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Abstract--The effects of natural convection and thermal transparency of the liquid encapsulant on the 
temperature and elastic stress distributions in GaAs crystals grown by the low pressure liquid-encapsulated 
Czochralski (LP-LEC) technique are numerically investigated. The results indicate that the stresses exceed 
CRSS appreciably during conventjonal LP-LEC growth and can be signi~cantly reduced by total encap- 

sulation of the growing solid. 

INTRODUCTION 

RECENT advances in high performance GaAs IC tech- 
nologies have resulted in increased demand for high 
quality, large diameter semi-insulating substrate 
material. Presently the materials requirements are 
considered to be : (a) low background impurity levels, 
(b) reproducibility and high resistivity with thermal 
stability, and (c) high degree of crystalline perfection 
[I]. Furthermore, the viable development of GaAs IC 
technology requires use of standard semiconductor 
processing equipment designed for large diameter 
round silicon wafers. The physical, chemical, and crys- 
talline requirements imposed on CaAs materials have 
resulted in an intense effort in the application of liquid 
encapsulated Czochralski (LEC) technique to the 
growth of GaAs. The primary crystalline defect in 
LEC grown GaAs crystals is the high density of dis- 
locations (104-lo5 cm-‘) which are associated with 
the large thermal stresses present in the crystal during 
growth. Although harmful effects of high dislocation 
densities on the performance of majority carrier 
devices such as MESFETs is not yet clearly estab- 
lished, their deleterious effect on the performance of 
minority carrier devices such as LEDs and laser struc- 
tures appears to be well recognized [2]. It is generally 
accepted that significant reduction in the density of 
dislocations is required for improved performance of 
opto-electronic as well as digital and monolithic IC 
devices. 

The principal cause of dislocations in bulk GaAs 
crystals is excessive thermal stresses experienced by 
the solid during growth. As the resolved shear stress 
exceeds a critical value, the so-called critical resolved 
shear stress (CRSS), glide along the crystallographic 
slip system and an associated generation of dis- 
locations is initiated. Approaches to the reduction of 
the density of stress-related dislocations focus pri- 

marily on: (1) increasing the critical resolved shear 
stress of the system through lattice-hardening by iso- 
electronic doping and (2) reduction of thermal gradi- 
ents in the solid. Problems associated with the thermal 
stability (during processing) and device performance 
of doped substrate materials as well as growth inter- 
face breakdown due to constitutional supercooling of 
the melt suggest approaches based on heat transfer 
control with use of iso-electronic doping at minimized 
concentration levels. Reduction of temperature gradi- 
ents in the growing solid through increased thickness 
of liquid encapsulant [3] and the use of after-heaters 
or heat reflectors [4] have resulted in a noticeable 
reduction in the density of dislocations. Nevertheless, 
dislocation-free 75 mm (3 in) LEC grown GaAs crys- 
tals have not yet been produced. 

The thermal stress dist~bution in GaAs crystals 
grown by the LEC technique was first obtained by 
Jordan et al. [5]. Whereas the plane-strain assumption 
in Jordan’s model, similar to previous works by Pen- 
ning 161, Advonin et al. [7], and Brice IS], have been 
shown to be invalid [9, lo], the major discrepancy 
between the experimental observations and Jordan et 
al.‘s results can be traced to the heat transfer com- 
ponent of their study. Specifically, by using an average 
heat transfer coefficient in the encapsulant (from exist- 
ing correlations for natural convection along vertical 
surfaces), and a constant environment temperature 
for both the encapsulated and exposed portion of the 
crystal they concluded that the density of thermal 
stress related defects in the growing crystal can be 
reduced by decreasing the encapsulant thickness to the 
minimum value compatible with inhibition of arsenic 
loss from the melt. This finding is in complete dis- 
agreement with experimental evidence which indicates 
that reduction of encapsulant thickness in con- 
ventional growth furnaces leads to significant 
increases in the density of dislocations in the grown 
solid [I]. 
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:A 
specific heat capacity 
elemental surface area 

8D, boundary i 

E Young’s modulus 

FdR,--d/l, geometric view factor between 
surface elements dA, - dA i 

NOMENCLATURE 

gravitational vector 
thermal conductivity 
pressure 
heat flux per unit area 

q”r&,T, 
crystal pull rate 
radiation number, equations (9) and (14) 
radial direction 

rlr, 
temperature 
solidification temperature of GaAs 
radial displacement 
velocity vector 
axial displacement 
axial direction 

z/rc 
encapsulant thickness. 

