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experiments
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Abstract One predicts the crystal growth rate of ZnSe with a low vapor pressure system in a horizontal configuration
based on one dimensional advection-diffusion and two-dimensional diffusion-convection model. The present results show
that for the ratios of partial pressures, s = 0.2 and 2.9, the growth rate increases with the temperature differences between
the source and crystal. As the ratio of partial pressure approaches the stoichiometric value, s = 2 from s = 1.5 (zinc-deficient
case: s < 2) and 2.9 (zinc-rich case: s > 2), the rate increases sharply. For the ranges from 1.5 to 1.999 (zinc-deficient case:
s < 2) and from s = 9 to 2.9 (zinc-rich case: s > 2), the rate are slightly varied. From the viewpoint of the order of
magnitude, the one-dimensional model for low vapor pressure system falls within the 2D predictions, which indicates the
flow fields would be advective-diffusive. For the effects of gravitational accelerations on the rate, the gravitational constants
are varied from 1 g to 10−6 g for ∆T = 50 K and s = 1.5, the rates remain nearly constant, i.e., 211 mg/hr, which indicates
Stefan flow is dominant over convection.
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1. Introduction

The wide-bandgap II-VI compounds hold promise for
blue-light emitting diodes and laser diodes. Zinc selenide
(ZnSe) with a bandgap of 2.72 eV is one of the most
promising material for laser cathode-ray tube emitting in
the blue range and other e-beam pumped semiconduc-
tors, so there is growing in much interest and a consis-
tant demand for a photorefractive material for optical
data processing [1, 2]. Although polycrystalline ZnSe
will continue to be adequate for many applications, sin-
gle crystals of high quality will be required for use in
optoelectronic devices. Laser diodes have been fabri-
cated on GaAs substrates since it is difficult to obtain
ZnSe single crystals of high quality for substrates. How-
ever, in the epitaxial system ZnSe-GaAs, significant
biaxial strain is introduced because of the lattice mis-
match and different thermal expansion coefficients. To
overcome these difficulties homoepitaxy should be
applied with ZnSe substrates [3]. Recent progress in II-
VI device technology with the fabrication of blue-green
ZnSe-based laser diodes has been based on successful
electrical control of the epitaxial layers [4, 5].

ZnSe single crystals have been grown from the melt
and from solution [6-10], as well as from the vapor

phase by either chemical vapor transport (CVT) [11-13]
or physical vapor transport (PVT) [14-19]. In this study
the crystal growth method used was PVT in sealed
quartz ampoules due to its high melting point (1568 K).
PVT has the advantage of requiring lower temperatures
than growth from the melt and it thus makes the pro-
cess more amenable in instances as well as less vulnera-
ble to contamination and the severe strains resulting
from growth at very high temperatures. Lower tempera-
ture growth also reduces the potential for altering the
stoichiometry of the material. Other benefits stem from
the inherent purification mechanism in the process due
to differences in the vapor pressures of the native ele-
ments and impurities, and the enhanced solid-vapor
interfacial morphological stability during the growth
process, which has been described by Rosenberger [20].
Further, the implementation of physical vapor transport
(PVT) growth in closed ampoules affords experimental
simplicity with minimal needs for complex process con-
trol which makes it an ideal candidate for space investi-
gations in systems where gravity tends to have undesirable
effects on the growth process. PVT is less complex than
growth by chemical vapor transport (CVT) and it avoids
the problem of contamination of the growing crystal by
the transport agent.

