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The Effects of Arsine Pressure on the Compositions,
Carrier Concentrations, Mobilities and Growth
Rates of Epitaxial Layers of Gaxlnj.xAs Prepared
by the VPE-Hydride Technique

1. INTRODUCTION

Active epitaxial layers of Gaxlnl_xAs have many physical and electronic
characteristics that warrant their use in optoelectronic and micro- and milli-
meter-wave devices. Photodetectors with Gao' 47In0. 53As layers have the ability
to detect wavelengths of light where silica fibers exhibit their lowest losses. 1.2
Multiple -quantum well lasers with Gao. 47In0' 53As/InP structures ha;e4exhibited
low threshold current requirements and low temperature sensitivity. °’~ High

speed field-effect transistors with GaxIn xAs layers prepared for application in

1-

(Received for publication 18 November 1985)

1. Olsen, G.H. (1981) Low-leakage, high-efficiency, reliable VPE InGaAs 1.0-
1.7 um photodiodes, IEEE Device Lett. EDL-2:217.

2. Ando, H., Yamauchi, Y., Nakagome, H., Susa, N., and Kanbe, H. (1981)
InGaAs/InP separated absorption and multiplication regions avalanche pho-

todiode using liquid- and vapor-phase epitaxies, IEEE J. Quantum Electron.

L AR M S oo N SFEE e o i S il ol

QE-17:250.

3. Kodama, K., Ozeki, M., and Komeno, J. (1984) Optically pumped
Ing 53Gag 47As/InP MQW lasers grown by chloride vapour -phase epitaxy,
Flectron. Lett. 20:48.

4. DiGiuseppe, M.A.,, Temkin, H., Peticolas, L., and Bonner, W.A. (1983)
Quantum well structures of Ing, 53Gag, 47As grown by hydride vapor phase
epitaxy in a multiple chamber reactor, Appl. Phys. Lett. 43:906.
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the micro- and millimeter-wave region have been reported. 5-1 Future develop-

ments will undoubtedly find greater uses of GaxIn XAs epitaxial layers in semi-

1~
conductor devices.
Ga_In, _As epitaxial layers can be grown by a number of techniques, e.g.,
Lg% 1Xg 10 11,12
LPE,” MBE," MOCVD, "~ and VPE. * "’

group V trichloride (chloride method) or the group V-hydride (hydride method) as

The VPE technique can either use the

the source of the group V-element. In the hydride method, hydrogen chloride is

T T S S A T

used to convert the group IIl elements to their chlorides. The chloride technique
has been shown to give higher quality products, but Abreokwah and co-wox‘kers13
have recently demonstrated that the hydride is also capable of producing quality
layers. The hydride technique has the added advantage that the sources of the
group V elements are gaseous and can easily be controlled.

I The hydride technique has been studied extensively since its inception in 1966
by Tietjen and Amick. 14 Recently, questions have arisen concerning the prepa-
ration of the ternary, Gaxlnl_xAs, by the hydride technique: (1) Is there a mole
fraction effect in the preparation of Gaxlnl_xAs ?, and (2) What is the effect of

5. Chai, Y.G., Yuen, C., and Zdasiuk, G.A. (1985) Investigation of
:. Ing, 53Gag, 47As for high-frequency microwave power FET's, IEEE
. Trans. Electron Devices ED-32:972,

- 6. Chen, C.Y., Cho, A.Y., and Garbinski, P.A. (1985) A new Gag, 47Ing, 53As
- field effect transistor with a lattice-mismatched GaAs gate for high speed
' circuits, IEEE FElectron Devices Lett. EDL-6:20.

7. Gardner, P.D., Narayan, S.Y., Yun, Y.H., Colvin, S., Paczkowski, J.,
i Dornan, B., and Askew, R.E. (1982) Gag, 47In0. 53As deep depletion and
- inversion mode MISFETs, Conf. on Gallium Arsenide and Related Com -
. pounds, Ser. No. 65, Inst. of Phys., Albuquerque, N. Mex., pp. 399-405.

8. Chand, N., Syrbu, A.V., and Houston, P.A. (1982) Growth effects of
Ing. 53GagQ. 47 on InP structured substrates, Electron. Lett. E:SIS.

' o, Cheng, K.Y., and Cho, A.Y. (1982) Silicon doping and impurity profiles in
Gag. 47Ing. 53As and Alg, 48Ing, 52As grown by molecular beam epitaxy,
J. Appl. Phys. 53:4411.

10. Whiteley, J.S., and Ghandhi, S.K. (1982) Factors influencing the growth
of Gag, 471ng, 53As on InP substrates using the metalorganic process,
J. Electrochem. Soc. 129:383.