Greek symbols 
E surface emissivity 

TIT, 
radiative sink temperature 
kinematic viscosity 
density 
stress 
resolved shear stress 
excess stress 
Stefan-Boltzmann constant 
shear stress 
azimuthal direction. 

Subscripts 
c crystal 
conv convection 

dA, area element on the ith surface 
e encapsulant 
F furnace 

b 
surface number, i = I,8 
opaque encapsulant 

rad radiative 
T transparent encapsulant. 

Superscripts 
non-dimensional quantity. 

This study is concerned with a theoretical analysis 
of the effects of natural convection in the liquid encap- 
sulant on thermal stresses during low pressure LEC 
(LP-LEC) growth. The influence of variations in the 
thickness of thermally transparent and opaque encap- 
sulants on convective and radiative heat transfer from 
the crystal is investigated for two different encapsulant 
thicknesses as well as total encapsulation of the 
crystal. The selection of growth conditions in this 
analysis is aimed at demonstrating a meaningful range 
of stress profiles as well as identifying the potential of 
corrective approaches. 

THERMAL ANALYSIS 

Analysis of heat transfer in the GaAs crystal during 
LEC growth is based on the geometric model of Fig. 
1. The crystal is modelled as a vertical cylinder with a 
uniform radius of 76 mm (3 in) and a length to radius 
ratio of 4.0. The crystal top and bottom are modelled 
as planar surfaces and, thus, do not include the effects 
of cone-shoulder geometry and the growth interface 
morphology. The encapsulant/melt interface is 
assumed to be planar and the crucible wall to extend 
to the surface of the en~psulant only. 

The modes of heat transfer from the crystal surface 
are radiative exchange to the environment and con- 

vective exchange with the gas and the encapsulant. 
During low pressure LEC growth of GaAs, the con- 
vective losses to the ambient gas (usually helium or 
argon) is negligible compared to radiative interactions 
[lo], and is not considered in this work. During 
growth the temperature distribution in the solid is 

Furnace Wall 
/4OOK 

a*, 
ao, 

Encapsulant 

Crucible 

FIG. I. Geometric model of the crystal, liquid encapsulant, 
and the growth environment (the melt and part of the cru- 
cible containing the melt are not incorporated in the model). 
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given by 

V(kVT)fp,c,R~= 0 (1) 

where R is the pull rate. For typical values of growth 
rate (l-2 cm h- ‘) the convective effects are negligible 

(Pe - 0.1) and the temperature distribution in the 
solid is well approximated by the solution to the Four- 
ier equation, V(RVB) = 0, where 0 is the non-dimen- 
sional temperature variable T/T,. 

The temperature and flow field distribution in the 
encapsulant are obtained by the simultaneous sol- 
ution of the continuity, Navier-Stokes, and energy 

equations 

v*v=o 

(V*V)V = - ;vP+vv’v+g 

(2) 

(3) 

(V*V)T= ctV2T 

P = P(T). 

(4) 

(5) 

BOUNDARY CONDITIONS 

Velocity$eld 
No slip conditions are imposed at the boundaries 

of the encapsulant with the crystal and the crucible, 
aD2 and aD, of Fig. 1, respectively. As the viscosity 
of boric oxide significantly exceeds that of the 
semiconductor melt and the ambient gas the encap- 
sulant/gas and encapsulant/melt boundaries, aD, and 
aD, of Fig. 1, are shear-free surfaces. 

Thermal boundary conditions 
The thermal boundary conditions are quantified 

consistent with actual growth conditions and are cate- 
gorized into temperature and heat-flux conditions. 

