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Abstract Our computational studies for the physical vapor transport crystal growth of Hg,Cl,-Cl, system evidence suggests
that the PVT growth process exhibits the diffusion-dominated behaviors for aspect ratios more than and equal to 10, which
would provide purely diffusive transport conditions adequate to microgravity environments less than 107g, Also, the
regimes of high temperature difference based on the fixed source temperature of 380°C, where AT is relatively large
enough for the crystal growth of mercurous chloride, the transport rates do not keep increasing with AT but tend to some
constant value of 2.12 mole cm s, For the aspect ratios of 5, 10, and 20, the transport rate is directly proportional to the
total pressure of the system under consideration. For Ar=35, the rate is increased by a factor of 2.3 with increasing the
total pressure from 403 Torr to 935 Torr, i.e., by a factor of 2.3. For both Ar=10 and 20, the rate is increased by a factor
of 1.25 with increasing the total pressure from 403 Torr to 935 Torr.

Key words Mercurous chloride, Convection, Chloride gas, Physical vapor transport

1. Introduction

Mercurous halide materials are the best materials for
applications in acousto-optic and opto-electronic devices
such as Bragg cells, X-ray detectors operating at ambi-
ent temperature [1]. However, despite of the potential of
the materials, their commercial applications remain lim-
ited for at least two reasons: (1) the materials have
extremely difficulty in purification, (2) because of their
easy decomposition before melting and high vapor pres-
sures, mercurous halides cannot be solidified as a sin-
gle crystal directly from the stoichiometric melt [2-5].
Therefore, these materials can be usually grown by the
physical vapor transport (PVT) in closed silica glass
ampoules. The mechanism of the PVT process is sim-
ple: sublimation-condensation in closed silica glass
ampoules in temperature gradient imposed between the
source material and the growing crystal. Transport phe-
nomena occurring in the vapor are complex and cou-
pled so that it is difficult to design or control the
process accurately. Such complexity and coupling are
associated with the inevitable occurrence of convection
generated by the interaction of gravity with density gra-
dients arising from temperature and/or concentration
gradients. Therefore, for a better and thorough under-
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standing of the crystal growth mechanism by the PVT
processes, it requires to investigate the roles of convec-
tion occurring in the vapor phase during the PVT pro-
cesses.

In early work on convection during the physical vapor
transport, Markham et al. [6] examined the effects of
thermal and thermo-solutal 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, causing
nonuniform concentration gradients. They emphasized
the role of geometry in the analysis of the effects of
convection.

Nadarajah et al. [7] addressed the effects of solutal
convection for any significant disparity in the molecu-
lar weights of the crystal components and the inert gas.
Zhou et al. [8] reported that the traditional approach of
calculating the mass flux assuming one-dimensional flow
for low vapor pressure systems is indeed correct. Three-
dimensional numerical modeling improvements on PVT
processes have made by Rosenberger et al. [9]. Much
extensive works of transient flow fields in the PVT pro-
cesses have performed by Duval [10-14]. Also, generic
studies on the role of convection the PVT processes of
mercurous halides accompanied various impurities related
to gravity levels have reported by Kim et al. [15-24].

In this theoretical study, a two-dimensional model is
used for the analysis of the PVT processes during
vapor-growth of mercurous chloride crystals (Hg,Cl,) in
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horizontally oriented, cylindrical, closed ampoules in a
two-zone furnace system. Thermally buoyancy-driven
convection will be considered at this point, primarily for
a mixture of Hg,Cl, vapor and impurity of chloride gas
(Cl,), although solutally-induced convection is more
important than thermal convection in some cases. It is
the purpose of this paper to relate applied solutal con-
vection process parameters such as such (1) total pres-
sures, (2) temperature differences between the source
and the crystal region, (3) gravitational levels, and (4)
binary diffusivity coefficients to the crystal growth rate
and the maximum velocity magnitude, in order to exam-
ine the effects of the presence of chloride gas (Cl,) on
solutal buoyancy-driven convection in order to gain
insights into the underlying physicochemical processes.

