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VAPOR~PHASE GROWTH TECHNIQUE AND SYSTEM
FOR
SEVERAL III-V COMPOUND SEMICONDUCTORS

by

J. J. Tietjen, R. Clough, A. B. Dreeben, R. E. Enstrom,
and D. Richman

RCA Laboratories
Princeton, New Jersey

SUMMARY

Significant progress has been made during the past year in extending the
vapor-phase growth method to the preparation of III-V compounds containing Al
and nitrogen, on the completion of the growth of the antimonides, and on the
growth and characterization of Inj.xGayP alloys. As a result, most of the
contract objectives of the first two years have been met, demonstrating the
versatility and compatibility of the ERC vapor-phase growth system, '

For the first time single-crystalline, colorless layers of GaN have been
grown with sufficient size to permit good electrical and optical characteriza-
tion of this material. Good control of the composition of Inj.xGa,P alloys
has been achieved, and it has been determined that these alloys have direct
band gaps as large as 2.12 eV. These alloys have been doped both n- and
p-type, and orange electroluminescence has been generated by an Inj.xGayP p-n
junction.

GaAs]_xSbyx alloys have been prepared across the entire alloy series with
good control of the composition.” For the first time donor impurities have
been added to GaSb during vapor-phase growth, and this has permitted the prep-
aration of vapor-grown p-n junction structures. A p-type alloy with 4% GaSb
was prepared with a mobility of 400 cm2/V-sec, which is equivalent to the
highest yet reported for unalloyed p-type GaAs. Gaj-xAljzAs alloys have been
prepared as single-crystalline layers which is the first time that this
material has been prepared from the vapor phase. Polycrystalline InSb and
InAs]-xSby alloys, with x > 0.95 have been prepared.



I. INTRODUCTION

During the first year of this contract, the primary objective was to
develop a compatible vapor-phase growth method for the preparation of GaAs,
GaP, GaSb, InAs, InP, InSb, and selected alloys of these compounds. Further,
the method was to have the capability of providing both n- and p-type doping
and the preparation of multilayer structures. To accomplish these objectives
the RCA method of vapor growth, used previously with great success for the
preparation of GaAs and GaAsj_yPy alloys, was chosen and was modified to per-
mit the preparation of compounds containing In and Sb. '

In this way, all of the above compounds, except InSb, were prepared as
single crystals. In addition, alloys of GaAsj]_yPx, InAsj_-xPx, GaAsj_xSbx,
Inj_yxGayAs, and Inj_xGa,P were also grown as pure, single-crystalline
epitaxial layers. Also, p- and n-type doping and the preparation of multi-
layer structures in selected materials was achieved, which demonstrated the
ability of this vapor-phase method to fulfill the objectives of the program.

In order to extend the utility of this vapor growth system, work during
the second year focussed on the preparation of III-V compounds containing Al
and nitrogen by the addition of Al and NH3 sources. Also, the antimonide
work has been completed, and the growth and characterization of Inj.yGayP
alloys has been continued because of its potential for visible electro-
luminescence. Again the method has demonstrated its ability to meet the pro-
gram objectives, even though several of these goals are exceptionally

-difficult to attain because of problems related to the instability of SbH3 at
‘room temperature and the corrosiveness of the aluminum chlorides.

I1. TECHNICAL DISCUSSION

A. Growth of GaN and InN

GaN has been vapor-grown using equipment and gas flow rates similar to
that used for GaAs except that NH3 is used in place of AsH3j and, in initial
experiments, a N2 carrier gas was used instead of Pd-diffused Hp. After about
20 runs, the thermal conditions, flow rates, and gas concentrations were
determined sufficiently well so that polycrystalline GaN could be deposited
on a vitreous quartz substrate at 750°C. Subsequent experiments to achieve
single-crystalline GaN layers focussed on the effect of substrate and tempera-
ture. The use of a wide variety of single-crystalline substrates or of
a range of deposition temperatures was ineffective: in promoting the growth of
single-crystalline GaN layers. However, it was demonstrated that GaN could be
grown at temperatures as low as 550°C; but even at this low temperature,
significant oxygen contamination was present to color the crystal yellow.



The problem of oxygen contamination was overcome by using high-purity NH3,
which then permitted high-purity Pd-diffused H) to be used in place of the Nj
carrier gas. This then led, after about 40 runs to optimize growth conditioms,
to the growth at 825°C of single-crystalline, colorless layers of GaN on <0001>
oriented sapphire at a growth rate of about 1/2 micron/min. Thus, for the
. first time, single-crystalline layers of GaN are available of sufficient size to
allow good measurements of the optical and electrical properties to be made.

These layers are single-phase, hexagonal GaN with the wurtzite structure
and have lattice parameters a = 3.189 % and ¢ = 5.185 &. Optical absorption
measurements on undoped GaN revealed a very sharp absorption edge at 3.39 eV,
‘and analysis of absorption vs. wavelength relationship indicates that the
energy gap is direct. . The reflectivity of polished GaN is 30%Z over the range
4000 to 6000 &.

