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SUfWRY 

Complete results, from raw data to interpretation to recommend­

ations, of a program to investigate the use of multiblade slurry 

sawing to produce silicon wafers from ingots are presented in this 

report. 

During the course of this program. the commercially available 

"state of the art" process was improved by 20;~ in tenns of area of 

silicon wafers produced from an ingot. The process was improved 34% 

on an experimental basis. Pro~uction of 20 wafers per centimeter 

length of 100 mm diameter ingot is now possible on a production basis. 

Economic analyses presented show that further improvements are 

necessary to approach the desired wafer costs. mostly reduction in 

expendable materials costs. Tests which indicate th3t such reduction 

is possible are included. although demonstration of such reduction 

WlS not completed. 

A new, large capacity saw was designed and tested. Performance 

comparable with current equipment (in ter'ms of number of wafers/cm) 

was demonstrated. Improvsd performance was partially demonstrated. 

but problems (both mechanical and of unknown origin) precluded full 

demons trat ion of improved performance. 
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1.0 INTRODUCTION 

The process of slurry sawi"g is ",I ancient one: its ori gi ns 

are prehistoric. The basic elements are relative motion between 

a workpiece and a blade or blades, generally toothless, and the 

introduction of an abrasive, carried in a liquid, which performs 

the actual cutting. The process was probably originally developed 

because the blade can be much softer than the workpiece. 

Varian Associates (and our predecessor, National Research 

c.orporation) have been manufacturing slurry iaws for alroost two 

decades. Over 800 of the roodel 686 (recently replaced by the 

similar roodel 7176) are being used in various industries slicing 

materials ranging in hardness from hard steels to almost fully 

dense alumina. Our experience with these varied materials has 

allowpd IJ!\ to I\plpr.t matpriillc: ilnrl oppr"Ung conrlitionc; thilt tHP 

workable for almost any desired and possible result. Optimizing 

the process for a given material and desired result still requires 

experimentation. 

Some features of the process as used in Varian equipment are 

as follows. Precision rolled AISI 1095 steel blades, fully hardened, 

are assembled into a blade package by alternating blades with 

preciSion rolled, fuliy hardened AISI 1095 steel spacers at each 

end of the blade as shown in Figure 1. (Multiple blades must be 

used because the relatively slow material removal rate must be 

offset by cutti'lg multiple wafe.:; simultaneously.) Blades range in 

thickness from 150 pm (.006 in.) to 250 fJm (.010 in.), and spacer 

1 
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thicknesses range from 300 ~m (.012 in.) up. The blade package 

is held together temporarily by either glue or pins passing 

through the spacers and clamping the assembly. 

The blade package is inserted into a bladehead, the spacer 

stacks are co~pressed to provide frictional blade clamping (patented) 

and the blades are stretched to 1.33 x 10' N/mm2 (1 .93 x 105 ps 1) • 

This elongation is necessary to add to the stability of the blades 

and prevent "wanderingll as the cut progresses. Since the bladehead 

reciprocates on hand-scraped ways to provide the relative blade­

workpiece motion, the next step is to align the blades precisely 

relative to the stroke direction. 

With the blades installed, the workpiece is glued to a glass 

or ceramic submount which is glued to a workholder. The workholder 

is then clamped to a vertical feed mounted below the bladehead. The 

feed is raised pneumatically until the workpiece contacts the 

blades. 

A slurry is now poured over the assembly. This slurry consists 

of an oil-based vehicie (usually PC oil, manufactured by Process 

Research Corporation) mixed with silicon carbide abrasive (boron 

carbide is sometimes used with harder workpieces). Useful abrasive 

sizes range from #320 to #1000. 

With the bladehead reciprocating, the pneumatic feed providing 

a constant cutting force, and the slurry providing cutting action, 

the workpiece is abraded away. The blades usually wear much more 

slowly that the workpiece, but have a finite lifetime. The slurry 

also has a finite lifetime because of debris accumulation, and no 

2 
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commercial application has yet found it profitable to separate 

and reuse th@ oil and abrasive. Thus, oil, abrasive, and blades 

are lIexpendab1es" and their lifetime can affect the economics 

of optimization significantly. 

The slurry sawing process has several characteristics which 

make it a promising method for production of silicon wafers 

(from ingots) for solar cells. The machinery is simple and 

relatively low cost. It requires little skill to operate 

(although skill is required in setting up the machine). Once 

running, it requires little operator attention. In many cases, 

the "kerf loss" or alOOunt of waste material is significantly 

lower than with other methods, which is a very important factor 

in the manufacture of solar cells \'1here the wafer cost is a large 

portion of the final device cost. 

With these facts in mind, a study was undertaken under the 

auspices of the LSA project, administered by the Jet Propulsion 

Laboratory. This study included several phases, which were: 

1. a parameter and potential study, in which we investigated 

the effect of various parameters and assessed tne state of the 

art and potential of slurry sawing as applied to slicing 100 mm 

(4 in. nominal) diameter silicon ingots; 2. an equipment design 

and process modification phase, in which we designed, fabricated, 

and tested new equipment (specifically a large capacity saw) and 

tested process modifications which showed potential to reduce the 

cost of wafers. Concurrently with these studies, economic analyses 

were performed to assess the results and guide further work. 

3 
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This report is the final report under the current contract. 

In the interest of maintaining a logical progression, the first 

section covers Phase It the second section discusses the 

economic analysis and its implications, and the third section 

covers the actions taken in Phase II as a result of the economic 

analysis. 
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PHASE I: ANALYSIS 

Efficiency of the Cutting Process 

It is desirable to obtain a measure of how well the microscopic 

cutting proces~ works. This is difficult to do directly, because 

the cutting interface cannot be observed directly. An indirect 

measure, which we call "efficiency", has been developed and proved 

useful. 

The development of the efficiency parameter begins with the 

theory of abrasive wear 1_ An abrasive particle is modeled by a 

conical indenter described by an angle 0 as shown in Figure 2_ 

Under a small load ~l , the indenter generates a contact area 

related to the load and work material hardness, H , 

( 1 ) 

The projected area of the indenter below the work material surface, 

in a plane perpendicular to that su,.face, is 

( 2 ) 

Ernest Rabinowicz, Friction and Wear of Materials, John v/iley & 
Sons, New York (l965). 
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If the indenter is moved laterally by an amount dR. t the volume 

of work material swept out by the indenter will be 

( 3 ) 

Substituting for Ap from (2) and r2 from (1), 

dV/dR. = 6Ltane/('lTH) ( 4 ) 

Equation 4 is an idealized removal rate for a single grain. If 

there are multiple cutting grains under a total load L with 

some average indenter geometry tane , 

dV/dR. = Ltane/('lTH) ( 5 ) 

Note that if tanG is calculated from Equation 5 using 

experimentally measured values, then tane is a measure of how 

well the cutting process is working at a given load, material 

hardness, and sliding distance. This is because tanG is 

affected not only by abrasive geometry, but also by all factors 

other than load, hardness, and sliding distance which affect the 

cutting process. 

However, Equation 5 is not directly suitable for measuring 

the efficiency of slurry sawing since, as discussed below, the 

cutting is non-planar and forces which do no work affect the 

cutting significantly. 

6 
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In order to develop an eff1 ciency parameter for slurry 

sawing, it is first necessary to develop an expression for the 

cutting rate in planar abrasive wear. In terms of the rate of 

relative motion dt/dt and the total nominal area of conta~t 

Ao as shown in the lower half of Figure 2, the cutting rate 

dz/dt is 

dz/dt = (dV/d~)(d~/dt)(l/Ao) 

Substituting for dV/d~ from (5), 

( 6 ) 

dz/dt = (d~/dt)(l/Ao)Ltan0/(rrH) ( 7 ) 

In slurry sawing, the shape of the wear trough is similar 

to that shown in Figure 3. Since the applied load L is not 

normal to the cutting surface, the previous equations are not 

directly applicable. Physica~ly, "wedging" of particles 

contributes to material removal t so the above equations 

generally underestimate the cutting rate. 

If we consider a small area of the trough, and let the 

loca 1 normal force di vi ded by the area be denoted by normal 

pressure Pn ,Equation 7 becomes 

where dzn/dt is the cutting rate normal to the surface. 
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It is necessary that all portions of the blade progress 

at the same vertical rate. so 

Also. the vertical component of the indentation pressure 

must be supplied by the ~rtical applied pressure, or 

Or, since from elementary trigonometry cosa· dX/dxn • 

( 9 ) 

(10 ) 

( 11 ) 

Solving Equation 8 for Pn ' substituting for dln/dt from 

( 9) and for Pn from ( 11 ) yiel ds 

Pv • (dt/dt)(dz/dt)rrHcosa/tane ( 12 ) 

Multiplying P v by dx and by Yk ,~.he "kerf length" or 

iength of blade engaged with the work (into the paper in Figure 3), 

gives the portion of the total applied load L due to the contact 

over the width dx • Integrating over the kerf width yields 

the total applied load L. Noting that only a is a function 

of x in (12), the result is 

xk/ 2 
L = (dt/dt)(dz/dt) 210 cosadx rrHYk/tane ( 13 ) 

8 
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Defining t· tane xk/(2Jo cosadx) and AO· xkYk and 

rearranging Equation 12. we obtain 

dz/dt • (dt/dt)(l/Ao)L€/(nH) ( 14 ) 

This is the equation for cut rate in slurry sawing. It is 

exactly the same as Equation 7 except E replaces tanS. 

Therefore. since tii10 is a measure of the efficiency of a 

planar abrasive wear process. E is a measure of the efficiency 

of slurry sawing. 

It is useful to approximate the increase in efficiency of 

slurry sawing over planar abrasive wear. If the trough in 

Figure 3 were flat-bottomed, the wear process is planar 

(a(x) • 0) , and E '" t'ii\0 as expected. If ~~,e trough is 

a half circle (a{x) '" sin-1 2x/xk), integrating the definition of 

£ yields t '" 1.27 tine. Thus, the wedging action in slurry sawing 

increases the cutting rate about 27% over planar 

abrasion. 

Recapitulating, Equation 14 may be solved for E in 

terms of variables that are easily measured experimentally: 

( 'j:5 ) 

where dz/dt is the cut rate, xk is the width of the slot worn 

by the blade, Yk is the length of the slot, H is the work 

material hardness. L is the vertical load per blade, and 

9 



dl/dt 15 the rate at which the blade slides over the work. 

A later discussion, under Phase II, will show that the actual 

contact length is much less than Yk ' but this does not affect 

the validity of £ as an efficiency measure: it does make it 

impossible to predict a cut rate from first principles uSing 

Equation 14. 

2.2 Slade Stability and Deflections 

One parameter of great interest is the cutting load per 

blade. Higher cutting loads increase cutting rate, while lower 

loads decrease wafer dimensional variation. Experimental work 

performed by Varian, both under this contract and otherwise, 

shows that the maximum load per blade for most purposes (trade-

off between cut rate and wafer accuracy) is approximately 558 grams/ 

blade/mm of blade thickness (500 oz./blade/inch of blade thickness). 

Some analyses have been perfonmed to try to place this empirical 

result on a sound analytical footing. 

The analysis presented in this section has been partially 

supplemented by a more exact analysis performed under Phase II, 

but is included here for completeness. 

Figure 4 illustrates a steel blade of length ts ,thickness 

ts ,and height he. The blade is tensioned to a uniform 

stress 00 and the endpoints are fixed. There are two phenomena 

which affect the stiffness of such a blade, the "intrinsic 

stiffness" dlJe to the fact that the blade is made of steel, and 

10 
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the "induced stiffness" or "taut string effect" due to the fact 

that any deflection of the blade causes the tension to increase. 

If'! Var1ln slurry saw blades, the taut string effect dominates 

t~is will be shown more formally in the Phlse II Inalys1s, 

where it will be shown that the intrinsic stiffness is about 

10% clf the induced stiffness). The follOWing analysis includes 

only tt:e induced 5 tfffness, and thus cal cul atec' displacements are 

larger than the real ones (upper bounds) and forces that cause a 

given a1splacement are lower bounds. 

If a taut string is deflected by a central force as shown 

in Figure 5, the relationship between force F and displacement 

x is (in tenns of tensioning force T) 

since the applied force F must balance the component of the 

tension force T in the direction of F. For small angular 

deflections, Equation 15 is closely approximated by 

F • 4TxO'B 

11 
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Equation 18 applies equally to horizont.l or vertical deflections 

sine, the intrinsic stiffness is not included. 

The response of the blade to a twhtin1 moment M may 

be calculated by considering the blade to be made up of fMny 

strings of infinitesimal height dhS • assuming that the blade 

rotates around its centerline. and summing the contributions 

of each string. Since this analysis will be repeated with more 

detail .nd accuracy under Phase II, details of the derivation 

will not be presented. The relationship be~en moment M • 

twist angle 0 • and maximum d~flection xm is. from this 

.n.lys1s (see Figure 6) 

or 

Cons;dering the effect of cutting load, the most obvious 

problem is that of torsion.l buckling undet' excessive load. 

Buckling will occur when a small rotational perturbat;o.n 0 

( 19 ) 

as shown in Figure 7 causes an upsettin'j .X'Ilent due to the 

cutting force to exceed the restoring ft(.Iment given in Equation 

19. Since the upsetting moment is Fxm • the simplest critical 

buckling load F~ is given by 

( 20 ) 
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A typical blade may be described by tB = 381 mm (15 in.). 

hs = 6.35 mm (.25 in.), ts = .15 mm (.006 in.), and 

(Jo = 1.406 X 105 g/nm 2 (2 x 105 psi). The buckling load 

,-

F~ is then 1490 grams or 10~ grams/blade/mm of blade t~ickness. 

This analysis is obviously unable to explain the blade wander observed 

when blades are loaded more than 5.58 x 102 grams/blade/mm of 

blade thickness. 

If the unloaded blade is tipped as shown in Figure 8, the 

initial angle 00 will reduce the buckling load. Considering 

this configuration in the same manner as above, the new buckling 

load Fc is related to F~ by 

Since 00 will be significantly less than 1 radian and 0 

will be of the same order of magnitude. assuming an initial 

tilt is insufficient to decrease the buckling load to the same 

order as the empirical maximum load. 

This analysis is, therefore, of little use in predicting 

( 21 ) 

the onset of blade wander. It cannot be taken as a proof that 

blades do not buckle torsionally: the failure of the analysis may 

be due to oversimplification of the problem • 

13 
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2.3 ~istics of a Slade Package 

As stated earlier and shown in Figure 1, a blade package 

for a Varian multiblade slurry saw consists of blades separated 

from each other by spacers at each end of the blades. Both 

blades ar.d spacers are precision rolled to very close thickness 

tolerances to obtain good blade alignment. Varian saws are 

designed so that the end blades of a package may be aligned 

with the stroke, generally within a runout of 3.2 x 10~ mm/mm 

(1.3 x 10-5 in./in.). Ever. though the blade pack components 

are extremely precise, the large number of components may lead 

to the well known "stackfllg tolerance" problem: since the position 

of the end of a blade with)n the pack is determined by the stacking 

of many parts, and the error in pOSition is determined by adding 

many errors (some in one direction and some in another), a 

significant pOSition difference between the ends of the blade may 

re.5ult. Th;!; misalignment of the blade relative to the stroke 

results in kerf losses larger than expected, and thinner (more 

fragile) wafers. It is, therefore, of interest to consider the 

statistical question of expected misalignment. 

Statistically, there is an expected value of blade thickness 

E(tS) and an expected value of spacer thickness E(ts )' There 

are also expected values for the errors e in these quantities, 

E(eS) and E(es ) • These expected errors are zero if the sign 

of the error is considered. If the absolute value of the error 

is considered, the expected values are non-zero. Considering 

14 
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absolute values of errors, the expected value of any component 

thickness can be given in terms of the nominal thickness t 

and the errors as 

E(t)=t±E(e) 
( 22 ) 

If N such COmponents are stacked, the expected thickness 

of the stack is NE(t) , but if we, again, consider the absolute 

value of the expected error, the expected error in stack thickness 

E(eN) is given from elementary statistics as a sum invo1ving 

binomial coefficients [~J = nl/((n-m)lml) 

( 23 ) 

Luckily, in slurry sa\tJing the blade packages of interest contain 

over 100 elements, and for N greater than 100, Equation 23 can 

be well approximated by 

!.: E{eN) = 0.798 E{e) N 2 

( 24 ) 

Returning to blade packs, the runout ~ of a blade relative to 

a neighboring blade is given by the difference in expected errors 

between the two ends 1 and 2 of the blad@ 

( 25 ) 
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Equation 25 is the difference between two similar stacking 

errors and; s, therefore, equal to the stacki n9 error of 

twice as many components. Therefore, combining Equations 25 

and 24, the expected runout of the Nth blade relative to the 

fi rst is 

( 26 ) 

Since both end blades are aligned in Varian saws, Equation 26 does 

not directly apply to the absolute alignment of a blad~. 

CJnsidering the effect of aligning both ends, the runout of 

blade number N in a packa'~e containing NB blades is 

( 27 ) 

The maximum expected runout occurs at the center of the pack 

(N = Na /2 ) and is 

( 28 ) 

and the average runout is easily calculated to be 

( 29 ) 
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Two important caveats must be noted. Fi rst, any factor 

(such as dirt or bent components) which interferes with perfect 

stacking w111 incr~ase misalignment. Second. the expected 

errors are much smal1er than the tolerances of the components 

since tolerances are maximum value, and since if all similar 

compunents are taken from the same lot of steel (as has been 

Varian's practice) both the tolerances and expected error 

values will be lO\'/er than if multiple lots were used. 

Some rough measurements were made in order to gain an under­

standi ng of the order of magnitude of the terms appeari ng ; n 

Equations 28 and 29. 

First, a random sampling of spacers from one lot of steel 

were measured by two techniques (high precision mechanical 

micrometer and ADE 6033T non-contact thickness gauge). The 

results are shown in Figures 9 and 10. Neither measurement 

method is sufficiently precise to instill any confidence in the 

results, but the expected value of spacer thickness error may 

be approximated as 

E(es) = .001 to .0024 mm 

(.000039 to .000096 in.) 
( 30 ) 

The difference in blade errors E(eb) ;s not the blade-to­

blade error, but is related to the expected change in thickness 

from one end to the other. The ADE 6033T was used for this 
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measurement, and the results are shown in Figure 11. Assuming 

that the mechanical system, if it could be used, would yield 

about three times the error measured in the ADE sy~tem (as 

was found in the spacer measurements) and noting that the 

runout error measured here equals 2~ E (e
b

) , 

E(eb) = .001 to .003 mm 

(.000036 to .0001 08 in.) 

From Equations 28 and 29, for a 225 blade package, 

6max = .023 to .061 mm 

(.00090 to .0024 in.) 

6ave • .015 to .041 mm 

(.00060 to .0016 in.) 

A blade package (225 blades) was tensioned and aligned in 

a standard b1adehead. (This work was actually performed under 

Phase II but is reported here for continuity.) A precision 

inspection bench was used to measure the exact position of each 

blade. rigure 12 shows the resultant information reduced to 

averaqe runout over a 305 mm (12 in.) length. The average 

runout is .041 mm (.0016 in.). This converts to .050 mm 

(.0020 in.) averaQe runout over the full 381 mm (15 in.) 

length, very close to that predicted in Equation 32. 
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The conclusions that may be drawn from the above Ire 

f1 rst that Eqult10ns 28-31 fonn a good basis for pred1 ct1 ng 

runout. and second that the runout 1 n the 200-300 blade range 

used in production saws is probably not quite large enough to 

significantly affect the process. Even though ~xpected runout 

grows as the square root of the nunCer of blades, very large 

saws with many blades may exhibit problems due to runout. 

It is also w~rth noting that runout can cause wafer breakage. 

From Equation 18. the stiffnes c of a tensioned blade at the center 

is about 2 xlO' g/mm. At the end of the stroke, this stiffness 

could be as high as 5 x 10' g/mm. If the blade runs out, half 

the runout displacement applies a force to the wafer. For 

runouts on the order of .05 mrn, the force applied is of the 

order of 125 grams. It is easy to believe that this force can 

break wafers in the .25 •• 3 mm thickness range. 

2.4 Reduction of Blade Cost by Looser Toler~ 

'·1uch of the cost of the blade mater; dl ;s due to the very 

accurate dimensional and material specifications. It may be 

possible to reduce the cost of blades by specifying less 

accurate material. 

One of the specifications is the "straightness". Nominally, 

the edges of the blade stock are straight when viewed perpendicular 

to the wide dimensions of the stock. ProcesSl"9 variations. 
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hOWWlr. result in these edges being curved.. The arlOunt of 

curve is the straightness. The standard groups of straightness 

are nonma1, accurate, and extra accurate (the$e groups are 

quantized below). Cur.'ently, blade stock is bought as extra 

accurate. costing 10-15% more than otherwise identical nonmal 

straightness stock. An analysis has been carried out on the 

effect of strftightness with a view to saving the expense of 

extra accurate stock. The analysis concerns the deviation of 

a blade from the nominal cutting plane (defined by the lower 

corners of the end blades in a tensioned pack). 

Consider a blade with dimensions shown in Figure 13. 

Defining p as the radius of ~urvature at any point (initially 

po) • and Yc as the y coordinate of the bhde centerline 

taken throuQh the pOint, geometrical considerations lead to a 

formula for the strain due to bending: 

b yay 
C. .----£ xx p 

yay -_c 
~ ,a 11 0 the rs ze ro 

Po ( 33 ) 

Since the stress is uniaxial, the only strains due to tension 

are: 

ct. (; t • vilL/l yy zz ( 34 ) 
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And, assuming elasticity, 

Considering a free boqy, moment equilibrium and simple 

beam theory and superposition lead to 

Equating Equations 35 and 36 and solving for 1 
P 

1 1 - = - -
P Po 

It is possible to express p in tenns of the first two 

derivatives of y \'lith respect to x, y' and yl'. Defining 

the curvature in Figure 13 as positive, 

If y' is very small, the relationship is simpler; 

( 35 ) 

( 36 ) 

( 37) 

( 38 ) 

(lip = _y") • However, since the final equation will be solved 

numberically, there is no need to drop the nonlinear tenn. Sub­

stituting Equation 38 in Equation 37 and sol ving for y" , 
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With bOliildary conditions 

y = y @ x = ±L/2 o 

( 39) 

( 40 ) 

Equations 39 and 40 comprise an ordinary boundary value 

problem. If the nonlinear term is dropped, an analytical solution 

does exist in the form of an infinite series. It is rrore con-

venient to solve the pr'Oblem numerically for the few cases of 

interest, especially since the blade thickness does not appear. 

The solution is more convenient if Equations 39 and 40 are 

restated. First, since y is not initially known (because of 

PoiS50n contraction, Yc f y + constant ), identify y = Yc to 

solve for the centerline position. Second, shorten the interval 

by using symnetry to define the boundary condition y' = 0 @ x = 0 • 

Third, nondimensionalize by defining new variables. 

* * * x = x/L Y = y/L Po = polL i3 l2Ll:!L/h2 (41 ) 
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The restated problem is 

*11 * * *t 
Yc = (8 Yc - l/po) (l + (y )2)3/2 

C 
( 42 ) 

* * 
yC = o @ x = -0.5 

*t * 
Yc = o @ x = 0 

The only remaining task in the formulation is to define 

Po. The straightness tolerance 1-, <'~ated;:1 terms of the maximum 

deviation B from a chord of length A (usually 2.44 m or 8 ft.). 

Assumi n9 the curve to be an arc of a ci rc1e, 

( 43 ) 

Val ues of At B and Po for various tolerance grades are shown 

* in Table 1. Values of 1/0 and e are shown in Table 2. The 
'0 

values are all based on a length L = 381 mm (15 in.) and extension 

t:.L :: 2.54 mm (0.1 in.). 

The problem was solved on an HP-97 calculator. The boundary 

value problem was converted to an initial va~ue problem by a 

II shooti ng method" combi ned wi t.h a fourth order Runge-Kutta 
*1 * 

integration scheme. Resulting values of Yc @ x = -0.5 are 

shown in Table 3. A fourth order Runge-kutta 5cheme was then used 

23 

_ - • - ~~- -z 



-----.,~~---~---~ --

TABL:' 1 

BLADE CURVATURE PARAMETERS FOR VARIOUS STRAIGHTNESS GRADES 

i 
l. 

l , . 

~~.~ ___ ~~ __ do __ _ 

" _ _._ . .J 

Normal 

Accurate 

Extra Accurate 

A B Po 
m m m 

(i n) (i n) (i n) 

2.4384 11. 906 62.429 
(96) (15/32) (2457.8) 

2.4384 5.9531 124.85 
(96) (15/64) (4915.3) 

2.4384 2.7781 267.53 
(96) (7/64 ) (l0533) 
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Blade 
Height 

h 
mm 

(i n) 

12.700 
(1/2) 

6.3500 
(1/4) 

4.7625 
( 3/16) 

TABLE 2 

NONDIMENSIONAL PARAMETERS FOR VARIOUS STRAIGHTNESS GRALf3 
AND BLADE HEIGHTS 

Straightness 
Grade 

Normal Accurate Extra .~ccurate 

e = 72 72 72 

* 10-3 x 10-3 10-3 
l/p = 6.1029 x 3.0517 1. 4241 x 

0 

B = 280 280 280 

* 10-3 10-3 lJ-3 
IIp = 6.1029 x 3.0517 x 1.4241 x 

0 

B = 512 512 512 

* 6.1029 x 10- 3 10- 3 10- 3 
1/00 

3.0517 x 1.4241 x 

23b 
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Blade 
He; ght 

h 
nm 

(i n ) 

12.700 
(1/2) 

6.3500 
(114 ) 

4.7625 
(3/16 ) 

TABLE 3 

*1 
NONDIMENSIONAL SLOPE, Yc ' AT END OF BLADE 

Straightness 
Grade 

Norma 1 

3.6472 x 10 -4 

2.6971 x 10 -4 

Accurate Extra Accurate 

3.5950 x 10 -4 1.6777 x 10-4 

1.8237 x 10-4 8.5109 x 10-5 

-4 -5 
1 .3487 x 10 6.2939 x 10 

23c 
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* * * to calculate y between x = -0.5 and x = 0.5 • A step-

* size 6x ,of 0.02 was used for all the integrations. 

Analysis of the problem w1th different stepsizes indicates 

that the results are at worst good to 3-4 significant figures. 

(Ten decimal digit arithmetic was used for all calculations, 

with the results rounded after the calculations.) 

Figures 14 - 16 show the position of the blade centerline, 

relative to a chord, after tensioning. It is interesting that 

tensioning does not significantly reduce the difference between 

the straightness grades even though a larger moment is developed 

in the less straight blades. This cannot be due to the relative 

magnitudes of extension stress and bending stress, since no 

extension stress terms appear in Equation 42. 

The figures also show that the maximum deviation of a normal 

straightness tensioned blade from a chord is in the range 2.5 ~m 

(10- 4 in.) to 25 ~m (10- 3 in.). Currently, no attempt is made to 

align the blade ends on the cutting plane; the error due to normal 

straightness blades is likely to be smaller than the error due to 

misal ignment. Therefore, we conclude that nOI'mal straightness blade 

stock can be used without any degradation in the cutting process, 

saving about 10-15% in the cost of blades. 
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3.0 PHASE I: EXPERIMENTAL PROGRAM 

3.1 Eguiplll!nt 

A modified Varian 686 slurry saw was used for the slicing 

tests. The saw is shown in Figure 17 and a closeup of the b1ade­

head, containing a blade pack and ingot, is shown in Figure 18. 

The modifications installed consisted of an improved drive 

bearing system, RPM indicator for accurate reciprocation rate 

measurement, illl11ersion lubrication for the vertical feed, fully 

enclosed slurry return system, pulsed static slurry application 

system, and facilities for mounting a dynamometer to the vertical 

feed platen (for n!asuring cutting and drag forces). 

There are several performance limitations in this saw 

which are important when considering economics. The mass of the 

bladehead limits the reciprocation speed to 120 strokes/min. The 

blildeheild can only accept a package 185 ITIm (7.5 in.) wide. and 

can apply a maximum of 4 x 105 N (90,000 lb.) tensioning force: 

one or the other of these maxima determines the largest package 

of a given blade and spacer size that can be uSt!d. Since the 

feed is pneumatic, air cylinder friction makes operation diffic'J1t 

with low (20 or less) numbers of blades or low total cutting 

foreEis. 

3.2 heneral Experimental Program 

The testing program began with a serieS of tests to 

characterize the response of the syst~m to rehtively large 
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variations in parameters, and to establish a baseline from 

which to proceed. Tests in this series were numbered l-XXX 

where XXX is the test number. 

After obtaining preliminary results, a testing program to 

improve the system by changing abrasive and blades was carried 

out. Abrasive tests were numbered 2-XXX and blade tests were 

numbered 3-XXX as above. 

Concurrently with the abrasive and blade program, "protluction" 

runs were carried out. These runs generally used the full saw 

capacity and were des"igned to assess the state of our knowledge 

or provide wafers to solar cell manufacturers. These runs were 

numbered P-XXX. 

Tests are discussed in general below. Tables of all the 

relevant information for each test will be found in the 

Appendices. 

3.3 Parameter Study 

Preliminary Slicing - 10 cm ingot: #1-001 

A 10 cm ingot of silicon was sliced with 0.020 em thick 

blades, 0.024 em thick spacers, a cutting load of 113 grams per 

blade, average blade speed of 68 em/sec, with a slurry of PC 

oil (Process Research) and #600 SiC abrasive (Micro Abrasives) 

mixed with 0.24 kg abrasive per liter of oil. Total cutting time 

was 30.6 hours, and the ingot cross-section was 82.6 cm2
• This 

test used the best slicing technique known by Varian for silicon. 

It provided the starting reference for large ingot slicing. 

Wafers averaged 0.055 em thi ek. 
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Variations in Blade Load: #1-011 to Nl··015 

A standard rectangular block of silicon with a 2.5 cm 

kerf length and 5.0 em height was cut with the same conditions 

as in #1-001, except that the blade load for each test was 

varied from 57g, 113g, 2709 to •. '~3g per blade. At 2839 (#1-015), 

the blades wandered severely, causing broken wafers, eventually 

breaking the workpiece from the submount. I n the other tes ts, 

cutting rate increased and wafer accuracy decreased with 

increasing cutting force. 

Variations in Kerf Length: #1-021 to #1-024 

Again, the IIStandard ll cutting conditions of #1-001 were 

used, but the size of the ingot was varied. At 1139 of blade 

load, 1.25 cm by 2.50 cm hhll, 5.00 cm by 2.50 em high, 6.88 cm 

square and at 1(1.6 0' diameter sil icon workpieces were s 1 iced. 

Cutting rates and kerf loss decreased and wafer accuracy generally 

improved as the kerf length increased. 

Variation in Blade Size: #1-031 to #1-034 

A standard silicon block, 2.5 em kerf length by 5.0 em high, 

was cut with blades 0.020 thick by 1.27 cm high, 0.015 em by 0.63 em, 

0.015 cm by 1.27 cm and 0.010 em by 0.48 cm. A cutting force of 

113 g was used for ali but the 0.010 em thiek blades (57 g was used). 

Test #1-012 was the basic reference and standard for this series. 

The cutting rate with 0.015 em blades was slightly better (10;;) 

than with 0.02 em blades. Despite the 50;; reduction of cutting 

force, 0.010 em thick blades cut at a rate 70% of that of 0.020 em 
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blades. Wafer accuracy was degraded as the blade thickness 

decreased. No general trend as to the effect of blade height 

could be characterized. 

Blade Speed, Abrasive Mix: #1-041 to #1-043 

In Test #1-041. a 2.50 cm block was sliced at a 113 9 blade 

load. The blade speed was varied from 20 to 81 em/sec. "The 

cutting rate increased in proportion to bladehead speed. The 

high shock load developed at 120 RPM caused the block to break 

away from the submount, destroying the wafel's. 

For the early tests, slurry was made of 0.24 kg of #600 

SiC abrasive per liter of PC oil. Two tests were made with 0.12 

and 0.48 kg/1, using 2.50 cm kerf length ana 113 g of blade 

loading. Cuttir.g rate increased by 25% as the abrasive mix 

increased fourfold. 

<100> vs. <Ill> Silicon: #1-051 to #1-054 

-"'0··4 

A series of early tests (all using <111> silicon) were dupli­

cated with <100> silicon. It had been anticipated that the non-

isotropic hardness and fracture behavior of silicon might lead to 

a difference in cutting rate. However, these tests indicated 

that there is no difference in slicing of the two orientations, 

... nd more recent tests where the two orientations are used inter-

changeably support this result even further. In Tests #1-053 and 

#1-054, 0.041 em spacers were used, resulting in wafers 0.033 cm 

thick. 
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Abras1ve Size: 11-061 to #1-063 

Blocks of silicon 2.5 em by 5.0 em high w~re sliced with 

0.020 cm blades at 85 grams of blade load, using #1200, #1000 

and #800 SiC abrasive. The mixture of abrasive t~ oil was reduced 

initially to maintain a consistent number of abrasive points per 

unit area of slurry film. During the tests more abrasive was 

added and the slurry was thinned with 30 SUS mineral oil in 

order to maximize the tutting rate. The optimum cutting rate and 

kerf loss each decreased as the abrasive particle size decreased. 

Wafer thickness was more consistent, but slice taper degraded 

as the fi ner abras i ves were used. 

3.4 Slurry Composition and Application 

The preliminary testing had shown that #600 SiC abrasive 

gave the highest slicing productivity, and that larger ingots 

provided improved wafer accuracy with slightly better slice 

producti vity. A s 1 i gh t effect of i ncrea~ed abras i ve density 

resulting in higher cutting rates had also been noted. #800 

SiC abrasive had shown lower kerf loss and adequate cutt~ng rate 

(70% that of #600 SiC). A series of tests were designed to 

explore the cutting efficiency of #600 abrasive, the reductior. 

of kerf width from #800 abrac;ive~ and a possible improvement in 

slurry applications technique. 
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10 em Ingot, #600 SiC: '2-001 

A 10 em ingot of silicon was sliced with 0.020 em blades 

and 0.030 em spacers, using 113g per blade, as before, but with 

an abrasive mix of 0.48 kg!1 of oil (as in #1-043). lhe total 

cutting time was 19.17 hours, an increase of more than 40% in the 

cutting productivity over previous tests. Also, the resulting 

wafers were 0.024 cm thick, and none had broken during cutting. 

Many wafers (-30%) of the 143 produ':ed were broken during sub­

sequent handling and cleaning. 

'Increased Abrasive Mix, Increased Cutting Load: #2-002 

A 7.62 cm square block of silicon was sliced with 0.020 cm 

blades and 0.041 cm spacers, using the pulse slurry applicator 

and an abrasive mix of 0.96 kg!l of #600 SiC. At a cutting force 

of 113 g, the cutting rate was lower by 30 to 40% compared with 

those expected from #2-001. The blade load was increased to 170 

and then 227 g with proportional increases in rate, and without 

an apparent degradation of wafer dccuracy. 

New Application Technigue: #2-003 

The pulse slurry system was, again, used, but to repeat Test 

#2-001. With 0.041 cm spacers, the wafer thickness was 0.0318 em. 

Total cutting time was 18.25 hours, only 5% faster than #2-001. 

The pulse slurry system was shown to be effective in generating 

high cutting rates and good wafer accuracy. 
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#800 SiC, 10 em Ingot: #2-0JUl 

A 10 em ingot was sliced at 113 9 using 0.020 em blades 

and 0.041 em spacers. The cutting rate with #800 SiC (0.48 kg/l) 

was slightly better than early tests with #600 (#1-001, #1-024), 

and improved over the rates experienced earlier wi th #800 Si C 

(#1-063). Wafers were 0.0362 em thick. The load was raised to 

170 9 and to ~27 g during the test and the cutting rate increased 

proportionally. 

#800 SiC, 7.62 cm Square Ingot: #2-012 

A 7.62 cm square ingot was sliced under conditions similar 

to #2-011. Wafer production rate was only 57% that of #2-011, 

indicating, as in #2-002, that a square workpiece cannot be sliced 

as fast as a round one. Under 170 g of blade load, the cutting 

rate increased proportional to load. Wafer thickness was 0.0355 cm. 

#600 SiC, Thin Oil: #2-031 

Again, a 10 cm diameter ingot was sliced, as in #2-003, 

with #600 abrasive mixed 0.48 kg/1. The PC oil was diluted with 

30 SUS mineral oil in a ratio of 3:1. The less vi~cous slurry 

did not change the cutting time (19.9 hours), but did produce 

wafers less accurate than in #2-001 and #2-003. 

Large Slurry Volume: #2-004 and #2-005 

A 38 liter volume of slurry was used in two simultaneous 

tests. The slurry was mixed with the standard 0.48 kg/liter of 

#600 SiC abrasive. The same blade package was used to cut through 

two 10 cm ingots. The large volume of slurry was mP.ant to reduce 

31 



the effects of viscosity increase of the standard 7.6 liter 

slurry volume as the silicon debris is accumulated. 

Cutting time for the first ingot was 21.5 hours with other­

wise standard conditions of cutting. The kerf loss with 0.020 cm 

blades was 0.0255 cm, similar to other tests. There was a 

reduction of average slice taper to 0.007 cm, but this is the 

same as the first "improved" 10 cm ingot Slicing test, #2-001. 

The second ingot took 26.5 hours to slice, due to the 

necessary reduction of bladehead stroke to compensate for the 

worn blades. The blades began to break after 60% of the ingot 

was sliced. The height of the worn blades was about 0.254 cm 

(60% worn) at this point. More than 80% of the blades survived 

to the end of the cut where the height of the worn blades was 

0.150 cm. Slice taper in this ingot was 0.0015 cm, typical for 

the worst cases of 10 cm wafering. 

No improvement in slice taper resulted from the large slurry 

volume, and it was found that 60% height loss may be a practical 

limit to blade wear. In both tests, slice thickness was 00025 cm. 

Slurry Lifetime: #2-006A, #2-0068, and #2-006C 

A 7.6 liter batch of slurry (0.48 kg/liter of #600 SiC) was 

being used to slice a series of 10 cm silicon ingots. For each 

ingot, a new blade package was installed. At various points, 

samples of the slurry were collected and analyzed as discussed 

later to indicate the mechanis~ of slurry failure. 
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In #2-006A, kerf loss was 0.0255 cm and slicing time was 

27 hours. The reduction of cutting rate is not explained, since 

the conditions were identical to #2-003 (18.2 hours). Wafer 

accuracy was normal and slice taper was 0.0016 cm, similar to 

previous tests. The cutting time for #2-006B was 26.25 hours 

and taper was identical to #2-006A. In this case, kerf loss 

was only 0.0238 cm, less than in #2-006A. 

In both cases, wafers were 0.025 cm thick, and 125 slices 

were produced in each. The cutting did not seem to degrade 

during these two runs. 

A third 10 cm ingot (125 slices per ingot) was sliced with 

the same 7.6 liter volume of slurry. Aporoximately hal f 

way through the third ingot, severe slice breakage 

occurred and the test was aborted. 

In each test of the 2-006 series, a fresh blade package 

was used. The blades were 0.20 mm thick by 6.35 mm high, with 

0.30 ,nm spacers. Wafers were 0.25 mm thick. 113 grams of blade 

load was used in each case with a sliding speed of approximately 

58 cm/sec. 

The first two tests (2-006A & B) were nearly identical in 

cutting ;"ate, and slice accuracy. However, breakage of the 

slices began to occur near the end of the second run. Breakage 

was even more severe in the final run (2-006C), but the cutting 

rate was reduced by nearly 50%. It appears that the useful 

lifetime of slurry is approximately full saw capacity (225 wafers) 
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of 10 cm silicon ingot for a 7.6 liter volume of slurry. 

However, a more severe limitation appears to be the breakage 

of thin wafers that occurs before cutting speed is diminished. 

The build-up of debris in the slurry oil causes an increase 

in the viscosity of the slurry. This viscosity increase will 

cause higher drag loads on thin wafers and may limit the access 

of slurry to the blades. Samples of slurry oil were taken at 

various stages of the 2-006 tests to evaluate the condition of 

the silicon carbide abrasive as the slurry performance deteriorated. 

Slow Speed: #2-021 

A 10 em ingot was sliced with a bladehead speed of 35.5 em/sec, 

half of that normally used. Total cutting time was 54.5 hours. Even 

though the cutting time was long, the efficiency (0.96) was similar 

to the efficiency of early cuts and of tests with square \'IOrkpieces. 

As speculated in previous reports, the shape of the workpiece promotes 

bounce of the vertical feed. This motion may increase flow of abrasive 

into the cutting region under the blades. With square workpieces. 

this bounce is limited. The slow machine speed also limited the 

vertical feed bounce even with the round workpiece, resulting in 

the lower cutting efficiency. The cutting time was expected to be 

at least 40 hours due to the slow b1adehead speed, and using the 

high cutting efficiency of round workp1eces with improved slurry 

mixture. 

The wafers produced at this slow speed were the most accurate 

to date. The kerf loss was higher than normally seen in 10 em 

diameter ingots, but this may be due to the longer time available 

for material removal beside the blades under the reduced cutting 

efficiency. 

34 



l II I 
f 

U 
f . 
I n f 
~ 

il 
iI 
U 
I ~ 
I; 
U 

i r 

! ~ 

! , 
I 

I 
1 

! 
j 
t 

t 
t ! 

• 

r 
i 

l 
j 

f 
~ 
l 
t 

i . 

i 
-

"1 

-, 
j 

: 

1-
~ ., 
.. -

, 

Boron Carbide Abrasive: #2-041 

A standard 10 cm ingot was sliced with a 7.6 liter volume 

of slurry made with an 0.48 kg/liter mix of #600 B4C abrusive. 

This abrasive is harder than SiC and is expected to give a longer 

11fetime to the abrasive grains. Total cutti"g time was 14.8 hours, 

a reduction of 25% compared with SiC. However, the abrasive keff 

loss was 0.0084 em, an increase of 70% over the typical abrasive 

kerf loss with #600 SiC abrasivta. This is all increase of 14% in 

total kerf loss using the 0.020 cm thick blades. 

Wafer accuracy in general was degraded compared to #600 SiC 

abrasive slicing. However, slice taper was improved compared 

with typical 10 cm slices, except for the lower taper seen in 

Test #2-004 (38 liter slurry volume). 

Thinned Slurry Oil - #2-025 

To test the premise that oil viscosity controls slice taper 

and the apparent 11ife" of slurry, a mix of 0.36 kg of #600 SiC 

per liter of PC oil was used at the start of a 10 cm silicon 

ingot slicing test. At 50~; and 75;; through the ingot. 30 SUS 

mineral oil was added to lighten the slurry. Total mix of the 

light oil was 20% at the end of the test. 

Total cutting time was 27 hours and the thinning did not 

impact any factor of wafer accuracy and, in fact, reduced the 

cutting efficiency normally experienced with similar slurry 

~onditions • 
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Thin Spacers (0.20 rom) - *2-022 

A pinned blade package with 0.20 mm thick blades and 

0.20 mm thick spacers was used to explore the thinnest slicing 

possible with silicon ingots. Upon tensioning to 50% of full 

blade tension, (90 kg per blade) t the spacers collapsed by 

buckling under the compression applied by the front lips of the 

bladehead. 

A second packa?! of an epoxy bonded type and the same blade 

and spacer size was then tensioned. The epoxy between the 

spacers suppressed the buckling mode until 70 to 80% (135 kg per 

blade) of full tension was reached. 

With the present blade package geometry 0.25 to 0.30 mm spacers 

will be tha practical limit. This allows 0.20 to 0.25 mm thick 

slices to be produced. Thin blades will reduce the allowable 

spacer size by as much as 15%. 

Slurry Mix (0.24 kg/l) - *2-023 

An 0.24 kg/liter mix of #600 SiC slurry was used to slice 

a 10 cm ingot with 113 grams of blade load. Total cutting 

time was 27.5 hours and it is apparent that cutting efficiency 

is r~duced from that experienced with 0.48 kg/liter mixes (1.19 vs. 

1.60). There was no improvement in wafer accuracy, blade wear 

or kerf loss with the light slurry mix. 

High Cutting Force (225 9/blade) - #2-024 

A 20 em ingot was sliced with 0.20 mm thick blades, 0.41 mm 

spacers and 225 grams per blade of cutting force. A standard 
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0.48 kg/liter slurrl mir. with '600 SiC abrasive was used. 

Cutting time was 17.2 hours. 

Even though t.he cutting rate was higher than ~onmal. 

cutting efficiency was low (1.00j. It appears that the 

abrasive density is saturated for cutting ability at the higher 

cutting force. A heavier slurry mix may reduce cutting time at 

high loads ~ven further. 

High Slurry Mix, High Load - Test '2-026 

A standard 10 em silicon ingot was cut using a 0.96 kg/liter 

mix of '600 S~C abrasive and a cutting force of 225 grams per 

blade (each twice normal). Total cutting time was 13.5 hours and 

cutting efficiency was high, peaking at 1.69. The test was 

intended to test the match of cutting load and abrasive con­

centration in MS slicing. Previous tests where load was increased 

without a change in abrasive mix, a reduction of cutting efficiency 

was noted. In this case, cutting efficiency compared favorable 

with standard conditions (0.48 kg/l Her and 113 grams per blade). 

The rasult was a reduction of cutting time which nearly scaled with 

the increase 0"" load (two times). However, even though a relatively 

thick spacer (0.40 mm) and standard (0.20 mm) blades were used, 

and slice thickness was nearly 0.36 mm. only 26% of the wafers 

survived the cutting operation. Blade wear was comparable to 

standard cutting (wear ratio of 0.045). 
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3.5 Z1rconia-AlI11l1n,a_Abrasive - Test 12-042 

Zr202 - A1 203 abrasive was obtained to substitute for the 

standard 1600 SiC. The abrasive appeared rather rounded and 

almost porous under S£M exam~nation. The particle size was 

comparable to the silicon camide, and a cutting test was run. 

A 10 em silicon ingot was cut with 0.20 mm blarles and 0.30 mm 

spacers. The abrasive mix was illr.reased to 0.60 k9!1iter to 

adjust for the 25% higher density of the zirconia-alumina and 

provide for an abrasive particle packing similar to that u~ed 

with standard silicon carbide cutting. \t 113 grams per blade 

(standard for 0.20 mrn blades). the cutting efficiency was only 

20% that seen with SiC abrasive. Severe breakage occurred with 

the thin slices. and the cut was aborted after completing 1.5 em 

of depth into the 10 cm ingot in 12 hours. 

The zirconia-alumina had been tried because in standard 

abrasive applications (gdnding belts, etc.), it has shown greatly 

improved lifetime over '>ilicon carbide and other abra~ives. 

How:::ver. for MS slicing, the small scalp. shape of the particles 

seems to be a more significant criterion. The cleaved silicon 

carbide particles effectively concentrate cutting stresses to 

provide fracture of the silicon. and thus facilitate cutting. 

The zirconia-alumina was ioore rounded, with no sharp edges. The 

cutting forces are mo!"e distributed in contact with the silicon. 

and s i1 ; con fracture was s i gnlf; cantly sl'pressed. Perhaps only 

in the case of MS slicing, particle shape ;s most crit;cal. and 
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other abrasive material characteristics are likely not important. 

The rounding of fresh zirconfa-alumilia was far more apparent 

than silicon carbide particles used to their Iffull" lifetime. 

3.6 Blade Materials 

Thin Blades: Tests 13-001 and #3-002 

Th~ first priority in testing possible changes in blade 

materials was to attempt cutting of large silicon ingots with 

0.010 cm thick blades. Two separate efforts were made with O.OlOcm 

thick, 0.63 em high blades with 0.041 em thick spacer's. In both 

Test ;3-001 ~10 cm diameter ingot) and i3-002 (7.62 cm square) 

severe blade wandering resulted and the partly sawn wafers broke 

off. Both tests provided blade loads of 28 to 85 9 per blade. In 

Test ,3-002, a few blades broke during the cut. Cutting rates, 

considering the loads used, approached very impressive rates. 

comparable to the rate$ in n-OOI. 

0.010 cm Thick Blades: i3-02JL 

A package of 0.010 em thick blades was used to cut a 

rectangular block of silicon with 7.62 crn kerf length. Blades 

were 0.476 em high, as opposed to the 0.635 em high blades used 

in previous cutting tests with thin (0.010 em) blades. A cutting 

force of 57 grams per blade was used, and cutting efficiency of 

approximately 1.0 resulted. indicating a proper cutting mechanism. 

The slurry consisted of 7.6 liters of PC oil with 0.48 kg/kiter 

of ,600 SiC abrasive. 
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The blade breakage that had plagued the earlier tests 

in the thin blade series did not occur until nearly the end of 

the cut. The blades had been elongated to 0.254 cm, the 

elongation used successfully with thicker (0.02 cm) blades, 

and corresponding to 80% of the yield strength of the blade 

steel. 

