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Abstract Mercurous bromide (Hg,Br,) crystals hold promise for many acousto-optic and opto-electronic applications. This
material is prepared in closed ampoules by the physical vapor transport (PVT) growth method. Due to the temperature
gradient between the source and the growing crystal region, the buoyancy-driven convection may occur. The effects of
thermal convection on the crystal growth rate was investigated in this study in a horizontal configuration for conditions
ranging from typical laboratory conditions to conditions achievable only in a low gravity environment. The results showed
that the growth rate increases linearly with Grashof number, and for 0.2 < Ar (transport length-to-height, L/H) < 1.0 sharply
increases and for 1.0 < Ar <20 slowly decreases. The rate decrease exponentially with the partial pressure of component B
for Ar=5 and AT =30 K. We have also shown that the magnitude of convection decreases with the Ar. For gravity levels
of less than 107 g the non-uniformity of interfacial distribution is negligible.
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1. Introduction

Interest in growing Hg,Br, single crystal stems from
their exceptional optical properties and very broad trans-
mission range from 0.30 to 30 um for applications in
acousto-optic and opto-electronic devices such as Bragg
cells, X-ray detectors operating at ambient temperature
[1]. The solid-liquid equilibrium data on the mercuric
bromide (HgBr,) and mercury (Hg) system has not been
studied extensively. The available phase diagram [2] sug-
gests that equimolar compound Hg,Br, decomposes into
two liquids at a temperature near 405°C where the vapor
pressure is well above 20 atm. Because of this decom-
position behavior and high vapor pressure, mercurous
bromide cannot be solidified as a single crystal directly
from the stoichiometric melt. However, very similar to
the mercurous chloride, mercurous bromide exhibits suf-
ficiently high vapor pressure at low temperatures so that
these crystals are usually grown by the physical vapor
transport (PVT) method in closed silica glass ampoules.
The PVT process has many advantages over melt-growth
methods since it can be conducted at relatively lower
temperatures: (1) vapor-solid interfaces possess relatively
high interfacial morphological stability over non-uniformi-
ties in heat and mass transfer; (2) high purity crystals can
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be achieved; (3) materials decomposed before melting
such as Hg,Br, can be grown; (4) lower point defects
and dislocation densities are achieved [3]. In the PVT
system of Hg,Br,, the molecular Hg,Br, species sublimes
as the vapor phase from the crystalline source material
(Hg,Br,), and is subsequently transported and re-incor-
porated into the single crystalline phase (Hg,Br,) [4].
However, the industrial applications of the PVT process
remain limited. One of the main reasons is that trans-
port phenomena occurring in the vapor phase are quite
complex and coupled so that it is difficult to design and
control the process accurately. Such complexity and
coupling are associated with the inevitable occurrence of
thermal convection generated by the density gradients
caused by the temperature gradients in the system. Ther-
mal convection has been regarded as detrimental and,
thus, to be avoided or minimized in PVT growth sys-
tem. These thermal convection-induced complications result
in problems ranging from crystal inhomogeneity to struc-
tural imperfection. Therefore, in order to analyze and con-
trol the PVT process accurately, and also make signifi-
cant improvements in the process, it is essential to
investigate the roles of thermal convection in the PVT
process.

Markham, Greenwell and Rosenberger [S] examined the
effects of thermal and thermosolutal convections during
the PVT process inside vertical cylindrical enclosures
for a time-independent system, and showed that even in
the absence of gravity, convection can be present, caus-
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ing nonuniform concentration gradients. They emphasized
the role of geometry in the analysis of the effects of con-
vection. As such these fundamentally constitute steady
state two-dimensional models. The steady state models
are limited to low Rayleigh number applications, because
as the Rayleigh number increases, oscillation of the flow
field occurs. To address the issue of unsteady flows in
PVT, Duval [6] performed a numerical study on transient
thermal convection in the PVT processing of Hg,Cl,
very similar to the mercurous bromide for a vertical re-
ctangular enclosure with insulated temperature bound-
ary conditions for Rayleigh numbers up to 10°. Duval
[7] has also shown the bifurcation sequences which lead
to chaotic flow in PVT processing. Nadarajah et al. 8]
addressed the effects of solutal convection for any sig-
nificant disparity in the molecular weights of the crystal
components and the inert gas. Zhou ez al. [9] reported
that the traditional approach of calculating the mass flux
assuming one-dimensional flow for low vapor pressure
systems is indeed correct. More recently, Rosenberger
et al. [10] studied three-dimensional numerical modeling
of the PVT yielded quantitative agreement with meas-
ured transport rates of iodine through octofluorocyclobu-
tane (C,F;) as inert background gas in horizontal cylin-
drical ampoules.

