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Stability and Servo-Control 
of the Crystal Pulling Process 

by 

TOM HENNING JOHANSEN 

Department of Physics, University of Oslo, P.O. Box 1048, Blindern, 
0316 Oslo 3, Norway. 

Preface 

This is the written version of a talk presented February 1988 at the 
Department of Physics, University of Oslo, as a compulsory lecture for 
the dr. philos, degree. It was not the intention to give a broad over
view of the extensive activity in the field of crystal pulling. Instead, I 
concentrated on analyzing why the crystal pulling process needs servo-
control, and how it can be implemented. Special emphasis was put on 
the fundamental question of inherent stability, and how to interpret the 
signal from a balance when the weighing method is used for crystal 
diameter detection. 
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Introduction 
The production of materials in the form of single crystals is a cornerstone underlying 
much of the technological achievements of our modern world. Over the years, and in 
particular since the birth of the transistor about 40 years ago, crystal growth techniques 
have constantly been invented and refined in order to meet the needs for basic research 
and a vast variety of applications. The production methods can be classified into three 
categories; 

- growth from melt 

- growth from solution 

- growth from vapor phase 

I will in this talk be concerned with the melt growth technique that today is the most 
important and widely used, namely the crystal pulling or Czochralski method. I assume 
that this technique is not well-known to everyone in this audience, and I shall therefore 
as an introduction give an outline of the key features of the pulling process. 

The original apparatus of J. Czochralski which was published in 1917 can be seen on 
Figure 1. It was designed for the purpose of measuring the speed of crystallization of low 
melting point metals such as tin, lead and zinc.'1' 

cr 

Figure 1: J. Czochralski's apparatus 
from 2917. 

The molten material was contained in a charcoal crucible (H). Growth was initiated 
by dipping a hooked capillary tube (M) into the melt. The tube was pulled up on a silk 
thread (F) by a clockwork motor (U). The rate of pulling, i.e., the growth velocity of 
the metal wire (K) could be measured by reading off the scale (MS). By this equipment 
Czochralski was able to pull crystalline wires up to 1 mm in diameter. 
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The experimental method of Czochralski found, however, only limited use until some 
scientists working in the electronics industry in 1948 got the idea of producing single 
crystal Ge and Si by pulling from melt. Credit for this belongs to G.K. Teal, J,B. Little, 
and E. Biihler at the Bell Laboratories. They introduced a number of new elements in 
their growth method, which can be seen schematically on Figure 2. The most significant 
developments were 

(i) the use of a seed crystal to define the ciystallographic orientation of the pulled 
material; 

(ii) the control of the crystal shape, i.e., increasing its diameter from that of the seed, 
by use of temperature control of the melt; 

Figure 2; Elements of a modern crystal puller (left), and some Si single crystals produced by 
the Bell Lab. group in the early 1950s (right). 

Today, about SO % of all silicon used in electronic devices is being produced by the 
same basic method. Furthermore, the pulling technique is now providing crystals from a 
long and still expanding menu of other materials. The photo below shows six examples 
of crystals of oxides, which today are used for laser materials, magnetic bubble devices, 
etc. 

What are the advantages of the pulling method that have made it so popular, both 
in industry and in basic research? 

As in all variants of melt growth, it allows a high speed of crystallization. This is 
because the rate is not limited by mass transport processes, which is the case in the 
other growth categories. In crystal pulling the material is at the right place at the right 
time, so to speak, and 'all' that is required is for the atoms to pack properly to form the 
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ordered structure of a single crystal. Obviously, this potential for a high production rate 
is attractive from a commercial point of view. 

Figure 3: Single crystals of {a.) og (c) G<f3Ca5Oi2, (b) LiTaOi, (d) Nd3GasOl2, (e) 5m 3Ga 5Oi 2, 
and (?) Gd3Sc2Al3Ol2 (from ref.2). 

Compared to other melt growth methods, such as normal freezing and zone melting, 
the pulling technique has the major advantage that a crystal can be grown, and later 
cooled to room temperature, without any external confinement. Thus, it accomodates the 
considerable material deformation associated with solidification and large temperature 
changes. The pulling method is therefore capable of producing crystals with a minimum 
of built-in stress, and materials of a very high structural perfection can be achieved. 

It is clear, however, that the lack of mechanical constraints has not favourable con
sequences only. It also represents a sacrifice. Growth from a free melt surface is highly 
sensitive to fluctuations in the experimental conditions. Thus, there is a strong require
ment of continuous supervision and precise regulation to be able to run the process for 
extended periods of time. The ability to control crystal pulling automatically, and by 
that making it a versatile and efficient technique, has been of primary concern among 
the crystal growth community in recent years. 

