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Introduction 

Melt crystal growth of semiconductor materials is a mainstay 
of 1 he microelectronics industry. Boules of nearly perfect crys- 
tals are grown by a variety of techniques for controlled solidifi- 
cation and are used as substrates in almost all device fabrication 
technologies. The variety of crystalline materials produced in 
this manner ranges from the ubiquitous silicon to more exotic 
materials such as GaAs, InP, and CdTe. Although the process- 
ing conditions for each of these materials differ in some details, 
the solidification systems are similar in that the system 
dynamics and the quality of the crystal produced are governed 
by the same set of concepts describing the transport processes, 
thermodynamics, and materials science. These underpinnings 
make melt crystal growth one of the “unit operations” of elec- 
tronic materials processing and motivate the presentation in this 
paper. 

Many review papers and several books (Flemings, 1974; 
Brice, 1976; Rosenberger, 1979) have focused on the science 
and technology of crystal growth. The purpose of this review is 
not to duplicate these works, but to focus on the fundamental 
transport processes that occur in melt crystal growth systems, 
es,pecially advances in understanding that have occurred in the 
last decade of vigorous research. The paper also accentuates the 
fe,atures and research issues that are common to many of the 
techniques used today in laboratories and industrial produc- 
tion. 

A thorough understanding of heat and mass transport in melt 
growth processes is a prerequisite to optimization of these sys- 
tems for control of crystal quality, as measured by the degree of 
crystallographic perfection of the lattice and the spatial uni- 

formity of electrically active solutes in it. The discussion here 
focuses on the role of transport processes in controlling the sta- 
bility of melt growth techniques and in setting the solute segre- 
gation in the crystal. Several review papers have also discussed 
these aspects (Pimputkar and Ostrach, 1981; Brown, 1987b). 

The connection between processing conditions and crystalline 
perfection is incomplete because the link is missing between 
microscopic variations in the structure of the crystal and macro- 
scopic processing variables. For example, studies that attempt to 
link the temperature field with dislocation generation in the 
crystal assume that defects are created when the stresses due to 
linear thermoelastic expansion exceed the critically resolved 
shear stress for a perfect crystal. The status of these analyses 
and the unanswered questions that must be resolved for precise 
coupling of processing and crystal properties are described in a 
later subsection on the connection between transport processes 
and defect formation in the crystal. 

The simple models of transport processes in controlled solidi- 
fication, solute redistribution, and process stability reviewed 
here are based on results of pioneering studies in the last three 
decades. The analyses are rich in physical insight, but are semi- 
quantitative because of the limiting assumptions needed to per- 
mit closed-form analysis. The new possibilities for large-scale 
numerical analysis of these transport processes are  beginning to 
make practical the detailed simulation of melt growth. Exam- 
ples of these results are included to give perspective on the com- 
plexity involved in quantitative modeling of these systems. 

Several examples of melt growth systems are described in the 
next section to facilitate the description of the transport pro- 
cesses in the succeeding section. The crystal growth systems are 
distinguished according to whether a surrounding solid ampoule 
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or a melt/fluid meniscus shapes the crystal near the solidifica- 
tion interface. Methods with these features are classified as con- 
fined and meniscus-defined crystal growth techniques, respec- 
tively. Following that, the fundamental transport processes 
associated with solidification of a dilute binary alloy in a tem- 
perature gradient are reviewed. The classical one-dimensional 
analysis of directional solidification is discussed for diffusion- 
controlled growth. Then mechanisms for convection in the melt 
are reviewed and models for accounting for convection in solute 
transport are presented. 

Progress in analysis and optimization of real solidification 
systems is exemplified in later sections through descriptions of 
the vertical Bridgman-Stockbarger and Czochralski growth 
methods. The meniscus-defined growth of the Czochralski 
method leads to the issues of process stability and control for 
batchwise growth; these points are brought out in a subsection 
devoted to process stability and control. 

Classification of Melt Crystal Growth Systems 
Important development efforts have gone into any crystal 

growth method that is being used for the growth of production 
materials to attempt to optimize the important aspects of each 
process with respect to the production of compositionally uni- 
form cylindrical crystals with low densities of crystallline 
defects. The many technological innovations in melt crystal 
growth of semiconductor materials all build on the two basic 
concepts of confined and meniscus-defined crystal growth. Ex- 
amples of these two systems are shown schematically in Figure 
1. Typical semiconductor materials grown by these and other 
methods are listed in Table 1. The discussion in this section 
focuses on some of the design variables for each of these meth- 
ods that affect the quality of the product crystal. The remainder 
of the paper addresses the relationship between these issues and 
understanding transport processes in crystal growth systems. 

Several issues must be addressed. First, the heat transfer 
environment must yield a well-controlled temperature field in 
the crystal and melt near the melt/crystal interface so that the 
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Figure la .  Vertical Bridgman-Stockbarger 
method 

Figure 1. Commonly used 

Table 1. Common Semiconductor Materials and Methods 
Used to Grow Them from the Melt 

Material Application Technique 

Single-crystal silicon 
High-resistivity single- 

Polycrystalline silicon 
crystal silicon 

111-V materials e.g., 
GaAs, InP 

11-VI materials e.g., 
CdTe, HgCdTe 

~ ~~ 

Integrated circuits Czochralski 
Power transistors Floating zone 

Photovoltaic devices Variety of meniscus- 
defined growth 
techniques 

Optoelectronic de- Horizontal boat; 
vices; integrated horizontal Bridg- 
circuits man; liquid-en- 

capsulated 
Czochralski; ver- 
tical gradient 
freeze 

Detectors Vertical Bridgman; 
horizontal Bridg- 
man 

crystallization rate, the shape of the solidification interface, and 
thermoelastic stresses in the crystal can be controlled. As is 
brought out later, low dislocation and defect densities occur 
when the temperature gradients in the crystal are low. This 
point will become an underlying theme of this paper and has 
manifestations in analysis of many of the transport processes 
described here. 

Second, the stoichiometry of the melt and of impurities intro- 
duced during processing must be controlled to the level 
demanded by application. Although these constraints vary with 
application, it is clear that more control is better in that the 
demands on purity and spatial uniformity of the material are 
becoming more stringent with increasing miniaturization of 
electronic devices. 

Confined crystal growth systems 
In confined growth geometries, such as the variations of the 

directional solidification method (Flemings, 1974), the material 
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Figure lb .  Czochralski method 
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Figure lc.  Small-scale floating zone 
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electronic materials. systems for melt crystal growth of 
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is loadled into an ampoule, melted, and resolidified by varying 
the temperature field either by translating the ampoule through 
the furnace (the Bridgman-Stockbarger method, Figure la )  or 
by time-dependent variation of the heater power (the gradient 
freeze method). After solidification, the material is removed 
from the ampoule. 

Corifined melt growth systems have been used primarily for 
laboratory preparation of exotic materials and for alloys with 
high kapor pressures, where control of the stoichiometry in the 
melt is difficult without confinement; see Table 1. Directional 
solidifcation and the gradient freeze techniques are becoming 
popular for the growth of GaAs, InP, and other materials where 
low axial temperature gradients are needed to produce crystals 
with ]low dislocation densities. Some of the renewed interest in 
these methods is a result of improvements in the control of the 
temperature gradients. Carefully designed heat-pipe furnaces 
have been successfully used in Bridgman-Stockbarger systems 
(Wang, 1984), but have been limited to temperatures below 
1,IOO"C. Multizone resistance furnaces have found application 
in gradient freeze systems operating at  higher temperatures 
(Paraey and Thiel, 1985; Gault et al., 1986) for the growth of 
InP, Gap, and GaAs. 

The horizontal Bridgman or boat growth technique, is a vari- 
ant in which the ampoule is laid horizontally with respect to 
gravity and the temperature gradient in the melt is changed by 
varying the temperature profile in the surrounding heater. The 
melt is contained in an open ampoule, or boat, so that the com- 
position of the melt can be equilibrated with the surrounding 
ambient. For GaAs growth, a source of arsenic is placed in the 
system and the vapor pressure of arsenic is controlled indepen- 
dently to maintain the stoichiometry of the melt. This technique 
is a 'hybrid of the classical gradient freezing technique, because 
of the method for varying the temperature profile, and of a 
meniscus-defined growth method, because of the presence of the 
mell./ambient surface. 

Meniscus-defined crystal growth systems 
In most conventional meniscus-defined growth systems a seed 

crystal is dipped into a pool of melt and the thermal environment 
is varied so that a crystal grows from the seed as it is pulled 
slowly out of the pool. Two examples of meniscus-defined 
growth are shown in Figure 1. The Czochralski method (CZ) 
shown there, Figure Ib, and the closely related liquid-encapsu- 
lated Czochralski (LEC) method are batchwise processes where 
the crystal is pulled from a crucible with decreasing melt vol- 
umle. In the LEC system an oxide material (usually B,O,) is 
layered over the melt to prevent the loss of volatile components 
in a high vapor pressure system such as GaAs and InP. The gas 
pressure is usually maintained significantly above ambient in 
these systems. 

Reviews have been published describing the details for imple- 
mentation of Czochralski crystal growth (Zulehner and Huber, 
1982; Hurle, 1985; Lin and Benson, 1987), the floating zone 
method (Pfann, 1978; Muhlbauer and Keller, 198 I) ,  and menis- 
cus-defined growth methods developed for producing thin sheets 
(Ciszek, 1984; Diet1 et al., 198 1). The advantages and disadvan- 
tages of various confined and meniscus-defined growth methods 
determine the types of materials that are produced by each tech- 
nique. For example, meniscus-defined methods have the advan- 

tage that the cooling crystal is free to expand and so is less likely 
to generate large thermoelastic stresses that lead to defect and 
dislocation generation. However, active control is needed to pro- 
duce crystals of uniform cross section because the shape of the 
crystal is constrained only by capillary action. 

In the floating zone (FZ) system a molten pool is formed by a 
circumferential heat source that separates a melting polycrys- 
talline feed rod and a solidifying cylindrical crystal. In small- 
scale, resistively heated zones, the pool of melt is held in shape 
by capillary forces and gravity and by hydrodynamic stresses 
caused by flow in the melt. The experimental techniques related 
to floating zone systems are discussed in the pioneering book by 
Pfann (1978). Floating zone systems with conventional resis- 
tance heaters are limited on earth to the growth of crystals with 
diameters less than approximately 1 cm because deformation of 
the meniscus by gravity causes loss of wetting of the crystal by 
the surrounding melt (Duranceau and Brown, 1986); floating 
zone growth in outer space removes this restriction and is an 
active area of research (Brown, 1986). The shape of a small- 
scale floating zone is shown in Figure Ic. 

Large-diameter industrial floating zone systems have been 
developed using radio-frequency (RF) induction heating ele- 
ments shaped so that the induction coil has a smaller diameter 
than the growing crystal. These systems are used for growth of 
high-purity semiconductor materials, such as high-resistivi ty sil- 
icon and germanium, and are described in the book by Muhl- 
bauer and Keller (1981). The explanation for the success of 
these systems has centered on the levitation of the melt caused 
by the Maxwell stresses induced by the coil; however; appeal to 
meniscus stabilization because of this additional levitation force 
may not be necessary considering the shape of the zone. The 
large melting interface of the polycrystalline feed rod is typi- 
cally very concave so that the distance between the two melt/ 
solid interfaces is small, perhaps no more than a centimeter. The 
melting interface is covered with a thin film of melt so that the 
meniscus surrounding bulk fluid exists only adjacent to the crys- 
tal and the molten zone may be no larger in the system with R F  
heating than when resistive heating is used for smaller diameter 
crystals. From this point of view the R F  coil is a cleaver method 
of locally heating a small melt pool that is bound by a meniscus 
with a shape that balances capillary force with gravity. 

Issues in modeling melt crystal growth systems 
Two key issues must be addressed before a detailed survey of 

the modeling of melt crystal growth is presented. First, it must 
be clear why, and on what levels, modeling can play a role in  the 
optimization and control of systems for the growth of single 
crystals from the melt. All that is needed to see the potential for 
modeling in the development of these processes is a survey of the 
current state of the art in the growth of different semiconductor 
materials by similar processes. 

Variants of the C Z  process make a good case study. In  the last 
quater-century, the Czochralski process has been optimized for 
the growth of single-crystal silicon to the point that today dislo- 
cation-free crystals with 4-6 in. (10-15 cm) diameters are 
grown from 5-25 kg batches of melt. The diameter control is 
0.1% and impurity levels are controlled to be less than 5 x 1 OI5 
carbon and 1 x lo'* oxygen atoms/cm3. By contrast, GaAs crys- 
tals grown by the liquid-encapsulated Czochralski process are 
limited to less than 3 in. (7.6 cm) dia. with poor diameter con- 
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trol, and have between 300-5,000 dislocations/cm2, depending 
on the level of dopants added to the melt. Moreover, other semi- 
conductor materials, such as CdTe, have not been grown suc- 
cessfully in Czochralski configurations. The difference in diffi- 
culty for producing silicon and GaAs wafers is reflected in the 
factor of 100 difference in their cost per square centimeter. 

The role of transport processes in setting the level of difficulty 
for growth of each of these materials was described qualitatively 
by S. Motakeff a t  M.I.T. in terms of a plot similar to Figure 2 
where the estimated thermal conductivities of several semicon- 
ductor materials are plotted against the appropriate values of 
the critical resolved shear stress (CRSS). Materials with low 
conductivities and low values of CRSS are more difficult to 
grow because of the large temperature gradients (proportional 
to the conductivity) that will occur during processing and the 
lower resistance of the crystal to the formation of dislocations 
(proportional to CRSS). Although this argume$ is extremely 
qualitative, the trend is clear. Analysis of linear thermoelastic 
stress will be developed further in a later subsection on transport 
processes and defect formation. The newer materials used in the 
microelectronics industry can be produced only with better 
quantitative optimization and control of the growth systems. 
Modeling will play a substantial role in the development of the 
next generation of crystal growth systems. 

