required to remove implant defects when the target is not amorphized (Crowder 1970). The
lower temperature required for the anneal and activation of an amorphising implant would be
attractive for compound semiconductor devices from the standpoint of minimizing material
decomposition as well as reducing impurity redistribution. In the following sections
amorphization criteria are proposed for InP, followed by observations on the correlation of
SPE results with BTE calculations.

2. Amrhization

The sequence of structural changes that occur during conversion of a crystalline
semiconductor to an amorphous state when subjected to ion damage is still not well
understood. The models for amorphization can be summarized in two categories: (i) The

1 1987 tOP Publishing Ltd
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so-called "heterogeneous" model, which suggests that individual damage clusters are
amorphous, and that complete amorphization occurs as a result of accumulation and merging
of individual damage clusters (Gibbons 1968). (ii) The "homogeneous" model, which
suggests that when the defect concentration reaches some critical value in single crystal
material, the crystal becomes unstable and transforms to an amorphous state (Swanson et al
1971). The first model leads to the conclusion that when the energy density deposited into
elastic atomic processes exceeds a certain threshold, a continuous amorphous layer is
formed. Although this is a useful criterion for the production of an amorphous layer, such
estimates suffer from the fact that they do not account for the spatial distribution of the
energy deposited into atomic processes.

By using the BTE calculation, it is possible to determine fairly accurately the fraction of the
lattice which is displaced as a function of depth during implantation, from the number of
atom recoils produced per unit volume at each depth. Dividing this number by the atomic
density yields the fractional displacement of the lattice. The results of these calculations can
be correlated with the depth of implantation-induced amorphous layers which have been
measured experimentally by ion channeling and backscattering.

3. Solid Phase Epitaxy

It is well established from RBS/channeling measurements that the recrystallization of an
amorphous layer occurs by solid phase epitaxy (SPE). Atoms in the amorphous region make
bonds with those in the single crystal substrate at the amorphous-crystalline interface during
the recrystallization process. The interface therefore advances in a layer-by-layer manner.
However, the recrystallization behavior of III-V compounds (and consequently their
electrical properties) is quite different from that of Si. For example, the regrowth of an
amorphous layer in (100) Si tends to be free of secondary defects, especially microtwins and
stacking faults. In contrast, the regrowth of such layers in (100) Ill-Vs leaves a large
amount of disorder, as observed with a variety of techniques. Nevertheless, it is known
from these measurements that an amorphous layer produced by ion implantation can be made
to recrystallize, under certain conditions, at a much lower temperature (150-250*C) for GaAs
and InP than an analogous amorphous layer of Si (450-500° C) (Sadana 1985).

Detailed accounts of the regrowth of amorphous InP have been given by Auvray et al (1982)
for Cr and Se implants at room temperature (RT), Woodhouse et al (1984) for Se implants at
liquid nitrogen temperature (LNT), and Bahir et al (1986) for Si implants at both LNT and
RT. A linear relationship between the thickness of the disordered layer following annealing
and the initial amorphous thickness has been established. This relationship was found to be
independent of ion species and implant dose, so long as the dose was high enough to create
an amorphous layer that extended to the surface, with thickness above - 2000 A. A similiar
relationship was found for GaAs by Grimaldi et al (1981).

In elemental semiconductors, the recoil of substrate atoms causes the displacment of
indistinguishable atoms from one region to another. In compound semiconductors, on the
other hand, the constituent species are distinguishable, and because they have different
masses, they do not recoil equally, which leads to local perturbations in stoichiometry. This
process is simulated by the BTE calculations. The major quantity of interest here is the
resulting imbalance of the normal stoichiometry of the substeate, i.e., the excess
concentration of one substrate element over the other. The calculations yield directly four
concentration profiles, namely the indium and phosphorous vacancy distributions, and the
indium and phosphorous recoil distributions.

The first step in determining the imbalance is to subtract the vacancy distribution from the
recoil distribution for each atom type, in order to obtain the net displaced-atom distribution.
The second step is to subtract the net displaced phoshorous distribution from the net
displaced indium distribution to obtain the net excess atom distribution, which is a true
measure of the stoichiometric imbalance. This procedure has been implemented in this work
for different implant doses.
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4. Experimental

Highly-polished, (100) oriented, 300 g1m thick, non-intentionally-doped single crystals of
InP were used for these experiments. For comparison, some experiments were done on
Fe-doped semi-insulating material. The Si ion implantations were performed at RT or LNT,
with fluences between 1013 and 1015 ions/cm2 at an energy of 180 keV and a constant current
density of 0.1 gA/cm2. Furnace annealing at temperatures between 2500 and 750'C was
performed in a conventional open tube furnace under flowing dry Ar mixed with 10% H2 gas
(Bahir et al 1986). The implantation-induced disorder and recrystallization following
annealing were analyzed by RBS and channeling of 2.2 MeV He ions. A solid state detector
placed at a laboratory angle of 1700 was used to collect the backscattered particles.

5. Results and Discussion

5.1 Amorphization

Profiles of damage energy density and lattice displacement as calculated by the BTE have
been compared with the results of amorphizing Si implants into InP. Fig. 1 shows the
experimental results obtained by channeling and backscattering of 2.2 MeV He ions for the
disorder distribution resulting from implantation of 180 keV Si into InP held at room
temperature, for three different doses: 1013. 5x10 13 and 1014 Si ions/cm 2. A value of unity
indicates complete randomness of the sample; this is taken to mean that the sample is
amorphous at this depth. Because of the large mass difference between phosphorous and
indium, we can completely resolve the He ions that were scattered from In atoms to a depth
greater than 5000 A, from those that were scattered from P atoms. Thus, such a RBS
spectrum represents only the displaced In atoms. The crystal became amorphous for doses
between 5x10 13 and 1014 ions/cm 2; from these data we estimate that the critical energy
density for amorphization is between 2.5 and 5x10 20 keV/cm3 .
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Fig. 2 shows the results of the BTE calculation for the number of displaced In atoms as a
function of depth under the same implant conditions presented at Fig. 1, assuming a
displacement energy Ed=I 1 eV. By integrating these curves, the results indicate that the
number of displaced atoms is proportional to the dose. The calculation assumes that the
damage is stable and there is no self-annealing during implantation, which we know to be an
incorrect assumption at RT. Comparison between experimental results and the BTE
calculation shows that for a dose of 5x l0t3/cm 2 the calculated profile is similar to the
experimental result, whereas for the higher dose the measured damage is not proportional to
implant dose, and the crystal is transformed to an amorphous layer. This change could
support the homogeneous model for amorphization; i.e., relaxation to the amorphous state at
a certain dose, because the relation between dose and damage does not appear to be linear,
Fig. 1. The position of the edge of amorphous interface is taken to be the point at which the
normalized yield drops half the distance to the lowest yield outside the amorphous region
(yield of about 0.8 at depth of 2600 A). Comparison of the calculated number of displaced
atoms of this depth with experimental results (including the calculated data for phosphorous
atom displacement, not shown in Fig.2) indicates that the fractional lattice displacement for
amorphization is approximately 0. 1% for Ed=l I eV, or 0.5% if Ed= 6.4 eV is used in the BTE
calculation.

5.2 Solid phase epitaxy

The typical annealing behavior of a thick layer (>2000A) of ion-induced damage can be seen
in Fig. 3 . In this figure we show the damage distribution for a LNT implant of 1015 Si
ions/cm 2 as-implanted at 180 keV, and following different annealing schedules (250'C and
4001C for 120 minutes, and 750'C for 15 minutes), each of which represents the time for
maximum regrowth thickness for the given temperature. For all temperatures the regrowth is
incomplete. We found that the regrowth rate is nonlinear, characterized by an initial rapid
growth that slows and eventually stops at a given amorphous depth for each temperature.

For low annealing temperature, <250'C, there is SPE, since there is no reduction in the
damage level of the un-regrown region. There may also be SPE at higher temperatures, but
it is not uniform judging by the reduced yield near the surface, M hich indicates that the
regrowth ended with a high density of extended defects, or with slightly misoriented
crystallites. These results differ from those of Wrick et al (1981), for 770 K, 1015 cm 2'
200 keV implanted phosphorous, who reported complete regrowth following annealing at
400 C for 24 hours.
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The regrowth behavior of a disordered sample with an amorphous layer less than 2000A
thick is different. Following furnace annealing at 750C the samples do not completely
reorder but remain relatively free of damage. Furnace annealing at a temperature of 2500 C
for 60 minutes can induce epitaxial regrowth of damage induced by 170 keV RT implant of
5x10 13 Si ions/cm 2. There is epitaxial regrowth from crystalline InP both underlying and
overlying the amorphous layer, leaving a small residual disorder peak (Bahir et al 1986).

The channeling results for samples implanted at RT and LNT, followed by furnace annealing
at different temperatures (2500, 400* and 750°C) are summarized in Fig. 4, where the
thickness of the residual disorder following annealing is plotted against the thickness of the
amorphous layer in the as-implanted samples. We show that for each annealing temperature
there is a characteristic linear relationship between the damage thickness of the as-implanted
layer and the residual thickness following annealing. Possible reasons for the difficulties
encountered in obtaining defect-free regrowth of the amorphous layer in lnP are primarily
due to the binary nature of the system.
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Fig 5 shows the results of BTE calculations for the case of 180 keV Si implanted to a dose of
3x1014 ions/cm 2. The results indicate that there will be an imbalance in stoichiometry
resulting from the implant. At shallow depth an excess of In is present, while at greater
depth an excess of P exists. The distance between the region of excess vaca~lcies (introduced
primarily between the surface and the projected range, Rd and the region of excess
interstitials (introduced deeper than RP) is approximately 1000A. In a solid-phase epitaxial
process the proper reconstruction of the damaged lattice is dependent on the availability of
elements in the correct proportions near the interface between the damage and recrystallized
regions. Thus, In and P interstitials and vacancies must diffuse hundreds of angstroms in
order to satisfy the requirement for epitaxial lattice growth. The self diffusion coefficients of
In and P in InP at 750'C are 10-13 and 3x 10-1" cm 2/sec, respectively (Goldstein 1961). These
numbers were measured in a single crystal; we assume thai they give at least the correct order
of magnitude for the real diffusion coefficients in amorphous material. From these numbers
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it is clear that the P diffusion coefficient is small and does not allow such long range
diffusion for the time and temperature conditions used in these experiments. For example,
the characteristic diffusion distance l= 1Dt for T=750'C and t=15 minutes will be about 50A.
Thus, successful reordering of the lattice can not be accomplished. To the extent that
reordering is not completed, processes which are dependent on disorder will be enhanced.
Correlating the depth at which regrowth stops (- 1500A, as shown by the 750°C FA curve in
Fig. 6) with the BTE calculations shown in Fir. 5, indicates that the regrowth stops at a net
vacancy concentration on the order of 1l 8/cm . Some preliminary experiments were done in
order to reduce the stoichiometry perturbation induced by the implantation. Phosphorous
was implanted at low energy (I(X) keV) to a dose of 5x]0 t 3 ions/cm 2 following a Si implant
at 180 keV. To date. however, this technique has not yielded any better results than those
reported above.

The mechanism for the results we have observed, namely that we can recrystallize a thin
amorphous layer, but not an amorphous layer exceeding a certain critical thickness, is not
well understood. Recently published results, based on high-resolution TEM performed at the
interface of Se-implanted GaAs, describe this process as the creation of two transition
regions, one near the surface and the other at the interface between the damaged region and
the single crystal, with an amorphous layer between them. The different annealing behavior
of these two regions can explain the regrowth of InP or GaAs (Sadana et at 1984).

6. Conclusions

The thresholds for amorphization of nP in terms of the damage density deposited by the
nuclear process, and the fraction of lattice atoms displaced, has been determined by the
correlation of RBS measurements with BTE damage calculations. A limitation of SPE in lnP
appears to be correlated with a transition from a net excess of interstitials deep in the
implanted material to net vacancies near the surface.
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Hydrogen passivation of shallow level impurities and deep level defects in
GaAs
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ABSTRACT. Hydrogen plasma exposure of GaAs leads to a near surface passivation of shallow donors
and shallow acceptors. Detailed results are presented for the passivation depth of Si donors in n-GaAs
as a function of plasma exposure temperature (100-350C) and Si dopant level
(8x 1013-1.5x lols cm-3). The activation energy for recovery of the donor electrical activity is around
2.1 eV for each of the different species (Si, Se, S, Sn, Te and Ge), but varies as the strength of an iso-
lated hydrogen-donor species bond. Chemical bonding models based on the charge states of hydrogen in
n- and p-type mpterial are proposed to account for the deactivation. Hydrogenation of MBE GaAs com-
pletely passivates the common MI, M2 and M4 deep level defects, and can increase room temperature
photoluminescence by a factor of 30. Thermal restoration of the carrier concentration without loss of
deep level passivation has been achieved.

INTRODUCTION

The ability of atomic hydrogen to passivate the electrical activity of shallow donor (Chevallier et. al.
1985a. Pearton et. al. 1986, Chung ct. al. 1985) and acceptor (Johnson et. al. 1986) impurities in GaAs
has recently been demonstrated. Previous work has already shown the feasibility of neutralizing deep
level centers such as EL2 present in bulk material (Lagowski et. al. 1982), and passivating impurities
associated with grain boundaries in polycrystalline GaAs (Pearton 1982, Pearton and Tavendale 1983).
In this paper we detail microscopic models for the deactivation by hydrogen of both shallow donors and
acceptors, based on evidence that suggests hydrogen has a donor level in the upper half of the GaAs
bandgap. The reactivation kinetics of all of the donor species have also been determined. The effect of
hydrogenation on the common defects in Molecular Beam Epitaxy (MBE) GaAs is investigated, and
compared with that of the shallow donor passivation.

EXPERIMENTAL

A wide variety of material was used in the passivation studies. To investigate the shallow dopant deac-
tivation, samples of single crystal, Bridgman grown GaAs doped with either Si
(n - 8x1016-2x10 I"cm -3 ) or Zn (p- 2xl0'S-lxl0I9cm-), LPE grown, undoped layers
(n - 8x 10' cm-3 ) or Si doped, MBE grown layers (n - 2x 1015-2x 101s cm - 3) on semi-insulating sub-
strates were used. The chemical dependence of the deactivation effect was determined from semi-
insulating, Liquid Encapsulated Czochralski (LEC) substrates implanted with Si, Ge, Sn, S, Se or Te
donors, or Be, Mg, Zn or Cd acceptors, and annealed at 850"C for 20 min under an As-H 2 ambient to
produce doped layers with peak carrier densities around 3x 1017 cm-3 for each of the different species.
For deep level studies, Si-doped (I x 10" cm-), 3 psm thick, MBE grown layers on n GaAs substrates
were utilized.

Hydrogen or deuterium plasma exposures were performed in parallel plate reactors operating either at
30 KHz or 13.56 MHz, with power densities 0.08 and 0.4 W-cm - 2 respectively. The pressure in each
system was kept constant at 750 mtorr with the samples held at 100-300"C for 30-180 minutes in the
plasma. Deuterium was used to facilitate secondary ion mass spectrometry (SIMS) measurements.

Doping profiles in the samples were obtained by standard capacitance-voltage (C-V) profiling using the
Schottky contact. Deep level transient spectroscopy (DLTS) was performed in the usual manner (Lang

K 1987 lOP Publishing Ltd
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1974). The reactivation kinetics of the passivated dopants or defects were obtained by measuring sam-

ples isochronally annealed (5 min) in a rapid thermal annealing system to minimize rise and fall times.

RESULTS AND DISCUSSION

SHALLOW LEVEL DEACTIVATION

Figure I shows carrier concentration profiles after hydrogen plasma exposure of bulk samples with
initially uniform Si doping levels. The hydrogenation causes a strong reduction in the carrier concentra-
tion in the near surface region, with the actual depth of this modification being inversely dependent on
the initial Si doping level (Chevallier et. al. 1985a). At least some of the carrier removal in a thin
layer (4500A) from the surface may be due to plasma bombardment effects, but from electrolytic
hydrogen insertion experiments it is clear that the donor neutralization at depths beyond this are due to
the presence of atomic hydrogen alone (Chevallier et. al. 1985a). The passivation depth also varies as
the square root of the plasma exposure time, indicating an indiffusion process.

The shallow acceptors in GaAs are also neutralized by association with atomic hydrogen (Johnson et. al.
1986) Figure 2 shows carrier concentration profiles in bulk, Zn-doped material, before and after
hydrogenation at 250"C. Under our plasma conditions the passivation of donors is more complete than
that of acceptors, though other workers see the reverse (Johnson et. al. 1986).
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Figure I Carrier concentration profiles Figure 2 Carrier concentration profiles
of GaAs(Si) of three different doping in GaAs(Zn) before and after hydroge-
levels before (dotted line) and after nation at 250"C for 0.5h.
(continuous line) hydrogen plasma

exposure.

The role of hydrogen in the passivation process is clear from the SIMS and C-V data of Figure 3.
There is a good correlation between the incorporation depth of deuterium and the Si donor neutraliza-
tion depth, obtained from successive chemical etching, C-V measurements (Chevallier et. al. 1985b). It
should be pointed out that the net electrically active Si donor profiles under some deuteration conditions
do not always correlate well with the total D profile, indicating that much of thc,D is stabilized by trap-
ping at other sites, possibly other D atoms, forming deuterium molecules. We have noticed that changes
in the plasma parameters and sample exposure temperature can cause very significant variations in both
the total amount of deuterium incorporated into the GaAs, and the efficiency of that deuterium in pas-
sivating the shallow dopants.

The thermal stability of the donor neutralization was examined as a function of chemical species. The
degree of electrical activity returning after each anneal was measured by interjrating under the free car.
rier profile, and checked by comparing the sheet carrier concentration of companion Hall samples as a
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function of annealing temperature. Assuming the complex to which the hydrogen is bonded becomes
dissociated at these temperatures, and that this is the rate limiting step obeying first order kinetics, then
we can obtain the dissociation energy for each donor from (Pearton et. al. 1986)

Eo-kT n [ I No/N_.) (I)

where N/No is the integrated fraction of the donor-hydrogen complexes remaining after annealing for
time t at temperature T, and Y is the dissociation attempt frequency. Figure 4 shows the experimental
data obtained after annealing the Si, Se, S, Te, Sn and Ge implanted GaAs. The solid lines are gen-
erated from equation (1) using an attempt frequency of 1014s' and dissociation energies of 2.1 eV for
Si. 2.04 eV for Te and Sn, 2.13 eV for Ge, 2.09 eV for Se and 2.16 eV for S respectively. Excellent fits
to the experimental data are seen in all cases, with an uncertainty in the absolute activation energies of
-0.04 eV. Similar experiments on Zn doped material yielded ED - 1.6 eV, so the acceptor passivation
is less stable than that for the donors.
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SIMS measurements on deuterated samples as a function of annealing temperature show a rapid redis-tribution of the deuterium around 400FC where the donor electrical activity is restored. However, little
deuterium actually leaves the GaAs until heating near 600C. This argues for a mechanism in which
the D is released from the bond with the donor, and diffuses until trapped by another impurity (Pearton
et. al. 1986). This probably leads to the formation of relatively stable D2 molecules, i.e.

(Si-D)" -Si + + D" + e-

Dn + Da - D2

varou E mvaue indicumated.nnmnn~l •Il lil lll m•a
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The reactivation data on the donors gives some clues as to the passivation mechanism. In Figure 5 we
plot the reactivation energy for each donor against the hydrogen-donor element bond strength expected
for an isolated molecule. The linear relationship suggests the donor neutralization is due to the forma-
tion of a H-donor bond which utilizes the extra electron from the donor (Pearton et. al. 1986). The pas-
sivation mechanism must obviously be different for acceptors - one possibility is the formation of an
As-H bond for Ga site dopants like Zn.

The depth to which shallow impurities can be neutralized by atomic hydrogen ;s of obvious interest. The
data in Figure 6 clearly show that for Si doped material it is a function of donor concentration, with an
inverse square root dependence. This is indicative of a hydrogen trapping mechanism. The effective
neutralization depth for a given profile is taken as the distance at which the free carrier concentration
has returned to within e-1 of its original value. The ordinate in Figure 7 has the same dimensions as a
diffusion coefficient. From limited data we obtain an activation energy of -0.5 eV for the lowest donor
concentration, in reasonable agreement with the value estimated by Zavada et. al. (1985) from the
redistribution of implanted H in GaAs. We should mention of course that our value is equivalent to the
activation energy for H diffusion only if there is a one-to-one correspondence between the neutralized
donor concentration, and the H concentration, which is not always the case, as described earlier.
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mined reactivation energies for each squared per hour of H plasma exposure
donor element vs. hydrogen-donor (30 KHz) plasma of Si-doped GaAs as
species bond strength for each element. a function of doping concentration and
The correlation suggests the donor neu- inverse temperature.
tralization is due to the formation of a
H-donor bond.
We have also round that the diffusion depth and total amount of D evaporated in GaAs during plasma

exposure depends strongly on the conductivity type of the surface (Pearton et. al. unpublished). Thin
(0.15 jim) highly doped p+ or n+ layers were formed on some bulk samples by implantation of Si or Be,

followed by rapid annealing. The inhibiting effect of an n-layer on deuterium diffusion in p-GaAs is
shown in the SIMS profiles of Figure 7. Both the depth and total amount of D incorporation is reduced
in the n~p sample compared to either a p+p or a bulk p-type specimen. The C-V profiles showed a fac-
tor of 2 less acceptor removal in the n+p sample, and a shallower deactivation distance compared to the
p+p or p samples. Similar retardation by thin n+ layers is seen on n-type material.

DEEP LEVEL PASSIVATION IN MBE GaAs

Lightly doped (n - 10
i
5 cm - 3) 

MBE grown GaAs typically shows three dominant deep levels with
activation energies of 0.17, 0.28 and 0.45 eV. respectively below the conduction band (Lang et. a[.
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1976). These were labeled MI, M3 and M4 respectively by Lang et. al. (1976) Figure 8 shows the
DLTS spectra from as-grown and hydrogenated (0.5h, 250'C) samples from the same wafer. There is
complete passivation of the three main levels, and partial passivation of a fourth feature at E,-0.68 eV.
The defect deactivation is stable to annealing at 500"C, while there is a partial reappearance of the deep
levels after 600'C annealing (Dautremont-Smith et. al. 1986). It should be noted that the shallow lev-
els are reactivated at 400'C (Chevallier et. al. 1985a, Pearton ct. al. 1986). Thus there is a wide tem-
perature window within which it is possible to regain the carrier concentration without loss of passivation
of the deep level defects. The stability of this passivation can be estimated in a similar way to that
described above, leading to a dissociation energy of -2.9 eV. This corresponds to a room temperature
lifetime of the defect passivation of 1027 years, or 200 h at a typical maximum device processing tem-
perature of 450"C.

[ D PkASOA 050 2Z0"C

Figure 7 SIMS depth profiles of deu- Figure 8 DLTS spectra from MBE

terium in p-type GaAs (Zn doped, GaAs samples before and after
3x 1016 cm

-
1
) with a thin p+ or n* hydrogenation (0.5h., 250'C), and

layer on the surface. Deuteration was after post-hydrogenation annealing
for 30 rin at 250"C. treatments at 500"C and 600"C

(DLTS time constant - 8 ms, fill pulse
width 5 p s).

Hydrogenation also Save rise to increased hand-to-hand photoluminescnce (PL) efficiency. Room tem-
perature increases of 60-90% were recorded for n- and p- layers with doping levels in the range
I-qxi1015 CM

-
3
. In samples capped by a thin AIGaAs layer. the increase in RT PL yield was typically

300%, and at 77K between 801000%. These improvements are consistent with passivation of deep lev-

eis present in the material al the concentrations deduced from the DLTS data. At these low defect
densities we could not detect any mobility increase related to the defect passivat',on.

CONCLUSIONS AND SUMMARY

The diffusion behaviour of hydrogen in GaAs reveals key information about it. charge states in n- and
p-type material, and hence on the chemical reactions responsible for the impurity passivation. While
hydrogen diffuses rapidly in both conductivity types, the diffusivity is faster by approximately a factor of
four in p-GaAs under our experimental conditions. Indeed at 250"C the diffusion distance of H is
enhanced by increased levels of acceptor doping, while being retarded for increased donor doping (pear-
ton et. al. unpublished). The diffusion is also inhibited by the presence of a thin n+ region at the surface
of n- or p-typ material. This is consistent with hydrogen having a donor level in the upper half of the
GaAs bndpp, as is postulated for H in Si (Tavendale et. al. 1986, Pantelides 1986).

6 n••mm l i •i n l mn
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Based on this assumption, H is always neutral in n-type GaAs, leading to a significant amount of

molecule formation (i.e. H' + H* - H2). This means there will be a slower effective diffusivity in n-
type material because it is widely accepted that the non-reactive H2 molecules are far less mobile than
the atomic species. Donor passivation will then occur by a reaction of the type

H" + Si + e- - (SiH)

In p-type GaAs, the hydrogen will be in ionized form (H* + h+ - H+), inhibiting molecule formation.
The deactivation of acceptors is then due to a compensation reaction

H' + Zn- - (ZnH)"

Obviously more direct investigation of the bonding reactions in both n- and p-GaAs are needed, but the
above model is consistent with all of our experimental observations. In summary, we have shown that
shallow donors and acceptors in GaAs are passivated by association with atomic hydrogen, as are the
common deep level centers in MBE GaAs. The deep level passivation is considerably more stable than
that of the shallow level impurities, making available a wide temperature window, within which the car-
rier concentration is restored, leaving the deep levels passivated. The ability of hydrogen to modify the
carrier profile in the near surface region of both n- and p- GaAs can clearly be a factor when using dry
processing involving H2. or in normal cleaning procedures because hydrogen is a common constituent of
most semiconductor reagents.
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Submicron processing of III - V semiconductors by focused ion beam
technology

Toshiro Hiramoto, Takahide Odagiri, Philip Oldiges, Toshio Saito and
Toshiaki Ikoma

Institute of Industrial Science, University of Tokyo,
7-22-1, Roppongi, Minato-ku, Tokyo 106, Japan

1. Introduction

Fabrication of submicron devices is now very important in the
semiconductor industry. At present, optical lithography using masks
which are made by electron-beam 1 ithography is widely used for submicron
processing. In future, however, focused-ion beam (FIB) technology wi 1 1
become an important technique which will be able to eliminate the mask-
alignment process. The FIB technique can be used for direct implantation
of various impurities into a localized area in a semiconductor (Kubena et
a]. 1981), submicron etching (Ochiai et al. 1984) and submicron
lithography (Seliger et al. 1979). Furthermore, the FIB technique can be
used to fabricate novel modulated semiconductor structures such as a
surface-nipi and a surface-superlatt ice.

In this paper we demonstrate various submicron-processing techniques such

as fine-I ine implantat ion and fabrication of modulated structures and
fine gritings with arbitrary sha t s.

2. FIB technique

The FIB equipment used in the experiment is JIBI-100. made by JEOL. A
1 iquid-metal ion-source of Au-Si-Be eutectic al lov is used with a mass
separator, by which both n- and p-type impurities can be select ivelv
implanted. The beam is focused to 0.1 pm diameter and control led by a
micro-compute 6 which enables us to draw any desired pattern. The vacuum is
about I x 10- Torr (luring implantation.

lo activate implanted species, rapid thermal anneal i ng (RTA) (Hi ramoto
et a l. 1985) is employed to suppress spreading of implants by diffusion.
The RTA furna(e is composed of four halogen lamps with reflecting
mirrors. The heating rate and the cooling rate are 100

0
C/sec and

IOC/sec, respectively.

3. Profile of line-implanted impurity

Understanding of a carrier profile induced by impurity implantation and

subsequent anneal ing is very important for practical usage of the FIB
technique. Therefore, shapes of pn-junction boundaries were investigated
for various implantation and annealing conditions with scanning-electron
m croscopy (SEMl) after stain-etch. Although the beam diameter is about

1987 lOP Publishing Ltd
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(a) (b) (c)

Fig. 1 SEmicrographs of pn boundaries formed
by Be line-implantation into n-Gai.s. An-
nealing was performed for (a) 1 sec (b) 60
sec (c) 600 sec (d) 1800 sec.

(d)

0.1 um, it is expected that the implanted species are scattered into a
larger volume and also diffusion during annealing spreads the implanted
impurities. It is also anticipated that the activation efficiency may
vary according to the annealing conditions, affecting carrier profiles.

Be2+ was line-implanted into Si-doped horifyntal Bridgman (HB) GaAs
substrates with a carrier density of 5 x 10 cm- 3. he implan ttio
energy was 200 keV, the line dose was varied from 3 x 10 to I x 10 cm-

and the scanning rate was 0.34 cm/sec. The wafer was annealed in the RTA
furnace at 8000 C. The annealing time was varied from 1 to 1800 sec.
During annealing As-pressure was applied by placing GaAs powder in a
graphite boat (Hiramoto et a]. 1985).

For observation of pn-junction boundaries, the wafer was cleaved and
stain-etched with HF:11 02:1120 = 1:1:10 under white light illumination.
U'nder this condition only the p-region is etched. The pn-boundary appeared
with a clear contrast in SF micrographs.
Figure 1 shows SE micrograpis of pn-boundaries formed after 60, 600 and

1800 sec anneal ing. In this case, the line-dose is 1 x 101 cm- . Even
after I sec annealing the pn-boundary is spread laterally to 1.1 pm and
in depth to 1.1 ;um. For longer annealing the lateral spreading is
1.7 pm (60 set), 2.3 pm (600 sec) and 2.6 pm (1800sec). Correspondingly,
the depth is 1.3 pm (60sec), 1.8 pm (600 sec) and 1.7 pum (1800sec).
Apparently, the behavior indicates anomalousdiffusion of Be is taking place.

From a simple theory which assumes a Gaussian shape for the ion beam with
the standard deviation of 0.05 pm and a simple diffusion equation with a
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1.0 0 1.9 (pm) temperature dependent diffusivity of Be
(D=7.3x10 6 exp(-1.2/kT)) (Poltoratski

PEAK CNC2 and Stuchebnikov 1966), the expected
3 lxda 63 pn-boundary is calculated and shown in

Fig. 2. Aft er 1 sec anneca Ig~ the o~eak
density of Be i s 3.1 x 1 0 mcm 3'and

pn Boundary the lateral spreading and the depth of
10pHm 800 the pn- boundary are 1.2 pm i and

0 ~0. 82 urn, respect iv elIY. In this case the
discrepancy between the experiment and

ANNALR~fLE the calculation is not large but the
shapes are apparently different. In

200 the SF micrograph a half-moon shape is

0 2 4 0 observed while in theory an oval
TIME sec) sh;e is expected. We think that the

surfi~e depletion region affected the
Fig. 2 Cal o~i tel pal houndarv stuin etching and the upper half of thtc

after Be I ine-imlilant lit i-n iii \> h,!pe in Fig. 1(a), (b) was
I s,( jjjji, hi i ny,.1 Tbe I in hi lsc ob~scured.
is 1 x l0, (Mi . -e I It , or

(,nCenlt rit,i~mt lthe suhst rate Ilie c alcuIat ion shows that the peak
is -4 X 10' cm'. Tire inset nll ntration of Be should become
shoiws the iineril lijIe. lower than the baokground idonior density

aifter arnnealIing longer than 600 sec,
arid hence the pn-~ onU1e t ionl -bOo Id d isap,,,ar . However, in the experiment, a
pai-junct ion st ii1 1 rena iis atI ter 0llrsec anneal ing and the pai-boundary
ideviates l argelyv from the ira I shcipe. *rhis suggests that more acceptors
are createdl in the p-region it tile bickground donors are reduced. It was
fiiund that the thermal convers ion near the surface region was not
significant in the UnimlplIanted reg in,. I t shoal 1I be alIso note.' that the
observation oif a crvstalI facet of (111 I) orientation (Fig. 1(c)) indicates
a prefererit ia I di ffusion taking pl ace(.

We have madle thle similar experiment using an epitaxial substrate where the
dopant is S. The spreading of the pni-biuailarv was much smaller than that in
the case of Si-dopeil 13 materials, andii closer to the calculation which
coinsiders the reduction of activation efficiencv.

The aforementio~ned results indicate that the anomalous diffusion of Be is
dependent on the substrate quality. Also it is suggested that during
ainneaIi ng Si might transfer froim G~r sites to As sites to create more
acceptiors iii a fiB substrate which ciirtji irs arather high densi ty of Si.

4. Surface nipi-structure

A surface nipi-structure is an interesting form of modulated
semiconductor . To test the feasibil ity of FIB technique, Si and
Be were alIternat ivel y litre- implantc oinrtii semi-i nsul i t inrg (SI) GaAs
substrates. Thle period was changed from I ti 4 pm. The anneal ing was
per formeid at 800"'C for 60 sec. The st ruc tore was i bsetv rd wi th eloct ron-
beam-i ad ced courrent (EB IC) moide and SE: modle.

F igate 3(a) shows ai SE mi c rograph oif the rii p-structure reverse-hi asod I
5V. The sepa rat ioii if the n ril Ii reg ioirs are 2 pm in tOris case. A hilack
region crirresporids t o n-t vpe, and a wh ite regi ron to 1 -tspe. A c Iea r
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contrast in the two regions is observed. Figure 3(b) shows an EBIC image
and a line profile. The white region represents the depletion region. In
the line profile, the lowest and the second lowest currents correspond,
respectively, to p- and n-regions. It was found that the perfect nipi-
structure was fabricated by FIB implantation.

When the separation of the two regions is decreased to 0.5 pm, the contrast of
the EBIC image becomes unclear, as shown in Fig. 4. This is considered to
result from the resolution limit of the EBIC technique. We conclude that a
nipi-structurewithdownto 0.5 pm separations can be formed by FIB. To

realize a quantum effect in a surface
nipi-structure, the separation must
be made much smaller. It will be
possible to realize such structures
by optimizing implantation and an-
nealing conditions.

(a) 50m

(b) 10Jim Urm

Fig. 3 (a) A SE microgragh of a Fig. 4 EBIC image and line profile
nipi-structure reverse-biased at of a nipi-structure. The separa-
5 V. The separation and p and n tion is 0.5 pm.
regions is 2 pm. (b) An EBIC
image and line profile.
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(a) (b) (c)
Fig. 5 SE micrograghs of fine gratings fabrirated PY FIB i.plantition and

etching.l i line doses were (a) 3.0 x 10 cm-  (b) 3.5 x 10 cm- I (c)
4.1 x 10 cm-'.

4. Gratings with arbitrary shapes

To produce a grating with an arbitrary shape, we applied enhanced etching
of damaged regions induced by FIB. Focused Si-ions were line-implanted
into a SI GaAs substrate. When the line-dose is high enough, amorphous
regions are created (Taguchi et al. 1986). Such amorphous-regions cannot
be created by conventional Si-implantation (Nakamura and Katoda 1984).
Amorphous regions can be selectively etched with hot HCI (700 C) and
submicron gratings were fabricated as shown in Fig. 5. When a line-dose

was just above the critical
dose for forming amorphous,
the width of the , roove was

0.35pm CT L Emabout 0.2 pm with a period

A EU 0.4 pm (Fig. 5(a)). The
z /width and shape of grooves

Vcan be varied by changing

V -108 the line-dose as shown in
o /STi / -- GaAs Fig. 5(b),(c).

.I Id The critical dose for forma-
- 109 0 tion of an amorphous depends

Son the scanning speed even
0 ,:Z for the same line dose. The
01 slower the scanning rate,

WIDTH=0.3jpm 0.4jim 10O the lower the critical dose
I- . I as shown in Fig. 6. The
109  1010 groove widt, becomes wider

1 for larger line-dose. TheLINE DOSE (cr-I) separation of each groove
can becontrolledwitha pre-

Fig. 6 Dependence of critical dose for cision of 0.1 nm and there-
formation of an amorphous region on fore we can fabricate, for
the line dose and scan speed. The instance, a chirping grat-
width of the groovp is also shown. ing.
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Since FIB is precisely controlled by
computer, we can draw a grating pat-
tern with an arbitrary shape on tar-
get materials. As an example, circu-
lar gratings were fabricated as shown
in Fig. 7. The fabrication process is
the same as described above. The
shape of the groove is, however, 1Oir (a)
different from those in the line
scanned grating. The difference may
be due to difference in the line
dose and scanning speed. We can
also fabricate a Fresnel lens by this
method. This technique will find
various applications in opto-
eecc t ronics. (b)

7. Summarv

Fig. 7 (a) photograph of cir-
Submicron processing of III-V semi- cular gratings fabricated by
conductors b FIB was demonstrated. FIB implantation and etch-
Concentration profiles of Be line- ing. The separation of each
implanted by FIB were investigated by circle is 1.0 )m. (b) SE
SEM. Anomalous diffusion is found microgragh of the surface
to take place after long time anneal- and cleaved surface of the
ing, suggesting that RTA is strongly circular grating.
required for post annealing. A sur-
face nipi-structure was formed in SI GaAs by FIB implantation. EBIC observa-

tions showed that anipi-structure with 0.5 pm separationwas successfully
fabricated. An enhanced etching of damages induced by FIB was applied to
form gratings with arbitrary shapes, such as fine gratings with 0.2 pm
wide grooves and circular gratings. These results show the
feasibility of FIB technology for fabricating various modulated
semiconductors and optoelectronic devices.
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Laboratoire de Bagneux
196 Avenue Henri Rave-a - 92220 Bagneux - France

ABSTRACT :A new self-aligned technology for GaAs/GaAlAs Heterojunction
ipolar Transistors is presented. Seif-alignement is obtained between

the emitter ohmic contact and the p type implantation. This technology
uses refractory metals to contact the emitter layer, in order to withs-
tand the annealing process subsequent to the p type implantation, while
also providing a mask for the implantation. Transistors processed with
this new technology exhibit DC current gain of 25 showing the feasibi-
lity of the process.

1. INTRODUCTION

Interest in a self-aligned processing technology has been demonst^ated for
Si bipolar applications, for it allows a decrease of the parasitic ele-
ments by scaling down the device dimensions. In the case of GaAs/GaAlAs
heterojunction bipolar transistors (HBT's), a self-aligned technology is
expected to enable a decrease of both the collector capacitance and the
base access resistance which are the limiting parameters for high speed
operation. Three self-aligned processes for HBT's have recently been re-
ported. The first one (Fisher 1986) only involves a self-alignement bet-
ween the emitter layer etch and the base ohmic contact deposition while
the others, which provide a real self-alignement between the emitter ohmic
contact and the p type implantation (Chang 1986) or between the emitter
and base ohmic contacts (Nagata 1985), are rather soph;sticated. This
paper describes a new self-alinc technology using refractory
metals. A single annealinj step permits the formation of the
emitter ohmic contact and activation of the p-type implant.

2. DEVICE STRUCTURE

The multilayers are grown by molecular beam epitaxy (M4BE) or by metalorga-
nic vapour phase epitaxy (MOYPE) on semi-insulating GaAs wafers. The
structure (Dubon-Chevallier 1986a) consists of a 0.5 m n = 5 X 1018 cm 3

collector contact layer, a 0.4 p22 n 5X0' 6 cm 3 collector layer, a
0.15SA p = 5Xne 1 8 cf 3  base layer, a 0.35 um Al0  aA emittN
2 101 cm 3 emitter layer and finally a 0.1 iM n =N This tno
contact layer. A 500 A thick layer with a grading in Al composition from
0.08 to 0.25 is included on both sides of the emitter layer.

( h 1987 loP Publishing Ltd
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A schematic description of the self aligned process is shown in Fig. 1.
The emitter ohmic contact is deposited first and delineated using reactive
ion etching. The profile obtained
after etching is a T-shape struc- refractory ohmic contact
ture where the undercut determi.
nes the distance between the
emitter ohmic contact and the p
type implantation. The p type E
implantation is then performed E
with the emitter contact acting
as a mask. The following B
annealing step forms the
ohmic contact and activates C
the p-type dopant. Then a
light wet etch is used to re-
move the lateral diode between C,
the n+ cap laver and the -t pe _

implantation. A deeper wei etch
is performed down to the collec- SI. SUBSTRATE
tor layer for contacting. Then a
high energy B+ , H+ implantation
takes place in order to obtain
electrical isolation between the P type ilaltation

transistors. AuGeNi/Ag/Au deli-
neated by lift off and annealed
at 4SOC is classically used for
the collector ohmic contact,
while AuMn (Dubon-Chevallier 1986
b) is deposited to form the base
ohmic contact. C

This processing technology is
quite simple, does not require
any critical registration and C'
leads to a decrease of the base
access resistance and the collec- SI. SUBSTRATE
tor capacitance.

3 - DEVICE FABRICATION AuMn €ctat

To realize this self-aligned
structure, new fabrication tech-
niques-refractory ohmic contact
and reactive ion etching of the
contact-have been developed.

The first step is to realize and
to optimize a refractory ohmic ,
contact for the emitter. We have
investigated the feasibility of a
molybdenum germanide (GeMo) ohmic S l SUBSTRATE

contact which has also been stu-
died by other workers (Tiwari Fig. 1 Schematic processing steps of
1984). the self-aligned technology.

[ . . ... . . . . . .. ... .... ... ... . . . . w -- %
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150 A Ge layer is deposited first using e-beam evaporation with a deposi-
tion rate of 10 A/s, then a 150 A Mo layer is RF sputtered with a deposi-
tion rate of 2 A/s. Two different annealing techniques have been used to
optimize the contact resistivity : rapid thermal annealing (RTA) and clas-
sical annealing in a sealed ampoule under an As overpressure. It is found
that when using RTA, the electrical behaviour is non ohmic whatever the
annealing conditions. In the second case, an ohmic contact is obtained.
Specific contact resistivities as low as 3.10-6 Qcm 2 are obtained on
5.10 18 cm'3 doped samples, at the optimum annealing conditions (800°C, 15
min). The As overpressure should reduce the creation of As vacancies and
thus limit compensation mechanisms. Auger spectroscopy (AES) combined with
an ion-beam sputtering technique was used to analyse the in-depth diffu-
sion of the different species.

MoGe AS DEPOSITED 10 MoGe ANNEALED 800*C 1Smin

90 9
80 .8ESO-
70 70
60 MOUz 6C _0.

so LeS As

30 P3
20 2
101

0 20 40 60 80 100 0 20 4#0 60 80 100
SPUTTERING TIME (min) SPUTTERING TIME (min)

Fig 2 (a) Auger profiles before alloying. Ge is deposited first followed
by Mo. (b) Auger profiles after alloying at 80C under an As over-
pressure show the interdiffusion of Ge and Mo and the diffusion of
Ge into the GaAs layer.

AES was conducted on as-deposited (Fig 2-a) and annealed (Fig. 2-b) sam-
ples. Ouring the heat treatment, Ge and Mo interdiffuse and the comparison
of the two curves a) and b) proves a diffusion of Ge and Mo in GaAs. A
light diffusion of Ga in the metallic film can also be noted. There is an
As accumulation in the metallic layer, but this may be due to the As over-
pressure. Before annealing, an important oxygen content is observed into
the Mo film : oxygen is certainly incorporated in the Ar plasma. After
annealing, nearly all the oxygen is eliminated. These results prove that
the formation of the contact is due both to a n+ layer created at the
metal/GaAs interface by Ge diffusion and to the formation of a stable
phase between Ge and Mo which was identified as Mo Ge by transmission
electron microscopy. Taking into account the results s~howing the influence
of the As overpressure, contacts including As doped Ge instead of pure Ge



304 Gallium A rsenide and Related Compounds 1986

have been investigated : preliminary results show that ohmic contact can
then be otbained without an As overpressure, which is more convenient for
wafer processing. However, the best contact resistivity obtained up to
now is 10- 5 ocm° 2 which is too high and prevent the integration of this
step in the HBT process.

Etching of the contact has also been investigated using reactive ion etch-
ing. Mo, Ge and W can be etched selectively on GaAs using a SF plasma
discharge. The first step is to determine a convenient etchig mask.
Metallic films are found to be more suitable than photoresist and among
the metallic films Pt was found to be the most convenient. In Fig 3, the
etch rate is plotted as a func-
tion of pressure for GaAs, W, Pt I I

and photoresist at a power densi- 1500 . . . .

ty of 0.6 W/cm 2. The etch rates
of GaAs and Pt are very low be- PR
cause GaAs and Pt do not form any
volatile compounds. Morever
their etch rates become negligi- 1000
ble when the pressure increases 2
as the sputtering mechanisms 9
disappear. The etch rates of W 5-/
and photoresist are relatively s00-
high. At low pressure, the self 190
bias voltage is high and the
dominant mechanism is ion assis- Pt
ted chemically enhanced sputter
etching. When the pressure in-
creases, the sputtering mechanism 100

becomes negligible and the etch
rate decreases to a minimum. At As
higher pressure, the dominant
mechanism is the free radical
process. In order to obtain a T- 0 20 40 60 80 100
shape profile two steps are ne- PRESSURE (ImT

cessary. During the first one the
anisotropic etch, using Pt as a
mask, is achieved (fig.4a). The
conditions are chosen to obtain Fig 3 : The etch rates of W, pho.
an anisotropic etch and also to toresist, Pt and GaAs are
prevent GaAs damage (p = 30 mT, P plotted as a function of
= 0.6 W/cm 2). These values lead pressure for a power den-

to a self-bias voltage of 170 V, sity of 0.6 W/cm 2 . Pt
and the etching rates of Ge, Mo which does not form any
and W are respectively 2000 A/Min volatile compound is a
1000 A/min and 1350 A/min. During suitable inask.
the second step, the undercut of
the contact is achieved. The etch is isotropic that is to say there is
only a side etch, Pt being the upper part of the T-shape structure. The
conditions are chosen to obtain an isotropic etch and to prevent the
formation of residues (p=60 mT, P = 0.4 W/cm 2 ). These values lead to a
self bias voltage of 50V, and the side etching rates of Ge, Mo and W are
respectively 550 A/min, 450 A/min and 250 A/min. The resulting profile is
shown in Fig. 4b.
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Fig 4 a) first step anisotropic etch, b) second step isotropic etch,
the undercut is 0.5 pffl.
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4 - RESULTS

HBT's structures have
been processed with
this new self aligned
technology to prove the
feasibility of this
technology. For this
purpose relatively
large area (80X804m2 )
test transistors were
fabricated. Common
emitter characteris -
tics are shown in
Fig.5. The DC current
gain is 25 at a col-
lector current densi-
ty of 0.3 A/cm2 . Such
values are similar to
those obtained with a
classical technology.
Using the same self
aligned technology, it
is expected that, with
emitte5 dimensions of
2X204m , transition
frequency and maximum Fig 5 Common emitter dc
frequency as high as characteristics of
60GHz and 58GHz respec- a typical HBT.
tively can be obtained.

CONCLUS ION

A new self-aligned technology for GaAs/GaA1As HBT's, which permits to
decrease the base resistance and the collector capacitance has been pre-
sented. This technology requires new fabrication techniques-refractory
ohmic contact, reactive ion etching of the contact.. HBT's exhibiting D.C
current gain of 25 have been processed along this new technology.
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Low resistance refractory metal WAg/W gate self-aligned GaAs MESFETs
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Abstract. In this paper, the microstructure, electrical characteristics
of sputtered WAg and WAg/W refractory metal films and its interaction
with GaAs at high temperature were studied. After annealing at 800

0
C

for 30 min the resistivity of WAg (30 at%) films with thickness of 40009
is 18.9iSlcm, lower than that of any other reported refractory W alloy
films with similar thickness. The fully ion-implanted self-aligned
GaAs MESFETs were fabricated by using of 4000 WAg/800X W metal gate.
The sputtered WAg/W double refractory metal films have the advantages
of good thermal stability, low resistance and easy fabrication, and
are of benefit to GaAs microwave MESFETs and digital ICs.

1. Introduction

After the first paper of refractory metal Ti-W gate self-aligned GaAs
MESFETs was reported by Yokoyama et al (1981), the papers on refractory
metal WTiSi2, WSi2 , W, TaSi2 and WAl gate (Yokoyama et al 1981, Matsumoto
et al 1982, Nakamura et al 1983) were reported in succession, The results
show that such refractory metal films deposited on GaAs have good thermal
stability and high reliability at high temperature, and were used to form
Schottky contact in fully ion-implanted GaAs digital ICs (Yokoyama et al
1983).

But the higher resistivity of these refractory metal films influences the
noise of GaAs MESFETs, the speed and the power consumption of digital GaAs

ICs, and is still a problem to be solved.

In this paper, the microstructure, resistance of sputtered WAg and WAg/W
refractory metal films and its interaction with GaAs at high temperature
were studied. We first confirm that WAg films are refractory metal with
the lowest resistance, the low resistance refractory metal WAg/W gate
self-aligned GaAs MESFETs with better performances were fabricated.

2. Experiments

WAg films were deposited by RF sputtering on n-type GaAs substrates. WAg

target used for sputtering was inlaid by Ag in W, and the purity of Ag
and W is 5N and 4N, respectively. Adjusting the Ag area of WAg target the
different compositions of WAg films were obtained. Double WAg/W films
were sputtered in order of W and WAg, and the W target was hot pressed

from high purity W powder.

During sputtering, high purity (99.999%) Ar gas at the pressure of 3x10
- 2

Torr was used. The typical RF power was 0.5 KW, substrate temperature

© 1987 IOP Publishing Ltd
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was less than 100
0
C and the deposition rate was 400R/min.

We observed and analysed the microstructure and compositions of WAg films

with high voltage transmission electron microscope (TEN), scanring elec-

tron microscope (SEM) and electron probe, analysed the longitudinal atom

profiles of WAg/GaAs and WAg/W/GaAs interface with auger electron spectro-
scopy (AES), measured the sheet resistance of metal films with four-point

probe, and measured the thickness of metal films with interferential
microscope and Talystep.

The substrates used for GaAs MESFETs were LEC undoped SI-GaAs with crystal-. +
orientation of 100 and ._10 cm. The selective Si implantation at an
energy of 150 KeV to a dose of 3.5xl0 1

2
cm

- 2 
was used to form active layer

using photoresist AZ 1350J and Si3N4 as a mask, then capless annealing at
800

0
C for 30 min. The self-aligned WAg/W gate with length of 2um and

width of 40,im was sputtered in order of W and WAg on cooled GaAs sub-

strates and defined by a lift-off technique. The second selective and
self-aligned Si+ implantation was used at energy of 10OKeV and dose of
2sl01'cm-2, and annealing was carried out at 750°C for 30 min, to formS+

the source and drain n layer. The S and D ohmic contact was formed by
alloying the evaporated AuGeNi.

3. Results

3.1 The compositions and microstructure of WAg films

Fig.I shows the relationship between the area ratio of SAg/SWAg of WAg
target and the Ag atomic percent in sputtered WAg films as measured by
electron probe. It is clear that the SAg/SWAg is linear with Ag atomic
percent in WAg film.

Fig.2 is the W and Ag atomic distribution as determined by line scanning
photo of electron probe, (a) anti (b) is the 4(K,) and Ag(L ,) x-ray line

scanning, respectively, in the same sample. Obviously the distribution
is quite homogeneous.

Shown in Fig.3 are the TEM micrographs and transmission electron diffrac-

tion patterns on the same WAg (30 atZ) films before and after annealing.

Before annealing, Fig.3(a), the W and A are two independent phases, the
Ag grains are oval in shape, about 500§ in size and we!l-distributed

- 7 /Fig. I Relationship between
7' area ratio SA /SWAg of WAg

target and Ag atomic percent
in sputterte WAg films

20

SM t . M 60

Area rat i,, ,I target S.\ /SWA,,,7
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ab

Fig. 2 W and Ag atomic distribution on WAg (30 at%) films
(a) W(K ) x-ray line scanning (b) Ag(L,) x-ray line scanning

0e t"';'.. b 41T

,., :.,.'.,
.1 .* _____!____4

Fig. 3 TEM micrographs and TED patterns of WAg (30 at%) films

or's

(a) before annealing (b) after annealing at 800
t
'C for 30 min

in bulk W. After annealing at 800 for 30 mi, Fig.3(b), the Ag grains

appear as hexagonal in shape, and are still well-distributed in bulk W.

According to the results calculated from electron diffraction pattern,
only Ag poly-crystals are found in WAg films before annealing, Fig.3(a),

but both Ag and W pol-crystals are found in WAg films after annealing,

Fig.3(b). The W in WAg films is amorphous solid before annealing and

becomes poly-crystals after annealing without change the distribution,

which also confirm that W and Ag are two independent phases in the WAg

films.

3.2 The resistivity of WAg films

Fig.4 shows the dependence of the resistivity of RF sputtered pure W and
WAg (30 at%) films with thickness of 4000R on annealing temperature. It
can be seen from Fig.4 that the resistivity of sputtered W and WAg film is
high before annealing6 decreases slowly with increasing of annealing tem-
perature to about 400 C, drops quickl when annealing temperature of 400-
750 C, and tends to be even up to 750 C. The resistivity of WAg films at
800 C for 30 min is 18.9DQcm and that of W films at 1000 C for 30 min is

25.1 4cm.

3.3 The interface interaction betwee. WAg/GaAs and WAg/W/GaAs

Shown in Fig.5 are the longitudinal composition profiles of 1000X WAg/GaAs
and 600R WAg (30 at%)/800R W/GaAs films after annealing at 800°C for 30
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min as determined by AES. The mutual diffusion of Ag in WAg and As in

GaAs is observed in interface of WAg/GaAs, Fig.5(a). In this case, metal-

semiconductor Schottky barrier no longer exists, and a poor ohmic contact

is formed. Inserting 800 W layer between WAg and GaAs, the mutual dif-

fusion of Ag in WAg and As in GaAs are effectively prevented, Fig.5(b),

and the metal-semiconductor contact shows good Schottky barrier charac-

teristics with forward built-in voltage and reverse breakdown voltage of

0.7V and '>4V, respectively (see below).

3.4 GaAs MESFETs

Self-aligned low resistance refractory metal 4000 WAg (30 at%)/800R W

gate GaAs MESFETs with gate length of 21m and width of 40um were success-

fully fabricated. Fig.6 shows the I-V characteriscits of GaAs MESFET
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Fig. 6 I-V characteristics of WAg/W gate self-aligned GaAs ESFET

as well as the GaAs Schottky diode. The parameters of the experimental
devices are as follows: IDSSO=l5mA, Vp=-3V and g,=l40mS/mm.

4. Discussion

The resistivity of refractory W alloys developed by Yokoyama et al and
other scientists, whether W or WSi 2, WTiSi 2 and WAI alloy films etc.,
applied to fabricate self-aligned GaAs >IESFETs are generally higher than
that of pure W due to the electron scattering resulted from lattice
periodicity deformation of bulk crystal by solute atoms, It is well known
that W and Ag, solid or liquid, are mutual unsoluble, but homogeneous solid
WAg mixture can be obtained by special techniques. Such is found to be the
case in sputtered and annealed WAg (30 at%) films as shown in Fig,2 and 3.
The resistivity of homogeneous mixture alloys, according to Berry et al
(1968), is equal to an average-weighted value of resistivity of component
metals. Ag is a metal of the lowest resistivity and unsoluble in W, we
can expect that the resistivity of WAg films decreases continuously with
increasing of Ag content in WAg films.

From Fig.3, the W appears as amorphous state in sputtered WAg films, but
changes to poly-crystal state after annealing at 8000 C for 30 min, Com-
bined with Fig.4, the changing temperature must be over about 4000 C,
Besides, only after high temperature annealing can the stable and low
resistivity of WAg films be obtained. The resistivity of 25.1iicm of
4000 W films determined in this paper is higher than that of 5.6oQcm of
bulk W (Ross 1980) and 6000R W films (Wilson and Terry 1970), and lower
than that of 40iQcm of 1000 W films (Nakamura et al 1983). The calcu-
lated resistivity of pure 4000 Ag films using the method developed by
Berry et al (1968) and the experimental data is 4.4W cm, higher than that
of 1.61Qcm of bulk Ag and 6000R Ag films (Ross 1980, Wilson and Terry
1970). The discrepancy in resistivity of W materials may be due to the
difference in material thickness or existing residual amorphous in W
films, which results in discrepancy in resistivity between calculated and
published Ag materials. The resistivity of WAg (30 at%) films decreases
to 18.912lcm after annealing at 8000 C for 30 min, and is lower than that
of any other published refractory W alloy.

We have tried to investigate higher Ag content WAg films with lower
resistivity. But the shrinkage and segregation of Ag grains are found
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in WAg (50 at%) films after annealing at 800
0
C for 30 min.

For fabrication of refractory metal-nGaAs Schottky harrier and self-
aligned gate GaAs MESFETs with better performances (Fig.6), from the
result of Fig.5, it is necessary to put a thin layer of W films between
WAg and GaAs in order to inhabiting the mutual diffusion of Ag and As,
which results in poor device performances.

The WAg alloys have widely been used in relays as a conducting contact
materials, but this is the first time for the sputtered WAg (30 at7) films
to be used in fabricating self-aligned gate GaAs MESFETs with better per-
formances.
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Influence of the InAs- GaAs miscibility gap on the In/GaAs reaction

J. Ding, J. Washburn, T. Sands* and V.G. Keramidas*

Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720

*Bell Communications Research, Inc., 331 Newman Springs Road, Red Bank, NJ
07701

Abstract. The In/GaAs reaction in the temperature range 350--650"C has
been studied by analytical and high resolution electron microscopy and
electron and x-ray diffraction. Histograms of the compositions of the
InIxGaxAs precipitates formed during annealing confirm the existence
of a miscibility gap in the InAs-GaAs pseudo-binary system. Implica-
tions of these results for the fabrication of graded layer Inl_xGaxAs/
n-GaAs ohmic contacts by thermal reaction are discussed.

1. Introduction

Graded Inl-xGaxAs layers on GaAs grown by molecular beam epitaxy (MBE)
have been shown to make low-resistance ohmic contacts to n-GaAs (Woodall
et al. 1981). Woodall et al. argue that the grading is necessary to smooth
out the conduction band discontinuity so that ohmic conduction can occur.
Previous Auger electron spectroscopy studies by Lakhani (1984a, 1984b)
suggest that a graded Inl-xGaxAs/GaAs heterojunction (0 < x < 1) can also
be formed by heat treating thermally-evaporated indium films on GaAs sub-
strates at 350°C. Recently, the interface structures and morphologies of
In on GaAs after annealing at 350°C were investigated by Ding et al. (1986)
using transmission electron microscopy techniques. The result of this
study demonstrated the abrupt nature of the interface between the GaAs sub-
strate and the Inl.xGaxAs islands. Contrary to the results of Lakhani
(1984a, 1984b), the Inl-xGaxAs/GaAs interfaces were not graded. Further-
more, only islands with x < 0.2 or x > 0.8 were observed. Ding et al.
(1986) proposed that the absence of precipitates with 0.2 < x < 0.8 is
direct evidence for a miscibility gap in the InAs-GaAs pseudo-binary sys-

tem at 350°C. This interpretation is consistent with the calculations of
de Cremoux et al. (1981) which suggest the existence of a miscibility gap
with a critical temperature between 500*C and 700*C in the InAs-GaAs sys--
tem. Other theoretical analyses with similar conclusions were reported by
Stringfellow (1982) and Onabe (1982). Quillec et al. (1982 , grew a series
of InGaAsP thin films from the liquid phase on both (100) GaP and (100) InP
substrates at relatively high temperatures (610'C - 670*C). The experi-
mental results from electron microprobe analyses indicated the existence of
a miscibility gap in the InxGal_xAs Pl-y system, supporting the previous
theoretical results. The miscibility gap originates from an enthalpy of
mixing (AHmix) which is greater than the absolute temperature multiplied
by the entropy of mixing (TASmix) at temperatures below some critical tem-
perature, Tc. Atomistically, immiscibility in a system such as InAs-GaAs

mm m~mmsm m a m~m l i m mE • m
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implies that In and Ga atoms repel so that a random distribution of Ga and
In on the cation sites of the zincblende structure is not energetically
favorable.

In this paper, we extend our previous study of the In/GaAs reaction to
include the temperature range 350*C-650°C. Data obtained by electron
diffraction, energy dispersive x-ray analysis (EDS) and x-ray diffraction
(XRD) clearly demonstrate the extent of the InAs--GaAs immiscibility and
suggest a critical temperature between 575*C and 650*C.

2. Experiment and Data Analysis Procedure

Liquid encapsulated Czochralski (LEC) semi-insulating wafers were prepared
for In deposition by an ultra-high vacuum (UHV) technique that was
described in detail by Ding et Al. (1986). Following this UHV cleaning
procedure, In was deposited onto the rotating substrate (8RPM) to a thick-
ness of 57 nm (-5.7 nm/min.) at 25*C. In order to investigate the misci-
bility gap in the pseudo-binary InAs-GaAs system, the samples were divided
into four groups and annealed for 10 minutes at 350°C, 500*C, 575*C and
6500C respectively in an atmosphere of flowing forming gas (95% Argon, 5%
Hydrogen). Both cross-sectional and plan-view TEN samples were prepared
by standard techniques (Sands 1986). Observations of each sample were
made in a scanning electron microscope (SEN), a Philips 301 TEN and a JEOL
200CX TEN. Energy dispersive x-ray spectrometry (EDS) was performed in a
Philips 400ST TEN/STEM, and x-ray diffraction in a Siemens D500 x-ray dif-
fractometer. The Inl-xGaxAs phases formed at the In/GaAs interface after
annealing at the various temperatures were identified by electron diffrac-
tion analysis and energy dispersive x-ray spectra. Since the ternary
Inl-xGaxAs phases exhibit a linear dependence of lattice spacing with com-
position (Woolley et al. 1958), i.e., they obey Vegard's law, the composi-
tions of the precipitates studied can be determined by electron diffraction
analysis, especially for In-rich Inl-xGaxAs precipitates. Due to the over-
lap of diffraction spots from GaAs and Ga-rich Inl-xGaxAs, the estimation
of composition by electron diffraction was not straightforward for x -1.
Instead, the compositions of these Ga-rich precipitates were estimated by
applying the EDS technique to cross-sectional samples. The EDS spectra
were quantitatively analyzed by determining the proportionality factors
Kx/y which relate the height ratios Hx/Hy of the x-ray peaks (proportional
to the total counts or intensities) to the concentration ratios [X]/[YJ of
the elements X,Y. The relationship between the concentration ratio and
the peak height ratio is expressed as:

JX]/I[Y] = Kx/y . Hx/Hy

where the proportionality factor KGa/As relates the heights of the Ga and
As Ka peaks in spectra taken from the adjacent GaAs substrate. The value
of x in the Ini-xGaxAs is then given by the ratio [X]/[Y] determined from
spectra taken from the Ini-xGaxAs precipitate.

3. Results

The interface morphology of the In/GaAs sample after annealing at 350*C
for 10 minutes is depicted in Fig. 1. The two beam bright field TEM image
is shown in Fig. la. A thin film of indium oxide can be seen to cover the
reacted isand. This precipitated phase has been identified structurally
by electron diffraction analysis and compositionally by energy dispersive
spectrometry. The EDS spectra from the island A and the substrate B
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Fig. 1 . (a) HRTEM image of 6MooF 7 OWE
the annealed oxide-free

sample. The misfit disloca-
tions can be seen at the 2Wl W

interface. The indium oxide J JL At
shell appears on the surface o s 12k 0 4 S i2W
of the InlxGaxAs phase.
Quantitative microanalysis NOA
of the energy dispersive K 4%A-
x-ray spectrum A indicates
the patch A to have the com-
position of Ino.o 2Gao.g8As.
(b) Diffraction pattern taken
from the island A and the
substrate B shows only the a
reflections from the GaAs
[C1l1 zone axis orientation.
(c) Lattice image of a misfit
dislocation (arrowed in (a))
at the interface.

(shown above the image) yield a composition of Ino.0 2Gao.98As for the
Ga-rich ternary phase with the zincblende structure. The diffraction
pattern from the interface region shown in Fig. lb indicates that it is
almost impossible to distinguish the diffraction spots of this ternary
phase from those of the GaAs substrate because of the small concentration
of indium in this epitaxial island. The high resolution lattice image in
Fig. lc reveals the detailed interface morphology. A misfit dislocation
can be seen at the interface due to the mismatch (0.16%) between the Ga-
rich ternary phase Ino.0 2Gao.98 As and the GaAs substrate. Another example
of a precipitate from the same sample is shown in the cross-sectional high
resolution micrograph in Fig. 2. The misfit dislocations and moir6 fringes
appear at the interface, where they result from the two distinct lattice
parameters of the epitaxial island and the GaAs substrate. This indicates
that the interface is abrupt, i.e., no graded Inl_GaxAs layer exists at
the interface. Based on Vegard's law, the epitaxial island was identified
from the diffraction analysis to be the In-rich ternary phase Ino.qGao.1As.
The EDS data also confirm that the island is In-rich InlxGaxAs. Precipi-
tates with compositions (0.2 < x < 0.8) were not observed.

According to the theoretical calculations of de Cremoux et al. (1981), a
miscibility gap exists in the InAs-GaAs pseudo-binary system with a crit-
ical temperature between 500'C and 700'C. To investigate'the effect of
immiscibility on the In/GaAs reaction, a statistical study was performed
by annealing the In/GaAs samples at 3500C, 500"C, 515*C and 650"C. Sev-
eral cross-sectional specimens from each sample were investigated by TEN
and STM. The distributions of precipitate compositions were determined
by electron diffraction and EDS analyses. As can be seen in Fig. 3, three
histograms from three different annealing temperatures reveal the extent
of ivoiscibility in this system. It is also clear from the histograms
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Fig. 2. High resolution image of the
annealed cross-sectional oxide-free Fig. 3. Histograms of the
sample. The misfit dislocations and numbers of the Inlx. axAs
the moir6 fringes indicate an abrupt precipitates with respect to
interface. Inset diffraction pattern composition x from the three
was taken from the region including samples annealed at the dif-
the reacted patch A and the substrate ferent temperatures (3500C.
B. The patch A was estimated to be 500°C and 650C).
InO.qGao.1As by diffraction analysis.
The energy dispersive x-ray spectra
obtained from the patch A and the sub-
strate B are also shown to identify
the patch as InlxGaxAs.

that the critical temperature (i.e., the temperature above which Inks and
GaAs are completely miscible) is between 500*C and 650°C. This miscibility
gap in the Ins-GaAs pseudo-binary system was also revealed experimentally
by x-ray diffractometry. The x-ray results from this system are shown in
Fig. 4. Slow traces of the 400 peaks of the GaAs substrate and Inl_xGaxAs
(0 < x < 1) precipitates were obtained by employing cuKa radiation in an
x-ray diffractometer. When compared with the spectrum from the as-depos-
ited sample, the spectrum from the sample annealed at 3500C shows an addi-
tional peak corresponding to In-rich InXGaXAs and a shoulder on the GaAs
400 peak corresponding to Ga-rich InlxGaxAs. This result is in agreement
with EDS and electron diffraction data in Fig. 3. As the annealing tem-
perature is increased, the In-rich InlxG&aXs 400 peak shifts toward the
direction of increasing Ga content (i.e., increasing x). The diffraction
peak from tha In-rich InlxGaxAs ternary phase peak merges with the Ga-rich
shoulder at 650*C, suggesting that the critical temperature is close to
650*C. Furthermore, it is apparent from the broad Gn-rich shoulder in the
x-ray data that significant interdiffusion is taking place at 650*C.
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InAs GaAs Fig. 4. Slow trace IRD patterns of the 400 re-
0 490 flections of as-deposited In on (100) GaAs, and

after annealing for 10 minutes at 350*C, 500*C,
575°C and 650°C, res:ectively (CuK* radiation).
Each trace is compared with the trace from the
as-deposited sample (broken line).

4. Discussion

The assumption is that the system rapidly
approaches equilibrium. The observation that

" there is extensive reaction even at tempera-
E tures as low as 350°C excludes solid state

575°C interdiffusion between In and Ga as the reac-
tion mechanism for temperatures <650*C. This
is in agreement with a previous study (Ding
et al. 1986) where the reaction involving the
dissolution of Ga and As into the molten In

500°C (melting T-156*) and the subsequent precipita-
tion of InlxGaxAs was discussed. In the

350°C, reaction of the form

60 24 68 In(f) + GaAs 4 InxGalx(f) + Inl-xGaxAs,
20'

the presence of a liquid phase ensured that
mixing was rapid and that the final states of
the system, after annealing is close to
equilibrium.

Such a reaction can be qualitatively understood by reference to a hypo-
thetical isothermal section of the In-Ga-As phase diagram for T < Tc
(Fig. 5). From this schematic diagram, it is apparent that when a limited
amount of GaAs is involved in the reaction, as many as three phases, namely
In-Ga(), In-rich Inl-xGaxAs and Ga-rich Inl-xGaxAs can result. We propose
that in the initial stages of the reaction, Ga and As are dissolved into
the molten In so that the average composition of the system remains on the
vertical line connecting In and GaAs. As more Ga and As are incorporated

In

Fig. 5. Schematic isothermal sec-

In-Go(#) InAs tions of In-Ga-As phase diagram at
n )Ia temperature below Tc . Assuming

no loss of arsenic during anneal-
ing, the average composition of the
system remains on the vertical
dashed line.

Ga As

Ala.SUU
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into the molten material. i.e., as the molten In-Ga-As becomes supersatu-
rated in Ga and As, the driving force for nucleation increases. Nucleation
of Inl_xGaxAs occurs at some time during the annealing treatment, most
likely during cooling. The compositions of the phases formed depend on the
degree of supersaturation at the time of nucleation. Misfit dislocations
were observed only at the Inl-xGaxAs/GaAs interface and no diffraction spot
streaking (indicative of compositional grading) was detected. These obser-
vations suggest that once a precipitate is nucleated, it continues to grow
at the same composition. The strain energy or dislocation energy associ-
ated with spatial variations in composition will inhibit compositional
grading.