In this numerical study, a two-dimensional model is
used for the analysis of the PVT processes during
vapor-growth of mercurous bromide crystals (Hg,Br,) in
horizontally oriented, cylindrical, closed ampoules in a two-
zone furnace system. Mass transfer-limited processes are
considered in this paper, although the recent paper of
Singh, Mazelsky and Glicksman [11] demonstrated that
the interface kinetics plays an important role in the PVT
system of Hg,Cl, very similar to the mercurous bro-
mide. Only thermal convection will be considered at this
point, primarily because the Hg,Br, source materials are
highly purified in the actual crystal growth process, and
consequently solutally-induced convection can be ignored
in comparison to thermal convection. All results presented
in this paper are for a mixture of Hg,Br, vapor contain-
ing some impurity, with the same molecular weight as
that of Hg,Br, vapor.

It is the purpose of this paper (1) to discuss the devel-
opment of a mathematical model for single crystals
inside a PVT reactor, incorporating the mass transfer-
limited model with idealized boundary conditions, (2) to
predict numerically simulated transport rate in a well
characterized PVT systems over typical laboratory con-
ditions, (3) to relate the applied convective process pa-
rameters to a crystal growth rate in order to gain insights

into the underlying physicochemical processes, (4) to
illustrate the possibilities of such a model in providing
reactor design, parameter estimation, and process opti-
mization.

2. Mathematical and Physical Formulation

Consider a rectangular enclosure of height H and
transport length L, shown in Fig. 1. The source is main-
tained at a temperature T,, while the growing crystal is
at a temperature T, with T,>T. PVT of the trans-
ported component A occurs inevitably, due to presence
of impurities, with the presence of an inert component
B; to address thermal convection we assume that the
impurity B has the same molecular weight as the com-
ponent A and a slight excess pressure. We also assume
the sublimation and condensation of A (Hg,Br,) and B
(Hg,Br,) occur congruently. The interfaces are assumed
to be flat for simplicity. The finite normal velocities at
the interfaces can be expressed by Stefan flow deduced
from the one-dimensional diffusion-limited model [12],
which provides the coupling between the fluid dynam-
ics and species calculations. On the other hand, the tan-
gential component of the mass average velocity of the
vapor at the interfaces vanishes. Thermodynamic equi-
libria are assumed at the interfaces so that the mass
fractions at the interfaces are kept constant at ®,, and
W, .. On the horizontal non-reacting walls an appropri-
ate velocity boundary condition is no-slip, the normal
concentration gradient is zero, and temperature is im-
posed as a linear temperature gradient or insulated.

Thermophysical properties of the fluid are assumed to
be constant, except for the density. When the Bouss-
inesq approximation is invoked, density is assumed con-
stant except the buoyancy body force term. The density
is assumed to be a function of temperature and not of

: Source(A)

Hg,Bry(A) & B(CO) H

< L

Fig. 1. Schematic of PVT growth reactor in a two-dimen-
sional rectangular system.
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concentration. The ideal gas law and Dalton’s law of
partial pressures are used. Viscous energy dissipation
and the Soret-Dufour (thermo-diffusion) effects can be
neglected, as their contributions remain relatively insig-
nificant for the conditions encountered in our PVT crys-
tal growth processes. Radiative heat transfer can be
neglected under our conditions, based on Kassemi and
Duval [13].

The transport of fluid within a rectangular PVT crys-
tal growth reactor is governed by a system of elliptic,
coupled conservation equations for mass (continuity),
momentum, energy and species (diffusion) with their ap-
propriate boundary conditions. Let u,, u, denote the ve-
locity components along the x- and y-coordinates in the
X, y rectangular coordinate, and let T, ®,, p denote the
temperature, mass fraction of species A (Hg,Br,) and
pressure, respectively.