Temperature boundary conditions. The crystal/melt 
interface (aD, in Fig. 1) is at the freezing point tem- 
perature, Tf (0 = 1). The temperature of the melt/ 
encapsulant interface, aD,, is taken to rise linearly 
from Tf at the crystal edge to 1600 K (0 = 1.07) at the 
crucible wall. In configurations where the encapsulant 
aspect ratio (ratio of encapsulant height to the crystal 
radius) is 1 or l/3, the crucible wall, aD,, is assumed 
to be uniformly at 1600 K (0 = 1.07). In total liquid 
encapsulation the crucible wall temperature is taken 
to decrease linearly from 1600 K (0 = 1.07) at the 
melt/encapsulant/crucible contact line to 800 K 
(0 = 0.53), 100 K higher than the glass transformation 
temperature of boric oxide, at the top of the crucible. 

Heat-jux boundary conditions. These conditions 
are influenced by the transmission of radiant energy 
through the liquid encapsulant and are formulated for 
the limiting cases of thermally opaque and transparent 
encapsulants. 

Thermally transparent encapsulant. As a thermally 
transparent medium, the encapsulant does not inter- 
fere with the radiative exchange between the crystal, 

the melt, the crucible, and the furnace walls. The heat 

flux at the crystal/encapsulant boundary (aD,) is 
equal to the sum of radiant heat transfer to the 
environment and convective heat exchange with the 

liquid encapsulant 

q: = qL +qL at aD,. (6) 

The non-encapsulated portion of the crystal and its 
top exchange radiant energy with the environment 

I, I, qC = qrad at dD, and dD,. (7) 

The radiative heat transfer at the crystal surface is 
controlled by the geometric configuration, emissivity 
and temperature distribution of the surrounding sur- 
faces. By excluding reflection of radiant energy at all 
surfaces other than that of the crystal, a crystal surface 
element at some axial location z radiates to an effective 
radiative sink temperature (RST), 0*, which is a 
weighed average of the temperature of all interacting 
surface elements 

q;_, = Rn,(C3:-Q=$;,3) at aD, and aD, (8) 

where 

Rn, = crystal radiation number = 
W;IT:r.. (9) 

C 

The RST associated with surface elements dA, and 
dA, (Q,*,2,,) is the weighed average of the temperature 

distribution on surfaces aD,, aD,, and aD,, where the 
weight coefficients are the geometric view factors from 

the crystal elements to the elements of these surfaces 

The crystal top radiates to the furnace walls only, 
O,*,d = e,*, and as the encapsulant is transparent to 
thermal radiation, its free surface is an adiabatic 
boundary. 

Thermally opaque encapsulant. Thermal radiation 
emanating from surfaces in contact with an opaque 
encapsulant is absorbed within a short distance. 
Therefore, radiative interaction is inhibited at the 
encapsulated portion of the crystal and the heat flux 
at this surface consists only of convective exchange 
with the encapsulant. The non-encapsulated surface 
of the crystal (aD,) exchanges radiant energy with 
the free surface of the encapsulant (aD,) and the 
furnace wall (aD,) 

q: = Rn,(e,4-eg3j at aD, (11) 

where 0& is given by 

e::X = ; FdA,-dA,e:A7 + c FdAl-dARe:AAR. ti2) 

7 dA8 

In contrast to the case of a transparent encapsulant, 
the free surface of an opaque encapsulant radiates to 
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the crystal and the furnace walls glide operations 

where 

(13) 

u* Tit-, 
Rn, = encapsulant radiation number = k 

c 

(14) 

and 

In studying the effect of different growth parameters 
on the distribution of excess stress in the crystal, the 
excess stress is normalized with respect to the local 
value of the effective CRSS, where the effective CRSS 
is defined as the product of the number of glide oper- 
ations and CRSS evaluated at the local temperature 

6::: = c &A,-dA,E3~:,4, + c FdA,-dA*&&*. (15) 
dA3 dAn 

The RST distributions @z,, and @J,, are functions of 
the temperature distribution on the encapsulant free 
surface and the exposed portion of the crystal, respect- 
ively, and are, thus, coupled with the solution of the 
energy equation in the solid and the encapsulant. 
Evaluation of t& and @, is discussed in the section 
on Method of Solution of Equations. 

