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Abstract Mercurous Bromide (HfBr,) 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. We investigate the effects of
solutal convection on the crystal growth rate in a horizontal configuration for diffusive-convection conditions and purely
diffusion conditions achievable in a low gravity environment. Our results show that the growth rate is decreased by a factor
of one-fourth with a ten reduction of gravitational acceleration near y = 2.0 cm. Fop thé growth rate pattern exhibits
relatively flat which is intimately related to diffusion-dominated processes. The growth rate nonuniformity is regardless of
aspect ratio across the interfacial positions from 0 to 1.5. Also, the effect of a factor of the ten reduction in the
gravitational acceleration is same to both Ar = 5 and 2. The enlargement in the molecular weight of B from 50 to 500 by
a factor 4 causes a decrease in the maximum growth rate by the same factor, indicative of the effect of solutal gradients.
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1. Introduction (3) materials decomposed before melting, such gBrkig
can be grown; (4) lower point defect and dislocation
Interest in growing HgBr, single crystal stems from densities are achieved [3]. The mechanism of the PVT
their exceptional optical properties and very broad transprocess is simple: sublimation-condensation in closed
mission range from 0.30 to 30n for applications in silica glass ampoules in temperature gradient imposed
acousto-optic and opto-electronic devices such as Braggetween the source material and the growing crystal. In
cells, X-ray detectors operating at ambient temperaturéhe PVT system of H@r,, the molecular species Ry,
[1]. The solid-liquid equilibrium data on the mercuric sublimes as the vapor phase from the crystalline source
bromide (HgBj) and mercury (Hg) system has not beenmaterial (HgBr,), and is subsequently transported and
studied extensively. The available phase diagram [2fe-incorporated into the single crystalline phase,Brly
suggests that equimolar compound, Bty decomposes [4]. Recently PVT has become an important crystal
to two liquids at a temperature near %50vhere the growth process for a variety of acousto-optic materials.
vapor pressure is well above 20 atm. Because of thislowever, the industrial applications of the PVT process
decomposition and high vapor pressure, mercurous bragemain limited. An important main reason is that trans-
mide cannot be solidified as a single crystal directlyport phenomena occurring in the vapor are complex and
from the stoichiometric melt. However, very similar to coupled so that it is difficult to design or control the
the mercurous chloride, mercurous bromide exhibits sufprocess accurately. Such complexity and coupling are
ficiently high vapor pressure at low temperatures so thaassociated with the inevitable occurrence of thermal
these crystals are usually grown by the physical vapoconvection generated by the interaction of gravity with
transport (PVT) in closed silica glass ampoules. Thalensity gradients arising from temperature gradients.
PVT processing has many advantages over melt-growtfihermal convection has been regarded as detrimental
methods since it can be conducted at low temperatureand, thus, to be avoided or minimized in PVT growth
(1) vapor-solid interfaces possess relatively high interfasystem. These thermal convection-induced complications
cial morphological stability against non-uniformities in heatresult in problems ranging from crystal inhomogeneity
and mass transfer; (2) high purity crystals are achievedp structural imperfection. Therefore, in order to ana-
lyze and control the PVT process accurately, and also
'Corresponding author make significant improvements in the process, it is
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The literature on pure thermal convection without numbers.
crystal growth in enclosures, is much more extensive Markham, Greenwell and Rosenberger [12] examined
than that of thermal convection associated with vaporthe effects of thermal and thermosolutal convections
crystal growth in enclosures, i.e., with mass fluxesduring the PVT process inside vertical cylindrical enclo-
across and at the solid-fluid interfaces (called interfaciabures for a time-independent system, and showed that
fluxes). Recently some models have been presented &ven in the absence of gravity, convection can be present,
describe the flow patterns and to study the effects o€ausing nonuniform concentration gradients. They em-
thermal convection in enclosures for vapor-crystal growthphasized the role of geometry in the analysis of the
The first treatment of an analytical solution of the two-effects of convection. As such these fundamentally con-
dimensional chemical vapor transport was published bystitute steady state two-dimensional models. The steady
