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High Purity InP Grown by the Vapor
Phase Epitaxy- Hydride Method

i. INTRODUCTION

Considerable research is currently being devoted to the preparation of lnP and

InGaAsP for the fabrication of doube-heterostructure lasers and light-emitting
1 2diodes. , These materials are prepared primarily either by the vapor phase or

3the liquid phase epitaxial technique. Olsen and Zamerowski have published an

excellent review paper on the vapor phase epitaxial (VPE)-hydride technique for

the preparation of InP and the quaternary alloys (In,Ga) (As, P). These studies and

investigations 4 carried out at this laboratory indicate that the production of good

(Received for publication 7 July 1982)

1. Chen, P.C., Yu. K. L., Margalit, S. . and Yariv, A. (1981) Embedded epitaxial
growth of low-threshold GalnAsP/InP injection lasers, Appi. Phys. Lett.
38:301.

2. Olsen, G.H., Zamerowski. T.J., and Digiuseppe, N.J. (1980) 1. 5-1. 7 Jim
V. P. E. InGaAsP/InP C. W. Lasers, Electron. Lett. 16:516.

3. 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
Hydride Vapor Phase Epitaxy Technique. in Progress in Crystal Growth and
Characterization, Vol. 11, Pergammon Press Ltd., London, pp. 309'-37 5.

4. Anderson, T. (1980) Influence of Reaction Variables on the Electrical Properties
of Homoepitaxial InP in the Hydride System. USAF Summer Faculty Research
Program, Research Reports Vol. I. W. D. Peele and R. K. Kopka, Ed.,
SCEEE Press.
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morphological, epitaxial InP is difficult. The defects originate from a number of

sources, for example, dislocations in the substrates, inappropriate epitaxial growth

conditions, and impurities.

The present study was initiated to improve the morphology of InP epitaxial

layers. This paper is a report of an investigation of the effect of a continuous etch

on the epitaxial layer during growth. Thermodynamic considerations dictate that

this etch will promote crystalline growth with fewer defects. The etch, hydrogen

chloride, was added directly to the mixing zone of the VPE-hydride reactor. The

hydrogen chloride etch has the capability to remove impurities and unstable species

that give rise to defects. This role of HCi in the deposition zone may be the factor

responsible for the lower carrier concentrations and higher mobilities 5 obtained

with the epitaxial InP layers grown by the VPE-chloride method. Growth rates

and morphological character of the epitaxial layers were studied as functions of

temperature, amount of hydrogen chloride in the mixing zone, and flow rates of

phosphine and source HCI (this being the HCI which reacts with the elemental indium

source to form InCI). Epitaxial layers with good morphology were observed when

hydrogen chloride was added to the mixing zone at low flow rates.

In situ noncontinuous etching of substrates has been studied extensively in the

preparation of GaAs 6 - 9 and InP 10,11 by the VPE-chloride technique. 6-9, 10. 11

This preliminary etching ensured a clean and damage-free substrate prior to epi-

taxial growth. The HCI used in these in situ etching processes is generated from
10

the reaction of the group V B trichloride with hydrogen. Chevrier et at have

found that the smoothness of the InP epitaxial layer correlated well with the mor-

phology of the substrate etched in situ with PCI 3 and H2 .

2. EXPERIMENTAL PROCEDURES

The epitaxial growth studies of InP were conducted with a VPE-hydride quartz

reactor similar to that used by Tietjen and Amick (Figure 1). 12 The reactor has

three temperature zones: source, mixing, and deposition. These zones are heated

by "clamshell" resistance heating units. Flow rates were regulated by mass flow

controllers (Tylan). The reactant gases used in the synthesis of the epitaxial lnP

were of the highest purity obtai,able: phosphine, supplied as a 5 percent mixture

in hydrogen from MG Scientific, Kearny. New Jersey, with purity of PH3 and

hydrogen 99. 998 percent and 99. 999 percent, respectively; the carrier gas, hydrogen,

supplied by American Industrial and Medical Products, Auburn. Massachusetts,

with 99. 999 percent purity, and further purified by a hydrogen purifier (Palladium

(Due to the large number of references cited above, they will not be listed here.
See References, page 19.
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Diffusion Process -Engelhard); hydrogen chloride from Precision Gas Products, Inc.,

Rahway, New Jersey, with 99. 995 percent purity: and indium from the Indium

Corporation of America, with purity 99.999 percent.