The results of Hall-effect measurements for several undoped GaN samples
are shown in Table I. Since the total impurity concentration, as determined
by mass spectrometric ‘analysis, is less than 10 ppm, the high carrier concen-
trations are attributed to a native defect, such as nitrogen vacancies(Ref.l).

In an effort to achieve high-conductivity p-type GaN, the layers were
doped during growth with Zn, Hg, Mg, and Si. Zn-doping produces orange-
colored, high-resistivity, p-type GaN, indicating that the Zn forms a deep
acceptor level(Ref.2). It was possible to make electrical measurements on two
lightly Zn-doped samples and the results are shown in Table II. Here it may
be seen that the samples are n~type and that the net electron concentration is
less than observed for undoped GaN, Table I, indicating the occurrence of some
compensation. For sample 1223.68+M, there is also a marked increase in
mobility, even though chemical analysis shows a Zn concentration of 1x1020
cm=3. The high observed mobility of the sample most likely results from a
reaction of the zinc with the donor, to produce a complex having a lower charge
state and a smaller scattering cross section.

GaN samples doped with Hg were all highly conducting n-type, suggesting
that the solubility of Hg in GaN is relatively low at the 825°C growth tempera-

Mg doping of GaN leads principally to yellow, high-resistivity layers
which indicates that Mg, like Zn, is probably a deep-level acceptor. One
Mg-doped sample appeared to be highly conducting p-type from resistivity and
thermal probe measurements. However, these layers were not uniformly doped
and exhibited some n-type conductivity regions. To date, efforts to increase
the Mg concentration either have prevented the growth of single-crystalline
GaN or have resulted in n~type layers.

Doping GaN with Si, which could substitute for either Ga or N, does not
lead to high-conductivity p-type layers either, but does appear to lower the
electron concentration by compensation as shown in Table II. For sample
2°24+69°M, this compensation is quite close since the electron concentration
has been reduced to 3x1016 cm—3.



TABLE 1

ELECTRICAL PROPERTIES OF UNDOPED GaN
-3 2
Sample n, (cm 7) p, (Q-cm) u, (em®/V-gec)
19
11-22-68:M 6.7 x 10 0080 12
12+6-68:M 3.0 x 10%° .0062 32
1-28-69:M2 4.5 x 1019 .0030 47
TABLE II

ELECTRICAL PROPERTIES OF GaN DOPED WITH ACCEPTOR IMPURITIES

Sample Dopant n, (cm_3) p, (-cm) U, (cmz/V-sec)
11-29-68:M2 |  zn 8.8 x 10'® 0.134 67
12-23+68:M Zn 3.0 x 1018 0.0042 500
2424+69:M s1 3.0 x 1018 18.3 11
3+6-69:M s1 2.0 x 10%° 0.0038 85




A preliminary study of the growth of InN was initiated, also using NHj
as the source of nitrogen. To date, little information has been reported for
this compound because it is very difficult to prepare, especially from the
vapor phase. InN dissociates at temperatures above about 500°C and thus very
low growth temperatures (< 500°C) must be used. However, at such low tempera-
tures, the vapor pressure of InCl is very low, so that it tends to condense if
present in the concentrations required to achieve a reasonable growth rate of
InN. Therefore, oxide transport of In was investigated in a series of five
runs using high-purity oxygen gas as the transport agent. X-ray analysis con-
firmed that InN had been successfully deposited as a polycrystalline f£ilm on
vitreous quartz substrates at about 500°C. However, further examination
showed the deposit to be a two-phase mixture of In and InN. In view of the
difficulties associated with the vapor growth of InN and the high dissociation
pressure which limits practical application of the material, it is anticipated
that no further attempts will be made to improve the purity and crystallinity
over that achieved already.

B. Growth of In, _Ga_ P Alloys
1-x" x
The work on the vapor growth of Inj_xGayP alloys for the past year has
been directed toward obtaining material with a direct band gap greater than
that found in the GaAs]_xPyx system, in an effort to obtain material having
potential for efficient visible electroluminescence. 1In the course of this
work several difficulties have been encountered and to a large extent overcome.

First it was found that indium-rich alloys were not easily prepared. This
is related to the greater relative stability of indium monochloride compared
with gallium monochloride and to the higher dissociation pressure of InP rela-
tive to GaP, under the experimental conditions used. By modifying the gas
flow conditions and by increasing the concentration of phosphine in the gas
phase it was possible to overcome this difficulty.

A second major problem is that of strain in the grown layers. This has
two causes: the mismatch in lattice constant between the alloy and the sub-
strate and the difference in their thermal expansion coefficients. The
lattice mismatch can be minimized by growing alloys near the composition
In 43Ga 57P since for this composition the alloy lattice constant matches that
of the GaAs substrate. The thermal-expansion strain, however, has not been
overcome. This composition range around 507 InP is a good one for investiga-
ting the electroluminescent behavior of this alloy system. Hence, the band
gap is about 2.0 eV and is direct; but it is well removed from the crossover
to an indirect transition both in composition and energy. The crossover
point is at 2.2 eV and has a composition of In.24Ga.76P.

