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ABSTRACT

The major purpose of this program was to determine the overall cost effectiveness of the
Czochralski process for producing large-area silicon. To this end, the feasibility of growing several
12-cm diameter crystals sequentially at 12 cm/h during a furnace run and the subsequent slicing of
the ingot using a multiblade slurry saw werc investigated. The goal of the wafering process was a
slice thickness of 0.25 mm with minimal kerf. A slice + kerf of 0.56 mm has been achieved on
12-cm crystal using both 400 grit B4C and SiC abrasive slurries.

Crystal growth experiments were performed at 12-cm diameter in a commercially available
puller with both 10 and 12-kg melts. Several modifications to the puller hot zone were required to
achieve stable crystal growth over the entire crystal length and to prevent crystallinity loss a few
centimeters down the crystal. The maximum practical growth rate for 12-cm crystal in this puller
design was 10 cm/h, with 12-14 cm/h being the absolute maximum range at which melt freeze

occurred,

A nugget polysilicon feeder was fabricated, assembled, and successfully tested on several
multicharge runs. A grow yield of 93.5% was achieved in one 12-cm run, but not all was good, single
crystal growth. Excessive oxide and carbon contamination in' the nugget melts contributed fo
crystal growth problems. ‘ E—

A number of 12-cm crystals were sawed in the multiblade slurry saw. A 100% saw yield was
obtained with B4C abrasive at a slice + kerf of 0.56 mm and an average cutting rate of 6.1 mm/h.
Silicon carbide abrasive has demonstrated 3-5 mm/h sawing rates on 12-cm crystal, although yiclds
have run lower (73%) than those with B4C at the 0.56 mm dimension. A slightly thicker slice,
0.30 mm, can be sawed with SiC abrasive at 100% yield.

Experiments in laser scribing silicon wafers into hexagons showed that a 10-W YAG laser can
penetrate 0.2 mm at a scribe rate of 10 cm/s. Much higher writing rates on the order of 30-40 cm/s
can penetrate 0.05 mm which is sufficient for scribe-and-break of 0.25-mm slices.

Czochralski economics were examined using realistic estimates of technical parameters and a
sheet cost in the $45 /m2 area is indicated for a semicontinuous puller in the early 1980 time frame.
This represents an add-on cost (exclusive of polysilicon) of around $30/m2. To impact sheet cost in
late 1970s, a multicharge growth mode is all that is technically possible and a sheet ¢ost of .‘I‘aSSIm2
is forecast.
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SECTION I
INTRODUCTION

Silicon crystal pulled by the Czochralski technique (Cz silicon) provides over 90% of the single
crystal wafers utilized by the worldwide semiconductor industry. This large market base has
resulted in continual improvements over the years in Cz silicon technology. Concurrently, the
average crystal diameter increased to the current induvstry standard of 7.6 cm with 10-cm wafers
becoming an established trend and 12-cm and larger wafers available in evaluation quantities.
Conceptually, there are few problems envisioned in growing even larger diameter crystal although
there undoubtedly is an upper limit imposed by crucible size, puller hot zone design common to
current commercial furnaces, and technical problems in slicing huge crystals. From a practical
standpoint, wafer diameters in the 10 to 12-cm range are attractive at present for terrestrial solar
cells since this diameter range is compatible with existing Cz furnaces and processing equipment and
at 12.5% AMI such cells have outputs around 1 to 1.4 W. This power output offers a convenient
building block for subsequent assembly of cells into modules, panels, and arrays.

Figure 1 depicts a Czochralski crystal being pulled from its melt in a conventional furnace. The
crucible, crucible liner, melt, heater, heat shield assembly, and attendant insulation in the lower
chamber are collectively called the “hot zone.”” The crystal is pulled intd the upper chamber and is
removed from a large door in this chamber. During a run, the puller interior is maintained at
[0-30 mm Hg absolute pressure with argon used as a purge gas. Counterrotation is employed for the
crucible and seed shaft at nominal rates of 12 and 18 rpm respectively.

A major technical bottleneck in achieving cost-effective large-area Cz silicon lies in the
wafering process which results in considerable materal waste. Crystal ingot is sliced at present
almost exclusively by ID saws. The kerf loss produced by these saws on 7.6-cm crystal is typically
0.31 mm and there appears little possibility of reducing this figure: in fact, the kerf probably will
increase at larger crystal diameters due to the need for stiffer blades to maintain slice bow and taper
at acceptable levels. For solar silicon wafers required around 0.25-mm thick, the kerf loss using
conventional sawing represents over half the crystal ingot. The economic impact of the kerf will be
lessened considerably, however, with reduced raw material polycrystalline silicon costs, particularly
the advent of $10/kg polysilicon.

1

In addition to minimizmg kerf, it is necessary to increase sawing productivity to lower
wafering costs. ID saws produce approximately 25 7.6-cm wafers per hour and can be expected to
slice around 15 12-cm slices per hour. The actual productivity figures are highly dependent on
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allowable bow, taper, slice thickness, and surface damage depth; parameters which have not been
established firmly with regard to producing efficient solar cells. Nevertheless, economic modeling

indicates that a substantial increase in slicing productivity along with a decrease in materials costs

over that of 1D sawing is needed to achieve an acceptable wafering cost.

The current market price of assawed 7.6-cm Cz slices for solar cell applications is around
S?OO/mz. This price is at least a factor of 20 too high to meet the 1980°s solar array cost goals.
Detailed economic modeling of the Czochralski process indicates that this factorial cost
improvement can be approached provided:

D
2)

3)
4)
5)
6)

7)

Polysilicon cost is reduced to the $10/kg level

Semicontinuous crystal pulling is achieved, or, at least a muiticharge process capable
of producing four crystals per run

Minimum crystal diameter is 12 cm

Puller design is optimized to allow pull rates approaching theoretical limits
Crystal grinding is not required

Multiblade slurry saws can be scaled up 50%

Saw blade costs ¢an be reduced 80%.

Add-on costs of Cz silicon are split roughly 50-50 between crystal growth and wafering so both

areas merit close attention to effect cost savings.



SECTION II
TECHNICAL DISCUSSION

A. CRYSTAL GROWTH

1. Thermal Modeling

The maximum Czochralski crystal pull rate, V.., assuming a flat growth interface and no
radial temperature gradients is given by:

|3 dT
Viax =~ E}; ("d";) ey
where
k = thermal conductivity
h;¢ = heat of fusion
p = crystal density

{dT/dx) = temperature gradient in the solid crystal at the growth interface

The physical parameters k and o in Eq. (1) are evaluated for the crystal at the meiting point. The
maximum pull rate according to Eq. (1) depends only on the temperature gradient at the growth
interface and in order to predict V.., it is necessary, therefore, to determine (dT/dx).

Figure 2 depicts the thermal model assumed in this investigation.

The temperature in a crystal being pulled from its melt is described by the equation:

d aT aT 2h 2 aT
- ) Voo — - = (T-T,) ——qp =pc — (2)
ax (k ax) PC X r ( ) T qR at
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Figure 2. Czochralski Crystal Thermal Model
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in which
T = crystal temperature at x
k = crystal thermal conductivity
V = puil rate
p = crystal density
¢ = gpecific heat
h = thermal convective coefficient
r = crystal radius
T, = average fgrnace interior ambjent temperature
aRr = radiation heat flux from the crystal at x

t = {ime

Boundary conditions on Eq. (2) are:

x =0 T=Tm
e I L W0 S
TR T T a’ ™} a

where -
Tm = melting point
€ = emissivity
¢ = Stefan-Boltzmann constant

The initial condition for Eq. (2) is:

t=0: T=T,,

(3

(4)

(5)

ORIGINAL: PAGE IS
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The major assumptions made in deriving Eq. (2) are:
1. The crystal temperature varies only in the axial or x-direction.
2.  The.crystal-diameter-is-constant.
3. The pull rate, V, is constant.

4, Crystal density and specific heat are constant with temperature.

In Eq. (2) the first term represents axial conduction up the crystal; the second term describes
the rate at which heat is transported due to the crystal motion; the third term represents thermal
convection from the crystal’s surface; the fourth term involves the thermal radiation from the
crystal surface; and the right-hand side is the transient change in temperature at position x relative
to the melt level due to the constantly increasing crystal length, L. Boundary condition (3) states
that the crystal temperature at the growth interface is the melting point and Eq. (4) relates the
temperature gradient at the seed end to the thermal radiation and convective heat transfer from the
crystal top. The initial condition, Eq. (5), states that the crystal at the beginning (vanishingly short)
is everywhere at the melting point. The radiative term qp is proportional to temperatures to the
fourth power and can have a variety of values depending upon the assumptions employed and these
will be discussed below.

Equation (2) cannot be solved in closed form due to the inherent nonlinearities. In fact, it is
extremely difficult to solve numerically for a2 material such as silicon which has a high meltfing point
and, therefore, can span many hundreds of degrees over a fairly short length. Consequently, various
simplifying assumptions are made in order to obtain solutions.

An order-of-magnitude analysis on Eq. (2) indicates that the transient term, a7T/ot, is
approximately 1% as large as the conduction term. Therefore, setting aT/at=0 results in the
ordinary differentiai equation:

d [ dr diT  2h 2 ,
a';(k&)“’“a;—T‘T—Ta)"?qR‘“ ©

For crystals grown in vacuum, the convective coefficient h vanishes and for small diameter crystals
pulled at low growth rates, the term Vec(dT/dx) can be neglected.l Also, the variation of thermal
conductivity with temperature is small in the vicinity of the melting point for silicon and dk/dT can
be set to zero. In certain special cases, these assumptions allow closed form solutions to Eq. (6)
which can then be utilized to predict maximum growth rates through Eq. (1).



Ciszek2 presents a solution to Eq. (6) assuming h = 0, Vpc(dT/dx) negligible, aR = €Ty,
T,=0, and k proportional to 1/T. Boundary condition (3) was employed along with the condition
dT/dx = 0 at x = e, The resultant expression for V.. is

where

o = (e p ) (oek T Sml/2

= silicon emissivity at the melting point (0.46)

hy¢ = silicon heat of fusion (0.5027 W-h/g)

m = silicon density at the melting point (2.29 g/cm3)

km
Tm

o = Stefan-Boltzmann constant (5.729 x 10-12 W/cm2K4)

= (.22 Wiem-K
=1685.2K

r = crystal radius

Equation (7) is shown in Figure 3 and is the curve labeled “Ciszek™.

MAX. PULL RATE, cm/h -
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Figure 3. Silicon Pull Rates Predicted by Various Models
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Wilcox, et al.3:# assumed k = constant and combined ‘11-{ with h to obtain a linearized Eq. (6).
With the same boundary conditions as those of Ciszekz, the makimum pull rate beComes:

Vimax = (/omem) | 8 kh/I(1 + 2 hygfe aTy2 — 17 }12 (nl/? ®

where
AT = Tm — Ta

h = approximately 0.0088 W/cm2K
Equation (8) is shown also in Figure 3 for values of T, from 0 to 500K.

The two simplified thermal models discussed above result in significant variations in maximum
pull rates (Figure 3). At 12-cm crystal diameter, maximum pull rates varying from 20 to 30 cm/h
are predicted by Eqgs. (7) and (8). In view of the uncerfainty in maximum pull rates predicted by
simplified theory, Eq. (6) was programmed for numerical solution with the boundary conditions
given by Egs. (3) and (4). The silicon thermal conductivity and emissivity were functions of
temperature as indicated in Appendix A with density and specific heat held constant at 2.31 g/cm3_
and 0.000254 W-h/gK respectively. ' o

Of particular significance in the solution of Eq. (6) is an accurate representation of the
radiation term, qR. A puller operating under partial vacuum will have negligible thermal convection
between the crystal and its ambient (see Appendix B). Consequently, the crystal cooling and, hence,
the maximum pull rate is governed by the thermal radiation from the crystal surface. With the

surfaces and nomenclature indicated in Figure 2 and by use of enclosure theory, 5 3 reasonable
approximation of qy, is given by: - : N
4R T4 —Fgy _p To* —Fa1 —3 T,  ~Fa1 — 4 T4*|
A] B T, - F, --3T4&4—F2—424 . ©
a4 (1-F4 9Ty =Fq _oTy" —Fy_3T,
Ty 51—2T24+F5—3Ta4+F1—4T44

The coefficients of the matrix A in Eq. (9) are:

all = 1/61 (10)‘
app =—(L—ex)Fqp _ofey -
213 =~ (1 — e} Fqy _ gleq

314 =0

10



g1 =0

agp = lfey

223 == —e) Fy _ 4leq
g =0Fy

az; =0

a3 == (L —ex) Fy _ oley
a33 =1feg — (1 —eg) Fy yley
234 =0 Fy

241 =0

3y = —e) By L ofeg
243 =(1 —eg) F1 _ 4ley

244 =0

The Fs in Eqgs. (9) and (10) are radiation view factors and the es are emittances of the surfaces
shown in Figure 2. The radiation flux qp determined from Eq. (9) is a function of both x and T
since the Fq; factors are functions of x. Appendix C presents the expression for Fq1_2 and
illustrates how several of the other view factors can be determined.

In order to sclve Eq. {9} for qg. the various surface temperatures must be specified. In all
modeling work the silicon melt temperature (T2) was assumed 1698K which is a nominal value
experimentally observed for a wide variety of crystal pulls. The crucibie liner temperature (Tg4) was
determined experimentally and its temperature as a function of H is shown in Figure 4. The data in
Figure 4 were derived from temperatures obtained by manually scanning the side of a crucible with
a PYRO Micro-Optical Pyrometer during crystal growth. The measured crucible liner temperature
distributions were averaged over the distance H and these averaged temperatures are shown in
Figure 4. Generally, the liner temperature decreases exponentially with distance from the melt level
and, therefore, the use of an average liner temperature 1n the modeling work is an approximation.

The puller interior ambient temperature (T3) varies widely so that use of a single value for this

temperature is a gross approximation. Fortunately, as will be shown later, this temperature has a
surprisingly minor influence on pull rate so the value used in modeling is not critical.

11
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Figure 4, Experimentally Determined Crucible Side Temperatute as a
Function of Melt Level for a 12-kg Crucible

Figure 3 compares results of this modeling effort with those of Ciszek 2 and Wilcox3>%. The
Rea band in that figure is based on a 40-cm long crystal being grown from the 12-kg crucible used in
the Varian Model 2848A Furnace, whereas the other two solutions are independent of the crucible
configuration. The primary reason that the model developed in this investigation predicts lower puil
rates than the other solutions is due to the inclusion of the strong thermal radiation interactions
between crystal, melt surface, and crucible. These radiation effects decrease the crystal axial
temperature gradient in the vicinity of the melt interface and, thereby, Qecrease the maximum
possible pull rate. The maximum pull rates predicted by the Rea mode] are a function of crystal
length, crucible geometry, melt level, ambient conditions, and heat shielding. The influences of
these various parameters are discussed below.

The maximum pull rates predicted by the three models shown in Figure 3 are all proportional.
to (1/d)1/2 where d is the crystal diameter.

Figure 5 illustrates the effect of semicontinuous pulling on maximum pull rate. In a single

charge, the melt level continually drops relative to the crucible lip. This dropping melt level
increases the thermal radiation exchange between crystal and crucible, thereby decreasing the

12
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thermal gradient at the melt interface. Thus, the maximum pull rate decreases as the crystal grows
in a single charge pull. Conversely, if the melt level can be held constant, the pull rate can be held
approximately constant with crystal length. The average maximum pull rate for a single charge pull
is 13.8 cm/t and the semicontinuous case has a maximum pull rate of 17.7 cm/h.

Figure 6 depicts axial temperature gradients for two crystal lengths for single charge pulls. The
pronounced hump in the longer crystal is due to the thermal radiation from the crucible side. The
indicated pull rates in the figure are the maximums for the two lengths.

All the results presented assume vacuum conditions within the puller. At higher ambient
pressures, thermal convection between the crystal and gas aids in increasing the pull rafe. However,
as Figure 7 shows, this effect is minor. If 1 atm of argon were utilized, the pull rate could be
increased only 0.5 cm/h or so over a wide ambient temperature range. Figure 7 shows that the
ambient temperature has a surprisingly minor effect on pull rate. In a vacuum, the pull rate is
virtually independent of ambient femperature up to 600 K. Conventional pullers operate at
1-30 mm Hg ambient pressure with argon purge. Convection heat transfer in argon is negligible at
these pressures (Appendix B) so the vacuum curve in Figure 7 is appropriate for current pullers.

ORIGINAL PAGE IS
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Figure 8 illustrates the effect on pull rate of varving the crucible radius. The Varian 12-kg
crucible has a radius of 12.3 cm and a slight improvement in pull rate could be achieved: with a
larger crucible. However, puller power consumption would increase dramafically due to increased
heat losses from the melt surface at the larger diameters.

The greatest improvement in potential maximum pull rate could be effected by heat shielding
the crucible side. Figure 9 shows the effect on pull rate of varying the crucible emittance. Fused
silica crucible liners have an emittance of 0.59 (Appendix A) at the temperatures experienced in a
siticon puller. By lowering this emittance through use of heat shields, the maximum pull rate could
be increased approximately 10%.

Another scheme for increasing crystal pull rates is to install a cold shield around the growing
crystal which would provide a good heat sink to rapidly cool the crystal. One embodiment of this
approach is shown in Figure 10 and modeling results are presented in Figure 11. The theoretical pull
rate enhancement using a cold shield is slight even at coil distances from the melt as.small as 6 cm
and even then pull rate improvements on the order of only 6% could be achieved. Operational
difficulties in pulling crystals through a coil mounted near the melt surface would be severe due to
temperature control problems and lack of diameter control since the coil would obscure the
diameter sensor’s view of the halo.
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In summary, the pull rate modeling indicates that little can be done to increase Czochralski
pull rates. The pull rate is determined primarily by the crystal diameter and the crucible/melt level
geometry. The best approach to achieving high growth rates and, subsequently;-high production
rates is to develop a semicontinuous puller in which the melt level can be maintained close to the
crucible lip during growth. Also, a slightly larger crucible, which wiil probably be necessary in a
semicontinuous puller, will provide additional pull rate headroom.

2. Pull Rate Experiments

One of the goals of this program was to pull 12-cm crystal at 12 cm/h. As Figures 3 and 5
indicate, the theoretical maximum pull rate for single charges is in the 13-14 cm/h range so thata
12 cm/h growth rate represents 90% of the maximum possible. Several runs were made to determine
the maximum pull rate and it was found that 12.7-15 cm/h was limiting for 12-cm crystal although
the 15 cm/h value is questionable as it was sustiined for only a few minhutes before freeze-out
occuired. These experimental results are in excellent agreement with the theoretical curves in
Figures 3 and 5 for single-charge pulls in a vacuum with argon purge. The maximum pull rate
sustainable for long periods was found to be 10 ¢m/h. One crystal was grown at this average pull
rate over a 34.3-cm length. Crystals were routinely pulied during this investigation at 8 ¢cm/h and
with volume production and experience, pull rates in the 8-10 em/h range should become standard.
In economic modeling of the Czochralski .process, a 9-cm/h pull rate was assumed for single and
multicharge operation. ‘
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Several experiments exploring pull rate enhancement were performed with a small research
crystal puller in which 7.6-cm silicon crystals were grown from 6-kg crucibles. This puller utilizes a
helium ambient at atmospheric pressure. In one series of experiments, the cooling coil scheme of
Figure 10 was tried. A coil was fabricated [rom 10-mm diameter stainless steel tubing with a coil ID
of 10 cm. The coil was mounted 14 cm above the meli level.

Three attempts were made to grow crystals with the cold coil. The first two attempts failed

due to cracked crucible liners. The cold coil created a large heat sink for the melt and thermal
stresses induced in the liners were sufficiently high to cause cracking. A molybdenum heat shield
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was mounted between the crucible lip and coil to partially shield the liner from the coil and melt-in
and growth were achieved on the third attempt. As the growing crystal entered the coil, the pull
rate was carefully adjusted fo its maximum. Freeze-out occurred at- 22-cm/h pull rate. Crystal length

at freeze was 28 cm and the gross crystal weight was 3.04 kg,

The theoretical maximum pull rate for a 7.6-cm crystal pulled from a 6-kg crucible in a helium
atmosphere is 20.8 cm/h. With a cold coil 14 cm above the melt, the maximum pull rate is
computed to be 21.6 cm/h. Thus, the observed 22 cm/h af freezé with cold coil was at the
theoretical maximum and the cold coil, at best, contributed only an additional 0.8 cm/h for the
puiler test conditions. In past work with 7.6-cm crystals pulled from 6-kg helium pullers, a *““safe”
maximum pull rate of 17-18 cm/h has been sustained for substantial crystal lengths. This pull rate is
approximately 86% of the theoretical maximum and it appears that the cold coil did not enhance
this practical maximum pull rate. Other drawbacks to the cold coil included a 20% increase in puller
power during melt-in over that with no coil and temperature control during growth was not as
precise because of the large heat sinking effect with the result that diameter control was very poor.
It was decided not to try the cold coil with 12-cm crystal in view of these results and the model

prediction of Figure 11.
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One attempt was made in the 6-kg helium puller to decrease the crucible side emittance by
attaching a molybdenum sheet around the crucible periphery. The moly sheet covered the upper
5 ¢m of the liner. Molten silicon dissolves moly and in spite of efforts to prevent contact between
the silicon and moly, significant areas of the moly sheet were dissolved in the melt and the run was
terminated. In view of these and other anticipated difficulties in controlling crucible emittance, this
approach was abandoned.

Another approach to pull rate enhancement by crystal cooling is to funnel the ambient gas
over the crystal by use of a stainless steel or quartz tube through which the crystal is pulled. This
technique was tried in the small puller by installing a 9.2 cm ID quartz tube at a 15-cm distance
above the melt Ievel. A helium flow rate of 17 I/min was maintained through the tube as the crystal
was grown. Two 7.6-cm crystals were grown in this manner and one froze at a length of 27 cm
(12 ¢m into the funnel) and the other lost perfection 6.6 cm into the funnel, Both these problems
are due to the cooling effect at the growth interface caused by the helium impingement on the melf
surface. The maximum pull rate achieved was 21 cm/h which was very near the 22 cm/h
experienced with the cold coil. In fact, a careful examination of the gas funnel reveals that it is
merely a variation on the cold coil concept except gas cooling is employed rather than chilled water.