In what follows, I will try to reflect some of the activity going on in the field. Special 
emphasis will be put on a few central topics, namely the fundamental question of 

• inherent stability of the pulling process. 

Analysis of the inherent stability is not merely an academic exercise, but the issue has 
important ramifications. If the process is, or can be made, inherently stable, a controller 
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needs only compensate for slow variations in the thermal conditions over the time as 
the melt level drops and the crystal is pulled away from the melt, i.e., adjust for the 
batchwise nature of the process. On the other hand, for an unstable system, one must 
choose a control strategy that counteracts a much wider spectrum of perturbations. 

Secondly, we will discuss 

• how to observe the dynamics of the growth interface in real-time. 

Successful servo-control depends critically upon the on-line performance of the monitor
ing system. The task of finding a measurable quantity who's time variation adequately 
represents the developing crystal shape is a non-trivial one. 

The Geometry of the Growth Zone — The Meniscus 

To gain insight into these problems we must focus the attention on the physics of the 
melt meniscus formed between the growth interface and the bulk part of the meit. First 
of all, it is clear that the very shape of the meniscus is a main controlling factor for the 
time evolution of the crystal profile. Let us therefore start by finding the geometry of 
such a . .iipillary system. 

Because of the rotation of the crystal relative to the melt, the rim of the growth 
interface approximates a circle. Thus, ideally the meniscus is axisymmetric. In that 
case, the energy associated with its formation can be written on a simple form where two 
components contribute; a surface term 

E, = <r f dA = cr I 2jrr\/l + T1* dz , (1) 

where a is the surface energy per unit area, and a potential energy 

Ep = g I zdm = pig I zxr2 dz , (2) 

where g is the gravitational acceleration and PL is the mass density of the liquid. 
The equilibrium shape, r = T(Z), is then determined by minimizing the total energy 

E = npL9 I ( a 2 r \ / l + T" + zr2)dz = minimum , (3) 
Jo 

where 
•• fains 

is the capillary length (Laplaces constant). 
Zero variation, 8E = 0, is ensured when the integrand / satisfies the Euler-Lagrange 

equation 
91 d dl n 

e-r-Tzd? = 0' W 
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which gives 1 

1 1z 
(1 +,.'2)3/2 r ( 1 + rfl)l/2 a 2 • ( 5 ) 

This is the Euler-Laplace equation, which must be solved with the two boundary condi

tions 

r(0) = oo and r(ft) = R. 

. z 
—-si ^ ^ 

, - -

}\ 
% 1 „ Å 

/ i r9^=--^ 

° R r 

Figure 4: The axisymmetric meniscus attached to a cylindrical crystal. 

The exact solution to this problem has not yet been found. However, a simple trans

formation of the differential equation can be useful to obtain the vital information, that 

is the relation between the meniscus height, h, the crystal radius, R, and the melt contact 

angle, 8L, at the three-phase junction. Using that 

dr/dz — — tan 8 , 

where 8 is the slope angle of the meniscus profile, the eq.(5) becomes 

d cos 9 cos 8 2£ 
«2 dr (6) 

cos# 
dz. (-) 

Two of these terms can be integrated, giving 

To arrive at an approximate meniscus 'equation-of-state', h = h(R,8i), we note that 

the main contribution to the intergral comes from the region close to z = h. Thus, we 

set r = R, and substitute for cosff the expression obtained from eq.(7) when the integral 

is neglected, 

cosfl = (z/a)\J2 - (z/a)2 , 

'This equation is the explicite form of the general Laplace-Young formula that describes capillary 
phenomena in term* of the two principal radii of curvature, Rt and JZa, and a surface tension, a, which 
give* rise to a capillary pressure, Ap = <r(Æfl + Rf1)-
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which in fact is the exact solution for a meniscus against a planar wall. By now performing 
the integration one gets 

er l-sinØL + 
2V2a 

ZR ( - & • ) " " - (8) 

which is a relation first derived by Ferguson.'3' When the bracket is expanded to first 
order in {hjaj2 one obtains 

a/y/2RJ 0) 

The simple formula gives a surprisingly good description of the Czochralski meniscus. 
This can be seen from a comparison with the numerical solution found by Mica and 
Uelhoff.'4' Figure 5 displays the meniscus height as function of contact angle for some 
selected values of the crystal radius. We find a nice agreement between the analytical 
approximation (full curve) and the numerical result (broken curve) even for the smallest 
radius R = a/2-</2 as long as Or, is not too close to the large negative values that gives 
meniscus break-off. The capillary length, a, is typically a few millimetres, and eq.(9) is 
therefore applicable to most practical pulling conditions. 