PH,
HU T HI

SUBSTRATE
SUBSTRATE EHUTH

ENTRY EXHAUST

DEPOSITIOI I MIXING SOURCE
ZONE ZONE ZONET 650C T-670* to T- 900C 4C1

977-C H,

Figure 1. Vapor Phase Epitaxy (VPE) Reactor for the Preparation
of Epitaxial InP by the Hydride Method

Epitaxial growth was studied at various flow rates and temperatures, in order

to determine conditions for optimum morphology. The source and deposition

temperatures were maintained at 9000 and 650'C, respectively. The mixing

temperature was varied from 670' to 977°C. Hydrogen chloride, introduced to the

mixing zone by means of the PH 3/H 2 inlet, varied in flow rate from 0 to 2.0 cc/min.

The PH flow rate varied from 2.7 to 15. 9 cc/min and the source HCI flow rate3
changed from 2. 3 to 6. 9 cc/min. The carrier hydrogen flow rate was either 1684

or 2390 cc/min. Time duration for epitaxial growth was 45 min, with growth rate

determined from the surface area of the substrate, mass of deposit, and density

of InP.

The substrates were obtained from a liquid encapsulated Czochralski (LEC)
grown iron-doped InP boule. Slices of the boule were cut 30 off the (100) plane

towards the ( 11) plane and polished on an ElectropoLisher (Sylvania Company) with

Pellon PAN-W pads (J. 1. Morris Company, Southbridge, Massachusetts), using a

0.5 to 1. 0 percent bromine-isopropyl alcohol solution. The substrates were de-

greased by treatment with toluene, 1. 1, 1, -trichloroethane, and acetone; they were

etched for 5 min in Caro's acid (I water + 1 H2 0 2 - 5 H 2 S0 4 ). Having been washed

with water, the substrates were further etched for 2 min in a 0. 3 percent

Br 2-methanol solution and washed with methanol. This was followed by another

5-min Caro's acid etch. The substrates were washed with water and then with
methanol; thev were blow-dried with nitrogen.
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Carrier concentration and mobilities were obtained from resistivity and Hall
13

measurements at 77 K by the van der Pauw technique. A permanent magnet

provided a field of 4. 0 kG for the Hall measurements. Auger electron spectro-

graphs of the epitaxial InP layers and InP substrates were obtained with a AJerkin-

Elmer Auger Spectrometer.

3. RESULTS AND DISCUSSIONS

The objectives of the present study are: (1) to study the growth rates of InP

epitaxial layers at low flow rates of gaseous reactants in the presence of a continuous

etch; and (2) to determine the growth conditions in the presence of the continuous

etch that produce good morphological InP layers. The differences in the growth

rates observed in this study are assumed to be due to reaction limitations, as

opposed to either mass-transport or mass-transfer limitations.

3.1 Growth Rates and Morphology

Figure 2 shows the effect on the growth rate of InP caused by the addition of

HCI to the mixing zone. The presence of 1. 5 cc/min HCI in the mixing zone de-

creases the growth rate of the epitaxial InP. The slopes of the lines obtained when

InP growth rate is plotted against flow rate of source HCI are 0. 4 /lm/cc HCI in the

absence of a continuous etch and 0. 1 Jim/cc HCI in the presence of the 1. 5 cc/min flow

rate of HCI in the mixing zone. The linear increase in growth rate beyond the

1:1 ratio of PH 3 /HCl indicates the nonstoichometry of the reaction in this region.