Analysis of crystal growth systems transcends levels of detail 
ranging from thermal analysis of an entire crystal growth sys- 
tem to analysis of the dynamics of defects in the crystal lattice. 
These models are represented schematically in Figure 3 for a 
vertical Bridgman growth system. Several intermediate-length 
scales for modeling this system have been included that are not 
obvious without further discussion of the transport processes. 
These are an intermediate scale for analysis of melt flow and 
solute transport in the melt with boundary conditions imposed 
by coupling between this level of detail and an entire system 
model, and microscale models of melt/crystal interface mor- 
phology that account for surface forces and crystalline anisot- 
ropy. Analyses on these three length scales are based on con- 
tinuum conservation equations and are described in this paper. 

Defect formation and dynamics in the crystal and at  the 

Figure 2. 

0 1 8 3 4 

CRSS x107, dynes/cm2 

Thermal conductivity of common semiconduc- 
tor materials vs. best estimates for critical re- 
solved shear stress (CRSS). 
Materials with low thermal conductivity and low CRSS are hardest 
to grow 

melt/crystal interface are molecular -scale events that are only 
adequately stimulated by lattice-scale models. A thorough dis- 
cussion of lattice-scale equilibrium and molecular dynamics cal- 
culations is beyond the scope of this paper. 

An important question for any modeling effort, especially one 
aimed a t  a quantitative description of complex transport pro- 
cesses, is the level of accuracy of the model. As will become 
evident in the discussion of transport models and specific calcu- 
lations, it is crucial to know the values for thermophysical prop- 
erties and transport coefficients, as well as the dependence of 
these coefficients on temperature and pressure. There is a 
dearth of information for this database. Critical material prop- 
erties for semiconductor materials are not known with any accu- 
racy, let alone are any data available on the sensitivity of the 
parameters to temperature and concentration. For example, the 
value of the coefficient of thermal expansion for molten silicon is 
only available from two isolated measurements, which disagree 
by a factor of three (Langlois, 1982). The difference is this num- 
ber is critical in predicting whether steady or time-dependent 
flow occurs in simulations of buoyancy-driven convection in CZ 
crystal growth. Thermophysical properties for important 111-V 
semiconductors are almost totally unknown; Jordan (1 985) has 
compiled the available data and has estimated properties for 
GaAs and InP. The value of such estimates is now being ques- 
tioned. For example, recent measurements of the viscosity of 
molten GaAs over a range of temperatures show an order-of- 
magnitude increase as the melting point is approached (Kaki- 
mot0 and Hibiya, 1987). The authors suggest that molecular 
association in the melt is responsible for the increase. 

Basic Transport Processes in Directional 
Solidification 

The simplest picture of a directional solidification process is 
shown schematically in Figure 4 and corresponds to melt trans- 
lating through a temperature field established by a surrounding 
furnace that brackets the melting temperature. When convec- 
tive heat transport is unimportant, the temperature in the melt 
and crystal is idealized as a nearly constant axial gradient for 
the purpose of describing the basic transport mechanisms. The 
quantitative details of the temperature field depend on the ther- 
mophysical properties of the melt, the crystal, and the surround- 
ing ampoule and on the growth rate through latent heat release 
at  the solidification interface. In a confined growth system, con- 
vection in the melt is caused by the translation of the ampoule 
and by buoyancy-driven convection due to temperature and con- 
centration gradients. The details of the convection pattern will 
depend on heat transfer in the system and on the orientation of 
the melt and crystal with respect to gravity. 

Heat transfer in melt crystal growth systems is by conduction 
in all phases, by convection in the melt, and by convective, con- 
ductive, and radiation exchange between the various parts of the 
growth system. The goal of the design of heat transfer systems 
for any crystal growth configuration is to establish a nearly con- 
stant temperature gradient laterally along the melt/crystal 
interface and to control the cooling rate of the crystal. The 
details of implementing these conditions can be extremely com- 
plex because of the complicated geometries in systems like the 
C Z  and LEC techniques and because of the influence of radia- 
tive heat exchange. Progress in understanding heat transport is 
discussed for specific systems in the later sections on vertical 
Bridgman-Stockbarger and Czochralski crystal growth, The 
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Figure 3. Three spatial scales for modeling melt crystal growth, as exemplified by the vertical Bridgman system. 

discussion here focuses on species transport for solutes that form 
ideal solutions in the melt and single-phase crystalline solids. 
The shape of the phase diagram between melt and solid is 
described by the dependence of the liquidus T,(c) and solidus 
T, (s) temperatures on the solute concentration c. The liquidus 
andl solidus curves are taken to be straight lines with slopes rn 
andl rn/ k ,  respectively, where k is the equilibrium partition coef- 
ficient. Then the composition of melt and solid in equilibrium 
are related by 

(The symbol (-) is used throughout this paper to denote 
dimensional variables; the absence of it corresponds to a dimen- 
sionless formulation.) The phase diagram corresponding to con- 
stant values of rn and k is shown in Figure 5. 

Taking the segregation coefficient to be independent of the 
local growth rate of the crystal is to assume that the solute con- 
centration is in local equilibrium at  the interface, i.e., that inter- 
face kinetics play no role in setting the composition of the crys- 
tal. Although this assumption is probably accurate for the slow 

1 L C  
k 

P 

Figure 4. Temperature, solute concentration, and den- 
sity profiles in one-dimensional directional so- 
lidification of a binary alloy. 
Profile shapes are justified for analysis described in text for one- 
dimensional, diffusion-controlled crystal growth 

growth rates (1-10 pm/s) on a microscopically rough crystal 
surface typical for the growth of many semiconductors, it is 
undoubtedly poor a t  higher solidification velocities or when the 
crystal grows along a facet so that the growth rate is governed by 
the movement of ledges across the surface. 

One-dimensional, diflusion-controlled crystal growth 
Neglecting bulk convection leads to an idealized picture of 

diffusion-controlled solute transport of a dilute binary alloy with 
the solute composition co far from an almost flat melt/crystal 
interface located a t  Z = 0 (Tiller et al., 1953; Flemings, 1974). 
When viewed from a reference frame stationary with the solidi- 
fication interface, the melt moves uniaxially toward the inter- 
face and the crystal moves away. Then solute transport in the 
melt is governed by the one-dimensional balance equation 

t 
E 
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SOLUTE CONCENTRATION 

Figure 5. Idealized phase diagram for a binary alloy. 
Liquidus slope m and equilibrium segregation coefficient k are 
defined 
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where D is the solute diffusivity in the melt and V, is the growth 
rate measured in terms of the melt velocity. Equation 2 is solved 
with the condition of solute conservation at  the melt/crystal 
in terface 

- 0% 1 = (1 - k)Z.(i_o a i  ?-o (3) 

where k is the equilibrium partition coefficient defined by Eq. 1. 
Because the growth rate Vg is taken to be independent of the 
composition at  the interface, the results are limited in practice to 
dilute alloy systems. The solute field that decays to co far 
(5  - m) from the interface is 

exp ( -  V,i /D) (4) 

Equation 4 shows the existence of an exponential diffusion layer 
adjacent to the interface so that the variation in concentration 
caused by solute rejection ( k  < 1 )  or incorporation ( k  > 1) at  
the interface only persists for an e-folding distance on the order 
of Dl V, . 

Analysis of transients in directional solidification is compli- 
cated by the coupling between heat transfer, the melt/crystal 
interface shape, and solute transport. Smith et al. (1955) ana- 
lyzed the idealized situation of one-dimensional, diffusion-con- 
trolled transport in which the diffusion of heat is much more 
rapid then that of solute, so that changes in the heat transfer 
environment or the ampoule pull rate appear as a step change in 
the macroscopic solidification rate a t  the interface. Under these 
conditions the transient solute profile is governed by Eqs. 2 and 
3 with an accumulation term (aZ./at) appearing on the right- 
hand side of Eq. 2. Separation-of-variables solution of this equa- 
tion and the boundary condition, Eq. 4, gives an e-folding time 
D / k V i  for the solute profile in response to a step change in the 
pull rate. 

When the alloy is nondilute the melting temperature depends 
on the solute concentration adjacent to the interface through the 
shape of the liquidus curve. Then the transport of heat and sol- 
ute and the location of the solidification interface do not decou- 
ple; Bourret et al. (1985), and Derby and Brown (1986a) pre- 
sented a numerical algorithm for analysis of this problem. 

Overview of convection in melt growth 
Convection in the melt is pervasive in all terrestrial melt 

growth systems. Sources for flows include buoyancy-driven con- 
vection caused by solute and temperature dependence of the 
density, surface-tension gradients along melt/fluid menisci, 
forced convection introduced by the motion of solid surfaces, 
such as crucible and crystal rotation in the CZ and FZ systems, 
and the motion of the melt induced by the solidification of mate- 
rial. These flows are important as sources for convection of heat 
and species, and can have a dominant influence on the tempera- 
ture field in the system and on solute incorporation into the 
crystal. Moreover, flow transitions from steady laminar, to time- 
periodic, chaotic, and turbulent motion cause temporal nonuni- 
formities a t  the growth interface. These fluctuations in tempera- 
ture and concentration fluctuations can cause the melt/crystal 
interface to melt and resolidify and lead to the solute striations 
(Carruthers and Witt, 1975) discussed below in the subsection 
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on the importance of flow transitions, and the formation of 
microdefects described later. 

The equations of motion and boundary conditions appropriate 
for describing convection and heat transport in the melt are pre- 
sented next, as background for the discussion of modeling of 
these flows. Then progress in asymptotic analysis of simple flows 
is described. 

Equations of Motion and Driving Forces f o r  Convection. The 
presentation here is limited to the case when the density varia- 
tions in the melt caused by temperature and concentration 
gradients can be modeled by the Boussinesq approximation 
(Turner, 1973) in terms of the thermal and solutal expansion 
coefficients 0, = (I/;) (a;/a?)p,c and 0, = (I/;) (d;/aZ.),i. 
where p is the pressure. Positive values of 0, correspond to a 
material with a density that decreases with increasing tempera- 
ture; a positive value of @, is appropriate for a solute with density 
that increases with increasing concentration. 

The governing equations and boundary conditions for model- 
ing melt crystal growth are described for the CZ growth geome- 
try shown in Figure 6. The equations of motion, continuity, and 
transport of heat and of a dilute solute are: 

[a?/ai + 5 . VZ] = D V ~ Z  (8) 

where v is the gradient operator, e(Z, i) is the velocity vector 
field , b(2, 2) is the pressure field, p is the fluid viscosity, a,  is 
the thermal diffusivity, and D is the solute diffusivity in the 
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C R Y S T A L  
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NCY-DRIVEN 

H E A T E R  

Figure 6. Driving forces for flows in CZ crystal growth 
system and regions where driving forces will 
produce the strongest motions. 
Shape functions describing the unknown interface shapes are also 
listed 
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melt. These and other thermophysical properties are defined in 
the Notation. The vector pb is a body force, in addition to gravi- 
ty, imposed on the melt. The body force caused by an imposed 
magnetic field B(f, 2 )  is the Lorentz force pb = u,(5 x 6 x B). 
The effect of this field on convection and segregation is dis- 
cussed below. 

Other mechanisms for flows in melt crystal growth arise from 
surface stresses along, or relative motion of, boundaries of the 
melt. The no-slip boundary condition describes relative motion 
of a rigid boundary dob,: 

a(k, f) = fs(a, t )  for f E aDb1 (9) 

where ps((a, 2) is the velocity of the portion of the boundary do,, . 
Melt is solidified normal to the melt/solid interface obeys no- 
slip tangential to the surface. These conditions are written as 

for a steadily solidifying solid, where the shape of the melt/crys- 
tal surface is given by the unit normal N and tangent T vectors 
and the direction of steady-state solidification at  the velocity c,,, 
is given by the unit vector eg. 

Both the normal and tangential components of stress must 
balance and the kinematics of the surface and flow field must be 
consistent along a melt/fluid interface. For the meniscus shown 
in Figure 6 and described by the normal and tangent vectors (n, 
2). these conditions dictate that 

where fi is the mean curvature of the surface, u is the interfacial 
tension, v2 is the gradient operator defined for the surface, and Z 
is the identity tensor. The brackets [ -1 signify the difference of 
the quantity evaluated from both phases bordering the menis- 
cus. Equation 1 l a  is the condition for balancing normal stress 
across the meniscus with the presence of the gas phase 
accounted for simply by a static pressure p o .  When viscous 
stresses (the term proportional to the viscosity p) and the 
dynamic pressure in the melt are unimportant this condition 
gives the Young-Laplace equation for the shape of a hydrostatic 
interface. Solutions for the Young-Laplace equation are avail- 
able for most meniscus-defined growth configurations. 

The term v2u in Eq. l l b  represents the tangential stress 
caused by a spatial variation in the interfacial tension due to 
either concentration or temperature variation along the surface. 
The dependence of the interfacial tension on temperature and 
concentration is usually expressed by the approximation. 

E = uo[l + (dZ/a.?.),(.?. - To) + ( a E / d ? ) T ( Z  - c0)] (13) 

where (ao, To, co) are reference values. Unfortunately, the 
dependence of E on temperature for even pure melts of impor- 
tant electronic materials is not known, The recent measure- 
ments of Hardy (1984) for silicon suggest that the form of Eq. 
13 is appropriate for an extended range of T.  The additional sur- 
face traction F8(x,  t )  is included in Eq. l l a  to account for 

imposed stresses, such as the direct coupling of an electromag- 
netic field generated by a radio-frequency (RF) field, which 
leads to vigorous stirring of the melt. Including this effect as a 
surface force is a valid approximation for an electrically con- 
ducting melt and a high-frequency RF field (Sneyd, 1979). 

A major complication in the analysis of convection and segre- 
gation in melt crystal growth is the need for simultaneous calcu- 
lation of the melt/crystal interface shape with the temperature, 
velocity, and pressure fields. For low growth rates, where the 
assumption of local thermal equilibrium is valid, the shape of 
the solidification interface do,, is given by the shape of the liq- 
uidus curve T,,,(c) for the binary phase diagram, i.e., 

The influence of surface curvature and the surface free energy 
on the melting temperature has been neglected in this expres- 
sion, because it is so small that it is unimportant in determining 
the macroscopic shape of the interface. However, microscopic 
details of melt/crystal interface structure, such as the onset of 
cellular and dendritic growth, depend crucially on the contribu- 
tion of the surface energy to set the length scale of the pattern; 
this point is discussed further in the section on transport proc- 
esses and solid microstructure. In addition to Eq. 14, latent heat 
is released at  the melt/crystal interface and must be included in 
the interfacial energy balance. 

