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ABSTRACT 
ENERGY MATERIALS RESEARCH was organized in 1984. The specific 

objective of the company is to generate new concepts and to move targeted 
applications of newly developing technologies into commercial production. 
The initial technology described here is the outgrowth of a research 
program to develop concepts and techniques for low-cost energy 
production from renewable energy resources. The first major project 
implements an innovative process for the direct production of crystalline 
silicon sheet from a polycrystalline silicon source. 
designed to achieve this objective. 
cost production of crystal silicon sheet of the highest quality silicon for the 
electronics industry. 
develop a laboratory processor that will produce single crystal ribbons or 
sheets of semiconductor quality silicon. 

A summary description of the overall process to be implemented is 
as follows: 
substrate in a non-reactive ambient and a carefully controlled thermal 
environment. The seed is heated to a stabilized temperature near the 
melting point in the zone designated for the crystal growth. A melt zone is 
developed. Melting is accomplished in the growth zone with a unique 
heating source which provides a very low thermal gradient in the pull 
direction but permits a high thermal gradient normal thereto. The sheet is 
pulled from the melt allowing crystallization to occur nearly normal to the 
pulling direction. The melt is replenished from a polycrystalline source 
heated by an ancillary RF power supply. 
unique to silicon sheet technology, provides several important benefits: 

ribbon), 

The apparatus is 
Its primary goal is the efficient, low 

The objective of this phase of the project is to 

A single crystal seed in the form of a sheet is placed on a 

Development of this process, 

High production rates ( Over 2 square meters/hr/lO cm wide 

The melt zone is electrically and thermally controlled 
The crystal-melt interface is inherently stable, 
Good dimensional control and crystal quality are provided, 
A contaminating crucible may be eliminated and 
Purity is comparable to the source material. 

- 
- 
- 
- 
- 
- 
This development work remains an ongoing cooperative program 

with the Physics Department of Oakland University in Rochester, MI. The 
feasibility studies received financial support from the the National Science 
Foundation and the State of Michigan. The development work reported 
here has received the recommendation of the National Institute of Science 
and Technology under their Energy Related Inventions Program (NIST- 
ERIP) and the financial support of the Department of Energy. 
patent coverage of this process also provides for the potential application 
to other target areas of the semiconductor industry. 

General 
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THE PROJECT RATIONAL AND OBJECTIVE: 

Silicon is one of the most basic materials required for the 
semiconductor business. 
electronics industry. 
stock (wafers) with good dimensional, defect and impurity control. In 
today's technology, cylinders of single crystal silicon are grown by the 
Czochralski (CZO) method to produce the wafers for electronic devices. Of 
these high quality single crystal cylinders, 50 to 70 percent is wasted 
because of the slicing, lapping and polishing that must be done to produce 
the final wafer. Additionally, the use of a crucible of foreign material to 
grow the silicon single crystal and the subsequent wafer processing may 
introduce contaminants in the wafer which reduce the yield of the final 
devices. Moreover, while the cost of the lost crystal material is large, the 
slicing, lapping and polishing processing cost to produce the wafers is also 
significant. 

is over one billion dollars/year. 
opportunity to enhance the United States competitive position in the 
semiconductor industry by reducing the preparation cost of silicon wafers. 

The production of high quality silicon sheet directly from polycrystalline 
material presents an opportunity for material cost reduction by a factor of 
two or more. The process reported here represents a new technology for 
producing single crystal, dislocation free, silicon sheet with electronic 
properties comparable to or better than CZO grown material. 
goal of this project is to build a laboratorv DrototvDe Drocessor to Droduce 
low cost single crvstal ribbons or sheets of semiconductor aualitv silicon. 
Production rates for 10 cm wide ribbon can exceed two square meters per 
hour per ribbon at about one half the cost of CZO wafer material. 
Success with this project should provide efficient production and reduce 
the cost of silicon wafers by 50 % or more. 
of this development should prove to be particularly important to the 
energy related solar photovoltaics industry by permitting high efficiency 
photovoltaic cells to be produced at a cost well below $l.OO/peak watt. 

Devices made from silicon impact the entire 
Electronics applications for silicon require thin sheet 

The loss associated with world wide production of the material alone 
As a result, there is a significant 

Hence. the 

Subsequent commercialization 

BACKGROUND: 
Numerous production methods have been used to improve the 

quality of crystal growth. Float Zone growth (FZG), a variation of the 
Czochralski approach, eliminates contact between the growing crystal and a 
crucible of foreign material, improves the quality of the crystal but does 
not resolve the subsequent processing problems of slicing, lapping and 
polishing to produce wafers. 
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Shaped crystal growth has the potential to resolve these problems. 
Innovation in the realm of shaped crystal growth from bulk materials 
relies heavily on experimental intuition. However, successful practice 
requires both experimental intuition and the extensive use of the 
fundamental science of crystal growth. Single crystal growth of silicon in 
the form of thin sheets has proved to be one of the more demanding 
technologies. 
approaches, following the introduction of the horizontal ribbon growth 
(HRG) process [l], have been tried with varying success. 
production methods, such as Dendritic Web. Growth (WEB), Horizontal 
Ribbon Growth (HRG), Edge-defined Film-fed Growth (EFG) and numerous 
other silicon sheet technologies are significant developments but do not 
produce the quality of silicon desired. 