2. Physical and Mathematical Formulations

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 (Hg,Cl,) occurs inevitably, due to
presence of impurities, with the presence of a compo-
nent B (Cl,). The interfaces are assumed to be flat for
simplicity. Thermodynamic equilibria are assumed at the
interfaces so that the mass fractions at the interfaces are
kept constant at @, and ®, .. On the vertical non-react-
ing walls appropriate velocity boundary conditions are
no-slip, the normal concentration gradients are zero, and
wall temperatures are imposed as nonlinear temperature
gradients. Thermo-physical properties of the fluid are
assumed to be constant, except for the density. The den-
sity is assumed to be a function of both temperature and
concentration. The ideal gas law and Dalton's law of
partial pressures are used.
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Fig. 1. Schematic of PVT growth reactor in a two-dimensional
rectangular system.

The transport of fluid within a rectangular PVT crystal
growth reactor is governed by a system of elliptic, coupled
conservation equations for mass (continuity), momentum,
energy and species (diffusion) with their appropriate bound-
ary conditions. Let u,, u, denote the velocity components
along the x- and y-coordinates in the x, y rectangular coor-
dinate, and let T, m,, p denote the temperature, mass frac-
tion of species A (Hg,Cl,) and pressure, respectively.

The dimensionless variables are defined as follows:
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These nonlinear, coupled sets of equations are numeri-
cally integrated with the following boundary conditions:

On the walls (0 <x <Ar, y* =0and 1):
UL =u(x, ) =v (x,00=v(x,)=0 (8
do,(x ,0) _dw,(x,1) _
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On the source (x =0, 0<y <1):
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On the crystal (X* =Ar 0 <y* <1):
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V*(Ar,y*) =0,
T (Ary’) =0,
oA(Ary) =0.

Interfacial velocities (sublimation and condensation
velocities) in Egs. (9) and (10) can also be expressed in
terms of a dimensionless Peclet number and a concen-
tration parameter as follows:

w0y = - L0240y (1)
’ Pe(C,— 1) o
u(Ar,y*) - A_@M (12)

PeC, ox.

where the Peclet number and concentration parameter
C, are defined as

Pe

— UadVL C = 1 - (DA,C

13
D,g M Ao (13)

The Peclet number can be also estimated by thermody-
namic variables:

Pe = 1n(%). (14)

U,q 1s a characteristic velocity which depends on the
thermodynamics of PVT processes, i.e., the vapor pres-
sure of Hg,Cl, as a function of temperature. The mass
fraction at the solid-vapor interfaces is fixed at the cor-
responding temperature. Thus for a given set of condi-
tions, the mass fraction cannot be varied independently.
The concentration parameter C, in Egs. (11) and (12)
represents the ratio of mass fraction.

In the dimensionless parameters in the governing
equations the thermo-physical properties of the gas
mixture are estimated from gas kinetic theory using
Chapman-Enskog’s formulas [25], refer to appendix
attached.

The partial pressure (in the unit of Pascal) of Hg,Cl,
is given by Duval as [10]

pa=c. (1)

where the constants a and b are 29.75 and b=11767.1,
respectively.

3. Results and Discussion

The purposes for this study is to correlate the growth
rate and the convective intensity, i.e., |U|.. the maxi-
mum magnitude of velocity vector, to process parame-

ters such as (1) total pressures, (2) temperature dif-
ferences between the source and the crystal region, (3)
gravitational levels, and (4) binary diffusivity coeffi-
cients. It is desirable to express some results in terms of
dimensional growth rate, however they are also applica-
ble to parameter ranges over which the process varies in
the manner given. The six dimensionless parameters,
namely Gr, Ar, Pr, Le, C, and Pe, are independent and

Table 1
Typical thermo-physical properties used in this study (M, =
472.086, My =70.91)

Transport length, L 10 cm
Height, H 2cm
Source temperature, T, 380°C
Crystal temperature, T, 290°C
Thermal diffusivity, o 0.098 cm’/s
Kinematic viscosity, v 0.084 cm’/s
Diffusivity, D,g 0.101 cm’/s
Prandtl number, Pr 0.85