Scaling Anafysis. The complexity of practical crystal 
growth systems makes difficult the understanding of the roles of 
each of the driving forces for convection. As can be imagined 
from the expanded view of CZ growth shown in Figure 6, dif- 
ferent driving forces-e.g., crystal and crucible rotation, 
buoyancy-driven and surface-tension driven flows-dominate 
the flow in different parts of the melt. The need for full numer- 
ical solutions that account for all these effects is clear. However, 
scaling analysis that balances the effects of various driving 
forces in idealized geometries has great utility for computing 
order-of-magnitude estimates of flow intensity and the scalings 
for changes in flow intensity with variations i4 boundary condi- 
tions and thermophysical properties. The results of such scaling 
analyses are described below. 

The differential equations and boundary conditions are put in 
dimensionless form by introducing characteristic scales for the 
length, time, velocity, concentration, etc., that are picked to 
reflect the dominant mechanisms for transport in each conserva- 
tion law. Then the dimensionless groups in the equations supply 
estimates for the relative magnitudes of various driving forces. 
Some of the dimensionless groups for convection and segrega- 
tion in the melt are listed in Table 2 and are discussed below. 

The Schmidt ( S c )  and Prandtl ( P r )  numbers, Table 2, are 
ratios of molecular diffusivities and thus are formed purely from 
thermophysical properties of the melt. Prandtl numbers relevant 
to melt crystal growth vary between the large values (1-10) for 
oxide melts to the extremely low values (0.01-0.1) for semicon- 
ductor melts. The Schmidt numbers are large (between 10 and 
100) because of the low solute diffusivities for typical melts. 

Examples of groups that specify ratios of transport mecha- 
nisms are listed next in Table 2 and depend on the size and shape 
of the domain. The Peclet numbers for heat (Pe,)  and solute 
(Pe , ) ,  and momentum (Re)  transport are ratios of scales for 
convective to diffusive transport and depend on the magnitudes 
of the velocity field and the length scale for the diffusion gra- 
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dient. Boundary layers form at large Peclet numbers, either Pe, 
or Pe,, or at  large Re. The second possibility is particulary 
important in crystal growth from the melt, where the low values 
of solute diffusivity lead to convectively-dominated species 
transport, even a t  low fluid velocities. The choices for the veloc- 
ity and gradient length scales in complex systems are not 
obvious, and different combinations are appropriate in different 
portions of the flow domain for real systems. 

The next set of dimensionless groups listed in Table 2 scale 
the strength of a particular driving force for convection relative 
to the damping action of viscosity. The Rayleigh and Grashof 
numbers correspond to scaling the strength of buoyance-driven 
convection relative to viscosity and arise when different scales 
are used for velocity and pressure in the equation of motion. The 
Marangoni number (Mu) scales the magnitude of the surface 
shear stress due to a surface tension gradient to viscosity. The 
scale of the surface tension gradient has been taken as (d5/ 
d p )  ( d f / d 2 )  so only variations caused by temperature differ- 
ences are taken into account. 

The shape of the melt/fluid interface in a meniscus-defined 
crystal growth system is set by surface tension and gravitational 
force, and by viscous and dynamic pressure forces on the sur- 
face. The Bond number (hydrostatic pressure, Bo), capillary 
number (viscous stress, Cu) and Weber number (dynamic pres- 
sure, We) measure the magnitude of these forces scaled against 
surface tension. Most of the theoretical and numerical analyses 

of heat transfer and convection in meniscus-defined crystal 
growth discussed below are for idealized geometries where the 
meniscus is represented by a coordinate surface in a separable 
orthogonal coordinate system, e.g., a plane or a cylinder. The 
calculations assume that the underlying flow causes little deflec- 
tion of the meniscus. This last assumption is mathematically 
equivalent to taking Ca << 1 and We << 1. 

The Hartmann number ( H a )  and the magnetic interaction 
parameter ( N )  are listed in Table 2 and scale the importance of 
an applied magnetic field to the action of viscosity and inertia, 
respectively. Treating the interaction of a magnetic field as a 
body force that introduces only the Lorentz force in Eq. 1 is an 
idealization valid when the melt is so electrically conductive that 
convection of charge by the flow is unimportant; i.e., when the 
Peclet number appropriate for electrical charge transport is 
small. This assumption is justified in most semiconductor melts 
and has been used in all the numerical computations reported 
thus far. The electromagnetic force generated by an RF induc- 
tion heater directly coupled to a floating zone leads to a surface 
Hartman number that measures the effective surface force in 
the high-frequency limit. Muhlbauer et al. (1983) treat the 
effect of the R F  field in numerical simulations of flow in a large- 
scale floating zone. 

Analysis of flows in which more than one driving force exists 
has been limited to several idealized cases of thermosolutal con- 
vection driven by vertical and constant temperature and concen- 

Table 2. Dimensionless Groups Appearing in Transport Equations for the Melt 

Name Meaning Definition 

Prandtl No. 

Schmidt No. 

Thermal Peclet No. 

Solutal Peclet No. 

Reynolds No. 

Grashof No. 

Rayleigh No. 

Marangoni No. 

Gravitational bond No. 

Capillary No. 

Weber No. 

Hartmann No. 

Magnetic Interaction parameter 

Viscous diffusivity 
Heat diffusivity 

Viscous diffusivity 
Species diffusivity 

Convective heat transport 
Diffusive heat transport 

Convective species transport 
Diffusive species transport 

Convective momentum transport 
Viscous momentum transport 

Buoyancy force 
Viscous force 

Buoyancy force 
Viscous force 

Force due to surface tension gradient 
Viscous force 

Gravitational force on meniscus 
Surface tension force 

Viscous force on meniscus 
Surface tension force 

Inertia force 
Surface tension Force 

Lorentz force 
Viscous force 
Lorentz force 
Inertia force 

Pr = 
01 

Y sc E - 
D 
V*L* 

Pel = __ 
ci 

P L *  
Pe, = __ 

D 

Ra, E Gr, . Pr 

u ( d Z / d f i L  
Ma, = AT* 

PV2 

Ha = B&* ( u / p v ) ' / 2  
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tration gradients. A discussion of thermosolutal convection is 
presented by Brown (1987a). 

When the temperature and concentration gradients are per- 
fectly vertical, thermosolutal convection begins a t  critical values 
of thermal or solutal Rayleigh numbers (Ra, or Ra,) as an insta- 
bility from a static fluid. Increasing the driving force leads to 
finite-amplitude flows and to nonlinear transitions as discussed 
in the section on transport processes and defect formation. Sur- 
face-tension-driven motions also onset a t  a critical value of the 
Marangoni number when the free surface is perpendicular to a 
perfectly vertical temperature gradient (Pearson, 1958; Scriven 
and Sternling, 1964). 

Imperfect alignment of the vertical gradient causes convec- 
tion for any value of the driving force. The motion is weak for 
small values of the Grashof number (Cr) and represents a bal- 
ance of viscous and buoyancy forces. Boundary layers form at  
higher values of Grashof number where viscous effects are con- 
fined to boundary and internal shear layers, and the core flows 
are set by a balance of inertia and buoyancy. Increasing the 
driving force in these flows also leads to transitions to time-peri- 
odic and chaotic convection. 

The complexity of the temperature field in even the most 
carefully designed crystal growth systems leads to both vertical 
and horizontal temperature gradients in the melt, so that 
buoyancy-driven and surface-tension-driven flows are always 
present. Analysis of the flows in a slender rectangular cavity 
heated at  the ends has been used as a test problem for flows 
driven by lateral temperature variations. Using the aspect ratio 
of the cavity as a perturbation parameter reduces the analysis to 
the solution of a sequence of problems in which the flow in the 
core of the cavity is dictated by an almost one-dimensional bal- 
ance of buoyancy and viscous forces and the turning flows a t  the 
ends of the cavity are two-dimensional, but inertialess. The rig- 
orous perturbation theory for this approach was introduced by 
Cormack et al. (1 974) for two-dimensional buoyancy-driven 
motions and was extended by Hart (1983a, b) to include the sta- 
bility of these motions for fluids with low Prandtl number. Hurle 
et al. ( 1  974) have observed three-dimensional oscillatory flows 
in a slender cavity of gallium heated from the ends. 

Similar analyses are available for surface-tension-driven 
flows in a slender cavity with the additional assumption that the 
meniscus at  the top of the cavity is also flat (Sen and Davis, 
1982). Smith and Davis (1982; 1983a, b) have used this config- 
uration to study the stability of the flow with respect to wavelike 
instabilities; also see Davis (1987). Homsy and Meiburg (1984; 
also see Carpenter and Homsy, 1985) have analyzed the effect 
of a surface-active agent on the thermocapillary motion in a 
slender cavity. 

Convection in the crystal growth systems discussed earlier 
cannot be characterized by analysis with either perfectly aligned 
vertical temperature gradients or slender cavities, but have spa- 
tially varying temperature fields and nearly unit aspect ratios. 
Even when only one driving force is present, such as buoyancy- 
driven convection, the flow structure can be quite complex and 
little insight into the nonlinear structure of the flow has been 
gained by asymptotic analysis. 

Hjellming and Walker (1986, 1987a) and Langlois and 
Walker ( 1  982) discovered an important exception to this situa- 
tion that arises when a strong axial magnetic field is imposed on 
the melt. They analyzed the motion in a prototype of the Czoch- 

ralski crystal growth system for the case in which the magnetic 
interaction parameter N a n d  Hartmann number Ha are so large 
that fluid inertia can be neglected everywhere and viscous forces 
are confined to Hartmann layers, which are needed to satisfy 
no-slip and shear stress boundary conditions and to conserve 
mass between adjacent flow cells. The length scales for these 
Hartmann layers for rotational and buoyancy-driven flows are 
shown in Figure 7, which is taken from the analysis of Hjellming 
and Walker. The flow outside the boundary layers is determined 
by a balance of buoyancy and Lorentz forces. Moreover, the 
core flow can be written explicitly in terms of the temperature 
field. A self-consistent heat transfer problem is developed in the 
limit where the thermal Peclet number is small enough that tem- 
perature boundary layers are much thicker than the Hartmann 
layers. 

Importance of Flow Transitions. Witt and his colleagues 
(K.M. Kim et al., 1972, 1978) documented the “microscopic 
changes” in crystal growth rate and axial solute segregation 
caused by short time scale variations in the temperature and 
velocity fields. They did this by perfecting the use of Peltier 
interface demarcation (Singh et al., 1968; Witt et al., 1983); a 
good description of this technique is given by Wargo and Witt 
(1984). Here current pulses are passed through the melt and 
crystal a t  regular intervals so that the Peltier effect causes peri- 
odic local cooling of the melt/crystal interface and leads to rap- 
id, but small, changes in the local freezing rate. These changes 
in the microscopic solidification rate result in layers of high sol- 
ute incorporation, which can be detected optically in a polished 
and etched sample sliced along the growth axis. Pictures of the 
etching patterns taken from a vertical Bridgman experiment 
with melt below the crystal are shown in Figure 8 for the growth 
of gallium-doped germanium (Kim et al., 1972). The picture in 
Figure 8d is the etching pattern introduced solely by the periodic 
Peltier pulses used to impart a time record in the crystal. 

The pictures are taken at  varying times during the translation 
of the ampoule through the furnace and so correspond to dif- 

C R Y S T A L  I‘ 
‘ F :  

C R U C I B L E  

Figure 7 .  Regions of buoyancy-driven flow for CZ growth 
in a high axial magnetic field. 
After results of Hjellming and Walker (1986) 
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ferent lengths of melt. The intensity of the convection scales 
with the thermal Rayleigh number for the vertical cylinder: 

Rat = poPgL3AT/av (15) 

where AT is the temperature difference between the melting 
point and the hot end of the ampoule and L is the length of the 
melt. The length of the melt and Ra, decrease from Figure 8a to 
Figure 8d is the etching pattern introduced solely by the periodic 
periodic markers in Figure 8a indicate aperiodic or chaotic con- 
vection at  the highest convection level. Decreasing Ra, reduces 
the convection to simply periodic behavior, as shown by the set 
of periodic striations superimposed on the marking pattern in 
Figures 8b and 8c. The disappearance of all striations other than 
the current-induced markings in Figure 8d is indicative of lami- 
nar convection in the melt. The frequency of the convective 

oscillations is a few tenths of a Hertz. The interpretations of the 
etching patterns given above is substantiated by the temperature 
measurements from a thermocouple in the melt during the same 
experiment; the transitions from a chaotic, to periodic, and 
finally steady or laminar temperature measurement are shown 
alongside the etching patterns in Figure 8. 

Transitions from steady state to time-dependent surface-ten- 
sion-driven motions are also well known and are important in 
meniscus-defined crystal growth systems. For example, the ex- 
periments of Preisser et al. (1982) indicate the development of 
an azimuthal traveling wave on the axisymmetric base flow in a 
small-scale floating zone. 

Predicting these flow transitions and designing systems that 
suppress the onset of time-dependent motion are central to the 
controlled growth of compositionally uniform crystals. Al- 
though many theoretical and experimental studies exist that 

Figure 8c. Regular pattern caused by time-periodic con- 
vection. 

Figure 8. Striation patterns revealed by etching Ga-doped lnSb crystal. 

Figure 8d. Regular pattern due to Peltier pulses are used 
to mark growth rate of crystal. 

Crystal grown in vertical unstable Bridgman system (Kim et al., 1972); transitions are caused by decreasing length of melt during growth of one crystal 
Temperature measurements made by a thermocouple in melt during crystal growth are shown alongside the etchings. 
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treat such transitions in idealized flow problems, the relevance 
of these results to crystal growth systems is limited; see Carruth- 
ers (1976, 1977) for comprehensive reviews. Direct prediction of 
the transitions in crystal growth systems is needed and is a t  the 
leading edge of current experimental and numerical analysis. 
Analysis of the transitions leading to chaotic convection in crys- 
tal growth experiments seems beyond present capabilities be- 
cause of the three-dimensional nature of these flows and because 
of the sensitivity of the transitions following the onset of time- 
periodic motion to the details of the experimental system; for an 
example of this sensitivity see Abernathy and Rosenberger 
( 1  985). Moreover, the oscillations in the melt lead to tremen- 
dously disparate time scales for transport, ranging from the 
short temporal wavelength for the convective oscillations (- 1 s) 
to the long time scale for growth (-1 x lo4 s) to grow one cm of 
crystal a t  a rate of 10 km/s. 

