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iChemical'Trénsporf Analysis of ZnS Crystal Growth
R. B. AgnihottiT and L. F. Donaghey
Inorganic Materials Reseatch‘Diviéion,
Lawrence Berkeley Laboratory, and
Department of Chemical Engineering;
University of California, Berkeley 94720

October, 1973

Abstract

.Crystal gfowth'of ZnS by the closed tube .chemical transport
method was explored bty numerical simulation with iédine as a transpozt
agent. An analysis of diffusion controlled hinética based on
integration of the Stefan-Maxwell equations for multi-component
diffusion is utilized to calculate the traﬁsport flux as a function
of traﬁeport agent concentration and temperature gradient along the
transport path;v,The prpduct flux increases approximately linearly
with temperature gradient along the transport path for fixed initial
iodine concentration, but tends to a saturation Qalue as the initial

iodine concentration is increased for a fixed temberature gradient.

+Present address: Antex Industries, Palo Alto, California.
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‘Introduction

Zinc sulfide 1s of considerable importance as.an electronic
material because of its phosphorescence ano photoconduction properties.
Strain‘freé single crystals and thin films exhibiting bulk proporties
are needed for physical property studiea and electro-optical ‘device
applic&tions. ' The chemical transport crystal growth method 1is well
suited for crystal growth of this compound but conditions must be
established for successful application of this method. In this paper
the chemical transport of 2ZnS with iodine 1is Simulated for transport
properties under diffusion-controlled kinetics.

~ Although ZnS can be grown in single crystal form by the
sublimation-condensation method of Piper and Polichl) which has proven
so commercially succéssfol for,the grOWth of Cds , the'vapor pressure
of 2nS 1lies significantly below that of CdS , and much higher
temperatures are required, > 1300°C . In the presence of a transport
ageht’Such as lodine, however, the equilibrium constant for the
reaction with ZnS 1is increased, and the transport reaction can be
carried out Pt significantly lower temperatures.

.-That 2ZnS crystals can be successfuliy grown by chemical
transport reactions has.been known for some time, aod crystal growth
with a number of transport agents have been studiodf' Devilie
successfully transported 2ZnS with Hz in 18612). Lorenz foond

‘transport successful with NH401 3). Recent transport studies have

been conducted with iodine4-7), HC1 & 10) , Cl2 lo) as
transport agents. These studies which are summarized in Table I

show that both the zink blende and wurtzite structures as wellvae



Table I

-Experimental Conditions for Crystal
Growth of ZnS by Chemical. Transport

Transport ' ' . Crystal

Agent T source(°C) T growth(°C) Form
* .
I : : 1000 _ 750 Z , polyhedra
1 ’ 1300 1150 Z, hexagonal
I 1050 770 Z, polyhedra
I - 1050 900 Z, prisms
HC1 _ ~ 1050 940 Z, disordered
HCL 1000 760-970 z, plates
HC1l 1100 1020 -Pt needles
HC1,C1, 1200 | 1060 ' wf prisms
* —
Z = Zink blende
*h = Wurtzite
P = Polytype

Maximm

Dimensions (mm) Reference
8x8x10 4,5
3x3x8 4,5
3%3x3 6

- 2-7 7

2x2%6 8
1x10x10 9
1x1x15 9
5x5%10 10




pblyﬁypes,cgn be produced by different transporﬁlreactiohs, whereas
the ‘zink blende structure is the equilibrium phase at high'températute.

i The‘granspoft rate of grown cryétals(is seldom reported in
experimentallstudies of chemical tfahsporf. Schaefef'et al.ll) devéioped
an approximaté theory relating the tranapbrt]rgte to crystal growth
pardmeters‘whicﬂ uses an approximate diffusion cbefficieﬁts); and
neglects the transport flow ﬁroduced:by ttansporﬁ,reaétions which'
change the number of moles in the vapor phase. Mandellz)'and Lever13)
have studied ﬁulti4componeﬁt trahsport reactions, but also employ a
simplified diffusion expressionlz). Recently the present authors
introduced a new approach to diffusion-controlled multi-component
chemical transportlin whiéh the Stefan-Maxwell equations for multi-
component diffusion are solved éimultaneously assuming equilibrium

|

gas-soiid reéctions'at the ends of the transport pathla). This
approach is applied hefé to ékplore the simulation of ZnS " transport.
Iodine was chosen as a transport agent because this halogen offers
nucleation control during crystal growth; for the related problem of

chemical tfansport of ZnSe , only iodine has been found to control

nucleation and allow the growth of large singlé crystalsls).