These results indicate that an efficient etching reaction is taking place during the

growth of InP with ltCI in the mixing zone. The flow rate of source HCI was not

increased beyond values greater than 6.9 cc/min, since at this flow rate poly-

crystalline layers of InP were obtained.

Figure 3 shows the effect of increasing the PH3 flow rate on the growth rate

)f InP in the presence and absence of HCI in the mixing zone. The limitation of

owth rate occurs at approximately the same value of the PH 3 flow rate in the

presence or absence of the continuous etch. The growth rate with 1. 5 cc/min HCI

in the mixing zone is about one-half of that obtained without the continuous etch.

The results show that no decrease in growth rate of lnP is observed at the higher

I'low rate values of the group V B compound as has been found for InP in the

13. van der Pauw, L..I. (1958) A method of measuring specific resistivity and
Hall effect of discs of arbitrary shape, Philips Res. Repts. 13:1.
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In-PCI:,-H*, system. 14These results indicate that no competitive adsorption

pr.ocesses exist between indiumn and phosphorus atoms in the kinetic control region

of the hydride technique. Shaw 15has discussed this mechanism for the

GaIHCIIAsIH., system. In addition. these results indicate that for the chloride

system. the tailing oft' in the growth rate of InP with increasing PCI 3 flow rate may

he caused by in situ IL etching of the InP.
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Figure 2. Growth Rate of Epitaxial InP
as a Function of Source HCI Flow Rate
With and Without HC1 in PH 3 Inlet:
4---- 4. 1. 5 sccm HCI in PH 3 inlet;
0 -- 0. No Hcl; PH 3 =3. 1 sccm;
112 (PH 3 ) = 842 sccm;
1H2 (HCI) source =842 sccm. Substrate
temp. =650'C; source temp. = 900*C;
mixing temp. =950*C

14. Mizuno, 0. (1975) Vapor growth or InP. J. Appl. Phys. (Japan) 14:451.

15. Shaw. [). W. (1970) Epitaxial GaAs kinetic studies: (00 1) orientation,
J1. Electrochem. Soc. 2117:683.
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Figure 3. Growth Rate of Epitaxial [nP as a
Function of Phosphine Flow Rate With and
Without HCI in PH 3 Inlet: 0-0, No HCI;
o ---- , 1.5 sccm HCI (PH 3 ).
Source IICI r 5.3 sccm;H2 (PH 3 ) - 842 sccm;
H9 (IICI source) = 842 scorn. Substrate
temp 650'C; source temp. = 900*C;
mixing temp 950'C

The study of lnP growth rate as a function of the flow rates of HCI in the mixing

7one was studied at two PH 3 flow rates: 3. 1 cc/min and 15.9 cc/min. The results

of the study are presented in Figure 4. The curves were iraniaticallv different than

expected with maximum rates in tile vicinitv of 0.8 cc/nain of HICI in the mixing

zone. The maximum growth rates for the 3. 1 cc/min and 15.9 cc/min PH 3 flow

rates are approximately 0. 7 gimimin and 1.8 pm/min. respectively. A possible

explanation for this unexpected growth at these intermediate HCI values has been
16suggested from the GaAs studies of Shaw. W~ith HCI in the mixing zones, im-

purities at critical sites are removed; otherwise growth would be hindered. Shaw

indicated that the slow growth on the (Ill) B plane is the result of impurities at

critical sites. The epitaxial growth at flow rate values of HCI (mixing zone) equal

to or greater than the maximum would be expected to display less defects with

smoother surfaces. At flow rate values greater than 1. 8 cc/min of HCI (mixing

zone), only the etching reaction is observed. Microscopic studies of the epitaxial

lavers grown with [ICI (mixing zone) flow rates between 0.8 and 1.8 cc/min and at

16. Shaw, I). W. (1968) Influence of substrate temperature on GaAs epitaxial
deposition rates, .J. Electrochem. So'. 115:405.
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a PH3 flow rate value of 15. 9 cc/min demonstrated better morphology than those

grown with flow rates of mixing zone HCl below 0. 8 cc/min. At 3. 1 cc/min PH 3

flow rate. InP layers with good morphology were obtained with 1. 3 cc/min and

1.5 cc/min HCI flow rates in the mixing zone. Figure 5 shows typical morphological

characteristics of the epitaxial layer grown at a 1. 3 cc/min HCI flow rate in the

mixing zone with the phosphine flow rate at 3. 1 cc/min.