5. Conclusion

The experimental results described in this paper provide direct evidence
for the existence of a miscibility gap in the InAs-GaAs pseudo-binary sys-
tem. It follows that the formation of graded Inl-xGaxAs (0 < x < 1) layers
by thermal reaction of In on GaAs is not possible under furnace annealing
conditions (slow heating and cooling) unless the annealing temperature is
above the critical temperature, estimated in this study to be between 575°C
and 650"C. If a graded layer is indeed necessary to form a low-resistance
In-base ohmic contact to n-GaAs (i.e. to smooth out the InAs-GaAs conduc-
tion band discontinuity), our results suggest that fabrication of graded
Inl_xGaxAs/GaAs ohmic contacts by thermal reaction must involve annealing
at temperatures above the critical temperature. Observation of ohmic con-
duction in In/GaAs samples annealed at temperatures significantly below
Tc (Lakhani 1984a, 1984b) can only be attributed to other mechanisms such
as thermionic-field emission at small diameter protrusions in the
Inl-xGaxAs/CaAs interface (see Fig. 2).
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1. Introduction

AlGaAs/GaAs quantum well structures have been extensively studied for
their potential device applications. However, the intrinsic simplicity of
a square quantum well (SQW) does not provide much of the needed flexibi-
lity for the task of engineering. More complicated structures offer this
advantage. One class of structures that has attracted a great deal of in-
terest is coupled quantum wells (CQW) [Dingle, 1975; Delalande et al 1984;
Kawai et al 1985; Yariv et al 1985; Austin et al 19861. While theoretical
speculation on these structures is abundant, their experimental realiza-
tion remains scarce. In this work, evidence of QW coupling in AIGaAs/GaAs
heterostructures is presented. The main evidence consists of the observa-
tion of confined excitonic states via conventional optical spectroscopy.
In the presence of an externally applied electric field, these states ex-
hibit behavior that is markedly different from those of SQWs, and is con-
sistent with a CQW model.

2. Experiment

The term coupled quantum well can be generically used to refer to any en-
semble of local QWs whose quantized state wavefunctions extend throughout
the ensemble rather than being strongly localized. The CQW model reported
here consists of two SQWs of the same potential depth, separated by a thin
potential barrier. Two samples grown by MBE are studied. Sample 1, as de-
picted in the inset of Fig. 1, consists of a symnetric CQW structure.
Sample 2, depicted in Fig. 3, is asymmetric and narrower. It is grown in
a P-i-n structure to facilitate the study of the Stark effect. The
ability to engineer large asymmetries is one of the advantages of CQW.

The evprimental techniques employed are photoluminescence and lumines-
cence-excitation spectroscopy. The principal measured quantities are the
energy levels of various optical excitonic states as a function of the
Stark perturbation. A more qualitative observation, buc still useful for
the study of CQW is the oscillator strengths of these states. In the ef-
fective mass approximation (EMA), the oscillator strength of an approxi-
mately two-dimensional excitonic state is proportional to

2D(0)1
2
fZe(z)Zh(z)dz , (1)

where Ze(z) and Zh(z) are, respectively, the quantum well envelope
wavefunctions of the electron in the conduction band i.nd the hole in the

*This work was sponsored by the Department of the Air Force.
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Fig. I Calculated confinemeont Fig. 2 (a) and (b) Luminescence spectra
energy vs separation between from sample a; (c) and (d) excitation
COW suhwells. The insets spectra. Peaks are identified according
show a diagram of sample 1, to the model in Fig. 1. Splitting of e-

and the cal,'olated electron lt.ctron coupled states is evidenced in
waveffunctions. The well th., two lowest energy peaks. Inset [(c')
depth is lOl meV. and (V')] show typical excitation spectra

of SoWs.

valence hand, in the wt.1 normal limension; P2D(P) is the excitonic
wavefunction in the other two dimensions, In expression (l), the term

most relevant to the studv of CQW is the inner product of Ze(z) and

Zh(z). 'election rules for this product consist of nodal quantum number
conservation and parity conservation. Nodal number selection, referred to
as the An selection rule, allows transitions only between states with the
same number of nodes in the wavefunction. However, due to the intrinsic
differences in the effective mass and the band potential profile seen by
the electron and the hole for the AICaAs/GaAs system, the An selection

rule is not absolute. For structures without reflection -vmmetry, there
is no parity selection rule, and practically all transitions are allowed.

3. Results and Discussion

The main result from the symmetric CQW sample is the observation of a set
of closely spaced excitonic 'ines in the excitation spetra, shown in

Fig. 2. Traces (a) and (h) are the luminescence spectra; traces (c) and
(d) are the excitation spectra with luminescence monitored at two differ-
ent energies. The inset of Fig. 2 [traces (c') and (d')] shows typical

excitation spectra for a SQW structure whose width is about the same as
that of the wells in the CQW. In (c') and d'), only the heavy hole and
the light hole exciton are observed. The spectral richness of traces
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(c) and (d) demonstrates the difference between the number of optical
states in CQW and SQWs, Interpretation of this result is provided in
Fig. 1, in which the energy levels of pairs of opposite parity in the con-
duction band and the valence band are calculated as a function of the sep-
aration between two SQW structures. The electron wavefunctions for the
two lowest levels are calculated and shown in the inset to give a quali-
tative idea of the extent of the coupling. According to these calcula-
tions, various peaks labeled in Fig. 2 (c) and (d) correspond to various
parity-allowed excitonic recombinations. The superscripts S and A refer
to the symmetric and the antisymmetric character, respectively. Qualita-
tively, the observed level splittings of a few meV agree with the calcu-
lated electron and light hole energy splittings. The dimensions used in
the model are estimates derived from the known MBE growth-rate.

Unlike sample 1, where the heavy hole remains strongly localized resulting
in small energy splittings, the dimensions of the CQW in sample 2 are re-
duced (Fig. 3) to force the heavy hole to assume a larger kinetic energy,
and thus to penetrate more readily through the center barrier. Asymmetry
is also introduced to provide a mechanism for the first order Stark ef-
fect. Luminescence-excitation spectra from sample 2 are shown in Fig. 4.
The absolute intensities of various traces are not on the same scale. The
labels on the right vertical axis indicate the voltage applied to the
p-i-n structure [Fig. 3 (b)]. The labels follow the same vertical order
as the traces. The label "open" indicates the absence of external cir-
cuitry. The traces labeled from 0 V to 4 V on the left-hand side are
luminescence spectra. The energy positions of various peaks are plotted
vs bias voltage in Fig. 5.

The most salient features of the spectra in Fig. 4, besides the abundance
of spectral tines, are the crossings of two or more levels, the positive
energy shift of some levels and the overall sensitivity 'f the spectra
with respect to applied bias. These features are uncharacteristic of
SOWs, but readily understood with a CQW model. The spectral richness is a
result of the increase of states and the relaxation of An and parity se-
lection rules. The sensitivity to the Stark perturbation, as seen in
Fig. 4, where the spectrum markedly changes its profile for bias voltages
between 0 and 0.25 V, directly reflects the electric susceptibility of the
CQW extended wavefunctions. Not only do the peak positions shift, but the
oscillator strengths also vary greatly. The calculated results for the
CQW model are presented in Figs. 6 and 7. In Fig. 6, the levels of vari-
ous electron-hole pairs are plotted vs field. Curves (a), (b), (c), (d)
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Fig. 4 Excitation and luminescence spectra for different bias voltages.

Traces marked from 0 V to 4 V are luminescence spectra. All others are
excitation spectra. Right vertical labels denote the applied voltages,
arranged in the same vertical order as the associated traces.

and (e) correspond to (el,hi), (el,h 2 ), (e2 ,hl), (e2 ,h2 )
and (el,1 1 ), respectively, where e, h and I denote electron, heavy
hole and light hole states; subscripts I and 2 refer to the lowest and the
next lowest energy levels. These levels account for the experimental re-

suIts. Since applied voltage is the experimental parameter while the cal-
culations are based on electric field, direct comparison between experi-
ment and theory is not possible. However, this can bo done by assuming a
linear relationship between the two parameters. It is important to keep
in mind that this relationship is only approximate. In fact, there is a
large leakage current for biases greater than 5 V. Also, due to the p-i-n
diode structure, there exists a large internal field at 0 V bias; and when

the bias is negative, the internal field is only slightly reduced. The
dotted vertical line in Fig. 6 is the best theoreti(al estimate of the in-
ternal field that corresponds to 0 V bias. From the theory, two experi-
mental features can be understood. Transitions (el,h 2 ) and (e2 ,h1 )
where An conservation is strongly violated, become allowed as a result of

both CQW structural asymmetry and odd-parity Stark perturbation. Second,
the upward energy shift of the (el,h 2 ) transition [curve (b)l reflects
the presence of both the linear and quadratic Stark effect.
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respectively.

Although luminescence-excitation in this work does not provide an absolute

measurement, or even an accurate relative measurement, of the oscillator

strengths, the relative intensities of various lines provide useful in-

sight for a qualitative understanding of the CQW model. The calculated

inner products of the CQW wavefunctions in Eq. (1) for 4 transitions,

(el,hl), (el,h 2 ), (e2 ,hl )  and (e2 ,h2 ), are shown in Fig.

7, labeled (a), (b), (c) and (d), respectively. The calculated wave-

functions at different Stark fields are shown in Fig. 8. Qualitatively,

these results are consistent with experiment. In particular, the maximum

of (b) in Fig. 7 at a field close to I x 104 V/cm offers an explanation

for the observed strong line at about 1560 meV (Fig. 4) for the bias range

from 0 to 1.5 V. This non-monotonic behavior characterizes CQW. At low

fields [Fig. 8 (a)) e 1 and h2 occupy opposite ends of wells with

little spatial overlap (An is well conserved). As the field increases,

they first move toward each other, and achieve maximum spatial overlap

[Fig. 8 (b)[; at higher fields, they again become spatially separated

[Fig. 8 (d)]. This type of wavefunction modulation underscores the

potential of CQW as device structures.

4. Conclusions

Luminescence-excitation spectroscopy of the Stark effect on excitonic

states in AIGaAs/CaAs heterostructures evidences the realization of CQW

structures. The observed spectral richness, the upward energy shifts, and

the level crossings are radically different from the monotonic behavior
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associated with SQWs. The interpretation is based on an approximate
theory, in which the subtle differences in excitonic binding energies of

various states with different CQW envelope wavefunctions are ignored, and
the hole 3/2-spinor is approximated with two scalar particles. Despite

the approximations, major features of the experimental results are ac-

counted for.

We thank B. E. Burke and V. Diadiuk for valuable collaboration, B. Lax for
stimulating discussion, R. C. Hancock and L. J. Belanger for valuable
assistance, and G. D. Johnson for the critical processing of the samples.
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Abstract. We report measurements of the diamagnetic shifts of heavy and
light-hole excitons as a function of the well size and the magnetic field
in MBE grown GaAs-AlGaAs multi-quantum-well (MQW) structures using high
resolution optical spectroscopy at liquid helium temperatures. The ap-
plied field is pjralle, to the plane of the MQW structures. We have
ailso determined the variation of the effective g-values of the heavy
Amld the- light-holes as a function of the well size.

1. Introduction

The study of the properties of excitons in quantum well structures has
attracted a great deal of interest in the last few years. Recently
several groups (Mann et al. 1984, Tarucha et al. 1984, Miura et al.
1985, Ossau et al. 1985, Sakaki et al. 1985) have investigated the

behavior of both the heavy-hole and the light-hole excitons in
GaAs-AlGaAs multi-quantum-well (MQW) structures in the presence of a
magnetic field. In all these studies the magnetic field is applied
perpendicular to the plane of the MQW structures. However, in one of
these investigations (Sakaki et al. 1985), the field is also applied
parallel to the plane of the structures. From these measurements they
determine the variations of the ground-state energies of these excitons
(from hereon referred to as diamagnetic shift) as a function of the
magnetic field. Sakaki, et al. (1985) have determined the diamagnetic

shifts of heavy-hole excitons in GaAs-Al Ga 70As structures with0.3 0.70
different well sizes using photoluminescence spectroscopy. In their
experiments they apply the magnetic field both perpendicular aild
parallel to the plane of the MQW structure and measure the diamagnetic
shifts in both field configurations. In all of these measurements the
widths of the excitonic transitions are typically 2-3 meV or more for
IOOA GaAs quantum wells. The magnetic field measurements have all been
made at relatively high magnetic fields: Since one can observe sharp
line structure from MQW systems in both photoluminescence (PL) and
reflection spectra, (Reynolds et al. (1985), Reynolds et al. (1986)), it
is possible to investigate the magneto-optical properties of these
systems at relatively low magnetic fields (0-36kG). In this study, we

1987 1OP Publishing Ltd
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have investigated the diamagnetic shift of both the light hole and heavy
hole free excitons as a function of magnetic field, with the field
applied parallel to the MQW layers. The diamagnetic shift of the light
hole free excitons with the magnetic field oriented in this direction
has not previously been measured. The diamagnetic shift of the light
and heavy hole free excitons was also determined as a function of well
size. The quadratic dependence of the diamagnetic shift as a function
of magnetic field was observed, while a nearly linear variation in
diamagnetic shift with well size was observed. The binding energies of
both the heavy-hole and the light-hole excitons in a GaAs quantum well
as a function of well size in the presence of an arbitrary magnetic
field applied parallel to the plane of the quantum well structure have
recently been calculated by Greene and Baja, (unpublished). The
variational approach was used in these calculations. The experimentally
measured results of this experiment are compared with the above
calculation.

The light and heavy hole g-values were determined for the first time for
different well sizes. To determine the hole g-values it was assumed
that the electron g-value remained constant and essentially the same as
in bulk GaAs. The observation of the magnetic field splitting of the
excitonic transitions was possible because of the very narrow line
widths associated with these transitions.

2. Growth Conditions The MQW structures used in this investigation
were grown on (100) oriented Si-doped GaAs substrates by molecular beam
epitaxy. The substrates were prepared and loaded in the growth chamber
as previously described (Sum et al. 1984). The MQW stryctures were grown
at 600:C. A five period superlattice consisting of 20A Al 2JGa0 75As
and 20A GaAs was grown between the substrate and a 0.5i.thic GaAs
buffer layer on which the MQW structure was then grown. This structure
produced MQWs with excellent optical properties.

3. Experimental Technique

The experimental apparatus employed in this investigation permitted
high-resolution photoluminescence and reflection measurements to be
performed at 2K and in magnetic fields up to 36 kG. In the intrinsic
region of GaAs a dispersion of 0.54 A/mm was achieved using a 4-meter
spectrometer. Data were collected on Kodak-type I-N spectrographic
plates. The photoluminescence was excited with the 6471-A line of a
Krypton ion laser; for reflection the broad spectrum of a Zr-lamp was
used.

4. Experimental Results and Discussion

The samples used in this study were MQW structyres which consisted of
Ga 0 Al As barrier layersoof thickness IOOA and GaAs well thickness
of 99 195"180, 300, and 400A. The total number of cycles in the 400
and 300A thick MQWsamples was 20, whereas the 180A sample had 33 cycles
and the 135 and 90A MQWs had 50 cycles. The light-hole free exciton
transitions were observed in PL in only the widest wells, the heavy-hole
free exciton transitions were seen in photoluminescence for all of the
MQW structures. The reflection spectra were observed for both the
light- and the heavy-hole free excitons for all of the MQWs. A typical
reflection spectra for both the light and heavy hole free excitons at
zero magnetic field and at an applied field of 31kG is shown in Fig. 1.
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Some of the lines are extremely narrow, no more than 0.05 meV full width
at half maximum (FWUM). The line structure is observed over an energy

- 31KG
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Fig. 1. Reflection spectril for both the light and heavy hole free
excitons in a MQW L - 135A at h - 0 and H = 31 kG.

z

spread corresponding to a well size fluctuation of about two monolayers.
The heavy hole free excitons show a shift to higher energy with very
little splitting when the magnetic field is applied. The light hole
free excitons show a much smaller shift in energy with magnetic field
however, they show a larger magnetic field splitting.

Similar experiments with different well sizes show that the diamagnetic
shift increases as the well size increases for both the light and heavy
hole exci;ons. It was also observed that the magnetic field splitting

of the heavy bole exciton was smaller as the well size decreased while
the magnetic field splitting of the light hole exciton was larger as the
well size decreased. Variations of the diamagnetic shifts for both the
light- and the heavy-hole free excitons as a function of well size for a
magnetic field of 36 kG are shown in Fig. 2. A nearly linear
relationship is observed, with the heavy-hole exciton having a
considerably larger diamagnetic shift than the light-hole exciton. Also
plotted in Fig. 2 is the variation of the diamagnetic shift of the two
exciton systems as a function of the well size as calculated by Greene
and Bajaj (unpublished) using Luttinger valence band parameters proposed
by Skolnick et al. (1976) from their cyclotron resonance studies.

Though the theory predicts the correct trends, namely the diamagnetic
shift of the heavy-hole exiton is larger then that of the light-hole
exciton and that the diamagnetic shifts of both excitons increase with
well size, the theoretiGal values are considerably larger than the
measured ones. For 135A QW structure our measured value of theofte evyhl ecto a sale s h el iz eresd hl

th mgnti ied plttn oftelgthoeectnws agra h



328 Gallium Arsenide and Related Compounds 1986

diamagnetic shift of the heavy-hole excitons at 36kG agrees with the one
determined by Sakaki et al. (1985) It is not clear why the theoretical
values are considerably larger than the experimental values. In their
variational calculation of the diamagnetic shift Greene and Bajaj

E/

05 l

0 101 200 300 4CO

WELL SIZE (4)

Fig. 2. Variation of the diamagnetic shift of light-hole exciton (solid
line ka), experiment, dashed line (d), theory), and heavy-hole exciton
(solid line (b), experiment, and dashed line (c), theory) as a function
of well size at a magnetic field of 36 kG. Solid lines drawn through
the experimental points are just aids to the eye.

(unpublished) hlave assumed that the heavy-hole and the light-hole bands
are completely decoupled. Recently, Sanders and Chang (1985) and Briodo
and Sham (unpublished) have calculated the exciton binding energies as a
function of the well size using valence band mixing at zero magnetic
field. both these groups find that for the range of the well sizes used
in the present work the binding energies are slightly larger than those
calculated assuming decoupled bands. It is therefore highly unlikely
that the diamagnetic shifts calculated using valence band mixing will be
significantly different from those calculated using decoupled bands.

Sakaki et ai.(1985) have also measured the diamagnetic shift of the
heavy-hole excitons in GaAs-Al^ Ga_ As MQW structures for the case of

u -

magnetic field applied perpendiulr to the plane of the structure.

They find that for a given value of the well size and magnetic field the
value of the diamagnetic shift for the perpendicular field case is about
three times larger than that for the parallel field case. Their values
of tihe diamagnetic shifts agree rather well with those calculated by
Greene and Bajaj (1985) for the perpendicular field case. For the case
of parallel field Greene and BaJaj (unpublished) calculate diamagnetic

Aslk
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shifts which are only twenty to thirty-percent smaller than those
calculated for the perpendicular field for the range of well widths
considered in the present study.

We have determined the variation of the g-values of the heavy- and the
light-holes as a function ot well size and display it in Fig. 3. We
have assumed that the magnetic field splittings of the free excitons in

_______________- LM 4014

• p

WELL THICKNE$S Lz (A)

Fig. 3. The light- and heavy-hole g-values as a function of well
thickness for a fixed magnetic field of 36 kG.

NQW structures are analogous to those in bulk semiconductors with
nondegenerate valence bands (i.e. il-Vl semiconductors with wurtzite
structure) where the light-hole free exciton splits as the sum of the
electron and hole g values and the heavy hole free exciton splits as

their difference. Assuming that the g-value of the electron is the same
in the quantum wells as in bulk GaAs ( 0.5) the g-values of the holes
are determined from the magnetic field splittings. It is noted that the
g-value of the light-hole approaches the GaAs bulk value as the wells
get wider. Theoretical model; are not available to compare the
experiment with at this time.

5. Concluding Remarks

We have measured the diamagnetic shifts of heavy-and light-hole excitons

as a function of well size and magnetic field in GaAs-AIGaAs

multi-quantum-well structures using high resolution optical
spectroscopy. The applied magnetic field is parallel to the plane of
the MQW structures. Some of the transitions have linewidths as small as
0.05 meV. For the range of magnetic fields (0-36kG) studied the

diamagnetic shift varies quadratically with the field and for a given
value of the field, varies linearly with the well size. We have also
determined the variation of the effective g-values of the heavy-and
light-holes as a function ot the well size. We have compared the values
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of the diamagnetic shifts we measure with those determined by Sakaki et
al. (1985) and with the results of a variational calculations (Greene
and Bajaj, unpublished). We find that our results agree with those of
Sakaki et al. (1985) but are considerably smaller than those predicted
by theory.
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GaAs/InAll-x As (0 <x < 0.006) indirect bandgap superlattices
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Abstract. To explain transport data in unipolar superlattice diode
structures it is necessary to assume that, for a sufficiently short
period, AlAs/GaAs superlattices have an indirect bandgap. By using
appropriately designed superlattices grown by molecular beam epitaxy,
the superlattice r band is moved sufficiently far above the X bands
that luminescence from these bands is clearly observed for the first
time.

1. Introduction

In this paper we report the first unambiguous demonstration of
photoluminescence from an X derived ground state in a series of GaAs/AlAs
and GaAs/InAlAs superlattices. In previous studies the only evidence for
indirect GaAs/AlAs superlattices is derived from absorption spectra of
(GaAs) (AlAs) and (GaAs) (AlAs) superlattices (van der Ziel 1977)
althoujh pressure induced transiLions have been observed in GaAs/AlGaAs
superlattices at pressures of 18 kbar (Wolford 1986). Our investigation
was motivated by the fact that earlier photoluminescence studies (Wang
1986, Okamoto 1985) provided no clear evidence for an X derived ground
state in thin layer superlattices although assuming such a ground state
was crucial to the interpretation of transport data for n-type unipolar
superlattice barrier diodes (Drummond et al. 1984). The diode data also
implies that an entirely new type of band structure may be achieved, i.e.,
the bulk ellipsoidal X minima with their long axis parallel to the
superlattice axis are folded into an essentially cylindrical energy
surface. This implies that the ground state cannot be clearly classified
as being either direct or indirect and has a nearly infinite mass along
the superlattice axis.

2. Experimental

Superlattices of GaAs/In xAl As with x < 0.006 were grown by molecular
beam epitaxy in a Varlan MBi 160. Growth rates were 0.8 v1/hr for GaAs
and 0.3 tm/hr for AlAs and the growth temperature for the superlattice was
5650C. Small amounts of In were in some cases added to the AlAs layer
under the assumption that it would help maintain a smooth surface during
the growth of the AlAs. We have noted in the past that clear (3xi) HEED
(high energy electron diffraction) patterns were more easily obtained
during the growth of thick AlAs layers when a small In flux was incident
on the surface. The superlattices were nominally 0.5 im thick and 4e tp
0.3 im were Si doped, in the GaAs layers only, to a level of I x 10 /cm

© 1987 lOP Publishing Ltd
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Specific superlattice parameters used in the theoretical analysis were
derived from an x-ray analysis using a double crystal diffractometer.
Table I lists individual layer thicknesses for the GaAs layers. La , and
the InAlAs layers, Lb. in nm and the nearest integer number of monolayers
(monolayer is approximately 0.283 nm for either material). Table I also
gives the percent In in the AlAs layers as determined from the x-ray
analysis and the percent perpendicular strain in the AlAs layers.

Lj-/ I) I- SrRLM 100 - (OSA)S AIAS13.00

149 1.3/5 3.4/12 0 0.20 >.

150 0.9/3 3.6/13 0.2 0.23 _1

182 1.3/5 3.8/13 0.3 0.24 1,2

151 1.0/4 3.8/13 0.8 0.27 _ i l

RROI 0./2 0.9/2 0.1 0.01 9C

Table I 2IaAs layer thickness, 1400 100 1800 1700 1000 190

1 AlAs lyer thi kn-?S3, Lb, LUMINESCENCE ENERGY ImeV)

percent In in the AlAs la;ers
and percent strain in the AIAs
layers. Layer thicknesses are Fig. 1 Photoluminescence response
given in both nm and nearest of 149 at 11K.
integer number of monolavers
(ml).

Luminescence measurements were made at 4 and 11 K in a system capable of
applying both hydrostatic pressure and high magnetic fields (Jones et al.
1985). Figure 1 shows the zero pressure, zero magnetic field luminescence
response from sample 149 at 11 K. This sample is a GaAs/AlAs superlattice
with no In in the AlAs layers. For all samples in this study (149-151,
182), the superlattice peak energy fell in the range 1798-1809 meV and the
full width at half maximum (FWHM) was 10-12 meV. In ali cases the
intensity of the superlattice peak relative to the substrate peak more
than doubled with the incorporation of In. This was the only observable
effect of the In. No new features or energetic shifts were detectable.
However, because the FWHM did not decrease as the intensity increased the
difference may be a bulk effect (Beneking et al. 1985) with the
interfacial quality being controlled by the GaAs layers (Singh and Bajaj
1985).

In Figure 1 there are five significant peaks in addition to the broad
peak spanning the interval 1600 to 1700 meV. The dominant peak is
assigned to transitions associated with the on axis X minma quantized
according to the longitudinal mass and designated X . The two low energy
peaks I and I2 are thought to be due to impurities. Because the GaAs
layers are doped with Si, it is very likely that one peak~may be a donor-
related transition. Another candidate for an impurity related transition
is carbon. A carbon-related impurity peak is clearly seen on the low
energy side of the substrate peak. More sophisticated experiments are
required to positively identify the origin of I and I . In addition to
the problem of identifying the responsible impurity, t~e X bands are
expected to give rise to impurity levels which may lie ait~in the
superlattice bandgap. Two weak features above the main superlattice peak
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are indicated but not labeled. They are possibly due to impurity related
transitions to a light hole valence band state.

To demonstrate that the observed photoluminescence features are
transitions derived from the bulk X point conduction band minima,
photoluminescence spectra were record-d
with 3.5 kbar of hydrostatic pressure
applied and also with up to 65 kG
magnetic field applied perpendicular to
the superlattice. Figure 2 shows 3.5kbar

spectra from sample 182 at zero pressure
(bottom) and under 3.5 kbar pressure
(top). We see that the substrate peak
has shifted upward in energy at a rate
of 12.7 meV/kbar and that the
superlattice peaks shift downward in Z

I-
energy at a rate of 2 meV/kbar. For _
GaAs the pressure dependences of the LU
principle conduction band minima are
12.6 meV/kbar for r, 5.5 meV/kbar for L
and -1.5 meV/kbar for X (Blakemore w
1986). Because AlAs is similar to GaP r ATMOSPHERIC
in ordering of the conduction band
minima as well as bandgap energies, the
pressure dependence of the X point in
AlAs should be approximately -2.4
meV/kbar. Thus, the pressure dependence
of the superlattice peaks are L----
characteristically negative and the 1500 1600 1700 1800 1900
exact value of the derivative is LUMINESCENCEENERGY(meV)
bracketed by the values associated with
the two binary constituents of the
superlattice. Finally, we found that Fig. 2 Photoluminescence
application of a magnetic field had no response of 182 at 4K,
effect on the energy of the peak X1. at atmospheric pressure and
This is consistent with the large under 3.5 kbar of
effective mass of an X-drived state, pressure.

3. Theoretical

The photoluminescence spectra were analyzed by both a Kronig-Penney (KP)
method and a tight-binding (TB) method. These spectra depend primarily on
band structure and dipole matrix elements. The KP technique was used to
obtain the band offset from the experimental peak positions. An important
consideration is the accuracy of the KP method near the r-X crossover. At
present there is no analytic approximation which allows for coupling
between direct and indirect conduction bands. The superla.tice TB method
was used to assess the degree of band mixing at the r-x crossover. It was
also used to estimate the dependence of the luminescence intensity on
GaAs/AlAs layer thickness ratio.

The KP method employed here allows for different effective masses in the
binary constituents of the superlattice (Bastard 1981) and all inputs to
the KP model listed in Table II for T = 0 K are drawn from the current
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literature references as discussed elsewhere (HJalmarson and Drummond).
Temperature dependences for the r and X bandgaps as well as for the f
point effective electron and light hole masses are also incorporated into
the model. The only adjustable parameter is the heterojunction band
alignment.

The TB superlattice method (Ijilmarson
and Drummond) utilizes an sp s method
which has been extensively applied to E'() v) K1 m,
semiconductor, semiconductor alloy,
semiconductor interface, and Gas 1.519 1.961 0.067 1.2 0.27 0.51
semiconductor superlattice problems
(Vogl et al. 1983). The Hamiltonian hA 3.145 2.250 0.150 1.1 0.19 0.75
H(k,g) depends on the individual
Hamiltonians for layers m and n as well
as the band edge discontinuity between m
and n. Each semiconductor Hamiltonian Table II Input parameters
has its matrix elements adjusted such to the Kronig-Penney cal-
that the zero of energy occurs at the culation. Bandgap energies
valence band edge. Accordingly, the for AlAs assume free-
superlattice Hamiltonian is merely exciton energies for r and
shifted by the valence band discontinuity. X to be the same as in GaP.

The dipole matrix elements for optical transitions depend on the
wavefunctions and the atomic dipole matrix elements. The dipole matrix
elements were approximated in terms of the overlap of the wavefunctions.
To this end, the projection operator,

P = E1a(R,x)><a(R,s)I
R

was used to pick out the overlap of the s and pxorbitals for the parallel
polarized light used in the experiment. In the remainder of this paper we
will refer to matrix elements of P as dipole matrix elements.

4. Discussion

Having used x-ray analysis to determine GaAs and AlAs layer thicknesses in
our superlattices, the KP method was used to obtain the band offset by
fitting the data. The convention of aligning the direct bandgaps with a
fraction a of the bandgap energy difference appearing in the conduction
band was used in the KP calculation. Positions of the longitudinal XI,
the transverse Xt, and the r superlattice bandgaps were calculated as a
function of a for a (GaAs) (AlAs) superlattice at 11K. By this
analysis, we find that a =- 0.63 ± .005 in excellent agreement with other
recent studies (Wilson 1986). This sets a lower limit on the value of a
as the main PL peak is likely an excitonic transition and thus the actual
bandgap may be 10 to 50 meV larger.

Having determined an offset rule of 63/37, KP theory i's used to compute
the bandgap of a (GaAs)_(AlAs) superlattice in which m + n = 18. Figurem
3 shows the bandgap as a functon of superlattice composition varying from
GaAs (n - 0) the AlAs (n - 18). The enhanced nonlinearity for these
superlattice alloys (SLAs) is due to the shift of the conduction band
ground state from the GaAs to the AlAs layers with the r-X crossing while
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the valence band states remain localized in the GaAs layers. To further
understand the data, the TB bandstructure and projection operator matrix
elements as a function of the number of AlAs layers is shown in Figure 4.
For this case, the superlattice period is again m + n - 18. The TB
bandgap agrees with the KP bandgap to within 0.05 eV. Much of this
discrepancy can be traced to the overly large bandgap incorporated in the
sp s matrix elements. In another publication we will present results
using modified matrix elements. The most important point is that the r-x
transition is well defined and "validates" the use of the KP method in
this regime..4,

IA(A~M.l~l ** ol ' t- ( 2 2A*,. 0,=1o ~~

3. 1.11 . 3AR% AC,..~

1.4 1

,/ I
C A-

.
2

0 *6r* 0 0 tO. . . ... O r

a. 0 2 4 0 8I1s 12141

n (M Of AlA LAY!ON
)  

n (nober oW AIAs layers)

Fig. 3 Kronig-Penney superlattice Fig. 4 Tight-binding super-
bandstructure as a function of the lattice bandstructure and
number of AlAs monolayers per period dipole matrix element as a
with a period of 18 monolayers function of the number of AlAs
total. monolayers per period with a

period of 18 monolayers total.
2

The dipole matrix elements IP(n)1 change magnitude du to the r-X
crossover at n - 8. In the gaAs limit (n = 0), iP(O)I - 0.61 and in the
AlAs limit (n = 18), IP(18)I = 0.0. In the GaAs limit, both the
electrons and the holes are localized in the GaAs layers and the dipole
moment is large because the wavefunctions have appreciable overlap. In
approaching the AlAs limit, the electrons become localized in the AlAs
layers which leads to a smaller dipole moment because the overlap is
reduced. Figure 4 also shows that the r-X transition is not
discontinuous. Thus, even though the bandgap has become X-like for n > 8,
the dipole moment is still large. Accordingly, the experimental
observation of photoluminescence is consistent with zone folded X-point
transitions.

5. Conclusions

We have clearly demonstrated that a strong luminescence signal which
derives from X symmetry states oan be obtained in GaAs/AlAs superlattices.
A simple Kronig-Penney analysis is shown to be very successful in
describing the position of the superlattice bandstructure. A more

S01- m - m n mm •••l
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sophisticated tight-binding calculation was used to demonstrate that
although there is very little mixing between r and X conduction band
states, the dipole matrix element does not immediately go to zero as the
superlattice becomes indirect. From this, we conclude that our
observation of luminescence from X-derlved conduction band states is
consistent with having zone-folded the on-axis X-minima to zone center.
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The observation of the expansion of electron - hole plasma in
GaAs- Al.Ga 1  As multiple quantum well structures

K.r. 1sen
Physics Department, Arizona State University

Tempe, A: 85287

HI. Nlorkoc
Coordinated Science Laboratory, University of Illinois

Urbana, IL 61801

1. Introduction

Because of the development of laser annealing as a tool for eliminating
the surface damage caused by ion-implantation, the evolution of the
electronic and thermal energy following the creation of the photoexcited
electron-hole plasma (liP) in semiconductors becomes the subject of great
interest and cootroversy (hautelet et al. 1981, Forchel et al. 1983,
Steranka et al. 1985). I'he expansion of E11P has been studied on the
picosecond time scale in bulk C;AS (Collins et al. 1984, fluang et al. 1986)
and in bulk CdSe (Junnarkar et al . 1980). In recent years, tremendous
interest in layer structures such as GaAs-AlxGalxAs multiple quantum
wells (MQW) has made the study of the expansion of IEHP in those materials
particularly important. In this paper, we present the first experimental
evidence of the rapid plasma expansion in (;aAs-AlxGal-xAs MQW structures.
The spatial expansion of the photoexcited EItP in GaAs-AlxGal-xAs MQW
structures was investigated by time-resolved Raman scattering on a
picosecond time scale. The drift velocity of the plasma was estimatedand
found to be comparable to its Fermi velocity. These measurements show that
at low intensity excitations thermodiffusion governs the transport of the
photoexcited EIIP in G;aAs-AlxGal-xAs MQW structures.

2. Experimental Technique and Sample

The experimental set up is shown in Fig. 1. The Excitation source is
DCM dye laser which is synchronously pumped by the second harmonic of an
actively mode-loced cw YAI; laser. It produces a pulse train of -ps
light pulses at a repetition rate of 76 .M1z. These pulses are split into
two beams of different intensity (with 10:1 ratio) and orthogonal
polarizations. The more intense beam is used to pump the photoexcited
plasma and the weaker one probes these non-equilibrium excitations by

spontaneous intersubband Raman scattering. The photon energy from the
dye laser is chosen to be -1.870 eV, consequently, we would expect that
the photoexcited carriers come mainly from excitations of electrons from
(a) the heavy and light hole subbands to the continuum states; (b) the
splitoff hole subband to the first or second eletronic subbands. However,
as shown in Fig. 2, we do not observe any appreciable intersubband con-
tributions from second or higher subbands to their next higher subbandsin
our Raman spectra taken under the excitations of (1) the probe pulse

1987 1OP Publishing I Id
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ACTIVELY LOCKEDDYLASER
CW YAIG LASER

M .I

0 fo -- 111e

l t e aDOUBLE

DI DEWAR I .A

11I 0 0 1I I MONOCHROMATOIS

M

Fig. 1: Experimental setup for observing the spatial expansion of EHP in
GaAs-AlxGal-xAs MQW Structures. SUG--second harmonic generation system,
M--mirror, BS--beam splitter, DL--delay line, L--lens, A--analyzer,
PNIT--photomultipl iertube.

alone and of (2) the pump and the probe pulses with different time delay

it, we conclude that the photoexcited carriers primarily populate the
first electronic subband for the parameters used in our experiments. The
pump pulse is variably delayed before being recombined with the probe

pulse and focused to the surface of the sample. The carrier density
generated by the pump pulses was about 4xO1 0cm . Raman scattering
experiments were carried out in a backscattering geometry and in a
pump/probe configuration. The undoped GaAs-AlxGal-xAs MQW structure
studied in this work was grown by MBE on (001 oriented undoped GaAs
substrate. It consists of -30 periods of 100A-thick AlxGalxAs (x=0.3)
and 300X-thick GaAs layers. The sample was kept in contact with cold

Fig. 2: A typical Raman
L=3ooA spectrum taken at T=10 K and
z(x.x)2 W=I.87oeV for probe beam only. This

Tz1OK spectrum demonstrates that
r the photoexcited carriers

primarily populate the
.< first electronic subband in

our experiments. The sharp
I feature at 300cm -1 is the

z \ first order Raman scattering
Z signal from LO phonons and
- the broad peak at -125 cm- 1

is from collective inter-

0 100 200 300 400 subband excitations.

FREQUENCY SHIFT (cm")
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Fig. 3: Theoretical prediction of Fig. 4: The electron density vs.
the frequency shift as a function time delay Lt between the pump and
of electron density for collective the probe pulses. The solid circles
intersubband excitation (from are experimental data for
equations 1 and 2, Pinczuk et al. GaAs-Al xGal_xAs MQW which has a
1980). diameter of -500wm and the spot

size is z500wm. The crosses are
for GaAs-AlxGalx MQW and the spot

size is z100wm.

(=IOK) He gas. The intersubband Raman scattering signal from photoexcited

electrons confined inside the MQW is made up of two parts which can be
separated by a proper selection rule. The first part consists of light

scattering from spin-density fluctuation or single-particle excitations,
the peak positions in the spectra reflect roughly (aside from the final
state interactions) the difference in subband energies which are involved

in the transition. The second part comes from the scattering from charge-
density fluctuations or collective intersubband excitation; because of the

depolarization effect and coupling to LO phonons, its peak positions will

shift in proportion to the carrier concentration. As shown in Fig. 3, for
carrier concentration n <lxlOllcm

-2 
this shift has been found (Pinczuk

et al. 1981, Pinczuk et al. 1980) to be linear in n and is about 1.55cm
-1

per 1010 cm
-2 

for our experimental situation. The shift of the peak
position associated with the scattering of light from collective inter-

subband excitations was therefore utilized to determine the concentration

of the photoexcited carriers in our measurements.

In our experiment, the analyzer was placed along (011) crystal direction,
the pump and the probe beams were polarized along (OT1) and (011)
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Pig. 5: The logarithm of the
electron density vs. the time
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DELAY TIME ( ps !
directions, respectivelIy. According to the selection rule, the probe beam
will scatter collective intersubband excitations and the pump beam will
have a contribution coming fromi single-particle excitations. However, due
to the eakness of the latter at i=4xlO )cm-2, only the signal from
collective intersubband excitations is observed in the spectra. The Raman
signal is detected by a compter-controlled Raman system.

3. Experimental Results and Discussions

In Fig. 4, %,e have plotted the concentration of the photoexcited carriers
as a function of time delay .t between the pump and the probe pulses for
two samples: (a) a GaAs-Al.Gal-xAs NIQW with 300A-thick GaAs layers; (b) a
(;aAs-AlxGaI-xAS .M QK with 30VA-thick GaAs layers, but the total dimension
of the sample has been tailored to -500..m by chemical etching. The laser
beams were focused to a spot of diameter :100;m and -500a.m on samples (a)
and (b), respectively. We observe that the rate of decrease in the
carrier concentration is much larger for sample (a) than for sample (b).
Because the existence of the deep impurities in the GaAs sample has been
shown to decrease the lifetime of the carriers (Weiner et al. 1982), one
possible explanation is that sample (a) contains more deep impurities than
sample (b). However, the following experimental observation rules out
this possibility. In Fig. 5, the logarithm of the concentration of the
photoexcited carriers is plotted against the time delay for sample (a) for
three different laser spot sizes. We have deliberately kept the power
density the same although we varied the spot size. These measurements
show that the rate of decrease of the carrier concentr'ition becomes
smaller as the size of the focused spot increases and eventually, it
approaches the value given in sample (b) of Fig. 4, which is indicated by
the dashed line in Fig. 5. If deep impurities in the GaAs quantum wells
are responsible for the observed data as showm in Fig. 4, we would expect
that the rate of the decrease in the carrier concentration should be
independent of tOe size of the focus spot. Therefore, in order to explain
our measurements, some other intrinsic dissipation mechanism has to be
invoked. We attribute the observed phenomena to the expansion of lP.
Qualitatively, the experimental data in Fig. 5 can be realized as follows:
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Fig. 0: Carrier concentration as a function of spatial distribution for
EHP. Because '.x=Vd I. . t where Vd is drift velocity of the plasma, .t is
the time delay and .'.x is the distance the plasma expands, the lowering of
the electron-hole pair density will be more efficient for a smaller
excited spot such as (a) than a larger one such as (b) (see text for
discussion).

As shown in Fig. t, if we start with the same excitation power density and,
consequently, the same electron-hole concentration in the plasma, then
because the initial veiocity of the expanding plasma (which is comparable
to its Fermi velocity) is the same, the lowering of the electron-hole pair
density is more efficient for a smaller excited spot. Quantitatively, the
observed data can b,, understood, provided that the plasma is expanding at
a ve.)city of about 8xlO 6cm/sec. This measured plasma drift velocity is
comparable to its Fermi velocity (which is about 8.6xl0 6 cm/sec for
n=4xlO 10cm-'). Consequently, our experimental results demonstrate that at
low intensity excitations the transport of lIlP in GaAs-AlxGal-xAs MQW
structures is thermodiffusive and are consistent with the fast-diffusing
model of Forchel et al. (1983). We have tried to make the measurements
at higher laser power density, but at these high level excitations, the
background signal (presumably resulting from the radiative recombination
of hot electrons and holes excited through non-linear processes) becomes
so large that we cannot confidently analyze our data.

4. Conclusion

In brief, we have used picosecond time-resolved Raman scattering to
investigate the spatial expansion of photexcited EIIP in GaAs-AlxGalxAs
MQW structures. The experimental results show that the measured drift
velocity of the plasma is comparable to its Fermi velocity, and
therefore demonstrate that the transport of the photoexcited EHP in
GaAs-Alx(;ai-xAs MQW structures is thermodiffusive.
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Surface emitting lasers with slant edge mirrors and multilayer reflectors

M. Ohshima, N. lakenaka, N. Hirayama, Y. Toyoda and N. Hase

Kawasaki Laboratory, Optoelectronics Development Center,
Matsushita Electric Industrial Co., Ltd.
3-10-I Hieashimita, Tama-ku, Kawasaki, 214 JAPAN

Abstract. We have developed new InP/InGaAsP surface emitting
etched mirror laser diodes. This laser has a cavity consisting
of slanted facets with a high reflectance dielectric coating and
an InP/InGaAsP multilayer reflector. A threshold current as
low as 65mA is obtained. The far field pattern has two strong
intensity peaks in directions deflected by 20 and 40 degrees
from the substrate plane. in addition, the single longitudinal
mode operation is also observed.

I. introduction

Monolithic formation of the Fabry-Perot resonators of
semiconductor lasers are important for integrating laser diodes into
optoelectronic circuits. It is also of considerable interest for a
variety of applications such as two dimensional light sources for
image processing and optical computers. in particular, facet
formation by etching is potentially advantageous for batch processing
and on-wafer testing since it eliminates the processes of cleaving or
dicing. Various types of etched facet lasers have been proposed in the
InP/InGaAsP(Iga and Miller 1982, Wright et al 1982) and GaAs/GaAIAs
(Hurwitz et al 1975, Wada et al 1985) materials systems. In etched
mirror lasers, the vertical facets which can be produced by wet
chemical etching on (100) substrates, however, are generally nearly
parallel to the (111) planes. As a result, the etched mirror lasers
reported to date showed threshold currents considerably higher than
those of cleaved mirror lasers.

Here, we report the fabrication and properties of a new type of
etched mirror laser(SEM-LD) which has slant-edge mirrors and
semiconductor multilayer reflectors.

2. Laser Structure

A schematic diagram of the SEM-LD is shown in Fig. i. The
facets nearly parallel to the (111) planes are used as the cavity
mirrors. Since the facets are slanted, dielectric films for coating
can be deposited by evaporation from the top of the wafer. A third
mirror of the cavity consists of the tnP/lnGaAsP multilayer

c; 1987 lOP Publishing Ltd
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To avoid this, we designed a

horizontal boat which has 25 / n-/.,P
melt containers. By sliding / .p-InP
the boat only in one direction, n-InP//// InP/InG&AsP
reflectances as high as 40- MULTI-LAYER HERFCTOA
45% at 1.3ym wavelength were n.InP SUBSTRATE

obtained with good
reproducibility. In the
second LPE growth, layers a)

of n-InP(Te-doped), p-InP
(Zn-doped)1 5  --InP (Cd-doped,
Nd-Na=5xi0 cm ) and METAL

n-InGaAsP( undoped, Eg=0 .95eV) p-InGaASP
were grown successively as P-nP
shown in Fig. 3(a).

After the second LPE

growth, a 5i0 film was
deposited on the surface. The
standard photolithographic b) - n nas

technique was applied to open - nP
a 2pm-wide window. Then, the
stripe channels were
preferentially etched into the
three layers using solutions Si/SiO2

of H 2SO 4: H2 : H 0(3:1:1'1 for

the top 2 lnaAsP and
concentrated HCI for the lnP -METAL
layers. After removal of the

Si o  film and the C)
phoioresist, the layer of n-
Inp(Te-doped), n-lnGaAsl' Fig. 3 Fabrication process of the
(undoped, the active layer", SEM-I.,. a) Epitaxial growth of
p-InP(Zn-doped) and p- the ML, and current confinement
InGaAsP(Zn-doped, the cap layers. h) Epitaxial growth of the
layer) were grown on the c ladding layer, active layer, and
channeled substrate, cap layer and metallization.

After the crystal growth, Ohmic metal is covered by SiO 2
the p-side electrode(Au/AuZn) as an etching mask. c) Formation
was evaporated on the cap of the slanted plane and

layer and patterned into evaporati tn of the Si/SiO 2
rectangles of 200pm x 150pm. coating.
Then, a CVD-SiO 2  film was
deposited to cover the p-side electrodes during etching (Fig.
3(b)). Smooth slanted mirrors were obtained using
H So 4:H 0 :H 20 for InGaAsP and concentrated I(Cl for InP.
Tge etc9e depth was about 7ym. Magnified observation of tho edge of
the active layer profiles revealed that the slant plane formed an
angle of about 47 degrees with the (0011 plane. We note that the
etching characteristics of nP and InGalsP can be different., In fact,
however, the slant planes of these layers (Fig. 2) were in the range
40-50 degrees from the wafer plane, leading approximately to the
structure of Fig. 2. After the mirror etching, SiO 2 and Si layers were
evaporated using at electron-beam evaporation system as shown in Fig.
3(c). When the Si0 2  andi Si layers were respectively 2320A
and 930A thick, the reflectivity meas.ured was about 80% at 1.3pm
wavelength. This value would be improved to 95% if the coating is
doubled using Si-PiQ.) ]2ayers )f th, same thickness as used above.

-oak mm m m|mm~mm m -
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4. Characteristics

4.1 L-I Characteristics

Fig. 4 shows a typical

optical output power versus 300K
current(L-I) characteristics 5

of the SEM-LD in pulsed E PULSEoperation, measured before 4 t

separation into individual Ih
chips. The length of the .3
active layer was about 200Lm. ,

The threshold current is as

low as 65mA, and no kinks are 0 2

seen. On the other hand, the

threshold currents of the X
lasers with two cleaved facets , 1
and a 200pm-long cavity 1
fabricated from the same wafer 0
were typically about 20mA, 0 10 200 300
which is about 1/3 of the

threshold currents of SEM-LD. CURRENT (mA)
This difference is ascribed to
the beam broadening which
occurs between the slant edge Fig. 4 Boom-temperature output

and MLR. power versus pulse injection current

for a SEM-LD before cleaving.

4.2 Far Field Patterns

Fig. 5(a) shows the far field patterns, perpendicular to the
junction plane, measured when the laser is rotated up to about 90
degrees. The three curves correspond to laser diode currents of 150,
200, and 300mA. Three intensity peaks are observed. Two of them are
strong and narrow, at angles of about 20 and 40 degrees with respect
to tne (001) plane. Their full widths at half maximum are both about
10 degrees. Fig. 5(b) is a far-field pattern nearly parallel to the
junction plane; the detector was fixed at peak at about 20 degrees in

Fig. 5(a) and the laser was rotated around an axis a normal to the
rotate axis of Fig. 5(a), The full width at half maximum in Fig. 5(b)
is about 25 degrees and the fundamental mode oscillation is obtained.
These far-field patterns are considerably narrower than those of the

conventional edge-emitting lasers (Oomura et al 1981).

4.3 Lon-itudinal Mode Behavior

F g. 6 shows the typical longitudinal mode behavior of' the SEM-
LID. The longitudinal mode behavior with increasing current is quite

similar to that of a multi-cavity laser (Suematsu et al 1975, Garmire
et al 1981, Ohshima et al 1985). As shown in Fig. 6(a): at a low

injection current of about 1.lth, the envelope of the emission
spectrum has peaks separated by a constant interval of' 22A. As the
current is increased to l.4Ith (Fig. 6(b)), the dominant mode grows
and the other modes are almost suppressed. As the current is increased
to 1.6Ith, the single mode operation is achieved(Fip. 6fc)).

The reason for this longitudinal mode behavior is believed to be
as follows;
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/ 300mA W I- 1.6 It

200mA

1 5OmA

)~ 1b)
I -1.41th

0 20 40 60 80 100

O (deg.)

(b))

6.=0 Z 30m 1.8 1.8 .90129

I1.1 Ith

l5OmA

40 20 0 20 40 1.28 1.29 1.30

O11(dog.) WAVELENGTH jm)

Fig. 5 Far field patterns at Fig. 6 Emission spectrum at
various light output powers, operating currenLs of

a) perpendicular and b) nearly a) 1.1 Ith, b) 1.4 Ith,
parallel to the junction c) 1.6 Ith.
plane(see text). The transverse
mode is stable even at
current levels up to 300mA.

1) The MLR acts as a waveguide.
2) Part of the lasing power in the active layer is sustained also in
the MLR waveguide. Accordingly, the longitudinal mode spacing is
determined also by the MLR length.
3) The constructive interference between the modes o' these two
resonators (the active stripe layer and the MLR) can enhance a
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specific longitudinal mode and result in the mode selectivity.
Therefore, the SEM-LD is essentially a double cavity laser so

that the stable longitudinal mode operation can be achieved.

5. Summary

We have developed a new etched cavity laser, which has a cavity
formed with slant edges and semiconductor multilayer reflectors. A
threshold current as low as 65mA has been obtained. Two intensity
maxima are observed, with full widths at half maximum of about 10
degrees perpendicular to the junction. In addition, this laser can
operate in a single longitudinal mode due to the MLP acting as a
waveguide. The present results indicate that this laser is promising
for applications in integrated optoelectronic circuits.
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Angular chlorine ion-beam-assisted etching of GaAs and AIGaAs

W. D. Goodhue, G. D. Johnson and T. H. Windhorn

Lincoln Laboratory. Massachusetts Institute of Technology, Lexington, Massachusetts 02173

Abstract We have used chlorine ion-beam-assisted etching to produce channels with slop-
ing walls in GaAs and AIGaAs layers. Contours have been generated by tilting the sub-
strate with respect to the etching beams at an angle that is either fixed or varied by means
of a computer-controlled stage. Yhis technique is potentially useful for a wide variety of
electronic and optical GaAs/AlGaAs applications. The first application of the technique
was to fabricate 45' deflecting mirrors in combination with vertical laser cavity mirrors to
produce surface-emitting diode laser arrays. This paper will focus on the procedures
involved in the angular etching process.

A variety of electronic and optical GaAs/AIGaAs-based devices require channels with sloping
walls in GaAs and AlGaAs layers. Windhom and Goodhue (1986) have used chlorine ion-
beam-assisted etching (IBAE) to control wall slopes. In the IBAE process an argon ion beam
and a jet of chlorine gas are simultaneously incident on the sample. Etching is a chemical pro-
cess involving the chlorine, but is highly anisotropic because of the argon ion beam. In fact,
the wall slope is determined by the angle at
which the sample is tilted with respect to the IO.. G.S

ion beam. Contours have been generated both
by using fixed tilt angles and by computer-
controlled dynamic tilting. We have used the ..
technique to fabricate 450 deflecting mirrors in
combin;.tion with vertical laser cavity mirrors "oo.o,
to produce surface-emitting laser arrays and are
presently applying the technique to fabricate ,, - . . ,
two-dimensional GaAs/AIGaAs diode laser C. "
arrays and columns 10 - 20 nm wide for quan- 0 -

turn confinement studies. 4- . .

In this paper we will focus on the angular etch- -

ing process itself rather than specific devices. .... ..
The basic chlorine ion-beam-assisted etching , , -
process has been described by Geis et al
(1981). Since their paper, a cryopump, Meiss- 
ner coil, second chlorine tube, load-lock and - 41

tiltable sample holder have been added to the . .
apparatus. A schematic of the present system
is shown in Fig. 1. The cryopump. Meissner
coil, and load-lock provide a clear vacuum sys- Fig. I Schematic of the C12-IBAE etching
tem that routinely reaches a background pres- schem.
sure of I x 10-  Torr 15 minutes after a system.

1987 lOP Publishing Ltd
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sample is transferred into the system. Samples are etched approximately 30 minutes after
transfer.

For this work we adjusted the system operating parameters to give a normal-incidence etch rate
of 40 to 50 run min- ' in GaAs. As in the earlier work by Geis et al (1981), we operated the
system with a 500-eV argon ion beam at a current density of 1.4 mA cm - 2 and an argon beam
pressure of 10 mTorr at the sample surface. The chlorine beam pressure at the sample surface
was 2.8 mTorr. With these parameters the normal-incidence etch rates for AlxGaIlxAs with x
from 0.08 to 0.80 were, to within 10%, 40 nm min -t. No roughness was observed at GaAs-
AIGaAs heterointerfaces.

The masking materials used in this work were baked AZ-1470 photoresist, pyrolytically depo-
sited phosphosilicate glass (PSG) and evaporated nickel. The respective etch rates for these
materials were 4.7 nm min-', 1.2 nm min - ', and 0.4 nm min- 1. Chrome lithographic masks
were used in preference to emulsion and iron oxide masks since they were found to minimize
ripple of the etched walls.

Fig. 2 Schematic showing the etching geometry for the
computer- controlled stage.

A schematic of the etching geometry and computer-controlled sample stage used for angular
etching is shown in Fig. 2. Figure 3 shows SEM micrographs of etched walls in (100) GaAs
with the edge alignment along the (01) cleavage plane. The first micrograph shows a
sidewall etched at four different tilt angles for four different time intervals. The tilt-angle
schedule was 300 for 20 min, 40° for 10 min, 50' for 5 min, and 60' for 2.5 min. The etched
sidewall angles are identical to the tilt angles of the substrate with respect to the ion beam and
the etch rate is constant in the direction of the ion beam independent of tilt angle. The second
micrograph shows a curved sidewall obtained by computer-controlled etching using 800
discrete tilt angles. Etching was initiated with the ion beam 350 from the normal to the sam-
ple, and the angular motion of the sample holder was accelerated during the ,un. As the angle
between the ion beam and the sample normal increases, the top edge of the mask shacows
areas with more vertical sidewalls so that virtually any concave shape can he generated. Con-
vex sidewalls could be obtained by combining substrate tilting with computer-controlled varia-
tion in the argon ion beam current density. However, the motion required to generate convex
shapes is more complicated because the entire sidewall is etched during the entire run.
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(ra, (b)

Fig. 3 SEM micrographs of etched sidewalls in GaAs. (a) Sidewall contour generated by
four discrete angle runs at varying times. (b) Sidewall contour generated by
computer-controlled continuous angle variat.-

The system can also be used to generate smooth vertical sidewalls. Figure 4 is an SEM micro-
graph of a 3-1m-deep channel with vertical walls that was etched in an Alo3oGa0 .70 As double
heterostructure with a 100 nm GaAs active layer. During the etch the sample was rocked
under computer control with the ion beam parallel to the channel sidewall plane. The lower 2
pm portion of the sidewall is extremely smooth. The roughness on the upper sidewall of the
channel is due to PSG mask edge failure 2 gm into the etch. Better masks will be required to
produce optically smooth walls. We hope to investigate the use of both x-ray and high-
resolution electron-beam lithography in the masking process.

Fig. 4 SEM micrograph of the vertical sidewall of a channel
etched 3 pm deep in a Al 0 .30GaO7oAs-GaAs double
heterostructure.
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am) Ib)

Fig. 5 Composite showin_ 450 sidewall variations when oriented a) along (01l) toward
(11I). b) along (011) toward (I111) and

Several orientations were checked for variations in angular etching. A grating was placed
along the (0-1), (01T), (001). or (010) plane of a portion of a (100)-oriented substrate. The tilt
angle was adjusted to 450 and a set of channels was etched for each of eight orientations (each
of the four samples was cleaved into two so that both A5' directions could be etched). All
orientations etched at 450 with some minor vanations in the sidewall ripple. The sidewall
oriented along (011) toward (IllT) was the smoothest, while the sidewall oriented along (01-1)
toward (Ill) had the most ripple (Fig. 5).

250 Mm

Fig. 6 Schematic of a ,Urface-emitting laser device showing
the relationship between the etched facet and
deflecting mirror-



Optoelectronic devices 353

We have used the angular etching technique to produce surface-emitting diode lasers. The pro-
cessing techniques used to prepare the wafers for etching have been described previously by
Windhom and Goodhue (1986). Figure 6 is a schematic of a surface-emitting laser which
shows the relationship between the etched facet and 450 deflecting mirror. We plan to replace
the 45' deflecting mirror with a curved mirror to add focusing capability and permit the fabri-
cation of two dimensional cw room-temperature arrays for high-power applications. Since the
technique produces minimal surface damage, (Geis et al (1981)) we are also investigating its
use in combination with molecular beam epitaxy overgrowth and as a method for etching rela-
tively easily fabricated 80-nm-wide quantum wires or boxes down to 10-20 nm for quantum
confinement studies (Fig. 7). The results of our first effort to make 10-20 nm wide quantum
wires is shown in (Fig. 8). The columns shown in a) were fabricated using ion beam lithogra-
phy, a nickel lift off and vertical C12 -1BAE. The columns of a) were then angle etched after
the nickel mask was removed. As shown in b) not all of the mask was removed, so the angle
etch left the upper portion of the columns wedge shaped. The lower portions, however, were
not masked from the angled beam so that sub-20-nm-wide column base regions were produced.

A,
3 

. C12 BEAMS

AFTER ADDTIONAL
ANGULAR ETCH

200 nm 
1 n n  

QATMWL

Fig. 7 Schematic showing how quantum lines or boxes could be generated
in a two-step etching process. After the initial etch the masking layer
is removed and a second angula: etch is used to thin the columns.

(b)

Fig. 8 SEM micrographs of columns etched in GaAs showing a) the initial etch which pro-
duce 80-nm-wide columns on 320 nm centers and b) the results of angular etching
the columns at 200. The bases of the columns are less than 20 nm wide.
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In summary, chlorine IBAE has been used to etch channels in GaAs and AIGaAs, producing
sidewalls tilted at the same angle as the substrate is tilted with respect to the ion beam. Both
planar and curved sidewalls have been generated. Only minor orientation effects have been
observed fc.r the limited number of orientations investigated. Masking materials and patterning
techniques still need to be improved to eliminate edge ripple on the sidewalls. The etching
technique is potentially very useful for a variety of electronic and optical GaAs/AIGaAs dev-
ices.

The authors thank Dr. S. W. Pang for preparing the quantum wire test samples used in this
work. The expert technical assistance of L. Krohn, Jr., W. F. DiNatale and P. M. Nitishin is
also gratefully acknowledged. This work was sponsored by the Department of the Air Force
and the Defense Advanced Research Projects Agency.
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GaAs/AIGaAs double-heterostructure diode lasers on (110) GaAs substrates

H. K. Choi and M. K. Connors
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-0073

Abstract. Operation of GaAs/AlGaAs double-heterostructure diode lasers
fabricated on (110) GaAs substrates is reported for the first time.
Structures composed of a 0.1-wm-thick GaAs active layer and 1-um-thick
Al0 .28Ga0 .72 As confinement layers were grown by organometallic va-
por phase epitaxy. Broad-area lasers with a cavity length of 350 m
have exhibited pulsed threshold current densities as low as 730 A/cnf.
A stripe-geometry, gain-guided laser has exhibited pulsed threshold
current of 60 mA and differential quantum efficiency of 33% per facet.

1. Introduction

There has been no report of GaAs/AlGaAs heterostructure devices fabricated
on (110) GaAs substrates, apparently because of the difficulty encountered
in growirg device-quality epilayers with this orientation. Both the sur-
face morphology and crystal quality, which are strongly dependent on
growth parameters, have generally been poor (Nakanisi 1984, Reep and
Ghandi 1983, Wang 1983). In addition, alloy clustering or segregated
growth has been observed for AIGaAs (Petroff et al. 1982, Wang et al.
1986), resulting in a fairly broad linewidth in low-temperature photo-
luminescence (PL). Although mobility enhancement was observed by Wang et
al. (1986) in GaAs/AlGaAs modulation-doped structures grown on (110), no
device results were reported. In this paper we report the first (110)
GaAs/AlGaAs diode lasers, which have been fabricated in double hetero-
structures (DH) grown by organometallic vapor phase epitaxy (OMVPE) on
substrates oriented 20 off (110) toward (112). These devices have charac-
teristics comparable to those reported for lasers with similar structures
on (100) substrates.

Our work on (110) diode lasers is motivated by their potential for utiliz-
ation in monolithic two-dimensional surface-emitting laser arrays. Such
arrays could be fabricated from edge-emitting devices having etched facets
that are coupled with mirrors deflecting the laser radiation by 900 so
that it emerges normal to the wafer surface (Walpole and Liau 1986,
Windhorn and Goodhue 1986). For (110) substrates, there are 111} planes
that are normal to the substrate surface. Since (111A) and (111B) are
respectively the slowest and fastest etching planes for many wet-chemical
etchants, facet-deflector pairs can be obtained by wet-chemical etching.

2. Epitaxy of GaAs and AlGaAs on (110) GaAs Substrates

The GaAs and AlGaAs layers were grown in a horizontal OMVPE system at at-
mospheric pressure. Trimethylgallium and trimethylaluminum were used as
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Ga and Al sources and arsine as the As source. The reactor is equipped
with a vacuum load-lock for substrate introduction. The GaAs substrates,
which were doped with Si to -2 x 1018 cm-3 , were degreased and free
etched to remove polishing damage. Before growth most of the substrates
were etched in situ with gaseous HC at 9000C for a few minutes for fur-
ther cleaning. An in situ HCl etch was used after every few runs to re-
move thick deposits from the reactor wall.

The surface morphology of the epitaxial layers was very sensitive to the
direction of substrate misorientation. Figure 1 shows Nomarski photo-
micrographs of GaAs layers grown on substrates tilted 20 toward (1101,
(112) or (I2). (For convenience, in the following discussion the (112)
and (112) planes will be designated as (112A) and (112B), respectively.)
All these layers were grown at 780C with a V/Ill ratio of about 60.
Tilting toward (1TO) gave very fine terraces, while tilting toward (112B)
produced a very rough surface. The best surface morphology was obtained
when the substrate was tilted toward (112A). For this orientation shallow
surface defects elongated along <111> were observed. For comparison, GaAs
was also grown on an n+ (100) substrate under the same conditions.
Featureless surfaces were obtained in this case.

50 ;m

V I

(a) (b) (c)
Fig. 1. Nomarski photomicrographs showing the surface morphology of GaAs
grown on substrates oriented (a) (110) + (110), (b) (110) + (112B) and (c)
(110) + (I2A). The substrate temperature was 780C.

The quality of the layers of Fig. I was characterized by PL measurements
at 5 K. Figure 2 shows the PL spectra excited by an Ar ion laser emitting
at 647 nm with a power density of about 7.5 W/cn2 . The strongest and
sharpest exciton peak was obtained for the layer grown on the substrate
tilted toward (112A). The full width at half maximum (FWHM) of this peak
was about 3 meV. By reducing the power density to 0.75 W/cm 2 , we could

- Fig. 2. Low-temperature
110 -00, 110 1128,1111 '112I 10, photoluminescence (PL)

spectra of GaAs layers
grownon substrates with
four different orienta-

t ions.

154 150 146 154 150 146 154 150 146 154 150 t46

ENERGY (#V)
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resolve the free, donor-bound and acceptor-bound exciton peaks, indicating
the high purity and crystal quality of the material. Despite its poor
morphology, the layer grown on the substrate tilted toward (112B) had a
stronger exciton peak than the one grown on the substrate tilted toward
(110). All the layers on near-(110) substrates showed smaller carbon
peaks than the one grown on (100). The dependence of carbon incorporation
on substrate orientation has been reported by Kuech and Veuhoff (1984).
Because the smoothest morphology and strongest PL were obtained for (110)
tilted toward (112A), further experiments were confined to that
orientation.

The GaAs layers were much less sensitive to substrate temperature and
V/Ill ratio than to orientation. The surface morphology was not much
changed for substrate temperatures up to 820°C, but the surface was
slightly rougher for growth at 850'C. With increasing substrate tempera-
ture the FWHM of the exciton peak increased, reaching about 5 meV for
850 0C, and the carbon peak became larger. At a substrate temperature of
780'C, the surface morphology was slightly degraded when the V/Ill ratio
was changed from 60 to either 30 or 90. At higher substrate temperatures,
however, better surface morphology was obtained with V/Ill ratios larger
than 60.

The surface morphology of AlGaAs layers was very sensitive to the sub-
strate temperature. The most serious problem was large surface defects,
as shown in Fig. 3(a) for a layer grown at 820*C with a V/Ill ratio of
about 30. The size of the defects was fairly uniform, indicating that
they originated from the substrate. The density of these defects in-
creased with decreasing substrate temperature. The density was signifi-
cantly reduced by in situ HCI etching prior to growth, showing that sur-
face contamination contributed to defect generation. Under optimum con-
ditions, AlGaAs with very smooth morphology and few defects could be ob-
tained at a substrate temperature of 850"C, as shown in Fig. 3(b). Figure
4 shows the low-temperature PL spectra of an A10 .28Ga0 .72As layer ex-
sited by an Ar ion laser at 568 nm with power densities of 7.5 and 30
W/cm2 . Both an exciton peak and strong carbon peak were observed. The
FWHM of the exciton peak was about 13 meV, much smaller than the value of
52 meV obtained by Wang et al. (1986) for A1O.3GaO .As grown on (110)
GaAs by molecular beam epitaxy.

50OM

Fig. 3. Nomarski photo-
micrographs showing the
surface morphology of Al-
GaAs grown at substrate
temperatures of (a) 8200C
and (b) 850*C. The sub-
strate orientation was
(110) (112A).

(a) (b)
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3. Double-Heterostructure Diode Lasers

A DH laser structure consisting of the following layers was grown by OMVPE
on a GaAs substrate oriented 2* off (110) toward (112A): 1-pm-thick n
Al0 .28 Gao. 72 As confinement, 0.1-pm-thick nominally undoped GaAs ac-
tive, 1-pm-thick p Al0 . 28 Gao . 72 As confinement, and 0.2-pm-thick p+
GaAs cap. Dimethylzinc and hydrogen selenide were used as the sources of
p and n dopants, respectively. All the layers were §;own at 850C in or-
der to minimize the density of the large surface defects in the AlGaAs
layers. Broad-area lasers were fabricated with cleaved facets. Figure 5
shows the pulsed threshold current density dth as a f nction of cavity
length L. The lowest Jth for L = 350 pm was 730 A/ct, which approxi-
mates the lowest values reported for lasers of similar structure on (100)
substrates. The absorption coefficient a was found to be 14 cm-1 by fit-
ting the data to the standard expression

dth =1 6 Ln 12

where R1 = R2 = 0.32 are the facet reflectivities and 8 is a constant
equal to 0.059 cm/A.

Oxide-defined stripe-geometry lasers with a stripe width of 6 pm were also
fabricated. Figure 6 shows the current vs light output characteristic of
a laser with L = 210 um that was operated with 100-ns pulses at a duty
cycle of 0.1%. The threshold current was 60 mA, and the differential
quantum efficiency was 33% per facet. Light output of more than 20 mW was
obtained without kinks for many of the lasers, indicat, ng uniform material
quality. Figure 7 shows the data for threshold current as a function of
L, together with data reported by Burnham et al. (1981) for DH stripe-
geometry lasers with an Al0 .07 Gao .93As active region and
Al0 .45 Ga0 .55As confinement layers that were grown by OMVPE on (100)
substrates. For the same cavity length, the threshold current of the
(110) lasers was about 20 mA higher than that of the (100) lasers.
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However, the AlAs mole fraction
difference between the active and
confinement layers is 0.38 for the
(100) lasers and only 0.28 for

CAVITY LENGTH (Mm) (110) lasers. For the same dif-
40 300 250 200 ference in AlAs mole fraction, the

difference in threshold current
should be much smaller.

I000 4. Etching of Facet-Deflector

S4 Pairs

50In order to demonstrate the poten-
tial usefulness of (110) lasers

X for monolithic two-dimensional
surface-emitting arrays, facet-

0 deflector pairs were formed by

1CAVTY LENGTH wet-chemical etching of a double
heterostructure consisting of the
following layers grown by OMVPE:
1-jm-thick n AlGaAs, 0.1-jim-thick

Fig. 5. Threshold current density GaAs, 3-ijm-thick p AlGaAs, and
as a function of cavity length for 0.2-jm-thick p+ GaAs. Silicon di-
broad-area (110) DH diode lasers, oxide was deposited on the wafer,

stripes 2 ijm wide were opened per-
pendicular to the [111] direction,
and the sample was etched with
Br/CH3OH. Figure 8 is a scanning
electron micrograph showing a
facet-deflector pair in cross sec-
tion. In the (111A) direction, a
vertical facet was obtained be-
cause the (111A) plane is the
slowest etching plane. However,
since there is no slow etching
plane in the opposite direction,
the profile of the opposite wall
was determined by etchant diffu-
sion, resulting in a semicircular
shape. The facet and deflector
surfaces were both very smooth. To
obtain light emission normal to
the substrate from a semicircular
deflector, the active layer should
be located about 2/3 of the etch

0® SO depth below the surface. The di-
CURRENT (.A) vergence of the beam is expected

to be slightly larger after the
deflector. In order to complete

Fig. 6. Light output vs current laser fabrication, it would be
for a stripe-geometry (110) DH necessary to form the other facet
laser. The threshold current is by a dry etching technique such as
60 mA, and the differential quan- reactive-ion or ion-beam-assisted
tum efficiency is 33% per facet, etching.
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120 5. Conclusion

-, We have fabricated (110) GaAs-
-- AlGaAs DH diode lasers with per-Lw 80.