The dimensionless variables are scaled as follows:

% X * y
X2y 1
X =Y =5 1)
= —u—x = EX = p
u=goV=goP 0. (2)
s T=Te o Wa—Wa
T = Tg—Tc’ Wy = YRS C- 3)

The dimensionless governing equations are given by:

Viev=0, (4)
ot wy, Gr-Pr’ (1-p")
VeV'V=-Vp +PrV V-——Ar3 BAT &)
VeV T =V7T, (6)
VeV, = Liev*zm;. (7

These nonlinear, coupled sets of equations are numeri-
cally integrated with the following boundary conditions:
On the walls (0 <x <L/H, y' =0 and 1):

u(x’,0) = u(x,1) = v(x,0) = v(x,1) = 0 (8)
QWA(X,0) _ dwa(x’, 1) _ 0
ay* ay* 3
* * 1 *
T (x,0) ——I?fx +1

On the source (x =0, 0<y < 1):

3w, (0,y)

L_1 oY), ©)

HOYIE TG ax
v(0,y) =0,
T(0,y) =1,

w,(0,y") = 1.
On the crystal (x =L/MH, 0< y* <1)
1 1 30\LH,y)

W(L/Hy) = = S (10)
v(L/H,y") =0,

T (L/H,y) =0,

0A(L/H,y) = 0.

The Peclet number Pe and concentration parameter Cv
are defined as

Uade
DAB ’

-y

Pe = Ao

C = an

In the dimensionless parameters in the governing equa-
tions the thermophysical properties of the gas mixture
are estimated from a gas kinetic theory using Chapman-
Enskog’s formulas [14]. Since the total vapor pressure
can be taken to be constant during the physical vapor

transport, the mass fraction of species A is defined as

_ 1
T 14+(Pepa— MM,

The vapor pressure [15] p, of Hg,Br, (in the unit of
Pascal) can be evaluated from the following formula as
a function of temperature:

W, (12)

pa=e""", (13)

In which a=29.75, b=11767.1. P; denotes the total
pressure, and the partial pressures for A(B) are denoted
by pa (Ps)-

The crystal growth rate v, is calculated from a mass
balance at the crystal vapor interface, assuming fast
kinetics, i.e. all the vapor is incorporated into the crys-
tal, which is given by (subscripts ¢, v refer to crystal
and vapor respectively)

fpau,-ndA = [p.u.-ndA, (14)
pvfuv-ndA
V.= _jd—A' (15)
P.

In order to solve the discretization equations for the
system of nonlinear, coupled governing partial differen-
tial equations, the SIMPLER (Semi-Implicit Method Pres-
sure-Linked Equations Revised) algorithm proposed by
Patankar [16] with a power law scheme was used. A
43 x 23 (x x y) grid system was used. The iteration pro-
cedure was continued until the following convergence
criterion was satisfied:
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011 =9

J

<107, for all ¢,

where ¢ represents any dimensionless dependent vari-
able being computed, e.g., u,v,T and w,, and j refers to
the value of ¢ at the jth iteration level.

3. Results and Discussion

The parametric study is useful for showing trends and
generalizing the problem, but many parameters are involved
in the problem under consideration, which renders it dif-
ficult for a general analysis. One of the purposes for this
study is to correlate the growth rate to process parame-
ters for a particular material (Hg,Br,). Thus, it is desir-
able to express some results in terms of a dimensional
growth rate. However, they are also applicable to param-
eter ranges over which the process varies in a given
manner. For this application, ranges of process parame-
ters are typical for PVT processes under ground-based
laboratory conditions. The six dimensionless parameters,
namely Gr, Ar, Pr, Le, C, and Pe, are independent and
arise naturally from the dimensionless governing equa-
tions and boundary conditions.

