@&

INTERNATIONAL ATOMIC ENERGY AGENCY | oney
‘) UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORG ANIZATION @

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

LCT.P, PO. BOX 586, 34100 TRIESTE, ITALY. Caste. CENTRATOM TRIESTE

SMR/382- 39

WORKSHOP ON SPACE PHYSICS:
“Materials in Micorgravity”
27 February - 17 March 1989

*Analysis of the Low Gravity Tolerance of Bridgman-Stockbarger
Crystal Growth I: Steady and Impluse Accelerations”

F. ROSENBERGER
Centre for Microgravity Research
Huntsville, Alabama
USA

Plcase note: These are preliminary notes intended for internal distribution only.



Submitted to
J. Crystal Growth
February, 1989

Abstract

The effects of steady and impulse-type residual accelerations on

dopant distributions during directional solidification In 2-D and 3-D

"generic" models of the Bridgman-Stockbarger technique have been

investigated using numerical models. The calculations are based on the

thermo-physical properties of molten germanium doped with a low

Analysis of the low gravity tolerance of Bridgman-Stockbarger concentration of gallum. A novel Chebyshev-collocation pseudo-

crystal growth, I: Steady and impulse accelerations. spectral method was used for the solution of the governing

momentum-, mass-, and heat-transfer equations. Only convection
caused by temperature gradients was considered.

It was found that lateral non-uniformity in composition is very
sensitive to the orlentation of the steady component of the residual
gravity vector and on the particular operating conditlons under
consideration. For growth rates of several microns per second a steady
J. Iwan D. Alexander, Jalil Ouazzani background level of 10-8 imes that of normal gravity can be tolerated

and Franz Rosenberger provided that the acceleration vector is aligned with the axis of the
growth ampoule. For reduced growth rates, higher (steady)
background acceleration levels are acceptable. It was also found that
laterally or radially averaged composition profiles are alone insufficient
to describe the extent of residual convection in a spacecraft
¢nvironment. The effects of impulse-type disturbances can be severe
and can extend for times on the order of one thousand seconds after

the termination of the impulse. A so-called "compensating double
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" tely off. ffects.
University of Alabama in Huntsville pulse” will not result In completely o setting effects

Huntsville, Alabama 35899



1. Introduction
During the past decade there has been considerable interest in the
possibility of using the almost weightless environment of an orbiting
spacecraft as a laboratory in which to study crystal growth processes.
The attraction of such a laboratory is that buoyancy-driven convection
in nutrient phases may be reduced or practically eliminated so that
mass transfer is more ltkely to be controlled by diffusion [1-3). it has
been recognized for some tme that convection can lead to undesirable
compositional variations in melt grown (semi-conductor) crystais 12,
4-6]. In many of these cases the convection is buoyancy—driven 171.
Thus, as far as crystal growth 1s concerned, the diffusion-controlled
conditions which may result in a spacecraft should favor compositional
uniformity in the crystal (1., 2L
That the magnitude of the effective gravity vector may be reduced
as much as six orders of magnitude 1s well known, and has led to the
use of the term microgravity to describe the spacecraft's residual
acceleration environment. However, our experience In space
laboratories has led to the realization that. while in principle the
accelerations could be as low as 10°5 - 10-6 gall, in practice this is not
always the case {8.,9]. The many sources of residual acceleration [8-10]
include the earth's gravity gradient, atmospheric drag, basic orbital
attitude motions, crew motions, machinery induced perturbations. and
attitude corrections. The latter three can give rise to disturbances on

the order of 103 to 102 gal. While these accelerations may be orders

11gal=98m a2, and 18 a unit of acceleration (named after Galileo) commonly used in
geophysics.

of magnitude lower than that experienced at the earth’s surface, they
are nonetheless finite and pose potential problems for certain types of
experiment, espectally those for which minimizatton of accelerations
is desirable.

In this work, we examine the extent to which buoyancy-driven
convection, caused by small accelerations characteristic of the steady
component of the residual acceleration vector in a spacecraft, result In
non-uniform solute distribution in a directionally solidifled crystal. The
physical system under consideration Involves crystals grown from a
two component melt via the Bridgman-Stockbarger technique. In
particular, the importance of ampoule orientation relative to the
gravity vector is studled. The effects of impulses are also examined.
The consequences of other types of time-dependent disturbances will
be discussed in a companion paper.

In previous work involving the use of numerical models to study
melt convection, the thermal boundary conditions have been modelled
with varying degrees of fidelity. Early work [11-13] includes a variety
of imposed temperature boundary conditions. These range from purely
vertical temperature gradients in which the flow ensues after a critical
value of the Rayleigh number Is exceeded [14]. to idealized conditions
associated with Bridgman-Stockbarger furnaces (13] which are
imposed directly on the melt and crystal without consideration of the
heat transfer between the ampoule, furnace and sample. For these
boundary conditions, flow always occurs owing to the presence of
radial temperature gradlents, Later models [15,16] have accounted for
the presence of the ampoule, and the furnace design. In an actual

growth situation the characteristic thermal proflle of the inner surface



of the furnace Is not realized at the ampoule wall; it is modified by heat

transfer between the crystal, melt, ampoule and the furnace itself.
The tendency is to reduce axial temperature gradients, while radial
temperature gradients may increase or decrease depending on the
specific nature of the heat transfer between the charge and ampoule
[15]. The influence of melt convection on dopant distribution has
been examined for dilute and non-dilute melts [13,15]. For a given
furnace-ampoule combination the amount of compositional non-
uniformity (or radial segregation) was shown to be a non-linear
function of the Rayleigh number. The growth rate and physical
properties of the melt also influence the degree of compositional
uniformity in the grown crystal,