It has been shown [21-23] that vapor-phase composi-
tion during physical vapor transport (PVT) growth of II-
VI semiconductors has a significant effect on mass
transport and hence allows a control of the growth rate.
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Our interest is to investigate the effects of advective-dif-
fusion and diffusive-convection on the ZnSe crystal
growth processes during physical vapor transport (PVT)
based on dissociative sublimation-condensation for a
parametric range corresponding to actual experimental
conditions. In other words, in the PVT system of ZnSe,
the molecular species ZnSe is dissociatively sublimed
into the gas of the Zn(g) and Se2(g) in the vapor phase
from the crystalline system phase ZnSe(s), and is subse-
quently transported and re-incorporated into the single
crystalline phase (ZnSe) [24]. The influence of a resid-
ual gas is included in the two-dimensional model. The
simulations show that the Stefan flux dominates the sys-
tem and subtle gravitational effects can be gauged by
subtracting this flux from the calculated flow fields. Up
to now the previous works are concerned with the
effects of convection on congruent transport. In recent
years Zhou et al. [25] and Ramachandran et al. [26]
addressed the effect of thermal-solutal convection non-
congruent transport by dissociative sublimation-conden-
sation. Zhou et al. [25] reported that the traditional
approach of calculating the mass flux assuming one-
dimensional flow for low vapor pressure systems such
as ZnTe is indeed correct.

The main purposes of this paper are to discuss the
crystal growth rate predicted by one and two-dimen-
sional mass transfer-limited model with idealized bound-
ary conditions and to perform the generic research as
ground-based (1 g) studies for future microgravity experi-
ments. Also, we believe the results obtained here will be
helpful for proper design of experimental conditions
during the PVT of ZnSe by dissociative sublimation.

2. Modeling and Simulations

One considers our study for the effects of advective-

diffusion and/or convection on the crystal growth rate of
ZnSe and its distribution across an interface. In this
numerical study, a two-dimensional model is used for
the analysis of the PVT processes during vapor-growth
of ZnSe single crystals in horizontally oriented, closed
ampoules in a two-zone furnace. Consider a rectangular
enclosure of height H and transport length L, shown in
Fig. 1. The source is maintained at a temperature Ts,
while the growing crystal is at a temperature Tc, with
Ts > Tc. The source material ZnSe is sublimated at x =
0 to form a single crystal at x = L. Since we consider
the growth of crystals by dissociative sublimation, the
binary compound ZnSe is assumed to obey the follow-
ing reaction [24]:

(1)

Thermodynamic equilibrium conditions at interfaces are
as follows: 

at x = 0. (2)

at x = L. (3)

The equilibrium constant Kp =  [26] for reac-
tion (1) at temperature T is

(4)

The Kp can be expressed as RT ln( )
= −361807 + 191.485T (J/mol) (5)

Also, the ratio of the partial pressures, s of Zn and Se2

at the source is assumed not equal to the stoichiometric
value of 2,

(6)

Therefore, with s specified, the partial pressures PZn(0)
and PSe2(0) can be found by solving (2), (4) and (6) and
with the total pressure assumed nearly constant, we have

Pt = PZn(0) + PSe2
(0) ≈ PZn(L) + PSe2

(L). (7)

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
appropriate boundary conditions. Let ux, uy denote the
velocity components along the x- and y-coordinates in
the x, y rectangular coordinate, and let T, ωA, p denote
the temperature, mass fraction of species A, Zn(g) and
pressure, respectively.

The dimensionless variables scaled are shown in Ref.

ZnSe s( ) = Zn g( ) + 
1
2
---Se2 g( ).

PZn 0( )PSe2

1 2⁄ 0( ) = Kp Ts( )

PZn L( )PSe2

1 2⁄ L( ) = Kp Tc( )

PZnPSe2

1 2⁄

log10PZnPSe2

1 2⁄ T( ) = 18900 T⁄–  + 10.003 atm( ).

PZnPSe2

1 2⁄

s = 
PZn 0( )
PSe2

0( )
--------------- 2.≠

Fig. 1. Schematic representation of the PVT growth reactor in
a two-dimensional rectangular system.
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[27] and the dimensionless governing equations are
given by:

(8)

(9)

(10)

(11)

These nonlinear, coupled sets of equations are numeri-
cally integrated with the following boundary conditions:

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

(12)

υ(0, y*) = 0,
T*(0, y*) = 1,
ωA

*(0, y*) = 1.