Throughout most of the work to this point only n-type material was grown,
and junctions were formed by zinc diffusion. In many but not all cases,
light-emitting junctions were obtained. Although orange, band-edge emission
was obtained the luminescence was dominated by weak low-energy emison and the
maximum room-temperature efficiencies were only about 10-4 percent.



Recently we have begun to grow junctions by vapor deposition. At first a
p~type alloy was grown on top of an n-type layer. However, in all cases the
zinc diffused through the alloy n-layer and into the GaAs substrate so that
the junctions emitted infrared rather than visible light. To avoid this
problem, the growth order was reversed. Starting with a p-type GaAs substrate,
a p-type alloy layer was grown first and the n-type layer was grown last.

This technique yielded sharp, flat junctions in the Inj_xGa,P alloy but the
as-grown junctions did not emit visible light. However, it was found that
annealing the p-n junction structure for 4 hours at 800°C is effective in
promoting visible electroluminescence. The reason for this is presently under
investigation. Recent Hall-effect measurements on separate layers suggest
that the p- and n-type doping concentrations may be too high and, therefore,
work at the present time is directed toward optimizing the doping levels.

C. Growth of Gal Al As Alloys
-X X
The work on preparing Gaj-xAlyxAs alloys has concentrated on preparing
alloys containing from 10 to 40 mole percent AlAs because materials in this
range are of interest for electroluminescence and also avoid the problem of
hygroscopicity associated with AlAs-rich alloys.

Initial efforts to achieve single-crystal alloy layers were not
successful. Attack of the quartz growth tube by AlCl and the resultant oxygen
contamination (as silicates or oxides) was suspected as a possible cause of
the polycrystalline layers.. Coating the quartz growth tube with carbon pre~
vented attack by the AIC1l but did not promote single-crystalline deposits.
Next, about 30 runs were made to determine the effect of other growth param-
eters on the crystallinity. It was found that approximately 50% lower total
Hg carrier gas flow rates are required to prepare single-crystalline unalloyed
GaAs, as well as the alloy layers, when the higher temperatures needed for
the efficient transport of aluminum (e.g., aluminum source and reaction zone
temperatures greater than 1000°C) are used.

Another series of runs was made to determine growth rates of GaAs and
Gaj-xAlyAs alloys for various combinations of gas flow rates. Some represen-
tative values determined by metallographic examination of cleaved and stained
surfaces are given in Table III. Here it is interesting to note that rela-
tively high GaAs growth rates can be attained with low HCl flow rates over the
Ga source, and that the alloy growth rate is generally less than for unalloyed
GaAs. Spectrographic and optical absorption analysis of some single~crystalline
layers from which the substrates had been removed by chemical polishing show
that up to 3 mole percent AlAs has been incorporated. Recently, another layer
with single-crystalline areas (#13, Table III) was prepared with colors ranging
from yellow to orange-red indicating the presence of substantial amounts of
AlAs. However, the color range indicates that the AlAs is inhomogeneously
distributed throughout the wafer. From.optical absorption data, the AlAs con-
tent is estimated to range from 10 to 30 mole percent, with the maximum '
possibly extending to 60 mole percent. The main problem now is to control the
growth conditions so that homogeneous, single-crystalline layers with the required
AlAs concentration can be prepared consistently.
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TABLE III

REPRESENTATIVE GROWTH RATES OF GaAs AND

Ga, _Al As ALLOYS
~X X

1

Flow Rate - cm3/min

HC1/H, Growth Rate-u/hr

Over Over Carrier :

Ga ‘Al 10% AsH3 in Hz H2 GaAs Alloy
1 5/400 0/400 150 1100 14 -
2 5/200 0/600 150 700 36 -
3 5/200 1/600 150 700 - 29
4 5/200 5/600 300 700 - 20
5 5/200 5/600 50 700 - 9
6 5/400 0/400 150 700 44 -
7 1/400 0/400 150 700 37 -
8 1/400 5/400 150 700 - 23
9 1/400 5/400 200 700 - 15
10 0.2/400 |0/400 150 700 16 -
11 0.2/400 |1/400 150 700 - 2
12 0.53/400]0/400 150 700 22 -
13 0.53/400]1/400 150 700 - 4




‘D. Growth of InASl-xPx Alloys

A paper describing in detail the preparation and electrical properties of
InAs]-xPyx alloys, grown primarily during the first year of this contract, is
attached as Appendix A. Single-crystalline InAsj_xPy alloy layers were prepared
with the highest electron mobilities yet reported for this system. At 77°K,
a mobility value of 120,000 cm2/V-sec was measured for InAs which exceeds any
previously reported. Both n- and p-type doping have been achieved during vapor
growth to provide a broad range of electrical resistivities and p-n junctioms.