In a vacuum environment with argon purge the effect of a funnel would be much less
pronounced than that for helium at atmospheric pressure due to the greatly reduced heat transfer
(Appendix B). Thus, the effect of the funnel should be very similar to that shown in Figure 11 for a
cold coil and unless the funnel is lowered almost to the growth interface, little pull rate
enhancement could be expected. In that case, growth conditions would probably worsen because of
the added gas impingement on the melt surface. Consequently, this technique was not pursued on
the 12-kg large diameter puller.

Overall, the pull rate experimental work confirmed the theoretical model predictions. No pull
rate enhancement scheme appears suificiently promising to warrant applying to 12-cm diameter
growth. All the enhancement techniques considered represent additional cost and maintenance
items which quile possibly would outweigh any savings due to slightly higher pull rates,

3. Mnlticharge Analysis

A procedure involving puliing several crystals from a singie crucible liner in one continuous
furnace run offers a sizable cost reduction potential for the Czochralski process. In order to
estimate the potential yields in such a procedure, the 3-crystal multicharge process assumed in the
economic modeling is examined. The initial polysilicon charge is 18 kg from which a 56-cm crystal
is grown weighing 14.82 kg. Bottom taper on the crystal is assumed to weigh 700 g based on
experience. The melt Is replenished with 14.82 kg polysilicon, another 56-cm crystal pulled,
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14.54 kg polysilicon added, and a final 56-cm crystal pulled, leaving behind a button weighing
0.8 kg. Thus, in this process 47.36 kg polysilicon is charged with a maximum crystal weight of
44.46 kg. A theoretical yield analysis based on resistivity is given below for both boron and
phosphorus-doped crystal in the 0.3 to 1.5 Q-cin range: b

The fraction of melt solidified, g, for the first crystal at start of taper is 14.82/18.0 = 0.823.
By assuming that the crystal top resistivity is 1.5 Q-cm, the resistivity at taper start is computed
from:

1=k
pp=op(l—-g °f an

where
pp = bottom resistivity
pT = top resistivity

ks = effective segregation coefficient (0.45 for phosphorus and 0.85 for boron)

For g = 0.823, the value at start of taper, Eq. (11) vields:
pp = 1.16 &-cm for boron

= 0.58 Q-cm for phosphorus

Thus, for either dopant, the entire length of the first crystal is within the assumed resistivity range.

The second crystal is pulled from a 17.3-kg melt. Additional dopant must be added to bring
the dopant concentration up to a level to hit 1.5 2-cm at the crystal top. For a 17. 3-kg melt, the
initial concentration to provide this resistivity is:

Co (boron) = 8.89 E19 atoms (12)

C,, (phosphorus) = 5.71 E19 atoms. (13)

'The amount of dopant, N, incorporated into the first crystal and taper is given by:

0.862
N= f Cdg (14)
8]
with
Kepr — 1
C =k C, (1 — gy off (15)
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and C, is the initial dopant concentration in the 18-kg melt. These initial concentrations are:

Co = 9.25 E19 atoms boron (16)
= 5.94 E19 atoms phosphorus. (17
Equations (14)-(17) give:
N =7.53 E19 atoms boron (18
N =3.50 E19 atoms phosphorus (19)

Equations (12)-(19) must be combined to determine the additional dopant, AN, to yield the proper
concentration for the second crystal.

AN (boron) = (8.89 + 7.53 — 9.25) E19 atoms (20)
and
AN (boron) = 7.17 E19 atoms (21)
Similarly:
AN (phosphorus) = 3.27 E19 atoins 22

Forg=14.82/17.3 = 0.857, the bottom resistivities of the second crystal from Eq. (11) are.

pp = 1.12 -cm for boron

= 0.52 Q-cm for phosphorus

and, again, the entire second crystal is in the assumed resistivity range for either dopant.
The third crystal is pulled from a 16.32-kg melt and the desired initial concentrations are:

C0 = 8.28 E19 atoms boron

= 5 38 E19 atoms phosphorus

21



Through the same computational procedure outlined gbove for the second crystal, the additional
dopant required for this last crystal is

AN =7.09 E19 atoms boron

= 3,33 E19 atoms phosphorus

Bottom resistivities for this third crystal are, from Eq. (11):
pp = 1.05 Q-cm for boron

= (0.40 Q-cm for phosphorus

Thus, the third crystal is also completely within the desired 0.3 to 1.5 £-cm resistivity range for
both dopants.

The maximum theoretical yield is given by the sum of the three crystal weights divided by the
total polysilicon charged:

Yield = 44.46/47.36 = 0.939.

The maximum vyield is, therefore, 93.9% based on weight in-weight out. The 100% vield points in
the economic modeling are based on crystal length and correspond to this 93.9% weight yield.

In a production mode, the crystal bottom tapers would be available for recycle. By assuming
that 500 g of the 700 g tapers are available for recycle, the total yield on new polysiticon would be
" 44.46/45.86 = 0.969. Grind losses on crystals pulled under automatic diameter control should
average under 10%. With a 90% grind yield, the overall maximum crystal yield on new polysilicon
for the 3-pull process would be 84% to 87% depending upon the amount of recycle utilized.

4. 12-cm Growth

Large diameter growth experiments were performed on a Varian Model 2848A Furnace
modified for 12-kg charges. Various puller alterations required to accommodate 12-cm diameter
crystal growth included a larger crucible, larger heater, a new lower chamber dome with a 15-cm
throat capacity, and a higher capacity vacuum pump. The lower chamber dome was designed and
built by Texas Instruments and included a special port for multicharge operation. The interior hot
zone parts were purchased from Varian.

A large number of single-charge pulls were made to determine cycle times, yields, maximum

pull rate, and various other operating problems and costs associated with 12-cm growth. Table 1
lists pertinent information regarding the majority of these test runs. The crystals were numbered
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http:44.46/45.86
http:44.46/47.36

Tabie 1. 12-cm Crystal Summary

Crystal Charge Grow Crystal Crystal Avg. Puli
Crystal Orientation Weight Weight Diameter Length Rate
kg kg em cm cm/k
12-2 {111 10 59 119 20.3 97
12-3 a1 10 7.2 12,0 254 8.5
124 (1n 12 101 12.5 34.3 10.0
12-5 1D 12 85 109 304 8.8
129 {100} 10 82 12,4 25.4 8.5
12-11 100 10 7.2 121 24.1 7.8
1212 a1y 10 4.7 1241 17.0 13.6*
12-14 {100} 10 8.3 12.2 29.0 8.7
12-16 {100} 10 8.0 11.2 254 8.5
1217 {100} 10 3.5 12.2 127 7.9
12-18 {100y 10 23 1.2 7.6 12.7*
12-19 {100 10 5.2 12.2 173 1.5 -
12.20 {100 10 4.9 12.2 16.56 79
12-21 {100} 10 84 13.8 236 6.4
12-22 {100} 10 2.5 12.2 8.9 7.4
12-23 (100 12 2.1 12,2 7.6 5.1
12-24 (100 12 9.9 123 305 7.1
12-25 (100 12 57 124 203 81
1226 {100 12 9.5 121 20.9 6.9
12-27 {100} 10 32 i2.2 11.4 11 4-12.7*
12-30 {100y 10 472 i2.2 15.2 10.1-15.2*
12-31 {100} 10 5.8 12.3 21.0 11.0
12-33 a1 12 11.1 12.7 32.0 7.2

*Melt freeze at thus pull rate

sequentially and the missing numbers in Table 1 are principally scrapped charges due to
miscellaneous factors such as particulates in the melt, cracked liners, or puller malfunctions.
Crystals 12-22 and 12-23 in the table were ruined by particulates falling into the melt during growth
and crystals 12-18, 12-27, and 12-30 were prematurely terminated in attempts to maximize their
pull rates. The (100) crystal orientation was emphasized in this study for two reasons: (1) it is
harder to grow, and (2)slices cut from (100} crystals can be readily texture-etched thereby
providing an inexpensive AR coating for solar cells.

Considerable effort was expended in the initial phases of 12-cm growth on improving crystal
quality. There was a strong tendency for crystals to lose perfection in the length range 2-12 cm.
Often crystallinity loss in this range is due to improper seed growth in which residual distocations in
the seed grow out to the crystal surface, usually within a crystal radius. However, the majority of
crystals lost perfection for no apparent reason, a phenomenon referred to as “‘spontaneous
perfection loss’ for want of a better explanation.
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The cause of spontaneous crystal loss is believed due to the size and stability of the puller hot
zone. In order to maintain good control over crystal diameter, it is necessary to keep the melt level
constant relative to the diameter sensor. Consequently, the crucible must be continually raised
during a pull to compensate for the volume of crystal solidified. The constantly iising crucible
coupled with the lengthening crystal continually change thermal conditions within the hot zone and
the rate of change is obviously a function of pull rate. The slower the pull rate the more stable the
hot zone and the greater the probability that crystal perfection can be maintained.

After considerable experimentation, the puller hot zone was lengthened 5 cm and this
improved crystal growth characteristics although at the expense of pull rate. This modification was
effected with crystal 12-21 and the average pull rates took almost a step-function decrease at that
point (Table 1). The larger hot zone increased the critical length to around 10 cm. If the 10-cm
point was negotiated successfully, the crystal could be pulled forever, virtually unattended.
However, getting through this critical length required considerable skill and intense operator
attention. With greater operator experience along with puller hot zone design improvements, the
critical length probably can be reduced greatly in importance if not eliminated entirely. The 5-cm
hot zone extension is not necessarily optimal but was the maximum extension possible which would
still allow operation of the multicharge feeder. A somewhat longer extension may be preferable
although pull rate may be affected adversely.

In Table 1, average pull rate is defined as the crystal length from shoulder to taper start divided
by the time to grow this length. Pull rates generally declined during a pull in qualitative agreement
with Figure 5. Experiments to determine the maximum pull rate are indicated in Table 1 by the
asterisks. The maximum range was experimentally determined to be 12.7-14 cm/h where maximum
pull rate is defined as that pull rate at which melt freeze begins. This definition is somewhat
imprecise since meit freeze does not occur instantaneously and a qualitative judgment is required. In
crystal run 12-30, the pull rate was systematically increased in approximately 1.0 cm/h increments
- every 30 minutes. Melt freeze was beginning at around 14 cm/h and reached catastrophic
proportions at 15.2 cm/h so that this maximum value is by no means a sustainable rate.

The 12.7 cm/h pull rate is slightly below the theoretical pull rates in Figure 5 for the indicated
crystal lengths in Table 1. The thermal modeling assumes that thermal equilibrium exists between
the growing crystal and its surroundings. Implicit in this assumption is the idea that the pulier can
respond instantaneously to melt temperature changes due fo crucible location changes. In reality, of
course, there is thermal lag in the heater, crucible, and heat shield, all of which limit the crucible lift
rate if melt freeze is prevented which, in turn, imposes an additional constraint on the maximum

pull rate.

Overall, it appears that 10 cm/h is .a practical maximum pull rate for 12-cm diameter,
single-charge pulls. Economic modeling of the Czochralski process assumes 9 cm/h which should be
readily attainable with experinece gained from volume production.
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Two goals of this program were to demonstrate grow yieids of 80% and final yields of 60%
based on polysilicon charged. The 80% grow yield was accomplished in several pulls with run 12-33
exhibiting a 92.5% grow yield. The crystals starting with 12-11 were boron-doped to hit around
1 Q-cm at the top. Thus, no crystal was lost due to resistivity and final yields were dependent on
grind and crop losses. Crystal 12-24 exhibited a 64.5% final yield and 12-26 had a 64.3% overall
yield. Crop losses on many of the crystals due to high dislocations cut the final yields below 60%.
Also, two crystals, 12-21 and 12-33 exhibited severe thermal stress cracks which reduced the final
yield on 12-21 to 36% (ground) and that of 12-33 to 32% unground. Both these crystals were grown
at relatively low pull rates so the cracking is puzzling and no explanation is available. Generally,
grow vields in excess of 80% are feasible and final yields of 70-80% based on polysilicon input
should be attainable provided crystal grind is not required.

5. Multicharge Process

Puller productivity per cycle can be increased substantially an& operating supplies per unit of
production can be reduced by pulling multiple crystals during a furnace run. In the limit
semicontinuous crystal pulling, in which polysilicon is continually fed into the crucible, offers the
lowest cost potential but this approach will require considerable development to implement. An
intermediate step for achieving multiple crystal growth is to pull crystals from discrete polysilicon
batches which are loaded into the heated crucible between crystal pulls. A 3-pull multicharge
process can effect approximately a 25% cost reduction over single-charge pulls and this 3-pull
process was evaiuated in this study. )

After examining various alternatives, it was decided to utilize nugget polysilicon with a feed
scheme depicted in Figure 12. A 61.8 mm ID stainless steel tube was inserted into a stainless
bellows and the tube and bellows were welded together at the upper end through a flange. A 9-kg
capacity polysilicon container was attached to this flange by a flexible metal hose through which
the polysilicon was fed. During a crystal pull the flexible hose and container were removed to allow
refilling of the container with polysilicon. The bellows assembly was connected to a port on the
lower chamber and the feed tube could be extended about 40 ¢m into the chamber. After charging
the crucible, the feed tube was retracted by extending the bellows which was then locked in place
and the feed tube was completely out of the way for crystal growth. An argon purge was
maintained through the feed assembly during charging.

Three initial runs were made to determine a procedure for feeding the nugget polysilicon into
the crucible. In these runs, which are 12-27, 12-28, and 12-29 in Table 2, 3-kg polysilicon was
melted and then 7 kg of nuggets were dropped into the melt. During charging, the puller was at
atmospheric pressure with argon purge. In 12-27 the nuggets were fed into the melt fairly rapidly
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Table 2. Multicharge Crystal Pulls

Crystal Charge Grow Crystal Crystal Avg. Pull

Crystal Orientation Weight Weight Diameter Length Rate

- kg kg cm cm em/h
12.27 {100 10 3.2 12.2 11.4 11.4-12.7*
12-28 {100} 10 Scrapped — liner buckled
12-29 {100} 10 3.5 12.2 12.7 36
12-30 {1aoy 10 4.2 12.2 152 10.1-15 2*
12-31 {100} 10 58 12.3 21.0 i1.0
12-32(A) {100 12 8.5 12,2 27.9 7.5
12-32(B} {100) 7 7.7 12.6 254 9.0
12-32(C} oo 7 8.1 123 259 6.1
12-34(A) a1 8 4.4 8.4 318 10.0
12-34{B) M 4.5 Run terminated — puller malfunction
12-35(A) {110 8 38 9.2 243 44
12-35(B} a1ty 45 3.8 8.3 30.5 7.0
12.35{C} 111} 4 3.5 8.3 26.7 6.2
12-36 (1aoy 4 3.4 7.9 254 10.2

*Melt freeze at this pull rate

while the crucible was rotated. The 7 kg required 15 minutes to feed, the puller was back under
vacuum in 18 minutes, and the silicon was fully melted within 32 minutes from start of feed. The
resulting melf was clean-looking but three attempts fo grow a singie-crystal top failed and a
polysilicon plug was puiled.

In run 12-28 a very slow feed was used such that the nuggets were given sufficient time to melt
before additional ones were added. Toward the end of the charging process, considerable melt
splashing occurred which greatly reduced the rate at which the nuggets could be added and the total
charge time was a lengthy 1.3 h. The resulting 10-kg melt was very dirty and, in addition, the liner
developed a severe buckle along one side making melt temperature control virtually impossible. A
short plug was pulled before freezing occurred and the charge was scrapped.

A different charging‘approhch was used in run 12-29. Power to the 3-kg melt was lowered until
the melt surface froze. The 7-kg nugget charge was then fed into the crucible rapidly (5 minutes).
Full power was restored and the 10-kg charge melted within 20 minutes. Unfortunately, as in
run 12-28 the resulting melt was fairly dirty and a single crystal could not be grown.
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Of the three feed techniques tried, that of run 12-27 offered the most promise and was
selected for multicharge mns. The charge procedure was:

1) Lower the crucible
2) Increase puller power approximately 25%
3) Shut vacuum valve
4) Flood lower chamber with argon to one atmosphere
5) Lower charge feed tube
6) Couple nugget container flexible hose to the bellows flange
7) Feed nuggets into the rotating crucible
8) Disconnect flexible hose fr?m bellows
9} Retract feed tube
10} Open vacuum valve

11) Increase pulier power to 80 kW.

Three multicharge muns were made: 12-32, 12-34, 12-35 in Table 2. In each run the initial
charge was large-piece polysilicon followed by nugget refills. In 12-32, the total crystal weight was
24.3 kg out of a 26-kg charge weight for a grow vield of 93.5%. However, the two crystals grown
from nugget charges were high dislocation. Run 12-32 required 26.8 h including 20 minutes
consumed in repairing the upper chamber seed shaft seal after the first crystal. A major
time-consuming factor in this run involved cool-down of the completed crystal in the upper
chamber before removal. This time averaged 1.9 h for crystals 12-32(A) and 12-32(B). Cool-down
time could be decreased by directing argon jets onto the crystal as it is raised into the upper
chamber.

Prior to multicharge run 12-32, runs 12-30 and 12-31 were made to attempt good crystal pulls
from nugget polysilicon. Run 12-30 produced 5.1 cm dislocation-free crystal before losing
perfection but 12-31 was high-dislocation its entire length. In view of this difficulty in growing good
12-cm crystal from nugget polysilicon melts, it was decided to try smaller crystal with a (111)
orientation, runs 12-34 and 12-35. However, these crystals also were high-dislocation. In
run 12-34(B) the heat shield sagged against the heater causing severe arcing and the run was

terminated.
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Crystal 12-36 was pulled from a nugget polysilicon melt in a small RF-heated puller utilizing a
helium ambient at one atmosphere pressure. This crystal was dislocation-free to the taper end and
indicates that nugget polysilicon is a suitable starting material. Out of ten attempts to use nuggets in
the Varian puller, only one crystal was perfect and that for only 5.1 cm (12-30). Thus, there
appears to be a fundamental problem in utilizing nugget polysilicon in an RMH-heated puller. The
major cause of this problem is believed to be excessive carbon incorporation in the nugget poly
melts. Crystal 12-32C had SiC precipitates evident on the surface and IR measurements of carbon in
12-32(B) and 12-32(C) indicated very high carbon levels of 4E17/cm3. At this carbon level, single
crystal growth is difficult if not impossible. It is essential to find a growth technique or loading
procedure which minimizes carbon in the melis for successful multicharge or semicontinuous

Cz growth.
B. CRYSTAL SLICING
1. Introduction

in order to achieve minimum cost Cz silicon sheet, the ingot slicing process must: (1) produce
minimal kerf thickness, (2) provide thin slices, (3) exhibit high yields, and (4) offer high slice .
production rates. In surveying slicing approaches to meet these criteria, it appears that multiblade
abrasive slurry sawing has the greatest potential, at least for large diameter ingot. Slurry sawing can
provide good slice thickness control and the as-sawed surfaces are sufficiently smooth so that
chemical etching can provide an acceptable surface for solar cell fabrication. The elimination of
costs associated with lapping or polishing coupled with an anticipated 2X cost advantage of the
basic sawing process indicate slufry sawing to be significantly cheaper than conventional ID slicing,.

A Varian Model 686 Wafering Machine was used in the sawing experiments. This saw will
accept 12-cm crystals up to 19 cm long although much of the experimental work was done on 5 and
7.6-cm crystals around 10 ¢cm long. The maximum blade head reciprocation rate of the Varian saw
is 100 cycles/min but a practical maximum is around 80 cycles/min with 60 cycles/min being the
speed at which most of the experiments were performed. The major emphasis of the slicing activity,
described below, was to minimize slice plus kerf thickness while maximizing cutting rates. Various
parameters such as blade dimensions, blade force, blade speed, and slurry composition were

investigated with regard to optimization.
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2. Experimental
Experiment 1, Cutting Rate versus Feed Force

A 7.64-cm crystal was mounted on a 5.08-cm wide by 1.27-cm thick glass plate using Cenco
wax. The blade thickness was 0.2 mm with a spacer thickness of 0.74 mm. The stroke length was
20.0 cm at 56 cycles/min providing a blade speed of 37 cm/s. Kerf volume versus blade travel for
0.37, 0.75, and 1.12-N blade loads are plotted in Figure 13. The average slice thickness was
0.60 mm with an average kerf of 0.34 mm. Total cycle time was 32 hours. Additional data are given
in Table 3.