Lewis number, Le 0.97

Peclet, Pe 6.10
Concentration number, C, 1.00

Total system pressure, Py 935 Torr
Partial pressure of component B, P 10 Torr
Thermal Grashof number, Gr 1.50 x 10°
Solutal Grashof number, Gr; 1.24 x 10°
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Fig. 2. Transport rate of as a function of total pressure at dif-

ferent aspect ratios (Ar=35, 10, 20) and different temperatures

of the source and crystal ends (T,=380°C, T,=290°C; T,=

370°C, T.=280°C; T,=360°C, T,=270°C; T,=350°C, T =

260°C) with fixed temperature difference (AT =90 K) between

the source and the crystal region, for a horizontal ampoule with
a linear wall temperature profile, and g, = 1g,.
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arise naturally from the dimensionless governing equa-
tions and boundary conditions. Typical dimensionless
parameters and physical properties for the operating
conditions of this study are shown in Table 1. In this
study, because the molecular weight of the chloride gas
(Cly) is not equal to that of the crystal component
(Hg,Cl,) during the physical vapor transport, solutal
effects only should be considered.

Fig. 2 shows the transport rate of as a function of total
pressure at different aspect ratios (Ar=35, 10, 20) and
AT=90K, for a horizontal ampoule with linear wall
temperature profile, and g, = 1g,. The four cases of dif-
ferent source and crystal temperatures are as follows:
T,=380°C, T.,=290°C; T,=370°C, T,=280°C; T,=
360°C, T.=270°C; T,=350°C, T,=260°C. All of the
cases for the temperature difference between the source
and the crystal region are same, i.e., 90 K. For the
aspect ratios of 5, 10, and 20, the transport rate is
directly proportional to the total pressure of the system
under consideration. For Ar =35, the rate is increased by
a factor of 2.3 with increasing the total pressure from
403 Torr to 935 Torr, i.e., by a factor of 2.3. Its gradient
is 618 x 10 mole cm > s Torr . On the other hand,
the gradients for Ar=10 and 20 are 80.8 and 41.3 x 10~
mole ecm™ s~ Torr ', respectively. For both Ar= 10 and
20, the rate is increased by a factor of 1.25 with increas-
ing the total pressure from 403 Torr to 935 Torr. For
more than aspect ratios of 10, the corresponding rates
have the same increasing factor of 1.25, indicative of
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Fig. 3. The maximum magnitude of velocity vector, |U|,, (cm
s ) of as a function of total pressure at different aspect ratios
of 5, 10 and 20, corresponding to Fig. 2.
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Fig. 4. The relationship between the dimensionless solutal
Grashof number, Gr, and the total pressure, P; for Ar=>5 and
10 with the same temperature difference, AT =90 K.

same dependence of total pressure. It is also found that
as the aspect ratio increases, the rate is decreases by a
factor of about 0.18, i.e., one fifth in reduction, which is
likely to be due to the effects of side walls. Fig. 3
shows the relationship between the maximum magni-
tude of velocity vector, |Ul,,. (cm s ') and a total pres-
sure at three different aspect ratios of 5, 10 and 20,
corresponding to Fig. 2. As shown in Fig. 3, with
increasing the total pressure, the |[U|,,, first-order expo-
nentially decays for Ar=10 and increases for Ar=20.
It reflects the convection-dominated mode for Ar=35
and diffusion-dominated for both Ar= 10 and 20. Thus,
the effects of sidewalls transits the convection flow fields
to the diffusion mode, as confirmed through the effects
of zero-gravity in Fig. 12 later. Fig. 4 shows the rela-
tionship between the dimensionless solutal Grashof
number, Gr, and the total pressure, P; for Ar=5 and 10
with the same temperature difference, AT =90 K. With
increasing total pressures, the corresponding solutal
Grashof numbers for Ar=135 are significantly varied in
comparison with Ar=10.

