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General and Inorganic Chemistry 
Modeling heat and mass transfer in the gas-phase 
chemical deposition of polycrystalline ZnSe layers 

V. G. Minkina 
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15 ul. P. Brovki, 220072 Minsk, Belarus" 
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Heat and mass transfer in the gas-phase deposition of zinc selenide in the zinc~ 
hydrogen selenide--argon system with separate injection of reagents into a reactor by local 
jets has been studied~ The effects" o f  technological parameters, design, and the geometric 
dimensions of the reactor on the distribution of the deposition rates of the zinc selenide 
layers formed have been considered. 
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Improvements  in opt ical  techniques  are de te rmined  
in many respects by the deve lopmen t  of  the technology 
of  the growth of  zinc selenide layers. To upgrade the 
quali ty of  deposi ted  zinc se lenide layers, it is necessary 
to prevent  the interact ion of  the initial reagents outside 
the react ion zone and to vary the rate at which they are 
fed. The mathemat ica l  models  of  the gas-phase deposi-  
t ion of  zinc selenide are few and conta in  many assump- 
tions and s implif icat ions.  For  example ,  for model ing 
mass transfer in a reactor  I it has been assumed 2,3 that all 
gases were mixed betbre inject ion into the reactor  and 
that  they were injected at a uniform concent ra t ion  and 
t empera tu re  over the whole cross section; the nonuni-  
tbrmity  of  the t empera tu re  field in the reactor  was not 
taken into account ,  and the rate profile along the reactor 
was considered unchanged  2 or comple te ly  d e v e l o p e d )  
In Ref. 4, data  on the substantial  role of  chemical  
kinetic factors during the interact ion of  Zn vapor with 
H2Se in a H2 flow were obta ined;  however,  the reaction 
rate constant  was not de te rmined .  Both kinetic and 
diffusion or in te rmedia te  react ion regimes were observed 
for the depos i t ion  of  polycrysta l l ine  ZnSe layers in an Ar 
flow. At low tempera tu res  (S873 K) the react ion order  is 

0.5 with respect to H2Se. This contradic ts  the data of  
Ref. 5, according to which the order  with respect to 
H2Se is equal to I. The first data on the rate constant  of  
the overall he terogeneous  reaction in a wide t empera-  
ture range, from 774 to 1146 K, were published in 
Refs. 3, 5, and 6. These data were obta ined  using a vet3' 
s implif ied mathemat ica l  model  of mass transfer,  which 
assumed a uniform concentra t ion  of  H2Se in the inlet 
cross section of  the reactor, a constant  flow rate along 
the reactor,  and the absence of  convect ive lateral mass 
transfer and a tempera ture  gradient.  These  are not the 
condi t ions  that exist in a real reactor.  

Mathematical model of heat and mass transfer 

1. Equations of conservation 

A numerical  analysis of  the gas-phase  deposi t ion  of  
zinc selenide from a Z n - - H 2 S e - - A r  mixture with sepa-  
rate injection of  the reagents by local je ts  is per formed in 
this work. The  scheme of  the reactor  is presented  in 
Fig. I. The ratio of  the height of  the reactor  to its width 
is considerably greater  than unity,  which makes  it pos- 
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Fig. !. Scheme of the vertical flow-type reactor: 1, walls of 
the reactor; 2 and 3, inlet ports; and 4, outlet ports 

sible to cons ider  the flow and heat and mass transfer in 
the reactor to be two-dimensional rather than three- 
dimensional. The development of the profiles of the 
rate, t empera ture ,  and concent ra t ions  of  the compo-  
nents of  the vapor-gas  mixture (VGM)  in the reactor is 
taken into considera t ion.  Hydrogen selenide is injected 
into the central  slit, and the zinc vapor is conveyed 
peripheral ly.  Argon is used as the carrier-gas.  A ZnSe 
layer is deposi ted on the heated walls of  the reactor 
according to the s to ich iomet r ic  equat ions 

Zn(g)+ H2Se = ZnSeis ) + H 2, (I) 