METHOD OF SOLUTION OF EQUATIONS 

STRESS ANALYSIS 

The thermal stress field associated with the cal- 
culated temperature distribution is obtained by the 
solution of thermoelastic equations subject to the con- 
dition of traction-free surfaces [lo]. Plastic defor- 
mation and generation of dislocations in GaAs is 
associated with crystallographic glide in the (11 l> 
(1 TO) slip system, which has twelve possible glide 
operations. The resolved shear stress for a specified 
slip plane and direction is obtained by transforming 
the thermal stress tensor from cylindrical coordinates 
to the appropriate slip coordinate system. A complete 
methodology for this transformation and the relation- 
ship between the resolved shear stress and the thermal 
stress components cr,, IJ+ cr, and z,, for the twelve glide 
operations associated with the (100) growth direction 
is given in ref. [lo]. In the azimuthal direction the 
resolved shear stress distribution possesses a four- 
fold symmetry with the maximum values occurring at 
4 = 0, ~12, 71, and 3x12 151. In this work resolved 
stresses are calculated along the (010) direction 

(4 = 0). 

The temperature and velocity field in the encap- 
sulant, and the temperature and thermal stress dis- 
tributions in the crystal are obtained numerically 
using commercially available codes (natural con- 
vection in the encapsulant is solved using FLUENT 
and the temperature and thermal stress distributions 
in the solid are obtained using ABAQUS). The geo- 
metric view factors, needed for evaluation of the RST 
distributions, are calculated for discrete surface 
elements of the interacting planes. For each case study 
the temperature distribution in the solid, encapsulant, 
and the RST distributions (for configurations with an 
opaque encapsulant) are calculated iteratively until a 
convergant solution is obtained. The energy equations 
in the encapsulant and the solid are matched by 
imposing equality of temperature and heat flux at the 
crystal/encapsulant boundary. On the free surface of 
the opaque encapsulant (Cases II. l-11.3) linearized 
radiative boundary conditions, and at the crystal 
surface non-linear boundary conditions, equations 

(8), (11) and (13), are used. 
The numerical values of the thermophysical prop- 

erties and model parameters used in the calculations 
are given in Table 1. 

Table I. Listing of thermoelastic and growth parameters 

As the resolved shear stress, Q:,, in any one of the 
twelve permissible glide operations exceeds CRSS, the 
crystal undergoes plastic deformation. The extent of 
plastic deformation in a slip operation is a function 
of the temperature-thermal stress history experienced 
by the crystal. However, as a diagnostic indicator we 
consider, as suggested in ref. [4], the magnitude of 
plastic deformation to be proportional to the excess 
of the resolved shear stress over CRSS 

GaAs [5] 
Thermal conductivity 

(W cm-’ K-‘) 
Surface emissivity 
Coefficient of thermal 

expansion (K-‘) 
Isotropic thermoelastic 

constant (aE/( 1 -v)) 
(dyn cm-’ Km ‘) 

CRSS (dyn cm-’ Km’) 

Encapsulant (boric oxide) [5] 
Thermal conductivity 

(W cm-’ K-‘) 

0: = I&I--CRSS la&l > CRSS i = 1,12 

a: = 0 la:,1 < CRSS i = 1,12. 
(16) 

The total local plastic deformation is, thus, taken to 
be proportional to the sum of the excess stresses in all 

Growth system 
Furnace wall temperature 
Crystal radiation number, 

R% 
Encapsulant radiation 

number, Rn, 

(18) 

2.08T- ’ O9 

0.5 
4.88 x 10m6+3.82 x IO-“T 

10’5 53-557,n 

2.37 x lo-‘+ 1.1 x IO-? 