Experiment 2. Cutting Rate versus Feed Force

The crystal was mounted as in Exp. 1 and used similar blades, spacer dimensions, and blade
speed. Kerf volume versus blade travel are shown in Figure 13 for 1.1, 1.5, and 1.9 N/blade. The
average slice thickness was 0.60 mm with an average kerf of 0.34 mm. Additional data are given in
Table 4. Total cycle time was 19 hours, an improvement over Exp. 1 by 41% due to the higher
blade loads. :
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Figure 13. Silicon Kerf Volume versus Blade Travel as a Function of Blade Load
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TABLE 3 TABLE 4
SLURRY SAWING EXPERIMENT SUMMARY SLURRY SAWING EXPERIMENT SUMMARY

Experiment No * 1 ExpermentNo, o 2

Expeniment Description Blade Load vs, Cutfing Rate Experiment Description® __B1ade Load vs. Cutting Rate

7.64 cm Sithicon - 15,7 cm long (111) 7.65 ¢m Silicon - 16,2 em Long (111)

Material Sawed Material Sawed

Abrasive 400 Gt _SiC Crystolon Abrasive! 400 Grit S$1C Crystolon

Slurry Mixture 240 g/liter FPC o1l Slurry Mixture 240 g/hter PC oil

1€

Slurey Flow Rate {ml/fs) %2

Slurry Flow Rate {mlfs) .22

Blade Material 1095 staecl Blade Materal 1095 steel

Blade Dimensions {mm) Length:&_l_'rhlckness 0.2 Height 6.4 Blade Dimensions {mm)* Length 432-8  Thickness. 0.2 Height 6.4
Blade Spacer Thickness fmm) —__Q.74 _ No. Blades in Array: 167 Blade Spacer Thickness (mm) D..74 No Blades in Array: 172
Blade Elongation (mmp . 2-98 _ _ Elongauon {%}: 0.71 Blade Elongation {mm) 2.95 Elongation (%} 0.7
Stroke Length {cm) 20 : Head Reciprocation {cycles/min } 56 Stroke Length {cm): 20 Head Reciprocation (cycles/min 3, 56
Blade Speed {cm/s}. 38 Slice + Kerf {mm}: 0.94 Blade Speed {cm/s) 38 Shce +-Kerf {mm) 0.94
Blade Load {g/blade}: 38,706,114 Blade Wear {mm). 1 6 Blade Load {g/blade) 114, 152,190 Blade Wear {mm}): 1: 6
Cycle Time (h): 32.8 Avg. Cutting Rate {mmv/h) 2.35 Cyele Time {h): 19 Avg Cutung Rate {mm/h) 4.03
No Stices Sawed 166 Sawng Yield (%): 94.0 Mo Shces Sawed” 11 Sawing Yield (%) 100
Shee Thickness {mm}: Avg. 0. 60 Max 0,62 Min, G.58 Slhce Theckness {mm)  Avg. 0.60 Max, 0.62 Min, 0.55
Max Surface Planarity {pm)- 12.7 Avg. Kerk Loss {mm} 0,34 Max Surface Plananity (gm)* 30.5 Avg, Kerf Logs {mm) 0.34
Bow {um}  Avg 2.8 Max. 25.4 Mm 0 Bow (pm}  Avg 8.6 Mux 33.0 M, 0
Taper {um} Avg. 52,3 Max 62.0 Min 34,8 Taper {um}  Avg 32,3 Ma;( : 96.5 Min 16

AIFTVOD F00d 0
oI EOVA TYNIDIHO

Comments: Mount Wax - Genco, Grystal mounted on 5 cm wide

glass plaie., Slices started clustering when blade array entered glass.

Comments: Clusteraing of slices with 4 ¢




Experiment 3. High-Speed Sawing

A 7.65-cm crystal was sawed as in Exps. 1 and 2. The blade array used in Exp. 2 was used in
this experiment (1.6-mm blade wear) with no additional tensioning. The-stroke length was 20.0 cm
at ‘88 cycles/min. Kerf volume versus blade travel is plotted in Figure 14. The average slice thickness
was 0.60 mm with an average kerf of 0.34 mm. Cycle time for cutting was 6.9 hours but the cutting
had to be terminated prematurely due to slices demounting. A possible cause was vibration from the

rapid reciprocation rate.
Experiment 4. Cutting Rate for Three Crystals

Three 5.08-cm diameter crystals with a length (each section) of 15.2 cm were mounted in a
special stainless steel mounting fixture shown in Figure 15. The crystals were attached to phenolic
-strips using epoxy cement. The stroke length was 16.5 c¢m at 70 cycles/min. This gave a blade speed
equivalent to the previous experiments. The blade thickness was 0.2 mm with a spacer thickness of
0.74 mm. The average slice thickness was 0.59 mm with an average kerf of 0.35 mm. Additional
data on Exp. 4 are given in Table 5. Total cycle time was 16 hours using various blade loads (1.1 N,
1.9 N, and 2.3 N/blade). Figure 16 shows kerf volume versus blade travel for these three blade
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Figure 14. Kerf Volume versus Blade Travel as a Function of Blade Speed
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Figure 16. Simultzneous Sawing of Three 5-cm Silicon Crystals
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TABLE 5
SLURRY SAWING EXPERIMENT SUMMARY
ExperimentMNo 4

Experiment Description Three Crystals vs, Cutting Rate

Matertal Sawed. 5.08 cm Silicon - 15.24 cm Long {45. 7 tolal)

Abrasive 400 Grit SiC Crystolon

Sturry Mixture: 240 g/liter PC o1l

Slurry Flow Rate {ml/s} 34

Blade Material 1095 steel

Blade Dimensions (mm). Length. 412,8 Thickness 0.2 Heght 6.4
Blade Spacer Thickness {mm).—_0.74 _____ No Biades in Array, _162 x 3 = 486

Blade Elongaton (mm} ... . 2.95  Elongaton (%): 0.71
Stroke Length {cm} 16.5 Head Reciprocation [cycles/min.): 70
Blade Speed {ocm/s}: 38.5 Shice + Kerf {mm) 0. 94
Blade Load {g/blade) 114, 190, 230 Blade Wear {mm)]. 1,65
Cycle Time {h} 16. 0 Avg. Cutting Rate {mm/h): 3.17
No Shices Sawed 483 Sawing Yield {%) 99. 6
Slice Thickness (mm}: Avg. 0.54 Max. 0.63 Min, 0.56
Max. Surface Plananity (pm):L Avg. Kerf Loss (mm): 0.36
Bow (um). Avg _ 4_ Max 20.3 M, 0
Taper {um} Avg, 48.3 Max. - 80.0 Min. 14. 0
Comments Used Thermoset DC 412, 10 parts by weight and

Thermoset Hardner DC 412, 1 part by weight for crystal mount.

. TABLE 6
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No, 10

Experiment Description: __Three Crystal vs. Cutting Rate

Materiat Sawed 5.08 em Silicon (1l1) 15.22 cm Long
Abrasive 200 Grit SiC CGrystolon
Slurry Mixture = 240 g S1iC/hitex PC 01l

Slurry Flow Rate (mifs) _ 39

Blade Material: : 1095 steel

Blade Dumensions (mmi: Length _412.8 Thickness: 0.2 Height 6.4
Blade Spacer Thickness {mm} _&lﬁ_. Mo, Blades in Array: 15? x3 =486
Blade Elongation {mm}: 2.95 — Elongation {%} 0. 71
Stroke Length {(om} 16.5 Head Reciprocation {cycles/mn } 70
Blade Speed {om/s) 38.5 Siee + Kerl (mm) 0.94
Blade Load {g/blade) 30150 plade wear (mm} 1.6
Cycle Time (R __. 23.5 Avg. Cutting Rate {mm/h): .13
No Shces Sawed 483 Sawing Yield (%) 9.6
Shice Thickness {mm)- Avg 0.59 Max. 0,62 Min. 0.56
Max Surface Planarty {gm)*___ 12.5 Awg. Kerf Loss {mm): 0.35
Bow {um) Avg. 4,83 Max. 17.8 Min. 0.0
Taper {um): Avg. - 19. 81 Max, _ 61.5 Min, 4.32
Comments: Reproduced data (cutting rate) of Experiment 4.




the end of this experiment it was noticed that the blade speed was considerably less than that
initially set. The data from this experiment showed that cutting rate was greater than that of silicon
carbide but a decision was made to repeat the experiment because of the blade speed problem.

Experiment 7. Curting Rate versus Blade Force Using Boron Carbide (Repeat of Exp.6)
~
The 7.62-cm crystal was mounted using epoxy adhesive and a phenolic strip. Crystal length
was 16 cm. The blade array and other parameters including the sharry were the same as in Exp. 6.
Kerf removal rate versus blade load is shown in Figure 18. Boron carbide abrasive produces a cutting
rate 2.5 times greater than silicon carbide with the same blade load and blade speed. The average
slice thickness was 0.60 mm with a kerf of 0.34 mm which were the same values as the silicon

carbide results.

This experiment was terminated prematurely based on cutting rates dropping to nearly zero
when ‘the blade array touched the epoxy adhesive. When the crystal was taken off the mount
fixture, it lacked 2.5 mm being cut into complete slice form. No additional slice parameter data

other than thickness and kerf loss were taken.
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Figure 18. Boron Carbide Abrasive Slurry Sawing Results
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Experiment 8. Thin Blades and Spacers

This crystal was 7.64 cm in diameter mounted as in Exp. 1. The blade thickness was 0.15 mm
with a spacer thickness of 0.38 mmm. The stroke length was 20.0 cm at 56 cycles/min. Initial blade
load was 0.5 N/blade but when the blade load was increased to I N/blade, severe slice chippage and
breakage began to occur. This experiment was terminated after cutting through approximately 3 cm
of the crystal. Slice thicknesses on broken segments indicated 0.15 to 0.20 mm (6-8 mils).

Experiment 9. Slice Plus Kerf Thickness 0.63 mm (6-riil Blades and 19-mil Spacers) -.-

A 7.62-cm crystal was mounted as in Exp. 1, The blade thickness was 0.15 mm and a 0.48-mm
spacer thickness was used. The stroke length was 20.0 ecm at 56 cycles/min. The blade array
consisted of only 30 blades. The initial blade load was 0.5 N, so for a 30-blade array the pressure
delta to the saw balance pressure of 1.73E05 Pa was 8.27E03 Pa. The cutting rate would decay with
each additional 30-minute time interval to almost zero. The feed mechanism was lowered and then
raised and this would produce the original cutting rate but with time it would decay to almost zero.
This experiment proved that the Varian 686 saw feed mechanism is not sensitive enough to use
small numbers of blades in the blade array. The blade pressure was varied from 0.5 to 2.5 N with
quesfionable cutting rates still existing at the highest blade load. Data from this experiment were
voided.

Experiment 10. Curting Rate for Three Crystals (Repeat of Exp. 4)

In view of the results of Exp. 4, i.e., cutting rate is independent of kerf length, the 3-crystal
experiment was repeated using blade loads of 0.5 and 1.5 N. Three 5.08-cm diameter crystals with a
length (each secticmj of 15.22 cm were mounted as in Exp. 4 .(Figure 15). In Exp. 4 the crystal
orientation was (111, whereas in this experiment the crystals were (100). The stroke length was
16.5 c¢m at 70 cycles/min. The blade thickness was 0.2 mm with a spacer thickness of 0.74 mm. The
average slice thickness was 0.59 mm with an average kerf of 0.35 mm, the same as in Exp. 4. The
two data points (triangles) are plotted in Figure 17 and additional data are given in Table 6.

Experiment 11. Effect of Slurry Flow Rare on Cutting Speed

A 7.6-cm diameter (111} silicon crystal was slabbed into a rectangular cross section 4.4 by
5.8 cm. The resulting uniform kerf length allowed a direct comparison of cutting distance into the
crystal with equal time increments. Three 30-blade arrays were assembled into the blade head for
this experiment. The blade thickness was 0.15 mm with a spacer thickness of (.48 mm. The stroke
length was 20.0 cm at 56 cycles/min providing a blade speed of 38 cm/s. The blade load was
1.5 N/blade. (futting rate as a function of slurry flow rate is plotted in Figure 19 (circles).
Additional data are given in Table 7. The data in Figure 19 for this experiment indicate that a slurry
flow rate in the 5 to 10 ml/s range is probably optimal, at least for boron carbide abrasive.
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Figure 19. Effect of Slurry Flow Rate on Silicon Cutting Rate

Experiment 12. High-Speed Sawing by Combining Best Conditions

A 7.66-cm diameter <111 silicon crystal was mounted as in Exp. 1. The blade array consisted
of 135 blades 0.2 mm thick with 0.48 mm spacers. The stroke length was 20.0 ¢m at 80 cycles/min.
The sturry was 400-grit boron carbide in the ratio of 240 g/l PC oil. Blade force was 1.9 N/blade,
The resulting slice thickness was-0.33 mm with an average kerf of 0.35 mm. Additional data are
given in Table 8. The crystal was sliced in 7.2 h for an average cutting rate of 10.6 mm/h.

Experiment 13. High-Speed Sawing at 2.4_1 N per Blade

This experiment was basiczlly a repeat of Exp. 12 except a higher blade force was used. The
average slice thickness was 0.37 mm with an average kerf of 0.31 mm. Additional data are given in
Table 9. The 7.62-cm diameter crystal was sliced in 6.2 h for an average cutting rate of 12.3 mm/h.
Experiment 14. Rotating Crystal (190 rpm)

Equipment was designed and built to accommodate rotation of the silicon crystal during the
cutting process. An alignment fixture (Figure 20) was built which enabled the epoxy attachment of

metal end assemblies to the crystal. The crystal rotated on a shaft attached to these end assemblies.
A Heller motor and timing belt, shown in Figure 21, were used to rotate the crystal at 190 rpm
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TABLE 7
SLURRY SAWING EXPERIMENT SUMMARY
ExpenmentNo, 11

Experiment Description: —Sluxrry Flow Rate vs
Materal Sawed:

Cutting Ratke
Abrasive:

Experiment No

Rectanpular Crosgection - Kerf 5.78 ecm

600 Grit B4C ~ Norbide
Slurey Mixture:

240 g B4C/liter PC oul

Experiment Description:

Slurry Flow Rate {ml/s):

Material Sawed

E 8

TABL
SLURRY SAWING EXPERIMENT SUMMARY
12

High Speed Sawing - Combine Best Conditions
7.66 em Silicon (111}
Abraswe: 400 Grit B4C - Microabrasive
Slurry Mixture 240 g B,C/liter PC o1l
2lto 2 Sturry Flow Rate {ml/s}. 5
Blade Matenal 1095 steel Blade Material 1995 steel
Blade Dunenstons {mm): Length: 412.8 Thickness: 9.15 Height H. 4 Blade Dimensicns {mm)  Length _412.8  Thickness: 0.2 Height, 6.4
Blade Spacer Thickness {mm). 0.48 No. Blades in Array 90 Blade Spacer Thickness (mm) 0,48 No Blades in Array: 135
Blade Elongation [mm) z.54 Elongation (%): 0.71 Blade Elongation [mm): 2.5 Elongation (%} 0.62
Stroke Length {cm}: 20 Head Reciprocation {eyeles/min |+ 56 Stroke Length {cm): 20 Head Reciprocation {cycles/min }, 80
Blade Speed {cm/s): 38 Shice + Kerf (mm) 0.63 Blade Speed lem/sh: 53 Slice + Kerf (mm) 0.68
Blade Load (y/blade} 150 Blade Wear (mm} L. 53 Blade Load (g/blade) 130 Blade Wear {rnm) 1.4
Cycle Time (h) 15,5 Avg. Gutung Rate {mm/h): -- Cycie Tine () 7.2 Avg. Cutuing Raie {mm/h}; 10.6
No. Slices Sawed. Not Applicable Sawing Yield {%) -- No. Shces Sawed 134 Sawing Yield {3} 97.8
Slice Thickness {mm}  Avg. niad Max ek Min, -- $hee Thickness {mm}  Avg 0.33 Max. 0.42 Min, 0.23
Max. Surface Planarity {gm) Avg Kerf Loss (mm) _ == Masx., Surface Plananty (um) 37.5 Avg, Kerf Loss {[mm}* 0,35
Bow [um)  Avg - Mux oz Mun, lad Bow {um} Avg. 19.3 Max. 35,56 Min. 0.8
Taper (um)  Avg -= Max. -- Min == Taper [um) Avg. 35,3 Max 49.28 Mtn. 17,02
Comments At low flow rates {<10 mils/s} slices_seem_ to cluster Comments Shices started clustez_'inrz well before blade exit of
much sooner than at higher flows, crystal possibly due to low (5 ml/s) slurry flow.
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TABLE 9 TABLE 10
SEURRY SAWING EXPERIMENT SUMMARY SLURRY SAWING EXPERIMENT SUMMARY

ExpermentMNo. 33 Experiment No, .16

Expenment Description: 11180 Speed Sawing at 240 g Per Blade Experiment Deseription _Unground Silicon Grystal

Material Sawed- 7.62 cm Silicon (1) Material Sawed (11} Silicon Dismeter 8,0 - 8,12 cm

Abrasive 400 Grit B4C - Microabrasive Abraswe® 400 Grit B4C - Macroabrasive

Slurry Mixture: 240 g/liter PG oil Slurry Mexture: 240 g/liter PC Oil .
!

Slurry Flow Rate {ml/s): 5 . Slurry Flow Rate (mi/fs) 5.0

Blade Material. 1095 stecl Blade Matersal: 1095 Steel

Blade Dimensions (mm)  Length: 412.8  Thickness: 0.2 Height, __ 6.4 Blade Dimensions (mm)* Length: 381 Thickness:_ Q. 20 ‘Height ___ 6.4
Blade Spacer Thickness {mm}: 0. 48 _____ No. Blades in Array: B8 Blade Spacer Thickness (mm): —_0.43  No. Blades in Array: 160

Blade Elongatton (mm} 2.5 Elongauon (%) 0,62 Blade Elongation {mm) 2,54 Elongation {%): 0.67

Stroke Length (cm). 20 Head Reciprocation {cycles/frun): 80 Stroke Length (cm): 16.5 Head Re‘ciprocatlon {eycles/min.}: 80
Blade Speed {cm/s} 53.3 Shce + Kerl {mm): 0.68 Blade $peed {cm/s) 44 Slice + Kerf {mm}: 0.63

Blade Load {g/blade} 240 Blade Wear (ram) 1. 42 Blade Load (g/blade): 200 Blade Wear (mm) 1,42

Cycle Time {h): 6.2 Avg, Cutting Rate (mmsh): 12,3 Cycle Tume (h} 9.6 Avg Cutting Rate (mm/h):___8.5

Mo, Slizes Sawed: 87 Sawing Yield (%} 96.6 No. Slices Sawed. 159 Sawang Yield (%): 17. 5%

Slice Thickness {mm} Avg 6.37 Max. 0.46 Min 0.30 Slice Thickness (mm): Avg.___ 0:332 Max. 0.41 Min. 0.26
Max. Surface Plananity {am}: 12.5 Avg, Kerf Loss {mm): 0.3 Max. Surface Planarity {um): 15. 0 Avg. Kerf Loss {mm): 0.30

Bow (um): Avg, _ INot Applicable Max, M, Bow lum): Avg. 13.97 Max. __80.8 Min, 6.0
Taper (um)  Avg, Mot Applicable Max. Min, Taper {um}: Avg. 24.13 Max. 61. 98 Min _4.32
Comments: Approximately 25 slices given te Array Assemhky for

Comments — Emploved light blade load foxr fairst 1.2 mm into crystal
#*

A number of slices broken due to use of three phenglic strips rather than 1,
The two additional strips were used as braces and epoxied to sides of crystal.
Also on first mount (single phenolic strip) phenolic broke causing two

large chips in top of crystal section.

fabrication of ¢cells
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(a) CRYSTAL ALIGNMENT FIXTURE

(b) CRYSTAL AND END MOUNTS IN
ALIGNMENT FIXTURE

Figure 20. Crystal Spinner Alignment Fixture pAGE 1®
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(a) CRYSTAL ROTATING SYSTEM
WITHOUT BLADE HEAD ASSEMBLY

(b) CRYSTAL ROTATING SYSTEM
READY FOR SLICING

Figure 21. Crystal Spinning System
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while the blade head reciprocated. A blade load of 0.5 N was used with a stroke length of 20 cm at
56 cycles/min. The slurry was 400-grit B4C in PC oil. After one hour of operation, the experiment

had to be aborted due to a sharp momentary drop in the air pressure to the feed mechanism causing
the crystal to drop and immediately return. This caused a major wipeout of the partially cut slices.
It was determined from this experiment that a more powerful motor was needed. The spinning
mechanism was returned to the shop for modifications.

Experiment 15. Cutting Rate versus Slurry Flow

This experiment was basically a repeat of Exp. 11. Boron carbide was used in both
experiments, the difference being in the particle size — 600-grit in Exp. 11 and 400-grit in this
experiment. Results of both these experiments are shown in Figure 19. Additional data are given in
Table 10. The results of this experiment confirm the data from Exp. 11 that a flow rate of 5 ml/s is
optimal. SEMs of new and used B4C are shown in Figure 22 and SiC in Figure 23. Particle
fragmentation and edge rounding occur with B4C as with SiC but to a lesser degree. SEMs were
taken of blades with a typical surface shown in Figure 24 and a blade from Exp. 1 (SiC) Figure 25.
As was the case with SiC, no particle embedment was detected.

Experiment 16. Cutting an Unground Crystal

In all previous experiments the crystals were centerless ground to a specific diameter. The
purpose of this experiment was to determine if an as-grown crystal with diameter undulations could
be sliced. The conditions for the experiment are given in Table 10. The crystal had a diameter
varying from 8.00 to 8.12 cm. The operating procedure was modified somewhat on startup to allow
all blades in the array to seat onto the crystal surface before going to the full 2 N/blade loading. For
this crystal, this was a cut distance of 0.6 mm from contact of the first blade in the array to all
blades in the array. No problems with respect to slicing of the unground crystal were encountered
by using the modified startup procedure.

Experiment 17. Rotating Crystal (850 rpm)

The modified spinning mechanism was again set up on the wafering machine with a 1.5-hp
motor. A 7.66-cm (111) silicon crystal was mounted using the special fixture for centering the
crystal end assemblies to enable rotation. The conditions for the experiment are given in Table 11.
After approximately three hours of elapsed cutting time and a cut distance of 1.63 cm, the last
blade in the assembly rode up on the end section of the crystal and caused a wipeout of a major
portion of the partially cut slices. The experiment was abandoned, but slice and kerf thickness data
were taken and cutting rate is plotted in Figure 26.
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TABLE 11
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No.: __17
Experiment Description:

Material Sawed:

Rotating Cry stal (850 rpm)

7.66 cm (l111) Silicon

Abrasive:

600 Grit B,C - Microabrasive

Slurry Mixture:

240 g B;Cﬂiter PC 0il

Slurry Flow Rate (ml/s): _10 - 25

E 12

TABL!
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No.: 18
Experiment Description:

Material Sawed:

Rotating Crystal (850 rpm)

7.63 em (111) Silicon

Abrasive:

400 Grit SiC - Norton

Slurry Mixture:

240 g/liter PC Oil

Blade Material: 1095 Steel

Blade Dimensions (mm): Length: 38l Thickness: 0.2 Height: 12,7
Blade Spacer Thickness (mm): ___ 0:48  No. Blades in Array: 89

Blade Elongation (mm): ____ 2.54 __ Elongation (%): 0.67

Stroke Length (cm): 19
Blade Speed (cm/s): 38
Blade Load g/blade): 100

Cycle Time (h): i

No. Slices Sawed:

Slice Thickness (mm): Avg.

Head Reciprocation (cycles/min.): 60

Slice + Kerf (mm): 0,68

Blade Wear (mm): __Not measured

Avg. Cutting Rate (mm/h}: __==~

Sawing Yield (%): s

Max. Min,

Max. Surface Planarity (um): ___~

Bow (um): Avg.

el Avg. Kerf Loss (mm):
s Max. Min.
i Max. Min.