In the majority of these approaches the growth direction and the 
pulling direction are colinear. 
systems. The pulling speed (growth rate) is often slow. Generally, 
polycrystalline or dendritic material is produced. 
allows time for more impurity incorporation when dies are used to form 
the ribbon. Incorporation of impurities is undesirably large. A 
comprehensive review by Ciszek was published in the 1984 describing the 
technical problems encountered in some thirteen existing sheet growth 
techniques [2]. 

One of the approaches, the first HRG method, was devised by the 
author in the middle 1960's [l]. 
pulling direction are nearly orthogonal. 
rates at high pulling speeds, reduces the potential for contamination, but 
requires good temporal control of the thermal gradients to avoid dendritic 
growth. Intitially only ice and germanium ribbons were produced. This 
approach was later reported in 1976 to be applicable to silicon by Kudo [3]. 
In 1981 Bates and Jewett also reported some success with silicon using this 
method [4]. 
same set of control problems arose and usually led to dendritic or 
polycrystalline growth. 

The major problems associated with the HRG process involve the 
control of the nucleation, the shape of the solid-liquid growth interface, the 
exit meniscus, and the effective removal of the heat of fusion in a direction 
essentially perpendicular to the pulling direction. An early analysis of the 
heat flow problems by Zoutendyk [5] showed the process to have 
considerable potential if these control problems could be resolved. 
Additional results reported by Glicksman and Voorhees [6] and more 
recently by Thomas and Brown [7] support the concept and provide 
additional insight to the required control problems. 

In the last thirty years, more than a dozen different 

Current ribbon 

Several major problems characterize these 

Slow pulling speed also 

In this case, the growth direction and the 
This permits very slow growth 

In these several attempts to implement the HRG process the 



Recent HRG systems attempt to. control growth by adjusting the 
These pulling speed and/or regulating the heat sink temperature [8]. 

methods are not adequate to control the axial thermal gradient and 
prevent dentritic nucleation and growth [9]. Moreover, the exit meniscus 
between the melt and the growing crystal is difficult to control leading to 
irregular crystal shape. 
been reported using this approach [4], dendritic growth and poor 
dimensional control are still major problems [1,10]. 
remains a desirable way to produce shaped crystal growth [ll]. 

As a result, while some dislocation free ribbon has 

Even so, this approach 

NEW APPROACH: 

several innovative concepts were introduced to permit the implementation 
of this technology. 

The HRG concept (introduced by the author in the1960's) 
of establishing crystal growth orthogonal to the 
pulling direction, 
A capacitively coupled RF power to develop a current 
gradient within the crystal sheet, 
A magnetically coupled RF power to provide a laminar 
flow of silicon for melt replenishment, 
Thermal leveling across the crystal sheet and 
Independent electrical control of the thermal gradient in 
the pull direction. 

The FLOAT ZONE SILICON SHEET GROWTH (FZSSG) approach combines 
the best features of existing technologies and silicon properties with these 
novel additions to permit control of dendritic growth and make silicon 
sheet growth a viable process (see Fig.1). A pertinent summary of the 
properties of silicon is shown in Table I. The FZSSG method is inherently 
more controllable than previous methods and theoretically can achieve 
high production rates common to all HRG methods. 
rate is accomplished by pulling the ribbon horizontally from a small 
captive melt zone with a planar solid-liquid interface over most of its 
length. In this embodiment, the majority of the ribbon current flows 
through the melt because the melt is 30 times more conductive than the 
solid at the melting temperature[ 121. Hence, the capacitively induced 
current gradient in the ribbon forces the growth interface to incline only a 
few degrees from the horizontal and, with the current from the secondary 
electrodes, provides a maintainence current for the melt. 
electrode configuration shown in Fig.1, the areal dependance of the 
capacitively induced currents and the high conductivity of the melt 
relative to the solid that results in the wedge-shaped melt produced. The 
same properties allow uniform current densities across the width of the 

Concepts : When reviewing the problems of crystal sheet growth, 

Among these are: 
a )  

b )  

c) 

d )  
e )  