2 ZnSe(s ) = 2 Zn(g) + Se> (2) 

The process of  the gas-phase deposi t ion of ZnSe is 
described by a system of  Nav ie r - -S tokes  type equations 
of  the conservat ion of  moment t ,  m, energy,  and mass: 

a ( a< i  ' ]  a(,~a,t,) <72 
. - ' 2 - -  O )  - -  - -  

<> ) 
a 2 

- (~o )  + g O-2-P = 0,  
Oy 2 Oy 

(3) 
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where x and y are the longitudinal and lateral coordi -  
nates, respectively; m is the vortex strength; q' is the 
current  function; la is the viscosity coefficient:  g is 
accelerat ion of  free fall; p is density; H is enthalpy;  ~-T is 
the heat conduct ivi ty  coefficient;  Cp is the heat capaci ty  
coefficient;  C, is the weight concent ra t ion  of  the ith 
componen t ;  and D i is the diffusioll coefficient  of  the ith 
componen t .  

The system of  differential equat ions was solved by 
the method of  finite differences according to the de-  
scribed proceduref l  The dependences  of  the physical  
propert ies  of  the gas mixture (diffusion coefficients ,  heat  
capaci ty,  heat conductivi ty,  viscosity, and densi ty)  on 
the tempera ture ,  pressures, and chemica l  compos i t ion  
were taken into accountf l  - I °  

The dynamic  viscosity coefficient for the gas was 
calcula ted by the Suther land formula: 8 

~i = ~0i 273 +5'/ (T/273)i5 
T +St 

where S; is the Sutherland constant  of  the ith c o m p o -  
nent and ~0i is the dynamic  viscosity coefficient  o f  the 
/th componen t  at 0 °C. 

The viscosity of  the gas mixture (!a,ni×) was deter-  
mined by the Wilk formula I° 

..... : ;~l~;/[l + l-L ~'tL;"s 1 

where cb 7 is the filnctioil of the viscosity and molecular 
weights of the individual conlponelltS 

¢'9 = I I + (ndlJs)°S(mJM)°2Sl2fl8(i + /w/,w?°si, 
where M i and My are the molecular weights of the 
components ,  and X~ alld ~f) are tile molar  fract ions of  
the componen t s  in the gas mixture. 

By analogy with viscosity, the diflklsion coefficients  
tbr the binary mixture were calculated by the Suther land  
formula 

273 + S,j 
D~ =D o T + S  o (T/273)2s' 

where Dq0 is the diffusion coefficient of  the /th c o m p o -  
nent in the f lh componen t  at 0 °C. The Wilk formula ,  
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which gives exact  results, was used for the calculat ion of  
the diffusion coefficients of  the mul t i componen t  system 

O i = (I - X,)/ZX/D~. 

Equations (3) - - (6)  are supp lemented  by boundary 
condi t ions .  

2. Boundary  condi t ions 

Let us consider  the boundary condi t ions  that Eqs. 
(3 ) - - (6)  describing two-d imens iona l  flows must satisfy. 

The current  function W and vortex strength ~o at the 
inlet of  the reactor  have the tbrm: 

ill the central  port (from the axis to Yl) 

r~. Ov Ou 
at" Oy " o 

(7) 

ill the per ipheral  port (from Y2 to Y3) 

) '3 

'F = Ipudy + W(yl) e, = 0~'-~'- at__.~t 
" O x  Oy 

Y2 

(8) 

(u and v are the longi tudinal  and lateral componen t s  of  
the flow rate of  the gas mixture;  for Yt, Y2, and Y3, see 
Fig. 1). 

in the outlet  port  and on the symmet ry  plane of  the 
reactor  OF/Oy = 0 and aF/Ox = 0, respectively (here F 
are the desired variables).  The current  function on the 
wall from Yl to Y2, W = W(yl); from Y3 to h, W = pouoh; 
and on the side and upper  walls, W = pouoho (for h, 
see Fig. I). The boundary  condi t ions  for the vortex 
strength on the walls were de te rmined  from the condi-  
t ion that  the change in co along a line normal  to the wall 
is l inear 7 

"-[ 3(W"P- ~1~0 ~ ]  
(11 = ] 1  - -  

[ %0 
(9) 

where p is a point on the wall, np is the nearest node of  
the f ramework along a line normal  to it. and hnp is the 
dis tance between them 