Taper (um): Avg.

Comments: __Abort - Rear blade rode up on top of crystal. Broke all partiall

cut slices.

Slurry Flow Rate (ml/s): 10 - 25

Blade Material: 1095 Steel

Blade Dimensions (mm): Length: 381 Thickness: 0.2 Height: 6.35
Blade Spacer Thickness (mm): ___ 0.48  No, Blades in Array: 111

Blade Elongation (mm):_____ 2.54  Ejongation (%): 0.67

Stroke Length (cm): 19 Head Reciprocation (cycles/min.): 60
Blade Speed (cm/s): 38 Slice + Kerf (mm): 0.68

Blade Load (g/blade): >0 100, 150 Blade Wear (mm): ___2.24

Cycle Time (h):_4-75h for 3.1 cm

No. Slices Sawed: 110

Slice Thickness (mm): Ava.

Avg, Cutting Rate (mm/h): -

Sawing Yield (%): 0

Max. === Min. e

Max. Surface Planarity (um): =

Bow {um): Avg. shy

Taper (um): Avg. A

L' Avg. Kerf Loss (mm): e
Max. LE Min. L
Max. - N ==

Comments:

Lost all slices after rotation stopped to slice core region.

Partially cut slices were not supported adequately for core cutting.




(b) 1000X USED ABRASIVE

Figure 22, SEMs of New and Used 400-Grit B4C Abrasive



(b) 1000x Used Abrasive

Figure 23. SEMs of New and Used 400-Grit SiC Abrasive
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Figure 25. SEM (500X) of Blade After Cutting 7.6-cm Silicon Crystal Using
SiC-PC Qil Slurry (Blade from Experiment 1) AGE
¥
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Figure 26. Experimental Slurry Sawing Results

Experiment 18. Rotating Crystal (850 rpm)

In the analysis of what may have caused the problem in Exp. 17, it was thought that the blade
height (12.7 mm) could have been a contributing factor. In setting up for this experiment, a blade
array was assembled using 6.35-mm high blades. Other conditions are given in Table 12. Initial blade
loading was 0.5 N/blade for a cut distance of 1.48 cm, then a change was made to 1.0 N/blade to a
cut distance of 3.14 cm. At this point, the crystal rotation was stopped, crystal supports were
installed, and the remaining core was cut with the crystal stationary. Difficulty was encountered in
the final 0.25 cm of the crystal core because the crystal and partially cut slices were not anchored
firmly enough. Cutting rates with the 400-grit SiC virtually identical to those shown in Figure 26
for 600-grit B4C.

Experiment 19. Abrasive Concentration versus Cutting Rate

The conditions and results of this experiment are given in Table 13. The abrasive concentration
was increased from 240 g/l to 480 g/l. The kerf loss was exceptionally low (0.225 mm) in this
experiment and was probably due to a statistical accident in that many slices were broken (possibly
thin ones) in cleanup thus contributing to a thicker slice average — hence lower kerf. Indications
were that cutting rate was about 1.5 times faster for the same blade loading with double (480 g/l PC
oil) abrasive concentration.
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Experiment 20. Diamond-Plated Blades

Diamond-plated blades were purchased from Semiconductor Materials Incorporated. The
process used for plating was their Mark III which incorporates 3 parts 325-grit diamond with 1 part
270-grit diamond. The diamond plating was approximately 0.064-mm thick per side with a cutting
edge thickness of 0.152 to 0.203 mm. Table 14 summarizes experimental results. Figure 27 shows
the core/diamond interface with the core being high tensile strength stainless steel. The Mark III
process with this particular diamond particle mix is one that is used for making ID wheels and was
considered a good place to start for multiblade wafering.

Coolant for the diamond blades was a Rustlick/water mixture (1:20) at a flow rate of
5-10 ml/s. Additional data are shown in Table 14. The blade load at startup was 0.3 N/blade and
was increased to 2.4 N/blade. The cutting rate increased with blade loading but was no better than
abrasive cutting at equivalent pressures. Also, slice evaluation revealed that the blades began to
wander after exceeding 0.9 N/blade, thus contributing to a wide spread in thickness, high bow, and
taper. Figure 28 shows a surface view of a slice sawed with the diamond blades. Note that the
surface has a semipolished appearance which is not characteristic of diamond ID wheel cutting.

Experiment 21. Rotating Crystal — Diamond-Plated Blades

The same blade package used in Exp. 20 and the crystal spinning mechanism used in Exp. 17
were used in this experiment. A 7.66-cm (111) silicon crystal was mounted as in Exp. 17. Other
experimental conditions are given in Table 15. A significant improvement in cutting rate was
obtained with the diamond blades and crystal rotation. Crystal rotation was stopped at a core
diameter of 1.65 cm. At this point, the crystal was heated by a hot air gun and a bead of liquid
Rigidax was poured over the top of the partially cut crystal. Crystal supports were placed beneath
the crystal and liquid Rigidax was applied along the supports and allowed to solidify.

Figure 29 shows the surfaces of one of the slices produced in this experiment. Note the surface
texture produced during crystal rotation versus the core texture. The slice surface produced during
crystal rotation now looks much like an ID sawed surface but the core has a polished look. Total
cycle time was 3.8 hours.

Experiment 22. 12-cm Crystal — Diamond Blades
The same diamond-blade package used in Exps. 20 and 21 was used in this experiment. The
crystal was mounted with wax on a glass plate. As in Exp. 20, cutting rate was very slow. A number

of variations in the coolant were tried in hopes of determining what could be contributing to the
slow cutting rate with the crystal stationary. For example, 15% KOH solution and 10% HF solution
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TABLE 13
SLURRY SAWING EXPERIMENT SUMMARY
Experiment No.: 19

Experiment Description: Abrasive Concentration vs. Cutting Rate

Material Sawed: 7.66 cm (111) Silicon

Abrasive: 400 Grit SiC - Crystolon

Slurry Mixture: 480 g/liter PC Oil

Slurry Flow Rate (mi/s): 5

Blade Material: 1095 Steel

Blade Dimensions (mm): Length: 381 Thickness: 0,15 Height: 6.35
Blade Spacer Thickness (mm): ____0.43  No. Blades in Array: 177

Blade Elongation (mm): 2,54  Elongation (%): 0, 6j

Stroke Length (cm): 20 Head Reciprocation (cycles/min.): 56
Blade Speed (cm/s): 38 Slice + Kerf (mm): 0.58

Blade Load (g/blade): 100, 150, 200 Blade Wear (mm): 1.93

Cycle Time (h): 12,0 Avg. Cutting R.ale (mm/h): 6.2

No. Slices Sawed: 176 Sawing Yield (%): 75.6

Slice Thickness (mm): Avg. 0.357 Max. __0.426 Min o 0.233
Max. Surface Planarity (pm):i__ Avg. Kerf Loss (mm): 0.225

Bow (um): Avg. 11, 43 Max. 25.4 Min. 0.0
Taper (um): Avg. 75.44 Max.__127.0 Min. __21.59

Comments: _No explanation for low kerf loss with 480 g/liter of 400 grit SiC .
unless due to many slices getting broken in cleanup and skewing slice

thickness data to the high side.

TABLE 14
SLURRY SAWING EXPERIMENT SUMMARY
Experiment No.: 20

Experiment Description: __Diamond Blades

Material Sawed: 7.63 em Silicon (111)

Abrasive: Plated Diamond Blades (SMI)

Slurry Mixture: Water /Rustlick (20 : 1)

Slurry Flow Rate (ml/s): Fraa

Blade Material: Diamond Plated on Stainless Steel, SMI Mark III Process

Blade Dimensions (mm): Length:__381 Thickness: 0.29  Height: ___12.7
Blade Spacer Thickness (mm): ____0.74  No. Blades in Array: 50

Blade Elongation {mm): 2.7 Elongation (%): 0.7

Stroke Length (cm): 20 Head Reciprocation {(cycles/min.): 80
Blade Speed (cm/s): oa Slice + Kerf (mm): __0- 89

24
Blade Load (g/blade): 30,60, 90, 150, 210, %hdeWaar (mm): __None

Cycle Time (h): ___12.8 Avg. Cutting Rate (mm/h): ___ 5. 80

No. Slices Sawed: _4? Sawing Yield (%): 32.17

Slice Thickness (mm): Avg. 0.595 Max. 0.789 Min. 0.340
Max. Surface Planarity (um): 25.0 Avg. Kerf Loss (mm): 0.294

Bow (um): Avg. _51.82 Max. 109.2 Min. _12. 7
Taper (um): Avg. 79.50 Max.__132.8 Min. __ 44.7

Comments: At 150 g blade load and up developed considerable blade wander as

reflected in slice thickness uniformity, bow, taper.




(a) DIAMOND PLATED BLADE INTERFACE
BETWEEN CORE (TOP) AND DIAMOND (BOTTOM)

(b) DIAMOND PLATED BLADE

Figure 27. Photomicrographs of Diamond Blade Cutting Surface (240X)
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Figure 28. Slice From Experiment 20 Cut with Diamond-Plated Blades

Figure 29. Surfaces of Both Sides of a Slice from Experiment 21
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TABLE 15
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No.: 21

Experiment Description: Rotating Crystal - Diamond Blades

Material Sawed: __(111) Silicon 7. 66 cm Diameter

Abrasive: Plated Diamond Blades (SMI)

Slurry Mixture: Water /Rustlick (20 : 1)

Slurry Flow Rate (ml/s): __5-10

Blade Material: Diamond Plated on Stainless Steel, SMI Mark III Process

Blade Dimensions (mm): Length: __381  Thickness: 0.29 Height: __12. 7

Blade Spacer Thickness (mm): %74 No. Blades in Array: 50
Blade Elongation (mm): 2.7 Elongation (%): 0.7
a Stroke Length {cm): 18 Head Reciprocation (cycles/min.): 80
Blade Speed (cm/s): 48 Slice + Kerf (mm): 0.89
Blade Load (g/blade): 30. 90, 120, 180" Blade Wear (mm): ___ None
Cycle Time (h): __3.9 Avg. Cutting Rlate (mm/h): __19.6
No. Slices Sawed: 49 Sawing Yield (%): 89.8
Slice Thickness (mm): Avg._0.60 Max. 0.90 Min. 0.36
Max. Surface Planarity (pm):iL,__ Avg. Kerf Loss (mm): 0.30
Bow (um): Avg. _%2.2 Max. __T1.1 Min. 5.1
Taper (um): Avg. ___75.4 Max. __ 144.0 Min. __17.3
(=) % Comments: Crystal rotated until core dimension was 16.5 mm. Rotation stopped,
e, \aa Rigidax applied, core sliced.
% E‘ *lZO g and 180 g per blade load for cutting core.
2 g
=4
o

TABLE 16
SLURRY SAWING EXPERIMENT SUMMARY
Experiment No.: 23

Experiment Description: __Rotating Crystal - Diamond

Material S. d: 7.66 cm (111) Silicon

Abrasive: Plated Diamond Blades (SMI)

Slurry Mixture;:___ Water /Rustlick (20 to 1)

Slurry Flow Rate (ml/s): S0

Diamond Plated Blades SMI Mark III Process

Diamond 0,29
Thickness: Core 0,15 Height: 12, 7

Blade Material:

Blade Dimensions {(mm): Length: __ 381

Blade Spacer Thickness (mm): 0,74 No. Blades in Array: 50

Blade Elongation (mm): 2.7 Elongation (%): 0.7

Stroke Length (cm): 18 Head Reciprocation (cycles/min.): 80
Blade Speed (cm/s): 48 Slice + Kerf (mm): 0.89

Blade Load (g/blade): e Blade Wear (mm): i

Cycle Time (h): sbidel Avg. Cutting Rate (mm/h): ==~

No. Slices Sawed: et Sawing Yield (%): sl

Slice Thickness (mm): Avg.__ """ Max. el Min. e

Max. Surface Planarity (um): _~ "~

Avg. Kerf Loss (mm):

Bow (um): Avg. = Max. s Min, ——

Taper (um): Avg. == Max. e Min. .

Comments: _After 30 minutes (> 12.5 mm into crystal) of cutting time elapsed

experienced total wipeout of partial slices.




were substituted for the standard Rustlick/water mixture in an effort to etch off any silicon buildup
on the blades. Also, two SiC dressing sticks (320 grit) were attached to each side of the crystal.
None of the above made an impact on the slow cutting rate so the experiment was terminated.

Experiment 23. Rotating Crystal — Diamond Blades

Again, the same diamond blade package used in Exps. 20, 21, and 22 was used in this
experiment. Detailed data are given in Table 16. After the diamond blades were well seated
(2 minutes), the blade load was increased from 0.3 to 0.9 N. In 30 minutes, the cut depth had
exceeded 1.27 cm with the crystal rotating at 850 rpm. This indicated again, as in Exp. 21, that
blade travel speed was a key factor with this diamond matrix. This experiment was terminated
prematurely due to catastrophic slice breakage.

Experiment 24. Thin (0.43 mm) Spacer Blade Package

A 7.64-cm (111) silicon crystal was mounted as in Exp. 1. The blade array consisted of
162 blades 0.20-mm thick with 0.43-mm spacers. The slurry was 600-grit B4C in the ratio of 240 g/1
PC oil. Blade load was varied from 0.5 to 2.5 N/blade in 0.5-N increments. The resulting slice
thickness plus kerf was 0.63 mm. Additional data are given in Table 17. Cycle time was 13.0 hours.

Experiment 25. Thin (0.36 mm) Spacer Blade Package

A 7.65-cm (111 silicon crystal was mounted with wax on a glass plate. The blade array
consisted of 140 blades 0.20-mm thick with 0.36-mm spacers. The slurry was 600-grit SiC in a ratio
of 240 g/l PC oil. Blade load was increased from 0.5 to 2.0 N/blade in 0.5-N increments. The
resulting slice thickness plus kerf was 0.56 mm with a saw yield of 100%. Rigidax was used in this
experiment after a cut depth of 3 cm. Additional data are given in Table 18. Total cycle time was
23 hours.

Experiment 26. Abrasive Sawing of 12-cm Crystal

A 12-cm (111) silicon crystal was mounted with wax on a glass plate. The blade array consisted
of 139 blades 0.20 mm thick with 0.36-mm spacers. The slurry was 400 grit B4C in a ratio of
480 g/1 PC oil. Blade load was increased from 0.5 to 2.0 N/blade in 0.5-N increments. After a cut
depth of 3 cm, a Rigidax bead was used to retain slices in position. The resulting slice thickness plus
kerf was 0.56 mm with a saw yield of 100%. Total cycle time was 19.8 hours for an average cutting
rate of 6.1 mm/h. Additional data are given in Table 19. Figure 30 shows the crystal at two stages
of cutting with the Rigidax applied and Figure 31 depicts completed slices.
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TABLE 17
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No.: 24

0.43 mm Spacer - B4C Abrasive

Experiment Description:

Material Sawed: ___ 7. 64 cm (111) Silicon

Abrasive: 600 Grit B,C - Microabrasive

Slurry Mixture:___240 g B4C/liter PC Oil

Slurry Flow Rate (ml/s): 5

Blade Material: 1095 Steel

Blade Dimensions (mm): Length:_ 381 Thickness:__0,20 Height: ___6,35

Blade Spacer Thickness (mm): _0.43  No. Blades in Array: 162

Blade Elongation (mm): 2.5 Elongation (%): 0,65

Stroke Length (cm): 20 Head Reciprocation (cycles/min.): 56
Blade Speed (em/s): 31 Slice + Kerf {mm): 0.63

Blade Load (g/blade): 50, 100, 150, 200, 2503j54e Wear (mm): it

Cycle Time (h): 13.0 Avg. Cutting Rate (mm/h): 5.9

No. Slices Sawed: 161 Sawing Yield (%): 100

Slice Thickness (mm): Avg._ 937 Max, _ 0- 45 Min. 0.31
Max. Surface Planarity (um):_Not Available Avg. Kerf Loss {(mm): 0.27

Bow (um): Avg. 1.7 Max. Min.

Taper (um): Avg. ==~ Max. Min.

Comments: Added Bead of Rigidax after cutting 25.4 mm. Slices had

minor chipping as blade exited crystal.

TABLE 18
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No.: __25

Experiment Description: 0.36 mm Spacer - SiC Abrasive

Material Sawed:

7.65 c¢m (111) Silicon

Abrasive:

600 grit SiC - Microabrasive

Slurry Mixture:

240 g/liter PC oil

Slurry Flow Rate (ml/s): _5

Blade Material: 1095 Steel

Blade Dimensions {mm): Length: ___381 Thickness: 0.20 Height: 6. 35
Blade Spacer Thickness (mm): 0,36 No. Blades in Array: 140

Blade Elongation (mm): 25  Elongation (%): 0.65

Stroke Length (cm): 20 Head Reciprocation (cycles/min.): 56
Blade Speed (cm/s): 37 Slice + Kerf (mm): 0.56

Blade Load (g/blade):30: 100, 150, 200 gjade Wear (mm): -

Cycle Time (h): 23 Avg. Cutting Rate (mm/h): 3.33
No. Slices Sawed: 139 Sawing Yield (%): 100
Slice Thickness (mm): Avg. 0.32 Max. 0,35 Min. 0.28
Max. Surface Planarity (um): === Avg. Kerf Loss (mm): 0.24

Bow (um): Avg. 66 Max. Min.

Taper (um): Avg. == Max. Min.

Comments: Excellent results with 0. 36 mm spacer - no slices lost,




(a) APPROXIMATELY 40% CUT THROUGH
NOTE RIGIDAX BEAD

(b) AT END OF CUTTING CYCLE

Figure 30. Experiment 16 — Sawing a 12-cm Crystal
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Figure 31. 12-cm Slices from Experiment 26 After Slice Cleanup

Experiment 27. 12-cm Crystal — 0.15 mm Blade

A 12-cm (111) silicon crystal was mounted with wax on a glass plate. The blade array consisted
of 177 blades 0.15 mm thick with 0.43-mm spacers. The slurry was 600 grit SiC in a ratio of 480 g/1
PC oil to 2.0 N/blade in 0.5-N increments. From a cut depth of 3 cm, excessive breakage occurred
and the experiment was aborted at 5.5-cm depth.

Experiment 28. Diamond-Plated Blades

New diamond-plated blades were purchased from Semiconductor Materials, Inc. The process
used for plating was their Mark III with a different diamond mix from that used in Exp. 20. The
diamond mix was three parts 270 grit and one part 230 grit. The use of larger diamond particles
required a thicker diamond plate. The diamond plating was about 0.11 mm thick per side, resulting
in a cutting edge thickness of 0.36 to 0.38 mm. Table 20 summarizes other pertinent parameters.
The cutting rate was so slow (0.71 mm/h at 3.0 N/blade force) that the experiment was terminated.
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TABLE 19
SLURRY SAWING EXPERIMENT SUMMARY

ExperimentNo.: 26

Experiment Description: 12 ¢m Diameter Crystal

Material Sawed: (111) Silicon - 12 cm Diameter (JPL 12-4)

Abrasive: 400 Grit B4C - Microabrasive

Slurry Mixture: 480 g/liter PC oil

Slurry Flow Rate (ml/s): 10

Blade Material: i e

Blade Dimensions (mm): Length: ot Thickness: i Height: BepS
Blade Spacer Thickness (mm): ___0.36 ____ No. Blades in Array: 139
Blade Elongation (mm): ______2 54  Elongation (%): 065
Stroke Length {cm): 20 Head Reciprocation (cycles/min.): _56
Blade Speed (cm/s): 38 Slice + Kerf (mm): 0,56
Blade Load (g/blade): 50 to 200 Blade Wear (mm): 2l
Cycle Time (h): 19.8 Avg. Cutting Rate (mm/h): 6.06
No. Slices Sawed: 138 Sawing Yield (%): 100
Slice Thickness {(mm): Avg. 0.32 Max. 0.37 Min. 0.26
Max. Surface Planarity (um): _ 25.4 Avg. Kerf Loss (mm): 0.24
Bow (um): Avg. Not Available Max. g Min, ==
Taper (um): Avg. 4.5 Max. 122.7 Min, 16. 0

Comments: Slice surfaces looked great - ESI thought they were

lapped. Experienced problems with microcracks at slice perpherey.

TABLE 20
SLURRY SAWING EXPERIMENT SUMMARY
Experiment No.: 28

Experiment Description: __Diamond-Plated Blades - Stationary Crystal

Material Sawed: (111) Silicon = 7.6 ¢m Diameter

Abrasive’ Plated Diamond Blades (SMI)

Slurry Mixture: Water-Rustlick 20 to 1

Slurry Flow Rate (mi/s): 5-10

Blade Material: Stainless Steel Core, SMI Mark III Process

Blade Dimensions (mm): Length:__381 I#u;iicTrf:;: 0.37 Height: ___12.
Coret = 0.15 mm

Blade Spacer Thickness (mm): __0, 48 No. Blades in Array: ___70

Blade Elongation (mm): 2.7  Elongation (%): 0.7

Stroke Length (cm): 20 Head Reciprocation (cycles/min.): ___ 80

Blade Speed (cm/s): 48 Slice + Kerf (mm): i

Blade Load (g/blade): 20 to 250 Blade Wear (mm): s

Cycle Time {h): === Avg. Cutting Rate (mm/h): __ ==~

No. Slices Sawed: s== Sawing Yield (%): ---

Slice Thickness (mm): Avg. —— Max, e Min. e

Max. Surface Planarity (um): __=== Avg. Kerf Loss (mm): o]

Bow (um): Avg. .. Max. L Min. b

Taper (um): Avg. T Max. = Min. ==

Comments: _ Diamonds were 230/270 mixture (large than Exp. 20) but cutting

rate so slow that experiment was terminated,




Experiment 29. Diamond-Plated Blades — Rotating Crystal (850 rpm)

A 7.63-cm (111) silicon crystal was mounted for rotation. The same 70-blade array used in
Exp. 28 was used for this experiment. Initial blade load was 0.3 N/blade. Before the blades reached
a depth of 2.5 mm, a major breakage problem was encountered and the experiment had to be
terminated. In reviewing the experiment, the problem was thought to be due to the thin spacers
(0.48 mm) and thick diamond plate used in the array.