E. Growth of GaSb and GaAsl_bex Alloys

A complete description of the preparation and properties of GaSb and
GaAsy.xSb alloys is given in a paper that has been submitted for publication
and is included in the present report as Appendix B.. ‘In summary, it has been
found that single-crystal GaSb and GaAsj_xSbyx alloys across the entire alloy
series could be grown from the vapor phase using stibine as the source of anti-
mony. This is the first time that the alloy series has been grown from the
vapor phase.. To accomplish this, special handling techniques had to be de~
veloped for using the stibine, which must be stored at -78° to prevent decompo-
sition. Layers of p-type GaSb and GaSb-rich alloys have been grown with '
carrier concentrations comparable to the lowest ever reported. 1In additionm,
a mobility of 400 cm2?/V-sec has been measured in a p-type alloy containing 4%
GaSb, which is equivalent to the highest reported for p-type GaAs. Strain and
inhomogeneity appear to limit the electrical properties of alloys with higher
GaSb concentrations.

Undoped GaSb is always p~type. Therefore, the addition of Te and Se donor
impurities during vapor growth of GaSb was investigated to achieve n-type
doping and p-n junctions. It was found that Te provides n-type conductivity
more readily than Se, probably because the solubility of Te in GaSb is higher.
However, the rapid diffusion of Te in GaSb requires low growth temperatures to
prevent the dopant from diffusing out of the growing layer and into the sub-
strate. By using deposition temperatures as low as 400°C, it has been possible
to prepare Te-doped GaSb with net electron concentrations as high as 2x1017 cm-3.
Consequently, for the first time, p-n junction structures have been prepared
in GaSb by vapor-phase growth.

F. Growth of InSb and InAsl_be Alloys

The vapor-phase growth of InSb was initiated using stibine as the source
of Sb. The preparation of this compound is one of the most difficult problems
in this contract, since the combined low melting point of InSb and the low
vapor pressure of Sb impose growth conditions which severely limit the surface
mobility of the reactant species, and favor the formation of metallic Sb as a
second phase. In addition, the proper growth conditions must necessarily
result in low growth rates. To accommodate these difficulties, very dilute
concentrations of SbH3j, and growth temperatures as near the melting point of
the compound as possible, were used to prepare several layers of InSb and
InAsl_bex for x > 0.95. 1In all cases, however, these layers were
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polycrystalline and no electrical measurements were made. Because of these
inherent difficulties, and since other phases of this research appear to be
more important, the work on this system is being discontinued.

III. CONCLUSIONS AND RECOMMENDATIONS

Most of the objectives of the contract extension have been successfully
accomplished during the past year. The versatility of the ERC growth system
has again been demonstrated with the preparation of III-V compounds containing
aluminum, nitrogen, and antimony. Thus, GaN, InN, GaSb, InSb, and the alloys
of GaAsji_ySby, InAsj.xSby, and Gaj_yxAlyAs have been added to the substantial
number of materials prepared during the first year by this vapor-growth
method. With several of these materials single-crystalline n- and p-type
layers, and multi-layer structures have been prepared for the first time by
vapor-phase growth.

In accordance with the objectives of the contract extension, work will be
initiated on the extension of the ERC vapor-growth system to the preparation
of single crystalline layers of the compounds AIN, A1lP, AlAs, and AlSb. 1In
addition, studies will continue on the doping of GaN with acceptor impurities,
the preparation of Inj_xGayP alloy p-n junction layers for electroluminescent
applications, and the growth of Ga]-xAl,As alloys. Also, preparation of
Gaj_xInyN alloys will be attempted.

IV. REFERENCES

1. A. Rabenau in Compound Semiconductors, Vol. 1, edited by R. K. Willardson
and H. L. Goering, (Reinhold Book Corp., New York, 1962).
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V. NEW TECHNOLOGY APPENDIX
Title: Visible Light Electroluminescent Diodes of Inl_xGaxP.

Page reference: 5,6

Comments: P-N junction electroluminescent diodes that emit orange light have
been prepared both by vapor growth and by acceptor impurity

diffusion in In, _Ga_P alloys.
1-x  x



APPENDIX A

The Preparation and Properties of Vapor-Deposited Epitaxial

InAs. P Using Arsine and Phosphine
1-x—x

by

J. J. Tietjen, H. P. Maruska, and R. B. Clough
RCA Laboratories,; Princeton, N. J. 08540

ABSTRACT

Single-crystalline InAsj]_xPx layers have been prepared by a vapor-phase
growth technique previously used to prepare very high—-quality GaAsj-xPx.
These InAsi.xPx alloys exhibit the highest electron mobilities yet reported
for this system. Electron mobility data are reported for the alloys at 77°K
for the first time. At this temperature, a mobility value of 120,000 cm2/V-sec
was measured for InAs, which is the highest yet reported. Vegard's law is
obeyed over the entire composition range. Both n- and p-type doping have been
achieved during vapor growth to provide a broad range of electrical resistivi-
ties and p-n junctions.

I. Introduction

InAs]_xPx alloys have an exceptionally broad range of band gaps and elec-
tron mobilities. Consequently, they have potential advantage for a number of
device applications. These include infrared emitting and detecting devices,
utilizing their low energy band gaps, and devices operating at high frequencies,
which can take advantage of their high mobilities. Nevertheless, only limited
results (Refs. A-1 - A-3) have been reported pertaining to improving the prepara-
tion and properties of these crystals, and virtually no work has involved the
vapor-phase growth of these materials. As a result, the potential of
InAsl—xPx alloys has not been fully realized.