0 20 

BL (deg) 
Figure 5: Numerical and analytical result for the meniscus height versus contact angle for 
R/a = l/2x/2 (lowest curve), l/\/5, 2/\/5 and 5/\/2 (top curve) . 

Of special importance are of course the particular states of the system where the 
growing crystal develops the shape of a right cylinder. Initially, it was expected that 
this occurs when the contact angle $i is zero. However, an experimental study of Ge by 
Antonov'5' indicated that this angle, which we now denote as 0°L, can be non-zero. Later, 
precise measurements have shown that a large number of semiconductor materials have 
a well-defined positive 9°L, where e.g., 0£(Ge) = 13°, 9%(Si) = 11°, and 6°L(GaAs) = 15°. 
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This particular angle defines the border line that separates the states of increasing 
and decreasing crystal diameter. If #£ is larger than 0£ the diameter expands, while if 
0L is smaller the crystal becomes thinner. In fact, one has found'6' that as the crystal 
grows away from a right cylinder shape, its slope angle 9s at the interface follows the 
simple law 

es = eL-e°L = A8L. (10) 

Now, to get a feeling of the sensitivity of the pulling process, we can calculate the 
amount of change in meniscus height that will cause, say, a 1° change in 9s. It is given 

»*(£).£• <"> 
and by using eq.(9) one finds Sh = 10 — 50/jm. Thus, only very small fluctuations in the 
motion of the interface relative to the melt can be tolerated. 

This brings us over to the question of dynamic stability, i.e., what happens to the 
process if it is disturbed by an arbitrary but small perturbation? Will a disturbance be 
damped, or will it grow with time? An answer here requires an analysis of the transient 
behaviour of the system. 

Inherent Stability 
Surek's Instability Argument 

SL <• «2 L 

»<. = 1 
«i. > 1 

i i i i i c 
R 

Figure 6: The behaviour of the meniscus in response to a sadden increase, 6k, in the meniscus 
height. 

Surek has addressed'7) the question of inherent stability, and given a simple argument 
that is based on pure capillary considerations. The line of reasoning is qualitative and 
often quoted. It goes as follows: 
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From the meniscus equation h = h(R,6i,) one can draw the plot in the above figure, 
which shows three meniscus height versus crystal radius curves; one corresponding to 
right cylinder growth, one for increasing diameter, and one for decreasing diameter. 
Let the system initially be in a stationary state (A) located on the 0^ = 91 curve, 
where the growth in crystal length just balances the pulling motion. Assume that the 
state is perturbed by a sudden increase in meniscus height, e.g., caused by a mechanical 
disturbance. This lowers the contact angle, and shifts the state to (B) where 0/, < 9°L. 
As the growth continues, the immediate response will be a reduction in the crystal radius 
towards (B'), which in turn corresponds to an even smaller #/,. Consequently, the system 
is not self-correcting, i.e., crystal pulling is inherently unstable, a conclusion which many 
crystal growers would be ready to support! The argument is quite similar for the transient 
following a decrease in the meniscus height (A—C—C). 

Evaluat ion of t he T ime Constant 

From a practical point of view it is of interest to determine the time scale associated 
with the instability. This requires a Quantitative calculation of the response. Consider 
therefore again a small step in meniscus height, Sh, with a corresponding shift in contact 
angle S8L from the value 8°L. The subsequent development of BL can be found using the 
general differential form of the equation Oi = Oc(R,h), 

The rate of change in R and h are related to other motions in the system by 

R = vsUnSs, (13) 

and 
h = vp- vg , (14) 

where vp and vg are the velocities of pulling and vertical grov/th, respectively. We are 
here neglecting the fall of the melt level. 

Close to stationary conditions one has 

tan «s=:»s = Afl t . 