Diffusion~Controlled Transport of 1I-VI Compounds

v Single crystals of the divalent chalcogenides can be grown in the
vapor..phase by chemical transport with various fransport agents halogens.
With free halogens as transport agents, the temperatures of transport

are considerably reduced below those required for sublimation. If 12
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is added, the gaseous metal is bound in the iodide form, and the
equilibrium is consequently shifted in favor Qf the gaseous participant

in the reaction. The general teaqtion'éan be represented by

+ = .+ 0. ’
o) * T2e) " M20e) * 00 o)
Here we designate the gas phase species I2 ’ MI2 and xz by the

subscripts 1, 2 and 3 respectivgly, and x, the mole fraction of

i

species i1 1in the vapor phase.

The multicomponent Stefan-Maxwell diffusion equations arel6)
Vx, - 2 —— (N - xN)  1=1,2,3. (1)
where

3
Z x, () =1.
i-1

and where N, 1is the moiar flux of the species 1 with respect to

i

fixed coordinates, c  1is the total molar concentration, and 61 is

hE

the binary diffusion coefficient for the specieé pair 1 , 3, and z 1is

the distance along the ampoule. Because of the above constraint, only
two of the set of equations (1) for the speciee HIZ . 82 and 12 are
independent. These have been shownla) to reduce to the form in

terms of the product flux J



where

J/1 1 J/ 1 1
2 =Sz - = =z -

\1’12 2D, D3 Dy
bl.ig..-;.) b, = (-2 -3)

Dy, Dy, kznzs Dyy
d, = ¥ d, = - 2,
1% z cd

13 23

The integrated solutions for these equations are

b,d, - b.d v m
x. = 271 172 + e 1

“1. ab, - alb2 1 _ 2

4 mzz
2°1
byt B A mE gty mE

X, = + ————
2 azb1 -.alb m, - b m2 b2

“wherxe

(a, +b,) ; ;
| 170 R
m o, m, = 7 * 2{“’1 +by)" - 4(a;by - ayby) .

Genetaily, it has been found that the discriminent is negative and so

the roots are imaginary. Then we can represent the solutions as



6=

. ' ‘- : 8z ' S ‘
| x, .ul + f (clbcos rz + cz_sin-rz)

xi%- qz + eu(c3 cos rz + ék sin‘rz)

x3.-'1 - xl - x,

where r and 8 are given by

"
.

-(pl —’mz)lz | 8 = (ml + uz)/2
cy= A+, c, = (A5 - A,)
°3’.'.'°2 Afb + }Eb] €, = 8y Aib - Afb]
2 M T2 M T ™ | o S B s
e Bl b  and o w292 7 %%
1 ‘azb1 - albz 2 a2b bz

1°%

To obtain a particular solution to the above general solutions for

X, X, and x, we must.know the values of the juantities Al . AZ -

and. J which is implicit in the constants al,b .+« etc. These

1

three ﬁnknowns require_three equations which are

i) the heterogeneous equilibrium at the source end,
. _ 1/2 4 ‘
- - 23 1/2 :
K.I. Kz-O ——xl '(CRT.]') 2)
z=0
i) the heterogeneous equilibrium at the product end
x /2 | :
- .23 w172 :
Kz .Kz-L -—;GT——- (cRTz) , 3



111) and the overall iodine balance in the closed tube: If € - 1is
N L v
the concentration of 12 initially fed to the system (molea/cm3)

and 1f A is the uniform cross section area of the tube, then

L .
AcL = Ac ~/r (xi + x,)dz . ‘ 4y
0 . ,
We also need to know the total concentration of all gaseous

species in the tube, c¢ . This is obtained from the relation derived

from the transport equationla),

3/2

-c- ) .  : . )
K, = ie—i)— (4R'r1e)1/2 . (5)

1 2¢c
3-%

Once c¢ 18 calculated from Eq. 5; the system of three non-linear

algebraic simultaneous equations, Eqé. 2, 3 and 4 can be solved for

the unknowns Al ’,12 and J .