On the crystal (x* = L/H, 0 < y* < 1):

(13)

υ(L/H, y*) = 0,
T*(L/H, y*) = 0,
ωA

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

Walls (0 < x* < L/H, y* = 0 and 1):

(14)

Thermo-physical data are obtained from Refs. [28]. The
thermophysical properties of the gas mixture are esti-
mated from gas kinetic theory using Chapman-Enskog's
formulas [29]. The nomenclatures related to this study
are found in Ref. [27].

3. Results and Discussion

The parametric study is useful for showing trends and
generalizing the problem, but many parameters are in-
volved in the problem under consideration, which ren-
ders it difficult for a general analysis. One of the pur-
poses for this study is to correlate the growth rate, for a
particular material (ZnSe), to process parameters: (a)
partial pressure ratio, s, and (b) temperature gradient

across the ampoule. Thus, it is desirable to express some
results in terms of dimensional growth rate, however
they are also applicable to parameter ranges over which
the process varies in the manner given. For this applica-
tion, ranges of process parameters are typical for PVT
processes under ground-based laboratory conditions. The
six dimensionless parameters, namely Gr, Ar, Pr, Le, Cv

and Pe, are independent and arise naturally from the
dimensionless governing equations and boundary condi-
tions. Because the precise values of s that correspond to
the experiments are unknown, as a first step we assume
values of s which are close to experimental growth con-
ditions. Then one simulates diffusive-convective cases
corresponding to actual experiments. The results shown
in Figs. 3 through 9 are based on Ar = 6.67, H =
1.5 cm, Ts = 1160oC.

3.1. 1-D advective-diffusion model

One examines one-dimensional advective-diffusive case
based on Stefan flow in order to understand the basic
phenomena in the PVT process, which serves as numer-
ics. The predictions based on 1-D advectivediffusive
Stefan model shows a uniform streaming velocity from
the source to the crystal [21]. Note that the 1-D case
corresponds to the case simulated for the case when the
zero-stress condition and Gr = 0 are employed.

Figures 2 and 3 show the crystal growth rates of ZnSe
as a function of temperature difference, ∆T (K). One
sees that the closer to the stoichiometric case (s = 2),
the larger is the growth rate. It means the rate is much

∇ * V = 0,•

V ∇ *V = ∇ *– p* + Pr Ar⋅ ∇ * V
2

•
Gr Pr2 Ar2T* eg,⋅ ⋅ ⋅–

V ∇ *T* = Ar∇ *2T*,⋅

V ∇ *ωA
*  = 

Ar
Le
------∇ *2ωA

* .•

u 0 y*,( ) = 
Ar
Le
------–

1
ν 1–( )

--------------
∂ωA

*

∂x*
---------,

u L H⁄ y*,( ) = 
Ar
Le
------–

∆ω
Cv

-------
∂ωA

*

∂x*
---------,

u = υ = 
∂ωA

*

∂y*
--------- = 0,

T* x* 0,( ) = T* x* 1,( ) = 
1

Ar
------– x* + 1⋅

Fig. 2. The crystal growth rate of ZnSe as a function of tem-
perature difference, ∆T(K) for 0.2 ≤ s ≤ 1.999, based the 1-D

advection-diffusion (Stefan flow) model.
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sensitive to the variation of s. One sees in Fig. 2 that for
10 K ≤ ∆T = 50 K, the rates for 1.9 ≥ s have three order
of magnitude mg/hr, but for 0.5 ≤ s < 1.9, the rates have
two order of magnitude. For s < 0.5, the rates are of one
order of magnitude. At ∆T = 10 K, the rate with s = 1.5
is greater than s = 0.2 by a factor of 2.56. On the other
hand, at ∆T = 50 K, the former is greater than the latter
by a factor of 1.14. It reflects that when ∆T is smaller,
the larger is an increase in the rate with the ratio s. For
the temperature differences closer to 50 K and the ratios
of 1.5 < s < 1.999, the slopes of growth rate versus ∆T
are relatively small. The rate sharply increases with
increasing ∆T until ∆T reaches 20 K, and after the
value, it increases much slowly with ∆T up to 50 K.
Therefore, a variation of the ratio s is a parameter more
important than that of ∆T when ∆T is larger than 20 K.
At s = 1.999, the rate is little sensitive to ∆T. Similarly,
at s = 2.001, the same results are obtained, as shown in
Fig. 3. Note that as s → 2 the mechanism of PVT
switches from dissociative sublimation to congruent sub-
limation. As seen in Fig. 3, the rates for 2.001 ≤ s ≤
2.01 have three order of magnitude and at s = 2.9, two
order of magnitude, and at s =9, one order of magni-
tude. For ∆T = 10 K, the rate with s = 9 is greater than
s = 2.9 by a factor of 6.56. On the other hand, at ∆T =
50 K, the former is greater than the latter by a factor of
5.01. Compared with the zinc-deficient case, s < 2, at
∆T = 50 K, the rate with s = 0.5 is greater than s =1.5
by a factor of 4.15. Therefore, the rate is linearly pro-
portional to the value of s for the cases of zinc-deficient
and -rich. For 20 K ≤ ∆T = 50 K, the differences

