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Abstract

The analysis of warp control for a silicon wafer
slicer in cutting a crystal ingot is presented in this
paper. The rotating sawblade is clamped at the
outer periphery and stressed initially in the radial
direction, while the inner periphery is subjected to
stationary in-plane and quasi-static lateral slicing
loads from the workpiece. Further, pneumatic nor-
mal forces are applied to the blade to suppress the
warp of blade. The blade deflection is obtained
analytically by applying the multi-modal expan-
sion and the Galerkin method to the governing
equations of system. Numerical results are pre-
sented for an actual blade cutting an 8”-diameter
silicon ingot at a speed of 1150 rpm. An integral
algorithm is introduced to control the pneumatic
forces applied to the rotating blade. Results ob-
tained show that the warp of blade is reduced effec-
tively by the control forces applied to the locations
outside the path of the sliced ingot. In addition,
the deflection at the center of cutting edge is sup-
pressed and the flatness of blade is improved due
to the pneumatic moment applied to the blade.

1. Introduction

The ID (inner-diameter) saw blade is nowa-
days commonly used in the crystal wafering. De-
mands on large-diameter silicon wafer have accel-
erated the development of the large-scale ‘ingot
slicer. whith which silicon wafers with adequately
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flat, parallel sides can be produced for high perfor-
mance of the IC devices. To meet these require-
ments both for the slicer and for the wafer, new ac-
tive control methodologies are needed for a highly
efficient slicer.

Several papers have been published in recent
years on the vibration and control of rotating disks.
Ellis et al. [1] analyzed a feedback vibration con-
troller that increases the transverse stiffness and
damping of a circular OD (outer-diameter) saw.
Radcliffe et al. [2] used an on-line FFT analy-
sis of the rotating disk displacement to suppress
the amplitude of the dominant mode. Hutton et
al. [3] analyzed the response of OD sawblade with
stationary point springs. Huang et al. [4] investi-
gated a circular line guide system to increase the
critical speed of a spinning annular plate. Cho-
nan et al. [3] obtained the in-plane stress distribu-
tion in a silicon-wafer slicer cutting a crystal ingot
taking into account all stresses from the spinning,
the initial tensioning in the radial direction and
the in-plane reaction from the workpiece. Further
study on the natural vibration of the rotating ID
saw with the in-plane stresses and obtained the de-
flection of the blade subjected to the static lateral
cutting force has also been reported [6].

The warp of the wafer produced during the
cutting process is the locus of the cutting edge of
the ID sawblade. However, the warp control of the
ID sawblade slicing a crystal ingot have not been
studied.

In this paper, the response of an ID sawblade



slicing a crystal ingot is studied analytically to
reduce the warp of the wafer. Numerical results
are presented for an actual blade cutting an 8"-
diameter silicon ingot at a speed of 1150 rpm. The
air control forces applied to the blade are approxi-
mated by concentrated forces. Effects on the blade
deflection of the air control forces are studied in
detail.
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Fig.l The coordinate system for a rotating
silicon-waler slicer.
clamped at the outer periphery while the
inner periphery is subjected to the cut-
ting Joad. |

2. Formulation and Analysis

Figure 1 shows an ID saw blade slicing a sil-
jcon ingot at a constant angular speed Q. The
blade has a thickness h and is free at the inner
edge (r = b). After initially tensioned in the radial
direction by the radial stress og along the outer
periphery r = a', the blade is clamped from both
sides by two rigid rings on the range a < r < d'.
In the figure, the system (r,8) is a co-ordinate
frame rotating with the blade, while the (r,7) an-
other frame fixed in space. The cutting force is
decomposed into in-plane radial compressive force
N (Pa), circumferential shear force T (Pa) and ax-
ial lateral force L, (N). Each of them is assumed
uniformly distributed over the arc | 7| < 7o along
the inner periphery of blade. The lateral cutting

The sawblade is.
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force g(r,n,t) acting on the blade is generally rep-
resented by
K

g(rimt) = 3 q(t)(1/r)é(r — r)6(n — me),

k=1

(1)

where §( ) is the Dirac delta function and K is
the total number of concentrated lateral forces as-
sumed. The problem discussed in the following is
the effect on the blade deflection of the air con-
trol forces applied to the blade. The air pressure
to control the blade deflection is approximated by
lateral concentrated forces applied to the blade.
These control forces are written in the form
K.