2.0
0

1.5 -o

0.5

0\

0.5 15 2.0

14Cl(cc/min)

Figure 4. Growth Rate of Epitaxial InP as a
Function of Hydrogen Chloride Flow Rate in
the Mixing Zone at Two Phosphine Concentrations:
0- 0, PH 3 z 15.9 cc/min.
0 ---- [ . PH3 - 3. 1 'c/min. HCI (Source
flow rate, 5.3 ('c/rin; H2 flow rates.
842 c/min (HCI inlet) and 842 cc/min (PH 3 inlet).
At 3. 1 cc/min PH., source temp. , 900°C;
mixing temp., 95 0C; deposition temp. , 650 0 C.At 15. 9 cc/min PH3, source temp., 900°C;
mixing temp., 900 C: deposition temp.. 650"C
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Figure 5. Nomarski Contrast
Photomicrograph of a Surface
of an Epitaxial InP Layer
Grown With Continuous Etch
af 1. 3 cc/min HC1 (128X)

= 0. 1 mm

The effect of the temperature of the mixing zone as a function of the flow rate

of HCI (mixing zone) on InP growth r Ate is shown in Figure 6. The growth rate

decreases with decreasing mixing zone temperature. At a flow rate value of

0.25 cc/min HCI in the mixing zone, the growth rate decreases from

0.7 gim/min to0.5 gIm/min to 0. 2 4m/min, when the temperature is lowered from

950 ° to 900'C to 850°C. The growth curve obtained for the InP at a mixing zone

lemper-ture of 9506C is arced while those obtained at 900°C and 850°C are linear.

This indicates that possibly a different mechanism for the growth-etch reactions

is occurring at the higher temperature. The increased growth rate with increased

mixing zone temperatures can be attributed to the higher percentages of P 4 and P2

in the deposition zone. Indium phosphide decomposes to indium and phosphorus

according to the following scheme:
1 7

InP In - 1/4P 4

P4 - 2 P 2

Therefore, an increase in either P4 or P 2 will decrease the decomposition of InP
18

in the deposition zone. Ban has measured the increase in the decomposition of

17. Ugal, Y. A., Bityutskaya, L.A.. and Gurza, L. F. (1966) Dependence of indium
phosphide dissociation pressure, Izv. Akad Nauk SSSR, Neorg. Mater.
2:1944.

18. Ban, V.S., and Ettenberg. M. (1973) Mass spectrometric and thermodynamic
studies of vapor -phase growth of In( )GaxP, J. Phys. Chem. Solids 34:1119.
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PH 3 to P4 and P 2 with increasing temperatures. Figure 6 shows that higher growth

rates are attained at 950"C over a wider range of etchant HCI flow rate values than

at 9000C and 8500C. This wider range of higher growth rates may also be

attributed to the increase in P 4 and P2 species which not only inhibit the decomposi-

tion of InP but also decrease the extent of the etching reaction:

InP + HCl InCl+ 1/4 P 4 + 1/2 H 2

0

0.7 5

0.5-

" 0"6 O

"°- o,°

0.46
900*C 9

3-

0 0

0.2- 850C c \ \\

0
90- 00 .