between the rates of s = 2.9 and 9 are nearly variant. As
the partial pressure ratio s approaches 2, the Stefan
velocity approaches infinity [25]. This can be seen from
boundary condition (15) since Cv → 1 as s → 2 and
hence u (dimensionless x-component velocity) → ∞. It
must be pointed out that this limiting behavior only
serves to show a mathematical trend. Even though the
velocity increases dramatically, it is bounded. In order to
operate near this singular case, we consider two kinds of
values of s where the transport rate is limited by stichio-
metric variations that is either s > 2 (Zn-rich case) or
s < 2 (Zn-deficient case). Evidently, the ratio s of the
components in the vapor phase at the source material
has a dramatic effect on the rate of transport. As seen in
Figs. 2 and 3, the closer to the stoichiometric case, the
larger is the rate. Note that these figures are similar to
the plots obtained using the 2D model, as shown later.

3.2. 2-D diffusive-convection model

The cylinder horizontally oriented has a diameter H =
1.5 cm and transport length L = 10 cm. The source tem-
perature Ts is 1160oC. The temperature profile along the
side of cylinder is experimentally measured. A Zn-defi-
cient case (s < 2) is considered to mimic the experimen-
tal conditions. One calculates the total pressure in the
ampoule to be about 20 Torr. The physical properties
and system parameters for the 2-D diffusive-convection
numerical computations with s = 0.2 are listed in Table 1.
Typical calculations were performed for a stoichiometry
parameter at the source s = 0.2 which is close to experi-
mental growth conditions (Zn-deficient vapor phase).

Fig. 3. The crystal growth rate of ZnSe as a function of tem-
perature difference, ∆T(K) for 2.001 ≤ s ≤ 9, based on the 1-D

advection-diffusion (Stefan flow) model.

Table 1
Typical thermo-physical properties used in simulations (MZn =
65.39, MSe2

 = 157.92)

Transport length, L 10 cm
Height, H 1.5 cm
Source temperature, Ts 1160
Crystal temperature, Tc 1130
Density, ρ 3.26 × 10−5 g/cm3

Dynamic viscosity, µ 0.5 × 10−5 g/cm·sec
Diffusivity, DAB 41.8 cm2/s
Thermal expansion coefficient, β 6.98 × 10−4 K−1

