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Growth of InP Based Films Using the
Hydride Growth Technique

Kenmneth A. Jones
Electrical Engineering Department

Colorado State University
Fort Collins, CO 80523

ABSTRACT
j.A h&dride érowth systeﬁ has been constructed that is capable of
w..gidyiﬁg'iﬁGaAsf films.or any ternary or binary combination. The system
was'designed to keep the background carrier density to a minimum as there
are a number of device applications for low carrier concentration films. /45
VThis was done by building a system that is leak tight down to(ZO ?-cm //)_—’jf 8
' ane‘eonstructing a forechamber from which the substrate can be magnetically
.‘:ioaded through a gate valve, Therefore, the growth zone is never opened
to the atmosphere duting a growth run.»73
- Tﬁagvfar only InP films have been grown, but we plan to soon grow
'InGaAs fi%ms. The first films that were grown contained many hillocks,

but their density was reduced in the later films by reducing the input

HC1l concentratiom. The HC1 concentration in the deposition zone was

" increased by introducing HCl downstream from the liquid indium. This

viwas dene to try Eo reduce the silicon contamination. However, we found
"that this greatly reduced the growth rate, and in some instances the
" eubstrate was actually etched. This also occurred when the input HCl
"was not forced to come into intimate contact with the liquid indium.
'.We; fherefore, concluded that there was too much HCl in the deposition
' zone which impeded the deposition process.f—

Theoretical teernodynamic calculations were made on the effects of

varying the deposition temperature, input HCl and PH, partial pressures,

3
and downstream HC1 ﬁertial pressure, as well as the dependence of the

-




"..s1licon aééivity on the HCl concentration and temperature. It was
found that the most effective way to increase the deposition zone HCl

concentration is to increase the input partial pressure since the HCl-In

.*

reééfiop %qi,992'eff1cient over a large range of temperatures and pres-
‘sures. Increasing the deposition zone HCl concentration by introducing
‘HCL downsttéam is not an effective method due to the fact that this
impedes the depogition process. Ihcreasing the PH3 concentration is not
as effeétivé sih;e it does not have as large an effect on the free
energy change of the deposition reaction as does the HCl concentra-
‘tion. It is also shown that the silicon activity can be substantially

reduced by increasing the deposition zone HCl concentration and lowering

- ———

the deposition temperature.
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I. GROWTH SYSTEM

A, Initial Design

The first step in this project was to design and build a hydride
growth system. Photographs of the system, which is a hybrid of the

(1) (2)

systems designed by Olsen and by Johnston and Strege, are shown
in Figure 1 and a schematic of the system is shown in Figure 2. The
toxic gases are contained in a vented enclosure, and the gases flow
from the tanks through two stage regulators and one quarter or one
eighth inch stainless steel tubing to rotameters where their calibrated
flow rate is controlled by a needle valve. Rotameters were used both
because they are much cheaper than mass flow controllers, and they do
not need to be recalibrated constantly. The shut off valves used are
Nupro bellows seal valves and the hydrogen gas used is purified using
a Matheson hydrogen purifier,

The growth chamber shown in Figure 3 contains five zones - the
forechamber, the predeposition, deposition, mixing, and source zones.
A forechamber is used so that the substrate can be injected into the
growth zone without fear of introducing outside contaminants. It is
connected to the growth zone by a gate valve. The specimen is placed
6ﬁ,;he,holdet, the forechamber is closed, the gate valve is closed, the
forechamber i§ evaculated, and.then it is backfilled with hydrogen.
After the furnace has reached the steady state profile, the specimen

is moved into the predeposition position where it is bathed in PH It

3.
is next placed in the growth position, and then it is retracted into
the forechamber after the deposition process has been completed where it

is allowed to cool.
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' The growth tube was designed for the growth of the quaternary,
InGaAsP, arid any ternary or binary combinations thereof. The cation
cdmpartmeﬁts are separated so there is no mixing in the vicinity of the

metal containing boats. The anion hydrides are injected downstream

'ihrough a clpsed ﬁube containing many small holes to facilitate the

mixing process. Additicnally, the system is designed so that HCl

" can be 1hjeeted downstream in addition to flowing over the metal melts.

The downstream HC1 cah be used to etch the substrate prior to deposition

‘as well as impede the deposition on the walls of the growth tube. The

boats are- designed so that the HCl comes in intimate contact with the
liquid metals to ‘insure that the metal chloride reaction is driven to
.eeQEIetion.

The gases in the cylinders in the vented enclosure shown in Figure
200 ppm H

2 are 10Z PH, in H,, 10% AsH, in H Se in HZ’ and 100% HC1l

3 27 7773 2’ 2
(used to clean the system). The liquid diethyl zinc (DEZ) through which

ﬁydrogen is bubeé& and the 5% HCl in H, used in the growth process are

2
contained in cylinders inside of the growth vented enclosure. The
exhaust gases are bubbled through silicone oil, burued, and then exhaus ted
to the roof

B. Design Changes

It has been found that it is difficult to completely retract the

specimen into the forechamber because material 1s deposited from the

vapor on to the push rod. Further, there is some concern about a small

* amount of ieakage through the ultratorr fitting when it 1is loosened in

order to move the push rod. Also, the pushrod might have impurities

such as water apor adso:bed onto the rod. Therefore, the forechamber

‘has been increased in size to make retraction of the push rod easier and

- m—— T e e e - —e e s
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-a magnetic loader has been built to eliminate the problem associated

with the ultraiorr fittiné. A schematic of this loader is shown in
Figure 4.

We also found that the exhaust tube would become clogged with

_ precipitates from the vapor. Therefore, a mercury manometer was attached

to the growth zone to monitor any pressure build ups, and the exhaust

tube was moved to the cooler end beyond the region where most of the

wall deposition occurred.

There 1s some concern that the purity‘of the HC1 gas is not as pure

(3-5)

as the PCl3 vapor used in the chloride process, In order to

eliminate this variable, we are in the process of constructing a PCl3
cracking furnace, which is shown in Figure 5. The Pcl3 is heated in
hydrogen to such a temperature and pressure that the PCl3 decomposes
into HCl1l and primarly P2 and P4 although some PH3 will be present.
The outlet gas is passed through an ice water cold trap to precipitate
out as much of the phosphorous containing compounds as possible.

The PCl3 can bypass the cracking furnace so that films can be
grown using the chloride method. Thus a useful comparison between the

(6-10)

hydride and chloride methods can be made.

The system will also be constructed with an AsH, bubbler so that

3
AsH3 can be used instead of PH3.

'C. Film Growth

Homoepitaxial InP films were grown in the following manner. The

furnace was turned on and allowed one hour to reach its steady state.

The indium boat was in a thermal plateau of 800°C and the growth posi-

tion for the substrate was at the end of a 650°C plateau. The gradient

.between these *wo counstant temperature regions was about 6°C per cm.

(See Figure 6).
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', _ Before the (001) insulating substrate oriented 3° toward the

[110] direction (Crystal Comm) was placed in the substrate holder, it

was polished in a manner similar to that described by Clawson et al.(ll)

This included a chemical-mechanical polish in a 1% bromine-methanol
solution and a thorough wash in deionized water. Immediately before
the substrate was mounted, it was soaked in concentrated KOH solution
to remove the surface oxide, and was then rinsed in a 1% Br-Me solution.
Thé'éﬁbstraCe was placed in the forechamber, the forechamber was
evacuai:ed, and then it was back filled with hydrogen. Next, the gate
~ valvé w#s opened and the substrate was inserted into the predeposition
. position which was at the same temperature as the growth position -
650°C. It was held there for ten minutes being bathed in a 10% PH3 in
Hé gas mnixture flowing at 50-75 ccm, and then it was placed in the
f growth position. The predeposition PH, was turned off and the substrate

3

. was inserted into the growth position. The flow rate for the 102 PH3
-~ S

“iti.fli -was 50-75 ccm, the flow rate for the 5% HCl in l-l2 was 100-150 ccm,

2
A . and there was an additional flow of Hz mixed in with the HC1l gas mixture

for a total flow rate of 500 ccm. These flow rates translate into the

z_ 1.5 x 10-'2 atm. and

HC1
o™ 10-2 - 1.5 x 10-2 atm., which are similar to those used by

(2)

.input partial pressures, P, _o = 10

S
; AL Py

'ziﬁkiewipz et al. The source and deposition temperatures are also

¢ l piﬁilar. The film was deposited for a period of 30 minutes and then

it was retracted to a position near the gate valve. It could not be

. retracted'éll the way into the forechamber because the substrate rod

lbecﬁms ‘coated with materials from the gas phase.

g . The primary focus was to examine how the imput HC1, HClo, and input,

PHB’ Pﬂg, flow rates affect the morphology. Our goal was to find the maximum

L N PO ey
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u01°/Pug ratio for which a smooth film could be grown. We want to

maximize this ratio because Zinkiewiez et alflz) found that this minimizes

the degree of compensation. Our preliminary results support this finding.
The photograph of the morphology shown in figure 7a is typical

of a film grown with an uc1® partial pressure of 1.5 x 10-2 atm. and

a Pﬂg partial pressure of 1.0 x 10-2 atm. There it is seen that there

are hillocks on top of the hillocks. The photograph in figure 1b is a
2

typical morphology when equal partial pressures of 1.5 x 10 ° atm.

were employed. The facets are more distinct and the surface is smoother,
but it is still unacceptably rough. The morphology in figure lc is for
equal partial pressures of 1.0 x 10.2 atm. The hillocks are still pre-
sent but their density is much reduced. These preliminary results
suggest that the morphology depends on the magnitudes of the two partial

(12,13)

pressures as well as their ratios. At these partial pressures the

total Hz flow rate no doubt also affects the morphology. We will examine
this effect in a later report,

A possible explanation of these observations is that hillocks
form by growth around indium droplets which form when the indium is not
given.suffic1ent time to diffuse to its equilibrium position.(4) Thus,
the morpﬁology of the film grown with the Hc1° and Pﬂg pressures of
.0l atm. is better than that grown with the HC1® and Pﬂg pressures of
.015 atm. because the rate of arrival of the indium atoms is less. This
allows the surface indium atoms more time to diffuse to their equilibrium

position before the next 'layer' of indium atoms arrive.