Fig. 5 shows the relationship between the binary dif-
fusivity coefficient, D, (cm’ s™) and the total pressure
for Ar=10 and AT =90 K. As shown in Fig. 5, Dz~1/
P; so that it is confirmed the binary diffusivity coeffi-
cients at Ar=10 and AT =90K are inversely propor-
tional to the total pressures of the system. Consequently,
a decrease in the binary diffusivity coefficient results in
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Fig. 5. The link between the binary diffusivity coefficient, D,g
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Fig. 6. Interfacial distribution of transport rates along the y-

direction of the crystal surface at different aspect ratios of 5, 10

and 20 for a horizontal ampoule with a linear wall temperature
profile, g, = 1g,, and Ar=>5.

an increase in the total pressure of the system so that
the corresponding transport rate would be increased.
Fig. 6 shows the interfacial distribution of transport
rates along the y-direction of the crystal surface at dif-
ferent total pressures for a horizontal ampoule with a
linear wall temperature profile, g, = 1g,, and Ar=35. The
maximum rates appear at the neighborhood of dimen-
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Fig. 7. Interfacial distribution of transport rates along the y-

direction of the crystal surface at different aspect ratios of 5, 10

and 20, for a horizontal ampoule with a linear wall temperature
profile, g = 1g,, and P, =935 Torr.
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Fig. 8. Interfacial distribution of transport rates along the y-

direction of the crystal surface at different aspect ratios of 5, 10

and 20 for a horizontal ampoule with a linear wall temperature
profile, g, = 1g,, and P; =403 Torr.

sionless interfacial position, y =0.5 for all cases, shown
in Fig. 6. Variations in the transport rate are dependent
on the total pressure, and are reduced and converged at
a value of 1 near at the dimensionless interfacial posi-
tion of 2.0. Variation at the maximum rate is directly
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and linearly related to the total pressure of Ar=>5. Fig.
7 shows the interfacial distribution of transport rates
along the y-direction of the crystal surface at different
aspect ratios of 5, 10 and 20, for a horizontal ampoule
with a linear wall temperature profile, g, = 1g,, and P, =
935 Torr. The maximum transport rate for Ar=>5 appears
at the dimensionless interfacial position of 0.5. The
deviations between the maximum and the minimum
rates for both Ar=10 and 20 remain nearly invariant,
which is likely to be due to the diffusion-dominated
mode. Fig. 8 shows the interfacial distribution of trans-
port rates for the system as Fig. 7, except for P, =403
Torr. The maximum rate increases with decreasing the
aspect ratio. The minimum rate for Ar=35 is smaller
than for Ar =10, but greater than for Ar=20. This find-
ing is likely to be due to the interactions between the
effects of side walls and convection, which would be
switched from the convection to the diffusion-domi-
nated mode. As shown in Fig. 8, the profiles of trans-
port rates for Ar=10 and 20 exhibit flat pattern, which
indicates the diffusion-dominated regimes during the
physical vapor transport processes. In other words, the
mass transport rates could be mainly classified as two
regimes: the flatter part at high aspect ratios, i.e., the
diffusion-dominated; the steeper part at relatively low
aspect ratios, the circulatory convection-dominated regime.
Therefore, from Figs. 6 through 8, such rate profiles
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Fig. 9. Transport rate of as a function of temperature differ-

ence between the source and crystal ends for two cases of the

fixed source and crystal temperatures, with a horizontal

ampoule of aspect ratio of 10 and a linear wall temperature
profile, and g, = 1g,.

show a steeper convective flow field near at the dimen-
sionless interfacial position of 0.5 and predict the asym-
metry of the convective flow fields. As pointed out by
Rosenberger ef al. [9], high fidelity modeling of PVT
processes requires full account of the three dimensional
flow in the ampoule adequate for the prediction of the
crystal growth rates.

Fig. 9 shows the transport rate of as a function of
temperature difference between the source and crystal
ends for two cases of the fixed source and crystal tem-
peratures, with a horizontal ampoule of aspect ratio of
10 and a linear wall temperature profile, and g, = 1g,.
Two profiles of transport rates versus the temperature
difference between the source and the crystal end are
based on the fixed source temperature of 380°C and the
fixed crystal temperature of 290°C. For 20 K< AT <
80 K, the rate for the fixed source temperature of 380°C
is varied slowly, and the variations in the rate are nearly
negligible for 40 K<AT <80K. In other words, the
regimes of high temperature difference based on the
fixed source temperature of 380°C, where AT is rela-
tively large enough for the crystal growth of mercurous
chloride, the transport rates do not keep increasing with
AT but tend to some constant value of 2.12 mole cm s .
On the other hand, the rate for the fixed source tempera-
ture of 290°C varies linearly and directly with the tem-
perature difference for the temperature ranges under
consideration.
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Fig. 10. Transport rate of as a function of a total pressure for
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ampoule of aspect ratio of 10 and a linear wall temperature
profile, and g, = 1g,.
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Fig. 11. Transport rate of as a function of a total pressure for