However, severe blade wandering occurred from the beginning 

of the cut. Throughout the test, blades would distort so severely 

that wafers regularly broke out of the workpiece. The blades all 

assumed a "tipped" or buckled cutting configuration, and the 

direction of overturning could be determined by the work appearance 

of the blades. The blades are made of a blued steel, and under 

the action of the abrasive, the bluing is worn away. 

Typically, a blade wears only near its lower edge. The 

tipped blades showed a lack of bluing on the "downward" side of 

the blade. Associated with that wearing was a loss of blade 

thickness to 0.0075 cm. In a normal cut, thickness loss is 

negligible and blades wear away only on the bottom edge. 

In a given area of the blade package, blades overturned 

in the same di recti on. Across the package, the overturni ng 

direction would gradually change from one side to the other. 

The lack of random overturning indicates that the buckling of 

blades is governed by improper vertical blade alignment determined 

by the blade package assembly or tenSioning impact on the overall 

blade alignment. 
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The steel used in this cut was of a different tensile 

strength than previous thin blade cuts (205 kg/111l12 compared to 

215 kg/mm2 ). but was identical to the steel used in 0.020 cm thick 

blades. The harder material of the previous thin blade cuts 

might have contributed to the higher breakage, but the mechanism 

is not obvious. 

The only wafers remaining from the cut were ones that were 

excessively thick, due to diver-gent blade wandering, and thus 

strong enough to survi ve the cut. 

0.015 COl Thi ck 81 ades: #3-031 

A cut using 0.015 cm thick blades, 0.635 crr. high, was made in 

another rectangular workpiece with a kerf length of 7.62 cm. 

The standard slurry volume (7.6 liters) and mix (0.48 kg/liter 

of #600 SiC) were used with 85 grams of cutting force per blade. 

The cut was surprisingly successful, with the wafer accuracy 

among the best recorded in this program. The cutting efficiency 

was very impressive, especially considering the lower efficiency 

normally experienced with rectangular workpieces. 

The blade wear was even more impressive, with a resulting wear 

ratio of 0.027, 68:1, of the previous lowest wear ratio with 0.020 cm 

thick blades. 

The wafers had a noticeable difference in shape compared to 

other cuts. The normal wafer surfaces are slightly convex, with 

the appearance of reduced kerf loss as the slurry path from the 

ingot exterior is increased. However, in Test #3-031 the wafers are 

slightly concave. 
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lhlrr. (0.15 mm) Blades - #3-032 

0.15 rnm by 6.35 mm blades and 0.40 mm spacers were used to 

slice a 10 cm silicon ingot into 100 wafers. 85 grams of load 

and 0.48 kg/liter mix of #600 SiC abrasive was used. Total 

cutting time was 26 hours. Cutting efficiency was typically 

1.45 with a maximum of 2.43. Wafer accuracy was comparable to 

0.20 rnm blades. Wafer thickness was 0.343 mm with 0.216 mm kerf 

loss, a savings of 35 microns of kerf loss. Blade wear ratio and 

height loss were also comparable to 0.20 mm blades. 

Cutting results were not similar to those of #3-031 (0.15 mm 

blades) where high slice accuracy, low blade wear and slightly 

concave wafer surfaces resulted. The anomaly of Test #3-031 has 

not been explained. 

Thin Blades - #3-033 

A package of 0.15 mm thick blades with 0.30 mm spacers was 

used to slice a 10 cm silicon ingot. Slurry mix was 0.24 kg of 

#600 SiC per liter of PC oil. With 85 grams of blade load, 

slicing time was nearly 29 hours. 

The light slurry mix was used to control the cutting of 

thin wafers with 0.15 mm blades. The cutting time was longer 

than in Test #3-032 (0.48 kg/l). Typical cutting efficiency 

was 20% less with the lighter mix and maximum cutting efficiency 

was 30% lower. 

Wafers were 0.255 mm thick, however, the yield was less than 

70%. Slice taper was 20 microns. 
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Thin Blades (0.10 mm) n #3-041 

A package of 0.10 mm thick by 6.35 mm high blades ~nd 0.30 mm 

spacers was made using a controlled assembly procedure in order 

to avoid package assembly related blade misalignment. As in 

previous efforts, blade breakage began to occut' within 15 minutes 

of the start of Cl.. tinge The failure seems to be a fatigue 

problem as approximately 3,000 cycles of bladphead motion (IS 

minutes) is required to cause failure. A slight blade mi~alignment 

will cause a cutting path for a blade that causes it to be distorted 

on each stroke. This periodic deflection may induce stresses 

sufficient for fatigue failure of the blades. 

Thin Blades, High Cutting Force - Test #3-034 

0.15 mm thick blades were used again in slicing a 10 cm ingot, 

with 0.40 JTITI spacers, a slurry mix of 0.36 kg/loter and a cutting 

forCE of 140 grams per blade (85 used previously). Cutting time 

was 19.8 hours, slice thickness was 0.33 mOl and yield was 1005~. 

Wafer accuracy was good, but kerf loss savings from 0.20 mOl blades 

was only about 0.03 JTITI, indicating a slightly excessive loss of 

silicon (0.02 mm). This test did indicate the possibility of stable 

cutting with 0.15 mm blades. 

A heating mounting block was used in #3-035, allowing immediate 

demounting of wafers after cutting is completed. Normally, after 

slicing, blades must be withdrawn through the sliced ingot in 

order to facilitate demounting. It was felt that this would cause 

breakage of thin slices, consequently the new technique was devised. 

It appears that the technique is successful in avoiding unnecessary 

breakage of thin slices (approx. 0.25 mm thick). 



Thin Blades, Thin Wafers - Test #3-035 

0015 mm blades were used with 0.30 mm spacers to slice a 

10 cm silicon ingot. Blade force of 85 grams and slurry mix of 

0.36 kg/liter was used with #600 SiC. Cutting time was 29.5 hours 

with a peak efficiency of 2.10, higher than similar cutting with 

a lower slurry mix. Wafer yield was over 98~~ with 118 blades 

cutting. Slice thickness was 0.24 mm, and kerf loss was only 

0.21 mm. The total silicon used per slice was 0.45 mm, the lowest 

to date. This corresponds to a conversion of 10 cm silicon ingot 

to sheet of 22.2 slices per cm of ingot, or 0.95 m2 /kg of starting 

silicon ingot. 

Thin Blades, Abrasive Concentration - Test ~3-036 

A partial 10 cm silicon ingot (255; of top cropped from another 

cutting test) was cut with 0.15 mm blades and 0.30 mm spacers. 

A higher cutting force (113 grams) and abrasive mix (0.48 kg/liter) 

was used to duplicate Test #3-035. Total cutting time for the 

smaller ingot was 26.2 hours, indicating that cutting rate was 

much less than with #3-035. The only suspect was a minor variation 

in the abrasive particle size, as similar results were observed with 

the same batch of #600 SiC abrasive in other cutting underway at 

the same time in the Varian slicing laboratory. The effect of a 

small reduction in abrasive particle size on cutting rate was seen 

in early cutting tests. Since, the process seems to be sensitive 

to particle size, variations in cutting rate ~ust be expected due 

to minor changes in abrasive grading. 
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As in rrevious ~ffortsf blade breakage began to occur within 

15 minutes of the start of cutting. The failure seems to be a 

fatique problem as approximately 3,000 cycles of bladehead 

motion (15 minutes) is required to cause failure. A slight 

blade misd~ignment will cause a cutting parth for a blade that 

causes it to be distorted en each stroke. This periodic 

deflection may induce stresses sufficient for fatigue failure 

of the blades. 

3.7 Production Tests 

Full Production Demonstration - Test #P-OOI 

A 10 cm silicon ingot was sliced as a full production 

demonstration for Solar Power Corp. to produce silicon wafers 

of the same thickness as they U$e, today. The results were 

analyzed a~ part of this effort. The wafers from Test P-OOI 

were 0.48 rnm thick, and kerf loss was 0.26 mm. Total cutting 

time was 19 hours and the maximum saw capacity of 225 wafers 

was sliced. • 
The blade load was 170 grams since the thick slices were 

produced. Cutting rate seemed to "saturate", with the higher 

load not resulting in a scaled increase in cutting rate. However, 

the slice accuracy and surface profile were of high quality, 

indicating that the cutting process was controlled. 

This result leads to a general observation about the inter­

action of slurry mixture (in this case 0.48 kg of #600 SiC per 
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liter of PC oil) and cutting force. At a given cutting force, 

an increased density of abrasive in the oil causes increased 

cutting rate with a reduction of wafer accuracy attributed to 

loss of cutting "control". However, Test P-001 indicates that 

the suitable mix of slurry may increase as blade load is 

increased. The abrasive mix establishes the number of particles 

involved in cutting on each blade. Higher particle densities may 

improve average cutting rate, but a degree of rolling may result, 

causing wandering and reduced wafer accuracy. For higher blade 

loads, the optimum cutting condition may be met when each abrasive 

particle carries a certain load. A higher particle density on the 

blades may be required for the proper balance of cutting rate 

and "control" of blades. 

Full Production Demonstration - #P-002 

A second slicing demonstration for Solar Power Corporation 

was evaluated as part of this contract work. Again, the full 

machine capacity of 225 blades was used to slice a 10 cm diameter 

silicon ingot. 0.20 mm blades and 0.36 mm spacers were used in 

the blade package. #600 SiC mixed at 0.36 kg/liter of slurry oil 

were used with the standard 7.6 liter slurry volume. 113 grams 

of blade load and a 65 cm/sec sliding speed resulted in a cutting 

time of 23~ hours. 

Wafers were 0.303 mm thick and total kerf loss was 0.257 mm. 

Yield was better than 94%. 
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Full Production Demonstration - Test #P-003 

0.20 mm blades and 0.30 mm spacers were used to slice a 

10 cm silicon ingot. using the full saw capacity of 225 blades 

(0.20 mm thick and 6.35 mm high). 113 grams of blade load and 

0.48 kg/liter of #600 SiC abrasive resulted in a cutting time of 

25.33 hours. Slice yield was only 76%, resulting from a collapse 

of the s~acers within the blade package upon tensioning. At 80% 

full tension, the sound of collapsing spacers was heard. but the 

test was continued. The collapse was not disastrous to the 

cutting process. but did seem to cause the reduction of slice 

yield and poor slice accuracy. The average wafer thickness was 

0.246 mm compared to earlier results with thicknesses of 0.251 mm. 

The difference appears to be related to the larger package size. 

and a correspondingly higher average blade misalignment. 

Full Production Demonstration, Thin Blades - Test #P-004 

A full bladehead capacity of 300 0.15 x 6.35 mm blades with 

0.30 mm spacers was used to cut a 10 cm diameter silicon ingot. 

The available ingot length was 12.4 cm. allowing 271 wafers to be 

cut simultaneously. Cutting time was 35 hours. and wafer thickness 

was 0.25 mm. with a kerf loss of 0.20 ITITI. However. the wafer yield 

after cleaning was only 33~~. With only 115 blades cutting, the 

same conditions had resulted in nearly 100% yield. This supports 

an earlier conclusion that blade alignme1t is the limiting factor 

in MS slicing with the present machine configuration. 
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In all cases of successful thin wafer slicing, a change to 

larger numbers of blades results in an increase in slice breakage, 

a reduction of slice accuracy. and a slight increase in kerf loss. 

The effect is more severe when thin (less stable) blades are used. 

In the Fourth Quarterly Report, it was shown that the cumulative 

packing tolerance of blades and spacers wa~ expected to result in 

longitudinal blade misalignment from 200 to 500 microns. A vertical 

misalignment is expected ~s well. This misalignment will reduce the 

load carrying capacity of the blade, perhaps to a point where blade 

oyerturning will occur readily and cutting action cannot be sustained. 

It was shown earlier that the theoretical buckling 

load of a perfectly aligned blade is 10 times the loading actually 

experienced in MS slicing. Longitudil.al misalignment (runout) can 

set up lateral loads on wafers during a cutting operation, and with 

thin slices (0.25 mm thick) fracture can easily occur. 

An increase in number of blades, a reduction of blade thickness 

or tension or length (lower blade stability) can all limit the 

thickness to which slices can be cut. The fundamental problem source 

is the stac~ing of blade thickness variations, and the cure will be 

addressed in the extension (Phase II) of this contract, 

Full Production Demonstration, Thin Blades - Test #P-005 

P-004 was duplicated, except that a thicker (0.35 mm) spacer 

was used with the 300 0.15 mm blades. Ingot length allowed 234 

wafers to be cut simultaneously. Cutting time was 32 hours and 

~3% of the wafers survived the cutting/cleaning process. This 
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improvement was due to the 0.05 mm thicker wafers (0.30 mm) 

and their higher strength, but it still shows the tradeoff 

presently required for large numbers of blades simultaneously. 

This run completed the cutting tests for the initial contract 

(Phase I). 

3.8 Other Experiments 

Cutting Force History - Dynamometer Results 

A Dynamometer was used to record the vertical and horizontal 

components of force occurring during slicing experiments. The 

instrument was fabricated to give a full scale sensitivity of as 

low as 8.9 N (2 lbf) vertical and 4.4 N (1 lbf) horizontal when used with a 

Hewlett Packard Model 7402A Oscillographic Recorder with l7403A 

AC carrier preamplifiers. It utilizes a full-wave bridge of 

semiconductor strain gauges. The results showed that the per-

formance of the vertical feed system ;s predictable and may cause 

prob lems wi th thi n wafers. 

The vertical feed has a set of four pre loaded ball bushings 

which guide four posts from an upper platen. There;s a preload 

friction which must be overcome in order to move the platen upward 

or downward. Assuming this to be a constant Ff ,and the feed 

system to have an effective weight W t the pressure, P t 

applied to the cylinder area Ap results in a cutting force Fe 

which depends on the direction of motion, x , of the fixed platen 

(positive upward). 



I 

When no load is applied in cutting, the feed will rise on an applied 

air pressure of 0.25 N/mm2 (37 psi) and will fall when the pressure 

is lowered to 0.15 N/nv2 (22 psi). With the air cylinder h~vinq 1.5 x 10' 

mm2 (2.36 1n2) of area, the effective weight of the system is 311 N 

(70 1bf) and the feed friction is 80 N (18 1bf) in either direction. 

This means that, when the cutting force is applied in the 

normal fashion a load increment of 160 N(36 lbf)w111 result if the 

feed must move downward during the stroke of the bladehead. This 

occurs at the beginning of cutting since the bottom of blades do 

not lie parallel to the stroke plane of the bladehead, and the 

feed is forced downward at one end of each stroke. (See Figure 19 

(a)). As the blades wear, each end is radiused and the feed must 

respond dowllward at eac!" end of the stroke to compensate. Figure 19 

(b) and (c) shows the accumulation of this conditio" during slicing 

Test #1-063. Figure 20 shows that the p~ak forces at the end of 

the stroke are about 160 N (36 1bf) above the average applied cutting 

force. As the strokf rate is increased to 1.7 sec-I, the force 

increases by 31 N (7 lhf) ~nd the peak forces become more severe. 

This is due to inertia of the feed imposed by the abrupt end con­

figuration of the worn blades (high local acceleration). This 

peak load is applied to the work at the end of each stroke, and 

corresponds to an increment of 58 grams per blade when 140 blades 

are used. 
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~EM StudY of Abrasives 

Samples of unused 1600 silicon carbide .bras1ve and slurry 

samples from various stages of the slurry lifetime test series 

2-006 were photographed using 4 scanning electron microscope. Also 

viewed were fresh sl...,les of 1600 Boron Carbide and a blade edge 

used in a slicing test. These micrographs are shown fn Figures 21 

through 25. 

Used abrasive was separated from the slurry oil by sequentially 

diluting with chlorethane. allOWing part1clesto settle and pouring 

off the diluted oil. 

The particle size for all #600 abrasive was 10 microns on the 

average. The size of particles did not appear to decrease from 

fresh to fully used slurry. However, the used abrasive was dec.orated 

with particles of s111con 0.4 to 1 micron in diameter. 

There was no large scale change in the appearance of the 

silicon carbide through the cutting history of the slurry. However, 

there was occass;onally a build-up ~f silicon or steel along the 

sharp edges of the silicon carbide. This condition appears similar 

to the built-up edge (SUE) on the wear land of machine cutting tools 

(Figure 24). The acclJnulation of particles adhering to the cutting 

edges of silicon carbide may effectivply blunt the edges and reduce 

t"e tendenc.y to cut the s 11 icon workp fece. 

The appearance of the silicon carbide was such that the 

possibility of abrasive breakdown or blunting causing a limit to 

slurry life was not apparent. Instead it appears that siiicon 

debris (perhaps causing viscosity increase) may be the limit to the 

lifetime of cutting ability of slurry. 
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Figure 21. 600 SiC Abrasive Urused 
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ri~ure 23 . Used ~600 SiC Abrasive 
(Sepa rated from slurry used in Tes~ 2-006A through 200 C. Si licon 
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Figure 25 . Cutti ng Fdge of a Used Blade (From Test h3-031) 
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Also. it is apparent that the major difference between 

silicon carbide and boron carbide abrasive is a slightly larger 

particle size for boron carbide. The cleaved, sharp particles 

are both of similar shapes. 

Figure 25 shows an abrasive particle which has remained im­

beded in a blade. This is not a common occurrence, but the 

imbedding of abrasive particles was never assumed to be permanent. 

Instead, a quasi-static imbedding is most likely. 

Etching Study of Surface Damage 

A procedure for the step-etching of as-sawed silicon wafers 

was devised. Saw-induced damage is revealed by dislocation etch 

pits and varies appreciably with sawing conditions, and the 

damage has been found to extend inward more than a few microns. 

As shown by Figure 26 for a wafer from cutting Test #1-011, the 

dislocation density remains above 10~ per cm2 until a depth of 

18.8 ~ (0.74 mil) is reached, and its value is 640 per cm2 at 

27.8 ~ (1.11 mil). In sliCing Test #1-014, where blade loading 

was 4 times higher, the damage density at the surface is lower than 

in #1-011, but the slope of the damage vs. depth curve is lower. 

The step-etching procedure is conventional. A satisfactorily 

nonselective and conveniently slow etchant was developed from the 

commonly used 3 HN03 (cone.) : 1 (HF (cone.) 1 CH 3COOH (glacial) 

chemical polishing reagent by increasing the proportion of nitric 

acid to 30:1:1. This composition gives sufficient oxidizing power 

to maintain planarity, while the greatly reduced rate of oxide 
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removal yields an effective etch rate of approximately 2~ per 

minute. The Wright etchant is used to reveal defects, and ceresine 

(microcrystalline) wax is used to mask against etching; the wax is 

readily removed by chloroethylene ~Iith ultrasonic agitation. Step 

heights are measured with a Sloan Dek Tak surface profilometer. 

SEM Study of Wafer Surface Damage 

Figures 27 - 32 show SEM micrographs of etched and unetched 

surfaces of wafers sliced with three different abrasives. The 

etched surfaces were prepared uSing a 5 minute Wright etch. 

Measurements indicated that 4 microns of surface was removed. 

(We have been told that the unetched surfaces resemble lightly 

etched surfaces. This is probably because the wafers were washed 

in A1conox, an alkaline detergent which produces some etching action.) 

All surfaces indicate a fine (1 to 10 micron) ;nterspa~ Ing of 

cracks. These are likely Hertzian fractures produced as abrasive 

particles passed over the surface. The network appears to result 

in material removal by intersection of cracks producing free silicon 

particles. Figure 27b shows a void from which a particle was formed. 

The etched < 100> surfaces shovi the remnants of major cracks 

oriented 90° apart. Presumably these are cracks which were oriented 

along <111> planes and propagated deeper than the rest. The cracks 

appear to be no deeper than 5 to 10 microns. The Wright etch has 

caused the cracks to widen into a coarse topography after minimal 

material rerooval. 
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a) 1,OOOX 

b) 5,OOOX 

Fi gure 27 . "Une ched" Surface of an 5 Sawn Wa fer 

({lOa} Surface viewed at 45° from norma l . 600 SiC abrasive used 
Test 2-001) 
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a) 1.000X 

b) 5.000X 

Fi gure 29 . "Unet ched" Surface of an MS Sawn Wafer 

({100} Surface viewed at 45 - . 800 SiC abrasive - Text #2-0 11) 
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a) 1 .OOOX 

b) 5.000X 

Fi gure 30 . Etched Su rface of an MS Saw Wafer 

({l Oa} Sur face viewed at 45° . 800 SiC abrasive - Test #2 -011 . 
4~m removed wi h 5 minute righ etch) 
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a) 1 ,OOOX 

b) 5,OOOX 

Figure 31. "Unetch d" Surface of an MS Sawn Waf r 

({ 100} Surf ce vir-lIed at 45 ° . '1600 B
4

C abrasiv - Tes 2-04 1) 
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fi9ure 32 . [ch d Sur c 0 an S Sawn 0 J 

({lOa} Sur ace vi w d a 
remov j wi h 5 minut 

00 B4C abra sive - Tes 2-0 I. 4~ m 
ch) 
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The surface sliced with finer (IBOO) sil~con carbide abrasive 

has a f1ner r.rack network. The particle voids (Figure 12a) are 

much larger (30 microns than with 1600 SiC. This result 1s even 

obvious under a low power optical m1croscope. The #600 Boron 

Carbide reslollted in a crack network. of a different appearance. 

The spacing is comparable to #600 SiC, but the cracks are much 

f; ner. Tt'ley 11 d not seem to open as much as tho~e produced with 

#600 SiC. The etched wafer appears the same, however. 

3.9 Wafer Character; zation 

Although it is generally agreed that solar cell \-/afers need 

not meet the specHi cations for dimens iona 1 vari ation used in the 

semiconductor industry, there must be some standards. Wafer-to­

wafer thickness var1ation, taper, bow, and thickness a11 affect 

the choice of handling ~thods and process steps. Characterization 

of wafers is also important in guiding the experimental program. 

Under Phase I, two types of measurements \,Iere used to charac­

terize wafers. 20 wafers per run were measured in a Bausch & lOlllb 

bench micrometer (accurate to .0001 in.). Thickness ot each w::fer 

was measured at 9 points, 8 around the edye and one at the center. 

:'om these measurements standard formulae were used to calculate 

average wafer thickness, standard deviation of average thickness. 

average thickness variation within a wafer and its standard 

deviation, the average cf standard deviations of thickness 

variations within a wafer and its standard deviation, and "verage 
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taper. Also, one or tx:'O wafers from each run were traced on 

both sides using J Skan Dek-Tak surface profilometer. Traces 

were run in both the witt,-s tt'oke and cutti ng di rections. These 

traces were used to measure bow (here defined as the difference 

-

between average thickness from above and maximum thickness between 

two planes tangent to two points on each side of the wafer), taper, 

and surface roughness. 

The results for each test are presented in the append~ces 

and diSCussed below. 
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PHASE I: DISCUSSION AND CONCLUSIONS 

Parameter Study 

Effects of Load, Ingot, Size, Sliding Speed 

Figure 33 shows abrasion rate as a function of feed load 

for Tests #1-011 through #1-015 (the curve marked IItypical li does 

not include the initial portion of the test \'Ihen the systefTl IIsettles 

down" or the final portion when the blades slow as they are allowed 

to cut into the submount to avoid excessive taper at the end of 

the cut). It can be seen that load and abrasion rate are almost 

linearly related. At 283 g/blade, the workpiece broke up due to 

severe blade wandero Both bow and taper increased with increased 

load. 

Later tests (#2-024, #P-001, #2-026) showed that this linear 

relation does not always hold: efficiency is reduced at high 

loads, indicating the process is not working as well as possible, 

and this is confirmed by the fact that the abrasion rate did not 

increase to the level predicted by Figure 33. Increasing the 

proportion of abrasive in the slurry raised the cutting efficiency 

to nermal levels and caused the abrasion rate to scale with the 

load: a new problem was manifest?d in the fact that the yield 

was low with very thick wafers. Since thin wafers are quite 

important for economi c reasons, we feel that our liS tandard" 

loads of 558 g/blade/mm of blade thickness are the best choice. 

Results of various tests showed that the abrasion rate is 

independent of kerf length (i.e., work dimension in the stroke 
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direction) for lengths between 20 and 110 mm. Kerf length is. 

therefore. not a significant variable. 

Figure 34 shows the abrasion rate as a function of 

maximum sliding speed during a stroke. The arrows indicate 

that the abrasion rate following a change in speed was low, and 

increased as the saw tlsettled inti. At 81 em/sec, the workpiece 

broke up. It seems that higher reciprocation rates dre a valid 

method of increasing productivity without increasing expendables: 

however, the current saw is incapable of making a significant 

improvement because of the limitation C:1 reciprocation rat:e 

imposed by bl adehead mass, and the lack of facil ities for 

absorbing the higher shock loads generated at higher reciprocation 

ra tes. 

Kerf Width and Abrasive Size 

Results of several tests indicate that abrasion rate is 

constant as the kerf width changes from .2 to .35 mm. Thus, 

kerf width is not an important variable in calculating cut rate. 

Figure 35 shows both abrasion rate andllproductivi ty" for 

various abrasive sizes (all from Micro Abrasives Corporation). 

The large reduction in rate as the particles get smaller is 

insufficient to offset the reduction in kerf loss. In addition, 

the sffialler abrasives (higher numbers) resulted in significant 

increases in dimensional variation. #600 seems the best cnoice 

of abrasive size. 
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Blade Wear 

Blade w~ar for a full cut through a 100 mm diameter ingot 

is typically 2.S-lmm. Therefore, a 6.35 mm (.25 in.) high 

blade is useful for one such cut. A 12.7 mm high blade should 

be useful for 2 and perhaps 3 such cuts. (Note that shorter 

strokes must be used for successive cuts because of wear, so 

the height loss in each succeeding cut is greater than the 

preceding cut.) 12.7 mm high blades will probably be necessary 

for 125 mm diameter ingot, and will definitely be necessary for 

150 mm diameter ingots, since blade wear is proportional to wafer area. 

4.2 Abrasive and Slurry 

Slurry and Abrasive lifetime 

Tests using the same slur'~·y (#2-006 A, B, C) showed that the 

slurry is definitely "worn out" a.eter slicing two 100 mm ingots, and 

somewhat worn out after one ingot. SEM studies of the abrasive 

show that the abrasive is not significantly degraded. We 

hypothesize that the "\llearing out" mechanism is debris accumulation, 

and abrasive is recyclable. 

Thinning the slurry, to attempt to reduce viscOSity increase, 

had no effect other than a reduction of efficiency. 

Abrasive Concentration 

Experimental results indicate that there is an optimum 

abrasive concentration, and that it is a function of blade thickness. 

0.48 Kg/l (4 lb/gal) is preferable for .2 mm (.008 in.) blades, 

whilE! 0.36 kgl1 (3 lb/gal) is optimum for .15 I111l (.006 in.) blades. 
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It seems likely that this relationship will also hold for .1 mm 

(.004 in.) blades. As noted above, abrasive concentration 

should also be increas@d as cutting loads increase to maintain 

efficiency. 

Boron Carbide and Zirconia-Alumina Abrasives 

Higher cutting rates were obtained uSing boron carbide 

abrasive. However, kerf loss also increased. It is likely that 

there is a sizing incompatibility between #600 511icon carbide 

and #600 boron carbide: these small sizes are separated in settling 

tanks. so dAnsity differences make it impossible to obtain uniform 

sizing between different abrasive types. 

Boron carbide is approximately 10 times more expensive than 

silicon carbide. In vipw of the SEM studies of used silicon 

carbide which found no significant degradation, and. therefore. the 

likelihood of being able to recycle silicon carbide, the added 

expense of boron carbide is not justified. 

Zirconia-alumina abrasive, which is much more "rounded off" 

than silicon carbide, yielded very inefficient cutting. This 

abrasi ve is not suitable for slurry sa\'Jing. 

4.3 Blades 

In any slicing technique, the loss of material during the 

slicing process is important. ~Je, therefore, concentrated on 

reducing the blade thickness in order to reduce the kerf ~oss 

and understand the problems associated \'lith thinner blades. 
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Initial "best effort" blades were .2 11111 (.008 in.) thick 

(#1-001 and others). Significant problems were initially en­

countered with attempts to use .15 mm (.006 in.) blades, but 

eventually we were successful. (#P-005. #3-035. #3-036 and others.) 

Success was obtained by scaling both the abrasive concentration and 

cutting load by blade size. 

No successful cuts were obtained with .1 mm (.004 in.) 

blades. Blade breakage and wander were severe. In order to 

use these blades, we feel that alignment of the blades should be 

improved and a shock absorbing system to reduce shock loads will 

be necessary. We do not now feel that blades thi nner than .1 mm 

will be useful in the near future. 

4.4 Miscellaneous 

Spacer Thickness 

It was found that spacers thinner than .3 mm (.012 in.) are 

not useable because of spacer buckling. 0.3 mn spacers require 

the additional support provided by the epoxy blade package to 

prevent buckling. Since.3 mm spacers used with #600 SiC yield 

a .225-.250 mm (.009 - .010 in.) thick wafer, and thinner wafers 

are so fragile that t~ey probably could not survive the cut 

without extensive shock absorbing and support, .3 mm spacers seem 

to be a reasonable goal. .35 mm (.014 in.) spacers were used 

successfully in several runs. 
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Wafer Demount1ng 

Initially, wafers were demounted by dropping the feed 

(pul11ng the wafers down through the blades), which caused 

significant wafer breakage. We tried a crude heated workmount 

plate, which melted the Oekhotinsky cement used to secure the ingot, 

with success. We have found that groups of 10-20 wafers can be 

"wiggled off" without s1gnificant breakage, without using the 

heated mount. A heated mount might be more convenient in a 

production environment. 

81 ade S tabil i ty 

The analysis of blade buckling presented earlier showed that 

buckling 10aJs are an order of magnitude higher than nominal 

applied loads. However. dynamomet~r results also showed high 

~hock ioads oue to blade wear bt the stroke ends. The dis­

placement forced by blade wear is probably beneficial in that 

it pumps the slurry around, flushing debris and introd~cing 

fresh abrasive; but the associated loads should be reduced by 

reducing feed mass and spring constant in order to increase 

blade stability (and life of .1 mm blades) • 

Blade Alignment 

The statistical analysis of blade alignment showed that 

noticeable misalignment is expected in the best aligned package 

possible. In the currently produced saw, such misalignment is 

probably small enough so as not to affect the process significantly: 

however, in a larger saw, a redesigned package or external 

alignment device or both may be needed. 
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Surface Damage 

Etching studies have shown that the extent of saw-induced 

d~mage is very small, on the order of 10-15 ~m deep. Damage 

should not be a problem in solar cell fabrication. 

Blade Tolerances 

An analysis of the shape of a tensioned blade showed that 

the differences between "normal straightness" blade stock and 

the currently used "extra accurate straightness" stock are 

inSignificant. The difference in cost between the two materials 

is 10-15 • 
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5.0 ECONOMIC ANALYSIS 

Although the economic analysis of multibl;de slurry sawing 

was carried out throughout the course of ' .. he contract, this is I 

convenient point to present the complete Inllysis as it stlnds 

at the end of the contrlct. This discussion of economics 

provides 1 convenient sunwnary of the results of Phlse It Ind 

an introduction to and rationale for the investigation of 

Phase II. 

All the analysis presented here is in the format of the 

IPEG (Interim Price Estimation Guidelines) of SAMICS (Solar 

Array Manufacturing Industry Costing Standards) as developed 

at JPl. All dollar values are 1980 dollars unless otherwise 

noted. 

5.1 State-of-the-Art Economics 

i. The first step in the analysis is to assess the economics n 

: ! 

1 
" 

I 

-

of the best currently available process. In this state of the 

art assessment, we ilave decided to be conservative in the process 

specifications sinct~ the economics are so favorable to slurry 

sawing. The main impact of this decision is in the choice of 

blade thickness and spacer size. The sta~e of the art factory 

is chosen to produce 5.2 x lO~ m' of sheet per year. 

General Parameters 

Although we were successful ir. 'i~ing 0.15 "'" (.006 in.) 

blades to cut 0.3 mm (.012 in.) wafers during Phase I, for this 

63 

-



; 

state of the art assessment, we chose to assume 0.2 mm 

(.008 in.) blades and 0.35 mm (.014 in.) wafers. A convenient 

conversion factor is the number of square meters of sheet 

produced for each kilogram of ingot used. Assuming a 100 mm 

diameter ingot (4 in. nominal) and a slicing yield of 95% gives 

a conversion factor for this process of 0.67 m~/k9. 

The cycle time, including one hour for teardown and setup 

(an experienced operator can ~asily better this) is taken to be 

30 hours. 

Equipment and Floor Spac~ 

The basic equipment must be chosen as the model 7176 wafering 

saw currently available from Varian. The current (August, 1979) 

market price for this saw is $24,500. The price 1n 1980 dollai~s 

will be taken as $25.000. It is reasonable (in light of known 

production practices) to assume that 95' utilization can be 

maintained, so 88 saw!> (83 active at any time) suffice to produce 

at the desired level. Our experience suggests that $140,000 

in miscellaneous equipment is required. 

The floor space required is approximately 5.6 m:' (EI) ft') 

per saw. 

Labor 

It is not unreasonable to assume 22 saws per operator. 

[xperienced operators can easily rnaintain this level, spending 

1/2 to 2/3 of their time actually setting up the ~aws, and the 

64 



t 
f 

I ) 
L: 

, , 

i' 
L 

i . 
; 

l. 

t· , . , 
[ . 

i' 
, . 

f -

, " 

1 

remainder cleaning the saws and performing miscellaneous task~. 

We know of one company that runs with 33 saws per operator. 

~le, therefore, take labor to be 4 operators and one foreman 

per shift. In accordance with JPl guidelines, we assume 4.7 

shifts per day in order to operate 365 days per j'2ar. 

Materials and Energy 

For each run, one purchased blade pack will be required. 

7.6 liters (2 gal.) of PC oil will be used for the vehicle, and 

13.2 kg (6 lb.) of silicon carbide abrasive. Miscellaneous 

supplies (ingot ~ubmount, Dekhotinsky cement, etc.) total $5.18 per 

run. 31.7 kw-h of electricity is required per run. 

Results 

Table 4 ;s a layout of the IPEG calculations for the state 

of the art syste~. The interim price goal for 1980 sheet generation 

;s $343/m2 value added. Although this quantity must be allocated 

to ingot growth ~nd wafering, the add-on cost from Table 4 of 

S128/m2 is only 37~ of the allocation: the remaining 63~ (S215 m2) 

should easily be sufficient for ingot growth. The conclusion is 

that a conservative assessment of the state of the art in slurry 

sawing shows that this process can easily meet the interim 1980 

goals. 
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TABLE 4 

STATE OF THE ART COST SUMMARY (1979) 

AMOUNT UNIT COST DIRECT (,OST FULL ANNUAL COST 

EQPT saw 88 25,000 2,200,000 1,080,000 
mi sce 11 aneous 140,000 69,000 

SQFI. floor space 5,370 ft2 975,000 

DLAB operator 23 16,170 372,000 783,000 

~1ATS blade pack 23,135 96.50 2,233,000 2,903,000 
0) vehicle 46,270 gal. 3.80 175,800 228,500 U1 
OJ 

abl'as i ve 138,800 1 b. 2.50 347,000 451,000 
miscellaneous 120,000 156,000 

UTIL electricity 7 33 ~-Iw-h 50 36,600 47,500 

6,643,000 
QUA~ = 51 ,500 m2 

VALUE ADDED = 128 S/m2 
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5.2 Onward to 1986 

Through a long and continuous process of considering 

technical feasibility and effects of changes, we have constructed 

a scenario for development of the multiblade slurry sawing process. 

This scenario outlines the technical progress necessary to reach 

or approach the 1986 goals. Table 5 presents the highlights of 

the cumulative changes in this scenario (note that the years 

given are years in which these changes can be used in production: 

obviously, the equipment must be available several years earlier 

and process knowledge should be available on the order of a year 

earlier). Tables 6-8 contain the IPEG calculations for the 

. scenario, and the individual changes are discussed below. 

General Parameters 

The conversion factor m2/kg discussed above is extremely 

important to the add on cost. We feel that properly designed 

shock absorbing equipment will make it possible to cut 0.25 mm 

(.010 in.) thick wafers usinQ 0.1 mm (0.004 in.) thick blades. Assumina 

a 95% wafer Yield, the conversion factor is then the easily remembered 

1.0 m2 /kq. We do not now see any way to increase this factor. 

The ingot diameter is assumed to increase to 150 mm (6 in.) 

diameter. This has essentially no effect on the economics of the 

sawing process, but is used because analyses of Czochra1ski inQot 

qrowth indicate that this increase is necessary to make the gro\'Vth 

process economical. 

66 



- .- -- - . ,- - -- , 

-. - '; ... _ ' - ~.",.,: - ~ -- ~ - ~ ~ ,,6,"L _~ = -' "-' "" • ~ '- _ ." t J_ 

The cycle tire must be maintained essent"ially constant 

at 32.6 hours. This ~eans that for a 150 mm ingot the cutting 

rate must be increased by a factor of 1.3 to 4.6 rml per hour 

(note that this corresponds to approximately doubling the area 

production rate by which many factors scale). To achieve this, 

the reCiprocation rate must be doubled: (work under Phase I showed 

that area production rate (equivalent to cut rate at constant ingot 

size) is proportional to reciprocation rate), again requiring equipment 
redes ign. 
Equipment and Floor S~ace 

Since the equipment must be redesigned to achieve the above 

changes, we decided to us£ this fact to postulate a saw of larger 

capacity than currently avai 1 ab le i 11 order to affect three more 

areas. A saw which cuts more wafers per rul'l with the same labor 

input will reduce the labor cost per wafer. It is reasonable that 

a single large cupatity saw, cutting about three times more wafers 

than curren~ e::jui pment, will requi re less floor space than three 

conventional saws. Finally, it is also reasonable to assume that 

such a large saw could be ~old fol' less than three conventional saws, 

reducing the capital investment per ~·/afer. Our best (but not 

necessarily fitm) estlmate of the market price ot such a saw 

15 $77,000, 

After studying the floor space required and building a prototype 

saw, we decided that the floor space req~ired is 5.1 m2 (60 ft2) 

per say, as before. 
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The large capacity saw is intended to require the same set­

up time and attention as current equipment. Partly to introduce 

a small safety factor and partly to make the numbers easier, \Ole 

assumed 20 saws per operator. As discussed below, significant 

savings can be affected by in-house blade pack fabrication: based 

on Varian's experience three assemblers per shift will be sufficient 

to supply our hypothetical 1986 factory. 

Again, one foreman per shift and 4.7 shifts per day are 

requi red. 

Material and Utilities 

Expendable materials are a very important factor. Several 

significant reductions are possible in this area. 

Bl ade packages are a very hi gh cos t item. Most 1 arge users 

of slurry saws assemble their own packages to lower this cost. 

It is easy to assume that this practice would be followed in a 

large wafer factory. 

The cost of blade pack materials must also be reduced. 

During Phase I we showed that an immediate lO-155S reduction was 

possible by reducing straightness tolerances. Considering (by 

consulting \vith our supplier) the reductions possible by looser 

thickness tolerances (shown to be possible during Phase II), 

bright instead of blued stock, 12.5 mm (.5 in.) high rather than 

6.25 mm (.25 in.) blades (necessary for 150 mm ingot and cheaper 

per pound), and high quantity pricing, we feel that the cost of 

blade and spacer steel can be reduced by 60%. 
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5.3 

The cost of vehicle is also significant. Experimental work 

under Phase II showed that all the characteristics of PC oil are not 

necessary. We feel that a cheap vehicle, either mineral oil 

based (moderate cos·, definitely recyclable) or water based 

(low cost, possibly recyclable) can be made which will cost 

85% less per run than PC oil (including recycling in the case of 

mineral oil based vehicle). 

Abrasive cost is extremely significant. Indeed, projected 

abrasive usage is a significant (about 1-5%) portion of current 

world prcduction. In view of the lack of abrasive breakdown 

showed by the SEM studies under Phase I and the successful use of 

recycled abrasive under Phase II, we feel that 66% of the abrasive 

can be recycled after each run. 

Electricity cost ;s somewhat significant, but we feel that 

the large saw will use essentially the same amount of electricity 

per wafer as current equipment (i.e., about 3 times as much per 

run). 

Results and Discussion 

The scenario analyzed by SAMICS results in wafering add-on 

costs in 1982, 1984, ~nd 1986 of 82.8, 40.7, and 19.2 $/m2 

respectively (1980 dollars). The goals for these same years for 

sheet generation add-on are 179.2, 53.2, and 25.5 $/m2. The 

amount left over for ingot growth is shown in Table 9. From 

analyses of ingot growth by Czochralski and HEM methods, there 
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1982 

1984 

TABLE 5 

SCENARIO FOR SLURRY SAWING COST REDUCTION 

(Cumulative Changes: Years are Those in Which Equipment is In­
stalled in a factory) 

current equipment 
300 s 1 i ces/ run 
in-plant blade package fabrication 
100 mm diameter ingot 
3.5 mm/hr. cut rate 
0.80 m2/kg (including 95% slicing yield) 
low-cost slurry vehicle (40% of PC oil cost) 

large capacity saw 
900 slices/run 
125 tnm diameter ingot 
0.89 m2/kg (including 95% slicing yield) 
33% abrasive reclamation 

1986 1000 slices/run 
low-cost blade stock 
150 mm diameter ingot 
4.6 mm/hr. cut rate 
1.0 m2/kg (including 95% slicing yield) 
very low cos t veh; cle (l5i~ of PC oil cos t) 
66% abrasive reclamation 
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TABLE 6 ----

~OST REDUCTION SCENARIO (1982) 

AMOurn UNIT COST DIRECT COST FULL ANNUAL COST 

EQPT saw 203 25.000 5,075.000 2.487,000 

mi sce 11 aneous 1,077 ,000 528,000 , 

" 
?QFT floor space 12,390 ft2 2,134,000 

DLAB operator 50 16,100 005,000 1,690,500 

assembler 14 14,300 200.200 420,500 

MATS steel 163,700 lb. 7.56 1,237,600 1,609,000 

C'I vehi c 1e 112,500 ga 1 • 1.50 168.750 219,500 
1..0 
CT 337.500 lb. 2.50 843.750 1,097,000 

abras i ve 

mi sce 11 aneous 126.500 164,500 

UTIL electrici ty 1,260 M.'1-h 50 63,000 82,000 

10,432,000 
1 

2YI\N 126,000 111 
2 

= I 
i 
'. 2 

VALUE ADDEO = 82.8 S/m I 
I 

'. 

, 
i i 

I 

I 

,f;' 
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saw 

mi s ce 11 a neo us 

floor space 

operator 

assembler 

steel 

vehi c1e 

abras i ve 

mi sce 11 aneous 

electricity 

QUAN = 238,000 m2 

VALUE ADDED = 40.7 S/m2 
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TABL( 7 

COST REDUCTION SCENARIO (1984) 

Afol)UNT UNIT COST 

98 77,000 

6,000 ft2 

25 16,100 
10 14,300 

189,000 lb. 7.56 
137,000 gal. 1.50 
273,000 lb. 2.50 

1,872 Mw-hr 50 

DIRECT COST 

7,546,000 

775,500 

402,500 
143,000 

1,429,000 

?05,5oo 

682,500 

220,000 

93,600 

FULL ANNUAL COST 

3,697,500 

380,000 

1,033,000 

845,000 
300,000 

1,857,500 

267,000 

887,250 
285,500 

121,500 

9,674,250 

I 
I 
1 

",,-it 

. 
.;. 



TABLE R 
I 

COST REDUCTION SCENARIO (1986) I 
I 

I 
Af>()UNT JNIT COST DIRECT COST FUlL ANNUAL COST 

~ EQPT saw 122 77~000 9,394~OOO 4~603,OOO 

mi sce 11 aneous 560,000 274,500 

SQFT floor space 7,300 ft2 1,257,000 

OLAS operator 30 16~100 483,000 1,014,500 
assen'b1er 14 14,300 200,200 420,500 

MATS steel 266,000 lb. 3.08 814,500 1,065,000 

en vehicle 186 ,000 gal. 0.56 104,000 135,500 
\0 
0- abrasive 186,000 lb. 2.50 465,000 604,500 

mi see 11 aneous 298,200 387,500 

UTIL e lectri ci ty 2,620 ft\.I-h 50 131,000 170,500 

9,932,500 
QUAN = 517 ,820 m2 

VALUE ADDEO = 19.2 S/m2 

<~.:".,.,'.J' 
", . 
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should be no problem in 1982, a possible problem in 1984, and 

probably a problem in 1986 of achieving the costs in Table 8 

for ingot growth. We realize that. in this analysis, wafering 

consumes the majority of the allotted add-on cost, but we cannot 

honestly project greater cost reductions in the allowed time 

period • 

During Phase II of the contract, we started the process of 

developing the technical improvements necessary to realize the 

process proposed above. The goals for Phase II were based on an 

earlier (but not significantly different) analysis than the one 

presented here. The remai nder of thi s report deals with our 

thinking, methods, and results in this effort. 
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TABLE 9 

~EHD'.(ERS-.£.Q!~ I:!~OT GROWTH (S/m2) 

Ht.i=ERING ADO-ON SHEET GENERATION ADD-ON GOAl CONSEQUENT INGOT GROWTH 
YEAR (S/m2) ____ J~L~~_ ADD-ON J$lkg) 

...... 1982 Sl.g 179.2 120.5 (~ .80 m2/kg) 
0 
QI 

1984 4u.7 53.2 14 (~ .89 m2/kg) 

1986 19.2 25.5 6.3 (~ 1.0 m2/kg) 



, 

- - - - --

- - - - - - - -- - "-

f 
l; 
.~ f 
4··~ 

1. 

r .... 

- - - - - -

6.0 

-'It' 

PHASE II: INTRODUCTION AND DISCUSSION OF GOAlS 

As a result of analyses essentia11y sim1lar to that 

presented in Section 5, a Phase II progrbm was started to further 

investigate and optimize mult1blade slurry saws. Two standard 

'!A:'1an 686 saws, unmodified except for installation of a static. 

pulsed slurry application system. were purchased for use in 

cutting tests. A prototype of the large scale saw postulated 

for introduction in 1982 was designed. fabricated and tested • 

A small scale "lab saw" was also designed and fabricated in order 

to test the process under wider variation of parameters than is 

possible in a standard saw, and to use in investigation of the 

basic processes of slurry sawing. An AOE Microsense 6034 non­

contact wafer measuring station was also purchased. so as to allow 

bow and taper measurements that correlate better with those made 

in industry. 

The first major goal was identification and testing of a 

low-cost slurry. This included both cheaper vehicle and abrasive. 

The planned tasks were to analyze and test suspenSion oils, 

fabricate or purchase promising oils, enhance lifetime of slurry 

if possible. test mixtures of abrasive sizes (since abrasive is 

cheaper if the size ran~lf. '5 wider), rechi"1 and test 011 and/or 

abrasive, and finally identify and test a low cost system. 

The idea of testing water-based vehicle came later, and was 

included in the testing program. 
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In the area of blades. time was a severe limitation. 

Because blade stock is a long lead time item (8-12 months) 

and difficult to procure in quantities less than a few thousand 

pounds, it proved impossible to obtain all the variations we 

desired. We were able to test the effect of thickness 

tolerance and hardness variation. Major goals included further 

analysis of tolerance requirements, testing of the effect of 

lower cost blades, and specificltf~n of blade tolerances and 

hardness. The laboratory saw, a saw designed to use 1-10 blades 

between 254 and 750 mm (10 to 25 in.) long, run at high speeds, 

and provide precise cutting force cont~~l, was also a part of this 

tdsk since we anticipated its initial use to be for blade tests. 

In view of the statistically expected runout of a blade 

package (developed under Phase I), and in view of the increase 

1n runout expected from using looser tolerance blade stock, we 

decided to try to improve the aHgnment of a blade package. 

Perhaps the most appealing method to do this is by complete blade 

package redesign: however, neither time nor resources were 

available to do this. Therefore, we included in the blade task 

a program to develop and test a saw-mounted "alingment device" to 

supersede the runouts imposed on a blade pacK by the statistical 

nature of the blade-spacer stacking method of assembly. 

In designing the large saw. much of the basic machine 

layout was forced by the specifications. The major impact of 

the specifications was that, in order to hold just over three times 
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as many blades, the bladehead mass must be on the order of 

ten times the current bladehead mass (since stiffness scales 

as the square of linear dimensions). When we considered that 

the reciprocation speed must be doub"lcd, we decided not to try 

to move a mass on the order of one ton over distances on the 

order of eight inches at rates on the order of 200 strokes/min. 