11. Komeno, J., Takikawa, M., and Ozeki, M. (1983) TDEG in Ing, 53Gag, 47As-
InP heterojunction grown by chloride VPE, Electron. Lett. 19:473,

12. Erstfeld, T.E., and Quinlan, K.P. (1985) The growth of epitaxial layers of
Gag, 47Ing, 53As by the vapor-phase epitaxy-hydride method using a galli-
um -indium alloy, J. Electrochem. Soc., 131:2722.

L O
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- 13. Abrokwah, J.K., Peck, T.N., Walterson, B.A., Stillman, G.E., Low, "

4 T.S., and Skromme, B. (1983) High purity GaAs grown by the hydride N,

? VPE process, J. Electron. Mater. 12:681. s

- 14. Tietjen, J.J., and Amick, J.A. (1966) The preparation and properties of RN
. vapor-deposited epitaxial GaAsyP) .y using arsine and phosphine, J. Elec- ; '$ : :i"'
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AsH3 pressures on the compositions of the ternaries ? The primary purpose of
the study was to investigate these areas. In addition, the study reports the oper-
ational parameters for the preparation of the Gao. 4710, 53As ternary and includes
growth rates of the ternaries at three different arsenic pressures.

Dil.orenzo and Moorelﬁ originally observed that increased arsenic mole frac-
tions decreased the carrier concentrations and increased the mobilities of GaAs
epitaxial layers. The 1II-V semiconductors were prepared by the vapor-phase
epitaxy-chloride method. These studies were interpreted to show that the major
background dopant was silicon. Kennedy, Potter, and Davies16 later demon-
strated the mole fraction effect in the preparation of GaAs by the hydride method.
This effect was further confirmed in the hydride process by Pogge and Kemlage.17
These authors show that the impurities decreased not only by increased pressures
of the arsenic species, but also by hydrogen chloride. The magnitude of the dop-
ing level changes with hydrogen chloride were found to be smaller. Pogge and
Kemlage attributed the lower impurity level with higher arsenic pressures to a
blocking effect of the arsenic species in preventing impurity incorporation. The
mole fraction effect has also been observed with InP l.'.-myers.18 No data is available
to demonstrate the mole fraction effect in the preparation of Gaxlnl-xAS ternaries.
Preliminary results reported in this paper on the preparation of Gaxlnl_xAs indi-
cate that the mobility (or carrier concentration) is not affected by the mole frac-
tion of the arsenic vapor.

S.B. Hyd(-r19 reported that the indium -hydrogen chloride must be increased
to maintain the lattice-matched Ga I

0.47 "0.53
are used. Thermodynamic and experimental studies

As when increased arsenic pressures

20-22 have shown that the

15. DiLorenzo, J.V., and Moore, G.E., Jr. (1971) Effects of AsCl3 mole frac-
tion on the incorporation of germanium, silicon, selenium, and sulfur in-
to vapor grown layers of GaAs, J. Electrochem. Soc. 118:1823.

16. Kennedy, J.K., Potter, W.D., and Davies, D.E. (1974) The effects of the
hydrogen carrier gas flow rate on the electrical properties of epitaxial
GaAs prepared in a hydride system, J. Crystal Growth 24/25:233.

17. Pogge, H.G., and Kemlage, B.M. (1975) Doping behavior of silicon in
vapor-grown III-V epitaxial films, J. Crystal Growth 31:183.

18. Clarke, R.C. (1974) A study of the mole fraction effect in the PClg-In-H2
system, J. Crystal Growth 23:166.

19. Hyder, S.B. (1981) Vapor phase epitaxial growth of InP-based compound
semiconductor materials, J. Crystal Growth 54:109,

20. Jones, K.A., and Tu, C.W. (1984) Thermodynamic factors that influence
the lattice matching of InGaAs to InP, J. Crystal Growth 70:127.

21. Nagai, H. (1979) A simple analysis of vapor phase growth; citing an instance
of GayIny.xAs, J. Electrochem. Soc. 126:1400.

22, Kajiyama, K. (1976) Vapor pressure dependence of the relative composition
of III-V mixed crystals in vapor phase epitaxy, J. Electrochem. Soc.
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indium concentration in GaxInl_xAs increases with AsH, pressures. The present
study, with similar operational parameters as those of Hyder, 19 indicates that
the indium mole fraction in the ternary does increase with AsH3 pressure.