S-' formance comparable to lasers of
60 similar structure on (100) sub-

- strates. Facet-deflector pairs
0 with very smooth surfaces have

been obtained by wet-chemicalw 20

_ etching. We believe that it
100 200 300 400 500 should be possible to fabricate

CAVITY LENGTH ,um) monolithic two-dimensional laser
arrays with good perfornance on

Fig. 7. Threshold current as a (110) substrates.
func-tion of cavity length for
stripe-geometry (110) DH lasers.
The dotted line represents data 6. Acknowledgements
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Si-induced disordering and its application to fabrication of index-guided

AIGaAs MQW lasers

Koji Ishida, Kazunori Matsui, Toshiaki Fukunaga, Takeshi Takamori,
Junji Kobayashi, Koichi Ishida and Hisao Nakashima

Optoelectronics Joint Research Laboratory
1333 Kamikodanaka, Nakahara-ku, Kawasaki, 211 Japan

Abstract Compositional disordering of Si ion implanted AlGaAs-GaAs
superlattices has been studied by secondary ion mass spectrometry for
various ion implantation and annealing conditions. It is found that when
the Si concentration exceeds 3x10 18 cm- 3 , Si diffuses rapidly and the
disordering of superlattices directly correlates to this rapid
diffusion. The results are succesfully applied to the fabrication of
transverse mode controlled AlGaAs-GaAs multi-quantum well (MQW) lasers
with buried MQW optical guide. It is observed that the laser oscillates
in a single mode, both spectrally and spatially up to 60 mW. These facts
show that the Si induced disordering is very useful for optoelectronic
device fabrication.

1. Introduction

Compositional disordering of AlGaAs-GaAs superlattices (SL's) is
promoted by diffusion of impurities, such as Zn (Laidig et al. 1981), Si
(Meehan et al. 1984), S (Rao et al. 1985) etc., Si ion implantation and
subsequent annealing (Coleman et al. 1982) and Si doping during growth
follcwed by heat treatment (Kawabe et al. 1984). Because of the potential
for application to novel optoelectronic devices (Fukuzawa et al. 1984,
Nakashima et al. 1985, Deppe et al. 1985), this phenomenon has been studied
by various methods such as Auger-electron-spectroscopy (Kawabe et al.
1984), cross-sectional transmission electron microscope (Ishida et al.
1985), and photoluminescence (Hirayama et al. 1984). Although the results
have demonstrated Al-Ga intermixing, it has been very difficult to
obtain quantitative relationship between the Al-Ga intermixing and the
diffusion of impurities because of the lower sensitivities of the above
detecting techniques for the impurities. The knowledge of this
relationship is thought to be very important for the application to
optoelectronic device fabrication.

We have studied Si-induced disord.ring of SL's by secrondary ion mass
spectrometry (SIMS) and clarified the role of the Si diffusion in the
disordering (Kobayashi et al. 1986). In this paper, we present
detailed SIMS results which show the annealing condition dependence of the
disordering induced by Si ion implantation and subsequent annealing.
Furthermore, we describe its application to the fabrication of transverse
mode controlled multi-quantum well (MQW) lasers with buried MQW optical
guide (MOW-BOG).

c, 1987 lOP Publishing Ltd
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2. Correlation between Si diffusion
and Si-induced disordering in Io2
AlGaAs-GaAs superlattices 0 S-,Ga sOoiGOisL

The samples used for SIMS -
studies were Al0 5Ga0 qAs-GaAs t--Anealed I h

SL's with 30nm-30nm periodicity -

grown by molecular beam epitaxy O o

(MBE). Si ions were implanted at
80 keV with doses of 1014 to 1016 r
cm 2. Annealing was carried out 2 A r f!

at 850'C for 1 h in three 11 0 "' : I I I /i !

different conditions, i.e. (1) in 5 ' II " '

face to face contact with another n1
GaAs wafer, (2) under As4  Io, ,
pressure of about 100 Torr and (3)
with an Si0 2 cap in H2 atmosphere.

2 8Si and 2 7AI depth profiles 03 06 09 12

were taken by SIMS (CAMECA IMS-3F Depth (pnm)

spectrometer). Cs+  ions were Fig. 1. Si and Al depth profiles
used as primary ions, and the for as-implanted and annealed SL.
acceleration energy was 14.5 keV.
The signals from 60 )jm2 area (a) face to face
centered in the raster scanned )c f

area of 500x500 pm
2 were detected 8OKeV

with an ion-optic system. Since o n1 riONAA1^I AP

the mass number of 28Si is close '1 ¥ ,111,fill% 3PAA'tA
to that of 2 8AIH and 2 8CO, Si ions I , ,
were detected under the high 950 .h,
resolution mode (M/ &M - 2200). S1h

The absolute value of the Si
concentration was determined by 1'0s  I
comparing the integrated area of E W As. pressure
the obtained Si profile with the "
implanted doses. Depth scales 10A , ( .".2 to H i , I If til I

were established by measuring '
crater depths with a calibrated '
surface profilometer and the =
thickness of each SL layer. 8 S1

Figure 1 shows Si and Al depth Lc
profiles for the as-implanted ' ,,) O2 cop
(ixlO16 cm -2) and annealed ,
(under As4 pressure) SL. Since no 't " 1 eA
disordering is observed for the
Al profile of the as-implanted
sample, the knock-on effect
during Si ion implantation does 1011
not induce the disordering of SL. 0 02 04 06 08 10
After annealing, Si diffuses Depth (il
remarkably deeper into SL layer
to a definite depth ("diffusion
edgeg) where the Si concentration Fig. 2. Si and Al depth profiles
abruptly decreases. This means of SL annealed in various conditions.
that Si diffuses rapidly above
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the critical concentration of about 3x101 8 cm- 3. The disordered region
expands to this diffusion edge.

For a lower dose of 3x10 14 cm-2 , the induced disordering depends on the
annealing condition, as shown in Fig. 2. The sample annealed in face to
face contact with another GaAs wafer does not show the rapid Si diffusion
and disordering. Some trace of SL is observed for the sample annealed
under As4 pressure, showing incomplete disordering. Complete disordering
and rapid Si diffusion are clearly observed for the sample annealed with an
Si0 2 cap. Comparing the Si and Al SIMS profile, the distinct correlation
and the induced disordering is obtained.

The rapid Si diffusion at high concentration has been explained by the
substitutional exchange of SiIII-Siv pairs with the matrix vacancies
(Greiner et al. 1984, Gavrilovic et al. 1985, Kavanagh et al. 1985). The
formation of Si pairs was observed for highly Si doped MEE-grown GaAs
layers by channeling PIXE measurements (Narusawa et al. 1984).
Consequently, the vacancy flow enhanced by the paired Si atom movement is
considered to cause the Al-Ga intermixing. Both types of the vacancy (Ga
and As vacancy) of sufficient concentration are required for the rapid Si
diffusion. The Si pairs cannot diffuse but rotate around SiIiI at the
condition of too much As vacancies, which means too little Ga vacancies.
This corresponds to the annealing in face to face contact with another GaAs
wafer. Annealing with an Si0 2 cap causes the out-diffusion of Ga and pile-
up of As at the
interface which Cr/Au
introduce the high Si /lte disordre reio p-GaAs
concentration of Ga 'p-A104GOo 6AS
and As vacancies 2/ld p- MOW
(Gyulai et al. 1970) . ' I(GaAs 0AO s

The introduced Ga le * AIOAGOO6AS7O4

and As vacancies are - - AG.oeAs
considered to induce uGape MOW
the deeper Si IGaAs WA 4 \
diffusion and \AIO2 Gao As )
complete disordering. 'n- AloeGo.s
Consequently, it is n-GaAs substrate
confirmed that the
disordering of SL's AuGeNi/Au
is caused by vacancy Fig. 3. Schematic illustration of the
flow enhanced by the MQW-BOG laser structure.
Si-Si pairs.

3. Device Application pe-p-CAs

Here, we give an MOW -Si A6. r r rm

example of application p-Ale& 90 e,§A
-widped MWof Si induced '-ndop* fOW

disordering to the -Gaft subatiul
fabrication of MQW
lasers with buried IJm

MQW optical quid
(MQW-BOG). The Fig. 4. SEM micrograph of a cleaved facet
structure of MQW-BOG of an MQW-BOG laser.
lasers is schematically
illustrated in Fig. 3.
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A two-stage epitaxial growth so-
was carried out on n-GaAs
(100) substrate by MBE at T-20C
680 C. Silicon ions were T

implanted before 2nd growth. pulse

In the first growth, n-GaAs 60- W.3.7Jm
and n-MQW buffer layers, an n-
A10. 5Ga0 .5As cladding layer,
an undoped MQW active layer
and p-Al0 .2Ga0 .8As and p-MQW
guide layers were grown 40-
succesively. After the lst
growth, the surface of the
sample was coated with a 0.1 pm A
thick SiO 2 layer by plasma CVD 20
and a 1 pm thick photoresist I 28mA
which was masked and etched to
give stripes of 2 to 5 um wide.
Silicon ions were implanted
through the Si0 2 layer at 80 0 1
ke-V with a dose of 3x10 14 cm-2 . 0 40 80 120 160 200 240
Implantation parameters and
thicknesses of the p-MQW current (mA)
optical waveguide layer and p- Fig. 5. Light-output power vs current
A10. 2Ga0 .8As layer were characteristics for an MQW-BOG laser.
designed not to deteriorate
the undoped active MQW layer
by the Si ion implantation, based on the above 50mW
mentioned experiments. After implantation, the
photoresist was removed by dry etching and the Si0 2
was etched by buffer HF. Cladding and cap layers
were grown on the implanted samples after thermal
cleaning at 700'C for 5 min. The wafer was annealed
in H2/N2 atmosphere at 850C for 60 min in face to
face contact with another GaAs wafer. This
annealing induced the disordering of the implanted 20
MQW layer outside the stripe to form a buried MQW
optical guide. The MQW-BOG structure controls the
transverse mode, because the refractive index of
AlGaAs MQW structure is larger than that of the
averaged AlGaAs alloys (Suzuki and Okamoto 1983). -
In addition, the pnpn structure formed by Si 20 0 20

implantation confines current flow to the stripe Angle (degrees)
region. Contacts of Au-Ge-Ni/Au and Cr/Au were then
applied to the n-and p-side, respectively. Fig. 6. Far-fieldpatterns of an MQW

These processes are completely planar and do not BOG laser.

require any etching procedure for the formation of
buried optical guide structure. An endview of the etched cross section of
the laser is shown in the scanning electron microscope (SFM) image of Fig.
4.

Typical light output power versus current (L-I) characteristic for MQW-
BOG lasers under pulsed operation at room temperature is shown in Fig. 5.
The width of the optical guide and cavity length of the lasers are 3.5 pm
and 500 um, respectively. The threshold current is 26 mA. The
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5 m m
4.2 mW 7.0 mW 15rmW

Fig. 7. Near-field patterns of an MQW-BOG laser
for optical output at 15 mW.

differential quantum efficiency reaches
70% which is rather high compared with
MQW-BOG lasers fabricate by Zn
diffusion-induced disordering (Semura
et al. 1985). The L-I characteristic
is linear up to 40 mW.

The far-field patterns of an MQW-BOG
laser are shown in Fig. 6. The beam
width (full width at half maximum)
parallel and perpendicular to the

junction plane are 100 and 37-,
respectively. The laser operates 825 830 835 840
stably in a fundamental transverse mode
even at about 60 mW. The near-field wavelength(nm)
patterns of an MQW-BOG laser at
different output powers are shown in Fig. 8. Lasing spectrum of an
Fig. 7. Even at a high current, the MQW-BOG laser under pulsed
first-order mode has not been observed, operation for optical output at
These results show that the MQW-OG a mW.
laser acts as an index-guided laser.

The lasing spectrum for an MQW-BOG laser under pulsed operation (1 ps of
pulse duty and 30 ns of width) is shown in Fig. 8. Lasing wavelength is
around 833 nm. In spite of the pulsed operation, a single longitudinal
mode is obtained above the threshold current. This result suggests that
the longitudinal mode of the MQW-BOG laser fabricated by Si ion
implantation is more stable than conventional index-guided lasers.

4. Conclusion

We have studied the Si-induced disordering of Al.5Ga0 .5As-GaAs SL's by
SIMS. Distinct correlation was foune between the induced disordering and
the rapid Si diffusion. Annealing condition dependence of the disordering
suggests that the Al-Ga intermixing is induced by the vacancy flow enhanced
by the Sii1i-Siv pair movement which causes the rapid Si diffusion. These
results are successfully applied to the fabrication of AlGaAs MQW lasers
with buried MQW optical guide. Fabricated laser has shown a stable
fundamental transverse mode at light-output as high as 60 mW. The
fundamental transverse and single longitudinal mode operation indicate
that the MQW-BOG laser acts as an index-guided laser. These fabrication



366 Gallium Arsenide and Related Compounds 1986

processes combined with the focused ion beam technology will be useful in
the fabrication of micro-optoelectronic devices.
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GaAs/AIGaAs wavegaide with grating coupler fabricated by selective
superlattice intermixing

J.D. Ralston, L.H. Camnitz*, G.W.WicKs, and L.F. Eastman

School of Electrical Engineering and National Research
and Resource Facility for Submicron Structures,

Cornell University, Phillips Hall, Ithaca, NY 14853 USA* Present address: HP Laboratory, Palo Alto, CA 94304

Abstract. Grating couplers have been fabricated in a
GaAs/Al0 32Ga0 68As superlattice slab waveguide. The
grating £teethl are impressed into the superlattice by
selective Se implantation-induced intermixing of the GaAs
and A10 .32Ga0 .6 8As layers, yielding a planar, rather than
corrugated, surface. Intermixing of the implanted and
annealed superlattice layers is characterized by TEM and
Raman spectroscopy. Grating coupling is demonstrated using
a HeNe laser operating at X = 1.15 pm.

1. Introduction

Localized intermixing of semiconductor superlattices via ion
implantation and diffusion of both donor and acceptor
impurities [Laidig et al. 1981; Coleman et al. 1982; Camras et
al. 1983; Meehan et al. 1984a], as well as by impurity-free
vacancy diffusion during high temperature annealing in the
presence of an Si02 capping layer [Deppe et al. 19861, has
recently found application in the design of a variety of novel
laser structures [Deppe et al. 1986; Meehan et al. 1984b;
FuKuzawa et al. 1984; Gavrilovic et al. 1985a; Deppe et al.
1985; Gavrilovic et al. 1985b; Thornton et al.1986; Laidig et
al. 1984; Ogura et al. 1984]. In the present work, laterally
selective intermixing of GaAs/AlxGal-xAs superlattices is
demonstrated on a submicron scale via masked ion implantation,
and the technique is utilized to fabricate a planar grating
coupler[DaKss et al. 1970] in a GaAs/AlxGal-xAs optical
waveguide structure. Grating couplers have previously been
fabricated in GaAs/AlxGal-xAs waveguide structures by
physically corrugating the surface via ion milli ig or chemical
etching [SaneKh and Casey 1977].

2. Grating Fabrication

The asymmetric 3-layer slab wave uide structure used in these
experiments congists of an 8000 a superlattice core region (40
periods of 100 ' GaAs layers alternating with 100

c 1987 lOP Publishing Ltd
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A10.32Ga0.68As layers) grown on top of a 1.0 micron
Al.32Ga0,68As cladding layer by molecular beam epitaxy.A 1700
layer o CVD deposited SiO 2 , along with a 4000 ' layer of

PMMA resist serve as the implantation masK. Using electron
beam lithography, a 3500 X period grating pattern was
generated in the PMMA and then transferred into the SiO 2 via
reactive ion etching in a CHF 3 plasma. The waveguide sample
was then implanted through the mask with Se ions at an energy
of 100 KeV and a dose of 7 x 1014 cm- 2. Following removal of
the masK, the sample was annealed at 7200C for 2 hrs. in a
capless annealing system. The resulting selective intermixing
of the GaAs and A10 32Ga0 68AS layers gives rise to a planar,
rather than corrugated, grating with "teeth" consisting of an
AI0.16Gao.8 4As alloy whose refractive index is slightly less
than that of the as-grown superlattice[Leburton et al. 1983].
Figure 1 shows a Transmission Electron Microscope (TEM) cross-
sectional image of he resulting profile - the grating dkpth
is roughly 500-600 X, which corresponds well to the 400 'A
projected range of 100 KeY Se ions in GaAs [Gibbons et al.
19751. Although the intermixing profile appears to be somewhat
irregular, the grating period is exceedingly uniform, and
strong diffraction in the visible wavelength region can be
observed with the naked eye. Corrugated grating samples were
also fabricated for comparison by ion-milling to a depth of
approximately 800 A into the superlattice through the
PMMA/SiO2 mask.

SGaAs'

Figure 1. Cross-sectional darK-field TEM image of the
selectively Se implanted superlattice-core waveguide sample
after 7200C 2 hr. anneal.
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3. Raman Scattering

In order to confirm the presence of both as-grown superlattice
and intermixed alloy in the grating region, room temperature
Raman scattering experiments were performed on as-grown,
uniformly implanted and annealed, and selectively implanted
and annealed samples using the 5145 R line of an Ar+ laser.
The frequency of the lattice vibrational modes can be used to
determine the composition x of AlxGal-xAS alloy samples
[Ilegems and Pearson 1970]. In addition, Raman scattering
yields the vibrational spectra of individual layers in a
superlattice [Merz et al. 1970]. Results are shown in Figure
2. The spectrum of the as-grown sample (Fig. 2(a)) clearly
shows LO phonon peaks from both the pure GaAs layers (292
cm-I) and the A10 32Gao 68As layers (279 cm-1 ). Following
uniform Se implantation (no masK) and annealing at 7200C for 2
hours, the Raman spectrum (Fig. 2(b)) shows only a single [0
phonon peak whose frequency corresponds to an A10. 1 6Ga0 .8 4As
alloy (287 cm-l), indicating extensive intermixing of the
original superlattice layers. The Raman spectrum of the
selectively implanted sample (Fig. 2(c)) closely resembles a
superposition of the above 2 spectra, indicating the presence
of both intermixed and unmixed regions within the epitaxial
layers, in agreement with the TEM image of Fig. 1. In the
bacKscattering geometry used in the above experiments, with
both incident and scattered light being normal to the <001>
crystal surface, symmetry selection rules [Hayes and Loudon
19781 forbid optical coupling to the TO modes of a perfect

LO
(GaAs)

- LO

(o Figure 2. Room temperature
LC Raman spectra of (a) as
::.:0,6) grown superlattice-core

- waveguide sample; (b)
z TO uniformly Se implanted
W (K=O 16)
_ isample following 7200C 2 hr

anneal; (c) selectively Sez W implanted sample following
7200 2 hr anneal (o = 5145

(C)

260 270 280 290 300

FREQUENCY SHIFT (cm")
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zincblende crystal. The symmetry-forbidden TO peak observed
at 268 cm-i in Figs. 2(b) and 2(c) is evidence of residual
post-anneal damage in both of the implanted samples, which
agrees with previous studies of Se implanted and annealed
superlattices [Ralston et al. 1986].

4. Coupling Measurements

Grating coupling to the waveguide modes has been evaluated
using a HeNe laser operating at a wavelength of 1.15 microns.
At this wavelength, waveguide dispersion calculations predict
that the structure will support fundamental and first order
modes with both TE and TM polarizations. The coupling
characteristics of both planar and corrugated samples were
studied by monitoring the guided mode output intensity from a
cleaved facet as a function of the incident laser beam angle
with respect to the sample normal [Dakss et al. 1970].
Results are shown in Fig. 3. The incident beam polarization
has been oriented 300 out of the reflection plane, as shown in
the inset of Fig. 3, in order to excite both TE and TM modes.
The mode assignment agrees with 3-layer (AlGaAs cladding,
superlattice, air) waveguide dispersion calculations. Mode
polarizations have been confirmed by placing a polarization
analyzer between the output facet and the detector. The
discrepancy between coupling angles for the two different
grating structures may be related to the different loading of
the waveguide by the gratings. Grating efficiencies will be
the subject of further study.

PLANE OF INCIDENT POLARIZATION
A TIMPLANTED TM 0  I R 0 '
GRATING "TEO. .

GRATING ~_
. TM,

,l TMO T
E O

Z TE

7 8 9 10 11 '2

INCIDENT ANGLE (degrees)

Figure 3. Coupling characteristics of planar (intermixed) and
corrugated (ion-milled) grating samples. The scattering
geometry is illustrated in the inset: I = incident beam, R=
reflected beam, G =guided mode output from cleaved facet, e
incident angle, f angle between incident potarization and
reflection plane.
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5. Summary

Laterally selective intermixing of GaAs/A1 0 * 3 2Ga 0 . 6 8 As
superlattices on a submicron scale has been demonstrated via
masked Se implantation and annealing. Raman spectroscopy and
TEM have been used to characterize the intermixing profiles.
As an application of the process, a planar grating coupler has
been fabricated in a GaAs/AlGaAs optical waveguide and tested
successfully at X = 1.15 pm.
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Device structures for high power 0.83 Am superluminescent diodes

J. Niesen, C. Morrison, and L. Zinkiewicz

TRW Electro Optics Research Center, E1 Segundo, CA 90245

Abstract Three modifications of the twin channel laser structure have
been fabricated and characterized for continuous wave power and spectral
limitations in superluminiscent diode (SLD) behavior. The conventional
antireflective coating technique produced lasing - limited power less
than 1OmW. Fabry-Perot spectral modulation was typically greater than
50 percent at 7mW. The angle stripe approach yielded thermal - rollover
limited powers of 30mW. Spectral halfwIdth of 160 A and 5% Fabry-Perot
modulation were typical.

1. Introduction

Conventionally, SLDs are fabricated by coating the front facet of a laser
diode chip with a quarter wave thickness of material whose refractive
index equals the square root of gallium arsenide's refractive index (N.
Dutta et al, 1983). The diode output power useful for gyro applications
is typically limited by Fabry-Perot modulation to 5mW.

Two different approaches to SLD fabrication are described that
discriminate more strongly against lasing. Each technique used the twin
channel laser (TCL) structure (C. Morrison et al, 1985) has produced at
least 15mW cw output with I and 30 percent Fabry-Perot modulation for the
methods of angled stripe and truncated stripe, respectively.

2. Antireflective Facet Coating

Theoretical limits for facet reflectivity resulting of a quarter wave
thickness of dleleclric are model dependent, ranging from 10- (R. Clarke
et al, 1983) to 10-  (Kaplan et al, 1985). Detailed model results show a
non- zero, quarter wave reflectivity due to the spread of angles that make
up the waveguide mode. The best single la er antirefleetive coating
reported to date has a reflectivity of 10- (Paoli et al, 1985).

Cleaved bars and soldered chips were coated with silicon monoxide or
titanium zirconium dioxide. For some coating runs an in situ optical
monitor was used to determine when a quarter wave thickness had been
obtained, For other coating runs on soldered chips, the Increase in the
pulsed laser threshold, monitored during deposition, was used to determine
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the quarter wave thickness. The threshold and optical monitoring
technique produced similar device reflectivities as evidenced by the
coating-induced change In pulsed laser threshold (Table 1). Contrary to
theory, (Kaplan et al, 1984) we did not find that optimal thicknesses
were higher for pulsed threshold monitoring (minimal modal reflectivity)
than for optical monitoring (minimal plane wave reflectivity).

Table 1. Antireflective Coating Results

Change in
SLD Process Refractive Laser

Level Material Index at .63 tim Monitor Threshold

Soldered TiZrO 2  1.9 Optical 2
chip
Soldered TiZrO 2  1.9 Threshold 2
chip
Cleaved SiO 1.86 Optical 2.5
bar

Silicon monoxide was superior to TiZrO 2 but CW lasing still occured. The
larger changes in pulsed thresholds (three times uncoated) achieved by
Xerox (Paoli et al, 1985) are attributed to their material (ZrO 2 ) better
matching the desired film refractive index. Characteristic spectral
behavior for antireflective coated laser chips is that the Fabry - Perot
modulation increase and the spectral half-width decrease as the power is
increased (Figure 1).

15 432-9-EDR2-11

z1 z
50 E0 815 80 810 8mW5z

5mW0
9LI

50 (m)100 8150 8510 8150 8510

WAVELENGTH (A)

(I) (b) (c)

Figure 1. Power-Spectra characteristics for a laser chip with TiZrO 2 on
its front facet. a. Power-current relationship, b. 5 mW
spectra, c. 10 mW spectra.

To suppress lasing at higher optical powers, a quarter-wave thickness of
silicon monoxide was simultaneously applied to the facet and to a small
length of the conducting stripe. Die shear testing exposed the SLD chip
for wetting length correlation with power-spectra. For too much non-
wetting, unpumped absorption is too severe and SLD power reduced. For too
little non-wetting, the device performs as a laser. Spectra at 13mW for
conditions of proper truncation and insufficient truncation are shown in
Figures 2a and 2b, respectively. At 18mW, the truncated stripe SLD
spectral width decreases with normally 50% Fabry-Ferot modulation.
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I4-1-E4-31 ISLD4-1-21L3 mW [13mW j

8101 8351 8601 8101 8351 8601

WAVELENGTH (A) WAVELENGTH (A)
Figure 2. Wetting length influence on spectra, a. Spectra for SLD

with proper truncation, b. Spectra for SLD with improper
truncation.

3. Angled Stripe SLD

Angle stripe SLDS are fabricated by photolithographically misaligning the
stripe waveguide of the twin channel laser with respect to the SLD chip's
cleavage plane. Single pass amplified spontaneous emission upon Fresnel
reflection from the cleave will not be captured by the transverse
waveguide. To prevent cleave reflected light from coupling back into the
gain stripe, the misalignment angle (e) most be greater than half the

critical angle of the transverse waveguide. The SLD output refracts at
angle of arcsin (sin 0/3.6) with respect to the cleave. The angular
relationships of angle stripe SLD behavior are summarized in Figure 3.

lJ,,
- -

OUT

Figure 3. Conditions of angle stripe SLD operation

The parallel far field for a device with 5
° 
stripe misalignment with

respect to the cleave's normal (00 reference) had a maximum beam intensity
at 180 (Figure 4). Devices from this particular wafer had a curved active
layer which reduced the spot size paralled to the epilayers yielding a
far-field full width at half maximum of 120. Flat active layer angle

stripe SLDs were typically 90 wide In the parallel far field.
For the angle stripe SLD, power nonlinearly increases as a function of
drive current to 1 to 5mW with linear operation above thlu power (Figure
5). The analytical relationship between power P and current I is:

BR fGL_____
sp (e 

G 1 L
- 1) where the gain G(1) = A(I-b)

PCI)- (TF P )
Psat

-- -- i ... ....m. m'
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2 00 5
0 0.2-0

0.1 - 0 50 100 150 200 250
0 CURRENT (mA)
-50 -30 -10 0 10 30 50

ANGLE (DEGREES) Figure 5. Power as a function of
current for an angle

Figure 4. 50 angle stripe SLD stripe SLD.
parallel far-field

Rsp is the total spontaneous emission rate per unit volume, r is the
fraction of light intensity overlap with the active layer, Psat is the
gain saturation intensity, and 6 Is the fraction of that spontaneous

emission captured by the waveguide.

In the expression for gain dependence on current, A is typically 0.045
cm/Amp and b is typically 4kAmp/cmp a room temperature. A varies with
temperature as I/T and b changes as iT (Thompson, 1980). The
experimentally strong temperature dependence of angle stripe SLD power-
current slope is due to the small value of A, to heterobarrier current
leakage, and to the need for improved heat sinking. All reported devices
were soldered epitaxial side down to silicon submounts with AuSn solder.

The 10mW power level To for SLs is normally 600K.

To prove the independence of the angle stripe's power output upon back
facet reflectivity, we deposited a high reflectance coating (two stacks of
aluminum oxide and silicon) on the back facet of a cleaved bar angle
stripe SLDs. There was no post deposition change in the SLD power or
spectral performance.

Comparing the TCL and Xerox's angle stripe device (Scrifes, 1973), the
distinguishing device property is the absence of lasing for a properly
grown TCL angle stripe SLD. The Xerox structure does not suppress between
cleave lasing. This results in a lasing beam at 00 to the cleave's normal
in addition to the expected refracted SLD beam. The two effects compete
for the same drive current reducing the SLD efficiency. Lasing is
suppressed by structurally forcing substrate absorption for the between-
cleave waveguide mode.

Characteristically, the spectral halfwidth narrows and peak wavelength
decreases with increased drive current (Figure 6a). Spectral data
concerning peak wavelength and halfwldth was recorded and analyzed by an
Ando spectrum analyzer (Figure 6b). Heating shifts the peak to longer
wavelengths as the current squared while the current-induced (band

filling) peak shift changes linearly to shorter wavelengths. Heating
narrows and current broadens the gain spectra. The power spectra narrows
for mostly due to the Increased amplification by gain center wavelengths
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(Thompson, 1980). Higher resolution spectra (Figure 6c) shows a detection-
limited 3% Fabry-Perot modulation at 10mW.

-!S 8200
,< SLD2-1-17 ___

(8175 -
w U

CL0 LLL L
: 10- 100(b

OL U

0 50 100 150 200 250 V 795 820 845

CURRENT(mA) nm

SLITS = 
5

. 1 METER
10 MONOCHROME TER

i- SLD26-1-51

0 ,

C-

8200 8700

WAVELENGTH (A)

Figure 6. Angle stripe SLD spectral characteristics, a. Peak and
halfwidth dependence on drive current, b. Typical low resolution
Ando spectra, c. High resolution spectra.

The spectra were measured by a one meter monochromator with cooled S1
photomultiplier. Data was tiken at 5 um (0.2 A resolution) slit width.

Collimating the SLD with a 0.2 NA microscope objective and passing it
through a Glan-Thompson prism polarizer, the polarization parallel to the
epilayers was three times greater than that perpendicular to the
epilayers. This ratio was the same for four different angle stripe SLDS.
Crystal growth runs of angle stripe SLDs with curved (Figure 7a) and flat
(Figure 7b) active layers were compared for power performance. The power
distribution from evaluation sample diodes of both lots are shown in
(Figure 7c). BAR IS 1 MICRON

CURVED WAFER SL026 PLANAR WAFER SL027

Figure 7. a. SEM microphotograph of curved active layer angle stripe, b.
SEM microphotograph of flat active layer angle stripe.
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15 CURVED ACTIvE~REGION
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Figure 7c. Power distribution for curved and flat active layer wafers.

The yield was higher for the curved active layer wafer. Average slope
efficiency was .25mW/mA for the curved active layer devices and .15mW/mA
for the flat active layer devices.

4- Conclusion

Tight fabrication tolerances on matching the chip modal index to the

coating's desired refractive index results in a low yield process for the
technique of antireflectively coating a laser chip to make an SLD. By
angling the gain stripe at 50 to the cleaved facet normal, modal facet
reflectivities of 0.1% were achieved. The angle stripe TCL has suppressed
lasing, in all devices to date, up to thermal rollover powers as high as
30mW. The spectral halfwidth, typically 150 A , narrowed with increased
power.

REFERENCES

Clarke R.H., 1983, Int. J. Electron. 53, 495.

Dutta N.K. and Deimel P.P., 1983, IEEE J. Quantum Electronics QE - 19,
496.

Kaplan D.R. and Deimel P.P. 1984, AT&T Bell Lab Tech. J. 63, 857.

Lee T., 1973, IEEE J. Quantum Electronics QE - 9, 820.

Morrison C., Zinkiewicz L.M., Burghard A., and Figueroa L., 1985,

Electron Lett. 21, 337.
Paoli T.L., Thornton R.L., Burnham R.D. and Smith D.L., 1985, Appl.

Phys. Lett. 47, 450.
Scifres D.R., S'reifer W. and Burnham R.D., 1978, IEEE J. of Quantum

Electronics QE-14, 223.
Thompson G.H.B., 1980, Physics of Semiconductor Laser Devices, J. Wiley,

New York, pp. 82-84 and pp. 121-124.



Inst. Ph vs. Conf Ser. No. 83. Chapter 7 379
Paper presented at Int. Svrp, GaAs and Related Conpounds, Las Vegas, Nevada. 1986

Reliable high power 1.3 micron DCPBH laser diodes

E.A. Rezek, D. Tran, and L. Yow

TRW-Electro Optics Research Center', El Segundo, CA 90245

Abstract 1.3 micron wavelength laser diodes have been fabricated which

operate at 90 mW CW junction-side-up. 110 mW CW has been achieved at
81C. Accelerated aging tests have been performed on unscreened diodes
at 50

0
C at 5 and 10 mW CW. 20 mW CW testing has been performed at room

temperature. No significant degradation is observed during the 2000 hr
test period.

!. Introductisn

The double channel planar buried heterostructure (DCPBH) laser diode (Mito
1982) is one of the most efficient laser structures operating at 1.3
microns. The narrow mesa active layer and p-n-p-n InP blocking layers
combine to provide high quantum efficiency. With special modifications
the DCPBH structure is also capable of high power operation. Several
modifications have been implemented and are described below. Fig. 1 shows
the output power attained as a function of development time. Up to 200 mW
has been demonstrated (100 mW/facet) at 1.3 microns. A diode reliability
program has heen carried out in parallel with the demonstration of high
power. Accelerated aging has been performed at constant output power to
assess ievice MTTF. No significant degradation has been observed after
10 device -hour s at 20mW CW.
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•

S50 0

0 sO

J A S 0 N D J F M A M J J A S

1985 t (MONTHS) 1986

Figure 1. DCPBf diode power versus time
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2. Background

The DCPBH device structure Is the baseline diode for high power and high
reliability demonstration. The emitting area of the diode is defined by
chemically etching a narrow mesa active region. Current confinement is
provided by p-n-p-n blocking layers grown around the mesa. The mean
threshold current for 53 devices fabricated from a typical wafer is 24.04
mA with a 3.3 mA standard deviation. Threshold currents as low as lOmA
have been measured, and quantum efficiencies as high as 35%/facet have
been demonstrated. The DCPBH structure was initially optimized for low
threshold and high quantum efficiency. Standard devices were tested for
maximum output power and up to 33 mW CW was achieved. On the basis of
these results, special consideration was given to improving the output
power of the DCPBH laser diode geometry. The results are described below.

3. High Power 1.3 Micron Laser Diodes

The refractive index difference between the InGaAsP active layer and air
provides a natural laser diode facet reflectivity of 32%, meaning that
only a portion of the stimulated emission actually exits the diode
cavity. Application of an anti-reflection (AR) coating to the output
facet reduces the amount of power reflected back into the cavity and
increases the power emitted from that facet. A high reflectivity coating
deposited on the back facet of the diode forces all the light out of the
AR coated facet, again increasing the power emitted from that facet.

Electron beam evaporation was used to deposit an AR coating of A1203 on
the output facet. The refractive index was controlled to yield a facet
reflectivity of roughly 5%. A dielectric mirror was developed for the
high reflectivity coating. A 4-layer composite film of alternating layers
of A120 and amorphous Si (a-Si) was used to increase the back facet
reflectivity to over 95%. Fig. 2 demonstrates the output power
improvement due to the application of facet coatings to the DCPBH
structure. A maximum CW output power of 55 mW is measured from a device
mounted junction-up on a Si heat sink. An uncoated diode from the same
wafer saturates at 33 mW CW. Since the comparison of Fig. 2 is between
champion diodes from the same wafer, the 67% increase in output power is
due entirely to the facet coating.

Increasing the diode cavity
length is also effective in -JUNCTION-
increasing the output SiDE-UP
power. A longer cavity 40CW FACET-

exploits the high internal 0C

gain of the device and j 30
directly reduces the E
operating current density. . 20 UNCOATED
Fig. 3 demonstrates the
effect of a longer diode 10
cavity on output power. As
the length Is increased from 0
250 to 500 microns, the 0 50 100 150 200
maximum CW power is I mA)
increased from 33 to 44
mW. The diodes of Fig. 3 Fig. 2 Effect of facet coating on
are uncoated and are mounted CW output power.
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junction-up on Si. Diodes 50
from the same wafer are
compared so that the only 40 -J I D
experimental variable is JUNCTION-SIDE-UP
cavity length. Note that as 130 CW

expected the efficiency is
lower for the longer diode; c 20 L=250 L =500-M
the 250 pm long device has
an efficiency of 0.33 mW/mA 10
while the 500 um long device
efficiency is 0.22mW/mA. 0
Also, as the cavity length 0 so 100 150 200
is doubled, the threshold limA)

current is increased by 70% Fig. 3. Effect of cavity length
from 13 to 22 mA. on CW output power.

Fig. 4 shows the P-I versus temperature characteristics of a 500 micron
long facet coated device. At room temperature 70 mW CW is measured; at
OC, the output power is increased to over 100mW. Additional external
modifications to the DCPBH diode resulted in minimal increases in output
power.To increase output power beyond the data of Fig. 4l, internal
modifications to the DCPBH structure were required. A parametric study
was carried out to improve the doping profile of the diode structure.
Five distinct doping modifications were Implemented and correlated with
maximum output power. Furthermore, changes were made in device processing
to determine the effect of variations in channel width and channel depth
on output power. As a result, an improved DCPBH geometry was
identified. Fig. 5 shows the improvement in output power resulting from
internal diode modifications. At room temperature over 90 mW CW is
measured from a 500 micron long facet coated diode mounted junction-up on
Si.

1 - 500pm T = -5.0
0 C

100- oW . 0C so0
g- FACET-COATED T - 22.90 C

0JUNCTION-P (ROOM TEMP) E
r.60

L 40-T =400°C 05

20 20 FACET-COATED
JUNCTION-UP

50 1001 50200 250300 350400 C0 100 200 300 400
i (mA) (ImA)

Fig. 4. P-I vs T characteristics Fig. 5. Output power of improved
500 micron long facet DCPBH diode.
coated diode.

Higher power is achieved using 50% duty cycle excitation, due to the
reduced diode heating. At 50% duty cycle, over 90 mW is measured from a
500 micron long device without facet coatings as shown in Fig. 6. This
corresponds to 90 mW/facet. At 160C, the diode of Fig. 6 is capable of
over 100 mW/facet of output power. The diode is also mounted junction-
side up on Si. Proper application of facet coatings would result in 200
mW of usable power. The maximum CW power obtained from a DCPBH diode Is
shown in Fig. 7.
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Fig. 6. 50% duty cycle operation Fig. 7. Maximum CW DCPBH output

uncoated diode, power.

Over 110 mW has been demonstrated from a 500 micron long facet coated

diode mounted junction-down on a synthetic diamond heat sink.

The diode was cooled to 80C. Over 120 mW was obtained at 50% duty

cycle. Further junction-down mounting development is underway and is

expected to result in significantly higher output power. Diodes mounted

junction-up on Si operate CW to 95
0
C. Junction-down mounting increases

the maximum CW temperature to 115'C. Junction-up mounting results in a

more reliable diode (Fujita 1985), but highest output power will be

obtained from a device mounted junction-down.

80

L - 500pum
CW

60 FACET-COATED
JUNCTION-DOWN
X 1.2pm

40

20

0 100 200 300 400 500
I (mA)

Fig. 8. Maximum CW power at 1.2 micron wavelength
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Many systems applications for high power InGaAsP laser diodes require bi-
directional data transfer. This Is easily accomplished if the laser
diodes operate at two distinct wavelengths. For these applications, DCPBH
laser diodes operating at a wavelength of 1.2 microns have been developed
and optimized for high power operation. Fig. 8 shows the maximum power
demonstrated at 1.2 microns. Over 65 mW CW is measured from a 500 micron
long facet coated diode mounted junction-down on SI. Without facet
coating a 500 micron long device mounted junction-up on SI saturates at 37
mW CW.

601 - HIBA-582 o

--- H1A-680 500 200

EE
-1070 FACET COATED

40 - - 50 500C

10mW CW

0 a I I
0100200 500 1000 1500 2000o t (HSOURS 2000

t(hJ

Fig. q. 500C 5mW lifetest data Fig. 10. 500 C 10mW lifetest data
un-screened diodes. for un-screened diodes.

4. Reliability

The evaluation of diode lifetime is simplified by the fact that the
degradation of the device can be thermally accelerated. Using a known
activation energy, the room temperature meantime to failure (MTTF) can be
extrapolated. DCPBH reliability was assessed by operating the units at
constant power. Fig. 9 shows data for 2000 hr of operation of 10 diodes
at 50°C and 5 mW. Diodes were selected from two different wafers. The
tested units were not pre-screened or burned-in prior to accelerated
aging. At 2000 hr the test was terminated. There is no evidence of
device degradation during the test. Fig. 10 shows accelerated aging data
for 3 un-screened diodes operattng at 500 C and 10 mW CW. The population
degradation rate was 6.45 x !0- A/hr. Using a 50% increase in operating
current as the failure criterion, the MTTF at 500 C and 10 mW CW is 9.5 x
103 hr.

The highest power lifetesting was performed at room temperature at a
constant CW power of 20 mW. The data generated by 5 un-screened devices
is shown in Fig. 1?. After 2000 hrs of operation, no significant increase
In the operating current is measured. One tested diode was facet coated;
no difference in performance is observed. The data of Fig. 11 shows that
the DCPBH diodes are extremely reliable under high power operation. It is
Important to note that the diodes were not pre-screened in any manner.
Adgitlonal lifetesting has been performed and data Is av.ilable on over
10 device-hours. Even without pre-screening no device failures have been
recorded. Lower degradation rates and longer MTTFs will be attained by
implementation of a rigorous pre-screening test to eliminate inferior
devices (Ikegaml 1983, Nakano 1983, Nakano 1984, Kulndersma 1985, FujIta
1985).

. as,-l~m - --
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Fig. 11. 20 mW room temperature lifetest data
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1. Introduction

Fluoride glasses are promising materials for optical fibers since an
intrinsic attenuation of 10-3 db/Km is predicted (Shibata et al 1981) at a
wavelength of 3.44pm as compared to 0.16db/Km at 1.6pm for silica. The
present state of art is only at 0.7db/Km, at a wavelength of 2.5pm; but
if progress in these new fibers is as fast as for silica-based fibers,
studies on adapted sources must start now.

The 3$im wavelength range requires new materials for sources. Among III-V
compounds semiconductors, there are only two candidates, InGaAsSb and
InAsPSb quaternary alloys, both lattice matched to either GaSb or InAs
substrates. We have chosen to study the latter system, because the
miscibility gap present in that alloy is outside the range of interest
for emission . Moreover, the refractive index decreases when the bandgap
increases, so that the same alloy can be used as confinement layer.
However, this miscibility gap, which extends on the high bandgap side, is
troublesome for the confinement layer, because it limits the energy gap
barrier between the active and confinement layers.

We propose to study in this paper the limitations of the InAsPSb/InAs
system. We present first solid phase instability and liquid-solid phase
equilibrium calculations in the quaternary alloy. Liquid phase epitaxial
(LPE) growth conditions are then described and limitations on high
bandgap alloy growth are determined. Monolayers and double
heterostructures are characterized, and a model is proposed to estimate
the threshold current density of such a laser structure.

2. Solid phase instability and liquid-solid phase equilibrium
calculations

The spinodal curves, separating the unstable from the stable or
metastable In(Asl x PxSby) solid regions were calculated using the delta
lattice parameter (6LP) model of Stringfellow (1974). This calculation

shows that, as in other III-V compounds with miscibility gap, the
extension of the immiscibility domain is reduced when the temperature is
increased. Thus high temperatures are necessary to obtain phosphorous
rich alloys, ie large bandgap alloys. The spinodel curve is represented
on fig.l (curve A), where the maxima of solid composition x(InP) lattice

c. 1987 lOP Publishing Lid
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matched to InAs (y(InSb)=O.47x(InP)) are plotted as a function of
temperature.

Using the same DLP model, the liquid-solid phase equilibrium of the
quaternary alloy was calculated. Fig.2 shows the isotherms of solid
composition lattice matched to InAs as a function of liquid composition.
A peculiar result is that all these curves pass through a maximum in
x(InP), and that the lower the temperature, the higher the maximum.
Curve (B) of fig.l represents these x(InP) maxima as a function of
temperature.

Curves (A) and (B) are the frontiers of the allowed composition region
for LPE growth. Their intersection represents the highest bandgap alloy
which can be grown x(InP)=O.45 the corresponding growth temperature
is T=810K.

(A

900 (B)

!F- 800
20

700 
0

0 02 06 o 05 06
X5(InP) X'(sb)

Fig. I Plot, as a function of temperature, Fig. 2 Isotherms of lattice
of solid composition maxima x(InP) lattice matched solid compositions
matched to InAs, allowed from (A) solid x(InP) , versus liquid
phase instability calculations and (B) compositions xl(Sb).
from liquid-solid phase equilibrium
calculations. The experimental points are
also represented.

3. Epitaxial growth and characterization

InAsPSb alloys were grown by LPE on (100) oriented InAs substrates, using

the single phase technique. Liquidus temperatures were measured by

direct observation through a transparent furnace, but were made difficult

and inaccurate because of melt oxidation. Growth was performed at

constant temperature, so that good composition homogeneity, measured by

electron microprobe analysis, was achieved along the growth direction for

thicknesses of up to 5pm (Kobayashi et al 1981).
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The different alloy compositions which have been grown are shown on
fig.l. The highest phosphorous solid composition lattice matched to InAs
which could be grown was x(InP)=0.39. However, the sample surface was
slightly rough and epitaxial growth was not reproducible. This
composition is very close to the maximum value (0.45) calculated in the
previous section. Proximity of the instability domain can explain the
growth difficulties, which were also observed by Fukui et al (1981),
usinq organometallic vapor phase epitaxy (OMVPE). This technique a]-
the arowth of x(InP)=0.46; for higher values, surface degradation
occurred, as in LPE. Easier was the LPE growth of the x(InP)=0.30
composition, which ischaracterized further below.

The lattice parameter in the direction perpendicular to the surface,
measured by x-ray double diffraction using the (400) symetric reflection,
was found tobe vervsensitive to supersaturation. Fig.3shows the relative
lattice mismatch aa/a as a function of growth temperature: a Aa/a
variation of about 5x1O04 per degree is measured. It can be noticed that
positive mismatches are mainly obtained, and that the lattice matching
condition corresponds to a small supersaturation. Fig.4 shows the
diffraction profile of a lattice matched layer: the full width at half
maximum, Ae, of layer and substrate are comparable (29" and 21"
respectively), which is a criteria of epilayer quality. AO values
between 20" and 30" were measured by Fukui et al (1981) onoy0VPE layers.

In(As -'PR 10 9SbC
e~1 5f m

AE): 29 "SU1STRATE

6e 21

.200 .,o .6 .5o 0 -50
2 5g 46 54 . 86 (sec of arc)

Fig. 3 Variation of the relative Fig. 4 X-ray diffraction profile
lattice mismatch Aa/a with growth of a l.5jpm thick InAsPSb layer.
temperature T, at constant liquid
composition.

The Schottky barrier electroreflectance technique (ER) was used on these
samples (fig.5). The third derivative nature of the low field ER spectra
allows a good resolution in energy. The ER was measured after deposition
of a Cu2S film used as a biasing electrode. The expeiimental system has
been described elsewhere (Alibert 1972). We find at T=LK a bandgap of
Eo=545meV and a spin orbit splitting ofao=475meV; at 300K, Eo=482meV.
This is the first experimental determination of Ao in this material. The
Eo value is in close agreement with the result obtained by
photoluminescence (PL) using the 514nm line of an argon laser. The PL
peak for this sample occurs at an energy of 536meV at 77K and has a half
width of 40meV.
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1n(As. 6  O 30 Sb0l") -T=24 0,2~~,.....T.3OOK 0

0.1-

M V(v)

Eo.Ao

Eo T= 300K

04 06 08 1 12 14
E(eV)

Fig. 5 Electroreflectance spectra Fig. 6 Current-voltage characteristic
of InAsP5b at 300K and 24K. of an In(Aso. 56 Po. 30 Sbo.l4 )/InAs/

In(Aso.56 P0 .30 b0 .14) double
heterostructure at 300K.

Double heterostructures were grown using In(Aso. 56 P0.30 Sbo. 14 ) as
confinement layer and InAs as active layer. There was no dissolution
problem, and flat hetero-interfaces were obtained. Te and Zn were used
as n and p type dopant respectively of the cladding layers. A room
temperature current-voltage diode characteristic is shown on fig.6. At
forward bias, the rise in current occurs at a voltage corresponding
approximately to the bandgap energy of the InAs active layer. Using the
electroreflectance measurements, we can determine the bandgap difference
between the cladding and active layer : Eo = 125meV. Calculation of the
refractive index (Alibert et al 1986) leads to an optical confinement of

= 0.2 .

4. Modelling of In(Aso. 56Po.o3 Sbo.l4 )/InAs double heterostructures

We have made a model to predict the threshold current density in a laser
structure such as the experimental one described above. The electronic
band structure of the active layer was taken as a spherical approximation
of Kane's five band model (Kane 1957). The intervalence band absorption
and the gain were calculated using Kane's model. The free carrier
absorption and the mirror losses were obtained from standardforniula,.
The threshold carrier density,nttj was determined as usual by equalizing

losses and maximum gain in the cavity.

Ihc threshold current density was calculated as the sum of the
recombination in the active layer and the leakage current:

Jth = nth.q.w.(l/tr + 1/ta) + Jleak

Jleak is the diffusion current of carriers having an enerrgy larger than
AMo. The radiative lifetimetr was calculated fromthe Fermi Golden rule,
and the Auger lifetime ta was taken as I/ta = Ca.n

2
.

The main uncertainty comes from the fact that the Auger coefficient Ca
has not been measured in InAs. We think that the best estimation can be
obtained by extrapolating the value which has been carefully measured in
Ino.53Gao, 47As (7.10-

29
cm

6
s'

l 
, Sermage 1986) using Sugimura's formula

(Sugimura 1983):
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Ca< exp [ (-(Eo-Ao)/kT} / {(2mh+ml)/ms-l1 I for Eo > Ao

Ca K exp [ (Eo-Ao)/kT ] for Eo < Ao

We suppose that the dominant Auger process in InAs and InGaAs is CHINS
because the difference between Eo and &o is small in these
materials. This leads to Ca = 3.8.10-28 cm6 s- 1 in InAs. The Auger
coefficient is then supposed to be independent of temperature (Sermage
1984).

The results of the calculation are summarized below:

- Due to the small conduction band mass, the threshold carrier density
is small (nth = 5.5.10 17 cm- 3 ) and the threshold current density without
Auger recombination and leakage is small: Jth = 240A/cm2 .
- With Auger recombination, Jth = 1300A/cm

2 .
- With Auger recombination and leakage over the barrier, Jth
5500A/cm2 . The intervalence band absorption is small (23cm-1) and the
characteristic temperature To at room temperature is about 65K. This
calculation shows that in this structure, the largest part of the
threshold current is the leakage current and not the Auger recombination
and also that, reasonable To values can be expected.

5. Conclusions

We have shown, from thermodynamical calculations, that under lattice
matching conditions to InAs substrates, LPE growth of InAsPSb is limited
on the high bandgap side to a solid composition x(InP)<0.45. As a
consequence, the electrical confinement of double heterostructures based
on this material will be small. With cladding layers made of the best
alloy which could be grown by LPE (x(InP)=0.30), an energy gap barrier of
125meV is obtained using an InAs active layer. Double heterostructures
with emission wavelengths shorter than that of InAs can be designed using
InAsPSb low bandgap alloys as active layers; but this is to the detriment
of electrical confinement.

The threshold current of the structure was calculated by taking into
account radiative and Auger recombination, intervalence band absorption
and leakage of carriers over the barrier. Due to the small value of the
conduction band effective mass in InAs and to the small energy gap
barrier, the largest part of the threshold current is the leakage current
and not the Auger recombination current.

List of parameters

Active layer
Laser length : L = 200pm
Thickness : w z 11m
Kane matrix element : Ep = 22.2eV
Bandgap energy : Eo(300K) = 356meV

Eo(OK) = 418meV
Spin orbit splitting : Ao = 380meV
Conduction band mass : me = 0.023mo
Heavy hole mass : zh 0.33mo
Light hole mass : ml = 0.025mo
Spin orbit splitted band mass : ms = 0.14mo
Auger recombination coefficient : Ca 3.8.10-

28cm6s- I
Refractive index : II = .52

=.=.=...,.- -- ,= = Ash..==== =" i iIII
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Confinement layer
Bandgap energy :Eo(300K) =482meV
Electron mobility : pe =2000cm

2Vls-1

Hole mobility : h lDocm2 Vls-
Electron and hole lifetime :te =3.10-9 s
Doping :Nd =Na =10

1 8cm-3
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First fabrication of CW high power phase-locked laser arrays emitting at
1.3 tm grown by LP-MOCVD

M. Razeghi and R. Blondeau
THOMSON-CSF - Laboratoire Central de Recherches

Oomaine de Corbeville - BP No 10
91401 ORSAY CEDEX (FRANCE)

Abstract

We report the first continuous wave high power GaInAsP-InP semiconductor
phase-locked laser arrays fabricated on material grown by two step low-

pressure metalorganic chemical vapor deposition growth technique.

Multiple-stripe GaAs-GaAlAs lasers have been shown to operate to pulsed
output powers in excess of 1 W with stable output characteristics (1).

Stripe-to-stripe coupling has been deduced in GaAs-GaAlAs system from the

analysis of structure in the far fields caused by interference between
the individual oscillating stripes in the arrays.

Razeghi et al. (2-3) previously showed that the LP-MOCVD growth technique
is promising for large scale production of high quality GaInAsP-InP Bu-
ried-Ridge Structure (BRS) lasers emitting at 1.3 um, 1.55 um and DFB la-

sers. Recently we have been studied the phase-locked operation of GaInAsP
InP semiconductor lasers, with the eventual goal of obtaining high powers
into narrow, coherent beams.

In the case of GaAs-GaAlAs system, it has been shown that Index-guided
lasers, are intrinsically more coherent, less astigmatic, and more stable
than gain-guided devices (4). Here we report on phase-locked operation

from a 7-unit array of new mixture of index-guided and gain-guided devi-

ces : Ridge-Island-Laser-Arrays (R.I.L.A.).

The high power laser phase locked arrays structure was manufactured as
follows :

First the following layers were grown successively on InP(Sn) substrate

with orientation (100) exact or (100)2' off.

- I un InP sulphur doped (n = I x 1018 CR
- 3 ) 

for confinement layer.
- 0.2 m undoped GaInAsP (1.3 um wavelength composition) for active layer
- 00 A undoped InP as blocking layer.

100 undoped GaInAsP for waveguide layer.

Next, the arrays consisting of 7 stripes of 2 pm and stripe-stripe spa-

cing of 1 win was etched in the 100 GalnAsP layer, through a photoli-
thographic resist mask, using a selective etchant composed of S04H2 -H2 02 -
H2 0 (1:8=200).

1987 lOP Publishing Lid



392 Gallium Arsenide and Related Compounds 1986

After removing the resist mask, the arrays was then covered by a 1 pm

thick Zn doped InP confinement layer (NAND 5 x 1017 cm-3) and 0.5 pm

Zn doped GaInAs contact layer with NAN D = 1019 cm
-3 . In order to locali-

ze the injection only in the Ridge Island Laser Arrays (R.I.L.A.) active
region, a shalow proton implantation was realized through a 20 Jim wide
photoresist mask after the metallisation of the contacts (see Fig. 1).
After cleaving and scribing into chips 300 pm length and 300 pm width,
the lasers weremounted epi-side down, onto nickel-plated copper heatsinks
using indium.

Room temperature pulsed and CW threshold of 220 mA, with a external quan-
tum efficiency of 0.19 W/A (pulsed) and 0.13 W/A (CW) have been obtained
(Fig. 2) output power more than 300 mW at 2 A pulse modulated (limited by
the pulse generator), and 120 mW at 1.3 A (CW) have been measured with no
facet coatings. The far field patterns parallel and perpendicular to the
junction plane under CW operation for 10 mW was 3 and 45 degrees respec-
tively (Fig. 3). These measurements confirmed the highly coherent output
beam with strongly phase locked operation of these devices.

In conclusion, CW and pulsed phase-locked operations to high powers have
been achieved for the first time from 7-unit arrays of new mixture of
index-guided and gain-guided (R.I.L.A.) GaInAsP-InP lasers fabricated by
two steps LP-MOCVD.
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a) First epitaxy

undoped GaInAsP 100A
undoped InP (100A)
undoped GaInAsP

S doped InP (N substrate

b) Chemical etching of 7 stripes

c) Second epitaxy

Pt/Au contact
Zn doped GalnAs (P*)

Proton implantation
Zn doped InP (P) InP (Sn)

- Igam substrate
Au contact

Fig. I Schematic diagram of Ri dge-Island-Laser-Arrays

(R.1,L.A. ) structuire

a) first epitaxy,

b) selective chemical etching of 7 stripes,

c) after regrowth, metallisation and proton

implantation.
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Fe-doped lnP hydride vapor phase epitaxy for high speed buried
heterostructure laser diodes
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Abstract. Highly resistive Fe-doped lnP hydride VPE has been developed

for blocking layer growth in InGaAsP/InP BH lasers. Fe metal charged

with In source was used for Fe doping source. Doped Fe concentration

could be accurately controlled, simply through initial HCI partial

pressure. Fe-doped InP layer resistivity obtained was as high as 3.2xi0
8

ohm-cm. Planar surface BH lasers selectively embedded with Fe-doped InP

exhibited a modulation bandwidth exceeding 10GHz.

1. Introduction

InGaAsP/TnP buried heterostructure laser diodes (BH-LDs) have been

developed for high bit rate optical fiber communication systems. In these

BH-LDs, reverse biased p-n junctions are commonly used as the current

blocking layers. However, laser frequency response is severely limited by

high parasitic capacitance in the p-n junction current blocking layers. In

order to achieve high speed response, the current blocking with high-

resistive InP layers is more effective compared with that by the p-n

junction structure.

Recently, Fe-doped lnP growth using MOCVD method has been reported by

several authors (Long et al. 1984, Hess and Zehr 1986, Huang and Wessels

1986, and Sugawara et al. 1986). However, the present VPE method has

several advantages over MOCVD, that is , l)less Fe concentration is

necessary, because a purer InP layer can be grown, 2)excellent Fe doping

controllability can be realized and 3)it is easy to fabricate planar

surface BH-LDs.

This paper reports Fe-doped TnP hydride VPE using iron chloride and the

characteristics of a high speed BH-LTs fabricated with high-resistive

current blocking layer.

2. Experimental

a) Fe-doped InP growth

The hydride VPE apparatus for Fe-doped TnP growth is shown in Fig. 1. For

Fe doping, Fe metal charged with the In source was used. Another In source

for the growth was set separately in the source region. Total HCl flow rate

1987 10P Puhlikhing lid
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SUBSTRATE

HCi (Fe/In)-' Fe
PH, _ _ _ _ _

Fig. 1. Schematic diagram of hydride VPE system.

over these sources was kept constant at 10 cc/min. PH3 and toatl carrier H2
flow rate were 15 cc/min and about 3 1/min, respectively. The metal source
temperature was 8300 C. At a growth temperature of 600°C, background carrier
concentration for undoped InP layers was in the range of 6.8-8.0xi01 4 cm-3 .
Therefore, Fe concentration as small as about 1015 cm- 3 is enough to
compensate the background carrier concentration and obtain high
resistivity.

If pure Fe metal is employed as the Fe doping source with the trasport gas
of HCl, dominant species of iron chloride at the 830 0 C source temperature
is FeCI 2 and FeCl 2 reaction efficiency is less than 2xlO - 3 under the
present growth conditions by thermodynamic calculations. Therefore, almost
all of HC1 which does not react on the Fe matal will be transported to the
substrate region and will result in making the embedded layer surface
rough. For this reason, Fe-charged In source was employed to avoid the
residual HCI. In the Fe/In source region, reactions are discribed as
follows:
In + HCl = TnCl + 1/2 H2  K1 = PInC1/IjCl (1)
Fe + 2 HCl - FeC1 2 + H2 K2 = PFeC12 /aFe(PHC1)2 (2)
where K1 and K2 are equilibrium constants, pi is partial pressure of
species i and aFe is activity of

Fe in In. From (1) and (2), we [ '
can obtain 5 0 .9 mol"%

PFel (k2/K,2)rFexFe(PInCl2 0 -
where rFe is activity coeffi- I slope:i5
cient of Fe, and XFe is
dissolved Fe concentration in
In. Under thermodynamic equilib-
rium condition of the reactions,

PInCl is nearly equal to the _

initial HCI partial pressure 101
(P°HCI). Therefore, PFe;12 is
proportional to the XFe(P CI) .

The pHCl dependence of doped Fe ._i EAL 1L I

concentration was experimentally 10.4 10-3
investigated. Fe concentrations PtICR (Wrn)
were evaluated through Fe ion
intensity in SIMS measurement. Fig. 2. Doped Fe concentration de-
Figure 2 shows the obtained pendence on HCl partial pressure over
experimental results for two Fe/In source. Doped Fe concentrations
kinds of charged amount of Fe in were evaluated by SIMS. NFe indicates
the Fe/In source (NFe). Doped Fe charged amount of Fe in In.
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concentration was proportional to the about 1.5 power of initial HC1
partial pressure. Though NFe was reduced from 50 mol% to 19 mol%, doped Feconcentration remained to be unchanged. The XFe would be nearly constant,
because the solubility of Fe in In is saturated under these charged amounts
of Fe. Eventually, doped Fe concentration can be controlled simply by
initial HC1 partial pressure even if NFe changed. The difference betweenthe exprimental value, 1.5 and calculated value, 2 is considered to be due
to insufficiency in the reaction
time (-0.2 seconds) to achieve 109
thermodynamic equilibrium condi- E,.732.10u
tion between HCl and Fe/Tn ncn
source.

Figure 3 shows doped Fe concen- 8
tration dependence of Fe-doped
InP layer resistivity. Fe-doped E
InP layers were grown on n+ TnP c
substrates. First, AuGe-Ni was
deposited on the subatrate side, >_
and then samples were annealed at 5 ,06
3900 C. Next, 0.5 mmo Au-dot elec- / F N,e
trode for epitaxial layer side / o
was formed. The resistivity of * 9mo1%
layers were measured from ohmic r
region of current-voltage charac-
teristics (Macrender et al.
1984). As the doped Fe concentra-
tion increased, the resistivit
tended to saturate at about l0A 0
ohm-cm. The maximum resistivitx Fe ION INTENSITY (a.u.)obtained was as high as 3.2x10 °

ohm-cm. 
Fig. 3. Fe-doped InP layer resis-tivity as a function of doped Fe

b) BH-LDs embedded with Fe-doped concentration. The maximum resis-
InP tivity obtained was 3.2x10 8 ohm-cm.
1.3 Pm InGaAsP/InP BH-LTs T
were fabricated using high- S-C2
resistive layer as a cur- '- -" '

schematic cross section of InGaAsP T
the device is shown in Fig. n-InP
4. In this experiment, LPE- n'-Inp
grown double heterostruc- Substrte
ture (DH) wafer with an AuGe-Nj - /
0.16 pm thick InGaAsP e -Dped IJ
active layer grown on a Sn-
doped TnP substrate was Fig. 4. Schematic structure of planarused. Chemical etching was surface buried heterostructure
performed on the DH wafer InGaAsP/InP lasers with highly resistive
to form the 6 pm wide and 5 current blocking layers.

Iwo
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pm deep double channels -

using SiO 2 masks. Then,
using the present tech-
nique, the DII wafer was
selectively embedded with
Fe-doped InP through the V
same SiO2 masks on which i'--

no growth occures during
the epitaxy. Growth con- '-
ditions were as follows; -

NFe was 19 molT and ini-
tial HCI partial pressure
over Fe/In source was
2.5x,0 - 3 atm. Threshold
current was 32 mA in the -, . 5 D
BH-LDs with an around I - Z-- .

pm active layer width.
Fig. 5. Small-signal modulation response

Figure 5 shows the small with several bias levels.
signal response for
lasers with 200 pm cavity length and 2.4 pm active layer width. 3dB-down
bandwidth of more than 10 CHz was achieved at 1 .5 T th. 3dB-down roll-off
frequency due to electrical parasitics was as high as 6 GIIz. The estimated
parasitic capacitance was 8 pF, which was much smaller than that for

ordinary BH-[,Ds with p-n junction in the current blocking region. The
residual parasitic capacitance arising mainly from the electrode
capacitance can be reduced by contact pad size reducing.

In summary, we have doveloped highly resistive TnP hydride VPE method with
high controllability and reproducibility. By applying this method to BH-LD
embedding layers, high frequency response with the bandwidth over 10 GHz
has been achieved. This result indicates that the present method is

promising for high speed laser fabrication.

The authors acknowledge H{. Watanabe, K. Kobayashi, R. Lang and T. Yanase
for fruitful liscussions and encouragement.
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Observation of novel step-like structure in the photocurrent and dark current
of a superlattice: charge collection by successive depletion of quantum wells

J Allam, F Capasso, M B Panish and A L Hutchinson

AT&T Bell Laboratories, Murray Hill, New Jersey 07974, U.S.A..

Abstract. We have observed novel manifestations of superlattice
properties in a Ga0 .4 7 In 0 .5 3 As/InP quantum well photodiode structure
grown by gas source molecular beam epitaxy, evident as multiple steps
in the reverse bias photocurrent and dark current. This striking
effect is explained in terms of depletion of successive quantum wells
as the reverse bias field is increased, while the diffusion of
carriers generated in the undepleted region is suppressed by
localization within the wells. As the electric field punches through
into each well the carriers photogenerated and thermally generated in
that well are collected by the field, while carriers generated in the
undepleted wells remain localized and cannot contribute to the
current. This causes a step-like increase in the photocurrent and the
dark current.

1. Introduction

Superlattice structures are of potential interest for devices in
applications including avalanche photodiodes (See, for example, Capasso
1985) and tunneling devices (Capasso et al 1986a). Enhancement of
ionization rates in avalanche photodiodes (Capasso 1985, Chin et al 1980)
and the observation of tunneling require high quality heterojunction
interfaces in terms of interface abruptness and uniformity.

For photodetector applications in optical fiber communications,
Ga0 .4 7 ln 0 .5 3As/lnP is the material system of immediate interest. Gas
source molecular beam epitaxy (GSMBE) is a promising growth technique
enabling precise control of the As/P ratio in this material system
(Panish and Sumski 1984) and accurate dimensional control for thIe growth
of multilayer structures. Recently, superlattice pin photodetectors grown
by GSHBE were shown to have good interface quality, exhibiting exciton
structure in the spectral response at room temperature (Temkin et al
1985).

2. Device Structure and Experimental Results

We have observed novel step-like structure in the reverse bias
photocurrent and dark current in superiattice structures grown by GSMBE.
The structure consists of a pin photodiode with the superlattice placed
In the nominally undoped i-region. A I pm n*-InP buffer layer was grown
on the Sn-doped InP substrate, followed by a highly doped 1.7 pm
Ga0 . 4 7 1n0 ,5 3 As absorption layer and a 2500 1 Ga0 . 4 7 1n 0 5 3 As undoped
spacer layer. The latter was intended to prevent diffusion of dopants
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into the superliattice from the substrate. The superlattlce consists of 10
periods of 300 1 Ga0.471n 0 .53As wells and 500 1 InP barriers. The top p-
type contact is a 1.5 pm InP window layer to allow absorption of long-
wavelength light by the superlattice. The layers were processed Into
mesa devices (with an area of I.7xiO- 4 cm2) by chemical etching with Br-
Methanol, and top and bottom contacts were made by evaporating Au-Be and
Au-Sn-Au respectively and alloying at 420 OC for 2 seconds. The sides
of the mesa were coated with Merck HTR3 polyimide for passivation and
physical protection. The processed devices exhibited a soft breakdown
with Jdark=1O PA at a reverse bias V= 10 V at room temperature.

The diodes were illuminated with white light from a microscope lamp
filtered through a 0.95 pm long pass filter, to ensure carriers are
photo-generated in the narrow band-gap quantum wells. Figure 1(a) shows

the current-voltage
characteristic, with
and without Illum-

500 ination, measured at
WITH LIGHT room temperature on an

400 HP 4i45A parameter ana-
lyzer. A clear step-
like structure Is seen

300- in the photocurrent as
(a) Z the reverse bias is

X increased. Five steps
(-I 200- (plus one in forward

U L bias) are seen before
WITHOUT LIGHT the dark current ex-

ceeds the photocurrent
and obscures any fur-

0 2' 4 6 8
0 2 4 5 ther structure. The

REVERSE BIAS Vr IV) increase in photo-
current at each step is
approximately constant.

500- These steps are equally
spaced when the photo-

WITH LIGHT current is plotted
400- against (vr+Vbi)1 / 2

- (Figure l(b)); Vbi is
300- the built-in potential(b) Z300 0.65 V measured by

{b) plotting the square of
200 the depletion region

Uwidth, W(Vr), against
Vr on a Miller feedback

100- WITHOUT LIGHT depletion prof iler.
This clearly shows that

o0  2 the steps occur at mul-
0 2 3 4 tIple increments of the

depletion width W(Vr):
_/Vb + Vr (V2 C A2Es~qN)(Vbi+Vr) for a

single sided abrupt
Figure 1. Current-voltage characteristic junction). Each incre-
with Illumination (upper trace) and in ment corresponds, as we
dark (lower trace) at room temperature, shall see, to the sup-
(a) versus reverse bias (Vr). erlattice period. This
(b) versus *(Vr+Vbi). immediately suggests
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that the steps are caused by the electric field punching through into
successive wells. Similar results were obtained when 1.55 pm light from a
monochromator was focussed onto the mesa top with the photocurrent
measured using a current-sensitive amplifier followed by a lock-in amp-
lifier. At this wavelength the absorption length is about 1.5 pm
(Humphreys et al 1985) and absorption occurs in the quantum wells. The
position of the steps did not change with light intensity (up to
Ipo=OO nA) or with chopping frequency. Figure 4(a) shows the photo-
current at a chopping frequency of I kHz and i:1.55 pm at a light
intensity of 4.25 nW. When the sample is illuminated with light from a
He/He laser (which is absorbed in the top InP layer) no structure is
observed and the photocurrent is constant with bias up to breakdown. A
similar step-like structure is observed in the dark current, with the
first three steps being observable at corresponding biases (Figure 4(b)).

< - 3LD

Le :500 A

-- L 4 1 _ 1 - ___ I Jo
0.2 04 06 08

DEPLETION WIDTH (ptm)

Figure 2. Measured free carrier density versus depletion width.