A possible explanation of the observation that there is less com-

- pensation in the films containing more hillocks is that more of the excess

indium is tied up in the electrically inactive droplets. This assumes,

of course, that some of the compensation is due to the excess indium.
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We also attempted to increase the deposition zone HC1l concentration

(15)  ye found that doing this greatly

by introducing HCl downstream.
impeded growth, and when the downstream HC1l concentration was too high,
etching of the substrate occurred. We observed similar behavior whea
the input HC1 was not brought into intimate contact with the liquid
indiqm in the source zone. Our conclusion, therefore, is that an in-
creased deposition zone HCl concentration, whether the HCl comes from

unreacted HCl in the source zone or HCl injected downstream, greatly

iﬁhibits the deposit i process.

I1. THEORET:fsi Si-i-iES
: While the: f..% asce was being built and tested, theoretical studies

of the grcsth processes were undertaken to better understand what the
important gromth paramters are. The studies continued after we had be-
gun to grow films in order to better understand our results. These
studies focused on the thermodynamic properties, and they include the
concentration of HCl and InCl in the source zone in equilibrium with
the liquid indium, the equilibrium concentration of PCl3 under normal
growth conditions, the effect of varying the deposition temperature, the
effect of varying the input HC1 and PH3 pressures, and the effect of
introducing HC1l downstream. The silicon activity in the growth zone was
also calculated as a function of the equilibrium HC1l concentration.

A. Equilibrium Pressures of HC1l and InCl in the Source Zone

In the source zone HCl reacts with the liquid indium according to the
equation

HC1 + In(1) + InCl + -;- H, w

The equilibrium constant for the reaction is given by

e T e e —— —— : AR RTIAOP TS ITECIt o o © T 1 ST sy P e
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1/2
“Praca Puz~ a6,
1n K; = 1n ( ) = o- == (2)

PHCI RT

The input HCl pressure is HClo, so that the equilibrium InCl pressure is

4 = ° -
r | Pinc1 = HCL = Py - 3

Because the total pressure is 1 atm.

E
Puz 1= Ppey = Praca ® 1T Pyero (4)
: Substituting (3) and (4) into (2) yields
' 1/2
P = Pyc1o 1 - Pygyo) ) s
HC1 172
exp (-AGI/RT) + (1 - PHCIO)
| AG1 c#h'be found from the equations
{
T 1 2 1
X o 86, = AGO-T; + AHI - aTlaT - 5 &b T° - 3 Ac/T - IT (6)
. where
AH, = AH - AaT_ - + ab T? + Ac/T ¢)]
1 o o 2 o o
- and
’ AH
- —L . Py 1 2
1 To Aaln'l‘o -3 AbTo 2 Ac/'ro (8)
! . '
b Using the thermodynamic values listed in Table 1,
. AGy = 4122 + 1.06 TInT + .5075 T x 107 + 1.19 x 10°/T - 20,795T

3 L4

(9

[Fs S 7
.
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Table 1. The standard enthalpies and entropies and the heat capacity
coe:ficients for the phosphorous and indium compounds involved

T

. ”.fraction of the input HCl(HClo) converted to InCl (FC) and the molar

" in the transport process (from Shaw(l6)).
) Specie ARP C°=a+b T + CT 2
(gzseous (kiéigs ge (e.u.)
unless -1 298 -5
designated) mol (e.u) a b x 10 cx 10
Pz 42.68 52.11 8.46 0.41 -0.84
P4 30.77 66.89 19.31 0.42 -3.04
Pu3 5.47 50.24 8.56 6.85 -1.68
N : PC13 -61.03 74,42 19.54 0.25 -2.15
InCl -16.7 59.3 8.93 - =2.09
| InCl, -90.0 82.3 18.00 1./0 -
f In(1) 0.8 15.53 7.10 - -
[ In 57.0 41,51 4.55 1.77 -0.16
] InP(s) -14.6 14.28 12.27 - -1.14
HCR ~22.06  44.64 6.18 1.34 .35
H, 0 31.21 6.58 .65 .12
- ct, 0 53.29 8.76 .26 -.65
i
; .
. In Table 2 the HCl, InCl, and H2 concentrations, as well as the
{

free energy change, GO, for the feaction (1) are tabulated as a function

of source temperature, Ts’ and input HCl pressure. It is clear from

e b . this table that >98.7% of the HCl is converted to InCl at all te: >era-
N N tures considered. Thus;‘from a thermodynamic point of view, as opposed
5 . .
;‘; . to a kinetic point of view, there is no need for the source temperature
7’! é to be high. This could be an important point because the silicon

b activity is greater at higher temperatures.(17)
P
» o

WP T w0 513 o=
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Table 2, The reaction temperature, T4, molar free energy change, GO,

: equilibrium HC1, InCl, and H, partial pressures, fraction of
input HC1 converted to InC1,”FC, for different imput HC1
pressures, HC1°.

1 60 HC1® - HCL INCL H2 FC

. o e egaiZS '
LH00E-02  L127E-04 .987E-03 .9990 L9873
. , JA78E-02  L226E-04  L176E-02 .9982 L9873
. , , J316E-02  .402E-04 L 312E-02 .9968 L¥873
L562E-02 .714E-04 .555E-02 L9944 L9873
LI00E-01 LI27E-03 L987E-02 L9900 L9873
. LA7BE-01  .224E-03  .176E-01 .9822 9874
LI16E-01  L396E-03  L312E-01 .94684 .987%
J562E-01  L694E-03 .555E-01 .9438 .7874
T ©OUI1D0E+Q0  L121E-02  98BE-0T 9600 0 .987%

i _ 750. -8989.

o ' L00E-02  Li1198-04 .98BE-03 L9990 ,yRE1

LA7BE-02  (211E-04  L176E-02 L7982 L9851
LIT6E-02  L375E-04.0 LI12E-02 9948 . 7881

L5626-02  L666E-04 .H56E-02 L9944 .9682
| . “LJ00E-017 L 1iBE-03  L9BBE-02 T .9900 L9882
\ LA7BE-D1 L209E-03  176E-01 L9822 .9882
. LIN4E-01 LITDE-03 L313E-01 .9684 .9883
; T LS62E-01  L649E-03  .S54E-O1 L9438 . 9885
i : LH00E+00  .113E-02 .969E-01 .5000 . 7867
; 809. -9559.

: JHOOE-02 L117E-G4 L RR9E-03 L9990
: JEPBE-D) L1SFE-04 L1 i6E-D2 .9982
CITBE-02 L3G3E-na U313E-02 .9948

\ J562E-07  L627E-04 LUSEE~02 L9944
}'-. L00E-01  L111E-0% [ 9R9E~02 L9990
q L78E-01  L197E-03  L175E-D1 .9822
| J3I16E-01 L IABE-03 L 313E-09 L9484
D . o J502E-01  L611E-GF  .uueE-01 .9438
bl SRS ; L00E400  L106E-02  .96%E-01 L9000
| BS0. -10124. )

’ L100E-02 .104E-04 ,989E-03 L9990 .9894

L178E-02 L1BBE-04 L178E-02 .9982 .9894

! LJISE~02  LIISE-0A L313E-02 L9948 0894

f . L5626-02 L594E-04  L556E-02 9944 .9394
— L00E-01  L10%E-03  .58ve-02 L9900 L9895

1 g T JA7BE~01  LIBTE-03  .174E-01 L9822 .9899

L " : CS16E-01  L336E-03 .3i3E-0I .9684 L9894
’ o .562E-01 .S?9E-03 .5S57E-01 L9438 L9897

e 3 o 1006400 L 1Q1E-0 99901 L9000 9§99

rCTE T,




Table 2 -~ Continued.
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P50,

-10683.

-11238.

SJO0E-C S
J178E-02
~314E-D2
«H502E-02
STU0E-01
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Jlec-vt
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L100E+00

LHooE-a?
o Be Sl
LAior=dg
LubZE-OT
A0t
JETRE-0
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Jaie-0d
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B. Equilibrium PCl3 Concentration

(16)

"In a2 number of computations such as those by Shaw, it 1is

assumed Fhat the primary constituents are Hz, InC1l, HCI1, P4, P2 and PHS'
'We'wéntgd to verify that the equilibrium PCl3
less than those of_the.other gases both because‘it could affect the calcu-

lations for the other gases and we will later want to make a comparison

between the hydride and chloride techniques.

For the reactions

3 X 1-x
PCly + 5 (M4y) H, + (1-y) 5 P, + (1-y)(5O) P, + yPH, + 3HCl  (10)

3
p.»1p (11)
2 24
X 1-x 3
PH3 > 5 P2 + (T) P4 + £l H2 (12)

one can calculate the free energy change, AG, and the equilibrium

constant, K, for these reactions using the thermochemical data com-

piled by Shaw(16) and listed in Table 1. First a value of PP
‘ 4
is assumed and is used to compute PP with the equation
‘ 2
1/2
P, =P " /K 1
P, P, 3 (13)
‘For the conseivation of phosphorous
Pocro —= P =% 4+ 4P + P 14
PC1§ PCl, ®, P, PH, (14a)
where PPClg is the input PCl3 partial pressure.
Assuming PPCl3 is negligible
P_ = - -
pu,” Ppc1® = 2Pp - 4Py (14b)

‘concentration is substantially




o

From the conservation of chlorine

Pac1 = 3®pcio - Ppc1) * Feca (15)
3 3 3
and the fact that the total pressure is | atm.
P, = 1-P, ~P -P - P . (16)
HZ P2 P4 HC1 PH3
Now' knowing that
———j}li———— 17
x = P, + 2P, an
2 4
the equilibrium constant
P x/2 P 1-x/4 p 3/2
P2 Ph H2
K, = 5 (18)
PH3

can be computed and compared with the value of K, determined from AGlZ.

4
A new guess is made for the value of Pp and the process is repeated

4
until the two computed values of K4 are the same. The value of y :.

Eq. (10) is given by

P
PH3

y= (19)
XP, + (1-x)P_ +P
P2 P4 PH3

and 1s used to calculate the thermodynamic parameters in the set of
equations, 6-8.
Finally,
(1-y)x/2, (1-y)(1-x)/4 y 3
e, *p, Fru, Fcl

PCl, K, P 3/2(1+y)
H,
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As can be seen in Table 3, the assumption that PPCI is negligible
3

boﬁpated to the partial pressures of th- other constituents, is a good

assumption so that these other partial pressures do not need to be further

modified. For Pp.o values of 1073 - 107! atm, and temperature values

3

‘'of 700-1000°C, the equilibrium PPCl partial pressures range from a

3
maximum of 6 x 10.8 atm, for PPC1° = .1l atmand T = 700°C to a minimum
3
13 = .001 atm and T = 1000°C. Note further that

of 4 x 100 for P

0
PCl3

PPCI for these temperature and pressure ranges is more sensitive to

the pressuté changes.