In contrast, with GaAsj]_xPyx alloys, a very significant effort has been
undertaken to improve and characterize these materials, and in this respect,
vapor-phase growth methods have played a significant role (Refs. A-4 - A-8).
In particular, one vapor-phase growth technique (Ref. A~8) has been developed
which permits the preparation of GaAsj]_xPx alloys with high purity, homogeneity,
and ‘crystalline perfection. In addition, this method facilitates controlled
n- and p-type doping over a wide resistivity range, and the preparation of
multilayer structures incorporating layers of different resistivity and/or
composition. This, in turn, has led to the fabrication of a variety of out-
standing electro-optic (Refs. A-9 - A-1l) and microwave (Refs. A-12 - A-13)
devices. With this growth method, Ga is transported as its subchloride via a

reaction with HCl1l gas, and AsH3 and PH3 serve as the sources of the group V
elements.
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As a logical extension of this growth technique, a simple substitution of
In for the Ga has permitted the preparation of InAsj_yPy single crystals
having the highest electron mobilities ever reported, which supplements the
earlier work on GaAsj_xPy. In addition, both n- and p-type doping has been
achieved, and multilayer structures have been prepared.

I1. Experimental

A. Apparatus and Materials. -- The apparatus, shown schematically in Figure
A-1, is essentially identical to that described previously (Ref. A-8) with the

f\_" +— AsHy+H,
C¢—— PHstHy

-

—+— H,Se+H,
MIXING CHAMBER

C—Hz

—

(__‘— H,Se+H, r Zn+H,

SUBSTR@TE

— ]
\va — N
HCHH,~——— |

—— e
AN —y | CONTINUES

| TO EXHAUST
INDIUM CENTER AND STOPCOCK
ZONE ZONE

DEPOSITION
ZONE

R —————
- o o]

Figure A-1. Schematic representatidn of vapor-deposition apparatus.

exception that the source Ga is replaced by In. It consists principally of a
straight tube through which the pertinent vapors pass. A large bore stopcock
separates the growth region from a forechamber which may be independently

purged to facilitate insertion and withdrawal of the specimens without con-
taminating the system. HCl gas, AsH3, PH3, and HySe, which serves as the n~type
dopant source, are all monitored into the apparatus by precision valves and
flowmeters. P-type doping is achieved by vaporizing metallic Zn in a heated
side-arm and transporting the vapors into the deposition zone with H2 carrier
gas.
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With the exception of the use of <100>-oriented InAs single-crystalline
substrates,* the materials employed in this study are as described previously
(Ref. A-8). The InAs substrates were mechanically polished to a flat, mirror-
smooth finish, and then chemically polished in a solution of 2% by volume of
bromine in methanol. Typical substrate dimensions were about 2 cmZ2 in area and
0.5 mm thick.

B, Procedure. -- The growth procedure also closely follows that described
previously (Ref. A-8). Freshly etched substrates are inserted in the growth
chamber and heated in hydrogen at a rate of about 20°C/min. When the sub-
strate temperature reaches 600°C, the AsHj flow is started in order to provide
an arsenic atmosphere to stabilize the substrate surface. When the final
operating temperatures are reached, the HC1l flow over the In is started and the
epitaxial deposition of InAs occurs. The flow of PH3 is then initiated and
slowly increased to produce a final gas phase mixture of AsHj and PH3 appropri-
ate to the desired alloy composition. The dependence of the alloy composition

on the concentration of PH3 in the ASHB—PH3 mixture is presented in Figure A-2,
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Figure A-2. The dependence of the alloy composition on the
concentration of PH, in the AsH_ -PH, gas
3 3773
mixture,

* Purchased from Monsanto Company, St. Louis, Missouri.

12



By slowly increasing the PH3 flow, a region is introduced which is graded in
composiition from InAs at the substrate to the selected alloy composition.
This graded region, which has been as thick as 50 microns for phosphorus-rich
alloys, 1s included to minimize strain arising from differences between the
lattice constants of the substrate and the final alloy layer.

The sum of the flow rates of pure AsHj and PH3 is in the range of 20 to
60 cc/min. The HCl flow rate is about 5 cec/min, and between 1 and 2 1/min of
hydrogen is used as a carrier. With these flow rates, with a substrate tempera-
ture in the range of 675 to 725°C, a center zone temperature of 950 to 975°C,
and an indium zone temperature of between 850 to 950°C, growth rates in the
range of 1/4 to 1/2 micron/min are obtained under steady-state conditions.
Typical thicknesses for the constant composition region of these deposits have
been between 50 and 150 micromns.