Thi s meant that the movi ng component functions had to be i nter­

changed: the work must be reciprocated and the bladehead moved 

so that the blades feed into the work. Worries about sudden 

reversals of direction "throwing" wafers near the end of the cut 

led us to decide to include a control (flywheel) which "softened" 

the stroke reversals. Air cylinder feed is obviously unsuitable 

for moving the bladehead, so a motor and electronic feedback 

control were included. Also, since the system of blade tensioning 

used in the 686 (four bolts directly pulling on the clamp which 

holds one end of the blade pack) would be too complex (mostly in 

remembering the order of bolt tightening) arld time consuming if 

applied to the large saw, we decided to include a new tensioning 

system. These requirements, plus miscellaneous designs such as 

slurry feed, lubrication, worK mounting and addition of an 

al ignment device developed under the blade task, defined the 

goals of the large saw design, fabrication, and testing task. 

Several miscellaneous tasks were included, which were 

continued economic analysis, cell fabrication, evaluation of 

surface damage including optimized dan~ge removal, and design, 
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fabrication, and use of a mechanical wafer strength tester to 

specify handling and cutting limitations of wafers. 

In addition to the above formally stated goals, we made 

every attempt to demonstrate conversion factors (m2 /kg) as high 

as possible up to and including 1.0 m2 /kg (which corresponds to 

producing 25 wafers from each centimeter length of 100 mm 

diameter ingot). Also, during the course of Phase II, it seemed 

advantageous to install an end-of-stroke shock absorber or "bounce 

fixture" in one of the 686 saws in order to test our assumptions 

about decreased wafer breakage and increased 1 i fe of 0.1 mm 

(.004 in.) thick blades in an otherwise known system. 

The following sections will discuss in detail how we went 

about meeting these goals and the results of our efforts. 
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7.0 PHASE II: ANALYSIS 

7.1 Geometric and Kinematic Fundamentals of Slurry Sawing 

We hired a consultant. Prof. Guenter Werner of the M.I.T. 

Department of Mechanical Engineering, to investigate the theory 

of slurry sawing. Professor Werner is a specialist in the fields 

of grinding and lapping, and is one of the proponents of the theory 

that abrasive grains in lapping roll rather than cut like a lathe 

tool. The results of his analyses are presented below. 

Rough Calculations Based on the Rolling Abrasive Model 

Assuming the abrasive rolls rather than becoming entrapped in 

the blade and cutting (as seems likely, in lapping), several features 

of the slurry sawing process can be explained. First, earlier 

\'Iork showed that rounded abrasive (zirconia-alumina) cut poorly in 

spite of high hardness. If the abrasive rolls, the material removal 

mechanism must be one of impact (Hertzian) fracture, and rounded 

abrasive would be expected to cut poorly because of its tendency 

to roll smoothly and not provide the impact associated with the 

jerky ro1ling of more angular grains. Second, the low wear rate 

of the blades compared to the workpiece makes sense in light of the 

fact that the steel blades are much less sensitive to impact fracture 

than the very brittle workpiece. 

It is interesting to approximate the number of impacts. Given 

a relative blade-workpiece motion d£/dt and a grain diameter dg 
and assuming the grain contacts both the workpiece and blade and 

rolls without slip, the grain must rotate at a rate 
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R = (dt/dt)/~ dg ( 44 ) 

In slurry sawing, dl/dt is on the order of 600 mmVsec, and dg 

is on the order of .03 tml. This leads to a revolution rate of 

6 X 103 per second~ 

If we assume that the distance between the blade and workpiece 

is one grain diameter, and that the density of abrasive grains in 

that space is the same as in the overall slurry, then in terms of 

the "mix" M(g/nm3) and abrasive density p(g/mm 3) , the number of 

grains touching an area A(nm2
) of the workpiece is 

( 45 ) 

(Note that M is here taken to be the number o·~ grams of abrasi ve 

added to 1 mm 3 of vehicle: the significant volume change leads to 

the correction term M/(M/p+l) which is the actual density of 

particles in g/mm 3
). For typical slurry sawing parameters 

r~ = 3.6 x 10-'+ g/mm 3 (.36 kg!1, 3 lb/gal), ;.J = 2.33 X 10- 3 g/mm 3 

(silicon carbide) and dg = .03 mm , then 

Np/A = 300 particles/mm2 ( 46 ) 

Although this number is somewhat large, the particles are not crowded: 

a simple calculation shows that average interparticle distances are 

1 to 1.5 times the particle diameter. 
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Although the above nunbers are interesting, the truly 

astonishing number arises when the number of impacts is 

considered. With all the above assumptions, the number N of 

particles passing through a unit width in unit time is 

And if a grain makes I impacts per revolution, the number of 

impacts 1* on a unit area per unit time is 

( 47 ) 

( 48 ) 

Assuming I is 3 (somewhat conservative) and using the numbers 

abcve yields 1* = 5 X 106 impacts per square millimeter per s€;cond~ 

The above analysis is admittedly crude and neglects such factors 

as slippage, non-ideal packing, fluid effects, etc. Even if the 

numbers are off by several orders of magnitude, it is believable 

that an extremely large number of impacts can occur, and the 

material removal can be explained by impact-induced microfracture. 

Consideration of Cut Rate 

In analyzing the cut rate from first principles, the actual 

blade-work contact area is extremely important. Thus, a consideration 

of the "fit" between blade and workpiece is essential. 
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a) 

b) 

Figure 36. Geometry of Worn Blade-Ingot Interactions 
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As the blade reciprocates, the ends of the blade are in 

nominal contact with the workpiece only at the ends of the 

stroke. Also. the sliding speed is maximum at the center of 

the stroke and zero at the ends. Under these conditions. the 

blade must wear more at the center than the ends. The shape of 

the worn portion of the blade must be a curve, of unknown shape 

but probably close to elliptical as shown in Figure 36(a). 

The actual contact area will depend on both the blade and 

workpiece wear curves. Assuming that the blade and workpiece 

maintain contact (perhaps untrue at the very end of the stroke) 

and that the curve shapes are pseudo-static, the workpiece curve 

must be geometricaily similar to and smaller than the blade curve. 

Two such curves can only touch at a point. Because of non­

idealities and the presence of grit the contact area will be small 

but finite, of length R.k as shown in Figure 36(a). The size of 

R.k is discussed below: since it will drop out of the analysis 

of cut rate, the discussion of ~k is postponed. 

Since, as the blade reciprocates, the contact point moves in 

a direction opposite to the blade motion as illustrated in 

Figure 36(b) the contact time tc between the blade and a point 

on the workpiece is a function of actual contact length R.k 

sliding velocity dl/dt t nominal contact length ~ and stroke 

length S: 
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Combining Equat10ns 49 and 48. the number of impacts per unit 

a rea of work surface in one 5 troke. Ni • is 

Each impact can be assumed to remove a volllt1e which is proportional 

to the average load per grain Lg which in turn is proportional 

to feed force per blade F • kerf width wk • contact length 

tk • and abrasive density NplA: 

( 51 ) 

where kv ;s an unknown constant (?) with dimensions vol ume/force. 

The cutti ng rate per stroke dz*/dt is then the volume removed 

per impact from (51) times the number of impacts per second oer 

unit area from (50): 

dz*/dt '" V N. w 1 

'" kvAFI*tc/NptkWk 

dz*/dt = k/IS/2rrdg( S +K }wk 

Finally, multiplying dz*/dt by the number of strokes per 

mi nute R gi ves 

79 

( 52 ) 

( 53 ) 



- -
- - - -

""'" - - - - . ,- -

- -

II 
II 
1...-" 

, . 

I; 
L 

I, 
I • 

, . 

! 
I. 

. -
i 

; 

. - --

Equation 53 is the equation for cut rate as derived from a 

simplified rolling abrasive model. It agrees well with 

experiments in several ways: the predicted linear increase 

in cut rate wi th stroke rate, feed force per blade per uni t 

blade width, and inverse of particle diameter are followed quite 

closely by the experiments under Phase I. The predicted less 

than direct increase of cut rate \'1ith stroke length is also true, 

although the magnitude has not been checked. It is reasonable 

to assume that the linear increase in cut rate with number of 

impacts per particle revolution is true, although we have no 

means of checking this. We conclude that the rolling abrasive 

model is the only one which has yet allowed the derivation of cut 

rate as a function of system parameters from first principles, 

and the resulting equation is reasonable, useful, but not yet 

proved to be trup.. 

"Bounce" 

One fea ture 0 f the slurry sawi ng p roces sis "bo unce", a 

vertical motion of the ingot relative to the blade near the ends 

of the stroke. Bounce increases as blade wear increases. It is 

generally felt that the motion is beneficial since it creates iJ 

pumping action which flushes used slurry and introduces fresh slurry. 

However, the forces associ ated wi th thi s motion can break wafers 

and blades, so bounce must be controlled. Standard practice is 

to shorten the stroke when the bounce becomes excessive so as to 

remove the effect of the ends of the worn portion of blade. 
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Kinematic considerations of the rolling abrasive model led 

Professor Werner to an interesting analysis of bounce. Figure 37 

shows a blade and workpiece in contact with geometrically similar 

but different size profiles as discussed above. It is apparent 

that when the blade moves, the ingot must move downwards with 

respect to the blade by a distance 8 = c - d. 

Geometrically, the condition of similarity of the two profiles 

leads to 

d = c K 1(5 + K} ( 54 ) 

Combining (54) with the relationship B = c - d , 

B = c (1 - K/(5 + K)) = c ') /(5 + K) ( 55 ) 

To make Equation 55 useful, we must consider the relationship 

between blade wear c and stroke length and kerf length. 

Taking the cut rate of Equation 53, multiplying by K. and 

modifying the 5/(5 + K) portion by raising to a power Cl (o«t'~l) 

at Professor Werner's suggestion, we obtain the rate of cross 

section work removal in a plane parallel to the stroke: 

( 56 ) 
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Mu1tiply1 n9 by time. setti ng the total nlJlt)er of strokes 

n • tR • yields 

Now. from Figure 37. the blade wear can be approximated by 

As • Kb c (S + K) 

( 57 ) 

( 58 ) 

The ratio of blade to work wear has been found to be roughly 

constant; call this Kr • Taking the ratios of Equations 57 and 

58 and setting y • Fky I/2~KbKrdgWk 

clOy n S"K I (S + K) 1 +CJ. ( 59 ) 

Substituting (59) into (55) gives the bounce in terms of stroke. 

nominal kerf length and number of strokes: 

It is instructive to rewrite Equation 60 in terms of the ratio 

d stroke length to nominal kerf length Rsk " S/K : 

( 60 ) 

( 61 ) 
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Equation 61 implies that the bounce (and blade wear!) as a function of Rsk 

his a maximum. easily calculated to be at Rsk • 1 + a. F1gure 

38 shows the bounce IS a function of Rsk far various values 

of a: the implication is that blade wear can be reduced by 

picking RSk < 0.5. Of course, the non-constant nominal kerf 

length encountered in slicing round ingots would complicate and 

change the an41ysis. We have not yet had time to check this 

analysis experimentally. 

Consideration of Actual Contact Length 

It is possible to derive an expression for the actual contact 

length between the blade and workpiece. Assume that the gap 

g between the blade and work p~ofiles at the end of the actual 

contact area is some fraction of the gra i n di ameter 

g .. c d 0.5'" c ... 1 ; 9 ( 62 ) 

In the vicinity of the theoretical contact point, the profiles 

c~n be described by a blade profile radius I' and a wo,'k prof; le 
I) 

radi us r • As long as the anqle between the two curves is small, w . 

geometrical considerations lead to 

( 63 ) 

The radii in (63) change ~ith ti~e and with position in the 

stroke. Since the actual cur-ve shapes are not known. assume that 
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the cu rVl!s a re a res 0 f ei rc I es (j. e •• i gno re the depende nee 0 f 

radii on position). Then for small values of e and d (see 
Figure 37)>> 

rb :: (s + KFBc 

r = K2/Bd w 

Combining Equations 54 and 59 with Equation 64 leads to: 

And combining Equations 64 and and 65 and setting 

8 = dgWko/F :: KvI/27l'KbKr yields 

Thus, the Contact length is di rectI y prOporti, ',. , to g ra j n size 

inverse square root of cutting fo rce j s sur',ris ing in view of 

kerf length. The dependence on square root "f ke"j width and 

and depends in a more complex fashion on strl~ke i!~d nominal 

the physical ""del chosen, but may be tru€, We h. ie as yet 

been unable to check this equation experi:~ntally, 
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7.2 Further Analysis of Blade Buckling 

We were puzzled by the fact that, although the analysis 

of blade buckling presented earlier predicted no torsional 

buckling under normal r:onditions, blades do deflect in a manner 

which strongly suggests torsional buckling. The following analysis 

was carried out in an attempt to resolve this question, and includes 

effects such as blade wear and kerf length. 

Several assumptions were made to make the analysis feasible. 

First, the worn blade profile is assumed to be a straight line. 

Second, since the ingot will provide some support to the portion 

of the blade buried in the ingot, the portion of blade in the ingot 

is assumed to tip as a rigid body around the local centerline. 

Third, stress concentrations and redistribution of stresses at 

changes in cross section and changes of centerline position are 

ignored. 

Restoring Torgue and Stiffness 

If the portion of a blade in the work is tipped by a small 

angl e '2 the restoring torque TR may be written in the form 

T = C R 
( 67 ) 

where C is a constant function of blade properties, dimensions, 

and tension. 

Considering the blade shown in Figure 39, the stiffnesses 

of each worn and unworn section of the blade must be considered. 
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For any section i • the stiffness is of the form(2) 

( 68 ) 

where ~ is a function mostly of blade material properties 

("intrinsic" stiffness) and partly of pretension, and n is a 

function only of pretension. 
Considering the combination of worn and unworn portions, the 

worn and unworn portions on one side of the work ~re in parallel, 

and the section~ on each side are in series. so the overall 

stiffness is (noting that ~ and n do not depend on length, 

so ~1 and nl apply to both unworn portions and ~2 and n2 

apply to both worn portions) 

Of course, we are interested mostly in the minimum stiffness 

during a stroke. Noting that 9'w1 + 9'w2 = constant = L, using 

this relationship to eliminate ~w2 from (69), and setting 

dC/d~wl = 0 gives 

~ 1 = ~ 2 = L/2 = ~ w w w 

( 69 ) 

( 70 ) 

(2) Biot, M.A., "Mechanics of Incremey,tal Deformation", John Wiley 

and Sons, New York, N.Y. (1965). 
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l Evaluation of Parameters 
t . tram Reference 2, ~ is the same as the stiffness of an 

i · 
untensioned member calculated using a modified shear modulus 

1 : • · G'=G-oT /2 
( 71 ) 

, 

! · vJhere ° Tis the tens ion. 
I , For a rectangular cross-section of width t and height . 

f 
~ 
f-

~ 
~ :;; J'G' 

J' = ht 3 (1/3 + O.21t (( t"/12h 4
) - 1) / h)±4; ( 72 ) 

· . 
(The expression for JI is an apr :"oximat.ion to an infinite series 

, i ~ • . of hyperbolic tengents; therefore hand t cannot be interchanged 
! 

in Equation 72.) 

With ~ defined by Equations 71 and 72, n may be calculated. 

From Reference 2, 

n :;; JeT 
( 73 ) 

(3) Roark, R.J. and young, W.C., IIFormulas for Stress and Strain", 

5th ed., McGraw-Hill (1975) 
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where J is the polar moment of inertia. From Reference 3. 

( 74 ) 

-

Now the only unknown in the above equations is aT • One 

might expect aT to be a function of 

biade wear, but to a very close approximation this is not so due 

to the method of tensioning. Blade tension is specified in terms 

of elongation, usually 2.54 mm (0.1 in.) over the blade length of 

381 mm (15 in.) This causes a strain € = 6.67 X 10- 3 and the 

stress may be calculated from strain times Young's modulus E. 

In the calculation of stress, blade cross-section does not 

enter so the blade wear does not affect the pre-tension. This is 

actually slightly erroneous, since the jaws holding the blades 

deflect slightly (about 0.5 mm, .002 in.) during the tensioning. 

As the blades wear, their stiffness decreases and this allows 

the clamps to relax, slightly extending the blades and increasing 

the tension by about 1%. This change can certainly be ignored. 

Therefore, 

Finally, Equations 68, 70, and 71 - 74 may be combined to 

define two stiffness parameters {note w is the amount worn} 
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s2 = t~l ((G - 0T/2)(h-w) t 3 (1/3 + O.21t (t"/12(h-w)" 

-1) / (h-w))) + 0T(h-w)t((h-w)2+t2 )/12) 

And from Equations 69 and 67, the res tori ng torque T R for an 

angular deflection 8 of the center section is 

Buc~ 

When the torque due to offset of the cutting force from the 

blade centerline is greater than the restoring torque, the blade 

( 77 ) 

will buckle torsionally. From Figure 38, the upsetting torque Tu 

is 

T u = F ( h -1'1) s ; n 8 / 2 ~F (h -w) 0 /2 ( 78 ) 

Setting the torques from Equations 78 and 77 equal to find the point 

of buckling, the buckling feed force Fb is 

( 79 ) 
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Calculation of Buckling Loads 

The actual calculation of loads is more complex than before 

because of the increased complexity of the model. Also, some 

further manipulation is necessary since the blade wear w is not 

a constant. 

An average blade wears on the order of 3.2 mm (.125 in.) 

during a cut on a 100 mm ingot. Assuming the wear rate to be 

constant, the wear can be written in terms of the cut depth d 

The kerf length K is. in terms of d and ingot diameter 0 

K = 2 {d{O_d))1/2 

The unworn blade length is 

£ = {381 - S - 0)/2 mm 

and the worn, unsupported length is 

£ = 191 - £ - K/2 mm w 

Typical cross-sections are 

h = 6.35 mm (.25 in.) 

t = .15 mm (.006 in.) 
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For steel, 

G = 7.9 x 10" N/mm2 (11.5 x 106 psi) 

E = 2 X 105 N/mm2 (29 x 106 psi) 

It is of interest to compute the amount of stiffness due 

to preload. Under no pretension, the stiffness per unit length 

is J 'G' (see Equations 68, 71, 72, and 73 with qT = 0 ). For 

a pretension of 0 ,the stiffness per unit length J'G' of a 

section of height 6.35 mm and thickness 0.15 mm is 556 Newton 

millimeters per radian per millimeter. From the same equations, 

the stiffness per unit length of the same section stretched to 

aT = 1330 N/mm2 is 4.81 x 10 3 Newton millimeters per radian per 

millimeter. The "intrinsic" stiffness of an untensioned blade is 

therefore about 12% of the total stiffness of a tensionf~d blade, 

so the intrinsic stiffness is small compared to the "induced" 

stiffness but probably should not be ignored. 

Results of Computations 

The above equations were evaluated for the parameters given 

( 85 ) 

above for various values of cut depth d and for an ingot diameter 

D = 100 mm • and a stroke S = 203 mm (8 in.). Buckling loads 

were evaluated on an HP-97 programmable calculator for cut depths 

of 0 to 100 mm in steps of 1 mm. 
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The initial buckling load was found to be 15.5 N. This 

load increased to a maximum of 17.8 N at d = 15 to 17 mm • 

The buckling load then decreased to 6.3 N at the 100 mm depth. 

This analysis agrees quite well with the independent analysis 

reported under Phase I in which the buckling load of a similar 

unworn blade (disregarding intrinsi~ stiffness) was found to be 

14 N {viz. 15.5 N calculated from this analysis}. Since typical 

loads for such blades are 0.82 N , and blade wander occurs almost 

from the beginning of the cut, the above analysis reiterates the 

conclusion that a torsional buckling analysis cannot explain the 

observed blade wander. 
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8.0 LARGE SAW DESIGN 

8.1 General Cons iderations 

As discussed earlier, many aspects of the large saw design 

were forced by the necessity to increase bladehead mass by a 

factor of about 10. This meant that the saw had to be a work­

moving saw with the workpiece reciprocating and the bladehead 

fed into the work by an electric motor drive, controlled by a 

closed-loop force controller. In addition, an improved blade 

tensioning system was required. 

The only major question remaining in the rough design was 

the layout of the ingot moving system, specifically how to arrange 

the components for maximum protection frr-,n slurry. Several concepts 

were considered (sketches will be found in the appendix), 1nclu~ing 

an "upside down" arrangement in which the workpiece was suspended 

over the blades and the blades were fed upward. We finally 

decided to build a carriage consisting of a space frame, supporting 

the ingot, hanging from linear ball bushings. The frame was deSigned 

so that splash shields could be installed between the main part 

of the carriage and the bushi ngs. 

The major deta i led des i gn tasks were then desi gn of the 

carriage drive system (including provisions for stroke adjustment). 

design of the bladehead and tenSioning mechar.ism, and design of the 

cutting force controller. These tasks are discussed in detail 

below. 
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8.2 Cutting Force Controller Design 

We decided to measure the cutting force by supporting the 

ingot on a spring-supported p'late guided by precision ball 

bushing~. This plate formed the top portion of the carriage. 

The distance between the plate and carriage could then be 

measured, and the known spring constant used to convert to 

force. This system had the additional advantage of allowing 

the ingot support to have low mass and low spring constant, 

reducing the shock force on the ingot associated with end-of-stroke 

bounce. 

Model of Cutting Design 

In order to design a closed loop control system, it is 

necessary first to derive a mathematical model of the dynamics 

of the cutting process. 

The system defined above is illustrated schematically in 

Figure 40. A precision variable speed DC motor-generator is 

controlled by an input DC voltage E; • The motor rotation is 

reduced through a gear system, and drives a lead screw which drives 

the bladehead and blades down into the ingot. A displacement 

transducer (LVDT, or linear variable differential transformer, 

used because the low spring constant desired required large 

deflections) measures the ingot displacement, and the LVDT 

conditioning module generates a DC output voltage proportional to 

ingot position. 
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This system is rather easily analyzed if the dynamic 

characteristics of the notor controller and LVOT conditioner 

are ignored. It turns out that the time constants in these 

two components are about 10-100 times less than those in the 

other components, so these dynamic characteristics can be ignored. 

Assume, therefore, that the bladehead velocity is related to 

E1 by a proportionality constant A, or 

In the cutting of the ingot, the cut rate will be a function of 

the force applied to the ingot. Assuming this function to be 

linear. the cutting 1~terface is equivalent to a damper. The 

velocity difference acro~s the damper is equal to the difference 

between blade and spring velocities. so the force 0,1 the damper 

is 

The force on the damper is also equal to the spring force 

plus the inertial force due to the velocity of the mass, or 

F • Md2 
X / dt + Kx s s 
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Equating Equations 87 and 88, and using (86) to eliminate 

The LVOT conditioner output is related to Xs by a proportionality~ 

Eo = Bx~. Using this relation to eliminate Xs from Equation 87 

and dividing through by M, 

For the controller analysis, the Laplace transform of Equation 90 

is desired. This is easily done. For notational convenience. 

defi ne 

A* = ABb/M 

b* = b/M 

K* = K/t~ 

and the Laplace transform of (90) is 

E / E. = A* / (52 + 1J*5 + k*) 
o 1 
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Controller layout and Analysis 

The controller block diagram, including the laplace transform 

(transfer function) for each component, is shown in Figure 44. 

A reference voltage Er (proportioll:;1 to desi red cutti ng load) 

is subtracted from the LVDT output to obtain an error signal Ee' 

Since we felt that relatively high freq!Jency load variations 

(such as those induced by bounce at about 1-10 Hz) should not 

affect the cutting force control, the error signal passes through 

a low-pass filter. The filter output is then integrated, so small 

errors can lead to large speed changes in time, and fed back to 

the controller. (Note that the integrator in Figure 41 is not 

ideal; an ideal integrator has Infinite DC gain (Ai = 0) • Since 

we were afraid that th~ r~ins involved might be large enough to 

approach the gain limit of an op amp, we decided to explicitly 

include the finite gain.} 

The filtered error signal is also amplified and displayed 

on a null meter. This allows both monitoring of performance 

and nulling out the deadweight of the system before the run. 

The system in Figure 41 is perhaps most easily analyzed 

by starting from an arbitrary point and multiplying transfer 

functions around the loop. Starting at the LVDT output Eo 

Ee is given by 

E = E - E e 0 r 
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Multiplying Ee by the filter transfer function gives Ef 

( 94 ) 

Proceeding in this fashion through the integration and sawing 

processes. we again obtain Eo: 

Defining some coefficients 

( 96 ) 
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and m3nipulat1ng Equation 95 into the form Eo/Er = some mess, 

by pure chance the mess becomes 

For perfect cut force control, EolEr should be 1. If the 

integrator were perfect, this would be true (after times long 

enough to let the system settle); but sir:e the integrator is 

not ideal, the ratio EolEr in steady state (s = 0) is 

and the parameters Af and Ai must be chosen to make this 
* ratio sufficiently close to 1 (Note, A < 0). 

Also, for stabinty, all the roots of the denominator of 

Equation 97 must lie in the left half-plane (i.e., have negative 

real parts). The choice of parameters to meet thes€ goals is 

discussed below. 

Choice of Controller Paraweters 

The choice of controller parameters is made difficult by 

the fact that several of the sawing process parameters cannot 

be known exactly: only ranges can be given. 
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The motor controller is such that a -15 volt signal causes 

the motor to run at 5000 RPM. This is reduced through a 

5000:1 gearhead, a 2:1 transmission. and another 5:1 gearbox. 

This gearbox turns a lead screw with a lead of 5.0B mroVrev 

(.2 in./rev). Thus, the proportionality constant between 

controller input voltage and bladehead velocity is 

A = (5000 rev/-15 V min}(1/5000}(1/2)(1/5}(5.0B mm/rev) (99) 

A =~.39 X 10-2 mm/min V = -5.64 x lO-~ mnVsec V 

Several other parameters were picked arbitrarily. The lVDT 

sensitivity B and the table spring constant K were picked as 

B = .394 V/mm (10 V/in.) 

K = 12B Newton/mm (731 lbf/in.) 

The combined table and ingot mass is very close to lB.1 kg 

(40 lbm), so 

M = (lB.1 kg){lO-3 sec2 N/kg 1Tf1l) 
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The cutting resistance b is more difficult to assess. 

However, in the range expected a cutting force of .83 N/blade 

(3 ozf/blade) results in a cut rate of about .05 mm/min 

(.002 in/min). Thus, b is approximately (for 1000 blades), 

b = (1000 blades)(.83 N/blade)(1/.05 min/mm)(60 sec/min) 

= 106 N sec/111I1 

For safety, WI;! considered 

5 X 10 5 < b < 5 X 106 N sec/mm 

From these equations, a range of parameters in Equation (92) can 

be calculated using Equation 91: 

* 2.76 X la' < b < 2.76 X 108 (sec- 1 ) 

The problem ;s then to choose Af , Tf • Ai ,Ti so as 

to make the roots of the denominator of (97) all have negative 

real parts, and minimize the difference of Equation 98 from 1. 

(102) 

(103 ) 

(104 ) 



r 

t 
f .. 
~ 
f 
~ , 

~ The equation for which we need the roots: 

( 105) 

With a
1
-a4 given by (96). is somewhat intractable: both the 

coefficients and roots vary greatly in magnitude, and slopes 

are steep in the vicinity of the roots. 

We also did not have access to much computing power: an 

HP-97 programmable calculator was our computer. Extremely 

powerful algorithms can be implemented on this machine, but it 

is difficult to automatically include difficult cases such as 

the problem posed here. 

We. therefore, arbitrarily restri cted our search for parameters. 

The inverse of filter gain, Af , was chosen to be 1 • Since we 

could not optimize the controller response (e.g. by root locus 

methods) and it is more difficult to find accurate complex roots 

than real on~s, we decided to choose parameters so as to make all 

r00ts negati ve real. Roots were fi rst approximated with an 

"ana1ytica1 11 solution and refined by binary search. 

With these restrictions, the following parameters proved 

suitable: 

Af = 1 '! f = O. 1 sec 

Ai = 0.01 Li = 0.05 sec 
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For the lower limit on b. the coefficients and roots of (105) 

are: 

al • 2.7600 x 10' Rl =-2.587 x 10-2 

a2 • 2.8153 x 10' R2 =-1.739 X 10-1 

a3 = 5.5272 x 10' R3 =-10.00 

a4 = 1.2421 x 10' R4 =-2.760 x 10' 

and for the upper limit on b. the coefficients and roots are: 

a1 .. 2.7600 x 108 Rl .. -l.560 x 10-2 

a2 = 2.8152 x 109 R2 = -1.740 x 10 -1 

a3 = 5.5207 x 10' R3 = -10.00 

a4 .. 1.2294 x 107 R4 = -2.760 x 108 

(We do not mean to suggest that even most of the figures in 

Equations 107 and 108 are significant.) 

The maximum controller error in percent is easily calculated 

from Eq',Jation 98 as 

* * * percent error • 100 (1 - A /(A,AiK - A )) 
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and the maximum occurs with the minimum b and is 1.1 percent. 

This completes the controller design except for one small 

addition: a system to disable the loop and control Ei 

(motor speed) directly from the front panel was installed. 

This is a "cut rate control" system and was used in case of 

force controller failure. A schematic of the actual circuit will 

be found in the Appendix. 

8.3 Carriage Drive 

In order to minimize power requirements and smooth out the 

acceleration of the ingot. we decided to drive the carriage by 

a fl.vwheel-connecting rod system. It was necessary to analyze the 

system to determine reasonable flywheel mass and connecting rod 

length. 

Figure 42 shows a schematic representation of the system. 

In tenns of the notation defined in Figure 42. it is most convenient 

to change notation slightly by defining 

* I = I/Mr2 (11 0) 

* L = L/r 

c = cose 

s • sine 
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Then, the equations of motion for this system are 

The equations of motion were integrated numerically for natural 

motion using fourth order Runge-Kutta integration on an HP-97 

calculator. The stroke length (2r) was chosen to be 254 mm (10 in.). 

For the flywheel selection, the connecting rod was e;hosen to 

be infinitely long. For this condition, (111) reduces to 

Figureu shows the simulation of one cycle of motion for various 

* * values of I • A value of I 8: 3 was chosen since the peak 

acceleration for this case is only 12% more than the sinusoidal 

* (I = (0) case. 
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* With 1 • 3, Equations 111 were then simulated for variouS 

va'ues of L • The results are shown in figure 44. Since a • 
'" 13c~, increase 1n peak acceleration occurs for l = 8 , a value 

* of l greater than 8 was specified. 
'" Figure 4S shows the system motion for 1 = 3 and various 

1r 

values of L 
Since the carriage mass is about 440 kg (200 lbm), the 

flywheel moment of inertia and connecting rod length can be 

calculated from (110). 
The system requires some method of stroke adjustn-ent. The 

system chosen is illustrated schematically in Figure 46. A 

disc. to which is !OOunted the connecting rod. is mounted off-

center on the flywheel. The disc can be rotated around its own 

centerline, and the distance between centerlines and disc size 

are chosen so that the distance between the flywheel centerline 

and connecting rod end can be varied from 0 to 64 nm, (0 to i!.~J in). 

{, walking beam arn\Jlifies the resulting 128 mill (S in.) fiidX;I'IUln 

stroke by a factor of two. to anow continuous adjustl:l('nt of 

carriage stroke between 0 dnd 254 ml11. 

through the flywheel axle. and a pinior on the r~d turns the disc 

Figure 47 is an isor~tric drilWif)(1 of the system. A rod ('xt21"lOS 

thrOugh a ring gear. Another rod. surrounding the first rod, Cdn 

be scrpwed in to clamp the disc between a plat~ and ring to 

lock the stroke by friction. 
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This system was used in the large saw, and several dis­

advantages were noted. The relationship between stroke and 

adjustment rod rotation is sinusoidal rather than linear, making 

setting of a desired stroke difficult. The frictional locking 

mechanism failed several times, allowing the stroke to slip. 

Finally, the carriage drive rods must nnve up and down slightly 

as the walking beam sweeps through a stroke: this makes it 

difficult to seal these rods where they pass through the wall of 

the slurry containment area. 

8.4 Bladehead and Tensioning System 

The blJdehead was designed as simply as possible, and the 

major components are shown in Figure 48. 

At each end of the blade pack, a top jaw 1 i fts off to 

expose a groove into which the spacers fit. The top jaw is then 

bolted to the lower jaw. Alignment between the jaws is maintained 

by a key. 

One half of the tensioning mechanism is shown at the lower 

center of Figure 48. Four bars are assembled into a diamond 

shape (viewed from the top). The leftmost (p~rtially shown) 

pack-holding jaw is fixed. As a bolt is tightened, two oppnsing 

corners of the diamond are drawn together, forcing the other two 

corners apart. This moves the rroveable (rightmost) jaw away from 

the fixed jaw, extending the blade pack. An identical system on 

the other side of the blade pack insures even extension. Two 
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Figure 48. Bladehead and Tensioning Mechanism 
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· . 
of the four anns in each linkage are fitted with wedge blocks 

to allow adjustment of the system. 

This $ystem has the s1gnifica~t advantages of only two 

bolts, high mechanical advantage which increases during 

the tensioning process, and simple operation. Several serious 

disadvantages were noted after usi ng the system: there i~ 

s'ignificant danger of locking the system by tightening the 

bolt too much (over-straightening the diamond shape), no bolts 

are available easily which last more than about 4 tensionings 

(hydraulic or pneumatic tensioning would be preferable, with 

bolts for holdingL and the system is essentially unusable \':ith 

pin-construction blade packs (in which the blades must be slipped 

to insure equal lengths) because it is difficult to set the wedge 

blocks so as to simultaneously d110\'/ sufficient mechanical 

advantage and prevent locking the system. 

8.5 Miscellaneous Design 

Figures 49-54 show the progressive assembly of the major saw 

systems. In Figure 49 the drive motor and chain to drive the 

flywheel are shown inside the tube-and-p1ate frame. Figure 50 

shows the addition of the flywheel and stroke adjustment system. 

Figures 51-54 show sequentially the addition of the walking beam 

and carriage drive rods, carriage and carriage support system 

(splash guards not shown), bladehead with lead screws and guide 
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Figure 51. large Saw Assembly: Addition of Walking Beam and Carriage Drive Rods 
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Figure 52. large Saw Assembly: Addition of Carriage and Bushings 
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Figure 5(. large Saw Ass..,ly: Addition of 8ladehead Drhe Motors and Shifter 
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bushings, and bladehead drive motors (small for cutting, large 

for bladehead positioning). Figure 55 is a photograph of the 

completed saw. 

During the period of saw testing, we found that the LPM-Z05 

module (Schaevitz Engineering) which was used to drive the 

Schaevitz MHR-SOO LVOT was prone to breakdowns and had 

insufficient zeroing range. We replaced thi~ module with a 

system of our own design. This consisted of ~ Burr-Brewn 4423 

oscillator generating a 10 kHz sine wave, feeding the LVOT through 

two complementary current-boosting transistors. The Signal from 

the LVOT is in the form of two sine wave output~ at the drive 

f,'equency; the difference between these outputs is linearly 

proportional to core position. Our module passed each signal 

through a preci s ion full wave rectifier, subtracted the result 

in a difference ampl ifier, shifted the level in another ampl ifier 

(providing zeroing over the full linear range), adjusted the level 

in a gain amplifier, and stripped off the 20 kHZ (not 10 kHz, 

because of the full wave rectification) carrier in a four pole 

low-pass active filter (adjusted 50 response at 500 Hz wa~ 97' of 

the DC response). This system worked very vlell; a schematic will 

be found in the Arrendix. 

As hinted earlier, we had serious problems with bearing 

lifetime due to slurry s~lashing. The carriage bearings had to be 

~rotected by be110ws in addition to the splash Shields. The rod­

end bearings in the drive syster,l and flywheel bearings were quickl! 
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~igure S5 . Completed Large Saw (~ot2 almost fully sliced ingot . ) 
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destroyed by slurry coming out on the carriage drive arms. 

The rod end bearings connecti~g the carriage drive arms to the 

carriage had very short lifetimes. These problems, all associated 

with the carriage drive arms, can only be solved by complete drive 

system redesign so the carriage drive arms can be sealed where 

they pass into the slurry area (or eliminated). As noted above, 

the stroke adjustment system could be significantly improved at 

the same time. 

Slurry distribution was also a problem. Our standard static 

system, in which a sheet of slurry is provided by a slotted tube, 

proved insufficient to evenly distribute slurry across the blade 

pack. Most runs were made with a perforated tube dropping closely 

spaced streams, but this system clogged repeatedly. A spray 

system using tungsten carbide spray heads was des-jgned and 

ordered, but at the time of writing (September, 1979) not all 

components had been received. 

Measurement and display of bounce also proved difficult. A 

circuit was designed and installed which amplified the LVDT signal 

in a high pass filter, leaving only the AC component (peak-to-peak 

voltage propJrtiona1 to bounce). Positive and negative peak-detect­

and-hold circuits foilowed by a differential amplifier then sensed 

bounce. In spite of careful shielding and isolation, the long time 

constants (30 sec) required made this system useless because of noise 

spnsitivity. In later runs we displayed the LVDT signal on an 

o5ci11oscope as an indication of bounce. 
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LAB SAW DESIGN 

The lab saw was originally conceived as a small scale 686 

saw. When we began to design the lab saw, it became evident 

that extensive redesign was necessary. In order to provide 

accurate cutting force with very small numbers (1-10) of blades, 

an electronic closed-loop control system was needed to replace the 

air cylinder feed. Because of the greatly variable blade length, 

a new waybed and slurry splash pan were needed. The bladehead 

drive system had to be moveable in order to allow the blade 

center to be placed at the stroke center and ingot center. Again 

because of greatly variable blade length, the bladehead and spacer 

clamping system had to be redesigned. 

The cutting force controller was chosen to be the same as 

the large saw controller: design details are presented in an 

earlier section. For the lab saw, the parameters that are different 

from the large saw are: 

M = 1.36 X 10-2 N sec2 /mm (30 lbm) 

K = 16.3 N/mm (93 lbf/ir..) 

With these parameter changes, Equations 99-109 yield choices of 

suitable gains and time constants: 

A = 1 f 

A. = 2 X 10-'+ 
1 

T = sec f 

or = 5 sec l; 

( 113) 

(114 ) 

111 f 
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The lab saw was designed and fabricated with a controller 

as defined above. The extensive r'edesign necessary, coupled 

with extremely late delivery on several subcontracted items 

(such as the waybed) made the completion of the lab saw several 

months later than expected. 

Two problems appeared when we used the lab saw. First, 

the spacer clamping mechanism was somewhat tricky and required 

great care to use properly. Second (and more important), since 

the force sensor for the cut fOl'ce was mounted on the upward 

feeding mechanism (guided by a linear ball bushing), we had to 

install a bellows going from the feed top plate to the slurry pan 

to protect the mechanhm from slu:--ry. The nonlinear (due to fold 

separation) spring constant of the bellows turned out to be several 

times larger than typi cal feed forces, and was sensed by the sensor. 

Thus, the vertical feed traveled to a point where the bellows force 

equalled the feed force and stopped. Be'llows with suffi ciently low 

spring constants were not available, and preventing the force 

sensor from sensing bellows force would have required extensive 

redesign. 

Since the lab saw had been completed too late to use .n the 

blade tests with the blade materials we were able to obtain, and 

it required significantly more work to become generally useful, we 

decided to suspend lab saw work because of limited time and personnel. 
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10.0 EXPERIMENTS: PHASE II 

10.1 General Remarks on Cutting Tests 

As a result of the successes obtained under Phase I, we 

redefined our IIbaseline ll or standard silicon cutting technique. 

This standard technique may be defined as follows. Blade pack 

parameters: .15 mm (.006 in.) thick by 6.35 (.25 in.) high 

blades, 381 mm (15 in.) clamped length, extended 2.54 mm (.1 in.), 

separated by .35 mm (.014 in.) thick spacers; this configuration 

cuts 20 wafers/cm of ingot. Slurry parameters: 7.56 £ (2 gal.) 

PC oil (37 t or 10 ga 1. for the 1 arge saw) mi xed with r~i era 

Abrasives #600 SiC with .36 kg added to each liter of oil 

(3 lb. added per gallon of oil), applied by a static tube pulsing 

for 5 sec out of each 30 sec. Feed force: 0.83 N (3 ozf) f.:>ed 

force per blade. General: 100 strokes/min reciprocation rate, 

203 mm (8 in.) initial stroke reduced by 6.35 mm (.25 in.) 

whenever bounce exceeded u64 rrm (.025 in.), ingot diameter 100 rnm. 

Unless otherwise noted" these conditions were used for all tests. 

Each test was given a number of the form 2-XX-YY. '5t~nds 

for rhase II. XX stands for the test series name: 01 for blade 

tests, 02 for lab saw te~ts, 03 for slurry (vehicle and abrasiv') 

tests, 04 for solar cell demonstration and fabrication, 05 for 

miscellaneous techniques, 06 for tests of an alignment device to 

improve blade alignment, and 07 for large saw tests. YY :hen 

stands for the test number within that series. 
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10.2 Low Cost Blade Tests 

Slightly Soft Blades: Tests #2-1-01 1 -02, -03, -04 

We attempted to improve the cutting action of the overall 

system by using softer (by about 10%) b1adp.s o These blades 

cut faster in some other systems (for example. quartz). and 

we hoped the same might be true in cutting of silicon. The 

cost of softer blades is the same as for standard blades. 

Tests #2-1-01, #2-1-02. and #2-1-03 were run using the 

softer blades. lx, 1.6x, and 0.5x the standard abrasive con-

centration, and otherwise standard conditions. Serrations had 

been observed in the upper b1adehead clamp jaws, caused by 

indentation by the relatively thin spacers we use. We have no 

evidence, but these serrations might cause spacers to "hand up" 

and prevent proper blade posi tion;ng. Therefore. we replaced 

the jaws. 

Yields were 92% (#2-1-01), 100% (#2-1-02) and 7% (#2-1-03). 

The low yield of #2-1-03 was caused by blade breakage, but the 

reason for blade breakage is unknown. Oimenc,ional parameters 

(bow, taper, thickness) of the wafers were normal or slightly 

WOl~se than normal. Cutti ng times were very long: 38.5 hrs. 

(#2-1-01), 74.3 hrs (#2-1-02), and 43.75 hrs (#2-1-03)0 Blade 

wear in all cases was slightly greater than normal. 

Since soft blades cut so slowly, we tried one more run, 

#2-1-04, using ~C~~ blades, a standard slurry mix, and 50% higher 

feed load. After the three pri:'.';ous runs, the bladehead jaws had 
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aqain become serrated: the faces were smoothed and a strip 

of blade stock was inserted between the spacers and jdwS to 

prevent further serration. Again. we cannot trace any problems 

directly to these serrations, but the blade stock does provide a 

simple cure. 

Cutting time was reasonable. 29.5 hours. Yield was less 

than 20%, for unknown reasons. Meaningful dimensional parameters 

could not be obtained since the over-range indicator on the ADE 

gauge was activated for about 80% if the wafers: this is an 

i.ndication of poor wafers. We. therefore, conclude that softer 

blades offer no advantage ins; 1 i con wafer; ng: harder blades 

might be useful to the cutting process, but are ap~arently not 

available except at higher cost. 

Lower Accuracy Stnr,k: Tests #2-1-05, -08, -09, -07 

Test #2-1-05 was run using lower accuracy (T-l instp.ad of 

T-2 thickness tolerance), cheaper blade stock. While conditioning 

the blades by cutting a glass block, several blades broke. No obvious 

reasons for the breakage were apJ,Jarf:.'nt. W~ ran Test #2-1-07 to dunlicate 

#2-1-05. Because of availability, the saw equipped with the IIbounce 

fixture" (discussed below) was used. 

Cutting time was 48 hours, due to feed sticking caused by 

the bounce fixture. Yield was 79%. Wafer dimensional parameters 

were not Significantly worse than average. This blade stock seems 

useable, although stacking toler~nce associated blade misalignment 

may be a problem in large packs. 
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M Continuing our investigation of cheaper blades, we ran 

Test n'2-l-08 using a blade pack made from T-O thickness tolerance 

blades. The thickness tolerances on these blades are 60% greater 

than the tolerances on our standard T-2 tolerance blades. 

Blade thickness, spacer thickness, and all other conditions 

were standard. Severe wafer breakage occurred throughout the 

run, and no wafers survived. Cutting time was 40.5 hours due to 

feed sticking (the test was run on the bounce fixture machine 

because of availability). Blade wear was low (25% less than usual) 

but blade side wear was high (1/3 the blade thickness). 

We repeated the test in Test #2-1-09, except we removed the 

bounce fixture. The results of the two tests were identica~. We 

concluded that T-O tolerance blades cannot be used to wafer 100 mm 

d i ame te r s il i co n • 

Increased Tension: Tests #2-1-06, -10 

We ran Test #2- 1 -06 to gain preliminary understanding of 

the effect of blade tensioning on cutting and waft~r quality. 

Tension in the blades was increased by 20% (3.05 mm (.12 in.) 

elongation, rather than 2.54 mm (.10 in.)). All other conditions 

we re s tanda rd. 

Cuttir.g time was 35.5 hours. Yield was 95% after the cut; 

wafer breakage duri ng cl eani ng rt:duced thi s to 64%. 
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Blade wear was slightly high, 3.1211111 (.123 in.), but not 

high enough to be worrisome. Surprisingly, wafer taper and bow 

were slightly high. Kerf loss was also slightly higher than 

normal. 

It seems likely that higher tension should result in better 

wafers and, perhaps, shorter blade lifetime. The results of 

Test #2-1-06 seemed so contraintuitive that we repeated the test 

in Test #2-1-10. Blade elongation was increased 20?~ (to 3.05 mm, 

0.120 in.). All other conditions were standard. 

Cutting time was somewhat long, 41 hours. Yield was 90~ • 

Worst mean values of wafer dimensional parameters were as follows: 

nonlinear thickness variation 52 urn (0.002 in.), centerline bow 

92 wm (0.0036 in.). Comparable results from other runs using 

standard elongations were 65 ~m (0.0026 in.) NTV and 133 ~m 

(0.0052 in.) bow. Other pararreters such as thickness standard 

deviation ~nd non-worst case NTV and bow were also improved. (Due 

to the nature of the sawing process, wafer dimensional parameters 

differ between the withstroke and perpendicular-to-stroke directions.) 

In two runs v.lith the increased elongation, we have now 

obtained one average run and one better than average run. More 

testing is necessary to define the average result with the greater 

elongation. The incre?~ed elongation is very attractive because 

it improves one attribute 0'· the process· (wafer dimensional para-

meters) without degrad~"g any other attributes (setup time, cost. 

etc. ) • 
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10.3 Lab Saw Tests 

Qualification Tests: #2-2-01, -02 

Test #2-2-01 was the qualification test for the lab saw. 

Ten standard length .15 mm by 6.35 mm (.006 by .25 in.) blades 

and .36 mm (.014 in.) spacers were used. 7.57 ~ (2 gal.) of PC 

oil were mixed with 2.7 kg (6 lb.) of #600 SiC abrasive. In other 

words, the blade pack and slurry used were our standard "baseline" 

types. 

Because of the bellows problem discussed earlier, the constant 

cutting force syste~ could not be used. The constant cut rate 

option was used, cutting at a safe .85 ~m/sec (.002 in/min). 

The run went very well. Two wafers broke during a night 

shutdown: fingerprints were found in the residual oil on the 

ingot, and we assume someone on the second shift touched the '.vafers 

and discovered how fragile they can be. The wafers showed some 

ridges which we attribute to variations in spring constant as 

the bellows convol utions separated. The saw performed excellently 

both mechanically and E!lectrically. 

Test #2-~-02 was a duplicate of #2-2-01, intended to gain 

experience with the saw. Only three wafers resulted because of 

misalignment of the ingot with the stroke direction. However, 

the saw performed very well mechanically. 

Blade Elongation i,.,. the Lab Saw: Tests #2-2-03, ··04, -05_ 

Since tests of increased blade elongation had given mixed 

results (see #2-1-06, -10) we decided to try to measure the effect 

of blade elongation variations i" the lab saw. During this series, 
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we obtained several complete runs; however, it was discovered 

that the spacer clamping mechanism tended to allow blade 

slippage during tensioning, and thus the results were meaningless. 

Because of the problems encountered with the lab saw and 

the high priority of other tasks, we discontinued work on the 

lab saw. 

10.4 Slurry Tests 

#500 SiC Abrasive: Test #2-3-01 

A package of 150 0.15 mm thick blades and 0.41 mm spacers 

was used to cut a 10 COl silicon ingot. A change from #600 SiC 

abrasive (standard) to #~OO SiC resulted in a cutting tin~ of 

24.5 hours, but an increase in kerf loss for Ou20 mm (with #600) 

to 0.24 mm. Yield was 67%, and slice bow and taper average 35 ~ , 

which indicates a good controlled cutting action. However, the 

shift to the heavier abrasive gave an increase in kerf loss 

comparable to that saved by reducing blade thickness from 0.20 mm 

to O. 1 5 1llTl. 

Lubrizol Suspension Oil: Tests #2-3-02, -03 

Several tests were run using Lubrizol 5985, a suspension oil 

supplied by Lubrizol Corporation as a replacement for the standard 

PC oil. This oil exf:ibits high suspension power using a dissolved 

polymer suspension agellt, and iower viscosity i:han PC oi 1. Test 

ii2·3-02 was run using 0.15 mm blades and 0.30 mm spacers. All 
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conditions (tensioning, abrasive mix, abrasive, feed weight, 

etc.) were "standard", i.e. set at the values found to be 

best fer PC oil. 