2. EXPERIMENTAL

S L S SW TP

The epitaxial layers of GaxInl-xAs on InP substrates were prepared with a
double-barrel quartz reactor. The quartz reactor, shown in Figure 1 along with
its temperature profile, is basically a three zone reactor: source, mixing, and
deposition. The zones are heated by a series of seven tubular-type resistance
. heating units. Each unit consists of two Lindberg half-circle heating elements.

I The temperature of the heating units is controlled by a system consisting of seven
Eurotherm temperature controllers (model 919) that trigger seven silicon con-
trolled rectifiers (model 931). The temperature controllers receive inputs from
Omega chromel-alumel thermocouples {scass-020-60) placed at the mid-points
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of the heating units near the quartz reactor. The temperatures used throughout
the study are shown in the lower portion of Figure 1. The source zone was main-
tained at 850°C, while the mixing zone varied from 850°C at the source zone end
to 725°C at the start of the deposition zone. The substrates were held at 700°C
in the deposition zone.

The reactant gas flows were regulated by a custom-built gas control unit
made by Niagara Scientific Company, Syracuse, N.Y. The gas control system
contains 14 Tylan mass flow controllers (FC-260) and a Tylan Tymer 16 Pro-
grammable Sequencer that is able to program the 14 mass flow controllers
through 96 time intervals. The 14 mass flow controllers give the system the
versatility to prepare quaternary compounds of the III-V elements with n and p
doping. Only nine of the mass flow controllers were used in the present study.
All the reactant gases used were of the highest purity obtainable. The carrier
gas, hydrogen (99. 9999 percent), was further purified by a hydrogen purifier
(Palladium Diffusion Process - Englehard). Indium (99. 9999 percent) in the
quartz boat was converted to its monochloride by flowing a mixture of 6.3 scem
of 100 percent HCI (99. 999 percent) in 200 ccm hydrogen over the metal surface.
The flow rates of 10 percent HCl/H2 over the gallium metal (99. 9999 percent)
varied from 5.4 ccm to 11.4 ccm with an additional 200 ccm of hydrogen. A
mixture of 10 percent AsH3/H2 with hydrogen was added to the mixing zone. The
flow rates of 10 percent arsine/hydrogen investigated were 25, 75, and 225 ccm.
The volume of hydrogen was adjusted to keep the total volume of gases relatively
constant (1440 t 3.5 ccm). Prior to deposition, 100 ccm of 5 percent PHS/H2
with 50 cem of hydrogen was added to the preheat zone in order to inhibit the de-
composition of the InP substrate when in the preheat zone. Olsen and
7.:1merowski23 and Yamauchi and Susa24 showed that the surface morphology of
InP substrate can be maintained at higher temperatures if the substrate is in a
PH3 atmosphere.

The substrates were obtained from Liguid Encapsulated Czochralski (LEC)
grown iron-doped InP boules. Slices of the boules were cut 2-3° off the (100)
plane towards the (110) plane. The preparation of the substrates prior to growth
experiments is described in Ref. 25.

23. Olsen, G.H., and Zamerowski, T.J. (1980) Crystal growth and properties
of binary, ternary and quaternary (In, Ga) (As, P) alloys grown by the hy-
dride vapor -phase epitaxy technique, in Progress in Crystal Growth and
Characterization, B.R. Pamplin, Ed., Vol. II, Pergamon Press Ltd.,
London, pp. 309-375.

24. Yamauchi, Y., and Susa, N. (1981) Suppression of thermal damage in InP
substrates in InGaAs vapor phase epitaxy, J. Electrochem. Soc. 128:210.

25. Erstfeld, T.E., and Quinlan, K.P. (1982) The effect of a continuous etch on
the growth rate and morphology on InP prepared by the vapor phase epi-
taxial-hydride method, J. Electron, Mater. 11:647.
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The procedure used to grow GaxInl_xAs epitaxial layers was begun by placing
the substrate slightly beyond the substrate entry port and equilibrating the reactor
with hydrogen. After 10 min, the growth mixture was initiated with the addition
of 300 ccm hydrogen at the forechamber, and 100 ccm of 5 percent PH3/H2 plus
50 cem hydrogen at the preheat zone. The substrate was placed in the preheat
zone at a temperature of 620°C for 28 min. The PI-13/H2 flow was terminated,
and, after one min, the substrate was placed in the deposition zone. The reaction
time was usually 30 min, but the duration of some of the runs was 10 and 20 min.

The composition of the epitaxial layers was determined from the lattice pa-
rameters using Vegard's Law. The lattice constants were determined by x-ray
diffractometry with CuK o irradiation, using InP as an internal standard. An
EDAX study of the cross-section of a cleaved sample indicated some phosphorus
displacement during processing.