Klosse and Ullersma (KU) [5], and extended by Jhaverstate models are limited to low Rayleigh number appli-
and Rosenberger [6] who compared with KU's modelcations, because as the Rayleigh number increases oscil-
and revealed that up to moderately large Grashof nuniation of the flow field occurs. To address the issue of
bers, KU’s model gives a reasonably good estimate ofinsteady flows in PVT, Duval [13] performed a numeri-
the convective transport system in two dimensions. Thegal study on transient thermal convection in the PVT
also showed that convection causes a strong nonunifoprocessing of Hgl, very similar to the mercurous bro-
mity in the interfacial growth flux. Thermosolutal con- mide for a vertical rectangular enclosure with insulated
vection in PVT process with conduction at crystal andtemperature boundary conditions for Rayleigh numbers
source regions inside a horizontal rectangular enclosurap to 16. Duval [14] has also shown the bifurcation
has been modeled [7]. Weaver and Viskanta [8] pubsequences which lead to chaotic flow in PVT process-
lished calculations on thermosolutal convection with vari-ing. Nadarajatet al. [15] addressed the effects of solutal
able properties in binary gases for rectangular enclosuresnvection for any significant disparity in the molecular
similar to vapor-crystal system, i.e., with sublimation- weights of the crystal components and the inert gas.
condensation boundary conditions. Extréragtal. [9] Zhou et al [16] reported that the traditional approach of
examined thermal and/or solutal convection for a two-calculating the mass flux assuming one-dimensional
dimensional horizontal rectangular system with aspecflow for low vapor pressure systems is indeed correct.
ratios (height-to-transport length) ranging between 0.1 anédRosenbergeret al [17] studied three-dimensional nu-
0.5 in a three zone furnace. These studies, in the maimerical modeling of the PVT yielded quantitative agree-
were confined to the case when the horizontal temperanent with measured transport rates of iodine through
ture gradients were prescribed in a horizontal cylinder ooctofluorocyclobutane (E;) as inert background gas in
rectangular geometry with differentially heated end walls.horizontal cylindrical ampoules.
With regard to vertical enclosures, there are few studies In this numerical study, a two-dimensional model is
on thermal convection either with vapor crystal growthused for the analysis of the PVT processes during
or without. Pure thermal convection in vertical enclo-vapor-growth of mercurous bromide crystals [Bfg) in
sure systems is similar to the classical Rayleigh-Bénardertically oriented, cylindrical, closed ampoules in a two-
(RB) problem, in the sense that there is an adverse verteone furnace system. Mass transfer-limited processes are
cal temperature gradient, however, it differs from theconsidered in this paper, although the recent paper of
classical RB flow in that there are side walls presentSingh, Mazelsky and Glicksman [18] demonstrated that
Olson and Rosenberger [10, 11] studied experimentallghe interface kinetics plays an important role in the PVT
the RB flow for a monocomponent and two-componentsystem of HgCl, very similar to the mercurous bro-
fluid without interfacial fluxes in vertical cylindrical mide. Only thermal convection will be considered at this
enclosures differentially heated from below. The resultgpoint, primarily because the ERy, source materials are
showed that the convective motion in the cylinder withhighly purified in the actual crystal growth process, and
impermeable boundaries was entirely different from thatonsequently solutally-induced convection can be ignored
in the RB flow. The critical Rayleigh nhumber for onset in comparison to thermal convection. All results pre-
of a single convection cell was 220 (based &L R sented in this paper are for a mixture of,Bfg vapor
the critical Rayleigh number instead of in which R containing some impurity such as carbon monoxide.
and L are the radius and height of the cylinder respec- It is the purpose of this paper (1) to discuss the devel-
tively), being about 5% lower than theory. Asymmetric opment of a mathematical model for single crystals inside
flow patterns were observed to occur at high Rayleigha PVT reactor, incorporating the mass transfer-limited
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model with idealized boundary conditions, (2) to relateconcentration. The ideal gas law and Dalton’s law of
the applied convective process parameters to crystgdartial pressures are used. Viscous energy dissipation
growth rate and its interfacial distributions, (3) to exam-and the Soret-Dufour (thermo-diffusion) effects can be
ine the effects of solutal convection with a linear tem-neglected, as their contributions remain relatively insig-
perature profile in order to gain insights into the nificant for the conditions encountered in our PVT crys-