That restdual accelerations on the order of 106 - 10-5 gal are
sufficient to cause observable fluid motion has been established [10,17-
19] and can be inferred from work such as [13]. The sensitivity to low
gravity has also been estimated for a wide variety of experiments by
dimensional analysis [20,21]. The extent to which gravity causes solute
redistribution, via buoyancy-drven fluld motion, during directional
solidification in geometries characteristic of the Bridgman-
Stockbarger technique has been examined using numerical models
(11-14.19, 22]. Apart from McFadden and Corlell [22] who examined
a two-dimensional sltuation in which the gravity vector continuously
rotates relative to the container, and Polezhaev et al. [19], other work
Is restricted to axisymmetric situations In which a steady gravity
vector is oriented parallel to the axis of a cylindrical ampoule.

A general conclusion that can be drawn from all previous attempts

to characterize gravity-driven convectlve effects on directional

‘solidification from two components melts (and from the results of the

work presented here) (s that the maximum lateral solute non-
unifermity (radial segregation for the axisymmetric cases) occurs near
the transition from diffusion dominated to convectlon dominated
growth conditions [20,23); that 1s, when convective velocities are of
the same order of magnitude as the diffusive velocities, The conditions
under which this “transition” takes place will depend on the specific
nature of the forces driving convection. We demonstrate in this work
that the orlentation of the steady component of the gravity vector is
crucial in determining the magnitude of the gravity vector at which
this transition occurs. Thus, for a given set of operating conditions the
orientation of the gravity vector can determine the suitability of a low
gravity environment for directional solidification experiments.

In the following sections we formulate the basic model, define the
range of operating conditions under consideration and examine the
effects of magnitude and orientation of steady and impulse-type
acceleration vectors on compositional uniformity in directionally
solidifying crystals. The objective of this work is to identify trends.
Rather than attempt to model the thermal conditions corresponding
to a specific furnace, we adopt a generic model which is based on the
ploneering work of Chang and Brown [13}, In which the thermal
profile is imposed on the melt and crystal.



2. Formulation

The following physical situation, which corresponds to
directional solidification by the Bridgman-Stoclgbargcr technique, is
considered. An ampoule containing a (dilute) two component melt is
translated at a constant rate between fixed hot and cold zones of a
furnace. The upper and lower parts of the furnace are maintained at a
uniform temperature by means of htat pipes and the two zones are
separated by a thermal barrier [24]. Directional solidification takes
place as the ampoule is translated. In an actual growth situation the
heat transfer conditions between the crystal, melt and ampoule can
result in a non-planar crystal-melt Interface {for a summary see [24]}
Curvature of the solid-liquid Interface can result in significant lateral
compositional non-uniformity (25.26]. Since we wish to focus
attention on the Influence of convection on the composition of the
crystal we choose to constrain the Interface to be planar.

Two- and three-dimensional models are considered. For the 2-D
model the dilute binary melt 18 assumed to occupy a rectangular reglon
Q2 of height L and width W, which is bounded by planar surfaces (see
Fig. 1). In the 3-D model the rectangular reglon is replaced by a
circular cylinder with radius W/2.

Translation of the ampoule i8 modelled by supplying a doped melt
of ditute bulk composition c.at a constant velocity Vi at the top of the
computational space, and withdrawing a solld of composition cg
{which, in general, will be a function of both space and time} from the
bottom. The crystal-melt Interface is located at a fixed distance L from
the top of the computational space. Thus, the assumption that the

ampoule transtation rate and the growth rate are equal is Implicit.

The thermal barrier which separates the zones is modelled using
adiabatic sidewalls of length L/4 (see Fig. 1). The temperature at the
interface 1s taken to be Ty, the melting temperature of the crystal,
while the upper boundary is held at a higher temperature Ty, In an
actual experiment, owing to the fnite length of the ampoule there is a
gradual decrease In length of the melt zone during growth. In this
model transient effects related to this change are ignored. Thus, 1t I8
assumed that the ampoule 1s sufficiently long for steady state
temperature, concentration and growth rate to be established. The
appropriate boundary condition to adopt In this case Is the pseudo-
steady state condition used by Chang and Brown [13]. The only
transient effects to be considered will arise directly from the time-
dependent nature of the residual gravity field. We also assume that the
contribution of the solute {dopant) to convection is negligible. Free
convection Is driven by thermal gradients only.

