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A transient analysis of Te doped GaSh melt growth process is performed using finite element method. The solute
concentration at the growth interface increases with time because of k < 1. The growth interface shape becomes
a little flat at the beginning of the growth compared with the initial shape. Radial segregation occurs even under
the pug condition. This segregation increases with the increase of gravity when gravity is small, and reaches a

maximum at g =103 for our system.

PACS: 81.10.Mx, 61.72.Ss, 02.70.Dh

GaSb-based semiconductors are very good sub-
strate materials for electronic and optoelectronic de-
vices. Considerable efforts have been made to grow;
high quality GaSb single crystals. One of these efforts
is the employment of microgravity environments!2
because of the relatively low melting point of GaSbh
among the semiconductors. In this study, we present
a numerical analysis of Bridgman growth of Te doped
GaSb crystals under microgravity in order to better
conduct the future space experiments.

Table 1. Physical properties and operating conditions (sub-
scripts s, m, and a represent solid, melt, and ampoule, re-

spectively).
Description - Symbols and values
Density ps =5.7 x 10> kg/m?

pm =6.0 x 103 kg/m3
pa=2.2x 10% kg/m?
Dy =4x107%m2/s
ks =7.81W/m-K
m=17.1W/m-K
ka=3.5W/m-K
B=9.6x10"3K~-1
v=14X10""m?/s
Cp,m =328.0J/(kgK)
Heat of fusion AHy=1.36 x 108 /kg
Melting temperature Tmp =985.0K
Equilibrium segregation coefficient &k = 0.30*
Heat transfer coefficient h=3.2W/m?- K

Diffusion coefficient
Thermal conductivity

Thermal expansion coefficient
Kinematic viscosity
Specific heat

Emissivity €ag =0.5
Furnace temperature gradient G=30K/cm
Ampoule outer length L=2lcm
Ampoule inner radius R=15cm
Ampoule thickness d=0.5cm
Length of insulation zone Li=5.0cm

Furnace translation rate Vo ="17.56x 10~" m/s
*Te in GaSb (Ref. 13).

We consider a generic vertical Bridgman growth
system. As depicted in Fig. 1, a cylindrical ampoule
filled with Te doped GaSb melt is contained in a verti-
cal gradient furnace, and solidification proceeds from
the bottom of the ampoule as the ampoule is trans-
lated downward. The physical properties and operat-
ing parameters of this system are listed in Table 1

The governing equations are cast in dimension-
less form using the following scalings: temperature

T = T/Tmp, melt velocity v = Rv/ay,, time t =
tv/R?, pressure p = R2P/(puouy, ), solute concentration

c=¢/cy, and gradient operator V = RV, with Tmp
denoting the melting point, v(=pu/p) the kinematic
viscosity of the melt, R the radius of the ampoule,
1 the viscosity of the melt, ¢y the initial concentra-
tion, am(=km/(pCp)m) the thermal diffusivity of the
melt, p the density, and C, the specific heat. Time-
dependent heat transfer in crystal and ampoule can
be given in dimensionless form as

Prl"i%—f - V2T = 0,i = s,a (1)

where Pr is the Prandtl number (v/ay,), I is the
ratio of thermal diffusivities of the melt to solid and
ampoule when ¢ =s, a, respectively.
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Fig. 1. Schematic of the vertical Bridgman growth sys-
tem.

The dimensionless equations governing momen-
tum, heat and solute transfers in the melt are

v 1 2
—a—t+ﬁv-Vv+VP—V v—Ra(T - 1)e, =0

(2
V-v=0 (3)
Prz—f+v~VT—V2T=O, (4)
oc 1 1 o
E-l-p;v-Vc—ch—O (5)
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where e, is the unit vector in the r-direction, Ra and
Sc are the Rayleigh number [gog8TmpR>/(amv)] and
Schmidt number (v/Dy,), respectively, with go the 3.00 \_
gravity on the earth, g the gravity factor, and 3 the 270 x
thermal expansion coefficient of the melt. \
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Fig. 2. Temgerature and concentration distribution n _— = A ]
under g=10"°. The dashed lines represent the 6.001 | 6.001 | 6.001 6.007 6.00
melt/crystal interface. (a) Temperature distribution
at t=6.25 x 10%s, with AT = 10K; (b) Concentra- 2.00 2.00r
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(d)Concentration distribution at t=1.875 x 10%s, with
Cmax = 3.16, cipin = 1.18, Ac=0.13.