Prandtl number, Pr 0.76
Schmidt number, Sc 0.48
System stoichiometry (s) 0.2
Total system pressure, PT 20.08 Torr
Zn partial pressure, source (s =  0.2) 3.35 Torr
Zn partial pressure, crystal (s = 0.2) 16.7 Torr
Se2 partial pressure, source (s = 0.2) 2.17 Torr
Se2 partial pressure, crystal (s = 0.2) 17.9 Torr
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Figure 4 shows the growth rate as a function of tem-
perature difference for two different models, 1-D Stefan
and 2-D diffusive-convection model. The results show
that for s = 0.2, 1-D case is slightly greater than the 2-D
case for the temperature differences examined. The 2-D
numerical predictions of crystal growth rates fall within
the range of 1-D theoretical estimations. This reflects
that for the growth conditions of ZnSe the flow fields
would be 1-D advective-diffusive. For the temperature
ranges of 10 K ≤ ∆T ≤ 50 K, the variations of growth
rate with the temperature differences are nearly same for
the two models, which supports the advective-diffusion
is dominant over the flow fields within the growth
enclosures. For comparisons with others’ results [30],
the growth rates obtained under the microgravity and
ground-based (1 g) experiments are chosen and the cor-
responding data represent � and � , respectively. These
experimental results are based on a diameter of 1.1 cm
and ∆T = 30 K. For comparisons with ours, the mass
per unit hour based on a diameter of 1.5 cm are com-
pensated by a factor of (1.5/1.1)2. The rates predicted by
the 1-D advection-diffusion and 2-D diffusion-convec-
tion models are of same order of magnitude as those in
the microgravity and the ground-based experiments [30].
The former is nearly greater than the latter by a factor
of 2. The disparity between experiments and our predic-
tions results point to the fact that under the micrograv-

ity and the ground-based experimental conditions, the
transport mechanisms are likely to be masked or super-
imposed by thermal convection, solutal convection,
oscillatory double-diffusive convection, and Soret diffu-
sion. From our predictions the growth rate based on 2-D
is still very close to that of the Stefan flow case. Fur-
thermore, the difference between the microgravity and
ground-based experiments is not large. These results
indicate that convection is likely to be very weak and
steady.

Figure 5 shows the growth rate as function of temper-
ature difference for s = 2.9, 0.366 ≤ Pe ≤ 1.00, 4.65 ×
10−3 ≤ Grt ≤ 2.0 × 10−2, −8.5 × 10−2 ≤ Grs ≤ −2.39 × 10−2.
s = 2.9 is chosen, which is close to experimental growth
conditions (Zn-rich vapor phase) [26]. The trend similar
to Fig. 4 is obtained, but the rate of 1-D case is slightly
greater than the 2-D. The growth rate for the Zn-defi-
cient case (s = 0.2) is greater than the Zn-rich case (s =
2.9) by approximately one order of magnitude, which is
due to the effect of mass fluxes on the interfaces, i.e.,
sublimation and condensation. These effects appear
through the dimensionless parameter, Peclet number. For
the 10 K ≤ ∆T ≤ 50 K, the former has 0.04 ≤ Pe ≤ 0.16,
whereas the latter has 0.366 ≤ Pe ≤ 1.00.

Figure 6 shows the crystal growth rate of ZnSe as a
function of temperature difference, ∆T(K) for 0.2 ≤ s ≤
1.999, 0.04 ≤ Pe ≤ 8.04, 0.04 ≤ Grt ≤ 0.056, 0.01 ≤ Grs

≤ 0.33, based on the 2-D numerical analysis based on

Fig. 4. The crystal growth rate of ZnSe as a function of tem-
perature difference, ∆T(K) for s = 0.2, 0.04 ≤ Pe ≤ 0.16, 2.95 ×
10−6 ≤ Grt ≤ 0.056, 4.62 × 10−6 ≤ Grs ≤ 0.01. For ∆T(K) =
10 K, Pe = 0.04, Grt = 0.056, Grs = 0.01; in the case of ∆T(K)
= 10 K, Pe = 0.16, Grt = 2.95 × 10−6, Grs = 4.62 × 10−6. The
data of � and � represent the growth rates obtained under the
microgravity and ground-based (1 g) experiments, respectively

[30].

Fig. 5. The crystal growth rate of ZnSe as a function of tem-
perature difference, ∆T(K) for s = 2.9, 0.366 ≤ Pe ≤ 1.00, 4.65 ×
10−3 ≤ Grt ≤ 2.0 × 10−2, −8.5 × 10−2 ≤ Grs ≤ −2.39 × 10−2. For
∆T(K) = 10 K, Pe = 0.366, Grt = 4.65 × 10−3, Grs = −2.39 ×
10−2; in the case of ∆T(K) = 50 K, Pe = 1.00, Grt = 2.0 × 10−2,

Grs = −8.5 × 10−2.
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the diffusion-limited model. The curves for 0.2 ≤ s ≤
1.999 have similar profiles for the temperature differ-
ences examined, 10 K ≤ ∆T ≤ 50 K, which indicates
similar variation of the rate over the temperature differ-
ence. As the ratio of partial pressure approaches the sto-
ichiometric value, s = 2 from s = 1.5, the rate increases
sharply. From s = 0.2 to 0.5, the rate are slightly varied.