3.1. Effect of temperature gradients on growth rate
From a viewpoint of the design of a PVT crystal

growth reactor, it is necessary to correlate the tempera-
ture difference between the source and crystal inter-
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Fig. 2. Growth rate of Hg,Br, as a function of temperature dif-

ference, AT(K) between the source and crystal for Ar=35,

H=2cm, Py =10 Torr, and T, = 350°C. The solid line and bro-

ken lines represent the growth rate predicted by a numerical

analysis based on the diffusion-limited model for the horizontal
and the vertical orientation, respectively.

faces to the growth rate under the operating conditions
examined. Figure 2 shows the growth rate of Hg,Br, sin-
gle crystals for various levels of temperature difference
(10 € AT £60K) in a horizontal and a vertical cylindri-
cal reactor, based on Ar=5, H=2 cm, pg = 10 torr, and
T, =350°C. In a case of the horizontal orientation, as the
temperature difference is increased from 10K to 30K,
the growth rate increases from 0.5 to about 0.73 cm/hr,
which means the rate increases by a gradient of 0.011
cm/hr/K; for 30< AT <60 K the rate decreases with a
gradient of 0.0067 cmv/hr/K. For the vertical case, for
10<AT <30K, the rate increases with a gradient of
0.0073 cin/hr/K; for 30 < AT £60 K the rate decreases
with a gradient of 0.0027 cm/hr/K. For low temperature
differences up to 30 K, the growth gradients for the hor-
izontal case exhibit a value greater than the vertical by a
factor of 1.5, while for high temperature differences from
30 through 60 K, the former is greater than the latter by
a factor of 2.5. For the above cases, a maximum growth
rate is obtained at around AT =30 K. A maximum growth
rate in the horizontal case is greater than the vertical by
a factor of 1.5. At AT=10K, the growth rate in the
former is greater than the latter by a factor of 1.8; at
AT =60K, by a factor of 1.5. For ranges of tempera-
ture differences examined, except a low temperature dif-
ference of 10 K, a ratio of horizontal to vertical remains
unchanged, i.e. a value of 1.5, which means that convec-
tive effect within the horizontal is greater than the verti-
cal by a factor of 1.5. Moreover, the same profile of
growth rate versus temperature difference, in other words,
the same trend of a profile and a ratio of magnitude
between both is obtained for the both cases, indicating
that a convective flow pattern is likely to appear in front
of the crystal region. Therefore the crystal growth rate
depends significantly on the orientation of the growth
reactor with respect to the gravity vector, a clear indica-
tion of a thermal buoyancy driven convective effect.

As seen in Fig. 2, the growth rate increases relatively
linearly with increasing the temperature difference for
10<AT <30 K, while it decreases reversely with the
temperature difference for 30 < AT 60 K. It is due to an
occurrence of change in an intensity of thermal convec-
tion. To be explained in details, a Grashof number is
increased with an increase in the temperature difference
for the temperature ranges of 10 < AT < 30 K which cor-
respond to 7.27 x 10°<Gr<1.14x 10". On the other
hand, for 30 <AT <60 K, Grashof number decreases
with increasing the temperature difference which corre-
sponds to 1.14 x 10" > Gr >7.34 x 10° A mass fraction
of a component A (Hg,Br,) at the source and crystal
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Fig. 3. Growth rate of Hg,Br, as a function of Grashof num-
ber, Gr corresponding to Fig. 2.

regions varies with temperatures, and thus affects the
physical property of kinematic viscosity of a mixture of
a component A (Hg,Br, ) and B(CO). Thus, because in
an estimation of a Grashof number for 30 AT <60 K,
a variation in kinematic viscosity is greater than an
increase in temperature difference, such a critical point
as a maximum growth rate at 30 K occurs. To be clearly
understood, the growth rate is plotted as a function of
the intensity of thermal convection, in other words, a
dimensionless Grashof number, Gr in Fig. 3 which cor-
responds to Fig. 2. Figure 3 shows that the growth rate
increases linearly with a Grashof number for 7.27 x 10°
<Gr<1.14x 10" and that of the horizontal is greater
than the vertical by a factor of 1.5. It should be noted
that the ratio of 1.5 remains unchanged in either Fig. 2
or Fig. 3.

As regards to the configuration of a growth reactor, a
direction of temperature gradient for the horizontal con-
figuration is against the gravity vector, while the verti-
cal is parallel to the gravity vector. It should be noted
that thermal convection with the horizontal temperature
gradient (convectional thermal convection) is fundamen-
tally different from the case with vertical temperature
gradient (thermal instability) in the sense that there is no
critical thermal Rayleigh number for the occurrence of a
convective cell in the presence of a horizontal tempera-
ture gradient. In general, in the vertical case as the tem-
perature increases, multicells are formed due to thermal
instability so that the intensity of thermal convection for
the vertical is greater than the horizontal. However, from
the viewpoint of a crystal growth rate, the crystal is
grown on the diffusion-limited model so that the mass
transfer in front of a crystal region for the vertical is
more hindered than the horizontal.
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Fig. 4. Growth rate of Hg,Br, as an aspect ratio, Ar (L/H) for
H=2cm, Py =10 Torr, AT =30 K and T, =350°C.