The high production 

It is the 
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ribbon to flow axially in the ribbon between the electrode ensembles after 
the melt has formed. Additionally, because of the large melt/solid ratio of 
the electrical conductivity small changes in the cross-section of the melt 
zone will be naturally compensated by changes in the local resistive 
heating, providing a stable solid-liquid interface. This makes it possible to 
control both the axial thermal gradient and the growth interface 
electrically. The thermal properties of silicon near the melting point also 
show an abrupt change which aids in the control of the growth interface. 
Nucleation may be made to occur in the unsupported region of the melt 
where only surface tension constrains the melt. Hence, new crystal growth 
is undisturbed by contact with foreign materials. Other investigators have 
observed that two to three millimeter unsupported melt zones are possible 
for silicon (13). With the success of the above approach, we will have 
overcome the problems of the previous HRG processes by 

1. 
2. Controlling the nucleating front across the ribbon, 
3 .  

4. 
5. 
6 .  

Controlling the shape of the growth interface electrically, 

Maintaining a very low axial thermal gradient to prevent the 
formation of dendrites, 
Eliminating growth disturbances at the exit meniscus, 
Providing controlled impurity doping, and 
Permitting high areal production rates. 

. .  

Fig.l A Exaggerated Schematic of the FZSSG Process 
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TABLE I 

Property (at 1685K) 
Density 
Emis sivi ty 
Reflectivity 
Electrical Resistivity 
Thermal Conductivity 
Specific Heat 
Melting Point 
Heat of Fusion 
Surface Tension ( melt to solid ) 
Contact Angle 

Solid Melt 
2,42 g/cc 2.5 6g/cc 
0.23 0.46 
0.40 0.23 
2400 p ohm cm 80 p ohm cm 
20.85 w/mK (60+ w/mK)? 

1005 j/kgK 

1 8 10 j oules/gm 
173 dynes/cm 

11 degrees 

. 1685 K 

Analysis: Before pursuing the applicability of the above concepts 
some analytical considerations are appropriate. 
importance to establish the conditions necessary to maintain stability of 
the system. 
reviewed. 

It is of primary 

Also, the prospects for material quality control must be 

Heat Flow Analysis: Understanding the heat flow in the stable melt 
zone is critical to the development of this new technique. 
transport in the stable ribbon melt section below the electrode is 
determined by: 

The heat 

V (KVT - pCT$') + 4 = pC - , g) Eq. 1 

where K is the thermal conductivity, C is the specific heat, p is the 

density, T is the absolute temperature, 'T is the time, is the rate of 
internal heat generation per unit volume (The unit volume is taken across 

the full width of the ribbon in the Z direction) and 3 the ribbon vector 
velocity. In the transition from the initial condition to the stable melt 
zone, the generation rate of internal heat is temperature dependent and 
the solution of Eq. 1. appears intractable. However, when the melt zone 
has been stablilized Eq. 1. may be solved to provide the equilibrium 
conditions. 

For the horizontal ribbon configuration shown in Fig. 1. the 
differential equation may be reduced to two dimensions. The ribbon 
vector velocity becomes simply the pull speed v along the horizontal axis 
in the reference system of a stable solid-liquid interface. Thus, for a 

a 



constant pulling speed (including v = 0) and steady state (aT/az=O) eq. 1. 
becomes: 

a a T  a aT  
- ax (K ax )+% (K ay ) - p c v  (E ) = - 4. Eq. 2 

For v = 0 this equation may be solved following the procedures in 
references [14, 151. In the particular case presented here the internal 
heat generated 4 is a function of x. 
monotonically increasing from x =L to x = 0 while the resistance 
monotonically decreases in a complimentary way over the same path. 
Because the electrical conductivity of the melt is 30 times that of the 
solid at the melting point we assume all the heating to occur in the melt. 
For a linear solid-liquid interface the resistive heating at any point is 
given by: 

Moreover, the current in the melt is 

2 2 X 4 = (I R) = Io Ro (1 - L )  = 4o (1 - t). Eq. 3 

Moreover, the physics of the problem clearly indicates that any 
temperature gradient in y will greatly exceed the temperature gradient in 
x because of the ratio of t /L . Hence, as a first approximation to the 
temperature distribution we take 

and for K independent of T, Eq. 2 reduces to one dimension. 

Eq. 4 

The boundry conditions for the melt are T = Tm for y = 0 and y = tO(l-x/L). 
The solution of Eq. 4. is 

(1 - :) [to (1 - : )Y - Y 2 ]  
4 0  T=T,+- 2K Eq. 5 

A graphical representative of the thermal profile through the melt shows 
a small increase in temperature in the central region which is dependent 
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on 40 . The approximate solution to the temperature still remains a 
function of x. A comparison of the first and second derivatives with 
respect to x and y shows that none of the values are zero and the 
derivatives with respect to y are always much greater than those with 
respect to x.. 