underlying physicochemical processes. tal growth processes. Radiative heat transfer can be
neglected under our conditions, based on Kassemi and
Duval [20].

2. The Model The transport of fluid within a rectangular PVT crys-

tal growth reactor is governed by a system of elliptic,

Consider a rectangular enclosure of height H andccoupled conservation equations for mass (continuity),
transport length L, shown in Fig. 1. The source is mainmomentum, energy and species (diffusion) with their
tained at a temperature, While the growing crystal is appropriate boundary conditions. Lej v, denote the
at a temperature ;T with T,>T. PVT of the trans- velocity components along the x- and y-coordinates in
ported component A occurs inevitably, due to presencéhe X, y rectangular coordinate, and letu}, p denote
of impurities, with the presence of an inert component Bthe temperature, mass fraction of species A,BHYy
(CO). The interfaces are assumed to be flat for simplicand pressure, respectively.
ity. The finite normal velocities at the interfaces can be The dimensionless variables are scaled as follows:
expressed by Stefan flow deduced from the one-dimen-
sional diffusion-limited model [19], which provide the x*:ﬁ,y*:ﬁ, )
coupling between the fluid dynamics and species calcu-

u \Y;
lations. On the other hand, the tangential component of u :UX’ v :U“, p :—p—z, (2
the mass average velocity of the vapor at the interfaces . ¢ PYe

vanishes. Thermodynamic equilibria are assumed at the 1+ _ T-Te  +_ Wa—Wac 3)

, Wy = .
interfaces so that the mass fractions at the interfaces are T h Wa,s~Wa ¢
kept constant aby, s andw,.. On the vertical non-react- ", " = )
ing walls an appropriate velocity boundary condition is —» ., _ - 3 5
no-slip, the normal concentration gradient is zero, and Z'D p=-Lp + PO V_RaEP'DT@g’ ()
temperature is imposed as a linear temperature gradientV «0 T =0 T (6)
and an asymmetric horizontal temperature gradient. The &* —* = _ 1 = =»

) . . e[ ('OA =—0 ('OA (7)
asymmetry is attributable to temperature differences

Le
between two opposite walls. . . . . . )
: . . The dimensionless governing equations are given by:
Thermophysical properties of the fluid are assumed to

, These nonlinear, coupled sets of equations are numeri-
be constant, except for the density. When the Bouss-

. S L cally integrated with the following boundary conditions:
inesq approximation is invoked, density is assumed con-

stant except the buoyancy body force term. The densitn the walls (0 < x< L/H, y =0 and 1):

L O, 4

is assumed to be a function of temperature and not of u(x,0) = u(x,1) = V(xX,0) = v(X,1) = 0 ®)
R 0wA(<,0) _ 0wa(<' 1) _
ay* ay*
’ TR0 =TK 1)=& +1
I (Xl)_ (X’)_—Ar
On the source (x= 0, 0 <y < 1):
g Source(A) | Heg,Br,(A) & B(CO H Crystal(A) * *
| Heg:Bry(A) & B(CO) Y 4(0.Y) _ 1 _AMw 9w\(0y) ©)
l ’ Le(1-was)  ox
i} vEO,y ) =0,
T@Oy)=1,

Fig. 1. Schematic of PVT growth reactor in a two-dimensional . .
rectangular system. wa(0,y) = 1.
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On the crystal (x= L/H, 0 <y < 1): Pascal) can be evaluated from the following formula as
o y*) 1 e au);(L/I-I,y*) . a function ::Tf temperature:

YT le(lwa) X pa =7, (17)
v(LH)y ) =0, in which a = 29.75, b = 11767.1, Blenotes the total
T*(L/H,y*) =0, pressure, and the partial pressures for A(B) are denoted
u);(L/H,y*) =0. by pa(Ps)-

The crystal growth rate \is calculated from a mass
Interfacial velocities (sublimation and condensation ve-palance at the crystal vapor interface, assuming fast

locities) in equations (9) and (10) kinetics, i.e. all the vapor is incorporated into the crys-
“© y*) A1 au);(o,y*) a tae:,d V\\,II;;;,C:r :ngz(e:tri]vsi//) (subscripts ¢, v refer to crystal
’ Pe(Cv_l) . aX* .
u(L/H,y*) — _’:‘_re%_(*)aw (12) Ivav (mdA :IchCE]dAv (18)
vooOX p,fu, MdA
can also be expressed in terms of a dimensionless Pecle, = ——. (19)
number and a concentration parameter as follows: pef dA
Pe :UDadVL, = l_A‘z/;":. (13)
AB 3. Results and Discussion
The Peclet number can be also estimated by thermo-
dynamic variables: The parametric study is useful for showing trends and
(L) generalizing the problem, but many parameters are in-
Pe = Ir@:‘—g (14) volved in the problem under consideration, which ren-
5(0) ders it difficult for a general analysis. One of the pur-

U,4 is a characteristic velocity which depends on theposes for this study is to correlate the growth rate and
thermodynamics of PVT processes, i.e., the vapor preghe interfacial distributions to process parameters for a
sure of HgBr, as a function of temperature. The massparticular material (Hgr,). Thus, it is desirable to ex-
fraction at the solid-vapor interfaces is fixed at the cor-press some results in terms of dimensional growth rate,
responding temperature. Thus for a given set of condihowever they are also applicable to parameter ranges
tions, the mass fraction can not be varied independentlyover which the process varies in the manner given. The

Since the total vapor pressure can be taken to be colsix dimensionless parameters, namely Gr, Ar, Pr, Le, C
stant during the physical vapor transport, the mass fracand Pe, are independent and arise naturally from the

tion of species A is defined as dimensionless governing equations and boundary condi-
tions. The physical properties and operating conditions

Wy = %, used in this study are listed in Table 1.
FI)\/I M In this study, the effects of the solutal convection and
p= pa TA; Pg = pFE; TB' gravitational acceleration perturbations on the crystal
9 9 growth and its distributions across an interface. When

wherep = p, + ps. From the ideal gas law, the density solutal convection dominates, the imposed temperature

of species A(B) is related to the partial pressure as profile has little effect on the growth rate [15].
Conductive wall boundary conditions with a linear

WY f’E:\DA’i A (15)  temperature profile are considered, while the insulated

ATTA TPa)Ve walls are not considered because it is difficult to obtain

Thus, in practice and most of vapor growth experiments are

which can be rearranged to give performed under the imposed temperature profiles to
avoid nucleation at the ampoule walls.

Wa =77 D 1_ MM, (16) Figure 2 shows the effects of gravitational accelera-

A A tions on the crystal growth rate for the interfacial distri-

The vapor pressure [21],of HgBr, (in the unit of butions in a horizontal system of aspect ratio 5 (L = 10
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Table 1
Typical thermo-physical properties used in simulations, @1
560.988, M = 28)

Transport length, L 10cm
Height, H 2cm

Source temperature, T 320C

Crystal temperature, T 300°C
Density,p 0.00204 glcrh
Dynamic viscosityu 0.14 g/cm-sec
Diffusivity, D g 0.87 cnfls
Thermal expansion coefficierf, 0.0017 K*
Prandtl number, Pr 0.74