Growth rates were determined from the surface of the substrate, mass of
deposit, density of the ternary, and time of growth. Consideration of the forma-
tion of epitaxial layers on both sides of the substrate was taken into account in
the calculation of growth rates.

Carrier concentrations (n) and mobilities (u) were determined at room tem-
perature from the resistivity and Hall measurements with the van der Pauw
technique. 26 A permanent magnet provided a field of 4 kG for the Hall measure-

ments.

3. RESULTS AND DISCUSSHON

Various operational parameters were evaluated initially in order to obtain
quality epitaxial layers. The parameters used in this study are similar to those
of Hyder, et al.27 Figure 2 shows the composition of the various ternaries
formed as a function of gallium monochloride partial pressure at three different

7
TR

As4 partial pressures. The concentrations of the monochlorides were calculated

(SRR

using the equilibrium constants derived from the thermodynamic data reported by

q
Kirwan28 and Seki et al.z“ The values for As, are 1/4 of the pressure of AsH,.

14D

26. van der Pauw, L.J. (1958) A method of measuring specific resistivity and
Hall effect of discs of arbitrary shape, Philips Res. Repts. 13:1.

27. Hyder, S.B., Saxena, R.R., Chiao, S.H., and Yeats, R. (1979) Vapor-
phase epitaxial growth of InGaAs lattice matched to (100) InP for photo-
diode application, Appl. Phys. Lett. 35:787.

28. Kirwan, D.J. (1970) Reaction equilibria in the growth of GaAs and GaP by
the chloride transport process, J. Electrochem. Soc. 117:1572,

20, Seki, H., and Minagawa, S. (1872) Equilibrium computation for the vapor
growth of InyGaq.4P crystals, Japan. J. Appl. Phys. _1_1_:850.
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[

chloride pressure, 4.1 X 10-3 atm. Total gas flow, 1440 £ 3 ccm. Source ':-’:'-:.:-‘:-:.:-‘
zone temperature, 850°C; mixing zone temperature, average 750°C; and -{_-.:,-."».‘ !.i
deposition zone temperature, 700°C. Reaction time, 10, 20, or 30 min ::'.:_\.‘ ‘)‘t_ >
VST GO%
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At As4 constant pressures, an increase of GaCl partial pressure by 1.5 times .,
increases the gallium mole fraction in Gaxlnl_xAs from approximately 0.4 to 0.5 RIS
Pl SRR
in a linear manner. The data in Figure 2 show that increased As4 pressure de- ..;:.-._f..ﬂ\’
creases the mole fraction of gallium in the ternary. The parameters for the o '-‘.":- .:::},‘;
ey "J; », -
growth of Ga0 47ln0 r)3As on InP substrates at the three arsenic pressures are ,:.-:‘.',' -.‘;:‘.-
. o< N Sors ')
given in Table 1. Hyder et al’’ found that, ata P’ o of 4.8 X 107 atm and
o -4 20 -4 - B el
P Asg of 4.6 X 10 " atm, a >’ of 4.8 X 10 ° atm was needed for the prepa RO,
ration of Ga, 4.Ing g4As. This value is in agreement with the present study, \':-_:’:\-:\-:-{
° : . -4 ° ° -3 IO '\“." e
where P’ ~) was 3.3 X 10 ° atm and P~ and P Asy were 4.6 X 10 © and \"kﬁ‘}".‘%}“.}
4.3 x 10~4 atm, respectively. ATy ~,;.,l}
Hyder et al27 observed that increasing the P"As4 required an increased . —s
) pressure of indium monochloride to maintain the Gao PUIL 53As composition. AN \.“
Our data (Figure 2) indicate that an increase in gallium monochloride pressure .\iz'{\'\. !
SN
would be necessary to maintain the ternary composition. The experimental :-. > *o *
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Table 1. Growth Parameters for the Preparation
of Gag. 47Ing, 53As on InP (Fe-Doped) Substrate at
Constant P’y (4.3 % 1079 atm). Source temper-
ature, 850°C; mixing temperature, avg 750°C; and

deposition temperature, 700°C. Total gas flow =
rate, 1440 t 3 cem -
L R -._

F ; o V a i (V‘ - 07‘— H o \:.'
! Pl ! P°GaAs | P°Asy A
| (atm) (atm) (atm) &
S . kA (R kL A

] 4.3>10% | 5.3%10% | 4.3x107®

.' |

. | 435107 6.3%10™ 1.3% 1073

- ’ .