The carrier concentration profile was measured using a Miller feedback
depletion profiler(7) (Figure 2). As the applied bias is increased from 0
to -10 V, the depletion width increases from 0.2 pm to 0.7 pm and the
measured free carrier concentration oscillates between 2x10 16 cm - 3 and
8x10 16 cm- 3 

with a period of 800 1, equal to that of the superlattice.
The 7 peaks observed correspond to the 300 1 wide wells. It is important
to realize what this figure represents. The method of depletion
profiling (Miller 1972) meAsures the free carrier density via the
movement of free carriers Into and out of the depletion layer as an a.c.
voltage modulation Is applied. The spatial resolution is limited by Debye
screening with a characteristic length given by LD4(kTE5 /q1H) which is
2200 1 at a doping of NZ5xI0 i 6 cm - 3 . This 'smears out' the charge
distribution so that abrupt changes In the free carrier distribution
cannot be resolved to better than several Debye lengths (Johnson and
Panousis 1971). This smearing is thus of the order of the well widths
in our superlattice, hence the high and low free carrier densities in
figure 2 do not represent the true densities in the wells and barriers.
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In order to obtain these values it would be necessary to simulate the
profiling measurement using a numerical solution of Poisson's equation,
and to vary the density to give the best fit to experimental data
(Whiteaway 1983). However, the measured profile shows that the free
carriers in the barriers spill over into the wells, similar to the
process which occurs in modulation doping, and allows an estimation of
the carrier concentration in the wells.

3. Discussion

To better understand the
charge collection process
in a superlattice, con-
sider an ideal case in

z which all the free car-
"' riers are in the wells andCr

-) -- l 
l 

Xthe barriers are depleted
(a) by carrier transfer into

0 the wells (Figure 3).
00 . . .. _ Electron-hole pairs will
(L 0 REVERSE BIAS be generated in the wells

by thermal processes and
by photo-ionization across
the band gap. In the un-
depleted region of the
superlattice, the carriers

Z are localized in the
(b) 6 wells, perpendicular to

the layers, due to the
-) potential barriers. Thus
, their effective diffusion

length is of the order of
a 0 REVERSE BIAS the well width, and

carriers generated in this
region cannot diffuse to
the depletion region, be
collected by the field and
thus contribute to the
total dark- and photo-

- current. The first period
z
z is depleted at zero bias.

(c) At the point when the dep-
D letion edge punches
0 -through into the second

+ + - well (Figure 3(a)),
X carriers thermally and

W a - REVERSE BIAS photogenerated in the well
can be collected by the

Figure 3. Band structure of partially field: the effective width
depleted superlattice, showing: of the absorbing region is
(a) One period fully depleted. thus two wells. As the
(b) Depletion edge extending into second bias is increased and the
well. The carriers previously localized depletion edge sweeps
in that well are collected by the field, through the second well,
(c) On reaching the barrier the depletion the photocurrent and the
edge Immediately punches through into the thermal generation con-
next well and collects the charge. ponent of the dark current
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(which dominates the total dark current at low bias) remain constant
(Figure 3(b)), until the depletion edge reaches the next barrier. Since
the barrier has no free charges, the depletion edge immediately punches
through into the next well (Figure 3(c)), where it can 'collect' the
charge previously localized in the well. This gives rise to steps in the
photocurrent. Note that the suppression of the diffusion current by
locallation is essential for the observation of photocurrent steps
since the absorption length (zi pm) is significantly greater than the
depletion width in the bias range 0 to -10 V. Diffusion currents would
completely mask the steps.

In our data the photo-

150 current does not inc-

rease abruptly as soon
as punch-through into

tthe well occurs. FigureLU

(a) - 1.55Am 4 shows the correlation
Tbetween the structure

50- T, k)O in the photocurrent and
0 dark current plotted as

a function of bias and
0 - the doping profile

4 2 VE A 6 plotted at a correspon-:;j 3,REVERSE BIAS(V)
ding depletion depth.
The features in the

z 2- current can be seen to
(b) coincide with the per-

" iods of the superlat-
tice. The photocurrent

, .. is constant while the
0 2 iO depletion edge is swee-10,REVERSE BIAS MV

,EVRS I _ ping through a given
U.r' barrier because car-

r iers are only photo-
(c) wgenerated in the wells
0n (note that a finite
< voltage is required to

.04 05 0 sweep through the
02 03 04 05 barriers since not all

DEPLETION WIDTH (m) the carriers have

Figure 4. transferred into the
(a) Photocurrent versus reverse bias wells). However, when
at room temperature and A=1.55 pm, the well is reached the
measured on lock-in amplifier at a current increases grad-
chopping frequency of ikHz. uallf with the field
(b) Dark current at room temperature until it levels off at
versus reverse bias. some point within the
(c) Measured free carrier density well. As the chopping
versus depletion width, plotted on the frequency is increased,
same bias scale as in (a) and (b). the current increase

becomes more gradual
and a higher field is

required for it to level off. This suggests that the efficiency of
collection of carriers from the well is reduced by recombination
processes in the well. In the absence of recombination, all the carriers
generated in a given well will be collected as soon as the depletion edge
punches through into that well. In practice, to achieve unity collection
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efficiency, the average field in the well must be sufficiently high that
the rate of thermionic emission over the barriers (which increases
strongly with the field) exceeds the recombination rate.

Above about -5 V, the room temperature dark current is dominated by other
mechanisms (surface leakage, tunneling, etc.) so the structure is no
longer observed. For the photocurrent measurements, structure is obscured
above Z-8 V by the presence of gain effects caused by ionization of the
carriers in the wells over the band-edge discontinuity by carriers heated
by the field in the barriers (Capasso et al 1986b).
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Impact ionization across the band-edge discontinuity with very large

ionization rate ratio in a superlattice with graded wells

J Allamr'. F Capasso, K Alavi and A Y Cho

AT&T Bell Laboratories, Murray Hill, New Jersey 07974, U.S.A..

Abstract. Two types of impact ionization mechanism occuring In super-
lattice avalanche photodiodes are reported. Conventional band-to-band
ionization In a superlattice device indicates enhanced ionization rate
ratios. A new Ionization phenomenon, ionization over the band-edge
discontinuity, is described. Very large ionization rate ratios have
been measured for this mechanism in samples with graded wells.

1. Introduction

There is considerable interest In developing a low-noise long-wavelength
(1.3 - 1.55 pro) avalanche photodiode (APD) for use in fiber-optic com-
munications. For low-noise operation of an APD, the impact ionization
rate for electrons (a) and holes (0) should be very dissimiliar, and the
carrier with the larger ionization rate should be injected into the
avalanche region.

Suprlattice APD's have been proposed to artificially enhance the ioniz-
ation rate ratio (lk:a/9), and are discussed in detail by Capasso (1985).
Such enhancement has been experimentally demonstrated in GaAs/AixGal-xAs
superlattices, with values of K up to Z8, by Capasso (1985) and Juang et
al (1985).

2. Band-to-band ionization: evidence of ionization rate ratio enhancement
in an A nQM.4  AhGa4%n._Uno As superlattice APD.

We present evidence for enhancement of the Ionization rate ratio in a
long-wavelength APD fabricated in Al 0 .4 8 Ino.5 2 As/Ga0 .4 7Ino.5 3As. We have
previously reported on the high performance aspects of this device
(Mohammed et al, 1965). The device structure is shown in Figure 1. The
superlattice is placed in the nominally-undoped region of a pin photo-
diode structure. Ohmic contacts are made to the heavily doped p and n
regions by evaporating and alloying Au-Be and Au-Sn, respectively.
Individual devices are fabricated by mesa etching using conventional
photolithographic techniques. The superlattice dimensions for this device
(D4IS) are given in Table I.

The ionization rates are derived from the multiplication versus reverse

bias under conditions of pure electron and pure hole injection into the

*On leave from the University of Surrey, Guildford GU2 5XH, England.

*Present address: Siemens Research and Technolegy Laboratory,
Princeton, New Jersey 08540.
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avalanche region. This
is achieved using the

hV Au-Oo-Au standard technique of
, 'p+Gao.471n0 53As injection of minority

carriers by selective
illumination of the p-

P+Ao.48no 52As type (electrons) or n-
#iiiilillllllllllllllllllll t y pe ( h ole•s) sid e s o f

"SUPRLATTIC the device, with a
I 1I. SUPLATIC mechanically chopped
A 4848n52AS Hele laser beam . The

Z Gao.471n .
53A

s photocurrent is det-
ected with a lock-in
amplifier.

Figure 2 shows the
n+ <I00> InP photocurrent multi-

Au-Sn-Au plication as a function
of reverse bias for

Figure I. Structure of superlattice pin APD. electrons (He) and
holes (Mh) at 300K.
The low photocurrent

below -10 V is due to the large recombination rate of electrons and holes
in the wells, compared to the rate of thermionic emission from the wells.
The emission rate increases with reverse field due to hot carrier
effects. The unity-multiplication photocurrent in the bias range -10 V to
-20 V is extremely well fitted by a straight line. Avalanche multiplica-
tion occurs for reverse bias in excess of Z 20 V, which corresponds to a
field of 2 x10 5 Vcm ~1 . Figure 3 shows the ionization rates calculated
from the standard equations for a pin structure. The k-ratio, (a/1) =
(Me-I)/( 4 h-), varies from about 3 at a field of 3.5 x1O5 Vcm - I to 3.5 at
2,5 x10 5 Vcm- l . This suggests an enhancement of the k-ratio over the
value of 2 in bulk In 0 .5 3 Gao.4 7 As measured by Pearsall (1980).

"E tA

Figure 2. Multiplication as a
function of reverse bias under Figure 3. Ionization rate for
conditions of pure electron (Me) electrons (a) and holes (0) in
and hole (Mh) injection, for sample D418 at 300 K, plotted
band-to-band ionization in sample against reciprocal field.
D4i8 at 300 K.
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3. New avalanche multiplication effects in superlattices:
impact ionization across the band-edge discontinuity.

We have observed new avalanche
effects in superlattices, charac-
terized by avalanche gain occur-

,I, ing at lower fields than band-to-
band ionization, with much great-
er multiplication of holes than
of electrons, and a strong frequ-
ency dependence in the kHz range.

Figure 4 shows the hole and elec-
tron multiplication for sample
D622 at a temperature of Z85 K.
The device structure is similar
to that of Figure I apart from
the superlattice dimensions (see

. . Table I). Multiplication occurs
at fields of less than 105 Vcm - i .

The hole multiplication is great-
-- - - -.... er than that of electrons, with

(Mh-l)/(He-i) Z 20.

Figure 4. Photocurrent multiplica- The frequency dependence was
tion for pure hole and electron studied by varying the chopping
injection, due to ionization across frequency of the illumination. At
the discontinuity in sample D622 unity gain (-10 V) the photocurr-
at Tz85 K. ent is constant between f = 0 and

6 kHz (Figure 5). In the gain
region (-21 V) the photocurrent
is strongly frequency dependent

S. with a -3 dB cutoff of ZI kHz. In
contrast, we have reported
microwave gains of _12 at
frequencies of several GHz for
band-to-band ionization in sample
D418 (Mohammed et al, 1985).

The temperature dependence of
this new ionization mechanism is
directly opposite to that for
band-to-band ionization. Figure 6
shows the photocurrent multipli-
cation for holes at temperatures
between 90 and 300 K for R397.

Figure 5. Photocurrent plotted There is a marked correlation
against chopping frequency at betweetL the temperature depend-
unity gain (-10 V) and in ava- ence of the dark current and
lanche region (-21 V) for D622. multiplication curves. Diodes

with very low dark currents do
not show this effect but exhibit

band-to-band ionization at significantly higher bias (e.g. D418).

We have observed very similar behaviour in a number of materials grown
by different techniques (Table I), including InP/ In 0 .5 3 Ga 0 4 7 As grown by
gas source molecular beam epitaxy with very low density of deep levels

Aa---l- ~mI ]•I/lll l
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(Allam et al 1986). Homotructure pin diodes grown as control samples did
not show such effects. This suggests that the behaviour Is due to an
intrinsic band-structure effect rather than ionization of deep levels.

The proposed mechanism is impact ionization across the band-edge
discontinuity of carriers dynamically stored in the wells, by collision
with carriers heated by the electric field in the barriers (Capasso et a
1985). Figure T(a) shows a superlattice structure with n-type doped wells
and undoped barriers. Electrons from the donor sites provide a dynamical
reservoir of carriers in the wells. When a sufficiently high electric
field Is applied across the superlattice, electrons will be heated In the
barrier regions with enough energy on entering the well to impact ionize
a stored electron over the conduction band discontinuity, resulting In
avalanche gain. This process can be viewed as ionization from deep
"artificial traps", but has a much larger cross-section. Chuang and Hess
(1985) have calculated the ionization rates for this process.

Our devices have undoped superlattice HOT ELECTRON
regions; the charge reservoir arises from --
thermally-generated dark current carriers
(Figure 7(b)). Since there are both
electrons and holes in the wells, both
carrier types are multiplied. The thre-
shold energy for the process is approxi-
mately twice the band-offset, thus the
holes are multiplied at a greater rate
than electrons in A10 .481n 0 .52As/ (a)
Ga0 .4 7 ln0 .53As where the electron offset
is about twice that for holes. The
carriers lost by ionization are replaced

-N. AZC55S 13ANL EG/

(b)

)-J

Figure 7. Mechanism of Impact
ionization across the band-edge

Figure 6. Temperature dependence of discontinuity:
ionization across the discontinuity (a) in n-type doped wells.
in R397: the arrow shows the direc- (b) in undoped wells. The
tion of increasing temperature. The reservoir of carriers In the
step-like structure in the photocur- wells Is supplied by thermally-
rent is due to successive depletion generated dark-current
of the wells (Allam et al, 1986). carriers.
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by dark current carriers generated via mid band-gap states, with a
characteristic emission time r which may be of the order of 10-3s,

4. Very large ionization rate ratios in multiple graded-wel
superlattices.

30- 30 To further reduce the multipli-30 - 30
[ cation of electrons via ioniza-

tion over the offset, we have
utilized grading of the wells to
reduce the density of electrons

25 25 stored in the well. The
A10. 4 8 1n 0 .5 2 AS /Ga 0 . 4 7 In0 .5 3 As
superlattice pin photodiodes with
compositionally graded interfaces

20 20 at the exits of the wells were
grown by computer-controlled MBE.

z Further details of the growth
0 will be provided in a later

Z paper. The dimensions of sample
15- 15 : R407 are shown in Table I.

00o Below a reverse bias of 25 V,
Z 4 there is storage of both
aelectrons and holes in the wells.o T -"90K -10f =200Hz At higher fields the graded

region becomes inverted thus
there can be no storage of

SHOLE INJECTION electrons or multiplication by
0 --- ELECTfrON ionization over the discontin-

INJECTION uity.

Figure 8 shows the hole- and
0 -- electron- initiated gain at a

C 5 10 15 frequency of 200 Hz and a temp-
REVERSE BIAS (v) erature of 90 K, for the sample

with three periods. For pure hole
Figure 8. Impact ionization over injection, avalanche multiplica-
the discontinuity in a superlattice tion occurs at a reverse bias of
with graded wells: Photocurrent -7 V and reaches M2.O at -12 V.
multiplication of electrons and For electron injection, the
holes. The inset shows: multiplication is less than 1.4
(a) single carrier multiplication at -12 V, resulting in a value of
of holes for a solid-state (Mh-1)/(Me-1) in excess of 50.
photomultiplier. This is, the highest value
(b) mechanism for hole multipli- measured In a IllI-V material.
cation. Electrons are not multi-
plied as there Is no storage of For the case of unity electron
electrons within the graded wells, gain, the maximum hole multipli-
(The graded regions are shaded). cation would be 8 (23, corres-

ponding to the 3. periods) (Figure
8 (a)). The presence of some

electron gain provides feedback resulting in a large hole gain (maximum
measured gain 2 50 at 10Hz and -12 V). The onset of electron gain occurs
at a field of 1-2 x1O5 Vcm-1 , which is similar to the field at which
band-to-band ionization occurs In bulk GaO.47In 0 .5 3AX. It therefore
appears that multiplication of holes (only) occurs via Ionization over
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the band-edge discontinuity, and the feedback is accounted for by band-
to-band impact ionization of electrons.

Table I. Dimensions of superlattices.

Wafer # Composition Number of Barrier Well
Periods width width

D418 Alo. 4 8 Ino. 52As/Gao.4 7 In 0 . 53As 35 139 1 139 A

D384 AI0 ,4 8 In 0 ,52As/Ga0 ,47 1n0. 53As 48 104 X 104 X

D620 Al 0 . 4 8 1n 0 . 5 2 As/Ga 0 . 4 7In 0 . 5 3 As 20 200 A 200 X

D622 Alo. 4 8Ino. 5 2 As/Gao. 4 7 1nO. 5 3 As 20 465 A 230 A

D676 AI 0 . 4 8 In 0 .5 2 AS/Ga 0 .4 7 1n 0 . 5 3 As 20 450 1 450 1

A064 AISb/GaSb 25 200 1 200 1

25FebG6 InP/Gao. 4 7 Ino. 5 3 As 10 500 X 300 X

R407 A 10. 4 81n 0. 52As/Ga 0. 471n0 .53As 3 292 1 501 A
(1022 A graded well exit)

R397 AI 0.4 8In 0. 52As/Ga 0 ,4 71n0 ,53As 5 300 £ 700
700 A graded well exit)
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III - V superlattice photodiodes

F-Y. Juang, W. Li, P.K. Bhattacharya, U. Das and A. Chin
solid State Electronics Laboratory
Department of Electrical Engineering and Computer Science
The University of Michigan, Ann Arbor, MI 48109

D.J. Jackson and D.L. Persechini
Hughes Research Laboratories
3011 Malibu Canyon Road, Malibu, CA 90265

Abstract Enhanced t/. ratios - 2-10, are measured in
GaAs/AlGaAs multiquantum wells at 300K. Measurement of

Mn, M and /: is difficult for InGaAs/InAlAs
superlattices due to a monotonically increasing
photocurrent with increase of reverse bias. Avalanche

photodiodes made with both materials show responsi tivity

~ 0.3-1.0 A/W at O.SVBR, avalanche gains - 10 and
bandwidths 12GHz at O.5VBR. A modulated barrier
photodiode using InGaAs/InAlAs small-period (8OR)

superlattice in part of its structure gives extremely

high responsivity - 50 A/W.

1. INTRODUCTION

It has been predicted and shown that GaAs-AlxGa 1 _As

superlattices (SL) can exhibit enhanced ionization

coefficient ratios ,/: (Chin et al 1980, Capasso et a11982).

This makes them attractive materials for fabricating low-
noise avalanche photodiodes (McIntyre 1966) and some
performance characteristics of such devices have been

reported (Larsson et al 1985). We present here a detailed

account of the measurement of these coefficients in

GaAs/AlGaAs and InGaAs/InAlAs superlattices and multiquantum

wells. Some performance characteristics of photodiodes made

with these materials are also described and analyzed.

We have also studied the performance of InGaAs/InAlAs

modulated barrier diodes with a superlattice incorporated in

one part of the device. Extremely large responsivities are
measured in these devices and it is thought that the

recently proposed mechanism of effective mass filtering

(Capasso et al 1985) may be partly responsible.

2. MOLECULAR BEAM EPITAXIAL GROWTH AND DEVICE FABRICATION

The GaAs/AlxGai.-XAs and In O .5 3 Ga 0 4 7 As/Inn 5 2A1 0 4 As

superlattice photodiodes were grown in a three-cnamber MIIER

2300 Modutrac MBE growth system. Typical growth temperature

of the GaAs and InP-based structures were 630 and 500
0
C,

respectively. Three classes of superlattices were studied:

1987 10P Publishing Ltd



I

412 Gallium Arsenide and Related Compounds 1986

i) Lz, LB ~ 30-50R; ii) Lz , LB  - 100-20OR; and iii) Lz,
LB - 500R.

Two distinct types of p+ -n- -n+ diode structures were used
for impact ionization studies and for measuring photodiode
performance. In the former case the top p+ layer was at
least 2 pm thick to enable pure electron injection upon
shining intrinsic light on the top surface. In the
photodiodes, the top layer was - 0.5 wm thick and consisted
of a wider bandgap material (AlGaAs or InAlAs). The
superlattice multiplication/absorption region was typically
2 pm thick. Mesa diodes with 250 um diameter were
delineated by standard photolithography for the various
measurements. The current-voltage characteristics in the
superlattice photodiodes were measured at 300K and lower
temperatures. Measured dark currents at half the breakdown
voltage (VBR) are less than I nA in the GaAs/AlGaAs
materials and are less than 30 nA in the InGaAs/InAlAs
system. It was evident from the temperature dependence of
VBR that avalanching is the dominant breakdown mechanism in
both material systems.

3. IMPACT IONIZATION PHENOMENA IN SUPERLATTICES

3.1 GaAs/AlGaAs Superlattice:

The doping in the supelattice regions of all devices
studied is - (1-3) x 10 cm- , derived from capacitance-
voltage data. The reverse breakdown voltage VBR is in the
range of 50-100 V. Electron and hole-initiated
photomultiplication was generated by illuminating the
diodes with a chopped He-Ne 5 .m diam. laser (X= 6328 R)
beam. Pure hole injection was achieved by illuminating the
diode through a hole etched into the n+ substrate.
Electron-initiated multiplication was achieved by
illuminating the p+ layer on the top of the mesa structure.
To obtain the electron and hole multiplication factors,
appropriate stable values of the photocurrent at low bias
values were considered. Measurements were first made on
(001) GaAs whose impact ionization coefficients are fairly
well known to calibrate the system. Si ce L, tZ are both
much smaller than the usual values of a an? B measured
in these wide band-gap semiconductors, the relationships
between the multiplication factors and the impact ionization
coefficients applicable for superlattices simplify to those
that are used for bulk semiconductors (Stillman et al 1977).

Figure 1 depicts the electron and hole impact ionization
coefficients in a sample with LB=570R and L7 =424R. In the
range of fields that these measurements were made a/ a - 10,
which is in good agreement with data reported by Capasso et
al (1982). Figure 2 depicts the measured impact ionization
coefficients in superlattices with smaller wells and
barriers. The values of a (E) for all three samples shown
in Fig. 2 remain fairly constant (represented by the cross-
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i0 "

Lz=424 A 1.. 50-

30 ' o s% o ' ..... -

Fig. 1 Measured a and Fig. 2 Electron and
6 in GaAs/AlGaAs multi- hole impact ionization
quantum wells with large coefficients in
Lz and LB. GaAs/AlGaAs

superlattices with
varying L. and LB.

hatched region) and can be approximately fitted by the
equation,

A(E) = 8.5 x 105 exp (-1.59 x 106/E) cm- I

The values of :(E), on the other hand, are very sensitive to
superlattice parameters. In quasi-two-dimensional systems
carrier-phonon interactions can be greatly enhanced
(Holonyak et al 1980). The electrons, however, with smaller
effective mass are not truly confined in wells with LB<160R
and have fairly high energies relative to the GaAs
conduction-band edge. Therefore, electron scattering in the
quantum wells is very limited and the measured values of
4 reflect, within limits of experimental error, bulklike
behavior. The holes, on the other hand, have a much larger
mass and a smaller scattering length. Therefore, it is
expected that hole multiplication will be dependent on their
confinement and scattering in the quantum wells, which in
turn depend on the well widths. Furthermore, the coupling
between the wells will also alter the degree of confinement.
As expected, we see that at higher field values of 3 for the
SL with LB=56 , LZ=34R are higher than those for the
superlattice wlth LB=145R, Lz-87 . In uncoupled systems,
with large wells and barriers, the mechanism of enhancement
of a/ has been discussed before (Capasso et al 1982). in
this case the enhancement probably results from a periodic
lowering of the threshold ionization energy of the electrons
as they traverse an AlxGa1  As barrier and reach a GaAs
well. The holes, by virtue o their large mass and greater
confinement cannot participate in this process.
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3.2 InO. 5 3GaO. 4 7 As - Ino. 52 A10 .4 8 As Superlattice

Photocurrent measurements with very low levels of injection
(Iph= 2 nA) were made on three types of superlattices, each
distinguished by their well and barrier widths.
Measurements in this case were done at 300 and 77K. The
electron and hole photocurrents at -5V were made
approximately equal by adjusting the light intensity.
Measured electron and hole photocurrents for a typical diode
at 300 and 77K are shown in Fig. 3(a) and (b), respectively.
A distinct feature to be observed here is that the
photocurrent increases monotonically with reverse bias at
room and low temperatures, which is also true for other
structures. This makes an accurate estimation of carrier
multiplicatiorn and the impact ionization coefficients almost
impossible in this material.

On examining the electron and hole multiplication processes
as the temperature is lowered it is seen that for samples
with LZ=L = 30R, the electron multiplication increases
approximately by a factor of 4. on the other hand, in
samples with LB=Lz= 500R, both electron and hole
multiplication are reduced as the temperature is lowered.
For structures with Lz=LB=90R, the electron multiplication
is invariant, while that for hole increases slightly at
lower temperatures. It is also to be noted that the
multiplication process in the samples with large .- Is and
barriers starts at fields almost half of that in amples
with small wells and barriers. We conclude that in the
former, multiplication is a mixed process, including band-
to-band, and well-localized (Capasso et al 1986) single-
carrier multiplication. For small wells and barriers,
multiplication is dominated by a band-to-band process. The
significant increase in electron multiplication at low
temperatures in these samples is probably due to reduced
phonon scattering.

4. PERFORMANCE OF SUPERLATTICE AVALANCHE PHOTODIODES

The spectral response of the photodiodes was measured at
room temperature. External quantum efficiencies of - 86% at
V=-0.5VB are estimated from the measured responsivity in
the GaAs AlGas devices. The responsivities are generally
smaller in diodes with large wells and barriers (LZ, L >
500R) probably because photogenerated carriers in the weTis
recombine before they contribute to the photocurrent.
Spectral response characteristics measured in the
InGaAs/InAlAs devices are very similar and are shown in Fig.
4. The measured avalanche gains in GaAs/AlGaAs SL
photodiodes are greater than 1000 near the breakdown
voltage. From measured responsivities in InGaAs/InAlAs
photodiodes, a.c. gains - 10-100 are estimated near the
breakdown voltages. These high values of gains are
extremely encouraging.
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Fig. 3 Measured Fig. 4 Spectral response
electron and hole characteristics of
photocurrents in photodiode with
rnGaAs/InAlAs SL InGaAs/InAlAs
photodiode at (a) 300, superlattice and
and (b) 77K. multiquantum well

absorption regions.

The response of a large-area (A= 4.9 x lO- 4 cm 2 ) GaAs/AlGaAs
superlattice device to 100 ps laser pulses, obtained by
driving a GaAs laser with a comb generator is characterized
by a temporal width (FWHM) of 250 ps. The capacitance of
the device was -3 pF. Taking into account the diode and
load resistance, and the length of the electron drift region
(2 _,m) it is clear that the response is limited by
capacitance effects. As a comparison some preliminary
measurements of the frequency response of smaller diodes
(A= 5.4 x 10 5 cm 2 ) under non-avalanche conditions with
GaAs/AlGaAs and InGaAs/InAlAs superlattice absorption
regions were also made. For these measurements the outputs
of a pair of matched laser diodes were heterodyned to
produce a microwave signal at the difference frequency. The
detector response to this microwave input was then recorded
with a microwave spectrum analyzer over the zero to 17GHz
frequency range (Gee et al 1986). The capacitance of the
devices was < lpF at OV bias. The data are shown in Fig. 5.
Essentially, a 3-dB bandwidth of 11-12 GHz was measured in
devices with large wells and barriers and the bandwidth
decreased to - 8GHz as LZ and L decreased to 30R. These
results are ?ery encouraging an indicate that high speed
superlattice photodiodes can be realized.

5. THE SUPERLATTICE MODULATED BARRIER DIODE

The modulated barrier diode (Chen et al, 1981) can be used
as a detector with internal gain, which results from
enhanced thermionic emission over a potential barrier. In
addition, this diode also behaves as a majority carrier
device. We have fabricated a photodiode in which an
InGaAs/InAlAs superlattice (Lz = 45R, LB = 30R) is
incorporated in one arm (inset of Fig. 6). The
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Fig. 5 Frequency Fig. 6 Measured bias

response of GaAs/AlGaAs dependent responsivity
SL photodiode, Lz=417R, of modulated barrier
LB=556R. diode.

incorporation of the superlattice changes the spectral
response and reduces the dark current. The measured bias-
dependent responsivity of a typical device is shown in Fig.
6. Responsivities as high as 50 A/W are obtained at T =
300K. This high value of gain may be due to a combination
of enhanced thermionic emission and effective mass filtering
(Capasso et al 1985). The latter effect will particularly
be operative if the adequate voltage drops across the
superlattice and perpendicular electron transport occurs by
miniband conduction. Further experiments and theoretical
modeling of the current-voltage characteristics are in
progress.
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Abstract. A simple but performant semi-planar PIN photodiode is
de-scried, based on a nigh quality AP.MOVPE heterostructure. The
heterostructure interface is shown to be of very high quality, i.e.
flat and sharp within 2-3 monolayers as deduced from sharp and intense
photoluminescence from 140, 80, 26 and 14 A wide quantum wells.
Furtnermore, this interface exhibits very high 2 DEG mobilities up to
250 000 cm2 /Vs at 4 K and almost free from interface states. The
corresponding band offset is clearly demonstrated to be 225 * 10 meV.

1. Introduction

Metal~rganic Vapor Phase Epitaxy (MOVPE) is receiving a great deal of
attention due to its ability to grow pure multiple heterostructures
necessary for optoelectronic applications, and in particular for
photodetectors (Andrd et al 1985a, Poulain et al 1985, Wang and Carey 1985,
Nelson et al 1985, Uupuis et al 1986). Tne purpose of this paper is to show
tne extremely hijh quality of bulK InP and GalnAs materials, and of their
corresponding interfaces obtained by atmospheric pressure MOVPE. Then a
new, called SEMI-PLANAR, PIN photodetectors structure, is described which
takes advantage of that high quality material.

2. Experimntal

Most of the details concerning the used atmospheric pressure MOVPE growth
technique nave been given elsewhere (Andr6 et al 1985b, Menu et al 1986).
TEl (TriEthyllndium) has been chosen as the In source because of its high
purity and tile growth temperature lies in the 510 - 640"C range. Special
attention has been given in order to minimize both transient effects
originating from the gas switching process during the growth of
heterostructures, and depletion of In in tne gas phase, du? to parasitic
quartz catalyzeJ side reaction. Only one composition of the ternary, i.e.
Gao. 47 InO.53As lattice matched on InP, has been grown and will later
simply be referred to as (GaIn)As.

Photoluminescence properties have been analysed using an AR 1000
Jobin-Yvon Monochromator and a Ge cooled detector. Shubnikov-de Haas
experiments have oeen performed in a 7 T magnetic field, He cooled Oxford

1987 loP Publishing Ltd
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Cryostat. Accurate capacitance and current measurements were performed
using a HP 4175 A digital capacitance meter and a 617 Keithley picoammeter.

3. Material assessment

The high purity of materials has been evidenced (Menu et al 1986) oy the
low values of doping level (n = 2-5 x 1014 cm-3 for InP and n = 1-3 x 1015
cm-3 for InGaAs) and high corresponding values of mobilities V. In tne case
of InP, p is routinely between 80 00 to 100 000 and frequently reaching
120 -140 000 cm2/Vs. (Galn)As lattice matched on InP is always grown with a
thin InP buffer. Mobilities have always been deduced from thick (3 Vm)
(GaIn)As layers, and Hall values routinely exceed 10 000 (best value =
10 750) at 300*K and 78 000 cm2/Vs (best value = 86 300) at 77 K. These
high values at low temperature might have been slightly boosted by the
presence of a 2 dimension electron gas (2 DEG) at the GaInAs/InP interface
(see below).

Thans to very sharp transition of composition, (Galn)As quantum wells
(Q.W.) have been realized. An example of a photoluminescence (PL) from a
Frijlink type series of 26 A, 63 A and 140 A thick wells is given in fig.
1. They exhibit very strong and sharp peaks with FWHM equal to 15, 5.5 and
4.5 meV respectively. This is comparaole to, or even better than the best
results published so far by Atmospheric Pressure MUVPE (Kuo et al 1935,
Skolnick et al 1986), by low Pressure MOVPE (Razeghi et al 1985) or
Chemical deam Epitaxy (Tsang et al 1976) as seen in fig. 2. Single wells
located at a distance D = 500 A from tne surface have also been grown. The
thinnest well gave rise to a PL peak 290 meV up-shifted in energy (see
fig. 1), which should correspond (Bastard 1983) to a thickness of about 18
A. The PL intensity is very large and, in the case of single wells,
increases oy a factor of 10 with respect to bulK material when the QW
tnickness decreases down to 14 A. PL excitation has been made using an
argon laser light mostly absorbed in the InP top layer. The capture of
carriers in those (GaIn)As wells is supposed to be very efficient in view
of the above observations and also because no luminescence is detected from
the InP cap layer as long as its tnicKness D is lower than 3000 A!

V112 VP 1119 7 K I. s" S-AK 11 1 cff ]

- , (?9hmV) 26 110meV) \  • AZI et 1 MVP
", 1)~28eV)+ S uWK et at AP MOVM11' I OK \ "

0 ~~ Th* wk

Ff %sevI,

,1e 5mev Sm v 00* ,

01 e 00 so ISO 200 2
L UIS(E(0 FIER5Y leV) QUINLI W et I 1)

Figure I Photoluminescence spectra Figure 2 Photoluminescence Full
from two samples JP I102 and 1119 re- width at Hall maximum as a func-
corded at 4 K. For each peak are given tion of quantum well width at 4 K
the well width and the energy shift for different authors and growth
(in bracket). techniques.
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A detailed analysis of the PL behaviour of tnese wells will be given
elsewhere (Moroni et al 1986). It demonstrates that tne sum of roughness
fluctuations of both interfaces of the wells is of the order of 4 to 6
mono-layers. Tne InP---(Galn)As interface, i.e. (Gain)As grown on InP, has
been extensively studied because tne semi-planar photodiodes quality partly
rely on it (see oelow). Fig. 3 presents the results of Shubnikov - de Haas
measurements recorded from the usual oar configuration sample (2 current
injecting contacts, 6 other as bias prooes). Pronounced oscillations of
oagneto-resistance are detected as soon as the magnetic field 8 exceeds 0.3
T as seen in fig. 4. This complex oscillatory oehaviour has been shown
(Patillo:l et al 19d6) to be related to the presence of two subbands distant
by 8 meV from each other, with a sheet carrier concentration in the lower
energy one NS1 = 2.15 x 1011 cu- 2 and NS2 = 0.67 x 1011 cm- 2 in tne other.
The Hall curve (fig. 3) exhibits quantified effects, as manifested oy
"plateaux", some corresponding to integer namoer index (n = 2, 5), while
some other integer index are missing. This more complex behaviour can De
attributed to the presence of two subbands. The total sheet carrier
concentration extracted in the usual way from these Hall data is equal to
2.9 101 1 cm-3 , a value similar to Nsl + Ns2 deduced from SdH analysis. The
overall electron mobility in the 2 DEG has been calculated fro e xx at
B = 0, using the value of NSH, to be 250 000 cm2 /Vs, which is a very high
value for a 2 subband 2 DEG interface, and very ouch indicative of its
quality. Such a high value also suggests that intersubband scattering for
tnat naterial may not be as imnortant as expected from general
consideration.
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Figure 3 :Shubnikov de Haas and Figure 4 Magneto-resistance (exx
quantum Hall effect recorded at at low magnetic field on the same
2.17 K as a function of magnetic sample as that studied in figure 3.
field B

Further analysis of that interface has been made from the point of view of
perpendicular transport properties. Toe same interface material as aoove
was used, but this time a blanket zinc diffusion, followed by a ne;a
etching, was made to obtain p+/n ,esa diode, the processing technology
being the same as that used for the photodiode. Fig. 5 shows the variation
of its dark reverse current (aias = - 10 V) as a function of the inverse of
temperature. Its benaviour is not any more a pure exponemtional and it
cannot either be considered as a deep level related generation current
(Patillon et al 1985), which is consistent with toe fact that no deep

. . ..K _................. J m.. m =
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level has been detected by DLTS above 1l1 cun-3 . But this behaviour very
likely corresponds to the Fowler-Nordheim tunneling phenomena, which can be
fitted by tile follo'wini toeroioYonic einission current equation (Wu et al
1979) : I = AT2 exp ( - c +  /kT)

This equation takes into account a current flowing tnrough an
interface presenting a oand off-set & Ec, A being tne Richardson constant
and r the Fermi level energy in the (GaIn)As layer. From fig. 5, one
ootains a Ec = 0.236 meV.

Capacitance measurements have also been proved to oe very efficient in
the characterization of tile interface. As seen in fig. 6, the space charge
concentratiun profile deduced from C-V curves present two peaks. The first
peaK PI is detected at both 77 and 300 K and corresponds to the emptying of
the 2 DE6 under applied bias. The other peak P2  rises up in the range
T < 100 K, but smears out for T ) 170. It corresponds to the emptying of a
single electron trap. An iterative self-consisting approach has been used
to solve the Poisson equation through the interface (Patilloii et al 1986).
It nas led to the same value of band offset From 80 and 300 K data equal to
6Ec = 215 ± 5 meV and to pardieters of the single electron trap (concen-
tration = 3.7 1i)0 -m-3 , activation energy = 115 meV).

The snall shift between the two C-V curves recorded at 77 and 300 K corres-
ponds to a small change of doping in tne layer in tnat temperature range.

- I

_ Z dop ',InGaAsi.

, 5 6 4OV S

00 0 i T D P TH (pro )

Figure 5 Dark reverse current Figure 6 : Space charge concentration
of a mesa junction diode niade on profile deduced from C-V ieasurelent
a single hetero-junctiun. recorded on mesa-junction diode made on

a single hetero-junction, at low teilpe-
rature (full curve) and higi temperatu-
re (dotted curve).

Since this trap is not detected by OLTS as mentioned above, this means that
it has a very low electron capture cross section and this suggests that it
may be an acceptor. This is the first time that a single deep level, and
not a band of deep states, is detected at one interface, and with a very
low concentration. All these observations are coherent with tie high value
of the electron mobility in tnat 2 DEG interface.

It is worth noticing that the same value of 41 Ec, i.e. 225 ± 10 meV, has
been measured from the behaviour of two different parameter i.e. the
current and the capacitance, and in a wide range of temperature (8J to
400 K). Tnis brings confidence to that value already estimated from photo-
conductivity (Skolnick et al 1986).
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4. Photodetectors

An optimized diode structure has been realized, called the SEMI-PLANAR
structure. As snown in fig. 7, it consists in a single heterostructure with
a mesa etching of the ternary layer. Then a single localized Zn diffusion,
using a PECVD SiN4 mask, in a sealed ampoule, allows to make the p+/n
junction, the p+ layer being thin (0.7 pm) in (GaIn)As and large (2 pm) in
InP. Then the Pt Au front side contact is evaporated on InP, instead of
GaInAs in the usual process. This detector structure presents several
combined advantages : i) reduction of surface leakage current originating
at the junction edge since it is in the large gap InP material, ii)
reduction of bulk leakage current essentially coming from the small band
gap GaInAs material, the area of which is made minimal since it excludes
the metallization pad, iii) increased reliability of the ohmic contact on a
thick p+ InP layer. Furthermore, the junction edge in InP is planar and

S N, p * (o,,t

p- d Figure 7 : Structure of semi-
453(.cvk Awli planar diodes. Diameter of active

Y A, i 1VeI T (GaIn)As area = 80 um

Inbut ayu Surface of the overall junction
(,..31O.,l area = 10 000 Vm2

I P substrt In typel

thus easy to clean and passivate. As a matter of fact, very low dark
current Id is obtained as evidenced Oy the histogram shown in fig. 8, the
best data being 200 pA at - 5 V and 300 pA at - 10 V for SiO Z passivated
diodes as seen in fig. 9. These very good figures are also very much
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Figure 8 Histogram of semi-planar Figure 9 : 3est reverse dark
diode reverse dark current values at current curves recorded from
- 10 V bias. Mean value I and stan- semi-planar diodes.
dard deviation Tare given in insert.
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coherent with the good quality of the MOVPE layers. This structure should
also lead to very small capacitance value since the metallisation pad is on
top of a very low doped (n N< 3 x 1014 cm- 3 ) region. The present value,
close to 0.6 pF at - 10 V, is expected to decrease as soon as a thicker InP
buffer layer will be made. A detailed analysis of this semi-planar
structure is to be given by Gentner et al, showing that the responsivity is
as nigh as 0.9 A/W at 1.3 pm, i.e. an external quantum efficiency at about
85 %. The speed of that device has not yet been measured. But one can
already think that the small band offset A- Ec = -25 meV is not a high
barrier for fast electrons at T = 300 K and that the cut-off frequency of
these SEMI-PLANAR diodes should be similar to that of more classical mesa
diode which reaches 3 GHz (Andr6 et al 1985a).

Acknowlegememt : The authors wish to thank P. Gentric for growing one of
the W structures, and B.G. Martin and R. Duchesne for their skillfull
assistance.
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Single-crystal integration of an optical interference filter and photodiode

P. L. Gourley, R. M. Biefeld, and T. E. Zipperian

Sandia National Laboratories,Albuquerque, NM 87185

Abstract. We have produced an all-semiconductor, single-crystal,
integrated optical detector for the visible, in which a photodiode and
an optical interference filter (high reflector) were integrated in a
single growth run by metal-organic chemical vapor deposition. In this
structure, the high reflector is both optically and electrically ac-
tive, being composed of alternating, doped, quarter-wave layers of GaP
and GaAs,. 2P0.8 . The diode is a p-n junction superlattice composed of
much thinner layers of GaP and GaAso.35P0.6S. The photodiode responds
to light from 460 to 600 nm, while the high reflector rejects a narrow
10 nm band centered near 500 nm. The rejection factor is -7 dB for
these prototype devices. The quantum efficiency, linearity,
temperature and bias dependence of the spectral response are reported
here.

1. Introduction

In recent years, increasing attention has been focused on the use of all-
semiconductor optical integrated circuitry to perform switching,
modulation, demodulation, waveguiding, and detection of photonic signals.
The success of the a!l-semiconductor approach to integrated optics will
depend on the ability to fabricate needed optical elements with existing
and developing crystal growth methods. With existing growth techniques it
has recently been demonstrated that it is possible to grow single-crystal
Il1-V semiconductor multilayers with precision layer thicknesses cor-
responding to a quarter-wave of light in the visible and near infrared
spectral regions (Gourley et al 1986a, 1986b). Although these
semiconductor optical interference structures have not yet received much
attention, they hold promise as a versatile new class of optically and
electrically active interference filters which can be integrated with
other device structures (Gourley 1985). Furthermore, these single crystal
filters can be implemented with alternating layer materials which are
either lattice-matched or lattice-mismatched in the bulk.

Here, we report the growth, fabrication, and characterization of a single-
crystal, integrated high-reflector/photodiode (HRPD) optical detector for
operation in the visible wavelength range. This device functions as a
visible wavelength band optical detector with selective, narrow-wavelength
band rejection for suppression of unwanted monochromatic light. The
device was produced in a single growth run by metal-organic chemical vapor
deposition of both a p-n junction GaAs P /GaP strained-layer
superlattice photodiode and a quarter-wave igA reflector composed of
alternating layers of GaP (low index material) and GaAs P (high index
material) with the high index material outermost. Inthes' filters, the
difference in refractive index between adjacent layers is relatively small
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(-2-4%) so that the high reflectance zone is quite narrow (- 100 A). This
feature is attractive for wavelength-selective enhancement or suppression
of transmitted or reflected light at an interface. Although small index
difference means lower interlayer reflectance, we show that the net
reflectance can be controlled over a wide range of values with total
numbers of layers and uniformity that are practicable to achieve.

2. Experimental Methods

The structures were grown by a metal-organic chemical vapor deposition
process described elsewhere (Biefeld 1986). A schematic of the structure
is illustrated in Fig. 1. The HRPD's were grown onto a step-graded, n-
type buffer layer which was grown onto an n-type <100>-oriented GaP
substrate. The HRPD's were grown in the sequence {n-SLS,p-SLS,p-HR},
where SLS is a strained-layer superlattice of GaP and GaAs,. 3 5P0 .65 , HR is
the high reflector with N=50 periods of GaP (400 A) and GaAs 0 . 2 P0. 8 (400
A), and n and p refer to the doping type. All doping concentrations were
in the mid 10' to low 10l cm-' range. Oppositely doped HRPD structures
were also grown although fabrication was slightly more difficult. The
SLS p-n junction photodiode in this
structure is similar to previously
reported SLS photodiodes which P-HR
demonstrated high external quantum
efficiency (Biefeld et al 1983). The HR
quarter-wave layer thickness was
designed to position the high reflec-
tance wavelength k. near the peak P-8L8
wavelength of the isolated photodiode
spectral response. n-SLS f
The grown materials were characterized
in several ways. The compositions and n-BUFFER
layer thicknesses determined by x-ray
diffraction. The interlayer thickness
uniformity for a given sample was
generally very high as determined in a n-SUB
separate Auger profiling study
(Chamberlain and Wallace 1985). Although
the compositions were relatively easy to
control, the quarter-wave thickness was
subject to greater fluctuation from run F. .Schematic diagram Or
to run. The present study required. the hgh-reflector/photodiOde
very tight tolerance (<01) on layer
thickness, which would have grectly benefited from an in situ thickness
monitor. Finally, we mention that the electronic properties (minority
carrier diffusion lengths, energy band gap, and absorption coefficient) of
these materials have previously been studied (Osbourn et al 1987).

The devices were fabricated in the following sequence. After cleaning the
top surfaces, a AuBe/Au deposition and lift-off process was performed to
form p-type annular contacts. Next, an n-type AuGe/Ni/Au metallization
was deposited fully across the bottom surface, and the wafer was
annealed for 2 minutes at 425 °C in hydrogen gas. To electrically isolate
different devices, a Si0, layer was deposited, patterned with photoresist,
and plasma-etched to expose the unwanted surface regions. These regions
were subsequently etched away with a GaP etchant to leave mesa structures
(0.3, 1 .0, and 1.5 mm in diameter) which isolated the high
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reflector/photodiode layers. Finally, the remaining SiO2 was chemically
removed, and the final surface cleaned. Before dicing, the electrical
characteristics of the isolated devices were tested with an I-V curve
tracer. In addition, the front surface reflectance of each device was
measured in a microspectrophotometer. This enabled us to screen out
devices with defective contacts or poor surface quality. As a last step,
the best devices were scribed and mounted on carriers for subsequent
testing.

In the I-V curves of a typical finished device (1.5 mm diameter), the
forward turn-on voltage is about 1.6 V. For 6 decades of current below
2x10-4 A, the curve is logarithmic with ideality factor of 2.0. Above
this range the forward series resistance can be approximated by a -20 f2
linear region which is determined by the contact resistance of the top
metal annulus (area -5% of total). This demonstrates the thick HR is
sufficiently conductive to avoid high series resistance. The reverse
saturation current density is 6.6x10- 9 A/cm 2 at -3 V, and the reverse
breakdown voltage is about -13 V. These values are typical for p-n
junctions fabricated with GaAs P /GaP SLS materials (Myers et al 1984).
Thus, the electrical characteristics of these diodes are not degraded in
any way due to the presence of the HR or the processing steps needed to
fabricate the HRPD.

The optical response of the finished HRPD device was measured as a
function of applied bias and
t e m p e r a t u r e w i t h a 100 r-- 11T T [
microspectrophotometer with T=295 K
beam diameter as small as 30 60
um. In addition, a laser beam R1117
of selected wavelength could
be coupled into the 60 L

t;microspectrophotometer for
absolute rad iome t r i c (a)
measurements of the device D
quantum etficiency and
response linearity. To 20
measure absolute surface a
reflectance, uncalibrated - 70
reflectance spectra for the m 60L
device and a reference mirror , i
w,re separately measured. The - 50 h-
two saectra were ratioed and 4

rreoted for th' known at- 40
sc,, e reflectane of the 30
reference mirror. The error
in this absolute measurement ) 20
is less than a few percent. 10 (b)

3. Experimental Results 0 " -

460 480 500 520 540 560 580 600

A measured reflectance WAVUINGTR (nm)
spectrum of an HRPD is shown
(solid curve) in Fig. 2a. The Fig 2. (a)Measured reflectance spectrum
spectrum has a pronounced (solid line) of the front surface of a high-

reflector/photodiode structure at room
maximum of 0.86 near 500 nm temperature. (b)Measured photocurrent versus
due to coherent reflection of wavelength for the same structure operated

with no external bias.
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light from the front surface and interior interfaces. The peak width is
only 10 nm due to the small -3% difference in the index of refraction
between adjacent layers. According to the theory of optical interference
filters (Macleod 1969), the wavelength of the central peak is given by
X = 2(nHd - n d ) where n and d are the index and layer thickness, and H
and L reper tYo igh and low index layer, respectively2 N The peak reflec-
tance is R_ = [(1-n*)/(1+n*)]2 where n* . (n /n ) (n2 /n.) is an

HHeffective index of refraction. The width of the reflectance exremum is
AX/VA-4(n-n )/n (n H+n ) The characteristics of the high reflectancen L
zone, peax position, h.eight and width, predicted by these simple equations
are in good agreement with the measured lineshape in Fig. 2a. As a side
comment, we mention that we have fit spectra like these using theoretical
spectra computed by the matrix field transfer method (Gourley 1986a). We
find that the refractive indices determined in the fit are within 2% of
the literature values (Pikhtin and Yas'kov 1980) for indices of bulk GaP
and GaAs P . We have estimated the effect of the doping and strain onx I-X.
the refractive index, and find that the change in index between adjacent
layers is almost entirely due to the difference in composition.

In Fig. 2b., we show the measured HRPD spectral response at room
temperature with zero external bias. The diode responds to light in the
range 460 to 600 nm with peak response near 500 nm. In the HRPD spectrum,
the effects of the high reflector are quite prominent. The photoresponse
shows sharp minima near 502 and 515 nm corresponding to reflectance maxima
in Fig. 2a. At 502 nm the HRPD response is suppressed by a factor of -5,
giving 7 dB rejection. Although this rejection factor of this prototype
device is rather low for practical application, the result clearly
demonst'ates the concept of integrating an active device and interference
filter by single crystal growth. Means of improving performance will be
discussed shortly.

Using 5208 A laser excitation, the HRPO response linearity and quantum
efficiency was measured. We found a linear response over the range of
irradiance levels investigated, encompassing 8 orders of magnitude from
2xlO- ' W/.m to 2 W/cm2 . This data translates into a peak responsivity
of 0.025 A/1 or 1_ % xternal quantum efficiency. T1e quantum efficiency
is lowered slightly by adsorption in the HR due to indirect X-point
transitions. From the ape tra in Fig. 1. (both (a) and (b)), it is
evident that the HR starts to ato:'o.giy absorb near 490 nm. This is due to
a direct ?-point transition. From nuectrum (b) we determine a weak ab-
sorption onset near 600 nm and strong onset near 530 no corresporLing,
respectively, to the X and 7 transition energies of the SLS in the
junction region.

We have also measured the response characteristics over the temperature
range 78 to 300 K. We find that the high reflectance peak X. shifts with
temperature at a rate -0.02 nm/OC. This change is consistent with a
decrease in refractive index of -2.3x10-4/C for the HR. This value is
typical for Itl-V semiconductors near a direct band edge. Over the same
T-range, the photodiode peak response shifts faster, -0.10 nm/%C. This
shift is explained by the temperature shift of the direct gap transition
In the SLS junction. As a result of the difference in temperature shifts,
the high reflectance band moves away from the peak of the diode response
to longer wavelengths. Thus, for lower temperature operation, care must
be taken to design HR wavelength to account for these temperature shifts.
It should be noted that the T-shift for an all-ser'iconductor filter is
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comparable to that in optical interference filters prepared with conven-
tional materials by vacuum evaporation.

Finally, we have characterized the HRPD photoresponse at different values
of applied reverse bias. With 1.5 volt reverse bias, we find an -10%
increase in the quantum efficiency accompanied by a small dark current of
17 pA. With 3 volts reverse bias, the quantum efficiency changes
negligibly, and the dark current increases to about 200 pA. With the
latter bias condition, the device noise increased substantially.

We have grown many other HR's with x-0.2 corresponding to different layer
thicknesses from 310 to 580 A, including undoped and n and p-type
structures. These data show that 0 increases directly with layer
thickness as expected from theory and can be varied over a wide range, 460
to 750 nm. The lower (upper) limit is imposed by absorption (layer
critical thickness). It is important to note that this range includes the
energy gaps for these multilayers (1.83-2.26 eV) as determined in separate
absorption and photoluminescence experiments (Osbourn et al 1987). Thus
the HR wavelength and its energy bandgap can be varied independently. We
have also grown and characterized
several high reflectors correspon-
ding to different numbers of TOTAL THICKNESS(,m)
periods N. The results are (i= 3.43, A-O.51m)
summarized in Fig. 3 by plotting 0 1 2 3 4 5 6 7
the peak reflectance value against 1.00
N (open points). The reflectance
values extend from 0.30 for the 0.90
bare GaP substrate to 0.90 for
N=50. The calculated values for R
(solid line) describe the datm 0.80

well. These data indicate that 100
periods must be grown to achieve 0.70 -n/n -2.5%

R 0.99 which give 20 dB rejection
for a practical HRPD device. There 0 060
should be no fundamental problem in Z
realizing these high reflectance
values, provided strict control of Q 0.50
uniformity of layer-to-layer W
thickness and doping is maintained. L 0.4o
In addition, thicker structures
with large N must be designed for
longer wavelengths where absorption 0.30
will be smaller.

0.20
4. Discussion and Summary

Several important concepts are 0.10

demonstrated with this device.
First, we have demonstrated 0.00 I I I
successful integration by a single 0 20 40 60 80 100
growth process of a semiconductor NUMBER OF PERIODS
optical interference filter with an
active device. Second, this in- Fig. 3. Summary of measurements (open
tegration was carried out with points) for several different structures
materials which are lattice- corresponding to different numbers of periods

N. For each structure, the measured peak
reflectance R is plotted against N. The
solid line is &e calculated value of Rm
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mismatched in bulk. Third, we have demonstrated the concept of an
electrically active optical interference filter: the high reflector is
both electrically active (providing electrical contact to the buried
junction) and optically active (providing enhanced reflectance from
coherent, multiple interfacial reflections).

Single-crystal semiconductor multilayers for electrically active optical
interference filters have a potentially very broad range of application,
including detectors (as above), emitters, and bistable devices. They are
technologically attractive because they can be integrated with other
device structures. Furthermore, it should be possible to modify their
optical properties by intense light or electric fields.
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Abstract. A new type of a nuclear particle and X-ray detector with a
T(aAI)Ts-GaAs heterojunction is demonstrated. A liquid phase epitaxial
(Ga,AI)As layer of up to 200 pm thickness with graded band gap acts as
scintillator and the junction as photodiode with GaAs as absorbing
layer. The detector can be arranged to hybrid or monolithical position
sensitive arrays. Experimental results will be presented both for
single detectors and linear arrays.

1. Introduction

In the last few years high internal luminescence efficiencies close to
100 % have been reported for various compound semiconductors used for
infrared emitting diodes, in particular for GaAs and (Ga,AI)As (Roedel,
Keramidas 1979, Leibenzeder, Heindl 1980). The band gaps of these semicon-
ductors are four or five times smaller than the gaps of scintillators
usually used for nuclear detectors. The mean energy for electron hole pair
creation by high energetic particles or X-rays should therefore be strong-
ly reduced in a "semiconductor scintillator".

However, two problems are inherent in this type of scintillator: Firstly,
strong selfabsorption is expected in these direct gap semiconductors, and
the absorbed photons are lost at least after several reabsorption steps
if internal quantum efficiency is less than unity. Secondly, transmission
of light out of the semiconductor surface is strongly reduced by the high
refractive indices.

The first problem can be solved, at least partially , using a semicon-
ductor with a graded band gap. The second difficulty can be overcome
integrating monolithically a photodiode directly on the scintillator.

We want to show the concept of a new X-ray or nuclear radiation dectector,
the realization of the concept as well as experimental results with single
detectors and detector arrays.

2. Concept and Operation Mode

A p+-(Ga,Al)As:Si epitaxial layer with a graded band gap acts as a
scintillator with small average energy for electron hole pair creation (1)
and high internal quantum efficiency. The expected self absorption of the
scintillation light (2) within this "direct" semiconducto" is avoided by
two steps: first, the band gap increases in one direction due to a varying

1987 1OP Publishing Ltd
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Al mole fraction, and second, the Si doping causes a shift of the lumi-
nescence to lower energies relative to the absorption edge. A n--GaAs
layer is monolithically integrated on the high energy gap side of the
(Ga,AI)As layer, forming a p -n heterojunction. Photons propagating in
direction of the increasing band gap (3) are absorbed (4) in the space

P*-Ga, *AI.As

t I 5- tOerm

ntilllaton- yt 1 -30 mphotodlod

conducion buand

s-uuence buand

Figure 1 Structure and operation miode of the JGaAI) As-detector

charge region of the rf-GaAs generating a photocurrent pulse. Photons
propagating toward the decreasing band gap are reabsorbed (3').
However, due to "photon recycling" effects (RUhie, Hoffmann, Leibenzeder
1982) in these layers with high internal quantum efficiency, they are
reemitted (3') and can contribute to photocurrent.

The advantages of this new type of solid state detector are obvious:
i) Smaller pair creation energy in comparison to ion crystal scintillators,
ii) direct conversion of scintillation light into an electrical signal
by the integrated photodiode, iii) high stopping power in contrast to Si,
and iv) room temperature operation in contrast to Ge.

3. Sample Preparation

A high purity nK-GaAs epitaxial buffer layer is grown n a n +-GaAs
substrate by liquid phase epitaxy. Subsequently, the p -(Ga,Al)As:Si
doped layer is grown onto this buffer layer. Both steps are either
performed in one graphite slider boat with different chambers for the
two melts or in two completely separated procedures in different ovens.
The second possibility result s in a lower doping level of the buffer
layer (n -2 - 10 x 1014 cm- ).

The thicknesses vary between 70 and 150 pim up to now. The Al mole fraction
at the heterojunction is always about 30 % ensuring that the (Ga ,AI lAs at
this point is still a direct gap semiconductor. Growth 'nust be started
at temperatures below the transition temperature (n to p) of the
amphoteric Si in (Ga,Al)As in order to achieve p-type conduction, A graded
band gap is obtained automatically due to the high distribution coeffi-
cient of Al, as revealed by a microprobe analysis.

However, due tobs.tnrccig efcs(~lHffan ebnee
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4. Experimental Results

First, we performed some photoluminescence experiments with "front" and
"back" excitation in order to get some idea about selfabsorption in the
(Ga,AI)As layers. For these experiments the substrate and the buffer layer
are completely removed by chemical etching. Self supporting (Ga,Al)As:Si

layers are obtained. In Fig. 2 the
two spectra obtained with "front" and
"back" excitation are shown. "Froit"

., excitation means, that the laser hits
the surface with low Al mole fraction,

which is pointing towards the spectro-
meter. "Bazk" excitation means, that

2 the excited surface with low Al mole
ft fraction is pointing away from the

entrance slit, i.e., the luminescence
has to pass through the whole epi-
taxial layer suffering selfabsorption.
Fig. 2 shows that selfabsorption re-
duces the intensity only by about a

factor of two, although a quantitative
comparison is rather difficult. The
spectrum is however shifted to longer
wavelengths.

1000 IM nml0
Fgure,2 In a second experiment we looked atFigure 2 the cleavage of the device with aPhotoluminescence of a D-(Ga,AI)As layer

(80pm thick) with"front"(1) and "back" scanning electron microscope (SEM).
(2) excitation A picture of the cleaved surface is

shown in Fig. 3. The situation
corresponds to Fig. I: the p-(Ga,AI)As
layer is on the left side, the band

gap decreasing to the left. The p-region is slightly darker than the
n-regions of the buffer layer and the substrate. This effect in the SEM
is caused by the potential contrast due to the diffusion potential.
A line scan of the
electron beam induced
current (EBIC) is
included. A strong
EBIC signal, the peak
in the line scan (I),
is obtained at the
pn-junction.
Additionally, a broad
hump (II) is observed
on the left side,
i.e., when the
electron beam hits
the almost field free
p -(Ga,AI)As layer. said
This is a direct
proof that the device
works as expected:
The electron beam
generates electrons
in the p-(Ga,AI)As
((I) in Fig 1).
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They recombine (2) emitting photons (3) which are absorbed in the space
charge region (4). A current is induced.

Third, we took pulse height spectra with this new detector using
Am 241 a-particles (5.49 MeV). The a-particles were incident almost
perpendicular on the small band gap side of the (Ga,Al)As surface and
have a range of ~ 15 pm. Parts of the smaller gap side of the scintil-
lation layer are removed in order to study the spatial dependence of
pair creation energy. The a -particle spectra shown in Fig. 4 are taken
with three different thicknesses of the (Ga,Al)As layers. From left to
right 80, 30 and 15 pm of the scintillation layer are left. The scale of
the pulse height axis is ldbelled in Si-equivalent MeV. In the last case
the a-particles already cross the pn-junction. A mean net pair creation
energy can be calculated from the peak position. 230, 29, and 14 eV are
obtained respectively, i.e. the pair creation energy depends strongly on
the spatial position.

P.1" height n S, eua- en

a

p* - Ga At As

Simple I Sample 2 Sm pte 3

oS.1bisare

U 05 1MeV

Fig. 4 Put* heht
Pulse height spectra of Am 241 a -particles with 3 Samples wilth different
thickness of the ( Geal ) As layer

The width of the peak is due to several contributions:
i) Variation of the net pair creation energy E1 within the stopping
path of the s-particles.
ii) Nonuniform thickness of the (Ga,AI)As layer and corresponding
changes in E.
iii) Deviati6 ns in the angle of incidence of the aL-particles.
iv) Electrical noise due to the high capacitance of the devices.
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Fourth, in Fig. 5 we show the results, obtained with X-ray pulses and
a linear detector array (insert). The circles and crosses show the signal
of 5 different stripes as a lead slit is scanned across the array.

larrn 1)FL-Cet.

X-rayn it ,

5= @G. ;A~s. . A

S Suhhutt Pborodmd.

. ij

F g. 5 Qosltlonflmm}r

(Ga A) As-GaAsh oear detector array scanned with 100 ke V X-rays

Finally, a reverse bias does not change any of the demonstrated results

giving more evidence that the device operates as expected.

5. Discussion

Figures 3 to 5 demonstrate that this new zero bias (Ga,AI)As detector
works well, but it has a strong spatial variation of pair creation energy
E This variation is caused by:

Variation of energy gap and hence the primary E1 of step 1 in Fig. 1
due to the varying Al mole fraction (increase of E. to the right
in Fig. 1).
ii) Spatial variation of the internal quantum efficiencies. Space resolved
photoluminescence experiments on cleaved devices show that quantum
efficiency decreases to the right (increase of E. to the right). This may
be due to a decrease in hole concentration from left to right (amphoteric
character of the Si-doping).
iii) Differences in photon recycl-ing effects: Photon recycling is
certainly more expressed on the right (Ruhle, Hoffmann, Leibenzeder 1982)
(decrease of E to the right).
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iv) Selfabsorption without photon recycling leads to a decrease of Ei
to the right.
v) The luminescence at long wavelengths is not absorbed in the
pn-junction, leading to a strong increase of Ei at the left side where
only few Al is incorporated.

The last effect is mostly responsible for the high E. for the regions
with almost no A]: The energy gap of GaAs correspondi to about 865 nm
whereas the luminescence arriving at the pn-junction and coming from the
left side has wavelengths longer than 870 nm (see Fig. 2).

The overall spatial variation of E. is therefore a mixture of several
varying contributions which cannot be clearly separated. This spatial
E.-variation prevents the application of the device as an energy resolving
ntclear radiation detector. However, in the field of X-ray imaging there
are applications, where this inhomogeneity should be uncritical and where
this new detector might be very useful.

6. Conclusions

A new type of semiconductor, X-ray or nuclear particle detector with a
net pair creation energy between 14 and 230 eV is presented. This pair
creation energy covers the until now existent gap between conventional
semiconductor detectors and scintillation detectors. This detector can
still be improved: quantum efficiency can be maximized, homogeneity in
pair creation energy can be improved and the thickness of the (Ga,AI)As
layers must be increased.
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1. Introduction

One of the attractive features of the quantum well (QW) structures is the
existence of excitons at room temperature (Ishibashi et al. 1983, Miller
et al.1982a), which was observed with absorption measurements. Excitonic
nonlinear optical properties in QW structures, such as absorption satura-
tion and the associated nonlinear refraction have been studied at room
temperature by Miller et al. (1982b, Chemla et al. 1984). On the other
hand, electric field effects on optical properties of the QW structures is
attracting a great deal of practical interest with their high speed swi-
tching capability. The optical properties relevant to the exciton states,
such as absorption coefficient and refractive index, are sensitively
affected by electric field. Up to now, several field-controlled optical
devices were proposed and/or demonstrated (Yamanishi et al. 1983, Wood et
al.1984, Miller et al. 1984a, Yamamoto et al. 1985). Experimental data on
field-induced variations in refractive index and absorption coefficient of
QW structures are quite important for designing such devices. Electro-
reflectance (ER) (Erman et al. 1984, Alibert et al. 1985) and electro-
absorption (EA) (Wood et al. 1984) measurements are effectively available
to understand the field effects on refractive index and absorption coeffi-
cient of QW structures over a wide wavelength range, particularly,
involving the excitonic gap.

In this paper, we shall report ER spectra of a GaAs/AlAs multi-QW (MQW)
structure at room temperature (Nagai et al. 1986a, 1986b). The measured
ER data can be well interpreted in terms of the theoretically obtained
dispersions of refractive index variation, which include the contributions
of the excitonic transitions. This indicates that the observed data
result in exciton-induced features on the variations in refractive index.
A maximum variation of refractive index An/n in each QW at a photon energy
near the lowest exitonic transition gap was cbtained to be 4% in each QW,
induced by the 10 V/cm field modulation. We shall also report ER and EA
spectra in a GaAs/AlGaAs multi-QW (MQW) structure at room temperature,
demonstrating a relation between dispersion curves of the field-induced
variations in refractive index and absorption coefficien' in the structure

(Nagai et al. 1986c).

2. ER Dispersion for a GaAs/AlAs QW Structure

The sample configuration for the present ER measurements is shown in
Fig.1. N-doped Al 0 7 GaO .,As ('1.0 pm) and 20;period undoped superlattice
composed of alternate IOOA GaAs well and 300 A AlAs barrier were sequen-

(c 1987 10P Publishing Ltd
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tially grown on an n-type GaAs Monochromatic PhOtOmul

substrate by molecular beam Ligt

epitaxy. The couplings between the Micro
adjacent wells in the MQW structure Co.. S

might be negligible because of the Lock. n
thick AlAs barriers so that the MQW Amp.

structure can be regarded as a Au thin tl-2
collection of uncoupled quantum G
wells. Therefore, the theoretical AA 0 r

estimations can be made by con- n- 4lGaA ,( I11. 5.101 C.. Oscillt

sidering an isolated single well. n-GcAs b. 1". 5.0, m

Very thin (1-200 A) Au film, trans- Au-S Sb

mitting the monochromatic light,
was deposited on the top surface of Fig.1 Sample configuration and
the MQW structure to form a experimental arrangements used in the
Schottky contact. The electric ER measurements.
field across the MQW structure
perpendicular to the well plane
could be applied by reverse biasing the Schottky diode. It was confirmed
by capacitance-voltage measurements that the depletion layer spread over
the MQW structure for reverse bias voltages, larger than 2 volts corres-
ponding to an electric field of 3x,04 V/cm.

The monochromatic light is focused on the surface of the sample at an
incident angle of about 2.5' and the reflected light intensity is measured
by a photomultiplier. All data were obtained at room temperature at low
light intensity (1.5x10_4 W/cm 2), so that the intensity does not have any
effect on the obtained result.

Prior to description of experimental PHOTON ENERGY(eV)
results on the ER spectra, we show the ?1.49 1,47 1.45 1.43
theoretical dispersions of the field- C "Gaus.. Stan
induced modulations of refractive index, ' Bon,toBond& Bia, Field

making easy to understand the measured Extt O'CV'cm)
ER data. The imaginary parts of dielec- z-.----- --- ----
tric constant caused by the excitonic- 0 1 1

and free carrier-transitions were esti- 0 - o.lo"(ifm)
mated and, then, their contributions to
the real part of dielectric constant >

were obtained by Kramers-Kronig trans- 0
formation of the imaginary parts (Nagai .
et al. 1986a). In the estimation of the W

free carrier contribution to the imagi- -
nary part, energy-dependent transition _
matrix elements (Yamanishi et al. 1984) ,.
and line broadenings were taken into W
account.

The calculated dispersions of the field- 0 840 850 860 870

induced modulations of refractive index WAVELENGT4(nm)
for a modulating field of 6.25x10 3 V/cm Fig.2 Estimated dispersions of
are shown in Fig.2. The downward peaks field-induced variation in
of lower and higher energy side in the refractive index of the quantum
spectra are originated in the lowest well. The arrows show the exci-
electron to heavy hole (lelhh) and the tonic transition energies of
lowest electron to light hole (lellh) lelhh and lellh transitions.

jobhs. elhtaniios
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excitonic transitions, respectively. PHOTON ENERGY(eV)
The obtained spectral shapes mainly 1.49 147 IA5 I3

result from the shift of the excitonic R.T. M., &E-ss.Id'(Wcm) C
optical transition energy due to the ias, sFiead

applied field, i.e., the quantum- c / " 45.i0'(Wcm) z
confined Stark shift (Miller et al. -_ 2
1984b).

Figure 3 shows the measured ER spectra 0 "7 m 0'C m

of the QW sample for a small modulating

field of 6.25x10
3 

V/cm and for various U

bias fields. With conventional formula- > --------- ---- ------------
tions (Seraphin et al. 1972) for reflec-

tance modulations due to refractive V
index- and absorption coefficient-varia- t....
tions, it was confirmed that the /

observed ER spectra are almost dominated | W 13 W
by refractive index-variation over the I 3. 9
wavelength range (830 % 870 nm). Thus, 830 840 850 860 870
the ER spectra permit us a rough estima-

tion of the dispersion of refractive WAVELENGTH(nm)

index-variations An/n by the following Fig.3 Electroreflectance spectra
relation (Nagai et al. 1986a), for a small modulating electric

An/n = [(n
2
-1)/4n]( AR/R ) = 0.75AR/R. field and various bias fields at

The refractive index variation An/n is room temperature.

proportional to the reflectance variation AR/R, so that we can compare the
experimental data of Fig.3 with the theoretical results of Fig.2 by suita-
bly scaling the vertical axis in the figure. With respect to both the
shapes and modulation depths of the dispersion curves, the observed ER

data are satisfactorily fitted by the theoretical curves which are domi-
nated at the excitonic gaps by the exciton contribution. The similar

calculation of the refractive index variation, where the exciton contribu-
tion was ignored, was also performed. However, in this case, the esti-
mated dispersion curves of the refractive index variation did not resemble
the measured ER spectra, and the modulation depths of the theory was much
smaller than that of experimental results. Above mentioned results mean
that the excitonic transitions are mainly responsible for the field-
induced modulations of refractive index in the GaAs/AlAs MQW structure at
room temperature. Some discrepancy between the theory and the experiments
in the value of An/n may be caused by the uncertainty on the value of line
width, which sensitively affects the theoretical result, and by the under-

estimation of the theoretical squared matrix elements (Kane et al. 1957,
Casey et al, 1978).