Since reliable data on chemica l  kinetics are scarce 
(see Refs. 11--13),  it was asst, med ill this work that a 
t h e r m o d y n a m i c  quas i -equi l ibr ium exists on the deposi-  
tion surface. The concent ra t ions  of  the componen t s  ol3 
the walls of  the reactor  were ca lcula ted  front tile condi-  
t ion of  the t h e r m o d y n a m i c  quas i -equi l ib r ium,  taking 
into acco0nt  the balance of  mass flow. As shown by the 
t h e r m o d y n a m i c  analysis of  the Z n - - H 2 S e - - A r - - H  2 sys- 
tem using tile da ta  of  Refs. 14 and 15 in the tempera-  
ture range from 700 to 1500 K and at pressures from I 
to 100 kPa,  the main componen t s  of  the equi l ibr ium gas 
mixture are H2Se, Zn,  H 2, Se 2, and A r  The other  
c o m p o n e n t s  (HSe ,  Z n H ,  and Sei, where i = 3- -8)  are 
present  in negligible amounts .  The  equi l ibr ium partial 

pressures of  Zn and H2Se are considerably lower than 
the partial pressures of  these substances in the V G M  at 
the inlet of  the reactor. From the equat ions of  react ions 
(1) and (2) we have for the equi l ibr ium constants  

K I = P4/(PiP?), K 2 = pi2Ps, 

where indices I, 2, 4, and 5 correspond to Zn,  H2Se, 
H 2, and Se2, respectively. 

Thermodynamic  data from Ref. 16 were used to 
de te rmine  the values of  K. Since the total pressure of  

5 
the mixture P0 is constant ,  ~ = Y~P,. The expression 

t l 

of equali ty of  the flow of  Zn and Se a toms on the 
deposi t ion surface, i.e., the condi t ion of  s to ichiometry ,  
has the form 

DI 0CI - D2 aC2 +2 D5 0C5 
M I ~3y M 2 ~?y M 5 Py 

For the purposes of  approximat ion ,  let us use the 
value of  the rate constant of  the heterogeneous react ion 
presented previously 6 k = 0.085 m s -1, at the lateral 
reactor dimension h = 0,25 m, deposi t ion tempera ture  
1023 K, total pressure 2.66 kPa, and concent ra t ions  of  
Zn and H2Se vapor in the V G M  0.1 molar  fractions. 
Then we obtain for the value of  the d imensionless  
complex  X. = 2 k h / D  = 12.5 (D is the diffusion coeffi-  
cient of  the limiting c o m p o n e n t  in the  V G M ) .  This  
value of  k corresponds to an in termedia te  diffusion- 
kinetic regime of  the l imit ing heterogeneous react ion.  17 

For  the preparat ion of  high-grade layers, it is desir-  
able to work under condi t ions  such that when reagents 
are transferred in the gas phase as individual molecules ,  
not clusters,  the formation of  a powder  in the reactor  
should be excluJed.  The critical t e mpe ra tu r e -dependen t  
values of  the concentra t ion  of  H2Se, exceeding which 
results in the formation of  powder,  are presented in 
Ref. 18. When the deposi t ion tempera ture  increases 
from 850 to 1050 K, the critical concent ra t ion  of  H2Se 
dec reases  a p p r o x i m a t e l y  from 10. 10 -5 to 4" 10 ~5 
tool L -I  Since the nucleat ion is de te rmined  by the 
tempera ture ,  concentra t ion ,  and flow rate fields, which 
depend on the design of  the reactor,  its d imens ions ,  and 
consumpt ions  of gases, the data presented 18 can be 
considered as tentative. The diffusion coefficients tor the 
l imit ing componen t  of the VG M at various t empera tu res  
were calcula ted 5 from the exper imenta l ly  de t e rmined  
distr ibution of  the deposi ted layer thickness along the 
reactor  and the mathemat ica l  model  of  heat  and mass 
transfer considered above. The  diffusion coeff ic ient  in- 
creases and then decreases as the tempera ture  increases 
from 700 to 950 K. This effect is expla ined by the 
change in the mechanism of  deposi t ion:  below 950 K 
the reagents diffuse to the deposi t ion surface as mol -  
ecules, while above 950 K the deposi t ion  mainly  occurs  
due to the formation of  clusters ( - - Z n S e - - )  n in the 
react ion volume,  whose diffusion coeff ic ient  is much  
lower than that of  H2Se. The s implif ied charac te r  o f  the 
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mathematical  model may cause quanti tat ive errors. 
Therefore, the question of the change in the deposition 
mechanism as the temperature increases should be ad- 
ditionally studied. 