the fixed crystal temperature of 290°C, with a horizontal
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Fig. 10 shows the transport rate of as a function of
total pressure for the fixed crystal temperature of 290°C,
with a horizontal ampoule of aspect ratio of 10 and a
linear wall temperature profile, and g, = 1g,. The trans-
port rate shows a logarithm linear relation with the total
pressure of the system. This implies the transport rate is
significantly dependent on the total pressure under con-
sideration. Fig. 11 shows the transport rate of as a func-
tion of total pressure for the fixed crystal temperature of
290°C, with a horizontal ampoule of aspect ratio of 10
and a linear wall temperature profile, and g, =1g, As
the temperature difference between the source and the
crystal end increases form 20 K up to 80 K, the varia-
tions between the maximums and the minimum trans-
port rates are increased gradually. The maximum rates
occur at the dimensionless interfacial position of 0.5.
For the case of T,=310°C and T,=290°C, the corre-
sponding interfacial distribution profile approaches the
flatness.

Fig. 12 shows the effects of gravity level on trans-
port rate versus total pressure for the fixed crystal tem-
perature of 290°C, a horizontal ampoule of aspect ratio
of 10 and a linear wall temperature profile. The depen-
dences of the rate on total pressure at zero gravity
could be achieved by keeping all other conditions
same, except the gravity term. As shown in Fig. 12, it
is clear that the transport rates for Ar=10 versus the
total pressure are independent on the gravity level,
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Fig. 12. The effects of gravity level on transport rate versus total

pressure for the fixed crystal temperature of 290°C, a horizon-

tal ampoule of aspect ratio of 10 and a linear wall temperature
profile.

because the rates between the g=1g, and zero-gravity
are nearly same, which indicates the diffusion mode is
predominant. Consequently, the convective effects can
easily be suppressed in physical vapor transport sys-
tems for aspect ratios more than and equal to Ar=10,
i.e. at 10 and 20.

4. Conclusions

The effects of total pressure and gravity level on con-
vection have investigated by changing the aspect ratio
(transport length-to-width) and the temperature differ-
ence between the source and the crystal regime for the
physical vapor transport crystal growth of Hg,Cl,-Cl,
system. Because of the change of aspect ratio and the
temperature difference, different solutal Grashof num-
ber and hence different convective conditions could be
achieved in the crystal gorwth of mercurous chloride by
the physical vapor transport processes. Our computa-
tion modeling evidence suggests that the PVT growth
process exhibits the diffusion-dominated behaviors for
aspect ratios more than and equal to 10, which would
provide purely diffusive transport conditions adequate to
microgravity environments less than 107g,. It is found
that there is no difference in the transport rate between
the ground based and zero gravity conditions. Also, the
regimes of high temperature difference based on the
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fixed source temperature of 380°C, where AT is rela-
tively large enough for the crystal growth of mercurous
chloride, the transport rates do not keep increasing with
AT but tend to some constant value of 2.12 mole cm s .
For the aspect ratios of 5, 10, and 20, the transport rate
is directly proportional to the total pressure of the sys-
tem under consideration. For Ar=35, the rate is in-
creased by a factor of 2.3 with increasing the total pres-
sure from 403 Torr to 935 Torr, i.e., by a factor of 2.3.
For both Ar=10 and 20, the rate is increased by a fac-
tor of 1.25 with increasing the total pressure from 403
Torr to 935 Torr. For more than aspect ratios of 10, the
corresponding rates have the same increasing factor of
1.25, indicative of same dependence of total pressure. It
is also found that as the aspect ratio increases, the rate is
decreases by a factor of about 0.18, i.e., one fifth in
reduction, which is likely to be due to the effects of side
walls.
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