3.2. Effect of aspect ratio on growth rate

The aspect ratio is one of the important process
parameters, which describes the geometry of the crystal
growth reactor. Experimental results [17] showed that
the growth rate of mercurous halide depends on the
aspect ratio (radius-to-length, R/L). These experiments
did not show the detailed transport phenomena because
their method was based on the determination of a mass
transport crystal growth rate. In Fig. 4, the growth rate
is represented as a function of aspect ratio, Ar (length-
to-height, L/H) for H=2cm, py= 10 torr, T,=350°C,
and AT =30 K. Two trends are shcwn: the growth rate
sharply increases for 0.2 < Ar < 1.0 and slowly decreases
for 1.0 < Ar£20. As the aspect ratio approaches a value
of 20, the effects of thermal convection diminish, and
the growth rate is virtually reduced to the rate predicted
by an one-dimensional diffusion model. This is directly
related to the fact that the cellular character of the flow
field becomes less pronounced as the aspect ratio Ar is
increased (not shown). In other words, this is because as
the aspect ratio increases, viscous interaction with the
sidewalls stabilizes thermal convection. Figure 5 shows
Ul as a function of an aspect ratio, Ar, correspond-
ing to Fig. 4. As one approaches Ar =20, i.e., the hori-
zontal narrow enclosure, the Ul decreases slowly. It is
expected that the Stefan flow would occur with a fur-
ther increase in aspect ratio. It has been shown [18] that
the fluid flow for a horizontal rectangular system switches
from a thermosolutal convective mode to a diffusive
mode at Ar (transport length-to-height) = 20. This is not
surprising because the effects of sidewalls tend to stabi-
lize convection in the growth reactor. This tendency is
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Fig. 5. Ul as a function of an aspect ratio, Ar correspond-
ing to Fig. 4, where Ul ,, as maximum magnitude of velocity
vector represents an intensity of thermal convection.

consistent with the results [19-21] on pure thermal con-
vection without crystal ‘growth in enclosures. For aspect
ratios less than Ar=2, the [Ul,, is very sensitive to the
slight change in the aspect ratio. The maximum of [Ul,,
occurs for Ar=2, beyond which there is a sharp drop,
and finally levels off. This result is consistent with the
results [18].

3.3. Effect of partial pressure of impurity gas on
growth rate

It was found that unintentional noncondensible gas
(impurity) like CO was introduced into the growth am-
poules of mercurous halide due to the seal-off process
[22]. Other crystal growers have also demonstrated this
fact in vapor-growth experiments [23 ,24]. Generally, the
presence of impurity tends to hamper or even cut off
further mass transport due to the formation of a diffu-
sion layer at the crystal interface. Consequently, the
growth rate was controlled by the use of inert gas like
argon. Therefore, to conclude this discussion of thermal
convection in PVT crystal growth, it is of interest to
examine the sensitivity of the crystal growth rate to the
partial pressure of a second component.

For the study of the effect of partial vapor pressure on
the growth rate, we have varied the partial pressure of
component (B) assuming the same molecular weight as
that of (A) (M, =Mg) from 0.05 torr to 100 torr with a
fixed equilibrium vapor pressure at the source tempera-
ture, T, of 350°C. Therefore, one considers the self-dif-
fusion system which is encountered for high purity-
materials. The addition of the B component results in an
increase in total pressure, which causes the thermophysi-

cal variations of density and binary diffusion coeffi-
cient. Although the use of an inert gas along with the
assumption M, = M, would provide a better approxima-
tion of the gas mixture with impurities, our assumption
represents a highly idealized system.