The governing equations are cast in dimensionless form using L.
K/L (where ¥ is the melt's thermal diffusivity), pmx2/L? (where pum is
the melt's density), Tyu-Tm. and c. to scale the lengths, velocity.
pressure, temperature and sclute concentration. respectively. The
dimensionless equations governing momentum, heat and solute

transfer in the melt are then

%% + (grad w)u = -gradp + PrAu + RaProg(1), )

diva=0, (2)



—aa(: + u.grad® = Ag@, (3)
S 3C

X . = 4
Pr(at + Ww.gradC)=AC, (4)

where, u{x.t). 8 = (Tix.t) - Tm)})/(Ty - Tm)} and C, respectively
represent the velocity, temperature and solute concentration. The
parameters Prav/x, Ras gB(Tu-TM)L3/XV and Sc=v/D are,
respectively, the Prandtl, Rayleigh and Schmidt numbers. The term
g(t) in equation (1) represents the steady or time-dependent gravity
vector. The value of g in Ra is taken to be 1 gal, l.e. equal to the
gravitational acceleration at the earth's surface. Thus, the magnitude of
£ represents the ratio between the actual residual acceleration and g.
Table 1 lists the forms of g(t) used in these calculations.

The following boundary conditlons are applied at the crystal-melt

interface
=0, (5)
u-N = Pe/o, (6)
Nxux N =0, N
dC _ PeSc
— = 1-k) C,
dz Pr dkc 8)

where N points into the melt and is the unit vector perpendicular
to the planar crystal melt interface, Pe = ViyL/K is the Peclet number,
g = pm/ps and k 1s the distribution coefficient. We define the measure
of compositional non-uniformity in the crystal at the interface to be

the lateral range in concentration given by

(csmu - camln)x‘OO%

Cav

&:

where ¢4 18 the (dimensional) solute concentration in the crystal, and
cay is the average concentration. At the “"inlet" (z=0) the following

boundary conditions are applied

0=1, 9
u-N = Peg, (10)
Nxux N =0, (11)
dC  PeSc

— =2 (C-1), 12
oz Pr (€ a2

Equations (8} and (12) express conservation of mass at the crystal-
melt interface and the inlet respectively. Equations (6) and (10)
guarantee continuity of the melt with the crystal and with the supply
of melt at the Inlet. whlle'equatlons (7) and (11) ensure no-slip
tangent to the interface and the top surface. At the side walls the

following conditions are applied
gradC - e,=0, uwN =Peg, e u=0, (13)

along with
6=1, (14)

in the isothermal zone and
gradﬂ-ew=0. (15)

In the adlabatic zone. Here ey, is the nornmal to the ampoule wall.

While the above model will rarely apply to a specific furnace (since
detalls of the heat transfer at the ampoule walls, and between ampoule
and furnace are neglected), it nonetheless serves as a reasonable

"generic’ model with which to carry out a preliminary analysis of a

Sy
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directional solidification experiment under conditions ch
of the low gravity environment of space. e
For the most part, our calculations are limited to thermo-physical
::;:;::rt:‘e; corresponding to dilute galllum-doped germa:lu:
o dg mn;eef:c: ::: :lfl’erent Schmidt numbers are considered for a;
N ady low gravity conditions. The values of the
y properties and the assoclated dimensionless groups

and operating conditions are given in Table 2

3. Method of solution

mcthT:ldes: g::::::i:tm:rtlons (1)-(15) were solved by two different
volume method ln’lplf::: al Chebyshev collocation method and a finite
rethod was wsed fo ob ;tllted by the code PHOENICS [28]. The latter
ystem, PHOENICS wa n most of the results pertaining to the Ge:Ga
esults for Se - 10 T: used to obtain two and three dimensional
better with the st-ee e [leeudo—Spectral method was found to cope
Sehmid mumber casc:v solute gradients which occur In the high
The

couocanmp::::::pectral method employed is an orthogonal
expanstons £ spectral method which uses Chebyshev polynomial
dimersional c::'cu:l)atlal discretization [27,29). Only the two-
the method 1o mad:tu:ms were tackled using this approach, although
are obtaimed y extended to three dimensions. Steady solutlons
gcnera“ze:emusmg a pseudo-unsteady method which involves a
o the commul:yperocedure {27]. The momentum equations are linked

quatlon via the method of artifictal compressibiltty.

Both stead
y and time-dependent solutions were computed ust
using an
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Adams-Bash[orth—Crank-Nlcolson scheme [27]. {For moré details see
130].) The results presented in this paper were computed using 33x33

points, This was found to yleld suffictent resolution for the range of

Schmidt numbers considered. For the impulse-type residual

accelerations a variable time step was employed. In order to asgess

the consequences of adopting the pseudo-steady state conditions, {9-

12). we varied the aspect ratio of the computational space. while, for

accelerations between 10-4 -10-3 gal (oriented parallel to the

interface) this altered the flow pattern in the upper part of the
ues of £ differed only by a few percent from

atlo 1. For the lower acceleration

ampoule, the computed val

the values computed with aspect ©

magnitudes {and for orientations perpendicular to the interface] no

significant difference in § was found.

PHOENICS embodies a finite volume or finite domain formulation

128,31]. It represents the governing equations introduced In the

previous section as a set of algebralc equations. These equations

represent the consequence of integrating the differential equation

over the finite volume of a computational cell (and, for transient
and approximating the resulting volume,
ation. For the 2-D and axisymmetric

r we employed a 40x39 grid. The 3-

problems, over a finite time)
area and time averages by interpol

calculatlons discussed in this pape

D calculations were performed in 3 eircular cylindrical domain with 20

nodes In the radial direction, 12 in the azimuthal direction and 39 In

the axial direction. we found that for the 2-D calculation less than 40

points in the direction parallel to the interface resulted in poor

convergence of the solute field.
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The scheme employed by PHOENICS has the same accuracy as a
finite difference scheme which is of the order Ax, where Ax is the
distance between the grid nodes. The time scheme is implicit and
thus unconditionally stable. However, small time steps are required to
obtain accurate solutions. For highly non-linear flows the use of under-
relaxation 18 necessary to eliminate divergence and to ensure good
convergence of the solutions.