In spite of significant red shifts of the peaks, the funaamental shapes of
the spectra were not seriously changed with increasing field. This indi-
cates that excitons in the MQW structure are quite stable under the high
field (at least 1.2x10

5
V/cm), perpendicular to the weil plane, even at

room temperature.

The downward peaks in the ER spectra have been assigned to the lelhh and
lellh exciton transitions. Clear shifts of the downward peaks with
increasing bias field are caused by the mixture of the field-induced
carrier separation and resultant perturbation with the reduction of the
exciton binding energy due to the applied field. The shifted energies of

the downward peaks as functions of the bias fields are shown in Fig.h.
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The theoretical field-induced shifts of 1.49- R.T. ExperI.nnt
the lowest subband (lelhh, lellh) free ........ 101,h
carrier- and excitonic-transition - olelhh
energies are, also, shown in the figure.
The free carrier-transition energies 1 1.18-
were estimated by solving one-dimensio- 101ih
nal Schr~dinger equation while the exci-
tonic binding energies Eex were esti- W 1.47 Calcutatq
mated with variational technique for the w ---. Wh
trial exciton function (Miller et al. z "--- Wh
1984b, Miller et al. 1985). The observed 0 0 W th

peak shifts are reasonably explained in 2 1.46- Binding0 Cortn
terms of the excitonic transitions C Corretion
rather than free carrier transition. o

Figure 5 shows the similarly measured ER 1.45 1

spectra for large modulating fields.
Also, in this case, similar dispersion
curves of AR/R, which are caused by the 0 0.5 1.0
field effect on exciton, were observed ELECTRIC FIELDxIO VIcm)
even for such large modulation fields. Fig.4 Downward peak shifts as a
The maximum variation in refractive functionwardthe b ias a
index was deduced to be 4.4% in each QW function of the bias field. The
from the measured value of An/n (1.1%.) change of the estimated transi-tion energies are, also, shown
at downward peak with photon energy of in soli ased line.,in solid and dashed line.
1.455eV for the variation in electric
field (0 - 1.2x10 5 V/cm), taking the
volume-ratio of the well to barrier PHOTON ENERGY(eV)
layers into account. The obtained rate 149 1.47 145 143
for the field-induced variation of R.T. MatFheld
refractive index in each QW is thirteen 0
times larger than a theoretical value a 0.45.10,(VWcmt '

(-3V)
in an InGaAsP/InP QW structure (Yamamoto - - - 0
et al. 1985), which was estimated on the
basis of free carrier transitions / 0o0 ?O7lO0(Vlam)

without exciton contribution. This >._o. (-sv)
means that exciton transitions play an -- - -
important role for field-induced refrac- > 3

tive index-variations at photon energies W z

close to the exciton gaps in the (.90
GaAs/AlAs MQW structure. The obtained ----
large variation in refractive index may
indicate a possibility of an field- L /R W,
controlled optical switch much more 0U

efficient than the previous prediction ,
(Yamamoto et al. 1985). 830 840 850 860 870

WAVELENGTH (nm)
3. Field-induced Modulations of
Refractive Index and Absorption Fig.5 Electroreflectance spectra
Coefficient in a GaAs/AlGaAs QW Structure for large modulating fields at

room temperature.
Recently, several external optical modulators (Miller et al. 1982bTarucha
et al 1985) using the field effect on absorption coefficient in QW struc-
tures were proposed and the high speed operation of the devices were
demonstrated. From the practical viewpoints, one of the serious problems
of the modulation scheme may be the frequency chirping (Koyama et al.
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1985) which caused by undesirable
phase modulation due to an simul- Monochromatic
taneous refractive index change. E Light
Therefore, it is desirable to know nsreffgt
not only the field-induced change
in absorption coefficient but also
the accompanied refractive index Ctt -00
change. We investigated a relation ,_,owe 150

between dispersion curves of the rA,,A 3.5y.

field-induced variations in refrac- -,ci'oio
tive index and absorption coeffi- -

cient in a GaAs/AlGaAs QW structure EA A.,1- ,, fl -200A

with ER and EA measurements at room meQsuremer
temperature, respectively (Nagai et
al.1956c). Fig.6 Sample configuration used in

the ER and EA measurements.
The ER and EA measurements were
performed with an experimental
arrangements and a Schottky barrier samples with a 10 period MQW structure
consisting of 1OA GaAs wells and 150A Al0 4Gao 6As barriers as shown in
Fig.6. A part of the opaque GaAs substrate was selectively etched away by
chemical etching. The exposed surface of the n-AlGaAs layer was intentio-
nally roughened by another chemical etching to prevent Fabry-Perot inter-
ference with the obtained result. Finally, the roughened surface was
covered with the deposited thin Au film.

The EA measurements were performed by measuring the intensity of trans-
mitted monochromatic light beam. On the other hand, the ER measurements
for the same sample were performed at a spot outside the central hole of
the substrate, as shown in Fig.6, to avoid the influence of reflected
light from the back surface of the sample. The dispersion of the refrac-
tive index variation An/n is approximately given from the measured ER
dispersion AR/R as mentioned in the former section, i.e., An/n = 0.75AR/R.

The dispersions of field-induced variations in refractive index and
absorption coefficient of the QW structure, which are obtained with ER and
EA measurements, are shown in Fig.7. As is expected from real and
imaginary parts of the susceptibility near a resonance of a two-level
system such as an exciton, the PHOTON ENERGY (eV)
refractive index variation An/n 1.49 t47 145 1.43
takes the downward peaks around the C
null-wavelengths of the absorption X W
variation Aa. Also, the absorption a 0.02- '. . 500
variation Aa takes the upward peaks E
around the null-wavelengths of the 

3 w o W a
refractive index variation An/n. ."-zu

', -0.02 .. -502
The frequency chirping due to phase E FC
modulation is quantitatively ex- <
pressed in terms of the a-parameter 830 850 870 M
(Koyama et al. 1985) defined as a WAVELENGTH (mm) <

ratio of the real to imaginary
refractive index variations. The Fig.7 Dispersions of field-induced
dashed line in Fig.8 shows the a- variation in refractive index and

parameter estimated from the data absorption coefficient of the QW
on Aa and An of Fig.7. The a-para- structure, obtained with ER and EA

measurements.
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PHOTON ENERGY (eV)
meter was obtained to be less than 1.49 1h7 tA5 1.3
1.5 around upward peaks of the E 1,0 -R.T. 5
absorption variation Ac, allowing a E
1 nm-deviation of the wavelength -
from the null-points of the refrac- .* W

tive index variation An/n. The zz 0 O
above result predicts that one can 2-
make use of the large modulation in a- <
absorption coefficient without sig- 0o.
nificant refractive index change 1o
due to the field effect of QW -W 0'  -5
structures, as an effective modula- 830 840 850 860 870
tion scheme. In other words, one WAVELENGTH(nm)
might realize an effective electro- Fig.8 Dispersions of field-induced
absorption modulator free from a variation in absorpt Vn coefficient
frequency chirping. of the QW structure. The dashed line

shows the dispersion of u-parameter
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Very short channel GaAs MESFETs obtained using an overlapped gate
configuration

A. Colquhoun and G. Ebert

TELEFUNKEN electronic GmbH, Heilbronn, West Germany

Abstract. MESFETs with a novel electrode configuration have been
fabricated and characterised. By fabricating the source and drain
contacts as buried layer contacts, the gate could be overlapped onto
the source zone. The configuration allows the effective channel length

of the device to be varied independent of the gate-metal contact
length. The characteristics of the FETs were examined for various

channel lengths. Channel lengths smaller than 0.2 pim were obtained.

1, Int roduct ion

The usual design of planar GaAs MESFET devices for analog applications,
typically the "recessed" gate MESFVT, has disadvantages caused by the
exposure of active areas of the device to the semiconductor surface.
Surface effects lead to reduced breakdown voltages, surface trapping etc.
In addition, better performance can only be obtained by using very narrow
gate-metal stripes leading to a) difficult lithography, b) mechanically
instable structures and c) high metalisation resistances.

The advent of low temperature epitaxial growth using MBE or MOCVD makes it
possible to configure a MESFET device with n

+ 
buried layer contacts. This

paper presents a novel configuration of MESFET device with buried layer
source and drain contacts and the gate stripe overlapped onto the source

buried layer zone. We have called the device an OGFET for Qverlapped Qate

2. The OGFET Striicture

The basic OGFET structure is shown in
Fig. 1. The device is fabricated by
selectively implanting the n+ source

d and drain zones and epitaxialy growing

the active layer onto the previously
a l' annealed substrate. Ohmic source and

f Adrain contacts are forrred by etchingn+n
through the active layer and contacting

Semi-insulatingGaAs directly onto the n+ layer. The gate
stripe is offset towards the source so
that part of the metalisation overlaps

0<d<Lg=OGFET onto the n
+ 

source zone without making

contact to the n+ layer because theactive layer of the device separates

Fig.l Schematic cross-section the two contacts. The effective channel

of an OGFET device with gate length of the device is independent of
overlap d the gate metalisation length Lg and is

© 1987 lOP Publishing Ltd
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determined by the amount of overlap d. The basic OGFET does not require
extremely fine lithography, it does require accurate alignment of the gate

to the n
+ 
buried layer.

Because the n+ source contact zone extends underneath the gate, the source
resistance Rs of the device can be reduced to an absolute minimum. The
gate metalisation resistance Rg can be substantially lower than in a
conventional MESFET device with an equivalent channel length. Contact
resistances can also be kept small due to the highly doped n+ regions.
These parastic resistances contribute substantially to the noise generated
in MESFETs, so the OGFET structure should be particularly suitable for low
noise devices (Pucel 1975, Fukui 1979). The gate-source capacitance of the

OGFET is not larger than a conventional MESFET with an equivalent gate
length because under normal operating conditions the depletion layer of

the gate does not extend into the n+ buried layer. The cut-off frequency

of the OGFET fT = gm/2rCgs is equivalent to that of a conventional MESFET
with the same Lg, however, f- will be increased if gm is increased by the

reduction in Rs or an increase in the saturation velocity of the electrons
in the active channel due to velocity overshoot (Shur 1981). Transit time
effects at very high frequencies are determined by the effective channel

length giving the OGFET an advantage over conventional MESFETs

3. OGFETs with different pate displacements

We have examined the OGFET structure by fabricating an array of devices
with different gate displacements. In this way the variation of the
electrical parameters of the devices with channel length could be
experimentally determined. Fig.2 shows schematically the variation of

overlap d and n+-n+ separation along the array. The masks for the devices
were fabricated using electron beam lithography with a raster of 0.25 Jim
so that it was possible to accurately control the gate displacements of
the individual devices. Standard uv-lithography was used for the
fabrication of the devices.

T1 T3 T5
1.0 m 0.5.m 0 m

T2 T4
n+ n+ n 1- -1 n

2.0iim

Fig. 2 An array of OGFETs with different gate displacements.

4. Fahr ration Technolnoav

The n+ zones were obtained by selectively implarnting Si into undoped
semi-insulating (S.I) substrates using silicon oxynitride as an
implantation mask. A combination of singly and doubly ionised Si ions with

different energies was used to obtain a deep, uniformly doped n+ layer.

IAk
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Sheet resistances of typically 60-80 Q/0
Cm3 were obtained after annealing. The n

+ 
zones

were aligned to alignment marks etched into
the surface of the substrate. After a
suitable surface preparation, the n doped
active layer was grown using MOCVD. The
etched alignment marks were reprodLced in
the epitaxial layer and were used for the
further alignment of the device. The

-epitaxial layers were of good surface
-quality with reproducible doping profiles.

Fig. 3 shows carrier concentration profiles
derived from C/V measurements. The profiles
show the epitaxial layer on the S.I.

0 -substrate and on the n' buried layer. The
01 02 3um average mobility, measured on test

Depth structures on the processed wafers was

Fig.3 Carrier concentration approx. 4500 cm2v-ls-
1 

for n = 1.5 x 10
. '

profiles n/n* and n/S.I. cm
-3. 

The epitaxial layers were designed to
be 0.15 pm thick giving a pinch-off voltage

of 2.5-3 V and a sheet resistance of approx 1 kW0/U. Source, drain and gate
contacts were formed using a self-aligned technique with Al as gate metal
and Au/Ge for the ohmic contacts (Baudet 1976). The bonding areas were
thickened using Ti/Pt/Au metalisation followed by Au electrolytic
plating. The active areas were passivated using PECVD SiN 4. Each device

had a gate width of 200 pim, Lg = approx. Ipm and the separations of the
S-G and D-G metalisaticns were approx 2 pim.

5. Gate Pos-tin

The position of the gate electrode relative to the n
+ 

buried layer
contacts could be accurately determined by measuring Cgs, Cgd, Rgs and
Rgd. The unintentional alignment error was determined by measuring Rgs and
Rgd on structures with gates which were not intentionally displaced
relative to the n

+ 
contacts. Fig. 4 shows the variation of Rgs and Rgd

with overlap d for a particular wafer. The step in Rgd is due to a change
in the n+-n+ separation between the third and fourth elements in the
array. On the wafer shown in Fig. 4, the gate mask was misaligned 0.4 Pm
towards the source. The minimum resistance of 5.5 QI is a combination of

1.5 Q contact resistance Rc, 1 Q
source resistance Rs and 3 Q gate

Q Lg=0 8m resistance Rg. Rc corresponds to a
miolignment specific contact resistance of 6 x,.d :04Pm S

I6 Rgd Rsh lkQ 10
-  12.cm2' Rg, for Lg = 0.8 pm, a

metal thickness of 0.7 gm and Z =I , 200 pm is the dominating component

C of Rsg. Rsg attains a minimum when
.__._ o I more than 0.5 Pm of the gate

5 - I I overlaps onto the n+ zone. In this
I I example, n was 1.3 x 10 'cm

-3
.

_____ - -i-- - Measurement of Cgs and Cgd can alsoGote No accurately determine the position
completely OGFET region

er wurce I overtop of the gate. Fig.5 shows Cgs vs. Vgs
-04 0 04 08 pm and Cgd vs. Vgd for different gate

Overtop d displacements. For IVIKIVpl, Cgs is
independent of d. For IVI>IVpI

Fig.4 Rgs, Rgd as a fuction of d the part of the depletion layer
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tF , ! , (n /n*F2o IV;, r., .U S 1_ 200 VP , .(n' )

100 T3 oo T30 1

voltage Vga Votoe Vgd

Fig.5 (a) Cgs vs Vgs, (b) Cgd vs Vgd for different transistors in an array

above the semi-insulating material cannot be modulated by the measurement
signal and Cgs is reduced to the capacitance of the depletion layer over
the n

+ 
zone. Due to the very high doping in the n

+ 
layer, the depletion

layer width and hence Cgs remains essentially constant for further
increase of the applied voltage. If any part of the depletion layer comes
into contact with the n zone, the breakdown voltage is reduced (in the
example in Fig. 5 Vbr is approx 7 V). If the gate is completely over the
S.I. zone, then Cgs falls to a minimum consisting of the stray capacitance
and the junction capacitance of the edge of the depletion layer exposed tothe source. The breakdown voltage is then considerably higher (in the
example in Fig. 5 Vbr > 15 V)

At voltages smaller than pinch-off, Cgd is also independent of d. Atvoltages higher than pinch-off, Cgd is reduced to the stray capacitance
plus the capacitance of the edge of the depletion layer exposed to thedrain. In Fig. 5(b), the gates of T4 and T5 do not overlap onto the .i.
zone, a current path between source and drain is open and Cgd becomes thecapacitance of the complete depletion layer over the source. Vbr is thencorrespondingly reduced. The reverse breakdown voltage between gate and
source or drain can also be used to determine the position of the gate.

6. Low Frequency Measurements

The output characteristic of a typical short channel device and thetransfer characteristics of an array of devices with different overlapsare shown in Fig 6. All the devices show stable well defined output
characteristics with little looping or light sensitivity. Devices withshort channels exibit an increase in transconductance gm at low values ofIds and a reduction of gm at high values of Ids. The open gate saturation
current Is is only marginally higher than Idas. Both Vp and Idss increase
as the channel length d is reduced.

The behaviour of the devices can be explained as follows: The buried layerhas reduced Rs so that for Vg = 0 the potential under'the drain end of the
gate is only marginaly higher than the source potential and Idss = Is,
assuming that the free surface potential is approximately the same as thebuilt-in voltage of the Schottky barrier (Baek 1985) . Due to velocity
overshoot (Shur 1981), reduction of the channel length increases thesaturation drift velocity of the electrons in the channel and hence the
current through the channel. At high values of Ids, the current is then
limited by saturation in the parasitic gate-drain channel and gin is lower

satuatio drift. veoct of th elcrn in thIhne n ec h
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OSv/step 8
Ids IS =54mA

*60
Z z
V

(@ 55 iv VdsGt vola "

( n 1 i m s

ctdh T3

-5 - -3 -2 -i c()O,5Vldiv V ds Gate voittge

Fig.6 (a) output and (b) transfer characteristics of typical devices

(Chen 1983) . An increase in Vp has been observed in many short channel

MESFET devices (Chao 1982) and is thought to be a result of the vertical
component of the S-D field in the pinch-off region. Ides increases due to

the reduction in Ro, the increase
in vs and additional substrate

25- current.

S2a The effect of saturation can be
clearly seen in Fig. 6(b) and

5 Tin Fig 7 where gm has been meas-
rured as a function of normalisedI0 drain current Ids/Idss for various

amtransistors ihn h array.
The increase in gm at low valuesVd -2V of Ids/Idss is more than can be

05 j expected from the reduction of Re.
ldslldss Fig. 7 demonstrates clearly that

saturation effects are reducing gm
in FETs with very short channels.

Fig./ Transconductance vs. IdssIdss Because of the displaced gate the
open gate source-drain I/V char-

acteristic is not symmetrical, the current is higher when the drain is
positively biased.

7. High Frequency Measurements

Sk d . . S parameter measurement of the

devices was carried out by bonding20- \\ \-/ the FETe into ceramic packages,

5 td -,- ,n K measuring, and subsequently de-
ef embedding to obtain the HF prop-

02 0- 2 .0.0 08erties of the devices. The best
10,- devices achieved cut-off freque-

I( , ncies of fmax - 25 GHz. For short
channel devices. the variation in

ldsss~mA \. low frequency transconductance is

" reflected in the high frequency
0 -0O12 0 10 0O.2 0 14 0O.6 0 8 1 .0 1 2 performance of the devices. In

tog(Frequency (GHzl) 2SG, Fig. 8 the maximum available gain
MAG of a short channel device is

Fig. 8 MAG as a function of frequency plotted as a function of frequency
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for various values of Ids. The maximum MAG, at Ids - 50t Idss is
consistent with the low frequency measurements. The higher MAG values at
approx. 7 GHz are due to a resonance in the package used for the
measurement. The extrapolated fmax of 25 GHz at 50% Idss is higher than
that (21 GHz) at 100. Idss of a device with a 0.75 lam longer channel.

4 The minimum noise figure of the

e -packaged devices was measured at

11.3GHz- 6 GHz and 11.3 GHz and the values
3 are plotted in Fig.9 as a function

4of the channel length d for

transistor arrays from two
different wafers. On wafer 1, Lg =

c -6G/ 1.5 im, on wafer 2, Lg = 0.8 pm.
E 6The best value obtained was 2.25

E ,. dB at 11.3 GHz for a channel
Water2 Waer 1length of approx. 0.25 pim. Devices

with d < 0 exhibited higher
o minimum noise figures. The 11.3
-0 5 00 05 10 15 GHz measurements show a minimum

Overlap d Pm noise figure at very short channel

lengths, as would be expected.
Fia. 9 Minimum noise figure vs. a

9. -i-cussicn and Sur..arv

The results have deronstrated that buried layer MESFETs with very short
channel lengths can be fabricated. However, the gain of the devices was
reduced due to current saturation in the gate-drain channel. Two
possibilities to increase the current saturati(on in this channel are: 1)
the use of a recess in the epitaxial layer or 2) the reduction of the
n -n separation to sub-ricron Jiltrnsions s- that the ele-trcn drift
velocity in that part of the channel is increased due to velocity

overshoot effects. The use of a recess c-rpilcates the fabrication,
however, an n + layer on. the surface would not be essential. The noise
figure measurements at 11.3 GHz are *coonarab e to vaes obtained on I ptm
recessed gate FETs. Cptimisation of the dev'ces by reducing the gate
finger length, the contact resistan-e ard the buried later resistance
should lead to even lower noise figures
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Analysis of narrow channel effect in small-size GaAs MESFET

Takeshi Uenoyama, Shinji Odanaka and Takeshi Onuma

Semiconductor Research Center,
Matsushita Electric Co., Ltd.,

3-15, Yagumo-Nakamachi, Moriguchi, Osaka, 570, Japan

Abstract. Narrow channel effect in small-size GaAs MESFETs
was studied by three-dimensional analysis and experiments. The
threshold voltage of FETs with 1.0 um gate ler,<th increases
more than 150 mV with decreasing its channel width from 5.0
Lr to 1.0 um. From the simulation results, it was clarified
that gate extension caused the narrow channel effect by
spreading the depletion region to the channel area when supply
voltage was applied to the gate electrode and that providing
gate extension on the passivation film was effective to suppress
the narrow charnel effect.

1. Introduction

In recent high-speed and low-p2wer GaAs ICs, utilization of 1.0 um
2

(Hasegawa K et al. 1986) or 2.0 um (Ishii Y et al. 1984) well FETs has
been reported. These FET structures are essentially three-dimensional, as
shown in Fig. 1. In order to design GaAs LSIs, such as static random
access memory, using these small-size FETs, it is necessary to understand
the size dependences of the device characteristics, such as threshold
voltage dependences on the channel lengths and channel widths. While short
channel effect has been studied mainly for the self-alignment FETs by
experiments and two-dimensional analyses, few works have been done on the
narrow channel effect in GaAs MESFETs which requires three-dimensional
analyses.

In this paper, we have studied the narrow channel effect in GaAs MESFETs
by using the three-dimensional device simulator, in a similar way reported
for Si MOSFETs (Shigyo n et al. 1982) and compared with the fabricated
small-size FETs. Based on the simulated results, it was clarified that
pate extension on the semi-insulating substrate caused the narrow channel
effect and that providing the gate extension on the passivation film was
effective in suppressing this effect.

2. Outline of three-dimesional device simulator

In this device simulator, the convuntional finite-difference method is
used along with the box integration method to solve the following

1987 11 'ltlikhi ng Il

...L .= nuin l~ U~ ii l



448 Gallium Arsenide and Related Compounds 1986

Poisson's equation(l) and steady-state current continuity equation(2),
taking into account the electron velocity overshoot.

o =(2)

z e xp ( 4 3)

k-T
where Nd is impurity concentration
and n is electron density. "land 4> Z 1L
are electrostatic potential and
quasi-fermi ievel, respectively. q S X
is the electron charge and ES is the
dielectric constant of GaAs.
For an effective numerical
calculation, a nonuiform mesh
scheme is adopted. Impurity
profiles of active layer and
source-drain regions were given
by superimposing the Gaussian
profiles in vertical direction
and error function profiles in ZS.I.GaA
lateral direction on the semi-
insulating GaAs substrate, which
was assumed to bean-tyge Fig. 1 Schematic explanation for

semiconductor (10 cm ). Three- three-dimensional structure.

dimensional device simulation
was performed for only a half
of the channel width as shown -0.5
in Fig. 1 to reduce the Wch/2
calculation time. > VOS z 1.0V

-0.0 La a 1.0pm
3. Analysis of narrow channel effect

Figure 2 shows the dependence of --7

threshold voltage on channel width, a

in which the broken line shows the > -s
experimental results and the solid M
line shows the simulated one by - -
three-dimensional analysis. -09 -

In the experiment, these FETs, -Eim nt~Experiment
having gate length of 1.0 pm, _-1.01

were fabricated by Si ion- 0 2.0 40 6.0 80 o0
imqjantations (100 keV, 5 x

10 cm for ajive bayer and Channel Width Wch ijil

150 keV, 1 x 10 cm for
source-drain regions). Annealing
was performed in AsH 3 ambient at Fig. 2 Dpendence of threshold
800"C for 20 min. Channel widths voltage on channel width.
of these FETs were varied from 1.0
um to 10.0 um. Threshold voltage .was defined as the gate voltage (Vgs) at
Vds = 1.0 V and Ids = 1.0 IUA, 2.0 gA, 5.0 pA, 10.0 pA for each Wch = 1.0
Um, 2.0 pm, 5.0 pm, 10.0 pm. With the decrease of the channel widths from

fth..



High-speed devices 449

5.0 pam to 1.0 pm, threshold -0.6
voltage varied from -0.86 V 5 We. Wch/2
to -0.74 V as shown in Fig. 2. Wax
This characteristic was -0.7
in good agreement with the > 0.5 Im

1' msimulated result. 0 -I .m
I U

The cause of this narrow 0
channel effect seems to be 9
originated from the gate
extension (Wex) on the semi-
insulating substrate. Thus,
we have investigated the
channel width dependence of -1.1
threshold voltage, varying 0 2.0 4.0 6D 8.0 10.0
the length of gate extension Channel Width Wch (ipml
which were provided on the
semi-insulating substrate Fig. 3(a) Dependence of narrow channel
(Fig. 3(a)). Fig. 3(b) shows effect on gate extension.
the potential profiles in X-Z
cross sectional plane in the
active layer for Wex = 0.1 im
and 0.5 m. In this simulation, O00
it was assumed that the
boundary condition for >-0.5
electrostatic potential
satisfies V4': 0 at the .0
surface without electrode. -1.0 _

It was found in Fig. 3(a) 0 Qthat the narrow channel effect Q -1.5 Q
was suppressed with the o
decrease of gate extension ; 0
length, showing a drop of Width (Jm)
the threshold voltage.
Fig. 3(b) indicates that Wex = 0.1 tm
the potential curvature at
the interface between active
layer and semi-insulating
substrate is strongly deformed 0.0
by gate extension. This pins -
the potential to the barrier >
height level at the surface of -05 -

the substrate, and reduces the .!/" -O

effective channel area.

Note that for the 0.1 m gate QS

extension, the opposite channel So

width dependence of threshold 'o 0
voltage to the other three Width
examples is seen. In these (Jm
small-size MESFETs, threshold Wex = 0.5 Pim
voltage is modified not only Fig. 3(b) Potential profiles in X-Z cross
by the narrow channel effect but sectional plane in active layer. Vds = 1.0

V, Vgs = - 0.8 V.
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also short channel effect. When the gate extension of the narrow channel
FETs becomes extremely short and the FET is nearly off condition, the
component of excess current that flow the periphery of active well region
is considered to become comparable with the channel current because too
short a gate extension cannot extend enough depletion region near the
surface of the substrate. In such a case, the short channel effect may
become predominant due to such "side excess current" around the active
well region. This explains the fact that threshold voltage of the FET with
0.1 Pm gate extension is smaller at 1.0 tim than at 10.0 pm, as shown in
Fig. 3(a).

In order to further understand this effect quantitavely, one dimensional
profiles of active layer(Al) and semi-insulating substrate(A2) under the
gate electrode are schematically shown in Fig. 4(a). Since both potentials
(Al and A2) must be coincident at the surface and in the deep region of
substrate, the potential difference 6V causes the potential curvature
between the active layer and substrate, namely the region between boundary
(AlI') and boundary (A2'),which reduces the channel area and increases the
threshold voltage.

Wex Wch/2 xWch/: [X IE -

Al Bi
-- Si02 -

A2 Al -A2 ~.8
[SI.GaAs 82B1 2

GaAs SiO 2  GaAs

( ) (b)

Fig. 4 Schematic potential profiles at active layer (Al, Bl) and
substrate (A2, B2). (a) conventional structure, (b) structure
providing gate extension on the passivation film.

For real devices, however, it is impossible to eliminate the gate
extension because of necessity of mask alignment margin. So we propose a
device structure in which gate extention is provided on the passivation
film, such as Si 2, to decrease the potential difference 6V by increasing
potential B2 at interface between passivation film and GaAs substrate, as
shown in Fig. 4(b). Potential profile B1 is the same as Al. On the other
hand, B2 is the MIS structure's potential profile. In this case, the
potential B2 at the interface is determined by following boundary
condition,

_ V + c- S (4)
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where g is the charge trap density at the interface. Epis dielectric
constant of passivation film. From the eq.(4), it is necessary to select
the low dielectric constant material as the passivation film which should
be formed as thick as possible, in order to decrease the potential
difference 6V.

Figure 5(a) and 5(b) show -0.5
the channel width depedence E = 3.5 Whh/2
of threshold voltage of FETs,
of which gate extensions were X #1D
provided on the passivation > S10 -

film, and potential profiles 0-0. 2
active layer, respectively, /S.I.GaA

using three-dimensional device .8

simulator. In this simulation, 0
it was assumed that dielectric
constant of this passivation
film was 3.5 and thickness was
2000 A and charge trap density -101
was neglected for simplicity. 0 24 4.0 6.0 8. 10.0

As has been expected, the Channel Width Wch Ipml
increase of threshold voltage
with the decrease of channel Fig. 5(a) Dependence of threshold voltage
width is suppressed by on channel width, providing gate extension
providing the gate extension on the passivation film.
on the passivation film in
Fig. 5(a) and the potential
profile becomes more flattened
in Fig. 5(b) than that of the
conventional structure.

4. Conclusion

Narrow channel effect that
threshold voltage increases 0.01

with the decrease of channel >
width, becomes remarkable
within the 5.0 um channel
width for 1.0 jim gate length. -. 0- 0

By using the three-
dimensional device simulator, L4.5.
it was clearly shown that
the cause of this effect 0

d d 9).- 0.0was the existence of gate W Idth - - - -
extension on the semi-
insulating substrate.
To suppress the narrow
channel effect, a Fig. 5(b) Potential prfile in X-Z cross
gate extension on the thick sectional plane in active layer. Vds = 1.0
passivation film with lower V, Vgs = - 0.8 V.
dielectric constant, than
that of CaAs, is effective.
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Abstract

The electron transport mechanism in the vicinity of channel-substrate

kouffer) interfaces is studied in detail, both theoretically and experimentally.
i.s shown that considerable degradation in the low-field electron drift

mobility occurs in the near pinchoff regime of GaAs MESFETs as a result of
electron scattering from the steep channel walls and localized states at the
channel- buffer interface.

1. Introduction

The low-field electron mobility (.L,) in the vicinity of channel- substrate (buffer)
interfaces has been used to understand the quality of substrate and buffer layers
(Das et al. 1982, Lee et al. 1984, Lehovec 1974, and Sites et al. 1980). A reduction
in mobility in the near pinchoff regime of GaAs MESFETs was attributed to
scattering of charged carriers from the localized states at the channel-substrate
interface (Lehovec 1974), enhanced compensation of donor atoms resulting from
the outdiffusion of Cr acceptors into the channel layer (Walukiewicz et al. 1979),
and recently to increased ionized impurity scattering in the channel as a result of
reduced electron coacentration (Ford et al. 1982).

These studies, however, are not conclusive because the techniques used for

mobility profiling have relied on depletion approximations to calculate the channel
mobile charge and have neglected the space charge effects at the channel-substrate
(buffer) interface ( Houng et al. 1978). It has been shown that local band calcula-
tions do not conserve the overall charge in the device (Shenai et al. 1985 (a), and

1985 (b)). The problem is compounded because of the difficulties involved in
profiling the impurity distribution in the vicinity of channel-substrate (buffer)
interfaces, especially in channel layers formed by ion-implantation. In many
instances, techniques used for mobility profiling do not necessarily profile the drift

mobility (Sites et al. 1980). Theoretical calculations, on the other hand, pertain to

© 1987 lOP Publishing Ltd
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electron transport in a semiconductor sample and, therefore, do not directly apply
to a working device (Walukiewicz et al. 1979). In a practical device such as the

GaAs MESFET studied in this investigation, a number of local scattering mechan-
ismns are found to play a significant role in determining the low-field carrier tran-
sport phenomena in the channel.

In this paper, a novel method of extracting an average value of low-field elec-
tron drift mobility (j1n) is presented based on an exact solution of the Poisson's

equation. Comparison with previous electrical techniques is made using the experi-
mental results obtained from long channel GaAs MESFETs in which atomically
clean and nearly abrupt channel-buffer interfaces were fabricated by depositing the
active channel layer in situ in an ultra-high vacuum environment of the MBE sys-
tem. It is shown that previous techniques are unsuitable for mobility profiling in
the near pinchoff regime as they rely on the depletion approximations; in a neutral
channel, these techniques overestimate the channel mobile charge as there is no
provision to account for the finite space charge at the channel-substrate (buffer)
interface. Experimental results also show nearly 35% degradation in pLn in the near

pinchoff regirie. This degradation in mobility is in good agreement with the
scattering calculations made from the steady-state Boltzmann transport equation.
The dominant scatterers are determined to be the steep channel walls and localized
states at the channel-buffer interface; the interface states may correspond to any
changes in the growth conditions in an NIBE system. It is also shown that increased
ionized impurity scattering plays a minimal role in the mobility degra, ation
mechanism.

2. Sample Preparation

The device structure shown S D

in Fig. 1 was fabricated
entirely in the ultra-high : ' ' Z' ' n GaAs (SO)

vacuumn environment of the R s  Ch O a NO 2.0D 1017 3

MBE system. An undoped --
GaAs buffer layer (approxi- ---- ' ' - ' -
niately 0.5p.rm thick) was UNDOPEDGaAs BUFFEW

grown on top of undoped- --

GaAs substrate (approxi- N

niately 2001.km thick) tinder
normal growth conditions UNDOPED GaAs SUBSTRATE

(T, = 585°C, As 4:Ga =
0.5:1, r, 0.9 im/hr). Fol-
lowing this, about 2 X
10"cm -n 3 Si-doped n-type Fig. I Device structure of long chanvel IMESFETs
GaAs active channel layer fabricated by MBE.
was deposited in situ in an ultra-high vacuum environment of the MgBE system;
thereby ensuring that the channel-buffer interface is atomically abrupt and nearly
free of contaminations. This aspect of the growth technique is critical to develop a
satisfactory theory for carrier transport in the channel or to understand the

rI
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physical mechanisms responsible for the low-field channel pinchoff mechanism
(Shenai et al. 1985 (a), and 1985 (b)). Note that the undoped GaAs buffer layer in
Fig. I is slightly p-type because of the incorporation of residual acceptor impuri-
ties in the MBE system during the crystal growth (Illegenis et al. 1975). The
channel-buffer interface is therefore an n -p junction.

The spacing between the electrodes in Fig. I is 2 Lm compared to a gate length
of 7,Lm. Further, no surface passivation was employed and, therefore, the free
surface between tile electrodes plays a minimal role in the channel charge control
mechanism. In Fig. 1, R s and RD represent the parasitic source and drain resis-
tances, respectively, and Rch is the total channel resistance. In this study, devices
with different pinchoff voltages were fabricated by etching out portions of GaAs
active layer by wet chemical etching techniques; the qualitative mobility results are
similar in different types of devices. The source and drain ohmic contacts were
formed by alloying whereas the gate Schottky contact was deposited by electron
beam evaporation of Ti and Au.

3. Mobility Characterization Technique

A value for . was extracted from the measured ID~s vs. VDS characteristics at low
values of drain-source voltage (i.e., VDS <100imV) and the charge control model
presented below. The conducting channel in Fig. I is partitioned into a number of
two-dimensional charge sheets. At any cross-section along the channel, the drain
current density J, is obtained from (Sheaai 1986)

Jn = - qp'nntv(n (1)

where n is the local electron concentration and (5n is the local quasi-Fermi poten-
tial for electrons. The value of (4n is determined to account for a finite drift field
following the gradual channel approximation. The resulting expression for the
drain current is

E, pi Z Do r q IjD Ca z i
IDS = L V EB(tbn-Es(bn)J dc, L (VD' - Vs') (2)

where EB and ES are the channel-buffer and gate Schottky barrier interface elec-
tric fields, respectively, and are determined from an exact solution of the one-
dimensional Poisson's equation

dE -i- [ P()--I t - IYA (3)

where the electron and hole distributions are determined to obey tinr, Fermi-Dirac
statistics (Joyce et al. 1977). In Eq. (2), the potentials at the internal drain and
source nodes are

V' = VDs -IDS RD (4)
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Vs'= IDS Rs (5)

A value for i. is extracted from the measured drain-source current and Eq. (2) for
a given gate voltage.

The measured mobility
values are plotted in Fig. 2 o000
using different electrical
techniques at room tem-

perature. In a charge neu-
tral channel, previous L _-
methods overestimate the ,-

channel mobile charge 0" !t 2600 - O Chare Conservation Modlel

because no provision was 0. o Previous Methods Using qn,
made to include the finite W 0 0 * P,.n o.S Mehods Using I-V Date

w 1800 A A M Pos lethods Using C-0
space charge at the Afltysi$

channel-buffer junction. W
' 000 l""O

Further they are not appli- ,4 -3 .2 0
cable to mobility profiling GATE VOLTAGE VG (,Ot

in the near pinchoff regime
because depletion layer
approximations were used Fig. 2 Low-field electron drift mobility obtained
in the analysis. from various electrical techniques.

The neutral channel
mobility in Fig. 2 is in good ---
agreement with the theo- OF
retical calculations of Rode META CHANNEL BUFFER

(1970) and Wolfe, et al. LAYER LAYER

(1970). The degradation in q(v.v(y POTENTIALWELL

t~ in the near pinchoff O
regime, however, cannot be
explained from the conven-
tional theoretical cal-
culations. From the energy LOCALIZED INTERFACE

band diagram shown in

Fig. 3 it is seen that the n- "

majority of conduction
electrons travel in a narrow Fig. 3 Triangular potential well approximation of
region closq to the channel GaAs MESFET channel.
potential maximum and, therefore, are prone to local scattering effects. The inter-
face states in Fig. 3 are hypothesized to originate from any changes in the growth
conditions in an MBE system.

As the electron density is significantly lowered below the ionized donor density,
ionized impurity scattering also increases. To understand the electron transport
mechanism, a solution to the steady- state Boltzmann transport equation is
obtained in the relaxation time approximation (Schrieffer 1955, Greene et al., 1960,
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and Shenai 1986). In the calculations, the actual potential distribution in the
channel is approximated by 4400

a triangular potential well [
and a parabolic band struc- 4200

ture is assumed for the 4000 [
semiconductor. The -

scattering calculations 3800 -

show that for the range of a300 K"E 360 N300() K

electron densities under - THEo,

consideration, ionized 3400- * * MEASUREMENT

impurity scattering is not 3 1
the limiting factor in the
mobility degradation 3000

mechanism. Instead, the -40 -30 -20 -10 00

dominant scatterers include GATE VOLTAGE VG (NoWl

the steep channel walls and Fig. 4 Theoretical and experimental comparison of
localized interface states. PLn

To obtain good agreement with the experimental results, about 3X 101
coom-2 states

are required as shown in Fig. 4.

4. Conclusions

The data presented here show that considerable degradation in pL occurs in the

near pinchoff regime in GaAs MESFETs. The experimental results are obtained
from devices in which atomically clean channel- buffer interfaces were fabricated
by MBE. These results are in excellent agreement with the transport calculations

made from a solution of the steady-state Boltzman transport equation. It is shown
that ionized impurity scattering plays a minimal role in the mobility degradation
mechanism and that the electrons are predominantly scattered from the steep
channel walls and localized interface states.
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Abstract

The reduction effects of channel-layer ion-implantation energy, En, on

GaAs MESFET performance are investigated. A decrease in En from 67 to 30
keV produces an increase in K-value from 210 to 292 mA/V

2
mm and a

decrease in -Vth over an entire 2-inch In-doped low-EPD wafer from 49
to 30 mV, sufficiently suppressing short-ch&nnel effects in 0.5im-gate-
length FETs to permit LSI applications. Rapid thermal annealing (RTA)
was successfully applied to another 2-inch wafer for ftrther improvement
of the carrier concentration profile. Diode C-V data are correlated with

FET characteristics to clarify the RTA effects. The K-value of long-gate
FETs is increased by RTA as well as the En reduction. The a-Vth of the

FETs on a conventional substrate is as low as 18 mV for RTA, indicating
RTA's effectiveness in suppressing dislocation effects.

1. Introduction

GaAs MESFETs fabricated on semi-insulating (SI) substrates by direct ion-
implantation have advantages for the development of high-speed ICs, because
they include a potential of high trans-conductance (Ueno et al 1985) and
offer generally reproducible and controllable processes. It is essential
for high-speed GaAs ICs to improve the FET performance. Various kinds of
self-aligned FET structures and process technologies have been proposed to
realize the improvements. There are three key requirements for the
improvements; a reduction of source resistance, a reduction of gate length

without short-channel effects and channel layer thinning combined with

increasing carrier concentration.

High-performance GaAs MESFETs have been realized mainly by the reduction
of source resistance and suppression of short-channel effects due to

improvements in device structure and process technology. However, not much
attention has been paid to the characteristics of FFT channel layer. In
addition, the quantitative correlation between FET characteristics and
carrier profiles has not been investigated.

Rapid thermal annealing (RTA) for activation of implanted ions is useful in
obtaining high activation efficiency and in suppressing diffusion of the

implanted ions. The effectiveness of RTA has been demonstrated in n+-layer

formation. For example, Kuzuhara et al! (1985) obtaiaed an n+-layer with a
peak carrier concentration as high as 9xl0

18
/cm

3
. However, few applications

of RTA have been made to channel-layer formation on a 2-inch wafer
maintaining uniformity of characteristics.

1987 lOP Publishing Ltd

J



460 Gallium Arsenide and Related Compounds 1986

In this paper, the reduction effects of channel-layer ion-implantation

energy, En, on the characteristics of submicron-gate-length FETs are
studied. Successful application of RTA to a formation of a thin, high-
carrier-concentration layer on a 2-inch wafer is described. Numerical

calculations are made for correlating Diode C-V data with FET I-V data, to

clarify the channel-layer-thinning effects of RTA.

2. Effects of Low-Energy Implantation on BP-SAINT FET Performance

Buried P-layer (BP-) Self-Aligned Implantation for N+-layer Technology

(SAINT) FETs (Yamasaki et al 1984) were fabricated on SI 2-inch diamter

substrates. A cross section of BP-SAINT FET is shown in Fig. 1. For channel
layers, Si ions were implanted at energy levels of 67 keV and 30 keV on

separate wafers. Be ions of 6xl011/cm
2 

were implanted to form buried p-
layers at an energy level either 90 keV or 70 keV according to channel-
layer implantation energies. For n +-layers, Si ions of 4xl013/cm

2 
were

implanted at the relatively high energy of 200 keV because the
implantations were through a 1500 A SiN layer. The wafers were annealed at

800*C for 20 minutes to activate the implanted ions using the SiN layer as

a cap. A gate length, LG, of 0.5 ym was obtained starting from a 1 ym line
width. A 10 to 1 reduction stepper was used in each lithography process.
The standard deviation of the gate length was as small as 0.03 pm.

I-V characteristics and threshold voltage, Vth, uniformity were compared

between the 30keV- and 67keV-implanted 0.5pm-gate length BP-SAINT FETs.

The characteristics were measured in
detail to obtain I-V fitting parameters. D G slot S

It is well known that short-channel SI

effects appear in the Vth dependence on
drain voltage, VDS, an d subthreshold-

region drain current IDSsbt, passing
through the substrate under the channel
layer. I is characterized by S.|1.GaAs

subthreshold factor NG defined as I DS0

exp(VGS/NGkT), where VGS, k, and T are Fig. 1 Cross section of

gate voltage, Boltzman constant and BP-SAINT FET.

temperature, respectively.

Dependences of Vth and NG on VDS are .3

shown in Fig. 2 for typical 30keV- and .2 r% En:67keV

67keV-implanted FETs. The NG-value at a - as"'%,
VDS of lV decreased from 1.5 to 1.4 due >
to the En reduction. This indicates that -

thinning the channel layer suppresses °°°o °

substrate leakage current as a result of 30koV *.. °o
suppression of short-channel effects. "_1

The NG-value of 1.4, the smallest ever i.e
reported for submicron-gate length FETs,
is sufficiently small even for LSI- 1.6 o

applications because the NG-value was .0,, * e*

larger than 1.5 for zl2m-gate length 1.4 .. *-*

SAINT FETs without a buried p-layer used 1.2
in a 16 kbit SRAM (Hirayama et al 1986). 0 2 3 4

VDS (V )
Typical I-V characteristics for the Fig. 2 Dependences of V
30keV implanted BP-SAINT FET are shown F nd n of th
in Fig. 3, where solid lines indicate
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the measured data, and broken lines indicate calculated values. The
dependence of saturation drain current IDS

s
at on VGS and vDS were

calculated by the equation,

IDSsat = K (1+XVDs)-
1 

(VGs - VthO +("VDS - DSRs
)
2, ()

where Vth0, f, K, k and Rs are fitting parameters. The parameters' values
are listed in Table 1 not only for the I-V curves shown in Fig. 3 but also
for I-V curves of a typical 67keV-implanted BP-SAINT FET and a typical lpm-
gate-length SAINT FET. The values of the first two parameters were deter-
mined by the linear relationship between Vth and VDS shown in Fig. 2. The
others were determined so as to fit the measured curves, on the basis of K-
value dependence on VDS and measured source resistance. The measured I-V
curves are traced correctly by equation (1) when using the suitable fitting
parameters, as shown in Fig. 3, and so in the other two cases. As a result
of En reduction from 67 keV to 30 keV, the K-value increased from 210

mA/V2mm to 292 mA/V2mm, and a trans-conductance, gm, as large as 270 mS/mm
was obtained for the FET with a Vth of 2 0
about 0.1V. The increase in K-value or 2.- 0. VGV)
gm is attributed to both the channel / M(eas. 0.6
layer thinning itself and short-channel 1.5- Col
effect suppression.

It is recognized from equation (1) that 1.0

the f-value is approximately equal to 0 1
the ratio of drain-conductance, gD to 0.5
gm" Therefore the decrease in f-value -. 2
from 0.066 to 0.045 indicates a 0
decrease in gD due to the En reduction. 0 0.5 I 1.5 2
Here emphasis should be put on the fact V (V)
that, in spite of the short gate length DS
the ir-value for the 30keV-implanted 8P- Fig. 3 Typical I-V character-
SAINT FET is smaller than that for the istics of BP-SAINT FET.
FET used in the 16 kbit SRAM. (En:30 keV, LG:0.5 PM, WG:

2
0 pm)

Table 1. I-V curve fitting parameters for three kind of FETs.

FET LG E dose K VthO R
(Pm) (keY) (xl0

1 2
/cm

2
) (mA/V

2
mm) (1/V) (mV) (-L)

BP-SAINT 0.5 30 4.0 292 0 100 0.045 40
BP-SAINT 0.5 67 2.2 210 0 268 0.066 40
SAINT 1 67 1.1 185 0.065 155 0.051 38

Distributions of Vth of the BP-SAINT FETs on 2-inch wafers are shown in
Fig. 4. There are 16 blocks on one wafer, and each block of 7.75mm x 9.2mm
contains 30 FETs in an FET characteristic monitoring region of about 2 mm

2
.

In the case of 30keV-implantation combined with In-doped low-dislocation
density (or etch pit density, EPD) substrate (Fig. 4 (a)), 30 mV is the
Vth standard deviation, c-Vth, in the entire wafer, while -Vth is 49 mV in
the 67keV-implantation case (Fig. 4 (b)). The rVth of 30 mV in the former
case is the smallest in existence for submicron-gate-length high-
performance FETs. In the small areas, extremely high uniformity was
obtained for the 30keV-implantation. The rVths in the 16 small areas are in
the range of from 4 to 19 mV, and their mean value is only llmV.

Threshold voltage scattering of IC-directed FETs is introduced mainly by
dislocations in the substrate and LG non-uniformity (Matsuoka et al 1984).
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(a) En=30 keV, low-EPD (b) En=67 keV, low-EPD (c) En=30 keV, conventional
rVth=30 mV 1Vth049 mV G7Vth=

6 2 
mV

Fig. 4 Distribution of Vth for 0.5pm-gate BP-SAINT FETs on 2-inch wafers.

When a conventional wafer with dislocations on the order of 104/cm
2 
was

used as a substrate, Vth scattering was not decreased by the En reduction,

as shown in Fig. 4 (c). This fact suggests that dislocation effects

(Miyazawa et al 1983) are not suppressed by channel-layer thinning. The

decrease in 'Vth resulting from the En reduction for the low-EPO wafer is

attributable to the decrease in the contribution of LG-scattering, which is

related to the suppression of short-channel effects.

3. Improvements in active layer characteristics by rapid thermal annealing

Low-energy implantation is effective for obtaining high device performance

as described above. However, as the energy decreases, activation efficiency

is reduced and thermal diffusion of the dopants becomes dominant for

carrier profile control. Rapic thermal annealing (RTA) was applied to

overcome these situations. A schematic diagram of the RTA apparatus used in

the experiments is shown in Fig. 5.

There are 12 halogen lamps above UPPER ZONE

the sample and 12 lamps below it at Zonel Zone2 Zone3 Halogen Lamp

right angles to the upper group. I
The lamps on each side are divided Qr

into three zones, and the power Si. Gas hQuartz

ratio between the zones can be Chabe

controlled independently. The

sample wafer was sandwiched between

Si wafers to maintain high LOWER ZONE alogen Lamp
uniformity and suppress slip-

line formation, and was then put Fig. 5 Schematic diagram of

into the quartz chamber, the RTA apparatus.

Si ions were implanted into conventional 2-inch GaAs wafers. Patternings

of the channel layer were made for each quarter of the wafers. Four dose
levels were assigned to the quarters. For a comparison, activation was made
either by RTA or by furnace annealing (FA) at 800'C for 20 min. In the case

of RTA, the sample, which was implanted at En=
3
0 keV, was pre-heatedto6000

C, then annealing power was supplied to the zones in a suitable ratio for 8

sec to obtain a maximum temperature of 970*C. In both cases, a 1500A SiN

layer was used as a cap during annealing. Diodes for C-V measurement and

conventional FETs with various gate-lengths were fabricated on the wafers.

Carrier concentration profiles for three cases obtained by C-V measurements

are shown in Fig. 6. Although the En-reduction effects can be observed in
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Fig. 6 Carrier concentration profile. Fig. 7 K-value versus Vth.

the case of FA, the effects are not as 15
conspicuous as expected. Owing to the E,

change from FA to RTA, the active layer a RTA (0eVfl 7./cm1)
30 7.5

became shallower and the carrier bFA 30 9.5
concentration became higher. Activation 10- c FA 67 3.0

efficiency, 1, and diffusion length L0
can be obtained by fitting the profile

to the LSS curve. Using the projected 5
range, Rp, and the projected standard
deviation,&R , given by Gibbons, - and b

LD are estimated to be 53 % and 0.025
)m for the 30keV-implanted RTA sample, 0i

and 35 % and 0.037 )m for the 30keV- -1.5 .5 0

implanted FA sample. These values GATE BIAS (V)
verify the superiority of RTA Fig. 8 Calculated IDS from C-V
quantitatively. data versus VG.

The relationship between K-value and Vth of the conventional FETs is shown

in Fig. 7. The measured data of K-value and V th in Fig. 7 are average
values for more than 100 FETs. The K-value is normalized to the case of

LG=WG since it was confirmed that the K-value is inversely proportional to

LG if short-channel effects do not appear. The change from PA to RTA

shifted Vth to the negative direction as a result of high activation

efficiency. For example, Vth of the PETs with a dose level of 7.5x10
12
/cm

2

was -1.04 V for the RTA sample but only -0.59 V for the FA sample. RTA also

increased the K-value as a result of diffusion suppression. The increase in

the K-value produced by the change from FA to RTA was nearly equal to that

by the En reduction from 67 keV to 30 keV in the FA case.

C-V data were analytically compared to PET characteristics. IDS can be

calculated using charge density Y (x) by the equation,

IDS = WG /L LG u [Q(O) - Q(h)I h 5'(h) dh (2)

where Q(h)= (y)dy, yl , Y2 are the depletion-layer widths on the source

and drain side, respectively, y is electron mobility, and E is dielectric
constant. Integration over the depletion-layer width, h, can be replaced by

integration over the voltage variation of the depletion layer. Assuming

that p is constant, we obtain the expression

IDS - PWG / LG dV (y) dy. (3)vt1 I(V) (y
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The right side of equation (3) can be numerically integrated using the C-V
data. Figure 8 shows the dependence of IDS on VGS calculated by equation
(3) using the data shown in Fig. 6. In the calcuation, p is assumed to be
3800 cm2/Vsec. It is possible to estimate Vth and the K-value using Fig. 8
and to correlate them to the measured FET data.

K-values and Vths estimated by this method for the diode C-V data are also
plotted in Fig 7. It can be seen that the estimated values are very close
to the measured values. So, important information can be drawn from C-V
data even if carrier profile around peak position is unknown. A slight
difference between the measured and calculated K-values noticed in Fig. 7
can be reduced if the dependence of the mobility on the carrier
concentration is taken into account.

RTA has another beneficial effect. In the case of FA, the ,rVth of the FETs
on the conventional substrate with dislocations was larger than several
tens of mV even for 6pm gate length FETs. On the other hand, a small
<rvth of 18mV was obtained for such FETs in the case of RTA. It is concluded
that the undesirable dislocation effects generally observed in FA are
suppressed by RTA. One of the possibilities of dislocation effect
suppression by RTA is that the inhomogeneity of VA•-concentration around
the dislocations might be decreased at high annealing temperatures.

4. Conclusion

Low-energy ion implantations were successfully applied to 0.5pm-gate length
]BP-SAINT FETs. A decrease in E from 67 keV to 30 keY produced an increase
in K-value from 210 mA/V mm to 292 mA/V 2

mm, and a decrease in -Vth over
an entire 2 inch wafer from 49 mV to 30 mV, sufficiently suppressing short-
channel effects to allow LSI applications. Rapid thermal annealing (RTA)
was successfully applied to a 30keV-implanted 2-inch wafer to raise
activation efficiency and to produce a steeper carrier profile. Diode C-V
data were quantitatively correlated with FET characteristics to clarify the
RTA effects. It was also verified that RTA is effective for decreasing Vth-
scattering by suppressing the dislocation effects. RTA, combined with the
low-energy implantation is a very effective way to improve the performance
and uniformity of FETs for LSI applications.
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A GaAs high-electron-confinement transistor (HECT)

S. P. Kwok, Milton Feng and H. B. Kim

Ford Microelectronics, Inc., Colorado Springs, Colorado, 80908, USA

Abstract. A self-aligned-gate GaAs High-Electron-Confinement-Transistor
EC--T-using a thin insulator between Schottky barrier metal and

n-implanted GaAs has been fabricated. The HECT exhibits square-law I-V
characteristics. A super-high K-factor of 952 mS/(V*m) and a
transconductance of 2200 mS/nm were measured in an enhancement HECT
having a Vt equal to +0.98 V and gate length of 1.2 microns. The device
exhibits stable hysteresisless I-V characteristics, which are
independent of the sweep rate.

1. Introduction

In this paper, we will report a self-aligned-gate GaAs MISFET having a
thin interfacial insulator between the Schottky barrier metal and the n-
implanted GaAs. The thin insulator was unintentionally formed but its
presence was later verified by surface analyses. Its presence is also
believed to be an important factor for the reported enhancement-mode FET
having a large threshold voltage of +0.98 V and a super-high
transconductance. The I-V and C-V characteristics are given and compared
with those of self-aligned-gate MESFET. As will be shown later, both
characteristics are consistent with a high-electron-confinement at the
GaAs interface expected of a MIS structure with a thin insulator. We will
refer to the device as a High-Electi'on-Confinement-Transistor (HECT). Our
results are also consistent with the I-V characteristics of silicon and
GaAs Schottky barrier diodes with thin interfacial oxides reported earlier
by Card and Rhoderick (1971), Stirn and Yeh (1975 and 1977) and Meirheaghe
et al (1980).

2. Device Fabrication and Structure

Silicon ion (50 KeV and 1.45E12/cm2) was used for selective implantation
on GaAs semi-insulating substrate to define the normally-off n-channel of
FET; n+ implantation was done so that the drain and source regions are
self-aligned to the gate metal. High-temperature annealing in arsine
overpressure was used to activate the implanted channel. A chin insulator
was formed under the gate. The presence of such thin insulator was
verified using SIMS and Auger analyses but its thickness could not be
measured accurately, as yet. An n-type Schottky barrier met&l was used as
the gate. The metal gate length was 1.2 microns. Ohmic contact was
formed using commonly used AuGe metallization. The spacing between the
gate metal and ohmic contact was 1.25 microns. Ti/Pt/Au was used as an
overlay or interconnect metal. Figure 1 shows the cross section of the
HECT.

c 1987 lOP Publishing Ltd
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I-V a4AAC1TsIcSM OF HECT
CROSS SECTION OF HECT x.,-, ,

GATE
SOURCE DRAIN

INSULATOR S.i. GaAs OH.MIC LI n +_

M 21

Figure 1 Figure 2
(n: Si 50KeV 1.45El2/cm2) (curve tracer 0.1-300 Hz)

3. Device I-V Charact.?ristics

3.1 HECT I-V Characteristics

The room-temperature I-V characteristics of an enhancement-mode

self-aligned-gate HECT with a 1.2 x 20 micron-gate are shown in Figure 2.

The gate bias voltage is stepped from +0.9 v to +1.9 V at an increment of

0.1 V per step. The transconductance increases monotonically with
positive gate- source bias voltage. At V - +1.9 V, a transconductance

as high as 2200 mS/imm and drain current a~high as 1 A/m at V - 2.5 V
were obtained. The corresponding drain-source output conductaRle was 80
mS/mm. Whence, the open-circuit voltage gain, which is the ratio of

transconductance to output conductance, was 27.5. This value is

comparable to that of a high-performance self-aligned gate MESFET. The

transconductance value of 2200 mS/Mm is, to our knowledge, the highest

reported of any MESFETs or heterostructure FETs by Ueno et al (1985),
Hiyamizu et al (1982), Solomon et al (1984), Sheng et al (1985) and

Cirillo et al (1986). When the square root of the drain-source current at

drain voltage equal to 2 V is plotted as a function of the gate voltage,
as shown in Figure 3, the HECT exhibits a square-law relation with a

threshold voltage equal to +0.98 V. From the gradient value of the plot,
a K-factor of 952 mS/(V*mn) is obtained, which is approximately a factor

of 5 higher than the best value of enhancement MESFET reported by Kotera

et al (1985). An average threshold voltage for a HECT of +0.98 V with a

standa-d deviation of 25 mV over a 3" wafer was also demonstrated as shown

in Figure 4.
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ihe transconductance and the ratio of drain current to gate current (Beta)
as functions of gate-source bias voltage above are given in Figure 5. The
transconductance increases linearly at gate voltages above the threshold
of +0.98 V and up to +1.9 V. To avoid the device burn out at higher
currents, the gate voltage is limited to 1.9 V. These characteristics
differ from those of MESFET, where the transconductance value starts to
decrease at gate voltages above 0.7 V, which is due to the Schottky diode
conducting a large current; hence, the voltage drop across the diode
series resistance dominating the gate-source voltage. Although HECT
exhibits a super-high transconductance at large positive gate voltages,
the gate diode turns on and current increases significantly at voltages
larger than 1.2 V. Consequently, the HECT is no longer operating in the
normal voltage control mode of FET. As evident from Figure 5, Beta
decreases from a value of 90 at V - 0.75 V to 3 at 1.9 V. However, HECT
can still be operated under a nonil FET mode of operation with very high
transconductance. For example, at VGS - 1.25 V, a value of nearly
600 mS/amm can be realized with Beta eual to 10.

TRNh CTA & BTA VSv 0 GATE-SOURCE/DRAIN DIODE
(1.2 ,, 20 -XW4,,-A,) CHARACTERISTIC

(1.2x 20 MICRONS)

.- ~'tSCHOTTKY DIODE HCDIEU, -- -+ -,- u-, ,

(,V- (0,01 AT CENTER OF DISPLAY

Figure 5 Figure 6
(0.1-300 Hz)

3.2 Gate to Source/Drain Diode Characteristics

The gate-source/drain diode of a HECT (1.2 x 20 microns) exhibits the
well-known diode rectifying I-V characteristics as shown in the curve
tracer picture of Figure 6. The apparent diode knee voltage is 1.2 V,
which is approximately 0.5 V higher than the metal/GaAs Schottky diode of
the same structure without the thin insulator. The detail of a semi-log
plot of I-V characteristics, as shown in Figure 7, reveals the HECT diode
ideality factor of 2.1, the equivalent Schottky saturation current of
1E-12 A and reverse leakage current of 3.8E-8 A at a bias voltage of -4 V.

The gate-source/drain capacitance measurement was done at 1 MHz. Figure 8
shows the C-V characteristics of the 1.2 x 20- micron gate structure as a
function of gate bias. No attempt was made to separate the real part from
the imaginary part of admittance in the capacitance measurement. To
minimize the effect of leakage current, the gate bias voltage was limited
to +0.8 V. As evident from Figure 8, the gate capacitance is relatively
constant at 23 to 25 fF from reverse bias of - 0.5 V to forward bias of
+ 0.4 V, indicating that the channel is depleted of carriers. At higher
forward bias voltages, the capacitance rises monotonically and reaches a
maximum value at +0.8 V. At this point, the leakage current is in the
order of 1E-6 A and the capacitance value is no longer valid.
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4. Comparison of HECT and NESFET

The self-aligned-gate RESFET was fabricated using identical processes with
the exception that the gate is a metal/GaAs Schottky barrier diode.
Figure 9 shows the I-V characteristics of a high performance MESFET. The
HESFET's threshold voltage is -0.4 V. The transconductance at Vr.S - 0.7 V
is 260 S/U for 1.4 x 20 micron-gate. For convenience of comparison, the
same I-V characteristics are replotted in Figure 10, using the scales
identical to those of Figure 2. As evident in Figure 10, when biased above
+0.8 V. not only is there a significant gate current, but the
transconductance value also decreases and approaches zero at gate voltage
of +1.2 V. Consequently, the current drive capability of MESFET is
limited to 4xA compared to 20 mA of HECT (Figure 2). Also, the HECT
device exhibits linearly increasing transconductance up to +1.9 V, which
is similar to silicon NOSFET, where an increasing number of carriers are
confined at the semiconductor accumulation/inversion interface. The
silicon MOSFET transconductance increases linearly until reduction of
carrier mobility or insulator breakdown dominates.

GATE-SOURCE DIODE C-VNECT & SC HfT Y DICHARACTERISTICS (I MHZ)
(1 20 x 20 mcon)

t1.2 X ZOWCW ) 0

,we . . . . , , ,' . : . . . . -. ..

so 0. 12 I B U I
VGS (V)

Figure 7 Figure 8

The gate-source diode characteristics of metal/GaAs Schottky barrier are
also plotted in Figure 7 for comparison. The ideality factor of the
Schottky diode was 1.18, while that of the HECT is 2.1. The significant
increase in the ideality value reflects the presence of the insulator.
The data Are consistent with those reported by Card and Rh-derick (1971)
and Meirhaeghe et al (1980). Unlike the Schottky diode, the HECT MIS
diode, with a thin interfacial insulator, exhibits an excessive leakage
current (lE-9 A) at low forward bias voltages of less than 0.4 V.

The 1 MUz C-V characteristics of a gate-source Schottky diode are also
plotted in Figure 8 for comparison. The capacitance de':reases with
reverse bias voltage and approaches an assyntotic value of 27 fF at
-0.35 V and beyond. The value increases monotonically with more positive
bias voltages to 82 fF at +0.36 V, above which the diod? conduction
current makes the capacitance measurement invalid. The HECT diode
exhibits lower capacitance than the Schottky diode. Its capacitance
reaches lower assymtotic value at approximately +0.4 V and rises
monotonically with more positive voltages and reaches its peak value at
approximately +0.8 V, above which the diode current conduction becomes
dominant.
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5. Stability of HECT Device Characteristics

HECT exhibits stable I-V characteritics with no hysteresis. Both the I-V
and transfer characteristics of Figure 2 and 5 are unchanged when the
sweep rate of the curve tracer is changed from 0.1 Hz to 300 Hz. At dc,
the HECT also exhibits stable characteristics, as evident in the identical
I-V characteristics of a HECT swept under normal curve tracer sweep rate
and under dc 'sweep,, as shown in Figure 11. Also, under the microscope's
light there is no observable variation in its I-V characteristics, except
currents at subthreshold levels. The C-V characteristics of the gate
source diode measured at 1 Mlz shown in Figure 8 are also stable and
reproducible. The devices were tested over a period of more than 8 months
and showed no instability of drift in its I-V characteristics.

I-V COAR1CMS C8 OF
S.F-ALO GATE MENUr I-V CHARACTEIUSTICS OF

(1.4 x go MM SELF-AUGNED GATE MESFET

(1.4 X N MICNMS)

at - -- - - ,

-r - . , .,,-----. ---

Figure 9 Figure 10

6. Discussion

Because the channel was implanted with a dosage of 1.45E12/cm2, the
maximum possible drain drift current, assuming 100% implantation
activation and a saturation velocity of lE7 cm/s at 20 KV/cm, is 4.64 mA
for a 20-micron wide channel. The HECT device of Figure 2 exhibits 20 mA
drain current at Vds equal to 2.5 V, which is more than a factor of 4
larger. In the absence of avalanche multiplication breakdown, which
appears to be the case here, there are two possibilities which can account
for such a high drain current: (1) The presence of high-electron-
confinement in the accumlation layer at the GaAs/insulator interface
under a large positive gate bias voltage, which makes the channel highly
conductive. (2) The unintentional presence of highly doped p+ region
between the Schottky gate metal and the n- implanted region, which allows
high injection of minority carrier holes into the n- region. If hole
injection dominates the current transport, the diode must exhibit minority
carrier storage and recombination characteristics in its switching
recovery. We have compared the turn-off transient currents of Schottky
and HECT diodes when reverse bias step voltage is applied. As shown in
Figure 12, the HECT diode not only shows no storage and rec6mbination
times but also recovers somewhat faster than the Schottky diode. This
phenomenon appears to dispute the presence of larger minority carrier
injection in the HECT device. Therefore, it appears that high-electron-
confinement, whose surface concentration is significantly higher than the
n-implanted dosage, is responsible for the high current capability of
HECT. The 1 MHz C-V characteristics, showing the capacitance rising with
positive voltage to a maximum value at 0.8 V (Figure 8), is also
consistent with the presence of such accumulation layer. Therefore,
according to our present preliminary data, it appears that the Fermi level



470 Gallium Arsenide and Related Compounds 1986

at the GaAs/insulator interface is not pinned and the HECT device behaves
partly as Schottky barrier and MIS. Unlike GaAs MIS reported thus far,
for instance by Mimura et al (1980) and Weider (1984), HECT shows dc
stable and frequency non-dispersive I-V characteristics at low
frequencies.

I-V CHARACTERISTICS OF HECT DIODE CURRENT RECOVERY
(1.20 x 20 micron)

Vga max- 1.4V

Figurel 11 Figure 12

7. Conclusion

A GaAs High-Electron-Confinement-Transistor (HECT) using a thin insulator
between Schottky barrier metal and GaAs as a gate was fabricated and its
device characteristics given. An enhancement HECT having a
room-temperature transconductance and K-factor as high as 2200 mS/mm and
952 mS/(V*mm) was demonstrated with a 1.2 micron-gate length. A large
average threshold voltage of +0.98 V with a standard deviation of 25 mV
for a 3" wafer was demonstrated. The device shows stable, hysteresisless
and frequency non-dispersive I-V characteristics, suggesting that the role
of insulator/GaAs interface states in HECT is minimized. The large
threshold voltage and high transconductance are highly desirable for
high-speed LSI applications where large noise margin and current drive
capabilities are needed.
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Ion-implanted submicron MESFET's with high transconductance

H Jaeckel, V Graf, B J Van Zeghbroeck, P Vettiger and P Wolf

IBM Research Division, Zurich Research Laboratory, 8803 RUschlikon.
Switzerland

Abstract. Fabrication of ion-implanted GaAs MESFET's with gate lengths
down to 0.1 pm is reported. Key technological features are the use of
electron-beam lithography and of shallow (1000 A) channel implants.
Transconductance depends only weakly on gate length, and reaches a
maximum value of 370 mS/mm for 0.1 pm gate length. Capacitance
decreases and transit frequency increases with decreasing gate length. The
transit frequency has a highest measured value of 80 GHz for a 0.33 pm
device and is compatible with a drift velocity of 1.5 X 107 cm/s,
independent of gate length.

1. Introduction

Over the years, many GaAs MESFET processes have been invented and
investigated. Recently, various laboratories have developed fully-implanted
GaAs MESFET processes because they look promising for the fabrication of
LSI GaAs integrated circuits (Yamasaki et at 1982, Yokoyama et at 1983,
Chang et at 1985, Ueno et at 1985). Most processes use 1pm gate lengths,
but the emphasis on submicron gate-length devices has increased (Ueno et al
1985, Yamasaki et at 1985, Kato et at 1983, Patrick et at 1985). We, too, have
explored the extensibility of a fully ion-implanted process to submicron gate
length, by characterizing the device performance. by addressing scaling and
by investigating practical limitations.

In this paper, we present details of fabrication of submicron GaAs MESFET's
with nominal gate length ranging from I pim down to 0.1 pim. Key features are
the use of electron-beam lithography and of shallow channel implants with
high doping density. To Improve device performance, It Is also important to
reduce parasitic source and drain resistances for good access to the intrinsic
device. Normally, a self-aligned MESFET structure (Yamasaki et at 1982, Ueno
et at 1985) provides close spacing between n 4 implant and the gate. Instead,
we chose to use the high alignment capability of the electron-beam system
( ,0.1 pm) to achieve dimensions comparable to self-aligned'structures, and to
gain a more flexible process.