Assuming that the Hg,Br, vapor is incompressible in
the pressure ranges considered in PVT process, the
binary diffusion coefficient D, is dependent on pres-
sure, i.e., D,g~1/P. Moreover, the increase in the partial
pressure of inert gas (component B) results in the
decrease of mass fraction of Hg,Br, at both interfaces.
As a result, the mass flux is reduced. From this consid-
eration, the addition of inert gas in PVT systems can
alter the convective state. The relative contribution to
mass transport (due to increase in the partial pressure)
between advection and diffusion can be expressed by
the Peclet number. On the other hand, the effect of ther-
mal buoyancy-driven convection (due to increase in the
partial pressure, resulting in an increase in the total pres-
sure) is characterized by the Grashof number. This rela-
tion can be used for the rough estimation of the con-
tribution of thermal convection, i.e., thermal Grashof
number, with the increase in the total pressure. As one
sees in Figs. 6 and 7, both the growth rate (shown in
Fig. 6) and the IUl, (shown in Fig. 7) decrease expo-
nentially with the partial pressure of component B for
Ar=5, H=2cm, AT =30K, and T, =350°C. In Figs. 6
and 7, a linear scale is chosen to demonstrate the func-
tional relationship of the growth rate on the partial pres-
sure of component B, p;. This tendency was observed to
be consistent with the experimental observations of
Conder et al. [25] for a typical PVT system of mercury
iodine (Hgl,) and argon, and was confirmed numeri-

05 |-
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Partial Pressure of Impurity, P (Torr)

Fig. 6. Growth rate of Hg,Br, as a partial pressure of impurity
(CO), Py(Torr) for Ar=5, H=2cm, AT=30K and T, = 350°C.
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Fig. 7. Ul as a partial pressure of impurity (CO), Py(Torr)
corresponding to Fig. 6.

cally [26] for a system of Hg,Cl, and CO. Figure 6
illustrates that as the partial pressure of component B
decreases from 100 torr to 0.05 torr, the rate increases
by a factor of near 2 due to the intensity on convection.
Moreover, with a decrease of the pg, the Ul in-
creases due to the large sublimation and condensation
velocities characterized by the Peclet number. As the
total pressure decreases, the Peclet number is increased
and the Grashof number is decreased slightly due to the
slight variations of density. Note that for very low par-
tial pressures of component B, the total pressure does
not change, thus the Grashof number remains constant.
The contribution of solutal convection to the flow (due
to an increase of partial pressure) becomes important for
the case when the molecular weight of the inert gas is
not equal to that of the crystal component, and should
be taken into account for applications to the design of a
crystal growth reactor. Thus convection is aided as pg
decreases.

3.4. Effect of gravitational level on growth rate

One of the possible alternatives is to grow the crystal
in a microgravity environment. The microgravity environ-
ment is of interest for research on vapor-crystal growth
because buoyancy-driven convection and hydrostatic pres-
sure can be virtually reduced or eliminated. We have
simulated different levels of gravity. Figure 8 shows the
sensitivity of the growth rate to the variations of the
gravity level between 107 g and 1g for a horizontal
configuration with Ar=35 and AT =30 K. The effect of
convection decreases with decreasing values of the grav-
ity level, shown in Figs. 8 and 9. In particular, as the
level of gravity decreases, there is a sharp decrease of a
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Fig. 8. Growth rate of Hg,Br, as a function of gravitation level
for Ar=3, H=2cm, Py = 10 Torr, AT = 30K and T, = 350°C.
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Fig. 9. [Ul,. as a function of gravitation level corresponding to
Fig. 8.

crystal growth rate near the 1g, level and a much more
gradual decrease thereafter.

The dimensional maximum magnitude of velocity (IUl_,,)
for g in Fig. 9 is 433 cm/s; for 0.1 g, 0.54 cm/s; for
0.01 g, 0.11 cm/s. As one sees in Fig. 9, the convective
transport decreases with lower g level and is changed to
the diffusive mode at 0.1 g. Therefore, for regions in
which the g level is 0.1 g or less, the diffusion-driven
convection results in a parabolic velocity profile and a
recirculating cell does not occur (not shown). It is of
interest to consider the effect of the gravitational level
on interfacial distribution of a crystal growth rate, see
Fig. 10. For the two gravity levels investigated, 0.1 g
and 0.01 g, the interfacial distribution appear to have
qualitatively a similar structure and a slight variation of
growth rate over the interfacial positions, which implies
that the gravitational force plays a major role in the
motion of convective flow. For gravity levels of less than
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Fig. 10. Interfacial distribution of crystal growth rate for Ar=

5, H=2cm, Py=10Torr, and T,=350°C for three different
gravitation levels of 1 g,0.1 g and 0.01 g.