Thermodynamic Calculations

For the transport reaction between ZnS and I2 s

- .
055y * o) = o) 2 Sa(g)

the free energy change for the reaction at the temperature of interest

is



2GS = AG® - AG?
T,rxn

f’?“lz(g)_ f;ZnS(s). ‘
since AG: . = AG: ., . =0.
Bl Sy

We are interested in finding the free eﬁergy of reaction at
high temperatures. 'Thus, heat capacities..thelhegts of fusion and

heats of vaporization, must be added to the values for AGf at

298°K. For most metal halides, however, the heat c#pacities are not

well known at higher temperatures, and it is therefore useful to

bapproxinate the free energy as those at 298°K;‘ The change in AH298

"and AS is such that the errors tend to balance out. A detailed

298
discusgion of the errors involved in this appfoximation is presented
by.Bfever17).

For Zn12 we have found the heats and entropies of formation

- for the gaseous state from

° - ° ° ° :
863 ) ™ % (e) * Clmelting) * A%ap *

where, to obtain the free energy of vaporization, we have utilized

Kelley's methbdzo),
AG, =AH - AC T2 T+ IT
vap o P

and

AH = AH +ACT.
vap o P



Here " AH is
. o N
AHo = Tb(ASv -‘ACp)v

I= ACp fn Tl + (ACp —-ASV) |

and Asv is the entropy of vaporization at the boiling point, 'Tb .
This eguation given above is valid for the entire liquid range, but
must be modified for the solids. Since ACp data was not available
for ZnIz(s) ap@ 'ZPIZ(s) » the yalue 'ACP = =10 was used, as
suggested by Kelleyls).

Following this procedure, then, we find for ZnS(s) N

AH2,. ., = -60.7 kcal/mole

298
AS§98 = -23.4 cal/mole °K.
and
° -
AGT,ZnS 60.7 + 0.0234 T .
(8)
For Znl, at 1000°K
AG - AH,0 = 28.1 T , at 1000°K

AH298 = -§4.7 kcal/mole

and .

ané(z)
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For the vaporization of 2“12(2) ‘with T, = 1000°K ,

" As_ =23, AH_ = 33000 ,
v T o L
- and
I=4C T - 0.1021 T = -102.076
"AG_ = 334 .010T #n.T - 0.1021 T .
~vap
Finally, the expression for the free energy of rgac;ion becomes
AGT,rxn - AGZnIz(g) - AGZn_S(s)

86y ren ™ -0.0974 T + 0.01 T % T + 29.0 kcal/mole . (6)

Determination of Vapor-Phase biffusivity
Fof ordinapy‘diffﬁsion in low-densify, mﬁlti-component vapors
wheré'LennﬁgdéJonés potential function paraﬁetéré.ate unknown, the
bina;y diffusion coefficients caﬁ be determined by the relgtion

_ develqped by Slattery and Birdlg),

R b _ | | 1/2
D,y = af—e P'I(P P )1/3('r T )sllz(il- +i)

T T | €A ©s €a °p) . A ¥

€A B

where Pc and Tc are the critical pressure and temﬁerature of
| 1 1 |
species i, and Mi ~the molecular weight of species' 1. The
4

constants are found to be a = 2.745x10 aﬁd- b = 1.823 for nonpolar

-
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gas pairs, and the accuracy is about 8. The critical temperature
and pressure of ZnI2 were calculated to be 1549°K and 37.5 atm,
respeCtively byvthe method of Meissner and Reddingzo). 'We have

used this reiatipn to éstimate the binary diffuaivitieé.