The preliminary analysis of the heat flow from the melt indicates 
that after the melt profile is established only low power is required to 
maintain the melt zone. A very thin nucleating tip can be produced and a 
nearly planar solid-liquid growth surface is developed. 
interface is inherently stable because of the liquid electrical and thermal 
conductivities are much larger than the solid and small changes in melt 
thickness will alter the resistance to return the interface to its stable 
position. 
been ignored in this development. 

viewed as an effective solidification at speed v(x) perpendicular to the 
horizontal pull vector [5]. The boundry condition at the liquid-solid 
interface for a constant pull speed v in the frame of reference where the 
horizontal pull speed is zero (Le., with the origin moving in the x direction 
at a speed v) is 

The growth 

Note that nonuniform thermal properties at the end points have 

Having established a stable melt zone, the ribbon growth may be 

Ks GS Eq. 6 

where Ls is the latent heat of fusion, ps is the solid density, KL,S are the 
liquid and solid thermal conductivities , and GL,S are the absolute values 
of the temperature gradient in the liquid and solid regions (respectively) 
adjacent to the interface. The minus sign in the equation would obtain for 
a supercooled liquid adjacent to the growth interface. 
here, GL is determined from Eq. 5. above and is modulated by adjusting the 
current. 

We have neglected the velocity term in Eq. 1. which for large values 
of L/t can be shown to be given by 

In the analysis 

v << (Wp Ct) + plus a positive definite term. (for the melt) 

v <e (WpCt) (for the solid) 
and 

Since the conditions have already been established to produce a planar 
growth interface between x = 0 and x = L, an additional wedge as shown in 
Fig. 1. is introduced within the heat sink to permit a uniform 
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temperature gradient between the growth interface and the heat sink 
isothermal surface. 

obtains for GL = 0 
Integrating Eq. 6. between y = 0 and y = t and T=O and T= L /v one 

Eq. 7 

which shows the pull speed to be dependent on the temperature gradient 
normal to the growth interface and the ratio of the wedge length to the 
distance separating the growth interface from the isothermal surface of 
the heat sink. This relationship can provide a means of control the wedge 
angle A. 

The stable growth interface, the slow controlled growth rate and a small 
axial temperature gradient, cited earlier, are expected to eliminate the 
tendency for dendritic growth exhibited by other ribbon growth 
techniques. The growth direction can be nearly perpendicular to the 
pulling direction, which with a thin nucleating tip, permits high pulling 
speeds with slow growth rates. The general approach developed here 
provides for crystal growth in which there is no significant differential 
mass transport parallel to the growth interface. The only contribution to 
such mass transport arises from the density changes which occur when 
the the phase change takes place. However, since the solid-liquid 
interface makes only a very small angle with the pull direction, this small 
effect is even further reduced. The principal effect of laminar flow,if 
there is an effect at all, will occur at the electrode-melt boundry. Any 
resulting thermal barrier is expected to be an advantage for stabilizing 
the electrode structure. 

A preliminary analysis for the same system as that shown in Fig. 2,  
but with an additional source that heats primarily the solid portion of the 
ribbon was developed by Professor Jeffrey Derby, a consultant to EMR. He 
showed the results for the one-dimensional case similar to those above 
and also found, as a first approximation, the axial temperature gradient in 
the crystal to be given by 

aQ, + 0 ( A - 1 )  - - aTs - 
ax - ax 2 

where A = L/t, Qs is the volumetric heat source in the solid, and we have 
used the fact that dh/dx = A-1 is very small in this system (dh/dx is the 
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slope of the solid-liquid interface). This relation shows that the axial 
temperature gradient in the sheet is also controllable by appropriate 
choice of the heating rate of the solid. This capability for directional 
control of the temperature gradients is unique to this heating 
configuration and crucial to maintaining the overall stability of the 
system. Indeed, Thomas and Brown (8) argue that very small axial 
gradients, on the order of 1-2 C/cm, are needed to attain the high 
production rates promised by HRG methods. The heating of the silicon 
crystal (via Qs) through the application of a direct current provides an 
independent means of axial temperature gradient control. 

System Stability: The system stability is aided significantly by 
the high (1800 watts/ gm) heat of fusion of silicon. This property and the 
general thermal inertia of the system permits temporary excursions of the 
heater currents which provide the thermal ambient of the growing ribbon. 
The high heat of fusion also permits control of the nucleating tip position 
by adjustments of the pulling speed. A similar stabilizing aid is provided 
by the sharp discontinuity in the electrical conductivity. 
this feature provides autostabilization of the solid-liquid growth interface 
since, small changes in the cross-section of the melt zone will be naturally 
compensated by changes in the local resistive heating, providing a stable 
solid-liquid interface. The discontinuity in the electrical conductivity also 
provides improved control of the replenishment by reducing the skin 
depth by a factor of 5.5. Hence, the RF coupling is limited primarily to the 
near surface region of the source material when the surface has melted. 
One more stabilizing influence is provided by the discontinuity [K (melt) = 
3 to 5 times K (solid)] of the thermal conductivity across the phase 
boundry. 
system. 