The transfer of reagents as individual molecules is 
considered in this work. At the same time, it was kept 
in mind that the deposition temperature, the concentra-  
tions of reagents, and the total pressure could not be 
higher than the experimentally confirmed values. 

Results of numerical studies 

I. Development of fields of flow rate, temperature, 
and concentration 

Pronounced maxima in the rate are obsew'ed oppo- 
site the inlet nozzles at I.33 kPa in the bottom part of 
the reactor  Traces from the ports become smooth, and 
the rate profile begins to gain the form typical of flow in 
a channel  as the distance from the inlet increases. The 
effect of free convection on the flow of the VGM is 
manifested in the t ranslbrmation of the central maxi- 
mum of the rate to a min imum,  because a portion of 
the gas is diverted from the center to the periphery, 
involving vertical motion along the reactor walls. This 
tendency increases as the pressure increases. At 5.32 kPa 
the rate maxima near the inlet ports decrease,~and the- 
flow rate gains a negative sign, ie., recirculation appears 
at some distance from the inlet in the region of the 
symmetry plane of the reactor (Fig. 2). Reverse flow 
appears in the central part of the reactor, while the 
direct flow is pressed against the walls. A further in- 

crease in the total pressure results in the development  of 
a recirculation zone and the acceleration of the flow 
along the wall. The traces from the inlet ports disappear 
even at short distances from the ports, which attests to a 
weak effect of the arrangement of the ports at the inlet 
of the reactor during intense rec i rcu la t ion  

The average effect of pressure on the rate profile 
along the reactor is shown in Fig. 3. At 0665  kPa the 
rate profile has a maximum on the symmetry axis, which 
is characteristic of flow in a channel  in the absence of 
free convection or with a weak convect ion effect, while 
at Z66 kPa there is a pronounced m i n i m u m  on the 
symmetry axis and a maximum near the wall. Recircula- 
tion near the symmetry axis and an increase in the 
maximum of the rate near the wall are observed at 
5.32 kPa. 

The role of free convection depends on the pressure 
and other values, for example, on the consumpt ion  and 
temperature of the VGM, d imens ions  of the reactor, etc. 
A decrease in the consumpt ion of the VGM affects the 
fbrm of the rate profile in a way that is qualitatively 
similar to the effect of an increase in the pressure. 
Decreasing the tempcraturc of the hydrogen selenide--  
argon mixture from 823 to 373 K sharply changes the 
rate profile resulting in recirculation (Fig. 4). Decreas- 
ing the cross section of the reactor suppresses free 
convection and acts as an increase in the consumpt ion  
of the VGM or a decrease in the pressure. 

Decreasing the size of the outlet port Y4 from 0.34h 
to 006h  in the absence of recirculation changes the rate 
profile several percentage units to make it more flat, 
decreasing the flow rate in the region of the symmetD, 
plane and increasing it near the walls of the reactor. 
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Fig. 2. Development of the profile of" the flow rate of the 
VGM over the cross section of the reactor, x/cm: 6 (/), 30 (2L 
60 (3), 90 (4), 106 (51; T~ = 7"2 = 823 K, & = 5.32 
kPa, h = 25 cm, G = 2.5 m 3 h Index "0" corresponds to the 
inlet of the reactor, G is the consumption of the VGM. 
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Fig. 3. Development of the profile of the flow rate of the 
VG M over the cross section of the reactor at various pressures, 
P0/kPa: 0,665 (/), 266 (2), 532 (3). x = 60 cm (for designa- 
tions, see Fig. 2). 
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Fig. 4. Development of the profile of the flow rate of" the 
VGM over the cross section of the reactor at various tempera- 
tures of H2Se at the inlet. T?/K: 373 (/), 573 (2), 823 (3) 
T 1 = 823 K. &) = 2.66 kPa, G = 5 m 3 h, x = 84 cm 

Constr ict ing the inlet ports from 0.06h to 0,01h some- 
what sharpens the rate maxima near the injection points, 
but this effect disappears as the distance from the inlet 
increases, because the Reynolds numbers  are very small. 
The change in the rate caused by the constr ict ion of the- 
ports was not greater than several percentage units. It is 
evident that the relative removal of the peripheral jet 
Y23/h (Y23 is the distance from the axis to the middle of 

r/T0 
1.25r i 

the peripheral port) in the absence of recirculation 
strongly affects the rate profile in the bottom part of the 
reactor. When the peripheral jet of zinc flows along the 
wall of the reactor, it acts as a gas curtain intercepting 
hydrogen selenide from the deposition surface. As men-  
tioned, intense recirculation abolishes this effect. 