Boundary conditions on the melt/crystal inter-
face include the energy balance: (—Ky,VTy, +
VT,) ‘nuys = Peg; the solute balance: (Vem)nms =
Pecep(k — 1); as well as the equilibrium condition:
T =1; where K, is the dimensionless thermal con-
ductivity (K =km/ks), n is the unit normal vec-
tor, k is the equilibrium segregation coefficient, ¢,
is the concentration of solute in the melt at the
interface. Pes; and Pe. are respectively given as
Pe;= RV,AHps/(ksTmp) and Pe.= RV, /Dy, with

A H; denoting the heat of fusion, p the density, Dy,
the diffusion coefficient of the melt, and V;, the normal
growth velocity which is calculated by V;, =V,(nms
-e,), with V,, the ampoule translate rate.

The boundary condition along the gas/ampoule
surface involving heat transfer between the ampoule
and furnace is given by

—(VT)g - Nag = Rad[T* — T3(2)*]
+ Bi[T — T;(2)], on 8D,g,

where Tt is the furnace temperature. The radiation
number (Rad) and Biot number (Bi) are defined as
€ag0TmpR/ks and hR/k,, respectively, with e,z the
emissivity, o the Stefan-Boltzmann constant, h the
convective heat transfer coefficient. The values of di-
mensionless groups used in this paper are gathered in
Table 2.
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Fig.4. Concentration field in whole domain under dif-
ferent gravity levels at £=6.25 x 10%s. The dashed lines
represent the melt/crystal interface: (a) g=10"%, with
Cmax = 1.56, cmin =1.0, Ac=0.045; (b) g=10"5%, with
Cmax = 1.62, Cmin=1.01 Ac=0.05; (c) g=10"%, with
Cmax = 1.78, cmin =1.06 Ac=0.05; (d) g=10"3, with
Cmax = 1.89, Cmin=1.14 Ac=0.05; (¢) g=10"2, with
Cmax = 1.88, Cmin = 1.23 Ac=0.05.

Finally, boundary conditions are supplied along
the various inner surfaces of the ampoule for the tem-
perature, velocity, and concentration fields. The de-
tailed descriptions can be found in Refs. 3 and 4. And
the initial conditions were given by the steady state
solution under a stationary condition that the insula-
tion zone of the furnace was kept from 1.5 to 6.5¢cm
along the z-direction.

Table 2. Dimensionless parameters and values for Te doped
GaSb system.

Symbols Definition Values
Pr v/am 0.016

Ra 9098 Tmp R/ (amv) 0-2.57x10%*
Sc v/Dm 35.0

Pes RV, AHgps /(ksTrmp) 1.14x10-2
Pe, RVy/Dm 2.84
Rad €ag0TmpR/ka 1.18x10~7
Bi hR/k, 1.37x10~2

* Corresponding to the gravity factor g from 0 to 10~2.

We employ Galerkin finite element method in the
solution of the above model equations. Boundary con-
formal mapping technique® is applied to obtain the
melt/crystal interface shape and position which is a
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prior unknown, as well as the deformed finite element
mesh in the whole domain. Mesh generation equations
used here are the same as those used in Ref. 6. Details
of our numerical techniques can be found in Refs. 4
and 6. All the calculations are carried out by 18x46
elements, with 32 elements along the z-direction in the
melt region.