As cited above 

This property aids in the thermal leveling throughout the 

Preliminary Experiments: Preliminary research on this approach 
demonstrated potential application of the technology to Bismuth and 
Germanium (16). 
for the required uniform temperature control and heat extraction (17). 
Heat pipes were produced that performed well, but only up to1200 K. 
Another objective was to develop a means to monitor the sloping solid- 
liquid interface and provide a temperature reference for optically 
monitoring the temperatures of the system in the presence of RF fields. 
germanium diode array sensor was successfully developed that could 
sense the sloping solid-liquid interface. 

More recent development explored the use of heat pipes 

A 
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PROTOTYPE PROCESSOR DEVELOPMENT: 

The (FZSSG) approach presented here, has been implemented as 
shown schematically in Fig. 2. The objective is to overcome the technical 
difficulties associated with the HRG process and replicate those properties 
of crystal growth that currently produce the highest quality silicon for the 
electronics industry. 

A specially prepared single crystal seed ribbon is placed on three 
supporting substrate segments of silicon. 
surrounding the silicon seed, including the melt zone, is also silicon. No 
contact in this embodiment is made with a crucible of foreign material. 
Two of the silicon substrates are in turn supported by two heaters on 
either side of the central zone of the ribbon and the third segment of 
silicon, with its heater, supports the central zone. 
seed remains unsupported on each side of the central zone. The two 
outboard heaters 

Note, that the only solid material 

A few millimeters of the 

Silico 
.ibbon 

* __  
Heat Sink 

Heat Sink Support Base 

Fig. 2. Schematic of the FZSSG Apparatus 
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are coupled to heat sinks for the removal of the heat of fusion. Above the 
ribbon, two composite electrodes, constructed and supported 
independently, permit the ribbon to be heated by a capacitively coupled 
radio frequency (RF) source. 
isolated from but thermally coupled to the electrode ensembles. 
secondary 
the seed, is provided outside of the primary electrodes. 
polycrystalline silicon, placed over the central zone, is independently 
heated to provide for melt replenishment. 
in an environmental chamber. 

and its immediate environment to very near the melting temperature of 
silicon. When the system reaches equilibrium, the RF power is applied to 
the primary electrode ensemble and DC power to the secondary electrodes. 
The temperature is increased until the melt zone is formed. Melting occurs 
initially between the two electrode ensembles and propagates outwardly 
to below and just beyond the contacting primary electrodes. When the 
seed ribbon has just melted through in the region of constant current 
between the two electrodes, and the sloping solid-melt interface below the 
primary electrode has formed, the current is reduced to establish a "hold" 
condition permitting an equilibration to occur. In this configuration, (see 
Fig. 2) where all except a narrow zone of the melt is supported, the 
equilibrium conditions are adjusted so that the solid-liquid interface at the 
tip of the seed lies near the middle of the unsupported region. The 
conditions of stability of the solid-liquid interface are established during 
this hold period. 
heat losses independent of the heat of fusion extraction. Observation of 
induced local growth perturbations during the hold period provides a 
measure of the control required to prevent random nucleation that could 
lead to dendritic growth. 
current provided by the secondary electrode. 
the currents provided by the primary and secondary electrodes permits a 
measure of the crystal growth rates, both normal to and colinear with the 
pulling direction. 
the silicon ribbon because of the axial separation and electrical isolation of 
the supporting silicon substrate. 
current is almost entirely confined to the melt zone because the melt is 30 
times more conductive at the melting point than the solid. 

source preheating as indicated above to minimize the disturbance of the 
system. 
The ribbon pulling begins when the the system has equilibrated. 
of fusion is extracted from below the ribbon seed through the substrate 

Two additional heaters are electrically 
A 

electrode ensemble, which is also used to assist the melting of 
A source of 

The entire system is contained 

The process is initiated by bringing the temperature of the ribbon 

The hold period also permits the determination of the 

Such observations are correlated with the 
In addition, small changes in 

Note, that the current is generally confined initially to 

As cited earlier, after melting occurs the 

Introduction of the source material into the melt is achieved with 

Under these conditions a second hold condition is recommended. 
The heat 

14 



heaters to the heat sinks. 
by crystal growth and replenishment can be compensated for by adjusting 
the substrate heaters, modifing the rate of extraction of the heat of fusion, 
and modulating the pulling speed. 
front is observed as the dynamic conditions change. The position of the 
nucleating front is monitored electrically by observing the resistance 
across the new crystal ribbon growth-melt interface. The position of the 
exit meniscus is similarly monitored electrically. 
boundries may also be monitored optically using the differential 
reflectance or the differential emissivity across the solid-liquid interface. 