Steady calculations using the pseudo-spectral method with 33x33
collocation polnts required 2000-2500 iterations to achleve good
convergence for the steady calculations. This typically took around 5-
10 minutes of (CRAY XMP) CPU time. The finite volume calculations
were carried out on a VAX-785 and required 3-4 hours of CPU time.

4. Results
4.1 Steady accelerations: 2-D

The temperature field is insensitive to the convective motion
owing to the low Prandtl number of the melt (Pr = 10-?) and the low
magnitude of the residual accelerations considered. It is characterized
by the conduction profile shown in Fig. 2. Note that there are lateral
(radial) as well as axial temperature gradients in the system. The
consequent density gradient Is responsible, as we shall see, for driving
convection In the melt even when residual acceleration magnitudes
are as low as 10-6 gal. The temperature fleids for all the cases listed in
table 2 are qualitatively similar, the major differences are the
magnitudes of the temperature gradients which reflect the

temperature difference Ty -Tm.
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The velocity and concentration distributions, together with the
interfacial § wvalues, have been obtained for various combinations of
orientations and magnitudes of the acceleration vector, growth rates,
ampoule (1) dimensions and temperature differences Ty - Tym. The
results are summarized in table 3.

Figs. 3-5 illustrate the velocity and solute flelds for three cases
where the residual acceleration s parallel to the crystal-melt interface
and the operating conditions correspond to A - V1 in table 2. Note
that the vectors in these figures are scaled by the growth velocity and
have been obtained by interpolation from the computed values
obtained on the unevenly spaced Chebyshev mesh, If the conditions
were purely diffusive the velocity vectors would all be the same length
and perpendicular to the crystal-melt interface. Furthermore, the
isoconcentrates and crystal-melt Interface would be parallel. A single
roll is calculated at 10-5 gal, resulting in £ = 92.7%. Between 10-5 gal
and 106 gal the roll 1s no longer present and at 10-6 gal the convective
motlon results in a barely perceptible deflection of the velocity vectors
from a purely longitudinal flow. The compositional varlations in the
melt are, however, still significant even at 10-6 gal,

In contrast to the single roll flow depicted in Fig. 3a, Fig. 6 shows
that when the same magnitude gravity vector is oriented
perpendicular to the crystal-melt interface there are no rolls. The flow
is deflected symmetrically about the ampoule axis. The associated
compositional non-uniformity is symmetric about the centerline of the
ampoule and, with &= 6.4%, is significantly smaller than for the

asymmetric case.
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Fig. 7a-c depicts the lateral variation in composition of the crystal
for gravity orientations parallel, at 45° and perpendicular to the
interface. These figures further illustrate the importance of ampoule
orlentation with respect to the residual acceleration vector. For a
fixed acceleration magnitude, as the ampoule axis and acceleration
vector are brought into alignment, the transition from asymmetric to
symmetric compositional non-uniformity is accompanied by a
reduction In the magnitude of the non-uniformity. For these, and other
cases corresponding to galllum-doped germanium crystals, the values
of lateral non-uniformity & are listed in table 3 along with the
associated operating conditions.

Characterization of melt grown crystals often includes radially or
laterally averaged crystal composition profiles [32-34]. Laterally
averaged melt composition proflles are shown in Fig. 8 for operating
conditions corresponding to A - V1 in table 2 and for a selection of
residual accelerations. Note that In Fig. 8b these profiles are
indistingulshable from the pure diffuston case. In addition, these
profiles, reveal a the high concentration gradient reglon adjacent to
the interface with an approximate width of 0.2 cm. This agrees well
with the simple characteristic length obtained from the relation § =
D/Vm.

The consequences of reducing the growth rate are illustrated by
Fig. 9 which was obtalned for 10-5 gal parallel to the interface and
operating condtions A - V3 (L.e. Vy = 0.65um s-1). A comparison of
Figs. 3a and 9a shows that due to the reduced melt translation rate the
buoyancy-driven recirculation now dominates. Thus, the axial

concentration gradient is reduced {Figs. 3b and 9b) and a smaller
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concentration gradient along the Interface results {in Fig. 9b § =
11.9% as compared to 92.7% in Fig. 3b).

Table 3 also illustrates the effect of changing the temperature
gradlent and the ampoule dimenstons. For an acceleration of 10-3 gal
oriented parallel to the interface a reduction of the temperature
difference between the hot zone and the crystal-melt interface from
100 K to 20 K changes £ from 92.7% to 22.6%. An Increase in the
width of the ampoule from I to 2 cm with the 20 K temperature
difference yields £ = 64.5%. Clearly, for a given steady acceleration the
value of £ 13 sensitive to the particular operating conditions employed.