The larger diamond particles required a thicker diamond plating (0.11 mm/side) and hence
both factors combined to produce a potential slice in the 0.24-0.26-mm range. A decision was made
to disassemble the array and use 0.74-mm spacers (as was used in Exp. 20) in the next experiment
with rotating crystal.

Experiment 30. Diamond-Plated Blades — Rotating Crystal (850 rpm), 0.74 mm Spacer

A 7.66-cm (111) silicon crystal was mounted for rotation. The blade array from Exp. 29 was
disassembled and reassembled using 0.74-mm spacers. Initial blade pressure was 0.3 N/blade for the
first 1.22 mm of culting, then the pressure was increased to 0.9 N/blade. After a 2.92-mm cut
depth, a major breakage problem was encountered and the experiment had to be terminated. Upon
examination of the crystal, it appeared that the cause for breakage had started at the slice between
blades 21 and 22. Blades 21 and 22 were examined visually and under the microscope for
continuity of diamond plating and other anomalies. Both blades appeared to be in good condition.
A cross section from the crystal was taken and examined for possible clues to the failure (Figures 30
and 31). Figure 32 showing this cross section does not indicate any obvious problem. It is
interesting to note the variable cut depths of the individual blades due, probably, to vertical
misalignment at blade pack assembly.

Experiment 31. Two 7.63-cm Silicon Crystals Cut Simultaneously

Two 7.63-cm (111 silicon crystals were wax-mounted side by side with a 2.5 mm separation
between crystals. The blades used were 0.15 X 0.36 mm (total slice + kerf of 0.51 mm) with
155 blades in the array. The slurry was 480 g/l of 400 grit SiC in PC oil. The stroke length was
17.5 cm at 56 cycles/min. Blade loads from 0.3 to 2 N/blade were used. Considerable slice breakage
was encountered and the experiment was terminated after cutting to a depth of 6.05 cm. A cutting
rate of 5.02 mm/h was observed for 2 N/blade load, indicating as before that multiple crystals will
cut at the same rate as a single crystal. This experiment also showed that two 7.6-cm crystals can be
sawed simultaneously on the Varian multiblade saw with no modifications required.
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Figure 32. Cross Section From Experiment 30
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Experiment 32. Abrasive Cutting of 12-cm Crystal

A 12-cm (100) crystal was mounted with wax on a glass plate. The blade array consisted of
136 blades 0.20 mm thick with 0.36-mm spacers. The slurry was 400-grit SiC in a ratio of 480 g/l
PC oil. Blade load was increased 0.5 to 1.5 N/blade in 0.5-N increments. After a cut depth of
3.8 cm, a Rigidax bead was used to retain slices in position (Figure 33). The resulting slice thickness
plus kerf was 0.56 mm with a saw yield of 93%. Total cycle time was 39.5 hours for an average
cutting rate of 3.45 mm/h. Additional data are given in Table 21.

Experiment 33. Diamond Blades — Rotating Crystal

The same diamond blades as used in Exp. 28 were used in this experiment. The blades were
cleaned and reassembled using 0.74-mm spacers rather than 0.48 mm as used in Exp. 28. The
cutting proceeded without difficulty until a depth of 2.6 mm was reached. At this point a wipeout
occurred and the experiment was terminated.

Experiment 34. Abrasive Cutting of 12-cmm Crystal

An 11.94-cm (100 silicon crystal was mounted with wax on a glass plate. The blade array
consisted of 135 blades 0.20-mm thick with 0.36-mm spacers. The slurry was 400-grit SiC in a ratio
of 480 g/l PC oil. Blade load was increased from 0.3 N to 2.0 N in 0.5-N increments. After a cut
depth of 2.1 cm, a Rigidax bead was used to retain slices in position. The resulting slice thickness
plus kerf was 0.56 mm with a saw yield of 76.1%. Total cycle time was 29 hours. Additional data
are shown in Table 22.

Experiment 35. Unground Crystal — Thin Blades

An unground (100} silicon crystal was mounted using epoxy and a graphite impregnated
phenolic strip. The blade array consisted of 145 blades 0.15 mm thick with 0.35-mm spacer. The
slurry was 400-grit SiC in a ratio -of 500 g/l PC oil. Blade load was increased from 0.5 N to 1.5 N in
0.5 N increments. After a cut depth of 2.5 mm, a Cenco wax bead was used to retain slices in
position. The resulting slice thickness plus kerf was 0.50 mm with a saw yield of 29.2%. Total cycle
time was 22 hours. Slice breakage again was a major problem due to the thin (0.23 mm) slices and

the thin blades. Table 23 presents a summary of this experimental run.
Experiment 36. Diamond Blades with Abrasive Slurry
A 7.46-cm (111 silicon crystal was mounted. The blade array consisted of the diamond blades

used in Exp. 20. The slurry was 400-grit SiC in a ratio of 500 g/l PC oil. Blade load was increased
from 0.5N to 2.5 N in 0.5-N increments. After a cut depth of 7.19 ¢cm, a blade broke and the
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(a) END VIEW OF 12 cm CRYSTAL AFTER SLICING

(b) SIDE VIEW OF 12 cm CRYSTAL AFTER SLICING

Figure 33. Experiment 32
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:2 o TABLE 21 TABLE 22
SLURRY SAWING EXPERIMENT SUMMARY SLURRY SAWING EXPERIMENT SUMMARY
Experiment No.: _32 Experiment No.: ___34
Expeériment Description: 12-em Crystal Experiment Description: 12-cm Crystal
Material Sawed: {100> Silicon Crystal (JPL, 12-14) Material Sawed: 11. 94 cm {100) Silicon Crystal (JPL 12-24)
Abrasive: 400 Grit - SiC Microabrasive Abrasive: 400 Grit SiC Microabrasive
Slurry Mixture: 480 g SiC/liter PC Oil Slurry Mixture: 480 g/liter PC 0il
Slurry Flow Rate (ml/s): 5-10 Slurry Flow Rate (ml/sl: 5-10
Blade Material: 1095 Steel Blade Material: 1095 Steel
Blade Dimensions {mm): Length: 381 Thickness:__0-20 Height: ___ 6.4 Blade Dimensions (mm): Length: 412.8  Thickness:_ 9-20 Height: __ 6.35
Blade Spacer Thickness (mm): _0.36  No.Blades in Array: 136 Blade Spacer Thickness (mm): 0.36 No. Blades in Array: 135
Blade Elongation (mm): i Elongation (%): 0.65 Blade Elongation (mm): 2.54 _ Elongation (%): 0.65
o 19. 0 - ; 60 19 60
W Stroke Length (cm): 8 Head Reciprocation (cycles/min.): Stroke Length (cm): Head Reciprocation (cycles/min.):
Blade Speed (cm/s): 38.0  gjice + Kerf (mm): 0.56 Blade Speed (cm/s): 38 Slice + Kerf (mm): 0.56
Blade Load (g/blade): 30-150  gjage Wear (mm): &4 Blade Load (g/blade): 30 to 200 Blade Wear (mm): 3,06
. 39,5 .
Cycle Time (h): 9 Avg. Cutting Rate (mm/h}): 3.0 Cyele Time (h): 29 Avg. Cutting Rate (mm/h): 4.1
3.5 . :
No. Slices Sawed: l Sawing Yield (%): . No. Slices Sawed: 134 Sawing Yield (%): 76.1
Slice Thickness (mm): Avg. 0.28  Max. 0.30 Min. 0.24 Slice Thickness (mm): Avg. 0.26  max. 0.35 Min. 0.19
‘ 12.5
Max. Surface Planarity (um): Avg. Kerf Loss (mm): Ll Max. Surface Planarity (um):____ 37.7 _ Ava. Kerf Loss (mm): 0,30
Bow (um): Avg. 5.1 Max. 235 Min. 25.4 Bow (um): Avg. 30.5  Max. 43.2 Min. 5.1
Taper (um): Avg. 49.5  Max. 65.0 Min. 36.0 Tioeifum): Aog. 39.1  Max. 43,7 Min. 32.3

Comments: Good surfaces.

Comments: Did not apply Rigidex until cut depth was 2.8 ¢m -- slices had

clustered and showed signs of curvature.
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TABLE 23
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No.: 35

Experiment Description:

Unground Crystal

Material Sawed:

8.9 cm (100) Silicon

Abrasive:

400 Grit SiC Microabrasive

Slurry Mixture:

500 g SiC/liter PC Oil

Slurry Flow Rate (ml/s): 5-10

Blade Material: 1095 Steel

Blade Dimensions (mm): Length: 412.8 Thickness:_0.15 Height: __ 6.4
Blade Spacer Thickness (mm): ____ 0-35  No. Blades in Array: 145
Blade Elongation (mm): 2.54  Ejongation (%): 0. §5
Stroke Length (cm): 19 Head Reciprocation {cycles/min.): 60
Blade Speed (cm/s): L] Slice + Kerf {mm): 0.50
Blade Load (g/blade): 50 to 150 Bjade Wear (mm): 2.0
Cycle Time (h): 22z Avg. Cutting Rate (mm/h): 4.05
No. Slices Sawed: 144 sawing Yield (%): 29.2
Slice Thickness (mm): Avg. Detd e i Min. 0.17
Max. Surface Planarity (um):___ 37.7 _ Avg. Kerf Loss (mm): 0,27
Bow (um): Avg. Max. Min.

Taper (um): Avg. 42,4 Max. 96.3 Min. 8.3

Comments:

Major problem was slice breakage,

TABLE -24
SLURRY SAWING EXPERIMENT SUMMARY

Experiment No.: 36
Experiment Description:

Material Sawed:

Diamond Blades and Slurry

7.46 cm (111> Silicon

Abrasive:

Diamond Blades (used in Exp. 20) and 400 Grit SiC

Slurry Mixture:

500 g SiC/liter PC Oil + Diamond Blades

Slurry Flow Rate (ml/s):

5-10

Blade Material:

Stainless Steel

Blade Dimensions (mm): Length:

412.8 Thickness:_core 0.15  Height: 12, 7

Blade Spacer Thickness (mm): 0.74 No. Blades in Array: 47
Blade Elongation (mm): £oifL Elongation (%): 0.7
Stroke Length (cm): 20.3  Wead Reciprocation (cycles/min.): 60
Blade Speed (cm/s): 40,6 _ Slice + Kerf (mm): 0.89
Blade Load (g/blade): 50,100, 150, 200, 250 Blade Wear (mm): None
Cycle Time (h): 15 Ava. Cutting Rate (mm/h): 4.97
No. Slices Sawed: =0~ Sawing Yield (%): -0-
Slice Thickness (mm): Avg. 0.43  max. 0.58 Min, 0.35
Max, Surface Planarity (um): Avg. Kerf Loss (mm):

Bow (um): Avg. Max. Min.

Taper (um): Avg. Max. Min.

Corr 1 Blade broke after a cut depth of 7.2 cm. Experiment was termi-

nated. Diamond plate was gone on one end of array.



http:Sawed:7.6c

experiment was terminated. The cutting rate obtained with the combination of diamond-plated
blades and slurry was 5 mm/h., which has been obtained with normal slurry sawing. Upon
examination of the diamond blades, considerable diamond had been worn off especially at one end
of the array. The diamond was completely gone on the broken blade which may have contributed

to blade breakage. Table 24 summarizes data for this run.
3. Saw Blade Mechanics

Experiments with sawing using thin blades described above have indicated difficulties at blade
thicknesses below 0.2 mm. The best yield accomplished to date with 0.15-mm blades was 76%
observed in Exp. 19. One experiment tried with 0.1-mm blades was totally unsuccessful. In an
effort to gain a better understanding of problems using thin blades, a stability analysis was
performed to predict the critical blade load which would cause lateral buckling. Obviously, if lateral
buckling were severe enough, the sideways movement of the blades could snap off the slices being
sawed.

Figure 34 depicts a blade subjected to a load sufficient to cause buckling. Thin blades are
subject to lateral buckling instability in which, at the critical load, the blade will twist and bow out
in a direction normal to the applied load. The equations describing the blade shape of Figure 34 are:

Elu' —Tu+ (P/2)x¢ —M=0 (23)

Co!l = (B2} =10 (24)

v

K

Figure 34. Model of a Thin Blade Undergoing Lateral Buckling Instability

65

OF POOR QuALITY



where the primes denote derivatives with respect to x. Boundary conditions on Eqgs. (1) and (2) are:

x:O:u:u’=¢=0 (25)

x=L/2:u'"=¢'"=0 (26)

In the above equations, u is the blade centerline deflection, ¢ is the blade twist, E is the elastic
modulus = 190 GPa, I is the moment of inertia in the most flexible direction = ht3/12, M is the
built-in end moment which is unknown a priori and is determined from the boundary conditions,
and C is the torsional rigidity of the blade derived below.

a. TORSIONAL RIGIDITY
The torsional rigidity of a thin rectangular blade with no axial tension applied is given by:
R = Ght3/3 Q27)

which holds for h/t > 15. When a blade is tensioned, the stress, o, in the blade increases the
torsional rigidity.

Consider the rectangular beam of Figure 34 and assume it has an applied torsional moment,
M;, twisting it rather than the load P. A counter moment to Mt is produced by the blade tension
and this moment is given by:

h/2
M=f oty uy’ dy (28)
‘ —h/2
where
o =T/th (29)
and
uy =utye (30)

The quantity uy in Eq. (30) is the side displacement of the beam at any vertical position y. Thus,
from Eq. (30):
up' =u'+ye’ (31) -

By inserting Eq. (31) into Eq. (28) and carrying out the integration:
M =0 (th3/12) ¢' (32)
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The moment given by Eq. (32) is a restoring moment counteracting the applied moment. By

summing the torques acting on the beam

M; — M = R¢'
or, using Eq. (32)

M; = (R + oth3/12) ¢’ = C¢’ (33)
and C is, therefore, given by

C = Ght3/3 + oth3/12 (34)

and represents the torsional rigidity of a rectangular beam subjected to an axial stress loading. This
value of C is that used in Eq. (24) in which G is the shear modulus:

G=E/[2(]1 +»)] (35)

and » is Poisson’s ratio (0.3). For the hardened steel blades employed in the multiblade saw,
G =73.1 GPa.

b. BUCKLING LOAD

The general solution to Egs. (23-26) has not been obtained. However, special cases can be
found in the literature. For instance, for a simply-supported beam with no axial tension, ref. 6 gives
the critical load:

16.94 EIR (36)

M=T%0;, P.=
1.2

Cr

Also, the critical load for the case where there is no axial tension but the blade ends are clamped
.6

_ 26.6 VEIR
12

T=0: ” 37
Equations (36) and (37) give absurdly low values for PCr since they neglect the axial tension which

increases the critical load by orders of magnitude.

An approximate solution to Eqs. (23-26) which yields the critical load can be found using the
method of Vianello.7 In that method, a shape for the midbeam deflection u is assumed, which
satisfies the boundary conditions. Equation (24) is then used to obtain an approximate solution for
¢ and then these approximate solutions for u and ¢ are inserted into Eq. (23) to solve for a new u,
subject to the boundary conditions of Eqgs. (25) and (26). The initial assumed u was:
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3 =
e u,,(x2 4 EL_) (38)

where u, is the arbitrary deflection at midspan. Equation (38), when inserted into Eq. (24) and
solved for ¢, gives:

o= BLlx, gy g(x)°)

Equaﬁons (38) and (39) are now used in Eq. (23) and a new solution of u is found. The coefficients
of like powers of x are set equal between this new u and the trial u from Eq. (38) and the minimum
value of P can then be determined which forces coefficient equality. Details are omitted and the
result of these rather tedious computations is:

_ 4.67\/48 EIC+TL’C

12 (40)

PCl’

The exact solution when T = 0 is given by Eq. (37). By putting T = 0 in Eq. (40) and
‘comparing the constant in Eq. (40) with the exact value (26.6), it appears that Eq. (40) is about
20% high. Consequently, P given by Eq. (40) was adjusted to agree with the exact solution for
T = 0 and the final result is:

_ 3.84+/48 EIC + TL2C
12

P

cr (41)

which can be written as

P, = (1.11h2 L) v[4 G (/)2 + o] [4E (t/1)% + o] (42)

Where, as before, o = T/ht, G = 73.1 GPa, and E = 190 GPa. Equation (42) is shown plotted in
Figure 35 for some typical blade sizes.

Figure 35 shows that lateral buckling is not a problem when the blades are tensioned to the
normal o = 1.35 GPa stress level. In fact, the critical blade load is at least ten times the normal blade
load of 2.0 N. The best results that have been obtained experimentally were with 0.2 X 6.4-mm
blades (curve D). Figure 35 indicates that these blades should be more susceptible to buckling than
the 0.1 X 12.7-mm blades which have failed on every occasion. Inspection of several of the
0.15 mm-thick diamond blades from Exp. 29 indicated that buckling had occurred and could be
responsible for the slice breakage observed. Figure 36 shows one of these blades. Note how it is
curved into the shape depicted in Figure 34. The grayish area in the center of the blade was caused
by rubbing against the adjacent slice which is indicative of lateral buckling.
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CRITICAL BLADE LOAD, N

120 | I l
Blade Length = 381 mm :

00— Blade Dimensions: : : Yy
A=0.20x12.7mm |
B=0QI15x127
C=010x127 3

80 D=0.20x 6.4 -
E= DA% 6,4 :

|

60 C | —

|

0 |

D)
Ei
20 ' | )
Typical
0 l I |
0 0.5 .0 .5

BLADE STRESS, GPa

Figure 35. Theoretical Maximum Loads for Multiblade Saw Blades
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Figure 36. Diamond-Plated Blade Showing Evidence of Buckling

Figure 37 illustrates some blade problems which have been observed. Type I in the figure is not
a problem in practice since the blade packs are aligned in the horizontal direction within 0.03 mm.
Obviously, a severe horizontal misalignment could cause slice breakage (but not buckling).

Type II vertical misalignment (see also Figure 32) is observed and can cause buckling under
extreme situations. After blade tensioning, the pack is not always parallel. If one blade is
significantly lower than the others, then this blade will see a much higher blade load than the
average since it contacts the crystal first and will be forced into alignment with the other blades.
Figure 38 shows the theoretical vertical misalignment necessary to cause buckling for two common
blade sizes. If the normal blade stress of 1.35 GPa is applied, no buckling should occur according to
Figure 38. Type I1I is a variation on vertical misalignment peculiar to diamond blades.

Another problem arises due to blade wear. In slurry sawing 12-cm crystals, the 6.35-mm wide
blades wear down to about 3 mm. Figure 39 shows how the critical buckling load decreases with
blade wear. At the end of a cut on 12-cm crystal, the blade has approximately one-fourth the
critical load capacity as it did when new. Again, if the blade is not tensioned properly, buckling is
much more probable at the end of the cut than at the beginning. This suggests that blade loading
should be reduced toward the end of a cut to minimize the buckling probability.
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Figure 37. Blade Problem Catalog
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Figure 38. Blade Misalignment Sufficient to Cause Buckling
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Figure 39. Effect of Blade Wear on the Critical Buckling Load

In summary, tensioning the blades to the proper level is extremely important if blade buckling
is to be avoided. At present, there is no foolproof way to ensure each blade in a pack is properly
tensioned.

¢. BLADE VIBRATION

The natural vibration frequency of a taut blade is given by8
£2 = (o/p)/4L2 : (43)

where ¢ is the blade stress and p is the blade density (7820 kg/m3). Equation (43} must be
multiplied by the gravitational constant to get the proper units for frequency in Hz. For the usual
conditions employed on the saw, f =500 Hz, which is about an order of magnitude higher than the
frequency of blade head oscillation. Consequently, the blade head oscillation should not excite
blade vibration, which could then be transmitted to the slices with possibly damaging results.
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4. Sawing Summary

- Slice thicknesses of 0.25 mm can be obtained using 400-grit SiC abrasive in a nominal 500 g/l
PC oil slurry with 0.36-mm spacers between blades. For reliable sawing of 12-cm crystal, a 0.2-mm
thick by 6.35-mm high blade is recommended. This blade/spacer combination results in a slice plus
kerf of 0.56 mm which appears to be a practical lower limit and still achieve fairly good cutting
rates.

For multiblade sawing to be cost effective, cutting rates of at least 5 mm/h must be achieved.
Figure 40 summarizes experimentally determined cutting rates from key experiments performed on
this program. A 5 mm/h sawing rate is achievable with SiC abrasive as indicated. Boron carbide
abrasive has demonstrated a 2.5 times improvement in cutting rates over SiC but the much greater
cost of B4C does not make its use cost effective. The data in Figure 40 were obtained with blade
reciprocation rates in the 50-60 cycles/min range and some improvement in cutting speed could be
obtained at higher reciprocation rates. However, there is some concern that at rates higher than
70 cycles/min, excessive slice breakage might be encountered on thin slices.

l I I
© 400 B4C, 240 ¢fl, 40 ml/s
400 B4C, 240 g/l, 5 ml/s
A 400 SiC, 4804d/l, 5mlis

2}~

S
l

CUTTING RATE, ¢, mm/h
[
|

& 60 ByC, 20 /i, 5mlfs |
A 400 SiC, 240 gl[,_do mils

o 600 SiC, 20g/l, 5mlis |

I I l |
0 | 2 3

BLADE LOAD, N

Figure 40. Effects of Multiblade Saw Slurry Parameters on Silicon Cutting Rates

ORIGINA 73

L PAGE
OF Poog QUALITJ?



Results of stationary sawing with diamond blades are not included in Figure 40. Table 25 lists
the maximum stationary cutting rates of diamond blades. The data in Table 25 do not follow an
orderly trend as do those in Figure 40. At best, diamond blades used in thfs study appear no better
than B4C abrasive. A wide range of diamond-plating parameters is available and it is believed that a
better diamond formulation for fmultiblade sawing can be found. Data from Exps. 28 and 33
indicate larger diamond particles is not the way 1o go.

Table 25. Diamond-Plated Blade Cutting Rates

Blade Load Cutting Rate
N mm/h
08 4.1
1.6 5.2
2.1 6.9
24 8.0

Figure 41 compares the stationary cutting data of Figure 36 to results obtained with crystal
spinning. The diamond blades are clearly superior in the spinning mode to any slurry tested. It
appears, then, that the diamond blades perform better with a high relative blade speed.