Table 3. The equilibrium PC13, HC1, PH3. P4, Pz, and H2 partial
pressures for PC13— H2 mixtures at different temperatures

and with different initial PCl, partial pressures, PCL30,

3
PCL3O T(°C) FCLI HCL FH3 Fa F2 H2
+100E-02
700, JB446E-14  L300E-02 .144E-03 .162E-03 .TA4E-GA 9966
§00. .763E-14 .300E-02 .117E-03 .920E-04 .258BE-0Q3 9963
. 900, .592e-14 ,30O0E-02 .719E-04 .276E-04 .409E-03 L9965
1000, .424E-14 .300E-02 .345E-04 ,A10E-05 .470E-03 L9945
«J18E-02
700, L414E-12 .949E-02 .229E-03 .4I9E-03 .18BE-03 .989%
B00. .386E-12 .949E-02 .172E-03 L4AS9E-03 .574E-03 9893
900, J323E-12  .949E-02 L(11BE-03 ,205E-03 .111E-02 .9891
1000, 241E-12 .949E-02 .753E-04 ,566E-04 .143E-02 .7890
+100E-01 ' R
700, L193E-10 .J00E-01 .3JO00E-03 ,225E-02 .352E-03 L9471
800. .185E-10 .300E-01 ,233E-03 .184E-02 .116E-02 F647
0. J166E-10 L300E-01 .172E-03 .114E-027 .243E-02 = .9447
1000,  .134E-10 L3J00E-0V .122E-03 ,4S1E-03 .404E-02 96354
+J16E-01
700, .PA1E-0F (94PE-O0!  L3I9E-03 LPA9E-02 LG43E-03 T T BY4E
800. .9V16E-0% .949E-01 ,283E-03 .673E-02 .220E-02 .895¢9
900. .844E-09 .94%E-01 .217E-03 ,508E-02 ,555E-02 .8943
1000, .741E-09 .949E-0% .170E-03 ,262€-02 .10TE-0( ~~.8921(
«100E+00

700, L418BE-07 .JOQE+00 .2B3E-03 .243E-01 .114E-02 8742
B00. .409E-07 .JOO0E+00 ,225E-03 ,229€-0V ,4078-G2 - L4728
900, .594€-07 .300E+00 .175E-03 .193E-01 ,109E-01 6694
1000, .560E-07 .300E+00 ,135E-03 .138E-0% ,223E-01 +8437




~in the growth zone, one must know the input partial pressures. These

~include the HCl and InCl pressures from the source zone, P 1 and

HC1
P. 1’ the downstream HCl pressure, P 29 and the PH3 pressure
-InCl : HC1
R4 o These species are illustrated in Figure 8.
PH
3

.. InCl+3 (1-3y)H, + (1-y) X/2 P, + (1-y) (1-x) /4 P, +yPH

23

C. Effect of Varying TD

In order to calculate the equilibrium constituent partial pressures

. .~ The deposition reaction is

-+ InP(s) +HCl

3
. (21)
where x is given by (17) and y is
Fru,
y= Py + XFp + (1-X) Py 22
3. 2 4

For every mole of InCl consumed, one mole of new HCl must be formed so

that
P = P - (P - P -P ) = R-P 23)
InCl InCll HC1l HCl1 Hle HC1
PPH can be found from (12) where
3
pX/2 L(1-x)/4 ;32
P2 P4 H2 AG12
nk)p = 1n P T TRr (24)
PH
3
The total pressure is 1 atm. so
P =]1-P - P - P - P - P
H2 InCl PH3 P2 P4 HCl1
=1-P - 2P - 2P ~P + P + 3P + P
wmaal  mal ma? e 2 TP HG

= § + HC1 (25)
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‘concentrations in equilibrium with InP are computed as a function of the

25

From (21)

p(1-39)/2 ,(1-y)x/2 ,(1~y) (1-x) /4 ¥

=P /(P
21 HC1 *" InCl Hz P2 P4 PH3

K

(1-3y)/2 _(1-y)x/2 (1~y) (1-x) /4 _y
) PP P PPH }

2 P, 3

J{(R-P_ ..) (S+P

" Pac1 HC1 HC1

= exp (-AGZI/RT) . (26)

After a value of PP has been assumed, PP is determined from (13},
4 2
PPH i1s found from (24), PHCl is computed from (26) by realizing that
3

P
He1® PHz is calculated using (25), and PInCl is found from (23).

PPH can also be computed from the phosphorous balance. For every
3

mole of InP formed one mole of new HCl1l is formed and one mole of PH3

is consumed. Thus,

P.. =P _-2P. -4P. - (P... -P -P ). 27
° P, 2, HCL  “pe1l  wer?

The two values of PPH are compared, and than a8 new value of PP
3 4
is assumed. This process continues until the two values are equal.

In Tables 4 and Figure 9, the InCl, HC1, PH3, Pé’ PZ and H2

deposition temperature, TD’ for a source temperature, Ts, of 850°C,
an initial source HCl pressure (HCLO) of 10"2 atm,, an initial PH3

(fHBO) concentration of 10-2 atm., and downstream initial HCl pressures
(HCL2) of 0 and 10-4 atm. There it is seen that the InCl concentration
increases, or, convefsely, the amount of InP being deposited decreases,
as TD increases until a temperature is reached where no InP is de-~
posited. For HCl2 = 0 this temperature is 822°C and for HC12 = 10°4

atm. it 18 766°C, As the HC12 concentration increases, the maximum
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Table 4.

26

The equilibrium InCl, HC1l, PH4, P

P and H2 partial pressures

calculated for different deposition tegperatures,

= 850°C,

afa.

5
850.

)
650.
654,
658.

642,

466,
670,
674,
478,
682,
o846,
690.
494,
698.
702.
706,
710.
714,
718,
722.
726,
730.
734,
738.
742,
746.
7230,
754,
758.
7e2.
766,
770.
774,
778.
782.
786.
79%.
794.
798,
802.

‘804,

a‘ol
814,

BB
822,

HCLO
+100E-01
INCL
.POSE-02
910E-02
«915E~02
LR19E-02
.923E-02
L927E~02
931E-02
.935E~02
.93BE-02
IAE-Q2
.945E~02
CP47E-02
+950E-02
«953E-02
955E-02
L957€E-02
L999E-02
P82E-02
.963E-02
,9458-02
P7E-Q2
L969E-02
L970E-02
972802
L973E-02
L974E-02
L976E-02
L877E-02
YBE-00
.979E-02
.980E-02
.981E-02
.782E-02
.983E-02
«983E-02
.984E-02
.985E-02
.986E-02
«986E-02
.987E-02
.988E-02
«988E-02

.789E-02

TTU989E-02

HC1® = ,01 atm., and HC1

INCLY
.989€-02
HCL
<952E-03
L9026-03
+854E-03
LBOE-03
L766E-03
.725E-03
.687E-03
«651E-03
LA17E-03
.585E-03
.a93E-03
«G28E-03
.499E-03
JAZAE-03
.449€-03
L427E-03
<405E-03
.3BYE-03

«365E-03

«347E-03
L330E-02
+314E-03
L298E-¢4
.2838-93
L270E-03
.2-‘Jt TR}

L244E-03

.232e-03
221E-03
L2T1E-v3
J201E-03
J191E-03
JA82E-03
JA74E-03
+146E~03
198E~03
LA51E-03
+144E-03
A37€-03
JAJE-03
. 125E-03
JA19E-03
JA1AE-0
109E-03

HELY

HCL2

L103E-03 0.

PHI
.347E-03
. 344E€-03
«341E-03
.33BE-03
. 336E-03
L333E-03
«3I0E-v3
.326E-03
«323E-03
. 320E-01
<318E-02
LS15E-03
«312E-03
<309E-04
.307E-03
L305E-03
«J00E-03
L298E-03
.295E-03
L2viE-0T
L29DE-03
C2BVE G4
.285E-03
L2828 03

.234E-03
.234E-03
(232€-03

(a)

P4
.212E-02
213E-02
«214E-02
L 214E-02
«215E-02
«215€-02
«215E-02
216€-02
«216E-02
2146E-02
J216E-02
L216E-02
J218E-02
L215€E-02
. 215E-02
<215E-02
214E-02
.214E-02
.213E-02
«2128-02
L211E-02

<208E-02
.207E-02
<406E-02
.205E-02
L204€-02
.202€-902
<201E-02
A99E-02
.198€-02
+196E-02
L194E-02
.192E-02
.190E-02
.188E-Q2
.186E-02
. 184E-02
. 182E-02
«180E-02
J127E-02
L175€E-02
+172E-02

FH30
< GUE~01
P2
<1562E-03
J172E-03
1B4E-vs
196E-03
.208E-03
L222E-03
«236E-03
.250E-03
.266E-03
.282E-03
.299E-03
J317E-03
.335E-03
.354E-03
.375E-03
.394E-03
.418E-03
LAME-03
<4465E-03
.490E-03
<3146E-03
.543E-03
371E-03
L600E-03
S31E-0]
.662E-03
L69DE-03
729E-01
764E-03
.B800E-03
.837E-03
.876E-03
.915E-03
.954E-03
«F9PE-03
«104E-02
109E-~02
. 113E-02
.118E~02
+123E-02
«128E-02
<133E-02
.138€-02
J143E-02

T

when

= a.) 0, and b.) 10~%

P/IN

1.0107

H2
.9874
9874
.9873%
.9873
.9873
.9873
.98/3
L7873
.9873
L9872
L9872
L9872
L¥872
.9872
.9872
L9872
987
7871
.98
96871
L9871
L3870
L9870
1RT)
.987¢0
7870
.9870
RO
7869
9849
. 7849
9849
98469
.7848
7848
9868
9848
9848
.9847
9847
9847
9847
. 9844
9864
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TY§T THCLO INCLI