0.5 1.0 1.5 2.0

MCI (Ccc/mie)

Figure 6. Effect of Mixing Temperature and HCi
in Mixing Zone on Epitaxial Growth Rate of InP.
HCI (source), 5.3 cc/min; PH3 , 3. 1 cc/min;
H2 842 cc/min (source HCI inlet), 842 cc/min

(PH 3 inlet). Source temp. , 900*C;
deposition temp. . 650"C; mixing temperatures.
0-0, 9500C; 0---D , 900°C;

0--0. 8500C

The extent of the inhibition of the growth of InP by the in situ HCI etch can

readily be observed from measurements of the apparent activation energies. We

use the term "apparent activation energy" because the change in the growth rate of

InP is observed when the temperature of the mixing zone is varied, even though the

temperature of the deposition (growth) zone remains unchanged. The effect of the

15



mixing zone temperature on the growth rate of InP in the presence and absence of
H('I in the mixing zone is shown in Figure 7. where growth rate is plotted against

thc reciprocal of the absolute temperature. The etchant HCI flow rate is

0. 5 cc/min. The apparent activation energies for the growth rate of InP in the

presence and absence of HCI etch were calculated to be 154 kJ/mole and 11 kJ/mole,

respectivelv. These values illustrate that competitive processes are occurring
when HCI is added to the mixing zone. When etchant HCI is not present in the
mixing zone. the morphological quality of the InP epitaxial layers have generally

been poor. The low apparent activation energy allows for rapid, haphazard growth

of InP. The addition of HCl to the mixing zone at a flow rate of 0. 5 cc/min. however,

increases the apparent activation energy by a factor of 14. As a result of this, the
lnP epitaxial khi'er grows more selectively and at a slower rate. This can account
for the improved morphology of the InP epitaxial layer, when it is grown in the

presence of the in situ HCI etch.

E
0 0.6 0

* 0 0o\\ 0

3o 0.2

8.4 8.6 9.2 96 10.0 104 10.6

4

Figure 7. Effect of Mixing Temperature on
Growth Rate of Epitaxial InP With and Without
HCI in Mixing Zone: 0 ----0, without HCI
in mizing zone; 0--- 0 , 0. 5 cc/min HC1 in
mixing zone. Source temp., 900°C;
deposition temp.. 6500C. Without HCI (mixing),
source HCI, 5. 3 cc/min; PH 3 , 3. 1 cc/min;
H2 . 1. 16 f/mmn (PH inlet), 1.23 I/min source
HICI inlet). With HCl (mixing), source HCI,
5.3 cc/min; PH 3 , 3. 1 cc/min; H2 , 842 cc/min
(PH 3 inlet), 842 cc/min (source HCI inlet)

One aspect of these reactions which has not received attention in this type of
study is the variation of results observed. Fairhurst et al5 have suggested that

18
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3.2 Auger Electron Spectroscop)

Auger electron spectroscopv (AES) analvsi,, were perrormed on the as-to%%n

epitaxial InP layers and the lnP substrates. For the epitaxial lnl lavers, the re-

suits showed significant intensities for surface oxygen and carbon indicative of

surface contamination. Oxygen is completely absent at the 20 A level while carbon

disappears between 20 to 50 1. The oxygen is probably present as InPO4 , with
20'

sma!ler amounts
2 0 

or In20 3 , Carbon may possibly arise front a hydrocarbon

contamination.

The AES analyses of the lnP substrates showed results similar to those of the

epitaxial layers; however, there was also a small amount o' nickel present on the

surface, and the carbon is only p)resent within 10 A of1 the surl'a,.

3.3 Electrical Properties of %'PE-llvdrile (;own InP

The ele( tri cal properties of throe [nil samples displaying ipiod nor pholo v are

presented in Table 1. These results were calculated from the resistivity and flall

measurements obtained with the van de r Pauw technique. The carrier concent ration

has been associated with silicon transported from the quartz reactor. 21 These

results compare favorably with those obtained by lyder, 22 and Olsen 2 3 
with the24

PH /In/HCI/ 2 system. IHased on the ialhulations of Walukiewicz et al, the

data show that the compensation ratios at 77 K for the three samples, EQ-8, EQ-14,

and EQ-52. are 0. 5, 0. 7 and 0. 5, respectively. Very recently, however,

Zinkiewicz et at 2 5 
have reported average mobilities of 16.000 E.m

2 
V-1 set.-I (with

a high of 56, 100 cm
2 V-I see ) for InP grown with the VPE-hydride method, using

very low H 2 carrier flow rates.