Lewis number, Le 0.28

Peclet, , Pe 2.82
Concentration number,,C 1.06

Total system pressure; P 193 Torr
Thermal Grashof number, Gr 1.34x106
Solutal Grashof number,Gr 2.18x10

cm, H = 2 cm), with a source temperature=B20C, a
crystal temperature 7= 300C, an impurity (CO) pres-
sure of 10 Torr and an acceleration of, igthe posi-
tive y-direction, where gdenotes the standard gravita-
tional acceleration constant, 980.665 émifer g = 1g,

Geug-Tae Kim

[12]. As not shown here, the parabolic patterns of
growth rate distributions indicate one single convection
roll occurs toward the growing interface. The growth
rate is decreased by a factor of one-fourth with a ten
reduction of gravitational acceleration near y = 2.0 cm.
For 0.1 g the growth rate pattern exhibits relatively flat
which is intimately related to diffusion-dominated pro-
cesses. In other words, diffusive transport dominates
convective flows under the microgravity environments.
Also, the growth rate is more sensitive to the perturba-
tion of gravitational acceleration for the regions from 0
through 1.0 than those from 1.0 through 2.0 cm. This is
due to the occurrence of convective roll, which pro-
vides vapor supersaturated in component A in front of
the growing crystal regions. When thermal convection is
dominated an oppositely rotating roll would appear
because of thermally buoyancy-driven effects, i.e., chim-
ney effects and, thus, in enhanced growth in the upper
half of the growing crystal interface. Figure 3 shows the
results for a system with same parameters as in Fig. 2
for an aspect ratio of 2 (L = 4 cm). For a lleyel, the
maximum growth rate is larger than for aspect ratio of 5

the corresponding dimensionless parameters are thermby a factor of 1.7. For regions from 0 to 1.5, the growth

Grashof number G 1.34 x 16 solutal Grashof num-
ber Gg = 1.34 x 14 Ar =5, Pr= 0.74, Le = 0.28 ,,.€

nonuniformities due to convection are increased by a
factor of 4 in both Ar = 5 and 2. The growth rate non-

1.06 and Pe = 2.82 with the total pressure of 193 Torruniformity is regardless of aspect ratio across the inter-
The convection causes significant nonuniformities in thefacial positions from 0 to 1.5. Also, the effect of a factor
growth rate across the interface in the crystal regionpf the ten reduction in the gravitational acceleration is

which is consistent with the results of Markhanal

25 T T T

9,519,
Aspect Ratio =5

20 |

GROWTH RATE(cm/hr)

0.5

0.0 Il 1 1
0.0 0.5 1.0 1.5

INTERFACIAL POSITION, y(cm)

2.0

Fig. 2. Interfacial distribution of crystal growth rate of ,Hg

4 T T T

Aspect Ratio = 2

9,719,

GROWTH RATE(cm/hr)

gx:1 gO

9.=0.1g,

0 I I 1
0.0 0.5 1.0 1.5

INTERFACIAL POSITION, y(cm)

2.0

Fig. 3. Interfacial distribution of crystal growth rate of ,Hg

for a horizontal ampoule of aspect ratio of 5, with a linear tem-for an ampoule of aspect ratio of 2, with a linear temperature

perature profile between ¥ 320 and T = 300C, and g =
1g, and0.1g,.

profiles between J= 320C and T = 300C, and g = 1g,
0.1g, and g = 1g, 0.1g,.
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same to both Ar = 5 and 2, indicating that variations in 35 . . .
aspect ratio have an influence on increasing the conve: . g=1g,

tive intensity, but on not changing the essence of con sof AspectRatio=5 '
vection such as flow structures under considerations
The ten reduction in the gravitational level is enough tc = 25}
suppress convective effects on the growth rate for Ar =
5 (Fig. 2) and 2 (Fig. 3). In the vertical position convec-
tion with a bottom-source, the variations in the gravita-
tional levels were found to be insignificant for the growth
nonuniformities. This is likely to be due to “bottom-

heavy” density stratification [15], which means the
growth ampoule is positioned in the convectively stabi-
lizing orientation. Note that in the horizontal orientation
to the gravity direction, density gradients always give
rise to convection. As shown in Fig. 3, the variations of . ! !
nonuniformities due to convection are likely to be more 00 05 10 5 20