© 890, J100E-01 . 987E-02

T INCL HCL

650, T LY14AE-02  LVE4E-03

654, .919E-02 .913E-03
658, .924E-02 .BSAE-03
882, L928E-07 . BIGE-03
666, .9326-02 '.775E-03

6704 - J9I7E-02 .7346-03
TE7HTTUVA0E-02 TB9SE-03

678. .944E-02 .639E-03
682. .948E-02 .42%E-03

© T GBET T YSIE-02 TU593E-03

690- -954E-°2 35625-03

6%, ,957E-02 .533E-03
. §98.7I959E-02 . 505E-03

702,  .942E-02 . .479E-03

706, .964E-02 455€-03
C7V0.T U967E-02 ,432E-03

714, (969E-02 ,AV0E-03

"7Y8. .971E-02 .3B9E-03

722, .973E-02 .370E-03
726, % 9E-02  .352E-03

730, L9, 7E-02  L324E-03

7340 CL.978E-02 - L 318E-03
738. .980€-02. ,302E-03
742, .9B1E-0: .287E-03
746 0983E-02 L273E-03

750, .9B4E-02 ,260E-03

754, .9856-02 .247E-03
7587 986E+02— 235E-03
762. 9BBE-02 ,224E-03

. 786, .989E=02 .213E-03

o umihon

HCLY
105E-03
PH3
.34BE-03
.J45E-03
. J42E-03
.339E-03
334E-03
.3I3E-03
.330E-03
. 328E-03
«J24E-03
.321E-03
319E-03
315E-03
312E-03
310E~03
J307E-03
LJ05E-03
,301E-03
298E-03
L294E-03
293E-04
L291E-03
.288E-03
. 2B5E-03
L282E-03
.280€-03
L277E-03
«273E-03
.272E-03
«270E-03
. 267E-03

(b)

HCL2
.100E-03
P4
Z14E-02
.215E-02
.216E-02
.216E-02
.217E-02
L217E-02
21BE-02
.218E-02
.21BE-02
.218E-02
.218E-02
.218E-02
.218€-02
.218E-02

L217E-02

L217E-02°

L26E-02
J214E-02
LMSE-02
J214E-02
L4AE-02
L213E-02
L212E-02
L2V1E-02
.210€-02
.208E-02
.207E-02
.206E-02
.204E-02
«203E-02

" PH3O
«100E-01
p2
«142E-03
L173E-03
.185E-03
197E-03
.210E-03
.223E-03
.237E-03
«2352E-03
.267E-03
.283E-03
«JO0E-~03
.3iBE-03
+337E~03
+354E-03
.377€-03
.398E-03
+420E-93
.443E-03
.347E-02
L493E-03
LalfE-03
.948E-03
.974E-03
604E-03
+634E-03
.6665'03
+H99E-03

TL733E-03

«768E-03
.804E-03

P/IN
1.9107
H2
.9872
.7872
987
.9872
.9872
.9872
.9872
L9871
L9871
.9871
L9871
.7871
.9871
.9871
.9870
.7870
.987¢
.5870
.9870
.9870
L9870
.98569
5869
9869
. 9889
£7869
.9869
.9848
.9848
.5848

!
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deposition temperature decreases due to the fact that HCl is generated
by the InP depo;ition process (Eq. (21)). Clearly, i1f the HCl2 concentra-
tion is too high agAa given deposition temperature, the InP will eva-
porate instead of deposit.

The oéhet trends with increasing depositioq_temperatute are PHCl
decreases, PP; increases, and PP4 H3 do not change much.

PHcl decreases due to the fact that there is less InP deposition.

Because there is less InP deposited, there is more phosphorous in the

and PP

vapor phase, and most of the extra phosphorous is taken up by P2 since

P4 and PH3

is increased.

have a greater tendency to dissociate as the temperature

The fraction of the indium that is deposited under equilibrium

conditions, f is determined rather than the equilibrium growth rate

In’
because more insight into the thermodynamics can be obtained. For
example, the growth rate does not distinguish between changes produced
by altering the flow rates and those produced by altering the free
energy. Also, the deposition rgte can be obtained from fIn by
multiplying it by the number of atoms per unit volume in the gas phase,

the input HCl1l input pressure and f}ow rate, and the fraction (v.99) of

the HCl° converted to InCl in the source zomne, InC11, and dividing

- the product by the number of atoms.of indium per unit volume in InP.

The -equation for £, 1s simply
P - P
InCl1 InCl 28)
In P 1
InCl
where PIncl is the equilibrium InCl partial pressure in the deposition
zone. The values of P and P are those which were computed
InCl Inc11
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for the standard conditions which are: T8 = 850°C, TD = 700°C,

P o ™ .01 atm., P o ™ .01 atm., and P 2 is either O or 10-4 atm.
HC1 PH HC1
Increasing the deposition temperar : also causes fIn to decrease

because it drives the deposition reaction to the left. It is shown in
Figure 10 and Table 5 that at 650°C £ = .0856 and it decreases to

0 ét T = 825°C when no HCl2 is present, but these values are reduced
when P, = 107 atm. At 650°C f
1 h HC1

, which it is zero is 768°C.

In = .0766 and the temperature for

N ' D. The Effect of Varying HC1®

i ‘Tﬁe equations used in this section are the same as those used in

the previous section. The only difference is that P o 18 varied
HCl

instead of TD. In Figure 11 and Tables 6a and b the input HCl pressure

is varied from .00l to .1, and again the equilibrium InCl, HC1, PH3, P4’

= e - °
> P2 and HZ pressures are determined for 'l‘s 850°c., TD 700°C,
P 0o~ .01 atm., and P 2 = 0 or 10_4 atm,
. PH HC1
‘ The plot and Table 6a show that P and P increase almost

InCl HCl

linearly whereas the pressures of the phosphorus containing compounds

) decrease slightly. PInCl increases almost linearly since the source
reaction is v99% efficient over a wide range of temperatures and pres-
_csures. For the same reason P, ., increases almost linearly. There is

. a small additional increase in PHCl due to the fact that a greater

percent of the indium is deposited as InP. That a bit more InP is

. deposited also accounts for the slight decreases in the pressures of

the phosphorous containing compounds.

S -

: In Table 6b it is seen that adding HCl1l downstream increases Pnc1

S -only slightly, This is due to the fact that the added HCl drives the

deposition reaction (21) to the left. The effect of the HCl is so great

o
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Table 5. The equilibrium InCl partial pressure in the source (INCL1) and
deposition (INCL) zones and the fraction of indium deposited,
fIq’ for different deposition temperatures, TD’ when the
downstream HCl concentrations are O and 10-4 atm,
18 PH30 HCL2 HCLO HCL2
. 850, 0. 0.0000 .01 .0001
1§ INCLY INCL fin INCL fin
450, .9893E-02 .9048E-02  .0836 L9136E-02 ,0766
454, .9895E-02 .9098E-02  .0805 L91876-02 .0715
458, L9B9SE-02 .9148E-02 .0754 CJF256E-02 Q4646
662. ,9893E-02 .9191E-02 .07 LF282E-02 L0620
b64. .9B9SE~02 .9234E-02  ,0467 L93258-02 L0976
670. .9895E-02 .9275E-02  .0427 .9166E-02  ,05935
674, ,9895E-02 .9313E-02  .0588 LTHUdE-D2 L0496
678. .9895E-02 .9349E-02 .0552 L9441E-02 L4599
682, .9895E-02 .9383E-02 0517 LINTSE-02 0424
484, .98B93E-02 .9415E-02 . 0485 L7907E-02 L0391
: : 690, .9895E-02 .9445E£-02 0454 .Y338E-02 L0349
i ) 494. ,9895E-02 .9474E-02 L0425 L9947E-02 L0331
: 698. .9895E-02 .9501E-02 .0378 LPUPLE-02 L0303
702, .9895€-02 .9526E-02 037y LI9621E-02 L0277
708, J9895E-02 L9551E-02 .0343 L7535E-02 0252
710, .9B93E-02 .9573E-02 0325 .9333k-02 L0229
714, ,9B95E-02 .9595E-02 L0303 L9690E-02 L0207
718. .9B9SE-02 .9615E-02  .0282 L9711E-02 L0186
: 722, .9B95E-02 .9435k-02 L0243 .7730E-02 D166
¥ . - 726, .9895E-02 .9453E-02 L0244 L9748E-02 .0148
730. ,9895£-02 .94670E-02 0227 L9286F~02 L0130
. Lo 734, L9895E-02 .96486E-02 L0210 L9782E-02 0113
: : 738. .9895E-02 .9702E-02 L0195 .9778E~02 .00v7
742. .9895E-02 .9717E-02 .0180 9813E-02 L0083
7446, .9895E-02 ,9730€-02 0144 .9827E~02 L0068
750.  ,9895E-02 .9743E-02 L0153 .9830€-02 L0055
754, .9895E-02 .97354E-02 0140 .96853E-02 L0042
758, .9895E-02 .9748E-0Q2 .0128 98458-02 0030
762. J9H95E-02 .9779E-02 0117 9876E-02 Q019
766. .9895E-02 ,97B9E-02  .0106 .9687E-02  .0008
770. L9895E-02 ,9799E-02  .0094
- 774, .9B95E-02 ,9809E-02  .0087
! s 778. .9895E-02 .9818E-02  .0078 !
ko : 782. .9895E-02 ,9826E-02  ,0049
: 786, .9B95E-02 .9834E-02 00481
. 790. .9895E-02 ,9842E-02  .0Q53
: . 794, .9895E-02 .9B849E-02  .0044
» - 798. .9895E-02 .9856E-02 .003¢9

802. .98935E-02 .9843E-02  .0032

A 806. .9895E-02 .9849E-02 .002¢
810. .9895E-02 .9873E-02 .0020

: o ' 814. .9895€-02 .9881E-02 .00i14

e - 818. ,9895E-02 ,9884E-02 .00¢8
' 822. .98956-02 .9891E-02 .0
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L A e s I e e T

- E - o e -+ —_



- - >
B 5N TN 1 ST T ’
x> 4
33 ;
. - ~
3
]
-} S
IO - ! ' ! n
- -
- -~
L.
-
- -
-~ =
-
ot
-
et
-y
—2 ]
| I0 ¢ .
p e
b —
P -
- -
. - -
:
\
-
-
! . e s 200000 CR0EEEIINPOAB0estrerIRTIsseee®ssianen oy e
| esssssssssas P .""0"-...‘.
.
——
s, 3 . 3
.
P-'! O F ’”,a' 3
o - R
< - .
of e
- - - P2 :
ol . . —— — gl ¢ mm— o ——  r————— 4 et ¢ G @ Gmm— ¢ —a——— ¢ e -
—r — — ¢ p— e e e sy SA—— Sr—— S—— — S— e
- P

T
\

-
-
- P :
- // :
= -
- -
r -t
-

|
1

] 1 L ORI T A I i { 1 L 1.1 141(5-‘
-2
10> | 10

Puceo ATM.