In summary, the experimental work on crystal slicing has indicated:

1) Saw rate is directly proportional to blade load.

2) For a given blade load, the sawing rate is proportional to blade speed.

3) Saw rate is independent of kerf length, i.e., multiple crystais can be sliced at the
same rate as a single crystal. '

4) As blade load increases, parameter control (bow, taper, etc.) appears to decrease.

5) SEMs of the new and used silicon carbide and boron carbide indicate some particle
wear and fragmentation.

6) Efforts to saw thin slices by utilizing thin blade spacing (0.31 mm) have resulted in
excessive slice breakage.

7y Multiblade slurry saw vields with thicker slices are in excess of 95%.
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Figure 41. Multiblade Saw Silicon Cutting Rates

The larger and harder the abrasive particle, the faster the cutting rate. A 400-grit
B4C will produce a silicon gutting rate 2.5 times that of 600-grit SiC. Higher abrasive
concentrations in the slurry result in faster sawing rates. It is preferable from a
cutting rate standpoint to run dry rather than flood the workpiece with slurry. The
optimal slurry flow for normal abrasive concentrations is around 5 mlfs which is
considerably lower than the wide open flow of 40 ml/s.

Narrow, thick blades are preferable to thin, wide blades. Best resulfs have been
obtained with 0.2 X 6.4 mm blades tensioned 0.7%. Very thin blades (0.1 mm) are
unstable in the lateral direction at higher blade loads which results in broken slices
and blade wander.

To minimize the probability of slice breakage due to blade buckling, it is essential to
tension the blades to the normal 0.7% elongation. The 0.2 X 6.4 mm blades are less
susceptible to buckling due to vertical misalignment coupled with reduced tension.
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C. CHARACTERIZATION
1. Crystal

Resistivity, carbon and oxygen content, and lifetime were measured on selected crystals. A
4-point probe was used to measure resistivity on slices taken from the top and bottom of the
crystal. Radial gradients were determined from ten readings across the slice out to within R/8 of the
edge.

Oxygen and carbon concentrations were determined using a Perkin-Elmer 283
Spectrophotometer. This infrared technique employs a difference measurement between the sample
and a float zone reference containing less than 5 E15 atoms/cm3 carbon and oxygen. The accuracy
of this technique is believed within 5% for oxygen and 10% ‘for carbon. ASTM procedures
F121-70T and F123-74 were followed.

Minority carrier lifetimes were measured by the surface photovoltage (SPV) technique. The
SPV technique involves the illumination of the specimen surface (in this case, nominal 0.4-mm
wafers chemically polished on both sides) with a chopped monochromatic radiation with energy
slightly greater than the band gap of silicon. Electron-hole pairs are produced and diffuse to the
surface where they are separated by the electric field of a depletion region to produce a surface
photovoltage. The SPV measurement procedure followed closely the ASTM F391-73T
recommendations.

Table 26 presents pertinent data on several of the 12-cm crystals grown on this contract. All
the doped crystals were p-type (boron), and none were heat treated. Generally, carbon and oxygen
levels are normal for Cz silicon grown from RH fumaces. The letters T and B on the crystal numbers
refer to top and bottom respectively.

Table 27 lists radial resistivity gradients for two crystals. The gradients are surprisingly flat and
compare quite favorably to those observed on 7.6-cm ingots.

2. Slice Thickness, Bow, and Taper

These parameters were all measured with an ADE Corporation Microsense 3046A unit and
measurements are presented in the tables summarizing sawing experiments. Slice thickness was
measured at the wafer center. Bow was determined by supporting the wafer at the periphery and
taking the center reading. Taper was defined as the difference between the maximum and minimum
thicknesses measured at three peripheral locations and the center.
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Table 26. 12-cm Crystal Characterization

Crystal Resistivity Oxygen Carbon Lifetime
*124T 53 §2-cm 1 5.E18/cm3 2.7 E17/em3 50 ps
1210 T - 1.6 E18 6.0 E16 -
12-127 1.5 17E18 3.9 E16 84
1214 T 1.7 1.5 E18 | 1.2 E16 42
12217 1.7 18 E18 27 E16 20
12-21 B 1.5 1.5 E18 7.0 E16 30
12-24°T 1.2 1.9 E18 1.5 E17 16
12-24 8 1.1 1.4 €18 5.9 E17 4
1226 T 1.1 1.9E18 9.5 E16 11
12-26 B 0.8 1.3 E18 2.4 E17 11
12-32A T 1.1 1.5 E18 1.8 E18 20
12-32A B 0.7 1.1 E18 1.6 E17 -
123287 2.0 17E18 4.2 E17 -
12-32B B 1.7 1.4 E18 6.6 E17 -
12-32C T - 1.6 E18 52 E17 -
12-32CB - 14 E18 5.4 E17 -
*Undoped

Table 27. 12-cm Radial Resistivity Gradients

Gradient
Crystal R/2 R/8
12.24 T 2.4% 1.0%
12-24 8 10.8 124
12-26 T 6.4 9.6
1226 B 0.5 0.1

pr

The general trend of the data showed that as blade loading increased, thickness uniformity,
bow, and taper worsened but are still adequate for solar cell requirements. On the other hand,
surface planarity is relatively unaffected by blade load as indicated in Figures 42 and 43 for loads
up to 2.4 N/blade.

3. Saw Damage Depth

Damage depth was determined using X-ray topography. The slice is masked on one side and
0.05 mm etched (planar) off the unmasked side to remove some saw damage, The etched side is
then masked and approximately one-fourth of the original masked sawed surface is exposed. The
slice is placed in planar etch to remove approximately 0.06 mm. Another one-fourth of the mask is
removed and that surface etched approximately 0.06 mm. This procedure is repeated two more
times and produces a slice as shown in Figure 44 with four etched regions. Examination under a
metallurgical microscope at 448X is not adequate to reveal damage sites.
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Figure 42., Talysurfs from Experiment 13 — 400-Grit B4C Abrasive, 2.4 N/Blade Load

The slice is now ready for Automated Transmission X-ray Topography. In addition to the
standard transmission X-ray topograph as shown in Figure 45, a printout is obtained as in Figure 46.
The first column of data is the slice position indexed to the slice flat. The second column is the
Bragg angle which should be approximately constant if the slice is flat. The third column is the

X-ray intensify reading. As the X-ray enters the damaged region (region 1), note the

intensity, which indicates residual saw damage.



Figure 43. Talysurfs from Experiment 16 — 400-Grit B4C Abrasive, 2.0 N/Blade Load

The topography — region 1 — reveals damage sites after 7.6 um are removed (dark regions).
After 17.8 um of silicon are removed, region 2 reveals only four sites remaining. Regions 3 and 4 are
free of damage. The salt-and-pepper effect in Figure 45 is film graininess showing up at the
magnification of 28X.

Measurements on various slices indicate severe slice damage is confined to a surface layer
10 um in depth with medium to light damage in the next 10 um. Thus, the nature of damage
induced by slurry sawing appears no different from that observed for lapping, grinding, or ID sawing
operations. There is a thin surface region of microcracks caused by particle abrasion and these
microcracks create dislocations which propagate some distance into the slice interior. This damage
depth is a function of many factors such as abrasive hardness, particle size, and blade load. The
nominal 20-30-um depths measured in this work are comparable to silicon lapping clamage9 and
indicate that slurry sawing is a relatively gentle slicing process. Damage depths with ID sawing using
diamond-plated blades are typically around 10 pm. 10 The variation of damage depth as a function
of various slurry sawing parameters is shown below.
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Region 2 (448x)
7 777

Sawed Slice With Four Etched Regions

1- 7.62um Si Removed
2 - 17. 78 um Si Removed
3-27.94um Si Removed
4 - 35,56 um Si Removed

Region 4 (448x)
Figure 44. 7.6-cm Diameter Sawed Slice Prepared for Transmission X-ray Topography
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1- 7.62um Si Removed
2 - 17.78 um Si Removed
3-27.94um Si Removed
4 - 35,56 um Si Removed

18
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Region 4 (28x)
Figure 45. Transmission X-ray Topography of a Step-Etched Slice
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- Slice Damage Depth

Heavy 0.0-10.0 um
Medium to light 10.0-23.0 um
Light to none 23.0-33.0 um

Abrasive Hardness

SiC (400 grit) 23 um typical
B4C (400 grit) 33 um typical

Abrasive Particle Size

400 grit B4C 33 um
600 grit B4C 25 pm
Blade Load

Maximum slice damage depth of 33 um at 2.5 N/blade

The data indicate that if the solar cell process requires a damage-free surface, then a minimum of
33 um must be removed by etching or texturing.

4, Cell Fabrication

Solar cells were fabricated by TI Array Automation (Task 4) personnel on slices from sawing
Exp. 2. These slices were sawed with 400-grit SiC abrasive at blade loads up to 1.9 N. Slice thickness
averaged 0.6 mm. The slices were given a light, 25 um, planar etch prior to normal solar cell
processing. A control lot consisting of four slices cut with an ID saw was run simultaneously with
three lots of multiblade-sawed slices. Average Ig- was 0.95 A and Vg was 0.54 V for the
slurry-sawed slices compared to 0.94 A and 0.55 V measured on the control slices. These results
indicate no significant difference in cell performance between ID and multiblade-sawed slices.

D. WAFER SHAPING
1. Laser Scribing

Several 7.6- and 12-cm diameter slices of varying thicknesses were sent to Electro Scientific
Industries in Portland, Oregon for laser scribe experiments. ESI used their Model 32 laser system in
attempting to completely cut and shape the slices into hexagonals. This system utilizes a 10-W YAG
laser.
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Two operational modes were evaluated: (1) pulse mode, Figure 47(a), which produces a
donut-shaped beam, and (2) continuous mode, Figure 47(b), which produces a pointed beam about

25 um in diameter. The continuous mode produces a narrower cut line and much less silicon slag at
the cut edge. At 10-cm/s shaping speed, the total penetration on the various slices was 0.15 to
0.20 mm. Focus of the beam either at the surface of 0.13 mm below the surface had little effect on
penetration but the lower focus did produce a channel with less slag. The system was fitted with
vacuum and air jets to remove particles of silicon as the beam cut. The resulting slice surface was
very free of particles and the edge of the cut had minimum buildup as shown in Figure 48. By
reducing the scribe speed to 5.1 cm/s on a 0.25-mm thick slice, an average cut depth of 0.23 mm
was obtained with total penetration in spots. Figure 49 is a view of the laser cut for this case.

The last group of 12-cm slices sent to ESI averaged 0.24 mm in thickness. Shaping rates of
1 cm/s, 5 cm/s and 10 cm/s were evaluated. Figure 50 indicates that at 1 cm/s complete cut through
is obtained. Figure 51 indicates that at 5 cm/s some areas are completely cut through with small
areas (light spots) of single crystal that cleaved. Figure 52 indicates at 10 cm/s approximately half
the slice is cut. Application of a slight pressure introduces breakage at the laser cut.

If edge grinding is necessary for the solar cell blanks, then there is a question as to the
necessity of total scribe through. It is straightforward to achieve a 0.05 to 0.10 mm cut depth and
then break the edges. At these shallower cuts, scribe rates up to 30 cm/s are feasible.

2. Edge Beveling

A Macronetics G1000 edge shaper was evaluated on 7.6-cm slices. However, this machine
would not accommodate a hexagonal shape. Macronetics was given six 12-cm hexagonal slices for
trials on a new, larger shaper but this shaper was not large enough to properly bevel the 12-cm
slices. An even larger shaper is being developed but was not available in time for evaluation on this
program. In any event, economic analysis of the edge bevel operation indicates it is far too
expensive for solar cell — Cz silicon.

E. ECONOMIC MODELING

The Czochralski sheet process consists of two primary processes: crystal growth and crystal
slicing. There are secondary process steps such as crystal crop, crystal grind (if necessary), wafer
cleanup, and wafer shaping. Costs associated with these secondary processes can be lumped with the
basic crystal growth or wafering step but these various costs will be considered separately in this
report.
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(a) ESI MODEL 32 IN PULSE MODE

(b) ESI MODEL 32 IN CONTINUOUS MODE

Figure 47. Laser Scribed Slices ORIGINAL PAGE IS
OF POOR QUALITY,
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(a) TOP VIEW OF SLICE LASER SCRIBED AT 10 cm/s (55x)

(b) CROSS-SECTIONAL VIEW OF SLICE
LASER SCRIBED AT 10 cm/s (110x)

Figure 48. Photomicrographs of Laser Scribed Silicon Slices — Continuous Mode
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Figure 49. Cross Section of Line Laser Scribed at 5.1 cm/s (300X)

The fundamental economic model assumes 12-cm diameter crystal grown from an 18-kg
crucible with subsequent wafering performed on a multiblade slurry saw capable of slicing 28-cm
crystal lengths. Single-charge, multicharge, and semicontinuous crystal growth are all examined.
Semicontinuous growth consists of feeding polysilicon into the crucible as a crystal is grown in
order to maintain constant melt level and allow crystal lengths independent of crucible capacity.
Periodically the process is interrupted to permit removal of the crystal after it attains a
predetermined length. Crystal lengths are assumed to be multiples of the 28-cm sawing length.

A crystal pull rate of 9 cm/h is used for single and multicharge runs. In semicontinuous runs,
12 cm/h is used for all but the last erystal and 9 cm/h is applied for that crystal. These pull rates are
lower than the pull rate modeling indicates is possible but the experimental crystal growth work
supports the assumed values.

ORIGINAL PAGE IS
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(b)

Figure 50. Laser Shaping Rate of 1 cm/s (110X)
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(b)

_ £5 em/s (110x)  ORIGINAL PAGE IS
Figure 51. Laser Shaping Rate of 5 cm OF POOR QUALITY]
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Figure 52. Laser Shaping Rate at 10 cm/s (110X)
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C 7

¢. MULTICHARGE (Three Crystals)

Item Time Crystal Length
LCleanup 0.5h
Load and Melt (18 kg) 2.0
Seed and Top 2.0
Growth (14.82 kg) 6.2 56 cm
Taper (0.7 kg) 1.0
Load and Melt (14.82 kg) 1.3
Seed and Top 2.0
Growth (14.82 kg) 6.2 56
Taper (0.7 kg) 1.0
. Load and Melt (14.54 kg) 1.3
Seed and Top 2.0
Growth {(14.82 kg) 6.2 56
Taper (0.7 kg) i.0
Cooldown 2.0 L
Totals 34.7h 168 cm
Polysilicon Charged: 47.36 kg
Power Consumed: 1557 kW-h

d. SEMICONTINUOQUS (Three Crystals)

Item Time ; Crystal Length
Cleanup 0.5h
Load and Melt (18 kg) 2.0
Seed and Top 2.0
Growth (22.23 kg) 7.0 84 cm
Taper (0.7 kg) 1.0
Unload 1.0
Seed and Top 1.0
Growth (22.23 kg) 7.0 84
Taper (0.7 kg) 1.0
Unload 1.0
Seed and Top 1.0
Growth (22.23 kg) 9.3 84
Taper (0.7 kg) 1.0
Cooldown 2.0 L
Totals 36.8h 252 cm
Polysilicon Charged: 69.59 kg ggIGH\TAL PAGE 1
Power Consumed: 1658 kW-h L POOR QU.
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2. Crystal Growth Cost Assumptions

1) $10/kg polysilicon

2) Argon costs §3/h of puiler operation

3) Elecirical power is $0.03/kW-h

4) Miscellaneous materials costs as given in Appendix F
5) Three pullers/operator .

6) Puller costs: $100,000 for.single charge; $125,000 for multicharge; and $200,000
for a semicontinuous puller

7Y Seven-year, straight line depreciation -
8) Labor at $4.50/h
9} Seven-day week, 52-week year

10) An 83% equipment utilization

11) Supervision cost at 10% direct labor

12) Miscellaneous overhead at 100% direct labor.
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3. Crystal Growth Costs

a.  SINGLE CHARGE (12-kg Crucible)

Materials: Polysilicon (11.6kg) $116:00
Seed 5.00
Liner 100.00
Argon 27.90
Energy 12.18
Miscellaneous 54.00
Total Material $315.08/run
Labor: Direct: (11.3 h} ($4.50/h)/3 § 16.95
Supervision: 1.70
Total Labor $ 18.65/mun
Overhead: 100% direct labor $ 16.95/run

Depreciation: No. runs/vi/puller =
(24) (0.83) (7Y (52)/11.3 = 644.2

Depreciation/run =

$100,000/(7) (644.2) = $ 22.17/run
Total Crystal Cost: 100% yield $372.85/run
Crystal Cost: 100% vield (38 cm) $ 9.81/cmlength
Add-on Crystal Cost: 100% yield (no polysilicon) $ 6.76/cm length
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b. SINGLE CHARGE (18-kg Crucible)

Materials: Polysilicon (16.32 kg) $163.20
Seed 5.00
Liner 125.00
Argon 34.50
Energy 15.36
Miscellaneous 54.00
Total Material $397.06/run
Labor: Direct: (13.5 h) ($4.50/h)/3 $ 20.25
Supervision: ' 2.03
Total Labor $ 22.28/run
Overhead:  100% direct labor ' $ 20.25/run

Depreciation: No. runsf/yr/puller =
(24) (0.83) (7) (52)/13.5= 539.3

Depreciation/run =

$100,000/(7) (539.3) = - $ 26.49/run
Total Crystal Cost: 100% yield $466.08/run
Crystal Cost: 100% yield (56 cm) 3  8.32/cm length
Add-on Crystal Cost: 100% yield (no polysilicon) $§ 5.41/cmlength

ORIGINAIL PAGE IS
OF POOR QUALITY
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c. MULTICHARGE (Three Crystals)

Materials: Polysilicon (47.36 kg) $473.60
Seeds (3) 15.00
Liner 125.00
Argon 98.10
Energy 46.71
Miscellaneous 70.00
Total Material $828.41/run
Labor: Direct: (34.7 h) (34.50/h)/3 $ 52.05
Supervision: 5.21
Total Labor $ 57.26ftun
Overhead: 100% direct labor $ 52.05/run

Depreciation: No. runsfyr/puller =
(24) (0.83) (7) (52)/34.7=209.8

Depreciation/run =

$125,000/(7) (209.8) = $ 85.12/run
Total Crystal Cost: 100% yield $1022.84/run
Crystal Cost: 100% vyield (168 cm) p ES’/cm length
Add-on Crystal Cost: 100% yield (no polysilicon) $ 3.27/cmlength
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d. SEMICONTINUQUS ("-['hree Crystals)

Materials: Polysilicon (69.59 kg)
Seeds (3)
Liner
Argon
Energy
Miscellaneous

Total Material

Labor: Direct: (36.8 h) (34.50/h)/3
: Supervision:

Total Labor
Overhead: 100% direct labor
Depreciation: No. runs/yr/puller =
(24) (0.83) (7} (52)/36.8=197.8
Depreciation/run =
$200,000/(7) (197.8) =
“Total Crystal Cost: 100% vield

Crystal Cost: 100% yield (252 cm)

Add-on Crystal Cost: 100% vield (no polysilicon)
e. CRYSTAL COST DISCUSSION

$ 695.90
15.00
125.00
104.40
49.74
70.00

$1060.04/run

& 5520
5.52

3 60.72/run

$ 55.20/run

& 144.43/run
$1320.39/run
$  5.24/cm length

$  2.48/cm length

The cycle times and costs presented above are considered baseline costs. That is, these costs are

realistic based on knowledge gained during the course of the current investigation. There are a
number of technical hurdles in achieving semicontinuous growth, however, and the costs in that

case may be optimistic. Although the multicharge experimental results were somewhat inconclusive,
the approach of using nugget polysilicon appears sound and fairly straightforward puller

modifications would be required to achigve this operational mode.
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Figure 53 shows a graphical breakdown of crystal costs for the three 18%kg crucible cases.
Single-charge pulls are overwhelmingly dominated by polysilicon and materials costs which
represent 85% of the total crystal cost. In the multicharge and semicontinuous operational modes,
these costs are approximately 80% of the total.

Figure 54 shows the impapt of vield on the crystal costs for the various cases. It should be
noted that a 100% yield, as defined here, is based on good cm crystal out, not on grams out. The
bottom tapers and button left in the crucible are not counted against yield. Thus, if the entire
crystal is.within resistivity specification and diameter control is perfect, negating the need for
grinding, a 100% yield is possible. In routine, high-volume production with a wide resistivity range
vields of 80-90% should be achievable. Figures 53 and 54 illustrate the large cost advantage of
multiple crystals from a single run. This advantage is gained primarily by the reduction in operating
materials costs when these costs are spread over much greater érystal length.