Severe wafer breakage occurred during cutting. The yield 

was about 3%. The machine was checked for alignment, and it 

was found that the end of the b1adehead well (aga1nst which the 

end of the blade pack is compressed) was significantly out of 

pet'pendicular relative to the feed (50 to 80 microns in 12 mm). 

The end bloc~:~ were shimmed to make them perpendicular to within 

2.5 ~m (.0001"). 

Test #2-3-02 was repeated. except the spacers were increased 

to .356 mm (.014") in order to increase wafer strength. The 

operator had difficulty aligning the blade pack. but was able 

to obtain alignment within tolerances (having the blade pack 

parallel to the stroke witnin 5 pm (.0002")). 

Again, severe wafer breakage occurred during cutting. The 

yield was about 25~,:. The wafer surfaces were quite wavy, and 

some broken wafers were measured to be .102 mm (.004") thi ck. 

These results indicated that controlled cutting had not been 

achieved. 

The que;;tion is "can controlled cutting be achieved with 

Lubri zol 5985"? ThE> major di fferences betvJr>en 5985 and PC 

(standard) are viscosity and suspension power. It is difficult 

to believe that the much higher suspension power of 5935 is 

detrimental; thus, the lower viscosity of 5985 is probably the 

major difference. 
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Vi sees 1 ty affects mostly the drag forces and the abras ive 

transport quality during cutting. lower viscosity should 

decrease drag forces; again, this should not be detriment~l. 

Therefore. the poor performance of 5985 is likely to be 

due to a change in the transport and distribution of abrasive. 

light Mix lubr1z01: Test *2-3-06. -09, -10 

Since lubr1zol 5985 oil had not performed well under the 

same conditions as the standard slurry oil, we decided to vary 

¥-

the abrasive mix. Feeling that lubrizol may provide a higher 

effective mix at the cutting interface due to the higher suspension 

power and lower viscosity, we decided to reduce the amount of 

abras i vee 

For this test, the mix was 0.24 kg/l (2 lb/gal) and all 

other conditions were standard. Efficiency, abrasion rate. and 

productivity were slightly low. Cutting time was longer than 

usual. and kerf loss was high. Yield was only 19~. Slice taper 

and bow were slightly high. 

We felt that since a slight improvement over previous tests 

was noted in the early stages nf this test. \'Ie were gOing in the 

right di rection. 

Continunig the trend of Test #2-3-06. Test :2-3-09 was made at a 

mix of 0.12 kg/l (1 lb/gal). All other conditions were standard. 

Kerf loss was reduced. Slice taper was increased slightly 

and slice bow increased significantly. All other measurements 

were comparable to Test ,z-3-06. Viel d was only 12'_,. 
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The low yield and high taper and bow were partly a 

result of blade breakage and wear. The blades were worn on 

the side by approximately 1/3 the thickness. The ratio of the 

number of blades worn 011 one side to the nlltlber worn on the other 

side was 10:1, 1ndicated some asymmetry in the cutting process. 

This amount of wear is unprecedented in cutting any material 

in any condition. We cannot yet give a good reason for this 

wear. However. the early stages of cutting appeared quite good. 

It is possible that the abrasive was limiting the sl~rry life at 

the end of the cut. It appears that light mix is the correct 

~pproach for standard lubr1z01. 

In order to find the point at which a Lubr1z01 slurry has 

too ~1ttle abrasive, and to investigate the side wear problem. Test 

#2-3-10 was run wi th a 0.06 kg!1 U2 lb/gal) mx. Yield was so low 

(4%) that only cutting time could be measured. The cutting time 

increased significantly. This has always been a good indication 

that the total amount of abrasive was too little, thus, it :ieems 

that a heavier mix is r~cessary with lubrizol. 

Th~ high side wear occurred dgain. Measurements were made 

during the cut. with the following results. At 14 01- the cut depth, 

!tide wear could not be measured, at '2 the cut depth, side wear was 

0.05 times the blade thickness; at the end of the cut the side wear 

was 1/3 of the bl ade thi dness. 

These results indicate that the side wear is due to some 

effect which changes during a cut, perhaps the geometric changes 
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due to the round cross-section of the ingot or abrasive break­

down due to the small amount of abrasive used. Although Lubrizol 

with a light mix is economically attractive, we cannot use it 

until we resolve the side wear question. It still remained that 

the early cutting was better controlled and breakage occurred 

after 1/3 of the ingot has been cut. 

Lubrizo1 Retest: Test #2-3-11 

After discovering serrations on the b1adehead clamp jaws, 

we retested Lubrizol 5985 suspension oil in Test #2-3-11 (between 

tes ts #2-1-03 and #2-1-04). Conditions used were those found 

earlier to be best, i.eo standard except for 1/3 standard 

abrasive concentration (0.12 kg!l or 1 lb/ga1). 

Cutting time was 32.7 hours. No wafers survived the run. 

After the test, the clamp jaws were found to be serrated again. 

We have no evidence that jaw serration even contributed to the 

breakage. Since the only major advantage of 5985 is easier 

recycling, and since we have been so far unsuccessful with 5985, 

we decided to concentrate on lower cost slurry fluids. 

Lubrizol Additive (Imitation PC): Test #2-3-12 

After much testing of viscosity and suspension power, we 

obtained a mixture of the polymer suspension additive used in 

Lubrizol 5985 with mineral oil which we felt was the best match 

possible with PC oil. The cost was not known, but since the 
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suspension power was less than LZ 5985, we felt it should be 

lower. The suspension and viscosity tests are discussed later. 

In Test #2-3-12, a film appeared to form on the blades. 

Wafers broke very early in the run, the bladehead drive motor 

overheated, and motor fuses blew. This indicated very high drag 

forces, and we decided that LZ 5985 additive is not a promising 

additive. 

Water Based Slurries: Tests #2-3-13, -14, -15, -18, -19, -22, 

-35, -37 

After Lubrizol 5985 showed such disappointing results, we 

began to feel that vehicle suspension power may not be expecially 

important to the cutting process. In addition to the fact that 

LZ 5985 (with very high suspension power) worked poorly, we 

reasoned that once abrasive is transported to the cutting area, 

we could see no way in which suspension power could affect the 

cutting process itself. Based on this reasoning, water based 

slurry vehicle with its extremely low cost potential seemed 

i nteresti ng. 

The viscosity of the fluid is probably important. Although 

we do not know the optimum viscosity for a 5lurry vehicle, it is 

unlikely that water (250 times less viscous than PC oil) is 

optimum: the water must be thickened. Acting on a suggestion 

from Dr. Leipold of JPL, we obtained a cellulose based water 

soluble polymer which can be used at low concentrations to increase 
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the viscosity of water up to 30,000 times. This was used to 

increase the viscosity of tap water to be within 5% of that of 

PC. 

Since the blades are steel, corrosion is a strong possibility. 

A commercial corrosion inhibitor was used, at the minimum dilution 

recommended by the manufacturer, to prevent corrosion. A 

bactericide was also added. The thickener also produced a quite 

alkaline solution, pH 9-10. 

Test #2-3-13 was run with this formulation. Initial cutting 

rates were quite high, approximately 50% faster than normal. 

After a night shutdown, we noted that slurry tended to dry and 

cake between the blades during shutdown, with consequent wafer 

breakage. This could be avoided by washing the blades on shutdown, 

or by running continuously. 

At 12.5 Im1 (0.5 in.) cut depth, blades began to break. By 

18 rnm cut depth, about half the blades had broken and the test 

was aborted. Inspection of the blades showed that they had all 

cracked at the junction between the worn and unworn portions, at 

the end of the stroke. The fracture initiated at the cutting side 

(bottom) of the blade, and the initiation area showed the large­

scale faceted appearance typical of intergranu1ar cracking. 

After about 0.32 mm (0.013 in.) of crack length, the fracture 

surface character changed to the gray dimpled appearance of ductile 

fracture. No fatigue striations were discernable at 90X magnification. 
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We concluded that the fracture initiated by stress 

corrosion cracking with possible fatigue growth before the 

final ductile failure. The first possible cure considered 

was reducing blade tension. Assuming that the overall reaction 

is dominated by the in; tial reaction, Fe ... Fe ++ +2e- , a qui ck 

calculation (assuming an exponential dependence of reaction rate 

on stress) showed that the bllde stress had to be reduced over 

200 times to allow a blade to make it through a 100 mm diameter 

ingot. Previous experience has shown that it is impractical to 

reduce the blade tension by more than a factor of about 1.3, 

because blades under lower tension wander more readily. Even 

if the calculated necessary reduction in blade tension is two 

orders of magnitude too high, suppressing stress corrosion by 

reducing blade tension is imp,'actical. 

The next ~tep was to try a different corrosion inhibitor. 

Inspection of old lab notebooks show2d that similar 3tress 

corrosion problems had occurred wt,eu using Hater to cool and flush 

debris away from diamond impregnated blad~$. Samples of the 

corrosion inhibitor which solved the prob1f~m were obtained, and 

a new batch of water-based \'ehicle (WBV) was prepar'ed. A bl ade 

pack was tensicned, and WBV was pumped over it ill a pulsed cy:-le 

as it would be while cuttingc TO encvurage corro:ion the tor 

and bottom of the bl ade pack was abrdded (with 320 grit sar.dpap€r) 

five times during the test. After 100 hours of exposure to WBV 

without any breakage 9 we terminated the test and tried cutting 

silicon again. 

126 



I 

i : 
L,I 

I ' I ! 
L: 

i i 

U 

I ( 
U 

L 
I ; 
I 
j : 
",.-~ 

, . 

{ 
'f __ _ 

I; 
I. , 

r 
I 

L; 

. ' 
1 

L 
£ ~ 
I . 
L 

t 'f"* 

} 
.~ 

Test '2-3-14 was run with the new fonnulation (WBV II). 

Cutting rates were comparable to standard rates. When shutting 

down, the blades were washed with water containing corrosion 

inhibitor, and the bladehead was reciprocated a few times to 

clnan out the kerf slots. No problems were encountered when 

starting up after the night shutdown. Unfortunately, blade 

breakage occurred after the same number of cyel es and in the 

same fashion as in the previous test. 

It seemed that the major problem with WBV is stress corrosion. 

The first two tests used nitr'ite-based r.hemical inhibitors. Test 

#2-3-15 was run using wav III, using a nitrite-free chemical 

inhibitor. 

Results were quite similar to prev'lous tests. Initial cutting 

rate was quite good. When the machine was shut down for the 

night, the blades were washed with water and corrosion 1nhibitor, 

and no problems were experienced with morning start up. 

Unfortunately, severe blade breakage occurred at approximately 

the same point as in previous tests (1/8 to 1/4 the way through). 

We concluded that standard chemical corr~sion inhibitors are not 

sufficient for this purpose. 

Test #2-3-22 was run using a slurry of distilled water and 

abrasive, with no other additives. Other conditions were standard, 

This test was intended to provide a baseline by which to measure 

the performance of the various corrosion inhibitors we have tried 

or wi 11 try. 
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Cutting rate was reasonable. about .053 mmVmin (.0021 in/min). 

At 23 mm (.91 in.) cut depth. blade breakage was so severe that 

we stopped the test. The blades were viSibly rusted irrmediately 

after the test. even on the portions that were continously 

abraded. 

It is tempting to conclude that the corrosion inhibitors 

we have used had either a detrimental or no effect. However, 

even though the blade steel was nominally identical to that 

used previously, some microstructural differences may be present. 

We feel that the visible rust, which we had not seen before, is an 

indication that corrosion was increased in the absence of inhibitors. 

Our conclusions were that corrosion inhibitor does indeed reduce 

corrosion; the inhibitors tested so far do not sufficiently reduce 

corrosion; and the difference in lots of steel is sufficient that 

blade lifetime in Test #2-3-32 cannot be directly compared with 

blade lifetime in previous water based slurry tests. 

In Tests #2-3-15, -18, and -19 we tested solubl~ oil corrosion 

inhibitors. Two different oils were used: dilution was the 

manufacturers recommended maximum. Test #2-3-19 used the same 

formulation as Test #2-3-18, except the polymer thickener was not 

added. In all three tests, severe blade breakage occurred after 

1-5 hours of cutting. 
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We hired a consultant, Prof. R. M. latanisfon of M.I.T. 

(Director of the Corrosion Laboratory) to investigate the blade 

failures. Based on observation of the process and broken blades, 

he concluded that the fractures were caused by hydrogen embrittlement, 

the hydrogen resulting from corrosion. (He felt that the fracture 

surfaces are such excellent examples of hydrogen embrittlement 

fracture that he requested samples to use in class.) His opinion 

was that no corrosion inhibitor is available which would solve the 

problem: the solution would be to reduce blade hardness and/or 

change blade material. None of these alternatives is acceptable. 

Dr. Paul Tung of JPl modified his fatigue test machine so as 

to allow testing of blades in aqueous environments. 

A sample of Cortec VCI-309 anodic-cathodic-vapor phase 

corrosion inhibitor was delivered to Dr. Tung, along with blade 

samples, for fatigue testing. Dr. Tung reported that blades 

tested in distilled water broke livery quickly" but the spread was 

large; blades tested in 5 wt.% VCI-309 lasted more than 106 cycles 

(3 tests); and the one blade tested in 1 wt.% VCI-309 lasted more than 

106 cycles. 

If cycles in Dr. Tung's ~ests correspond to load cycles in 

the saw, these lifetimes correspond to 84 hours of cutting, which 

is much more than requi red for even two cuts th rough a 100 IllI11 

diameter ingot. 
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In light of these promising resul ts. we ran Test #2-3-25 

using a distilled water slurry vehicle containing 5% (by weight) 

of Cortec VCI-309. (5% is the maximum recommended concentration.) 

The results of the tests were promising, but not as good as 

hoped. The total running time was 21 hours, including three night 

shutdowns. One blade broke at 5 hours. 40 minutes; one blade 

broke at 9 hours, 5 minutes; and several blades broke between 

13 hours and 21 hours. The vehicle tended to form a stable 

foam, which caked on the saw. After 21 hours, the cut had only 

progressed 25 mm (1 inch) into the work, and all the abrasive 

was trapped in dried foam. In view of the clogging of the 

machine, we shut down the run. 

The fact that all but a few blades lasted at least 21 hours 

is heartening. Still, an acceptable water based vehicle must 

allow minimum blade lifetimes longer than this. One problem in 

testing is that the statistics are extreme rather than mean 

value statistics (i.e., we are interested in the lower tail of 

the blade lifetime distribution rather than the average). This 

makes it difficult to predict saw performance on the ba5is of 

relatively few laboratory tests. 

We r~n Test #2-3-37 using the same slurry as #2-3-35 with 

the addition of a Foam-a-cide 500, a commercial defoaming agent 

from the Angler Chemical Company of Plainville, MA. All other 

condi tions were standard. 
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The defoaming agent did its job. The init1a1 cut rate, 

however, was extremely slow (about 1/4 of usual). After 6.25 

hours of cutting, at about 1/16 of the full depth of the cut, 

the workpiece broke loose and shattered against the bladehead. 

We dec1ded this run was not promising and terminated it. 

Although water-based slurry vehicle seems somewhat promising 

at this time, apparently much development work remains. 

Abrasive Sizing Tests: Tests #2-3 .. 01,-04. ·05. ·07. ·08. -21. ·30 

In Test #2·3-01, a package of 150 0.15 mm thick blades and 

0.41 mm spacers was used to cut a 10 cm silicon ingot. A change 

from #600 SiC abrasive (standard) to #500 SiC resulted in a cutting 

time of 24.5 hours, but an increase in kerf loss for 0.20 mm 

(with #600) to 0.24 mm. Yield was 67%, and slice bow and taper 

averaged 35 ~ , which indicates a good controlled cutting action. 

However, the shift to the heavier abrasiv~ gave an increase in 

kerf loss comparable to that saved by reducing blade thickness 

from 0.20 nm to 0.15 mm. 

In Test #2-3-04, a mix of three abrasive sizes was used, with 

1/3 of the standard mix (0.36 kg/liter) made up of each of #500, 

#600 and #800 SiC. Total cutting time was only 22.1 hours,less 

than with only #500 SiC. However, bow and taper were not as low 

as in #2-3-01 and kerf loss was nearly identical (0.246 mm). 

Yield was 83%, indicating a reasonably controlled cutting action. 
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The results indicate two aspects of MS slicing_ Firstly, it 

appears that the largest particles in an abrasive mix control 

the cutting action and kerf loss. Secondly. the abrasive mix 

involving a broader range of particle size seems to maintain good 

cutting action. It is possible that the smaller particles help 

support the larger particles and allow them to perform their 

optimum cutting action. 

For Test #2-3-05, the abrasive consisted of equal parts of' 

1600 and lSOO SiC. Other conditions were standard. This test 

was to investigate both reduction of kerf with mixed abrasive 

and the effect of the amount of spread in particle sizes. 

EffiCiency, abrasion rate, productivity and kerf loss were 

normal. The yield was very low, only 29%. Slice taper and bow 

could not be measured since the wafers activated the out-of-range 

warning on the measuring device. 

The results of this test were encouraging in tems of using 

potentially cheaper abrasive, but controlled cutting conditions 

were not achieved. Cause of the low yield must be established. 

Continuing the effort to lower the price of abrasive by 

using a broader spectrum of particle size~, Test #2-3-07 was 

run using equal parts of #600, #800 and #1000 grits. Cutting 

force, cutting speed, ingot size, and suspension oil were standard. 

0.15 mm x 6.35 mm blades with 0.40 mm spacers were used. An error 

was made in slurry mixing: only half the desired amount of 

abrasive was mixed, so the overall abrasive mix was 0.18 kg/1. 
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Cutting time was good, 23.2 hours. However, severe sHce 

breakage occurred and the yield was only 3%. The blades, again, 

showed anomalous side wear, up to 1/3 the total thickness. The 

appearance of side wear may indicate that a wafer breakage is 

caused by a machine problem, although no measurements have 

supported thi s. 

Test 12-3-08 was In attempt to reduce kerf loss and abrasive 

cost; a standard condition run was made using equal parts of lSOO, 

*1000 and 11200 grit abrasive. 

Again, yield was very low (11%). Cutting time was long 

(about 44 hours) as before with *800 grit slurry. Kerf loss was 

slightly reduced: bow and taper were somewhat large. The mixture 

of *800 and smaller abrasives does not seem to offer any improvement 

over '800 alone. 

The Norton Company supplied us with a sample of silicon 

carbide abrasive produced by a cheaper process. Although labelled 

as 'SOD, the company claimed that it was equivalent to the '600 we 

currently use. 

We tested this abrasive in Test 12·3-21. All conditions were 

standard. Cutting time was 25.5 hours; yield was 75%; kerf loss 

was high, .265 mm (.105 in.). Wafer dimensional parameters were 

aver'age. 

We concluded that the abrasive was workable, but was more 

similar to our standard 1500 than 1600. 
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At our request. Norton produced a new Slq)le with smaller 

particle size. This Slq)le. designated MeA 1632 by Norton, was 

tested in run 12-3-30. All conditions except the identity of the 

abrasive were standard. 

The results were essentially the same as in Test *2-3-21. 

Cutting time was 30 hours, yield was 99%, taper was 51 ~m (.002 1n.), 

and bow was 44 ~m (.0015 in.). All these results are quite good. 

Unfortunately, the abrasive kerf loss was 98 ~m (0.004 in.) rather 

than the 60 ~m (0.0024 i".) expected with '600 abrasive. 

The results of these te~ts indicate that direct abrasive cost 

reduction is not promising: t~e major cost reduction is expected 

to come from recycling. 
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Mineral Oil Vehicles: Tests 12·3-16, -17, -20, -23. -2S~-26. 

-27. -28. -32, -34. -36 

Since such good initial cutting rates were found using 

Wtlter based slurry, we hypothesized that suspension power does 

not Significantly affect cutting performance. We, therefore. 

ran Test 12-3-16 USing 400 SUS mineral oil as the slurry vehicle. 

Viscosity (with abrasive) matched that of PC oil. All other 

conditions were stand!rd. 

Cutting rate WlS approximately normal but varied somewhat 

ft)re than usual. Ouring the run the ingot ~:!S significantly 

warmer than normal (llODF at one point vs. 90°F maximum measured 

on other runs). However, current draw was normal. Presumably 

the higher temperature was not due to increased heat generation 

but was due to decreased heat removal. This is surprising since 

mineral oil should have higher specific heat than and approximately 

the same thermal conductivity as PC oil. 

Approx1m!tely halfway through the cut. the work,iece broke 

loose from the submount. The reason is not known: the temperature 

was too low to significantly soften the adhesive. 

Measurements on the half-wafers indicatp,d that they were not 

signi ficantly worse than normal. The question of heat tra,-,ster 

and generation in mineral oil slurry was not explained. 

We continued our investigation of slurry fluids 1n Test 

*2-3-17 by trying a high viscosity mineral oil. 600 SUS oil was 

used: all other conditions were standard. Slurry viscosity was 

approximately twice that of a standard PC oil slurry. 
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As the blades became buried, the drag forces increased 

greatly. The ingot heated to 43°C (27-30°C is normal) and the 

motor was drawing 10 A vs. 6-7 A normal draw. This caused 

several fuses to blow, and the run was stopped after 5.1 hours at 

a cut depth of 10 mm (.30 1n.). No blades were broken, indicating 

that drag force is not a cause of blade breakage: the ingot was 

lithe hottest ingot" the operator had ever seen. 

Since the ingot and blade pack were still good, we replaced 

the slurry with a mixture of abrasive and 200 SUS mineral oil 

(about 2/3 the viscosity of a standard PC mixture). Current draw 

was slightly high (8.5 A) and two fuses blew before the end of 

the run, but the run was completed in 40.25 hours. Yield was 

21%: wafers may have been broken or weakened by high drag forces. 

Wafer dimensional parameters were poor. 

We concluded that mineral oil slurries may be workable, but 

will probably require a lubricity additive. (lubricity is a poorly 

understood fluid property which is more important than viscosity 

when considering lubrication when clearances are very small.) 

Test #2-3-20 used a mineral oil slurry mixed 10:1 by volume 

with lard oil, a standard lubricity additive. All other conditions 

were standard. 

Drag forces were reduced, as shown by the reduced current 

draw in the motor. However, drag forces were still higher than 

with PC oil slurries. Several fuses blew during the run, and all 

wafers had broken by the time the cut was half finished, and the 

run was halted after 18.5 hours. 
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The lubricity approach seemed promising, and since good 

cutting was obtained in Test #2-3-19 (unthickened water), we 

decided to try thinner mineral oils with lard oil additive. 

Test #2-3-23 was run uSing thin (100 SUS) mineral oil 

with lard oil added. Cutting time was reasonable, 36.75 hours. 

Yield was very low, 12%. Wafer dimensional parameters were poor, 

but not terrible; NTV was 120 ~m (.0047 in.) and bow was 235 ~m 

(.0093 in.). The cause of the low yield and high bow are unknown, 

but both problems probably stemmed from the same source. The 

drag force and fuse blowing problem was completely eliminated. 

As a baseline comparison, we ran Test #2-3-26 which was a 

duplicate of #2-3-23 except that no lard oil was addedo Cutting 

time was long, 61 hours. Yield was 73%. NTV was 100 ~m (.004 in.) 

and bow was 256 ~m (.012 in.). No fuses blew, but the ingot was 

noticeably warmer than usual during the cut. 

Two more tests were run to test the effect of parameter 

variation on thin mineral oil-lard oil slurry. Test #2-3-25 was 

run under the same conditions as #2-3-23 except that we changed 

our machine setup procedure slightly. The standard method is to 

tension the blade pack and then align the blades with the stroke. 

We reversed this order: the procedure was much more difficult 

and time consuming, but probably resulted in better alignment 

of the central blades. 
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Cutting time was again long, 61 hours. Yield was 49%. 

Slice taper and bow were 92 ~m and 128 ~m respectively, an 

improvement over Test #2-3-23. However, the bow and taper were 

still somewhat high, and we feel that the difficulty of the 

different setup procedure is so high that the improvement 

achieved is not worth the extra work. 

Since cutting time with mineral oil-lard oil slurries had 

been so long, we tried to speed up the cut in Test #2-3-27 by 

increasing the abrasive/vehicle mix to 0.48 kg/l (4 Ib/gal). The 

reason for this change was our suspicion that the tortuous path 

followed by the slurry in returning from the ingot to the bucket 

allows buildup of settled sludge (when a non-suspension vehicle is 

used). Thus, the abrasive/vehicle ratio is constantly decreasing. 

Every 8 hours, we had been scraping up the sludge and remixing, 

but the ratio still varied during each 8 hour period. The 

increased amount of abrasive in Test #2-3-27 was intended to 

compensate for this settling. 

As we hoped, cutting time was much improved, 26.5 hours. 

Unfortunately, yield was very low (5~b or 7 wafers). The surviving 

wafers were excellent, with very low bow and taper. Although the 

wafers were too few to form a stati$tically significant sample, 

their high quality indicates that the cause of the low yield was 

not severe blade wander. 
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Previous tests with a slurry fluid of low viscosity 

(100 SUS) mineral oil with lard oil lubricity additive mixed 

5:1 by volume have showed mixed results. The drag force 

problem can be eliminated. Cutting times have been made reasonable 

by increasing the amount of abrasive, which should not be necessary 

1n newer saws due to decreased abrasive "laydown" in the return 

path to the slurry bucket. Yield has been poor, and wafer 

quality has ranged from poor to excellent. 

In Test #2-3-28, we reduced the proportion of lard oil to 

40:1, which is recommended for many applications. If the large 

amount of lard oil was causing the problem, this reduction should 

allow the yield to be raised. All conditions were standard except 

the abrasive mix, which was increased to 0.48 kg/l (4 19/9al) as 

in Test #2-3-27. 

Unfortunately, there was too little lard oil to prevent the 

drag force problem, and several fuses blew. At 41 mm (1.6 in.) 

cut depth the mineral oil/lard oil ratio was decreased to 20:1 by 

adding lard oil. No JTX)re fuses blew, but wafer breakage started 

almost immediately. 

Final yield was 66%. Cutting time was 38.3 hours, bow was 

198 ~m (.008 in.) and taper was 87 ~m (.0035 in.). 

We conclude that mineral oil slurries with lubricity 

additives seem workable, but lard oil may not be the right 

additive. 
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Test #2-3-36 was run using an unusual abrasive. The 

Mosher Company, a local manufacturer and distributor of lapping 

equipment and supplied, prov1ded a sample of Micro Abrasives 

#600 silicon carbide (our standard abrasive) which they had 

treated using a proprietary process to provide lubricity when 

suspended in oil. They claimed we could use this abrasive with 

straight mineral oil (100 SUS). 

Unfortunately, this did not work. Even at 80% of standard 

reciprocation speed. fuses blew regularly from the beginning. 

We terminated the run after 1/16 of the cut, and concluded that 

the treated abrasive offered no improvement over the untreated 

abrasive in straight mineral oil. 

In Test #2-3-34 we tried 100 SUS mineral oil mixed with 

cetyl alcohol lubricity additive and a surfactant to prevent 

abrasive clumping. The cetyl alcohol could not dissolve in the 

oil, so no cutting was attempted. 

We feel that 100 SUS mineral oil with lard oil additive is 

a promising low cost slurry vehicle. Cost is about $1.20/gal 

in bulk. Due to the lack of suspension power, a few days 

settling allows one to easily draw off about 80% of the vehicle 

for reuse, reducing the cost of vehicle to about $.25/Qal/run. 

Another advantaqe of this system is that the sludQe can be resuspended 

in a less viscous medium such as water, making abrasive reclamation 

more convenient. 
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We feel that the problems encountered can be solved in 

time. It should be noted that the 7176 saw (which is the 

replacement for the 686) and the prototype both have much 

simpler slurr,} return paths. so sludge build-up should not be 

a problem. 

Test #2-3-32 was run using a vehicle made up of 85% by 

volume 100 SUS mineral oil and 15% by volume White & Bagley 

#2213. a general put'pose lubricity additive for metal cutting 

and grinding. 

The initial cutting rate was low, about 70% of the usual 

rate with PC oil slurry. One fuse blew during the first day 

of running, and speed was decreased to 80 RPM. On the second 

- ~---~--------.......... ...-. .. ~ 

day of cutting, about 1/8 of the way through the ingot, it proved 

impossible to run the saw over 30 RPM without blowing fuses and 

the run was stopped. Again, since insufficient lubricity was 

obtained at the highest recommended concentration, and also 

since it seemed that some component had evaporated or settled 

out causing higher drag than with 100 SU~ mineral oil along, we 

did not investigate this system further. 

Cutting Oils: Tests #2-3-29, -31 

Previous testing of mineral oil slurry vehicle showed that 

drag forces are a major problem, cutting times may be made 

reasonable by proper choice of conditions, excellent wafers can 

be produced, and if drag forces are sufficiently reduced by 
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addition of sufficient lard oil, then the only problem left is 

low yield due to wafer breakage near the end of the run for 

unknown reasons. 

It seems reasonable that some characteristic of the lard oil 

may be responsible for the wafer breakage. Thus, we decided to 

try additives different from lard oil, namely commercial cutting 

oils. The price was not a consideration in this series, since we 

have found that oils with little suspension power are easily recycled 

by one to two days settling, and if a workable oil proved too 

expensive, we would at least have a good starting point from 

which to develop low-cost low-suspension power slurry vehicles. 

We consulted the White & Bagley Company of Worcester, MA and 

picked three test vehicles. W & B cutting oil #1 is a low priced, 

general purpose cutting oil. W & B cutting oil #2698 is a medium 

cost, very h:lgh sul fur-chlori ne-fat content oil for hard to machi ne 

materials. Both oils are thin, on the order of 100-200 SUS. 

W & B HD soluble oil 2213 is an all-purpose extreme pressure 

additive for oil or water, containing no sulfur or fat but with 

a high chlorine content (covered in Test #2-3-32 above). 

Test #2-3-29 was run using a vehicle of W & B cutting oil #1. 

All other conditions were standard. During the first quarter of 

the cut, fuses blew regularly and the saw could not be run over 

60 RPM (60% of standard speed). He terminated the test and will 

not use W & B cutting oil #1 again as there seems to be no promise 

of making it work. 
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Test #2-3-32 was run, again using standard conditions, but 

using W & B cutting oil #2698. Results were identical to results 

of Test #2-3-29: blown fuses and inability to run the machine at 

full speed. 

Our conclusions are that we have not yet found the proper 

mineral oil system, but such a system is workable. Further 

research is necessary, combining careful consideration of the 

necessary properties with judicious selection of additives for 

experimentation. It is unlikely that commercial cutting 011s will 

prove suitable, in view of the results of Tests #2-3-29 and #2-3-31. 

The workable system will consist of mineral oil and a carefully 

selected one or two additive package. 

Recycled Abrasive: Tests #2-3-33, -38 

Much effort was spent before we succeeded in separating 

abrasive from PC oil. Filtration and cyclonic methods did not 

work. Since the order of magnitude difference in particle size 

and the difference in density between SiC and Si both tend to 

separate the two types of parti c1es, we felt it was only a matter 

of time before we succeeded. 

We finally did succeed in separating used abrasive from PC 

oil slurry. The apparatus was a Centrifugal Clarifuge manufactured 

by the Barrett Company. which cost $4.000 today complete (including 

reCirculating pump and extra bowl). It consists of a spinning 

bowl having edges turned in at the top encased in a fiberglass 

housing. Liquid is poured or pumped into the center of the bowl, 
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and sludge is forced into the outside of the bowl while excess 

liquid flows over the edges of the bowl. Th~ sample was 19 l 

(5 gal) of used slurry containing approximately 33 kg (15 lb) of 

abrasive. The sample was poured through Barrett's demonstration 

unit five times at a flow rate of approximately 0.32 l/sec 

(5 gal/min). 

The cake formed on the inside of the bowl was obviously 

mostly silicon carbide with a skin ot silicon (SiC is gray while 

the Si dust is brown). The cake was then washed in chlorothane 

twice to facilitate magnetic removal of steel dust from the blades 

and remove residual oil to make accurate weighing possible. A 

small amount of silicon dust was removed by this washing. Final 

recovery was 9.9 kg (4.5 lb) of abrasive, or 30%. This could be 

easily increased since much abrasive was lost by sticking to the 

bag in which it was transferred from Barrett to Varian, inefficient 

washing, sticking in the centrifugal bowl (from which the cake was 

scraped rather than washed), and the fact that the bowl had more 

capacity than was used by the small sample. 

404 kg (2 lb) of recycled abrasive was mixed with 8.8 kg 

(4 lb) of new abrasive (33% recycled) and the mixture was tested 

in run #2-3-33. All other conditions were standard. 

The results were an unqualified success. Cutting time was 

28 hours. Yield was 100% on the saw: five wafers were broken 

during cleaning by an inexperienced klutz (also known as the author 

of this report). Wafer thi ckness \'sas 276 lJm (0.011 in). Taper 
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was 63 ~m (.0025 in) and bow was 91 ~m (.0036 in). These 

results are all either average or better than average. This 

test shows conclusively that use of 33% one-time recycled abrasive 

does not degrade performance in any way. Since further recycling 

would result in a very small percentage of abrasive recycled more 

than once, we feel confident that multiple recycling of abrasive 

at the 33% level will have no effect other than reduced cost. 

As a check, we repeated Test #2-3-33 in Test #2-3-38. Cutting 

time was long (42 hours): yield was 98% (one blade broke). 

Because of time limitations we were unable to measure the wafers. 

We conclude that 33% recycled abrasive is an excellent 

method of cost reduction. 

10.5 Demonstration and Fabrication 

Cell Fabrication, 10 cm Diameter: Test #2-4-01 

0.15 mm blades and 0.36 mm spacers were used to cut a 100 mm 

silicon ingot with a standard 0.36 kg/liter mix of #600 SiC with 

PC oil and 85 grams uf cutting force per blade. Cutting time was 

22.4 hours and yield of the 0.314 mm slices was only 59%. Taper 

and bow were 70 \1. It was felt that the alignment of the blade 

stop in the b1adehead (which is the vertical reference for blade 

alignment) may have impacted yield 1n this test. Alignment was 

carried out to try to correct this condition • 
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Machine Proof Test: Test #2-4-02 

After end s top correction, the above tes t (12-4-01) was 

repeated. 0.41 mm spacers were used resulting in 0.36 mm 

slices. Cutting time was again 22.4 hours with 50t, yield. 

Bow and taper were 50-70~. The indication was that proper 

alignment existed, but that uncontrolled cutting leading to low 

yield had occurred. 

The best explanation for poor cutting lies in the different 

slurry application technique used with the new test saws. A 

reciprocating slurry application, as opposed t~ pulse-type 

distribution, seems to increase the effective slurry mix. Higher 

mix generally has given reduced cutting time and wafer yield and 

accuracy. The preceding tests show these conditions. We, therefore, 

shifted to a pulse-type slurry applicator. 

Wafer Dicing, Cell Fabrication: Test #2-4-03 

MS slices, 0.35 mm thick were diced into 2 em squares to be 

used for surface preparation and cell fabrication studies of MS 

slicing. 

Cell Fabrication: Test #2-4-04 

Three hundred 0.15 x 6.4 mm blades with .41 mm spacers were 

used to cut a 100 mm silicon ingot for surface preparation and 

cell fabrication studies. Cutting time was 28 hours, but yield 

was only 29%. Slice thickness was .322 mm and kerf loss was 0.237 mrn. 

Slice breakage during the cutting process and poor yield with thin 

slices continued to plague this phase of the program. 
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N-type for Cell Fabrication: Tests '2-4-05. -06 

In order to have N-type 100 mm diameter wafers available 

for cell fabrication, etching studies, etc. we ran tests '2-4-05 

and -06. 

Test 12-4-05 used a heavy slurry mix (0.48 kg/~) in order to 

try to resolve the yield problems found above. 0.20 1111'1 thick 

blades and 0.41 1111'1 thick spacers were used. Cutting time was 

36.5 hours, and yield was only 55%. S1 ic'! taper was 64 \.lm and 

bow was 11 J lJm. 

Test 12-4-06 used standard conditions except a 204 blade 

epoxy type pack rathe~ than the ~tandard pin pack was used. 0.41 mm 

spacers were used. Cutting time was 40 hours, and yield was 64%. 

Slice taper and bow were 117 \.lm and 225 lJm respectively. 

Inves tigation at PC 011 Problems 

Since rnfd-Oec!mber 1977, we had been using PC oil from a 

55 gallon drum. lot 67-k-26-2. When this drum was received, we 

noticed that the color was different from previous lots. Process 

Rp,\earch confirmed that they had changed the base oil. 

We checked a sampl£ for viscosity and static suspension 

charfActeristics. The ~.ar:;j:1e was insignificantly different from 

previous samples, 50 we used it as before. 

In Mitrch 1978. we dhcovered that the oil from the bottom 1/4 

~}f Ve b.:rrel Wa~ 519nificantly lower in viscosity than previously. 

Tht vis~os1ty was only 15% of the standard value. Since we tap 

the oil from the bottom of the barre'. it seemed likely that the 
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clay platelets which thicken the oil and give it good suspension 

characteristics had settled and been drawn off earlier. Agitating 

the barrel increased the viscosity to 30% of the ~tandard value. 

We have no direct evidence that any cutting tests during 

the period Decp.mber 1977-March 1978 were adversely influenced by 

loss of oil viscos1~. However, the change in oil viscosity is 

an extra, unaccounted variable during a period of poor cutting 

results. Process Research agreed to replace the barrel, and we 

decided to ke .. p the 011 stirred to prevent viscosity and suspension 

power YaMations. 

10.6 Miscellaneous Techniques 

Cutting Enhancement: Test 12-5-01 

Glass walls were mounted on either side of a 10 cm silicon 

ingot with standard conditions of MS slicing. This technique has 

been used very successfully with gallium arsenide and other materials. 

The cutting action seemed to proceed well, but the glass and ingot 

eventually broke loose. The result WIS complete fracture of the 

work, even though cutting time and blade wear appeared to be 

comparable to good cutting. 

"ichine Proof Test: Test ~2-5-02 

The second JPL saw was corrected for bladehead end stop 

vertical alignment (whit~ 0,~gns the blades vertically) and was 

used to cut a silicon ingot with 0.15 mm blades and 0.41 mm spacers. 

Cutting time was 23 hours, but yield was only 42%. The indication 

is ~~at slurry mix and application technique were not suitably 

matched to allow good cutting. 
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Upside Down Cutting: Tests 12-5-03, -Ob. -07. -15 

To detennine the characteristics of slurry ingress to the 

blades during MS slicing. a special work holding ffxture was 

installed on a standard Varian 686 MS saw to allow "upside-down" 

cutting of a 100 mm silicon ingot. 150 0.20 x 6.4 mm blades and 

0.41 mm spacers were used with 113 grams of blade load. 0.48 kg/liter 

of '600 SiC was used as a slurry with "pulse-type" application to 

either side of the ingot. 

Cutting time was 26.1 hours, yield was 100% and the bow 

and taper of the 10 cm slices ~as 36 and 44 microns respectively. 

Indeed the cutting process proceeded wll iI. th~" mC)(ie and the 

511 ce accuracy was the bes t seen to da te. 

The work-holder tended to loosen and rock slightly at the end 

of each bladehead stroke due to the direct~on of loading in this 

cutting mode. For this reason a new test was scheduled to 

eliminate the rocking motion which may have cushioned the cutting 

shock to wafers and been responsible for the i~rovements noted. 

A second upside down cut, *2-5-06, w~s run to isolate the 

effect of the upside down mode from t~at of the rocking wnrk-holder 

experienced in Test #2-5-03. A rigid workpiece mount was used and 

cutting went very well until halfway through the ingot when the 

workpiece broke loose from the submount. This experience was 

sufficient to show that the reversal of gravity on the action of 

slurry was the useful improvement with this techr.illue. 
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"Upside down ll cutting (feeding the ingot downward) 

provided the best results (in terms of thickness variation, bow: 

and taper) obtained so far. Both previous upside down cuts used 

0.2 mm (.008 in.) thick blades, so we decided to try, Test #2-5-07, 

upside down cutting with 0.15 mm (.006 in.) blades. All conditions, 

except for the direction of cut, were standard. 

Cutting time was normal, 32.25 hours. Yield was 23%. Slice 

taper and bow were about normal, and kerf loss was slightly high. 

The reason for the poor performance compared to the first upside 

down cut is not known; it may possibly be because of the thinner 

blades. 

Since the first test of upside down cutting yielded the best 

wafers obtained so far, and since subsequent tests all had problems 

not directly associated with the cutting process (e.g., ingot­

submount separation), we ran Test #2-5-15 using a baseline blade 

pack (thinner blades than in the first run). 

During the run, the ingot broke away from the submount once 

and the submount broke away from the mounting plate once. Both 

times the operator happened to be standing by the machine and was 

able to shut down immediately. Only five wafers were lost due to 

breaking loose. 

Cutting time was slightly long, 35 hours. Yield was 92%. 

Wafer dimensional parameters were poor, because of steps caused by 

imperfect alignment on remountiny. The high yield in spite of the 

problems 1s very encouraging. We were unable to pursue this 

technique because of time limitations. 
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Load Variations During Cutting: Tests #2-5-04. -05 

Test #2-5-04 was run before Professor Werner's analysis 

(presented above). It was assumed that the cutting pressure at 

the blade/silicon interface was important to controlled abrasion 

and that variations in pressure due to ingot cross-section (at 

constant load) might cause some of the bow/taper variations seen 

in MS slices. Cutting force was varied to maintain constant pressute 

(based on nominal kerf length) with the maximum load being 113 grams 

per blade. 136 0.15 mm blades and 0.41 mm spacers were used. In 

order to suppress wafer fracture, a thin coating of epoxy was used 

on the perimeter of the ingot. The epoxy slowed the cut so severely 

during the early and late portion of the test that the overall slicing 

time was 63 hours. Yield was 71%. and the edge chipping seen in 

the past did not occur. The coating disturbs the cutting process 

so severely, however, that an alternate will be sought. Wafer 

accuracy in the vertical direction was degraded, but in the 

horizontal direction, it was greatly improved. 

All analyses have indicated the blades should be stable 

(not subject to torsional buckling) at the feed loads used, by 

about an order of magnitude. However, blade wander does occur. 

We attempted to investigate whether torsional stability affects 

blade wander by altering the feed weight during Test #2-5-05 in 

order to keep the feed weight at a constant percentage of buckling 

load as calculated previously (second analysis). The maximum 

feed weight was the standard 85 g/blade (3 oz/blade). All other 

conditions were standard. 

Since the feed force was low for most of the run, cutting time 

was long (78 hours). Yield was 67%. Wafers were poor. We concluded 

that "constant stabil ity" actually degrades the cutting process. 
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la~e Ingots: Tests '2-5-08, -09, -12 

In Test '2-5-08, an attempt was made to slice a 150 mm 

(6 In.) diameter ingot. All conditions were standard, except 

for the blade pack. 0.2 mm (0.008 in.) thick blades were used 

for extra stability. 0.51 mm (0.02 in.) spacers were used for 

increased wafer strength. The blades were 12.7 mm (0.5 in.) 

high, twice.the standard height. This change was made since 

blade wear correlated with total distance traveled in the cut, 

which for a constant cutting rate is proportional to wafer area. 

Since the 150 mm ingot yields wafers with 2.25 times the area of 

100 mm wafers, we expected about 6.35 mm of blade wear: obviously 

6.35 mrn high blades could not be used. 

Cutting speed was average. Severe wafer breakage occurred, 

with about 1/3 of the wafers broken at a 50 mm (2 in.) cut depth. 

At this point, the ingot broke loose from the submount, and the 

test was aborted. Blade wear was 1.25 mm (0.049 in.), as expected 

for that depth. 

The wafer breakage was probably a result of poor initial cutting 

alignment, since the ingot was not ground to a cylinder (a flat was 

ground for mounting). The reason for breaking loose from the sub-

mount is not known. 

In Test #2-5-09, we cut a 120 mm (5 in.) diameter ingot. The 

ingot was ground to a cylinder. All conditions were standard, 

except .41 mm (.016 in.) spacers were used for increased wafer 

strength. 
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Cutting time was slightly longer than expected, 53 hours 

(we expected about 48 hours from area considerations). Cutting 

speed near t~e end was slow, probably because the slurry was 

nearing the end of its effer.tive lifetime. In addition, a 

regulator failure in the feed air system caused no cutting force 

for about 1/2 hour. Yield was quite good for a first try, 53%. 

The wafer dimensional parameters have not yet been measured 

because the wafers are too large for our instruments. However, we 

now know that 120 mm diameter ingots can be cut my mu1tib1ade slurry 

saws with only 200-250 microns of kerf loss (150 micron thick blades 

and 12 micron abrasive). 

Since we were successful cutting a 125 mm (5 in.) ingot, but 

the slurry lifetime seemed to be reached before the end of the cut, 

we decided to run Test #2-5-15 cutting a 125 mm ingot and add 

abrasive during the second half of the cut. All conditions were 

standard, except the spacers were .41 mm (.016 in.) for wafer 

strength. 

Unfortunately, we were unable to test the abrasive addition 

concept because the wafers broke up approximately half way through 

the cut. The reason is not known: ingot residual stress or lack 

of a bounce fixture are possibilities. 

Baseline Check: Tests #2-5-14, -16, -17, -18, -19 

Tests run in the early portion of Phase II showed consistently 

low yields and problems. We decided to check our IIbaseline li 

conditions as defined in Section 10.1 to see if the problems were 
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caused by a bad baseline or if they arose from difficulties 

encountered in "pushing the limits" of slurry sawing. 

Tests #2-5-16. #2-5-17. and #2-5-19 were run using 0.15 mm 

(.006 in.) blades and 0.36 mm (.014 in.) spacers. The first 

two tests were half capacity, while the third was full saw 

capacity. All conditions were standard. ,/ 

Yields were 72%. 85% and 80% respectively. All other para­

meters (cutting time. wafer dimensional parameters) were normal. 

Two tests were run to see if minor baseline modifications 

could produce significant improvements. Test #2-5-14 used 0.2 mm 

(.008 in.) blades and 0.3 mm (.012 in.) spacers. This yielded 

thinner wafers, but the same m2/kg conversion factor. Test #2-5-18 

used 0.15 mrn blades and 0.36 mm spacers, but was run on a saw not 

previously used in this program. 

Yields were 90% and 75% respectively. Again, all other para-

meters were normal. 

In view of these results, we concluded that our baseline 

conditions are indeed good. Yields must be improved, but the 

best way to do this is to continue pushing the process to its 

limits and thereby learn more about the mechanisms responsible 

for low yield. 
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End-of-Stroke Shock Load Reduction: Tests #2-5-10, -11, -13, 

-20, -21, -22 

As discussed above, both in the analysis and Phase I 

experimental section, unavoidable blade wear gives rise to 

"bounce", a vertical motion of the ingot. The motion and 

associated pumping action are felt to be beneficial, but the 

associated forces are detri~nta1, contributing to blade and wafer 

breakage and blade wander. 

In order to reduce the shock load, we constructed a low­

mass bounce fixture consisting of two parallel plates separated 

by springs and constrained to move only towards or away from 

each other by a miniature four post die set. This fixture was 

inserted between the workpiece and the feed system. 

This was tested using standard conditions in Test #2-5-10, 

except the spacers were .4 mm (.015 in.). The fixture was so 

effective in isolating the shock from the feed system that the 

feed tended to stick. This was resolved by periodically stopping 

the machine and d)'opping the feed about 10 mm. 

Cutting time WnS slightly long, 36 hours (probably because 

of fe~d sticking). Yield was 100% and it was noted that only 

one wafer had a noticeable edge chip. Wafer dimensional parameters 

were average, again probably because the feed dropping interrupted 

the process • 

We decided to try to define the limits of blade and spacer 

thickness possible with the bounce fixture • 
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Test #2-5-11 was run using standard conditions except the 

spacers were 300 ~m (.012 1n.) thick. This spacing should yield 

250 ~m (.010 in.) thick wafers. 

To prevent the feed sticking, the operator periodically 

stopped the machine, dropped the feed a short distance, and 

restarted. This caused some wafer breakage, and was discontinued 

about 2/3 of the way through the cut. Thereafter, the cutting 

rate was quite slow due to feed sticking. 

Overall cutting time was 35.2 hours and yield WaS 77%, mostly 

due to the breakage discussed above. Average wafer thickness was 

235 ~m (.0093 in.). Taper and bow were 65 ~m (.0026 in.) and 

150 ~m (.006 in.) respectively. The high bow can be attributed 

to the interruptions caused by the feed dropping. 