1987 loP Publishing Ltd
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2. Fabrication

Figure I shows the vertical structure
of MESFET's and an SEM photo-
graph. The devices were made with
the following six-level process: first,
500 A tungsten was sputtered onto
the substrate and lifted off to form
the alignment marks. Then the
channel areas were masked and
implanted with SiF(47) in the energy
range of 40-60 keV. A deeper
implant (100 keV) followed, also with
SiF(47), to form the source and drain
contact areas. Then the wafer was
annealed at 850°C for 20 min In
forming gas (N/H 2). During an-
nealing, the water was covered with
a clean GaAs wafer (proximity 0 l-l m 03-0 6 M
anneal). The Ge/Au/NI/Au (65 A/ gale length \ alignment

110 A/200 A/go A) ohmic contact Schottky gale , ,.

was lifted off and alloyed in N2/H2 at Wiriyang metal, ohmc cotact

430'C for 40 sec. Before depositing
the Schottky gate, the GaAs surface
was cleaned in oxygen plasma and m*-contact n-channel

in HCI. Then the TI/Pt/Au (150 A/ ,flant imlant

100 A/950 A) gate metal was lifted
off. Finally, a TI/Pt/Au (150 Al Fig. I Vertical structure and SEM
100 A/2650 A) wiring layer was photograph of the 0.1 pm MESFET
deposited. Ot 1986 IEEE

Lithography was done with an IBM Vector Scan E-Beam system (Chang et al
1986). For all lift-off steps, a double-layer resist system consisting of
Terpolymer on PMMA was used. For masking the channel implant, a single
layer of PMMA was chosen whereas the contact Implant was masked with a
double-layer resist. We were successful in scaling our gate length down to
about 1000-1500 A while still maintaining very smooth gate edges with
variations of about 100-200 A for a 1000 A thick gate. Apart from the gate
lithography, exposure of the contact implant, where a 0.7 pim wide resist
stencil remained between the two large drain and source openings, created a
challenge with respect to proximity correction. It should be noted that
alignment between contact implant and gate metal was done by layer-to-layer
registration of each chip. In this way, a minimal alignment distance of 0.1 pm
was obtained. The nominal designed gate-source contact implant separations
of 0.3 pm and 0.6 pm were reduced by 0.2-0.3 pm owing to misalignment,
lift-off profile overhang, lateral straggle, and implant dl;.usion. Our method
allows for different alignment distances on the same wafer, as well as
asymmetric alignment within one device.
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Regarding implantation, our invest- o
igations showed that for vertical
scaling of the devices simple
reduction of the implant energy is o 10"

not sufficient. Ion channeling effects S
broaden the doping profile. Partial "
ion-channeling tails are found for 10

I % SiF(47)-6OkVenergies below 60-100 keV, and SF(47)-60kV

resulted in a significantly broader S
profile than predicted by LSS theory. 10

This is illustrated in Fig.2 by the
measured doping profiles with 0 -o"

implant energies of 60 and 40 keV. L "S
The profiles were obtained from LSS- LSSV
FATFET m easurem ents. W e also 10 " _ L 4 ,6k ,_,_,_ _

found that the channeling effects 0 100 200 300 400

decreased slightly by increasing the Deoth (Nanometer)
ion-beam incidence angle during
implantation from 7' to 15'. Since the Fig. 2 Doping profile of different
critical angle for channeling channel implants compared to LSS
increases sharply at lower energies theory 1 1986 IEEE
and for heavier ions, we implanted
the somewhat heavier ion SiF(47). From our electrical results, we conclude
that vertical scaling of the channel thickness down to the desired range of
about 30 nm and doping concentrations of 1018 cm- 3 requires special implant
and anneal techniques, such as rapid thermal annealing or the use of an
amorphous capping layer (Onodera et at 1984, Graf et at 1986) during
implantation, preferably together with a buried p-layer (Yamasaki et at 1985).

3. Results

Our submicron test vehicle contained
process test sites to characterize the
channel implant, surface leakage and
contact resistance, as well as some
transistor arrays. The general
trends are the following: as the gate 400 40
length is reduced by a factor t0 the 30-
maximum transconductance increases E 300E
only by 45%. At the same time. the '. E

ui) 200- 20-gate capacitance decreases, the E UE
transit frequency and the output E 100 10 o
conductance Increase, and the
threshold voltage becomes more 0i 0
negative. 0 0.5 1.0

L (t ,m)
Some of these trends are quani-
tatively summarized in Fig.3. The
maximum transconductance ranges Fig. 3 Transconductance g, and
from 255 mS/mm for the 1 pm output conductance gd versus
device to 370 mS/mm for the 0.1 /im nominal gate length for devices with
device at Vggs - 0.7 V. The weak 0.3 jim nominal gate to n implant
increase of transconductance with separation
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Fig. 5 Intrinsic gate capacitance
versus measured gate length for
0.6 pm nominal gate to n 4 implant

Fig. 4 Threshold voltage versus separation and Vds= 2 V and
nominal gate length for devices with VgS =0 V. The full line is an
0.3 and 0.6 jim nominal gate to n 4 extrapolation of FATFET data for
implant separation Vds = Vq.s = 0 V

decreasing gate length is partially expected because of drift velocity
saturation. Another part is caused by the parasitic source resistance which.
for the shorter gate devices, increasingly reduced the extrinsic
transconductance. For the 0.1 pm device, the intrinsic transconductance was
estimated 'o be about 450 mS/mm. The output conductance increases from
10 mS/mm to 40 mS/mm with decreasing gate length, mainly a consequence
of the reduced aspect ratio gate length over channel thickness. Threshold
voltage dependence on gate length is shown in Fig.4 for devices with nominal
alignment distance of 0.3 jim and 0.6 jim. For devices with 0.3 im nominal
alignment, the threshold decreases from -0.45 V for the 1 /pm device to -0.8 V
for the 0.25 pim device. The 0.1 im device could not be turned off for
Vds > 0.6 V. For a nominal alignment of 0.6 pim. a much weaker dependence
on gate length is seen. This suggests that straggle and diffusion of the n4
implant underneath the gate occurred for devices with tighter alignment. A
similar dependence of threshold voltage on alignment was observed in Ueno
et at (1985).

Intrinsic gate capacitance CgI of devices with nominal gate source alignment of
0.6 jim is presented in Fig.5. It was computed from s-parameter
measurements at 1, 2 and 4 GHz for a gate voltage of 0 V and a drain-source
voltage of 2 V. The gate length of the devices was measured to be about 1.1,
0.56, and 0.33 pim. To obtain C - the parasitic capacitance of the pads, and
the fringe capacitances on the lelt and right gate edges were determined and
subtracted from the total gate input capacitance. As expected from
one-dimensional theory, the capacitances scale fairly well with gate length.
Extrapolation from FATFET measurements for Vds - 0 V yields the full line
shown. The capacitance of the MESFET's is smaller, mainly because the
depletion layer at the drain is thicker with a drain voltage applied. In addition,
the source resistance, by its feedback effect, also decreases the measured
gate capacitance.
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The intrinsic transit frequency fti
calculated according to the equation: t
f "=gm/2C" j is shown in Fig.6 for ffi=2,r C i

several devices as a function of gate
length. Intrinsic gate capacitance 0
was determined as previously
described, and transconductance g, vs 2 x 107 cm/s
Is also computed from measured 100- x

s-parameters. The f1t values are 0
independent of the measurement
frequencies, so they are a good (
representation for our devices. For .
these MESFET's, the transit frequency
usually peaks just above threshold vs -xlOcm/sj
and then drops again for more
positive gate voltages. In Fig.6, the 10
peak values are given. The spread in 0.1 1.0 2
data points is due to device spread L(itm)
and not caused by measurement
errors. In our devices, current
saturation is mainly caused by drift Fig. 6 intrinsic transit frequency f,1
velocity saturation and not so much versus measured gate length
by the channel pinch-off mechanism
of the Shockley model. Under these circumstances, transit frequency ft, can
be written as ftj=vs/21rL, with v, the saturation drift velocity and L the gate
length. As is obvious from Fig.6, our devices have a saturated drift velocity of
roughly 1.5 x 107 cm/s, independent of gate length. Velocity-overshoot effects
which have been predicted theoretically (Ruch 1972, Yoshii et at 1983, Awano
et al 1983. Fauquemberque and Pernisek to be published), are not visible in
Fig.6, not even for the smallest gate length of 0.33 jim. At present, we do not
know whether this is a deficiency of our device structures or due to the
assumptions made in the Monte Carlo device simulations.

4. Conclusions

We have presented electrical data of submicron MESFET's made with
implanted channels and electron-beam lithography. Transconductance
increases weakly with decreasing gate length to a maximum of 370 mS/mm at
0.1 /im gate length. Gate capacitance scales with gate length. Transit
frequency increases nearly linearly with reciprocal gate length, indicating a
saturated drift velocity of 1.5 x t07 cm/s. We see no velocity-overshoot
effects; a result which needs more clarification, both from the experimental
and theoretical sides. These results show the potential of submicron
MESFET's for high-speed applications. However, vertical scaling of the
MESFET's is mandatory: because of increased two-dimensional effects (mainly
caused by n + implants) the 0.1 jim device has increased output conductance.
and cannot be pinched off for Vds > 0.6 V (see also Patrick et at 1985).
Applying constant voltage scaling, the channel depth has to be reduced with
gate length, and the channel doping to be Increased with the inverse square
of gate length, thus maintaining the pinch-off voltage. In addition, the depths
of the n+ layers have also to be scaled. These measures should reduce the
gate-length dependence of the threshold voltage and improve the
transconductance and the output conductance. Our channels are typically
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100 nm, whereas more shallow channels down to 30 nm should be obtained
for a correct vertical scaling of the 0.1 jim MESFET's. For an ion-implanted
process, this remains a real challenge.
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Ultrahigh transconductance, tin doped, spike channel GaAs MESFETs
grown by MOCVD

K.H. Hsieh, J.D. Parsons, L.S. Lichtmann, L. Jelloian, and
F.G. Krajenbrink

Hughes Research Laboratories, Malibu, CA 90265, USA

1. Introduction

Low noise and high power GaAs MFSFETs are of great technological
importance for microwave and millimeter wave integrated circuits.
Maximizing performance of these devices depends upon optimizing both
material properties and device design.

Four growth-controlled characteristics are of paramount importance in
attaining FET structures suitable for low noise, high power, high speed
devices and integrated circuits. First, the buffer layer material must
isolate the processed devices, and it must accomplish this without
relying on deep levels for carrier reduction, in order to avoid
capacitative coupling and light sensitivity. Second, the transition
from undoped buffer layer to n-doped active channel must be very abrupt,
to ensure complete channel pinch-off. Third, low resistance (i.e., high
carrier concentration) contacts and high low-field electron mobility are
mandatory for high transconductance and high speed device operation.
Fourth, uniformities of better than -1% in layer thickness and carrier
concentration over the entire chip area are reqired to achieve uniform
pinch-off voltages and current gains.

Device design features which contribute to good performance are
incorporated in our MESFET design. We have used spike channel doping to
improve high frequency performance and minimize short channel effects
(Daembkes et al. 1984).

Our efforts have been concentrated on development of an MOCVD growth
process capable of achieving the material requirements reproducibly and
consistently, and on development of a device fabrication process
compatible with the epitaxial device structure. The results presented
in this paper represent the successful culmination of these efforts: an
MOCVD process capable of consistent growth of high quality materials and
a spike channel doping profile, and a fabrication tec'nnology which
yields state-of-the-art GaAs MESFETs.

2. Growth

The epitaxial FET structures were grown by atmospheric-pressure MOCVD
using an inverted-vertical (i.v.) reaction chamber (Parsons et al 1983,
1984a). In the i.v. arrangement, reactants enter at the bottom of the
reaction chamber and are exhausted at the top, contrary to the usual

2c 1987 loP Publishing Ltd
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souRcE l] DRAIN_

CONTACT LAYER GATE N5X105 ¢som A

SPACER LAYER ( a 2 X 1017CM 3)  I 1500 A

SPIKE CHANNEL (N i 8 X 1017 cm "3) 300 A

UNDOPED GaAs BUFFER LAYER (p • 10092 • cm) 3.S pm

SEMI INSULATING GaAs SUBSTRATE

Fig. 1 Cross section of spike channel MESFET

practice with vertical chambers. A 51 mm (2 inch) diameter GaAs wafer
is supported by placing it growth face downward on the inside bottom of
a pyrolytic boron nitride (PBN) cup having a 44 mm diameter circular
opening in its base. A 3 mm wide annulus at the wafer's outer rim is
thus masked from growth. Heating is accomplished by RF induction in a
graphite susceptor which rests directly on top of the back surface of
the substrate and inside the PBN cup.

The purpose of the i.v. configuration is to achieve stagnation point
flow characteristics and eliminate eddy-current recirculation of
reactants without resorting to low pressures or substrate rotation.
Epilayers grown in the i.v. reactor at atmospheric pressure and without
substrate rotation exhibit thickness and carrier concentration
uniformities better than -1% over a 2 inch wafer. The absence of
recirculating eddies also facilitates the growth of hyperabrupt
junctions (Leys et al 1984). The PBN cup shields the growth surface and
reactant gases from the the hot graphite susceptor. This eliminates
epilayer impurity incorporation due to contamination from hot reactor
components and permits reproducible growth of high purity GaAs (Parsons
et al 1985).

N-type doped layers were grown using tetraethyltin (TET) as a tin
source. Tin has several advantages as an n-dopant in MOCVD. Its vapor
pressure is at least nine orders of magnitude lower than the more
commonly used group VI elements. Its use, even at very high
concentrations, does not produce a "memory effect' and contaminate
subsequently-grown low-doped layers. Very abrupt high-to-low doping
transitions are also possible. Tin also has a very high solubility and
low diffusivity in GaAs and in III-V compounds in general, has less
tendency towards amphoteric behavior and compensation than Si, and has
the smallest activation energy of available n-dorants (Parsons et al
1984b). These attributes of Sn are important factors in achieving a low
contact reisistance and a spike channel doping profile.

Four identical GaAs spike channel FET structures, shown in Fig. 1, were
grown in four consecutive growth runs. The structure consists of a
semi-insulating undoped buffer layer, and Sn-doped channel, spacer, and
contact layers, with thicknesses and dopings as shown in the figure.
All layers were grown at 700 "C and at a rate of 7.0 um/hr. The input
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molar ratio of AsH3  to trimethylgallium (TMG) was 8:1 during buffer
layer growth and 10.1 during channel. spacer, and contact layer growth.
The total flow rate of diluent, carrier, and reactant gases through the
reactor was 2.9 slpm. Growth was stopped betLween layers in order to
adjust flows and to allow flushing of reactants.

Sheet resistances of" these wafers, measured with a Tencor M Gauge 200
resistivity meter, indicated very uniform doping and thickness across
the wafer, consistent from rurn to run. Measured sheet resistances were
43.5, 56.2, 46.2, anid 50.3 [1 square for wafers from the four consecutive
runs. These resistances represent the averages of measurements from
five locations on the 2 inch wafers. The individual measurements were
within 2% of the average value for the wafer. Defect counts on the
wafers were approximately 2000 cm

3a
.

3. Device Fabrication

Two types of MESFETs were fabricated on each wafer using optical
lithography. Devices with 5 p m source to drain spacing (channel

spacing). 1.0 p*m gate length, and 75 pm gate width, referred to as "Test
(T FETs . were used n e~va luat ior, of material quality and in process
monitoring. Dcvi,'es with '2 #a c-hannel l engt h, "low noise (LN) FETs.
were also, fabric'ated. These IN FETs had two gate fingers, each of
dimensions 1 / m x 25 Mm. This "50 2" layout is shown in Fig. 2.

Hth types of devices were fabricated in the same process, from mess
solIation step to o~hmic" 'on'tact format ion. Mesa i sol at.i on was achieved

by wet chemical et 'h inrg of the ep ilayers thro~ugh to the semi i nsulIat inrg
undoped GaAs buffer. Ohmic contacts were obtaincd with AuGeNi metals
alloyed at. 360 'C for one minute. After the alloying step, PET
saturation currents were measured at sites across the wafer in order to
examine uniformity. Results are shown in Fig. 3. Only a 1% variation
was observed in a region within a 1 inch diameter of the wafer center,
and a 3% variation in a 1.5 inch diameter' region. The high uniformity
of th, saturat ion current reflects the good uni forinity of the product of
the doping concent ration, epi layer t hi 'kness, and elect ron mobility
across the wafer.

.. . ... . .

.. . . . . . ... . U .
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0.9 VG

Fig. 4 Drain I-V for G =440 mS/rnm Fig. 5 Gate to source/drain I-V
MESFEm

Ti/Pt/Au was used for gate metallization. The gate metals were
deposited after the gate channel was recessed to a distance of 20 nm
above the spike channel layer, using an NH140/H 202 /H2 etch. The small
distance between the gate metal and the spike channel is a design
feature which enhances the transconductance.

Both T FETs and LN FETs were tested in DC operation at room temperature
using a curve tracer, an Accutest automatic DC test system, and an HP

4145A semiconductor parameter analyzer. Only high performance LN FET

devices were selected for RF testing.

4. Results

Most T FETs exhibited external transconductances (g,) above 200 mS/mm on

each of the four wafers processed. On one wafer (MFET 3), g. values as

high as 392 mS/mm were measured. Two wafers out of the four were
selected to have additional sections processed to fabricate LN FETs, as

described above. Fig. 4 presents data from the best resulting device,

an LN FET from wafer MFET 3. Drain I V curves for one finger of the two

finger 50 2 device are shown. A maximum g. of 440 mS/mm was achieved

with a gate bias of -0.5 V at room temperature. With no gate bias, g.
was over 300 mS/mm. A g, of 440 mS/mm was seen on several other devices

from this wafer.

This ultrahigh external transconductance, obtained with a spike doped
channel MESFET produced by MOCVD, represents the state of the art for 1

pm gate length devices, equaled only by MBE grown GaInAs/AlInAs HEMTs
tested at room temperature (Hirose et a] 1985). It is also much higher

than the 330 mS/mm figure reported for MOCVD grown AICaAs/GaAs HEMTs

(Takanashi et. al 1985).

The DC I V curves showed excellent saturation characteristics and were

free of hysteresis and light sensitivity. Pinch off for the FET of Fig.

4 occured at 0.9 V. Most devices tested showed complete pinch-off. A
small drain current near pinch off at high drain voltage in the drain I

V for some devices was due to gate leakage. The gate leakage could be
estimated from the gate to source/drain I V characteristics, shown in

Fig. 5. At a gate to drain voltage of 2.5 V, the gate leakage was

about 0.5 mA, which agrees with the drain I V characteristic near pinch
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off in Fig. 4. This gate leakage was mainly due to the tunneling
current between the heavily doped spike channel and the Schottky gate.

Fig. 6 shows the g. values mapped across half of a 2 inch wafer (MFET 3)
on which LN FETs were fabricated and tested. Of the 138 LN FETs tested,
a very high fraction, 52%, exhibited g. over 400 mS/mm (indicated by an
'E' marker in the figure). The center of the 2 inch wafer is located at
the dropout, hence the g. values showed concentric uniformity. A total
of 66% of the transistors exhibited g, over 300 mS/mm, and 75% over 200
mS/mm. This data was obtained with the Accutest system. The measured
values agreed with those obtained by the curve tracer and the HP 4145A
parameter analyzer.

The pinch-off voltage map for LN FETs on this same wafer section is
shown in Fig. 7. Most devices had pinch-off voltages between 0.82 and
1.0 V. Comparing these devices (marked "E") with the high
transconductance devices in Fig. 6, we find that the g. uniformity
agrees with pinch-off uniformity in that both reveal similar concentric
uniformity around the dropout.

There were minimal backgating effects on this wafer (MFET-3). Only a
very small change of drain current was observed when -20 V was placed on
a nearby backgate contact (Fig. 8).

S. Discussion

We attribute the extremely high values of g. for these MES"FETs to the
high material quality of the MOCVD epilayers and to the use of tin as
the n-dopant. As mentioned above, tin produces a very shallow donor
level and has comparatively little tendency towards self compensation in
GaAs, even at high concentrations. Comparing materials grown in our
laboratories, we have observed that Sn doped MOCVD GaAs epilayers have
mobilities 10 to 20% higher than Si-doped MBE epilayers of the same
carrier concentration.
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Fig. 8 Backgating characteristics

With regard to devi(e characteristics., these high g. devices exhibited
very small contart resistances (0.037 to 0.040 (2 mm) and very small
source resistatices. For the 2 uim channel LN FETs, source resistances as
low as 0.13 (2 mm were observed. These small source resistances are the
resu:t of a heavily doped cap layer (n 5 l1 -m-

3
), a spike

lanne l arid a small gate to source distarte- (0 #m) . In the deep gate

recess process used for these devices, we were able to put the gate
metals 20 rim above the spike channe1 layer. separated by a less heavily

doped spacer liayer With su.L a shrt gate to channel distance, the
transconduct arm 'e was enhanced at h, cost of gate tunneling leakage
current

Itit i al R" m,'asurement s im;, bvvet. arried out f or selected high
performari'e parts. S pararit .r mea'-i,r,.ments fr,.m 0 045 to 26 GHz gave a
crrent gaZn'l -" off f Yrquc-,- fr T f 13 (;Hz and unity power gain
frequency f, of 38 (,H-z, rt-spct abl- for I pm gate length devices.

Details of the RF characterizat ion for these transistors and sub micron
gate devices fabricated fiom the same wafers will be reported in other

publ icat ions.
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High gain step-graded [nGaAs(P)/InP heterostructure bipolar transistors

for high current drive - high frequency applications

R. N. Nottenburg, M. B. Panish* and H. Temkin

Bell Communications Research Red Bank, NJ 07701-5699

AT&T Bell Laboratories Murray Hill, NJ 07974

Abstract. We report on InGaAs(P)/InP double heterostructure bipolar
transistors (DHBT) with step-graded emitter and collector junction
interfaces. These devices exhibit high current gain hfe~1300 and
show no decrease in current gain for collector current densities up
to lXlo 4A/cm 2 . For a large area (Xl0- 4cm2 ) transistor we
measure an fmax (frequency of unity power gain ) of 3.7GHz.

1. Introduction

Double heterostructure bipolar transistors (DHBT), fabricated using the
InGaAs/InP material system, are attractive candidates for integration-in
long wavelength (1.3-1.55um) fiber-optic communication systems and other
high speed electronic applications. These devices already have
demonstrated high current gain (B) (Grote et al. 1985 and Kanbe et al.
1984) and high 8 at very low collector current levels (Nottenburg et al.
1986). In addition, these transistors should offer a combination of
speed and high current capability uniquely suitable to integration with
semiconductor lasers. A preliminary report (Shibata et al. 1984) has
already demonstrated 1.6 Gbit/s modulation speed in a monolithically
integrated laser driver.

To date however, the realization of high performance InGaAs/InP DHBT's
has been impeded due to the limitations in materials growth and in
particular the inability to compositionally grade the emitter and
collector junction interface regions. Using gas source molecular beam
epitaxy GSMBE (Panish 1986) we have fabricated step-graded interfaces by
the incorporation of thin 0.02pm InGaAsP layers on both sides of the
InGaAs base region. These devices have higher current gain than abrupt
DHBT's and show no fall-off in B for collector current densities as high
as lXl04A/cM2 . Furthermore, a large area (iXl0- 4cm2 ) transistor
is demonstrated with an fmax (frequency of unity power gain) of
3.7GHz.

2. Crystal Growth And Device Fabrication

The InGaAs/InP double heterotructure bipolar transistors were grown by
GSMBE on (100) oriented N+ substrates at a growth temperature of

1987 lOP Publishing ltd
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Table 1. Doping parameters and
layer thicknesses for the

Fig. 1 Schematic representation step-graded DHBT with the
of the step-graded DHBT device, lowest base doping.

5000 C. Three device structures were grown. The first one, is a
step-graded DHBT which is shown schematically in Fig. 1. The doping
parameters and layer thicknesses for this device are given in Table 1. A
second step-graded device with a much higher base doping level
(p-3X109cm- 3 ) was also studied. The grading in both these devices
was achieved by growing thin (0.02)im) lattice matched InGaAsP
(Eg-0.95eV) quaternary layers on both sides of the InGaAs base region.
The third structure is identical to the first with the exception that
the quaternary-step layers were omitted.

Devices were fabricated into mesa structures with emitter
area-40XlO0m 2 and collector area-10OXl0Opm 2 . For high speed
characterization individual transistors were bonded into conventional
packages and power gain versus frequency was measured using a spectrum

analyzer.

3. Material Quality

To assess the quality of the InGaAs/InP heterostructures the
current-voltage characteristic of the emitter-base and base-collector
diodes were measured and are shown in Fig. 2. A junction ideality factor
n-1.0 is measured for both the emitter and colletor diodes. The absence
of any "2kT current" component demonstrates that these junctions are
free of defects. In addition, the absence of any surfa.5e recombination
current is predicted from the low intrinsic surface recombination
velocity found in the InGaA/InP system. Since both junctions show ideal
behavior we can conclude that the growth sequence is unimportant. This
is in contras to the AlGaAa/GaAs system in which the AlGaAs to GaAs
transition often results in lower junction quality. The common-emitter
d aterios for this device are shown in Fig. 3. For a base current
as low as 0.2nA, a collector current IC-36nA is measured
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Fig. 2 Current-voltage Fig. 3 Common-emitter
characteristics of the emitter characteristics for an abrupt
and collector junction diodes. DHBT at low collector current.

corresponding to a current gain of 180. It is also evident from Fig. 3
that the current gain at these low collector current levels is
independent of IC. From the high current gain and the small variation
of B with IC, we observe that the emitter injection efficiency for
this device is close to unity over a wide range of emitter junction
bias. These results are consistent with the current-voltage
characteristics shown in Fig. 2.

The use of a wide band-gap InP collector also reduces the base-collector
junction leakage current. With the emitter terminal open ICO~0.3nA is
measured for VcB-lV. This is consistent with the collector saturation
current ICEO measured for the base terminal open (8-100,
ICEO~8 1Co). Such a low value for the base-collector junction dark
current further attests to the high quality of these materials.

4. SteD Graded Devices

4.1 DC Characteristics

At high curren levels the abrupt DHBT device exhibits (Fig. 4a) a soft
turn-on and poor saturation characteristics. Similar characteristics
have also been observed for abrupt InGaAsP/InP DHBT devices ,Su et al.
1985) grown by Uiquid phase epltaxy. The dependence of Ic on collector
bias has been shown to be due to the presence of a spike barrier in the
base-collector conduction band (Hayes et al. 1984). By shifting the
base-collector p/n JuncLion into the narrow band-gap material (Su at al.
1985) transistors with low collector offset voltage and improved
saturaticn chl Lstis were ctained. This approach, however, is not
optimum for high speed transistor operation because of
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IH

Fig. 4a Common-emitter Fig. 4b Common-emitter
dcaracteristics for the abrupt characteristics for a
DHBT device at high collector step-graded DHBT.
currents.

the relatively low, high field drift velocity in the narrow band-gap
material. In addition, this approach restricts the collector doping to
fairly low values because of junction breakdown. A better solution is to
step-grade the base-collector interface. This results in a low collector
offset voltage and improved collection efficiency of injected base
electrons. The common-emitter characteristics of a step-graded DHBT are
shown in Fig. 4b. The addition of the grading layers reduces the
collector offset voltage to less than 1OmY and results in a nearly flat
saturation region. In addition, the current gain (small signal current
gain hfe>13 00) and the maximum current range are greatly improved as
shown in Fig. 5. On the other hand, the introduction of InGaAsP step
layers results in an increased dependence of the current gain on
collector current (54C0 "3 ). These effects are presumably due to a
slight lattice mismatch and varies from wafer to wafer. What is
remarkable, however, is that even at very high base doping levels
p-3Xl019 cm- 3 where almost all the electrostatic potential drop is on
the InP collector side, a single quaternary step provides sufficient
grading. This is apparent from the common-emitter characteristics shown
in Fig. 4c. This transistor exhibits flat saturation characteristics and
shows a current gain hfe-120 despite the very high base doping level.
From the current gain of this device we can estimate a lower limit for
the minority carrier diffusion length in the base -lm.

4.2 High Frequency Performance

The large area step-graded DHBT's are ideal for many applications
requiring high current drive at moderate frequencies. In such devices
the frequency response is limited by the charging time of the emitter
and collector junction capacitances. Despite the relatively large
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Fig. 6 Dependence of power gain
on frequency.

junction areas and associated capacitances (CE= 6 pf and Cc-15pf), we
observe an fmax-3.7GHz at a collector current of 250mA. As shown in
Fig. 5. the transistor (base doping p-2X10 18 cm- 3 ) exhibits a power
gain of 20dB at 1GHz. This makes it an attractive device for a
semiconductor laser driver where RF modulation currents on the order of
SOmA are required. In light of the high current capability of these
transistors it should be possible to considerably reduce the device size
and still have adequate laser drive capability.

5. Conclusions

InGaAs(P)/InP DHBT devices with high current gain (hfe~1300) and low
collector offset voltage -lOOmV have been realized by step-grading the
emitter and collector junction interfaces. The grading is achieved by
the growth of thin (0.02pim) lattice matched InGaAsP layers on both sides
of an InGaAs base. These transistors show no decrease in current gain
for collector current densities up to IXlO4A/cm2 and exhibit an
fmax-3.7GHz making them attractive candidates for integrated
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semiconductor laser driver applications.

Acknowledaements

The authors wish to thank R. Hamm, S. Hummel and S. Sumaki for technical
assitance during the course of this work and J. R. Hayes and R. F.
Leheny for useful technical discussions.

References

Grce N, Su L M and Bach H G 1985 Gallium Arsenide and Related Compounds
Inst. Phys. Conf. Ser. 79 583

Hayes J R, Gossard A C and Wiegmann W 1984 Electron. Left. 20Q 766
Kate H, Vlcek J C and Fonstad C G 1984 IEEE Elect=r Device Lett. EDL-5

172
Nottenburg R N, Temkin H, Panish M B, Bhat R and Bischoff J C 1986 IEEE

Electron Device Lett. (Nov.)
Panish N B 1986 Progress in Crystal Growth (in press)
Shibata J, Natao I, Sasai Y, Kimura S, Hase N and Serizawa H 1984 Appl.

Phys. Lett. 4 191
Su L N, Grate N, Kaumanns R and Schroeter H 1985 AppL Phys. Let. A2 28



Inst. Phys. Conf Ser. No. 83. Chapter 8 489
Paper presented at Int. Symp. GaAs and Related Compounds, Las Vegas, Nevada. 1986

GaAs E/D MESFET 1K-bit static RAM fabricated on silicon substrate

H. Shichijo, J. W. Lee, W. V. McLevige and A. H. Taddiken

Central Research Laboratories
Texas Instruments Incorporated
P.O.Box 655936, MS 134
Dallas TX 75265

ABSTRACT

A GaAs E/D MESFET 1 K-bit static RAM has been fabricated on a 2 inch
GaAs-on-Si substrate. The GaAs layer is grown on a (100) silicon wafer by
MBE. A row address access time of 6-14 nsec compares well with the 4-12
nsec for bulk GaAs devices fabricated concurrently using the identical E/D
MESFET process. The total power dissipation of less than 500 mW and the
memory array dissipation of 45 mW are also comparable to the bulk GaAs
chips.

INTRODUCTION

A recent success in growing high quality GaAs layers on silicon substrates
has prompted an immediate interest in utilizing this material for device
applications (Fisher et al. 1986). Besides the realization of GaAs/Si monolithic
integrated circuits with high speed and optoelectronic GaAs circuits and high
density silicon circuits on a chip (Choi et al. 1986), there exists a possibility of
utilizing this material in place of bulk GaAs wafers for GaAs digital ICs. Some of
the advantages of GaAs-on-Si wafers over bulk GaAs wafers include: 1)higher
mechanical strength of silicon substrates compared to brittle GaAs substrates,
which facilitates wafer handling and process automation, 2)availability of large
diameter silicon wafers which is expected to reduce the cost of IC chips, and
3)three times higher thermal conductivity of silicon compared to GaAs, which
helps in dissipating the heat from high speed circuits.

In spite of these expectations, however, the progress in applying this
material for LSI-level digital circuits has been rather slow because of the
limitations and uncertainties in material quality. The only reported result on
circuit performance to date is a 17 stage ring oscillator (Nonaka et al. 1984)
which contains no more than 50 transistors. Additionally, the compatibility of
GaAs-on-Si wafers with GaAs wafers in a circuit fabrication proces, has not been
demonstrated.
FABRICATION PROCESS

The GaAs-on-Si wafers used in our studies are prepared by growing a 4
pm thick GaAs layer on a 2 inch n + doped (100) silicon substraze by MBE. The
crystal orientation of the silicon substrate is tilted 4 degrees towards a (011)
direction to avoid the formation of antiphase domains and to improve the
surface morphology (Lee 1986). After the silicon substrate is heated to 1000°C
(c) 1987 1OP Publishing Lid
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for 3 minutes in the MBE preparation chamber, the first 0.2 pm of the GaAs
layer is grown at 5250C at a growth rate of 0.3 pm/hr. Subsequently the
temperature is raised to 5800C, and the remainder of the GaAs layer is grown at
a rate of 0.9 pm/hr. The resulting GaAs surface layer is very smooth and shows
an excellent surface morphology comparable to GaAs layers grown on GaAs
substrates. A cross sectional TEM micrograph indicates that the dislocation
density at the surface is approximately 107 to 108 /cm 2. The GaAs layer is left
undoped in order to use a fully implanted MESFET process to examine the
compatibility of the GaAs-on-Si material with a standard GaAs MESFET process
and to compare directly with bulk semi-insulating LEC GaAs wafers. The
background doping of the undoped layer is on the order of 1014 cm- 3.

The fabrication process for GaAs-on-Si wafers is identical to that for bulk
semi-insulating GaAs wafers (McLevige and Chang 1985). It uses a fully
implanted two-threshold process with a true double-level metal
interconnection. All lithography is done using a 10x optical stepper with a
resolution of 1 pm which is also the minimum dimension of the MESFET gates.
After three implants, the slices are annealed using a proximity arsenic
overpressure system at 850°C for 15 minutes. It should be noted that after the
annealing, the slices show no sign of cracking or peeling. On the contrary, the
material quality is actually found to improve after this thermal anneaiwng with a
dramatic reduction of dislocations at the surface (Lee et. al. 1986). A cross
sectional TEM shows that most of twins and slip lines are eliminated in the GaAs
layer and that the dislocation density at the surface is reduced by several orders
of magnitude. This improvement is attributed to the solid phase regrowth of
the GaAs layer. After the annealing, the ohmic and Schottky metals are formed
by evaporation and liftoff, followed by the formation of double-level metal
interconnection to complete the circuit fabrication.

DEVICE PERFORMANCE

Fig.1 shows typical current voltage characteristics of enhancement and
depletion GaAs MESFETs fabricated in a GaAs-on-Si wafer. The threshold
voltages are 0.15 and -0.7 volts for enhancement and depletion devices,
respectively. Maximum transconductances of 196 mS/mm for enhancement and
182 mS/mm for depletion devices have been obtained. The average values over
a 2 inch wafer are 170 mS/mm and 147 mS/mm for enhancement and depletion
devices, respectively. These values correspond to approximately 80% of those
for devices fabricated in bulk GaAs wafers processed concurrently.

Enhancement Depletion

VG. 0 V

FIG.1. I-V characteristics of fully implanted enhancement and depletion
GaAs MESFETs fabricated in a GaAs-on-Si wafer.
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Fig.2. Threshold voltage uniformity of GaAs E/D MESFETs across a 2 inch
GaAs-on-Si wafer.

Surprisingly, the uniformity of the threshold voltage is found to be
excellent for GaAs-on-Si wafers. Fig.2 shows an example of the threshold
voltage uniformity obtained across a 2 inch wafer. Standard deviations as low
as 27 mV across a 2 inch wafer have been obtained with typical values of 30-70
mV. These uniformities are comparable to the best uniformity found for GaAs
wafers. This excellent uniformity proves the excellent quality of the GaAs layer
grown on a silicon substrate.

STATIC RAM PERFORMANCE

The circuit design of the 1K-bit static RAM fabricated in a GaAs-on-Si
wafer is identical to the one used for bulk GaAs SRAM previously reported
(McLevige and Chang 1985). The 1K SRAM uses DCFL for the memory array and
BFL circuits for the peripheral circuits, and is fully ECL-compatible. The memory
cell area is 774 pM2 and the chip size is 2.0 x 1.75 mm 2 . Fig.3 shows a chip
photograph of the 1K SRAM.

Fig.3. Chip photograph of
1 K-bit static RAM.

Aa
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Data input

Read/Write Row Address

Row Address (500 mV/div)

output output ___ __-

(500 My) 
(500 mV/div)

(a) (b)

Fig.4. (a) Waveforms showing operation of two memory bits.

(b) Oscilloscope photograph of access time measurements.
Horizontal scale is 2 ns/div. Both signals are measured using
0.1X picoprobe.

Fig.4 demonstrates the functionality of the SRAM. The input signal
patterns in Fig.4(a) exercise the four possible permutations of address and data
changes for two bits of memory. As shown in the waveforms in Fig.4(b), a
minimum address access time of 6 nsec has been obtained. The measured access
times for the GaAs-on-Si wafer range from 6 to 14 nsec compared to the 4 to 12
nsec observed for the bulk GaAs SRAMs fabricated concurrently using the same
design. The power consumption is also very comparable. For both cases, the
chip dissipates approximately 400 mW.

CONCLUSIONS

A 1K-bit static RAM with a minimum address access time of 6 nsec has
been fabricated for the first time in GaAs-on-Si material. Comparable
performances of LSI-level circuits between GaAs-on-Si wafer and bulk GaAs
wafer indicate that the GaAs-on-Si technology is well suited for digital IC
applications.
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W-band characterization of high electron mobility transistor

J. Schaffner, K. Moeller, H. Fetterman
University of California, Los Angeles
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TRW Electronic Systems Group, Los Angeles

Abstract: The scattering parameters of high electron mobility transistors
were measured at W-band using a six-port network analyzer. Connections
to the transistors were made using microstrip and ridged waveguide transi-
tions. Actual scattering parameters were then determined from the experi-
mental data using a two-tier de-embedding process.

1. Introduction

Technological advances in device fabrication have made it possible to develop
field-effect transistors that operate at millimeter wave frequencies. In particular, high
electron mobility transistors (HEMT) have received considerable attention for use in
millimeter wave active circuits. Recently, HEMTs have been used in amplifiers at 70
GHz (Sholley 1986a) and at 94 GHz (Smith 1986b).

The design of these millimeter wave circuits is typically preceded by scattering
parameter measurements of the transistor at microwave frequencies, from which a
small signal transistor circuit model is derived. The performance of the transistor in a
millimeter wave circuit is then obtained by extrapolating the model to the frequency
of interest. The physical realization of the millimeter wave circuit usually requires
extensive tuning.

This paper presents an approach to direct scattering parameter measurements of
quarter-micron gate length HEMTs at W-band (75 GHz to 110 GHz). The measure-
ments are achieved using a six-port network analyzer, along with a ridged waveguide
to microstrip transition. The final results are obtained after de-embedding the transis-
tors scattering parameters from the transition test fixture.

2. Six-Port Network Analyzer
In order to measure scattering parameters at W-band, a six-port network analyzer

was constructed using discrete commercially available waveguide components. The
six-port junction allows the determination of a device's reflection or 'transmission
coefficient by measuring the power at four ports (Enger 1977). In figure 1, the six-
port network analyzer is configured for reflection measurements. The power measure-
ments are taken at P3 through P6 in the figure by W-band thermistors which were
chosen for their linearity. Power is supplied by a backward wave oscillator that has
been frequency locked. The test fixture containing the device is connected to the
remaining port. Power readings are acquired from each power meter using a com-
puter controlled scanner and voltmeter. In addition to reflection measurements, the

1987 lOP Publishing Ltd
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transmission coefficients of the device can be obtained by a minor re-configurement of
the input power and device connection ports.

3. Measurement of HEMT
A five section Chebyshev ridged waveguide transformer was fabricated to couple

the waveguide of the six-port to 50 t microstrip transmission line, as shown in figure
2. The ridge was designed for a passband from 70 GHz to 110 GHz. Indium ribbon
was placed between the end of the ridge and the microstrip line to ensure good electr-
ical contact.

The HEMT was placed at the center of the test fixture and attached to the
microstrip lines by ribbon bonds to the gate and drain, with the source grounded by
ribbon bonds to the test fixture. Bias current was applied through 0.0007 inch bond
wires, and microstrip chip capacitors with resonant frequencies at 75 GHz provided
DC blocks.

Since good microstrip short circuits are difficult to achieve at millimeter wave
frequencies, a two-tier de-embedding process was used to obtain the scattering param-
eter of the HEMTs. First, a test fixture comprising back-to-back waveguide to
microstrip transitions separated by a length of microstrip line was characterized by
measuring its transmission coefficient and reflection coefficient. Next, the reflection
coefficient of a single transition was measured using a microstrip load. From these
measurements the scattering parameters of the test fixture were determined. The next
step was to measure the reflection and transmission coefficients of the test fixture with
a HEMT. By assuming a symmetrical test fixture the device scattering parameters
were determined by the method of Kupps and Sodomsky (1971).

Table I shows the de-embedded scattering parameters of a HEMT and bond rib-
bons at frequencies between 75 GHz and 85 GHz. In figure 3, the maximum avail-
able gain of the HEMT was calculated from the measured scattering parameters. It is
apparent form this figure that the maximum frequency of oscillation of this HEMT
occurred a little below 75 GHz.

At millimeter wave frequencies, the bond ribbons behave more like transmission
lines rather than discrete inductances. Measurements are being planned on transistors
with zero drain bias, which would simplify the small signal model enough to obtain
an effective bond ribbon characteristic impedance (Curtice 1985),

It may be concluded from the transistors that have been characterized that it is
difficult to predict from a device's DC behavior whether or not it will operate with
gain at W-band. However, techniques are being developed which allow microwave
characterization of devices that are still on a wafer. Thus, HEMTs which show prom-
ise of operation at W-band can be pre-selected for further characterization above 75
GHz of millimeter wave active circuits.
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(11

MAG PHASE MAG PHASE MAG PHASE MAG PHASE
75.0 0.303 -75.30 0.477 9.40 0.695 -1.3* 0.109 103.80
76.0 0.057 130.80 0.487 8.9 °  0.593 -2.1°  0.234 17.50
77.0 0.221 129.70 0.430 -16.20 0.545 -24.60 0.170 -160.40

79.0 0.409 -41.60 0.467 -27.4' 0.551 -24.20 0.219 2.60
81.0 0.288 133.70 0.437 -49.1°  0.548 -48.30 0.167 -155.80
84.0 0.193 -59.5°  0.469 -36.9- 0.576 -29.3- 0.221 -12.1-
85.0 0.137 -15.10 0.368 -30.5o 0.440 -22.80 0.240 -11.60

Table 1. De-Embedded Scattering Parameters of a HEMT and Bond Ribbons.
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Figure 3

Maximum Available Gain of HEMT Connected with Bond Ribbons
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15 GHz-bend power InP MISFETs
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Abstract. T wer InF .hz:T: :ut'.e been developed using phospho-s-licate-
glass (PS,) a,. -t _,ite insulat-r, which was deposited in situ at 300 'C
after etchins In? surface with li01. Good intyrface properties with inter-" "I ii -2 -rac
face state density as low as 2.5x1) cm .e, were obtained. Fabricated
MISFETs with gate lent-h -a-nd wilt!. :-, 0.7 pm and C0 pm , res!ectively,
exhibited maxim=., output power :).' ?.- W with gain of 4.1 dB at 15 GHz.

1. Introduction

For microwave :ower devize atili-at ion:, In? is potentially superior to GaAs
in terms of thermal osniuctivity and teak electron drift velocity. In fact,
several results showing hi-her outrut power per gate width than that of GaAs
.ESFETs have been re.orted :tr In? MISFETs (Armand et al. 1983, Itoh and
Ohata 1983). These res -, however, are only limited to rather low fre-
quencies and PF :-!- rm'a:.- -t the frelunc. higher than Ku-band has not
been reportel yet.

In this rater, we re'ort cn newly ;eveloped InF MISFETs and their RF per-
formance at 15 ,Hz a well 'ls 2 -Hz. The MISFETs exhibited successful Ku
band operation for .he first tire and higher output power per gate width
than that of IaAs ME VFT was obtained. Section 2 describes the interface

ropert ie:7 w t :.-ultor a.rc an InP substrate. The fabrication
recess- at. I the to' : :trc te i, shoi. n in section I. in sections 0 and

DC anl h:Cr'v'ter I-ti12 'rir, mt.ntiaed. S ection 6 gives a summary.

2. Interface Irorerties between insulator and InP

The improvement of tre interface proerties between a gate insulator and a
substrate is a key factor for the successful operation of tne MISFETs.
In this work, a phospho-silicate glass (PSG) was used as a gate insulator.

After an InP substrate was pretreated by etching with the solution of
FPo'/H,0O/1,0 0, it was i't into the reactor. The PSG film was deposited

by the reactro silane, oxygen and phosphine under atmospheric pressure.
The deposition temperature was <0 'C. Before the deposition of PSG film,
InP surface was slightly etched in situ in the reactor by'lCl gas. The
deposition rate was tyl ically 250 A/min.

MIS diodes were fabricated to investigkate the interface properties between
the PSG film and inP substrates. tndojd (n-type) InP (100) substrates
with a carrier concentration of 8.5x10 cm- were used for this experiments.
The thickness of the PSG film was 800 A. Figure 1 shows the capacitance-
voltage (C-V) curves of the diodes. The measuring frequency and the sweep
rate of the bias voltage were 1 MHz and 0.1 V/s, respectively. In the

figure, C-V curve for the PSI film without 11Cl etching is also shown to

< 1987 lOP Publishing Lid
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clarify the effect of HC1 etchinF.
Comparing these two curves, the
following differences are notice- =
able; (i) the width of the flat 0 PSG

band (CFB/COY=0. 82 in this case) jo 800L
voltage shig. in the hysteresis 0.5
loop reduces from 1 V (without HCI =8.5Xl0cm-
etching case) to 0.4 V (with HCl HCetch+PSG S.R.=0.IV/sec
etching case), (ii) the interface
state densit. obtained from
Terman's method (sqwn _ n ig. 2) O.- ------ 4 1 -2 -I 0 I' 2 3' 4 5
is as higi: as lxlO 'cm .eV at V(V)
the bottom for the film withoutthe botom~ forhe fism al.ow Fig. 1 C-V curves of MIS diodes.HC1 et, hi?, while ;t is as low
as .SxlO -m-eV for that with
H3l etching and (iii) the change of
the surface potential is restricted
from 0.I v to -0.3 V for the film /
without HCI etching, while it becomes
wider , from 0.1 

" to -0.55 V IPSG

(almost midgar) for that with HCI L
etching. These three imrrcvements of
the interface properties were essential
on the fabricated MISFET operation for HCI etch

-rressig the drain current drift, -" +
n.reasing the transconductance and >PS

obtaining good iinch-off charact-

rlstic. The freiiency dispersion of

-e acitance was also measured in "
.!.e frequency range from 3C HZ to 1 MHz. Z

The results showed that the disrersior. Iol-

t the _iasing of 5 V was within less
t throughout the measured fre- 0.0 0.2 -0.4 i-0.6

noes, and this confirmed the Ec rgs(eV) Ei

attainment of the accumulation con- (mid gap)
ion. The relative dielectric itontant of the P33 film calculated Fg. .7 Interface state density as
o t ofth le muti cacted q function of surface potential.from the acou'nUlation capacitance was

5 5:].DT, is. trie preceling paragraph,
th.e effect of IiCl etching before the

remarkable. HCI etch+ PSG

PSG 0

S Sc mni

; 0 60I005 0

Etchn.ig tme (m,n F tchingtime (min)

Fig. 3 AES depth profiles for PSG films deposited on InP. (a) Without HCl
etching, (b) with HCI etching.
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Okamura and Kobayashi (1980) have reported on the role of HCI etching as to
remove the native oxide layer which exists inevitably on InP surface. Here,
we propose another role of HC etching for the deposition of PSG film.

Figure 3 shows the AES depth profiles of the PSG films deposited without
(Fig. 3(a)) and with (Fig. 3(b)) HUl etching. These two films were deposited

under the same conditions except for the HC etching. As is clearly seen,
phosphorus signal was not detected for the film without HCl etching, while
it was detected for that with HC1 etching. However, SIMS measurement, which

is more sensitive than AES, showed the existence of the phosphorus even in
the film without HC1 etching. The phosphorus concentration in the film with

HCI etching was found to be 15-20 times higher than
that in the film without HC1 etching. These results
suggest that HC1 gas acts as a catalyst to make the
phosphorus concentration high in the film. It is
plausible that the higher concentration of phosphorus (a)
leads to the improvements of the interface properties,
which wasalso reported by Pande and Gutierrez (1985).
The role of HC1 etching for the improvements of inter-
face properties by making the phosphorus concentra-

tion high instead of removing the native oxide is
also supported by the experiments shown below. (b)

(i) The undoped SiO film was deposited in situ after Ni/AuGe Sio2
InP surface was etched with HCI. The interface state
density of the film was higher than that of the PSG
film without HCI etching. This result indicates that
the interface state density between the film and InP
is dominated by the phosphorus concentration during (c)

the deposition of the film. (ii) The PSG film PS0
was deposited without HC etching after the pre-
treated InP surface was exposed to the air for 12
hours. The C-V curve was almost the same as that
deposited immediately after the InP surface being
pretreated. This result indicates that the native (d)
oxide does not affect the interface properties. Al

3. Fabrication process and device structure d ,d M

Depletion-type In? MISFETs were fabricated. The fabri-
cation process is shown in Fig. 4. An undoped buffer W
layer and an n-type active layer were successively
grown on an Fe doped semi-insulating substrate ty Fig. 4 Fabrication pro-
chloride (In/PCl /H ) VPE. The carrier concentra- cess of InP MISFET.
tion aj the thiekness of the active layer were

l.5xlO cm-
3 

and 0.25 Jim, respectively (Fig. 4(a)).

After mesa-etching (Fig. 4(b)), source and drain electrodes were formed by
alloying evaporated Ni/AuGe at 400 OC for 2 minutes. The undoped SiO2 film

was used as the spacer for the lift-off of Ni/AuGe metal (Fig. 4 (c)).

The gate pattern was delineated and recess-etching using a solution of
H POh4/H2 02 /H20 was performed to the depth where the drain to source current
dicreased to 120 mA. The gate insulator was deposited in t:e same process
as described in section 2. The thickness of the PSG film was 800 A (Fig. 4 (d)).
The gate pattern was re-aligned precisely on the previously formed recessed

pattern using the same photo-mask as used in the recess-etching. Al was
evaporated with a thickness of 7000 1 and lifted-off leaving the gate
electrode (Fig. 4 (e)). Finally, Au/Pt/Ti bonding pads were formed.
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The top view of the fabricated chip is shown in Fig. 5. The gate width is
800 m (200 pm x 4 fingers) and the source to drain spacing is 5 =m. A SEM
magnified photograph near the gate electrode is shown in Fig. 6. The gate
length was as short as 0.7 Mn, which
enabled the successful operation at 15 GHz.
The shape of the recess was almost rec-
tangular and the width of the bottom of
the recess was 1.2 Lim. The obtained
recess shape enabled to increase the drain
breakdown voltage , though a slight
increase of source and drain resistance
was in trade.

4. DC characteristics

Figure 7 shows the drain current/voltage
characteristics of the fabricated MISFET,
where the horizontal axis, vertical axis
and the gate voltage step are 1 V/div.,
20 mA/div. and 1 V, respectively. In the
figure, the left and the right show the Fig. 5 Top view of the fabricated
gate bias being applied , negative and InP MISFET.
positive, respectively. The device showed
a drain saturation current (VGS =0 V) of
I03 mA and a transconductance of 40 MS.
Clear pinch-off was observed with the
Ti.ch-off voltage of VG =-3.5 '. By
positive biasing the gate to 3 V, the
drain current increased to 200 mA.
This indicates that the current dynamic
range is larger than MESFETs, which is
essential for higher output power opera-
t ion.

The D.( drain current drift was measured 0.5 im
at room temperature. For the measure-
ments, the gate bias was changed stepwise
from ) V to -- V or from C V to 2 V, Fig. 6 A SEM magnified photograph
while the drain bias was kert constant near the gate electrode.
at 3 V. For the former case, the de-
creasing current drift with a magnitude
of 10 % normalized with respect to
the initial value was observed for
the measurement time of 30 minutes,
while the increasing current drift
with the magnitude of 5 % was
observed for the latter case.
The decreasing or increasing current
drift directions with gate biasing
is inverse of that expected from
the clockwise hysteresis loop
measured in the C-V curves (Lile
and Taylor 1983). The reason is
not clear at present. Mobile ions
may play a role in this phenomenon
(Okamura and Kobayashi 1980). Fig. 7 Drain current/voltage character-

istics of InP MISFET.
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Though the degree of the drain current drift is larger than that reported
by Pande and Gutierrez (1985), it seems to be improved by controlling the

phosphorus concentration during the deposition.

5. Microwave performance

Microwave performance was evaluated on the fabricated InP MISFETs at 8 and
15 GHz. Chips were mounted and assembled in the ceramic packages. Figure 8
shows input-to-output characteristics of the device biasing at 18 and 0 V

to the drain and the gate, respectively. The linear gains of 9.0 and 5.6 dB
were obtained at 8 and 15 GHz, respectively.

G= IOdB 8 6 4 =SGHz

2 _9 0 Pin =244d8',30 29 A.: 25

-~ 28

E
f 8 GHz 27; 

15GHz 26-3V~~I8V 2" 26
,/ 

V"' , 18V

25 -20

20- 1

I0. 

I020

p m n < m 1 2 1 14 1 1 6 I's 8 2 L 0

Fi . ',': wer in ut-to-outs ,ut charac- V., (v)

Fig. 9 Drain-voltage dependence of

output power and power added effi-
'ire giain at 15 hz seems to be small ciency at 15 (Hz for different input

a s ompared witi the reported values powers.
of - ,as . ( Saito et a!. 19 53). -E 28

This is because the gate finger in i Pout
th i s dev ice is too lon g fo r 2 7 -  -

operation at 15 7Hz (Kuvas 1980), 0 0 ,dB

and higher gai -s can be expected 26 26

with further optimization in device 100(v, , _ 0 tv

design. At b Gliz, the maximum 1 '0

cutout rower of 1.2 W (1.25 W/mm)j
wIth .ain o f .2 1 was obtained. 90
At l. -,z the deTendence of output

power on the drain voltage was also 80 000 1000
measured with ,ate biasing at 0 V.
The Irain-source voltage could be t (sec)
applied up to 20 V with neglif'ible Fig. 10 Time dependence of output power
gate leakage current, typica].[; and drain current a'ter the drain
6-8 IiA. The result is shown in voltage is switched on.
Fig. 9, where the power added effi-
ciency is also shown. With the increase of drain voltage, output lower

increased. Output lower of 0.R1 W (1.0 W/mm) was obtaint-d nt the drain
voltage of 20 V, with gain and power added efficiency of h.1 dP and 2 I,
respectively. The value of 1.0 W/mm at 15 (Hz is, to our knowledge,
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higher than the best results reported so far in GaAs MESFETs (DiLorenzo and
Wisseman 1979). Figure 10 shows the gain and drain current drift in the
RF measurements, where the drain voltage was applied stepwise with gate
voltage being kept constant at 0 V. No gain and current drifts were observed
during 10 minutes.

6. Summary

InP MIS diodes and depletion-type InP MISFETs were fabricated and evaluated
to clarify the feasibility for the high frequency microwave power devices.
It was found from the C-V curves of MIS diodes that good interface proper-
ties were obtained by depositing PSG film in situ after etching InP surface
with HCI. In the deposition process, HCl gas is supposed to act as a
catalyst to increase the phosphorus concentration in the PSG film. And
high concentration of phosphorus seems to lead to the improvements of the
interface properties. The fabricated InP MISFETs with gate length of C.7 Jm
exhibited higher output power per gate width than GaAs MESFETs at 15 GHz.
These results show that InP MISFET is very promising as a microwave power
device.
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Correlation of undoped, In-alloyed and whole ingot annealed semi-
insulating GaAs substrates for low noise microwave amplifiers

II Kanber and D C Wang

Hughes Aircraft Company, Torrance Research Center, Torrance, CA 90509, USA

Abstract. The quality of LEC grown GaAs substrates critically affects
the final low noise microwave device and circuit performance as evi-
denced by comparing Si implanted undoped, In-alloyed and whole-ingot

annealed semi-insulating substrates. We investigated differences in Si
implant activation, electrical profiles, and uniformity of material,
device and circuit parameters. A noise figure of 2.0 dB with associated
gain of 24 dB at 10 Gliz was achieved for a monolithic two stage low
noise amplifier.

1. Introduction

Direct ion implantation technology is being widely used in GaAs integrated
circuit fabrication. However, the final device and circuit performance
still critically depend on the characteristics and quality of liquid encap-
sulated Czochralski (LEC) grown GaAs substrate materials. The role of
dislocations on both digital and microwave device performance is also
actively being researched by several laboratories. Active material para-
meters such as implant activation, sheet resistivity and saturated current
may have quite different characteristics depending on the material growth
technique. In this paper, we study the correlation between low noise
device and circuit performance and material quality using undoped, In-
alloyed and whole-ingot annealed semi-insulating GaAs substrates.

2. Device Fabrication

Four types of semi-insulating GaAs substrates were selected: In-alloyed
high pressure LEC, undoped standard low pressure LEC, undoped standard
high pressure LEG and whole-ingot annealed high pressure LEC. The sub-
strates were obtained commercially from different manufacturers and were
2-inch diameter crystals grown by the B2 03 encapsulated high or low pres-
sure LEC technique in pBN crucibles. The KOH defined average etch pit
densities in the In-alloyed, standard high pressure, standard low pressure

and the annealed high-pressure were 420, 3.5 x 104, 1.7 x 104 and 5.8 x
104 cm

-2 
respectively. The In content of the In-alloyed wafers was deter-

mined to be 7.8 x 10J
9 

cm
- 3 

by the manufacturer. The as-grown resistivi-
ties of the above sequence of wafers were 1.6 x 108, 2.1 x )07, 3.0 x 107

and 4.6 x 107 ohm-cm respectively. After thermal conversion testing, the
resistivity of the standard high-pressure substrates increased to 2.7 x
10

7 
ohm-cm, that of the standard low-pressure substrates increased to 2.0

x 108 ohm-cm, and that of the annealed high pressure substrates decreased
to 3.5 x 107 ohm-cm. The implant and anneal parameters were chosen to

fabricate the active channel layer in low noise GaAs monolithic microwave
integrated circuits (MMICs). The substrates were implanted with 100 keV

1987 lOP Publishing Lid
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28
Si ions at a dose of 5 to 6 x 1012 cm

- 2 
and capless annealed in a

112-AsH 3 atmosphere for 850°C/30 minutes. The sheet resistivity of these
blanket implants was measured by a Tencor surface eddy current measurement
gauge. The differential capacitance-voltage profiles were measured by the

Miller feedback technique.

The MMIC fabrication procedure includes formation of the FET channel layer,
device isolation, fabrication of ohmic contacts, Schottky gates, overlay
metallization of the circuitry, MOM overlay capacitors, device passivation,
airbridge interconnects, wafer thinning, via hole etching, and back metal-
lization. Substrate related effects are monitored by using standard pro-
cess control monitoring techniques such as C-V profiles, ISAT current,
sheet resistivity and FET characteristic measurements. An optical contact
lithography process is used to produce high yield 0.5 gm gates with high
throughput (Wang). S-parameter characterization of the devices was carried
out on an automatic network analyzer (ANA) over the 2-18 Gliz frequency
range to evaluate the effect of critical parameters in an equivalent cir-

cuit model in which the circuit elements are related to the physical device
structure.

3. Performance Results

Material characteristics of the active channel in the four different types

are summarized in Table I. By using ion-implant and capless anneal tech-
niques, good activiation of the Si implant and abruptness of the doping
profile were achieved. The peak lcct r111Ctctt ration was about 2.6 to
2.9 x 1017 cm

- 3 
at a depth of 0.09 urm. The C-V profiles for the whole-

ingot annealed, the undoped high pressure and the In-alloyed high pressure
LEC are compared in Fig. I and show transition widths _%d of 670, 770, and
800 R, respectively when the concentration drops from I x 1017 to 1 x

1016 cm
-3
. Higher implant activation of the whole ingot annealed wafer

compared to the In-alloyed wafer is also
indicated in Fig. 1. The importance of the
transition width will be discussed later

with device performance. 10." loo _

CAT UdDC/3 un
high yield MMIC fabrication process neces- I WHOLEC j

sitates uniform channel and FET characteris- - x 2 UDoMo HPLIC rNA

tics. For microwave applications, the uni- u3 LtLORD LC ...

formity of the gateless saturation current ,

ISAT is monitored to reflect substrate mate- X
rial quality. By testing whole two-inch

wafers using 180 data points on a 15 by
200 Mm gateless channel, we obtained global
ISAT uniformities of 2.5, 3.1, 4.4 and i ,0

'
1 62

4.8 percent for whole-ingot annealed, stan- , 2

dard high pressure, In-alloyed high pressure
and standard low pressure wafers. Fig. 2

shows the wafer map of the whole-ingot
annealed wafer. The density of dislocations .2.s, 0.2 04 46

do not seem to affect the macroscopic and DEPTH
microscopic uniformity of ISAT for the
implant parameters used in MMIC fabrication. Fig. I Electrical C-V
Whole ingot annealing has been shown by profiles of

several researchers including Dobrilla et 100 keV Si
al, Ogawa, Otoki et al, Lohnert et al to implanted GaAs
homogenize substrate properties such as the LEC substrates.

. .... ... .. . . . .. . ...LJ l
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EL2 distribution, stress,
,ST MAP substrate resistivity,

-A -A Lfc extrinsic photoconduc-

[tivity, and photolumi-
31 ,3' 12 inescence intensity dis-
73F- 2. 47r 71tribution of the carbon,.i "74 .' I deras n h de

T. i fs W J Dacceptor envelope. A

: decrease in the deep
71 76 levels other than EL21 41 TS ft - S :17

1. ,,, has also been observed., s -e W S 11 - : 2 S-.
1 '515s uThe improved uniformity
i '61 :I 'cof LEC substrate proper-

, 3' ties is reflected by the
11 74 Is Tabove ISAT uniformity of7,whole-ingot annealed

wafers. As seen in
Table I, FET saturation

t - current uniformity of
11,,, 1.1 percent has been

achieved on the annealed
Fig. 2 ISAT uniformity map of whole ingot high pressure substrate

annealed LEC substrate, of lot MH697. The
devices in our low noise
amplifier are standard
0.5 x 300 um low noise
GaAs MESFETs whose

structure is shown in Fig. 3 and consist of four 75 m gate fingers. The
individual FET dc characteristics are summarized in Table II and show
excellent FET IDS S uniformity for ion implanted channels. The ratio of

the transconductance to the pinch-off voltage, gm/Vp, shows superior dc
performance for the standard high pressure and the annealed high pressure
substrates.

The low noise device performance from the four types of GaAs substrates is

summarized in Table III where the average noise figure and associated gain
is obtained from 8 measured FETs for each wafer. The best RF performance
results are indicated in parentheses under the average numbers. The best

noise figure of 1.33 dB with an associated gain of 9.20 dB at 10 GHz was
measured on the whole-ingot annealed high pressure LEC wafer. The highest

TABLE I

ACTIVE MATERIAL CHARACTERIZATION

Lot # Descriptions 12 Parameters ( G4/3) I SAT(mA)

MH694 In-Alloyed Si
+
, 100 KeV 473+8 (1.7%) 44.7+1.9 (4.2%)

Hi-Pressure 6E12 cm
- 2  

I

MH 695 Standard Si
+
, 100 KeV 469+8 (1.7%) 46.3+0.9 (2.0%)

Hi-Pressure 6E12 cm
- 2

MH696 Standard Si
+
, 100 KeV 443+6 (1.4%) 50.5+1.3 (2.6%)

Low-Pressure 5E12 cm
- 2

MH697 Annealed Si
+
, 100 KeV 456+5 (1.1%) 46.0+0.5 (1.1%)

Hi-Pressure 5E12 cm
-2
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gain of 10.46 dB was
measured on the stan-
dard undoped high

pressure LEC wafer.

The final low noise
monolithic amplifier
consists of two 0.5 um
gate FETs with 300 um
gate width, five 10 pF
overlay capacitors,
microstrip lines and

S via holes to ground.
75um The chip size is 1.9 x

2.0 mm. RF performance
Fig. 3 0.5 urm gate length by 300 m gate width of 20 low noise ampli-

low noise FET. fier chips selected

from the four types of
wafers is illustrated
in Table IV. The noise

figure is measured without tuning and with a bias condition of VD =

3.0 volts and IDS 
= 

24 mA. The noise figure is less than 3.0 dB and the
associated gain is more than 20 dB across the frequency band from 9 to
10 GHz. A best noise figure of 2.0 dB with an associated gain of 24 dB
has been measured at 9.5 GHz on standard high pressure undoped LEC material.

Equivalent circuit elements have been evaluated from S-parameters to iden-

tify the critical material parameters necessary to achieve the low noise
results reported here. The equivalent circuit model used in this work has
been described previously by Feng et al. The calculated equivalent ele-
ments are summarized in Table V. The ratio gm/C s is a figure of merit
which can be used to predict the noise figure and fT as described by Fukui.
Maximizing the ratio gm/Cgs will minimize the noise figure and maximize

fT. Both the In-alloyed and the standard low pressure material lots have
gm/Cgs ratios that are 23-24 percent lower than the standard high pressure
and the whole-ingot annealed high pressure material. The highest ratio is

TABLE II
FET DC CHARACTERISTICS

FET

Lot # Descriptions IDSS(mA) gm(mS) VP(V) gm/Vp(mS/V)

MH694 In-Alloyed 15+1.9 9.3+0.3 1.8+0.3 5.17

Hi-Pressure

M11695 Standard 12+1.5 9.4+0.8 1.4+0.1 6.71
Hi-Pressure

MH696 Standard 13+1.3 9.1+0.3 1.7+0.2 5.35

Low-Pressure

M11697 Annealed 11+0.9 8.4+0.4 1.3+0.03 6.46
Hi-Pressure
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TABLE III
LOW NOISE FET RESULTS FROM DIFFERENT GaAs MATERIALS AT 10 GHz

Associated* Rating
Type of GaAs Noise Figure* Gain
Materials (dB) (dB) N.F. Gain

Hi-Pressure LEC 1.49 + 0.06 10.13 + 0.24 2 1
Undoped Standard (1.41) (10.46)

Hi-Pressure LEC 1.44 + 0.08 8.83 + 0.28 1 3
Undoped Annealed (1.33) (9.20)

Low-Pressure LEC 1.68 + 0.05 8.60 + 0.26 4 4
Undoped (1.62) (8.97)

Ili-Pressure LEC 1.63 + 0.09 9.24 + 0.29 3 2
In-Alloyed (1.50) (9.68)

* Average from 8 measured data

C) Indicates the best results

calculated for the whole-ingot annealed material and confirmed by the
measured lowest noise figure as shown in Table III. The material charac-
teristics of the sharpest transition width and highest activation and the
measured FET dc characteristics of largest gm/Vp ratio can also be corre-
lated to the best measured low noise figure for whole-ingot annealed LEC
substrates.

5. Conclusion

A high performance X-band monolithic low noise amplifier with low cost
ion implanted MESFET technology has been demonstrated. We have compared
In-alloyed high pressure, standard undoped low pressure, standard undoped
high pressure and whole-ingot annealed substrates and correlated ion
implanted material characteristics to FET dc and RF performance. An excel-
lent noise figure of 2.0 dB with an associated gain of 24 dB was achieved

TABLE IV

X-BAND TWO-STAGE LNA PERFORMANCE

Lot li N.F. (dB) GA (dB) @ 9.5 GHz Bias Conditions

M11694 2.4 - 2.8 23 - 24 VD = 3.0 V
(In-Alloy) IDS - 24 mA

VG = -1.1 to -1.2 V
MH695 High 2.0 - 2.2 24 - 25 VG = -1.0 to -1.05
(STD.) 'ressure

M11696 2.3 - 2.5 23 - 24 VG = -1.1 to - 1.2
(Low-Pressure)

MH697 2.2 - 2.5 23 - 24 VG = -0.9 to -0.95
(Annealed)
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TABLE V
CALCULATED EQUIVALENT CIRCUIT ELEMENTS

Device Lot MH694 MH695 MH696 M1697

gm(mS) 22.7 28.3 23.3 29.6
Gd (mr) 2.89 3.82 3.42 4.18
Cgd (pF) 0.024 0.021 0.024 0.023
Cgs (pF) 0.26 0.25 0.27 0.26
Cc (pF) 0.069 0.091 0.092 0.102
Ri (12) 0.85 0.75 0.77 0.82
Rs  ( ) 1.79 1.58 1.17 1.80

Rg (0) 3.22 2.59 3.46 2.59

gm/Cgs 87.3 113.2 86.3 113.8

for a monolithic two stage low noise amplifier. In this study, both stan-
dard and whole-ingot annealed high pressure substrates show superior uni-
formity and dc and RF performance for microwave applications.
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Abstract
Full operation and high fabrication yield of GaAs SRAM's with nano-
second access time requires accurate statistical simulations including
tne variations of the material and process parameters. The theoretical
fabrication yield can oe deduced from the stability condition of a
memory cell, the local distribution (over 1 mm2 ) of the threshold
voltages of FET's and tne distribution function over the whole wafer
of the local nean threshold voltage. The maximum simulated yield for
64 Bit and lKbit SRAM's for both conventional and dislocation free
substrates is discussed theoretically and experimentally. Correlation
between the fabrication yield measured on fulT operating 0.7 ns 64 bit
and 1.4 ns lKbit SRAM's and the mean VT over the whole wafer is pre-
sented.

1. Introduction

In recent years the ultra high speed digital LSI's for super computers has
attracted a great deal of attention. Many GaAs LSI's, including both logic
devices and memories have been reported (N. Yokoyama), (F.S. Lee),
(Y. IKawa), (M. Hirayama). In order to achieve an high faorication yield
for such LSI devices, high quality GaAs substrates are required. The
purpose of tnis paper is to evaluate for several kinds of LEC substrates,
the theoretical maximum fabrication yield of 64 bit and IKbit SRAM's
deduced fro the microscopic and macroscopic distributions of the threshold
voltages of FET's grouped in dense row patterns.