. . . . . INTERFACIAL POSITION,
significant in the horizontal orientation of the ampoule y(em)

than in the vertical position. Fig. 5. Interfacial distribution of crystal growth rate of ,Hg

. for an ampoule of aspect ratio of 2, with a linear temperature
Figure 4. shows the results of the effects of the POSiprofie between T= 336C and T = 300C, and g = 1g,

tion of the ampoule on the growth rate. For Ar = 2, the 0.1g, and g (top-source) = 1g

growth rates for the top-source are much larger than the

bottom-source. A factor of ten reduction in the gravita-2. For the horizontal orientation with 1, @&s the tem-

tion is more significant in the horizontal orientation than perature difference increases by 10 K, it can be seen that
in the top-source: for the maximum growth rate, a facthe maximum growth rate is increased by 1.0 cm/hr.
tor of 2.5 is for the horizontal, on the other hand, a facOne sees that when the same system was positioned
tor of 1.5 is for the top-source. Figure 5 shows thatvertically with source up (top-source), for an axial accel-
increasing the temperature difference between sourceration of 1 g a reduction in growth rate to one half
and crystal for Ar = 5, from 20K to 30 K, under other- and the maximum growth rate are obtained near the
wise unchanged conditions, gave similar results to Figcenter of the interfacial positions, y = 1cm. From a
viewpoint of the maximum growth rate, there is little
significant difference between the systems with a space
environment of 0.1 gand with top-source positioned
orientation.

25 g9,=1g, (top-source) Figure 6 shows the effects of molecular weight dh
interfacial distribution of crystal growth rates for a hori-
zontal ampoule of Ar = 5, with linear wall temperature
profiles between J= 320C and T = 300C, and g =

1g, As the molecular weight of B is increased from 2
to 28, the effect of solutal convection increases, which
reflects an increase in the growth rate, and then, as the
weight decreases to 50, it decreases slowly, and then
decreases rapidly with increasing the weight up to 200,
and eventually the convection mode is switched over
diffusion-dominant mode. It is known that when the
molecular weights of A are closer to that of impurity
0.0 : ' : material, B, thermal convection would be dominant over

0.0 0.5 1.0 1.5 2.0
INTERFAGIAL POSITION, y(cm) solutal convection [15]. Therefore, the nonuniformities

, S of growth rate for M = 500 and 560.988 (CO) sug-
Fig. 4. Interfacial distribution of crystal growth rate of ,Hg

for the same system as in Fig. 3, with (p-source) = ig gests the oppositely rotating roll (clockwise) to the con-
0.1g, and g (bottom-source) = 1g0.1g. vective roll based on solutal convection (counter-clock-

20|
g,=1g, (top-source)

GROWTH RATE(cm/hr)

3.0 T T T

Aspect Ratio = 2

N
)
T

g,=0.1g (top-source)

GROWTH RATE(cm/hr)
5 o
T T

(bottom-source)

0s L 9,=0.1g (bottom-source)
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2.5

T T T 250 T T T T

N

o

o
T

E Transport:
% = Top Wall
L wi
= a 10 Bottom Wall N\
T ]
£ &
2 > Equilibrium”
K =
o
% 100 -
o
....... e 560.988 ==~
0.0 L 1 1 50 1 I 1 I
0.0 0.5 1.0 15 2.0 0 2 4 6 8 10
INTERFACIAL POSITION, y(cm) AXIAL POSITION, x(cm)
Fig. 6. The effects of molecular weight;Mn interfacial distri- ~ Fig. 8. The axial distribution of partial pressures of component
bution of crystal growth rates for a horizontal ampoule of Ar =A at the top and bottom walls due to diffusive-convective trans-
5, with a linear wall temperature profile between=T320C port in the system same as in Fig. 7.

