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be due to the influence on the equi l ibr ia  of addit ional 
compounds ment ioned before which were not taken 
into account in  the calculations. However the corre- 
spondence is such as to have confidence in the given 
interpretat ion.  The agreement  between the experi-  
menta l  data and the calculated curves also indicates 
that  Henry 's  law defined as k = PP/[P]si  is obeyed 
over the whole range of phosphorus concentrations, 
which were far below the max imum solubili ty of P in  
Si (,~1.5 • 10~i/cm 3) ( i i ) .  

Conclusion 
The mechanism for the incorporation of phosphorus 

in epitaxial silicon is governed by the position of the 
Fermi level in the solid and the chemical equil ibria in 
the gas phase. With increasing phosphine part ial  pres- 
sures a slope bending from 1.0 to 0.5 is found due to 
transi t ions in the gas phase, at low temperatures  a 
second break to 0.25 occurs when the donor concentra-  
t ion becomes equal to the intr insic electron concentra-  
t ion of the silicon matrix.  

These results also indicate that the gas phase reac- 
tions at or near  the silicon surface proceed sufficiently 
rapidly that  equi l ibr ium concentrations of the com- 
ponents may be assumed to be present. 
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Vapor Phase Epitaxy and Thermodynamic 
Calculations of GaAs,-2  (0.3 (x (O.S) 
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ABSTRACT 

Various relationships be tween gas concentrat ions and solid composition 
have been established for the vapor phase epitaxy of GaAsl-xPx (0.3 ~ x 
<: 0.5). A GaCI-AsHa-PH3-H2 process was used to grow such materials  at a 
satisfactory temperature  of 790~ The crystal composition was measured as a 
function of the input  flow rates. Based on these reproducible data, thermo-  
chemical calculations were performed with thermodynamic  constants evalu-  
ated from the l i terature  or determined by  fitting the measured data to the 
calculated equations. The results agree nicely with all the exper imental  data 
when the input  flow rate ratio ]~176 is higher than 0.01. For  f~176 
<( 0.01, disagreements occur and the gas-solid relationships are hence estab- 
lished by exper imental  extrapolations. The crystal composition is s trongly 
affected by f~176 and ]~176 in addit ion to ]~176 Such phenom- 
ena are briefly discussed. 

The GaAsl-xP~ materials  have been of practical im-  
portance for electronic applications. At the present  
time, commercial l ight -emi t t ing  diodes (LED's) are 
main ly  fabricated with these materials.  Red-emit t ing  
GaAsl-xPx (x ~ 0.4) diode indicators and displays 
were successfully developed a few years ago. More 
recently, following the observations (1-3) of efficient 
ni t rogen trap processes in indirect GaAst-xPx, yellow 
and orange LED's with reasonable efficiency have also 
been made in such materials with 0.9 > x > 0.6. Be- 
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sides electroluminescent  applications, high speed cur-  
rent  l imit ing (4) and microwave switching (5) have 
been achieved in GaAso.TP0.3 due to its velocity-field 
saturat ion characteristics. Furthermore,  Blakeslee (6) 
has made superlatt ice structures in GaAsl-xPx with a 
period as small as l l 0 A  by vapor growth. Such struc- 
tures may very well exhibit  novel t ransport  and optical 
properties like a negative conductance (7). 

Although GaAsl-xPx materia!s are highly desirable 
and the AsH3-PH~-GaC1-H2 vapor phase epitaxy 
(VPE) technique has been used extensively, detailed 
and practical relationships between the input  gas con- 
centrat ions and the result ing crystal composition for 
such a process have not been available in the l i terature.  
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These relationships are necessary to guide exper iments  
in order to achieve a par t icular  composition as desired. 
It  is the objective of the present  study to establish such 
relationships for a crystal composition range of 0.3 < x 

0.5 at a growth tempera ture  of 790~ Such a com- 
position range is of par t icular  interest  for red LED's. 

Ideally, if the growth atmosphere is close to thermo-  
dynamic equi l ibr ium with the grown crystal, one can 
describe the gas-solid interface ent i re ly  by theoretical  
calculations. However ,  in practice, the growth inter-  
face can be far  off thermochemical  equilibria.  Thus 
theoret ical  t rea tments  alone cannot produce accurate 
results. On the other  hand it is too t ime-consuming to 
establish the ent ire  relationships by experiments .  A 
semi-empir ica l  approach was therefore  necessary in 
order to obtain accurate gas-solid relationships. Such 
an approach was used in the present  study. 