Fig. 11. The InCl, HCl, PH,, P4, and Pz equilibrium partialtp:::z:re;Clo
& ] plotted as a function of the sougce input HC1 co:c§215 te .
when Tg = 850°C, Tp = 700°C, PH3 = .01 atm., an




-

” W"‘i PO

R

Table 6. The equilibrium InCl, HCl, PH.,
sures calculated for differeng %)
HC1°, when Tg = 850°C,

tions,

and HC1Z
18 1)

850. 0.
HCLO iNCL
A00E+vu L 959E-01
(912E-01  .875E-01
(B32E-01  .797E-01
J7SYE-01  L727E-01
L692E-01 L 062E-01
L31E-01 L 6Q4E-01
L575E-01  L5S0E-01
.S25E-01  .502E-01
JA79E-01  L457€-01
JA37E-01 La17E-01
.398E-01 ,3IB0E-01
J3B3E-01  L346E-01
J3ZTE-01 L 31BE-01
L302E-01 . 286E-01
L275E-01  .263E-01
L251E-61 L 239E-01
L225E-01 L 218E-01
J209E-0i L 199E-01
LiviE-D1 L 1826-01
JA7AE-01 L 144E-01
LI5BE-01 L 151E-0t
.145€-01 . {38E-0t
LI32E-01 L126E-01
LA20E-01 HTEE-w
CI10E-0 Linde -yl
J100E-01 L 9S2E-02
L912E-07  LB868E-02
L832E-07  L791E~02
JP99E-0 L 22802
L692E-0.  .aSBE-02
LO3IE-0" L 800E-0s
".S?SE-02  .S47E-02
J525E-07 . 4yPE-02
JA79E-07  L455E-02
LA37E-07  L415E-02
JI98E-0:  L379E-92
J363E-07 L 345E-02
VIE-92  L31SE-02
.302E-02 .287E-02
275€-02  .262€-02
J251E-02  .2I9E-02
J229E-02 L 21BE-02
L209E-02 L 199E-02
A91E=02  L181E-02
A74E-02  L165E-02
.158E-02 .151E-02
CAASE-02  L137E-02
J1326-02  L12%E-02
J120E-02  L114E-02
L104E-02

«H10E-02

KCL2

0.

HCL
L407E-00
L372E-02
«345€~02
L319€-02
.295E-02
-i:‘3£“02

L214E-02
LA978-92
LABIE-02
JAE6E-02
LA52E-02
TA40E-(2
L128E-02
JHBE-02
LAOBE-CG2
LEEEE-03
LEOIE-03
Blot-03
SHAE-01
LoF1E-G3
LEI2E-03
AR T
LulBe-vo
483E-03
A41E-03
+403E-03
.348E-03
L336E-02
L302E-03
.2B80E-03
.2968-03
. 234E-9Q3
213E-03
1955 -03
P800
«1862E-03
LH48E-(2
S135k-C3
JA23E-03
JAI2E-03
JdyZe-ud
LP35E-04
+853E-04
778E-04
L710E-04
JOARE-04
J991E-02
.93%E-04

Py
u

rad
Sdune-utl
FH3
codBE-v3
24z -03
L204E-03
L200e-03
L209E-03
L26%E-03
L273E-03
J278E-03
.280E-03
«284E-03
.2B8E-0T
28 -0d
L2Y2E-03
J2Y4E-03
2P8E-03
.2%8e-03
JINOE-GT
LI0VE-QD
B SURY R
L3040 -03
R EINT
L3G8E-03
CAOEE-3
LYk -
. 311e-03
LIIE-03
L312E-03
LI12€-03
L3R03
L313E-03
S314E-03
JI14E-03
L314E-03
L314E-03
CJISE-D3
CGE-03
.315E-03
315E-03
LI17E-03
317803
D 4 SRR
L314E-03
S3isb-U3
+317E-03
+J1BE-03
.31BE-03
J318e-03
31bE-03
L31TE-03

, P2 and H
rce input HC1l concentra-

Tp = 700°C, PHY = .01 atm.
= a.) 0 and b.) 104 atm.

ra
Ltu3E-02
.148E-02
LA5IE-02
L15FE-02
.163E-02
148BE-02
72808
176E-02
.180E~02
.184E-02
L187E-02
JA90E-02
LA93E-02
L195E-02
.198E-02
L200€-02
L202€-02
Y R
LOOEE- Q2
L2002
LusE-(2
L2HQE O
IE-QL
L2TE-0L
L213c-02
L214E-02
L21LE-Qs
L216E-02
L217E-02
ie-vy
Lolae-vd

.219E-02

18-02

¢« e
) ra ro ) L
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E-02

mm
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«223E-02
«223E-02
J223E02
. 223E-02
+223€-02
«223E-02

partial pres-

.290E-03
.286E-03
L291E-03
296E-03
.300E-03
.304E-03
.308E-03
L312E-03
.315E-03
.3186-03
L321E-03
dede-03

«326€E-03 -

.328E-03
.330E-03
«332E-03
.334E-03
JIITE-03
LA37E-03
L338k-02
L339E-03
JI40E-D3
JIH1E-03
VielE-03
L344E-03
L 344E-03
JAUE-03
.J46E-03
L348E-03
3400
.347€-03
.348E-03
J48E-03
.I4BE-03
LI49E-03
J3A9E-03
+IJ49E-01
.349E-03
«JARE-~03
L 350€~413
» $20£-03
«330L-03
+330E-03
«3S0E-04
«330E-03

TLISTE-03

-351[‘03
«301E-03
«301E-03
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HCLO
.100E+00
TYI2EST
.B32E-01
.759E-01
L6Y2E-D
L63E-01
.575E~01

UB2SESOT
LAF9E-01
LA37E-01
.39BE-01
.363E-01

T LU33E-0

JJO02E-GT
L279E~01
J2S1E-D
. 229E-01
209E~01
JA9E-O1
JO74E-01
.158E-01
.145E-01
“WJ3ZE-0
120E-01}
L« 110E-01
JTO0E-01
JOI12E-02
.B832E-02
L759E-02"
LO92E-02
B31E-02
WS75E-02
L925E-02
LA7FE-02
W4378-02°
.398E-02
«363E-02
L331E-02
.302E-02
275€-02
S291E-02
W 229E-02

Do AN g R e
B B

T
700,
{NCL
.F6tE~01

CL876E-01

.798E-01
.728E-01
<B43E-01
«605E-01
+951E-01

TWI03E-0T

+A4538E-01
+418BE-01

WIBIE-G

.347E-01
J317E-0)
.2B9E-01
.264E-01
.240E-01
219801
+200E-01
182E-01

T 166E-01

L152E-01
13%e-01

L 128E-01

«110E-01
105E-01
L961E-02
.B77E-02
.B01E-02
.731E-02
«b66BE-02

«610E~02 .,
JIS7E-02

LI09E-02
.465€-02
.425E-02
.388E-02
.3535E-02
«324E-02
J297E-02
L271E-02
+248E-02
227E-02

HEL2
.100E-03

hEL
.402€-02
L373E-0%
«340k-02
L321E-92
J297E-02
.274E-902
«253E-02

W233E-42

«2158-02
L177E-02
.182E-02
L187E-02
.105e-02
JA41E-¢2
J29E-02
L118E-02
L10BE-02
L993E-03
P10E-03
.833E-03
FH2E-03
4PBE-03
.63BE-03
»9B4E-03
«534E~03
.489E-03
+447E~03
+409E~03

. 374E-03

+34ZE~03

«J12E~03

VIBEES03
L261E~03
.239E-03
219E~03
.200E~03
J183E-03
J147E-03
JA53E-03
140E~03
.128E-03
L118E-03

FHID
L100E-01
FH3
.244E-03
L290E-03
258E-03
L260E-04
L245E-03
270E-93
L274E-013
L2T3E-03
LIBIE-us
LiB4E-Q3
L2675 E~03
«290€-03
L293E-03
L294E-03
IR 24 TTURS
29603
L301E-03
L302E-03
L303E-03
A0SE-03
LJANGE- DD
307E-03
«308E-03
.309E-03
J310E-03
J3UIE-03
.312e-03
C313E-03

312843

L314E-03
+314E-03
.315E-03

. 315€-01

. J13E-03
«J16E-03
2 316E-03
«314E-03
317E-03
2317E-03
LI17E-03
S317E-23
. 317E-03

(b)

P4
. 144E-02
A00E-072
SANTE-02
JTatE-az
JHEOE-02
i uE-D2
L1748-02
LA70E 02
A€ e 02
Jtuin -92
LA89E-02
A92E-02
LA95E-02
LA97E-0Z
L200E-02
L0028 -02
L204E-02
L206E-02
L208E-02
L2902
AHTE-02
L212E-02
LA3E-02
L219E-02
.216E-92
JFE-GT
L2ITE-02
.2i82-02
J2IFE-02
WJ:VE-D2
.220E-02
L221E-02
L221E-02
J222E-02
.222E-02
«223E-02
«223E-02
223E-02
L224E-02
.224E-02
.224E-02
L 224E-02

P2
.282E-03
.28BE-D3
L293E-93
.298€-03
3028-03
LJ06E-03
J10E-0s
L3RE-0l
31 k03
L320E-93
. 323E-03
.325E-03
L338E-03
.330E-03
332E~03
LaddE-03
.333E-03
.337€-03
.338E-03
.3J40E-03
3418012
. J42E-03
«343E-03
.J44E-93
. 345E-03
L345E-03
.J46E-03
J397E~D3
JINFE~DT
.34BE~03
34BE-03
.349E-03
.349E-03
.350E-03
.350E-03
+350E-03
+351E-03
.331E-03
+351E-03
L3S1E-03
.391E-03
.332E-03