2. Yield analysis

Full operation and high fabrication yield of GaAs SRAM's with nanosecond
access time using the DCFL approach requires accurate statistical simu-
lations including the non-uniformities of the materia and the process
parameters. A first analysis of all the parameters shows that the tran-
sistor threshold voltage VT is the main 'parameter to be considered.
The most sensitive part of a SRAM is the memory cell array.

*This work is supported by ESPRIT contract.
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The memory cell stability has been considered to be one of the main
electrical features influencing the fabrication yield. A more detailed
analysis would also have to include the interaction between memory cells.
The memory cell (figure 1) consists of two 100 Kfl resistors, two access
FET's and two driver FET's, with 3 Mm and 9 urm gate width respectively.

UNSTABLE

At( s R A(ess

,50 STABLE

o 0 100 200 V, 1mV)

Figure 1 Figure 2
Schematic of the memory cell Stability conditions of

a memory cell

Computer simulations show that cell stability 'in the read mode is lower
than in the write mode, and depends on thre ,jarameters : a) the ratio
between the gate width of driver transistor to access transistor ; the
greater the ratio, the higher the cell stability. b) the high level of the
word-line voltage, which must De lower than .7 Volt. c) the threshold
voltage difference between the two-cross coupled driver FET's of the memory
cell. The first two parameters can be optimized and fixed at an optimum
value. The last parameter is VT dependent, VT being a function of the
electrical uniformity of the active layer and of the variations of the
process parameters. In order that the memory cell does not lose its data
during the read mode, the maximum allowable difference of threshold
voltages & VT  (VT) between the drivers is deduced from transient
computer simulation on a worst case unbalanced memory cell (figure 2). A
maximum AVT of 90 mV corresponds to VT'S between 150 mV and 250 mV.
However to ensure a significant differential voltage on the bit lines, or a
CML compatibility output signal, the threshold voltage of peripheral
circuits has to be less than 170 mV.

The fabrication yield "r" is expressed as follows : r = rI x r2 x r3
where :

rl = corresponds to the electrical non-uniformity of the active layer,
r2 = corresponds to the electrical and geometrical non-uniformities

of the process.
r3 = e-> S where s is the chip area and A the density of fatal

defects.

The yield ri of a SRAM which is design dependent, should b e equal to 1.
Theoretical calculations, presented in section 5, snows that rl Is smaller
than I for a 1K SRAM, processed on GaAs material, and so gives a limit for
the maximum fabrication yield. Consequently, for a given design and
material there is a mean value for the VT over the wafer which gives the
maximum value for r1.
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3. Homgeneity qualification of GaAs substrates

To evaluate rl, 30 GaAs wafers from various ingots have been processed.
Some of the substrates considered are standard dislocated LEC
semi-insulating substrates, others are In doped substrates in order to
reduce the dislocation density.

The original pattern (figure 3) is a
very dense row of 30 micro-FET's
(J. Maluenda), (LG = 2 um ; W = 5
urm ; drain-source spacing 6 am;
distance between two FET s = 5 um). A
2 um long gate which is common to the
30 FET's, has been used in order to
minimize the effect of gate length
variation on the threshold voltage of - - L

the FET's.
Figure 3:

Schematic of a part of the dense
row of 30 eicro-FET's

The test procedure is performed on 250 dense rows pattern (DRP) of 30
FET's distributed over a wafer.
For each dense row, VT of each FET was measured and O'(VT) and
VT are calculated. Tnese values snow the microscopic distribution of
VT over the dense row pattern.
The VT variation over the whole wafer is assessed by the overall
mean value <VT> over the 250 dense rows on a wafer, and the standard
deviation O"(VT ).
The standard deviation O'(Vr) shows the macroscopic distribution from
DRP to DRP. Standard GaAs, In doped, then standard annealed, In annealed
have been considered. The following table shows the typical values
obtained for several materials on all the processed wafers.

Microscopic (") 9acroscopic v(m)
m ,,ter,at 0-(V,) il 7): vj) (-.

Standard
(.amt) 44 100 25 100

(best) I15 40 20 50

Table I i Standard i
annealed 9 25 15 50

In doped I
(typical) 1i 30 17 50
(best) 1B I 5 8 40

n annealedI
(typical) a 20 '3 40

O(VT) is the mean value of O(VT) for the 250 ORP's over a wafer,
07(0 (VT)) is the standard deviation of 0(VT).

The superiority of the In doped GaAs with low dislocation density over the
standard GaAs is clearly demonstrated. The standard deviation of VT
inside the dense rows is remarkably improved. The average standard
deviation inside one dense row is between 40 and 100 mV for a standard
material and decrease below 20 mV for In doped GaAs. Post growth annealing
seems to improve the homogeneity of both materials.
The standard deviation at the macroscopic scale is always superior to the
microscopic one and seems to be limited by the technological process.
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4. Yield calculation

The theoretical fabrication yield rl for a given wafer can be deduced from
the stability condition of a memory cell and from the distribution
functions of O'(VT), VT and VT. Each DRP is assumed to be
repesentative of the VT variation over an area of 1 nun. The distribution
func.~ion h(VT) is centered around V- with a standard deviation
O'(VT).The 3 distribution functions f (O'(VT)), g (VT), h (VT) are
assumed to be independant g (VT) and n (VI) are gaussian, f( IC (VT))
is assumed to be maxwellian. The probability of the memory cell to be
operational is given oy :

v,... V',IA~vV, ) a v ~
ii fe ZV'(v-),e '()VT V (1)PM= I) J --O(v)zlr

LV,-.- Vv- AVT(V-r,)

where A4T (VTI) is deduced from figure 2. Tij3 rI is expressed as

/ ~ ~ 7 -~e O',: v- ____

ri (,i.v, e I(vT).e P ,)2  (v,).4 , (2)

where lTnax = 17J mV. N = nuinfer of memory cell.

A = .[r-T ). 3 . (v-T)

The optimum < VT> which gives tne highest yield can be deduced by
plotting equation 12) (see figures 4 and 5).

S. Theoretical results

5.1. - 64 bit SRAN's
The figure 4 shows tne yield rl for a 64 oit SRAM versus <(V> for 3

different processed material : a) an typical indium doped, b) an typical
indium annealed, c) tne best indium doped.

,1 64 Bit SRAM M4xrn,.r'Tei 1 (1 )

'I" Al A104 Al 10I Stao ura4i
1% *.l O T i n ° o , worst) .

best) 9.4Standara

anner eio I 28.4

(tyoic) y 19

/* ( best) -o

S Vcl t-jo) 47
Figure 4 Table 2

The table 2 shows the theoretical maximum yield ri at the 64 bit level
calculated on six different materials.

-AND. . ._ . ...
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5.2. - 1 IKlit SRA's
The figure 5 shiows the yield r1 for a 1 (Bit SRAM's versus <VrT> for
the same processed material as for the 64 Bit.

* YPWA1 b O(WFO IN th AM IK'(it SRAM Maximum rgld rl ~
IY'KA[ In AW~AIF Standard

* 7S I~a (worst) .2

Standard
onnealea 13.4

In doped

(typical)
(best) 4

I , annealed
3* 0 30 V,~.V)(typical) 25

Figure 5 Table 3

The maximum yield ri is obtained with 80 mV<<fT<100 mV ;a reduction
by a factor of 2 of O-rT-) a nd 17'67(4)) on the indium doped
material, enables an improvement rl by a factor of 3.7. Taole 3 shows the
theoretical maximum yield calculated for six different materials.

6. Experimental results

6.1. Device fabrication
A 64 Bit and a 1 Kbit SRAM4 (Figure 6) have been fabricated using N-OFF

E/R aligned gate FET technology, on In doped low dislocations substrate.
The main technological features of the lKBit are suommarized in the table 4.

MEL Main Characteristics of the 1 K SRAM's

Gate length .7 jim/1 pim memory col

Line/space 1 st Level 2 &im,'3 Mm
2nd Level 3 Ym, 3jSn

'Via 2 pm x2 pm
Organizaton 1024 x I Sit

cell size 43 im .4.3 wnm
Chip size 2.5 mm x 2.5 mm
Supply voltage + i.5 V.- .V
Access time 1.4 ns (best)

Figure 6 Table 4

6.2. Experimental yield
The table 5 and the figure 7 show the correlation between the

theoretical maximum fabrication yield ri and the experimental yield on 64
Bit and IKBit SRAM processed on typical indium doped, low dislocations
substrate.
*Y, is the percentage on the wafer of fully fonctional SRAM's in a marching
test (10 Mlz) for the 64 Bit and in a reduced marching test (10 MHz) for
the 1 KBit. Batch 4 corresponds to an indium doped wafer with a L' (T)
and r a "vT) equal to 35 mY and 18 mV respectively.
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64 Bit SRA )mV r Ym

Batch 1 56 16.8 t 7.7 6 N

Batch 2 90 19 t 10.6 % o a* 1 I~wllhdal

Batcn 3 115 18 % 9.6% In d o sd Iw a.v

Batch 4 63 56 5 37 t Nov

IKIt SRAM V rl Yi* d -------------.....

Batch 5 92 5 f

Table 5 Figure 7 .">'.'

The figure 7 shows that the dependence of the measured yield versus
< VT> is in good agreement witn tne theoretical results. Nevertheless,
the difference oetween tne two curves are due to the r2  and r3
parameters. The difference between the yield of the batches 1, 2, 3, 4 and
tne batcn 5 has been achieved by reducing the density of particle
contamination induced during the process.

7. Conclusion
As a general conclusion, DRP procedure provides a correct assessment tool
for yield analysis on SRAM's. Today tne first limitation is still due to
te process, but we nave seen that a limitation already exists with the
material which gives a maximum theoretical yield. In order to achieve an
ultimate yield, the best uniformity at tne microscopic level is definitely
required or new design tricks have to be developed.
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High performance inverted HEMT and its application to LS!

S.Nishi, T.Saito, S.Seki, Y.Sano, H.Inomata, T.Itoh, M.Akiyama and
K.Kaminishi

Research Laboratory, Oki Electric Industry Co., Ltd.
550-5, Higashiasakawa, Hachioji, Tokyo 193, Japan

Abstract The growth condition of MBE and processing technique for
inverted HEMT were studied. A high electron mobility (l.lxl05cm/Vs),
a high transconductance and a K-value (gm=400mS/mm K=480mA/V

2
mm at R.T.

and gm=550mS/mm K=860mA/V
2
mm at 77K) were obtained. The minimum ring-

oscillator propagation delay of 19.Yps was obtained at k.T. with the
gate lengjt'i of 0.5pm. A fully operational 6x6 parallel multiplier was
fabricat,:. on a 1K gate array using the inverted HEMTs with a gate
length of 0.8pm. Multiply times of 6ns(O.

7
W) and 5.lns(1W) were

measured at RT. and 77K, respectively.

1. Introduction

The selectively doped GaAs/N-AlGaAs single heterostructures was widely
used for high speed devices (Kobayashi et al. 1985, Watanabe et al. 1986,
Kinoshita et al. 1985). A high transconductance (Inomata et al. 1986) and
an extremely short propagation delay time (Shah eL al. 1986) were reported
by this time. But these reports were using the heterostructure of a
ternary on top of a binary (conventional HEMT) because of the difficulty
in the growth of inverted heterostructure (binary on top of ternary)
(Morkoc et al. 1982a.b). In the conventional HEMT, as the sheet
resistance of 2 dimensional electron gas(2-DEU) is rather high, some
processing techniques are required for the reduction of the source
resistance to improve the FET performance at R.T. On the other hand, in
the inverted heterostructure, the source resistance can be easily lowered
at R.T. by the top n+GaAs layer and recessed gate process. Then a high
performance is expected at room temperature in an inverted HEMT.

In this report, we demonstrate the growth condition of MBE and the
processing technique for inverted HEMT. A high electron mobility was
obtained in the inverted heterostructure. The optimum layer structure was
studied and an inverted IIEMT with high performance was fabricated. A 1K
gate array was successfully fabricated using the invertfj HEMTs with the
gate length of U.bm.

2. Crystal Growth

The inverted heterostructures were grown by conventional II-V NIBE system.
The growth rate was about 0.5pm/h. A 2-inch HB semi-insulating GaAs was
used as a substrate. After chemical etching, a substrate was immediately
fixed to a substrate holder by In solder. A direct heating system
without In solder was also used. Schematic cross section of an inverted

197 lOP Publishing Ltd
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AuGe/Ni/Au -10

A Gate > 0 After iMmination
* Darkn'RA. V~*Ga 400 A

n GaAs n GaAs T =77K
GaAs 2 D

Al GaAs 40~>
n AIGaAs BOA t- Id

AIGaAs 1000A 0

GaAs 1000"Q I ' .8
S. 1. GaAs Sub. 400 500 600 700 800

Substrate Temperature (C)

Fig.l Schematic cross-section Fig.2 Dependence of 2-PEG mobility at 77K
of inverted HEMT. on substrate temperature.

HEMT is shown in Fig.l. An epitaxial layer consists of undoped GaAs and
AlGaAs with both thicknesses of 1000X, n-AlGaAs (l.lx1O

18
cm- ,80A) AlGaAs

separation layer (404), undoped GaAs (200A or 400A), n-GaAs (5xllcm
- 3 )

and n*-GaAs (4xl018cm-3,40O0). With this structure, the maximum carrier
concentration of 2-DEG is 8x1Ollcm

- 2
.

To fabricate a high performance inverted HEMT, it is important to grow a
heterostructure with 2-DEG of high electron mobility. We studied the
substrate temperature dependence of the mobility of 2-PEG at the inverted
hetero-interface. In Fig.2, mobility of 2-DEG at 77X is shown as a
function of a substrate temperature. In the experiment, the substrate
temperature was monitored by a thermocouple behind a Mo substrate holder.C
The thickness of an AlaAs separation layer was fixed to be 60A. To
suppress both a depletion of 2-DEG by surface potential and a arallel
conduction in n-GaAs, thick undoped GaAs channel layer of 2 000 with thin
top n-GaAs layer was grown on AIGaAs layer. The electron mobility was
measured by van der Pauw method. The electron mobility increased gradually
with decreasing the substrate temperature and it decreased rapidly with the
substrate temperature below 5000C. The sheet carrier concentrations of 2-

PEG were ranging between 5xlo0lcm
-2 

and l.5xll
2
cm-2 above 500

0
C and

decreaseu to about 2xlollcm
- 2 

below 500'C. The decrements of mobility and

sheet carrier concentration below 500'C were due to the increase of the
deep level concentration in the grown layer. The higher mobilities at
fairly low substrate temperatures may be due to the improvement of AIGaAs
surface morphology and the reduction of surface segregation of doped Si.

The maximum mobi'ity of l.lxl0
5 
cm

2
/Vs at 77K was obtained with a sheet

carrier concentration of 3.5xl0llcm
- 2 

when the separation layer thickness
was increased to 2509. As the sheet carrier concentrations were extremely
low at low substrate temperatures and a control of substrate temperature is
rather difficult, a little high substrate temperature (600-6500C) was used
for inverted HEMT. In this temperature range, a sufficiently high electron
mobility was obtained at H.T.()6000cm

2
/Vs).

For the inverted HEMT, the thickness of n-AIGaAs must be chosen to the
proper value because the thicker n-AIGaAs causes a parallel conduction to a
channel and degrades a FET performance. Fig.3 shows the relation between
the sheet carrier concentration and the thickness of n-AlGuAs.
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N =1,1 xI o
8
cm

3  (a) isolation -Ga-s

by Oj mplanltationl n-A~-GaAs

"1- GaAs

R T (b)ohmic formation

•at 77K

darIk condhton

0 10 20 30 (c)gate recess
N-AIGOAs Thickness (nt) etching

Fig.3 Relation between Ns and

thickness of n-AlGaAs.

Fig.4 Process flow

of inverted HEMT. (d)gate lift-off

The thickness of AlGaAs separation layer was 40A. The sheet carrier

concentration increased to 8xlO cm-
2 

with increasing the thickness of n-

AlGaAs to 80A. Above the thickness of 80A, the sheet carrier concentration

saturated to the same value at 77K, indicating the parallel conduction at

R.T. oecured in n-AlGaAs layer.

3. Device Fabrication and Characteristics

The fabrication process flow is shown in Fig.4. At first, devices were

isolated by ion implantation of oxygen to form a planar structure

(Fig.4(a)). Source and drain contacts were formed by AuGe/Ni/Au

(Fig.4(b)). Gate regions were recessed by 50eV Ar ion-beam (Fig.4(c)).

Al metal was deposited into the recessed region by a self-alignment

technique using LMH deep-UV photoresist (Fig.4(d))(Yamashita et al. 1985).

The threshold voltage was controlled by the recessed depth.

To improve the performance of an inverted HEMT, a short distance from the

gate electrode to 2-DEG was desirable. Two different thicknesses (2001

and 400A) of the undoped GaAs channel layers were compared in FET

performance. In Fig.5, K-values at R.T. are shown as a function of

threshold voltage for two different thicknesses. The gate length and the

width were 0.8ym and 10)m, respectively. K-values were much improved by

reducing the thickness of undoped GaAs. At the threshold voltage of OV,

the distances from the gate elctrode to the hetero-interface are

calculated to be 460A and 590 for the undoped GaAs thickneos of 20CA and

4004. K-value at the threshold voltage of OV was improved about 40' .

This larger improvement may be explained if the distribution of 2-DEG in

GaAs layer is considered. In Fig.6, square roots of saturation current at

H.T. and 77K are shown as a function of a gate voltage. The thickness of

an undoped GaAs was 2004. Extremely high K-values of 480mA/V
2
mm at R.T.



. ... -- " r - -

518 Gallium Arsenide and Related Compounds 1986

-- T-- AT
d-200 60 [g.O8,.--- 77i(

400 50 VdI
~400 400A o

440

N 30

_ 200 ">- V 20'20 0. W.

d thickness of undoped GaAs ,.. Tori
10 86 , (77K)

0 __ _0.___ __ 000-10 -0.5 0 .0.5 -0.5 .5
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Fig.5 Relations between K-value Fig.6 rd versus Vg relations
and Vth for d 2004 and 40CA. at R.T. and 77K.

aR.T. at 77K

Vg=0.93V

Fig.7 I-V characteristics of inverted HEMT. Lg=O.8jim and Wg=lOjim.

and 860mA/V
2
mm at 77K were obtained. I-V characteristics of the inverted

HEMT at R.T. and 77K are shown in Fig.7. The maximum transconductances at
R.T. and 77K were 400mS/mm and 55OmS/mm, respectively. The source
resistances were as low as 0.7aLmm and 0.54,(Lmm at R.T. and 77K. Drain
current saturation characteristics were fairly good, showing the small
short channel effect.

To fabricate LSI using inverted HEMTs, the threshold voltage must be
uniform on the microscopic scale as well as on the full wafer. On a whole
area of a 2-inch wafer, the very uniform threshold voltage distribution
was obtained with the gate length of l.5pm at R.T. The standard deviation
was ll.8mV at the threshold voltage of O.lV. The microscopic uniformity
was studied at R.T. using the SO0mx5O um pitch FET array (Nakamura et al.
1985). The histogram of the threshold voltages is shown it. Fig.8. The
gate length and width were O.E im and lOm, respectively. The threshold
voltages of 780 samples, in the area of 0.Smm x 3.9mm, were included in
the figure. The standard deviation of 19mV at the mean threshold voltage
of -0.38 V was obtained, which was sufficiently small to fabricate LSI.

The propagation delay time of an inverted HEMT F/D DCFL circuit was
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measured at R.T. using the 21-stage ring- 300

oscillator (RIO) . The gate length was N..78

reduced to 
0
.
5
ym and the minimum propagation Vt=-

3
82mv

delay times of 19.7ps/gate with the power O'Vth= 19mV

dissipation of 0.2mW/gate and 20ps/gate with 200

2mW/gate were obtained. No dependence of a C,

propagation delay time on a power dissipation

may be due to the good saturation

characteristics of drain current.

4. lK Gate Array

To confirm the ability of the inverted HEMT

for LSI, we fabricated 1K gate array using 60 I' -20 'Oo 380 360 o0 320 30

the inverted HEMTs with the gate length of

0.8)pm. 1K gate array consisted 
-Vth ( my

of 1000 basic cells and 52 Fig.8 Histogram of threshold voltages

I/Os. The basic cell was 3- of 50pjmx503pm pitch inverted

input NOR gate by E/ DCFL HEMTs. Lg=0.8pm.

circuit and 1/0 was constructed

by SBFL circuit (Tanaka et al. -

1984). The chip size was 3.8mm

x 4.2mm. n this masterchip a " w "
6x6 parallel multiplier using
the carry save algorithm and

the R/Cs under various load
conditions were fabricated.
Fig.9 shows the photograph of a

1K gate array.

Functional check was performed

on a 6x
6 parallel multiplier.

All 4096 bit patterns were

tested at lOkHz and f,,,ll

oparation was observeu. The

multiply time was measured

from the delay time through

critical path (26-stage
internal gates and 5-stage I/0 3 m
gates). The multiply times at

R.T. and 77K were 6.Ons

{0.7W), and 5.1ns (1W),

respectively. Table I shows

increments of delay times doe

to various loads calculated

from the results of l/)s under Fig." Photograph of 6x6 parallel

various loads at H.T. The multiplier on 1h gate array.

multiply time of 26-stage Lg0.8y1m.

internal gates Cou)lId be

calculated from the actual fan in, fan out, line length and crossovers,

using the data of Table 1, which was 4rs at P.T. The differeh!ce between

the measured and calculated ones is du,- to the delay at I/0. The

transconductance of invert-d 11EMT uol to labricate the g:oe array was

240mS/mm, which was not improved yet . The muIt iply t ime will be shortened

if the improved inverted HEMTs ar,' uised.
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5. Summary
delay tim rO (ps/gate) 70. 6

MBE growth condition and _

processing technique for inverted fA-i dlay rfo (s/.O.) 37. 2

HEMT were optimized. High (0. 528)
performance inverted HEMT was
fabricated and short propagation (0 177)

delay time was obtained at RT.
Fully operating 6x6 parallel lI*del5Y ] (PS/ft) 56. 8
multiplier was fabricated on 1K (0. 804)

gate array. These results confirm crossover delay rc (Ps/co.) 0. 90

an inverted HEMT is a promissing (0. 013)
FET for high speed LSI at R.T. Pwr dissipation P (.6/cate) 0. 86
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Multiple-input and -output OR/AND circuits for VLSI GaAs ICs

Tho Vu, gang Lee, Andrzej Peczalski, Gary Lee, Rerpetap Somal, William Betten
Honeywell Systems and Research Center

3660 Technology Drive, Minneapolis, Minnesota 55418

Abstract. Novel OR/AND circuits with multiple input and output have
been demonstrated experimentally for low-power 2K and 6K GaAs gate
arrays with two levels of logic at approximately a 155% increase in
speed and power product. The proposed multiple-logic levels process in
parallel some complex logic functions with only one gate delay. Two
proposed bootstrap techniques have shown an improvement of typically 12%
in speed without an increase in power for low-power applications.

1. Concept and Design

Multiple-input and -output OR/AND circuits have been developed for VLSI
GaAs ICs. Figure 1 shows the OR/AND circuit for Schottky diode FET logic
(SDFL). The multiple-input AND function is done in parallel instead of in
series (Vu et al., February 1984, and Vu et al., May 1985). Each AND input

is realized by a diode along with a pull-up (PU) current source.
Therefore, multiple AND functions are easily achievable with multiple
diodes. Similarly, multiple OR functions are implemented in parallel using
a diode for each input along with a pull-down (PD) current source. The
number of level shifting diodes required depends upon the FETs' threshold
voltages.

Circuit simulations have shown that 6 AND inputs in coupling with 8 OR
inputs per branch is achievable. Figures 2 and 3 show the simulated plots

of the output voltage and the transition time versus the FET ratio of PU
and PD devices for different AND/OR functions. The transition times here
are the fall time and the rise time, which are required to change the
output voltage from 90% of high state to 10% of low state or vice versa.
The simulations were done with a fixed PD FET size of I x 3 pm

2 
and then

with a fixed PU FET size of 2 x 3 pm
2
. A comparison of simulated data for

OR/AND/INVERT and NOR gates has shown a 40% increase in gate delay and an
80% increase in power dissipation. This results in an 152% increase in

power-delay product.

The key concept here is that the OR/AND functions are isolated from the
inverting stage so that the inverter can be designed to provide multiple
fanout. Figure 1 shows an optional output push-pull stage that can handle
large fanout. This feature was not available in the series stacking
approach, which has limited the SDFL family to less than VLSI level (Vu et
al., February 1984, and Vu et al., May 1985).

2. Experimental Performance

The OR/AND/INVERT SDFL circuits have been designed and fabricated using

depletion-mode, non-self-aligned GaAs MESFETs (Vu et a]., February 1984).
Figure 4 shows the layout of OR/AND/INVERT and NOR gates with and without
buffering stages in the 21 and 6K SDFL gate arrays.

rC 19871P Publishing ltd
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Table I shows the measured noise margin of SDFL OR/AND gates from five
different wafers determined by the maximum square method (Hill, April
1968). The measured circuit was a 4-OR input NAND gate with a fanout of 2
and having a -0.9V threshold voltage. As shown, this OR/AND circuit has
better noise margin and is more tolerant to the FET's threshold voltage
than a series gating circuit (Vu et al., February 1984, and Vu et al., May
1985). These features are very desirable for high radiation hardness and
manufacturability. Figures 5 and 6 show the transfer curves of this
OR/NAND SDFL gate at VDD - 1.3V and 2.0V, respectively.

Table 2 summarizes measured dc and ac characteristics of the single-input
OR/AND/INVERT SDFL ring oscillators. The data include with and without
bootstrap enhancement versus various fanouts, capacitance loadings, and
power dissipations. The bootstrap here includes two diodes that are added
in parallel to the PU transistor (PUU). This bootstrap increases the PU
current when the output goes high, and hence, improves the gate speed by
21% with an increase of 17% in power dissipation (Peczalski, May 1986, and
Vu and Lee, June 1984).

Another bootstrap enhancement, which has shown improvement in gate delay by
8Z without an increase in power, has a large diode connected in reverse
across the level shifting diodes (DS) and logic diodes (DL) (Vu and Lee,
June 1984). This bootstrap is very useful for low-power applications.
Figure 7 shows the circuit diagram of a SDFL NOR gate with these two
bootstrap enhancements.

Figure 8 shows the measured SDFL gate delay versus fanout and includes
OR/AND/INVERT and NOR gates with and without buffering stages. The
unbuffered gate is used for fanouts of 1 to 4, and the buffered gate for
fanouts up to 8. The buffering stages were designed by doubling each FET,
which improves the driving capability by 30% at high loading. The buffered
gate drives 250 fF on an average of 0.6 ns faster than the unbuffered
gate. Also, the buffered gate has better noise margin than the unbuffered
gate because of higher gain.

These OR/AND structures also have been implemented successfully in the 2K
and 6K gate arrays (Peczalski, May 1986, and Peczalski, to be presented).
The OR/AND circuit used in the 6K SDFL gate array has a proprietary,
temperature-compensated, level shifting element to improve the temperature
operation of the SDFL circuit family.

Table 3 shows the measured data of OR/AND/INVERT and NOR gates from ring
oscillators of 2K and 6K SDFL gate arrays. Table 4 compares the
performance of NOR and OR/AND/INVERT gates. Basically, the average
measured data from the 2K and 6K gate arrays show a match within 3% with
the simulated data in power and delay product. Also, simulated data from
the 6K gate array have shown a good match with the measured data for the
buffered gates with an increase of 106% in power delay product.
Essentially, the buffered OR/AND/INVERT gate has a performance of 50%
better in power delay product than the unbuffered gate in the 6K gate
array. The tradeoff of speed and power in designing OR/AND circuits is up
to the designer for each application.

In summary, the SDFL gate can be easily configured into an OR/AND/INVERT
gate, which performs two logic levels at an increase of roughly 155% in
power delay product.
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3. Macrocells

The series gating of OR/AND gates has been shown to be unreliable in the
8-bit counter implemented in the 2K SDFL gate array, as described by Vu et
al. (May 1985). Two 8-bit counters implemented with the parallel OR/AND
structure have been shown to be reliable in two different SDFL gate arrays
(Peczalski et al., May 1986). One 8-bit counter was tested on the 2K gate
array. Figure 9 shows the output waveform of this test. A yield of 40%
was measured. Another 8-bit counter implemented on the bootstrap SDFL gate
array is shown at 100 MHz in Figure 10. A yield of 52% was measured. The
8-bit counter consists of 7 OR/NAND gates, 76 buffered NOR gates, 3 input
buffers, and 8 output buffers. The longest delay path in the counter is II
gate delays. The average gate power was 56 pw with a gate delay of 2.4 ns.

A pipelined 12 x 12 multiplier implemented with both the unbuffered and
buffered OR/AND/INVERT gates has also been shown working in the 6K SDFL
gate array (Peczalski et al., to be presented). This multiplier includes
the following microcells: a 12-bit ripple counter, a 12-bit synchronous
counter, a 24-bit inverting multiplexer, a 12 x 12 multiplier, a 24-bit
parallel-to-serial shift register, and a 24-bit multiplexer. A total of 48
unbuffered OR/AND/INVERT gates were used in the 24-bit inverting and
noninverting multiplexers. Twelve buffered OR/AND/INVERT gates were used
in the 12 x 12 multiplier microcell. Figure 11 shows the output waveform
of the pipelined 12 x 12 multiplier in the self-test mode.

4. Applications

The concept of the OR/AND structure can be expanded to three logic levels
of OR/AND/OR, or the logic order can be interchanged to AND/OR. These
multiple-logic circuits can be designed for any GaAs bipolar or FET logic
family, including ECL, CML, SDFL, BFL, DCFL, SCFL, etc. For example, a
two-level of OR/AND/AMPLIFIER was implemented in the SCFL family with an
increase of 252 in gate delay, 100% in power, or 150% in power delay
product (Vu et al., May 1986). These OR/AND circuits are very useful in
implementing logic functions like multiplexer, demultiplexer, encoder,
counter, ALU, etc., which require multiple input and multiple output. This
is essentially applicable for VLSI which implements more logic functions in
less chip area, higher speed, and lower power.
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TABLE 1. NOISE MARGIN AND YIED OF A 4-INPUT OR/AND/INVERT
SDFL WITH A FANOUT OF 2 AT VSS = -2V

Wafer Number

Parameter 1 2 3 4 5

.:ose OatsI (6.) 4, 2.', 403.2- 323.8 4e9.4 223. F
5sltabe sw. V) 1 .1 1.58 1. - 1.5t 1.03

e . 57.1 80.1 67.0 34.7

1, , : .30

Ise =arg-n (IV) 1 3 .5 1 5 1%.' 313.27 132.1
Voltag uwe wi tI) 1 V) 73 . .90.. 0.95' 1.06 0.593

1.9.0 55.1 81.6 6.0 2o.5

N"tte: I. otce r argin was calculated using the maximum square method.
2. .5a 5 e6 ow 1 (hh) - V, (low).

. (telt '.at hased cn 4 di p-r wafer with a 50-mV pass/fai'
cri terier.

TABLE 2. DC AND AC CHARACTERISTICS OF OR/AND/INVERT GATE FROM
SDFL RING OSCILLATOR AT VSS = -2V

capa itance

Loading VDD IDD ISS p Td  P x Td VSW
Variable Fanout (fF) (V) (pA) (pA) (pW) (ns) (fJ) (V)

Without 2 -- 1.3 154.4 72.7 346 1.65 571 0.34

bootstrap 2 -- 2 171.4 83.6 510 2.27 1158 0.50

4 250 1.3 237.3 67.2 443 1.38 612 0.7

4 250 2 492.7 69.9 1125 1.10 1233 0.8

With 2 -- 1.3 197.9 72.7 373 1.25 466 0.28

bootstrap 2 -- 2 498.5 73.1 1143 1.04 1189 0.34

4 250 1.3 145.7 64.5 304 2.71 823 0.9

4 250 2 155.4 65.2 441 3.10 1365 1.4

TABLE 3. PERFORMANCE OF OR/AND/INVERT AND NOR GATES FROM RING
OSCILLATORS OF 2K AND 6K GaAs SDFL GATE ARRAYS

.. ... ... ... ...

TABLE 4. PERFORMANCE COMPARISON OF OR/AND/INVERT AND NOR GATES

Average Increase Average 2 Increase Average 2 Increase

Gate in Gate Delay, T in Power, P in P x T

2X gate array, unbuffered gates 32.5 129.5 204.5

b gate array, buffered gates 92 6.5 105.5

Average of 29 and 6X 62 68 155

Simulation (Vu and Lee) 40 80 152

Simulation of 6t gate array,

unbuffered gates 68.3 47.4 150

Simulation of bi gate array,

buffered gates 53 35 106
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Total dose effects of gamma ray on GaAs ICs

K. AONO, T. SHIMURA, M. KOMARU, M. KATSUMATA, 0. ISHIHARA
AND K. FUJIKAWA

LS1 RESEARCH AND DEVELOPMENT LABORATORY
MITSUBISHI ELECTRIC CORPORATION
4-1 Mizuhara, Itami, Hyogo 664 Japan

ABSTRACT Gamma ray total dose effects on electrical properties of

X-band two-stage MMIC amplifier have been studied. Typical gain and

noise figure of the MMIC are 19.5dB and 4.7dB at 9.7GHz, respectively.

The MMIC is exposed to gamma radiation ranging from 10h to 109
rad(GaAs). No significant change is observed up to 103 rad. However,

at 10 9 rad, gain and noise figure are seriously degraded to 17.5dB and

8dB, respectively. Crystal defect level (0.32ev) induced by gamma ray

irradiation is found to cause these degradations.

1 . INTRODUCTION

GaAs monolithic microwave IC's (MMIC's) are becoming one of the most

pranising devices in radar and communication systems. Especially in
satellite communication systems, highly reliable and radiation hardened

MMIC's are required. It has been already reported that high dose gamma

ray irradiation causes degradation of GaAs FETs and MMICs (Kadowaki and

Aeno]. However, the degradation mechanism has not been clarified. In

this paper described are gamma ray irradiation effects on X-band two-stage

WIC amplifier, and the degradation mechanism is discussed.

2. X-BAND IWO-STAGE AMPLIFIER

An X-band two-stage amplifier has been developed. Figure 1 shows a

- , rran. of the amplifier. The chip size is 4.2inm X 2mm. The
amplifier is composed of 2 FETs, 4 resistors, 11 capacitors and
transmission lines as shown in Fig. 2. FET's and resistors are

fabricated using selective Si ion implantation. Gate length and width are

lum and 150un, respectively. Capacitors have a MIM(Metal-Insulator-Metal)
structure. A plasma-cVD SiN film having 4,000A thickness is used as an

insulator. Typical RF characteristics are shown in Fig. 3. Gain and

noise figure are 19.5dB and 4.7dB at 9.7 GHz, respectively.

3. IRRADIATION EFFECTS ON M4IC

The tMIC is exposed to gamma ray ranging from 106 to 109 rad. Cobalt 60
is used as gamma ray source. Dose rate is 5.4 X 106 -ti'1o,ir. Figure 4
shows gamma dose dependence of RF characteristics of the MMIC. The gain

is initially 19.5dB and gradually decreases and reaches to 17.5dB at 109

rad. On the other hand, the noise figure does not remarkablly change up

to 10
8 

rad. However, it is seriously degraded with additional dose and

1987 lOP Publishing Ltd



528 Gallium A rsenide and Related Compounds 1986

increases to 8dB at l0' rad. To clarify the degradation mechanism, gamma
dose effects on FET, capacitor and resistor are investigated using these
monitors fabricated in the vicinity of the MWIC on the same wafer. Figure
5 shows gamma dose dependence of MIM capacitor and resistor. No change in
capacitance is observed up to 10" rad. On the contrary, rema7kable
increase in the n-doped layer resistance is observed above 108 rad.
Figure 6 shows gamma dose dependence of DC characteristics of FET. No
remarkable change in both Ids and gm is observed up to 108 rad. However,
drain current Ids and transconductance gm rapidly decreased to 60 and 80%
of the initial value, respectively. Gamma dose dependence of the gain is
calculated using measured S-parameters of FET. Figure 7 shows the
calculated gain. There is a good agreement between the experiment and
calculation. Using these measured S-parameters, circuit parameters of FET
are obtained from the equivalent circuit shown in Fig. 8. The results
are shown in Table 1. The increase in resistances shown in Table I agrees
well with both the increase in monitor's resistance and the decrease in
Ids and gn. From these results, the degradation of the WMIC is caused by
the increase in r.'tv - om:"on-nt; r' t1 - %,nt "t

4. IRRADIATION INDUCED DEFECT'S

The increase in the resistance is expected to be due to radiation
induced detects. Therefore, gamma dose effects on GaAs crystal is studied
using DLTS. Figure 9 shows typical DLTS spectra before and after
irradiation of lW4 rad. Before irradiation, only one peak, denoted as
G-4, is observed. This level is well known as EL2. On the other hand,
three peaks, G-l, G-2 and G-3, appear after irradiation. The activation
energies of G-I, G-2 and G-3 level are 0.32, 0.8 and 0.93 eV,
respectively. Among these three types of defects, the density of G-3
level is neglected in this paper, because this is relatively small.
Densities of G-i and G-2 levels are shown as a function of gamma dose in
Fig. 10. Below 108 rad, G-2 level is dominant, while density of G-I
level more rapidly increases with gamma dose and becomes dominant above
10s rad. The decrease in carrier concentration and the increase in the
defect densities of G-1 and G-2 levels are shown in Fig. ii. Fairly good
agreement is found between the decrease in carrier concentration and the
increase in the defect densities. This result means that irradiation
induced defects act as electron traps n ",v, *re0  rr!,,r.

5. CONCWSION

Total dose effects of gamma ray on GaAs 4MMIC's are studied. From this
study, the degradation of X-band two-stage amplifier is found to be caused
by crystal defects induced by gamma ray irradiation. The following as
concluded.
(1) No remarkable degradation of two-stage amplifier performance is
observed for gamma dose up to 1014 rad. However above 108 rad, a
degradation .- *'j- . m"j' 'r d,,on t,'
(2) The degradation of two-stage amplifier is mainly caused by the
increase in the resistance of FET.
(3) Three types of crystal defects, G-I, G-2 and G-3 are induced in GaAs
crystal by gamma ray irradiation. The increase in the resistance of FET
is due to the increase of these defects.
(4) Among these three defects, G-I level plays an important role in the
degradation of the amplifier.
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Fig.l A microphotograph of X-band two-stage MMIC amplifier.
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Fig2 An equivalent circuit of the MMIC two-stage amplifier.
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Fig.3 Typical RF characteristics of Fig.4 Gamma dose dependence of
the 'MMIC two-stage amplifier. RF characteristics of the

MM IC two-stage amplifier.
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Fig.7 Gamma dose dependence of
calculated and experimental
gain of the MMIC.

Table.1 Gamma dose dependence

of circuit parameters
of FET.

GAMMA DOSE (rad)

O 10, to' 3.6XI0 10.

cgs(pF 0.21 0.21 0.21 0.21 0.23

Cd,)pF) 0.020 0.020 0.020 0.021 0.023

Rg (n) 1.54 1.54 1.58 1.50 1.54

VA (0) 7.2 7.2 6.9 6.4 7.2

"I(n) 0.1 5.9 0.1 8.9 8.8

Rd (n) 7.5 7.8 8.0 8.3 8.6

joI040 640 840 887 720

Vtm5) 18.8 19.9 20.3 195 19.1
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A novel rapid thermal annealing for GaAs digital ICs
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Abstract. A novel rapid thermal annealing (RTA) method using GaAs guard
rings ham been developed. The method has effectively suppressed slip line
generation and offered uniform annealing characteristics over 2-inch
diameter GaAs wafer. Using this RTA method, GaAs digital ICs (dual-modulus
prescaler) have been fabricated with high yield.

1. Introduction

Rapid thermal annealing (RTA) using radiation from halogen lamps is very
promising annealing method for ion-implanted GaAs. The great advantages of
this method are a short annealing time and its relative simplicity as
compared with the conventional furnace annealing. The diffusion of
implanted dopants and surface degradation of GaAs wafer due to As
dissociation are expected to be suppressed by this short annealing time.
In spite of those advantages, only a few papers have been reported so far
(Badawi et al. 1984, Cummings et al. 1986) on the application of RTA

4, method to annealing large-size (2- or 3-inch diameter) GaAs wafers. This

is probably because considerable crystallographic slips are induced during
RTA. Therefore, not only overcoming this problem but also uniform
annealing characteristics over the wafer are needed in order to apply RTA
method to GaAs IC processing.

In this paper, we report a new RTA method using GaAs guard rings and
successful fabrication of GaAs digital ICs with high yield using this RTA
method.

2. Experimental

The RTA system used in this work was a commercial Heatpulse 210T system
manufactured by A.G.Associates. The wafers used in this work were undoped
(100) semi-insulating 2-inch diameter GaA qcrystal .grown b,; liquid
encapsulated Czochralski (LEC) method. Si and Si were implanted
selectively at lOOkeV and 150keV for n-type layers of FETs and n+-type
layers of source/drain regions, respectively.

The wafers were annealed caplessly using the proximity method (i.e., face
down on another 2-inch diameter GaAs wafer) under Ar atmoophere in order
to prevent the surface degradation during RTA. These GaAs wafers were
supported by 4-inch diameter Si wafer. The wafers were firstly kept at

1987 lOP Publishing Ltd
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Fig. 1. Temperature cycles of monitor and GaAs wafer on RTA (950"C, 15sec)
using (a) Si monitor and (b) GaAs monitor.

400'C for lOsec in order to improve the reproducibility of annealing.

The temperature of annealed wafer is usually monitored via thermocouple
embedded in a small piece of Si wafer (Si monitor) attached to periphery
of Si supporting wafer. This monitor temperature is controlled as to be
programmed value by closed loop control. We have investigated the
temperature difference between monitor and the annealed GaAs wafer using
two kinds of monitors. One is usually used Si monitor and the other is
GaAs monitor, which is made of a GaAs block in which thermocouple was
embedded. The GaAs block has the same thermal capacity as that of two 2-
inch diameter GaAs wafers. The GaAs wafer temperature was measured via
thermocouple embedded between two 2-inch diameter GaAs wafers.

The results are shown in Fig. 1 (a) and (b) for Si monitor and GaAs
monitor, respectively, at the annealing condition of 950*C for l5sec. The
large temperature difference between Si monitor and the GaAs wafer was
observed due to the difference of thermal capacity as shown in Fig. 1 (a).
On the other hand, the difference between them was diminished for GaAs
monitor as shown in Fig. 1 (b). Therefore, it is possible to control
accurate temperature cycle using GaAs monitor.

After annealing, the slip lines in 2-inch diameter GaAs wafers were
observed by X-ray transmission topography. The uniformity of annealing
characteristics was evaluated by the drain saturation current (Idss)
distribution of gateless FETs over 2-inch diameter GaAs wafer. GaAs
digital 1Cs (dual-modulus prescaler) were fabricated using RTA.

3. Reduction of slip lines in GaAs wafer during RTA

The most likely cause of the slip generation is a relief of stress
developed as a result of small temperature nonuniformity ,across the wafer.
Blunt et al. (1985) have reported reduction of slip lines by using Si
guard rings during RTA. Taking thermal match between the guard rings and
the GaAs wafer into account, the GaAs guard rings will be more desirable
(Tamura et al. 1986, Cummings et al. 1986). Thus, we have investigated the
following annealing methods using GaAs guard rings. Their experimental
arrangements are shown in Fig. 2.

A) no guard ring arrangement B) one GaAs guard ring arrangement
C) two GaAs guard rings arrangement D) three GaAs guard rings arrangement
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The annealing temperature and time are
950'C and 15sec, respectively. A GaAs
guard ring was made from a 3-inch diameter
GaAs wafer (800um-thicness). ANNEALING EXPERIMENTAL

METHOO ARRANGEMENT

After annealing, the GaAs wafers were i,2"#*GAWAFAR

examined by X-ray transmission topography A WAM

using MoK_ radiation. The results are
shown in Fig. 3. As-grown wafer without GaAsGUAAo ING
heat treatment is also shown as a reference. B FzM
The method A, B, and C resulted in the _ _ _

generation of extensive slip networks
toward the center from the periphery of the C
wafer. A clear improvement in the reduction
of slip lines is seen for the method D in
which three GaAs guard rings were used. D
These results indicate that the uniformity
of temperature distribution across the wafer
is improved using three GaAs guard rings. Fig. 2. Experimental arrang-

ements for different kinds
Therefore, we selected this RTA method D of RTA methods.
using three GaAs guard rings for the
following experiments.

(b)c)

Fig. 3. X-ray transmiss-
ion topographs for diff-
erent kinds of RTA meth-
ods

(a) method A,
(b) -iethod B,
(c) method C,

(d) method D,
(e) as-grown.

(d) (e)
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4. Annealing temperature dependence of uniformity and activation

The uniformity of annealing characteristics and activation by RTA were

investigated as changing annealing temperature with the aim of its

application to the device fabriotion. Gqs FETs have been fabricated on
2-inch diameter GaAs wafer $i Si 2 and Si were selectively implante14at
l0OeV with a dose of 5xlf- cm and at 150keV with a dose of lxlO
cm for active layers and source/drain regions of FETs, respectively.
The source-drain spacing and channel width of FET are 3)1m and 5m,

respectively. The uniformity of annealing characteristics was evaluated by
drain saturation current (Idss) distribution of about 1100 gateless FETs,

which were measured using computer controlled automatic probing system by
1.2mm-pitch over 2-inch diameter wafer.

Fig. 4 shows the annealing temperature dependence of Idss (mean value of

ldss) and cidss (standard deviation of Idss). Annealing time was 15sec. As
a reference, the result obtained by conventional furnace annealing (FA,

capless annealing at 820*C for 15min in AsH /Ar atmosphere) was also shown
in this figure. The fT increases almost linearly with annealing
temperature and has a maximum value at around 920*C. Over that

temperature, the ldss decreases linearly due to the surface degradation or
the increase of compensation ratio because of amphoteric nature of Si.
ildss has a minimum value at around 920C. The values of Idss and eldss at

920C show higher activation and more uniform annealing characteristics
than those of furnace annealing.

Fig. 5 shows the Arrhenius plot of Idss. From this figure, the activation

energy of 1.47eV for Idss was obtained. That value is abouththree times
higher than that reported in the case of high-dose (> 3xlO cm ) Si-

implantation (Hiramoto et al. 1985, Cummings et al. 1986). The reason is
not clear at present, but it may be due to the difference of implanted

dose.

Fig. 6 and 7 show the typical Idss distribution and the histogram of Idss

over 2-inch diameter wafer by RTA at 920*C, respectively.

From the above results, the annealing condition at 920*C for 15sec was
selected as optimum, and this annealing condition was adopted for

fabrication of GaAs digital ICs.
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15sec).

5. Application of RTA to GaAs digital IC processing

Using RTA, GaAs digital ICs (dual-modulus prescaler) were fabricated on
2-inch diameter GaAs wafer. Fig. 8 shows the block diagram of fabricated
dual-modulus prescaler IC for the use of mobile telecommunication systems
designed as to have low dissipation current (Hasegawa et al. 1986). By the
two mode control signals MCI and MC2, it operates as a 256/258/128/130
variable frequency divider. This prescalar is consisted of 334 lpm-
gatelength enhancement-mode MESFETs (E-MESFETs), 56 load resistors and 104
shift diodes using source-coupled FET logic (SCFL) with a fully
complementary operation (Katsu et al. 1982, Idda et al. 1984). Fig. 9
shows the photograph of IC chip.

The n -type source/drain regions of FETs and n-type laHrs of FETslo 1
resstors ang9 shift diodes wej for£ed by selective Si (150keV,lxlO
cm ) and Si (lOOkeV, -4xl0 cm ) ion implantations, respectively. RTA
(method D) was carried out with optimum annealing condition (920*C,
15sec). The gate electrode was Pt/Ti/Au and the threshold voltage (Vth) of
FET was adjusted to 0.1 0.2V by sintering at 380*C in Ar atmosphere using
Pt buried gate technology (Onuma et al. 1983). Typical value of a-Vth
(standard deviation of Vth) over 2-inch diameter wafer was about 40 -60mV,
of which value is lower than that of furnace annealing (60-6V), at Vth=
-O.IV in the case of using conventional LEC crystals. The first and
second interconnection lines were formed with about 2ym-thick Ti/Pt/Au by
a plating technique. 2,um-thick polyimide was formed as the cross-over

IN 11 F0 - 10 1[

Fig. 8. Block diagram of prescaler IC. Fig. 9. Photograph of IC chip.
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-U.t
Fig. 10. Dissipation current
distribution of prescalers oper- Fig. 11. Output waveforms of prescaler
ating at 1GHz fabricated by RTA. at input frequency of 1GHz.

insulator to reduce the interconnection capacitance.

Fig. 10 shows the dissipation current distribution of the operated
prescalers at input frequency of IGHz with 5V supply voltage obtained by
on-wafer measurement. The chip yield was as high as 69% for IGHz
operation, which is higher than that of furnace annealing (typical 40".-
60%). Fig. 11 shows the output waveforms of divide-by-258/256/130/128 mode
for input frequency of 1GHz. The lowest dissipation current was 3.lmA with
5V supply voltage for 1GHz operation. These results have proved that this
RTA method is very promising for GaAs digital IC processing.

6. Summary

A novel RTA method using GaAs guard rings has been developed. This method
has shown to provide reduced slip line generation and uniform annealing
characteristics over 2-inch diameter GaAs wafer. Using this RTA method,
high-yield fabrication of GaAs digital ICs has been achieved.
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Hot electron resonant tunneling through a quantum well: a new electron
spectroscopy

Fedlericoi (apasso. Suisatita Scil*. A Y (hojul A\ 1, i t chins~on

.X'Ik.' IBoi L:ibt'atories. Xliirr:* Iilli N.l 0)79)7-

1. Introduction

II li X-vars t here has heentti itierenisig researcnehi tivit *v ili the fie-ld (X liiil
elell oiol or ballijstic elect roll splfctrtl.(lljy ill slinivo(ihiittors. [lie prlfltcijld I-

%%rll :I, tIti 11:ile of thlis techntiquie wevre first int roducled *Ii thieoretical papwrs hy

I '.o 'iie nild (t1983i lt~ I~~). Tlie idea is to use ti :Iloildl t l

tutunil. (me1 of Ilov llimrrier. eilig Iused asiMtlie- eleet roll injectw
:11c) i.

1 ill( oth l ii1ii itlie vlolletot. hIllw de~lIN ve (ioft lie1 cohleitot lirrijicit I
%ith ii ils et to the lltkSv-vl~lliltol Vllttg , . i.e.. hi,/ /Ih\*t . is IIIisiirlhd i, :1

iiiiiiliiig(4,Vi" .Ths[ lit l ke v lis di. til I-chjtirl to tiv Ilivtillli h trili ll

1;Ilct rosil11lp' ais till('bs leio. \1(,l is ill(o- restiuialit t iiiiii-i vleciill

Il"leiml i-pllllitIP o li- tli ieoltr (i. I). The ilvtl e of the hell,

2.wi Reoant~irir Tunnlin Spetod-scoy Ii]I infn oteetn

111i\1 ,ri I, Otis t ct eti. ltiu(l ) Aliugi -tijuis oh tlI JlSll if llt l ecil

tron ~ ~ ~ ~ ~~~~~~ilv 111,bePhcetyprornd(:1i ta.or)

Il W,: imeferl pcr~ol elilqu kie i

19'il( ) tlihfliiing Thlidferneiim~iv ovnvniwllotcet~

'pecro~~q) (11i nol evi NS()) s 1h us ofa rvonat tnnelii, d~l-A



540 Gallium Arsenide and Related Compounds 1986

electrons are ballistically accelerated by the abrupt potential step and gain a
kinetic energy 'iAE,. Collision-, lin th low gap layer tend to randomnize the
injected, nearly mnono-energetic distribution, making it"hot'. Hot electrons sub-
sequently impinge onl the double barrier in the collector. Fromn simple considera-
tions of energy and lateral miomenltumI p~l conservation in the tunneling iproevtss
(Luryi. 19S5) it can be shown that only those electrons with a perpendicular
energy pTj/ 2111 equal (wit hin the resonance widthl) to the energy of the hot to(l
of one of the subbands (i.e.. a resonance) of the quant tim well, resonantly tunnel
through the quanitumi well and give rise to a current. Thus bN. varying thle
applied bias (i.e., changing the energy difference between the resonance: of 11l1e
quantuti well and the bottomn of the contduction hand in the low gap) p' la '%(rI
and mleasuring the current, one direct ly probes the elect ron energy dist ributiont
n(EI) or. equivalently the inioment urn dlist ribut ion n(p1 ) (Fig. 2). Identical argo-
mients apply to the case of the transistor st ructutre of Fig. 1(b) which can be uede
to analyse the elect ron dist rihut ion *in the base laver by measurlig the collect ur
current as a function of the collector-base voltage.

lit the above argiiments we have assuiied t hat thlertitiottiv etrretits above thei
double barrier can be nitintiized. This c-alt be dotte by operating thle st riotutre at
stufficietntly low% tetmperat ure and bY sitablY desigintg thle 'lotible barrier
(Tsuchiva et al. 1985).

The stead,.y state current density floinxg through lie hoibe arrie- vi:aeoit
tunnelitig is thlerefore given by. for thle case of at paraholie batol:

%%liere we( have conisidheredi reso n ant tui itineIi tig t hrotugh oh e resonian ce only. T(- F,
is t ratstitissioti of lie dotuble barrier. If the latter is designed in such a way t hat
T(E , ) is h igh over a tiarrow etnergy ratige (resotnance widt h < I nivV) anidtegi-
Wei elsew here. Eq1 . (I) (-at be rewrit tiitas

.1, = eit (Ft).: I~ (2)

when. '1'n is the peaik t rautisi~n of thle, loille harrier (i.e.. :it :in iiit- pet-
pvntiiulr energy E, eual to thle energy of thle bot tott of thle firit sublbhiui ()I
tie quiaitiI intwll E1 ) aitil .1)"f is thle fill] bidt h at half niaxinitIIIIII of the teso-
nanice. rThe energy 1-: (which is meaured with respect to thle luttit of thli p'
low6 gap, layer (Fig. ha) or the base layver (Fig. It,)) is lintearly related to thle electric
fiehld applied to the idoubhle barrier. For the structure of Fig. 1(a) o(e has

F(+~h(lt+L 
/2)

whenv V Is t lie reverse Nuas volt age. Vt, the btitiipot eitial of thle pni-juuo'tin,
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L, the total collector layer thickness, LB and LW the barrier and well layer thick-
ness respectively. El is the energy of the bottomn of the ground state resonance
measured with respect to the bottom of thle center of the well. (Note that l is
assumed to be independent or the electric field F which is a good approximation
as long as El is significantly' greater than eftw). It is clear fromt Eq. (2) and (3)

that by measuring the current as a function of voltage, rather than its derivative.
one probes directly the energy distribution ii(E1 ) of thle electrons incident on the
double barrier. Note that the term TRE can be rigorously calculqted (assuii-
ing no inelastic current) for a given double barrier and is monotonically dlepen-
dent onl the applied field. Note that also in conventional hot elect ron (deri vat ive)
spect roscopy the collector current depends in general on the t ransiission at lie(
collector biase interface, due to quantum mechanical reflections of elect rons emnit-
ted near thle lop oif the barrier (Wang et al. 1986).

3. Experimental Results

'rhe structures were grown i by Molecular Wiant Epitaxv onl a < lOO> p)+ (a.V,
substrate and consist of p' it heterojunctions. 'heir band diagram is shown In
Fig. la at a given reverse bias. Trhe growthi starts with a 2t0(0 A t hick

-t 2x lO1lt m-_ buffer la *ver followed by anl unulped 5t0() A (;aAs lay' er andI
ani AIAs/Ga_-s/AIAs double barrier, with harrier and well thickniesses of 2t0 A
and SO1 A* respectively. The parameters of the double barrier were (hlo(i ill
sulch a way that over lte applied voltage range (1-1(A) the elect ron energy dlistri-
biution is probed essentiall\ by\ only onet( resoniance at a time. lin this way ait any\
vgiven bias thle curiirent i, due to resonanit tuneoling through a single resonance.
For our douhle barrier tilie first resonanice is at 1-1 - 60 )(\* from the well lot-
ion) aind the st-ronii at E. 260 (,\*e ('Fsuchiya et al 19)). Thus it is e:uiflv
shown (see- later in text) thiat the first puuk lin lte citrrent (Fig. 3 aind 1)'1
obt ained from probing the 1-%% eiiergy tauil of t ii' (list rihui ion %0ith lie( first re o-
liaicne \ liile. the seconld onle 1, obtained from i,.injding the higher energy portion
of lhe istribuition ith Ii te vcotid resonance. A 21) A uinuoped (:a\s pnaeer
Liver vep:irates lie double barrier from the p'+ ( : x1 ltiesDnr 3) C;aAs Liver.
Different thlicknesses were uised for t his region (25t0 A . 5(EO A . lItX1 A. ) \%hile
keeping everYt hing else i le samne. T'he last Laver consists of 2 pmn thluck
Al,),,(;0As dlped to p) 3XI ltt 1cn i. Light froii a lit-Ne laser ( ) 632s A
heavily aihsorhedl ini this regioni \%:Ls ise) to :wiiuu lieoeleet ron lminjority (:t--

rier ) inject ionu

Theii deviices \%ire muiiiited'h in a I hult rati lu ir and lie lntrurruii was iiiui -

iirel a.,atfuictioni o)1 revere biais ini lie( itnillerattire rangve froiii 70 to Q1 K. Fig. 3
and -4 illuist rate lie( uiasirel jdhotocuirreni for iwo difureiit ti~wv ofiise lli
G;aAs p' liver. Consider firsti Owiiil for t lii striwc ire h Ilwe 500 A lhik
layer (Fiv. 3). Two distitict fe:iu ris ire Iresent at 1.2) % aid 7V resle'tivl.
I .singv Eq. (3) )oe (-iii easily ' e'e that Ilie first pe-ak eorrespotidl (Aeltrons NwiI

perpeniiifar energy of a few tins of jiioV (= 17 iniu\ it itle nuaxiuiiu i) t hat
have resonanty ltuinnu'led t brougli thle first resonance of ih l iiaiit iiii %%ell. 'I'lii

setil. peiak, clearly visile only :ui tlie loai: teiiiperat ire is iniuih biroader antd
c-orresponds tom incident electir' ins oilh envrly E,= 122 nue'uV \%hich hiavi
risuinilt ly t inmeulel throughi ihe i ond resonance of Ilic ell. It is thlereforu

clear that thu eiierv list rihution of the- elect rolis iii thue 1, C;aAs Layer. follo~miuuc
hirgh ienirgy invetio)n (01.233 A', i-f-. thei coiiduiet ionl houid discoltiiuuilitY hetwecil
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GaAs and the Al 0 .3Ga 0 7 AS) Con1sists of two parts. One is strongly' hernializel.
with energies close to the bottom of the conduliction band], while the other one is
muich hotter. Thus the distribution is strongly non maxwelhian sliiiar to what
has been found. by conventional elect ron spect roscopy. in the case oif miajority
carrier electrons in the base of hot electron transistors (Hayes and Levi 1986i).

Similar results are found by decreasing the GaAs p' layer thickness fromt 500 A
to 250 A (Fig. 4). The first peak is located at somewhat lower voltage
(corresponding to 251i - 30%- higher energies) implyinrg that thle t herniali zat ion of
carriers is somewhat less. due to the thinner layer. as expectedl. Overall however.
the shape of the energy (list riltot ion has not changed significantly which Imiiplies
hat already over a length of a few hundred A the near ballistic inrjected dist ri-

biliotn has luq-,it st rorigly ranidomrized by scattering. Aldit ional manifestation of
st rowii scatteringl' conies fromt the( fact that no( e'videncve is found in thle dat i of
Fig. I of the quanitized suilbarls oif t 2.-0 A p+ well into which vieltrons are
injetel. Since t his stirld-iin st riot esiiiisold lbe reflected o'ilillie lectron listri
bullion. onet( wotiltl expect to observe tevaks iii thre phtloocurrerit :t such xiolt ag-s.
hat the( resonances of thle doutble barrier coincide iii energy with Iillie(-si~r

oif the 250) A thick avers The fact t hlat this is riot itiseirvvl imtplies thal~t t lie((I
lisional broadenitig diue to scat tetimg 4i/- niOt be ciiriiartrli to Ini t it-ic:il
ttierg- separation let weeti thle resotianices oilif the la avers. Th'le hitter, varies
with the quariti n rumrber. For the i ail ii = I level', fte vergv vpjiraiit i
is (it tiieV. B~v the( above criteria this imiilies a, ecat erinig timte of : t= 10 1 ecv

for hot elect rotis with Iit eirgy Z t0.1 eV. This order 'if rm,iirittile estimte is
riot irtasrialle. Note that at highi p-tvj * i'i leel I> Ittt (-IiiK I) ill G;a~s
irurity vatto-rirtivi plays iii iiiijortmiit r"Ie ill ritllilii,ilit, niirtienutiri if liiit
-lvetroi-. trivriint, rlie- (;:is It t-r. s,-ii terinig frrtiil o lititis 0lL.2= :m;

rn :tii- at blt alsi 1;lavvia %ory ;itjmir1:ii r*i. . Iliftp i -~r letiile --

\ti i st t liiknit- 10 itt A sios t t ,il ru midilri( -fton relanaiii ii i

i i ite- f hut t-ler runs \%itih -iie-al nuit---- ili lii~tvi
it' 1l"it-mii (;aA. ve n -.- ttrigt ill Ill lxiii) 11 x() s

I l i ld lxii i0SWt rang,,.

Ilut- fii l - I tii rt uitm l juin suill Ill il ill I l ri Ni i t 1, i 1 1- l it ilti-
iii i (I t( fri . rt ) tt.tit lattedi , m r, illI I" -. j-i f 1i :t1-1 -1" l11 liking-_

lt' nmic I in ~i -I irn ruast o Ilitd- Irii :ii I I ilv ItI II i(-elr,

rl-ui(,t iri h t lt 4 the lt iiiiit-iuisl Ill 1x !1r I I-iii . I r ,1 1 bui : lt I h ,- 1

rioti it tx ft-it ri i f 11 t rllit tt-t :o iii i !,ir !r - :u i - it lo i- t-lx c it- I
urn1k l- Il is r xi tix itic ti ck ~ t i, 11 il,
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Fig . Bnd liagrato of structures awed for
resonant tunneiing pectroecopy RTS,
i tot lnority htrrier eleCtron.

b. ninpolar transI1tor structure for RTS Fig.2 Scheoatics of RTS. By onoauring the
o1 "ot Saaorlty carrier electrons it current as a function of reversethe base iaver. iIts (left) one directly probes the

energy distribution perpondlcuIar
layers n(E,) (right).

7

/
/

Fig. 3 Photocurrent v reverse bias 0I Fig, 4 Photocurrent vs reverse btls vol-
tage of the structure of Fig, Is tags of the structure of Fig, I
with aI. lgad p o sAS p iayer of with a low gap oA, p, layer of
thickne A he elength thic s 50 a. he ve th
ofthe Incident light ti 6328 I. of the incident light i8 6328 .
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Resonant tunneling in a double GaAs/AlAs superlattice barrier
heterostructure

M A Reed and J W Lee

Central Research Laboratories
Texas Instruments Incorporated
Dallas, Texas 76265 USA

Abstract. Resonant tunneling has been demonstrated through a double
barrier, single quantum well heterostructure in which the barriers have been
replaced by thin, short period binary superlattices. The structure exhibits an
anomalously low barrier height and a peak to valley tunnel current ratio of
1.8:1 at 300'K.

1. Introduction

The phenomena of resonant tunneling in double barrier heterostructures, first
investigated in the seminal work of Chang, Esaki, and Tsu (1974). has recently
undergone a renaissance due to recent improvements in epitaxial growth
techniques. The DC and high frequency transport in these structures has been
the subject of intense investigation following the remarkable submillimeter
wave experiments of Sollner ot al (1983) which has been interpreted as coherent
resonant tunneling through the heterostructure. This renewed interest has led
to the observation of large room temperature peak to valley tunnel current ratios
(Shewchuk et al 1985), resonant tunneling of holes (Mendez et al 1985), the
observation of multiple negative differential resistance (NDR) peaks due to
resonant tunneling (Reed 1986) and the observation of sequential resonant
tunneling through a multiquantum well (MQW) superlattice (Capasso et al
1986).

The initial investigations of this structure, typically in the GaAs/AlxGal-.As
system, have utilized "square" (i.e., constant At mole fraction) barriers to confine
the central quantum well. A number of intriguing physical phenomena can be
examined by tailoring the barrier(s) in real space, such as equally spaced
resonant peaks arising from a parabolic quantum well. However, the variety of
tunneling structures that can be investigated is limited by the practical
constraints on the Al,,Ga I-As barrier (or well) growth and the rat the At mole
fraction can be changed over the region of interest, typically - 100A. A possible
solution to the Al mole fraction gradient constraint is the emulation of the
desired Al.GalzxAs alloy barrier structure with a GaAs/AlxGal.,As superlattice
of fixed (even 100%) Al mole fraction (Laidig 1983 and Sakaki 1985). In this
letter we report the first study of resonant tunneling through a double barrier,
single quantum well heterostructure in which the barriers have been replaced by
thin, short period binary superlattices. This is the first demonstration that
quantum well states can be confined by very thin, short period superlattices and
that resonant tunneling transport through a compositionally modulated ba-rier
is possible.

199- I()P I'uNli h rig I id
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2. Experimental procedure

The samples used in this study were grown by molecular beam epitaxy in a Riber
MBE-2300 on a 2-inch (100) n + Si-doped Sumitomo GaAs substrate utilizing a
directly heated rotating substrate holder. Following a highly doped (n-type, Si @
1x10 18 cm-3) buffer layer, the active resonant tunneling structure region was
then grown. For comparison, a conventional AlxGal-xAs alloy barrier structure
of similar barrier and quantum well dimension was fabricated, as well as one
with a larger quantum well size. The conventional AlxGal-xAs barrier sample
consisted of an undoped AlxGaL,As barrier (50A, x=.35), followed by an
undoped GaAs quantum well (50A or 100A), similar barrier, and a top contact
-0.5 micron thick. For the binary superlattice barrier structure, each barrier
consists of three 7A layers of AlAs separated by two 7A layers of GaAs. The
GaAs quantum well in this sample is 45A and the remainder of the structure is
identical to the AlGalxAs barrier samples. A cross-sectional transmission
electron micrograph of the superlattice barrier structure is shown in Figure 1.
Devices were fabricated by defining mesas on the surface with conventional
photolithography techniques, bonded for mechanical stability, and inserted into
a variable-temperature helium-flow Janis cryostat or into a stabilized oven for
variable temperature measurements.

Figure 1 Cross-sectional transmission electron micrograph of the superlattice
barrier resonant tunneling structure. The width of the GaAs quantum well is
45A and the wi4ths of the two GaAs and three AlAs superlattice barrier
components are 7A.
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3. Results

Figure 2 shows the room temperature static current-voltage (I-V) characteristics
of a typical conventional alloy barrier, 50A wide quantum well, resonant
tunneling structure. This structure exhibits a room temperature peak to valley
tunnel current ratio of 1.75:1 which increases typically to 7:1 at low
temperatures (- 100°K). We have plotted the negative bias data reflected into
the first quadrant to emphasize the observed asymmetry in the current-voltage
characteristics of these structures. This asymmetry has been ascribed to the
inferior inverted interface morphology of the quantum well and contact region
(Shewchuk et al 1985). This is consistent with our observations; our convention
of positive bias means electron injection from the backside superior GaAs
contact. A higher resonant bias for the inverted configuration would be expected
from an extended inverted region. The room temperature I-V characteristics for
the superlattice barrier structure, designed to have the same resonant bias
voltage, is shown in Figure 3. The symmetry for positive and negative bias is
excellent. This observation suggests that the inverted interface is indeed
responsible for the observed asymmetry in the alloy barrier structure and that
the superlattice barrier improves the interface by lessening trapping of
undesired impurities and/or prevents surface roughening. This improvement
has been observed previously in photoluminescence experiments (Sakaki et al
1985). The superlattice barrier structure exhibits a 1.8:1 peak to valley ratio at
room temperature and exhibits NDR up to 100'C.

1.Oi10- rfIf

1.0zlO-s  - postive bias

8"0x10-4 - - negative bias

4.0x10-4

2.0z10-4

0.00 0.20 0.40 0.60 0.80 1.00
Device Bias (V)

Fii ure 2. Room temperature static I-V characteristics of a typical conventional
V alloy barrier, 50A wide quantum well, resonant tunneling structure. Device

mesa area = 25 pm 2. Positive and negative bias are shown.

The observed resonant bias positions can be compared to the theoretical
predictions of a transfer matrix model (Ricco and Azbel 1984) if the parasitic
resistances in the structure are independently known. Since this is unknown for
the structures, we employ the technique (Gossard et al 1982) of low bias thermal
activation of carriers over the effective barrier to determine the position of the
quantum well bound state relative to the Fermi level of the contact. In this case

e effective thermal barrier presented to the electrons, at low bias, is not the full
barrier but the P-point of the quantum well bound state. This is demonstrated in
Figure 4 for the alloy barrier structure with a 50A quantum well, which yields an
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3.OxlO-2 rrr---rv

2.5x10 -  pomitive bias
--- negative bias

1.OxlO- 2

//

5"OxlO-3 -

__ 0.0x10 "

0 .00 0.20 0.40 0.80 0.80 1.00
Device Bias (V)

• Figure 3. Room temperature static I-N characteristics for the superlattice
barrier structure. Device mesa area = 25 pm-2. The symmetry for positive and

i negative bias is excellent.

i activation energy of 70 meV. Similar measurements on an alloy barrier
structure with a quantum well width of - 100,A gave an activation energy of 15
meV, demonstrating that the activation energy decreases with increasing well
size as expected. It should be noted that the ground state only is observed due to
the large energetic separation of the excited state.
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Figure 4. Low bias thermally activated current for the 50A quantum well alloy
barrier structure. The thermal activation measurement gives E =o70 meV.

neaieba seclet
aciaineeg f7 e.Smlrmaueet na lo are
stutr ihaqatmwl it f-io aea ciaineeg f1

medmntaigta h ciain nrydcesswt nraigwl
sieaixetd tsol entdta tegon tt nyi bevddet
th!ag nrei eaato fteectdsae



High-speed devices 549
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Figure 5. Low bias thermally activated current for the superlattice barrier
structure, showing identical activation energies independent of current density.
The current does not exactly scale with top mesa dimension due to mesa
undercut. The thermal activation measurement gives E = 71 meV.