Hence, to first order the eq.(12) becomes 

*l = *(£)>+(£)>-*>. (15) 

where (•)" means that the derivative is evaluated for the stationary slate. 
If thermal effects are absent, the growth velocity will remain unchanged after the 

perturbation, and if also the pulling motion continues as before one has v3 = vp. The 
last term in eq.(15) then vanishes, leaving simply 

^ = B > ( M ) ^ ' ( 1 6 ) 
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which is readily integrated. Since (d6i,ldR)°h > 0 one finds that the initial 68L will grow 
exponentially, and the time constant equals 

- l ( 1 + v ^ ) - ^ - (18) 
vp \ a J 1 - sin SI 

where eq.(9) has been used to get the last expression. 
For a crystal pulled with a radius equal to the capillary length one has approximately 
r = 2<z/vp, which for a typical pulling speed of vp = o/5min amounts to 10 minutes. 
As one can see from eq.(18), the time constant depends rather strongly upon the crystal 
radius, and it certainly indicates problems in controlling small diameter growth where r 
becomes small. 

I n c l u d i n g c o u p l i n g t o t h e T h e r m a l S y s t e m 

As Surek was well aware of, the previous analysis is an oversimplification because it 
neglects completely the changes in the thermal conditions induced by the perturbation. 
The central equation in this coupling is the balance in heat flux through the growth 
interface 

KLGL. + 9/ », = KsGs • (19) 

. Here GL and Gs are the temperature gradients on the liquid and solid side of the interface, 
and KL and A's are the respective thermal conductivities, q/ is the specific heat of fusion, 
so that its product with vg makes up the latent heat released by the solidification. Now, 
it is clear that our perturbation, the step in meniscus height (A—B in Figure 6) tends 
to isolate the growth interface from the hotter melt. Remember here that the interface 
represents the melting point isotherm, hence its temperature is fixed. The stretching of 
the meniscus therefore gives a lower GL, and consequently a higher growth velocity. An 
increase in vg implies h < 0, and the response (B—B') shifts to a sloping path (B—B"). 
It is therefore possible that the thermal coupling can turn the response into a restoring 
relaxation. Let us investigate this effect more closely. 

If the perturbation is sufficiently small, it is realistic to assume a linear relationship 
between the excitation, Ah(t), and the response in the growth velocity. On the most 
general form this is expressed by 

Avg(t) = f Ak{t') H(t - t') dt' , (20) 

where H(t) is a generalized susceptibility 
The remaining linearized equations for the problem are 

Ah = Avp - Avg , (21) 

AR = vp A$L , (22) 
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A8L = r"1 A9L + (jlf)° Ah . (23) 

Laplace transformation gives 
v„ = hH, (24) 

sh- Sh = -vg , (20) 

sR = vpSL, (26) 

^ = r ~ , * 1 + ( iBr) l ' R ' ( 2 7 ) 

where the transformed variable is indicated by a bar, such as h(s) = C{Ah(t)}, etc. We 
have here assumed that vp is kept constant, and used the initial conditions AR(t = 0) = 0, 
and 60L = (d9L/dh)°R Sh. 
The coupled equations can now be solved, and one finds 

Sh , (28) 
s + H 

h=j^Sh, (29) 

* = r r / ? J ^ ^ ' ( 3 0 ) 

The important result here is the presence of the pole at 5 = r - 1 in the solution for R 
and Si,. This pole implies that the time dependence of AR and A$L will involve terms 
proportional to Shexp(t/r), i.e., an amplification of the initial perturbation as in the 
case of no coupling. 

To scetch the flow of the transient in the h — R diagram an explicite form of H is 
needed. The following expression can serve as a reasonable approximation 

H <x (TGS + I)''. (32) 

This follows from eqs.(19) and (20) if one assumes that the time variation in the temper
ature gradient in the meniscus is described by 

which says that AGL varies according to a steady-state function G£(A), not instanta
neously, but delayed by a gradient redistribution time constant TQ. 
By now transforming back the eqs.(28)-(31) one can make the parametric plot of Ah(t) 
versus AR(t) shown in Figure 7. One observes here that although AR and A$t are 
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not stabilized by the thermal coupling, the meniscus height, in fact, decays back to its 
original value. 

Figure 7: The meniscus step-response for the ca* •. of a. thermal/capillary coupling. 

We will not pursue the question of inherent stability any further from here. Obvious 
improvements in the treatment would be an account of the coupling to radiative heat 
transfer and thermal conduction in the crystal. A conclusive answer will probably be 
given from future studies using computer simulations. Indeed, much effort is today being 
put into comprehensive numerical modelling. Derby and Brown are central names in 
that work.'*' What our analysis of the meniscus dynamics has shown, however, is that 
main thermal/capillary mechanisms give rise to unstable behaviour, and thus suggests a 
fundamental need for active control of the pulling process. 