H2
8979
-9061’
L9144
921y
92895
L9345
.7400
9450
L7498
L9518
L9576
9611
9642
L9671
Jord
L9721
.7743
9743
.9781
.9798
L9813
9327
.983¢9
. 98351
.98641
721
.787¢9
.9887
L9895
L9901
L7907
L9913
9918
L9922
9924
L9730
9934
L9937
9540
<9942
L7945
9947
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that for every HCl molecule added downstream, almost one less InP

'molécuié' is deposited and therefore one less HCl molecule is created.
The effect of the downstream HCl is so strong that small amounts

of it can cﬁﬁpletely stop the deposition. In Table 5b it is seen that

this condition is reached when P = 2.3 x 1077 atm. if P 2"
HC1l HC1

‘10_4 atm,

In Figure 12 and Table 7 one sees that fIn changes very little as

the input HCl pressure is varied from .00l to .1 atm and P 0. This

Hc12 -
can be explained by the fact that the deposition input HC1, HCll, and InC1l

concentrations increase at about the same rate since “99% of the HC1® {s

converted into InCl for all values of P The increased InCl con-

ncie’

centration in the deposition zone drives the deposition reaction to the
right whereas the increased HCl concentration drives the reaction to the
left. These effects essentially cancel each other. This is not

the case for small P values when = 10-4 atm. because now the

Hc1o Plic12

2
HCl from both sources - HCl1 and HC1” - have comparable values when

PHCl° uerl ?HCll for smaller PHCIO values, As

a result the effects of the HCl2 dominate at the smaller HC1° pressures and

= ,01 atm., and P

drive fIn to zero for < 2.4 x 1.0-3 atm,

Pacro
E. The Effects of Varying Pag

The effects of varying the input PH3 pressure are illustrated in
Figures 13 and 14 and in Tables 8 and 9. In Figure 13 the constituent
partial pressures are plotted as a function of Pﬂg and there it 1s
‘seen that PIncl dips ever so slightly, Puc1 increases slowly, and the
partial pressures of the phosphorous containing compounds increase with
the increase in PP being the most rapid. Plncl dips slightly due to

4
the fact that more InP is deposited as Pﬂg increases. For the same
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Table 7.

The equilibrium InCl partial pressures in the source (INCL1l) and
deposition (INCL) zones and .the fraction of indium deposited,
A 3 for different input HCl partial pressures, RHCLO, when the

In’
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downstream HCl concentrations are 0 and 10-4 atm.

TS
850.
HCLO

100E+00
912E-01
832E-01
J759E-01

<. 692E-0Q1

L631E-01
+975€E-01
«525E-01
.477E-01
.437E~01
.398E-01

-2 363E-01

+J31E-01
«302E-01
. 275E-01
«251E-01
.229E-01
<209E-01
J91E-01
174E-01
.1 3E-01
.123E-01
L132E-01
L120E-01
«110E-01
.100E-01
<R12E-02
«832E-902
JF99E-02
.692E-02
«b631E-02
«973E-02
«925E-02
«479E-02
+437E-02

.39BE-02

«363E-02
«331E-02
.302E-02
«275E-02
L251E-02
.229E-02
+209E~02
JA91E-02
A74E-02
.158E-02
.145€-02
132802
«120E-02
J10E-02

Th
700.
INCUI

.7899E-01
.9028E-01
.8233E-01
.7508E-01
.4B48E-01
+6245E-01
.5695E-01
+I194E-01
<4737E-01
«4320E-01
<J940E-01
«3593E-01
.3277E-01
.298BE-01
<2725€-01
.24B6E-01
L2267E-01
L2067E-01
.1885E-01
1720E-01
.13468E-01
.1430E-01
. 1304E-01
L1190E-01
.1083€-01
.9895E~02
.7024E-02
.8230E-02
7306E-02
.6845E-02
+6243E-02
.9694E-02
«I193E-02
A738E-02
+A319€-02
.3939E-02
«39728-02
«3276E-02
.2988E-~02
«2725E-02
+2485E-02
+2267E-02
«2087E-02
.1885E-02
JA719E-02
+1568E-02
+1430E-02
«1304E-02
A190E-02
+1085€-02

HCL2
0.0000
INCL
.95756-01
.8727E-014
.795SE-01
L7251E-01
L4810E-01
L6026E-01
LS494E-01
.5008E-01
L4566E-01
L4163E-01
L3796E-01
L3461E-01
L31S6E-01
L2877E-01
L2524E-01
L23926-01
.2182E-01
L1989E-01
L1814E-01
L1654E-01
L1508E-Q1
L1376E-01
L1294E-01
L1 144E-01
L1043E-01
L9S14E-02
LB676E-02
L7912E-02
L72168E-02
.5580E-02
L6001E-02
L5473E-02
LA991E-02
.4352€-02
LA1S51E-02
L3784E-02
.3453E~02
L3149€-02
L2872€-02
L2619E-02
.2388E-02
L2178E-02
L1987€-02
J1812E-02
<1652E-02
1507€-02
.1374E-02
L1253€-02
114302
+1042€-02

PR30

.01
fIn
.0328
.0333
.0338
0343
03427
0391
0354
L0357
L0360
L0363
L0365
L0348
L0320
-0\51.1
L0373
0320
L0376
0374
0357
.v3g0
L0381
SYEH2
.0383
L0384
L0384
L0385
.0385
0388
0288
0387
0387
.0338
.0388
.0388
.0389
.0389
.038Y%
.0389
.0389
.0389
0390
0390
.0390
.0390
.0390
Q390
0390
0390
0391
0391

HCL2

L0001

INCL
.99BIE-01
L8735E-01
S963E-01
LJ260E-01
L6619E-01
L6033E-01
.9902E-01
«3017E-01
-4375E-01
-4172E-01
. 3805E-01
£3470E-01
L3160 -u1
L 288/ -0
Ldodae-n
L2000 9]
SAVYRE D
LYEY YL -0l
LB -
SPoddE-01
Lo 18E-01
L1559t -01
L2640 -0
L119SE-01
L1053E-01

P08t -uld

8770802
LHBO0b6E-0Y
»7310E-02
«6675E-02
«6096E-02
«5367€£-02
«9086E-02
«A546E-02
A246E-02
.3880E-02
+3547E€-02
«3243E-02
«2966E-02
J2714E~92
« 2483802

fIn
0320
0324
.0328
0331}
0334
0337
0339
0340
0341
.L)42
L0342
L0342
.0342
L0841
L9349
L3R
L0396
IEEE
330
RVEVES
L2
0312
RURRR
XTI
0298
L0290
0281
L0272
L0261
.0249
.0236

0222 .

L0206
0189
0149
0149
0125
0100
0072
0042
. 0008
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Table 8. The equilibrium InCl, HC1, PH3, P,, P, and H, partial
pressures calculated for different input PH; concentrations,

PH], when Tg = 850°C, Ty = 700°C, HC1® = .01 atm., and o
a.) 0, and b,) 1074,

VS HCLO INCLI Hlw s REL2 i
850. .100E-01 .989E-02 .105E-03 0. 700,
. PH3® INCL het FH3 Fa F2 H2
W100E+ ) J915E-02  .B44E-03 .USSE-03  J241E-0%  .i15E-0Z L7642
J912E-¢1 L917E-02  .B2BE-0s  LSN44E-03 L219E-ul  L110E-02 L9464
. JB832E-01  .Y19E-02 .B11E-03 LS31E-03 L200E-01 .105E-02 L9685
JS9E-01  L921E<02 .795E-03 .S518E-03 .182E-01 .100E-02 L9703
J692E-01  L922E-02  .77BE-03  JS11E-03  .ioui-01  L994E-03 .9720
AIE-01  L924E-02 .762E-03  L495E-03 L1D0E-01  LYiuk-v3 L9734
US7SE-01 J925E-02  (7d6E-03  L4BIE-03  .13I7E-01 .84BE-03 L9750
J52SE-01  L527E-02  ./30E-03  .475t-ui  .1:4E-01  LB28E-03 L9763
JA79E-01 . 929E-02 .715E-03 .464E-03 .113E-01 . EYE-03 L9774
JA37E-01  .930E-02 .499E-03 .435E-03 .103E-0! ./S53E-03 .9785
- LI98E-01 L 932E-02 .e84E-03 .443E-03 .93I4E-02 .717E-03 9795
' L363E-01  L933E-02 .669E-03 .4356-03 .B49E-02 .054E-03 L7804
T33VE-01  L93SE-02 L455E-01  L425E-03 .771E-02 .63:E-03 .7812
L302E-01  L93SE-02 L641E-vs  LA1SE-0d  LFO00E-02  L621E-U3 L9820
L275E-01  L9IPE-02  .626E-03 .A0TE-05 .434E-02  .592E-03 .9826
L251E-01  L939E-02 L413E-03 .3ITVE-03 .G77E-02 .564E-03 .9833
L229E-01 .940E-02 .599E-03 .3Ber-03 .524E-02 .93/£-03 .9538
L209E-01  L941E-02 .38aE-03 .3I77E-03 .475E-02 .512E-03 9844
JI9TE-01  L943E-02 LOT2E-45 . 3ebE-03  LAJ1E~02 L487Z-03 .9848
LI74E-01 L944E-02  LSS9E-03  L3S9E-03  L391E-~02 L d6ar-ud 9455
JISBE-01 L 9a5E-02  LS47E-ud L3U20 03 L3G4E-02  L442E-03 L9857
LTASE-01  .947E-02 .534E-03 .343E-03 .321E-02 .421E-03 9860
L132E-01  L94BE-02 .522t-03 .334£-03  L.291E-02 .400E-03 L9844
N JJ20E-01  L949E-02 LS10E-03  L336E-03 L263E-00 L 3IBLE-03 986/
L110E-01  L950E-02 L4SEE-03 .IIRE-0BI  LTIRE-0Z  LIS6ZE-03 .9849
LI00E-01  J9S1E-02  L4B6E-03  LS11E-03  LU15E-02  .34%9E-93 .9872
IGE=02  .953k-ve LA, LE-D3 30308 L1 9LE-02  L32BE-03 9874
(B32E-02 .953E-02 .443E-03 .29BE-03 .174E-02 .311E-03 9874
J759E-02  .955E-02 .452E-03 .28BE-03 .13YE-02 .290E-03 .9878
(692E-02 .956E-02 .481E-05 .2B1E-03 .144E-02 .2B81E-03 .9880
T631E-02 L9S7E202 LAIVE-03 .274E-03 .129E-02 .267E-03 .9882
J575E-00  LY9BE-02 LA20E-03 .267E-03 .117E-02 .254E-03 9883
(525E-02 .959E-02 .A10E-03 .260E-03 .105E-0Z .241E-u3 .9884
LA79E-02  L960E-02 L400E-03 .253E-03 .946E-03 .228E-03 9884
L437E-02  .961E-02 .3IP0E-03 .247:-03 .S50E-03 .216E-03 .9887
L398E-02 .982E-02 .3IBOE-03 .240E-03 . 44E-03 ,205E-03 .9888
L303E-02 .983E-02 .3IP0E-v3 .:34E-03 L4BLE-03 ,194E-03 9889
L331E-02  LP44E-02 .3H0E-03 .T2/E-05 .615E-03 L1BAE-03 .9890
J302E-02  L945E-02 LISIE-03 .221E-03 .551E-03 .174E-03 L9891
LITSE-uY  J966E~02  LI42E-u}  L21SE-03  L493E-03  L145E-03 .9B891
251E-02  L947E~02  .33IE-03  L209E-03  LA41E-03  .156E-03 . 9892
. LZ29E-02 L 948E-02 LJ24E-03 L 204E-03 .394E-03 L147E-03 L9893
’ J209E-00  JR9E-02  .315E-03 .19BE-03 .351E-03 .13ve-03 .9893
ARIE-02  L96PE-02 . 306E-vs  L192E-03 .313E-03 .131E-03 L9594
JAP4E-02  J970E-02 L297E-03 .187E-03 .278E-03 .124E-03 .9894
‘ JASBE-02 L P7HE-02 .269E-03 .181E-03 L24J7E-03 .117E-03 .9895
f , JA45E-02  L972E~-02 .281E-03  .176E-03 .219E-03 .110E-03 .9895
: P J1326-00 .973E-02 .272E-03 . 120E-03 J194E-03 .103E-03 .9895
; a J20E-02  L974E-02 .244E-03  ,1455-03 JI21E-03 .971E-04 N 117)
- ; , JIGE=02  L974E-02 .254E-03 L160E-03 .1S1E-03 .912E-04 .9894
(a)
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850.
FH30