The activation energy gives the quantum well energy relative to the conduction
band edge when corrected for the assumed degeneracy in the contact due to the
high doping (NI) - 1x101 cm 3 , which gives EF - 55 meV). The derived
quantum well state is 120 meV which is in excellent agreement with the values
of 116 meV predicted from an envelope function approximation (Bastard 1981)
using a 60% conduction band offset. This technique was used to derive the
position of the center quantum well state for the supeilattice barrier structure
and is shown in Figure 5 for two devices of different mesa dimension. The
thermal activation measurement for both gives a quantum well state of 121 meV,
the same as for the 50A alloy barrier structure which was expected from the
identical resonant bias positions of Figures 2 and 3.

There are two independent approaches to determine the effective barrier height
AEc* of the superlattice barrier once the quantum well energy is known. First,
we can use the energy of the quantum well state (determined above) to derive the
effective barrier height AE,* assuming that the envelope function approximation
for thick barriers is valid. Using a 45A quantum well, we obtain an effective
barrier height AEC* = 290 meV, or an equivalent alloy composition of 0.296.
Secondly, we can compare the transmitted resonant current densities of the
conventional alloy barrier structure and the superlattice barrier structure.
Considering single particle transmission coefficients, it can be, shown that the
effective barrier height AEc* can be expressed as

A2 JI+ 2 dA (E
* .sL ____ SI Jt 2 A I . A I / 1

AE = S + * 2 ln- + - 12m (JE FA 1 [8QW 8md2 L I J A hIQWO j
where d is the width of t e superlattice barrier, dA is the width of the alloy
barrier, I and JL are the measured current densities for the alloy barrier and
superlattice barrier, respectively, AECA is the conduction band offset for the alloy
barrier case, and the EIQWO are the ground state energies of the quantum wells.
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Using a 60% conduction band offset and a 35A superlattice barrier width, we get
AEc* = 240 meV, slightly lower than the barrier computed above. A monolayer
fluctuation at the interfaces of the barrier gives AEc* = 275 meV, in good
agreement with the envelope function prediction.

The superlattice barrier height is much lower than would be expected from an
averaged alloy composition of 0.60, which gives a barrier height of 587 meV.
Photoluminescence experiments on thick superlattice barrier confined isolated
quantum wells (Sakaki et al 1985) also found disagreement with an averaged
alloy composition model, though an equivalent alloy composition higher than the
average alloy composition was found. An envelope function approximation to a
superlattice of infinite extent to determine the effective barrier height as the
first conduction minizone edge gives an even greater discrepancy. Thus the
superlattice barrier allows appreciable wavefunction penetration while
maintaining a high energy quantum well state, as has been previously
suggested. The observation of an anomalously low barrier height to transport is
indicative of the enhanced evanescent tail.

4. Summary

In summary, we report the first study of a double short period binary superlattice
barrier, single quantum well heterostructure. This is the first demonstration
that quantum well states can be confined by very thi,, short period superlattices.
The superlattice structure does not exhibit the asymmetry around zero bias in
the electrical characteristics normally observed in the conventional AlxGal.xAs
barrier structures, and exhibits an anomalously low barrier height
demonstrating an enhanced evanescent tail in the superlattice barrier. The
ability to emulate barriers with superlattices permits a number of intriguing
suggested investigations for tunneling structures, such as equally spaced
resonances from a parabolic well, an increase in transmission coefficient from a
structure symmetric at resonant bias, bandgap engineered contacts, an increase
in sequential multiquantum well resonant current, and the investigation of the
influence of barrier symmetry on resonant bias and transmission. The flexibility
of design and enhanced evanescent tail are also important to MQW lasers and
high frequency resonant tunneling devices.

We are thankful to R. T. Bate, W. R. Frensley and C. H. Hoel for discussions and
R. Aldert, R. Thomason, and J. Williams for technical assistance. This work was
supported in part by the Office of Naval Research and the U. S. Army Research
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New quantum interference effects in GaAs/AlAs resonant tunneling

structures

N Tabatabaie and m C Tamargo

Bell Communications Research, Red Bank, New Jersey 07701-7020

Abstract. A remarkable split is observed in the ground state resonance
energy of electrons in a GaAs/AlAs resonant tunneling structure placed
in the intrinsic region of an n+/i/n + diode. The 11 meV splitting
is observed through a pair of Negative Differential Resistance Regions
(NDRRs) in the current-voltage characteristics of the diode at room
temperature (kT=-25 me'V. The existance of the doublet and the apparent
lack of thermal broadening of the eigenvalues is explained by quantum
mechanical reflection from the edge of the intrinsic region as well as
reflections from the two AlAs layers.

1. Introduction

Resonant tunneling in heterostructured semiconductors (Tsu 1973) has
received considerable attention during the past three years. The interest
in these structures has been primarily stimulated by the speculations
regarding the possibility of realizing new high speed electronics and
optoelectronics devices based on the resonant tunneling phenomenon.
Recently, we have demonstrated that resonant tunneling can also be used
as a high resolution spectroscopic technique at elevated temperatures
(Tabatabaie 1986). In this paper we describe the origin of newly observed
resonance peaks in the I-V spectra of our resonant tunneling structures.

2. Extended field structures

Ricoo and Azbel (1984) have pointed out that the strength cf the resonant
tunneling current through a double barrier structure is maximized only if
the reflection coefficients of the individual barriers are the same. Such
a condition does not exist for the conventional symmetrically grown
double barrier structures under external bias. The obvious approach to
maximizing the resonant tunneling transmission coefficient for a specific
resonance energy level is the use of carefully designed asymmetrically
grown structures. Alternatively, the composition of the emitter electrode

1987 lOP Publishing J ld
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can be chosen so that the bottom of its conduction band is degenerate
with one of the resonance levels inside the quantum well (Capasso 1986).

One partial solution proposed by us is to extend the electric field
resulting from the applied external bias, beyond the barriers region.
This is acoompolished by placing the resonant tunneling barriers inside
the intrinsic region of an n+/i/n+ diode structure as is shown in
Fig. 1. If the thickness of the undoped spacer layers outside the
heterobarriers region is kept small, quantum size effects prevent
charge pile-up adjacent to the first AlAs heterobarrier. Instead, the
accumulation region forms at the n+/n- homojunction doping barrier as
is the case for conventional n+/i/n+ structures. In theory, electrons
injected over the small homobarrier are heated by the electric field
prior to impact with the heterobarriers, resulting in smaller overall
field strengths required to achieve resonance. Later in this paper, we
show that the preffered path is for the electrons to directly tunnel
through the entire three barrier, double quantum well structure.

3. Experimental results

Room temperature I-V charactecistics of 50 p.m diameter double quantum
well structures of the type described above are shown in Figs. 2, 3, and
4. The structures are grown by MBE and consist of two 20 A AlAs barriers
separated by a 70 X GaAs well. The spacer layer on the collector side is
50 R thick while the emitter side spacer is 70 A for the device of Fig.
2and 100 1 for the devices of Figs. 3 and 4. The above layers are all
undoped and have a net n-type background impurity concentration of less
than 2x10 1 5 cm- 3 . The emitter and collector electrodes are
degenerately doped (mid 1018 range) n-type GaAs layers. The layer
thicknesses have not been directly measured and are therfore approximate.
They are inferred from previously grown calibration standards.

Fig. 2 shows a pair of transmission peaks at 250 and 285 mV and a third
peak at 470 WY. The inset of this figure is the I-V plot of another diode
from the same wafer clearly showing the relative strengths of the two
peaks in the doublet. The wafer of Fig. 3 also exhibits three NDRRs at
600 mV, 2.7 V and 3.3 V. Fig. 4 shows an expanded plot of the I-V
characteristics of another diode from the same wafer near the lowest
energy NDRR. This figure shows the presence of yet another tranmission
peak observed as a shoulder in the I-V data at 400 mV but too weak to
produce an NDRR at room temperature. the observation of four transmission
peaks in the structure of Figs. 3 and 4 and the presence of the doublet
in the ground state rescnance of Fig. 2 have not been previously observed
or explained.
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EC

Fig. 1. Extended field double
barrier resonant tunneling
structure.

Fig. 2. I-V characteristics of a
50 ,um diode having an
emitter spacer width of
701.
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Fig. 3. I-V characteristics of a Fig. 4. Expanded scale I-V data

50 jm diode having an of a device similar to

emitter spacer width of that of Fig. 3.

100 A.

4. Shae -f the I-Y characteristics

Early theoretical calculations by Tsu and Esaki (1973) predicted NDRRs in
the I-V plots of multilayered A1GaAs/GaAs structures based on the
resonant transmission of charge carriers in responce to an applied
external electric field. In most experimental stuctures, the elctron
fermi energy in the emitter electrode is considerably larger than the
breadth of the resonant tunneling transmission. Mendez et al. (1986),
Coon and Liu (1986), and we (Tabatabaie 1986)have shown that at low
temperatures, the above results in a triangular resonant tunneling I-V
signature having a near right angle at the high bias side. The
transmission maximum and minimum occur almost side by side, immediately
before and after the resonance energy level is pulled down below the
bottom of the emitter electrode conduction band. The above is shown
schematically in Fig. 5. This sudden termination of the resonance
condition is a consequence of the conservation of transverse momentum and
is responsible for the NDRR.

Luryi (1985) has proposed that a similar I-V behavior is expected even if
phase coherence is not maintained throughout the barriers region.
Furthermore, we have proposed that the breadth of the NDRR is determined
by the homogeneous broadening of the quasistationary states within the
barriers region alone and does not depend on temperature. The above is
significant since it leads to the use of resonant tunneling as a powerful
spectroscopic technique with sub-kT resolution at elevated temperatures.
The observation of the doublet in Fig. 2 is proof to that effect.

Given the I-V signature of a single resonance (Fig.5), it is interesting
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to consider the case where two approximately equal strength resonances
occur closely in energy as shown in Fig. 6. If the two processes are
independent, the sum resonant tunneling current through the structure has
the shape reminicent of the observed doublet in Fig. 2. Two possible
mechanisms which could result in such a resonance configuration are
discussed in section 6.

5. Resonant tunneling spectroscopy

In order to ascertain the energy levels of the observed eigenstates, an
energy reference must be defined. The center of the trapezoidal quantum
well has been customarily used in the literature as the reference level
with respect to which other energy levels are stated. This choice is not
always a good one specially for the extended field structures described
here. The ideal approach is to directly calibrate the I-V spectra with an
energy scale in oreder to eliminate the need for an energy reference as
well as eliminating errors due to resistive voltage drops. We have used

determining such an energy scale near the ground state resonance of the
structure exhibiting the doublet. Using this technique, the peak-to-peak
energy separation between the two resonances was found to be 11 meV.

6. The origin of the doublet and the weak resonances

In this section we discuss two mechanisms which are capable of producing
uhe observed doublet in the I-V plot of Fig. 2. One possible mechanism is
the effect of monolayer step variations on the resonance energies of the

". %

I •.

ens rot rit 
I

Fig. 5. Dispersion curves of the Fig. 6. The asymmetric I-V plot
emitter electrode and resulting from the
the quantum well showing combination of two
various resonant tunneling identical resonances
transmission regions. shifted in energy.
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quantum well Since the width of the quantum well is always an integral
number of monlayers, if it is varied by one step accross the latteral
surface of the device, the result is a doublet with two distinct
resonance energies. If the area covered by each of the two possible
thicknesses is approximately equal, the resulting resonant tunneling
current will have a signature similar to that shown in Fig. 6. The
thickness of a monolayer in GaAs based structures is 2.8 R and the
effective width of the trapezoidal well (one half of the particle
wavelength at ground state) in our structures is 90 R. This yields an
energy splitting of roughly 4 meV, in good agreement with the observed 11
meV splitting. This mechanism, however, does not explain the existance of
the weak resonances, peak #3 in Figs. 2 and 3 and peak #1 in Fig. 4,
observed in these structures.

We propose that the triangular quantum well depicted in Fig. 1,
participates fully in the tunneling process. we further propose that for
the wafer with the 70 1 spacer layer thickness (Fig. 2), the ground state
resonances of the two wells are degenerate. This leads to symmetric and
antisyumetric extended eigenstates in the wells resulting in the observed
split in the eigenvalue spectrum. Peak #3 in Fig. 2, therefore,
corresponds to the first excited state resonance of the triangular well
alone. According to this model, the increased spacer width in the
structure of Figs. 3 and 4 results in th lowering of the ground state
resonance energy of the triangular well with respect to that of the
trapezoidal well. The two wells are no longer degenerate and the four
peaks in the two figures correspond to individual well resonances. The
peaks #1 and #3 are identified as the ground state and the first excited
state resonances of the triangular well, respectively. Similarly, peaks
#2 and #4 are the grcund state and the first excited state resonances of
the trapezoidal well. We can estimate the expected energy split due to
the coupling permutations from simple quantum mechanics. Following Kane's
approach (Kane 1969) and using the effective mass approximation, we
obtain a coupling split of 1.3 meV. This value is substantially less than
the observed 11 meV splitting. The discrepency even though unfortunate is
not too disturbing given the exponential nature of the tunneling
formulas.
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Mobility and parasitic resistance measurements in AIGaAs/GaAs and

AIGaAs/InGaAs MODFET structures
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Abstract. Geometric magnetoresistance techniques are used to measure
mob iity at 2% and 7 70

K in A. aAs/GaAs and A GaAs/InGaAs MODFET
devices, and a CaAs MESFEr device. The measurements are corrected for
parasitic resistance, which is determined by a new method based on tile
source-drain voltage dependence of the gate current. Multi-band and
multi-layer effects are considered. The mobility in the 2-D electron
gas varies with carrier concentration in the expected way for ionized-

impuritv scattering, but the situation is unclear for polar-optical-
plhonon scattering.

1. Introduct ion

Mobility is an important parameter for determining material quality and
predicting device performance. Usually mobility is measured by means of
the Hall effect, but this technique requires a special test pattern. It
is more advantageous to make the measurement in an actual device structure,
such as a field-effect transistor (FET), because, for example, the material
may have been modified by the device processing. In recent years the geo-
metric magnetoresistance (GMR) technique for mobility measurements has
been developed for metal-semiconductor FET's (MESFET's) (Jay and Wallis
1981, Look 1985) and modulation-doped FET's(MODFET's)(Look et al 1985).
Although this method is quite simple and convenient to use, the results
can be influenced by parasitic resistances, because voltages are measured

at current-carrying contacts. It has been shown that parasitic-resistance
effects are not very important for typical MESFET devices (Look 1985) but
the situation may be different for very-short-channel MESFET's and MODFET's,

especially at low temperatures for the latter. In this paper we will

discuss a new method for measuring parasitic resistances, and apply it to
GMR measurements in a promising new MODFET material,

AZ. Ga As/In 15Ga0 8 As (Ketterson et .;1 1986). By using a Schottky
gaVi~o oe6n0rol tR6 chan6el conductance, the dependence of mobility on
carrier concentration can be determined.

2. Theory

A generalized test structure, appropriate for FET or contact-resistance
measurements, is shown in figure 1. The ohmic contacts, which are shaded,
are of length Z9. and width w. The semiconductor regions between the ohmic
contacts are of lengths SIl' S$2' 2S3, etc., and the Schottky-barrier
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gates have lengths 2 1' 2. etc. When a voltage is applied between

two of the adjacen co ntacs, current will typically flow out of

only a small region of characteristic length , (the "transfer length"),

near the inner edge of each contact. In the trAnsmission line model (TLM),

normally used for analysis of planar contacts, it is assumed that the

current flows vertically through the metal/semiconductor (M/S) barrier into

the semiconductor material below the contact, and then horizontally into

the main semiconductor body (Berger 1972). The total resistance between

the two ohmic contacts separated by 'Sk is

=Sk- 'Gk ZGk
MS + 2RT + RS - + R -

where .M and R. are, respectively, the M/S-barrier and "transfer" resis-

tances, ogether making up the total contact resistance, and RS and RSG

Generalized
- Test Structure

A A

GGG
Active Layer

I.4 ~ 1- - 1 si- I S-i

Si Substrate

Figure 1. A generalized test structure useful for mobility, sheet

resistance, and contact resistance measurements.

are, respectively, the ungated and gated portions of the semiconductor

sheet resistance. (It is assumed here that the applied voltage is sm.ill

enough that R_ is uniform along the length of the gate.) For the FF1

case, we notes hat -G = 2-Z for all k, where A is the'avre-.egh hn vde~ning~ th ,A * ,A

length. Thenthe parasitic" resistance as Rp =

2RMs+ 2R T + 2 RS A / w , we get 1Gk

Rk= Rp + R -
k P Se w

so that the slope of an Rk vs. .Gk plot has y-axis t K
slope R /w. Similarly, or the contact-resistanct-,n,.l.ur,
there are no gates (standard "TLM" pattern), so that

Sk
Rk = 2RMS + RT+RS 

Then, P = R + RT is determined from the ir,,'r,

slope. C n e TLM is truly valid, Lhei th, ".,lj, t ".

by P C  w Rc/Rs, and the transfer length ' -

the normalized contact resistance. r = S w. ,
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quantity for device considerations, is independent of the TLM These
questions are discussed further elsewhere (Ketterson et al 1985).

If a perpendicular magnetic field is now applied, then equation 1 becomes

2 2 "SkR"Gk 2 2 3Gk 2 2
Rk - 2 RMS+ 2 RTO(l+jjr ) w R so (l+)jSB ) _ RSGO(1+ JG B (4

where, in the case of more than one band or conducting region (Look at al
1985), 3

E 1+ 2 B2
2 i (5)

"S nipi

i l+1iiB

with similar equations for V and " Equation 5 is valid if the elec-
trons are degenerate, quantuA effec[i are negligible, and w/t S>>l. The

latter inequality insures that the GMR conditions are met. The validity
of equation 4 for TLM-pattern analysis (called the "magneto-TLM" analysis)
has been vertified recently (Look 1986) for GaAs MESFET's. In this paper,
we are mainly concerned with MODFET properties.

Equations 2-4 can be used to determine R or R only if there are at
least two different spacings (9. or Z. K available on the test structure.
If, however, only one discrete evice fs being studied, then another
method must be used. We will discuss here a new technique based on the
fact that the ends of the Schottky-barrier gate of an FET are biased by
the source and drain currents flowing, respectively, through the source
and drain contact (and access) resistances, rS and rD (Look and Cooper
1985, Look 1986, Yang and Long 1986). It can be shown (Look 1986) that

IG  I GO [e F(VSDrS,rD) - i1 (6)

where

F = 8[VsDIsrSIDrD] (7)

where = (q/nkT), n is the ideality factor, and VSD = VD-VS. If
8[VSD-ISr S-I DrD]<<I, then

F -2 8[VSD+ISrS D (8)F = e()

and, therefore, for two different values of some parameter, equation 6
yields

2nkT n G--2=
- C-- IG 2 SD2V sDI ) - (IS2-Is )rS 4(ID2-ID)rD. (9)

The quantity rS-rD can be determined by'changing I and I , with either a
current source or power supply (cf. figure 1), while simuitaneously vary-
ing VG to hold IG constant. Then, the full equation 7 can be applied, with
r as the only unknown. Once R . r + r is known, the true channel
r.sistance RSG can be obtained, and SG cdlculated from the relationship
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By making measurements at several values of B, multi-band and multi-layer
effects can be studied via equation 5. For a two-band (or layer) problem,

equation 5 becomes

3 22

n 3 2 2
2 2 0 +i

I'SG -- 0  2 2 *(11)

l+ 220o 0 I+pB
2

If n0 and n1 denote, respectively, two subband concentrations in a MODFET

hetero-interface region, then their ratio can be determined analytically
by the following technique. It can be shown that

nl/nC (E0 -EI)/kT

e n 0 In= e (12)
e - 1

where nc E m*kT/f
2 

is the 2-D density of states, and where we assume

n0 + n = n S in this two-band model. The energies may be approximately1 S
determined from

Ei = Yi [n+ - nA 2/3 i = 0,1 (13)

where nA is the background acceptor concentration in the low-bandgap
material. The most accurate values of the y. and af are obtained from afit of theoretical curves such as thole given by Stern and Des Sarma (1984).

(We get y0 
= 

6.15x0
-
, y- = 8.80xl0 , a0 = 1.68, a, = 2.93, E. in meV.)

Other approximations are also available.

3. Results

We wil apEly these techniques to three samples: (A) a GaAs MESFET, with
a 4xlO 

2
cm , 100 keV Si implant; (B) a standard AZ0 3GaR 7As/GaAs MODFET;

and (C) a recently-introduced A%n 1,Gan 8 5As/Inn ,Ga8 s8 X pseudomorphic
MODFET (Ketterson et al 1986). rirst efi8emagneP6-TLMde- hod was used with
a standard, ungated TLM pattern to study the initial, unetched material
of samples A and C. The sample C data were analyzed by equation 11, with
110n pI, and nI/n0 as fitting parameters. These results will be discussed

in detail elsewhere, but basically the values obtained for I and nl/n O

suggestedparallel conduction in the high-bandgap material raher than
effects of higher subbands. Thus, we consider that the ialue of P0 in
this case represents all of the subbands in the 2-D region. However, the
lowest subband tends to dominate, especially at low temperatures,
according to equations 12 and 13. To d termine carrier concentration in
this model, we use the relationship R_ - e(no0 + nlPI) to get

S0 0 1 i I-
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n - eR Il+ J. (14)
no  = es 0  nll

Then n1 and nS = n0 + n1 can also be calculated.

To vary n0 it is necessary to use a gated structure. Our test pattern

includes a structure such as that shown in figure 1 with gate lengths of
4, 6, and 10 um. Parasitic resistances calculated from equation 2 agree

2 2960K
770K B

A C

8

N.- 6 Bo------------6 B 0 - -- ------------E -A o o0 _o -o

o 4

-L C'Y'

10 I I I I I I I
2 4 6 81011 2 4 6 81012

ns (cm "2 )

Figure 2. Mobility vs. sheet carrier concentration data for three FET-
type structures: (A) a GaAs MESFET; (B) an AZ0 3Ga0 .7As/GaAs MODFET; and

(C) an Ao .1 5Ga0 .85As/In 0 .15Gao. 85 As MODFET.

reasonably well with those calculated from equation 9. The mobilities for

various B and V were calculated from equation 10 and fitted with equation

11. However, b~cause n was in general small, it was difficult to get

accurate values of n1 and w1. Thus, to study pii vs. nS in this case, we
simply approximate 1 u0 =0. (9kG) at 296*K, and 1n 1 G (4.5kG) at 77*K,

with nS =(eUsGRsG)-. At tese magnetic fields, WsGB< for most of the

data.

The data are presented in figure 2. Sample A, the MESFET, shows increas-

ing iG as nS decreases. This phenomenon is due to the fact that the

undepleted region moves toward the substrate/active-layer interface in a
MESFET, as the gate is biased more negatively. Since the ionized impurity

concentration is tailing off in the interface region, the mobility should

increase, although somewhat mitigated by the loss of screening. (In some
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cases, however, a poor interface can actually lead to a decreased
mobility.)

The MODFET material differs in that the ionized-impurity scattering is
mainly due to distant donors in the high-bandgap material. Furthermore,
the electrons being sampled at a given gate bias are not much farther from
these donors than the electrons which are sampled at a more positive bias
(the MODFET's also have 30A spacer layers). However, the numbers of
electrons are changing with gate bias, so that Fermi-wave-vector and
screening effectb tend to be more iuportant, as evidenced by the strong
dependences of PSG on nS at 77*K. These effects have been studied in
detail before, and are fairly well understood (Hirakawa and Sakaki 1986).

At 296*K, however, polar-optical-phonon scattering is dominant in MODFET-
type devices, and this mechanism is not well understood as yet. For
example, there seems to be disagreement on whether p should increase or
decrease as nS increases (Hirakawa and Sakaki 1986, aas Sarma and Mason
1985). In figure 2 we see that for sample C at 2960 K, pS increases
strongly with ns, at low nS, while for sample B, no dzfinite pattern is
apparent. A detailed discussion of this behavior is not possible in this
paper but it is clear that both theoretical and experimental aspects of
this problem need to be studied further.
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Abstract:
Conventional AIGaAs doped HFETs show degradation of their 77K
performance in darkness. This paper reports the 77K performance
of HFETs with undoped AlAs/ doped GaA superlattices grown by
MBE. The 77K Hall mobility is 130000cm /Vs in the dark and
under illumination. T e mobility in the highest subband of the
2DEG exceeds 200000cm /Vs. Device degradation in darkness is
strongly reduced. Low frequency noise and Photo-FET investi-
gations were carried out in order to study the trap influence
on device behaviour. The concentration of deep donors and the
number of different deep acceptors is lower than in conven-
tional AlGaAs/GaAs HFETs. This result supports a model
(KASTALSKY et al. 1985) on 77K HFET degradation.

1. Introduction

High electron mobilities are achievable in a two dimensional
electron gas (2DEG) at the interface between doped AlGaAs and
undoped GaAs due to the reduced Coulomb scattering, especially
at low temperatures. However in a heterostructure field-effect
transistor (HFET) with high electric fields in the channel
device degradations are reported at cryogenic temperatures
(Fischer et al. 1983), e.g. persistent photoconductivity. I-V
characteristic collapse and threshold voltage shift. A deep
trap related to a donor-Al complex (DX-center) is responsible
for these effects in HFET with homogenious AlGaAs: Si doping
layer. In addition recent results (Kastalsky et al. 1985)
indicate that deep acceptors contribute to the degradation.
too.
Device improvement is possible by using a superlattice (SL)
doping layer consisting of a series of thin layers of undoped
AlAs and Si-doped GaAs (Baba et al. 1983). In this structure
the DX-center formation and the large binding energy of Si
donors in AlGaAs are avoided. Such SLHFETs were fabricated and
investigated by several electronic and optoelectronic methods.
Donor and acceptor-like traps were detected and their influence
on device performance was studied.

2. SLHFET Structure and Device Fabrication

Figure 1 illustrates the layer sequence and the corresponding

W 1987 lOP Publishing Ltd
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band diagram. Two different configurations were investigated. A
Imm thick undoped GaAs buffer layer is grown on a (100) orien-
ted semiinsulating substrate by MBE for both samples. Samples
of type I consist of a three period AlAs (1,6nm)/GaAs (2,Onm)
undoped spacer layer followed by seventeen GaAs (2,0nm)/AlAs
(1.6nm) layerl, which form the superlattice. Only the GaAs is
dored (1.2x10 cm ) by silicon. Samples of type 2 consist
1- - two period AlAs (1.0nm)/GaAs (1,7nm) undoqd s~acer layer
a-id a superlattice of twenty Si doped (1.2x10 cm - ) GaAs
(1.7nm)/undoped AlAs (2.Onm) layers. A 20,Onm undoped GaAs top
layer serves as surface protection and facilitates ohmic
contact formation. Gate length and gate width of the SLHFET
were 1.3um and 200um. respectively. Au/Ge/Ni ohmic contacts
with a contact resistivity below 0.29mm were used.

3 Experimental Results and Discussion

Figure 2 shows the I-V characteristic of a SLHFET of type 1 at
T=300K. The saturation drain-source current is 6mA and the
transconductance is gmmax=50mS/mm. The sY~et_ 2carrier concen-
tration n of this device is only 4.4x10 cm . which is
constant in the 300-77K temperature range. Higher values of
n are possible by increasing the doping concentration in the
GaAs layers. Devices of sample 2 with a twiper~od spacer layer
show a sYet _arrier concentration of 6.1x cm at 300K
and 7x10 cm at 77K with identical doping concentration
in the GaAs. This may be an effect of the thinner spacer
layer. The other characteristics of these devices are compa-
rable to that of sample 1.
If the device is cooled down in the dark. an I-V collapse.
which is typical for electron capture by DX centers, does not
occur (see fig. 3). Simultaneously the threshold voltage is
shifted by 0.2V only. The drain source current saturates at
i5mA in the dark. If the device is illuminated by white light
the saturation current increases to l7mA due to band-band
generation of electrons but the transconductance remains almost
unchanged at gmmax = 720 mS/mm. The light sensitivity was
studied in more detail using ungated FET structures
(LDj=SIum). The devices were cooled down in the dark and
sin le sweep I-V measurements were carried out while the device
was illuminated with light of various photon energies. Figure 4
shows that the main current increase appears in the range
0.44eV<h.v<0.52eV. That means the trap level responsible for
the remaining light sensitivity has an activation energy in
this energy range. The current increase is not persistent if
the illumination is interrupted. The absence of both persistent
photoconductivity and I-V characteristic collapse indicate that
due to the superlattice the influence of deep levels is strong-
ly reduced. Further trap investigations were carried out by
Photo-FET and low frequency noise measurements in fully pro-
cessed devices. With the Photo-FET technique (Heuken et al.
1985. Tegude et al. 1984) optically induced drain current
variations are measured. Activation energies of deep levels can
be deduced from thresholds in the drain current variation at
certain photon energies. A typical spectrum of a SLHFET is
shown in fig. 5. The investigations were carried out at
different bias combinations. The detected trap levels appear
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nearly independent of the applied gate-source and drain-source
voltages. This indicates that the traps responsible for the
effects are located outside the gate space charge region.
Donor-like levels with an activation energy of 0.43 and 0.47eV
were detected at room temperature. By means of the DLTS
technique a thermal activation energy of the main electron
level of about 0.5 - 0.6eV were detected by Baba et al. (1985)
in similar AlAs/n-GaAs superlattice structures. Since the
amplitude of the Photo-FET signal is correlated to the trap
concentration the 0.47eV donor like trap is the main electron
trap in this sample. This trap level is responsible for the
remaining light sensitivtiy of the sample (see fig. 4). The two
acceptor-like trap levels detectable in this samples have
activation energies of 0.39 and 0.60eV. The number of different
acceptor like trap levels is strongly reduced compared with
conventional AlGaAs/GaAs HFETs. This fact and the excellent
device performance at low temperatures in the dark support a
model (Kastalsky et al. 1986) according to which acceptor-like
trap levels are responsible for the threshold voltage shift at
low temperatures. In addition low frequency noise measurements
at low fields in the channel were performed.
Generation-recombination processes at deep levels result in low
frequency noise with Lorentzian-type spectra. Trap activation
energies can be deduced from the temperature dependence of
these spectra (Loreck et al. 1984). At room temperature SLHFETs
have a low frequency noise power which is an order of magnitude
smaller than that of conventional HFETs. By measurements in the
temperature range 50-400K and frequency range lHz-25KHz elec-
tron trap levels with E T=0.36eV and .uE =0.59eV were detec-
ted. When comparing the results of the Thoto-FET. DLTS (Baba et
al.) and noise measurements it has to be recognized that there
is a difference in the optical and thermal activation mechanism
of traps (Frank-Condon shift) and usually the measuring
temperatures are different. In addition nothing is known about
trap behaviour in such thin superlattice layers. At present it
is not possible to correlate the measured activation energies
with transitions from traps into energy levels in the super-
lattice. Deep traps in the GaAs buffer layer may also
contribute to Photo-FET and noise signals.
With these problems in mind a trap levelE =0.37 eV only
detected with the Photo-FET technique at low temperatures and
the trap level ."E T=0.36eV detected with LF noise measurements
are in good agreement. The trap level AET=0.43eV is only weak
and probably not detectable with the LF noise method. The
optically detected threshold of 0.47eV and the thermal
activation at 0.59eV may correspond to the same trap. This
conclusion is supported by the fact that no other transitions
are observed between 0.47 and 0.59eV neither by optical nor by
thermal activation 2 Hall measurements gave 77K Hall mobility
values of 130000cm /Vs and 123000cm /Vs for sample 1 and 2.
respectively. Carrier transport properties especially mobility.
transconductance and gate-modulated carrier concertration were
monitored by the magnetotransconductance profiling method
extended to HFETs (Prost et al. 1985). The measurements
represent the carrier concentrations and mobilities. which are
available for the ac operation of the device for a given dc
gate voltage.
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The room temperature mobility (8000cm 2/Vs) is almost
independent of the gate voltage V . Under forward bias V
no mobility degradation is observH. indicating that para9~el
conductance in the superlattice is absent. This is supported by
the I-V characteristic of fig. 3. The mobility versus gate
bias at cryogenic temperatures is plotted in fig. 6. At 77K the
mobiity increases rapidly at forward bias up to
2x10 cm /Vs. representing the mobility in the highest
subband of the 2DEG. Again no parallel conductance in the
superlattice appears.

4. Conclusion

To ensure proper operation of HFETs at cryogenic temperatures
several drawbacks such as persistent photoconductivity,
collapse of the I-V characteristic and high low-frequency noise
level have to be solved. Improvement of HFETs is possible by a
spatial separation of Al and Si atoms using AlAs/n-GaAs:Si
superlattices as doping layer in a FET. Electronic and
optoelectronic investigations reported here underline the high
device qualitiy obtainable with these structures. A reduced
light sensitivity, no persistent photoconductivity and a low
threshold voltage shift were achieved using these
superlattices. The extremely low concentration of donor-like
trap levels was experimentally proved by low frequency noise
measurements and by Photo FET investigations. The small number
of acceptor-like levels detected with the Photo FET technique
is another characteristic of this novel structure. Properly
designed superlattice layer sequences and excellent quality of
MBE grown layers result in high mobility devices with good
pinch off behaviour.
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offset

A. Okamoto, H. Toyoshima and K. Ohata

Microelectronics Research Laboratories,
NEC Corporation, 4-I-1, Miyamae-ku, Kawasaki 213 Japan

Abstract Strained N-Ga0 7Al QAs/In0 22Gao 7 7As/GaAs 2DEG FETs with
large bandoffset were tabricated ah high gm values of 275 and 425
mS/am were obtained for FETs of 0.5 jum-gate at 300 K and 77 K,
respectively. By using strained InGaAs layers, sheet resistance is
reduced to be about 500 ohm i.e., about two third of that in
conventional N-GaAlAs/GaAs modulation-doped structures. The FETs with
0.5 pm-gate exhibited a minimum noise figure of 1.2 dB with the
associated gain of 11.6dB at 12 GHz.

1. Introduction

N-GaAlAs/GaAs modulation-doped FETs have been demonstrating excellent
performance as low noise or high speed devices. However, their
disadvantage, that the sheet carrier density of the two dimensional
electron gas (2DEG) is rather low, causes high source resistance and low
saturation current for FETs. The authors introduced a strained InGaAs
layer between GaAs and GaAlAs layers to increase bandoffset, and
observed high 2DEG density of about twice more than that of
conventional modulation-doped structures. Furthermore, FETs were
fabricated and good performance was achieved.

The lattice constant of InAs is larger than that of GaAs or AlAs by 7 %,
and thus, InGaAs is lattice-mismatched to GaAs. However, an epilayer
without dislocations can be grown on GaAs substrate when the thickness
of InGaAs layer is thinner than the critical layer thickness given by
Matthews et al (1974). Although InGaAs strained layers have been
employed for FETs (Zipperian et al 1985, Rosenberg et al 1985, Masselink
et al 1985, Morkoc et al 1986, Henderson et al 1986), the importance of
large band discontinuity has not been studied yet. This paper describes
the electrical properties of the strained modulation-doped structures,
FET performances, and their advantages.

2. Experimental

Molecular Beam Epitaxy (MBE) was employed to fabricate the modulation-
doped structures with large band discontinuity shown in Fig. 1, where Al
composition of GaAlAs is fixed as 0.3 and In composition was varied. On
semi-insulating GaAs substrate, grown were an undoped GaAs of 8000 A, an
InGaAa layer, an undoped GaAs or GaAlAs spacer layer, a Si-doped
Gao0 A10 7 As of 500 A a an undoped GaAs cap layer of 100 A. Doping
conddntration was 2 x 1019cm 3 . In composition and spacer thickness were
varied to study the electrical properties for the strained modulation-
doped structures. The In composition and the layer thickness of InGaAs
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are shown in Table I. The thickness of InGaAs was chosen to be slightly
less than the calculated critical layer thickness derived by Matthews et
al (1974). The spacer thickness was varied between 0 to 80 A. The growth
temperature was 550"C and other procedures were quite similar to those
for the growth of conventional GaAlAs/GaAs modulation-doped structures.
Growth rate of 1 micron per hour for GaAs was used and no apparent
variation in morphology was detected.

For PET fabrications, planar p+ gate technology was chosen to achieve
high performance of planar FETs (Ohata et al 1985). The actual structure
of epitaxial layers for FET fabrication is shown in Fig. 2. The n+
graded GaAlAs layer and GaAs surface layer were employed to obtain low
resistance ohmic contact.

Band Diagram of InGaAs FET Fabrication

In aa A32o

Source Gate Drain P-GaAs 70 A05s 0.5 0.5 N-GaAs 210 A

AaAN-G dA:s 100
N-Ga Alps 100
Ga,As 20 A
ln~a s 120 A

GaAs 8o001

Substrate

Ga Al As:S1 GaAs
0.7 .3

Fig. I Modulation-doped Structure Fig. 2 Structure of the fabricated
using a strained InGaAs FET.
layer.

Table. I In composition and thickness of InGaAs layers.

In Composition Thickness(A) Critical layer thickness(A)

0.15 200 217
0.23 120 130
0.30 80 88
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3. Results and discussion

3.1 Two dimensional electron Aas of strained heterostructure

Hall effect measurements were carried out for the modulation-doped
structures with different In compositions. Figure 3 shows the mobility,
2DEG density and sheet resistance as a function of In composition. No
spacer layer was employed. While mobility decreases with increasing In
cc,siti n, the sheet carrier density increases and high value of 2.2 x
10 cm- was obtained at 0.3 In composition. The sheet resistance is
minimized at In composition of 0.23, and the magnitudes, 480 ohm at RT
and 220 ohm at 77K, are about two third of those for conventional
structures. The dashed line indicates the calculated sheet carrier
concentration by solving Poisson's equation with simple triangle
potential approximation for InGaAs region. Furthermore, the conduction
bandoffset between InGaAs and GaAlAs is assumed to be two third of the
energy bandgap difference. The figure shows the measured Ns is slightly
more than the calculated one. The simple estimation of bandoffset
suggests that the bandoffset between Ino. 2 3 Ga0 . 7 7 As and Ga0 .7 A10 .3 As be
more than 0.40 eV.
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Fig. 3 )1, Ns and R as a function Fig. 4 u, N, and R as a function
of In composition, of 8aAlAs spacer.
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The introduction of undoped spacer layers separates 2DEG from donors in
the doped region and enhances the mobility. We studied the spacer effect
on undoped GaAlAs, for the modulation-doped structures with 120 A
In0 23Gao 7 7As layers. Figure 4 shows the dependence of Is on GaAlAs
spaoer la1er. The mobilities for 20 A spacer were 6300cm /Vs at room
temperature and 19,Oocm2/Vs at 71 K. However, the mobility at 77 K does
not increase more than 20,000cm /Vs with the increase of the spacer
thickness. It is not clear at this stage how the strain influences the
electron scattering mechanism. The sheet carrier density decreases
monotonously with the spacer thickness and, consequently, the sheet
resistance, 170 ohm, was obtained for a 40 A spacer at 77 K. It is
concluded from these results that the strained modulation-doped
structure of In composition of 0.23 with a 20 to 40 A GaAlAs spacer
layer is the most promising as an epitaxial layer structure for FETs.

3.2 Device Characteristics

Figure 5 shows DC characteristics of the fabricated FET at room
temperature, where the gate length and the width are 0.5 jm and 200 )=,
respectively. Although pinch-off voltage is somewhat deep, 2.0 V, and
gm compression with gate voltage near 0 V is observed, maximum
transconductance, max' was 275 mS/mm. Furthermore, gmmax of 425 mS/mm
was obtained for the 0.5 um gate FETs at 77 K. Figure 6 shows the
dependence of gm on gate length. The FET performance of short gate
length is dominated by the saturation velocity of electrons. On the
other hand, I-V characteristics are dominated by the electron mobility
for long gate FETs and gm tends to be inversely proportional to gate
length. Compared with the conventional GaAlAs/GaAs or AlInAs/InOaAs 2DEG
FETs, g, of the FETs decreases with gate length more significantly
at 77 K, and the behavior is due to rather low 2DEG mobility in the
strained quantum wells at low temperature. In spite of the performance
of the long gate FETs , short gate FETs are promising because of large
sheet carrier density and high saturation velocity of electrons.

Fig. 5 DC characteristics of 0.5 Am-gate FET.
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Resistance, R, between source and drain of FETs with various gate length
gives the source resistance Rs as shown in Fig. 7. Since the geometry of
source and drain is symmetric, R is expressed by

R = 2Rs + (Lg /Wg)XRch

where Rch is sheet resistance under the gate, Lg is gate length and Wg
is gate width. The estimated R3 was 0.61 ohm mm and 0.31 ohm mm at RT
and 77 K, respectively. Since the sheet resistance is about 550 ohm, the
contact resistance must be rather high, more than 0.33 ohm.

From the obtained g and R., intrinsic transconductance gio is evaluated
by the equation:

gmo z g/(1-gRs)'

and they were 330 mS/mm and 490 mS/mm at room temperature and 77 K,
respectively. Furthermore, the average electron velocity, Vat is
estimated assuming the short channel approximation:

V a 2 gmo/Cg

where C is gate capacitance, which is calculated by considering the
GaAlAs thickness, 430 A, and the distance from the heterointerface to
the center position of 2EG, 60 A. T~e average electron velocity, Va,
was found to be 1.5 x 10, and 2.3 x 10 cm/see at room temerature and

77 K, respectively. They are nearly equal to those for the conventional
OaAlAs/GaAs 2DEG FETs and good transport properties were shown. Since
large N5 and good transport of 2DEGs are proved, gm compression shown in
Fig. 5 might be due to the nonlinear I-V characteristics of ohmic
contact.

RF performance was measured by the pal-shape FET with two gate pads at
12 GPz and gain and noise figure were, respectively, 11.6 dB and 1.2 dB
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Further process improvement leading to lower contact resistance and
lower threshold voltage will enhance performance of these FETs using the
proposed strained modulation-doped structures.

4. Conclusions

Strained N-GaAs/lIn GaI ,As/a A103 As modulation-doped strjtures were
fabricated by MBixand-'Iigh bEG concentration of 2 x 10 cm was
observed. With increasing In composition, mobility decreases while 2DEG
density increases, and it is found that the sheet resistance is
minimized at In composition of 0.23. Strained N-Ga 0 MA1 0 . As/
Ino 23Gao.; 7 As/GaAs 2DEG FETs were fabricated and high gv ,alue of 275
and %25 m /mm were obtained for FETs of 0.5 pm-gate at 300 K and 77 K,
respectively. By using strained InGaAs layers, sheet resistance is
reduced to be about 500 ohm i.e., about two-third of that in
conventional N-GaAlAs/GaAs modulation-doped structures. The FETs with
0.5 pm-gate exhibited a minimum noise figure of 1.2 dB with 11.6 dB
associated gain at 12 GHz. The proposed modulation-doped structures and
FETs demonstrated in this paper clearly indicate the possibilities for
better performance of 2DEG FETs compared to the conventional
GaAlAs/GaAs FETs.
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Abstract. Selectively doped AlInAs/GaInAs heterostructures
lattice-matched to InP were successfully grown by atmospheric-pressure
MOCVD using trimethylmetals. Mobility as high as 11700cm3/Vs at room
temperature with a sheet carrier density of 2.6x101 1 cm-2 was obtained.
We fabricated a HIFET (Hetero-Interface FET) 11 m in gate length using
the heterostructure. and it showed a transconductance of 404mS/mm at
room temperature.

1. Introduction

Selectively doped AlInAs/GaInAs heterostructures have attractive features
for high speed devices such as high electron mobility, large saturation
velocity, and large discontinuity of the conduction band edge (Pearsall
1984). The crystal growth of this system has mainly been done by MBE
(Hirose et al 1985). however, we reported the first MOCVD growth of this
system (Kamada et al 1986). In the previous paper, we used
triethylmetals as source materials and demonstrated the high mobility of
the selectively doped heterostructures. In this study, we report the
crystal growth using trimethylmetals to obtain purer and more uniform
epitaxial layers.

2. MOCVD growth

We used the atmospheric-pressure MOCVD method. The substrates were
2-inch-diameter (100) Fe-doped semi-insulating InP. They were etched by
a mixture of HSO4 :HO:HO-5:1:l heated at -O0 for 2min before the
MOCVD growth. The source materials of group III (trimethylmetals: TMA.
THa, and THI) and of group V (arsine, AsH,) were mixed near the leading
edge of the substrate to minimize parasitic gas-phase reactions. To
obtain abrupt heterostructures, the gas flow had a very high speed of
about lm/sec. The growth was continuous without any interruption. The
substrates were rotated during the growth to obtain good uniformity of
the epitaxial layers. The growth temperature was 6400C, pnd excellent
morphology was obtained. The typical growth rate was about S/seC.

Figure 1 shows the relation between the T14 flow rate and the
compositional ratio (1-x)/x in the Al In-I As epitaxial layers. The
composition of the epitaxial layer was evaluated by measuring the lattice
mismatch (As/a) between the epitaxial layer and the substrate by an
X-ray diffraotometer assuming Vegard's law. The linear relation in
this figure indicates that the compositional ratio of In to Al is

c 1987 lOP Publishing Lid
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proportional to the ratio of the gas flow rate of THI to TMA. By
controlling the gas flow rates, we suppressed the lattice mismatch
within *1.5x10- 4 . The value corresponds to a deviation of 0.2% in
ooposiftion. To examine the energy gap change caused by the
compositional chanSe, we performed photoluminescence measurements of the
undoped AlInAs layers at 77K. Figure 2 shows the relation between the
photolumlnesoence energy and the deviation of the Al composition (Ax) of
the epitaxial layer from the composition corresponding to lattice
mathehing (x-0.479). Each layer has two photoluminesoenoe peaks -
labeled A (open circles) for the higher energy peaks, or B (closed
circles) for the lover energy peaks. Both peaks increase In energy as Ax
increases, corresponding to the increase in the energy gap of the AlInAs
layers. This dependence of the higher energy peaks is quantitatively the
same as the data of the AlInAs layers grown by MBE (Wakefield et al
1984). The lower peak may be an aooeptor-related peak.

2.0 , F , . I I I , ,
undoped AIx In ,_xAs

..8 at 77K
Aix fl-xAs

> A

Z I0 w 1.4 75mneV
z

0 60 70 so -6 -4 -2 0 2 4 6
TMI FLOW RATE (cc/min) (in rich-) a X M.) (-At rich)

i.Relation between Fig.2 Relation between the photoluminesoence
the THI flow rate and energy of undoped A~lnAs layers and the
the compositional deviation of the AlI oompoaition (Ax) of the
ratio (1-x)/x in the epitaxial layer from the composition
AIxlni-xAs layers, corresponding to lattioe-matohing (x-0.479).

undoped The undoped GaInAs layer was

G'0.s21n0.54BA S  n type with a carrier density
at 4.2K of about lxlO10 5 m-2, and it

showed a mobility as high as
10100om'/Vs at 300K. Figure 3
shows the photoluminesoence
spectrum from an undoped laInAs

Ln 3.. meV layer measured at 4.2K. Only

WuJ an exciton-related peak with a
I. full width at half maximum
-- (FWHM) of 3.4meV is observed,
.j and there is no acceptor-
0. related peaks.

Fig.3 Photoluminescenoe
0.85 0.8 0.75 0.7 spectrum frO, an undoped anAs

ENERGY (eV) layer measured at 4.2K.
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Disilane (Spll SiHl, in H, base) 1019
was used for n type doping to .. .
klInAs. Figure 4 shows the AInAs
relation between the Si H6  flow u
rate and the carrier density. The
relation is almost linear. But 1 018
there is a saturation behavior in Z.n
the case of high doping, and the z
maximum doping density is C3
6xlOlgaw- . Even with such a high a 1017
doping, there was no degradation of -
the surface morphology.

10"6 . . .. . ... I . . .

1 10 10O0 1000

Fig.4 Relation between the 312HO i2H6 FLOW RATE (cc/min)
flow rate and the carrier density.

3. Abruptness of the heterostructures

To confirm the abruptness of the heterostructures, we performed two
experiments. One was an Auger analysis of an AlInAs/GaInAs
supperlattice. The other was photoluminescence measurements of single
quantum wells. Figure 5 shows the Auger profiles of an AlInAs/GaInAs
supperlattice, which consisted of 10 periods of 471/471 supperlattice and
5 periods of 94X/941 supperlattice. We can observe a clear oscillation
of A1 and Ga and perfect periodicity was observed. Althougtj the depth
resolution of the Auger analysis was not sufficient (about 0 or less),
this result confirms the very sharp interfaces of the AlInAs/GaInAs
heterostructures.

2000 s As

1600

z 1200
LI-

z- 800

400 j
I - I

0 40 80 120
SPUTTERING TIME (min.)

F Auger profiles of an AlInAs/GaInAs supperlattioe., which consisted
of 10 periods of 471/471 supperlattice and 5 periods of 941/941
supperlattioe.
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Figure 6 shows the photoluminescncoe spectrum at 4.2K from the single
quantum wells, whose width was 11.7. 23.5, 35.2, 47.0, 93.6. and 10001
with barrier layers OO1 thick. Six photoluminescence peaks from
different wells are clearly observed. In fig.7, we plotted the
photoluminesoence peak energy as a function of the well width. Open
circles show our data, and closed circles show the data in the case of
the MBE growth (Welch et al 1983). Our data are nearly the me as the
data of MBE growth. The calculated curve is also shown as a solid line.
In the calculation, we assumed the continuity of the probability current
density on two sides, and ignored the effect of non-parabolicity. The
physical parameters used in the calculation were summarized in table 1.
The calculated curve nearly fits the experimental data, and it suggests
that the designed abrupt heterostructures were essentially realized in
this experiment. -

(
t  4 2K 1000

Al InAS (500R),/ GalnAs
Table 1I effective ass quantum welts

m(e)/m m(hh)Im
IGaInAs 0.041 0.50iAlnAs 0.086 0.58

AEc-O.$eV, AEv=O.2eV 235

Z well width (): 936

Fis.6 Photoluuinescence C1 1)7 /35.2 47 0
spectrum at 4.2K from the , ,
single quantum wells with -A - j- A -
barrier layers SOOX 4 12 10 0.8
thick.

ENERGY (eV)

i o PrtS~r't work

13 .0 D V Wech et 0i

Fig.7 Relation between
the photoluminescence
peak energy of the single
quantum wells as a n I
function of the well Z I

width. U0 ,

09[- 0l21,

0 20 40 60 80 100 BULK

WELL WIDTH (1)
4. Selectively doped heterostructures

Selectively doped AlInAs/OaInAa heterostructures with three different
spacer-layer thicknesses were grown. There was an undoped AlInAs buffer
layer 2000X thick, and the undoped GaInAs layer was Io00X thick. The
spacer layer thicknesses were 0, 25, and 501, and the doping density in
n AlInAs was x1018o-8. We evaluated the electron mobility of the
selectively doped heterostructures at room temperature. To obtain the
data as a function of the sheet carrier density, we repeated Hall
measurements after a brief chemical etching of the n AlInAs layers.
Figure 8 shows the electron mobility of selectively doped
heterostructures with varying sheet carrier density at room temperature.
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Higher mobilities are obtained in samples of larger spacer layer
thickness. This is natural behavior because the Coulomb scattering
caused by the ionized impurities in the n AlInAs layers is reduced by
increasing the spacer layer thicknesses. Mobility beyond 10000 cm2/Vs
was obtained for the sample with a spacer layer of 5OA in the range of
sheet carrier density from lxiO 1 cm-' to 2.5xl120cm-1 .

15000 ... . I I I I I
Fig.8 Electron mobility Nd=2x 1018 t 300K
of selectively doped
heterostructures as a
function of the sheet 0
carrier density >

measured at 300K. 1000 50A

- 25A
Table 2 > 0 A

"5000- I
1A n50 SPACER LAYER THICKNESS

(cm2/Vs) (cm- 1) F
0

300K 11700 2.6x10
12

0 1 2 3 4x 1012

77K 57200 2.6x10
1 2

I__ I _ ISHEET CARRIER DENSITY (cm-2 )

The maximum electron mobility of the sample is summarized in table 2.
These values are nearly the same as those of the selectively doped
heterostructures grown by MBE, and higher than those in crystals grown by
MOCVD using triethylmetals as source materials (Kamada et al 1986).

5. HIFETs (Hetero-Interface FETs)

We fabricated HIFETs using selectively doped heterostructures with a
spacer layer 50A thick. The n AlInAs was 500 thick with a doping
density of 2xlOlcm- s. Figure 9 shows the cross-sectional view of a
HIFET. The channel layers were separated by mesa etching. The Al gate
metals were evaporated and lifted off. The barrier height of the
Schottky junction of Al and n AlInAs (Nd=2x0l'7cm- ) obtained from C-V
measurements was 0.63eV, and the value obtained from I-V measurements was
0.5$eV. These values are somewhat smaller than those of GaAs. but this
is not a problem for device operation. The ohmic metals were
AuGe(1900X)-Ni(S201). which
were evaporated, lifted off, doped AllnAs
and alloyed in an H3 /N2 Scdhodttky~
atmosphere (H2 4.) at 3000C.
The alloying temparature was ohmic'
optimized and is lower than
the temperature used in the
case of the AlGaAs/GaAs undoped GolnAs
HIFETs. The ohmic contact
resistance, measured by the undoped AlInAs
transmission line method, was
about 0.30m.

5. I. InP substrate
Fig.9 Cross-sectional view of
a HIFET.
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Figure 10 shows the FET characteristics of a 1pm gate HIFET operated at
room temperature. The HIFET shows good pinch-off characteristics, and a
maximum transconductance of 404.5/irn was obtained. This value is very
high compared with that of an Al~aAs/Gais HIFET with the same gate length
(Tanaka et al 1986).* and nearly the same as in the case of MDI growth
(Hrose at al 1985).

Fig.10 FET

characteristics

HIFET operated
at 300K.

~The maximum gate
voltage is OV.

6. Conclusion

Selectively doped AlInAs/GaInAs heterostructures lattice-matched to InP
were grown by atmospheric-pressure MOCVD using trimethyluetals. The
composition of~ the epitaxial layers were successfully controlled by
varying the gas flow rates of the source materials. High flow speed was
used to obtain sharp hetero-interfaces, and the abruptness was confirmed
from an Auger analysis and from the well width dependence of the
photoluminescence energy of single quantum wells. A selectively doped
AlInAs/GaInAs heterostructure with a spacer SOA thick showed mobility as
high as 11700Cm1/Vs at 300K. and 37200cas/Vs at 77K, with a sheet carrier
density of 2.6xl1 1

pu-. A HIFET, 1pm In gate length, showed a high
transconductance of 404mS/m at room temperature. These results confirm
the very high potential of our technology for high speed devices.
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DC and RF characterization of a planar-doped double heterojunction
MODFET

Y.K. Chen, D.C. Radulescu, P.J. Tasker, G.W. Wang
and L.F. Eastman

School of Electrical Engineering, Cornell University
Ithaca, NY 14853 USA

Abstract. A GaAs/AlGaAs double heterojunction MODFET
structure with atomic planar doping layers prepared by
Molecular Beam Epitaxy (MBE) was fabricated and
characterized. FET structures of 0.5 x 200 urm gate
geoemtry demonstrated a DC transconductance of 135 mS/mm
over a broad gate bias range and a zero gate bias current
of 350 mA/mm with a maximum channel current of 430 mA/mm.
Both are extrinsic values measured at room temperature.
Results obtained from microwave measurements show the cut-
off frequency of short circuit current gain (fT) of 24 GHz,
and the maximum oscillation frequency of 50 GHz been
achieved. At 10 GHz, the device gave the maximum
efficiency of 47 percent with 5.5 dB gain and 0.5 W/mm
output power at a drain bias of 6.5 volts.

Introduction

Gallium arsenide MODFETs (Modulation-Doped Field-Effect
Transistors) have demonstrated excellent microwave performance
with very high cut-off frequency and very good noise
performance [Camnitz 1984; Chao 1985; Berenz 1984; Smith
19851. However, the current driving capability of
conventional single heterojunction 14ODFETs is limited by the
amount of sheet charge density in the two dimensional channel,
usually less than 1 x 101 2/cm2 . Therefore, their power
performance and switching speed, which are directly related to
the current driving capability, were not much better than
MESFETs. In order to achieve high sheet charge density, a
high doping concentration in AlGaAs is generally used. This
leads to problems such as low breakdown voltage, low
activation efficiency of dopants, and process control problems
such as poor pinch-off characteristics and threshold votlage
uniformity. Double and multiple heterojunction devices were
then investigated [HiKosaka 1986; Gupta 1985; Saunier 1986] to
increase the current density. The highest maximum channel
current reported so far is 600 mA/mm from a multiple
heterojunction device [Saunier 1986]. However. all multiple
heterojunction structures built so far, were still based on
uniformly doped AlGaAs layers to support the two dimensional
electron gases. So the problems with heavily doped AlGaAs
layers still presist.

C 1987 lOP Publishing Ltd
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In 1979, Wood [1979] reported a GaAs power FET structure of
which the dopants were deposited on one atomic plane by
interrupting MBE growth. The ultra-thin doped layer resulted
in a FET structure with very constant transconductance and
gate-to-source capacitance over a wide bias range. We present
here a double heterojunction MODFET structure which utilimes
two Si planar-doped AlGaAs layers. This provides us with good
charge control of the two-dimensional electron sheet charge
density in comparison to the uniformly doped layers as well as
better device performances. From those double planar-doped
MODFET structures, we observed enhanced FET performance such
as higher breakdown voltage, broader gm and gate capacitance
curves, reduced light sensitivity and threshold voltage shifts
at low temperature.

Device Structure

The fabricated AlGaAs/GaAs structure is shown in Fig. 1, and
the corresponding energy band diagram under the gate is shown
in Fig. 2. Since the donor atoms are confined in a two-
dimensional plane, the band bending is linear and resulting in
broad gm and Cas characteristics. The structure is grown by
ME on top of £semi-insulating GaAs substrate in the
following sequence: 5000 X superlattice buffer layer, 200
undoped AlGaAs, Si pkanar doped layer of 4 x 1012 /cm 2 , 100
undoped AlGaAs, 200 A undoped GaAs channel, 50 R undoped
AlGa~s spacer layer, Si planar doped layer of 4 x 1012/cm 2,
400 [ undoped AlGaAs, and 400 R GaAs capping layer doped to 1
x 101 8/cm3 . The mole fraction of aluminum is 30% throughout
all the AlGaAs layers.

Device Fabrication

The double heterojunction MODFETs were fabricated by using a
deep-UV contact lithography and a lift-off technique. After
mesa etching, source and drain ohmic contacts were formed with
Ni/AuGe/Ag/Au alloyed at 750 C furnace temperature on the cap
layer. Using the photoresist as mask, the gate recess was
performed by wet chemical etching. Finally, Ti/Pt/Au gate
metal was evaporated and lift-off to form complete FET
structure. The gate length of FETs is either 1 im or 0.5 Pm
measured on the mask with distance of 1.5 Pm between gate and
source and gate to drain.

Results and Discussion

Minimum breakdown voltage measured between two adjacent mesa
pads placed 7 Vm away on the superlattice buffer layers was 40
volts. Specific ohmic contact resistance obtained from
transmission line patterns was typically 0.4 ohis-mm. Since a
phosphoric acid/perioxide/DI aqueous solution was used for
gate recess etching, it left residues underneath the Schottky
gate metal and caused variations in gate breakdown voltages
ranged from 3.5 to 19 volts as shown in Figs. 3 and 4.
Despite this processing related problem, we demonstrated that
the high gate breakdown voltages of 19 volts can be
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accomplished by the planar doping technique.

Figure 5 shows the drain current-voltage characteristics of a
0.5 x 200 pm FET at room temperature. It shows very good
pinch-off characteristics as well as very low output
conductance. The relation of DC transconductance and drain
current versus gate bias were plotted in Fig. 6 with drain
biased at 2.5 volts. A very broad peak of transconductance
over the bias variations was observed. By combining the flat
gate-to-source capacitance curve in Fig. 7, this double planar
doped technique will yield MODFETS with very good RF power
performance in terms of high fmax, high efficiency, low
intermodulation distortion, and fairly constant input
impedance at different power levels. The maximum extrinsic gm
measured at room temperature is 139.5 mS/mm with a source
resistance of 1.6 ohms-mm from the end-resistance measurement.
This yields an intrinsic gm of 179 mS/mm. Fig. 8 shows the
drain I-V characteristics of a I x 200 pm FET at 77K under the
light and in the dark. Despite the oscillations from the
probe station, we can see very little I-V collapse which is
very pronounced and commonly seen in MODFETs with uniformly-
doped AlGaAs layers. This can be seen better in the 77K
transconductance and drain current curve as depicted in Fig.
9.

Data obtained from small signal s-parameter measurements from
1 to 19 GHz of a packaged FET with 0.5 x 200 pm gate geometry
shows a short-circuit current gain cut-off frequency (fT) of
24 GHz with an associated maximum oscillation frequency (fmax)
of 50 GHz. The data were extrapolated from the low frequency
measurements with a slope of 6 dB per octave. Power
measurements were performed at 10 G z with the diced device
mounted and wire-bonded in a microwave fixture. At a maximum
efficiency of 47 percent, the tuned device delivered a
corresponding power of 0.5 W/mm and 5.5 dB gain with the drain
biased at 6.5 volts. The device also exhibited a soft output
power compression curve as shown in Fig. 10, hence it was
difficult to determine the 1 dB compression point. At low
power level, the tuned device gave 12.4 dB gain. The maximum
output power can be delivered by this device could not be
measured on our test system which is limited by the low
available input power level from the signal source.

Summary

We have demonstrated a double heterojunction MODFET structure
that utilizes a MBE growth suspension technique to confine all
the dopants within a ultra-thin plane in the otherwise
unintentionally doped AlGaAs layers. The fabricated FETs with
0.5 x 200 Pm gate geometry shows an fT of 24 GHz and
corresponding fmax of 50 GHz. The room temperature DC
characteristics shows a very broad gm peak of 135 mS/rm with a
maximum channel current of 350 mA/mm. Power measurements on
this device at 10 GHz shows a maximum efficiency of 47 percent
with 5.5 dB associated gain and 0.5 W/mm. At 77K, the
fabricated MODFET showed very little light sensitivity and no

-k m mmm m m im m ~ mm m mm mmhm m m
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a
#1861 (DOUBLE HETEROJUNCTION ATOMIC PLANAR DOPED MODFET)

FC 0.5 X 200 UM 10 GHZ (VD 6.5 v)
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Figure 10. Power Performance of a
0.5 x 200 Um FET at 10 GHZ.

I-V collapse was observed. Therefore, the double atomic
planar doped structure will be a very good candidate for the
high speed digital and high power microwave applications.
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Novel resonant tunneling diodes with an InxGa, _As strained layer deep
quantum-well

Hideo Toyoshima, Yuji Ando, Akihiko Okamoto and Tomohiro Itoh

Microelectronics Research Laboratories, NEC Corporation
4-1-1, Miyazaki, Miyamae-ku, Kawasaki, 213 Japan

Abstract This paper presents the first successful fabrication of
double barrier resonant tunneling diodes with an AlAs/In Gal WAs/AlAs
strained layer deep quantum-well. The threshold voltage)or tle onset
of negative differential resistance was controlled down to near
zero volt. The diode with an In0 IGa 0 As quantum-well exhibited the
peak-to-valley current ratio of h at flK, which is the highest value
ever reported for double barrier structures.

1. Introduction

Resonant tunneling transport has been attracting much interest because
of its characteristics, such as pronounced negative differential
resistance (Tsu and Esaki 1973) and high speed charge transport (Sollner
et al 1983). It has also been shown to be applicable to ultra high
frequency devices or new functional devices (Yokoyama et al 1985,
Bonnefoi et al 1985, Capasso et al 1985). In order to improve negative
differential resistance (NDR) characteristics, much effort has been made
by changing structure parameters of the double barrier resonant
tunneling diodes (RTD's). Its main parameters are quantum-well width,
barrier layer thickness and barrier height (Sollner et al 1983,
Schewchuk et al 1985, Tsuchiya et al 1986a,b). In this work, another
structure parameter, quantum-well depth was changed and deep quantum-
well RTD's were successfully fabricated by introducing an InGaAs
strained layer quantum-well.

2. Principle

Figure 1(a) shows an energy band diagram for a conventional RTD with
double barriers. Quantum states are formed in a well and their energy
En is described as follows:

En = li
2

/2m!(nIVLw)
2  

(n = 1,2 --- ) (1)

wheret is the reduced Planck's constant, m the effective electron mass
and Lw the well thickness. It is known that threshold voltage Vt for
the onset of NDR corresponds approximately to twice Ent

Vt = 2En/q (2)

where q is the electronic charge. In order to apply resonant tunneling
transport to high frequency devices or functional devices, a high P/V
ratio and the capability of attaining threshold voltage control are
crucial factors. In conventional structures, threshold voltage is
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E

(a) (E) b

6=w f AE0. iI6=f

Fig.1. Energy band diagram for (a) a conventional RTD,
(b) a deep quantum-well RTD.

determined mainly by well thickness according to eqs.(1) and (2). In
order to reduce threshold voltage it is essential to employ a thicker
well. However, the energy separation between the resonant states
becomes smaller and, when electrons are injected by the resonant
tunneling through the first state, another excess current through the
higher energy states becomes larger, resulting in P/V ratio degradation.

As another approach to threshold voltage control without changing well
thickness, we study a deep quantum-well structure. Figure 1(b) shows an
energy band diagram for a deep quantu-well RTD, where a quantum-well
conduction band edge is lower than those of contact regions by &EO" In
this case, threshold voltage Vt is given approximately by:

Vt = 2(En-&Eo)/q. (3)

Thus in the deep quantum-well structure, a thinner well Is chosen to
keep the large energy separation between the resonant states. Then
threshold voltage is reduced by lowering the conduction band edge of the
quantum-well byAE0 , which leads to the reduction of threshold voltage
by 2PE /q Hence in the deep quantum-well RTD, threshold voltage can be
controlled while retaining a high P/V ratio.

3. Device Fabrication

In order to fabricate a deep quantum-well RTD, InGaAs was used for the
quantum-well. Figure 2 shows the epitaxial layer structure of the
fabricated RTD. It consists of 701 quantum-well, 30A AlAs barrierf,.5fi
undoped spacer layers and 10001 Si doped N-GaAs layers (Ndz5xlr' .
Four kinds of RTD's with indium
composition of 0, 0.1, 0.2 and 0.3 N-GoAs AlAs ALAs N-GoAs
were fabricated. Although an GaAs " GaAs
InGaAs quantum-well is lattice
mismatched to AlAs barriers, a iooA s0A 0ok 70 50 1ooA
disl ocation-free epilayer,so called
strained layer, quantum-well can be
grown when the thickness of an
InGaAs layer is thinner than the E¢
critical layer thickness given by
Matthews et al (1974). The present
quantum-well thickness of 70 1 is ini ;
set to be within the critical In GOIxAS N.Sxl0Cry

3

thickness. On both sides of the
epitaxial layers as shown in Fig.2, Fig.2. Epitaxial layer structure
heavily doped N*-GaAs contact for fabricated RTD's.
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Fig.3. I-V characteristics for diodes at 77K, (a) with a GaAs
quantum-well, (b) with an In0 .1Gao.9As quanturn-well.

layers (Ndf3x1018cm-3) were put to reduce the series resistance. These
structures were grown on semi-insulating GaAs substrates by MBE at
growth temperature of 6001C. The diameter of diodes is 100)0.

4. Results and Discussions

Figure 3(a) and 3(b) show I-V characteristics for the diodes with a GaAs
quantum-well and an In0 1 Ga 0 0 As quantum-well at 77K, respectively.
They exhibited clear NDR even "a room temperature. When they were cooled
down to 77K, the valley current was significantly reduced, resulting in
a very high P/V ratio. The I-V characteristics for both diodes were
symmetric with respect to the voltage origin, confirming the symmetry of
grown heterostructures. The P/V ratio for the GaAs quantum-well
structure was 10. That for the In0 1Ga0.9 As quantum-well structure was
as high as 13, which is the highest value
ever reported for double barrier RTD's. It 15
is confirmed that even when the strained 0
layer is used for the quantum-well, very ;
sharp hetero junction interface is o
obtained. Threshold voltage for the GaAs Z
quantum-well structure was 340mV and that L 5
for the In0 IGaO 9 As quantum-well
structure was reduced to 150mV. It is
noted that the I-V characteristics around
zero bias for the In0 1Ga0 9 As quantum- 4 40
well structure is fairly linear compared -

with the nonlinear characteristics for the -
GaAs quantum-well structure.M

In Fig.4, the peak current and the valley >.

current of the fabricated diodes ,and
their ratio are plotted against indium 0 0

compositiun of the quantum-well.The peak I

current decreases monotonously with the 0 0.1 0.2

increase of the indium composition. The
valley current decreases more steeply than In COMPOSITION

the valley current does from the indium Fig.". Peak current, valley
composition of 0 to 0.1. Then it tends to current and P/V ratio
saturate. Therefore, the P/V ratio has a vs. quantum-well
peak at the indium composition of 0.1 and indium composition.
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its value is as high as 13. It is also S
noted that a high P/V ratio is obtained 40-
at the indium composition between 0 and
0.2. c 300-

_-

The threshold voltage for the fabricated 0
diodes is plotted against the indium 3
composition of the quantum-well in Fig.5. -
The increase in the indium composition x 10Zinfrom 0 to 0.2 reduces the threshold W
voltage fra 340 to 30 mV. The diode with X 0!

indium composition of 0.3 exhibited no
NDR. The possible reason is that the I I
first resonant state lies below the 0 0.1 0.2 0.3
conduction band edge of the N-GaAs In COMPOSITION
layers. A theoretical estimation from the
obtained threshold voltage shift
indicates that a conduction band offset Fig.5. Threshold voltage vs.
between In Gal, As and GaAs corresponds quantum-well indium
to about ?0 oi the band gap difference composition.
calculated from Vegard's law. The details
of discussion will be published
elsewhere. It Is thus demonstrated that threshold voltage can be
controlled down to near zero volt by using the present InGaAs deep
quantum-well structure, still retaining a large P/V ratio.

5. Summary

The resonant tunneling diode with a deep quantum-well structure was
fabricated by introducing an InGaAs strained layer for the quantum-well.
The peak-to-valley current ratio of 13 was obtained at 77K, which is the
highest value ever reported for double barrier resonant tunneling
diodes. In addition, the threshold voltage can be controlled from 340 to
30 mV by changing the indium composition of the InGaAs quantum-well.
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