400 K 
0.5 

1.0 
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RESULTS 

I. Thermally transparent encapsulant 
I. 1. Aspect ratio = l/3. This geometry emulates the 

most frequently used growth configuration in which 
the encapsulant thickness is maintained at about 1 
cm. The associated axial distribution of heat flux at 
the crystal periphery as well as its convective and 
radiative components at the encapsulated portion of 
the growing solid are presented in Fig. 2. In this figure 
positive values of d: correspond to heat flux out of 
and negative values correspond to heat flux into the 
crystal. The results indicate that the immersed portion 
of the crystal is radiatively cooled by the environment, 
whereas convection in the encapsulant promotes heat 
transfer to the crystal from the crucible and melt. The 
counteracting influence of radiative and convective 
heat transfer at the encapsulated portion of the crystal 
leads to a strong variation in the magnitude and direc- 
tion of 46’. However, radiative losses dominate con- 
vective heating effects resulting in an overall positive 
heat transfer from the immersed portion of the grow- 
ing solid with the maximum cooling occurring at 
Z - 1.5. The observed positive heat transfer at the 
crystal surface close to the solidification interface sug- 
gests that due to the thermal coupling between the 
solid and the melt the growth interface morphology 
will be concave and the assumed planar growth inter- 
face will not be sustained during growth. 

In the radial direction the crystal undergoes a tran- 
sition from a state of compression at the core to ten- 
sion at the periphery. Accordingly, the resolved shear 
stress exhibits a ‘w’ shaped profile (i.e. decreasing 
from the centerline to a minimum at about r - 0.5 and 
then increasing to its maximum value at the crystal 
periphery) [4, lo]. As the intent of this study is to 
investigate the effect of different growth con- 

figurations on maximum stresses in the crystal the 

mdes Of 
Hat Transfer 

---- convective 

-.- Rsdiativs 

- Total 

Trsnsfmrent 
Encapsulant 

f 

TRANSPARENT ENCAPSULANT 

ASPECT RATIO: 

-.-._ i/3 

- 1 

EXCESS STRESS ;(r=U 

FIG. 3. Axial variation of total excess shear stress (6,) at the 
periphery of GaAs crystals grown with a thermally trans- 

parent encapsulant. 

axial distribution of ce is presented at r = 1 (Fig. 3). 

Axially the maximum stresses occur at Z - 0.75. The 
occurrence of maximum stresses at Z - 0.75, different 
from the location of maximum heat fluxes at Z - 1.5, 
reveals the temperature dependence of CRSS and indi- 
cates that the location of maximum excess stresses is 
controlled, in addition to the magnitude of $ by the 

local values of CRSS (temperature of the growing 
solid). The stresses in the crystal are found to exceed 
CRSS significantly, thus indicating strong driving 
forces for generation of dislocations. 

1.2. Aspect ratio = 1. The axial distribution of heat 
flux at the crystal periphery and its convective and 
radiative components are shown in Fig. 4. The cal- 
culations indicate that the increase in the crucible 
wall height (in this work equal to the encapsulant 
thickness) results in radiative heating of the crystal 
by the environment as well as enhanced convective 

3.5 - 

3- 

2.5 - 

z 2- 

1.5 - 

---- convective 
-.- Radiative 

- Total 

\-- 
o.~fyL+i;: ,(j/-; , 

-0.2 -0.1 0.0 0.1 0.2 0 3 

FIG. 2. Axial variation of heat flux at the crystal periphery q 
8 3 

for a thermally transparent encapsulant corresponding to 
Case I. 1. Negative values of q” indicate heat transfer out of 

FIG. 4. Axial variation of heat flux at the crystal periphery 
for a thermally transparent encapsulant corresponding to 

the crystal surface. Case 1.2. 
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exchange with the crucible wall and the melt. Under 
these conditions the growth interface morphology is 
expected to be convex into the melt. In the axial direc- 
tion, as the view factor between the crystal and the 
furnace walls increases, the heat flux distribution 
changes sign and beyond Z - 1.25 the crystal is radi- 
atively cooled by the environment. 

The axial distribution of ce (J= = 1) for this growth 
configuration (Fig. 3) exhibits a double maximum 
behavior: the lower peak corresponds to excessive 
radiative and convective heating of the crystal and the 
upper peak corresponds to excessive radiative cooling 
of the solid. As the magnitude of heat input into the 
lower portion of the crystal is larger than the heat 
losses toward its top (region of lower local values of 
temperature and higher values of CRSS), the excess 
stresses in the encapsulated portion of the crystal are 
observed to exceed those at the crystal’s upper portion 
by a factor of 6. 