Results
The chemical ﬁransport of ZnS with iodine Qas simulated
numerically by solVing Eqs. 2-5 for the transport variables
c, AI ,
c ,eﬁas<f1rsﬁicalculated frdﬁ Eq. 5, and then Eqs. 2-4 were solved

AZ ,and J . The total concentration of gaseous species,

simultaneously for A Az and J by an unconstrained minimization

1°
technique uﬁilizihg the Newton Raphson iterative method with
internally épproximated gradiénts. These equations were solved on

a CDC 6600 computer at the Lawrence Berkeley Laboratory.

The fesultévof computational simulation of‘crystal growth a;l
different temperatures indicatg the general results that the transport
flux, and therefore the crystal growth rate, increases monatonically
‘with both the temperature difference from source to deposition zdngs,
AT , and with the concentration of iodine feéd, the initial iodine
concentr#tion, placed in the ampoule. The computed results of the
chemical transport crystal growth simulation‘corresponding to growth
at 1100°K are summarized in Table II for sourée-to—growth temperature
differences of 25, 50 and 100°K, and for iodine feed concentrations
from 0.1 t:o_20><'10_6 moles/cm3 .

The vafiation pf the transported ZnS. product flux on ’AT"for

fixed iodine feed concentrations is shown in Fig. 1. The rate dependence



Table-II- ZnS transport by'quine. Product rates of fromation fof,various transport conditionms.

Source

Product Todine Presshré Conversion Total cbnén. . Product Rate:, 3
Temg, T, Temg, T, Feed in ampoule in reaction in ampoule 6 (Gm/sq.cm/hr)x10
(°K) (°K) (moles/cc)*10 (atm.) at source _.(moles/cclxlo
1125 1100 .160 .0135 - .9676 1484 .2384
| | .200 .0270 119550 2955 .3255
=8 = .500 .0669 .9315 1329 4813
& 3 11.000 1321 | .9070 1,453 .6337
L . 2.000 .2626 8753 2.875 .8150
2 -y 5.000 .6437 .8209 7.052 1.087
s " 10.000 1.264 7699 13.85 ‘1,297
20.000 2.475 7111 27.11 1.488
1150 | 1100 .100 .0137 .9722 .1486 4351
.200 .0273 .9613 .2961 .5956
=h =3 .500 .0679 .9408 7352 .8848
8 3 1.000 .1347 .9192 1.460 1.170
. ! 2.000 2668 .8909 2.891 1.514
@ o 5.000 .6556 .8417 7.104" - 2,037
*© ~ 10.000 1.289 .7946 13.97 2,452
20.000 2.528 27.39 2.838

© 7393

ACE



Table II (Continued)

Product-Raté

5.155

- Source Product Iodine Preésufe VConversion To;ai conen, 3
Tem?’ Tl Temg, '1‘2 Feed 6 1n‘ ampoule 1in reaction in ampoule s (Gm/sq.cm/hr)*10"
(°K) (°K) (moles/cc) %10 “(atm.) at source (moles/c2)x10 . - S
1200 1100 100 0140 | 9791 .1490 .7367
.200 .0280 |  .9708 297 1.012
.500 10696 .9549 .7387 1.514
SN ool 1.000 .1385 .9379 1,469 2.017
S S 2.000 .2748 9154 2.915 2.633
o ' 5.000 . .6775 .8750 7.187 3.597
e - 10.000 1.336 .8351 - 14.18 4.387
S S 20.000 2.627 .7868 27,87

-€1-



Product Flux (gram/cm/hr) x10°

e

50| s
\$
A%
32
O
&
L
4.0 % -
O
)
30 T
'3
2.0 )
05
| 0.2
' 0.1
o 25 50 | 7% 100
 Temperoture Grodient, AT (°K_) :
XBL7212-7346

Fig. 1. Product flux of chemically transported 2ZnS as a function
of the temperature difference along the transport path for
fixed iodine feed concentrations, and a growth temperature
of 1100°K. '
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is nearly linear with the teﬁperaéu;é difference AT with a sl§pe
decteasingbgraduhlly with increasing AT . |

Thé-transpérted product flux'depeﬁdence ohviodine feed
coﬁceﬁtration at fiied"AT is shown in Fig. 2. 'The product flﬁx '
increases monatonically with feéd concentration,_bdt'with a taté of
iﬁcre&se'vhich tends to decrease rapidlyvto small values for iodine

feed exceeding 5x10™6 moles/¢m3.