The influence of pull rate on crystal cost is illusirated in Figure 55. The baseline costs
presented above assumed 9 cm/h pull rates for single and multicharge runs and an average 10.8 cm/h
puli rate for the semicontinuous case. Figure 55 indicates that only a few percent decrease in crystal

cost would be gained by increasing the pull rates beyond the baseline values.
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Figure 53. Czochralski Silicon Costs
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Figures 56 and 57 examine variations from the baseline costs for semicontinuous growth.
Figure 56 indicates a 6% improvement in cost could be gained by pulling four crystals instead of
three. By increasing the crystal length per pull to 103 cm, a 5% decrease in cost from’the baseline

could be realized (Figure 57).
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4, Crystal Slicing Cycle Time

A number of options have been investigated in the slicing work utilizing multiblade sawing
including silicon carbide slurries, boron carbide slurries, crystal spinning, and diamond-plated
blades. In slurry sawing, boron carbide has exhibited the fastest cutting rates but its cost of $§40/kg
does not make it cost-effective. Diamond blades coupled with crystal spinning have produced the
highest sawing rates of all options but this technology requires extensive developmental work to be
a truly viable process. Thus, for a baseline slicing process, slurry sawing utilizing silicon carbide

abrasive has been selected.
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In slurry sawing, the abrasive size, slurry mixture, slurry flow rate, and bladeload all affect the
cutting rate. At present, for sawing 12-cm crystal, the best compromise appears to be 400-grit SiC
abrasive in a mixture of 500 g/l PC oil utilizing 0.02 X 6.4-mm blades at 2 N/blade load. This
tombination of parameters results in a cutting rate around 5 mm/h. With this-cutting rate, the-basic

cycle time is:

Install Blade Package 0.3h
Mount Crystal 0.2
Saw Crystal 24.0
Cleanup 0.3
Total 24.8h

5. Crystal Slicing Cost Assumption

1) Saw Cost is $25,000
2) Seven-year, straight line depreciation
3} Seven-day week, S2-week year
4) 90% equipment utilization
5) Eight sawsfoperator
6) Direct labor at $4.50/h
7) Supervision cost at 10% of direct labor
8) Miscellaneous overhead at 100% of total labor
9} One crystal, 28 cm- iong, sliced per run
10) Slice pius kerf is 0.56 mm (500 blades/pack)
11) SiC abrasive cost is $2.20/kg
12) PC oil costs $0.66/1
13) Saw blades are $0.03/blade

14) Wafer area per run is 5.655 m2 at 100% vield.
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6. Crystal Slicing Costs

a. BASELINE PROCESS

Materials: Abrasive (500 g/) § 8.80
PCOil(81) 5.28
Blades (500 @ $0.03) 15.00
Miscellaneous 1.00

Total Materials $30.08/run
Labor: Direct: (24.8 h) ($4.50/h)/8 $13.95
Supervision: 1.40

Total Labor $15.35/run

Overhead: 100% total labor $15.35/run

Depreciation: No. runs/yr/saw =
(24) (0.9) (7) (52)/24.8 = 317.0

Depreciation/run =

$25,000/(7) (317.0) = $11.27/run
Total Slicing Cost: $72.05/run
Sticing Cost:  100% yield : $12.74/m?

b. SLICING COST DISCUSSION

The baseline sawing process above was based on a slice + kerf thickness (K) of 0.56 mm which
experimentally has given fairly good sawing results. This K value is derived from a 0.2 mm blade
thickness and 0.36 mm spacer thickness. The resuliing slices are typically in the 0.25-0.28 mm
thickness range. Figure 58 illustrates the variation in sawing cost with K and as a funciion of sawing
yield. By decreasing K to 0.5 mm, a 12% reduction in sawing cost could be effected. A X of 0.5 mm
could be achieved by going to thinner saw blades (0.15 mm) although experimentally if has been
difficult to obtain high yields at this thickness.

ORIGINAL PAGE IS
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Figure 58. Multiblade Siurry Sawing Costs

Higher sawing rates reduce the sawing costs as' Figure 59 indicates, although there is a bottom
limit to cost. In the baseline process, materials account for §5 .31/m2 of the total cost. As the saw
rate i$ increased, depreciation decreases but.the labor content will remain approximately constant
due to the greater number of people required to set up the saws and handle the higher crystal
throughput. Also, as the sawing cycle time decreases, set up becomes a greater percent of the cycle
which adversely affects Iabor and depreciation costs. All these factors combined result in a
minimum sawing cost at a cutting rate in the 10-12 mm/h range for the assumed baseline SiC costs
given above. Under the cost assumptions depicted in Figure 59, the only way to increase cutting
rate is to increase the blade force on the crystal and the blade reciprocation rate. From a practical
standpoint it appears doubtful that cutting rates much in excess of 6 mm/h could be achieved by
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increasing these parameters. Richer slurries are known fo increase saw rates buf then the cost
assumptions built into Figure 59 no longer hold. A 50% slurry enrichment would raise the cost
curve in Figure 59 approximately $0.77/m2 and at least a 25% improvement in cutting rate would
be necessary to stay even with the $12.’I‘4/m2 baseline cost.

The assumed 8 sawsfoperator in the economic model includes backup labor for crystal
preparation and mounting prior to installation on the saw. It is quite possible that with volume
production and experience the labor costs could be reduced somewhat. A 10% labor reduction
would result in a $0.50/m2 slicing cost reduction. Thus, overall it is believed that volume
production coupled with process improvements in saw rate, set up, and shurry handling could reduce
the sawing costs to the $1 llm2 ievel.
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7. Other Costs
a. CRYSTAL GRIND

It is anticipated that automatic diameter control on the crystal puller will produce sufficiently
uniform crystal so that grinding will not be necessary. However, in the event that at least some
percentage of the crystals will require grinding, these costs are presented below.

Cost Assumptions

1) 28-cm crystal segments are ground
2) Two passes per crystal

3) Cycle time is 36 min

4) Four grinders per operator

5) Wheels are $300 each

6) Wheel life is 500 crystals

7) Machine utilization is 90%

8) Grinder cost is $40,000

9) Laboris $4.50/h

10) Overhead is 100% of total labor.
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Grind Costs

Materials: Diamond Wheels
Miscellaneous
Total Materials
Labor: Direct: (0.6 h) ($4.50/h)/4
Supervision:
Total Labor

Overhead: 100% total labor

Depreciation: No. runs/yr/grinder =

(0.9) (24) (N (52)/0.6 = 13,104
Depreciationfcrystal =
$40,000/(7) (13104) =

Total Cost:

Grind Cost:  100% vield (500.slicesfcrystal)

b. WAFER CLEAN

After sawing, it is anticipated that the slices will be cleaned with an automated slice scrubber

having cassette load/unload capability.

Cost Assumptions

b
2)
3)
4)
5)
6)
7
8)

OF POOR QUALITIS

Solvent cost is $1.34/1

Solvent consumption is 5 mi/slice
Machine capacity is 120 slices/h
Eight machines/operator
Machine cost is $20,000

Labor is $4.50/h

Overhead is 100% total labor

Machine utilization is 90%.

107

$0.60
0.10

$0.70/crystal

$0.68
0.07

$0.75fcrystal

$0.75/crystal

$_(}ﬁ/ crystal
$2.64/crystal

$0.47/m2



Cleaning Costs

Materials: $0.0067/slice = $0.59/m?2

Labor: (84.50/W)/(120) (8) = $0.00469/slice = $0.41/m?
Supervision: 0.04

Total Labor $0.45/m2

Overhead: 100% total labor $0.45/m?2

Depreciation: Slices/machine/yr = 943,488 =
10,671 m2/yr

Depreciation =
$20,000/(7) (10,671) = $0.27/m?
Total Cleaning Costs: 100% yield $1.’76/m2

c. LASER SCRIBE

There is considerable uncertainty at this time whether 12-cm circular slices will be shaped into
hexagons. In the eventuality that hexagonal slices will be cost effective, an estimate of laser scribing

is given below,
Cost Assumptions

1) Laser lifetime is 300 operating hours

2)  Scribe rate is 10 cm/s

3) Slice processing rate is 900/h per machine (10.18 m2/h)
4) Four machines/operator

5) Direct labor is $4.50/h

6} Machine utilization is 85%

7}  Replacement lasers are $300 each

8) Machine cost is $100,000.
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Scribe Costs

Materials: Laser $0. 10/m2
Labor: Direct: ($4.50/h)/4 (10.18) $0.11
Supervision: 0.01

Total Labor $0. 12/m2

Overhead: 100% total labor $0. l?.lm2

Depreciation: $0.19 /m2

Total Cost:  100% yield $0.53/m?

This cost is based on the incoming or circular slice area which makes the cost compatible with the

other cost data presented in this report.

d. EDGE BEVELING

As in the case of laser scribe, this operation may not be necessary and its use will depend to

some extent on the processing used {o fabricate solar cells.

Cost Assumptions _
1~) Slice throughput i's 125 slices/h (1.41 mzlh) per machine
2) Machine costis $15,000
3) Four machines/operator
4) Machine utilization is 85%
5)  Direct labor is $4.5 0/h
6) Diamond wheel life is 9000 slices/wheel
7)  Abrasive wheels cost $150 each.
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Beveling Costs

Materials: Abrasive wheels $1 .47/m2
Labor: Direct: ($4.50/h)/4 (1.41) $0.80
Supervision: 0.08

Total Labor $0.88/1‘n2

Overhead: 100% total labor $0.88/ m?2

Depreciation: $0.20/m2

Total Cost:  100% vield $3.43/m?2

Edge beveling costs appear too high to be considered in a Czochralski sheet process. Slice
throughput per machine and diamond wheel life would each have to be increased by an order of
magnitude to make this operation remotely feasible. The above costs are extrapolations of current
technology on 76 mm slices and there are no indications of any dramatiic cost breakthroughs

pending for this process.

8. Czochralski Sheet Cost

The crystal growth and sawing cost models can be combined into a single Czochraiski sheet
cost. Figure 60 presents this cost as a function of slice plus kerf thickness and crystal vield.
Figure 60 indicates a sheet cost around 334']!’/m2 for 80% crystal yield, 95% saw yield, and
K=10.56 mm. Since the crystal cost already accounts for taper and button losses, an 80% yield
should be attainable in practice. The sheet cost is very sensitive to the K value. A X of 0.5 mm
would reduce the sheet cost to $42/m2 assuming the same crystal and saw yields.

Figure 61 presents the sheet cost with polysilicon costs subtracted out. The add-on cost for a

slice plus kerf of 0.56 mm is around $29/m2 for the above yield values. By decreasing X to 0.5 mm,
this cost could be lowered to around $26/m2.
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The influence of crystal diameter on costs is depicted in Figures 62 and 63. In those figures the
crystal costs are based on assumptions and models identical to the 12-cm cases presented in detail.
The only variation is in the pull rate which was assumed to vary from the 12-cm case as the inverse
square root of diameter. The add-on cost for 15-cm crystal (Eigure 63) with a K of 0.5 mm is
around § 18.50/1112 compared to $26/m2 for 12-cm crystal.

Figures 60-63 do not include wafer clean or other costs derived in the preceding section. Thus,
an additional cost of around $1.80/m2 must be added to include slice cleanup after sawing.
However, the baseline process is believed to be somewhat conservative and improvements in yields,
crystal pull rates, and sawing rates could compensate for some additional cost.

The cost models presented are projections based on an extrapolation of current Czochralski
technology. Semicontinuous crystal pullers do not exist aithough there do not appear to be any
overwhelming barriers to their development. Rapid sawing of 12-cm crystal into thin slices with
high overall process yield is not presently a reality primarily because current technology does not
utilize the multiblade saw for silicon slicing. Thus, benefit of an experience curve is not available.
Also, techniques to enhance multiblade sawing such as crystal spinning have not been modeled but
preliminary glances at the economics suggest that substantial sawing cost reductions on the order of
$5/m2 might be possible. Crystal spinning would require a new concept in multiblade saw design
although redesign of the current multiblade saw will be necessary to allow 28-cm long crystals and
their attendant 500 or more blades.

100 i i i I | | |
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- 5mm/h Saw Rate
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Figure 62. Czochralski Silicon Sheet Cost
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SECTION II1
CONCLUSIONS AND RECOMMENDATIONS

Crystal growth modeling and experimental work on this program indicated:

1)

2)
3)
4)

5)

6)

7)

8)

Pull rate enhancement techniques such as employing cold coils around the growing
crystal or funneling ambient gas over the crystal have minor effects on the maximum
pull rate possible.

The maximum pull rate varies inversely as the square root of crystal diameter.
The practical pull rate limit for single-charge pulls of 12-cm crystal is 10 em/h.

Puller ambient temperature has a negligible influence on pull rate provided it is held
below 600 K.

The maximum pull rate possible for 12-cm crystal pulled in a conventional vacuum
RII (resistance heated) puller is approximately 17.5 cm/h assuming semicontinuous
growth in which the melf level is maintained constant relative to the crucible lip.

Routine evaluation of 12-cm crystals indicates the quality to be equivalent to that of .
smaller crystal. ’

Multicharge crystal growth feasibility was demonstrated from an equipment
standpoint but development work is required to improve the process and ensure high
crystal yields. A major problem is carbon incorporation into the melt which must be
minimized or else single crystal growth will be Impossible. )

Argon consumption on current vacuum RHB Cz pullers is excessive and could become
a major cost item. Development of a puller utilizing atmospheric pressure argon
could provide several cost benefits: (1) decreased argon consumption, (2) capital and
maintenance cosls on large vacuum pumps would be eliminated, and (3) a slightly
higher pull rate would be possible in a one-atmosphere ambient.

PRECEDING PAGE BLANE NoOT FILMED
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Experimental work on the multiblade slurry saw indicates it to be an attractive wafering
approach for large diameter crystal. Slice thicknesses of 0.25 mm can be achieved with high saw
yields, This slice thickness results in a slice plus kerf of 0.56 mm which, at this time, is the
minimum practical consistent with 90% and higher yields. Other specific observations include:

1)
2)

3)

4)

5)

Sawing rates are directly proportional to blade load and speed.

Cutting rates of 5 mm/h are obtainable with SiC z;brasive and B4C abrasive is about
2.5 times higher. However, the greatly higher cost of B4C makes its use prohibitively

expensive.

SEMs of new and used abrasive indicate minimal particle wear so that slurry
mixtures can be reused. This was done with B4C abrasive in one instance with no
apparent degradation in cutting rate. Also, the multiple crystal sawing experiments
indicate sawing rates are not a function of kerf volume being removed. Thus,
recycling slurry mixtures is a distinct possibility and would result in a cost savings in
the sawing economic model.

The best blade size is 0.2 X 6.35 mm. No problems were encountered in sawing
12-cmm crystals with these blades. Thinner blades exhibit significantly lower saw
yields due to slice breakage,

As-sawed slices have a lapped appearance and can be readily processed into solar
cells after a texture etch. Saw damage depth increases with blade load with 33 um
being maximum at 2.5 N loads.

The economics of the Czochralski process using realistic technical parameters indicate a sheet
cost in the $45/m2 area for a semicontinuous puller and $10/kg polysilicon. This represents an
add-on cost in the neighborhood of $30/m2. A multicharge process could be onstream in the late
1970s with an add-on cost around $40/m2. These costs all assume successful development of a
multiblade saw capable of handling 28-cm crystal lengths. Also, blade costs must be reduced to the
$0.03/blade area which is a theoretical lower limit assuming automated blade pack assembly.
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SECTION 1V
NEW TECHNOLOGY

No new technology was developed on this program.
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APPENDIX A
THERMAL PROPERTY DATA

A. SILICON THERMAL CONDUCTIVITY

Table A-1 gives the values of silicon thermal conductwity used in the thermal analysis of
Section IL.A. The data in the table are basically those of Glassbrenner and Slack. !

The conductivity data in Table A-1 were least squares curve-fit for use in the differential
equations describing the crystal temperature distribution. By defining a normalized temperature
Ti =T/1600 with T in Kelvin, the following eighth-order equation fits the data in Table A-1
within 3%:

k=PO+P1T, +P2T;2+P3T3+P4T *+ . +P8 T8 )

with
PO = 1.00412 EO]
Pl =-1.12996 E02
P2 = 6.15319 E02
P3 =-1.92369 E03
P4 = 3.68613 EO3
P5 = -4.40809 E03
P6 = 3.21316 E03
P7 =—-1.30749 EO3
P8 = 227842 EQ2
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Table A-1. S#licon Thermal Conductivity

Temperature Conductivity Temperature Conductivity
K Wfem-K K- W/em-K
300 1.47 . 1100 0.288
400 0.994 1200 0.261
500 0.764 1300 0.251
600 Q.617 1400 0.236
700 0.511 1500 0.233
800 0.423 1600 0,225
aoo 0.360 1685 0.220
1000 0.311

The thermal conductivity, k, in Eq. (1) is in W/em-K. The rather high order fit in Eq. (1) was
necessary to obtain sufficient accuracy on the first derivative of k with respect to temperature.

B. - SILICON SPECIFIC HEAT
Shanks,2 et al., present silicon specific heat data as a function of temperature reproduced in

Table A-2. In the thermal analysis work of Section II.A a mean value of specific heat, ¢, was used
given by Runyan3 of 9.17 EQ2 J/keg-K. This value represents the specific heat at 1023 K.

Table A-2. Silicon Specific Heat

Temperature Specific Heat Temperature Specific Heat
K Mkg-K . K J/kg-K
273 6.91 EO2 873 858 EO2
373 7.70 973 9.13
473 8.25 1073 9.27
573 8.48 1173 9.42
673 8.65 1273 9.59
773 881 1373 9.82

C. SILICON EMISSIVITY
The total emissivity as a function of temperature was estimated using ref, 4 combined with

measurements made at Texas Instruments at the melting point and room temperature. Figure A-1
shows the idealized emissivity curve used in the thermal analysis.
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Figure A-1. Estimated Total Emissivity of Silicon

D. FUSED SILICA EMITTANCE

The crucibie liners used in Czochralski crystal growth are made from fused silica. Reference 5
gives a value for total normal emittance at 1200 K of 0.60. In radiation heat transfer analyses
employing the diffuse-gray assumption, the total emittance is desired. Reference 6 gives the
correction factor to be applied to convert normal emittance to total emittance for dielectrics. The
correction factor in the case of fused silica is approximately 0.99. Therefore, the total emittance
used in the thermal analyses for the quartz liner was 0.99 (0.60) = 0.59.

E. ARGON THERMAL CONDUCTIVITY

In order to compute the effects of thermal convection on cooling a growing crystal, the
transport properties of the ambient gas must be known. The thermal conductivity of argon at higher
temperatures is given by:7

_ Lol /T E-05

T Traisgm emK @

where T is the gas temperature in Kelvin.
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F. ARGON SPECIFIC HEAT

Reference 8 indicates that the specific heat at constant volume is constant for argon from
0-2000°C. Then, the thermodynamic relation ¢~ Cy = R implies that the constant pressure
specific heat is constant also over this temperature range. Thus,

Cy = 0.0746 calfg-K = 312 J/kg-K

¢y =0.124 cal/g-K =519 J/kgK

G. ARGON VISCOSITY

The absolute viscosity, u, as a function of temperature is given in Table A—3.9

The kinematic viscosity is determined by dividing the absolute viscosity in Table A-3 by the
density.

Table A-3. Absolute Viscosity of Argon

Temperature Viscosity Temperature Viscosity
K Pa-s K Pa-s
273 2.10 £-05 674 412 E-058
293 2,22 768 4.48
373 2.70 857 4.82
473 . 3.22 987 5.26
575 . 3.89 1100 5.63
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H. HELIUM THERMAL CONDUCTIVITY

Helium thermal conductivity 1s given in Table A4

Table A-4. Helium Thermal Conductivity

Temperature Conductivity Temperature Canductivity

K W/cm-K K W/em-K

300 1.50 £-03 850 3.21 E-03

400 1.80 900 3.35

500 211 1000 3.63

600 247 1100 3.89

700 2.78 1200 4.16

800 3.07 1500 4.94

I.  HELIUM VISCOSITY

Absolute helium viscosity is given in Table A-5°

Table A-5. Absolute Viscosity of Helium

Temperature Viscosity Tomporature Viscasity
K Pa-s K Pas
293 1.84 E-05 759 3.71 E-0B5
373 2.28 879 4.09
473 267 949 4.30
555 289 1080 4.71
680 3.44

J.  HELIUM SPECIFIC HEAT

The specific heat of helium is constant over a wide range of temperatures:lo

Cy = 0.746 calf/gK = 3120 J/kgK

Cp = 1.24 cal/g-K = 5190 J/kg-K
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APPENDIX B
CRYSTAL THERMAL CONVECTION

Thermal convection between a growing crystal and its ambient environment is governed by the
natural convection relation. !

Nu = 0.638 [GrPr2/(0.861 + Pr)] 1/4 0
where
Nu = Nusselt number = hL/k (2)
Gr = Grashof number =g g (Tw — Ta) I_,3/v2 3
Pr = Prandtl number = g cp/k (4)

Once the right side of Eq. (1) is determined, the average heat transfer coefficient, h, is computed by
Eq. (2). This heat transfer coefficient governs the rate of heat removal from the crystal surface to its

environment and is the “h™ in the differential equation describing the temperature distribution
along the crystal.

An examination of Egs. (1»45 shows that h is a function of crystal and ambient temperatures,
puller pressure, and the crystal length. The puller pressure enters through the Grashof number
which is proportional to the pressure squared. As the puller interjior pressure decreases, Gr decreases
and, hence, h decreases. Thus, crystals pulled under partial vacuum have a lower average h than ones
pulled at atmospheric pressure. )

Equation (1) holds only for values of GrPr > 10%. At lower values of the Grashof-Prandtl
product there is no convection and crystal cooling is only by thermal radiation. In practice this
limitation means that below certain pressures convection ceases, the critical convection pressure
depending upon the particular ambient gas. Specific cases will be computed below.

1w, M. Rohsenow and H. Choi, Heat, Mass, and Momentum Transfer, Prentice-Hall, 159 (1961).
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The gas properties p (viscosity), Cpo k (conductivity), » (u/p), and g (1/T for a perfect gas) are
all computed at the average temperature between the crystal surface (T,,) and the ambient
temperature (T,). Since the crystal surface temperature varies along ifs length, h will therefore vary
but it is usnally sufficiently accurate to assume some nominal temperature at which to.evaluate
properties and, thereby, fix a value of h. This h will, however, hold for only one value of L. In the
following calculations it is assumed that the average gas temperature is 850 K.

A. ARGON

At 850 K, from Appendix A,

k = 3.88 E-04 W/cmK
i = 4.79 E-05 Pa=s
¢p =519 J/kgK

Pr= ¢ ufk=0.641
From Eq. (1),

Nu = 0.46] Grl/4 (5)

To complete the evaluation of h, the Gr number must be computed and used in Eq. (5). Assume a
puller pressure of 10 mm Hg (1330 Pa). At this pressure, the argon density is 0.00754 kg/m3 for
850 K. With a (TW -— Ta) of 500 K, the product B(T,, — Ta) = (0.588. Then, from Eq. (3) Gr=1140
and the produét GrPr= 733 which is below the threshold value of 10% for convection to exist.
Thus, at 10 mm Hg puller pressure there is no convection cooling of the crystal. A quick calculation
indicates that a minimum puller pressure of 37 mm Hg (4930 Pa) is required in this case to support
natural convection. At 37 mm Hg pressure the Gr number is 1.56 E04 and from Eq. (5)

Nu=5.15

and

h =515 &/L) = 10~% W/em2K.
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By examining various limiting cases of crystal length, pressure and temperature, it is possible to
map out a domain of the heat transfer coefficient and such a range of h is shown in Figure B-1.
Generally, the heat transfer coefficients are quite low in argon unless the puller is operating at
ambient pressures near atmospheric. The longer the crystal the lower the ambient pressure which
will support convection cooling, Ilowever, long crystals exhibit very low values of h
(6X 10— W/cmzK) at normal puller operating pressures of 10-30 mm Hg. For perspective, such
heat transfer coefficients are two orders of magnitude lower than those of air-cooled circuit boards.