Fortunately, the onset of oscillatory flow from a steady flow 
occurs as a Hopf bifurcation (Guckenheimer and Holmes, 1983) 
and is much more reproducible experimentally. Also, the exis- 
tence of a Hopf bifurcation with increasing flow intensity can be 
detected in large-scale numerical calculations by solution of the 
equation set for the linear stability of the underlying laminar 
flow. This approach has been used in investigations of buoyan- 
cy-driven convection in idealized geometries (McLaughlin and 
Orszag, 1982; Curry et al., 1984; Sackinger e t  al., 1988a). Cro- 
chet and coworkers have studied the oscillations in the convec- 
tion of a prototype of the horizontal Bridgman method for two- 
dimensional motion without (Crochet et al., 1983; 1987a) and 
including (Wouters et al., 1987) the melt/crystal interface. Cro- 
chet et al. (1987b) computed three-dimensional motions by 
direct simulation of the nonlinear, time-dependent equations. 
Winters (1 987) has used computer-implemented perturbation 
methods for locating Hopf bifurcations to detect the onset of 
two-dimensional oscillations in the same system. 

An important result of the understanding of transitions in 
buoyancy-driven convection in melt growth is the quantitative 
development of mechanisms for suppressing them. Applied 
magnetic fields have been shown experimentally by many 
research groups to be effective in laminarizing the flows in 
metallic melts (Utech and Flemings, 1966; Kim, 1982). The 
temperature measured as  a function of time in a vertical Bridg- 
man system with increasing intensity B of a transverse applied 
magnetic field by Kim (1982) is shown in Figure 9. The tempo- 

ral structure varies from an aperiodic recording without the 
field, through time-periodic, and finally a steady state trace for 
increasing B. These transitions have not been predicted theoreti- 
cally. Only a few numerical calculations (Langlois, 1984; Mi- 
helcic and Winegrath, 1985) give an indication of the effect of 
field intensity on the transition to time-periodic motion. Com- 
prehensive theoretical and numerical analyses of the interaction 
of the applied fields with the flow have been limited to the large 
field strengths that lead to laminar flows; these results are 
described above. 

Models for influence of melt convection on solute 
segregation 

Convection in the melt causes mixing of solutes and alters the 
diffusion layer adjacent to the melt/crystal interface. The spa- 
tial structure and intensity of the flow sets the axial (along the 
growth direction) and lateral (perpendicular to the growth 
direction) profiles of solute concentration in the crystal. The dif- 
ferent regimes for solute segregation are shown in Figure 10 in 
terms of the uniformity of the solute concentration across the 
crystal Ac, which is defined as the maximum difference in the 
concentration across the crystal divided by the average value, 
tb,, and by the effective segregation coefficient k ,  defined 
as 

where is the volume averaged concentration of solute in the 
melt. 

These measures of solute segregation are closely related to the 
spatial and temporal pattern of the flow in the melt. Most of the 
theories discussed below are appropriate for laminar convection 
of varying strength and spatial structure. Intense laminar con- 
vection is rarely seen in the low Prandtl number melts typical of 
semiconductor materials. Instead, nonlinear flow transitions 
usually lead to time-periodic and chaotic fluctuations in the 
velocity and temperature field and induce melting and acceler- 
ated crystal growth on the typically short [0( 1 s)] time scale of 
the fluctuations. 

In diffusion-controlled directional solidification, the only ve- 
locity present in the melt is due to solidification. When the melt/ 
crystal interface is planar this combination of diffusion and con- 
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Figure 9. Thermocouple measurement as a function of time with increasing strength of an applied transverse magnetic 
field. 
Results in a vertical Bridgman growth system (Kim, 1982); oscillations are damped by the field 
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Figure 10. Regimes of solute transport in melt crystal growth. 
Representation in terms of effects on radial segration Ac and effective segregation coefficient k, 

vection leads to a uniform radial distribution of solutes, i.e., 
Ac = 0 and k ,  approaches unity, if the melt is sufficiently long 
that the diffusion layer next to the interface occupies only a 
small fraction of the length of the melt. Introducing cellular con- 
vection in the melt causes distortion of the diffusion-controlled 
profile, Eq. 4, independent of lateral concentration gradients 
due to curvature of the melt/crystal interface (Coriell and 
Sekerka, 1979; Coriell et al., 1981). Harriott and Brown (1984) 
demonstrated this mixing for flows driven by rotating the feed 
rod and crystal in small-scale floating zones in the limit where 
the Peclet number Pe, based on the bulk velocity is small. The 
degree of radial nonuniformity is maximum for some interme- 
diate level of convection. Increasing the intensity beyond this 
value causes homogenization of the melt and reduces the lateral 
segregation, Ac - 0. 

Convection also forces k ,  to approach k because the bulk 
concentration 4% is increased (assuming k < 1) due to the 
mixing of the diffusion layer with the melt in the remainder of 
the ampoule. In the limit of very intense convection, the varia- 
tion in the concentration is confined to a boundary layer much 
thinner than D/V,. Scheil (1942) first described axial segrega- 
tion in the limit of complete mixing where the boundary layer 
thickness approaches zero. 

The fluctuations in the velocity and temperature fields caused 
by time-periodic or chaotic flows lead to fluctuations in the axial 
and radial segregation of solute, as indicated by the final region 
in Figure 10. The etching patterns in Figure 8 are  the best 
experimental indication of the temporal characteristics of the 
convection and have been used as a guide to the analysis of the 
effect of magnetic fields on convection by Robertson and 
OConnor (1985) for large-scale floating zone experiments. Re- 
lating the frequency response of the axial composition profile 
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directly to the characteristics of the chaotic flow is complicated 
by the melting and accelerated growth of the crystal due to the 
concomitant fluctuations in the temperature field. 

Solute segregation with bulk convection is given rigorously by 
solution of the two-dimensional solute balance equation [for a 
two-dimensional velocity field v(r,  z ) ] ,  written here in the 
dimensionless form of Eq. 8: 

Pe,(ac/dt + v . VC) = v 2 c  (17) 

where Pe, = V,L/D is the Peclet number for mass transfer 
defined in Table 2 and scales the importance of convective solute 
transport by the velocity in the bulk (scaled by V , )  to diffusion. 
The dimensionless solute balance at  the melt/crystal interface is 
the generalization of Eqs. 3 for a steadily solidifying interface 
do,: 

n . vc = Pe,c(l - k ) n  eg, a t  dD, (18) 

where n is the unit normal to the melt/crystal interface, eg is the 
unit vector in the direction of crystal growth, and Peg V g L / D  
is the dimensionless crystal growth rate, or alternatively, the 
Peclet number based on the solidification velocity. The appro- 
priate boundary conditions along the other surfaces depend on 
the geometry of the system and the chemical interactions of 
these boundaries with the melt. For many melts, ampoule and 
crucible materials are inert and these surfaces correspond to no- 
flux boundaries for solutes. Chemical interactions are important 
in some systems. For example, the quartz crucibles used in sili- 
con growth dissolve when contacted with the melt and modeling 
of oxygen incorporation in the crystal must account for this flux 
in addition to the losses of oxygen to the ambient that occur in 
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meniscus-defined growth (Carlberg et al., 1982; Murgai, 
1985). 

The Stagnant Film. The concept of a stagnant film thickness, 
as proposed by Nernst ( 1  904), is the most widely used charac- 
terization of the role of convection in solute segregation in crys- 
tal growth. This application was reviewed by Wilcox (1969). As 
shown in Figure 11, convective mixing is assumed to be totally 
effective outside of a thin layer adjacent to the melt/crystal 
interface in which species transport is only by diffusion and the 
melt motion caused by solidification. If the composition of solute 
in the bulk (t > 8) is c,, the steady state composition profile in 
the layer is derived by solving Eqs. 2 and 3 with the boundary 
condition 

This yields 

?(Z )  
co 

k + (1 - k)  exp (- V g t / D )  
k + (1 - k )  exp (- Vg6/D)  

~- - - (20) 

as originally given by Burton et al. (1953). 

the stagnant film thickness as 
The effective segregation coefficient k, is defined in terms of 

k 
k + (1 - k )  exp (- V,l /D) k =  (21) eB 

Expression 21 is the most often used relation for correlating 
axial segregation data from experiment and is amazingly suc- 
cessful for this purpose. It is rewritten for a finite-length 
ampoule in terms of the fraction f of the sample solidified to give 
the normal freezing expression 

for the composition of the crystal Z., = kZm grown from a melt 
with initial composition co. Figure 12 shows a sample profile 
from the growth of gallium-doped germanium by Wang (1984), 
which fits Eq. 21 with an equilibrium segregation coefficient 
k = 0.087 and k ,  between 0.09 and 0.1 1 .  

Although the notion of a stagnant film is a useful concept for 
thinking about the role of convection in axial solute segregation, 
it has well-known deficiencies (Wilcox, 1969) that prevent it 
from being predictive. Stagnant film theory is formulated as if 
mixing is perfect outside of the stagnant film and bulk convec- 
tion does not modify the velocity field inside the layer. These 
assumptions prevent the prediction of changes in axial segrega- 
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Figure 11. Stagnant film in solute transport in melt 
growth. 
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Figure 12. Axial segregation data for growth of Ga- 
doped Ge in a vertical Bridgman furnace. 
From Wang (1984) 

tion (keB) caused by changes in the intensity of the flow without 
additional empirical correlation for 8 as a function of convection 
from either experimental (Burton et al., 1953a, b; Zief and Wil- 
cox, 1967) or computational (Adornato and Brown, 1987a, b) 
data for the effective segregation coefficient and Eq. 21. Also, 
because the velocity field in the stagnant film is assumed to cor- 
respond only to the growth rate, the stagnant film model gives no 
prediction of the concentration variations along the crystal sur- 
face caused by lateral nonuniformities in the flow. 

Analysis of the Solute Boundary Layer. Closed form solution 
of the species balance, Eq. 7, with the interfacial balance, Eq. 8, 
and the condition that Z. -+ co as B - m is only feasible when 
either convection contributes only weakly to transport, as was 
the case in the analysis of Harriott and Brown (1 984), or when 
the variation of the concentration from unity is confined to a 
boundary layer adjacent to the growing crystal. Burton et al. 
(1953b) analyzed the specific case of solute segregation near a 
rotating crystal, as occurs in C Z  growth. The velocity field near 
the crystal was taken to be the sum of a uniform crystal growth 
rate V, and the self-similar axisymmetric velocity field due to 
rotation of an infinitely large crystal surface, as described by the 
asymptotic expansion of Cochran (1934). 

Because the axial velocity is independent of radial distance 
from the center of the crystal, the concentration field varies only 
axially and is given by the solution of the solute balance equa- 
tion with the approximate velocity field of the form 

ijZ = - v, - v, ( i*/L2)  

where L is a characteristic length scale for the bulk flow ( L z  = 
v /Q;  Q is the angular velocity of the disk in the similarity solution 
of Cochran, 1934, and Vo = QR is the rotational velocity of the 
crystal. The closed-form solution of this problem is written in 
terms of exponential integrals, as described in (Burton et al., 
1953b). The effective segregation coefficient is expressed analo- 
gously to Eq. 21 as 

(24) 
k 

k -  
" - k + (1 - k) exp (-A) 

where the constant A is defined as 

exp [-(5 + A t 3 ) ]  d,$ 
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and A = ( V0/3Vg) is the ratio of the components of the velocity 
field due to the bulk flow and to solidification. 

Wilson (1978a, b) has pointed out that A is not the dimen- 
sionless thickness of the diffusion boundary layer scaled with 
D/Vg, as originally suggested by Burton et al. (1953b), except in 
the limit where the velocity field in the layer is dominated by the 
bulk flow, i.e., X >> 1 .  In this case the analysis reduces to the one 
presented first by Levich (1962) and the integral in Eq. 25 is 
approximated as 

where r( .) is the gamma function. When the ratio X is rewritten 
in terms of the Peclet numbers Pe, = V o L / D  and Peg = V g L / D  
as X = (Pe,/3Peg), the scaling in Eq. 26 is recognized as the scal- 
ing for a boundary layer adjacent to a no-slip surface. In the 
limit where the solidification rate dominates (A << 1 )  the boun- 
dary layer is controlled by a balance of diffusion and convection 
caused by the solidification velocity; then A scales as Pe;’. 

Wilson (1978b) defined a conventional boundary layer thick- 
ness i as 

The constant A = A in the limit X - CO, because A is small. Then 
the boundary layer thickness is expected to vary according to 
Eq. 26. 

The boundary layer structure predicted by the analysis of 
Burton et al. (1953b) and by Wilson is much more robust than 
just a description of the solute boundary layer caused by the 
rotational Row near a large crystal. When a stagnation flow on 
the melt/crystaI interface is created by any mechanism and is 
intense enough to lead to a thin solute boundary layer, the veloc- 
ity field in the boundary layer can be described by 

ij,(i, i) = - Vg - Vo F(i)Z2 

where Vo sets the scale of the bulk convection and the variation 
in the lateral direction F = F(P) is slow compared to the rapid 
variation in the perpendicular direction i. Then the local con- 
centration field, the effective segregation coefficient, and lateral 
solute uniformity follow directly from the analysis described 
above. Assuming that Pe, = VoL/D >> 1 and Pe, = V g L / D  = 

O( 1 ) leads to a dimensionless boundary layer equation valid 
away from the edges of the crystal: 

where 7) = zPe;’13 is the stretched coordinate in the boundary 
layer and (r ,  z )  = (i /L,  Z/f.). The concentration is assumed to 
scale with a buik value of co. The scaled form of the solute bal- 
ance at  the interface is 

Techniques from boundary layer analysis can be used to con- 
struct a series solution to Eqs. 29 and 30 of the form 

c(r, q )  = 1 + C, (r, q )  Pe;’13 + O(Pe;2/3) (31) 

This result is the same as the structure of a concentration bound- 
ary layer adjacent to a no-slip boundary (Pan and Acrivos, 
1968), which is implied by the form of Eq. 28 and conservation 
of mass. This structure has been seen in concentration fields 
computed numerically for highly convected melts; see the work 
of Harriott and Brown (1984) and Adornato and Brown 
(1987a. b). Camel and Favier (1986) predicted the same scaling 
for the radial segregation across the interface and the effective 
segregation coefficient from an order-of-magnitude analysis 
that corresponds to the scalings described here. 