107 g, the non-uniformity of interfacial distribution is
negligible. In other words, the corresponding growth
rate distribution in front of the growing interface is
therefore planar. Numerical studies [10] have shown that
the effect of convection can be ignored at 0.001 g or less
for thermosolutal convection of Hg,Cl, and CO in hori-
zontal rectangular geometry. Even though this model does
not consider the effect of solutal convection, similar
trends have been achieved between the results in [13]
and this investigation.

To gain insight into the effect of internal process
parameters (thermophysical properties: B, x, and v), two
cases with the same value of external process parameter
gA TL® are compared for the diffusion and the convec-
tion model. For example, the growth rate for 0.1 g with
AT =30K and Ar=35 is compared with the rate for 1 g,
AT =3 K, and Ar=5. The former has the growth rate of
0.2 cm/hr (at Gr=1.14 x 10°, Pr=1.31, Le=0.39, C, =
1.02, Pe = 4.03), whereas the latter has the rate of 0.16
emvhr (for Gr=2.65x 10°, Pr=1.05, Le=0.30, C, =
1.27, Pe = 1.55). Thus, the former rate is a little greater
than the latter since the former has the Peclet number by
a factor of 2.6 higher and the Grashof number by a fac-
tor of 2.3 lower than the latter. The increase in Peclet
number and decrease in Grashof number are due to the
fact that the crystal temperature T, for the former case is
lower than for the latter and, thus, the mean tempera-
ture T, and mass fraction w,, for the former case is
smaller than the latter. Note that for the PVT processes
examined, the source temperature T, is fixed at 350°C
and the crystal temperature T, is decreased as AT in-
creases. Therefore, an increase in Peclet number due to
the mean operating temperature would be offset by a

decrease in Grashof number so that the corresponding
resulting growth rates are nearly the same. But, prop-
erty variations due to the mean operating temperature
affect significantly the governing parameters such as
Grashof and Peclet numbers, which would determine the
strength of thermal convection.

3.5. Effect of wall thermal boundary conditions on
growth rate

For practical applications, it is sometimes necessary to
insulate the region near the walls to prevent spontane-
ous nucleation of crystals on the walls. We thus con-
sider insulated boundaries and illustrate the difference
between the insulated and conducted wall boundaries.
For the operating conditions studied, the numerical con-
vergence for the conducting cases is not readily achieved
compared with the insulating cases. One explanation is
that the energy used to drive the thermal convection can
not escape through the insulating walls so that the con-
vection motion for the insulating case is more stable
than the conducting case. Figure 11 shows that the
growth rate of Hg,Br, as a function of temperature dit-
ference, AT (K) between the source and crystal for Ar=
5, H=2cm, P, =10 Torr, and T, = 350°C with two dif-
ferent temperature wall boundary conditions, i.e., con-
ducting and insulating walls. The rate of the insulating
walls for 10 AT <60 K is greater than that of the con-
ducting walls. Thus, the rate is significantly governed by
a diffusion mode in front of the crystal region for the
horizontal configuration However, as shown in Fig. 12,
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Fig. 11. Growth rate of Hg,Br, as a function of temperature

difference, AT (K) between the source and crystat for Ar=35,

H=2cm, Py, =10 Torr, and T, =350°C with two different tem-

perature wall boundary conditions, i.e., conducting and insulat-
ing walls.
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Fig. 12. Ul as a function of temperature difference, AT (K)
corresponding to Fig. 11, where [Ul,,, as maximum magnitude
of velocity vector represents an intensity of thermal convection.

for Ar=5 and 7.27x10°<Gr<1.14x 10', 1Ul,,, for
the conducting case is greater than the insulating. The
reason for the lower magnitude of flow velocity is that
the insulating wall case has a diffusion-dominant mode,
while the conduction wall case is of a convective mode.
Note that [Ul_,, is indicative of thermal convective mag-
nitude of flow field and is not directly proportional to
the rate.