TTO0EF00 L 925E-02

J912E-01
.832E-01

. '005‘01
INCL

.926E-02
.928E-02

J759E-D17 .930E-02

.692E-01
-63‘[‘0‘

T.S75E01

«925E-01

A79E-01 -
THI7E-0T

* J398E-01
+363E-01
SIITE-DT
.302E-01
.2735E-01
L25TE-01
J229E-01
L209E-01
LI191E-01
L174E-01
.158E-01
.T45E-01
L132E-01
Jdéoe-01
L110E-01

“ L 1O0E-D1

L912E-02

LB32E-02

53802

«437E-02
+398E-02
- S363E-D2
23318-02
.302E-02

. TJ275E-02

.251E-02
.229€-02
L209E-02
A91E-02
J174E-02
.15BE-02
+1458-02
W 132E-02

J120E-027

+110E-02

LHIE-02
L933E-02
L93I5E-02
.936E-02
.938E-02
.935-02
LF41E-02
.942E-02
944E-02
.945E-02
J947E-02
.948E-02
949802
L951E-02
L732E-02
L9953E-02
.955E-02
L994E-02
L957E-02
.$58€-02
.960E-02
L941E-02
L962E-02
LFo3E-02
LFA4E-(2
e -0
.70bE-02
LYo E-02
.968E-02
«989E-02
.970E-02
«971E-02
.972E-02
L973E-02
+974E-02
L975E-02
.976E-02
977E-92
.978E-02
J979E-02
L979E-02
.980E-02
981E-02
.982€-02
W 983E-02
.983E-02

" HCLO

INCL
989E-02
HCL

.B54E-03

.837E-03
.820E-03

.BO3E-03

7 BOE-D3
.770E-03
754E-03
.738E-03
722E-03
JJO07E-03
OFie-0
b77E-03
.b82E-03
LH47E-03
L433E-03
LH19E-03
.806E-03
L592E-03
J9579E-03
«J66E-03
+993E-03
.5408-03
L528E-03
LI16E-03
.504€E-03
LA92E-03
.AB81E-03
.470E-03
L420E-03
SAABE-V 3
L437E-03
L4268E-03
416E-03
«406E-03
«396E-03
. 386E-03
«376E-03
«367E-03
«J98E-03
. 34%9E-03
+J40E-03
IJE-03
«322E-03
+314E~-03
«309E-903
.297E-03
.209E-03
22828903
227 4E-03
. 206E-03

HCL1
L105E-03
FHa
LIG9E-03
JO43E-03
23003
L918E-03
Lo0%E-03
.4‘//'[’03
L45BE-03
LA477E-03
L,A44E-03
LAS4E-03
L446E-03
L438E-05
LA23E-03
LA15E-03
LA05E-03
L395E-03
. 38BE-v3
L378E-03
.348E-02
.360E-03
.352E-03
L 343E-03
L336E-03
J327E-03
LJ19E-03
LI11E-03
.304E-D3
L2Pab-03
LUIRE-GS

«ogin-93

L279€-03
L2OBE-63
261E-03
J204E-03
.248E-03
L242E-03
«235E-03
L 229E-03
«223E-03
217E-03
L212E-03
206E-03
L201E-03
S 17SE-03
JAR0E-03
.185E€-03
.180E-03
«174E-03
JA20E-0s
180e-03

(b)

HCL2
.100E-03
Fa
241E-00
J220E-01
L200E-01
L182E-01
CiARE-O
LiBie-01
L13I7E-01
LA29E-01
MRRIEI]
L03E-01
L3RRV
LHule- G2
S73E-02
L02E-02
LOIBE-02
TR RN
PREY R K
JA78e-02
L4338-02
.393E-02
L357E-02
JIZ3E-02
L2TAE-02
L285E-02
240802
.21BE-02
JA97E-02
Ligk=02
LI61E-02
L136E-92
L132E-02
LI19E-02
+107E-02
947E-03
.B72E-03
./B4E-03
.7207E-03
+636E-04
+372E-03
+314E-03
.462E-03
JA14E-03
371E-03
«335c-03
296E-03
.266E-03
.238E-03
213E-03
.190E-03
+149E-03

Th
700.
F2

LH115E-02
+H10E-02
L105E-02
100E-02
J9G5E-03
H11E-0s
.B69E-Q3
.829E-03
.790E-03
753E-03
718E-03
LO83E-03
LA53E-03
«622E-03
«393E-03
LD45E-03
c2aYE-0S
L313E-03
LARB9E-03
L.466E-03
.443E-03
A2:E-03
L402E-03
.383E-03
L364E-03
J446E-03
330€-03
MR RN
.29BE-03
.233E-93
.265L-03
296E-03
.243E-03
J231E-03
219€E-03
.208E-03
JA97E-03
.187€-03
.178E-03
.168E~-03
. 160E-03
L191E-03
J43E-03
L135E-03
.1288-03
J121E-03
«115€-03
.108E-03
102E-03
.F46E-04

e et o A = R S IR g = W
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Table 9. The equilibrium InCl partial pressures in the source (INCL1) and
deposition (INCL) zones and the fraction of the indium deposited,
fIn’ for different input PH3 partial pregsures, PH30, when the

downstream HCl concentrations are 0 and 10-4 atm.

1§
850.

PH30
.100E+00
<912E-01
«832E-01
«759E-01
.692E-01
.631E-01
.375E-901
«325E-01
479E-01
A437E-01
+398E-01
.363E-01
L331E-01
.302E-01
.275E-01
.251E-01
. 229E-01
.209€-01
L1991E-0)
«1724E-01
L158E-01
145E-01
. 132E-01
.120E-01
JHI0E-01
.100E-01
«912E-02
.832E-02
.759E-02
L692E-02
+631E-02
.975E-02
«925E-02
+A479E-02
+437E-02
«398E-02
63E-02
«331E-02
«302E-02
«2735E-02
«231E-02
+229€-02
»209E-02
.'9‘E-°2
«174E-02
+138E-02
«144E-02
«13.€-02
»120£-02
. . «110E-02

T
700,
INCLY

9895E-02
.9895E-02
.7895E-02
.9895E-02
L9895E-02
+9895E-02
.9895E-02
.7895E-02
«7895E-02
.9895£-02
.9895€-02
.9895€-02

. 7895E-02

.9895£-02
.9895E-02
.9895E-02
.9895E-02
.9895E-02
.9895E-02
.9895E-02
.9895E-02
.P895E-02
.9895E-02
.7895E-02
.9895E-02
.9895E-02
.9895£-02
.7895E-02
.9895E-02
.9895E-02
+9895E-02
.9895E-02
.9895E-02
.9895E-02
.78958-02
»9895E-02
+989SE-02
.9895E-02
9895E-2
.9895E-02
9893E-02
.9893E-02
+9895E-02
«7895€-02
«7895€-02
«98935E-02
.9895E-02
«9895E-02
+9895E-02
»98935E-02

HCL2
0.0000
INCL
. 9154E-02
9172€8-02
.9189E-02
.9205£-02
.9222E-02
.9238E-02
. 9254E-02
.9270€-02
.9285€-02
J9301E-02
.9316E-02
9331E-02
+9345€-02
.9359€-02
«9374E-02
.9387E-02
.9401E-02
+7414E-02
.9428E-902
.9441E-02
.9453E-02
- 9468E-02
«P478E-02
«9490E-02
.9502E-02
J9514E-02
«9525€-02
.9537€-02
.9548€-02
<9559€-02
«9569E-02
«9580E-02
+9990E-02
«9400E-02
+9810E-02
9620 2-02
9630E-02
.9640E-02
«9649E-02
.9658E-02
9667E-02
«9676E-02
.9685€-02
9694E-02
+9703E-02
9711E-02
97219E-02
+9728E-02
.9736£-02

- HCLO
.01
fin
.0748
L0734
L0714
L0697
0480
06464
L0647
0631
L0614
. 0600
. 09895
0570
L0555
L0541
0527
0313
.0499
.0485
0472
.0459
0445
. 0433
.0421
0409
.0397
.0385
.0373
L0362
.0351
.0340
032y
.0318
0308
0297
.0287
0277
0267
0258
0248
. 0239
0230
0220
.0212
.0203
0194
0183
0177
01469
0161
0153