The multicellular structure of laminar convection in small- 
scale crystal growth systems complicates the interpretation of 
the boundary layer analysis because the almost constant level of 
the concentration field in each cell is unknown a priori and each 
cell communicates with its neighbors by diffusion through thin 
internal layers that separate them. These bulk concentrations 
also scale with Pe,. Examples of multicellular structures are 
shown in the finite-element calculations of Harriott and Brown 
(1984) for small-scale floating zones and the analysis of Ador- 
nato and Brown (1 987a, b) for directional solidification. This 
later work is reviewed in the section below on vertical Bridgman- 
Stockbarger crystal growth. 

Several groups (Series et al., 1985; Hurle and Series, 1985; 
Cartwright et al., 1985) have extended the similarity analysis of 
Burton et al. (1953b) to the case where an axial magnetic field is 
imposed on the melt with sufficient strength that Nu >> 1 and 
N << 1. In this limit a closed-form asymptotic expression exists 
that describes the variation in the flow field across the thin 
O(Hu-l)  Hartmann layer adjacent to the disk. Axial solute 
segregation across this layer was analyzed by assuming that the 
melt outside of the Hartmann layers is well mixed. The effective 
segregation coefficient approaches one when the field strength is 
increased, as expected for any mechanism that damps convec- 
tion near the crystal. 

Hjellming and Walker (1987b) have presented a semiquanti- 
tative analysis of solute transfer with a strong magnetic field for 
an entire Czochralski system by coupling the asymptotic analy- 
sis of the flow and temperature fields described in previously 
with boundary layer models for solute transport across the Hart- 
mann layers caused by the field. An important conclusion of this 
analysis is that the solute transfer for typical magnetic field 
strength will be transient throughout the entire crystal growth 
run, because of the long diffusion time necessary for the species 
to traverse the Hartmann layers. 

Connection between transport processes and solid 
microstructure 

The formation of cellular and dendritic patterns in the micro- 
structure of binary crystals grown by directional solidification 
results from interactions of the temperature and concentration 
fields with the shape of the melt/crystal interface. Tiller et al. 
(1953) first described the mechanism for “constitutional super- 
cooling” or the microscale instability of a planar melt/crystal 
interface toward the formation of cells and dendrites. We repeat 
their description for a simple system with a constant tempera- 
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ture gradient G (K/cm) and a melt that moves only to account 
for the solidification rate V,. If the bulk composition of solute is 
co and the solidification is a t  steady state, the exponential diffu- 
sion layer forms in front of the interface. The elevated concen- 
tration (assuming k < 1) in this layer corresponds to melt that 
solidifies a t  a lower temperature given by the phase diagram, 
Figure 5, as 

- -  
T,,, = T O ,  + iiz i. (32) 

where iiz < 0, and FO, is the melting temperature of the pure 
material. The melt in the diffusion layer should solidify at  a 
higher temperature than the value a t  the interface (FO, + 
&c0/k). If the temperature gradient 6 is low enough the melt in 
front of the interface may be supercooled so that any small pro- 
tuberance of the solid will solidify. 

Tiller et al. (1953) derived a criterion for the onset of this 
instability by estimating the rate of change of the melting tem- 
perature of the melt in front of the interface as iiz . (di./cZ), and 
evaluating the gradient from the solute balance at  the interface, 
Eq. 4. The criterion for stability of the interface is that the 
actual temperature gradient must be larger than this value or 

( 6 / V , )  > - iiz(co/Dk) (1 - k )  (33) 

Either decreasing the temperature gradient, increasing the con- 
centration of solute, or increasing the growth rate leads to insta- 
bility of the planar interface. 

Although Eq. 33 gives a physical description for the mecha- 
nism of the instability that leads to microstructure formation 
during solidification, it is not rigorous because it does not take 
into account the effects of the rates of heat and species transport 
on the evolution of the disturbance, and because of this defi- 
ciency it cannot be used as a basis for further analysis of micro- 
structure formation. This deficiency is clearest from the lack of 
a prediction of the spatial wavelength of the microstructure 
formed along the interface. 

The spatial microstructure of the interface is strongly 
influenced by its surface energy, which appears in the Gibbs- 
Thomson equation (Woodruff, 1973) for the melting tempera- 
ture of a curved interface 

(34) 

where = y / A H ,  is the capillary length associated with the 
surface energy y. AH, is the heat of fusion, and fi is the local 
mean curvature of the solidification front, defined so that fi > 0 
for an interface that is convex with respect to the crystal. Equa- 
tion 24 implies that the melting point is increased by capillarity 
for short-wavelength disturbances ( H  >> 1). This compensates 
for the constitutional supercooling mechanism, thereby imply- 
ing a short-wavelength cutoff to the instability. 

Mullins and Sekerka (1  963, 1964) analyzed the stability of a 
planar solidification interface to small disturbances by rigorous 
solution of the equations for species and heat transport in melt 
and crystal and the constraint of equilibrium thermodynamics 
a t  the interface. For two-dimensional solidification samples in a 
constant temperature gradient, the results predict the onset of a 
sinusoidal interfacial instability with a wavelength i corre- 
sponding to the disturbance that is just marginally stable as 
either 6 is decreased or V, is increased. The following discussion 

focuses on considering the growth rate as the control parameter 
for transitions in the interface morphology. 

The curves of neutral stability [ V, = V c ( i ) ]  correspond to dis- 
turbances that become unstable for any further increase in the 
growth rate. Figure 13 shows a sample set of neutral stability 
curves for the succinonitrile-acetone alloy for a range of concen- 
trations of acetone. The combination of succinonitrile and ace- 
tone is a well-characterized organic alloy used extensively in 
experiments simulating metal solidification (Glicksman et al., 
1986). Several features of these curves are universal. First, the 
curves are closed; a disturbance with a particular wavelength i 
becomes unstable a t  a critical growth rate Vc( i ) ,  but is restabil- 
ized at  the higher growth rate corresponding to the top section of 
the curve. Second, decreasing the concentration of the solute 
decreases the size of the region of unstable wavelengths, as 
expected from the constitutional supercooling criterion. 

Although the balance equations are linear, in the absence of 
bulk convection, the unknown shape of the melt/crystal inter- 
face and the dependence of the melting temperature on the 
energy and curvature of the surface make the model for 
microscopic interface shape rich in nonlinear structure. For a 
particular value of the spatial wavelength, a family of cellular 
interfaces evolves from the critical growth rate V J i )  when the 
velocity is increased. The evolution of these cellular forms to 
deep cells and dendrites with increasing V, is governed by the 
full nonlinear equations. Figure 14 contains pictures of the cell- 
to-dendrite transition with increasing growth rate in a thin solid- 
ification sample for succinonitrile-acetone (Trivedi and Som- 
boonsuk, 1984). Figure 14a shows shallow cells, which develop 
deep grooves, Figure 14b, and finally dendritic sidearms, Figure 
14c, as the growth rate is increased; even in the thin sample the 
dendritic structures are not two-dimensional, as indicated by the 
sidearms that protrude out of the plane of the photograph. 

Prediction of these nonlinear transitions, especially the spatial 
wavelength of the microstructures, is an active area of research. 
Full numerical solution of nonlinear models for microscopic so- 
lidification (Ungar and Brown, 1984; Ungar et al., 1985; Ben- 
nett et al., 1988) have shown the development of deep cells for 
ranges of spatial wavelengths within the unstable region of the 
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Figure 13. Neutral stability curves computed by linear 
analysis for succinonitrile-acetone system as 
a function of acetone concentration. 
Fixed temperature gradient, G = 67O/crn 
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Figure 14. Cellular and dendritic structures in a thin-film 
solidification experiment. 
Results using succinonitrile-acetone (Trivedi and Somboonsuk, 
1984) 

neutral stability curve and have demonstrated mechanisms for 
splitting on individual cells (cell birth) and for merging of cell 
pairs (cell death). Dynamical calculations indicate that there 
may be no mechanism for wavelength selection in collections of 
shallow cells (Brown et al., 1987). Deep cells, like those in Fig- 
ure 14b, have been computed as the growth rate is increased 
(Ungar and Brown, 1985). These cells exist for ranges of wave- 
length and have rounded tips connected to slender sidewalls 
leading to a cell root with a smooth bottom. Recent asymptotic 
(Langer and Hong, 1986) and numerical calculations (Karma, 
1986) suggest that a wavelength selection mechanism may exist 
when the bottom of the cell is not present and the surface energy 
is vanishingly small. 

Including bulk convection in the models describing interface 
microstructure severely complicates the analysis. The current 
state of research in this area is reviewed by Glicksman et al. 
(1986). Several analyses demonstrate that novel interactions 
between the local Row and the interface morphology are possible 
when the two phenomena are coupled (Coriell et al., 1980; Davis 
et al., 1984). 
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Connection between transport processes and defect 
formation in the crystal 

Analysis of the connection between macroscopic transport 
processes in the melt and crystal, e.g., the temperature field in 
both phases and solute transport near the melt/crystal interface, 
and defects in the crystal requires understanding of the mecha- 
nisms for the generation (in the bulk crystal and a t  the inter- 
face), motion, combination, multiplication, and annihilation of 
crystallographic defects and dislocations. Description of this 
coupling for crystal growth has been confined to the simple pic- 
ture from continuum thermoelasticity for a perfect crystal 
where temperature gradients in the crystal during processing 
create stress in the solid which causes dislocations when its mag- 
nitude exceeds the critical resolved shear stress (CRSS) evalu- 
ated in the slip directions for the crystal. Billig (1956) intro- 
duced this notion to explain the generation of dislocations in 
germanium crystals grown by the Czochralski (CZ) method. 
Several authors have used this idea to develop qualitative esti- 
mates for the bounds on temperature gradients in C Z  growth. 
Tsavinsky ( 1  979) estimated the maximum diameter crystal that 
can be grown before the CRSS is reached. Brice (1976) found a 
relationship between the magnitude of the shear stress in the 
solid and crack formation. 

Jordan et al. (1980) refined the thermoelastic stress calcu- 
lation for the analysis of the spatial distribution of dislocations 
in GaAs grown with the liquid-encapsulated C Z  (LEC) method. 
Their analysis was based on a two-dimensional model for the 
temperature field throughout the grown crystal that included all 
of the critical parameters, e.g., pull rate, heat transfer between 
the crystal, and the ambient and thermophysical properties. In 
this and in other related works (Jordan et al., 1981; Duseaux, 
1983; Kobayashi and Iwaki, 1985), the crystal was assumed to 
be an isotropic material with a constant coefficient of expansion, 
so that the strains in the material are only functions of the local 
axial and radial temperature gradients. Then nonconstant dis- 
placements of the crystal, which lead to nonisotropic stress in 
the solid, are caused by nonconstant temperature gradients. 

Jordan calculated these strains in closed form by assuming 
that only deformations in the azimuthal plane of the crystal are 
important. Duseaux (1983) and Kobayashi and Iwaki (1985) 
considered both radial and axial displacements by numerically 
calculating the strains. Figure 15 shows a direct comparison 
between the magnitude of the shear stress predicted by the anal- 
ysis of Jordan et al. (1980) and the pattern of dislocations in a 
GaAs crystal grown by the LEC technique. Although a quanti- 
tative comparison is not meaningful, the similar patterns for 
regions of high stress and high dislocation density near the edge 
of the crystal are very suggestive that thermoelastic stress plays 
an important role in dislocation formation. 

The importance of the thermal conductivity of the crystal and 
the CRSS in determining the “degree of difficulty” for growing 
a specific material from the melt is understood in terms of the 
relationship between these parameters and the formation of dis- 
locations in the crystal due to excess stress. Clearly materials 
with lower values of the CRSS must be grown in systems with 
lower temperature gradients to prevent crystallographic slip. 
Low values of the conductivity make this difficult to achieve. 

The isoelectronic doping of GaAs crystals with indium intro- 
duced by Mil’vidskii et al. (1981; also see Jacob, 1982; Fornari 
et al., 1983; McGuigan et al., 1986) was based on the idea that 
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Figure 15. Comparison of measured dislocation density in GaAs wafer grown by LEC method with thermoelastic stress 
calculation (Jordan et al., 1980); (a) experimentally observed dislocation pattern; (b) contours of thermoelas- 
tic stress predicted by simulation. The high dislocation density around the periphery of the crystal is pre- 
dicted by the calculations. 

indium causes solid solution hardening of the GaAs lattice and 
raises the CRSS. Crystals with low dislocation densities have 
been grown by many groups using this method. Recent measure- 
ments of the value of the CRSS as a function of temperature and 
indium concentration (Tabache et al., 1986; Guruswamy et al., 
1987) reveal a factor of two increase in CRSS in the tempera- 
ture range just below the melting point. This difference is ade- 
quate to eliminate profuse dislocation multiplication in moder- 
ate-diameter crystals, but dislocation formation in crystals 
grown in a low stress environment remain unexplained. 

Although appealing from an engineering perspective, the 
analyses based on linear thermoelasticity do not address the 
action of defects and dislocations created by microscopic yield 
phenomena below the CRSS and ones grown in a t  the solidifica- 
tion front. All the authors cited above assume that no defects 
exist a t  the melt/crystal interface and that the stresses on this 
surface are zero. Constitutive equations incorporating models 
for plastic deformation in the crystal due to dislocation motion 
have been proposed by several authors (Haasen, 1967; Alexan- 
der and Haasen, 1968; Myshlyaev et al., 1969) and have been 
used to describe dislocation motion in the initial stages of plastic 
deformation in C Z  silicon crystals (Suezawa et al. 1979; 
Schroter et al., 1983; Lambropoulos, 1987), and silicon sheet 
growth (Lambropoulos et al., 1983; Dillon et al. 1987). 