Experimental 
Procedures . - -The reactor system employed in this 

study is shown in Fig. 1. It  is s imilar  to the one used 
by Tiet jen and Amick (8). But, in the present system, 
the HCI flow can bypass the Ga source for vapor  e tch-  
ing of the substrate and is guided to the Ga boat dur-  
ing the growth period to ensure nearly complete con- 
version of HC1 into GaC1. The reactor  tube is 5 cm in 
diameter  and 91 cm in heated length. The introduced 
AsH3 and HC1 are 10% mixtures  in H2, and PH3 is a 
5% mix ture  in H2. All the gases are of electronic grade. 
Ga of 99.99999 purity, loaded in a pyrolyt ic  graphi te  
boat, was used throughout  this study. The surface area 
of the Ga source was around 18 cm 2. Pre l iminary  ex-  
periments  established that  such a source can conver t  
HC1 into GaC1 almost completely under  the present 
exper imenta l  conditions. Chemical ly polished GaAs of 
{100} orientat ion was employed. 

As is shown in Fig. 1, the tempera tures  selected for 
growth were  900 ~ 940 ~ and 790~ for the source, the 
center  zone, and the substrate. Such a profile was found 
to yield good pre l iminary  growth. At the beginning of 
a run, this profile was reached with  H2 flowing inside 
the reactor and the substrate in the cold zone. AsH3 
flow was then established to prevent  thermal  etching 
of the GaAs surface and the substrate moved into the 
deposition zone. Afterward,  vapor etch was carried out 
with a small HC1 stream introduced through the upper  
tubing (see Fig. 1). Three minutes later, HC1 was 
switched into the lower  tubing and set at the desired 
flow rate to init iate the deposition of GaAs. After  GaAs 
was epi taxial ly grown for 1 hr, the PH3 flow was 
started and gradual ly  increased so as to deposit a taper 
region with x changing from 0 to a certain desired 
value Xo. And finally a layer  of GaAsl-xoPzo was grown 
with  the required thickness. 

The fol lowing ranges of flow rates were  used for 
growth:  H2 (750-1000 m l / m i n ) ,  AsH3 (5-20 m l / m i n ) ,  
HC1 (5-25 m l / m i n ) ,  and PH3 (0.3-4.0 m l / m i n ) .  Precau-  
tions were  taken to el iminate deposition on the reactor  
upstream of the substrate so as to ascertain that all the 

ASH3+ PH3+ H 2 

(HCI + AsH 3 + H z for E~ching) 

\ :  L 

Ga Source GaAs Subst ra te  i 

900 I i  / I I a n d  Oil Bubbler 

TEMPERATURE (~  

I I I I I I I 
0 ~ 4 6 ~ iO 

POSITION flOcml 

Fig. 1. Schematic diagram of the epitaxlat reactor with the 
temperature profile used in this study. 

introduced gases contribute to the growth atmosphere  
in the substrate region. Such precautions, together  with 
the fact that the input HC1 is almost completely  con- 
verted into GaC1 in the present  design, allows correla-  
tion of the growth a tmosphere  with the input gas con- 
centration. 

Resu l t s . - -Growth  morphologies were  examined and 
compared at different flow rate  conditions. When the 
growth atmosphere is nonstoichiometric,  pyramids or 
pits are developed on the as -grown surfaces depending 
on whether  the deposition region is rich in group III 
e lement  or group V elements.  On the other  hand, in the 
stoichiometric case, as-grown surfaces are general ly  
smooth and specularly reflective. Details of such ob- 
servations were  reported previously (9). 

Typical layers consisted of 30-50 ~m of GaAs, 40- 
100 ~m of graded GaAsl -xPx and 50-200 ~m of 
GaAsl-xoPxo. Electron microprobe analysis was carried 
out across the cross section of every  layer  to de termine  
the crystal compositions. Very uniform Xo through the 
final layer  has been observed in all cases. The values 
of Xo and their  corresponding sets of flow rates at a 
growth tempera ture  of 790~ are listed in Table I. Such 
data were  checked and found to be reproducible.  It  
was estimated that  all the values of Xo should be accu- 
rate within • and the various flow rate ratios to be 
wi thin  -+-5%. Ex t reme  care was taken to check the re-  
producibilit ies and to keep the results within the above 
accuracies. It should also be pointed out that such cor- 
respondence can be used to describe the gas-solid re la-  
tionships at the growth interface, since, as ment ioned 
above, the input flow rate  conditions in the present  
setup can be related accurately to the growth  a tmo-  
sphere. Part  of the data in Table I was therefore 
adopted in the fol lowing calculation to adjust  theoret i -  
cal parameters.  