We also tried Test #2-5-13 USing .10 mm (.004 in.) blades 

and .41 mm (.016 in.) spacers, since we hoped that the reduced 

shock loads would extend the life of the thin blades. The large 

spacer was chosen because the blade packs were on hand, having 

been ordered for possible use with the alignment device. The 

blades were 4.8 mm (3/l6 in.) high, rather than the standard 

6.35 mm (1/4 in.) high, since that is the size Varian stocks in 

the thin blades. 

Sinew we were testing blade lifetime rather than wafer 

quality, we cut a partially used half ingot. 
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Because of feed sticking, compounded by the low feed force 

necessary with the thin blades. it took 21.75 hours to cut the 

half-ingot. However. no blades broke. This is a very 

significant improvement over the typical .25 hour blade lifetime 

observed earlier, and indicates that the bounce fixture makes it 

possible to cut with the thinner blades. 

We then ran another test (#2-5-20) of the thin .1 mm (.004 in.) 

thick blades: the conditions were identical to Test #2-5-13 

except we cut a full ingot. 

Cutting time was 75 hours. The blades were worn to about 

0.5 mm (0.02 in.) height. The cut was not completed: the blades 

were within 12.5 Il1Tl (0.5 in.) of the bottom of the ingot when they 

began to break due to the long cutting time and consequent blade 

wear. 

The failure to finish the cut can be attributed to feed 

sticking. This can be corrected by installing a redesigned feed. 

We were very encouraged by the long lifetime of thin blades 

possible with the bounce fixture. 

The original hounce fixture exhibited feed sticking problems 

and was an add-on (which stuck up into the ingot mounting area and 

halved the machine capacity). The original fixture was also 

inadequately shielded against slurry and wore out quickly. To 

continue the investigation, we fabricated a built-in bounce fixture 

and electric motor feed with closed loop force control. Init'ial 
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tests had to be conducted using constant cutting rate, since the 

cabinets for the electronics (on order for six months) did not 

arrive until the end of the contract. 

Test #2-5-21 was run to test the new bounce fixture. At t~e 

request of JPL, we used a 100 ~m (0.004 in.) thick blade and 

300 ~m (0.012 in.) thick spacer to cut 25 wafers/cm. The cut 

rate chosen was 0.64 ~m/sec (0.0015 in/min). All other conditions 

were standard. 

From the beginning, the fixture rocked excessively with the 

stroke. Adjusting the cut rate (and, therefore, spring compression) 

made no difference. After 32 hours of cutting, most of the blades 

broke. They were worn to 38% of their original height. The blade 

wear was much more than expected. The cut depth was 57 mm. 57% of 

the full cut. 

The fixture was a success in that the blade lifetime was 

Significantly extended over that obtained without the fixture 

(.25 hour typical). It was not cer-tain whether the bounce fixture 

pin-bushing fit was too loose or whether the pins and bushings were 

too small, causing the excessive rocking. 

We obtained hardened, oversize dowel pins and hand-fit them 

to the bushings. We then ran Test #2-5-22. a duplicate of #2-5-21 

(all conditions were standard except the blades were 100 ~m 

(0.004 in.) thick and the spacers were 300 ~m (0.012 in.) thick. 

cutting 25 wafers/em, and the cut rate was set at 0.64 ~m/min 

(.0015 in/min) because the constant force ~jystem was not installed). 
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-Initially, little rocking was noticed. As the kerf length 

(and, therefore, drag force) increased, the rocking returned. 

After 34.5 hours, at 60% of full cut depth, severe blade 

breakage occurred, and we terminated the run. 

Two runs of the new 686 bounce fixture have now yielded the 

same results, but significantly shorter blade 'lifetimes than 

obtained with the first crude model. The with-stroke rocking is 

probably the cause. Test *2-5-22 showed that the cure is to increase 

the pin and bushing diameters. However, time constraints again 

prevented us from testing this. 

10.7 Blade Alignment Improvements 

Technique of Blade Alignment 

It was previously described that very srl'-'", (approximately .1 

micron) variations in blade and spacer thickness could result in 

rather significant (10 to 50 micron) vertical and horizontal mis­

alignments of blades when accumulated over hundreds of components 

as in a typical mu1tiple blade package. The blade used to cut 

very thin slices with a minimum of kerf loss must be capable of 

very accurate passage through the ingot without exerting loads on 

the very delicate slices. The blade is also constrained to be 

relatively unstable due to its narrow width, and is susceptible 

to load induced distortion. With even a small degree of blade 

misalignment, these conditions are worsened. It is the misalignment 

of blades that limits the MS process, and thinner blades of larger 
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nLllters of components will increase the tendency of blades to 

wander. As noted before, blade pack redesign is probably the 

best solution, but we were unable to attempt this. 

Figure 56 shows I schematic of a misaligned blade and I 

corrective procedure devised to minimize blade misalignment 

even with large numbers of blades. The blade package is relied 

upon to roughly space and tension the blades. A set of four 

poSitioning combs (rack gears) determines the final location of 

a blade. The repoSitioning of a blade is small, thus, loads 

are minor, but the four distances must be 1dentical within a 

very small amount. By machining all four combs Simultaneously, 

the variation between spacings is nearly zero and only depends on 

the run-out of the particular machining operation. In this way, 

improved alignment which does not depend on the package size is 

conceivable. 

The effect may be to allow higher yield, thinner blades, 

higher cutting force. improved accuracy, thinner s 11cing by the 

MS technique. 

Alignment Device: Tests *2-6-01, -02, -03, -04, -05 

The alignment device was installed onto a package with 150 

O.lS mm blades and 0.35 mm spacers. The installation was 

facilitated by positioning the rack gears into engagement with 

the blades prior to tensioning. Both e~d blades were parallel 
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within 2-3 ~, a distinct improvement over normal blade packages • . 
By adjusting rack gear positions, a vertical runou~ of !3 microns 

I , 
was obtained in the four measurable points at the ~rners of the , 

I 

blade package. Slurry was a standard mix of 0.36 -kg/liter. 
I 

Total cutting time was 23 hours (faster than nonmrl). however, 

the first half of the ingot was cut with a blade force of 127 

grams. rather than 85 gra~,by mistake. Total wafer yield was 81% 

(120 of 149). Slice thickness averages 287 microns with a kerf 

loss of 221 microns. Wafer accullcy was improved over the best 

cutting accuracy obtained with 0.15 mm blades. However, the 

difference was not significant enough to herald success of the 

alignment device at this point. 

A second test of the alignment device was performed using a 

different installation technique. The blade package was first 

measured to assure that its width, after compression, could match 

the exact spacing of the rack gears. OPPOsing pairs of spacers 

were replaced with oversized spacers to achieve this condition. 

The package was fully tensioned, and then ,he width was adjusted 

by modulating the side compression. The rack gears were easily 

engaged at this point. All preliminary alignment went as before 

except that vertical alignment of one side of the package was off 

vertical by 75-125 microns. This was averaged over that end of 

the package, but the variation was not correctable since one 

gear seemed to be longer than the other. Thf! rest was run with 

150 0.15 mm blades, 0.35 mm spacers and 85 grams of blade load 

with a slurry mix of 0.24 kg/liter. 
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Cutting appeared to go well, but the ingot broke loose 

from the sLbnount after ha' f of the ingot had been cut. Measure­

ments of the broken wafer pieces indicated 200 m1crons of kerf 

loss and 300 micron thick slices. Bow and taper measurements 

were not meaningful, but the surface profiles were ver.y impr!ssive. 

Four new sets of gears were purchased for further testing. 

Two further cutting tests were performed using the multiple 

blade alignment device with identical conditions (0.15 x 6.4 mm 

blades, 0.36 mm spacers, 85 grams/blade loading, 0.36 kg/liter 

mix of #600 SiC abrasive). 

In the first, '2-6-03, a set of gears used many times was 

installed. Blade parallelism was within 3 microns, but verticl' 

Ilignment was, IS in Test ~2-6-02, out by 60 microns at one end 

of the pack. Cutting time was 28.3 hours Ind yield was 53% (10 em 

slices). Taper and bow were 50-60 microns average in the vertical 

direction. Slice thickness WJS .273 mm with .235 mrn kerf loss. 

A new set of rack gears was installed for Test ,2-6·04. 

Vertical alignment was only wi thin 20-30 microns, but improved 

over previous tests. Cutting time was 32.3 hours and 66% yield 

resulted with 10 cm slices. Slice thickness was .267 mm and kerf 

loss was .'.41 fIIIl. Bow and taper were not improved (00 : .• icrons 

average) • 

Since only minor improvements in slice accuracy resulted from 

tests with the alignment device, t;~~ next step in its test process 

was to test it using 300 blades (150 have been used previously). 
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In Test #2-6-05, the device was more difficult to install 

on the wider pack, but was installed without major problems. 

Cutting time was quite good, 23 hours. Blade side wear was 

slightly high (0.05 IlIl1 or 0.02 1n. or 1/3 the original thickness), 

and yield was ve.'y low (no complete wafers). It seems that the 

alignment device offered little or no overall improvement even 

wi th a full ",.'!ck. We now fee 1 that the present configuration of 

the alignment dGvice does not improve the cutting process 

significantly. 

During the test, we monitorea slurry temperature and viscosity. 

Viscosity varied from an initial 164 cps to a high of 330 cps and 

d low of 123 cps. Temperature varied from 24°C to 34°C. T~mperature 

was, as expected, a function of how long the saw had been running. 

Surprisingly, Viscosity correlated only with te:nperature. The 

lowest viscosity was measul~d at the end of the run. Since previous 

results indicate that slurry failure is a result of debris accumulation, 

this means that the debris does not increase viscosity, but may 

interfere physically with the slurry action. 

10.8 Large Saw Tests 

Initial Tests: Tests #2-7-01, -02 

The first test of the saw was Test #2-7-010 Very conservative 

conditions were chosen. The blades were 02 mm (.008 in.) thick and 

the spacers were .41 mm (.016 in.) thick. 131 blades were cutting. 
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Tensioning and slurry were standard. The ingot reciprocated at 

100 RPM. 

Due to a failure in the LVOT excitation module. the constant 

feed force system could not be used: the constant cut rate 

system was used. cutting at a safe .85 ~m/sec (.002 in/min). 

¥43-. 

No problems were encountered in setting up the saw. Cutting 

time was 29.7 hours. Yield was 98% at the end of the cut: cleaning 

breakage reduced this to 88%. 

Continuing our initial testing of the large capacity prototype. 

we ran Test #2-7-02. Again. safe conditions were chosen: 125 blades 9 

0.2 mm (0.008 inch) thick, spaced 0.41 mm (0.016 inch) apart were 

used. The force control system was still inoperative, so a safe 

cut rate of 0.85 ~m/sec (0.002 in/min) was selected. This test 

was intended to check some minor adjustments in the drive system 

and bladehead support. 

After consulting with JPL, we decided to terminate the run 

1/4 of the way through the cut and replace it with a full capacity 

test, #2-7-03. 

Full Capacity Tests: Tests #2-7-03, -04, -05, -06, -07, -08, -09, 

-10, -11 

For Test #2-7-03, we used our standard ~ iade pack, 0.15 mm 

(.006 inch) thick blades spaced 0.36 mm (0.14 inch) apart. 975 

blades were used, cutting an ingot 495 mm (:9.5 inch) long. 

1.64 
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A major problem occurred in the setup. The tensioning 

mechanism, as discussed earlier, is a toggle clamp type (two 

opposing corners of a diamond-shaped linkage are drawn together 

by a bolt, forcing the other two corners apart). The lengths of 

two adjacent arms are adjustable by wedge blocks. The wedge 

blocks as received were slightly too large, but were used in 

the first two runs since the higher mechanical advantage obtained 

when the corners come close together was not necessary to tension 

the small packs we were using. 

For the full capacity run, we needed the maximum mechanical 

advantage, so we ground the wedge blocks. We assembled the 

tensioning mechanism and set the arm length to give an extension 

of 3.05 mm (0.120 inch) with no blades in the head (there are springs 

built in to give some resistance to extension). The 20% extra 

extension was to allow for better pivot seating with the extra 

force required for a full pack. 

Unfortunately, the amount of pivot seating was grossly under-

estimated; in addition, the anns on one side were slightly unequal 

in length. Although we monitored the clamp positions during 

tensioning to avoid 1'ocking the toggle linkages by making them 

too straight, one side straightened completely at 70% of desired 

elongation, and resisted all our efforts to unlock it. 
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The only way to unlock the clamp was to cut all the blades 

to remove the locking force. Here again events conspired against 

us: a recent, unexpected blade pack order had depleted our 

supply of the 0.15 mm (0.06 inch) thick blade stock. The pack 

in the machine had been assembled by tearing down inventoried 

packs. A new stock of steel had entered customs, and was not 

expected in the plant for 5 days, by which time the yearly 2 week 

plant refurbishment shutdown would have started, and pack assembly 

area would not be working. Since we could not obtain more blade 

packs for about 3 weeks, we decided to run with the low blade 

tension we had obtained. 

The run was started and we found that our normal sheet-type 

slotted slurry distribution pipe could not reach the edges of 

the pack. Wafer breakage started at the ends, and by the time 

the run was through all wafers were broken. However, we feel 

that the tensioni ng and sl urry distribution prob lems were suffi cient 

alone to account for the breakage. The fact that breakage did not 

start in the center, where the worst-aligned blade is expected, 

indicated that blade alignment may not be the limiting factor in 

use of the large prototype. 

Test #2-7-04 was run using the same parameters as ,¥2-7-03, 

and was also a full capacity test. The tensioning mechanism was 

properly adjusted, and full tension was achieved easily. A slurry 

dispenser tube with many small holes instead of a slot was used. 

This dispenser was acceptable but tended to clog, so a better solution 

for slurry dispensing must be found. 
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The run was extremely successful almost all the way 

through. Yield was 99%+ up to the last 10 minutes of the cut, 

at which point many wafers broke loose from the submount. Final 

yield was 36%. Cutting time was 36.7 hours. The wafers were 

quite good; bow was 66 ~m (.0026 in.) and taper was 82 ~m (.0032 in.). 

When we inspected the submount where the wafers had broken 

away, the submount proved to clean of adhesive. Either insufficient 

adhesive was applied or the adhesive weakened fr~m being held at 

working temperature too long. In either case, the run would have 

been extremely successful but for our error in bonding the work to 

the submount. As it was, the run was moderately successful. 

In Test #2-7-05, we first tested the feed force controller. 

This controller uses the fact that the ingot is mounted on a 

spring loaded table, much like the bounce fixture. The deflection 

of this table is sensed by ~n LVDT, and the resulting signal is 

compared to a reference signal which is proportional to the desired 

total load. Dep~nding on the results of the comparison, the motor 

driving the bladehead into the work is sped up, slowed down, or kept 

at constant speed. To avoid instability. the signal to the motor 

is the integral of the "error" or rliffflrence between the LVDT and 

reference signals. 

The run started very wello Cutting rate was high, so we 

increased the load to full load very slowly. 
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About 1/3 of the way through tne run. a banging noise was 

noticed. Hindsight shows that this was due to a worn bearing. 

The bearing had accumulated slurry due to insufficient slurry 

bucket sealing. 

At the time of the run. we could not tear down the machine 

sufficiently to discover the worn bearing without terminating 

the run. It seemed (wrongly) that the noise was something 

banging against the inside of the slurry bucket. and that 

shortening the stroke reduced the noise for a while. 

The operator continually shortened the stroke until the 

final stroke was about 50 mm (2 in.). Since the volume of blades 

worn away is roughly constant, this short stroke caused excessive 

blade height wear. With about 2.5 mm (.1 in.) of ingot left to 

be cut. blades started breaking. By the tin~ the blades were 

sufficiently into the submount to remove the wafers. enough blades 

had broken to make the final yield 31%. 

Cutting time was long, 41.6 hours, again because of the short 

stroke. NTV was 105 ~m (.004 in.) and bow was 324 ~m (.013 in.). 

These were also probably a result of excessive blade wear. 

In spite of the problems, the feed force controller worked 

very well, and we still felt that our problems were associated 

wi th learning how to use the prototype. 

The major problems we had noted at this point were: 1. short 

bearing lifetime due to insufficient slurry shielding, 2. electronics 
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failures due to the breadboard nature of construction, and 3. lack 

of an indication of end of stroke "bounce" so the operator had 

difficulty deciding when to shorten the stroke. 

The bearing lifetime problem has not yet been solved. We also 

started design and construction of a more reliable, better built 

electronic system. A bounce readout was fabricated and installed, 

and the noise sensitivity was decreased by careful grounding 

and shielding. 

Test #2-7-06 was run as a test of the bounce readout device. 

The blade pack was our "basel ine" 150 ~m (.006 in.) blade and 

350 ~m (.014 in.) spacer. yielding 20 wafers/em. 940 blades were 

easily extended to full elongation. All other conditions were 

standard. 

Some minor mechanical and electrical problems were encountered 

during the run (e.g., slurry drain blockage), but none were 

serious enough to cause termination of the run. Cutting time was 

39 hours, although this number is somewhat suspect because of the 

large number of starts and stops to fix minor problems. Very 

near the end of the run, two groups of wafers broke off near one 

end of the ingot. totaling 90 broken ~afers. Thus, cutting yield 

was 90%. Solely since we are not experienced with such large 

numbers of wafers and do not have ~nough casettes to hold them 

all, cleaning breakage reduced the yield to a still respectable 

74%. Average wafer thickness was 267 ~m (.0105 in.), taper was 

124 ~m (0.005 in.) and bow was 155 ~m (0.006 in.). 
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Although the wafer thickness was somewhat low, the taper 

was somewhat high, and the bow was very high, we feel this run 

was very successful. The thickness,bow,and taper we attribute 

to the starting and stopping to fix minor problems. This run 

proved that the large saw is capable of producing high yield runs 

of 1UO mm diameter silicon wafers, using baseline conditions, 

producing 20 wafers/cm. 

Test #2-7-07 used .1 mm blades and .35 mm spacers to cut over 

1000 wafers at 22 wafers/cm. The test was stopped due to excessive 

vibration and banging. We determined that slurry had entered the 

ball bushings which support the workpiece carriage, and the shaft 

on which the bushings ride was worn. We accomplished the difficult 

job of rotating these shafts, to bring fresh surface into contact 

with the bushings, without removing the ingot or blades. 

When the run was restarted, some improvement in noise and 

vibration was noted but something else \'Ias obviously wrong. 

Investigation showed that the frictional stroke adjustment lock 

had slipped, the stroke had lengthened, and the ingot was banging 

against the bladehead. Since the ingot was severely chipped and 

the severe banging had fatiqued the LVOT connections (incapacitating 

the force controller), we terminated the run. 

At this point we paused to rebuild the large saw as much as 

possible without making major design changes. The bladehead was 

removed, disassembled, cleaned, and reinstalled. The tensioning 
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bol ts were replaced. All bearings were replaced. Bellows 

were added on the carriage support rods to protect them from 

slurry. Rubber curtains were added to the slurry pan for 

increased splash protection. A carriage drive rod sealing 

system was fabricated and installed: this system allowed the 

top of th~ walking beam to move vertically on ball splines, and 

the carr"age drive rods passed through seals and ball bushings in 

the slurry pan wall. The drive rods proved too small to lift the 

top of the walking beam: they bent instead, so the system was 

removed for fear of fatigue problems. Splash guards were installed 

over bearings outside the slurry pan to protect them from slurry 

brought out on the carriage drive rods. A better-built force 

controller was installed. The bounce indicator circuit had 

proved unusable, so we used an oscilloscope to display the LVDT 

Signal and read off bounce. The stroke adjustment system was 

cleaned of accumulated lubricant (which seemed to cause the 

slippage problem), the gears were replaced, and more screws 

were added between the friction ring and flywheel since failure 

of these screws under the frictional clamping force had been 

noticed. The slurry pan drain was enlarged to prevent clogging. 

Since slurry pump "starvation" had been noticed when slight drain 

clogg'jng lowered the slurry level, we reworked the slurry bucket 

to a 11 ow the pump to 5 it lowe r ; n the s 1 u rry • 
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Test 12-7-08 was run using standard conditions. 975 blfdes 

were cutting. Initial cutting rates were quite high, so we 

increased the feed force to its full value quite slowly. ~o 

mechanical problems were noted. Almost halfway through the 

ingot, the wire connecting the carriage (going to the LVDT) to 
I 

the slurry pan wall shorted from abrasion. The wire was spliced 

- =--=--- - --~- - Q----

and lasted through the rest of the run. Problems were encountered 

when the perforated slurry dispenser tube kept clogging. 

Wafer breakage started about the halfway point, and continued 

till the end. Most breakage occurred in the middle. Final was 

about 40-50%, and cut time was 28 hours. Wafers were not counted 

or measured. 

investigation revealed two problems. The operator noted that 

bounce could not be reduced for long by stroke shortening: the 

adjustment system may have been slipping. More obviously (after the 

run) and seriously, an IC failed in the LVOT module. causing feed 

forces to be about 2.5 times those set on the front panel. 

We replaced and tested the IC. cleaned the stroke adjustment 

mechanism. and replaced the static dispenser system with a 

reciprocating electric pulsed dispenser similar to the standard 

686 dispenser. 

Test #2-7-09 was a duplicate of #2-7-08. The reciprocating 

slurry dispenser failed at almost halfway through the cut and was 

replaced with the perforated static tube. Some blades broke near 

the end. Within 5mm of the end of the cut a large section of wafers 

broke out. and yield was a low 20-30%0 Cutting time was 30.5 hours. 

Wafers were not counted or measured. 
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We replaced the slurry dispenser again with a pneumatic 

reciprocating dispenser as used on the 686. except that the 

slurr,y was pulsed. Test 12-7-10 was run at the request of JPL 

to cut 25 wafers/em using .10 mm blades and .3 111ft spacers. A 

bumping so~~d was noticed during the run which seemed as if a 

carriage support bearing was worn. The machine was partly dis­

assembled, and the bearings and rods seemed fine. A blade broke 

after 13 hours of cutting. At 17 hours. severe blade breakage 

started and at 20 hours the cut rate slowed. and the majority 

of blades and all wafers broke. Investigation showed that the 

stroke adjustment mechanism had once more slipped. allowing the 

ingot to bang against the b1adehead. The high shock forces 

probably caused the blade breakage. The stroke adjustment sysl.em 

was reworked to include O-rings for increased friction. 

In Test #2-7-11. we retreated from 25 to 22 wafers/em. using 

.15 mm blades and .3 mm spacers. This run went very well until 

the very end. The only early problem was that the screws clamping 

the ingot to the carriage loosened at 43 mm cut depth, and the 

resultant rocking broke 10-15% of the wafers. Little breakage 

was noted until 91 mm depth (about 1 mm before entering the g.lass 

ingot submount) when all wafers broke. The wafers were extremely 

hot. almost too hot to touch, which is extremely unusual. 

The reason for this problem is not oefinitely known. Some 

rocking of the spring-supported carriage top plate was noticed: 

the bushings may be slightly worn. When the slurry was mixed, 
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it seemed thick, but seemed nomal during the run. After the 

run it seemed thick again. Several noma 1 runs, both for JPL 

and others, were made using the same lot of 011 and abrasive 

both before and after this run: an error may have been made in 

mixing the slurry. 

10.9 Other Experimentation 

81adehead Accelerations 

We have been considering the possibility that yield or 

accuracy could be improved by changing the nature of some 

machine functions rather than manipulating the basic abrasion 

system. Specifically, one possibility is that the "bounce" 

at the end of the stroke due to worn blades, while helping slurry 

transfer by creating a pumping action. may break wafers or cause 

blades to Witnder due to high shock loads. Tests concerning this 

are discussed below. 

-

The other possibility we have considered is bladeheftd li'ting 

with consequent cocking of the bladehead on the ways. This seems 

impossible at first glance, since the blarlehead weighs 114 kg 

(250 lbs.) and the maximum feed force (with a full blade pack) is 

only 25.5 kg (56 lbs.). However, excellent results were obtained 

cutting upside down (pushing the ingot down onto the blades). The 

two differences in upside down cutting are the direction of gravity 

and the direction of the feed force. Since the bladehead ;s being 

pushed down onto the ways in upside down cutting, we felt it to be 

worthwhile to investigate the bladehead motions. 
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A quartz piezoeL:tric accelerometer with less than 0.9% 

cross-axis sensitivity was mounted on one corner of the bladehead 

for a standard run Ind In "upside down" run. Acceleration 

melsurements were taken before, It the beginning. and during the 

run. The ups i de down run WIS made on the machi ne wi th the shock 

Ibso~1ng drive anm. 

The significant results are showII in Figures 57, 58 and 59. 

Each figure includes one complete bladehead reciprocation, with 

the end-of-s troke points marked by the pulses they cause. The 

end of stroke points do not occur at the same point in each 

figure because the oscilloscope trigger and Single sweep were not 

working properly together, so the sweeps were hand-triggered. We 

do not have the facilities to calibrate the accelerometer, so the 

vertical scales are not calibrated in acceleration. The vertical 

scale in each figure is 50 mY/major division. All measurements 

Shown were taken at 4pproximately 38 mm (1.5 in.) cut depth and 

In end-of-stroke bounce of 0.38 mm (0.015 1n.) which is 1/2 the 

maximum we ever allow before shortening the stroke. 

The vertir.al acceleration, Figure 57,is decrea~ed greatly in 

the upside down mode. The lateral (horizontal and perpendicular 

to the stroke) acceleration ;s only slightly reduced, this means 

that cocking of the bladehead or. the ways is unlikely. The 

acceleration in the stroke direction is also reduced in the upside 

down cut; this is probably due to the cushioned drive arm. The 

measured vertical acceleration in the standard configuration 
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indicates the magnitude of shock load resulting from the 

imposition of ingot "bouncing". This may be the current limit 

of thin silicon wafer slicing, and the source of cracked wafers. 

Investigation of Suspension Media 

We investigated the possibilities of using various oil or 

water based suspension media for slurry sawing. In the suspension 

tests, we worked with our standard suspension oil (PC oil) and a 

new oil manufactured by the Lubrizol Corporation (Lubrizol 5985). 

Attempts to use straight 5985 were disappointing. The best 

results were obtained using 1/3 the amount of abrasive normally 

used in PC oil (0.36 kg/l). A portion of the wafer breakage 

problems may be traced to machine problems (poor yield in standard 

cutting tests). It is possible that some wafer breakage was due 

to abrasive failure, abrasive settling, or some other mode of 

failure, all due to the small amount of abrasive in the system. 

In the meantime, we carried out a more structured investigation 

of the two suspen~ion oils. The first steps were consideration of 

important differences and characterization of the two oils. 

fomparison cf 5985 and PC 

The maj1r differences between 5985 and PC are: 

1. Different suspension power (5985 holds abrasive in suspension 

longer) • 

2. Viscosity (5985 is less viscous). 

3. Suspension method (5985 uses a dissolved polymer, PC uses 

colloidal clay platelets). 
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We feel that the suspension method does not affect the cutting 

process Significantly (although it may affect reclamation). 

It seems likely that the suspension power and/or viscosity 

affect the cutting process through abrasive transport. The 

cutting process is controlled not by the actual abrasive mix but 

rather by the "effective mix" (i .e., a measure of the number of 

active particles at the cutting interface). Greater suspension 

power and/or lower viscosity might well increase the effective 

mix by transporting particles to the cutting interface more 

efficiently. 

The first step in our systematic investigation must be to 

identify the important variables. 

Characterization of Oils 

The viscosities of both oils were measured using a Brookfield 

LVF viscometer with the #2 cylindrical spindle. The samples were 

550 ml of the test fluid in a 600 ml Griffin low form beaker 

(K1MAX #14000). The spindle-beaker combination were calibrated 

with silicone oil viscosity standards (92 cps ~l % and 505 cps 

,!l %). The temperature was 25()~1()C in in all tests. The results 

are presented in Figure 60 and discussed below. 

Suspension power was measured by static settling tests. 50 g 

of PC, 5985, or 5985 cut with 130 cps mineral oil were mixed with 

20.85 9 of #600 SiC (corresponding to a standard PC mix: note 

that the specific gravity of all the oils ranges from 0.89 to 0.91). 

These mixtures were shaken and allowed to stand until significant 

settling took place. 
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Figure 60. Viscosity of Suspension Oils 
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PC oil is a thixotropic fluid: the viscosity depends on 

both strain rate and history. The viscosity decreases asymptotically 

with time at a given strain rate. This is not surprising, since 

the clay platelets probably line up as shearing proceeds. The 

viscosities in Figure 60 are asymptotic viscosities. 

PC settles by loss of suspension power. Both the platelets 

and abrasive settle, so that a clear oil area forms at the top, 

with a homogeneous mixture of abrasive and platelets below. 

Lubrizol 5985 is a pseudo-plastic fluid (on the time scale 

investigated): the viscosity depends only on strain rate. Only 

the abrasive settles out: larger abrasive particles settle faster, 

so a three-layer structure forms: a thin layer of oil and 

suspension agent above a region of oil, suspension agent, and fine 

abrasive particles above a cake of fully settled particles. 

It is essentially impossible to match 5985 and PC by diluting 

5985. Consideration of Figure 60 shows that the viscosities can 

be matched at all strain rates by diluting 5985 with carefully 

* tailored pseudo-plastic fluid (a difficult job !). We do not 

know if the thixotropic nature of PC is important. However, it 

seems that a reasonable viscosity match l11ay be obtained by mixing 

---_ .. _-
* The strain rate in MS slicing varies during each stroke from 0 to approximately 

lOS sec-1 , with an average value of 5 x 10~ sec-to 
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5985 with a mineral oil chosen to give a viscosity of around 

250 cps at 12.5 sec-t. 

Matching suspension power is also difficult because 5985 

forms a cake at the bottow. and PC does not. On the basis of 

clear top area, it appears that a mixture of 40-45% 5985 

matches PC best. 

Blending 

The blending tests concentrated on the viscosity and 

suspension power of the fluid. As discussed above, we considered 

viscosity and/or suspension power to be the important variables 

in a suspension fluid. If the viscosity and suspension power of 

PC could be matched, and this blend performed like PC in cutting, 

then we would have an easily variable suspension fluid with which 

to explore the effects of viscosity and suspension power. 

In the blending tests, 53 different oil-additive blends were 

tested. LZ 5985 additive concentrations were varied from 0 to 

30% by weight, and base oil viscosities were varied from 80 cps 

to 300 cps (at 25°C). Samples were prepared by successive dilution 

from the sample in each series with the highest additive percentage. 

Viscosities were measured at four strain rates using the Brookf1ied 

LVF viscometer with cylindrical spindles. 50 ml of each sample 

were then mixed with 18 9 of #600 silicon carbide abrasive 

(corresponding to the standard 0.36 kg/l mix) and the mixture was 

allowed to settle in a sealed vial. 
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The results of the viscosity tests are too numerous (and 

not important enough) to present completely here. The large 

number of tests was necessary because of extremely nonlinear 

behaviour as a function of additive concentration. Sample 

results, for the blend finally chosen to match PC, are shown 

in Figure 61. 

From Figure 61, it would appear that "imitation PC" is a 

poor match for PC in viscOSity; however, these viscosities were 

measured without abrasive. For final matching, viscosities were 

measured in the settling vials (with abrasive) at 60 RPM using 

the #2 disk spindle (to avoid abrasive damage to the cylindrical 

spindle). Because of the small sample size and the disk spindle, 

strain rate could not be calculated: the strain rate was higher 

than any shown in Figure 61 and closer to that encountered in 

slurry sawing (104 sec- 1 average). Therefore, this test was used 

as the final viscOSity match. Surprisingly, adding abrasive to 

PC lowered the viscOSity to 247 cps. Adding abrasive to imitation 

PC increased the viscosity to 247 cps. The reason for the unusual 

behaviour of PC when abrasive is added is not known. 

As in the viscosity tests, the settling test results are too 

extensive to present fully. Typical r~sults are shown in Figure 62. 

Since the slurry is stirred by the pump, we decided that the match 

should be on the basis of the shortest measurable settling time. 
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Figure 61. Viscosities of Various Blends 
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Once we had defined imitation PC (80% by weight 300 SUS 

mineral 011 (113 cps @25°C). 20% by weight LZ 5985 additive). 

we ran a cutting test to establish the similarity to PC. As 

reported earlier, a film formed on the blades. This caused high 

drag loads, leading to wafer breakage and motor overheating. 

The reason why imitation PC behaved so differently from 

both PC and Lubrizo1 5985 is not known. One possible explanation 

arises from an observed difference in settling between imitation 

PC and 5985. In imitation PC, the abrasive settles relatively 

fast and the additive remains in solution (as shown by the cloudiness 

of the cleared area). In 5985, the abrasive settles much slower 

and takes the additive with it. Although the concentration of 

additive in 5985 is unknown, it is certainly higher than 20%. It 

is possible that in 5985, the major effects on an additive molecule 

are due to neighbor additive molecules, while in imitation PC, the 

major effects are due to neighbor oil molecules. This difference 

could lead to deposition of additive on the blades, forming the 

above mentioned film. Also, "lubricity" (which is important to 

drag when clearances are small) was not considered here. 

Cell Fabrication 

A set of 20 silicon wafers cut on the MS saw was sent to 

Solar Power Corp. for fabrication into solar cells in the,r 

standard commercial processing line. The slices were 10 cm 

diameter with a nominal thickness of 300;J. Of the twenty wafers, 
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only 1 survived the complete processing sequence. One was 

broken in shipment, 7 broke during the boron diffusion step 

and 11 others broke during other process steps. The remaining 

cell produced Voe of 0.55V, Isc of 1.68A. maximum power 

(P max) of O.67W and a fill faetor of 0.725 at 100 mw/cm2 

illumination and 28°C. This represents an efficiency based on 

full wafer area of 8.53%, (8.97% based on 9.75 em diameter applied 

cell area). Since the potting compound acts as part of the AR 

coating system for Solar Power's cells. the performance cited 

above is expected to improve by 10% in a completed panel. 

Therefore. the efficiency of this cell may be characterized as 

9.4% based on the 10 em wafer of 9.9% based on the size of the 

active cell applied. 

Surface Damage Removal by Etching 

Samples of standard MS sawn wafers were cut into 2 x 2 cm 

pieces and etched with either Nitric-HF (planar) or Transene 

Solar Cell Etchant 100 (texture) to remove variable amounts of 

surface material. Tables 10 Clnd 11 show a summary of the average 

material removal from the groups of wafers. Figures 63 and 64 

show the etch rate. The results indicate a wide range of co~s1stent 

damage remova 1. 

The wafers were fabricated into solar cells by an outside 

vendor. Cells were manufactured with AR coating. The cells were 

tested under AHa conditions with illumination of 135.3 mW/cm2 at 
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TABLE 10 

RESULTS OF MS SILICON WAFER ETCHING WITH NITRIC-HF ETeHANT • 

REMOVAl 
DESIGNATION NO. PCS. ETCH TIME (min) MICRONS/SIDE STD. DEV. 

01 24 0:00 

02 24 0:20 2.60 0.05 

03 24 0:40 4.64 0.09 

04 24 1: 10 6.95 0.22 

05 24 1 :40 8.13 0.16 

06 24 2:20 12.04 0.31 

07 24 3:20 15.06 0.28 

08 24 4:15 19.13 0.41 

09 24 6:30 31.95 o .Sl 

10 24 8:30 44.44 1.28 

11 24 11 :00 52.61 0.95 

12 24 15:00 61.38 0.81 

• Wafer size 2 x 2 em, Etch temperature 25°C 
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TABLE 11 

RESULTS OF MS SILICON WAFER ETCHING WITH ANTIREFLECTIVE ETCHANT * 

REf1JVAL 
DE~ IGNATION NO. pes. ETCH TI ME t m1 n l ~1 I CRONS! S I DE STD. DEV. 

01 24 0:00 0 
02 24 1 :00 1. 51 0.16 
03 24 2:00 2.93 0.39 
04 24 3:00 6.31 0.51 
as 24 4:00 7.64 0.45 
06 24 5:20 9.96 0.69 
07 24 8:00 15.79 1. 16 
08 24 10:0~ 15.91 1.34 
09 24 15:00 24.55 1. 34 
10 24 20:00 29.86 0.95 
11 24 25:00 40.05 1.97 
12 24 35:00 52.32 2.47 

* Solar Cell Etch - Type 100. Transene Co .• Etch Temoerature 101-103°C 

18:?b 



-e 
;:1 -

LA.! 
0 -en ...... 
en 
en 
0 
...J 

en 
V) 
LA.! 
:z 
:..:: 
u ..... 
:r 
~ 

100 

50 

10 

5.0 

1.0 --------------~ ________ ~~~~~ __ ~ 
0.1 0.5 1.0 5.0 10 20 

Trr~E (min) 

Figure 63. Thickness Loss (Based on Weight loss) from 
20 x 20 mm 51 ices in Planar Etch, (T= 240C. 
Line shown is least squares fit: 

jJ = [ ti .oy ~:~g J t (
0• 8S.:!:') 01)9), 99% confidence 

1 eve 1 ) 

182c 

. '~. 

. ; 

.- ; 



L 

,. . 
, 
j 

: . 

, .. 
I . 
! ' 
L~ 

I ... 

./' 
10 

o ~--~--__ ~ ____ ~ __________________________ _ 

o 5 10 15 20 25 30 35 40 

ETCH TIME (min) 

Fiaure 64. Thickness loss (Based on Weioht Loss) from 20 x 20 mm 
Slices in Antireflectiv~ Etch. (T = 1020C. line Shown 
is least squares fit: ~:= O.J7.:!:.1.49)+O.53!.0.J2)t. 95;;; 
confirence level) 

182d 



28°e. The resul ts are presented in Figures 65 and 66 and the raw 

data is contained in an appendix. (Some of the data was discarded 

in preparing Figures 65 and 66. I Outliers", the extreme values, 

wer~ checked by computing the ratio of the standard deviations 

with and without each outlier. This statistic is tabulated. 

Outliers with less than 5% significance were rejected and the 

process repeated unti 1 no further outl iers coul d be rejected.) 

The efficiencies obtained are somewhat low and their range is 

somewhat high. However, the control (10 sawn) wafers for each 

group obtained average efficiencies of only 11.5% (4 wafers). It 

is likely that process optimization would allow fabrication of 

slurry sawn wafers as good as the 10 sawn wafers. 

The most significant result showr. in both Figures 65 and 66 is 

that the optimum removal amount is in the range 5-15 ~m per side. 

This agrees with previous work done at JPL and is extremely 

significant to the economics of the slurry sawing process. 
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11.0 CONCLUSIONS 

11. 1 General 

1. Mu1tiblade s1urry sawing may easily be used to produce 

16.4 wafers/em of 100 mm diameter ingot (0.2 mm blades 

and 0.4 mm spacers) or 17.9 wafers/em of 100 mm ingot 

(reducing blade thickr,ess by 0.05 mm} at commercially 

acceptable yields using commercial technology. 

2. Careful use ot commercial technology allows cutting of 

19.7 wafers/em of 100 mm ingot (0.15 mm thick blades and 

0.35 mm spacers) at or near commercially acceptable yields. 

3. Crystal orientation and polycrystallinity have no effect 

on the slurry sawing process. 

4. Ingot residual stress can cause difficulties in the slurry 

sawi I1g pmcess. 

5. 0.14 mm thick wafers can be cut from 125 mm diameter ingot 

using multiblade siurry sawing. 

6. 21.9 wafers/cm of 100 mm ingot have been successfully cut 

I . on an experimental basis. 
i 

7. The rolling abrasive model of slurry sawing can be used to 

J' predict cut rates and other variables from first principles • . . 
This model requires further development and experimental 

veri fi cation before it can be used to improve perfonnance. 

B. The rolling abrasive model predicts low "bGunce" as long 

as the stroke length to kerf length ratio is small. 
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11.2 Economics 

1. 1980 and 1982 interim sheet generation goals are easily 

met using commercially available technoloyy. 

2. The 1984 intar1m sheet generation goals may be met by 

technically feasible extensions of current technology. 

3. The 1986 sheet generation gQals can be approached, but 

possibly not met, using feasiblf., but difficult, extensions 

of current technology. 

4. Required extensions to current technology in order to 

approach the 1986 sheet generation goals are reduction of 

expendable materials cost (steel and pack assembly, slurry 

vehicle, and abrasive costs); reduction of wafer thickness 

(to 0.25 from n.3 mm); reduction of blade thickness (from 

0.15 to 0.1 mm); and reduction of capital equipment cost 

(by use of a new, possibly large capacity, saw). 

5, The reduction of blade and wafer thickness mentioned above 

leads to the requi rement of 25 wafers/cm or a conversion 

factor of :.0 F1
2 /kg input (including a 95% yield). 

11.3 Blades and Blade Packages 

1. Blade packs of more than 200-300 blades may present difficulties 

in maintaining blade alignment. 

2. "Add-on" systems to improve blade alignment were no1; 

successful. 

3. Thin (0.1 mm) blades are susceptible to shock induced 

fatigue, and cannot be us~d in unmodifiea commercial 

equi pment. 
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4. The lifetime of thin (O.l mm) blades is extended by a 

factor of 100-250 by reducing end-of-stroke shock loads. 

5. Required steel cost reductions are possible by relaxing 

straightness and thickness tolerances, doubling blade 

height, volume buying, and elimination of bluing. 

6. 

Relaxation of thickness tolerances will exacerbate the 

probl~m of alignment. 

Blade wander cannot be explained by a simple or even 

some~"at complex torsional buckling model. 

11.4 Slurry Vehicle 

1. Commercial metal cutting oils and lubrizol 5985 are 

unsuitable slurry vehicles. 

2. The most important factor in oil-based slurry vehicle 

1 selection is "lubricity", a parameter which characterizes . -
the drag force encountered with small clearances. 

3. Suspension power is not important as long as methanical 

I - stirring allows delivering abrasive to the cutting , 
I, 

· , I 
I • · . 
r 
! . 

interface. 

4. Mineral oils with sufficient lard oil added to provide 

lubricity yield good cutting but wafer breakage for 

unknown reasons. 

5. Water-based vehicles exhibit severe blade stress corrosion 

problems. 
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6. "Soluble ll oils and standard chemical cutting fluid 

corrosion inhibitors do not solve the stress-corrosion 

problem of water based vehicle. 

7. Cortec VCI-J09 is a good candidate for reduction of 

stress corrosion. 

8. If the stress corrosion problem associated wi th water­

based vehicles is solved, foaming and evaporation may 

be important problems. 

9. Large scale (>80%) recycling of non-suspension vehicles 

is easy and practical. 

11.5 Abrasi ve 

1. Boron carbide and zirconia-aluminum oxide abrasive are 

not suitable for economic and technical reasons respectively. 

2. #600 silicon carbide (as sized by Micro Abrasives Corporation: 

10-30 ~m diameter, 18 ~m average) is the best cost-efficiency 

tradeoff. 

3. Reduction of abrasive cost through manufacturing cost 

reduction or broader sizing is unlikely. 

4. #600 SiC abrasive consisting ~f 66% new and 33% one time 

recycled is indistinguishable from new. 

S. SEM studies of used SiC indicate no degradation, 

6. Abrasive is most easily recycled using a centrifuge and 

perhaps washing. 
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11.6 Large Saw 

1. The large saw is capable of producing high yield cutting 

20 wafers/em of 100 mm 1 ngot. 

2. I t is uncerta1 n whether the performance rrentioned above 

is attainable consistently. 

3. Significant mechanical problems have plagued large saw 

testing, especially problems arising from inadequate 

slurry shielding. 

4. One test on the large saw came close to high yield 

production at 22 wafers/em; breakage occurred with 90% of the 

cut completed, and the reasons for breakage are unknown. 

S. Rebuilding of the large saw, including redesign of the 

1 • 

2. 

carriage drive and stroke adjustment mechanisms, is necessary 

if further t~sting is to be carried out. 

10-15 ~m/side removed from a wafer by etching is sufficient 

to remove saw-induced damage. 

Wafer breakage in downstream pr0cessing has been noted 

in systems not designed especially to handle slurry-sawn 

wafers. 
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12.0 RECOMMEtmATIONS 

Mult1blade slurry sawing is a promising method for production 

of silicon ingots for solar cells. Further investigations should 
include: 

1. Further analysis of the mechanisms of slurry sawing. 

including abrasive action and reasons for blade 

wander and breakage. 

2. Consider'tion of optimum methods of shock load 

reduction. 

3. Investigation of additives for mineral oil to provide 

a cheap. easily recyclable slurry vehicle. 

4. Optimization of abrasive recycling techniques. 

5. Reduction of capital equipment cost. 

6. Redesign of either current equipment or the large 

saw to allow consistent high-yield o~erdtion with 

thin blades and spacers. 

7. Blade package redesign to avoid misalignment caused 

by stacking errors. 

We feel that the investigation of slurry sawing should be 

continued. and the recommendations above are the skeleton of a 

useful and practical program for such investigation. 
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SLICING TEST SUMMARY 

PARAMETER TEST ' ... 014 1-015 1-021 ' ... 022 

MATERIAL {111 } {llH 011 } {111 } 

LOAD (grim/blade) 227 283 113 113 

SLIDING SPEED (em/sIc) 68 68 68 66 

NUMBER OF 8LADES CUTTING 119 119 119 1i9 

ABRASIVE (grit size) 1600 SiC '600 SiC '600 SiC 1600 SiC 

OIL VOLUME (liters) 7.6 7.6 ;.6 7.6 

MIX (kg/11ter' 0.24 0.24 0.24 0.24 

r~RF LENGTH (em) 2.50 2.50 1.25 5.00 

INGOT HE I GHT (em) 5.00 5.00 2.50 2.50 

BLADE THICKNESS (em) .020 .020 0.020 0.020 

KERF WIDTH (em) 0.034 0.030 0.028 

ABRASIVE KERF lOSS (em) 0.014 0.010 0.008 

AREA/SLICE ,orr) 12.5 12.5 3.12 12.5 

CUTTING lIME (total hours) 4:55 4:00 5: 35 

EFFICIENCY (full test) 0.56 0.31 0.82 

(typi Cll) 
0.86 0.54 0.99 

(max imlJll) 0.91 0.55 1. 12 

ABRASION RATE (full test) 
0.086 0.023 0.063 

(em' /hr/blade) (typical) O. 132 0.041 0.076 

(maximum) 
0.140 0.042 0.086 

PRODUCTIVITY (full test) 
2.54 0.78 2.24 

(cm2 /hr/blade) (typi cal) 
3.89 1. 38 2.71 

(maximum) 
4.12 1.40 3.06 

SLICE TAPER (em) -.0039 +.0007 -.0003 

ABRASIVE UTILIZATION (cm'/kg) 
27.7 6. 1 22.8 

..:. : ~ LJ i ~ i.. • :~ j ; v:. l em J Ii j te r ) "'.7 l.S ~ 5 
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PARAMETER TEST 

MATERIAL 

LOAD (gram/blade) 

SLIDING SPEED (em/sec) 

NUMBER OF BLADES CUTTING 

ABRASIVE (grit size) 

OIL VOLUME (liters) 

MIX (kg/l iter) 

KERF ~ENGTH (em) 

INGOT HEIGHT (em) 

&.ADE THICKNESS (em) 

K£RF WIDTH (em) 

ABRASIVE KERF LOSS (em) 

AREA/SLICE (em2 ) 

CUTTING TIME (total hours) 

EFFICIENCY (full test) 
(typi cal) 
(maxi:num) 

ABRASION RATE (full test) 
(cm 3/hr/b1ade) (typical) 

(maximum) 

PRODUCTIVITY (full test) 
(cm2 /hr/blade) (typical) 

(maximum) 

SLICE TAPER (em) 

ABRASIV[ UTILIZATION (cm 3/kg) 

OIL UTILIZATION (cm J /liter) 

SLICING TEST SUMMARY 

1-023 

{111 } 

113 

68 

119 

.#600 SiC 

7.6 

0.24 

6.88 

6.88 

0.020 

0.030 

0.010 

47.3 

21:35 

0.86 

0.99 

1.16 

0.066 

0.076 

O "",,~,:; 

• v\,.. ... 

2.19 

2.53 

2.96 

+.00122 

92.6 

22.2 

1-024 

{l11} 

113 

68 

119 

r
\ 600 SiC 

7.6 

I 0.24 

10.64 max 

I --
1 0 . 020 

I 0.027 

0.007 

91. 7 

39:40 

0.82 

0.95 

1.01 

0.062 

0.073 

o.on 
2.31 

2.69 

2.86 

+.0011 

161 .5 

3B.8 

1-031 

{lll } 

113 

68 

119 

#600 SiC 

7.6 

0.24 

2.50 

5.00 

0.020 

0.031 

0.011 

12.50 

8:00 

0.63 

0.97 

1. 10 

0.048 

0.074 
0.084 

1.56 

2.40 

2.72 

-.0022 

25.3 

6.1 

1-032 

{ 111} 

57 

68 

135 

#600 SiC 

7.6 

0.24 

2.50 

5.00 

0.010 

0.022 

0.012 

12.50 

8:00 

0.89 

1.04 

1.28 

0.034 

0.0402 

0.049 

1.56 

1.83 

2.25 

-. 0036 

20.4 

4.9 
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SLICING TEST SUMMARY d 
:' t 

PARAMETER TEST 1-033 1-034 1-041 1-042 .-. 