HCL2

<0091

INCL
«9246E-02
-9263E-02
.9280E-02
.92978-902
.9314E-02
«9330E-02
~9346E-02
-9362E-02
.9378E-02
9393€-02
.9409E-02
9423E-02
.9438£-02
.9453E-02
L9467€-02
.9481E-02
<P494E-02
.95088-02
L9521E-02
«9334E-02
CP347E-02
L9564k-02
L9S72E-02
.9584E~02
C9596E-02
.9408E-02
.P819E-02
.9630E-02
LF642E-02
.9632E-02
.96638-02

© .94674E-02

.9684E-02
.9494E-02
«9704E-02
9714E-02
L9724€-02
«9733E-02
.97428-02
L9751E-02
.9760E-02
.9769E-02
.9778E-02
.9786E-02
.9795€-02
.5803€-02
J811E-02
+9818€E-02
. 98246E-02
«9834E-02

fIn
0456
.0638
04621
.04604
0587
L0570
0554
.0338
.0522
0507
0491
0476
0441
0447
.0432
.0418
L0404
L0377
1307
L0364
L0151
0339
328
314
L0302
.02%0
0278
0247
0254
.024%
.0234
.0223
0213
.0202
0192
.0183
L0173
01463
0154
0145
0138
0127
0118
0110
.0101
. 0093
0085
0077
0069
.0042
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‘reason P

“?InCl

' ceases. The HC1 concentration increases because P

“fagter ‘than the rate of deposition of InP decreases, and the other

value of' b J C

e PN TN : - . . M
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HC1® but it appears to be larger because the plot is a log-log

plot. The partial pressures of the phosphorous containing compounds

increase because the PHg pressure increases faster than the InP

déﬁosition. P increases more rapidly than P and P, due to the

P4 P2 H3
fact that in this temperature-pressure region the enthalpy has a stronger

effect than the entropy.

Again in Table 8b it is seen that introducing HC1l downstream
' o

" réduces the deposition reaction, since for a given PH3 concentration

is greater when HCl2 has been introduced.
That increasing P o increases the deposition of InP and intro- ;
PH e ;
ducing HCl2 reduces it, 13 shown in Figure 14 and Table 9 where the
dependence of fI on P is illustrated.
b . n PHO
F. The Effects of Vgrying H012
* In’ the previous sections it was shown that introducing HC1l down-
stream reduces the tendency for InP to deposit. In this section this

tendency is discussed in more detail. In Figure 15 and Table 10 it

is seen that all of the constituent partial pressures increase slightly

up to P = 4 x 10_4 atm. at which point deposition

with P 2 2

- HC1 HC1

2 increases
HCl

pressureés increase since there is less InP deposited.
" That increasing the HCl2 concentration reduces the deposition
of InP is also shown in Figure 16 and Table 11 where fln is determined

decreases with increasing

as a function of P 2° The value of f
. HC1

P 29 and the rate of decrease increases as P 2 approaches the

HC1 HC1

In

HC1'

.
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rig. 15. The InCl, HCl, PH,, P,, and P, equilibrium partial pressures plotted
as a function of he stream input HC1 concentration, HC1¢, when .
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The equilibrium InCl, HC1, PHj, P,, P, and Hy partial pres-

sures calculated for different input downstream HCl concentra-

tions, HC1Z, when Tg = 850°C, Tp = 700°C, HC19 = .01 atm.,
and PH] = .01 atm.
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HCL2
LT10E-¢4
L120E-04
LA32E-04
.145€-04
L158E-04
TY73E-D4
JI91E-04
L209E-C4
22FE-04
«251E-04
.275E-04
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JJ3E-04
. 363E~04
.398E-04
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LA7OE-04
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Fig. 16. The fraction of indium deposited, £, . plotted as a function of the
downstream HCl partial pressure, PHCIZ’




Table 11. The equilibrium InCl partial pressures in the source (INCL1)
and deposition (INCL) z-nes and the fraction of indium
deposited, f

In’ for ..riferent lownstream HCl concentrations,
HCL2. n -
15 I rHs. HeL ¢
850, 700. Lot R
) L HCL2 INCLY INCE fin

JO0E-08  L9E9BE-02 L4 U25E-00 .037Y

L1I0E-04  .9895E-v2  Lvn24t 02 .03/4

. . L1Z0E-04  ,9895E-02 ..5.4%E-02 L0373

' <132E-04  L9BSE-Q2  LPN24£-~02 0372

.145E-04  ,9895E-02  .v92 e-02 RURDY

L108E-04  L9695E-02 .vH27E-02 L0370

«174E~-04  .9895E-02 ..930E-02 L0368

A91E-04  .98Y5E-02  .93532€-02 0367

L209E-04  .9895E-0C  .9533z-02 L0365

<229E-04  .9BF3E-02 . TS39E-02 0343

L251E-04  .9875E-02 .9537E-02 L0341

i . L C275E-04  (98YVIE-OY  ,9YL30:-02 0359
. : L302E-04  L9895E-00 L 9542E-02 L0354
JIJTE-04 L9H759E-02 L9UAGE-02 .0353

C3AIE-04 L9875E-02  .9548E-02 L2359

LIPEE-04 L9B95E-02 L9951E-02 G347

«A37E-04 L9BYSE-02  L9LLLE-Q2 0343

i ' LA7YE-04  L9E95E-00 L ¥SLYE-Q2 L0339
LSA%E-04 LYE9SE-0L LuanE-02 L0335
L LOTSE-08 L9895E-02  Lvhadb-02 L0430

LH3IE-04  L9EYSE-02  L99S3E-02 L0328
L6S2E-04  L989%E-02 L9uSPE 02 L0319
L759E-04  L9895E-02  LOuRNE-02 L0313
(832604 .98YSE-Q2  LvuYEE-02 L0306
LPI2E-04  L9895E-02 L9599E-02  LO02vd
J100E-03  .9895E-02 .9608:-02 L0290
LU10E-03  .9895E-02  .9617E-02 L0281
A20E-03  .9uYSE-02  L9627E-02  .0271
, JA32E-03  (9BYSE-02  L943BE-02  .0260
. L J145E-03  .9895E-02 .9650E-02  .0248
J58E-03  L989SE-02 .9863E-02  .0234
JA74E-03  L9895E-02  L3677E-02  .0220
JA91E-03  L9B9IE-02  .9693E-02  .0204
v ) L209E-03  L9B9SE-02 L971GE-02 L0187
: W229E-03  L9B95E-02  .9729E-02  .01é7

J251E-03 L.9B9SE-02 .9750E-02  .0144

J275E-03  L9BYSE-0Z .9773E-02 0113

X J302E-03  L9895E-02 L9797E-0r  .00vE
J331E-03  L9895E-07 .GE25E-02  .007V

# s J363E-03  L9895E-02  .9855E-02  .004d
? ' RS (39BE-03  L9B95E-02 .9BBEE-02 L0007
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G. Silicon Contamination
It is thought'that-éne of the primary contaminants in systems
" grown in silica growth tubes is silicon, and that the silicon activity

(17,18)

increases as the HCl concentration decreases. This is a con-

_;equenéé.éf the fact that the HCl discourages the decomposition of the
chlorosilanes more than it encourages their formation from reactions with

_.the S$i0, growth tube. In the previous sections it was shown that the

2

" best way to increase the HCl concentration is to increase the source

input HCl concentration, uci®. Thus, computations were made uvf the

siIicon activity as a function of P o at three different temperatures.
é ' HCL™ (18) (17)
‘ Following the formalim of Dilorenzo and Chaudhury, the

activity of silicon 1s found by examining the formation and decomposition

(19)

- of the silicon chlorides. According to Lever these should include

the chlorosilanes and SiClz. The chlorosilanes are formed by the

» L .
‘ following reaction
3
§40,(s) + nHC1 + (4-n)H, ~» SiCl H,  + 2H,0 (29)
and the reaction for the formation of SiCl2 is
f
SiOz(s) + 2HC1 + H2 > SiCl2 + 2H20 . (30)
The sum of the silicon chloride partial pressures is
!
L I ’
‘ Poser, * L Psicn, = ®sia Pﬁc: Py * 1 Ksjcam  ® . B4y sp2
2 n 4-n 2 T2 n 4-n HC1 Hz H20
3 ]
T
R (31)

ool For the decomposition reaction

7
z SiCl H,_ > Si + nHCL + (2-n) H,
*
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.. 5iCl, % S1 + 2HC1 - H, (33)

" the sum of the-silicon”c'h.loride partial pressures is

) 2 -1 n 2-n
""" o 354 Puca Py Paca P
P, i +]P 2o § 2 (34)
sici, TLPsic1m, T st L7
2. . Ksic1, SiCl H
2 n 4-n

- where the.prime (') is used to differentiate the decomposition reaction

from the formation reaction. From an oxygen balance it is seen that

P, =2 (P +Jp
gzp sicCl, SiC1 H, )
= {2[K P2 P +7K B, P"__ péTy) (35)
sicl, “HC1 'H - °81C1_ "4~n "HC1 "H
2 2 n 2
so that
2 -1 n 2-n
Puc1 Puz Puc1 PHZ
ag, = PHZOIZ {K.81C1 + K. 3 S (36)
2 Sicl_ H
n  4-n

The equilibrium constants are determined using the free energy to
absolute temperature ratios computed using the JANAF(ZO) tables, and

they are listed in Table 12, The PH and P values are those which

cl H

2
are calculated in Section II-D.

The activity of silicon is plotted as a function of P . There it is
seen that a(Si) decreases as the HCl concentration 1ncrc:i(:s];s and the
temperature decreases. It decreases with increasing temperature both
because PHCl increases with decreasing temperature and the equilibrium
constants change in such a way that for a given HCl concentration, a(Si)

decreases with decreasing temperature. The effects are large as a(Si)

e —
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can vary fféﬁ a high of 3.9 x 10-3 cln'-3 for T

D
.001 atm. to a low of 9.1 x 102 cn > for T, = 900 K and P

= 1100 K and By, 0 = 4

Hc1o ™ .1 atm.

(Note that these cbhﬁui:ations are -for °K and not °C as were the previous

computations since in this case the JANAF tables were used).
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Fig. 17. The equilibrium HCl concentfation (----) and the gilicon activity, a(si) (——),

for T = 900, 1000 and 1100K plotted as a function of the source input HC1 partial
pressure, HC19, ‘ - e s
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