B. HELIUM

Helium is used in some instances as an ambient environment for Czochralski crystal growth.
Heat transfer coefficients for helium are computed in exactly the same way as those for argon given
above. Again, for an assumed average temperature of 850 K:

k =3.21 E-03 Wfem-K
# =4.00 E-05 Pas
Cp =5190 J/kgK
Pr=0.647
From Eq. (1),

Nu =hL/k = 0.463 Gr1/4 (6)

With the criterion that GrPr > }04, it is possible to compute a nominal domain of heat transfer
coefficients for helium similar to that for argon. Figure B-1 includes this helium domain along with
that for argon.

C. DISCUSSION

Figure B-1 indicates that helium is a better heat transfer medium than argon at ambient
pressures near atmospheric. However, the effectiveness of helium diminishes rapidly with decreasing
pressure. At typical puller pressures of 10-30 mm Hg helium is out of the convection range entirely.

Heat transfer coefficients given by Eq. (1) and shown in Figure B-1 are a fairly weak function
of temperature. Thus, the results presented here for 850K average gas temperature are
representative of average Czochralski puller conditions.
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Figure B-1. Crystal Heat Transfer Coefficients

Direct gas impingement can increase the heat transfer coefficients by a factor of 10 and
funneling the gas over the crystal can effect increases of two to three, However, the low overall
magnitude of the coefficients at operating puller pressures indicate that such augmentation
techniques would not be worthwhile for increasing pull rates. This conclusion is borne out by the
analytical results shown in Section II.A of this report. For vacuum conditions, it is safe to assume
no thermal convection between ambient gas and crystal and that the heat transfer from the crystal
is poverned entirely by thermal radiation between the crystal, crucible, and chamber walls.
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APPENDIX C
METHOD FOR COMPUTING RADIATION VIEW FACTORS FOR
- CYLINDRICAL GEOMETRIES

The following reprint describes a methodology for computing radiation view factors for
cylindrical geometries. These view factors are necessary in formulating the equations describing heat
transfer between a growing crystal and its melt and crucible. Figure 2 in the reprint depicts the
crystal and its melt surface and configuration I in Figure I with B = 0 is an idealized reprcsenfation
of the crystal/cricible combination.
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Rapid Method for Determining
Concentric Cylinder Radiation
View Factors-

Samuel N, Rea*
Texas Instruments Incorporated, Dallas, Texas

Nomenclature

= view factor from elemental area ¢ to surfacej

=view factor from surface ! to surface s

=shorthand notation for cylinder-disc view factor,
Fig. 3, with ¢/r={Y—a)/r, etc.

=inner cylinder radius

=outer cylinder radius

Introduction

ONCENTRIC cylinders are among the more commoi

configurations encountered in radiation heat transfer
analyses, being descriptive of assemblies ranging from in-
frared telescopes to tube furnaces. In performing thermal
analyses on such structures with fimte-element computer
programs, it is often necessary 1o break the shell and tube into
various conceniric ring elements and compute radiation view
factors between these elements. Figure 1 depicis a collection
of concentric cylindrical geometries In general, the tube-shell
view factors of Fig. 1 can be determined using available com-
puter programs which numerically integrate over the areas in-
volved. However, these programs are cumbersome, thereby
limiting their casunal usage.

A recent paper by Reid and Tennant! numerically analyzed
configuration IV m Fig..1 for the special case where L=7Y,
The more general case, along with the other configurations in
Fig. 1, is not 1n the open literature, although the equal-length
case 15 given in Ref, 2. The novelty of the method presented in
this Note lies in the utilization of the cylinder-disk view fac-
tor F,, of Figs. 2 and 3. By combining various cylinder-disk
view factors, for any of the structures in Fig. 1 F,; can be
determined in closed form where it 1s the diffuse view factor
from the outer curved surface of the inner tube to the outer
cylinder, The view factors from the ends of the inner cylinder
to the outer cylinder in configurations I, I1I, and 1V are not
considered since they can be determined using disk-disk
relations? as can the shell-shell view factors.! Of course, Fy
can be readily computed from F; using reciprocity.

Analysis

A literature survey indicates that the cylinder-disk view fac-
tor is not explicitly available so it is derived first and then ap-
plied to the Fig. 1 structures. By definntion,? with the
geometry of Fig. 2:

1
Froy=—r

T
L

1]
where Fy, ., can be derived from Ref. 4:

x?=R24r?

2x Fyy_p,=c0s™! —————=
ar-2 PeRI—12

x2 e RI+1r?
RI+r2)2—4R>2 ¥

* .
-(_r-)[ {2+

r(x?=R2+r%)
R{x?+R?—r?)
Received February 3, 1975; revision received March 28, 1975,

Index category. Radiation and Radiative Heat Transfer.
*Engineering Supervisor.
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Fig. 1 Concentric cylinder configurations.
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Fig. 2 Cylinder-disk view factor geomelry.
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Fig. 3 Cylinder-disk view factors.
The integration in Eq. (1) is given by
A P—R2+r?
2% Fy_;=cos ’W
r (P+R2+r2)2 R u
—{ } I: — - — )2]
2t r r
r(2—R2+r?) [tZ—R2+r2 r
% -4 i =ff —
cos ! ETRI=r7) + 3 ]sm (R )
#+RI-r?
o[ 282

The cylinder-disk view factor F,_, given by Eq. (2) is pre-
sented in parametric form in Fig. 3.

The view factors F,_; for the various structures in Fig. 1
are presented m the following. The derivation for con-
figuration I is shown in some detail to illustrate the procedure.
In all cases L is the length of the inner cylinder and Y is the
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length of the cuter cylinder. Other dimensions are shown in
Fig. 1.

Configuration 1

" Agan, by definition? and referring to Fig. |

L
LF.,;= L Fagdy ®

By introducing appropriate view factor algebra, Eq. (3) can be
written

A
LF; ;= So (Faraa—Fa_s)dy

A+Y

+]

L
A A

“_Far-z"Fdr-.«)d)"**g oy (Fagme=Fa)dy 4
In Fig. 1 and Eq. (4), surfaces 2 and 4 are imaginary annular
disks covering the ends of the outer cylinder. A term-by-term
comparison of the integrations indicated in Eq. (4) with the
cyhinder-disk definition, Eq. (1}, shows that the solution of
Eq. (4) can be written immediately in terms of the cylinder-
disk view factors given 1n Fig..3 or by Eq. (2). After som
algebraic manipulation

LF; ;=Y+AF,+BFy
—{A+Y)F o= (B+Y)F pap (5
A view factor shorthand notation is used in Eq. (5) and below
where, for instance, F, is the cylinder-disk view factor F,_,
witht/r=A/r.

Configuration I1
LF, y=AF %+a(l=F,)

+(Y—a)F iy~ (A+Y)F 4s 6)

TECHNICAL NOTES

G3

1123
Configuration Il
LF; 3=L4+bFp+cF o~ (L+b)YF opy— L+ F ey (M
Configuration 1V
LF 3= {L+DYF ypy+ (Y4+D)F yipy
—DFp~(L+D+ V) (apans ®

* Discussion

A quick check on the validity of the previous equations can
be obtained by examining some limiting cases. Configurations
I and 111 reduce to the identical result when A =B=b=c=0in
which case both Eqs. (5) and (7) give F;_;=1-2 F,, the
equal-length concentric cylinder case, Equations (5) and (6)
agree when B=0 and a=Y¥ as do Eqs. {6) and (8) with a=D
=0. Also, Eq. (8) agrees with results computed in Ref. 1.

Any of the view factors given by Eqs. (5-8) can quickly be
deterrmined by reading the cylinder-disk factors from Fig. 3.
Comparisons with computer programed results for several of
the configurations have indicated that 2-significant-figure ac-
curacy or better can be obtained consistently using Fig. 3 plot-
ted on graph paper. The technique presented here is also ap-
plicable to a concentric inner cylinder and outer truncated
cone with slight modification.
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APPENDIX D
MULTIBLADE SAWING RATES WITH CRYSTAL ROTATION

Total elapsed cutting time in multiblade slurry sawing is proportional to relative travel between
the blades and workpiece. The faster the blades move relative to the workpiece, the higher the
cutting rate and the lower the saw cycle time. The Varian multiblade saw head is limited to a
maximum blade speed of aboﬁt 68 cm/s and little can be done to increase the blade head
"reciprocation rate due both to inherent mechanical problems in accelerating the massive head
(100 kg) and to saw vibration problems at high reciprocation rates. The only alternative for
significantly increasing relative blade speed is to rotate the crystal. At 500 rpm, the peripheral speed
of a 12-cm crystal is 314 cm/s which is almost eight times a typical blade speed of 40 cm/s. Thus,
crystal rotation should enhance the cutting rate thereby reducing saw cycle fime.

Let the blade head reciprocation rate be denoted by W (cycles/min), the crystal spin rate by
wg (rpm), and the blade stroke by d (cm). There exists a critical radius, I, below which crystal spin
will produce no net beneficial effect due to cancellation of relative blade motion each half cycle.
This critical radius is: '

r0=(wb/ws) d/‘JT (1)

As an example, assume the blade head reciprocation rate is 60 cycles/min, the crystal is spinning at
500 rpm, and blade siroke length is 20 ¢m. Then, from Eq. (1):

Iy = (60/500) (20)/7 = 0.76 cm

In general, Iy Is fairly small indicating that crystal spinning is beneficial over most of the crystat
radius. Once the cutting radius reaches t,, the crystal rotation should be stopped and the remaining
core sawed through with the crystal stationary.

For each complete blade head cycle, the relative blade travel AT is given by:

2)

AT = (mrwg+ wpd) 7+ lnrwg — wydlr



where r is the instantaneous cutting radius and r is the blade head period equal to 1fwy,.
Equation (2) is of interest only for r > r, and can be simplified to:

AT =2nr (ws‘/“’b') 3)
Now, define:
r=R-bT 4)

where R is the crystal outer radius and b is a constant of proportionality determined from static
sawing experiments:

b=c/ 2wpd 5
In Eq. (5), c is the empirically determined static cutfing rate in mm/h, mm/min, or any other
consisteni units to make b in Eq. (5) dimensionless. Typical values of ¢ are in the range 5 to
12 mm/h, depending on many factors such as blade force, abrasive, grit size, slurry mixture, slurry
flow rate, etc.
In the limit, Eq. (3) can be written in differentia! form:
dT/dn=2x (R — bT) (wslw b (6)

where n is the number of blade head cycles and Eq. (4) has been substituted for r in Eq. (3).
Equation (6) can be integrated to give the number of cycles ng for the blades to move into the
crystal to radius Iy at which point the crystal spin is furned off:

1 “p 7R [ ¥s
(M3

The time t, required for n, blade cycles is simply:
t= nolwb (8)
and the total time t to saw through the crystal is:

t=t0+2r0/c (9



or, using Egs. (7) and (8) in Eq. (9) with r, given by Eq. (1):

’ d [{%b R @ .
t= — (-——) [m (’T—- —S> +z} (10)
¢\ wq d  wyg
In nondimensional form, Eq. {10) can be written ‘

met_(Zb R L P (1
@ \o "ITT eyl ¢

8

Equation (11) is shown plotted in Figure D-1.

As an example, let R = 6 cm, d = 15 em, wy, = 60 cycles/min, wg = 500 rpm. Then from

Eqg. (11)
metfd =0.303

With ¢ = 5 mm/h, a value obtainable with either SiC or B4C abrasive,

t=1(0.303) (15)/=(0.5)=2.9h

Without-crystal spinning, the cutting time would be given by:

t(nospin) =12 c¢mf0.5 cm/h=24 h

Thus, in this contrived example, crystal spinning would reduce the cutting time by a factor of 8,

It should be noted that Eq. (1) defines the minimum crystal rpm for spinning to be effective.
By letting r, = R, for spinning to offer an advantage,

d -
(wfewy) > = (12

Equation (12) defines the plateaus in Figure D-1.

Figure D-2 compares some experimental cutling rates with crystal spin {o stationary crystal
rates. Improvements in cutting speed of 3 to 5 tumes over those of stationary crystals are indicated

in Figure’xD-Q in general agreement with the theory presented here.
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APPENDIX E
SAW BLADE MECHANICAL PROPERTIES

The standard blades for the Varjan multiblade saw are made from hardened 1095 steel. Knoop
hardness and stress-strain measurements were made to characterize the mechanical properties of the
blades,

A. KNOOP HARDNESS
Knoop hardness was measured on five different blade samples. Results were:

Knoop hardness = 618 = 21.

For comparison, Knoop values for other materials of interest are:

Silicon 1000

Sic 2470

S B,4C 2750
C Diamond 7000

B. TENSILE TESTS
Twelve different blade samples were tested on an Instron testing machine. Ultimate strength,
Young’s modulus, and yield strength of the blades were determined. Results were:
ultimate strength = 1.90 £ 0.07 G1-3a (275,000 16,000 psi)
Young’s modulus = 190+ 7GPa (27.5+ 1.0 x 106 psi)
yield strength = 1.72 GPa (249,000 psi)

Figure E-1 shows a typical stress-strain curve measured for the hardened 1095 steel blades. The
curve is characteristic of a hard steel in that there is a pronounced knee with no peak, ultimate
strength is only slightly greater than the yield point, and there is little plastic deformation before
breaking.
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Figure E-1. Typical Measured Stress-Strain Curve of Hardened 1095 Steel Saw Blades

In practice, blades are usually tensioned to a 0.7% strain. Figure E-1 indicates that at this strain
the blade stressis 1.35 GPa (197,000 psi). At this stress level the force exerted by each blade on the
blade head.is 1780 N (400 1b) depending on blade dimensions. Consequently, if the blade head
contains 500 blades, a sizable force on the order of 8.8 EO5 N (200,000 Ib) would be exerted on the
head. The present Varian head is not designed to carry a load of this magnitude and redesign is
necessary to provide the required strength to carry a large number of blades.

It has been assumed in economic modeling that the multiblade saw could be extended to
handle 28-cm long crystal sections. A slice plus kerf thickness of 0.5 mm would result in 560 blades
in the head. The tensioning force for this extended blade head could be in the neighborhood of
106 N (224,0001b) and careful consideration of the head design would be required to handle this
load.



C. BLADE STATIC DEFLECTION

The saw blades can be approximated as thin rectangular beams having fixed ends. Figure E-2
tepresents a blade loaded at the midpoint which is the location of maximum deflection. The
deflection y at location x is governed by the differential equation:

Ely"'=M+Ty — P2 x (B
with boundary conditions

x =0 y=y'=0 ) ‘ (2)

x=L/2: vy =0 (3)

The solution to this set of equations for the midspan deflection is.

pr3 [12(2—Zcoshu+usinhu) }

Ymax = {97°Er S amha )
where
u = (L/2) VTTEL (5)
and

I = moment of inertia of the blade about the flexure axis
= th3/ 12 for vertical loads
=ht3 /12 for lateral loads

E = Young’s modulus.
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Figure E-2. Fixed-End Beam with Axial Tension
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If u = 0 (no axial tension) Eq. (4) reduces to the usual fixed-end beam equation with the
bracketed term in Eq. (4) equal to one. For u infinitely large, Y max approaches zero. With the usual
1.35 GPa axial stress and 0.20 X 6.35 mm blades, u for the vertical direction is 8.8 and the

bracketed term in Eq. (4) equals.0.12. The maximum deflection in this case with a 2 N blade load is
0.08 mm.

E-4
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APPENDIX F
PULLER HOT ZONE COSTS

Table F-1 lists major parts used in a Varian 12-kg puller hot zone. Many of the parfs are
graphite and their costs fluctuate from one buy to the next so the costs shown are approximate
only. The number of furnace runs are estimated or observed based on experience in single-charge
pulls of 12-cm crystals. It is somewhat difficult to extrapolate this experience to multicharge runs,
however, it is believed that multicharge costs would not be significantly higher than those shown.
The lifetime of many of the items in Table F-1 is governed by breakage incurred in the removal or
replacement necessitated by cleaning after each run. Also, the structui'al integrity of some of the
graphite parts is affected by repeated heating cycles so that a multicharge run in which the hot zone
stays hot for an extended period should not degrade the structural soundness any faster than
single-charge runs. It is estimated that multicharge or semicontinuous runs would be about 30%
higher than the costs shown in the table. Thus, in the economic models the following miscellaneous
parts costs were used: '

Single charge: $54/run
Multicharge: $70frun
Semicontinuous:  $70/run

Of the costs listed in Table F-1, four items: crucible shaft, crucible top, heater, and vacuum
pump filters make up almost 60% of the total. Provided adequate water flow is maintained to the
crucible shaft and no spills occur, it should last indefinitely. Thus, the $9/run for this item could be
conservative. The crucible to'p is a fragile graphite part which is easily broken during use from
careless handling and expansion of the crucible liner against the crucible top enlarges it with each
run so that it eventually becomes oversize and must be discarded. There is no obvious way to reduce
this part cost. The heater is a fairly complex machined graphite structure which slowly degrades
with use and 1s subject to breakage from handling. The $10/run cost is a reasonable estimate based
on experience. The current vacuum pump filters are inadequate for the volume of gases and
particulates handled per run. A redesign of the filter holder to utilize larger filters could effect some
cost reduction, perhaps as much as 50%.

Overall, an aggressive cost-cutting campaign which would involve some redesign and puller
hot zone modifications could effect at least a 15% reduction in the miscellaneous parts costs.
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Table F-1. 12-kg Puller Miscellaneous Parts Costs

Part {Quantity)

Crucible shaft

Pedestal ptate

Pedestal insulator
Crucible bottomn
Crucible top

Seed holder

Seed clarnp screw

Seed shaft

Heater connectors (3)
Heater adapters {3}
Graphite units {3}
Heater screws (6)
Heater

Graphite heat shield
Graphite felt insulation
Heat shield top

Shield support rings (2}
Quter stainless reflector
Shield reflectar rings (2}
Shaft seals {4)

Vacuum pump filters
Vacuum pump oil

Cost

$900.
48
42
56
72
25

3
600

28
10

260
200
150
28
56
200
75
20

5

F-2

No. Runs

100
20
50
25

8
50
20

600
50
50
40
10
25
75
50
75
30

100
75
20

3
10

Cost/Run

- $79.00
2,40
0.34
2.24
9.00
0.50
0.156
1.00
0.14
0.96
0.25
0.80

10.00
2,67
3.00
037
1.87
2.00
1.00
1.00
3.00
1.50

Total. $53.79/run
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APPENDIX G
CRYSTAL GROWTH POWER REQUIREMENTS

~ Power consumption measured in the 12-cm runs conducted during this investigation was used
as a basis for estimating puller power for the various economic models presented-in Section ILE.
Figures G-1 and G-2 depict idealized. cycle power for four cases. Figure G-1(a). corresponds to the
experimental single-charge pulls performed using a 12-kg crucible. The other cases assume 18-kg
crucibles.

Full power is not applied instantaneously when a puller is furned on but is ramped up over a
30-min interval. This procedure minimizes problems associated with differential thermal expansions
between the various hot zone components and is believed to prolong the lives of the components.
Once the polysilicon is fully melted, the power is reduced abruptly to its nominal running value,
45 kW, and the melt temperature is allowed to stabilize. During the pull, the power fluctuates about
this average but these fluctuations are ignored in the idealized power curves. In the bottom taper
operation the melt temperature is increased as is the pull rate and this is the reason for the small
ramps in the figures. The power curves are only approximate and assume no melt-backs are

required. Melt-backs can increase the total power requirements by 20-30%.

It is of some inferest to estimate the energy payback of the crystal growth portion of the total
solar cell process. Assume:

1) Daily insolation = 5 kW-h/m?
2)  Crystal growth yield =85%

3) Sawing vield =95%

4y Slice + kerf =0.56 mm

5) Solar cell efficiency =13%

These assumptions along with the energy consumptions in Figures G-1 and G-2 result in the
paybacks in Table G-1. The payback for the single charge 56-cm length is the same as that for the
multicharge (3 X 56 cm = 168 cm) case. This- indicates that longer crystals should be grown in a
multicharge pull to decrease the high-power dead time occurring during taper, charge, melt, and
crystal removal. Crystal costs are, of course, advantageous for multicharge operation because of the
increased puller, liner, and materials utilization. These factors greatly outweigh the energy cost.

G-1
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Table G-1. Crystal Growth Energy Payback Periods

Growth Mode Payback
1. Single charge, 38 cm 101 days
2. Single charge, 56 cm 86
3. Mukticharge, 168 cm 87
4. Semicontinuous, 252 em 62

The auxiliary power indicated in Figure G-2(b) is that required to melt sufficient polysilicon to
maintain constant melt level. The exact amount of auxiliary power necessary is highly dependent on
semiconfinuous puller design and cannot be determined precisely at this time. For estimation
purposes, auxiliary power was assumed to be four times the energy necessary to melt 44.46 kg of
silicon, the combined weight.of the first two-crystals.

G-4
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AFPENDIX H
SELECTED METRIC CONVERSION FACTORS

With a few minor exceptions, all units in this report conform to the SI measurement system.
An excellent guide to the SI system is standard ANSIfASTM E380-76. Listed below are a few of the
more unusual conversions encountered during the course of this investigation. In these conversions,
to obtain the SI units on the left, perform the operation indicated on the right side of the equality.

Force

Newtons (N) = grams/101.97 .
Newtons (N} = (pounds) X (4.4482)

ORIGINAL PAGE IS
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Pascal (Pa) = N/m?

Pascals (Pa) = (atm) X (1.0133EQ5)
Pascals (Pa) = (mm Hg) X (133.32)
Pascals (Pa) = (psi) X (6894.8)

The Pascal is a very small unit so it is common to use mega- or giga-Pascals. Thus,
1 atmosphere = 0.1 MPa.

Specific Heat

J/keK = (cal/g-"C) X (4184)

W-s/g-K = (cal/g-°C) X (4.184)
Thermal Conductivity

W/em-K = (calfs-cm-"C) X (4.184)

W/em-K = (BTU/h-ft-°F) X (0.017307)
Viscosity

Pa-s = (centipoise) X (1.0E-03)
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