The present study shows that the use of a continuous HCI etch improves the

electrical properties of the epitaxial InP layers grown by the VPE-hydride technique.

At the present time, studies with the VPE-chloride method illustrate that this tech-

nique is capable of producing epitaxial InP with lower carrier concentrations and
5 14 -3 2 -1 -1higher mobilities 5 

(n -10 , 'm ° 
and jI 100,000 cm V sec at 77 K).

(Iue to the large number of references cited above, they will not be listed here.
See Referencest, page 19. )
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Table 1. Electrical Properties of VPE-InP With Good Morphology

n ii

Ru Nmbr scm)inP (77 K) (7 7 K)
Source EICI P3 [ICI in PH 3  ( -3 K) ( I)

Run Number (seem) (seem) cm cm V see

-15
EQ-8 5.3 3. 1 1.5 1.4 X 10 27,340

EQ-14 5.3 3. 1 1.3 9.6 X 1014 24.055

EQ-52 5.3 15.9 0.8 2.6 X 1015 19,512

4. CONCLUSION

The effect of a continuous etch of' HCI in the mixing zone of the VPE-hydride

reactor on the morphology and electrical properties of epitaxial lnP has been

studied. Epitaxial InP layers were obtained with good morphology when the flow

rate of the HCI in the mixing zone was in the range between 0. 8 and 1.8 'c/min.

The electrical properties of these InP structures proved to be comparable to those

reported by others. These studies indicate that epitaxial layers of InP of good

norphotogy can be obtained by using a continuous etch in the V PE -hydride reactor.

18



References

1. (lien. P. C.., Yu. K.!L... Miargalit. S. . and Yariv, A. (198 1) Embedded epitaxial
growth o!' low -threshold (;aInAsP/InP injection lasers. AppI. Phys. Lett.
3i 8::3 01 .

*1 lsn.(.If. , ;,amt rowsk i, T. I. , and tDigi usvppi' N. .. (1980) 1. 5-1. 7 4 rn
11. E . In(;aA.s P/ Iti I' C. . I ase rs, Elect ron. L ett. 165 16.

3i. Olsen. G. If. , and Xarnerowskj, T. .1. ( 19180) C rystal G rowth and Properties of
Binarv. Tvrma ry and Quaternary (In, (a) (As. 11) Al lovs Grown by the
I lvdl i le \ apar Phasc Ep ita xv Tccho iqufe. in) P oges s in Crystal Growth and
(hra ctei izat ion, \ o ., II * P rgam mion Press I .t. L Iondon,* pp. :309-375-.

4. Anderson, TI. ( 1980) lnrluence of Reaction V ariables on the Electrical Prope rties
of' lonioepitaxiat InlP in the Hydride System, USA F Summer Faculty Researeh
Program, Research Reports Vol. I1. W. D). Peele and R. K. Kopka, Ed. ,
SCEEE Press.

5. Fairhurst, K. , Lee, 1). , Robertson, 1). S. , Parfitt. H. T. . and Wilgoss. W. H. E.
(1980) A Study of the Vapor Phase Epitaxy of Indiumn Phosphide. Proc. 1980
NATO Sponsored InP Workshop. J. K. Kennedy. Chairman. HADrT1WxwB_-7
(June 1980), Home Air- Development Center, Hanscom AFB. Massachusetts.

6. Nozaki. T. . and Saito, T. (1972) A new gas etching method for vapor growth
olGaAs, J1. AppI. Phys. (Japan) 11:110.

7. Hleyen. M. , and Balk, P. (198 1) Vapor phase etching of GaAs in a chlorine
system, J. Cryst. Growth 53:558.

8. Wolfe. C. IN. , Foyt, A.G. , and Lindley, W. T. (1968) Epitaxiat gallium arsenide
for high -efficiency Giunn oscillators, Electrochem. Tech. J:206.