The results, thus, indicate that during growth with 
a transparent encapsulant excessive heating of the 
lower portion of the crystal is potentially more dam- 
aging than cooling of the upper portion of the solid. 

1.3. Aspect ratio = 4 (total encapsulation). The cal- 
culated axial heat flux distribution associated with 
growth at total liquid encapsulation, Fig. 5, indicates 
that radiative heating of the crystal is offset by con- 
vection in the encapsulant which results in overall 
diminished values of heat flux at the crystal surface. 
The associated distribution of ce (Fig. 3) exhibits a 
double-maximum behavior, similar to the previous 
case, corresponding to heating of the lower portion 
of the crystal and cooling of its upper portion. 
However, the stresses are found to be significantly 
reduced from the previous cases, indicating that 
growth with total encapsulation of the crystal by a 
transparent encapsulant and control of the tem- 
perature distribution of the crucible wall offers sig- 

FIG. 5. Axial variation of heat flux at the crystal periphery 
for a thermally transparent encapsulant corresponding to 

Case 1.3. 

nificant potential for reduction of stresses in LEC 
grown GaAs crystals. 

II. Thermally opaque encapsulant 
II. 1. Aspect ratio = l/3. The heat flux distribution 

at the crystal periphery for this case is presented in 
Fig. 6. The heat flux distribution at the immersed 
portion of the crystal represents convective cooling of 
the crystal by the encapsulant, and the heat losses at 
its non-encapsulated portion are due to the radiative 
exchange of the solid with the furnace walls and the 
encapsulant free surface. The results indicate that 
radiative losses at the encapsulant top and exposed 
portion of the crystal, in addition to the relatively 
low values of thermal conductivity of the encapsulant 
(about one-fourth that of GaAs), leads to the con- 
centration of cooling effects at the crystal surface in 
the region close to its point of emergence from the 
encapsulant. The axial distribution of 5, (i = 1) indi- 

cates an associated generation of very large excessive 
stresses in that region which exceed CRSS by more 
than one order of magnitude (Fig. 7) and thus imply 
significant potential for generation of dislocations. 

11.2. Aspect ratio = 1. Increased thickness of the 
liquid encapsulant results in the relative thermal iso- 
lation of the lower portion of the crystal (Fig. 8). 
However, similar to the previous case, the crystal 
experiences significant cooling as it emerges from the 
encapsulant. The large cooling effects occur at 
locations more removed from the solidification inter- 
face than the previous case (lower values of tem- 
perature and higher values of CRSS) and, accord- 
ingly, the resulting levels of excess stress are 
appreciably lowered (Fig. 7). The results, therefore, 
suggest that increasing the encapsulant thickness can 
be a significant factor in reduction of stress levels in 
GaAs crystals grown with an opaque encapsulant. 

11.3. Aspect ratio = 4 (total encapsulation). In this 

z 2- 

1.5 - i 

OPawe 
EnacPSUlant 

! 

i- // 
0.5 - 

.-’ J 
4% -----_________ 

to.3 -0.2 -0.1 1 .I 0.0 0.1 0.2 1 0 

q 
I I 

FIG. 6. Axial variation of heat flux at the crystal periphery 
for a thermally opaque encapsulant corresponding to Case 

11.1. 
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FIG. 7. Axial variation of total excess shear stress (6,) at the 
periphery of GaAs crystals grown with a thermally opaque 

encapsulant. 
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FIG. 8. Axial variation of heat flux at the crystal periphery 
for a thermally opaque encapsulant corresponding to Case 

11.2. 
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FIG. 9. Axial variation of heat flux at the crystal periphery 
for a thermally opaque encapsulant corresponding to Case 

11.3. 

configuration, heat loss from the crystal surface is 
controlled by convective exchange with the encap- 
sulant and the point of emergence of the crystal from 
the encapsulant is removed to the top of the crystal 
where the solid’s temperature is low, and the local 
values of CRSS are high. The heat flux distribution 
is calculated to be significantly lower than the two 
previous cases (Fig. 9). 