Discussion

' The results of the chémical tranﬁport btudy indicates that the
high.teﬁperature”diffusion—controlled transport of ZnS with I,
is rate controlled by the counter diffusion of 1, through a vapor
phasg containing prihciﬁéliy ZnI2 and 82 . The data summarized
in Taﬁle\II'indicétés‘that the'extenﬁ of conQersion of 1, to ZnI,
at the ZnS ‘source temperature is large. As the iodine feed
concentration increases from small values the extent of conversion
initially falls rapidly until the build-up of sulfur preésure impedes
the ferward transpoft reaction. When the transport agent concentration
is large (> 10’-5 moles/cm3), the vapor phase concentration of I2
is on the same order of magﬁitude as Zn12 and S2 ,» and the effects
»of multiééomponent interdiffusion and transport flow which are
accounted for in the present model become important.

Changes in the growth tempefature were shown to produce similar

results in the simulation study. The major limitation on transport

of ZnS with I

is the boiling point of ZnI2

2 , ~ 1000°K , wh;ch



ld
O

Product Filux (qram/cmz/hr) x 108

H
o

N
@]

T T ~ ' T
— ‘AT"OOOK gt
T: 1200°=1100°K
AT =50°K o
T: 1150~ 1100°K
o |
AT = 25°K
. T: 125 1100°k -
oflLit | L . — . —
0051 2 5 o - 20
: Iodine Feed (moles/cm>) x10° L T
. | XBL7212-7345

Fig. 2. Product flux of chemically transported 2ZnS as a function
of the iodine feed concentration .for fixed temperature
differences, AT , along the transport path.
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- . , o :
must be .exceeded to prevent condensgtion'of ZnIZ(l; ‘on the growing

crystals and consequent interference with the:transport‘growth

méchanism; ‘For tfhhsport temperatures above 1000°K the free energy
df reaction, Eq. 6 , does not change sigﬁ wi;h increasing temperature,
and consequently‘the equilibrium constant fof the transport reaétion,
K , 1s always greater than unity.

The=parameters'required for the calculation of concentration
profiles along the transport path are summgrized in Table III for

crystal growth.at L100°K. The concentrations of the various gaseous

species as a function of position along the ampoule involve

~ exponential and trigonometric function dependence. For binary metal

chalcogenides these functions are

x(Iz) = -2 + (c1 cos rz + ¢y sin rz) exp (sz)
x(MIZ) =2 + (c3 cos rz + c, sin rz) exp (sz)

x(Sz) = ] - x(Iz) - x(MIz)

where x 1is the mole fraction 2z the distance along the ampoule.

The nonlinearity of the concentration profiles is indicated by

varying magnitudes of r and s . The values in t%ese quantities .
|

over the range of conditions studied correspond to nearly linear

cdncentratioﬁ gfadients, As a general rﬁle,‘the nonlineatity.increaaes_
|

with both iodine feed and temperature gradient. Thé effect of ZnS

~ transport by a sublimation-condensation tranéport mechanism is not

taken into account in the present analysis. This parallel reaction



Table IIL ZnS transport by Iodine. Paraméters

for concentration profiles along the closed ampoule.