III. Results and Discussion

A. Crystallinity and Growth Morphology. —— X-ray analysis by the Debye-
Scherrer technique indicates that these layers are single phase, cubic, solid
solutions, and show no detectable range of composition. In addition, Laue
back-reflection analysis reveals that the layers are epitaxial. The lattice
constant is presented as a function of alloy composition in Figure A-3, which
demonstrates that Vegard's law of solid solutions is obeyed in this system.
This result is in general agreement with those of Folberth (Ref. A-1), and
Koster and Ulrich (Ref. A-14). The compositions were determined by chemical
analysis (Ref. A-15) with an accuracy of + 0.5%.

Although no detailed evaluation of the crystalline perfection of these
layers was carried out, examination by optical microscopy revealed that
microscopic surface imperfections, such as hillocks, were prevalent only in
phosphorus-rich alloys. For alloys containing less than 50% InP, surfaces
are obtained which show virtually no gross structure, and to the unaided eye
appear to be mirror-smooth.

B. Electrical Properties. —— The epitaxial layers were examined by Hall
coefficient and resistivity measurements using a technique (Ref. A-8) which
permits these measurements to be made on layers as thin as 50 microns. Typical
electron carrier concentrations for undoped alloys are in the range of

5%x1015 to 1x1016/cm3. The electron mobilities are presented as a function of
alloy composition in Figures A-4 and A~5 for room temperature and 77°K,
respectively. The data of Weiss (Ref. A-2) and the results of a theoretical
analysis of Ehrenreich (Ref. A-16) based on the absence of alloy scattering

in this system, and assuming perfect purity, are included for comparison.

In general, the mobility values at room temperature are very high, with
several values exceeding the best previously reported. 1In addition, these
data corroborate Ehrenreich's contention that alloy scattering is negligible
in this alloy system, at room temperature. The relatively low values obtained
for alloy compositions approaching InP are attributed to strain arising from
lattice and thermal-expansion differences between the InAs substrate and the
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Figure A-3. The dependence of the lattice constant on alloy composition
in the system InAs,_,P,. The dependence observed by
Folberth (Ref. A-1) and Koster and Ulrich (Ref. A-14) is
also included: --- Folberth; —— — —— Koster and Ulrich;
this report.

alloy layer. It is anticipated that further compositional grading can
alleviate this problem.

The data presented in Figure A-5 are the first ever reported for 77°K
for this alloy system. These high values indicate that the crystals are
nearly uncompensated. It is particularly noteworthy that the value of
120,000 em?/V-sec for InAs is the highest ever reported for 77°K (Ref. A-17).
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C. Doping. -— Doping of InAs has been investigated using H,Se gas as a source
of Se for n-type doping, and zinc for p-type doping. Electron concentrations
as high as 3x1019/cm3 were achieved and in general these crystals exhibit
mobilities comparable to the best reported in the literature for untreated 18
samples (Refs. A-18 - A-19). For example, at carrier concentrations of 1x10
and 3x1019 cm‘3,the mobility values at room temperature are 10,000 and 1,500
cm2/V-sec, respectively. Thus, doping to these high donmor concentrations does
not degrade the material. With respect to hole concentrations, values in the
range of 5x1017 to 7x1018/cm3 can be readily obtained, with mobilities between
150 and 90 cm?/V-sec for this doping range.

Both n- and p-type doping were also demonstrated for some InAsj.xPy alloys,
and for InP, as characterized by point-contact breakdown and thermal probe
measurements. In addition, multilayer structures involving both n- and p-type
regions were prepared for selected alloy compositions.

IV, Conclusions

The ability to prepare high-quality material by this growth method, which
was previously demonstrated in the preparation of GaAsj_xPx alloys, has now
been extended to the preparation of InAsj_yxPx alloys. Electron mobilities
have been obtained for these InAs;_,P, alloys which are higher than previously
reported. Both n- and p-type doping can be achieved over a broad resistivity
range, and these doped layers can be incorporated in multilayer structures.
Vegard's law of solid solutions was found to be obeyed in this alloy system.
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APPENDIX B

Vapor-Phase Growth of Epitaxial GaAs ASbA Alloys Using

1-
Arsine and Stibine

R. B. Clough and J. J. Tietjen
RCA Laboratories, Princeton, New Jersey

ABSTRACT

A technique previously used to prepare alloys of InAs]_xPx and GaAsji.xPx,
using the gaseous hydrides arsine and phosphine, has been extended to grow
single-crystalline GaAsj-xSbx by replacing the phosphine with stibine.
Procedures were developed for handling and storing stibine which now make this
chemical useful for vapor-phase growth. This represents the first time that
this series of alloys has been grown from the vapor phase. Layers of p-type
GaSb and GaSb-rich alloys have been grown with the carrier concentrations com-
parable to the lowest ever reported. In addition, a p-type alloy containing
47 GaSb exhibited a mobility of 400 cmz/V—sec which is equivalent to the
highest reported for GaAs.