Thermodynamic Calculations 
Theoretical modeL- -The  theoret ical  approach used in 

this study is formulated with  the fol lowing assump- 
tions: (i) Dynamic thermochemical  equil ibria are es- 
tablished in a deposition region of uniform tempera ture  
and pressure. Such equi l ibr ia  at the gas-solid interface 
control the growth of GaAsl-xPx.  (ii) All the gas 
species obey the ideal gas law and the GaAs-GaP solid 
can be described by regular  solution behavior.  (iii) 

Table I. Relationships between the input flow rates and the grown 
crystal composition obtained in the present experiments 

/~ l/f~ f~176 2 f~176 2 f~176 3 X 
(X IO -3) (x 10 -3 ) (• i0 -z) (X I0 -e) (X i0 -~) 

5.0 15.0 1,5 10 34 
11.0 15.0 1.5 10 36 
10.0 20,0 2.0 10 44 
15.0 20.0 2,0 10 36 
17.5 30.0 3.0 10 40 
27.5 40.0 4.0 10 33 

9.0 8.0 1.6 20 44 
12.5 10.0 2.0 20 42 
16.5 12.0 2.4 20 40 
20.0 15.0 3.0 20 39 
19.0 20.0 4.0 20 50 
25.0 20.0 4.0 20 43 
33.0 20,0 4.0 20 33 
33.0 30.0 6.0 20 46 
15.0 5.0 1.5 30 37 
17.0 10.0 3.0 30 49 
20.0 10.0 3.0 30 43 
30.0 lO.O 3.0 30 34 
30.0 20.0 6,0 30 49 
11.0 2.5 1.0 40 38 
2.5 5.0 2.0 40 50 
7.5 5.0 2.0 40 57 

11.9 2.5 1.0 40 49 
20.0 4.5 1.8 40 40 
30.0 5.0 2.0 40 33 
8.0 7.0 2.8 40 62 

25.0 7.0 2.8 40 40 
30.0 10.0 4,0 40 42 
30.0 15.0 6.0 40 51 

5,0 15.0 3.75 25 46 
6.3 11.0 2.75 25 44 

l l .O 12.5 3.1 25 59 
11.0 l l .O 1.65 15 40 
13.0 13.0 1.95 15 41 
18.0 17.0 2.6 15 36 
23,0 22.0 3.3 15 34 
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HC1 is completely converted into GaC1 by reaction with 
Ga in the source region. (iv) No deposition occurs 
upstream of the substrate. (v) M2, M4, and  MH3 (M = 
As or P) contr ibute  equally to the deposition of 
GaAsl-xPx, while various mixed species of the type 
AsyPz can be neglected. 

Assumptions (iii) and (iv) were found to be reason- 
ably true in the present  case. A mass-spectrometric 
study by Ban (10) has determined the relative abun-  
dances and deposition reactivities of various M-con-  
ta ining species at 680 ~ 780% and 880~ Such results 
indicate that assumption (v) should also be a good 
approximation. However, on the other hand, assump- 
tions (i) and (ii) deviate to a good degree from the 
actual cases. These deviations make it impossible to 
obtain accurate relationships between the gas concen- 
trations and the solid composition based on a theoreti-  
cal approach alone. Incorporation of exper imental  data 
is therefore necessary. Indeed, it was found here that 
the equations derived with the above theoretical as- 
sumptions could be used to describe the vapor growth 
of GaAsl-~Px, only if the thermodynamic constants 
were properly adjusted to fit experimental  data. A 
similar technique has been applied successfully by Wu 
and Pearson (11) to the liquid phase epitaxy of 
InxGal-xAs. 