9. llhat. H. . and Ghandhi, S. K. (1977) Vapor-phase etching and polishing of GaAs
using arsenic trichloride, .1. Electrochemn. Soc. 124:1447.

10. Chevrier, .1. , Hluber. A. M. , and Linh, N. T. (198 1) Effect of in situ etchings and
substrate misorientation on the morphology of VPE lnP layers, J. Cryst.
Growth .54:369.

1I1. Clarke, H. C. (1981) Indium phosphide vapor phase epitaxy: A review,
J. Cryst. Growth 54:88.

19



References

12. "ic tel n. .. 1 and Amick. .1. A. ( 1966) T he preparation and properties of vapor
deipfosiled cpila.\ial GaAs P- 1 usn arsine and phosphine. J1. Electrochem
Soc. 113:724.

13. van derlPauw, I... (1958) A method ot'measuring specific resistivity and
Ila[[ effect of discs of' arbitrarY shape, Philips Res. Repts. 1 3:1.

1 1. \lizuito. 0. (1975) kVapor growth of ml'. .J. AppI. Phivs. (Japan) 14:451.

15. Shiaw. 1). XV 1970) Epitaxial GaAs kinetic studies: (001) orientation,
.1 lectrochemi. Soc. 117:683.

6. Shaw *. ). (1968) Influence of' substrate tem perlature on G;aAs epitaxial
dieposition rates,.1I. Electrochenz. Soc. 115:405.

7i. Ugal. Y. A. , llitvitskava, I. .,and (iurza, I.. F. (1968) Dependence of indium
phosphide dissoc-iation pressure. Izv. Akad Nauk SSSR, Neorg. Mater
2: 1944.

18. Han, V.S. . and E-Ilenherg. NM. ( 1973) Mass spectrometric and ihermodynamic
studies or vapor -phase growth or* In Ga P3,.1. Phyvs. (Chem. Solids
:34: 1119. ,x

19 . Trotman-jDickenson. A. F. (1955) Gas Kinetics, Academic Press. New York,
p). 152.

20. Clark, D). T'. , Fok, 1., Roberts. G. G. . and Sykes, H. W. (1980) An investiga -
tion by electron spectroscov rt'r chemnical analysis of chemical treatments
of the ( 100) surfac" of' n-type lnP epitaxial layers for Langmuir film deposition,
Thin Solid Filmns 70:261.

21. Yamamnoto. A.., Shinoyama, S. , and Vemura, C. (198 1) Silicon contamination
of ml' synthesized under high phosphorus pressure. .1. Electrochem. Soc.
128:585.

22. Hyder. S. B. (198 1) Vapor phase epitaxial growth technology of InP-based
c'ompound semiconductor materials, J1. Cryst. Growth 54:109.

2:3. Olsen, (G. H. (198) The vapor phase growth of InP and InGaAsP. Proc. 1980
NATO Sponsored Workshop, J1. K. Kennedy, Chairman, RADC 7-MDT
(t1une, MUM0, Home Air D7evelopment Center, Hanscom AFB, Massachusetts.

24. Walukiewiez. W. , ILagowski,.......trzebski, L. . Hava. P. , Lichtensteiger, M. .
Gatos. U. H. , and Gatos, H. C. (1980) Electron mobility and free-carrier
absorption in InP: D~etermination of the compensation ratio. .1. Appl. Phys.
51:2659.

25. Zinkiewicz. L. M.., Roth, T. J. , Skromme. B. J. , and Stillman, G. E. (1980)
The vapor phase growth of InP and In Gai As by the hydride
(In-Ga-AsH 3 - PH 3-HCI- technique, in Gallium Arsenide and Related
Cornpounds. ff. W. Thim, Ed., The Institute of Physics (Bristol, 198 1),
vol 56, pp. 19-28.

20



I.