Crystal Diameter Servo-Control 
Control Action 

To design a feedback control system for crystal shape regulation one must consider two 
basic elements. First, one will need a sensing device that gives a representative signal for 
the time variation of the crystal diameter, for in the next step to use this information to 
do what is necessary to compensate for unintended behaviour. 

The second part, i.e., the controlling action, is most commonly effected by adjust
ments in the heat power supplied to the melt. More power will after some timelag reduce 
the growth velocity, which causes the meniscus height to increase. This implies a smaller 
contact angle 81, and eventually the crystal grows thinner. The opposite results follows 
if the heat power is lowered. 

The diameter can be controlled also by adjusting the pulling speed, which we have 
seen couples directly to the rate of change in the meniscus height. Accidently, a variable 
pulling speed also modulates the impurity/dopant incorporation in the crystal, a situation 
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which one normally tries to avoid. However, this instant controlling action, has its obvious 
advantages. More excotic control methods have also been reported. Worth mentioning is 
the idea of using the Peltier effect which some materials possess at the interface between 
the melt and the crystal. This also gives instant response right at the heart of \.be system, 
but is unfortunately applicable only to a limited number of substances. 

D i a m e t e r D e t e c t i o n 

Although to find an optimal controlling action is far from being straightforward, it is 
the sensing part of the feedback loop that is the most intriguing. In the early days, 
regulation was carried out manually by a skilled operator. Often his corrections, which 
were based on visual inspection, would be too crude, and we can now realize why such 
a run easily gave a poor result. To overcome this inefficiency, and also to reduce the 
need for manpower in commercial production plants, considerable activity has in the last 
1 0 - 1 5 years been directed towards developments of remote sensing systems. The most 
successful approaches can be classified under the two headings 

• optical monitoring 

• crystal/melt weight detection. 

The first reported automatic closed-loop control system was described by Patzner 
et a l . ' 9 ' , and falls under the first category. Here a pyrometer was focussed on a bright 
ring visible around the meniscus adjacent to a growing silicon crystal. This bright ring 
is now known to result from reflections of hot regions in the growth environment (for 
some time it was attributed to the release of latent heat). Since the pyrometer output is 
directly related to the meniscus curvature, and therefore also to the contact angle 9i, the 
system is able to detect changes in the crystal diameter, in fact, even before they really 
take place. However, to work properly one must lift the crucible in order to maintair. a 
constant melt level so that the bright ring is held in focus. 

1/ 1 / \ ; 

Figure 8; Reflection of a laser beam from the melt meniscus can be used to detect changes in 
the crystal diameter. 
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Later, Gross and Kersten described' 1 0 ' an active optical reflection system, where a 
laser beam is directed towards the meniscus, and its reflection is being detected. Choosing 
a near-normal incidence eliminates the problem of a falling melt level. On the other hand, 
since the point on the meniscus that reflects the beam is far away from the crystal the 
sensitivity is reduced. Moreover, waves on the melt surface induced by the rotations 
in the system can easily give a low signal-to-noise ratio. Nevertheless, these reflection 
systems in refined versions are still in use today. 

A second type of optical detection systems employs imaging techniques. Here, direct 
measurement of the crystal diameter is done by analyzing contrast pictures of the crystal 
profile. The basic weakness here is that a diameter change is registered only after it 
has occured. Mainly, this is because the crystal cannot be viewed at normal incidence, 
so that the solid/liquid interface appears as a half-ellipse, and one has an identification 
problem. Another serious complication for all the sensing systems of the first category is 
of course that evaporated material can settle down on optical components and thereby 
'close the show'. 

A last, but very important, limitation of these systems; they are not applicable to 
liquid encapsulated Czochralski (LEC) growth. In this recent development of the pulling 
process, which has revolutionized the production of the important Group III-V com
pounds such as GaAs and InP, the free surface of the melt is covered by an inert liquid. 
The liquid layer, usually boric oxide B2O3 with a melting point near 600°C, prevents 
escape of volatile components in the melt, e.g., arsenic in the case of GaAs. This layer 
is not completely transparent, and therefore precise monitoring by optical equipment is 
excluded. 

Figure 9: The weighing method. 