- L #3107 [ rsx0 | osex07?

results of Nagai, 21 as well as their thermodynamic modelling calculations,
showed an increase in indium in the ternary with increased As4 partial pressures.
- This result is further supported by the modelling calculations of Kajiyama22 and
Jones and Tu. 30 The reason for the discrepancy between the observations of

21,22 is not known.

Hyder ot al,27 ours, and others
g The growth rates of the Gaxlnl_xAs layers are depicted in Figure 3. The
N data show that increasing the GaCl pressure decreases the growth rate of the
ternary layer at the lower two As4 pressures. As the As4 pressure is increased,
the rate of decrease of the growth rate is decreased. The growth rate at P°AS4 =
3.0 10-3 atm is relatively constant with increasing gallium monochloride pres-
sures. Shaw31 has demonstrated that increasing the gallium monochloride partial
pressure in the kinetically-limited region decreases the deposition rate of the
formation of GaAs. Shaw attributed this decrease in GaAs growth to a competitive
process where GaCl molecules are absorbed at the arsenic receptor sites, there-
by hindering growth. Figure 3(c) gives substance to this model: at P°GaCl values
- greater than 6.4 X 10 ~ atm, the Langmuir-type absorption of GaCl probably
reaches saturation. Under these conditions, the growth depends on the dissocia-
tion of GaCl from the arsenic active site. The number of reactive gites at these
partial pressures remains relatively constant, resulting in a slowly decreasing
growth rate with increasing GaCl pressures. Nagai's modelling21 suggested that
the deposition rate should increase with As4 pressures; this could not be verified
in the present study, since the GaCl pressure appears to be the predominant
factor affecting the growth rate.

30. Jones, K.A., and Tu, C.W. (1984) Thermodynamic factors that influence the
lattice matching of InGaAs to InP, J. Crystal Growth 70:127.

31. Shaw, D.W. (1975) Kinetic aspects in the vapour phase epitaxy of III-V com~
pounds, J. Crystal Growth 31:130.
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Figure 3. Growth Rates for the Formation of the Ternaries, GayInj-xAs
as a Function of Gallium Chloride Partial Pressure at Three As4 Partial
Pressures

The effects of As4 pressure on the carrier concentrations and mobilities of
the various Gaxlnl_xAs ternaries are shown in Figures 4 and 5. Figure 4 shows
that increasing the P°ag, from 4.3 X 1072 atm to 1.3 x 1072
room temperature carrier concentrations of the different ternaries. Since these

atm increases the

experiments were carried out at relatively the same partial pressures of GaCl,
the only factor influencing the carrier concentrations is the arsenic mole fraction.
These results imply that the mole fraction effect of arsine is not playing a role in
the preparation of GaxInl_xAs. A possible reason for the increase in carrier
concentrations with increasing As4 pressures is the presence of n-type impurities
in the arsine gas.

Figure 5 depicts the mobilities of the ternaries, Gaxlnl_xAs. as a function of
composition. The plot illustrates that increasing the As 4 partial pressure has no
effect on the mobilities of the epitaxial layers. This was not unexpected, since
the carrier concentrations exhibited an absence of a mole fraction effect. Figure
5 is reminiscent of the plot reported by Whiteley and Ghandhi, 32 where the maxi-
mum mobilities are observed when the indium mole fraction is greater than 0. 53.

32. Whiteley, J.S., and Ghandhi, S.K. (1983) Growth and characterization of
Gag, 47Ing. 53As films on InP substrates using triethylgallium, triethylin-
dium, and arsine, J. Electrochem. Soc. 130:1191.
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. Preparation parameters in Figure 2
- These higher mobilities have been attributed to the observation that less disloca-
tion formation occurs in layers under compressive stress. 33 This same effect
. was also reported by Erstfeld et al. 12 The mobilities of the ternaries determined
- at 77K increased , on an average, approximately 100 cmz/v-sec. These low
: mobilities at 77K are probably the result of excess scattering by the high concen-
X tration of ions and neutral impurity atoms. Calavanov and Siukaev34 showed that
oy scattering by ion and neutral impurities plays an important role at low tempera-
\ tures. The layers prepared at P°As4 of 3.9 X 10"” atm showed carrier concen-
y trations in the mid 1016cm_ , but exhibited lower mobilities than those reported
[« in Figure 5. This behavior can possibly be attributed to high compensation ratios.
3
33. Miller, B.1., and McFee, J.H. (1978) Growth of Gayinj.xAs/InP hetero- E ;
structures by molecular beam epitaxy, J. Electrochem. Soc. 125:1310. T oy
.." 34. Galavanov, V.V., and Siukaev, N.V. (1970) On mechanism of electron . a2
P scattering in InP, Phy. State. Sol. 38:523. S :‘i
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