An interesting feature of the model proposed by Haasen 
(1967) is the explicit appearance of the dislocation density as a 
function of the stress level in the crystal. Then the dislocations 
grown into the crystal upon solidification are translated with the 
pulling rate of the crystal and multiply according to mechanisms 
associated with their mobility. Dillion et al. (1987) have 
reported temperature profiles in silicon sheets where explosive 
growth of the dislocation density is predicted by this model. 

The understanding of the effects of dopants on dislocation 
mobility is minimal, although experimental evidence exists that 
some solutes, such as 0, in Si (Sumino et al., 1980) and In in 
GaAs (Guruswamy et al., 1987), inhibit dislocation mobility. 
The elastoplastic constitutive equations model this effect only to 
the extent that the parameters are known as a function of dopant 
level. 

Little is known about the interactions between transport prop- 
erties in the melt and the production of defects a t  the melt/crys- 
tal interface. An exception is the swirl microdefect seen during 
processing of dislocation-free silicon wafers (Ravi, 198 1). The 
origins of this defect have been shown (Chikawa and Shirai, 
1977) to be related to temperature oscillations and remelting of 
the interface. Kuroda and Kozuka (1983) have studied the 
dependence of temperature oscillations on operating parameters 
in a C Z  system, but have not linked the oscillations to convective 
instabilities in the melt. 

The Vertical Bridgman-Stockbarger System: A 
Case Study of a Confined Growth System 

The vertical Bridgman growth system has been the subject of 
the most detailed theoretical analyses and of careful experi- 
ments because the confined growth environment and the prox- 
imity of the ampoule to the furnace make it the easiest system 
for precise control of the thermal field. Also, for low Prandtl 
number fluids and small scale (ampoule diameters of approxi- 
mately 1 cm) the heat transfer in the melt is dominated by con- 
duction, so that thermal analysis of the furnace/ampoule/melt/ 
crystal system is simplest. Investigations into the roles of fur- 
nace and ampoule design, the interactions of these features with 
convection in the melt, and solute segregation have led to 
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advances in these systems. Several of these developments are 
described below. 

Analysis of heat transfer 
In the vertical Bridgman-Stockbarger system shown in Fig- 

ure l a  the axial temperature gradient needed to induce solidifi- 
cation is created by separating hot and cold zones with a dia- 
batic zone in which radial heat flow from the ampoule to the 
furnace is supressed. Studies of conduction heat transfer analy- 
sis have focused on this geometry. 

Chang and Wilcox (1974) were the first to compute the tem- 
perature field in an idealized Bridgman-Stockbarger system and 
to identify the importance of a perfect diabatic zone in estab- 
lishing a nearly flat melt/crystal interface. Naumann (1983) 
and Jaskinski et al. (1983) used a one-dimensional analysis to 
define the minimum lengths of the hot and cold zones and the 
ampoule for which the temperature field in the melt and crystal 
reaches a steady state profile and the ampoule translation rate 
equals the macroscopic growth rate a t  the interface. Wang et  al. 
(1984) showed the validity of this analysis through Peltier 
demarcation measurements of the microscopic growth rate in a 
well-characterized vertical Bridgman-Stockbarger system. 

Investigators (Naumann and Lehoczhy, 1983; Jasinski et al., 
1985) have pointed out the importance of the thermal conduc- 
tivity of the ampoule material with respect to those of the melt 
and crystal in setting the shape of the melt/crystal interface, 
especially when a thick ampoule is used, as is required in the 
growth of materials that have extremely high vapor pressures 

(e.g., HgCdTe). Simple design criteria for picking ampoule 
materials and thickness are developed in these references. 
Besides setting the curvature of the melt/crystaI interface, the 
choice of ampoule material strongly influences the radial tem- 
perature gradients in the melt, and the magnitude and direction 
of buoyancy-driven flow in the melt (Chang and Brown, 1983; 
Adornato and Brown, 1987a, b). This point is elaborated 
below. 

Convection and segregation 
When the melt wets the ampoule walls (this may not be the 

case in low gravity experiments; see Haynes, 1986) convection 
in the melt is driven only by density differences caused by tem- 
perature and concentration and by the solidification rate V,. 
Chang and Brown (1983) first computed the flows in an ideal- 
ized Bridgman system where the effects of the ampoule on heat 
transfer were neglected and the temperatures of the hot and cold 
zones were imposed directly on the melt and crystal with a per- 
fect adiabatic zone separating the two regions. The analysis was 
based on the Boussinesq approximation for axisymmetric 
buoyancy-driven flow caused by temperature gradients and 
included analysis of heat transfer in the crystal and calculation 
of the interface shape. The analysis used a finite-element/New- 
ton algorithm for solving the couple convection-solidification 
problem (Chang and Brown, 1984) that has proved adaptable to 
the analysis of other melt growth systems. The calculations are 
formidable; the combination of analyses of intense convection on 
several length scales (for momentum, heat, and solute trans- 
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port) and the unknown interface location force the use of super- 
computers for exhaustive analyses. 

These results verified that heat transfer in the melt was con- 
duction-dominated except a t  intense convection levels because 
of the low Prandtl number characteristic of semiconductor 
melts. The shape of the melt/crystal interface changes with con- 
vection only at  these higher convection levels. The flows are cel- 
lular, with the direction and magnitude of each cell determined 
by the radial temperature gradients induced by the thermal 
boundary conditions. In the idealized system studied, the mis- 
match in boundary conditions at  the junction of the hot zone and 
the adiabatic region, Figure 16, causes the temperature to 
increase radially and drive a flow up along the wall and down 
along the center of the ampoule. Secondary flows develop adja- 
cent to the melt/crystal interface when the convection is intense 
enough to alter the temperature field. 

Calculations of solute transport for a dilute species based on 
these flows were reported by Chang and Brown for a pseudo- 
steady-state model of directional solidification in which solute of 
given composition enters the ampoule at  the end with melt and 
the crystal is pulled away at  the growth rate Vg. The axial and 
radial segregation of solute were much more sensitive to changes 
in the convection level than heat transfer, because of the lower 
diffusivity of the species compared to heat (Sc/ Pr >> 1) for the 
melt. The results showed the transition from diffusion-con- 
trolled growth to weak convection with the associated maximum 
in radial segregation and finally the formation of a bulk-convec- 
tion controlled boundary layer along the solidification interface, 
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as described qualitatively by Figure 10. The impression of con- 
vection adjacent to the melt/crystal interface on radial segrega- 
tion Ac was accentuated by the changes caused by the formation 
of the secondary flow cell adjacent to it with increasing Rayleigh 
number Ra,. 

Quantitative prediction of convection and solute segregation 
in any melt growth system requires careful control of the ther- 
mal boundary conditions that define the driving forces for the 
flow. Adornato and Brown (1987a,b) refined the finite-ele- 
ment/Newton method (1987b) and extended it to included cal- 
culation of heat transfer in the ampoule (19873) and thermoscj- 
lutal convection driven by both temperature and concentration 
gradients. Results are reported there for the growth of gallium- 
doped germanium in the Bridgman-Stockbarger furnace of 
Wang (1984) and the growth of silicon-germanium alloys in the 
constant gradient furnace designed by Rouzaud et al. (1985). 

Samples of the isotherms and convection patterns computed 
for the Bridgman-Stockbarber system of Wang are reproduced 
as Figure 16. The results are shown in a frame of reference in 
which the melt/crystal interface is stationary and melt and crys- 
tal are translated downward a t  the growth rate Vg. The temper- 
ature field shows two distinct regions for the radial temperature 
gradients. Near the interface the temperature is highest a t  the 
center of the ampoule because of the higher thermal conductiv- 
ity of the melt and the intermediate value of the conductivity of 
the boron nitride ampoule; the sign of the radial temperature 
gradient is reversed near the junction of the hot and adiabatic 
zones for the reason discussed above. Only the uniaxial convec- 

c '21.02 

- 

c 
0 
L 

I- 

7- 

w 

0 N 

II 

0 

c 

0 D 

z1 
U 

c 
0 
I 

I- 

' W  . z  
0 

' N  

u - 
. t -  
a 

, m  
. a  

a 
- 

. o  

Figure 17. Solute concentration fields for growth of GaGe in the system described in Figure 16. 
GrowthrateV,-4rmfs 

AICbE Journal June 1988 Vol. 34, NO. 6 899 



tion caused by solidification is present for Rat < 1 x lo5; how- 
ever, two toriodal flow cells driven in opposite directions by the 
temperature field are seen for higher values of Rat. The cells 
intensify with increasing Rat to the point that the streamlines 
corresponding to the growth velocity (V, = 4 pm/s in this case) 
are confined to thin layers along the periphery of the cells. 

Solute concentration fields are shown as Fig. 17 for the flows 
in Fig. 16. The diffusion-controlled profile for unidirectional so- 
lidification is unmistakable in the result for Rat = l x los. 
Radial segregation is present even without extensive bulk con- 
vection (note the intersection of isoconcentration curves with the 
solidification interface) because of the curvature of the melt/ 
crystal interface. Mixing caused by the cellular flows is obvious 
for the higher Rayleigh numbers, and increases the radial segre- 
gation. At Rat = 10 x lo7 cores of constant solute composition 
are forming within the flow cells separated by boundary and 
internal layers. Calculations of the solute field for convection 
levels up to the value of Rat = 2 x lo8 appropriate for Wang’s 
furnace are impossible with the finite element mesh used in this 
analysis because of under resolution of these layers. 

The radial segregation predicted by these calculations is 
shown in Fig. 18 for three growth rates and the range of Rat for 
which computations were possible. The transitions described by 
Fig. 10 are apparent. Measurements of Wang (1984) for radial 
segregation of gallium also are shown in this figure and compar- 
ison demonstrates that convection of this system in controlled by 
intense laminar convection. Adornato and Brown (1987a) at- 
tempted to extrapolate the computational results for radial 
segregation to the Rayleigh number appropriate for the real fur- 
nace by using the power-law scaling suggested by the boundary- 
layer analysis described previously. The results for Ac agree to 
within 6 3 0 %  for the three growth rates, without any attempt to 
adjust the thermophysical properties of the system beyond an 
initial calibration of the furnace temperature profile. More 
importantly, the exponent for the proportionality to Pe, ranged 
from 0.28 to 0.30 when the velocity scale was taken as that for a 
vertical buoyant boundary layer (Acrivos, 1966) so that 
V, - [g@R*(AT),]’ / ’ ,  where p is the coefficient of thermal 
expansion and ( A T ) ,  is the characteristic radial temperature 
difference driving the flow. These values are in reasonable 
agreement with the simple asymptotic theory presented earlier. 

Transitions to three-dimensional, time-periodic, and chaotic 
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Figure 18. Radical segregation Ac as a function of Ra,for 
growth of GaGe in furnace described by Fig- 
ures 15 and 16. 
0 Results of experiments by Wang (1984) 

flows do occur in vertical Bridgman growth systems for higher 
convection levels with melt above solid or when the melt is below 
the crystal, so that the axial temperature gradient leads to an 
unstably stratified melt (Kim et al., 1972); see the discussion in 
(Brown, 1987). The implementation of an imposed axial mag- 
netic field removes these oscillations (Kim, 1982) and reduces 
the motion to laminar. Several investigators have analyzed the 
impact of the magnetic field on solute segregation in Bridgman 
growth numerically (Oreper and Szekely, 1983, 1984; Kim et 
al., 1988) and asymptotically (Kim et al., 1988). The structure 
of the asymptotic analysis follows the work of Hjellming and 
Walker (1986), as discussed earlier. 

The flows and the consequent solute segregation caused by 
thermosolutal convection in nondilute alloys is only beginning to 
be explored by experimental and computational. Recent results 
are discussed by Brown (1987). 

Czochralski Crystal Growth: A Case Study of a 
Meniscus-Defined Growth System 

The presence of the meniscus in Czochralski (CZ) growth 
brings new dimensions to the problems of optimization and con- 
trol, as well as analysis of transport processes. Because of its rel- 
atively enormous industrial significance, C Z  growth has re- 
ceived the most attention of any melt growth method. Also, the 
distinctions made using Figure 3 between different levels of 
modeling are most clear in the discussion of Czochralski crystal 
growth. The discussion here focuses on analysis of macroscopic 
transport processes and their influence on design and control of 
a C Z  growth system. 

Understanding of the onset of microstructured crystal growth 
also is very relevant to C Z  systems, especially for the growth of 
heavily doped crystals, as in the case of adding indium to GaAs 
for lowering the dislocation density, discussed earlier in regard 
to defect formation in the crystal. Here segregation of indium 
into the melt during growth in a LEC system eventually leads to 
morphological instability, as documented by Ono et al. (1986). 

Meniscus shape 
Figure 6 shows a schematic representation of the inner por- 

tion of a C Z  furnace formed by the melt, crystal, and crucible. 
The crystal is attached to the melt by the melt/ambient menis- 
cus denoted here by dD,. Neglecting traction caused by hydro- 
dynamic forces (a good assumption for semiconductor melts 
with high surface tensions and low viscosities) the interface 
shape shown in Figure 6 as z = f ( r ,  8, t ) ,  is set by a balance of 
capillary force with gravity, by the radius and height of the crys- 
tal, by the wetting of melt on the crucible, and by the wetting 
condition at  the melt/crystal/ambient trijunction.The hypothe- 
sis for the wetting condition a t  this trijunction is that a constant 
angle do, shown in Figure 6, is formed between the tangents to 
the local melt/ambient and crystal/ambient surfaces. This an- 
gle is independent of growth rate and other macroscopic param- 
eters. The concept of a wetting angle was first proposed by Her- 
ring (1951) for descibing crystal sintering and was adapted by 
Bardsley et al. (1974) for meniscus-defined crystal growth. The 
theoretical justification for such an angle hinges on the same 
arguments used to describe equilibrium contact angles formed 
at  the trijunction of a liquid on an inert solid; see the discussion 
in chapter 8 of Rowlinson and Widom (1 982). The use of local 
equilibrium in the description of this point is more restrictive in 
the solidification process because of the dynamic phase transfor- 
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mation that must be proceeding on even a molecular level near 
the trijunction. The implications of nonequilibrium microscopic 
processes and bulk hydrodynamics on this angle are not under- 
stood. 