MATERIAL 
{ 111} {l11 } £111 } {111 } 

•• 
LOAD (gram/blade) 

113 113 113 113 

SLIDING SPEED (em/sec) 
68 68 20-81 68 

NUMBER OF BLADES CUTTING 
127 127 119 119 

ABRASIVE (grit size) 
#600 SiC #600 SiC #600 SiC #600 SiC -.' 

OIL VOLUME (liters) 
7.6 7.6 7.6 7.6 

MIX (kg/liter) 
0.24 0.24 0.24 0.12 

KERF LENGTH (em) 
2.50 2.50 .2.50 2.50 

INGOT HEIGHT (en) 
5.00 5.00 5.00 5.JO 

BLADE rHICKNESS (en) 
0.015 0.015 0.02) 0.C20 

KERF WIDTH (em) 
0.027 0.025 0.030 

ABRASIVE KERF LOSS (em) 
0.012 0.010 (.030 est) 0.010 

AREA/SLICE (em2
) 

12.50 12.50 12.50 12.50 

CUTTING TIME (total hours ) 
6:10 6:00 8:50 

EFFICIENCY (full test) 
0.72 0.68 0.55 

(typi cal) 
0.95 0.91 0.90 0.8? 

(maximum) 
1.16 1.01 1.03 0.94 

ABRASION RATE (full test) 
0.055 0.052 0.043 

(cm'/hr/bl ade) (typical) 
0.073 0.070 0.020 to 0.063 0.082 I 

(maximum) 
0.089 0.077 ,0.023 to 0.072 I 

I 

iO.094 I 

PRODUCTIVITY (full test) 
2.03 2.08 1.42 I 

(cm2 /hr/b1 ade) ( typical) 
2.69 2.79 0.68 to 2.09 

I 
2.74 

I 

I 

(maximum) 
3.29 3.09 0.77 to 2.40 i 

I 

-.0002 +.0006 
3. 13 I 

SLICE TAPER (em) 
-.0028 I 

ABRASIVE UTILIZATION (cm 3/kg) 
23.5 21.8 24.5 

! 
48.9 

OIL un LI ZA iI ON (cm;/liter) 
5.6 5.2 5.9 5.0 
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l' J SLICING TEST SUMMARY 

J ; 
L PARAMETER TEST 1-043 1-051 1-052 1-053 

~ . , 
j MATERIAL 

{111} { 100} { 100} 
L 

{l00} 

i ~ LOAD (gram/blade) 113 113 113 170 
! ; 
L SLIDING SPEED (em/sec) 68 68 68 68 

i , NUMBER OF BLADES CUTTING 119 119 119 127 
I 
~ 

ABRP~IVE (grit size) #600 SiC #600 SiC #600 SiC #600 SiC 

1 OIL VOLUME (liters) 7.6 7.6 7.6 
1 . 

7.6 

MIX (kg/1 iter) 0.48 0.24 0.24 0.24 
, 
. - KERF LENGTH (em) 2.50 2.50 5.00 6.98 

INGOT HEIGHT (em) 1.25 5.00 2.50 6.98 

BLADE THICKNESS (em) 0.020 0.020 0.020 0.020 

~ KERF WIDTH (em) 0.029 0.031 0.027 , 0.028 

ABRASIVE KERF LOSS (em) 0.0~9 C .011 0.007 0.008 
1 

L AREA/SLICE (cm2
) 

3.12 i2.50 12.50 48.8 

i - CUTTING TIME (total hours) 3:25 8:40 8:20 21 : 15 
, , . -

(full 0.35 0.58 0.53 EFFICIENCY test) 0.56 

(typi cal) 0.95 0.84 0.82 

, (maximum) 1. 14 1.09 0.91 0.97 

~R ~.,s ! ON RATE ( full test) 0.026 O.0!15 0.041 0.064 

(cm'/hr/b 1 ade) (typi ca 1) 0.073 0.064 0.095 

(maximum) 0.087 0.084 0.070 0.112 

PRODUC:VITY ( full test) 0.91 1.44 1.50 2.30 

( cm 2 
/ h r / b 1 a de) (typic"l) 2.35 2.38 3.37 

(maximum) 3.01 2.69 2.58 3.99 

SLICE TAPER (em) 
+.0014 -.0034 -.0007 +.0015 

ABRASIVE UTILIZATION (cm3/kg) 3.0 24.0 22.0 95.1 

OIL UTILIZATION ( em 3 / 1 itP. r ) 1.4 5.8 5.3 22.3 
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SLICING TEST SUMMARY 

PARAMETER TEST 1-054 1-061 1-062 1-063 

MATERIAL {100} 011 } {ll1} { 111l 
a. 

LOAD (gram/blade) 113 85 85 85 

SLIDING SPEED (em/sec) 55 53 55 55 

NUMBER OF BLADES CUTTING 164 119 119 119 

ABRASIVE (grit size) #600 SiC !'1200 SiC ' #1000 SiC #800 SiC 
I 

OIL VOLUME (liters) 7.6 7.6 7.6 7.6 

MIX (kg/liter) 0.24 .015-.12 I 0.24-0.36 . 0.12-0.24 

KERF LENGTH (em) 5.00 2.50 
\ 

2.50 2.50 

INGOT HEIGHT (em) 2.50 5.00 5.00 5.00 

BLADE THICKNESS (em) 0.020 0.020 0.020 0.020 

KERF WIDTH (em) 0.028 0.025 0.025 0.027 

ABRASIVE KERF LOSS (em) 0.003 0.005 0.005 0.007 

AREA/SLICE (cm2
) 

12.50 12.50 12.50 12.50 

CUTTING TIME (total hours ) 10:40 21: 10 17:30 14:05 

EFFICIENCY (full test) 0.53 0.32 0.38 0.51 

(typical) 0.91 0.33 0.51 0.78 

(maximum) 1.13 0.39 0.62 0.90 

ABRASION RATE ( full test) 0.033 0.015 0.018 0.024 

(cm3/hr/b 1 ade) (typ; can 0.056 0.015 0.024 0.036 

(maximum) 0.070 0.017 0.02~ 0.042 

PRODUCTIVITY (full test) 1.17 0.59 0.71 0.89 

(cm2 /hr/b1ade) (typi ca 1) 
2.01 0.59 0.95 1. 35 

(maximum) 2.50 0.70 1.16 1.55 

SLICE TAPER (em) -.0008 +.0020 +.0007 +.0001 

ABRASIVE UTILIZATION (cm3/kg) 21. 7 40.8 13.6 22.0 

OIL UTILI ZATION ( em ~ /1 He r ) 5.2 4.9 4.9 5.3 
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SLICING TEST SUMMARY 

PARAMETER TEST 2-005 2-006A 2~OQ6B 2-006C 

MATERIAL Si OlD ·S1 {laO} Si {l00} S1 {lOa} 

LOAD (gram/blade) 113.4 113.4 113.4 113.4 

SLIDING SPEED {em/sec} 56.7 57.8 57.8 60.4 

NUMBeR OF BLADES CUTTING 144 125 125 125 

ABRASIVE (grit size) 1600 SiC #600 SiC (#600 SiC) (#600 SiC) 

OIL VOLUME (liters) (37.9) 7.6 (7.6) (7.6) 

MIX (kg/1 iter) 0.48 0.48 (0.48) (0.48) 

KERF LENGTH (em) 10.0 max 10.0 max 10.0 max 10.0 max 

INGOT HEIGHT (em) 8.62 8.62 8.62 4.75 

BLADE THICKNESS (em) 0.0? 0.02 0.02 0.02 

KERF WIDTH (em) 0.0247 .0255 .0238 ( .0238) 

ABRASIVE KERF LOSS (em) 0.0047 .0055 .0038 (.0038) 

AREA/SLICE (cm~) 73.8 73.8 73.8 46.6 

CUTTING TIME (total hours ) 26:30 27:00 26: 15 (23:25) 

EFFICIENCY (full test) 1.08 1.07 1.01 0.69 

(typical) 1.50 1. ~ 9 1.12 0.70 

(maximum) 1.86 1.88 1. 70 1.08 
-

ABRAS I ON RATE (full test) 0.0709 .0696 .0669 .0474 

(cm'/hr/b1ade) (typi ca 1) 0.0958 .0777 .0748 .0478 

(maximum) 0.1187 .1228 .1135 .0737 

PRODUCTIVITY (full test) 2.78 2.73 2.81 1.99 

(cm%/hr/b1ade) (typi cal) 3.88 3.05 3.14 2.01 

(maximum) 4.81 4.82 4.77 3.10 

SLICE TAPER (em) +.0015 +.0016 +.0016 

ABRASIVE UTILIZATION (cmJ/kg) 
,.,,., , \ 6.1, .18 1?t1. ~1 1/;? ~ 
\4:1.11 

01 L UTILI ZATrON ( em : i ; i te r ) 
I • .,~~, \ 'oj. Ju, "'n !) ""-' .... ~c " '"" ~ f .~' 73.'J 



PARAMETER TEST 

MATERIAL 

LOAD (gram/blade) 

SLIDING SPEED (em/sec) 

NUMBER OF BLADES CUTTING 

ABRASIVE (g}'it size) 

OIL VOLUME (' Hers) 

MIX (kg/l f ter) 

KERF LFNGTH (em) 

INGOT HEIGHT (em) 

BLADE THICKNESS (em) 

KERF WIDTH (em) 

ABRASIVE KERF LOSS (em) 

AREA/SLICE (em2 ) 

CUTTING TIME (total hours) 

EFFICIENCY (full test) 
(typical) 
(maximum) 

ABRASION RATE (full test) 
(cm'/hr/b1ade) (typical) 

(ma~';mum) 

PRODUCTIVITY (full test) 
I , ,. . J~. .. .' 

\1.0111 III//UIQU~) (tYP1cal) 

(maximum) 

SLICE TAPER (em) 

ABRASIVE UTILIZATION (cmJ/kg) 

OIL UTILIZATION (cm l /liter) 

SLICING TEST SUMMARY 
I 

2 .. 011 2-012 

{ lOa} {lOa} 

113-170-227 113-170 

66 67 

179 115 

i S1 {l1n 

113 

35.5 

150 

2-022 

S1 

#800 SiC 

7.6 

0.48-0.60 

#800 SiC '600 SiC #600 SiC 

10.0 max 

8.62 

0.020 

0.025 

0.C05 

73.8 

24:20 

1.13 

1. 37 

0.076 

3.033 

+.0019 

72.4 

43.5 

7.6 7.6 

o . 48 O. 48 O. 36 

7.62 10.0 max 10.0 max 

7.62 

0.020 

0.024 

0.004 

58.1 

23:50 

0.65 
0.87 

0.058 

2.437 

+.0016 

44.0 

21.1 

6.83 

0.02 

0.0262 

0.0062 

61.6 

54:,35 

.74 

.96 
1.14 

0.0296 
0.0384 

0.0456 

1. 13 

1.46 
1. 74 

+.0004 

66.36 

31.85 

0.02 

'COLLAPSE 
OF 

SPACERS 
PIN 
& 

EPOXY 
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SLICING TEST SUMMARY 

I 
PARAMETER 2-023 I 2-024 2-025 2-026 

TEST I. 
I 

MATERIAL 
Si {100} I Si {l00} Si {100} Si {100} 

LOAD (gram/blade) 113 225 113 226.8 

SLIDING SPEED (em/sec) 61.3 59.2 61.3 60.1 

NUMBER OF BLADES CUTTING 150 125 128 76 

ABRASIVE (grit size) 
#600 SiC #600 SiC #600 SiC #600 SiC 

OIL VOLUME (liters) 7.6 7.6 7.6 7.6 

MIX (kg/1 iter) 0.24 0.48 0.36 .96 

KERF LENGTH (em) 10.0 max 10.0 max 10.0 max 10 

INGOT HEIGHT (em) 6.83 6.83 6.83 10 

BLADE THIC~NESS (em) 
0.02 0.02 0.02 .020 

KERF WIDTH (em) 
0.0251 0.0262 . O. 0259 .0262 

ABRASIVE KERF LOSS (em) 
0.0051 0.0062 0.0059 .0058 

AREA/SLICE (em') 
72. 1 72.1 72. 1 77 .42 

CUTTING TIME (total hours) 27:30 17: 10 27: 10 13: 30 

EFFICIENCY (full test) 0.95 0.83 1.00 1.11 

(typi cal) 1. 19 LOg 1.07 1. 33 

(maximum) 1. 95 1. 35 1. 73 1.6927 

ABRASION RATE (full test) 0.0658 O. 1101 0.0687 .1501 

(em'/hr/b 1 ade) (typi cal) 0.0821 n ,,,,, .. u.0739 .1806 .. • f'"-t'l 

(maximum) 0.1346 0.1792 0.1194 .2299 

PRODUCTIVITY (full test) 2.62 4.20 2.65 5.73 

(em%/hr/blade) (typi cal) 3.27 5.52 2.85 6.89 

(maximum) 5.36 6.84 4.61 8.77 

SLICE TAPER (em) 
+0.0011 +. 0011 +.0018 +.00080 

ABRASIVE UTILIZATION (em' /kg) 148.8 64.7 87.3 21. 13 

OIL UTILIZATION ( em' /1 ite r) 35.7 31.1 31.4 20 .. 
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SLICING TEST SUMMARY - -
PARAMETER TEST 2-031 2-041 3-001 3-002 

MATERIAL 
{111 } S1 {100} {111 } {111} 

LOAD (gram/blade) 113 113 57-85 28-46 

SLIDING SPEED (em/sec) 67 67.1 68 68 

NUMBER OF BLADES CUTTING 125 118 150 145 

ABRASIVE (grit size) #600 SiC #600 B4C #600 SiC #600 SiC 

OIL VOLUME (liters) 7.6 7.6 7.6 7.6 

MIX (kg/1 iter) 0.48-0.72 0.48 0.24 0.24 

KERF LENGTH (em) 10.0 max 10.0 max 10 max 7.62 

INGOT HEIGHT (em)' 
8.62 8.3 em 8.B 7.62 " 

BLADE THICKNESS (em) 0.020 0.02 .010 .010 

KERF WIDTH (em) 
0.025 0.0284 (.OlB) (.018) 

ABRASIVE KERF LOSS (em) 
0.005 0.0084 ( .OOS) ( .OOS) 

AREAlSLI CE (cm2
) 

73.8 72.1 DNF DNF 

CUTTING TIME (total hours ) 19:55 14:50 DNF DNF 

EFFICIE~CY (full tes t) 
, .., ... 1.83 • •• ..1 

(typical) 1.68 2.07 1.60 1. 70 

(maximum) 2.43 3.1B 1. SO 1. 81 

ABRASION RATE ( full test) 
0.093 0.1380 

(cm'/hr/blade) (typical) 
0.127 0.1564 

{maximum} 
o .lS3 0.2403 

PRODUCTIVITY (full tes t) 
3.71 4.S6 

(cm%/hr/b1ade) (typi cal) 
5.07 5.51 

(maximum) 
7.33 8.46 

SLICE TAPER (em) 
+.0043 +.0009 

ABRASIVE UTILIZATION (cm'/kg) 
42.1 66.23 

OIL UTILIZATION ( em 1 /1 ite r ) 
30.3 31. 79 



SLICING TEST SUMMARY 

PARAMETER TEST 3-021 3-031 3 .. 032 3-033 

MATERIAL 
Sf {l1n S1 011} S1 {lOa} S1 {lOa} -

LOAD (gram/blade) 
57 85 85 85 

SLIDING SPEED (em/sec) 
65.8 62.7 60.9 60.4 

NUMBER OF BLADES CUTTING 
145 136 96 114 

ABRASIVE (grit size) 
1600 SiC 1600 SiC '600 SiC #600 SiC 

I vIL VOLUME (liters) 
7.6 7.6 7.6 7.6 

MIX (kg/liter) 
0.48 0.48 0.48 0.24 

KERF LENGTH (em) 
7.62 7.62 10.0 max 10.0 max 

It'GOT HEICHT (an) 
5.40 5.31 8.3 8.3 

BLADE THICKNESS (em) 
0.010 0.015 0.015 0.015 

KERF WIDTH (em) 
(0.015) 0.0;'3 i 0.(1216 0.0202 

I 

ABRASIVE KERF LOSS (em) 
(O.~C5) 0.u08 0.0066 0.0052 

lin"" ,_. ICE ( 2) 41.1 40.5 72.1 72.1 
.- .. ,"'N ~L cm 

CUTTING TIME (total hours) 
23:10 17:00 26:05 28:50 

EFFICIENCY (full test) 0.71 1.03 1.16 0.99 

(typical) 0.86 1. 15 1.45 1. 13 

(max;mum~ 
1.61 1.65 2.43 1. 73 

ABRASION RATE (full test) 0.0266 0.0547 0.0597 0.0505 

(em'/hr/blade) (typical) 0.0335 0.0611 0.0748 0.0578 

(maximum) 0.0626 0.0876 0.1253 0.0885 

PRODUCTIVITY (full test) 1.77 2.38 2.76 2.50 

(cm2/hr/b 1 ade) (typi ca 1) 
2.23 2.66 3.46 2.86 

(maximum) 4.18 3.81 5.80 4.38 

SLICE TAPER (em) 
+0.012 -0.0003 +.0018 +.u020 

ABRASIVE UTILIZATION (cm3/kg) 22.9 34.6 41.0 91.0 

OIL UiILI ZATION (cml/li ter) 10.9 16.6 19.7 21.8 



"'''"'--.,.-.----~, 

.. ___ ~ ___ ..,....,..-:.~ __ ~-.~.-,,-.-=-~--~ ~_. ___ -r~"" '" 

=~~ ..• ~=~~ ~=-¥~ 

f i ~ 

I u l 
~"-

, 

i li SLICING TEST 5Uft4ARY 

!l 3-041 ( PARAMETER 3-034 3-035 3-036 TEST 

i 
Ii 51 {lOO} 

i MATERIAL 51 {lOO} S1 {l00} Sf 

" 57 ~ LOAD (gram/b llde ) 141.75 85.05 113.40 lO 

f n I SLIDING SPEED (an/sec) 60.7 60.0 60.7 
f 

if 
NUMBER OF BLADES CUTTING 80 118 97 

~ 
f 1600 SiC f ... 

ABRASIVE (grit size) 1600 SiC '600 SiC 1600 SfC 
t 

i ~ 
OIL VOLUME (11 ten) 7.6 7.6 7.6 

7.6 
I 

1 
,. 0.24 

~ MIX (kg/liter) .36 .36 .48 
.~ 

L KERF LENGTH (an) 10 10 10 .,. 

f ~ INGOT HEIGHT (an) 10 10 6.19 
- i . 

~.010 1 t BLADE THICKNESS (an) .015 .015 .015 

I KERF WIDTH (em) .0224 .0213 .0223 
t ~ 

ABRASIVE KERF LOSS (cm) .0071 .0061 .0071 

L AREA/SLICE (an2 ) 77 .42 77 .42 56.39 

J CUTTING TIME (total hours ) 19:45 29:30 26: 15 .. 
j 
l " 
i. EFFICIENCY (full test) 1.02 1.10 0.698 

(typical) lo22 1.45 .7735 CD 
~ . i ~ ! j, 

(maximum) l ~ 1. 7458 2.0Sti6 ~ .1299 ~ 
", 

ABRASION RATE (full test) .0878 .0559 .0479 -•.. z I 
(em' Ihrib 1 ade) (typi cal) .104u .07373 .0531 L ." 

(maximum) 
;10 

.1497 .1066 .0775 ", .. ~ ("') 

I 0 z 
PROOUC7IVITY (full test) 3.n 2.26 2.15 0 ,. .. --I 

(em2/hr/blade) (typ i ca I) 4.67 3.46 2.38 -~- i 
(maximum) 6.68 5.00 3.48 -z 

C) 

.. SLICE TAPER (em) +.00157 +.001~3 +.00013 
1 , --.' " ',,' ... ' :e~ .. ·.~~·.'~ " •• 1 .... -.".." - ~ -. ji . i 2 .. 5. ; j .~ : ..... _., j • \of. i , ..... 1 I \~; jU. , , 

.. OIL UTI LI ZA TI ON (em' 11 iter) 18.25 25.60 22.04 j 
~ 

.! ~ 

1 



SLICING TEST SUMMARY 
.. i 

PARAMETER TEST 
P~OOl P-002 

P·003 P·004 

S1 {loa} Sf {l00} I 
MATERIAL S1 {100} Sf {100} 

\ 

-. 
LOAD (gram/blade) 

170 113 
85.05 113.40 

SLIDING SPEED (em/sec) 66.8 65.1 
60.2 59.6 

NUMBER OF BLADES CUTTING 225 225 
225 271 

ABRASIVE (grit size) 
#600 SiC #600 SfC 

1600 SiC 1600 SfC 

OIL VOLUME (liters) 7.6 7.6 
7.6 7.6 

MIX (kg/l iter) 0.48 0.36 
.36 .48 

kERF LENGTH (em) 10.0 max 10.0 max 
10 10 

INGOT HE I GHT (an) 10.0 10.0 
10 10 

BLADE THICKNESS (an) 0.0203 0.0203 
.015 .020 

kERF WIDTH (an) 0.0257 0.1l2~7 
.0198 .0262 

ABRASIVE KERF l.OSS (em) 0.J057 0.(1254 
.0046 .0059 

AREA/SLICE ,~) 78.5 78.5 
77.42 77 .42 

CUTTING TIME (total hours) 
19:00 23:25 

35:15 25:20 
(full test) 0.94 1. 17 

EFFICIENCY 
1.28 1.18 0.861 

(typi cal) 1.03 

1. 51 1.38 1.12 
(maximum) 1.37 

1.2829 1.6617 

ABRASION RATE (ful1 test) (}; 1 062 0.0862 
.0435 .0801 

(cm'/hr/blade) (typi cal) 0.1166 ~.J938 
.0566 

0.1107 .0939 
(maximum) 

O. , 550 
.1130 .054a 

(full test) 
4. 13 3.35 PRODUCT I V I TV 

3.65 3.06 2.20 
(cm2 /hr/b 1 ade) ( typical) 4.53 

4.31 3.58 2.86 
(max;mum) 6.03 

4.31 3.27 

SLICE TAPER (em) +.00141 +.00298 

(c;n ~ /kg) 124.4 165.9 
AJ~:i I V E i.J iI LI Z~ iI OU 125.11 151.83 

(em' /11 ter) 
59.7 59.7 

OIL UTILIZATION 60.05 54.66 
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PARAMETER TEST 

MATERIAL 

LOAD (gram/blade) 

SLIDING SPEED (em/sec) 

NUMBER OF BLADES CUTTING 

ABRASIVE (grit size) 

OIL VOLUME (liters) 

MIX (kg/11ter) 

KERF LENGTH (~.m) 

INGOT HEIGHT (en) 

BLADE THICKNESS (em) 

KER:: WIDT:i (em) 

ABRASIVE KERF LeSS (em) 

AREA/SLICE (cm2 ) 

CUTTING TIME (tot2l~ hours) 

EFFICIENCY (full test) 
(typical) 
(maximum) 

ABRASION RATE (full test) 
(cm'/hr/blaue) (typical) 

(maximllll) 

PRODUCTIVITY (full test) 
(cm2/hr/blade) (typical) 

(maximum) 

SLICE TAPER (em) 

ABRASIVE UTILIZATION (em'/kg) 

OtL UTILIZATION (cm'/liter) 

SLICING TEST SUMMARY 

P-005 I 
S1 {lOO} 

85.05 

57.8 

234 

'600 SiC 

7.6 

.36 

10 

10 

.015 

.0216 

.0064 

77 .~2 

32:00 

1.068 

1.37 
1.5259 

.0523 

.0671 

.0747 

2.42 
3.11 

3.46 

+.00083 

143.03 

51.49 
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APPENDIX II 

PHASE I WAFER CHARACTERIZATION SUMMARY .. 
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SU~~ARY OF WAFER CHARACTERIZATION 
) 

. j 

U TEST 1-001 1-011 1-012 j 

U THICKNESS (AVE) em .0565 0551 0534 

U 
STD. DEVIATION em .0020 0017 0045 

TOTAL VARIATION (AVE) em .0032 0019 0058 

U STD. DEVIATION em .0017 0012 0038 

STD. DEVIATION (AVE) em .0014 0010 0030 

I: STD. DEVIATION em 
L ~ 

.0007 0006 0020 

VARIATION (AVE WAFER) em .0022 0010 0037 , 
j 

~ . - TAPER (AVE WAFER) em .0021 0011 0030 
~ 

~ 

i 
I BOW (AVE) urn 15 8 

LU 
.....J 

i i, 
I 

l 
TAPER (AVE) ~m 

co 26 11 ~ 
WAVINESS (p-p) (10-2m) ~m 

t!:l 11 48 z: 

I 
1 

-
(10-4m) 

3 
ROUGHNESS (p-p) ~m 

0 2 2 .....J 
.....J 
0 

ROUGHNESS (RMS) uineh LL. 16-19 19-24 
I..LJ 
I..LJ 

STEPS urn V) 4 19 

r -



TEST 1-013 1-014 1-015 .~ 

THICKNESS (AVE) em 0573 0502 
~ ~ 

STD. DEVIATION em 0061 0085 

TOTAl VARIATION (AVE) em 0052 0085 
-'" 

STD. DEVIATION em 0053 0050 

STD. DEVIATION (AVE) em 0028 0045 

STD. DEVIATION em 0030 0027 

VARIATION (AVE WAFER) em 0029 0045 

TAPER (AVE WAFER) em 0018 0039 

BOW (AVE) urn 7l. 

TAPER (AVE) urn 85 32 

WAVINESS (p-p) (10-2m) urn 15 12 

ROUGHNESS (p-p) (10-4m) urn 1.8 1.8 

ROUGHNESS (RMS) lli nch 18-22 16-22 

STEPS urn 13 55 

- - ~ , = ,-- • 



p 
u 
u 
U 

L 
n i . ..... 

f' 
L 

L 
r-
L 

TEST 

THICKNESS (AVE 

STD. DEVIATION 

TOTAl VARIATION (AVE) 

STD. DEVIATION 

STD. DEVIATION (AVE) 

STD. DEVIATION 

VARIATION (AVE WAFER) 

TAPER (AVE WAFER) 

BOW (AVE) 

TAJ:ER (AVE) 

WAVINESS (p-p) (la-2m) 

ROUGHNESS (p-p) ( 10-4m) 

ROUGHNESS (RMS) 

STEPS 

1-021 

em 0536 

em 0021 

em 0027 

em 0022 

em 0014 

em 0011 

em 0014 

em 0007 

~m 10 

~m 27 

~m 20 

~m 1 

\linch 25-45 

~m 8 

1-022 1-023 1-024 

0555 0535 0569 

0029 0013 0030 

0022 0034 0038 

0014 0016 0023 

0012 0018 0020 

0001 0008 0012 

0010 0021 0011 

0003 0012 0011 

20 13 17 

36 22 34 

5 n 14 

1.5 1.4 2 

14-17 13-16 14-17 

4 14 



)2L@ •• -44 : __ ,_* __ ,,~ i,.j!!!e~; .. 

TEST 1-031 1-032 1-033 1-034 A~ 

-----.--- ... - - .•. ----- - .. --------- -..... - -.- --

THICKNESS (AVE) em 0526 0519 0516 0535 i , , · . 
STD. DEVIATION em 0022 0044 0051 ()035 

TOTAL VARIATION (AVE) em 0034 0057 0035 1042 · , 
STD. DEVIATION em 0024 0029 0029 0022 

STD. DEVIATION (AVE) em 0019 0030 0018 0022 · . 

STD. DEVIATION em 0012 0015 0014 0011 

VARIATION (AVE WAFER) em 0026 0039 0018 0018 

TAPER (AVE WAFER) ern 0022 0036 0002 0006 

BOW (AVE) urn 10 28 40 

TAPER (AVE) plil 22 35 29 38 

W;WINESS (p-p) (10-2m) u:TI I .-~ 9 16 27 

ROUGHNESS (p-p) (10- 4m) :'111 1.9 1.5 2.0 2.0 

ROUGHNESS ( R~'~S ) ldneh 18-20 16-17 22-25 35-50 

STEPS urn 4 3 6 21 
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Cdc' 5mtrfi> il 

- '-fAT .... 

TEST 1-041 1-042 1-043 

THICKNESS (AVE) em 0534 0552 

STD. DEV!ATION em 0045 0017 

TOTAL VARIATION (AVE) em 0046 0022 

STD. DEVIATION em 0036 0015 

STD. DEVIATION (AVE) em 0023 0011 

STD. DEVIATION em 0018 0008 

VARIATION (AVE WAFER) em 0028 0014 

TAPER (AVE WAFER) em 0028 0014 

BOW (AVE) um 23 

TAPER (AVE) urn 44 

WAVINESS (p-p) (l0-2m) um 17 

ROUGHNESS (p-p) (lO·4mi urn 2.0 

RiJUGHNESS (RMS: flinch 16-19 20-24 

STEPS lim 15 
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TEST 1-051 1-052 1-053 1-054 
... -- ... - --_ .. ,-_._-- ----- ._---

THICKNESS (AVE) em 0524 0566 0333 0332 

STD. DEVIATION em 0025 0011 0013 0026 

TOTAL VARIATION (AVE) em 0043 0016 0044 0018 .. 
STD. DEVIATION em 0019 0009 0022 0013 

STD. DEVIATIO~ (AVE) em 0022 0008 0017 0009 

STD. DEVIATION em 0009 0005 0009 0006 

VARIATION (AVE WAFER) em 0034 0007 0025 0008 

TAPER (AVE WAFER) em 0034 0007 0015 0008 
. 1 

BOW (AVE) 11m 17 21 6 8 

TAPER (AVE) um 29 15 6 7 

WAVINESS (p-p) (10-2m) um 34 15 14 9 

ROUGHNESS (p-p) (10-4m) um 2.2 1.5 1.5 1.4 

ROUGHNESS (RMS) uinch 20-22 17-19 15-16 17-19 

STEPS um 4 40 13 13 

-_ J..l 
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TEST 

TH I CKNESS (AVE) em 

STD. DEVIATION em 

TOTAL VARIATION (AVE) em 

STD. DEVIATION em 

STD. DEVIATION (AVE) em 

STD. DEVIATION an 

VARIATION (AVE WAFER) em 

TAPER (AVE WAFER) em 

SOW (AVE) }.1m 

TAPER (AVE) }.1m 

WAVINESS (p-p) (lO-2m) }.1m 

ROUGHNESS (p-p) (10-4m) }.1m 

ROUGHNESS (RMS) }.linch 

STEPS }.1m 

2-001 

0245 

0017 

0036 

0014 

0011 

0004 

0020 

0006 

-I.LI 
..J 
CQ 

20 ~ 
(,!:5 

88 z ..... 
3 
0 

1.5 ..J 
..J 

f2 
17-19 I.LI 

I.LI 
II) 

0 
II) 

~ -

2-002 

0334 

0016 

0026 

0014 

0013 

ODD? 

0011 

0011 

6 

8 

1.5 

15-16 

2-003 

0318 

0017 

0046 

0009 

0024 

0004 

0044 

0027 

28 

40 

2.0 

18-19 

30 

, i 

, .. 

... 
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u 

I .. U 
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f U 
I 
I U • 

{ 1J 

j 
i 1 

r 
I .. 

.. 
1 ... 

TEST 

THICKNESS (AVE) em 

STD. OEV IATION em 

TOTAL VARIATION (AVE) em 

STD. DEVIATION em 

STD. DEVIATION (AVE) em 

STD. DEV II.TI ON O:l 

VARIATION (AVE WAFER) c:m 

TAPER (AVE WAFER) l.:m 

BOW (AVE) lJm 

TAPER (AVE) lJln 

WAvrflESS (p-p) (10-2m) lJm 

ROU~HNESS (p-p) (10-4m) lJa: 

ROUGHNESS (RMS) \.linch 

STEPS lJm 

2-004 2-005 2-006A 

.0253 0261 0253 

.0037 ('015 0022 
0643 0043 0040 

0020 OO"IS 0Ol~ 

0024 0016 OOi: 
0009 0007 0006 

0020 0015 0016 

0007 0015 0016 

40 

30 

24 51 23 

2.4 2.0 2.3 

lS-20 lS-22 15-16 



.. . i 

TEST 2-0068 2-006C : 
2-011 

THICI(.NESS (AVE) em 0270 DNF 0362 

STD. DEVIATION em 0029 0040 

TOTAL VARIAT·ION (AVE) em 0057 0051 
~ I 
~. 1 STD. DEViATION 0033 em 0024 

STD. DEVIATION (AVE) em 0022 0024 

STD. DEVIATION an 0009 0016 

VARIATION (AVE WAFER) c,;m 0017 0019 

TAPER ,AVE WAFER) an 0017 0019 

~ i 80W (AVE) ~ I lJm 

T.~PER (AVE) lJm 

WAVI~ESS (p-p) (l0-2m) lJm 48 24 

ROUGHNESS'(pwp) (10-4m) lJm 2.3 1.!; 

ROUGHNESS (RMS) lJinch 14-16 17-18 

STEPS WI! 8.5 36 
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TEST 2·021 2·022 
I 2-012 

THICKNESS (AVE) em 0374 0246 DNF 
STD. DEVIATION em 0009 0013 

TOTAL VARIATION (AVE) em 0043 0021 

STD. DEVIATION em 0010 0009 

STD. OEVIATION (AVE) em 0017 0007 
" STD. DEVIATION em 0005 0003 

~, VARIATION (AVE WAFER) c.m 0022 0004 

TAPER (AVE WAF£R) em 0016 0004 

BOW (A'll) \,lm 9 
i 

TAPER (AVE) I \,lm 38 10 ~ 

WAVINESS (p-p) (l0-2m) \,lm 40 16 
ROUGHNESS (p-p) (lO-4n.) \,lm 2.2 1.9 
ROUGHNESS (RMS) \,linch 10-12 15-18 
STEPS \JIll 6 28 

. -
i 
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... 

j .. 

•• 

TEST 2-023 . 2-024 2-025 

THICKNESS (AVE) em 0257 .- 0348 0248 
STD. DEVIATION em 0030 0025 0011 

TOTAL VARIATION (AVE) em 0049 0041 0043 
STD. DEVIATION em 0035 , 0015 0019 

STD. DEVIATION (AVE) em 0018 0016 0017 
STD. DEVIATION em 001' 0006 0007 

V,\RIATION (AVE WAFER) c.:rr. OOZ~ 0018 0020 
T~PER (AVE WAFER) an ('013 0010 0018 

BOW (AVE) 
~II' 68 

TAPER (AVE) ~m 22 19 35 
WAVINESS (p-p) (10-2m) ~III 16 38 15 

ROUGH,U:SS (p.p) (lO .. 4m) 
~m 2 • 3 3 

ROUGHNESS CAMS) "inch 21-24 16·19 15-18 
STEPS ~m 

--- -~~-----~--~--==-~---- --~-- -- .. ~-
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I 
I 

TEST 

THICKNESS (AVE) 

STD. DEVIATION 

TOTAL VAR1ATION (AVE) 

STD. DEVIATION 

STD. DEVIATION (AVE) 

STD. DEVIATION 

VARIATION (AvE WAFER) 

TAPER (AVE WAFER) 

BOW (A'/E) 

TAPER (AVE) 

WAVINESS (p-p) (10· Zm) 

ROUGHNESS (I'-p) (10-4m) 

ROUGHNESS (RMS) 

STEPS 

em 

em 

em 

em 

an 

tm 

an 

an 

lJm 

lJm 

lJlTI 

lJm 

lJinch 

lJlII 

2-026 2-041 
2·031 

03485 0355 0326 

00196 0058 0016 

00546 0100 0042 

00249 0043 0018 

00206 0038 0015 

00104 0015 0006 

00137 0049 0009 

00079 0043 0009 

SO 
38 

2.0 2.6 
13-15 

17-19 

41 
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I.~ 

TESi 
3-021 3-031 . 3-032 •. j 

•. t ICKNESS (AVE) em 0394 0331 0343 
STD. DEVIATION cm 0047 0020 0019 

TOTAL VARIATION (AVE) em 0171 0027 0046 
STD. DE'lIATION em 0111 I 0011 0027 

STD. DEVIATION (AVE) em 0067 0010 0018 
t 
f STD. DEVIATION 0044 0005 

-

em 
0011 

,~ VARIATION (AVE WAFER) an 0122 0003 0020 
TAPER (AVE WAFER) em 0122 0003 0018 

~ 

f BOW (A'IE) }.1m 
50 

t 
t 

TAPER (AVE) f 
}.1m 

27 l WAVINESS (p-p) (10-2m) }.1m 
62 13 70 ~ 

ROUGHNESS (p-p) (lO-4m) lJm 
30 

l 

2.3 2.2 
~ 
~ 

ROUGHNESS (RMS) }.linch 
17-22 14-16 

t 
22-24 r STEPS lJm ~. 

62 2 30 
~ 

I 
f 
k 
! 

t 

f 

L 

..... ,/, . -.~",-':".-
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u 
u 
U 
11 TEST 3-033 3-034 3-035 
L. 

\ j 
j' .. ". THICKNESS (AVE) em 0255 03366 02441 

1\ STD. DEVIATION em 0018 00157 00135 
... 

TOTAL VARIATION (AVE) em 0044 00340 00320 

~ . STD. DEVIATION em 0021 00127 00155 

STD. DEVIATION (AVE) em 0017 00135 00119 

STD. DEVIATION em 0009 00053 00610 

! '; VARIATION (AVE WAFER) an 0022 00183 00196 

TAPER (AVE WAFER) an 0019 00157 00152 

l 

t.~ 

I ~ 
BOW (A'/E) ~m 

L TAPER (AVE) 21 
LLJ 

J.lm ...J 
co 
< 

(lO-2m) ! WAVINESS (p-p) 62 
~ 

i 
J.lm (.!) 

(10-4m) 
z: 

ROUGHNESS (p-p) 3 
.... 

J.lm :I: 
0 
...J 

ROUGHNESS (RMS) J.lineh 24-(8 
...J 
0 
LI-

LLJ 

STEPS J.lm LLJ 

'" 
~ · -
· . ! . 
I 
l 

· -, 
I 
~~ 

r 
,!'F 
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TEST 3-036 P-OOl . p-002 

... 
THICKNESS (AVE) em 02339 0048 0303 

STD. DEVIATION em 00185 0007 0015 'ff~ 

TOTAL VARIATION (AVE) em 00272 0047 0036 ... 
STD. OEVIATION em 00109 0015 0014 

STD. DEVIATION (AVE) em 00094 0017 0014 

STD. DEVIATION em 00041 0006 0006 

VARIATION (AVE WAFER) (.11\ 00107 -. .. 

TAPER (AVE WAFER) em oe013 

-. 
BOW (A'Jt:) llm 

10 
TAPER (AVE) llm 

WAVINESS (p-p) (lO-2m) llm 
29 

ROUGHNESS (p-p) ( 10-4m) pm 
25 

ROUGHNESS (RMS) llinch 
17-20 13-17 

STEPS pm 

..;;. - - - -

- -- ~ -- . -.~ . . _. . '-~ 
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U 

U 
, 
I , 

U 

U TEST P-003 P-004 P-005 

U THICKNESS (AVE) em 02456 02600 02921 . 
I 

I 1 . 
STD. DEVIATION em 00264 00279 00414 ' 

I 

TOTAL VARIATION (AVE) em 00549 00483 00744 i 
i 

1 
i 
l : STD. DEVIATION em 00274 00302 00231 

i 
I 
t ~ 

STD. DEVIATION (AVE) em 00203 00216 00318 
! 

STD. DEVIATION em 00112 00117 00107 

1 
• i 

I I ! 1 

f 

~ 
~ 

! • i 
'" ~ 
! , , , , 

~ , 
r 
t , 
~~ 

, 

I ~-J 

VARIATION (AVE WAFER) tm 00196 00338 004fO 

TAPER (AVE WAFER) on 00152 00300 00213 

BOW (AVE) \,lm 

TAPER (AV,) \,lm LU LU LU 

(10-2m) 
...J ...J ..J 

WAVINESS (p-p) 
co co co 

\,lm c::: c::: c::: ..... I-- ..... 

ROUGHNESS (p-p) (lO-4m) 
~ ~ c.!3 

\,lm z z z ..... ..... ..... 
:3 3 3 

ROUGHNESS (RMS) \,linch 
0 0 0 
...J ..J ..J 
...J ...J ..J 
0 0 0 

STEPS 
u.. u.. u.. 

\,lm LU LJ.J LU 
LU LJ.J LU 
V1 V1 V1 

II 
~ 

I -% 

, 

".' "I , 
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t SUMMARY OF WAFER CHARACTERIZATION ~.J 

(Non-Contact Gauging) - , 
1 r , 
i 

t tit- .. 

l 
1-001 2-001 1:035 

f 
TEST 

SLICE Diameter (an) (1 (\) 10 10 
... 

Area (cmZ) 82.6 77.4 77.4 
Thickness (lJ) 565 245 244 ... 

VERTI CAL TAPER Average (lJ) 57 49 39 
Maximt.ll1 100 58 74 
Minimum 22 35 16 

HORIZONTAL TAPER Average (lJ) 7 16 13 
MaximtJJ1 12 24 19 
Minimum 1 9 6 

VERTICAL BOW-TOP. Average (lJ) 63 94 57 
Maximum 108 107 100 
Minimum 30 77 23 

HORIZONTAL BOW-TOP Average (lJ) 19 34 57 
Maximum 45 53 79 
Minimum 8 17 15 

VERiICAL BOW-BOTTOM Average (u) 24 80 46 
Maximum 40 96 59 
Minimum 10 59 29 

HORIZONTAL BOW-BOTTOM Average (&J) 17 39 49 
Maximum 43 59 64 
Minimum 2 25 24 

VERTICAL BOW-CL Average (lJ) 78 170 97 
Maximum 135 192 136 
Minimum 23 133 42 

HORIZONTAL BOW-CL Average (u) 36 72 106 
Maximum 90 110 142 
Minimum 9 29 39 



f ; 

u 
u 
I' 

U 

, 

SUMMARY OF WAFER CHARACTERIZATION 
(Non-Contact Gauging) 

TEST P-003 

SLICE 01 ameter (em) 10 
~.rea (cm2 ) 77.4 
TM ckness (lJ) 246 

VERTICAL TAPER Average (lJ) 47 
Maximum 89 
Minimum 18 

HORIZONTAL TAPER Average (lJ) 11 
Maximum 24 
Minimum 3 

VERTICAl BOW-TAPER Average (lJ) 97 
Maximum 165 
Minimum 42 

HORIZONTAl eq~-TOP Average (lJ) 79 
Maxir:lum 108 
Minimum 45 

VERTICAL BOW-BOTTOM Average (u) 113 
Maximum 160 
Minimum 87 

HORIZONTAL BOW-BOTTOM Average (u) 72 
M~ximum 95 
Minimum 34 

VERTICAL BOW-CL Aver'age (u) 205 
Maximum 327 
Minimum 140 

HORIZONTAL BOW-CL Average (u) 152 
Maximum 193 
Mi nimum 80 

P-004 P-005 -
10 10 

77.4 77.4 
260 291 

53 74 
98 118 
16 34 

11 6 
22 13 
4 2 

44 95 
88 236 
14 25 

52 71 
75 112 
25 24 

51 111 
78 148 
21 85 

50 71 
78 120 
31 33 

79 194 

127 360 

37 85 

101 14~ 

144 229 

65 54 
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PHASE II SLICING TEST SUMMARY 
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SLICING TEST SUMMARY 

- .. 

PARAMETER TEST 
J. • 2-1-01 2-1-02 2-1-03 2-1-04 

t1a teri a 1 ! 100 51 100 S1 100 S1 100 S1 I 
Size (nm) i 100 100 100 100 
Area/Slice (cm2) ! 

\ 78.54 78.54 78.54 78.54 

B latte Th1 ckness ( .' rrm) ; 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 
Spacer Thickness (mm) I 0.36 0.36 0.36 0.36 
Blade Height (0111) I 6.4 6.4 6.4 6.4 
Number of Blades 150 150 152 150 

Load (gram/blade) ! 85 85 85 127.6 
Sliding Speed (em/sec) ! 61.6 64.5 63.7 - -

I 
I Abrasive (tyee/grit size): '600 SiC 6600 SiC 6600 Sic - -
l 011 Volume (1; ters) 1 7.6 PC 7.6 PC 7.6 PC - -
f 

~ 
L 

t11 x (kg/1; ter) 0.36 ·0.24 0.18 - -
Slft! Thickness (mm) . 0:273 0.272 0.2~* --

i 

I 
1 

I I . 

Kerf Width (mm) 0.234 0.236 0.224 - -
Abrasive Kerf Loss (mm) 0.084 

I 
. 0.08f 0.074 - -

Cutting Time (hours) 41.6 72.3 43 ... - -
Efficiency (full test) 0.843:; I 

0.4759 0.7599 --
~ 

(typi ca 1) 1.0738 0.7023 0.9414 --
I 
i (ma.dmum) 1.5969 1.7077 1.2364 - -
. . 
1 

! 

Abras i on Ra ttl (full test) 0.044 0.026 0.041 - -
(cm3/hr/b1) (typi ca 1) 0.056 0.038 0.051 - -

(maximum) 0.083 0.093 0.067 - -
i 
i 

Producti vi ty (full test) l.89 1.09 1.81 - -
{ cm2/hr/bl) (typi cal) 2.39 1.61 2.28 - -

I (maximum) 3.55 3.94 
; 

2.99 - -
Yield 138/149 93% 128/149 86% 0/151 0% 0% 

r Slice Taper (mn) 0.054 0.092 - - . - -
Sl ice Bow (rrm) 0.061 0.160 - - - -

r 
~ " 

Abrasive Utilization (cm3/kg) 100.75 152.43 195.48 - - , 
011 Utilization (cm3/1 iter) 36.27 36.58 35.19 - -

I 
-

~ 

" 

Slade Wear Ratio (em3/ ern 3 ) 0.051 0.051 0.058 . -
l 
t . 
" f ~ 
,"c. 

~ 

~ "" -w 



SLICING TEST SUMM~RY 

P.I\RAMETER TEST l 2-1-05 '2-1-05 2-1-07 2-1-08 I 

I 100 Si t1ate ria 1 .... 100 S1 100 51 j 
She (mn) .... 100 100 100 I 

! 

Area/S1 ice (cm2) :, .... 78.5 7S.5 78.5 

Blade Thickness (mmj' .... 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 
Spacer Thickness (mm) .... 0.36 0.36 0.36 
Blade Height (nrn) .... 6.35 6.35 6.35 
Number of B1 ades .... 150 150 

Load (gram! blade) ! .... 8S 85 
Sliding Speed (em/sec) I .. - 62.7 65.5 -
Abrasi ve (ty.e/grit SiZe)! - .. 1600 SiC 1600 SiC #600 SiC 
011 Va ltm:e (1 ite r's) I .. - 7.6 PC 7.6 PC 7.5 PC 
t11x (k9!1 iter) .... . 0.36 0.36 0.36 -

I 
I . 51 i ce Thi ckness (mm) I - - 0.277 0.297 

Kerf Width (mm) -- 0.231 0.211 
Abrasive Kerf Loss (rrm) - .. 0.081 0.061 
Cutting Time (hours) -- 35.4 42.9 

Efficiency (full test) I .. - 0.9603 0.7030 
1 (typ; ca 1) I - .. 1.2775 0.8108 

(maximum) .. - 1.5011 0.9817 
Abrasion Rate (full test) - .. 0.051 0.039 
(cm3/hr/bl) (typical) - - ! 0.068 0.045 

(maximum) -- O.OSO 0.054 , 

Productivity (full test) .... 2.22 1.83 
(cm2/hr/b 1) (typi ca 1) .... 2.94 2.13 

I 
(maximum) i 3.46 2.56 .... 

Yield .... 96 64'; 119 80% OZ 

Slice Taper (mn) .... 0.064 0.055 , 
Slice Bow (rrm) - .. 0.085 0.059 ; 

I 

Abrasive Utiliz.ltion (cm3/kg) 
I 

- - 99.58 90.S3 
Oil util ization (cm3/1iter) - - 35.S5 32.70 
Slade Wear Ratio 3 3 (em / Co":. ) .... 0.050 0.040 

~ 
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SLICING TEST SUMMARY 

I U 
! : 
I! 
I 

PAR.~METER TEST. 2-1-09 2-1-10 2-2-01 2-2-02 
1 i 

r1a uri a 1 
I 

100 51 100 S1 100 51 100 S1 
Size (mn) 100 100 100 i 100 
Area/51 ice (cm2) ; 78.5 78.5 78.5 78.5 

L 
I ; Blade Thickness (mm) . 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 I 0.15 x 6.35 

Spacer Thickness (mrn) 0.36 0.36 0.36 0.36 
\ . 