The problems just listed are essentially eliminated in the second class of monitoring 
systems. In the weighing method, pioneered by Bardsley et a l . ' 1 1 ' , the crystal diameter 
is detected indirectly using a weighing cell arranged either as a melt weight or crystal 
weight sensor. From a simple consideration of the mass balance during growth it follows 
that the differential weight gain (DWG) of the crystal, or weight loss of the melt, is given 
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b y 

*="s>T=wm' ( 3 4 ) 

where ps is the mass density of the solid phase, p is the density ratio ps/pL, and Re is 
the radius of the crucible. Hence, by measuring the DWG one finds the instantaneous R 
by inverting this equaiion. Crucial for the development and the later widespread use of 
the weighing method is the absence of a lever arm in modern electronic balances, which 
implies that practically no motion is induced by the force sensor. The nice oxide crystals 
shown in Figure 3 were grown with diameter control based on melt weighing. 

As one should guess, also this method has its share of difficulties. It is clear that 
the simple relation, eq.(34), accounting only for the mass transfer from the melt to the 
crystal, is an approximation valid only for stationary growth states. In the general non-
stationary case, which is the one we must consider in a servo-control context, additional 
effects contribute to the DWG signal. Clearly, when the crystal shape deviates from a 
right cylinder, capillary components will arise because of a variable meniscus geometry. 
The importance of this ePect was first pointed out by Bardsley et a l / 1 2 >, who discovered 
that servo control based on a trivial signal interpretation will cause instabilities during 
growth of Ge at low pulling velocities. A priori, one should expect complications at low 
growth rates, because then the capillary forces can become dominant. Their theoretical 
analysis of the capillary effects shows that an anomalous relation exists between the 
DWG and the time evolution of the crystal diameter for all materials which expand on 
solidification (p < 1), and/or possess incomplete wetting between the solid and its melt 
(0"L > 0). As a result of this insight, they were able to recover stability by modifying 
the signal processing. The effect can be seen on Figure 10 taken from their paper, and 
illustrates the significant improvement in shape control. 

Figure 10: Crystals of Ge grown with automatic diameter control with(lower) and without(upper) 
compensation for anomalous components in the weight signal, (from ref. 12) 

The analytical work of Bardsley et al. is limited to the close viscinity of stationary 
growth. Recently, this au tho r ' 1 3 ' extended the analysis to non-stationary conditions 
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developing any cylindrical crystal shape. The generalized relation between the DWG and 
the parameters characterizing the growth dynamics indeed reveals a complex dependence 
upon the behaviour of the meniscus, which always should attract special attention at low 
growth rates. This work can be found as a part of my thesis. 

As it turns out, many of the Group III-V compounds produced by the LEC technique 
also possess the material properties which easily cause anomalous behaviour of the DWG 
signal. Are the results obtained for regular pulling directly applicable to LEC conditions? 
The answer is no. 

melt 
Figure 11; The growth region during LEC growth. 

Clearly, in a LEC configuration, illustrated schematically in Figure 11, the volume of 
the submerged part of the crystal will change with time, and consequently the apparent 
crystal weight has a variable buoyancy contribution. Moreover, in a finite radius crucible 
the meniscus volume partly determines the level of the encapsulant, and therefore a 
coupling between the capillary and bouyancy effects exists. 

In spite of these complications, a detailed analysis of the DWG signal can also here 
be carried out ' 1 4 ' along the same lines as in the simpler case. From the vertical force 
balance for the body consisting of the crystal plus the meniscus, c.ie finds by applying 
the Archimedes' principle that the force required to hold the crystal is equal to 

F = m$g (weight of crystal) 
+ PL,Vmeng (weight of meniscus) 
- PEiVc + Vmcn)g , (buoyancy correction) 

or 
F = mSff - PBVeg + (PL ~ PE)VmCnS • (35) 

Here m-s is the crystal mass, Vmm and Vc are the volumes of the meniscus and the 
encapsulated part of the crystal, respectively. The mass density encapsulant is pe-
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On the other hand, if one considers the mechanical equilibrium of the crystal alone, 

one can write the force in the following way 

F = msg 

- PBVSS + rR2pE(hE - h)g 

- irR\pEhE - PL.h)g 

+ 2irR<ri,ECos0[,, 

(weight of crystal) 

(buoyancy correction) 

(excess hydrostatic force 

at growth interface) 

(resolved component 

of surface tension) 

where hE is the thickness of the encapsulating layer, and OJ_E is the melt/encapsulant 

interfacial tension. By rearranging these terms one finds 

F = msg - psVcg + *R2(PL - pE)hg + 2?rÆ<T£Ecos 0 t (36) 

Combining the two expressions for F one sees that the meniscus volume is given by 2 

Vm„ = irR?h + TO?R cos BL , (37) 

where the capillary length a now equals 

2 ° X E I" 2<r L g | 

l(PL - PEW 

1/2 
(38) 

V(PL - pE)gl 

Being concerned with the time evolution of the force we differentiate eq.(36), and gets 

F/g = ms- pEVc + (PL - pE)Vmtn • (39) 

Tn order to evaluate the right hand side of this equation, we need to consider the continuity 

relations for the growth dynamics. Time does not allow us to go through the details here. 