Figure 7 shows the crystal growth rate of ZnSe as a
function of temperature difference, ∆T(K) for 2.001 ≤ s
≤ 9. As the ratio of partial pressure approaches the sto-
ichiometric value, s = 2 from s = 2.9, the rate increases
sharply. From s = 9 to 2.9, the rate are slightly varied.
As seen in Figs. 6 and 7, the similar profiles of the rate
are obtained for s = 0.2 and 2.9, except for the differ-
ence of the rate by one order of magnitude between s =
0.2 and 2. Therefore, it is concluded that as the ratio of
partial pressure approaches the stoichiometric value, s =
2 for the zinc-deficient case (s < 2) and zinc-rich case
(s > 2), the rate increases sharply with the temperature
difference, whereas as the ratio deviates from s = 2, the
rate is increased slightly with the temperature difference.

For the effects of gravitational accelerations on the
rate, the gravitational constant is varied from 1 g to
10−6 g for ∆T = 50 K and s = 1.5, the rates remain nearly
constant, i.e., 211 mg/hr, which are not shown here and
performed for our confirmations of other results [25,
26]. Therefore, the transport mechanism of diffusive-
convection is independent of gravity. In other words,
reducing the gravitational level such that Gr → 0, as
provided by microgravity environments, would not
affect the diffusive-convection flow fields for low vapor
pressure system such as ZnSe vapor growth processes.

4. Conclusions

As the ratio of partial pressure approaches the stoichi-
ometric value, s = 2 for the zinc-deficient case (s < 2)
and zinc-rich case (s > 2), the rate increases sharply
with the temperature difference, whereas as the ratio
deviates from s = 2, the rate is increased slightly with
the temperature difference. As the value of the ratio of
partial pressure approaches the stoichiometric value, s =
2 from s = 1.5 through s = 1.999, the rate increases
sharply. From s = 0.2 to 1.5, the rate are slightly varied.
The similar profiles of the rate are obtained for s = 0.2
and 2.9, except for the rate by one order of magnitude.
The mass flux based on one dimensional (1D model)
flow for low vapor pressure system fall within the range
of the predictions (2D model), which indicates the flow
fields would be advective-diffusive. These results indi-
cate the rate and the flow fields would be independent
of gravity acceleration levels. Also, for the effects of
gravitational accelerations on the rate, the gravitational
constant is varied from 1 g to 10−6 g for ∆T = 50 K and
s = 1.5, the rates remain nearly constant, i.e., 211 mg/hr,
which Stefan flow is dominant over convection.

Fig. 7. The crystal growth rate of ZnSe as a function of tem-
perature difference, ∆T(K) for 2.001 ≤ s ≤ 9, 0.2 ≤ Pe ≤ 7.35,
Grt = 0.02, −0.039 ≤ Grs ≤ −0.12, based on the 2-D numerical
analysis based on the diffusion-limited model. For s = 2.001, Pe
= 7.35, Grt = 0.02, Grs = −0.12; for s = 9, Pe = 0.2, Grt = 0.02,

Grs = −0.039.

Fig. 6. The crystal growth rate of ZnSe as a function of tem-
perature difference, ∆T(K) for 0.2 ≤ s ≤ 1.999, 0.04 ≤ Pe ≤
8.04, 0.04 ≤ Grt ≤ 0.056, 0.01 ≤ Grs ≤ 0.33, based on the 2-D
numerical analysis based on the diffusion-limited model. For s
= 0.2, Pe = 0.04, Grt = 0.056, Grs = 0.01; in the case of s =

1.999, Pe = 8.04, Grt = 0.04, Grs = 0.33.
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