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ABSTRACT

Composition profiles of Phyg,Sn,,Te grown by the nermal and inverted Bridgman
methods are presenicd.  The growth under stabilized solute gradient decrcases the
convection, and the final solute distribution corresponds 1o the partial diffusion-convective
mechanism.  Also shown are results of high-gravity gradient frecze growth with a
destabilizing temperature gradient.

INTRODUCTION

The inverted vertical Bridgman method (IVB), where the solidification occurs from the
lop of the melt under a destabilizing thermal gradient, allows growth of crystals with
buoyancy-driven convection different from that with the usual vertical Bridgman
configuration (VB). Duc to the unstable solutal gradient, the compositional profile of
PbyseSng 0 Te crystals grown by VB usually obeys the normal freezing law. It is well
known that for Bridgman growth in a microgravity covironment, the convection is
suppressed, and a crystal with homogeneous composition can be grown with a diffusion-
controlled steady state.  However, experiments in space are restricted by technical and
tinancial constraints, and alternatives, such as the IVB or growth under high gravity using
centrifugal systems,'” are becoming useful techniques to study the influence of gravity on
crystallization processes.

Only a few materials have been grown by 1VB.*7 Recently the pseudobinary compound
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Pb, Sn, Te has also been investigated.** This paper reports the influence of convection on
the longitudinal composition profile in Pbyg,Sng,.Te crystals grown by VB and IVB at
earth’s gravity (1 g) and by the inverted gradient freeze technique at 3 g,

EXPERIMENTAL

The experimental system for inveried gradicnt freeze growth at 3 g is shown in Fig. 1.
For all experiments the growth ampoule consists of a quartz rod of 8 mm diameter and 20
mm length with a Pb,gSn,,,Te charge (8 mm diameter, 40 mm length, 69 purity} scaled
in an evacuated (10°® Torr) quartz ampoule with approximaiely the same internal diameter.
This ampoule (~ 100 mm total length, 1.5 mm thickness) has 4 constriction (~ 10 mm
length, ~ 3 mm diameter) for seed selection. Enough charge powder is added to fill ali
emply spaces after melting. The quartz rod piaced on top of the melt avoids material loss
by evaporation. The quartz ampoule is sealed inside a steel cartridge.

For the VB and IVB experiments at 1 g, the cartridge containing the ampoule was
placed in a vertical furnace with 80 ¢m length and 3.5 cm internal diameter. The fumace
was heated to 950 °C, yielding a temperature gradient G of 16 “C/cm along the cartridge
at the estimated position of the solid-liquid interface. Growth was caused by moving the
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Figure 1. 'Temperature profile and ampoule arrangement for an inverted gradicnt freeze experiment at 3 g.
‘The temperature profile was measured along the steel container.

ampoule through the furnace at V=L1.35 mm/he. For VB growth the ampoule was lowered
by means of a stepping motor. For IVB growth the furnace was turned over and the
ampoule slowly raised for growth,

The growth under high gravity was carried oul in a smaller furnace (30 c¢m length and
2 cm internal diameter), which was atiached 10 a centrifuge (maximum radius = 1 m) built
at INPE. This centrifuge gives a resulting acceleration up to 10 g After heating and
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stabilization, the centrifuge was accelerated 1o the desired level, and the growth was carried
out by slowly lowering the furnace temperature. The growth conditions were approximately
the same as at 1 g. .

The SnTe axial concentration was measured through an Electron Probe Microanal yzer.
The conversion from X-ray intensity to solute concentration was based on a calibration
curve obtained from standard samples with known composition.

RESULTS AND DISCUSSION

During growth by VB the gravitational vector and temperature gradient are antiparallel,
The solute SnTe is rejected from the solid-liquid interface, forming a piled-up layer on the
liquid side. This accumulated layer with a less dense com ponent is reduced by convective
flows in the melt, and usvally the composition of the growing material follows the aormal
distribution. Figure 2 shows the experimental compositions as points. The lines are third-
order polynomial fits 1o the experimental data for moele fraction SnTe.
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Figure 2. Solute distribution along the axial direclion for crystals grown by the usual and inverted
vertical Bridgman methods at 1 g,