After a considerable amount of algebra one finally finds that ' lie rate of change in the 

force is given by 

f = Pig 
TR2 

l-pRt/Rh 

1 — R? I R? 
(40) 

where p — PEIPL* and Re denotes the radius of the crystal at the point where it leaves 

the encapsulant. 

The coefficients XR a n < ' XI a r e equal to 

XR 

'('•<'-*i3gy](f •£-*)• ,41) 

3 This result can also be derived by direct integration of the Ealer-Laplace equation. 
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and 

Xe - ( ' -
R2 \-R2JR2\ 
Rll-RlIRl) 

l-p[l + {l-p) 

(1 -p)ia(wX 

R2/R2c 
i - RlIRl )]i-^- (42) 

We have here a general expression relating the DWG to the basic dynamical variables 
vp, R, and 9L-

One observes immediately that for stationary conditions, i.e., 

R = BL = 0 , 

the differential weight gain equals 

1tR2 

F = psg 
-PR

2/Rl 
I 

pE 1 - Rl/R2 

Ps 1 - R2/R2

C 

(43) 

(44) 

Hence as before, when the meniscus dynamics can be neglected, the crystal diameter can 
be found from the DWG signal by inverting a simple force equation. In the LEC case 
this requires knowledge about one additional parameter, namely Re. Note then that in 
the critical early stage of the growth Rc is the known radius of the seed, or pulling rod. 
When the crystal shoulder starts to emerge from the encapsulant separate measurements 
are clearly required. This radius can then be determined by the conventional optical 
methods. 

Quantitatively, the buoyancy effect can be considerable, e.g., when a shoulder has 
been developed so that a large diameter crystal is growing while at the same time a small 
diameter seed is pulled out of the encapsulant, the buoyancy contribution can easily 
amount to 30% of the total signal. 

Non-stationary conditions give rise to the additional components of the signal. The 
coefficients Xfi and xs associated with the rate of change in radius and contact angle, re
spectively, show a relatively complicated dependence of the growth parameters. However, 
since the two terms 

Rl/R2 

-R?_}_ 
" R2

C 1 - Rl/R2

c ' and ( 1 - p ) -1 - Rl/R2

c ' 

are very much smaller than unity when R2 ~ R\ < Æ£, and pc:l, one has the excellent 
approximations 

and 

KdeJn (1 - p) ^ sin 9L . 

(45) 

(46) 
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The functions XR(R,9L) and XS(R,9L) can be evaluated using the meniscus equation 
ft = h{R,0i) derived earlier. Figure 12 displays the result when the system GaAs/B 203 
provides the material constants. 

-80 -60 - « -20 0 20 40 60 60 

SL (deg) 

T 1 1 1 1 1 1—: 

-80 -60 -40 -20 0 20 40 B0 60 

&L {deg) 

Figure 12: Response factors associated with radius variations (upper), and contact angle vari
ations (lower). 

We observe first that XR > 0 for all growth states. This implies that the component 
Xn R, which is positive when the crystal grows thicker, appears in a simplified signal 
interpretation as a too large crystal radius. Consequently, the effect in a servo loop is 
stabilizing, essentially the same way as having additional differential control. Of course, 
the component must not be dominant. Hence, problems can arise when R is small. 

When it comes to Xe the situation is more complex, since the sign depends on the 
state opf the meniscus. One would certainly alike to have also \e positive. In that case, 
because 9/, > 0 is the precursor of an increasing R, the term Xs^L would pick up this 
tendency. When X8 is negative the signal gives a hint in the wrong direction! 
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It is clear that the most common growth conditions,0z, ~ 0£ yields a xs < 0, and we 
have a source for unstable servo control for the LEC process. However, this is exactly the 
same erratic behaviour that gave rise to the problems during growth of Ge. In fact, one 
finds that the qualitative features of the capillary coefficients have not changed. What 
this means is, of course, that the successful control strategy developed for Ge can be 
adopted to GaAs, and other materials grown with liquid encapsulation. 