Previous investigators of the HRG process have reported pulling 
speeds in excess of 30 cm/min for conditions in which the nucleating tip is 
one third to one half of the ribbon thickness. In the present method the 
nucleating tip can be less than one tenth of the ribbon thickness and hence, 
the maximum permitted pulling rate is predicted to be much higher [12]. 
An ongoing review of the process provided no fundamental reasons to 
prevent a successful conclusion of the project. A list of tasks was 
established for the completion of the project. 
continued the engineering and cost aspects of the project dictated that 
some of these tasks be modified. Nevertheless a series of technical 
problems had to be resolved to assure that the process would lead to a 
viable commercial enterprise. These problems are addressed individually 
with each arriving at a workable solution later implemented in the 
prototype processor. In this section of the final report the original task 
number is cited to reference earlier quarterly reports and the 
modifications used in the prototype processor are described. 

Hence, small changes in the system introduced 

The spatial stability of the nucleating 

We have shown that both 

As work on the project 

Environmental Chamber: A water cooled vacuum chamber with 
multiple ports for water and power feed lines was assembled. 
chamber provides a space 50 cm in diameter and 30 cm high to house the 
hot zone of the processor. The system can sustain a vacuum of 5xlOexp-6 
torr or a positive pressure slightly above atmospheric. Two windows, five 
centimeters in diameter, are provided for limited observation of the 
process. 
schematically in Fig.2, provide support for the heater assemblies and the 
means to extract the heat of fusion. 
support for as many as 14 germanium photodiode temperature sensors. 
Additional water cooled heat shield surrounds the hot zone except where 
radiation losses are to be restricted. An inert gas supply is provided for 
backfilling the system to avoid excess silicon vapor and prevent electrical 
breakdown when the RF power is on. 

The 

Inside the chamber two water cooled heat sinks, shown 

Two water cooled tubes provide 



Heat Extraction: [Tasks 1 & 21 It is important, during the extraction 
of the heat of fusion, to remove the heat uniformly across the entire width 
of the crystallizing ribbon. 
commensurate with the rate of crystal growth and the pulling speed. Heat 
pipes seemed to be an ideal solution. The concept of temperature control 
of the thermal environment through the use of heat pipes was considered 
very early in the development activity. However, certain design problems 
and costs for such a system to operate at 1685K remain to be resolved. A 
different system was introduced to provide the required heat extraction 
and thermal leveling. 

The system is implemented with special BORALECTRIC * heaters, 
capable of continuous operation well above the necessary 1685K. The final 
design provides a simpler configuration which incorporates the new heater 
assemblies. 
coupled with pyrolytic graphite sheets provides the thermal leveling 
required for the system, avoids structural and metallurgical problems, 
facilitates construction and reduces cost. They provide the required 
overall stable thermal environment for the crystal growth system. 
(Note: With thermal guards at the ends and the differential thermal 
conductivity of 300 to 1 a uniform gradient of less than 0.01 degreeslcm 
can be easily obtained) 

The thermal leveling system, as implemented with the new heater 
design, was not compatible with the available dc power supplies and 
temporary variac supplies were used. Since stability over extended time 
periods was the primary concern, individual current monitoring is 
provided for each heater element. 
diode which monitors the temperature of a specific heater will control the 
individual power supply for that heater when the variac supplies are 
replaced with appropriate dc power supplies. 

This must be done in a controlled manner 

The highly anisotropic thermal conductivity of the heaters 

The feedback from the germanium 

Temperature Monitoring: [ Tasks 3 ] Good temperature 
measurement in the presence of RF fields is essential to the control of the 
process. 
process, are made with shielded Pt/PtlO%Rh thermocouples and selected 
Ge photodiodes. 
avoid interference of the RF fields. 
during crystal growth, continuous internal temperature calibration was 
desired. 
high temperature reference. This technique was elaborately developed and 
reported earlier (17) 
constant emittance up to the 1685K temperature range, a simpler system 

Temperature measurements, during the ramp up phase of the 

Ge photodiodes are primarily used later in the process to 
To achieve the required accuracy 

One approach uses the solid-liquid interface to establish a fixed 

Since a wide range of coatings exist, that have 

*BORALECTRIC is a trade mark of Advanced Ceramics,Inc. 
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can be used with a variety of fixed reference temperatures. In the final 
system 10 germanium photodiodes are deployed for various temperature 
measurements. 
preamplifiers and multiplexed to a computer display or CRT as a bar chart. 
During operation, after crystal growth begins, all temperatures are kept 
nearly constant except those of the heater controlling the extraction of the 
heat of fusion. 