I. Introduction

Recently, interest has been shown in the preparation and properties of
GaAs]-xSbx alloys, since it was predicted (Ref. B-~1) that for compositions in
the range of 0.1 < x < 0.5, they might provide improved Gunn devices. However,
preparation of these alloys presents fundamental difficulties. In the case of
liquid-phase growth, the large concentration difference between the liquidus
and solidus in the phase diagram, at any given temperature, introduces
constitutional supercooling problems. It is likely that, for this reason,
virtually no description of the preparation of GaAsj_xSby by this technique
has been reported. In the case of vapor-phase growth, problems are presented
by the low vapor pressure of antimony and the low melting point of GaSb and
many of these alloys. In previous attempts (Ref. B-1) at the vapor-phase
growth of these materials, using antimony pentachloride as the source of
antimony vapor, alloy compositions were limited to those containing less than
about 2% GaSb. This was in part due to the difficulty of avoiding condensation
of antimony on introducing it to the growth zone.

A growth technique has recently been described (Ref. B-2) for the prepara-
tion of III-V compounds in which the hydrides of arsenic and phosphorus (AsH3
and PH3) are used as the source of the group V element. With this method,
GaAs)-xPx and InAsj_xPx have been prepared (Refs. B-2 and B-3) across both
alloy series with excellent electrical properties. Since the use of stibine
(SbH3) affords the potential for effective introduction of antimony to the
growth apparatus, in analogy with the other V hydrides, this growth method has
been explored for the preparation of GaAsj_xSby, alloys. In addition to GaSb,
these alloys have now been prepared with values of x as high as 0.8. In the
case of GaSb, undoped p-type layers were grown with carrier concentrations
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equivalent to the lowest reported in the literature. Thus, it has been
demonstrated that, with this growth technique, all of the alloys in this
series can be prepared.

IT. Experimental Procedure

A. Growth Technique. --~ The growth apparatus, shown schematically in Figure
B-1, and procedure are virtually identical to that described (Ref. B-2) for the

(— <~ AsH3+H,
— <—SbHy +H,

:4-_. HZ

SUBSTRATE
\

ol = \:] T
Hy o | “CONTINUES

GALLIUM |REACTION| DEPOSITION T0 EXHAUST
ZONE ZONE ZONE

b e e =

Figure B~1l. Schematic representation of the vapor-deposition apparatus.

growth of GaAsj;_,P, alloys, with the exception that phosphine is replaced by
stibine.* HC1l is introduced over the gallium boat to transport the gallium
predominantly via its subchloride to the reaction zone, where it reacts with
arsenic and antimony on the substrate surface to form an alloy layer.

The fundamental limiting factors to the growth of GaAsj_yxSby alloys from
the vapor phase are the low melting point of GaSb (712°C) and the low vapor
pressure of antimony at this temperature (< 1 mm). Thus, relatively low
antimony pressures must be employed, which, however, imply low growth rates.
To provide low antimony pressures, very dilute concentrations of arsine and

* Purchased from Matheson Co., E. Rutherford, New Jersey.
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stiblne in a hydrogen carrier gas were used. Typical flow rates were about

4 cm3/min of HC1, from 0.1 to 1 cm3/min of AsH3, and from 1 to 10 o 3 /min of
SbH3, with a total hydrogen carrier gas flow rate of about 6000 cm 3/min. The
high linear velocities attendant with the high total flow rate delay cracking
of the stibine until it reaches the reaction zone and prevent condensation of
antimony in the system. To improve the growth rates, growth temperatures just
below the alloy solidus are maintained to allow for a maximum partial pressure
of antimony in the system. Typical temperatures used are gallium zone and
reaction zone at 850°C, with the growth zone held at temperatures from 650 to
750°C.

Substrates of semi-insulating GaAs oriented 3° off the <100> axis were
used in order to make electrical measurements, since the growth rates were too
low to result in self-supporting epitaxial layers. As pointed out below,
growth on these substrates has a deleterious effect on the electrical proper-
ties of the epitaxial layers.

B. Use of Stibine. ~— Since little was known of the properties and handling
procedures for stibine, experiments were performed to determine these. The
vapor pressure was measured from -195°C to +27°C and found to agree with that
obtained by Berka et al. (Ref. B-4) We found it to be more stable than
anticipated, especially if stored in the dark. Although it was reported (Ref.
B-5) that stibine has a half-life of from 2 to 4 hours at room temperature,
we found that there was no measurable decomposition at 0°C for a period of

12 hrs. Thus, the gas can easily be kept above its boiling point (-18°C) for
use during growth. We found it to be stable for a period of several months
at -78°C (solid CO2 temperature), so that it may be stored at this temperature
prior to use.

Based on this stability data, a simple technique to use the stibine was
established using the apparatus shown in Figure B-2. The stibine is stored at
-78°C (solid CO2 temperature) in the liquid state. For use during growth, ‘an
aliquot portion is first distilled from the storage cylinder to a reserve
cylinder at -195°C (1iquid—nitrogen temperature). The reserve cylinder is then
warmed to 0°C and the distillation rate established by measuring the stibine
pressure at this temperature. Typically, the distillation rates for our
apparatus were about 0.0l mole/min. (They are very sensitive to slight tempera-
ture changes of the storage cylinder and, therefore, must be carefully
monitored.) The stibine at 0°C is then pressurized with hydrogen for use
during growth. To increase the amount of mixing, the hydrogen is introduced
at high velocity. By preparing each aliquot immediately prior to use, problems
due to settling of the mixture were minimized.