As it moves away from the inlet, the gas gradually 
warms up, its average temperature increases, and the 
temperature gradient on the wall of the reactor de- 
creases, As the pressure increases and the consumpt ion . 
of the VGM decreases, the temperature distribution over 
the cross section of the reactor becomes more uniform 
because of stirring of the gas due to the recirculation 
(Fig. 5). 

The concentrat ions of zinc and hydrogen selenide 
decrease as the VGM moves to the outlet. A large excess 
of zinc over H2Se is observed on the deposition surface. 
This excess can be explained by the fact that the re- 
agents were not stirred beforehand, but were injected 
separately into thc reactor, and the zinc jet was located 
closer to the deposition surf21ce, Changes m the pressure 
in the reactor and in the consumpt ion of the VGM 
affect the concentrat ion profiles in the same way as the 
temperature profiles. As the presstire increases and the 
consumpt ion  decreases, the cop'~vntration distribution 
over the cross section of the reactor becomes more 
uniform due to stirring of the gases by recirculation, and 
the concentra t ion  gradients on the surface increase 
(Fig. 6). The latter results in an increase in the rate of 
deposition of the ZnSe layer. 
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Fig. 5. Development of the temperature profile over the cross 
section of the reactor under various conditions of the process, 
P0/kPa: 0.665 (/), 2.66 (2, 4"), 532 (3); G/m ~ h: 2.5 (1--3), 
10 (4). T I = 7" 2 = 823 K, x = 60 cm 
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Fig. 6. Development of the profile of tile concentration of 
H2Se over the cross section of the reactor under various 
conditions of the process, P0/kPa: 2.66 (/--3), 532 (4); 
G/m 3 h: Z5 (/, 4), 5 (2), 10 (3). T I = T~ = 823 K, 
x = 60 c m  
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2. DisO ibution of the rate of ZnS deposition 
under various conditions of the process and 

at various parameters of the reactor 

The distribution of the rate of deposition of zinc 
selenide along the reactor depends on the same factors 
as the concent ra t ion ,  temperature, and flow rate fields 
considered above, The main factors are the pressure in 
the reactor, the chemical composit ion,  consumption 
and the temperature of the VGM, the temperature of 
the deposition surt:ace, and design and geometric di- 
mensions of the reactor~ The effect of these factors is 
complex, The extent of the effect of each of them 
depends on the combinat ion  of all others. For example, 
one cannot  determine without considering this depend- 
ence, whether an increase in the consumpt ion of the 
VGM results in an increase or decrease in the deposition 
rate and how substantial the effect of this [actor is. 

The growth rate was determined by the fk)rmula 

V - 6"IOSMz~se J2~ 
PZnSeM2 

where J2 = pD?OC?/Oy is the flow of the mass of H?Sc 
(on going from dimensions of cm s -I to lain rain -I  we 
introduce the factor of 6 10 5 ) and C? is the mass 
concent ra t ion  of H2Se. 

The deposit ion rate distribution along the reactor has 
a maximum,  lz which shifts toward the inlet of the VGM- 
as its consumpt ion  increases and the pressure decreases 
(Fig. 7). In the absence of free convection in the diffu- 
sion regime and at a constant  mass concentra t ion  of the 
l imiting componen t ,  the deposition rate is independent  
of the total pressure, while it increases as the pressure 
increases in the intermediate and kinetic regimes, t7 

In the considered case at thermodynamic  equilib- 
rium on the deposit ion surface and at a stoichiometric 
ratio of hydrogen selenide and zinc, the deposition rate 
is limited by the transfer of hydrogen selenide in the gas 
phase. A decrease in the deposition rate as the pressure 
in the reactor increased was experimentally observed; 4 it 
is likely that in these experiments the mass concentra-  
tion of the l imiting component  changed on going from 
one pressure to another.  In fact, the concentra t ion of 
hydrogen selenide was measured 4 and was maintained 
constant  in units of tool L -I  