Final Remarks 

In this talk we have discussed central aspects of the crystal pulb'ng process. Some of 
you might have got the impression that with the present knowledge and with todays 
modern equipment, automatic control of the process can be accomplished without major 
difficulties. An example of the opposite should then serve as a warning. 

Figure 13: Spiral growth ofGGG. (after ref. 15) 

The figure shows the fatal development of a grown gadolinium gallium garnet (GGG). 
Initially, the crystal grows in a regular manner with a well-controlled diameter, for 
suddenly to develop a spiral shape. This peculiar behaviour is believed to be caused 
by impurities in the melt, but the mechanism is not known. One can hardly say that the 
crystal grower has only minor problems here. 

The complex phenomena that are taking place in the melt are indeed challenging if 
one wishes to gain full insight to the Czochralski process. Convection-driven phenomena, 
in particular, can produce a variety of undesired effects, which we shall not go into here. 
The recent developments in this area, which includes application of magnetic damping of 
fluid flow, has shown much progress towards the ultimate goal of producing crystal with 
perfect uniform properties. 

As a final comment, it is tempting to speculate together with D.T.J. Hurle (editor of 
Journal of Crystal Growth) on what reception Czocliralski and the people at Bell Labs 
would have had today, if they came along suggesting their new crystal growth techni
que. Most likely, they would have been told that the method is most unpromising. The 
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uration has much in common with the Reyleigh Benard and Taylor cells used for studies 
of chaos in fluid dynamics. Moreover, suggesting growth from the surface of the melt 
where the dirt collects, they were inviting all kinds of crystal defects to appear. And if 
this was not enough to drop the whole idea, after analyzing the process in more detail 
they would probably find that the method is inherently unstable, and to achieve control 
would require stabilization of the meniscus height to within some tens of microns. 
Let us be glad, the pioneers were never faced with all this! 

References 
1. J. Czochraiski, Z. Physik. Chemie 92 (1917) 219. 

2. A.J. Valentino and C D . Brandle, J. Crystal Growth 26 (1974) 1. 

3. A. Ferguson, Phil. Mag. [Series IV] 24 (1912) 837. 

4. K. Mica and W. Uelhoff, J. Crystal Growth 30 (1975) &. 

5. P.I. Antonov, Sb. Rost Kristallov 6 (1965) 158. 
other materials investigated by 
T. Surek, Scripta Met. 10 (1976) 425. 
H. Wenzl, A. Fattah, D. Gustin, M. M.helcic and W. Uelhoff, J. Crystal Growth 43 (1978) 
607. 

6. W. Bardsley, F.C. Frank, G.W. Green and D.T.J. Hurle, J. Crystal Growth 23 (1974) 341. 

7. T. Surek, J. Appl. Phys. 47 (1976) 4384. 

8. J.J. Derby and R.A. Brown, J. Crystal Growth 75 (1986) 227. 

9. E.J. Patzner, R.G. Dessauer and M.R. Poponiak.SCP and Solid State Tech. Oct. 1967, 25. 

10. U. Gross and R. Kersten, J. Crystal Growth 15 (1972) 85. 

11. W. Bardsley, G.W. Green, C.H. Holliday and D.T.J. Hurle, J. Crystal Growth 16 (1972) 
277. 

12. W. Bardsley, D.T.J. Hurle and G.C. Joyce, J. Crystal Growth 40 (1977) 13. 
W. Bardsley, D.T.J. Hurle, G.C. Joyce and G.C. Wilson, J. Crystal Growth 40 (1977) 21. 

13. T.H. Johansen, J. Crystal Growth 80 (1987) 343. 

14. T.H. Johansen, J. Crystal Growth 80 (1987) 465. 
T.H. Johansen, J. Crystal Growth 84 (1987) 609. 

15. F.J. Bruni, in "Crystals 1, Crystals for Magnetic Applications", (Springer 1978), p.53. 



FYSISK INSTITUTT 
FORSKNINGS-
GRUPPER 

Biofysikk 

Elektronikk 
Elementærpartikkelfysikk 

Faste staffers fysikk 
Kjernefysikk 
Plasma-, molekylar- og 
kosmisk fysikk 

Strukturfysikk 
Teoretisk fysikk 

DEPARTMENT OF 
PHYSICS 
RESEARCH SECTIONS 

Biophysics 

Electronics 
Experimental Elementary 
Particle physics 
Condensed Matter physics 
Nuclear physics 
Plasma-, Molecular and 
Cosmic physics 

Structural physics 
Theoretical physics 

ISSN-0332-5571 