Experimental justification for specification of the angle a t  the 
point of three-phase contact comes from the results of Surek and 
Chalmers (1975) and others that verify that a particular value 
of do measured macroscopically can be associated with crystal 
growth of a material in a specific crystallographic orientation 
and that do is roughly independent of growth rate. 

The second justification for the angle condition comes from 
the necessity of this condition for determination of the radius of 
the crystal a t  the trijunction as a function of heat transfer condi- 
tions and pull rate. This argument is simple. The dimensionless 
Young-Laplace equation of capillary statics gives the shape of 
an axisymmetric melt/ambient meniscus as 

where the radius of the crucible R, has been taken as the length 
scale and 50 = ApgR:/a is the Bond number or the square of 
the ratio of this scale to the capillary length 1, = (a/pg)’”. The 
lefthand side of Eq. 35 is the local mean curvature of the menis- 
cus. The constant A, is a dimensionless reference value of the 
pressure difference across the meniscus if the curvature is zero 
and is determined by the constraint that the melt encloses a 
fixed volume. Equation 35 is a nonlinear second-order bounda- 
ry-value problem, which requires two boundary conditions for 
solution. For a nonwetting crucible material these are 

where the first condition specifies the joining of the meniscus 
and the crystal and the second is the wetting condition at  the 
crucible wall. The radius of the crystal a t  the trijunction R ( f ,  7) 
is left undetermined and must be set by an auxillary constraint, 
such as the wetting angle there. 

For growth of a crystal with shape R(z, T )  evolving in time the 
wetting angle condition is written in dimensionless form as 

and describes the relationship between the rate of change of the 
crystal radius a t  the trijunction and the deviation of the local 
angle from the equilibrium value do. In this expression +(7) is 
the dynamic angle formed between the local tangents to the 
melt/ambient and crystal/ambient surfaces, and VJT) is the 
dimensionless pull rate of the crystal. For steady state growth, 
Eq. 37 simple sets the angle with what must be a solid cylinder of 
constant radius. The importance of the dynamical form of Eq. 
31 is brought out in the next section. 

When the crucible is large enough that its wetting properties 
have no influence on meniscus shape, i.e., the meniscus becomes 
flat across the melt surface, the possible shapes come from the 
collection for unbounded asymmetric interfaces reported by 
Huh and Scriven (1969; also see Paddy, 1971). This is a good 
approximation for Czochralski growth of large crystals where 

the region of infleunce of surface tension (T, measured by the 
capillary length 1, = (a/pg)’/’, is approximately a centimeter. 
Hurle (1983) developed a closed-form approximation to these 
meniscus shapes, described by the shape function f(r), which is 
valid in this limit. 

Heat transfer analysis: thermal-capillary models 
Numerous analyses of various aspects of heat transfer in the 

C Z  system have been reported; many of these are referenced by 
either Kobayashi (1981) or Derby and Brown (1986b). The 
analyses vary in complexity and purpose from the simple one- 
dimensional or “fin approximations” designed to give order-of- 
magnitude estimates for the axial temperature gradient in the 
crystal (Billig, 1956), to complex system-oriented calculations 
designed for optimization of heater design and power require- 
ments (Williams and Reusser, 1983; Dupret e t  al., 1986). The 
later large-scale calculations include radiation between compo- 
nents of the heater and the crucible assemblies as well as con- 
duction and convection. 

The dynamics of the Czochralski system can only be 
described by heat transfer models that include the interaction of 
the shape of the meniscus-referred to as thermal-capillary 
models (TCM)-because only these give self-consistent deter- 
mination of the meniscus shape, crystal radius, and heat transfer 
in each phase. 

Billig (1956) realized this point and used a one-dimensional 
heat transfer analysis for the crystal with assumptions about the 
temperature field in the melt to derive the relationship. 

R - V: 

which has been heavily used in qualitative discussions of crystal 
growth dynamics. K.M. Kim et. al. (1983) presented the 
empirical correlation for silicon growth 

where A and B are constants that depend on the details of the 
system and are determined from experiments. 

Kobayashi ( 1  98 1) presented the first computer simulations 
that consider determination of the crystal radius as part of the 
analysis, but avoided the capillary problem by considering a flat 
melt/ambient surface, which is consistent with taking $o = 90”. 
Calculations were performed for a fixed crystal radius and then 
the growth rate was adjusted to balance the heat flux into the 
crystal. Crowley (1983) was the first to present numerical calcu- 
lations of a conduction-dominated heat transfer model for si- 
multaneous determination of the temperature fields in crystal 
and melt, and the shapes of the melt/crystal and melt/ambient 
surfaces for an idealized system with a melt pool so large that no 
interactions with the crucible are considered. She used a time- 
dependent formulation of the thermal-capillary model and com- 
puted the shape of an evolving crystal from a short initial config- 
uration. 

In a series of papers Derby and Brown (1986a, b, c, 1987, 
1988) developed a detailed TCM that includes calculation of the 
temperature field in the melt, crystal, and crucible, the location 
of the melt/crystal and melt/ambient surfaces, and the crystal 
shape. The analysis is based on a finite-element/Newton 
method that is described in detail by Derby and Brown (1987). 
The heat transfer model included conduction in each of the 
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phases and an idealized model for radiation from the crystal, 
melt, and crucible surfaces without systematic calculation of 
view factors and diffuse-gray radiative exchange. 

Results from a quasisteady-state model (QSSM) valid for 
long crystals and a constant melt level (assuming some form of 
automatic replenishment of melt to the crucible) verified the 
correlation in Eq. 39 for the dependence of radius on growth rate 
(Derby and Brown, 1986a) and predicted changes in the radius, 
the shape of the melt/crystal interface (a measure of radial tem- 
perature gradients in the crystal), and the axial temperature 
field with important control parameters such as the heater tem- 
perature and the level of melt in the crucible. Processing strate- 
gies for holding the radius and interface shape constant as the 
melt volume decreases through a typical batchwise growth cycle 
are presented by Derby and Brown (1986b), as computed by a 
strategy for augmenting the Newton method with the additional 
constraints for each control parameter. 

Sristava et al. (1985; Ramachandran and Dudokovic, 1985) 
extended the analysis of a QSSM to include diffuse-gray radia- 
tion by computing view factors by approximating the shapes of 
the crystal and melt by a few standard geometrical elements and 
incorporating analytical approximations to the view factors. 
Atherton et al. (1987) developed a scheme for self-consistent 
calculation of view factors and radiative fluxes within the finite- 
element framework and implemented this in the QSSM. Several 
of the results from this work are described here. 

Figure 19 shows sample isotherms and interface shapes pre- 
dicted by the QSSM for calculations with decreasing melt vol- 
ume in the crucible, as occurs in the batchwise process. Because 
the crystal pull rate and the heater temperature are maintained 
at constant values for this sequence, the crystal radius varies 

v, 5 3.9 

with the varying heat transfer in the system. Two effects are 
noticeable. First, decreasing the volume exposes the hot crucible 
wall to the crystal, thereby heating it and causing the decreasing 
radius seen for dimensionless melt volumes V, of 3.1 and 2.3. 
Second, heat transfer from the crucible to the melt becomes 
ineffective for low volumes, causing a decrease in the tempera- 
ture of the melt and an increase in the crystal radius. For the 
lowest volume, the melt temperature a t  the bottom of the cruci- 
ble drops below the melting point and a lump of solid forms a t  
the center; the growth is terminated in the simulation by the 
merging of this mass of solid with the melt/crystal interface. 
Either insulating or inputting heat along the bottom leads to a 
monotonic decrease in the radius to much lower melt volumes, 
with an almost linear relationship ( R  - V,)  when the bottom is 
heated. 

The results of the thermal-capillary models discussed so far 
have all neglected the influence of convection in the melt in 
transporting heat to the solidification interface. The status of 
convection calculations that neglect the coupling to global heat 
transfer and capillary consideration is discussed following the 
next section. The union of thermal-capillary analysis with 
detailed convection calculations is also discussed in the subsec- 
tion on melt flow. 

Process stability and control 
Operationally, automatic control of the crystal radius by 

varying either the input power to the heater or the crystal pull 
rate has been necessary for the reproducible growth of crystals 
with constant radius. Techniques for automatic diameter con- 
trol have been utilized since the establishment of Czochralski 
growth with either optical imaging of the crystal or direct mea- 

V, 5 3.1 V, = 2.3 V, - 1.5 

Figure 19. Sample isotherms and interface shapes computed for the QSSM for CZ crystal growth (Atherton et at., 
1987). 
Model includes detailed radiation between surfaces of melt, crystal, and crucible 
Isotherms spaced at 10 K increments in melt and at 30 K increments in other phases 
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surement of the crystal weight used to determine the instanta- 
neous radius. Hurle (1977) reviews the techniques currently 
used for sensing the radius. Bardsley et al. (1977a, b) describe 
control based on measurement of the crystal weight. 

The details of the control strategy have received much less 
attention. The theoretical (Steel and Hill, 1975) and experimen- 
tal (Hurle et al., 1986) analyses of the transfer function for CZ 
growth are notable exceptions. Algorithms for model-based con- 
trol are just being developed and are discussed below. 

The implementation of a control algorithm using any sensing 
technology depends on the dominant dynamics of the Czoch- 
ralski process, especially the stability of the process to perturba- 
tions in the thermal field and the interface shapes and the batch- 
wise transient introduced by the decreasing melt volume. The 
control strategies differ substantially according to whether the 
process is stable or inherently unstable. This issue is discussed 
here in terms of the several notions for stability introduced by 
Hurle (1985) that are relevant to meniscus-defined crystal 
growth. Three types of instabilities are distinguished according 
to the time scales for the disturbances; these are capillary insta- 
bilities of the meniscus, dynamic instability of the entire ther- 
mal-capillary system, and convective instabilities of the melt. 
The first two mechanisms are discussed below. Convective insta- 
bilities are considered in the next section. 

First, the meniscus shape may become unstable in the sense 
that small perturbations to it cause the melt to separate from the 
crystal on the time scale of a capillary-induced motion of the 
surface. This time scale is proportional to the capillary wave 
speed, which is a few seconds for the thermophysical properties 
of molten silicon. The capillary stability of menisci shapes 
important in C Z  growth is analyzed by several authors (Mika 
and Uelhoff, 1975; Boucher and Kent, 1977) using arguments 
from energy stability theory for equilibrium configurations. Me- 
niscus shapes that are stable to capillary instabilities are feasible 
for a range of contact angles and interface heights. 

Surek (1976; Surek et al., 1980) introduces the notion of “dy- 
namic stability” for meniscus-defined crystal growth systems. 
He considers the question of whether a meniscus-defined growth 
system subjected to a perturbation to the crystal shape a t  fixed 
pull rate will return to the initial shape or diverge unstably away 
from it. The concept of dynamic stability does not consider the 
effect of the batchwise drop in the melt volume on the evolution 
of the perturbation, even though the time scale for the decreas- 
ing melt volume and for the growth of the crystal are essentially 
the same except when the crucible is much larger in diameter 
than the crystal being grown. 

The initial analysis of Surek (1976) considers the influence of 
the wetting condition at  the trijunction, Eq. (37) and the Young- 
Laplace equation for meniscus shape, but neglects the influence 
of heat transfer on the dynamics of the system. Without heat 
transport the location of the melting point isotherm is unspeci- 
fied, so the dynamics of the height of the trijunction h(f, 7 )  is 
unknown. On the basis of an isothermal analysis, Surek shows 
that the floating zone techniques and die-defined methods for 
growth of thin solid sheets are stable to perturbations in the 
meniscus height, but that the CZ method is inherently unstable. 
Refinements to the analysis that include simple descriptions of 
the interactions between heat transfer and the meniscus height 
show that conditions exist for stable operation (Tatarchenko and 
Brenner, 1980; Surek et  al., 1980) without considering batch- 
wise transients. 

Integration of a time-dependent thermal-capillary model for 
CZ growth (Derby and Brown, 1987; Derby et al., 1988) also 
has illuminated the idea of dynamic stability. Derby and Brown 
(1987) first constructed a time-dependent TCM that included 
the transients associated with conduction in each phase, the evo- 
lution of the crystal shape in time, and the decreasing of the melt 
level caused by conservation of volume, but idealized radiation 
to a uniform ambient. The technique for implicit numerical 
integration of the transient model was built around the 
finite-element/Newton method used for the QSSM. Linear and 
nonlinear stability calculations for the solutions of the QSSM 
(neglecting the batchwise transient) showed the CZ method to 
be dynamically stable; small perturbations in the system at  fixed 
operating parameters decayed in time and changes in the 
parameters caused evolution of the process to the expected new 
solutions of the QSSM. The stability of the CZ process has been 
at  least partially verified experimentally by the uncontrolled, 
stable growth of small-diameter germanium (Robertson and 
Young, 1975) and silicon crystals (M. Wargo, private communi- 
cation, Massachusetts Institute of Technology). 

Atherton et al. (1987; also see Derby et al., 1988) have 
expanded the calculations with the dynamic model to include 
diffuse-gray radiation between components of the enclosure and 
have reached essentially the same conclusions regarding the sta- 
bility of the process. However, they discovered a new mecha- 
nism for damped oscillation of the crystal radius caused by the 
radiative interaction between the crystal surface just above the 
melt level and the hot crucible wall. These oscillations are espe- 
cially apparent when the vertical temperature gradient in the 
crystal is low, so that radiative heat transport has a dominating 
influence. 

The dynamic stability of the quasisteady-state process sug- 
gests that active control of the CZ system only has to account for 
random disturbances to the system about its set point and for 
the batchwise transient caused by the decreasing melt volume. 
Derby and Brown (1987) implemented a simple proportional- 
integral (PI) controller that coupled the crystal radius to a set 
point temperature for the heater in an effort to control the 
dynamic CZ model with idealized radiation. Figure 20 shows 
the shapes of the crystal and melt predicted without control, 
with purely integral control, and with PI control. The oscilla- 
tions in the radius about the set point predicted with integral 
control are not unexpected. Oscillations in control of systems 
governed by linear models (Stephanopoulos, 1984) and the 
occurrence of Hopf bifurcations in nonlinear models (Chang 
and Chen, 1984) have both been predicted with integral control. 
Indeed, the oscillations shown for PI control are anticipated 
from the appearance of a Hopf bifurcation in the QSSM with 
increasing gain of the integral part of the controller (Derby and 
Brown, 1987). Simple PI control removes the oscillations and 
leads to a constant radius throughout a large portion of the 
growth run. Atherton et al. (1987) have extended these calcula- 
tions to included diffuse-gray radiation and have shown that PI 
control of the crystal radius is much more difficult there because 
the increasing influence of radiation a t  the melt level drops 
causes a single set of gain values to be inappropriate for the 
whole growth run. 