Blade Height (mrn) 6.35 6.35 6.35 6.35 
Number of a1 a des 145 10 10 

Load (gram/blade) , 85 - .. .. .. 
Sliding Speed (em/sec) 61.7 : .. .. I .... I 

Abrasive (tyoe/grit size)1 #600 SiC #600 SiC '600 SiC 1600 SiC 
I 

Oil Vol ume (1 ; ters) : 7.6 PC 7.6 PC 7.6 PC i 7.6 PC 
I : 

r4i x (kg/liter) , 0.:6 0.36 I 0.36 .0.36 , --I 

Slice Thickness (mm) . 0.287 0.282 0.321 
Kerf Width (mm) 0.221 0.226 0.187 
Abra~ive Kerf Loss (mm) 0.071 0.076 0.037 
Cuttinn Time (hours) 41.31 .. .. .... 
Efficiency (full test) I 0.8037 .. .. .... 

(typi ca 1) 0.9916 .. .. .... 
(mJximum) 1.3894 I .. .. .... 

i 
Abrasion Rate (full test) I 0.042 .. .. I .... 
(cm3/hr/bl) (typi ca 1) 0.052 .. .. .... 

(maximum) 0.073 .. .. .... 
Productivity (full test) 1.90 .. .. .... 
(cm2/hr/bl) (typical) 2.35 .. .. .... 

(maximum) 3.30 .. .. .... 
Yieid 0% I 1 30/144 90% 7 70'; 3 30% 
Slice Taper (mn) 0.052 .. - .... 
Sl ice Bow (rrm) 0.046 .. .. .... 
Abrasi'le utn ; z,Hion (cm3/kg) 92.03 6.47 5.39 

i _ Oil Utilization (cm3/l iter) 33.13 2.33 1.94 
Slade ~ear Ratio 3 3 0.047 (em / cr:I ) .... .. -



SLICING TEST SUMMARY 

____. .... ___ -.0. 
r . ..... -~-... .- - - f , 

PARAMETER TEST , 2-3-01 2-3-01 2-3-03 2-3-04 

Material {lOa} S1 {lOa} S1 , 
{lOa} S1 {100} S1 

Size (om) I 100 100 100 100 
Area/S1 ice (cm2) , 78.54 I 78.54 78.54 78.54 

Blade Thi ckness (mm) 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 
Spacer Thickness (!mI) 0.41 0.30 0.36 0.41 
Bladl Height (!mI) 6.4 6.4 6.4 6.4 
Number of Blades 150 155 270 137 

Load (gram/blade) I 85 85 85 85 
Sliding Speed (cm/sec) 67.7 64.6 61.9 71.30 

Abrasive (tyee/gr1t S1Z')1 .500 S1C I 4f60u 5i C I 1600 SiC IfSOO/600/800S 
011 Volume (liters). 7.6 (PC) I 7.6 (LUB) I 716 (LUB) 7.6 (PC) 
f11x (kg/11 ~er) 0.36 ! 0.36 0.36 0.36 Total - -
Slice Thickness (mm) ! 0.320 -- 0.320 0.313 
Kerf Width (mm) 0.239 - - 0.188 0.246 
Abrasive Kerf Loss (nm) 0.086 I 0.036 0.094 i - -
Cutting Time (hours) 24.5 ! 27.8 32.4 22.1 

Efficiency (full tes t) 1.34 0.87 1.45 
(typi ca 1) 1.49 - - 1. 12 1.66 
(maximum) 1.69 - - 1. 30 1.94 

Abrasion Rate (full tes t; 0: 0.077 • - - 0.04t; 0.087 
(cmJ/hr/bl) (typi ca 1) 0.09 - - 0.06 0.100 

r 
t 

(maximum) 0.10 - - 0.07 0.117 
Product.; vi ty (full test) 3.21 2.83 2.42 3.55 
(cm2/hr/bl ) (typ; ca 1) 3.57 - - I 3.12 4.08 

(maximum) 4.05 i 3.63 4.76 - -
Yield I I 

100/149 (67~) 0/154 (0%) 20-30;~ 11311 36 (83:n I 
~lfce Taper (mn) 0.039 - - 0.040 

t-

t 
t 

Slice Bow (rrm ) 0.034 - - 0.051 
Abrasi'le Utiliziltion (em3/kg} 102.9 89.0 145.7 96.7 
Oil Utilization (em3!1 i ted 37.0 32.0 52.5 34.S 
Slade ilear Ra t; 0 ( 3 3 em / cr:t ) 0.039 0.049 0.060 0.046 



SLICING TEST SUMMARY 

P.~RM'ETER TEST 2-3-05 l 2-3-06 2-3-07 2-3-08 

t~.1Ur1al 

(om) I 100 S1 100 S1 100 S1 100 S1 

Size 100 100 100 100 

Aru/Slice 
2 1 

78.54 78.54 (em );j 78.54 78.54 

Blade Thickness (m; 0.15 0.15 x 6.35 0.15 x 6.35. 0.15 x 6.35 
LJ. SPicer Thickness (m) 0.36 0.36 0.36 0.36 

Blade Height (m) 6.4 6.4 6.4 6.4 
Number of Blades 134 270 131 150 

Load (gram/blade) I 85 I 85 85 85 
Slid1nq Speed (em/sec) 66.2 I 63.76 61.15 

Abrasi VI (tyoe/grit • i Zq '! *600/800 S ie 1600 SiC 1/600/8001 ,600i800/ 
10')0 Sic 1000 SiC 

011 Vol urr:e (l i ta r ~ ) ; 7.6 PC 7.6 Lub. 7.6 PC 7.6 PC 
r~1x (k9!1 i terj, 0.3£ Total 0.24 O. , 8 Totlt' 0.36 Tetal -- -
Slice Thicknes:i • (mm)' 0.3l e 0.292 0.320 
Kerf ~lidth (mm) 0.193 0.216 C.188 
Abrasive <erf loss (mm) 0.041 0.064 I 0.038 
Cutting Tir.:e (hcH.ll"s) 22.1 34.25 I 23.20 44.10 

Efficiency (fui i test) II 1.23 0.93 0.656 
(typical) , 1.41 1. 15 0.812 
(rna xi mum) I 1.49 1.27 

I 0.939 I 
Abrasior\ ~ate (full test) I 0.069 .050 I .034 , 

(cm3/hr/bl) (typical' 0.079 .062 .CJ4? 
( . \ maxlmum/ . 0.084 .069 .049 

Producti 'Ii ty (full tes t) 3.55 2.29 3.39 1. 78 
(cm2/S,l"/o1 ) (tYPicall. 4.09 2.87 2.23 

(milX;mu.'Tl11 4.35 3.19 2.60 
" .----. .... --.-._ ...... -...-

'( ie Id 38/132 29~~ 52/269 19;~ 4/130 3~ 17/149 11:~ 

51 iee Tap,"" ( r:7n ) .J65 .101 
511 ce BO'f1 (lim) .054 .107 
Abrasi'le Utiliztltion (cm3/kg) 74.2 251.3 81.1 

Oil Utilization (cm3/liter) 26.7 60.3 29.2 
91~de ~ear Ratio 3 3 (em /C:':l ) 0.063 .054 .067 
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SLICING TEST SUMMARY 

PARAMETER TEST 2·3·09 ;1 2 .. 3-10 2-3-11 2-3-12 

t1atir1l1 
I 

100 S1 ·100 S1 100 51 100 51 
She (11m) 100 100 100 100 
'\rea/SHce (cm2) I 78.54 78.54 78.54 78.54 

8hde Tt.i,k:,eli: (=i 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 
Spacer TM Ck,',~SS (r.In ) 0.36 0.41 0.36 . -
Blade Height (an> 6.4 6.4 6.4 6.4 
Humber of Blades 136 131 150 150 

L.OI~ (gr~m/ blade) 85 I 85 85 85 
Sliding Speed (em/sec) 64.44 If .. .. .... 
Abrasive (tyee/grit 51:e)' . 1600 SiC I 1600 SiC 1600 SiC .... 
Oil Volume (li ters) 7.6 Lub. I 7.6 Lub. 7.6 Lub. .. .. 
r4h (k9/11 ter) 0.12 0.06 0.12 ..... 
S' ice TM cleness (nun) I 0.304 . . .. .. .... 
r.erf Wi jth (mm) 0.204 .. .. .... 
Abru ive Kerf Loss (rrm) 0.052 .. .. .... 
Cutting Time (hours) 36.20 44.55 32.7 .... 
Efficiency (full test) I 0.81 .. .. .... 

(typi ca 1) 1.06 .. .. .... 
(maxil':1um) t 1.28 .. .. .... 

Abrasion Rate (full te~t) .044 .. .. .... 
(cm3/hr/bl) (typi cal) .058 .. .. .... 

(max i mllll ) .070 .. .. .... 
Producti vi ty (full test) 2.17 1. 76 .. .. .... 
(cm2/hr/bl ) (typi C! 1) 2.1-14 .. .. .... 

(maximum) 3 ·.1: .. .. .... 
Yield 16/135 1 Z~~ 5/130 4: 0/149 O~ I .... I 

Slice Taper (mn) • 078 I .. .. .... 
Slice Bow (rrm) . 168 .. .. .... 
Abrasive Utniz~tion (em3/kg} 239.2 .. .. .... 
011 Utilization (em3/1 i ted 28.7 .. .. .... 
Slade ~ear Ratio 3 3 .064 (em / c:':I ) .. .. .... 

. ; 
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SLICING TEST SUMMARY 

PARAMETER TEST i 2-3-1] 
, 

2-3-14 

I 100 S1 r~a ter1 a 1 100 S1 

51zt em) 100 100 

Area/Slice (cm
2
) " 78.54 78.54 

Blade Thi ckntSS (emI) 0.15 ~ 6.35 0.15 x 6.35 
Sracer Thickness (l1li) .... .. .. 
BheM Htight (111ft ) 6.4 6.4 
NU'IIber of Blades 153 1)6 

La,d (gram/blade) I 85 85 

Sliding Speed (em/sac) .. .. .... 
Abr.lSivt (tyoe/grlt 'IZ')I .. - .... 
I) 11 vo 1 UIT'.e (l Hers) .. .. - .. .. 
111 x (kCJ/11 teri .. .. . .... - -
Slice ThicknESS (mm) . . .. .. .... 
Kerf Width (nun) .. .. .... 
Abrasive Ydrf Loss (run) .. - .... 
Cutting Time (hours I .. .. .... 
Efficiency (full test) .. .. .... 

(typi ca 1) .... .. .. 
(ma)(~~um) .... .. .. 

Abrasion ~ate (full test) .... .. .. 
(em3/hr/b1) ( typical) ; .. .. .... 

(mAximum) : .. .. .... 
Product;vity (full test) .. .. .... 
(cm2/hr/b1) (typ; cal) .. .. .. , . 

(maximum) .. .. .... 
'field .. .. .... 
Slice Taper (on) .. .. .... 
Slice Bo';.' (tr'1I ) .. . .... 
Abrasi'le UtilizHion (em)/kg} - .. --
Oil Uti 1i zu;on (em3/1 i ted ... --
Slade ~ear Rat;o J 3 (em /c..~ ) .... .. .. 

i 2-3-15 2·3·16 

100 Si 100 Si 

100 100 I 
78.54 18.54 

.. ' .. '0.15 x 6.35 

.. .. 0.36 

. .. 6.35 

- .. 123 

I - . I 85 
.. .. .. .. 
.... *600 SiC I 1.6 .. .. 
... ... O.3E .-
.. .. .. .. 
.. .. .. .. 
.. .. .. .. 
.. .. .. .. 
.. .. .. .. 
.... .. -
.. .. .. .. 
.. .. .. .. 
.. .. .. .. 
.. .. - .. 
.. .. .. .. 
.. .. .. .. 
.. .. .. .. 
.. .. .. .. 
.. .. .. .. 
.. .. .. . 
.. .. -. 
.... - -
- - .. -
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SLICING TEST SUMMARY 

-.- - _.-

PARAr4ETER TEST ~ 2-3-17 2-3-18 I 2-3~ 19 2-3-20 

f1ater1al , 100 5i 100 51 100 S1 100 Si 

Size (mn) ~ 100 100 100 100 

Area/Slice (c.-n2) r 78.54 78.54 78.54 78.54 , 

Blade Thickness (mm) ~ 0.15 x 6.35 i 0.15 0.15 0.15 
Spacer Thickness (mm) 0.36 0.36 0.36 0.36 
Blade Height (mm) 6.35 6.35 6.35 6.35 , 
Number of Blades 145 150 150 

I 
150 I 

I 

Load (gram/blade) I 85 85 85 85 
Sliding Speed (cm/~ec) 53.43 65 65 65 

Abrasive (tyoe/gri t s; ze) I #600 SiC #600 SiC #600 SiC I #600 SiC 
Oil Volume (liters) I 7.6 M.O. 7.6 WBV IV 7.6 WBV V 7.6 M.O + Lar 
f1ix (k9/li.t:r) 0.36 0.36 0.36 0.36 , 

d 

I 
; 

S11 ce Thi ckness (mm) 0'.309 I 

I Kerf Width (mm) 0.201 
Abrasive Kerf Loss (mm) 0.051 I I Cutting Time (hours) 40.25 I ! 

Eff; c;ency (full tes t) i 
i 0.8618 I 

(typi cal) 0.8298 
(maximum) 1.6734 

Abras i on Rate (full test) 0.039 
(em3/hr/b1) (typ; cal) 0.038 

(maxi mum) 0.076 
f' Product; vi ty (full test) 1.95 

( cm2/hr/bl) (typical) 1.89 
(maximum) 3.78 

Yield 32 22;~ a a 
Slice Taper (rom) 0.U91 
Sl ice Bow (rr.m) 0.071 
Abrasive Utilization (cm3/kg) 

, 

83.53 
Oil Utilization (em3 /1 iter) 30.07 
Slade ~ear Ratio ( em 3/ ern 3 ) i 0.057 

, 
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SLICING TEST SUMMARY 

PARM1ETER TEST . 2-3-21 2-3-22 

t1ateri al 
I 100 Sf 100 Sf 

Size (!mI) 100 100 

Area/Slice (cm2) : 78.54 78.54 

Blade Thickness (mm) ! 0.15 x 6.35 0015 
Spacer Thickness (mm) 0.36 0036 
Blade Height (mm) 6.35 6.35 
Number of Blades 156 150 

Load (gram/b 1 ade) i 85 85 I 

Sliding Speed (cm/sec)! 65.34 65 

Abrasive (tyee/grit size) I Norton 500 #600 SiC 
Oil Volume (liters) I 7.6 7.6 D. W. 

~ ! 
t~i x ( kg/l i te r) i . 0.36 0.36 -
Slice Thickness (rrlm) I 0.242 
Kerf Width (mm) 0.266 
Abrasive Kerf Loss (rnm) 0.116 
C:.Jtting Time (hours) 11.33 

Efficiency (full test) I 3.325 
(typi ca 1) 1.699 
(maximum) t 3.6173 

Abrasion Rate (full test) 0.184 
(crn3/hr.'~ 1) (typi cal) t 0.094 

(maximum) . 0.200 
Productivity (full test) 6.93 
(cm2/hr/bl ) (typical) ! 3.53 • (maximum) , 7.52 

Yield i 113 73~~ 
I 

0 I 
Slice Taper (mn) i 0.039 I 
Slice Bow (rr.m) 4 0.047 \ 

Abras ive Utili za ti on (cm 3/kg) 
I 

119.08 j 

Oil Utilization (cm3/1 iter) 42.87 i 
I 

Slade Wear Ratio 3 3 , 
(em / cr.I ) 0.040 I , 

I 

- . 

2-3-23 2-3-24 I 
100 S1 100 S1 

100 100 
78.54 78.54 

0.15 x 6.35 
0.36 
6.35 
150 

85 
62.10 

#600 SiC z 
::> 
c::: 

7.6 Min.Oil/l .-
0 

0.36 z 

0.256 V') 
V') 
LLI 

0.242 a:: 
! .-
: V') 

I 0.092 LLI 
Q 

I 36.75 e::: . -I 
co , 

0.9886 3 
I 0 ! ...I 

1 .3175 .. 
0:: 

1.6590 L&.J 

\ 
l-
e::: 

0.052 3 

0 
0.069 I-

0 
0.087 LLI z 

~ 

2.14 ..... 
V') 

I V') 

I 2.85 e::: 

I 3.59 

18/150 12% 
0.120 
0.118 

104.17 
37.50 
0.042 
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SLICING TEST SUMMARY 

I' 
'1 PARA~1ETER TEST 2-3-25 2-3-26 2-3-27 I 2-3-28 

I 1 

Material 
, 

100 S1 Si lOC Si 100 Si 
Size (mn) 100 100 100 100 dia 

Area/Slice (cm2) ( 7a.S 78.5 78.5 78.5 

Blade Thickness (mm) ! 0.15 It 6.35 0.15 x 6.35 0.15 x 6.35 0.15 

Spacer Thi ckness (rmn) 0.36 0.36 0.36 0.36 

Blade Height (nm) 6.35 6.35 6.35 6.35 

Number of Blades 150 150 146 150 

Load (gram/blade) ! 85 ! 85 85 85 I Sliding Speed (em/sec) ! 61.03 i 63.39 63.57 58.16 

Abrasive (tyoe/grit s ~ ze) I #600 SiC. #600 SiC #600 SiC SiC/#60C 

on Vol uma (1 iters) I 7.6 Lard/M.oi 7.6 100 SUS 7 • 6 La rd/ Min .\ 7.6 
M. Oil '11 x (kg/1 iter) I 0.36 I 0.36 0.48 ! 0.48 

Sli ce Thi ekness (mm) I 0.282 0.238 0.263 I 0.278 

Kerf Hidth 0.270 
I 

0.230 (mm) I 0.226 0.245 i 
Abras i ve Kerf Loss (mm) : 0.076 0.120 0.095 ,i 0.080 

(hours) I I 
Cutting Time 61.0 61.08 26.42 ! 38.33 

! 

Efficiency (full tes t) I 0.561 0.6519 1.356 I 0.954 , 

(typi ca 1) 0.804 1.0009 1 
1.383 1.293 ; 

i 
(maximum) 1.2593 3.8872 t 1.8459 1.686 

I Abrasion Rate (full test) 0.029 0.035 0.073 0.047 

(cm
3
'!1r/bl) 

t 
It (typi cal) 0.042 0.054 I 0.074 0.064 

Ii (maximum) 0.065 0.209 0.099 0.083 
Producti vi ty (full test) 1.287 1.29 2.971 

! 
2.049 

(cm2/hr/b1) (typi cal) 1.860 2.00 3.025 2.784 

(maximum) 2.879 7.74 4.047 3.611 

Yield 73/150 49';~ 109/149 737~ 7/146 5°' 10 66'; 
Slice Taper (mn) 0.092 0.102 0.047 0.087 
51 ice Bow ("m) 0.128 0.128 0.038 0.099 
Atras be util i zJtion (cm3/kg) 97.19 116.19 76.85 -t., "' .... 

(~ .. ~ 
Oil Utilization (em3!1 iter) 34.99 41.83 36.89 35.63 
Slade ~Iear Ratio 3 3 (em / ern ) 0.049 0;049 0.042 0.042 

;1 
;! 

.. ,; d 

~ j 
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SLICING TEST SUMMARY 

U PARM~ETER TEST 2-3-29 2-3-30 2-3-31 2-3-32 

t1aterial S1 Si 5i 5i 

U I , Size (1m!) 100 Dia 100 Dia 100 Oia 100 Dia 

Area/S1 ice (cm2) 78.5 78.5 ! 78.5 78.5 I 

U 
II 

Blade Thickness (nm) 0.15 0.15 I 0.15 0.15 

Spacer Thickness (am) 0.36 0.36 I 0.36 0.36 
Blade Height (mm) 6.35 6.35 

, 
6.35 6.35 

L Number of Blades 150 150 150 150 
i 
1 . 
u 

Load (gram/bl ade) I 85 85 85 I 85 I 
Slid1ng Speed (cm/$eC) 64.2 64.2 64.2 I 64.2 

f i < 

I ~ 
L 

l 
i 

, 
'i , 

J 

r L 

j 
f • 

I . 
i -
I 

~brasive (tYDe/grit size) I Si C/ #600 I SiC/#600 SiC/#600 I SiC/#600 
Oil Volume (1 iters) : 6.3* 6.3 6.3* 6.3* 
f1i x (kg!1 iter) . 0.36 I 0.36 0.36 1 0.36 

51 ice Thi ckness (mm) I 0.260 
Kerf Width {mm} 0.248 
Abrasive Kerf Loss (rrm) I 0.098 
Cutting Time (hours) I 30.33 , 

i . 

L 
Efficiency (full tes t) I: 1 .178 , 

(typical) i 1.474 
(maximum) I 2.317 

Abrasion Rate (full test) ; I 
0.064 

I (cm3/hr/bl) (typi cal) , 0.080 I 
{maximum} 0.126 

I 
I , 

Product; vi ty (full test) 2.590 
(cm2/hr/bl) 

, 
(typi cal) I 

3.220 I 

(maximum) I 

5.072 

Yield 99~~ 

51 ice Taper (mn) 0.051 
Sl ice Bow (r.m) 0.044 
Abrasive UtilizJtion (cm 3/kg) 129.03 
Ofl Utilization (em3/l iter) 46.45 
Slade ~ear Ratio 3 3 (em / em ) 0.040 

,,-

i *Norton MeA *W&B ~2698 *100 SUS M.O 
132 & W&B #2213 

r 
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SLICING TEST SUMMARY 

P ,~R,~i"E T E R TEST : 

t1a teri a 1 I Size (1Tll1) . 

Area/51 ice (cm
2

) 11 

Blade Thickness (mm) 

Spacer Thickness (rrm) 

Blade Height (mm) 

Number of Blades 

Load (gram/blade) ! 
51 i di n9 Speed (cm/sec) ! 
Abrasive (tyee/grit Size)1 
0; 1 Vol ume (1 Hers) ; 

t1ix (kg/liter) : -
Slice Thickness (mm) \ 

Kerf Width (mm) I 

Abrasive Kerf Loss (mm) I 
Cutti ng Tilt.e (hours) I 

Efficiency (full tes t) I 
(typi ea 1) 

(maxiri1um) 

Abrasion Rate (full test) 

(cm3/hr/bl) (typical) 

(maximum) 

Productivi ty (full tes t) 

(cm2/hr/bl) (typi ca 1) 

(maximum) 

Yield 
51ice Taper (r.m) 

51 icE' Bo'" (rom) 

Abrasbe Utilization (em3/kg} 

Oil Utilization (em3/1 iter) 

Slade ~ear Ratio 3 3 (em fer.. ) 

.. 

2-3-33 
, 

100 51 

100 

78.54 
, 

0.15 

0.36 

6.35 

150 

85 

65 

#600 5iG * 
7.6 PC 
0.36 

0.276 

0.234 

0.084 

28.7 

149/149 10m 

0.063 

0.1 31 

0 *33% 
recycled 

2-3-34 2-3-35 I 2-3-36 

100 51 5i Si 

100 100 Dia 100 Dia 

78.54 78.5 78.5 

0.15 0.15 0.15 

0.36 0.36 0.36 

6.35 6.35 6.35 

150 150 150 

85 i 85 85 I 
65 I 64.2 64.2 

#600 SiC SiC/#600 5i C/ #600· 

7.6 M.O.* 6.3* 6.3(100 SUS) 

0.36 0.36 , 0.36 

. 

.' 

0 0 0 

* + Lard *H20 + VCI-309 * treated 
+ surfactant 

I 
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SLICING TEST SUMMARY 

P ARM·IE iE R TEST: 2-3-37 I 2 .. 3-38 I 2-4-01 

I {loa} Si Material 100 51 100 S1 
Size (mn) 100 100 100 
Area/S1 ice (cm2) q 78.54 78.54 78.54 

(mm) : 
\ 

Blade Thi CKness 0.15 0.15 0.15 x 6.35 
Spacer Thickness (mm) 0.36 0.36 0.36 
Blade Height (rrm) 6.35 6.35 6.4 
Number of Blades 150 150 165 

Load (gram/blade) ! 85 85 85 
Sliding Speed (em/sec) ! 65 65 64.8 

(tYDe/grit size) I #600 SiC. 
• Abrasive #600 SiC * #600 SiC 

Oil Vo1ume (liters) ~ 7.6 WBV VI 7.6 PC 7.6 
t1i x (kg/1iter). 0.36 0.30 0.36 ---

, 51 i ce Thi ekness (mm) I 0.314 
Kerf Width (mm) 0.194 
Abrasive Kerf Loss (nm) 0.042 
Cuttir:g Time (hours) 22.4 

(fu 11 tes t) I 
-

Efficiency 1.24 
(typi ca 1) 1.47 
(maximum) 1.67 

Abrasi on Rate (full test) 0.068 
(cm3/hr/bl) (typi cal) 0.08 

(maximum) 0.09 
Productivi ty (full test) 3.51 
(cm2/hr/b1 ) (typi ca 1) 4.16 

(maximum) 4.72 

Yield 0 138/149 93% 97/164 (59:n 
Slice Taper (riln) 0.074 
Slice Bow (rrrn ) 0.072 
Abrasive Utiliziltion (cm3/kg) 91.9 
Oil Utilization (cm3/l i ted 33. 1 
Slade Wear Ratio 3 3 (em /em ) 0.053 

* 33% recycled 

I 2-4-02 -I 
{lOa} 5i 

100 

78.54 

0.15 x 6.35 

0.41 

6.4 

150 

85 

64.8 

#600 SiC 

7.6 

0.36 

0.358 

0.201 
, 0.049 

22.4 

1.28 

1.50 

1.80 

0.070 

0.08 

0.10 

3.51 

4.10 

4.92 

75/144 (50'~j) 

0.079 

0.056 

86.5 

31.2 

0.055 

I 

I 
I 
I 
I 
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SLICING TEST SUMMARY 

i 1 

PARAMETER TEST ~ 2-4-03 2-4-04 2-4-05 2-4-06 

r1aterial I· 100 S1 
-100 S1 .- 100 51 100 51 

Size (~I 10O{~afers)* 100 100 100 I 
Area/Slice (em-) il 4 (2 x 2) 78.54 , 78.54 78.54 

(rrm) l 
, 

0.20 x 6.35 Blade Thickness 0.15 x 6.35 0.15 x 6.35 
Spacer Thickness (mm) i 0.41 0.41 0.41 
Blade Height (l11li) I 6.4 6.4 6.4 i 
Number of 81 ades ; 271 78 205 

Load (gr<m/blade) ! 85 113.4 85 
Sliding Speed (em/sec) ! I 65.3 61.14 65.77 ! 

Abrasive (tyoe/gr1t s1ze) I 1600 SiC 1600 SiC #600 SiC 
Oil Val urne (1 Hers) 7.6 ''7.6 PC 7.6 PC 
f1ix (kg/l iter) I 0.36 0.48 0.36 

Slice Thickness (mm) ! 0.322 0.333 0.351 
Kerf \.Ji dth (mm) 0.237 0.277 0.208 
Abrasive Kerf Loss (mn) I 0.')87 0.074 0.058 , 
Cutti n; Time (hours)j 26.55 36.50 , 40.3 

Efficiency (full tes t) I 1.25 0.87 0.7360 
(typi cal) 1.53 1.42 1.1027 
(maximum) 1.733 1.85 1.6696 

Abrasion Rate (full test) .069 .060 0.041 
(cm3/hr/bl) (typi ca 1) .085 .098 0.061 

(maximum) .096 .128 0.093 
Product; vi ty (full test) 2.91 2.15 1.95 
(cm2/hr/bl) (typi ea 1) 3.59 3.54 2.93 

, 

(maximum) ~ 4.06 4.62 4.47 

Yield I 78/270 29% t,U77 55% 130/204 64% 
511 ce Taper (mn) ..... "'., """.0::': 0.117 -.. -- . - - -' 

Slice Bow (lim) I 0.046 .057 0.112 
Abrasi'le Utilization (cm 3/kg) 

i 
46.5 , 184.2 122.4 

Oil Utilization cm3/1iter) 66.3 22.3 44.07 
Slade ',lear Ratio ( 3 3 em /cr.t ) .052 0.058 

* dicing 

~ - - - -~--. = ---

, - - ~ - - --- ----. ~- - ~ --- ~ ..- - - - -
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SLICING TEST SUMMARY 

PARA/·tETE R TEST. 2-5-01 2-5-02 

t1ateri a1 

(1IlII) ! {lOO} S 1 {1 DO} S1 

Size 10.0 lOa 
Area/S1 ice 

2 t 
78.54 (em ) q 78.54 

Blade Thickness (rrm) 0..15 x 6.35 0. .15 x 6.35 
Spacer Thickness (m:) 0.30. 0.41 
Blade Height (mm) 6.4 6.4 
Number of Blades 120 150 

Load (gl'am/b 1 ade) ! 85 85 
Sliding Speed (cm/sec) ! 63.5 66.9 

Abrasi ve (type/grit size) I #60.0 SiC #60.0. SiC 
Oil Vol urne (liters) 7.6 7.E 
r1i x (kg/1 iter) 0.36 0..36 
~ 

( \ I Slice Thick:1ess 
. 

0..334 (:; I - -
Kerf Width 0..225 - -
Abrasive Kerf Loss (rrm) - - 0..073 
Cutting Time (hours) 23.4 23.u 

Efficiency (full tes t) I - - 1.36 
(typi cal) - - 1.47 
(maximum) - - 2.0.5 

Abrasion Rate (full test) - - 0..0.77 
(cm3/hr/b1) (typi cal) - - 0..0.8 

(maximum) - - 0..12 
Product; vi ty (full test) 3.36 3.42 
(cm2/hr/bl) (typical) - - 3.70. 

(maximum) - - 5.16 

Yield 0./1'9 (O~~) 63/149 (42~n 
511 ce Taper (IioIn) - - 0..0.69 
Slice Bow (Inn) - - 0..0.51 
Abrasbe Utilization (cm3/kg) 68.9 96.9 
ail Utilization (cm3/1 iter) 24.8 34.9 
Slade ~ear Ratio 3 3 {cm /c~ } 0..0.47 0..0.49 

2-5-03 

100 Si 
. 100 
78.54 

0.15 x 6.35 
0.41 
6.4 I 

I 

l 125 I 
113.4 I 
65.73 I 

; #600 SiC 
! , 
i 7.6 PC 
! 

0.'8 

0.341 I 
' 0..269 : 

0.069 
: 

25.0.5 

1.13 
i 1.30 

1.66 
0..0.84 I 

i 
I 0.097 , 

0..123 
3.14 
3.61 
4.58 

124/124 lo.O:~ 
" ...... ., _ .. 

0.030 
72.3 

34.7 
0..048 

2-5-04 

100 S1 I 
100 ! 

78.54 

0.15 x 6.35 
0.41 
6.4 
136 

85 
65.21 

1600 S1C 
, 

7.6 PC 

0.36 

I 0.330. 
0.229 I 

I 
i 

0.076 
I 
I 
I 

65.:5 

0..49 
1.33 
2.06 

.0.27 , 
I 
I 

.073 

.114 
1.20. 
3.19 
4.98 I 

96/135 71% 
.090. 
.137 

I 

89.4 I 
32.2 

.048 
.-
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SLICING TEST SUMMARY 

4 __ ....... 

P !~RAr'1ETER TEST l 2-5-05 2-5-06 2-5-07 I 2-5-08 
r1ater1a1 

I 

100 S1 100 51 100 51 100 51 
Size (rnn) 100 100 100 '00 
Area/Slice (cm2) i 78.54 78.54 78.54 - -
Blade Thickness (mm) : :0.15x6.35 0.2 0.15 x 6~35 I 0 • 15' x 12. 10 
Spacer Thickness (mm) 0.36 0.36, 0.41 0.36 0.46 - 0.56 
Blade Height (mm) 6.4 6.4 6.4 12.7 
N~~ber of Blades 150 150 150 I 116 '-Load (gram/blade) ~ I 

113.4 < 85 113.4 85 I , 
i Sliding Speed (em/sec) !: 61.8 64 63.8 ~. - -

(tyce/gri t si ze) I: I Abrasive #600 SiC #600 SiC #600 SiC I #600 SiC 
Oil Volume (liters) 7.6 PC .. 7.6 PC 7.6 PC 7.6 PC 
t11 x (kg/1 ; ter) I 0.36 

I 

0".48 0.36 0.48 I --
( • I . 

I 

Slice Thick,ess mm) " 0.290 0.267 - -
Kerf Width (mm) 0.218 0.241 - -
Abrasive Kerf Loss (mm) 0.068 0.091 - -
Cuttii1£l Time (hours) 76.7 32.3 I - -
Efficiency (full test) 0.4203 1.0918 - -

(typi ca 1) 0.6895 ! 1.1546 , - -j 

(maximum) " 1.2566 1.4184 - -
Abrasion Rate (full test) I 0.022 0.059 - -
(em3/hr/bl) (typ1 cal) i 

0.017 ! 0.062 - -
(maximum) * 0.060 I 0.077 - -I 

Producti vi ty (full test) 1.02 I 2.43 - -
(em2/hr/bl) (typical) 0.78 2.57 - -

(maximum) 2.75 3.20 - -

; 

'j 
i 

Yield 100/149 6n 0 135/149 237~ 0/115 OCI ,. 
51; ce Taper (mn) 0.055 I 0.098 - -! 

Slice Bow (rrm) 0.154 j 
i 0.101 - -, 

Abrasive Util i Zoltion (cm3/kg) 
I 

j 
I 

103.77 93.87 i - -
(cm3/1 iter) 

I I 

Oil Utilization 33.79 I 37.36 - -i 

Slade ~ear Ratio (em3/ ern 3 ) 0.050 il 0.045 - -

.1 

~ - _ - ~ ..c _ _ ~,- _ _ 

........ ---~-
_ =-- ~~~ - :.L- - _ ~ _ _ ~ _ _ __ ~ 
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SLICING TEST SUMMARY 

PARM1ETER TEST. 2-5-09 , 2-5-10 I 2-5-11 2-5-12 , 

I 100 Sf I 100 Si I 100 Si r1aterhl 100 S1 I 
I 

Size (rrm) 127 I 100 I 100 127 
Area/Slic:e (c:m

2) " 126.7 78.54 78.54 126.7 J 

Blade Th1 ckness (1II.m) • 0.15 x 6.35 0.15 x 6.35 0.15 x 6.35 O.lS x 6.35 
Spacer Thickness (mm) 0.41 0.41 0.30 0.41 
Blade Height (rrm) 6.35 6.35 6.35 6.35, 
Number of Blades 137 150 166 136 

Load (gram/blade) I 85 I 85 85 85 
Sliding Speed (em/sec) 61.22 \ 65.28 60.74 1 

Abrasive (tYDe/grit size) I #600 S~C #600 SiC #600 SiC #600 SiC 
Oil Vol UIII.e (1 Hers) 7.6 PC 7,,6 PC 7.6 PC 7.6 PC 
t1ix (kc,niter) I 0.36 0.36 ; 0.36 0.36 --
Sl i C! T/,:1 ckness (mm) ! . 

0.235 0.351 0.317 .... 
Kerf Width (mm) 0.208 0.~42 0.222 - .. 
Abras i ve Kerf Loss (nm) 0.058 fl. 1.)92 0.012 .. -
Cutting Time (hours) ~~.8 36.4 35.25 - -
Efficiency (full test) 0.9643 0.9405 0.9525 .... 

(typi cal) 1. 776 1.153 1.385 - .. 
(maximum) 2.1949 1.7089 1.5698 .. -

, 

~ , 

Abrasion Rate (full test) 0.050 0.052 0.049 .. -
(c:m3/hr/b 1) (typi eo 1) 0.092 0.064 0.066 - -

t. . (maximum) 0.114 0.094 0.081 - -
t I 
* 
f i -
~ • 
! 1 . 
i 
I 

Produc:ti 'Ii ty (full test) 2.400 2.16 2.23 - -
(cm2/hr/bl ) (typi ca 1) 4.42 2.64 2.97 .... 

(maximum) 5.48 3.88 3.65 - -
Yield 73 547~ 149 100~~ 127 77~ a 0·' ,. 

~ 

J 
-

i 
Slice Taper (mn) - .. 0.071 0.065 - .. 
Slice Sow (10m) - .. 0.041 0.075 .. -
Abrasi'le Utilization (cm 3/kg) 132.1 104.2 I 105.7 - .. 
Oil Utilization (cm3!1 i te r) 47.57 37.52 I 38.04 i 

.... 
Slade ~ear Ratio 3 3 . 0.049 0.046 0.052 (em / Cr:I ) - -: . 

-, - - - ~= - ~- - - - - -- - -

- ~ ~ - - - -- -
- - -- - - - - - - - - - ~ - -- - -
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SLICING TEST SUMMARY 

--------------------~--------~~----_9--------_r------__, : 
P !. r

p
-.:.': t;.6 T;.;;E;.;.;R ____ .;.T E;.;5;..T~t ....:2~-;.;5 -~1;.3 _-1-~2;.-5:.;-.:.;14;...~-2~-~5;.:-1~5_+.-_2iiii-~5-_1 .... 6-; -"-'- ! 

t1aterfal I 100 5~ 100 51 100 51 100 S1 
Size (mrn), 50.8 (~) 100 100 100 

Area/S1 ice (cm
2

) I 39.27 78.54 78.54 78.54 

Blade Thickness (mmj! 0.10 0.20 0.15 0'.20 

Spacer Thickness (RIll) 0.41 0.30 0.41 0.30 

Blade Height (m) 4.75 6.35 6.35 6.35 
Number of Bl a des 150 150 I 1 35 150 

Load (gram/blade) II 56. 7 113.4 85 85 
Sliding Speed (om/sec) \ 64.15 65.25 62.62 62.65 , 

Abrasive 

Oil Vol ume 
( tyee/ grit 1 he) I 

(11 ters) ! 
(kg/li iir) ! 

#600 Sic I #600 SiC #600 SiC I '600 SiC 
7.6 PC 7.6 PC 7.6 PC 7.6 PC 

0.36 0.36 0.36 0.36 -;;-----
Slice ThiGkness 
Kerf width 
Abrasive Kerf Loss 

(mm) " (mm) 

(nm) 

0.356 0.252 0.308 

0.152 0.256 0.251 

0.052 0.056 0.101 

0.278 

0.230 

0.030 

32.9 Cutting Time (hours) 21.75 27.33 35.25 
~------------------~--~~--4---------+-------~r-------'-

(full test) I 0.7725 1.0037 1.0558 Effi ciene), 

Abrasion Rate 

(cm3/hr/bl) 

Producti vi ty 

(cm2/hr/bl ) 

'field 

(typi ca 1) 0.7567 1. 230 1. 197 

(maximum) 0.9936 1.4031 1.9502 

(full test) 0.028 0.074 0.u~6 
(typical) j 0.027 0.091 0.063 

(maximum) I 0.036 0.103 0.103 

(full test) I 1.81 2.87 2.23 

(typi~al) j 1.78 3.55 2.51 
(maximum) I 4 02 4 10 2.37 . • 

1123 8J7~ 124 93~~ 108 

Sl iee Taper (mn) , 0.054 

I 0.047 

0.065 

Slice Bow (~m) 

Abrasive Utilization (cm3/l<g) 

Oil Utilization (emJ/liter) 

Slade ~lear Ratio (em3/Cr:l3) 

32.81 

11.81 

0.058 

11 O. 3 

29.69 
0.050 

0.067 

97.35 

35.05 

0.046 

1.0365 

1.252 

1.8992 

0.055 

0.066 

0.101 

2.39 

2.87 

4.39 

0.060 

0.066 

98.87 

35.59 

0.060 

.. 

... 

... 
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SLICING TEST SUMMARY 

\ ; 

~ , 
2-5-20 PARMIETER TE ST ; l-5-17 2-5-18 2-5-19 

1 
Ii 

( ! 

I . 
r~a ~er! a 1 

(nm) I 100 51 100 S1 100 S1 100 S1 
Size 100 100 100 100 
Area/Slice (cm2) ij 78.54 78.54 78.54 78.54 - I Blade Thickness (mm) . 0.15 i 0.15 0.15 0.10 
Spacer Thickness (mm) 0.36 0.36 -- 0.36 0.41 
Blade Height (am) 6.35 6.35 6.35 4.8 
Number of Blades 150 146 300 147 

Load (gram/bl ade) 85 . 85 85 I 85 
S11 d1ng Speed (em/sec) 62.91 63.79 63.56 64 

, 
Abrasi ve (tyce/gri t size) .: 

1600 SiC ~GOO SiC '600 SiC ;600 SiC 
011 Vo 1 wr.e (1 i tar')) 7.6 PC 7.6 PC 7.6 PC 7.6 PC 
r~1 x (kCJIl iter) . 0.36 0.36 0.36 0.36 

• 
_ . 

S11 ce Thi ckness (mm) ; 0.296 0.297 0.270 
Kerf ~Ji dth (r.IZn) . 0.212 0.211 0.238 
Abrasive Kerf Loss (mm) 0.062 0.061 0.088 
Cutting T~me (hours) 32.5 37.25 31.0 115 

Efficiency ( fu 11 tes t) I 0.9571 0.8144 1.1145 
(typi ::a 1) 1.138 1.074 1.1823 
(maximum) 1.6694 1.4001 1.5045 

Abrasion Rate (full test)! 0.051 0.044 0.060 
(cm3/hr/b1) (typ; cal) I 0.061 0.058 0.064 i 

(maximun) I 0.089 0.076 0.081 I , 
Productiv; ty , 

(full test) I 2.42 2.11 2.53 , 
(cm2/hr/bl ) (typ; cal) • 2.88 2.75 2.69 , 

I 
(maximum) 4.20 3.60 3.40 ... -

Yieid 1128 86-~ 113 78;~ 241 81 ;~ 0 
S1fee Taper (mn) i 0.057 0.064 0.049 
SHee eo'll I 0.066 0.059 0.075 (rrtn) ! 

Abrasbe util i z.nion (cm3/kg) 91.43 88.38 204.74 
Oil Utilization (em3/1 i ted 32.92 31.81 73.71 
Slade ~ear Ratio 3 3 (ern / e:':I ) 

_ .. _. 0.054 0.054 0.049 I 

- - - ~ 

,# 
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5LICI~G TEST SUMMARY 
. \ .. 

P ~RAME 'iER TEST. 2-5-21 2-5-22 
, 2-6-01 2-6-02 

Material S1 51 

I 
100 S1 100 51 

Size (nm) I 100 laC 100 100 

Area/SHte (an2) 78.5 78.5 78.54 78.54 3 

Blade Thickness (m) 0.10 0.10 0.15 x 6.35 0.15 x 6.35 
Spacer Thi ckness (rm1) 0.30 0.30 0.36 0.36 
Blade Height (nm) 4.76 4.76 6.4 6.4 
Number of Blades 150 150 150 138 

.j 

Load (gram/blade) ~ - - '* - - '* 127.6/85 85 
r 

Sliding Speed (cm/sec)i 64.2 6~. 2 63.42 -
Abrasive (tyee/grit size)l SiC/li600 S1C/,600 16C10 SiC *600 SiC 

Oil Volume (liters) t 7.6 7.6 7.6 PC 7.6 PC 

f11x (kgr i tir) ~ 0.36 0.30 0.36 0.24 . -. ... --- . 

51 i ce Th1 ckness (mm) i 0.'!87 0.300 

Kerf Width (mm) 0.221 0.208 

Abrasive Kerf Loss (1m!) I 0.068 
, 

0.056 

(hours) I I , 

Cutting Time 22.55 i 12.35 

Efficiency (full Ust) I 1.15 i 

(typi ca 1) 1.59 
(max ir.1um) I 2.00 : 

: 

Aurasion Rate (full te!ltd .077 
, 

(cm3/hr/b"i) (tYPical'i c .107 

(max;mllD) I .134 
Productivity ( fu t t tes t) I 3.48 
(cm2/hr/bl) (typ; cal) ! 4.84 

(maximu:n) I 6.06 

Yield I a a 120/149 81.; I 0/137 0" I ,. I 

Slice Toper ( r.7n) ; .075 

S 1 ice eO'1i 
I 

.020 (rim) : 

Abrashe UtiliZJtion (cm3/~g}! 95.3 

Oil UtiHzat;on 
3 . 

34.3 (em /1 i ted I 
Slade '..lear Ra t; 0 3 3 .054 (C~ 1 C!-:t ) I 

·cut rate '* cut rate 
0.64 .. m/sec 0.64 \Jm/sec 
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SLICING TEST SUMMARY 

i 

PARAMETER TEST: 2 .. 6-03 2 .. 6 .. 04 

Mat.trial 100 51 100 51 
Size (rnn) 10Q 100 
Arel/Sl1ce (cm2) ~ 78.54 78.54 

Blade Thickness (cr.mj 0.15 x 6.3S 0.15 x 6.35 
Spicer Thickness (II1II ) 0.36 0.36 
Blade Height (II1II ) 6.4 6.4 
Number of Blades 150 150 

LOld (gram/blade) 85 85 
Sliding Speed (em/sec) 63.24 61.23 ... 
AbrClSi ve (tYDe/gri t size)' #600 SiC ,600 SiC 
Oil Vol urr.t (11 ters) 7.6 PC 7.6 PC 
Mix (kg/11 ter) 0.36 0.36 

511 Cl Thi ckness (cr.m) . 0.274 0.267 
Kerf Width (nlmj 0.234 0.241 
Abrasive Kerf Loss (rrm) 0.082 0.091 
Cutting Time (hours) 28.20 30.50 

Effic~ency (full test) I 1.21 1.16 I (typi cal) 1.64 1.7'; 
(maximum) 1. 91 2.09 

Abruion Rate (full test) .06~ .061 I 
(em l /hr/b1) (tIPical) .088 .O~2 I 

(max;ln\ID) .102 .110 
Produc ti vi ty (full test) 2.79 2.53 
(cm2/hr/bl ) (typi cal) 3.76 3.82 

(max;mum) 4.36 4.56 

Yield 80/149 54~ 99/149 66~~ . 
Slice Taper ( r:ln) .060 .079 
SHce Bow (lim) .059 .086 
Abrashe Utilh.ltion ~cm3!k9} 100.8 103.9 
o i1 Uti 1i .:a t; on (cm3/li ter) 36.3 37.4 
Slade ~ear Ratio 3 1 (em / c.-:a ) .046 .047 

--

..,.. 

2-6-05 

100 Si 
100 

78.54 

0.15 
0.36 
6.4 
300 

85 
64 

1600 S1C 
7.6 PC 
0.36 

0 

t 

, 

I 
I 

I: 
I 
II 

I 

I 

2-7-01 
, 

100 S1 

100 
78.54 

0.20 
0.41 
6.35 
131 

- .. * 
1 64 

,600 SiC I 
34.1 PC i 

0.36 

d.301 
0.309 
0.109 
.... 
.... 
- .. 
.... 
.... 
.... 
.... 
.... 
.... 
.... 

106 82:: 
0.059 
0.194 
25.89 
9.32 
... 

• .64 tJm/m 
cut rate 

- -

- -- - - - _. -
- - - ..... 
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SLICI~G TEST SUMMARY 

PARAMETER TEST : 2-7-02 I 2-7-03 2-7-04 2-7-05 

! S1 t1aterhl 100 S1 100 S1 100 S1 
Size (mn) 100 100 100 100 dia 

Area/Slice (crn2) il 78.5 78.5 78.5 78.5 

Blade Thickness (rrm) ! 0~20 0.15 0.15 0.15 

Spacer Thickness (mm) 0.41 0.36 0.36 0.36 

Blade Height (mm) 6.35 6.35 6.35 6.35 

Number of Bl ades 131 975 95 975 
"._. 

Load (gram/b',de) I! - - " - - * - - * I 85 

Sliding Speed (em/sec) li 64 I 64 64 - -
Abrasive (typo/grit size) i #600 SiC '1;00 SiC #600 SiC Si C/#600 
Oil Volume (1 i ters) 37.~ 37.9 37.9 37.9 . 
f1ix (kg/li ter) I 0.36 0.36 0.36 0.36 -- -
Sl ice Thi ckl~ess (nvn) I 0.299 0.285 
Kerf Wi dth (mm) 0.208 0.224 
Abrasiv~ Kerf Loss (mm) 0.058 0.074 
Cutting Time (he:urs) I 36.8 41.58 

Effi ciency (full tes t) I 
(typi ca 1) 

, 

(maximum) 
Abrasion Rate (full test) 0.113 0.042 
(cm3/hr/bl) (typi cal) \, 

(maximum) : 

Producti vi ty (full test) 2.14 1.839 
(cm2/hr/b1) (typi ca 1) 

(maximum) 

Yield 0 0 348 36% 31 "I, 

Slice Taper (r.m) 
(halted) 0.082 0.105 

Slice Bow (r.m) 0.066 0.162 
Abrasive Utilization (cm3/kg) 296.52 125 .l~ 

Oil Utilization (cm3I1iter) 106.7 45.16 
Slade ~ear Ratio 3 3 I (em / crn ) I - -I 

I -
* .64 ~m/min * .64 ~m/min * .64 ~m/min 

cut rate cut rate cut rate 

- - -. - - - -
.. 