Based on the assumptions ( i -v) ,  one can write the 
following reactions to i l lustrate the equil ibria existing 
around the gas-solid interface 

1 1 1 
GaC1 -t- -~- AsH3 + ~ As2 + -~ -  As4 z:e Gahs  +HC1 

[1] 
1 1 1 

GaC1 -t- -~ PH3 -t- ~-- P2 + -~ -  P4 ~ GaP + HC1 [2] 

As4 ~-- 2 As2 [3] 

P4 ~-- 2 P= [4] 

2 Ash3 ~=e As2 -t- 3 H2 [5] 

2 PH3 ~-- P2 + 3 H~ [6] 

The equi l ibr ium constant  Kj of reaction (j) can be 
expressed as follows 

(1 -- x) ~GaAs PHCl 
K1 = [7] 

PGaCl (PAsH3) 1/3 (PAs2) 116 (PAst)  1/12 

X ~'/GaP PHC1 
K2 = [8] 

PGaCl (PPH3) 1/3 (PP2) 1/6 (PP4) 1/12 

(PAs2) 2 
K3 = [9] 

PAs4 

(PP2) 2 
K4 = [10] 

PP4 

PA~2 (PH2) s 
K5 = [ii] 

(PATH3) 2 

PP2 (PIt2)3 
K6 -- [12] 

(PPH3) 2 

where p and 7 designate the partial  pressure and the 
activity coefficient, respectively. Since we are dealing 
with an open-flow system with He as the major  gas 
specie and the GaAs-GaP solid is assumed to be regu- 
lar, we have 

PH2 ~ 1 atm [13] 
and 

r ] ~GaAs = exp[  ~ [14] 

[ a(1 - x)2 ] [15] 
"FGaP = exp RT 

where ~ is the interact ion parameter  between GaAs 
and GaP. 

Thus we have established relationships between the 
solid composition and the part ial  pressures of various 
gas species in the deposition region. These partial  pres- 
sures can be fur ther  related to the input  flow rates 
through consideration of mass conservation due to the 
validity of assumptions (iii) and (iv).  The conserva- 
t ion of chlorine, arsenic, and phosphorus can be de- 
scribed, respectively, as 

P~ f~ 
PHCI ~ PGaCl = P~ ~--~ = ..... [16] 

p~ 2 f~ 2 

PAsH3 @ 2pAs~ -t- 4pAs4 -t- (1 -- X) PHCl 
f~ 

~--- p~ ~ [17] 
f~ 2 

a n d  
f~ 

PPH3 -~- 2PP2 + 4PP4 ~ X PHCl : P~ ~ ~ [18] 
f~ 2 

where fo is the flow rate of the incoming gas and po 
represents the partial  pressure of this input  gas in the 
growth region prior to deposition. 

With Eq. [7]-[18], one can solve for the crystal com- 
position and the partial  pressures at any given incom- 
ing gas concentrations, once all the equi l ibr ium con- 
stants and the interaction parameter  are determined. 

Determination of constants.--The above approach can 
be used for any growth temperature.  But the present 
calculation was performed with 790~ which was 
found to be satisfactory for 0.3 < x < 0.5. 

The equi l ibr ium constants, i.e., K1, K2, K3, K4, Ks, 
and K6 were evaluated from Kirwan 's  results (12) to 
be 104, 80, 10 -5, 9 • 10 -~, 3 • 1017, and 3 • 102 atm 
units, respectively, at 790~ Panish and Ilegems (13) 
have reported a value of 0.4 kcal /mole for a. Based on 
these parameters,  p re l iminary  calculations resulted in 
significant deviations from the experimental  data ob- 
tained in this study. This can be expected due to the 
fact that complete thermochemical equil ibria do not 
exist and kinetic effects such as adsorption, surface re- 
action, and desorption cannot be neglected in actual 
cases, as were reported by Shaw (14, 15). In order to 
obtain accurate results with the above-described equa- 
tions, one thus has to adjust appropriate parameters  to 
fit exper imental  data. Such adjus tments  will  inval idate  
some of the above assumptions and thus result  in in-  
consistency in the theoretical model. However, the 
main  purpose of this paper is to establish correct gas- 
solid relationships for practical use. The adoption of 
simple, unrealist ic assumptions was merely  to set up 
calculation equations to start with. 

Since we are main ly  interested in calculation of the 
crystal composition at given gas concentrations, such 
adjustments  should be made with parameters  which 
have major  influences on the depositions of GaAs and 
GaP. Adjustab'.e parameters  should therefore be se- 
lected among K1, K2, and a, which can affect the 
deposition reactions directly. 