When the pressure increases~ the number  of hydro- 
gen selenide and zinc molecules per unit gas volume 
remains unchanged,  but the molar and mass fractions of 
these componen ts  decrease due to the dilution with the 
carrier-gas. This explains the experimentally observed 4 
decrease in the deposition rate as the pressure in the 
reactor increases. Varying the temperatures of the deposi- 
tion surface between 1023 and 1073 K exerts no notice- 
able effect on the growth of the laver. The same can be 
said about the effect of the temperature of the zinc vapor 
between 723 and 823 K 

Hydrogen selenide was conveyed to the reactor at 
room temperature  and heated before injection by pass- 
ing it through channels  in the heated components  of the 
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Fig. 7. Distribution of the rate of deposition of the ZnSe layer 
along the reactor under various conditions of the process; 
(a) at pressure, P0/kPa: 0.665 (I), 2.66 (2), 5,32 (Y) (T I = T 2 = 
823 K~ G = 2.5 m 3 h); (b) at consumption of the VGM, 
G/m 3 h: 2.5 (I), 5 (2), 10 (3) (T 1 = 7' 2 = 823 K, 
P0 = 2,66 kPa); (c) at temperature of H2Se at the inle t, 
T?/K: 373 (1), 573 (2), 823 K (3) (T~ = 823 14, P0 = 
266 kPa, G = 5 m 3 hL 

reactor. Depending on the structure of the conveying 
channels ,  the temperature of H?Se ranged within wide 
limits, which strongly affected the deposit ion rate distri- 
bution.  Increasing the temperature of H2Se at the inlet 
of the reactor from 823 to 373 K (Fig. 7, c) substan- 
tially increases the deposition rate at 266  kPa, while 
this increase is considerably weaker at 1.33 kPa. This 
dependence  on the pressure in the reactor exerts a weak 
effect on the deposition rate over the whole range of the 
considered temperatures of H2Se, while at 2.66 kPa its 
effect is substantial,  and a decrease in the temperature  of 
H2Se favors its intensification. 

Increasing the consumption of H2Se and Zn at a 
constant consumption of At, i.e., increasing the con-  
centrat ion of the reagents from 0 to 0. I molar fractions, 
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Fig. 8. Distribution of the rate of deposition of the ZnSe layer 
along the reactor at various parameters and geometric dimen-- 
sions of the reactor (T I = T 2 = 823 K, G = 2.5 m 3 h, 
P0 = 2.66 kPa): (a) arrangement of the peripheral port and 
sizes of the inlet ports: Y23 = 0.84 (1), 0.38 (2), 0,2 (3); 
Yl = 006, Y3 - Y2 = 0.08 (/--.3); 0,015--0,02 (4) (Y3 - Y2 is 
the width of the peripheral port); (b) width of the reactor and 
consumption of the VGM: h = 25 (I), 12,5 cm (2, 3): 
G = 5 (1, 2), 25 m ~ h (3) 

results m an increase m the deposition rate, but this 
funct ion is not linear, because the dependence of the 
rate of deposit ion of the zinc selenide layer on the 
variation of the overall consumpt ion  of the VGM affects 
its concen t ra t ion  dependence.  

Changes in the structural i~ctors affect the rate of 
deposit ion to different extents. Constr ict ion of the outlet 
port by 5.5 times in fact exerts no effect on the distribu- 
tion of the rate of the deposition. 

At the same time, a [burfold constr ict ion of the inlet 
nozzles results in a decrease in the deposition rate 
(Fig. 8, a) and a decrease in the carry-over of unreacted 
hydrogen setenide. 

Calculat ions  were periormed with Y23 = 0.2h, Y23 = 
0.34h, and Y23 = 0 8 4 h  to estimate the effect of the 
ar rangement  of the peripheral jet. When the peripheral 
jet is removed from the center, the rate of deposition of 
the zinc selenide layer decreases along the whole chan-  
nel (Fig. 8, a), and the carry-over of unreacted H2Se 
from the reactor increases. A zone with a lower deposi- 
tion rate is observed near the inlet, because the periph- 

eral jet acts as a gas curtain impeding the movement  of 
H2Se to the deposition surface. 

Decreasing the cross section of the reactor h from 25 
to 12.5 cm substantially increases the deposition rate of 
zinc selenide, improves the uniformity of its distr ibution 
along the reactor (Fig. 8, b), and increases the degree 
of conversion of H2Se. This effect increases as the 
consumpt ion of argon decreases. 
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