In order to ascertaln the importance of the diffusivity of the
dopant we have also examined cases with Sc = 10, 20, 30, and 50 for
operating conditions otherwise corresponding to A - V1. (Recall that
in the relative welghting of convective and diffusive fluxes, an Increase
in Sc corresponds to a reduction in diffusive transport.) The results
are displayed in Fig 10. It Is clear that, all other things being equal,
the relationship between Sc and § is not linear. In particular. for
acceleration magnitudes of 10-6 gal and 10-5 gal oriented parallel to
the iInterface, the maximum value of £ is attained for Sc = 20, while at
10-5 gal orlented perpendicular to the Interface there Is little
difference in the degree of non-uniformity between Sc=20 and 50.
Laterally averaged composition profiles for 10-4 gal acting parallel to
the Interface are depicted for S¢ = 10, 20, 30, and 50 In Fig. 11. In
comparison to Fig. B the laterally averaged composition profiles at 10-4

gal exhibit a flat section owing to the Increase in convective transport.
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4.2 Steady accelerations: 3-D and arisymmetric

Five three-dimensional calculations were undertaken for R = 0.5
cm and Vyy = 6.5 um a-! in order to examine the influence of a more
realistic geometry. In all cases the operating conditions corresponded
to B - V1 in table 2. Three runs were axisymmetric, with g anti-
parallel and parallel to N. These calculations were carried out (for
comparison purposes) with || gl|=10-4 gal, 10-3 gal and 10-2 gal. Values
of the radial segregation were found to be within 5% of the values
t;-omputed for these conditions by Chang and Brown. The
compositional non-uniformity § was found to be approxmately 10%
lower for the 10-4 gal axisymmetric case ihan for the 2-D analog.

The remaining calculations were fully three-dimensional with g
parallel to the crystal-meit interface. The fully 3-D cases were carried
out for || gll= v2(10)-5 gal and V2(10)-6 gal. The melt isoconcentrates
at the Interface are shown (n Figs. 12 and 13 for sectlons cut
perpendicular to the ampoule axis at z= 1. At the higher value of the
residual acceleration, § =91%, which is approximately half the 2-D
value. At V2(10)-€ gal, £ = 26%. Thus, for this case, there was little
difference between the 2- and 3-D predictions {see table 3).

4.3 Impulse-type accelerations

Five cases of Impulse-type disturbances were examined. All
impulses were superimposed onto a steady background acceleration
which was oriented parallel to the crystal-melt interface. The results
are summarized in table 4.

Figs. 14(a-d} illustrate the development of the solute field

following a one second 5(10-3) gal impulse orlented anti-paraliel to a
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" background acceleration of 10-6 gal for operating condlitions

corresponding to A - V1. The effects are long lasting. The velocity
field relaxes back to the initial state after some 300 seconds have
elapsed. The response of the solute fleld Is slower. The effect of the
impulse 1s to inltially re-orient the flow field. This has the effect of
first reducing the lateral compositienal non-uniformity. Thirty seconds
after the termination of the impulse the composition nonuniformity is
beginning to increase but has the opposite sense In comparison to the
initlal non-uniformity (see Figs. 14 a and b). At approximately 260
seconds after the termination of the impulse, & reaches a maxmum
value of 40%. It then slowly decreases In value {Figs. 14 ¢ and d),
reverses sense and eventually reaches its Initlal steady level (Fig. 5 b}
after more than 2000 seconds have elapsed.

A shorter duration (10-1 second) pulse, with the same orientation
and magnitude, resulted in a maximum deviation of the lateral non-
uniformity of only 5% from the initial steady level 350 seconds after
the termination of the puise. ‘

The effects of two one-second pulses separated by one second
were also calculated. The magnitude of the pulses was 3x10-3 gal.
They were oriented parallel to the crystal interface and superimposed
onto a steady background acceleration of ¥2x10-6 gal orlented parallel
to the interface. The main effect was to drive § from 21.5% (the tnitial
value) to 76% after 225 seconds.

In addition, double pulses were examined. A pulse anti-parallel to
the background steady acceleration followed by an equal but opposite
pulse does not result in a "null” effect. While the flow generated by the

first pulse is reversed by the second pulse there is a net flow following
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the termination of the second pulse, This flow is In the same sense as
the initial steady flow and results in an Increase of the lateral non-
uniformity in composition to a maximum of 24% at 100 seconds,

whereupon it decays slowly to its initial value.

5. Summary and Discussion

The effects on dopant uniformity during directional solidification
of steady and impulse-type residual accelerations have been calculated
using 2- and 3-dimensional "generic' models of the Bridgman-
Stockbarger crystal growth technique. The salient results of our
calculations for materials with properties and growth conditions
corresponding to those listed In table 2 can be summarized as follows:

For a fixed growth rate, the amount of lateral non-uniformity In
composition 18 very sensitive to the orientation of the steady
component of the residual gravity vector. The worst case appears to
be when the acceleration vector is parallel to the crystal interface. At
growth rates on the order of microns per second, this orientation can
lead to non-uniformities of 10-20% when the magnitude of the
acceleration 1s 10-6 gal. I, however the growth rate is lowered by an
order of magnitude, the non-uniformity is reduced significantly. A
steady background level on the order of 10-6 gal can be tolerated for a
wide range of the operating conditions examined provided that the
acceleration vector is aligned with the axts of the growth ampoule.