and T, = 300C, and ¢ = 1g,.
librium vapor pressure of component A is calculated
wise). The enlargement in the molecular weight of Bfrom Eq. (17), while the partial pressure of A at the
from 50 to 500 by a factor 4 causes a decrease in thealls of the ampoule is computed based on purely diffu-
maximum growth rate by the same factor, indicative ofsive transport. It should be noted that it is observed a
the effect of solutal gradients. purely diffusive solution only I6 g, [22]. Figure 8
Figure 7 shows the axial distribution of partial pres-shows axial distribution of partial pressures of compo-
sure of component A at the walls resulting from purelynent A at the top and bottom walls due to diffusive-con-
diffusive transport for a system with Ar = 5,T320C vective transport in the same system as in Fig. 7. The
and T, = 300C, and g = 1g, andMg = 28. The equi- supersaturation of vapor A along the top walls is held
which might yield undesirable nucleations at the top
: : : : walls., i.e., parasitic nucleation at the walls. The partial
pressure at the top wall is larger than the bottom wall so
that the solutal convective flow structure is likely to be
counter-clockwise.

200

Transport

4. Conclusions

Equilibrium

In the past years considerable progress has been
achieved in modeling PVT processes. Our study covers
the effects of solutal convection on the growth rate of
Hg,Br, crystals and interfacial distributions in a rectan-
gular ampoule under terrestrial and micro-gravitational
conditions for various operating parameters. Taking into
50 . ! . A account the real thermodynamical dependency of the

0 2 4 6 8 10 mass fraction as a function of temperature reduces con-

AXIAL POSITION, x(cm) siderably the control we have on the process. The

Fig. 7. The axial distribution of partial pressure of componentgrowth rate and convective magnitude of PVT were
ngér;h%vitwhaxsr ;egf"gz%ggg‘ apnlge{;y:dggggfaﬁg”;&or{g?r & studied by iso!ating the trends of solutal copvection
andM; = 28. form the combination of thermosolutal convection. We

100 |

PARTIAL PRESSURE, p, (Torr)
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studied solutal convection at low thermally driven den- Mass Transfer 34 (1991) 3107.
sity gradients. Our results show the growth rate nonunit 91 G.P. Extrémet, B. Roux, P. Bontoux and F. Elie, “Two-

formity is regardless of aspect ratio across the interfacial

dimensional model for thermal and solutal convection in
multizone physical vapor transport”, J. Crystal Growth

positions from 0 to 1.5. Also, the effect of a factor of 82 (1987) 761.

the ten reduction in the gravitational acceleration is[10] J.M. Olson and F. Rosenberger, “Convective instabili-
same to both Ar = 5 and 2. In the vertical position-con ties in a closed vertical cylinder heated from below. Part
vection with a bottom-source, the variations in the gravi- - Monocomponent gases”, J. Fluid Med@2 (1979)

tational levels were found to be insignificant for the [11]

6009.
J.M. Olson and F. Rosenberger, “Convective instabili-

growth nonuniformities. This is likely to be due to “bot- ties in a closed vertical cylinder heated from below. Part
tom-heavy” density stratification, which means the growth 2. Binary gas mixtures”, J. Fluid Mech 92 (1979) 631.
ampoule is positioned in the convectively stabilizing ori-[12] B.L. Markham, D.W. Greenwell and F. Rosenberger,

entation. The enlargement in the molecular weight of B

“Numerical modeling of diffusive-convective physical
vapor transport in cylindrical vertical ampoules”, J.

from 50 to 500 by a factor 4 causes a decrease in the crystal Growth 51 (1981) 426.

maximum growth rate by the same factor, indicative of{13] Walter M.B. Duval, “Convection in the physical vapor
the effect of solutal gradients. transport process-- I: Thermal”, J. Chemical Vapor Dep-

osition 2 (1994) 188.
[14] Walter M.B. Duval, “Transition to chaos in the physical
transport process--I", the Proceeding of the ASME--
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