The diodes are read sequentially with a series of 

Melt Replenishment: [ Task 4 ] A novel method is proposed for 
replenishing the melt. The concept is to heat a pencil-like source of 
polycrystalline silicon by high frequency magnetic induction (see Fig. 1). 
The frequency of the RF supply is selected sufficiently high so that, 
because of the skin effect, only a thin surface layer is heated directly. 
Again, because of the large increase in electrical conductivity at the surface 
as it melts, the RF energy is absorbed in a molten layer approximately 5.5 
times thinner . 
the melt below, need not be large. The changing magnetic field provides a 
small compression of the surface film but does not affect the fluid flow 
significantly. 
coil maintains the coupling of the surface to the RF field and assures the 
continuous supply of the melt by providing continuous contact of the 
source with the melt zone.. 

The melt level must of course be maintained to assure the stability of 
the melt zone. 
the capacitance of a gap between the melt and a fixed electrode placed just 
above the melt. 
capacitance increases. 
proportional to the increase in thickness of the melt. This signal is fed 
directly back through an interface to the RF power supply to control the 
melt rate of the replenishment. 

A two kilowatt, 13.56 MHz, COMDEL RF generator, with a Matchpro 
3000 * matching network provides the power to the replenishment source. 
Several heater designs for the RF heater coil required to melt the surface 
of the source material were developed. A prototype coil was constructed 
and submitted to the supplier of the RF power system for the tuning of the 
matching network. Preheating the source material before applying power 
to melt the surface is an energy efficient option used in this prototype. A 
noninductive resistance heater, mentioned above, for preheating the 
source material is used. The resistance of this heater also serves as a 
primary load for the one kilowatt RF power supply which develops and 
sustains the ribbon melt zone. 

In this system, the flow velocity of the surface layer into 

Gradual movement of the polycrystalline source into the RF 

The melt level is monitored and controlled by measuring 

When the melt level rises, the gap decreases and the 
The change of the capacitance is directly 

* Mathhpro 3000 is a trade mark of COMDEL,Inc. 
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A very short external coupling was required between the matching 
network and the load coil which forced design changes in the external 
system architecture. The preliminary tests showed that the matching 
network automatically tunes throughout the load impedance changes 
imposed by silicon from room temperature up to the melting point. 
observed capacitance changes when melting occurs with the replenishment 
source in contact with the melt zone (a ground plane). These changes may 
move the tuning conditions outside the range of the matching network and 
reduce the forward Rf power to zero. 
avoid this problem and maintain the molten surface on the replenishment 
source. 

To achieve the desired results without the source preheater in place, 
the power had to be increased very slowly or the chamber had to be at or 
above atmospheric pressure of inert gas (Argon). 
conditions the oxygen content in commercial argon was unacceptably high. 
With the source preheater providing a lower source impedance, the 
ambient pressure may be kept just above the vapor pressure of silicon at 
its melting point and the oxygen problem avoided . 

We 

The system was modifided to to 

Under the latter 

The Melt Zone: [Tasks 5 & 61 To maintain the melt level, the heat of 
fusion must be supplied to the source material at the rate determined by 
the desired mass growth rate of the ribbon. The power requirements make 
it impractical to use the capacitively coupled Rf power supply, that 
sustains the shape of the melt zone, to provide new material for 
replenishment. 
separately above. 
of the ribbon need only recover at most that energy lost by the melt to the 
ambient and not replaced by the other heaters. Typical RF power 
required to just maintain the melt shape during normal operation 
neglecting radiation is much less than one watt. Nevertheless, the current 
to maintain the melt could become very large for ribbons10 cm wide and 
375 micrometers thick, if net heat losses are not carefully controlled. The 
closer the ambient radiative sink temperature is kept to the silicon melt 
temperature the lower the RF and DC maintainance current within the melt 
can be held. 

Typically, during RF heating operations, the power is controlled. In 
this process, because the electrical resistance drops by a factor of thirty 
during the phase change, catastrophic events can occur if the power is 
controlled and the current is not. 
desired control of the RF and DC currents. The circuits provide a set 
current to the electrodes independent of the conductivity of the heated 
zone. 
to melt. 

Hence, the replenishment supply has been considered 
Consequently, the RF power provided to the melt zone 

A limiting circuit is used to achieve the 

This control is especially important just at the time the silicon begins 
It is possible to calculate the approximate ramp rate for the 
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additional heating and heat sinking as a simple function of the planned 
ramp rate of the crystal pulling speed. 
established the current control assures the desired gradient below the 
electrode. 
to adjust for low axial thermal gradient to avoid dendritic growth. 
prevents the ribbon from adhering to the primary electrode at the exit 
meniscus. 