When g is orlented parallel to the crystal-meit interface. the
maximum compositional non-uniformity occurs between 10-4 and 105
gal compared to 10-2 gal for the axdsymmetric case. it is evident upon

examination of table 3 and Figs 3-7 that for a given orlentation the

19

relationship between the magnitude of the gravity vector and the
amount of compositional non-uniformity 13 clearly not Hnear. (This
result was first obtained by Chang and Brown [13] for the axisymmetric
casel.

The effect of a reduction In growth rate on the velocity profile Is
to shift the center of the convective roll (see Figs. 9a and 3a). This can
be explained in terms of the superposition of the untform solidification
flow and a single convective roll. When convective velocities have the
same order of magnitude as the solidification velocity the roll center is
shifted to one side because only here does the addition of the
convective and uniform solidification flow result in no motion.

For the cases examined, a reduction in compositional non-
uniformity was also assoclated with a reduction in Ty-Tm, The
presence of the adiabatic zone results in lateral as well as axial
temperature gradients. Thus, convection always occurs in this system
since there is always a locatlon where the temperature gradient has a
component normal to the acceleration vector. We compared our
results with those of Chang and Brown's axisymmetric calculations
(13]. Qur 3-D axisymmetric computations were found to be in
agreement with their work. In addition we carried out full 3-D (non-
axisymmetric) steady calculations in order to calibrate our 2-D results.
For one set of examples we found that with ¥2(10)-5 gal parallel to the
interface the percentage compositional non-uniformity predicted by
the 2-D calculation (E = 152%) was 50% higher than predicted by the
full 3-D calculation. This difference may be attributed to the increased
surface to volume ratio which increases the effect of the "no-slip”

boundary condition. The presence of the rigid walls somewhat retards
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the flow and, thus, in comparison to the 2-D case, the degree of
solute redistribution 1s decreased. A comparison between 2- and 3-D
caleulations for ¥2(10)-6 gal revealed no significant difference in £ At
this magnitude of the gravity vector. convection is localized and weak.
The Increase in surface to volume ratio for this 3-D case has little
influence on the transport conditions.

There are several instances in the literature where radially or
laterally averaged crystal composition profiles are used to compare
space and earth grown samplés 32-34). The space grown samples are
usually described as having profiies characteristic of diffusive
conditiens. A comparison of the laterally averaged melt composition
profiles depicted in Figs. 8 and 11 shows that at higher acceleration
magnitudes (10-4 gal) the flow s able to reduce the concentration
gradient way from the interface. This results in the characteristic flat
mid-section exhibited by the curves in Fig. 11. This {s in contrast to
the pure diffusion profile which posses no flat section. However, our
calculations show that convection can have significant effects on the
lateral variation in composition of both melt and crystal even when the
laterally averaged melt composition profiles have so-called diffusive
profiles. Thus, we propose that radially or laterally averaged
composition profiles are alone not sufficient to describe the extent of
residual convection during solidification In a spacecraft environment.

The effects of impulse-type disturbances can be severe and can
extend for a long time {(on the order of 103 seconds) after the
termination of the impulse. This is not surprising if one considers
characteristic times for momentum and solute diffusion glven by ty

=L2/v and ts=L2/D, respectively. For L = 0.5 cm (corresponding to the
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maximum distance from a wall in the 2-D system considered) these
characteristic times are ty, ~200 s, and tg ~ 2000 s, which compare
well with the order of magnitude of the decay times given in table 4. A
puise with a one second duration, or a combination of such pulses has
a drastic effect on the segregation levels at pulse amplitudes of 10-3
gal. The nature of the response depends on the magnitude, direcon
and duration of the Impulse, and whether sequential, opposing
impulses are involved. A so-called "compensating’ double pulse will
not result in completely offsetting effects. For the case we examined,
ﬁowever. the resulting compositional non-uniformity was not as severe
as for sequentlal pulses with the same orientation. Further
Investigation of more realistic impulses (g-jitter) {8 necessary since
the response of the system appears to depend on the nature of the
impulse and our results Indicate that impulses appear to have
important consequences for transient behavior in erystal growth
systems.

In addition to the results obtained for Ge:Ga, we have also
examined the effects of different physical properties by examining a
range of Schmidt numbers. Our results show that, for a given steady
acceleration the sensitivity of the process also depends on the
operating conditions and the physical ﬁroperues of the melt. That is,
the sensitivity to the residual acceleration depends on temperature
boundary conditions, the growth rate, and the ratlo of the kinematic
viscosity to the solute diffusivity. The fact that in a spacecraft buoyancy
forces may be reduced by 5-6 orders of magnitude does not imply that
the environment may be considered purely diffusive. Careful evaluation