By following the same techniques used in Ref. (11), 
it was found that, w i t h K 2  -- 3 • 102 atm units, ~ = 
(4.2-3.8 x) kcal/mole, and other equi l ibr ium constants 
given above, the calculation resulted in good agree- 
ment  with the exper imental  data. 

Calculation results.--Such a calculation was carried 
out to determine the crystal composition x at any given 
f~176 f~176 and f~176 3. The results are 
shown in Fig. 2 and 3 together with the experimental  
data obtained in the study. The solid lines are calcu- 
lated results and the dashed lines are exper imental  ex- 
trapolations. Good agreement  was obtained for f~ 
f~ 2 > 0.01. However, when f~176 is smaller than 
0.01, the calculation fails and the relationships were 
established ent i rely by experiments.  The failure of the 
calculation in this region indicates that  such a semi- 
empirical  approach can only be applied in l imited re-  
gions since the actual deposition process can be far 
more complicated. 
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0.0' f~ / fCH2 = 

0.015 0.020 0.030 

0.4 -- 0.01 ~ 

f~pH 3 [ (~ : 0.2 
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0 0.01 0.02 0.03 0.04 

f~ / f~H 2 

Fig. 2. Crystal composition x as a function of input flow rate 
ratios f~176 f~ and f~176 3 ( =  0.1 and 0.2) 
at o growth temperature of 790~ Solid lines are calculated re- 
sults. The dashed line is experimental extrapolation. The values of 
f~176 for various measured data are: 0.010 (&) ,  0.015 ( 0 ) ,  
0.020 (i-]), 0.030 (A) ,  and 0.040 ( O ) .  

I I I 

0.6 lAsH3 / f~ = 

0.010 0.015 0.020 

0.4 ~' ~, 

f~ ] o =0.3 
pH 3 f AsH3 

X 
0 . 2  ~ / f o l  : I I 
0.6" f AsH 3 H 2 

/ / / ~ "  --r'~0.0050 O. 0100 0.0150 

0. 
0 .4 -  

f~pH 3 / f AsH3 : 0.4 

0.2 I I I 
o o.ol 0.02 0.03 o.o4 

FHCI/ FH 2 

Fig. 3. Crystal composition x as a function of input flow rate 
ratios f~176 fOAsHs/fOH2, and f~176 3 ( =  0.3 and 0.4) 
at a growth temperature of 790~ Solid lines are calculated re- 
sults. Dashed line is experimental extrapolation�9 The values of 
f~176 for various measured data are: 0.0025 (V ) ,  0.0050 
(11), 0.0100 (& ) ,  0.0150 ( I ) ,  and 0.020 ([-1). 

Figure 4 gives the relationships among the incoming 
flow rates required to grow GaAso.6P0.4 under  the pres- 
ent  exper imental  conditions. All the lines are drawn 
from Fig. 2 and 3, together with the corresponding ex- 
per imental  data in Table I. Similar plots can be ob- 
tained for other x and serve as guides to achieve spe- 
cific compositions. 

i i i 

0.03 - f~ J f~AsH3 = X 

0.02 

0 I I I 
o O.Ol 0.02 0.03 

f~HCI / f~H 2 

Fig. 4. Input flow rate ratio f~176 required to achieve x ---- 
0.4 + 0.02 with various fixed f~176 and f~176 at 
790~ All the lines are calculated results. The values of f~ 
f~ 3 for various measured data are: 0.10 (&) ,  0.15 ( e ) ,  0.20 
(1"-]), and 0.40 ( G ) .  

Discussion 
From the above results, the crystal composition is not 

only determined by f~176 but  is also affected to 
a great extent  by 5~176 and f~176 . In  part icu-  
lar, at constant f~176 and f~176 X increases 
along with f~176 when f~176 ~ 0.01 but  de- 
creases as f~176 2 is increased further.  It  is difficult 
to explain such behavior in much detail since precise 
thermochemistry at a real growth interface is not 
known. Nevertheless the following interpretat ions can 
be made here. 