To provide the assurance that a stable melt volume can be 
maintained, the RF current to the ribbon must be controlled. We did not 
deal with this design problem directly but sought the advice of 
manufacturers so that the solution of the problem can be incorporated in 
the RF power equipment which must have special matching networks to 
handle the large current output. A, COMDEL, one kw RF generator and a 
Matchpro 1000 * network are used for heating the silicon ribbon. 
network output was matched to a fixed noninductive resistance of 

preheating for the replenishment source which reduces the power 
required from the source RF power supply. 

Moreover, after the melt is 

Separate adjustment of a secondary electrode makes it possible 
It also 

The RF 

The heat generated by this resistance provides approximately 25 ohms. 

Seed Preparation: [Task 71 Initially, 7.6 cm (three inch) wafers 
were used. 
wafers to meet the requirements for a 5 cm wide ribbon. While no 
problems were experienced when scaling up to wider seeds, the choice of 
the method for seed preparation may depend on the final seed size. 
seed-melt stability tests were performed on five cm wide seeds. 
problems with seed-melt stability are expected with wider ribbons. 
detailed preparation of the ribbon seed remains proprietary and is not 
included in this section. 

Apparatus was designed for the preparation of these crystal 

Initial 

The 
No 

Crystal Pulling: [Task 81 Orientation of the seeds, coupled with 
the pulling system alignment must be completed with special test 
procedures and verification to avoid faceted growth. 
pulling system must provide for three dimensional pulling direction 
adjustments for the best crystal growth. 
limited two dimensional control to reduce equipment costs. 
adjustments range from 1 cm/min to 30 cdmin .  
channel is provided through which the ribbon is drawn. The end of the 
channel, beyond the pulling mechanism, may be open and a continuous 
supply of oxygen free argon provided to prevent diffusion of oxygen back 
into the chamber. 
beyond the pulling mechanism, restricting the pull to a finite length. 

Ideally, the final 

The present system provides 
Pulling speed 

For continuous growth a 

Alternatively, the exit end of the channel may be closed 
We 

* Matchpro 1000 is a trade mark of COMDEL, Inc 
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pursued both alternatives but found the latter to work best to avoid 
oxygen contamination. 

Process Control: [Task91 Ultimately for a pilot line operation 
where turnkey performance is desired the optimum response of a 
computer control system of even a slowly varying parameter may differ 
from that of an operator. The introduction of ribbon thickness or surface 
roughness monitoring can complicate the process control significantly. 
detailed behavior of the control system incorporating 20 interactive 
parameters and their error functions to obtain the optimum final product 
is a problem not addressed here. 

However, just the implementation of an operator monitored process 
control system was envisioned to be more complex than experience has 
shown it to be. For the most part the system conditions change slowly 
because of the large thermal inertia. 
direct feed back controls, required a high level of patience to reach the 
final hold condition. 
easier with practice. 
adjustments were very difficult. 
were generally not adequate. 
in the unsupported zone led to very short pulls and frequent destruction of 
the seed. 
controlled operation is necessary for practical application. 
these difficulties are not insurmountable and 
continue. 

effectively programed suggests that simple feed back controls are 
adequate. 
melt level and the heater temperature, adequate response time can be 
easily attained and computer monitored. 
remaining for computer is that of the crystal pull rate coupled with the 
heat of fusion extraction. 

The 

Initial efforts, without operational 

Repetition of these ramp up procedures became much 
Operator controlled heat extraction and pulling 

Provisions made to view the process 
The inability to maintain the nucleating tip 

A much finer control of the pulling system and computer 
Nevertheless, 

attempts to overcome them 

The fact that the ramp up conditions to the first hold state can be 

Further, with the direct feed back controls such as that for the 

The primary control system 

SUMMARY 

individual critical steps necessary to implement this new technology have 
been demonstrated. The primary short fall in the processor development 
is the incorporation of the final control elements with computer monitoring 
and control. 
correctly addressed and resolved in fact. 

The proposed prototype procesor has been completed. The 

I believe the following developmental features have been 

1. 
2. 

Preliminary heat flow analysis completed in closed form, 
Satisfactory monitoring and control of the system 
temperature in the presence of RF fields, 
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3. 
4. Satisfactory RF power control, 
5. 
6. 
7. 
8. 
9.  

10. 

Adequate maintainance of the melt zone thermal environment 

Laminar flow for melt replenishment, 
Development of a stable melt zone, 
Generation and control of solid-liquid growth interface, 
Electrical control of the axial thermal gradient and 
Elimination of exit meniscus surface adhesion to the primary 
electrode. 
Available control of crystal nucleation, 
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