of the Interaction between the operating conditlons, physical

ISR
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properties and spacecraft acceleration environment must be made In
order to ensure optimum use of lirnited spaceflight opportunities.
Space flight experiments involving germanium have been carried
out on Skylab [32,34] and the Apollo-Soyuz Test Project (ASTP)
(35,36]. The latter involved the directional solidification of seeded Ge
melts. Melts were doped with galllum and some were doped with 1%
Si and .001% Sb [36]. These results have generated some controversy
{1]: lateral compositional profiles revealed strong asymmetric non-
uniformities in the space grown crystals. Lateral variations were also
observed in samples grown under terrestrial conditions but were
much less pronounced [1]. In order to explain these observations it
has been argued that the asymmetric redistribution of the dopant can
be ascribed to "barometric diffusion” of the solutes due to the
acceleration gradient in the melt arising from the rotational motion of
the spacecraft [35,36]. The basts of the argument, however, appears to
ignore the presence of gravity gradient and atmospheric drag effects
and does not explicitly account for the spacecralt attitude motlons. If
it s assumed that during this phase of the ASTP mission the
spacecraft flew In a radlal attitude [9] {L.e. it continuously rotated
relative to a fxed geocentric frame}), then a steady residual
acceleration vector would result from the gravity gradient,
atmospheric drag and centrifugal contributions to the relative
acceleration. It has been demonstrated In this work that melt
convection can occur In response to a steady residual acceleration of
rather small magnitudes. Furthermore, whenever the acceleration
vector 18 not aligned with the ampoule axis strong asymmetries in the

solute composition profiles can occur. Since the dependence of
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" composition uniformity on convection is not ilnear, and stnce small

asymmetrtes In temperature profiles can lead to asymmetric
convectlon [37], there 1s always the possibility that the observed non-
uniformities In the terrestrially grown samples will be smaller than
those observed in space grown samples. Thus, the probability that the
strong asymmetries In composition observed In the space-grown
samples can be attributed to residual acceleration effects should not be
discounted.

It should be emphasized that while some of the conditions
examined have shown great sensitlvity to residual acceleration, we
have also shown that there are combinations of operating conditions
for which the effects of realsttic residual acceleration levels are small.
It 1s therefore clear that residual gravity effects should be seriously
considered when planning optimal operating conditions for space
experiments. Furthermore, since our results are generic in nature
they cannot be substituted for a detalled numerical examination of a
particular Bridgman-type crystal growth system, although they can be
expected to indicate trends in the expected response to the steady
residual acceleration environment. As far as the response to time-
dependent accelerations is concerned. Impulses have been shown to
be Important, but more work is needed iIn this area, especiailly in
terms of a more realistic representation of the residual acceleration
vector, Continuous periodic accelerations are also a conccrn_[2l],
particularly in the low frequency range {~10-3 Hz) and will be

examined in a companion paper [38].
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Table 1. Forms of the accelerallon vector examined In this work

€o=gox 1+ goz k:

flgll= 104, ¥2x10-5, 10-5, 5vV2x10-6, 5x10-6, ¥2x10-6
106, 10°7

g) =lgo + gtk , g, = 10-6, v2x10-6,.

gty =0 for t<tyandt>tz.and git) = g1 fort; <t <ty

gt =0for t<t),ta<t<tgand t > tg,
and gt) =gy fort) <t<tp.tz<t<ty:
. 4

gl =0for t<t),toct<tzand t>tg.

and g(t) = gy for ty <t <ty , glt) =- g for t .
g1 = 5x10°3, 3x10-3. ¢ Brlortact<ty:




Table 2 Thermo-physical properties of gallium-doped germanium [13]
and operating conditions used in the calcualtions
Property Value
Thermal conductivity of the melt 0.17 WK1 em-1
Heat capacity of the melt 0.39 Jg-1x-1
Density of the melt (pm) 56 ¢ cm-3
Density of the solid [ps) 5.6 g cm-3

Kinematic viscosity of the melt (v)
Melting temperature {Ty)

Solute diffusivity (D)

Thermal diffustvity of the melt (x)
Segregation coefficlent (k)

1.3 (10)-3 cm2s-1
1231 K

1.3(10)-4 cm2s-1
1.3(10)-1 ¢m2s-1
0.1

Thermal expansion coefficient () 2.5 (1004 K-1
——Associated dimensionicss parameters
Prandtl number Pr= v/x ) 0.01
Peclet number Pe = VyL/x
Schmidt number Sc = v/D 10
Density ratio ¢ 1.0
A) Hot zone temperature (Ty) 1331 K
Distance between inlet and interface (L) 1.0 cm
Height of adiabatic zone 2.5 mm
Ampoule width (diameter) 1.0 cm
B) Hot zone temperature (Ty) 1346 K
C) Hot zone temperature [Tyl 1251 K
D}  Ampoule width 2.0 cm
E) Ampoule width 0.5 cm
V1) Translation (supply) rate (Vin} 65 pms-l
V1) Translation (supply) rate (Vi) 3.25 um s°1
V3) Translation (supply) rate Vi) 0.65 um s-1