In order 10 evaluate the influence of both solutal and thermal gradienls on convection,
their corresponding values of density gradient are compared. The density gradient cansed
by solute accumulation at the interface is given by:"

ap :BpBC:Bp l_lvcu (1)
7Z) "3caz alt T

al steady state. The density gradient duc to the temperaturc gradient is:

dp) _ 90 dT _ 3p )
3Z) ~aTaz I
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Here k, = 0.61, V = 1,35 mm/h, C, = 0,20, D = 5.3 x 10 ¢cm%s, and G = 16 “C/em are
equilibrivm segregation coefficient, solidification rate, original mole fraction of SnTe,
diffusion coefficient in the melt, and temperature gradicnt, respectively. The values dp/dC
= 1.62 glem®.mol and 2p/aT = 8.3 x 10* g/em®.°C are calculated from coefficients of bulk
solutal and thermal expansion, Using these parameters, the numerical values of Eq, (1) and
Eq. (2) are 1.46 x 10" g/lem* and 1.33 x 107 gfem®, respectively. The solutal density
gradicnt is about ten times bigger than the thermal density gradient at the interface. This
might explain the strong convective behavior presented in VB, and also the reduced
convection during IVB growth (Fig. 2). However, since the solute concentration decreascs
exponentially into the liquid, it is likely that away from the interface, the temperaturc
gradient becomes the dominant term. A complex compositional layering may occur in the
melt.!

According to the results for 1VB, the composition profile (Fig. 2} corresponds o partial
melt mixing, where the convection {low is sufficiently weak to allow the formation of a
solute boundary layer. Solutal convection is suppressed, because of the stable density
gradient [Eq. {1)], and hence the diffusion-controled solidification is not interrupted,

Convection is a function of the thermal Rayleigh number Ra;, the solutal Rayleigh
number Rag, the thermal Grashof number Gr;, and the solutal Grashof number Grg.

The definitions for Ra and Gr arc:

Ra, = > phe 9C Ra, = BT gps 9T
Dv a, oV az.
Gr, = gBh*ACHV? Gr, = gB;h AT/V?

where B is the coefficient of bulk solutal or thermal expansion, D is the diffusion
coefficient in the melt, v is the kinematic viscosity, ¢ is the thermal diffusivity and b is the

Table 1. Rayleigh and Grashof numbers for PhygSngpTe.

h/ h{cm) Ra; Rag Gr Girg S(cm)
0.625 0.5 2 x 10° 5x 10° 2x 10 2% W’ 3x 107
1.200 1.0 4 x 10 7 x 107 2% 100 3x 10° 2x 108
2.000 2.0 6 x 10° 1x 10° 6 x 10° 4x 10 Tx 10
3.750 1.0 3x 10° 6 x 107 2x 107 2% 10 7 x 10°
5.000 40 1x 107 2x 10" 6 x 107 7 x 10° 5x 107

liquid height. Estimated values for our 1VB experiments are shown in Table 1 for an
ampoule diamtcr ¢ of 8 mm.

According to previous experiments,” the critical thermal Rayleigh number is 2 x 10? for
an aspect ratio of 0.270, confirming that IVB was grown in the presence of some
convection, The thickness of the solutal stagnant film & can be estimated from a
correlation for vertical zone melting of naphthalene:"
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5 - 10r (3)
B (r/W)%* (hV/ Dyt

where 1 = ¢/2 is the ampoule radius, h is the height of the molten zone, and:

' 154 (4)
B = (P)""™ (S¢y*|Gr, + (Pr/Sc)"” Gryg

where Pr = 2 x 10° {Prandt) and Sc = 53 (Schmidt). Calculated values of 8 are shown in
Table 1. These yield cstimates for 8V/D ranging from 0.004 10 0.02. Since §V/D<<l, the
above correlation predicts complete mixing. This does not correspond 10 our experimentil
results. 1t should also be noted that the diffusional solute layer thickness DVV is
approximately 13 mm.

The solute composition profile for inverted gradient freeze growth is shown in Fig. 3.
This complex behavior is indicative of dramatic changes in convection or freezing rate as
solidilication proceeds.
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Figure 3. Solute distribution along axial direction for inverted gradiem freeze prowth at 3 2.

CONCLUSIONS

The inverted Bridgman method allows the growth of Pb,,,Sn,,,Te crystals with a
stabilizing solute gradient. Duc to a reduction in convection, the final composition profile
is similar to that provided by a partial diffusive mechanism. Tnverted gradicnt freeve
growth under high gravity yields a concentration profile indicating dramatic variation in
convection or freezing rate during (he solidification,
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