The excess stress distribution indicates near elim- 
ination of thermal stresses above the plasticity limit 
in the growing crystal (Fig. 7) ; and similar to growth 
with a transparent encapsulant, points to the potential 
for reduction of stress-related defects in GaAs crystals 
through total liquid encapsulation of the growing 
solid. 

DISCUSSION 

The present thermoelastic analysis of GaAs in a 

conventional LEC growth configuration indicates 
that the magnitude of stresses experienced by the crys- 
tal exceed CRSS significantly. Variations in the ther- 
mal transparency and thickness of the liquid encap- 
sulant influence the magnitude and axial location of 
maximum excess stresses in the crystal; yet they 
appear to be inadequate for reduction of stresses to 
below CRSS. Total encapsulation of the crystal, how- 
ever, results in virtual elimination of excess stresses for 
both thermal transparency limits of the encapsulant. 

Natural convection in thermally transparent encap- 

sulants at thicknesses of l/3 to 1 crystal radius pro- 
motes heat transfer from the crucible and the melt to 
the crystal. As the heat transfer from the free surface 
of a thermally transparent encapsulant to the ambient 
gas is absent and the temperature of the melt and 
crucible wall are higher than the freezing point of the 
crystal, convection in the encapsulant results in heat 
transfer into the crystal. For the growth configuration 
with an encapsulant aspect ratio of l/3, this phenom- 
enon counteracts the radiative losses from the crystal 
and reduces the heat transfer from the encapsulated 
portion of the crystal surface. However, with an 
encapsulant aspect ratio of 1, the convective heating 
of the crystal is superimposed onto the radiative heat 
input to the crystal and leads to excessive heating of 
the solid and an associated generation of maximum 
stresses in its encapsulated portion. The counteracting 
influences of convective and radiative effects in the 
total encapsulation configuration results in a sig- 
nificant overall reduction of heat transfer from the 
crystal and maximum stresses. Reduction of stress 
levels to below CRSS for all aspect ratios of the encap- 
sulant requires dynamic control of the temperature of 
the crucible wall by, e.g. adjusting the location of the 
continuously decreasing melt level in the hot zone, and 
control of the furnace wall temperature. The possible 
occurrence of positive radial temperature gradients in 
the solid suggests caution in exclusive use of coaxial 
heat reflectors or after-heaters for increasing the 
environmental temperature. 
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For thermally opaque encapsulants, radiative inter- 
action at the encapsulated portion of the crystal is 
inhibited and maximum heat losses (and the associ- 
ated maximum excess stresses) occur as the crystal 
emerges from the encapsulant. Therefore, by increas- 
ing the encapsulant thickness, the radiative losses 
from the encapsulant free surface and the emerging 
portion of the crystal are reduced (due to lower sur- 
face temperatures) and the lower portion of the crystal 
is thermally isolated from the environment. With the 
encapsulant thickness equal to l/3 crystal radius, con- 
vective cooling of the crystal does not appear to influ- 
ence the location and magnitude of maximum excess 
stresses [lo]. Increased encapsulant thickness to 1 
crystal radius results in promotion of convective heat 
losses, and the lower portion of the crystal is sig- 
nificantly cooled with maximum stresses occurring 
over a large area of the encapsulated portion of the 
solid. Nevertheless, in spite of enhanced convection in 
the encapsulant, an increase in the encapsulant aspect 
ratio from 0.3 to total encapsulation leads to a notice- 
able reduction in the magnitude of thermal stresses. 
Control of maximum stress levels to below CRSS 
requires reduction of heat losses from the crystal dur- 
ing its emergence from the encapsulant, and suggests 
control of the environment temperature through an 
appropriate heat transfer control system. 

Comparison of the results of this work with a pre- 
vious study of a similar geometry and thermal bound- 
ary conditions but excluding natural convection in the 
encapsulant [lo] indicates that although convection in 
the encapsulant, for both thermal transparency limits 
of the encapsulant, influences the magnitude and axial 
location of the maximum excess stresses in the crystal, 
it does not significantly alter the trends observed using 
a conduction dominated solution of the temperature 
field in the encapsulant. This finding contradicts the 
assumptions made by Jordan et al. [5]. The primary 
source of the disagreement between Jordan et al.‘s 

model and the present results is due to their use of a 
natural convection correlation valid for vertical bod- 
ies in an infinite pool and use of excessively large 
driving temperature differences in the calculation of 
the Nusselt number at the crystal/encapsulant inter- 
face. 