4. Conclusions

In the past years considerable progress has been
achieved in modeling PVT processes. Our study covers
the effects of thermal convection on the growth rate of
Hg,Br, crystals in a rectangular ampoule under terres-
trial and micro-gravitational conditions for various oper-
ating parameters. Taking into account the real thermody-
namical dependency of the mass fraction as a function
of temperature reduces considerably the control we have
on the process. The growth rate and convective magni-
tude of PVT were studied by isolating the trends of
thermal convection form the combination of thermo-
solutal convection. We studied thermal convection by
artificially eliminating solutal convection, i.e., by setting
the masses of both gas components equal. Our results
show that the growth rate increases linearly with Grashof
number for 7.27 x 10°< Gr< 1.14 x 10’, and for aspect
ratios, 0.2 < Ar< 1.0 sharply increases and for 1.0 < Ar
<20 slowly decreases. The rate decrease exponentially
with the partial pressure of component B for Ar=15 and
AT =30 K. We have also shown that the magnitude of

convection decreases with the aspect ratio (Ar). The
growth rate for the horizontal configuration.is greater than
the vertical configuration. The vertical configurations would
provide potential for a diffusive mode of transport of
mass, resulting in a uniform mass flux near the inter-
face (planar growth). Microgravity appears to be an effi-
cient way of resolving the problems. The magnitude of
convection varies approximately with the gravitational
acceleration, as does the interfacial distribution on the
growing interface. For gravity levels of less than 107 ¢,
the convective mode switches to a diffusive mode, asso-
ciated with a restored planar growth. and the non-unifor-
mity of interfacial distribution is negligible because the
Stefan wind drives the flow. Buoyancy-driven convec-
tion in PVT is almost unavoidable at 1-g because of the
density gradients which are omnipresent. What are the
possible actions at 1-g? Two actions come to our mind:
Firstly, choice of the buffer gas: most of our problems
arise from the huge difference in molar mass between
carbon mono-oxide and mercurous bromide. Secondly,
we could use a heavier gas. We can change the geome-
try of the ampoule, using the conclusion of the study of
the effect of the aspect ratio (narrow ampoule). Alterna-
tively, the following may also be possible: we can mod-
ify the partial pressure of the components. Increasing
the partial pressure of component B would reduce con-
vection, but also reduce the rate of growth, the diffu-
sion coefficient decreasing with pressure. Decreasing the
reactor total pressure by decreasing the partial pressure
of an inert component increases the diffusion transfer,
which leads to the increase of the Paclet number. Also,
because the addition of inert gas causes a decrease of
thermal convection (Grashof number) due to the varia-
tion of the vapor density, its contribution to the flow
should be taken into account for the design of a crystal
growth reactor.
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Nomenclature

A :component A, Hg,Br,

B  :component B, CO

D,y : diffusivity of A and B

g - standard gravitational acceleration constant, 980.665
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2
cm/s

* height (cm)

- transport length, width (cm)

- mean molecular weight of component A and B

. pressure

: total pressure

: temperature

: temperature difference between source and crystal,

Ts_Tc

: mass fraction difference between source and cry-

Stal, wA,S_wA.C

: X-coordinate

: y-coordinate

: dimensionless x-component velocity

: characteristic velocity based on the diffusive-ad-

vective flux

: characteristic velocity, k/H

dimensional maximum magnitude of velocity vec-
tor (cm/s)

: dimensionless y-component velocity
: X-component velocity

: y-component velocity

: velocity vector

: growth rate (cm/hr)

ionless Governing Parameters

: aspect ratio, L/H

: concentration parameter, C, = (1-0, )/A®
: Lewis number, k/D,,

: Peclet number, U, /D,

: Prandt] number, v/x

: Grashof number, gBATL’/V’

Subscripts and Superscripts

A :component A, Hg,Br,
Adv : advection
B :component B, CO
¢ :crystal
s :source
T :total vapor pressure
* . dimensionless
Greek Letters
B :thermal volume expansion
K :thermal diffusivity
v :kinematic viscosity
V' (@/0x") + (9/0y)

281
V2 1 (@70x) + (979y™)
® :variable (u, v, T*, ,)
® :mass fraction meaning dimensionless mass con-
centration
p :density of fluid with component A and B
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