It remains to be shown that the dynamics predicted by ther- 
mal-capillary models adequately represents a real CZ system. A 
first step in this direction has been taken by Thomas et al. 
(1988) by a direct comparison between predictions of a dynamic 
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Figure 20. Isotherms and interface shapes for time 7 = 1.0 for batchwise simulations of CZ growth. 
Results shown for uncontrolled, integral control, and PI control simulations; isotherms spaced as in Figure 19. 
The integral (g,) and proportional (g,) gains for each simulation are listed. 
From Atherton et al. (1987) 

TCM for liquid-encapsulated C Z  growth of GaAs to the 
response of an experimental system using a large (2 kGauss) 
axial magnetic field. The pull rate and heater temperature in the 
calculation are varied with time according to prescribed histo- 
ries taken from experimental data. The shape of the crystal and 
the temperature field predicted by the simulation are shown in 
Figure 21 as a function of time during the batch process. The 
shape of the crystal agrees qualitatively with that produced in 
the experiment. The quantitative value of the radius a t  any time 
is within 30% of the experimental value; this difference is well 
within the error caused by uncertainties in the experiment and 
by poor knowledge of thermophysical property data used in 
the model. 

Convection and segregation 
Melt Flow. Although analysis of convection and segregation 

in Czochralski growth has received the most attention of any 
melt growth system, the large size of a typical puller and the 
presence of a meniscus make the simulations the most difficult 
of any system. The real flows in large-scale systems are most 
probably three-dimensional and temporally chaotic; detailed 
analysis of such motions stretches the limits of even the largest 
calculations performed today. 

Axisymmetric flow calculations that neglect the determina- 
tion of the shapes of the melt/crystal and melt/ambient phase 
boundaries have been carried out by a number of investigators 
for some time. The results before 1985 are reviewed by Langlois 
(1985) and focus on the interactions of flows driven by crucible 
and crystal rotation, buoyancy, and surface-tension gradients. 
Starting with the initial calculations of Kobayashi (1978), most 
of these analyses have focused on predicting the multicellular 
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structure of the flows caused by combinations of various driving 
forces. 

More recent simulations concentrate on the onset of time- 
periodic convection, which marks the onset of a dominant mech- 
anism for dopant striations in the crystal and on the effect of an 
imposed magnetic field on this transition. Crochet et al. (1983) 
first computed the onset of an axisymmetric time-periodic mo- 
tion in CZ flow driven by heating of the sidewall. The flow 
is caused by the competition between flow cells created by an 
instability that leads to separation of the hydrodynamic 
boundary layer along the crucible sidewall. Accurate calcula- 

0 Hrs 4 Hrs 8 Hrs 

Figure 21. isotherms and interface shapes for selected 
times during batchwise simulations of GaAs 
crystal in LEC growth. 
From Thomas et al. (1988) 
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tions must resolve this boundary layer. A simulation reported by 
Crochet et al. is represented by the plot in Figure 22 of the 
kinetic energy in the flow as a function of time for Gr = 
g/3(TWaI, - T, )R2/v2 = 1 x lo', where Tw,,,is theconstant tem- 
perature of the crucible wall. The oscillations develop from some 
initial state and tend toward constant values of the amplitude 
and frequency. The flow patterns and temperature fields 
reported by Crochet et al. for several different times in this sim- 
ulation are shown in Figure 23. The interaction between the two 
largest torodial vortices is apparent. 

Patera and Tangborn (see Tangborn, 1987) has reproduced 
the oscillations seen by Crochet et al. using a spectral-element 
simulation with flat phase boundaries. They demonstrated that 
underresolution of the boundary layer leads to spurious oscilla- 
tions at  lower Grashof numbers. Others have computed un- 
steady convection in a similar model for axisymmetric convec- 
tion in C Z  bulk flow. 

Langlois (1982, 1984) first demonstrated numerically the ex- 
perimentally seen damping of convection caused by an imposed 
axial magnetic field on unsteady convection and the possibility 
of achieving steady, axisymmetric flows. Mihelcic and Wine- 
grath (1985) and Tangborn (1987) have presented similar 
results with more emphasis on the transition between steady and 
oscillatory flow caused by increasing the magnetic field 
strength. Increasing the field beyond the level necessary to sta- 
bilize the flow causes decreased mixing in the melt and leads to 
radial nonuniformity of dopants in the crystal, as would be the 
case for weak convective mixing indicated by Figure 10. 
Opreper and Szekely (1983) documented this effect and 
Hjellming and Walker (1986) presented asymptotic analysis for 
the flow and temperature fields in this limit. 

Numerical simulations that combine the details of the ther- 
mal-capillary models described previously with the calculation 
of convection in the melt should have the capability of giving 
predictive analysis of the heat transfer in the C Z  system. Sack- 
inger et al. (1988b) have added the calculation of steady-state, 
axisymmetric convection in the melt to the thermal-capillary 
model for quasisteady-state growth of a long cylindrical crystal. 
The calculations include melt motion driven by buoyancy, sur- 
face-tension, and crucible and crystal rotation. Figure 24 shows 
sample calculations for growth of a 3 in. (7.6 cm) dia. silicon 
crystal as a function of the depth of the melt in the crucible. 

The radial temperature difference imposed by the heater 
arrangement drives a large torodial flow cell that moves up the 
wall and down toward the center of the crucible. For the deepest 
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Figure 22. Kinetic energy as a function of time in simula- 
tion of CZ bulk flow for Grashof number Gr = 

1 x 10'. 
From Crotchet et al. (1983) 
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Figure 23. Streamlines and isotherms for selected times 
during simulation shown in Figure 22. 

melt volumes the flow is separated along the wall. This steady 
axisymmetric motion is probably not stable. Time-periodic os- 
cillations caused by the instability of this separation have been 
reported a t  values of the Grashof number below the values that 
correspond to the calculations in Figure 24. Adding an axial 
magnetic field leads to reattachment of the flow cell to the wall 
of the crucible and to the flow structure predicted by Hjellming 
and Walker (1 986) a t  high field levels. 

The flow separation along the crucible sidewall disappears 
and separation along the bottom appears as the melt level is low- 
ered; this is shown in Figure 24. The melt/crystal interface 
deforms to be convex a t  the center of the crystal as it senses the 
cold crucible bottom with the decreasing melt depth. This inter- 
face flipping is well documented in experimental systems and is 
also seen in calculations based solely on conduction in the melt. 

Few calculations of three-dimensional convection in C Z  melts 
(or other systems) have been presented because of the prohib 

Figure 24. Streamlines and isotherms for growth of Si i 
a prototype CZ system. 
Results with self-consistent calculation of interface and crystal 
shapes using QSS TCM and the condition that the crystal radius 
remain constant 
Calculations are for decreasing melt volume; Grashof number Gr 
(scaled with maximum temperature difference in melt) varies 
between 1.0 x 10'and 2.0 x lo7 with decreasing melt volume 
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tive expense of such simulations. Mihelcic et al. (1984) have 
computed the effect of asymmetries in the heater temperature 
on the flow pattern and show that crystal rotation will eliminate 
three-dimensional convection driven by this mechanism. Re- 
cently, Tangborn and Patera (Tangborn, 1987) have used a 
spectral-element method combined with linear stability analysis 
to compute the stability of axisymmetric flows to three-dimen- 
sional instabilities. Such a stability calculation is the most essen- 
tial part of a three-dimensional analysis, since nonaxisymmetric 
flows are undesirable. 

Solute Transport. Burton et al. (1953b) originated the 
boundary layer analyses for solute transport in C Z  crystal 
growth described earlier, which has been the starting point for 
studying axial solute segregation in CZ growth. Wilson (1980b) 
has refined this analysis by including full numerical calculation 
of the self-similar velocity field due to crystal rotation instead of 
using the asymptotic approximation of Cochran (1934). Wilson 
(1980a, b) also uses the transient, self-similar velocity field 
caused by crystal rotation to analyze the time-dependent axial 
dopant striations caused by a fluctuating local growth rate. By 
simultaneous calculation of the flow and the solute field without 
(1980a) and with (1980b) accounting for the possible back- 
melting of the solid, she demonstrates periodic axial striations in 
the concentration field that are extremely similar to ones 
reported in C Z  growth for systems with poor thermal symmetry 
that resulted in growth rate fluctuations proportional to the 
crystal rotation rate (Carruthers and Witt, 1975). Earlier, 
Hurle et al. (1968) made the connection between dopant stria- 
tions and temperature oscillations using a simpler model. 

Analysis of solute transport in the presence of a magnetic 
field has received considerable attention. Hurle and Series 
(1985) (also see Cartwright et al., 1987) use the self-similar 
form of the velocity field near a rotating crystal as a framework 
for examining the role of an axial magnetic field in modifying 
axial segregation in the crystal. 

Lee et al. (1984) reported the only detailed calculations of 
solute transport in Czochralski growth for oxygen transport in 
the presence of an axially aligned magnetic field. Their results 
indicated that oxygen transport is slowed by the damping of con- 
vection and that the structure of the flow cells has a significant 
effect on the transfer rate, if the flow is steady. Hoshikawa et al. 
(1980) first demonstrated the control of oxygen concentration in 
CZ-grown silicon using an applied magnetic field also see Kim 
and Smetana (1986). More recent analysis by Kim and Langlois 
(1986) of boron transport in CZ growth with an axial magnetic 
field shows large radial variations in boron concentration when 
bulk convection is weak. Such large variations have been 
reported in several unpublished experimental studies. Hjellming 
and Walker (1987) have presented an asymptotic analysis valid 
for solute transport controlled by convection caused by crystal 
growth. 

Summary and Outlook 
Pioneering efforts in the understanding of transport processes 

in melt crystal growth have elucidated the fundamental mecha- 
nisms important in these systems and are the beginning of com- 
prehensive understanding of property/processing relationships 
for electronic materials. The segregation analysis of Burton, 
Prim, and Slichter, the analysis of the onset of morphological 
instabilities by Mullins and Sekerka, and the documentation of 
the transitions to chaotic convection in melt crystal growth by 

Witt and his collaborators are  examples of such seminal investi- 
gations. 

Each of these efforts has spawned nearly a generation of 
scientific exploration and engineering application of these con- 
cepts. As this paper indicates, the level of generic understanding 
of transport processes and macroscopic properties of the crystal 
is good. Even so, quantitative prediction of the performance of 
specific crystal growth systems and the design and optimization 
of these systems based solely on theoretical understanding is not 
yet feasible. The design of systems for specific materials still 
involves a great deal of experimental input and empiricism. The 
reasons for this limitation are many. 

First, the role of system design in the details of convection and 
soli.te segregation in industrial-scale crystal growth systems has 
not been adequately studied. This deficiency is mostly due to the 
fact that numerical simulations of the three-dimensional, 
weakly turbulent convection present in these systems are a t  the 
very limit of what is computationally feasible today. New devel- 
opnients in computational power may lift this limitation. Also, 
the extensive use of applied magnetic fields to control the inten- 
sity of the convection makes the calculations much more fea- 
siblc. 

Even if the extensive calculations needed to parameterize the 
depzndence of segregation and heat transfer on operating condi- 
tions can be performed, they may not be justified in the sense 
that the results cannot be supported either by the level of quanti- 
tative characterization of a typical crystal growth system or by 
the accuracy of the data base for the thermophysical properties 
of exotic semiconductor alloys, especially under high-tempera- 
ture processing conditions. The first deficiency requires exten- 
sive developments in the technology of sensors for monitoring 
variables during the crystal growth process+.g., the tempera- 
ture gradients in the crystal, which are directly responsible for 
defect generation in the solid. It is becoming clear that charac- 
terization of the thermophysical properties of these materials is 
a prerequisite for accurate understanding of the processing con- 
ditions for any melt crystal growth system. 

The most conspicuous shortcomings of modern theory of crys- 
tal growth appear when the links between macroscopic process- 
ing conditions and the formation of crystalline defects are con- 
sidered. Other than the intuition derived by applying linear 
thermoelasticity theory to the calculation of stress fields in the 
cooling solids, no guidelines exist for designing growth systems. 
Elucidating the mechanisms of defect formation and the impor- 
tance of the chemistry of the melt and hence transport processes 
in these mechanisms are important frontiers in materials pro- 
cessing of electronic materials. 
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Notation 
B = magnetic field 

B, = magnitude of magnetic field 
c(x, D t )  = dimensionless concentration field 

c, = far field level of concentration 
c* = characteristic concentration scale 
D = molecular diffusivity of solute in melt 
eg = unit vector in direction of gravity 

f ( r )  = dimensionless meniscus shape function 
Fb(x) = dimensionless applied body force field 
F,(x) = dimensionless surface force 

g = acceleration of gravity 
G = dimensionless axial temperature gradient 

H = dimensionless mean curvature of interface 
k = equilibrium partition coefficient, Eq. 1 

k ,  = effective segregation coefficient 
k i  = thermal conductivity of phase i 
I ,  = capillary length, (u/p,g)’/* 

m = dimensionless slope of liquids curve 
n = unit normal vector to melt/ambient meniscus 

N = unit normal vector to melt/crystal interface 

h(r)  = dimensionless melt/crystal interface shape function 

L*,  L = characteristic length scale 

p ( x ,  t )  = dimensionless pressure field 
r = dimensionless radial coordinate 

R = dimensionless crystal radius 
t = dimensionless time 
t = unit tangent vector to melt/ambient meniscus 
T = unit tangent vector to melt/crystal interface 

T(x, t )  = dimensionless temperature field 
T,,, = melting temperature 
T* = characteristic temperature scale 

v(x, t )  = dimensionless velocity field 
Vp = growth rate 
V, = velocity scale for bulk motion 

V *  = characteristic velocity scale 
V,(x,  t )  = dimensionless velocity of solid surfaces 

x = vector of dimensionless coordinates 
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