'. _ _ _ J ~ - """, .".~ -'~ =,_ ± - _ ,_ ~ ,_ _ ' • ~ "*"'~. 
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SLICIMG TEST SUMMARY 

PARMtETER TEST t 2-7-06 

Mater; al 
( ... )1 

100 51 ! , , 
Size 100 

, 

! Area/51; ce 2 U 
78.5 (em ) II 

Blade Thickness (rrm) !! O.lS 

Spacer Thickness (mm) 0.36 

Blade Height (mm) 6.35 
Number of Blades 940 

Load (gram/b 1 ade) i 85 • 
Sli ding Speed (cm/sec) ! 64.2 

(tYDe/gri t si Le) I I 

Abrasive SiC/#600 
I 

Oil Vol urne (liters) t 37.9 

(kg/li t~r) t f1i x 0.36 -
Slice Thickness ~:; j 0.267 

Kerf Width 0.241 

I Abrasive Kerf Loss (nm) I 0.091 ! 

Cutting Time (hours) ~ 38.83 

Eff; ciency (full tes t) i - -
(typi cal) - -
(maximum) , - -

Abrasion Rate (full test) 0.049 

(cm3/hr/bl) (typi cal) --
(maximum) - -

Productivity (full test) 2.023 

(cm2/hr/b1 ) (typi cal) I - -
{maximum} ; - -

Yield 19 0~;!7 4:~ '" 
Slice Taper (mn) I 0.078 
S~ ice Bow (rrm) I 0.085 

Abrasive Utilization (cmJ/kg) 130.56 
Oil Utilization ( em 3 /1 i te r) 47.0 
Slade ~ear Ratio 3 3 (cm / Cr:l ) - -

* before/after 
cleaning 

- --

2-7-07 

100 51 

100 

78.5 

0.10 

0.41 

4.76 

1000 

56 

64 

0 

I t 

, 

2-7-08 2-7-09 J 
100 51 100 51 

100 100 

78.5 78.5 

0.15 0.15 

0.36 0.36 

6.35 6.35 

975 975 

84 I 84 

64 64 

, 

28 30.5 

40-50% est. 20-30% est. 

I . 

- -- - - -- ~ - - ~ -- _.... ~ - - .: ~ - •• - - - ~. • - " - <~. - - - - ~ •••• -
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SLICING TEST SUMMARY 

PARAMETER 

t1a teri a 1 

Size 
Area/S 1 ice 

Blade Thickness 
Spacer Thickness 
LI.ade Height 
Number of B1 ades 

TEST 

(mm} • 

(mm) 

(rrrn) 

load (gram/blade) ~ 
Sliding Speed (em/Sec) II 

Abrasive (tyoe/grit size) I~ 
on Volume (1 Hers) I 

t1ix (kg/liter); 

2-7-10 

100 Si 
100 

78.54 

0.10 
0.30 
4.76 

1165 

56.8 
64 

#600 SiC 
37.9 
0.36 

2-7-11 I 
100 Si 

100 
78.54 

0.15 
0.30 

6.35 
1015 

84 

64 

#600 SiC 

37.9 
0.36 

----.----------~-------~--------~--------~ Slice Thickness (mm); 
Kerf Hi dth (mm) 
Abrasive Kerf loss (mm) 
Cutting Time (hours) 

Efficiency 

Abrasion Rate 

(cm
3/hr/bl) 

Productivi ty 

(cm2/hr/bl) 

Yield 

Slice Taper 

(full tes t) I 

(typi ca 1) 

(maximum) 

(full test) 1 
(typi ca 1) 

(maximum) 

(full test) 

(typical) 

(maximum) 

(mn) 

Slice Bow (rom) 

Abrasi'le UtilizJtion {cm 3/kg; 

Gil Utilization (cm3/1iter) 
3 3 gl~de Wear Ratio (em /c~ ) 

27.2 

o a 

- , ' -- - - - - -' 

~ ... _ _ ____ r __ , _ '" __ ~ _ 0.- __ ' .. • _ ,~, r. _t:- . ' '- . ~ ~ 

'. 

• I 
! 



u 

Ii 
t • 

L 
L 

l. 

; 
! 

I . -

j 
L 

. -
l 
I 
! ~ 

f -
I 

i 

APPENDIX IV 

PHASE II WAFER CHARACTERIZATION SUMMARY 

~ - - -- - - -

\ 



"::; 
~ ~ 
/-.-. 

\ : 

1 : 
U 

{ 
I' 
I. 
t ~ ... 

i . 

t 

I 
I 
I 

WAFER THICKNESS CHARACTERIZATION SUMMARY 

PARAMETER TEST 

SLICE Diameter (01.1) 

Area (cm2) 

THICKNESS 

TOTAL VARIATION 

STD. DEVIATION 

VERTICAL TTV 

HORIZONTAL nv 

VERTICAL Bm~ 

HORIZONTAL BOW 

VERTICAL CL Sm4 

Average 
Std. Dev. 

Average 
Std. Dev. 

Average 
Std-. Dev. 

Average 
Maximum 
Minimum 

Average 
Maximum 
Minimum 

Average 
Maximum 
Minimum 

Average 
Maximum 
Minimum 

Average 

Maximum 
Minimum 

HORrZO~ITAL C! .. Bm~ Average 

Maximuill 
Minimum 

J.l 

II 

u 

I 2-1-01 -----'---2-1-02 - -. 2-1-03 

100 
18.5 

273.2 
27.2 

52.7 
30.3 

211.1 
12.0 

53.7 
126.5 
22.8 

17 .4 
24.7 
10.3 

67.9 
127.6 
25.9 

17 .5 
30.3 
5.3 

122.9 
161. 3 

70.3" 

42.4 
." .. , 
0 .... ..;, 

12.3 

100 
78.5 

: _ 100 

270.6 
17.3 

84.8 
11.4 

31.7 
5.8 

91.9 
131.6 
74.7 

12.4 
22.8 
3.2 

170.2 
218.3 
105.3 

47.4 
78.0 
20.4 I 

319.7 ! 

406.6 
207.3 

91.6 
, ,... .-
1-1.0 

32.4 

I 78.5 
I 

283.9 
36.9 

64.8 
37.0 

28.8 
17.4 

- - - -- ~--

--------"-.- ~_&~=------.~-.. 

2-1-06 

100 
78.5 

276.6 
35.0 

56.7 
23.9 

I 
20.8 I 
8.7 

64.2 
123.3 

28.1 

13.6 

I 40 .. 1 

3.2 

91.4 
166.5 I 
24.9 

38.4 
82.1 
19.ff 

, 

169.1 
255.8 
61.4 

78.3 
~ c: ~ :; 
i ........ ..., 

31.7 

--=- - - "'" ~ '- - ~~ ~ .,r""::?" -. ~ ~ ., -

-". -,' -0 .., ,~, _ _ -~ 'F - - -.. - • , _ L 



WAFER THICKNESS CHARACTERIZATION SUMMARY 

PARA~lETER TEST II 2-1-07 2-1-10 2-2-01 2-2-02 

SLICE Di ameter (rrm) I 100 100 100 100 
(cm2) I 

. 
Area 78.5 78.5 78.S 78.5 

. 
THICKNESS Average l.l 296.9 28607 282.4 320.6 

Std. Dev. l.I 30.0 . 26.6 23.7 27.6 

TOTAL VARIATIO:-l Average II 4(5.8 54.4 38.0 S7.9 
Std. Dev. l.l 18.8 17.4 7.8 37.9 

STD. DEVIATION Average 1.1 16.6 20.1 13.6 19.6 
Std. Dev. II 7.5 7.1 3.9 I 14.2 

VERTICAL nv Average II 55.0 51.9 57.6 63.6 
Maximum II 104.6 93 0 1 83.2 92.3 
Mi:1 i r.1Um l.I 21.7 23.2 I 39.5 23.3 

HORIZO:rrAL TTV Average 1l i4.2 14.7 11. tl 16.4 

I 
-

l·lax irnum l.I 32.3 29.8 16.0 20.3 
Minimum l.I 3.7 7.2 7.4 11.8 

" , 

VE2TI C~l 8ml Average l.I 63.8 47.7 63.3 48.3 

Maximum 100.8 99.9 i 61.4 l.I , 86.9 I 
Minimum i 28.5 6.3 18.0 I 25.9 l.I I 

HORIZOilTAl BOW Average l.I 14.7 15.7 15.4 17 .8 
1·1ax1mum l.I 26.4 31 • 1 32.2 20.2 
~'i:1 i r.:um II 4.7 3.8 7.1 i 15.9 

-~ 

I 
.-

\/~qT:C."'L Cl 8m~ Average u 117.6 92.3 I 125.~ II ~n.2 

(·1 a x; mum ~ 
tv). j 140.6 ici9.4 4~.~ 

11; nimum II 51.5 28.9 68.9: :31 .5 

HO ~I ZO~lT Al CL BO:~ Average .~ 24.5 3201 44.2 24.9 

Maximum l.I 40.5 59.1 65.4 49.9 

~1i ni mum II 8.1 10.1 15.3 12.2 

---._----

f·" 

- - - -

~ - ~.. .:. - ~ - ,'" --~- ' - - .., -- _. - - - -- -"-- - --- - . - . . ~- -



r :. 
I L; 

I 

LJ 

; . 

t . 

i . 

I. 
1. 

, 

WAFER THICKNESS CHARACTERlZATION SUMMARY 

PARA~11ETER TEST 2-3-01 I 2-3-03 ! 2-3-04 

SLICE Diameter (nm) 100 100 I 100 
Area (cm2) 78.5 78.5 78.5 

THICKNESS Average Jl 320 320 313 
Std. Dev. Jl 24 71 18 

I 

TOTAL VARIATION Average lJ 34 I 91 36 
Std. De v • lJ 14 sa 22 

STD. DEVIATION Average lJ 12 38 14 
Std. Dev. Jl 6 25 9 

VE?T!C~L TI'l Average 1J 40 - - I 40 
Maximum lJ 99 i 

120 - -
Minimum lJ 13 - .. 24 

HORiZONTAl HV Average lJ 16 ~ - 10 
~laximum lJ 31 - - i 24 
Minimum 5 

I 
Jl - - 3 

VERT! C.~L sml Aver,::ge iJ 40 - - ! 53 

Maximum lJ 112 - - 157 
Minimum Jl 8 - - 28 

HORIZONTAl BOW Average lJ 15 - - 16 
r~ax~mum lJ 58 - - 40 
Minimum Jl 4 ,. - - b 

VERTICAL CL BOW Average lJ 58 - - 102 
Maximum lJ 141 - - 216 .. 
f1i nimum lJ 36 - - 55 

HO R I zorH AL CL Sm4 Average lJ 29 - - 31 
Maximum lJ 99 - - 57 
Minimum lJ 8 - - 16 

2-3-06 

100 
78.5 

292.1 
39.7 

60.4 
21.2 

23.8 
8.7 

• 
65.4 

111.9 
32.9 

18.6 
38.3 
6.2 

52.6 

117.6 
18.4 

63.9 
86.2 
24.0 

108.7 
209.7 
38.6 

139.4 
195.2 
40.2 

- - ~ .- - - - -. - - --

=4 
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WAFER THICKNESS CHARACTERIZATION SUMMARY 

PARAMETER TEST 2-3-01 f 2-3-03 It 2-3-04 2-3 .. 06 

SLICE Diameter (nm) 100 100 I 100 100 
Area (cm2) 78.5 78.5 78.fj 78.5 

THICKNESS Average 11 320 320 313 292.1 
Std. Dev. 11 24 71 18 39.7 

TOTAL VARIATION Average l.I 34 91 36 60.4 
Std. Dev. l.I 14 . 58 22 21.2 

STD. DEVIATION Average l.I 12 38 14 23.8 
Std'. Dev. l.I 6 25 i 9 8.7 I 

y 

VERTICAL TTV Average II 40 .. - 40 65.4 
Maximum l.I 99 .... 120 111. 9 
Minimum lJ 13 .... 24 32.9 

HORiZONTAL TTV Average l.I 16 - .. 10 18.6 
Naximum l.I 31 - .. 24 38.3 
Minimum l.I 5 - .. 3 6.2 

VE RTI CAL BOH Average l.I 40 .... 53 52.6 

Maximum II 112 .. ~ 157 117.6 
Minimum 11 ,8 .... 28 18.{: 

, 
HORIZONTAL BOW Average II 15 .... 16 63.9 

Max1mum 58 
, 

40 86.2 II .... , 

Minimum 4 ! 6 24.0 l.I .... 

VERTICAL CL BOW Average l.I 68 .... 102 108.7 
Maximum l.I 141 .. - 216 209.7 .. 
Minimum lJ 36 - - 55 38.6 

HORr ZOflTAL CL BO!.J Average l.I 29 .... 31 139.4 
Maximum l.I 99 - .. 57 195.2 
Minimum lJ 8 .... 16 40.2 

i--
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WAFER THICKNESS CHARACTERIZATION SUMMARY 

I-P_AR_A_~1_E_TE_R _____ T_E_ST __ +=2=.3=._08====+=_2=.3_.=09-==f-;.3.1;1- 2-:;=21-- ) 

SLICE 

THICKNESS 

TOTAL VARIATION 

STD. DEVIATION 

Diameter (nm) 

Area (cm2) 

P.verage ~ 

Std. Dev. ~ 

Average ~ 

Std. Dev. l.l 

Average ~ 

Std'. Dev. l.l 

100 

78.5 

319.5 

34.0 

58.9 
18.3 

20.8 
7.2 

I 

I 

I 

100 

78.5 

303.7 

38.0 

57.6 
37.0 

20.4 
15.8 

100 100 

~ 78.5 

! 308.7 - 1:~-24-2-.-1--!'-

! 21 . 1 II 18.2 
I 

82.3 41.2 
i I ! 39.5 9.0 

32.0 
15.5 

I 

14.9 
3.3 I 

~----------------------~~------~------~'---- ·T~------~ 
'IE RTI CAL nv 

Hc~iZONTJl,!. TTV 

VERTICA~ BOW 

HORIZONTAL BOW 

Average 

Maximum 

Minimum 

Average 

1·lax ;mlim 
Minimum 

Average 

Maximum 
Minimum 

Average 

r4axirnum 
Minimum 

VERTICAL CL BOW Average 

Maximum 
r~inimum 

HORIZO:ITAL CL Bm'J Average 

Maximum 
Minimum 

- - - - - - -

~ 

l.l 

l.l 

100.8 

140.6 
79.1 

26.4 
35.7 

18.1 

118.0 

161.0 

70.9 

41.7 

64.2 
26.7 

214.1 

365.2 

81.2 

70.1 
107.6 
20.5 

78.2 
226.7 
45.6 

17.5 
46.8 

7.0 

159.0 

173.5 
144.7 

30.7 
50.9 

12.6 

335.3 

392.3 
171.9 

43.3 
65.4 
27.8 

91.0 

20:'.4 

1,2.4 

12.8 
24.3 
5.5 

83.0 
191.9 

38.4 

26.9 
88.3 
8.4 

I 142.0 
I 254.7 
I 

i - 29.5' 

46.8 

173.9 
16.7 

39.1 

71.6 
26.7 

15.9 
33.2 

4.2 

40.5 
68.2 
14.3 

31.1 
52.7 

9.2 

93.2 
157.0 

41. 3 

59.0 

95.2 
18.3 

-- - ~ - - - ~- - - -""-

n 



-·0 U ,--_. n WJ 

WAFER THICKNESS CHARACTERIZATION SUMMARY 

I I PARAMETER TEST 2-3-23 2-3-25 2-3-26 2-3-27 * 

SLICE Diameter (nm) 100 100 100 100 
Area (cm2) 78.5 78.5 78.5 78.5 

THICK:~ESS Average l.I 266.0 282.3 238.0 263.5 
Std. Dev. lJ 55.5 44.7 34.0 33.7 

TOTAL VARIATION Average lJ 113.6 79.3 91.6 42.4 
Std. Dev. lJ 41.1 32.4 23.8 B.8 

STD. )EIJIATIm~ Average lJ 44.9 30.2 36.9 15.1 
Std. Dev. lJ 15.9 13.5 10.1 3. 1 

-

I VERTICAL rrv Average lJ 119.6 91.8 101.8 46.7 
,\ 

Maximun 
'" 

210.4 183.7 120.7 60.2 

Minimum lJ 40.4 38.8 34.9 32.0 

HORr"ZONTAl TTV A'.'er'age lJ 22.3 16.1 15.8 12.6 
Maximum lJ 50.2 41.4 35.9 22.6 
Minimum lJ 6.8 1.5 2.9 6.4 

VERTICAL BOW Aver,:tge lJ 107.6 123.5 132.8 43.2 
Maximum lJ 271.6 214.0 211.5 58.1 
Minimum 11 43.5 62.2 28.4 15.9 

HORIZONTAL BOW Average lJ 24.7 21.2 29.5 23.7 
:~ax ~mum lJ 40.5 51.2 45.7 56.0 
Minimum lJ 12.0 5.6 9.7 8.9 

'JERTI C~L CL BOW Average lJ 235.2 255.3 256.5 76.8 
r~ax; mum 1J 523.6 450.1 343.8 110.2 . , 

t1inimum 1J 88.2 141.2 34.3 57.4 

HORIZO~:rAL CL BO~'I Average 1J 43.8 42.6 56.5 48.3 
Maximum \.1 71.4 118.2 98.1 95.7 
r1inimum \.1 12.6 10.9 23.9 10.6 

* 7 wafers 
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WAFER THICKNESS CHARACTERIZATION SUMMARY 

PARAMETER TEST 2-3-28 I 2-3-30 2-3-33 2-4-01 ~ 

1 

[, SLICE Diameter (nm) 100 100 100 100 

Area (cm2) 78.5 78.5 78.5 78.5 

THICKNESS Average II 278.2 259.7 275.9 314 

j 
1 

I 

E 

r 

Std. Dev. II 48.5 28.6 20.3 33 

TOTAL VARIATION Average II 76.7 48.3 56.9 62 

Std. Dev. II 32.4 16.6 23.0 23 

STD. DEV1ATION Average II 29.7 16.8 20.3 26 
Std. Dev. II 13.0 5.0 9.3 11 

VE RTI CAL TTV Average II 86.7 50.9 62.9 I 74 . , 
150 Maximum IJ 160.8 86.1 102.8 

1 _ 

Minimum IJ 34.7 25.1 28.8 30 

L HORIZONTAL TTV Average ,. 
~' 20.3 17.2 18.4 16 

~Iaximum II 42.8 30.4 38.4 33 I 

Minimum II 6.7 5.6 7.1 4 
I 

, 
VE RTI CAL BOW Average II 121.8 53.0 82.8 82 ; 

! 

Maximum 267.1 255.7 140.7 140 
, 

11 : 

~ 

t 
I ! 

Minimum 29 
I 

II 42.0 11.3 35.3 I l 
HORIZONTAL BO',J Average II 28.S 23.2 40.0 19 ! ! 

1 

i I , 
r"aximum II 72.4 132.7 Sl.8 46 

0 , 
~ 

Minimum II 7.5 2.8 6.6 4 

VERTICAL Cl BOW Average II 197.7 S7.8 lSl .1 144 

Maximum IJ 368.0 330.2 274.4 204 
.. 

Hi nimum \.l 57.3 30.9 103.5 80 

t l 

~ 
, 

[ ~ 

I ! · 

· 

HORIZO~ITAL CL sm·J Average l.l 46.3 4S.2 69.5 33 
. 
" i 

Maximum IJ l11.S 245.7 140.0 67 
--

Minimum IJ 10.1 6.2 23.9 11 

I --

, 
i . · 
~ 

-ff - - -

- ~ - ~ - . ~ - ~~ --= -- ~ - -



WAFER THICKNESS CHARACTERIZATION SUMMA~Y 

PARAMEiER TEST I 
I 2·4·02 2-4-04 2-4-05 2-4-06 

, 
SLICE Diameter (nm) 100 100 100 100 

Area (cm2) 78.5 78.5 78.5 78.5 
-

THICKNESS A"erage l.I 358 322 332.6 350.4 
Std. Dev. l.I 56 21.7 21.7 47.7 

TOTAL VARIATIO~ Average l.I 66 l5.6 bl.8 96.7 
Std. De'l. lJ 43 23.3 19.7 50.3 

5TI'). DEVIATIOil Average l.I 28 13.7 24.6 36.0 
Std. Oev. u 19 10.2 7.8 19.3 

I 

VERTICAL nv Average l.I 79 44.0 65.9 116.9 
Maximum l.I 184 137 .? 102.1 2~2.2 

Minimum U 22 17 .4 34.3 42.2 

HORtZO~jTAL TTV Average l.I 13 9.0 1~.3 21.0 
Maximum l.I 30 17.7 34.3 39.8 
Minimum lJ 4 1.9 6.6 2.8 , 

VE RTI CAL BOW Average lJ I 69 36.6 56.8 121 .3 
Mcxirnum lJ 132 109.0 95.8 185.4 
Wnimum lJ 13 11.5 30.09 42.3 

HORI:C:~liAL BOW Average lJ 18 15.7 53.4 34.2 

r"a:dr.:um 11 I 46 30.8 101.0 62.9 
Minimum lJ I 7 6.5 8.7 3.2 

I 

VERTICAL CL Bm~ Average lJ I 101 91.7 113.3 224.7 

r'lax; mum I 306.9 164.4 339.2 lJ I 182 
" . - 61.S" f1inimum lJ I 28 15.9 81.3 

HORIZO::TAL CL BO~"J Average 
I 

u 32 29.2 109.7 65.3 

Maximum 11 79 55.3 203.8 88.5 

Min;mum lJ I 14 8.6 19.4 23.2 

1 I I -

- - -

_ _ _~. I. _ _ _ __ _ _ _ _ _ _ _ __ _ _ 1.. 

- -- - ~ - - -
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WAFER THICKNESS CHARACTERIZATION SUMMARY 

----
PARAMETER TEST , 

2-5-02 2-5-03 2-5-05 

SlICE Diameter (mn) 100 100 100 
Ani (cm2) 78.5 78.5 78.5 

THICKNESS Average " 334 341.1 288.4 
Std. Dev. " 35 21.0 19.2 

TOTAl VARIATION Aver!ge 65 
I, 

35.1 " 52.2 
Std. Oe'l. 1J 28 14.9 19.4 

STD. DEVIATIO~1 Average " 25 1:1.3 17.8 
Std. Oev. 1J 12 6.3 7.9 

VERTICAL nv Average " 69 44.3 54.9 
Maximum 1J 118 72.5 96.8 
Minimum 1J 32 21.8 22.3 

HORiZONTAL TTV Average 1J 14 11.5 9.7 
Maximum 1J 21 18.5 21. 7 
Minimllm 1J 7 4.3 2.5 

VERTICAL BOW Average 1J 61 36.1 1e3.3 
Maximum 1J 159 70.6 182.8 
Minimum :l 17 16.1 121.5 

r:C~.: :~~IT ~ BOW :''.''!!''l~c! iJ , 20 £4.1 12.9 
Ma:dmum 1J 46 35.7 25.8 
Minimum 1J 4 5.5 3.4 

VERTI CAl CL BOW Average 1J 102 60.3 307.3 

Maximum \J 211 , 102.3 338.4 .. I Minimum \J 20 ! 31.6 261.5 
i 

HORr ZO~ITAL CL BO~" Average \J 38 I 48.7 29.2 
I 

r1aximum 73 I 74.3 46.8 1J 

Hi n;mu:n \J 16 14.9 13.8 

--_.- --

4=_,. 

, 2-5-07 ~ 
100 

78.5 

265.8 
20.3 

66.0 
20.2 

: 25.3 
! 

8.5 I 

I 
I 

97.9 i 

144.8 
73.5 

18.4 
37.8 
9.B 

79.2 
140.4 
61. 7 

17. , 

30.8 
9.0 I 

: 201.9 
350.9 

: ! 127.7 
I 

34.1 
55.8 
14.2 
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WAFER THICKNESS CHARACTERIZATION SUMMARY 

PARAMEiER TEST I 2 .. 5-09 I 2-5-10 
, 

2-5-11 2-5-13 I 
SLICE Diameter (nm) 127 100 100 50~ 

Area (cm2) 126.7 78.5 78.5 39.3 

-
THICKNESS AverQ~e ~ 350.5 31608 235.4 355.6 

Ste. Oe'l. ~ :3.0 45.4 33.8 53.3 

TCTAL VARIATION Average iJ 104.1 73.1 62.5 53.3 

Std. De'l. u 53.3 47.1 26.6 40.6 

SiD. DEI/IATION A'/erar:e u 35.6 26.6 23.7 I 2~.4 Std. Qev. u 17.8 16.6 11.2 17.8 

- r-."--'----

V:: RTl CAL TIl/ Average ~ 70.8 65.3 .. -- .. 
Maximum \J 180.9 123.7 .. -.. .. 
t'1; n i :":lUr:1 U 14.9 26.9 .. -- .. 

HOiHZO:ITAl TTV Average \J :0.3 13. 1 - -.. .. 
~laximum ~ 41.6 23.9 .. -.. .. 
Mir:irr.U:":l \J 8.0 4.6 .. .. - .. 

; ---
'JERT! Ci',.L Sm4 Average ~ 38.9 77.9 .. .. .. .. 

~1ax ~~'j~l \J 
~() ~ 149.3 .. .. .. .. ........ ~ 

Hi n imUr.l 8 1 33.1 .. .. 
\J .. .. 

HORIZOilTAL BOW Average .. .. 11. 3 45.0 .. .. 
\J 

!~a~, ~r.ium .. .. 2-: .1 I 82.1 .. .. 
\J 

Mini~um 2.9 ! 11.4 .. .. 
\J .. .. 

I I ---
'1 t:? iT C,~L Cl BO:~ Average .. .. 82.0 149.3 .. .. 

\J 

r~J x i ::1u:n I 141. 5 332.7 .. .. 
U 

.. .. 
33.8 

: 42.9 .. 
Hini~u:":1 

, .. 
lJ 

.. .. 
I 

FORI ZO~~T;"L CL BO:I Average I 27.1 89.7 .. .. 
lJ - .. 

Maximum I 55.4 192.8 .. .. 
\J .. .. 

H;nimu:n 8.6 15. ~ .. .. 
\J 

.. .. 
I . i . ... 

I I , 
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WAFER THICKNESS CHARACTERIZftTION SUMMARY 

PARA~1ETER TEST ~ 2-5-14 I 2-5-15 :1 

SLICE Diameter (nm) 

~ 100 100 

(cm2) 
. 

Area 78.5 , 78.5 

THICKNESS Average J.I 252.0 307.6 

Std. Dev. J.I 31.6 32.5 

TOTAL VARIATION Average J.I 49.6 48.0 
Std. Dev. IJ 27.9 19.9 

STD. DEVIATI;)N Average IJ 17.7 17 .5 
Std. De". u 10.9 

I 
7.3 

VE RTI CAL TTV Average IJ 53.8 64.8 

Maximum )J 148.4 116.0 

Minimum IJ 24.7 36.0 

HORizONTAL TTV Averare J.I 12.6 14.5 -
Maximum J.I 51,2 25.3 

: 

Minimum lJ 1.6 8.2 
. '-

VE RTI CAL 8m~ Average J.I 
52.0 74.2 

Maximum J.I 111 .6 115.5 

Minimum J.I 10.6 35.1 

nORrZO:lT~ 30W Average J.I 13.4 17.1 

r4aximum IJ 27.1 32.4 

Minimum IJ 1.6 4.4 

VERTICAL Cl BOW Average IJ 
93.0 133.2 

Maximum lJ 
139.1 190.6 

.. - 53.2 . 63.9 Minimum lJ 

HOrUZO:ITAl Cl BO!·/ Average lJ 
24.1 37.7 

Maximum J.I 
49.9 64.0 

~'inimum \.l 9.9 17.2 

2-5-16 I 2-5-17 ~ I . 
100 100 

78.5 78.5 
. 

278.5 295.6 

33.1 18.2 

54.8 50.0 

25.3 23.4 

19.6 19.4 

9.8 10.0 

60.1 I 56.7 

121.S 116;8 

33.3 34.3 

15.9 12.7 

26.5 37.2 

8.4 4.3 

67.2 63.8 

102.1 89.3 

28.2 21.0 

31.4 49.2 

47.8 117.5 
16.5 7.8 

132.2 132.0 

168.4 212.6 

69.9 40.3 

67.1 106.9 

114.4 241.0 

19.1 30.8 

- • 



WAFER THICKNESS CHARACTERIZATION SUMMARY 

PARM4ETER TEST 
, 

2-5-19 r 2-5-18- 2-6-03 2-6-04 

-' 
SLICE Diameter (am) 100 100 100 100 

Area (cm2) 78.5 78.5 78.5 78.5 

THICKNESS Average II 270.2 I 297.3 273.6 267 
, 

28.8 Std. Dev. lJ 20.8 23.7 18.4 

TOTAL VARIATIO~ Average lJ 51.4 51.1 45.9 61.8 

Std. De'!. lJ 16.0 21.0 22.5 21.1 

STD. DEVrATION Av~rage lJ 19.3 18.2 16.8 24.2 i 
, 

Std. Dev. 6.3 ~ 9. 1 9.5 I 
u 7.5 

~-
~ I VERT! CAL TTV AVErage lJ 49.0 ~ 64.4 60.1 78.6 j 

Maximum \J YO.3 :i 135.3 127.4 I 121.9 
~ 

, 

Minimum 18.7 
, 

30.4 32.0 34.9 !l i: 
.! 

HORizo~ITAL TTV Average JJ 11.3 I 14.9 7.8 13.6 

r'!aximum lJ 21.5 I 42.9 20.4 27.7 
I , 

Minimum lJ 6.1 i 2.6 2.2 4.0 
I 

VE RTI C";L 8m~ Average lJ 71.3 I 70.1 51.5 85.1 

Maximum 112.6 
, 

157.4 f 
lJ 

:1 
129.0 73.3 

Minimurr. lJ 28.3 , 32.7 26.6 19.4 

HORIZO:lT AL SO~ Average lJ 21.5 50.7 18.4 21.0 

r~ax imum lJ I 41.1 84.5 38.9 47.3 

f-linimum lJ I 7.8 17.8 7.2 2.5 : ,'- ... '-

'JERTI CAL Cl 8G',.j Average 149.3 117.5 117.0 172 .2 \.l 

r~ax; mum Il 
222.9 232.7 157.3 397.3 

.. 89.6 43.0 r~inimum Il 45.7 64.9 

~ORrZO:;rAL Cl 80:·' Average Il 
45.1 99.7 40.7 40.9 

Maximum lJ 
88.3 252.4 70.8 93.1 

Ninimum Il 
Hi.2 23. 1 19.6 7.0 
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WAFER THICKNESS CHARACTERIZATION SUMMARY 

PARM1ETER TEST I~ 2-7-01 2-7-04 

SLICE Diameter (rrm) 

~ 
100 100 

Area (cm2) 78.5 78.5 
.-

THICKNESS Average 1.1 300.7 299.3 , 

Std. Dev. 1.1 14.7 28.2 

TOTAL VARIATION Average 1.1 57.0 72.1 
Std. Dev. 1.1 15.3 40.9 

STD. DEVIATION Average :1 18.7 27.3 
Std". Dev. 1.1 4.5 18.0 

VERTICAL TTV Average 1.1 58.8 82.4 
Maximum IJ 83.9 156.9 
Minimum 1.1 32.8 21.1 

HORIZONTAL TTV Average 1.1 15.7 15.0 
Maximum 1.1 24.1 33.6 
Minimum II 6.9 3.1 

VERTICAL BOW Average 1.1 206.0 63.5 

Maximum 1.1 248.0 96.3 

Minimum 1.1 76.7 29.8 

HORIZONTAL BOW Average 1.1 15.7 17.0 

r~a:dmum 1.1 31.3 32.1 

Minimum 1.1 6.7 4.4 , 

VERTICAL CL BOW Average '1.1 
388.3 132.0 

I 

Maximum J; 
488.7 205.8 

" . - 146.9: 
r~i nimum 1.1 83.2 

HORIZO:ITAL CL Sm4 Average 1.1 
21.8 26.7 

Maximum 1.1 
39.4 78.5 ! 

Minimum lJ 
7.0 7.8 
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APPENDIX V 

DATA FOR SOLAR CELL EFFICIENCY AS A FUNCTION OF AMOUNT ETCHED 

• • -~ - - - =- ~-

_ • _. • _ 1.. _ _ _ _ _ ~ _ _. • •• 



- ." 

~-

~ r 
'.1 

i ' .., 

i 
I' 
~ ... 

r 
· 

~ 
~ · ~.: 

T -I 
; 

1 · 
F 
1 · 
I 
II · 

1 r .... 

~ 

~ .. 

r 

L 
.... 
~-

TABLE r'H 

EFFICIENCIES FOR WAFERS ETCHED IN PLANAR ETCH. (DASHES 
INDICATE BROKEN WAFERS. UNDERLINES INDICATE WAFERS IGNORED 
AT 95%+ CONFIDENCE LEVEL.) 

LOT 

AMOUNT REf-1OVED 
(per side) 

WAFER 

1 

2 
3 
4 
5 

6 
7 
8 

9 

10 

11 

12 

13 
14 
15 

16 
17 
18 
19 

20 

MEAN 
STD. DEV. 

P-007-0l 

o ~m 

3.7 
3.3 
2.6 
5.7 

2.9 
2.9 
3.7 
3.0 
3.1 
3.2 

3.3 
1.9 

8.6 
3.6 
3.6 
3.7 
3.6 

3.4 

0.4 

P-007-02 

2.6 ~m 

6.1 
7.1 
7.5 
4.2 
3.0 
7.5 

8.9 
4.3 
7.7 

7.0 
6.5 
2.4 
6.3 
5.4 
4.2 
5.6 

5,9 

1.8 

P-007-03 

4.6 ~m 

8.6 
9.7 

7.4 
6. 1 

9.5 

9.1 
8.7 

9.5 
7.8 
6.7 
8.3 
9.7 
8.8 

9.0 
8.1 

7.1 

8.4 

1.1 

--- -- - - - - - - - ~ -
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TABLE AI 
(conti nued) 

EFFICIENCIES FOR WAFERS ETCHED IN PLANAR ETCH. (DASHES 
INDICATE BROKEN WAFERS. UNDERlINES INDICATE WAFERS IGNORED 
AT 95%+ CONFIDENCE LEVEL.) 

LOT P-007-04 P-007-05 P-007-06 P-007-07 

AMOUNT REHOVED 7.0 llm 8.1 llm 12 llm 15 \.1m 
(per side) 

WAFER 

1 10.3 10.4 10.6 10.6 

2 9.3 10.7 11.0 

3 6.0 10.1 10.5 

4 10.2 9.2 10.8 10.5 

5 5.6 8.8 10.1 8.3 

6 9.8 8.6 10.0 10.5 

7 7.1 10.5 10. f) 

.~ 8 10.4 7.6 ·1 CJ. 9 

9 9.8 7.8 10.5 10.2 

10 6.4 10.4 10.7 11.0 

11 10.4 10.4 10.2 

12 6.6 10.7 11.0 

13 10.6 10.5 10.7 10.4 

14 8.3 10.4 10.8 

15 10.7 10.1 8.8 

16 10.4 10.3 6.4 9.0 

17 6.7 6.3 10.2 10.6 

18 10.1 9.5 10.2 9.8 

19 9.6 4.2 10.2 9.7 

20 10.5 10.5 8.6 10.0 

MEAN 9.1 8.8 10.4 10.2 

SiD. DEV. 1.8 1.9 0.3 0.8 
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TABLE AI 
(concluded) 

EFFICIENCIES FOR WAFERS ETCHED IN PLANAR ETCH. (DASHES 
INDICATE BROKEN WAFERS. UNDERLINES INDICATE I~AFERS IGNORED 
AT 95%+ CONFIDENCE LEVEL.) 

LOT P-007-08 P-007-09 P-007-10 P-007-1l P-007-12 

AMOUNT REf'1OVED 19 IJm 32 I'm 44 IJm 53 um 61 IJm 
(per side) 

WAFER 

1 10.8 8.5 10.1 6.0 
2 10.5 11.0 8.6 8.3 9.7 
3 10.6 11.0 9,6 4.9 
4 6.4 9.6 10.8 8.2 8.3 
5 6.6 11.1 11.0 6.2 10.1 
6 4.5 4.9 5.4 6.9 
7 8.4 11. 3 8.8 5.9 
8 10.9 10. ? 8.3 8.6 
9 6.9 9.5 9.3 6.9 6.0 

10 9.5 8.5 6.5 7.5 
11 5.6 11.0 8.3 8.2 
12 10.3 11.0 9.6 7.5 
13 10.5 11.1 9.2 10.0 
14 5.8 8.0 7.0 9.4 
15 11 . 1 5.0 8.8 7.0 5.7 
16 6.1 10.2 10.7 4.9 
17 10.5 9.5 11.0 10.3 10.2 
18 10.0 5.8 10.5 10.6 6.7 
19 11.0 7.7 11.0 3.8 7.1 
20 4.8 10.7 10.2 6.4 7.8 

MEAN 8.4 9.0 10.0 8.1 7.5 
STD. DEV. 2.5 2.2 0.71 1.8 1.8 

- - - - - -- - -- - -- - .-
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TABLE All 

EFFICIENCIES FOR WAFERS ETCHED IN TRANSENE SOLAR CELL ETCH (TEXTURE 
ETCH). (DASHES INDICATE BROKEN WAFERS. UNDERLINES INDICATE WAFERS 
IGNORED AT 95%+ CONFI DENCE LEVEL.) 

LOT P-OOB-01 P-00B-02 P-OOB-03 P-OOB-04 

AMOUNT RH10VED a 1Jm 1.51Jm 2.9 1Jm 6.3 llm 
(per side) 

WAFER 

1 3.6 6.5 B.3 5.B 
2 3.3 6.0 B.4 
3 3.0 7.2 6.0 
4 5.2 7.9 5.9 
5 3.5 5.2 
f. 3.5 9.7 4.5 
7 6.7 6.8 
13 4.1 5.9 8.6 
q 7.1 5.4 7.1 

10 3.1 6.4 8.3 7.6 
11 3.4 6.8 7.6 6.1 
12 5 2 7.9 
13 3.4 7.0 9.4 
14 3.9 5.8 8.5 4.3 
15 3.7 7.0 9.7 B.6 
16 7.2 5.1 7.2 
17 2.9 8.5 8.6 9.2 
18 3.2 7.0 6.7 6.6 
19 5.4 6.3 8.7 
20 3.0 6.1 9.2 B.2 

MEAN 3.4 6.5 7.6 7.1 
STD. DEV. 0.4 0.9 1.4 1.6 
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TABLE AI I 
(conti nued) 

EFFICIENCIES FOR WAFERS ETCHED IN TRANSENE SOLAR CEll ETCH (TEXTURE 
ETCH). (DASHES INDICATE BROKEN WAFERS. UNDERLINES INDICATE WAFERS 
IGNORED AT 95%+ CONFIDENCE LEVEL.) 

LOT 

AMOUNT REMOVED 
(per side) 

WAFER 

1 

2 

3 

4 

5 

6 

7 
S 

9 

10 

11 
12 
13 
14 
15 
16 

17 
i2 

19 
20 

MEAN 
STD. DEV. 

P-OOS-OS P-OOS-06 

7.6 ~m 10 ~m 

8.7 9.8 
6.1 9.1 

6.2 9.9 
9.3 

7.3 7.4 
S.8 

6.0 
B.4 

8.5 
8.1 4.9 
8.1 9.4 

8.1 

5. 1 8." 
8.3 9.0 
8.8 9.0 
3.9 9.6 
7.6 10.3 

8.1 8.6 
4.5 7.8 

7.2 8.5 
1.6 1.4 

P-OOS-07 P-OOS-OS 

16 ~m 16 ~m 

8.2 

8.4 
9.1 

9.4 
8.4 
5.6 

8.3 
9.9 

9.0 
9.0 
8.9 
8.8 
7.7 
7.8 

8.7 
0.6 

6.6 

S.7 
5.4 

10.0 

5.3 
8.6 

6.2 
7.8 
,.6 

4.1 
8.1 

,. ~ 

Ii. j 

8.9 
4.9 

7.1 
1.8 

- - - -- - - - ~ ~ - --
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TABLE All

(concluded)

EFFICIENCIES FOR WAFERS ETCHED IN TRANSENE SOLAR CELL ETCH (TEXTURcc

ETCH). (DASHES INDICATE BROKEN WAFERS. UNDERLINES INDICATE WAFERS 	 ^#

IGNORED AT 950+ CONFIDENCE LEVEL.)

LOT P-008-09 P-008-10 P-008-11 P-008-12

AMOUNT REMOVED 25 um 30 um 40 um 52 um

(per side)

WAFER

1 7.7 10.2 8.8 9.1	 -

2 - - - - - - 9.9
3 6.5 - - 5.3

4 10.2 8.6 8.9 6.0

5 - - - - - - 6.5
6 6,7 8.1 4.7 5.5

7 9.0 6.4 7.2 - -

8 4.6 7.4 - - 7.6

9 9.5 5.0 - - 8.0

10 7.8 - - 8.2 5.2

11 9.3 7.9 7.5 9.9

12 8.0 3.6 5.5 - -

13 5.9 8.9 5.1 8.8

14 6.9 8.2 - - - -

15 8.9 6.3 5.1 4.5

16 4.3 5.6 5.0 6.0

17 5.4 7.5 6.2 7.4
18 5.4 7.5 4.5 6.7

19 6.9 5.8 9.2 4.3

20 4.5 - - 5.3 8.5

MEAN 7.1 7.1 6.4 7.1

STD.	 DEV. 1.8 1.7 1.7 1.8
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NEW TECHNOLOGY 
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A "Multiple Blade Alfgnment Device" consisting of four 

rack gears engaging wfth the blades (as described in the text) 

was reported to JPL as an item of new techno 1 ogy. A "Bounce 

Fixture" to reduce end-of-stroke shock loads was also reported. 
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APPENDIX VII 

ENGINEERING DRAWlt~S AND SKETCHES 

(lab Saw) 
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SLICING OF SILICON INTO SHEET MATERIALS 
Varian Associates 
lexington Vacuum Division 
JPL Contract No. 954374 
~tarting Date: 1/9/76 

1. Background Parameter Study 
1.1. Establish standardized 

cutting format and data 
col1ectior. technique 

1.2. Modify saw, measure 
accuracy, build dyna­
mometer 

1.3. Slicing tests - effects 
of load, speed, slurry, 
work configuration on 
rate, wear, wafer 
accuracy, etc. 

1.4. Wafer characterization 

2. Theoretical Model 
2.1. Parameterize system 

performance from 
modified abrasive wear 
viewpoint 

2.2. Establish practical 
limits to theory - wafer 
accuracy and thickness, 
blade instability, 
abrasive blunting, etc. 
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3. load Balancing 
3.1. Build feedback control 

system - rate and force 
i nteracti on 

3.2. Cutting performance vs. 
results of 1.3. 

3.3. Wafer characterization 

4. Blade Materials 
4.1. Cutting tests - optimum 

blade material, thickness 
etc. for silicon 

4.2. Wafer characterization 

S. Abrasives 

5.1. Cutting tests - optimum 
size, slurry mix. 
application technique 

5.2. Wafer characterization 

6. Prototype Production Technique 

6.1. Optimize previous results 
within guidelines of 
wafer specifications 

6.2. Modify equipment 
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SLICING Of SILICON iNTO SHEET MATERIAL 

Varian Associates/Lexington Vacuum Divi~ion 
JPL Contract 954374 
Starting Date: 1/9/76 (I) 5/19/77 (II) 

PROJECT MILESTONES 1977 
(PHASE II) M J J A S 
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SLURRY 
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Task I LO\'1 Cos t Oil • 
Analysis of Suspension Oils •• '\7 

~7 Survey Low Cost Oils O. 

Test Suspension Qualities 4--.,. ,\7 

Fabricate/Purchase Oils " 
Task 2 Cutting Tests - Slurry 4t 

Test Suspension Oils I;;.. 

Test Oil Mixtures lit 

Test Abrasive Size Mixes 4l 
lifetime Enhancement 

Task 3 Evaluate Degradation 
SEM Analysis of Abrasive/ 
Silicon Debris 
Reclamation of Oil/Abrasive 
Analyze Lifetime Effects 
Identify lO\,1 Cost System 

Task 4 Test Low Cost Slurry 
Evaluate Cutting lifetime 
Evaluate Impact on Accuracy 
Rate. Wafer Yield, etc. 
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SLICING OF SILICON INTO SHEET MATERIAL 

Varian Associates/Lexington Vacuum Division 
JPL Contract 954374 
Starting Date: 1/9/76 (1) 5/19/71 (II) 

PROJECT MILESTONES 
(PHASE II) 

BLADES 
Task 5 low Cost Blades 

Order low Cost Materials 
Analyze Tolerance Req'mts 
Cutting Tests-L/C Materials 
Specify Blade Tolerances 

Task 6 Alignment Device 
Design/Fabricate Prototype 
Blade Alignment Measurement~ 
Cutting Tests 
Demonstrate Improvements 
(Accuracy, Thickness, Rate) 

Task 7 Blade Hardness 
Order Blade Stock 
Cutting Tests 
Wafer Accuracy Blade Wear 
Characterization 
Specify Blade Hardness 

Task 8 Laboratory Saw 
Oesign/Fabricate(1-l0 B1ade~ 
Test Effect of Blade Size 
Specify Blade Size 
Supporting Tests - Misc. 
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SLICING OF SILICON INTO SHEET MATERIAL 

Varian Associates/Lexington Vacuum Division 
JPL Contract 954374 
Starting Date: 1/9/76 (I) 5/19/77 (II) 

PROJECT MILESTONES 1977 
(PHASE II) M J J A S 0 N D J F M 

. - . 
MACHINE DESIGN 

Task 9 Work Moving Drive • .,,~ 17 

Conceptual Design • ~ 
, 

Analysis/Specifications •• 
~, 

Design 0 ." ~ t7 
, .. ." ~ t7 Purchased Items 

Task 10 Feed Mechan ism • ~It ~ 17 

Conceptual Design ... ., r 
Analysis/Specifications It ., .. 
Design ja ~, 1i 17 

Purchased Items It .,,. ~ 17 

Tac;k 11 B1adehead It , :r ~ 17 

Structural Analysis lit ~ 

Speci fi cati ons ~If 

Des i gn .a , " ~ 'i! 
Task 12 Blade Tensioning Il (h 
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Fabrication • ~ (r, 
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SLICING OF SILICON INTO SHEET MATERIAL 

Varian Associates/Lexington Vacuum Division 
JPL Contract 954374 
Starting Date: 1/9/76 (I) 5/19/77 (II) 

PROJECT MILESTONES i97 7 

(PHASE II) 

MACHIIIE DESIGN (continued) 
Task 13 Cycle Control 

Cutting Force Sensor 
Prototype 
Design 

Task 14 1·li sc. Design 
Slurry Feed 
Lubd cati on 
Ho rl< :'\0 un t i n9 

Task 15 Prototype 
Fabrication 
Assembly 
Testing - Preliminary 

Task 16 Test & Revise 
Cutting Tests 
Revisions 
Add Alignment Device 
Demonstrate L/C Slicing 
Wafer Characterization 
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SLICING OF SILICOh IN'iO SHEET MATERIAL 

Varian Associates/lexington Vacuum Division 
JPL Contract 954374 
Starting Date: 1/9/76 (1) 5/19/77 (II) 

PROJECT MILESTONES 1977 
(PIlASf. II) M J J A S 0 N 0 
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PROCESS INTERFACE 
Task 17 Compo Cost Analysis • 

Identify Cost Elements • ., , 
Baseline Cost Analysis • ~r 

Update - MS Slicing 0 

Other Slicing Techniques 0 

Task 18 Cell Fabrication .. 
Fabricate Standard Slices .~ 

, 
Fabricate Prepared Wafers •• 
Evaluate Voc' Isc' FF, eff. 0 

Task 19 Surface Preparation n 

Chem/r·~ech. Damage Removal 0. ~ 

Combined Removal Techniques (~ 

Evaluate Cell Performance (h 

Damage Char~cterization <I) 

Optimize Removal Techniques 
Task 20 ~lech. Wafer Testing .. ~ 7 

Design/Fabricate 4 Point :. " 7 ~ Bending Fixture 
Background Analysis :e. ., , 
Test Wafer Strength n " 7 

J Speci fy !!andl ing/Cutting 
c~ limitations of Wafers 
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SLICING OF SILtCON INTO SHEET MATERIAL 

Varian Associates/Lexington Vacuum Division 
JPL Contract 954374 
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Monthly Tecnnical Progress 
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