Table 3. Compositional non-uniformity & [%] for Ge:CGa

Acceleration

‘Residual Orientation

1

Ampoule Width [cm]
1

1 0.5 2.0

Magnitude Growth Rate [um 5!}
[gal) N eg 65 325 065 65 6.5
aA) 104 ) — 80
105 — 02.7 11.9 12.0
’ 70.9 11.3
f 6.4 0.95
5(10)-6 i 3.2
V4 39
- 54,2
10-6 - 11.3 2.0
V4 8.0
B) 104 ' ) 36
| 32
v¥2(10-5) Vs 110
— 152 (91)
10-5 i 75 46 0.7
5v2(10-6) ya 57
v2(10-6) d 10
} 4.0
i 2.0
— 21.5 (26) 1.5
106 { 07 04 0.0 3.8
10-7 4 1.0 0.5 0.2
c) 105 ) - 22.6 64.5
10-6 - 2.3

eg is the unit vector parailel 1o g. N
for all cases. Values in parcntheses indicate 3-D results.
operating conditions listed in table

is the normal vector 10 the crystal. L = 1 cm
A) . B) and C) refer 10 the




Table 4. Summary of results for impulses

Magnitude [gall Duration{s] &init &max &min Ty [s] T (sl Te sl
5x10-3 {ap 10-6) 1 11 40 ¢ 3-400 260 2200
3x10-3 (ap V2x10:6) 1 22 26 0 3-400 260 >2000
3x10-3 (ap ¥2x10-6) 0.1 22 22 17 50 350 >1000
3x10-3 (ap ¥2x10-6)  1* 22 76 17 3-450 225 >2000
3x10-3 (ap ¥2x10-6)

(V2x10-6) {no pulse 22 76 17  3-450 225 >2000

3x10-3 (p ¥2x10-6) 1

ap and p denote a pulse antl-parallel and paralle! to the background acceleration. All pulses
are parallel to the crystal-melt interface. The background acceleratlons are given in
parentheses and the asterisk denotes a 1 second pulse that was was repeated once after a t
second Interval. The relaxation time ty refers to the decay time for the velocity fleld. 1
denotes the time to reach the maximum value of €, and t¢ the time for the solute field to return
to Its initial steady state distribution.

Fig. Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Idealized model of the Bridgman-Stockbarger system.

The dimensionless temperature field, 9, for 2-D

calculations corresponding to operating conditions B - V1
in table 2. Note that there is no difference between this
and a purely conductive profile {i.e. g=0}.

a) The steady flow fleld produced by a residual acceleration
with a magnitude (10)"5 gal acting parallel to the crystal-
melt interface. The maximum speeds are approximately
twice the growth speed.

b} The dimensionless solute field, C. assoclated with the
flow depicted in al. The contour interval Is 0.9. For this
case £= 92.7%.

a) The steady flow fleld produced by a residual acceleration
with a magnitude 5(10)-6 gal acting paralle! to the crystal-
melt interface. The maximum speeds are slightly greater
than the growth speed.

b} The dimensionless solute fleld. C. associated with the
flow depicted in a). The contour Interval is 0.7. For this
case £{= 39%.

a) The steady flow field produced by a residual acceleration
with a magnitude (10)-6 gal acting parallel to the crystal-
melt Interface. The maximum speeds are slightly greater
than the growth speed.

b) The dimenslonless sotute fleld, C, associated with the
flow depicted tn a). For this case §= 11.3%.



Fig, 6.

Fig. 7.

Fig. 8.

Fig. 9.

The steady flow field produced by a residual acceleration
with a magnitude (10)-5 gal acting perpendicular to the
crystal-melt interface, otherwise the operating conditions
are the same as for Figs, 3-5. The contour interval is 0.5.
For this case § = 6.4%%.

Lateral variations In melt composition at the interface for
operating conditions corresponding to A -V1 in table 2
with acceleration magnitudes of 10-5, 5x10-6 and 10-6 gal
with a) parallel, b) 450 orientations c) perpendicular and
with respect to the crystal-melt interface.

Laterally averaged, axial composition profiles in the melt
for operating conditions corresponding to A - V1 In table 2
for accelerations with magnitudes of 10-5, 5x108 and 108
gal oriented a) parallel and b) perpendicular to the crystal-
melt interface. Note that the latter are indistinguishable
from the pure diffusion profile.

a) The velocity field associated with a residual acceleration
of magnitude 10-5 gal acting parallel to the crystal-meit
interface. The operating conditions correspond to A -V3
in table 2, i.e. the growth rate is 0.65 pum s-1.

b) The dimensionless solute field associated with flow
depicted in a). The contour interval I1s 0.2. For this case &=
11.9%.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14.

Lateral variations In melt composition at the interface in
crystals grown from melts with different Schmidt numbers
for accelerations with the following magnitudes and
orlentations with respect to the crystal-melt interface:

a) 105 gal parallel, b} 10-8 gal parallel and c} 10-5 gal
perpendicular.

Laterally averaged axial composition profiles for melts with
different Schmidt numbers, for a 10-4 gal acceleration
orlented parallel to the crystal-melt interface.

The solute field at the crystal-melt interface consequent to
a v2(10)5 gal acceleration oriented parallel to the
interface for the 3-D case. The cross section {s taken
perpendicular to the ampoule axis. § = 91%. The contour
interval is 0.95

‘The solute fleld at the crystal-melt interface consequent to
V2 {10)6 g acceleration oriented parallel to the interface
for the 3-D case. The cross section is taken perpendicular

to the ampoule axs . £ = 26%. The contour interval is 0.26.

The solute field after the termination of a one second
duration 0.5x10-2 gal impulse oriented parallel to the
crystal-melt Interface and antl-parallel to a steady 10-6 gal
background: a) one second (§ = 11.3%), b) 30 seconds (§ =
0.67%). c¢) 250 seconds {§ = 40%) and d} 1250 seconds
(€ = 3.4%).
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