Source Product  Todine _ , o
Te??i)r 'Téﬁfi)rz (mole:7zg)x1o“ ¥ y °1 <2 °3. %
1125 1100 .100 .00009 | .00023 2.0219 | -.8651 |-1.3482 [-.1563
= ’:g . 200 .00013 | .00032 2.0304 | -.8692 [-1.3541 |-.1568 |
S 8 .500 -00019 | .00047 | 2.0467 | -.8768 [-1.3651 {-.1577 |-
" " 1.000 | .00025 | .00062 2.0660 | -.8849 |-1.3769 |-.1587
X > 2.000 .00032 | .00080 2.0868 | -.8954 [-1.3923 }.1600
R 2 5.000 ~.00042 | .00106 21270 | -.9139 [-1.4195 |.1624
10.000 .00050 | .00127 2.1662 | -.9316 |-1.4459 |-.1649 .
20.000 — _| .00058 | .00146 2,2131 | -.9527 |1.4775 [-.1680
1150 1100 .100 .00017 | .00042 2.0187. | -.8646 |-1.3464 |-.1556
| < % .200 .00023 | .00058 2.0261 | -.8684 1-1.3515 |-.1558
=5 B 500 .00034 | -.00086 2.0402 [ -.8757 -1-1.3613 -.1563
°. ° 1.000 .00045 | .00114 2.0554 | -.8834 |-1.3718 --.1568 |.
~ e 2.000 1.00058 | .00147 | 2.0755. | -.8935 |-1.3856 |-.1575
& & 5.000 .00079 | .00198 2.1114 | -.9112 Fl.am-s -.1591 |
10.000 .00095 | .00238 2.1470 | -.9283 [-1.4346 |-.1608
20.000 .00109 | .00276 2.1903 | -.9488 |-1.4641 |-.1632

R

-1 .




Table III (Continued)

Source Product . Todine o , . »
Te?gr'()rl Te"('?;()'rz (mblijiﬁ)x 168 r s er . %2 ey ooy

1200 1100 .100 .00028 | .00070 2.0141 -.8638 | -1.3436| -.1546
- - . 200 .00038 | .00097 2.0197 -.8673 | ~1.3477|-.1545

§ E +500 . .00057 .00144 2.0305 -.8740 | -1.3556[ -.1542
°. °' 1.000 .00076 | .00192 2.0422 -.8811  ~-1.3641| -,1540}

w ~ 2,000 .00800 | .00251 2.0580. -.8904 | -1.3754]-.1538

E § 5.000 .00136 .__00343 2.0870 -.9068 ._--1.3959 -.1539

: ~10.000 .00166 00419 - | 2,1163 -.9227 | -1.4165| -.1544

20.000 .00492 2.1530 -.9418 | -1.4420|-.1554

.00195

_6”[_



becﬁmesvimportant at low ibnihg'conceﬁtrations."Thé effect of thermal
convection in additibn to sublimation tthnsport ;nd chemical»transbérf
 cou1d also contribute to enhancement of the it#nsport rate over tﬁat
calculated in this étudy.

" The liﬁiﬁétione on the accuracy of oﬁr results stem principally
from errors in'thevthermodyhamic dath; and from errors in estimatingv
diffusivity}' Both of these are inevitable becaﬁge of the-explorafory
applications to’which chemical transport ié applied. In additiom,
there is a great probability of multiple reactions. Sulfur is assumed
preseunt only in the form of S2 . This is true to a large extent i
becaﬁse at high fénperatures the polymers S, » Sg » Sg break down
1ﬁto Sz~'and the equilibrium heavily favors S2 . Also,.the,
dissociation of iodine, 12 = 21 , was neglected ét this témperatute.
We have luﬁped thé monatomic iodine with the diatémic molecule in this
study, as the concentration of I does not e*ceed a few 2 Bf tﬁe- I2
concentration at fypical transport temperatures. |

The present analysis of chemical transport allows a prediction'

of the>product.compound formation rate for diffusion controlled trahsp0tt_

upder different conditions of temperaturé, initial transport agent
concentration and choice of transport agent. In parﬁicular, the

hethod properly accounts for interdiffusion effecte and transport
'fiow, and all;we a prediction of the concentration profiies for ﬁgrious.

species along the transport path. This method has potential in

general for predicting the optimum conditions for crystal growth.
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