III. Results

Using this technique, we have grown alloys of GaAsj_ySby with composi-
tions ranging from 1 to 80 mole percent GaSb, as well as GaSb. This is the
first time that they had been prepared from the vapor phase over this range of
compositions. In a previous report (Ref. B-1) the preparation of GaAsj.xSbx
was limited to 2 mole percent GaSb. These layers are all monocrystalline and
epitaxial.
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Figure B-2. Schematic representation of the stibine storage and
sampling apparatus.

A. Growth Conditions. —- Studies on the effect of flow rates and growth
temperature on the composition of the grown layers have shown the following.
First, the mole fraction of antimony in the vapor phase is always greater

than that in the grown layers. This indicates that there is a greater rate of
incorporation of arsenic than antimony in the alloys, even though the vapor
pressure of antimony is over four orders of magnitude lower than that of
arsenic at the growth temperature. Second, the composition of the grown layers
is independent of the growth temperature, varying less than + 0.5 mole percent
over approximately a 200°C range of growth temperature. Thus, the composition
of the grown layers is a function only of the composition of the gas phase, so
that all of the alloys in the series may be grown by selecting the appropriate
flow rates of arsine and stibine.

B. Electrical Properties. —— The results of Hall coefficient and resistivity
measurements for these alloys are presented in Table B-1l. The carrier concen-
trations obtained for the p~type GaSb and GaSb-rich alloys are somewhat lower
than those reported for melt-grown GaSb, where only a limited number of undoped

p-type crystals have been grown with hole concentrations in the 1016 cp—3 range.
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TABLE B-1

ELECTRICAL PROPERTIES OF P-TYPE GaAs, Sb_ ALLOYS
Hole Concentration Hole Mobility
x (cm—3) (cm2/V-gec)
300°K 77°K 300°K 77°K
0.01 1.8x10%° |  1.2x10%° 220 400
0.02 1.3x10%® | 5.1x10%° 190 700
0.04 3.0x100° - 400 -
0.10 1.2x10%® | 4.5x10"7 | 55 160
0.21 2.9x107 | 1.7x10%7 45 80
0.31 1.5x10%® | 1.5x10%8 24 30
0.62 9.0x10"® | 1.2x10%? 20 15
0.70 3.4x1018 - 251 —
0.75 toxtot? | - | 48 -
0.80 4.6x10%° - 21 -
1.00 1.2x10°% | 1.9x10%? 215 120
1.00 6.0x10°® | 1.2x10%® 240 270
1.00 4.7x10%0 - 120 -
1.00 2.3x10%7 | 4.3x10%0 336 405

One explanation for this is that the acceptor concentration is due to excess
gallium on antimony sublattice sites (Ref. B-6) and is supported by the fact
that the lowest hole concentrations reported (Ref. B-7 - B-8) were obtained
only with an antimony-rich melt. In the case of vapor-phase growth of GaSb,
the lower carrier concentrations obtained may be due to the excess antimony
pressure in the growth zone.

Due to the thermodynamic reasons states previously, the growth rates of
these alloys were generally low (< 5 microms/hr), so that in order for
electrical measurements to be made, semi-insulating GaAs substrates were used.
This has the detrimental effect of producing strain in the grown layers due to
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a mismatch in lattice constant and thermal expansion coefficient between the
substrate and grown layer. As a result, the GaSb-rich compounds, which are all
p-type, generally exhibit low mobilities compared with melt-grown GaSb, where
hole mobilities are typically 700-800 cm2/V-sec. It is expected that composi-
tional grading, or deposition on GaSb substrates, would result in higher
mobilities, In this respect, it is noteworthy that the hole mobility of

400 cm?/V-sec achieved in an alloy containing only 4 mole percent GaSb is
equivalent to the highest value ever reported for unalloyed GaAs. A few layers,
all less than 3 mole percent GaSb, were n-type, and these show (Table B-2)

TABLE B-2
ELECTRICAL PROPERTIES OF N-TYPE GaAs, Sb_ ALLOYS
Net Carrier Conc., Electron Mobility
cm—3 cm/V-sec
X
at 300°K at 77°K at 300°K at 77°K
< 0.01 1.1 x 10'® | 7.8 x 10" 3840 4975
0.025 4.5 x 108 | 2.6 x 100 2920 5550
1
0.033 4.7 x 10°° — 5370 -

electron mobilities which, in general, are slightly lower than commonly
observed for melt-grown n-type GaAs. Those p-type alloys having extremely low
mobility show very broad x-ray diffraction peaks with half-widths often an
order of magnitude wider than those of the substrate diffraction peak, indica-
ting either considerable inhomogeneous strain in the layers or an inhomogeneous
composition.

IV. Conclusions

Stibine can be successfully used as a source of antimony in vapor-phase
crystal growth, and GaAsj_,Sby alloys can be prepared from the vapor phase
across the entire alloy series. This growth technique shows promise of pre-
paring these alloys with good electrical properties if problems of strain and
inhomogeneity can be overcome.
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