The crystal composition is influenced by  two factors: 
(i) the reactant  partial  pressures and (ii) the reac- 
tivities of various M-containing species with GaC1. 
When f~ is much greater than ]%sn3 4- 5~ there 
is more than sufficient GaCI in the deposition region. In 
that case, the react ivi ty influence is overruled by the 
pressure influence and the crystal composition x is 
main ly  determined by f~176 3 4- f~ As fOHc~/ 
f~ 2 is reduced while keeping ]~176 3 and S~ 
f~ 2 constant, the relative reactivities of M-containing 
species will then become increasingly important .  The 
fact that x increases with decreasing 5~176 (~0.01)  
can hence be explained by the over-al l  higher reac- 
t ivity of P-conta in ing  reactants in this range. The same 
explanat ion also holds for the increasing x when 
f~176 is increased with constant ~f~176 3 and 
f~176 

Sedgwick (16) proposed a "quasi -equi l ibr ium" model 
to describe the H2 reduct ion of SIC14. In  this model, 
only a fraction # of the incoming gases equil ibrates 
with the condensed phase. Shaw (14) has found such 
a model can be successfully applied to calculate GaAs 
deposition rates for certain l imited growth conditions 
if a constant, empirical # is assumed. The present  re- 
sults agree with such previous observations. The ad- 
jus tment  of K2, in the present  case, is equivalent  to the 
quas i -equi l ibr ium treatment .  It was also found here 
that such a t rea tment  can be successfully used to cal- 
culate x for certain growth conditions, namely,  ]~ 
]~ > 0.01 in the present case. 

Although the use of a composi t ion-dependent  a is in-  
consistent with the assumption of regular  solution be- 
havior between GaAs and GaP, it yields some accurate 
and practical results in the present  calculations. After 
all, the GaAs-GaP solid solution is by no means strictly 
regular. Rao and Tiller (17) have found composition- 
dependent  a's can be used to describe similar systems. 
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It should also be pointed out here that the empirical  
adjustments  of K2 and a were performed based on part  
of the reproducible data in Table I only. But the re-  
maining  data were also found to agree with the cal- 
culated results nicely. This suggests such a semiem- 
pirical approach is a good technique for interpolat ion 
and reasonable extrapolation with a l imited amount  of 
data. 

In  a previous paper (9), an opt imum growth condi- 
t ion was reported for the process used in this study, 
namely, f~176 = (f~ 3 -~- f ~ 1 7 6  2 = 0.02. Such 
a condition together with the relationships given in 
Fig. 4 indicate that GaAso.6P0.4 can be best grown with 
f~176 ~--- 0.02, ]~176 = 0.0165, and IOpH3HOAsHa 
= 0.19 at a temperature  of 790~ 

Although the present  relationships are established 
for the AsH3 and PH3 process, they can be applied 
equally well to the AsC13 and PC13 process since the 
thermochemistry at the gas-solid interface is the same 
for both processes. As a mat ter  of fact, the trichloride 
process can be considered as a special case of the hy-  
dride process, which satisfies poHci : 3 (P~ -I- p~  3) 
with P%s~a and p~ 3 equal to P~ and p~ respec- 
tively. Thus, the present relationships can be reduced 
for use in the trichloride ease by introducing a restric- 
t ion that  f~ is equal to 3 ($~ + ]~176 2. It 
was indeed found that the results so obtained agree 
well with the calculated relationships by Bleicher (18) 
for the triehloride process. 

Conclusions 
A thermochemical  investigation on the VPE of 

GaAsl-zPx (0.3 ( x ( 0 . 5 )  has been carried out and 
the following conclusions can be made: 

1. The crystal composition x (0.3 ( x ( 0 . 5 )  as a 
funct ion of the input  flow rate ratios f~176 
]~176 and f~176 at 790~ has been obtained 
for the hydride process. A semiempirical  approach was 
used to establish such relationships. Such an approach 
demolishes the theoretical consistency, but  is cer ta inly 
a simple way to establish accurate, practical re la t ion-  
ships. Similar  techniques can be used for other ranges 
of x or other materials.  

2. The flow rate dependences of x for ~~176 
0.01 can be explained by the relat ive abundances and 
reactivities of various vapor sources. 

3. It  is concluded that  GaAso.6P0.4 vapor epitaxiaI 
layers can be best grown with f~176 = 0.02, f~ 
lOnu = 0.0165, and ~~176 = 0.19 at 790~ Such 
informat ion is par t icular ly impor tant  for red-emit t ing  
diode application. 

4. The above relationships can be reduced and used 
for the trichloride process which is actual ly a special 
case of the hydride process. 

5. The results established here are applicable to any 
such reactors where the input  flow rates can be cor- 
related with the incoming gas concentrat ions in the 
substrate region. 
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