The results of this study suggest that the thermal 
transparency of the liquid encapsulant strongly con- 
trols the magnitude and axial location of maximum 
stress in GaAs crystals grown by the LP-LEC tech- 
nique. Recent experimental results on infra-red trans- 
mittance of boric oxide [13] indicate that, in the tem- 
perature range of interest to melt growth of GaAs, 
close to 60-70% of the incident energy is absorbed by 
the encapsulant, and thus, B203 can be approximated, 
to the first order, to be opaque to infra-red trans- 
mission. Comparison of the modelling results with the 
experimental data on the axial distribution of dis- 
locations in grown crystals requires, in addition to 
further investigations into the dynamics and mul- 
tiplication of dislocations during growth, the exten- 

sion of the present study to semi-transparent encap- 
sulants and a more detailed modelling of the growth 
environment. 

This study indicates that generation of stress related 
defects during LEC growth of GaAs can be controlled 
through the thickness of the encapsulation layer and 
dynamic adjustment of the ‘environmental’ tem- 
perature. Reduction of thermal stresses during growth 
is unavoidably associated with a reduction of heat 
transfer from the crystal and an associated increase in 
the crystal surface temperature and decreased axial 
temperature gradients. Thus the time-temperature 
integral of all parts of the crystal is increased and 
point defect interaction and clustering are enhanced. 
Furthermore, reduction of axial temperature gradi- 
ents in the solid increases the potential for interface 
breakdown by constitutional supercooling of the melt 
and, thus, impedes attempts to increase CRSS 
through solid solution hardening of the matrix by iso- 
electronic doping. These considerations indicate that 
identification of specific device-related materials 
requirements is a crucial factor in optimization of the 
growth process. 
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EFFET DE LA ~O~~CTION NATURELLE ET DE LA T~NSFAR~NCETHERMIQ~E 
DE ~ENCAPSULANT LIQUIDE SUR LES ~O~~INTES THERMIQUES PENRA~ LA 

CROISSANCE LEC DE GaAs 

R6aun&--On Ctudie hum&iquement les effets de la convection naturelle et de la transparence thermique 
de l’encapsulant iiquide sur les distributions de la temptrature et la contra&e tlastique dans la croissance 
des cristaux de GaAs par la technique de Czochralski avec liquide basse pression (LP-LEC). Les tisultats 
montrent que les contraintes d&passent sensiblement CRSS pendant la croissance conventionnelle LFLEC 

et qu’elles peuvent itre reduites nettement par l’encapsulage total du solide en croissance. 

EINFLUSS DER NAT~RLICH~N KONVEKTION UND THERMISCHEN 
DURCHLASSIGKEIT EINES FLUSSIGKEITSEINSCHLUSSES AUF DIE 

THERMISCHEN SPA~~NG~N WAHREND DES LEC-WACHSTUMS VON GaAs- 
KRISTALLEN 

Zaire Einfl&sse namrlicher Konvektio~ und thermischer ~r~~~i~eit eines F&&g- 
keitseinschlusses auf die Temperatur- und Spannungsverteilungen in einem GaAs-Kristali-gezit 
nach dem LP-LEC-Verfahren nach Czochralski-werden numerisch untersucht. Die Ergebnisse zeigen, 
da13 die Spannungen bei normalem LP-LEG-Wachstum CRSS merklich iibersieigen und durch totale 

~inkapsel~g des wachsenden Feststoffes erheblich eingescbr~nkt werden k&men. 

~~~H~E E~E~TBE~~O~ KOHBEK4~~ II TBn~OBO~ ~~3PA~H~T~ KA~CY~~~ 
C ~H~K~b~ HA TEIIJIOBME HA~P~~EHH~ B KPHCTA~~AX GaAs, 

BbIPA~HBAEMbIX II0 METOAY YOXPAJIbCKOFO 