To demonstrate the robustness of our numerical
algorithm, we try to reproduce two cases given in the
literature: the result obtained by Talmon et al.” for a
one-dimensional Stefan problem, and the result given
by De Vahl Davis® for a standard natural convection
problem in a square cavity. The physical models and
parameters we use here are exactly the same as those
of corresponding references. The calculation error for
temperature field is estimated by

er = [/ﬂ (T—T)2drz]l/2/ (/ﬂ T2d(l>l/2, (7)

where {2 denotes the integral domain, T represents the
‘standard’ solution from Refs.7 and 8, respectively.
For the case of Ref. 8. we compare our result with the
result obtained by using the finite element algorithm
with a fixed mesh given in Ref.8. Under the condi-
tion of Ra=1 x 10*, Pr=0.71, and 12x12 mesh, e,,
is 2.56 1075, Furthermore, we use 16x16 elements to
calculate the temperature profiles in a slab of water at
different times during freezing (Fig. 5 in Ref. 13). The
calculation error e, is 6.77x1073.

A sequence of simulations is performed to demon-
strate the combined effects of convection, segregation
and melt/crystal interface shape for the Te doped
GaSb growth system. The thermal field and so-
lute concentration field with g=10"% are given in
Fig.2. As solidification proceeds, Te is preferentially
excluded from the crystal to melt because of k < 1,
so that the solute concentration near the interface in-
creases with time. While it seems that the shape of
iso-thermal lines does not change too much during the
growth except for the corresponding change with the
moving of the interface (hence we only give one ther-
mal field under a certain time). The melt/crystal
interface is concave to the crystal because of the
mismatch in the thermal conductivity between melt
and crystal. We can notice the non-uniformity of
the concentration distribution along the growth in-
terface from Figs. 2(b)—2(d) under g=10~" (the iso-
concentration lines are curved). The compositional
non-uniformity at the interface £ is measured ac-
cording to Ref.9: { = [(chax - CI,min)/CI,ave] %, with
C1,ave the average concentration along the growth in-
terface. We found that £ only has a little change
during the whole growth process. Figure 3 is the
growth interface evolution at the beginning period of
the growth. It is apparent that the growth interface
becomes slightly flatter than the original one with in-
crease of time, and gradually reaches a steady state.
This transient change of the growth interface may be
due to the coupling of the finite wall influence and lit-
tle decrease of the flow intensity with time, because
the flow pattern during the growth does not have too
much change according to our calculations. The con-

centration distributions in the melt under different
gravity levels are shown in Fig.4. It can be seen that
the concentration field is significantly deformed with
the increase of the gravity, and a uniform cores even
appear at g =103, with steep concentration gradients
along the axial boundary which is consistent with the
boundary-layer model for a well-mixed melt.’® The
compositional non-uniformity £ at the growth inter-
face is very small under g=10"%, and increases with
the increase of gravity at low gravity levels. The &
reaches a maximum at g=10"° and decreases with
the more intense flow motion (see Table 3). This re-
sult shows that when flow motion is strong enough, it
turns out to be favorable to the uniform concentration
distribution as long as it can keep steady. Similar re-
sult with Table 3 can be found in Ref. 11 for numerical
study of Ga doped Ge growth.
Table 3. Change of compositional non-uniformity ¢ with grav-
ity factor g.
g 16=% 10> 107% 1073 1072 5x10 2
&%) 018 235 653 869 7.33 712

In summary, we have performed a transient mod-
eling of the Te doped GaSb melt growth process by
using finite element method. The solute concentra-
tion at the growth interface increases with time be-
cause of & < 1. The temperature field and flow
field are quite stable during the growth under our
given conditions. We have found a transient region
of the growth interface shape at the beginning of the
growth. And after that the interface shape almost
keeps unchanged which, together with the character-
istic of flow and thermal fields, demonstrates the valid-
ity of quasi-steady state used on the investigations of
crystal growth without dopants in the previous stud-
ies (see Ref. 12). Radial segregation occurs even under
the condition of g=10"%. This segregation increases
with the increase of gravity when gravity is small, and
reaches a maximum at g=10"3 for our system. Next
step of this research will carry out a systematic study
on the influence of growth velocity, furnace tempera-
ture gradient, and direction of g-vector on the growth
process in order to obtain an optimum growth condi-
tion for the future space flight.
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