S(Tan’t) = ;,E fk(i)(l/T)(S('I‘ - Tk)(S(?] - k), (2)
k=1

where K. is the number of the control forces.

The equation governing the deflection of the
blade referred to the co-ordinate frame fixed in
space is

D[8%]0r* + (1/r)0/0r + (1/7)?8% | 0n*]*w
+ph[0/0t — Q8/0n)*w
—h[(1/7)8/0r(ro,0w/OT)
+(1/71)0/03(0,0w/dn)

-~ +(1/7)8/dr(1ryOw/0n)
+(1/7)8/0n(7ey0w/0r)] _
= g(rynit) + s(r,m,1), (3)
where w(r,n,t) is the lateral displacement of the
blade, D(= Eh®/12(1—v?)) is the flexural rigidity,
E is the Young’s modulus, v is the Poisson’s ratio
and p is the mass density of blade; o is the in-
plane radial normal stress, o, the hoop stress, and
Try the shear stress in the rotating blade, which
are presented in Reference [5].
One assumes the solution of equation (3) in
the Fourier series as

M N
10(7',7’),?‘) = Z Z[Cmn(f) COS(’“))
m=0n=0

+Smn () sin(nn)] R n(7)- (4)

Here, R, is the mode function of a non-rotating
stationary blade clamped along the outer bound-
ary (r = a) while free at the inner edge (r = b); m
and n are the numbers of nodal circles and diam-
eters on the blade. Ryn is given by

Rmn(r) = Jn(k'mnr) + anYn_(kmnT)

4 CmnIn(kmn?) + HunKa(kmar)s - (5)



where J, and Y, are the Bessel functions of the
first and second kinds, and I, and K, are the mod-
ified Bessel functions; Fyn through Hpmn and kma's
are the unknowns and eigenvalues determined from
the boundary conditions of the blade.
Substituting equation (4) into equation (3),
further applying the Galerkin method to the re-
sulting equation, one has a system of simultaneons
ordinary differential equations of the form

MX+I'X +KX = Qqt) + Ff(t), (6)
where |

X = [COO(f)s e ’CA-'IO(?")’ 001(1)1 501(1)’
oo, Carn (1), S ()T

Here, M, I', and I are matrices of the dimension
[(p+1)(2¢+ 1)) x [(p+1)(2¢+1)]; Q is the column
vector showing the locations of the lateral cutting
force, which is given by equation (1); F' is matrix
of the dimension [(p+ 1)(2¢+ 1)) X K, showing the
locations of the control forces.

Equation (6) is rearranged in the state equa-
tion as

() = Az(t) + Bu(1), (8)
where
SRl o
A= [—MO”IK ‘—1\41-11"]’ (10)
B= [MC‘)IQ Mf’lF]. an)

The displacement of the blade is obtained
from the equation.

w(r,n,t) = Cz(t), (12)
where
C = [Roo(r),- -+, Raso(r), cos(n) Roi(r),
sin(7) Rot(7), - - -, cos(Nn) Rasn (),
sin(Nn)Rarn(r),0---0].  (13)

3. Numerical Results and Discussions

Numerical results that follow are for a S-2
blade cutting a 20.32cm (8”) diameter silicon in-
got. The physical parameters of the blade mea-
sured are given in Table 1. Here,

(7).
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Table 1 Physical parameters of slicing blade.

a| 03925 m v 0.28

a 0.3805 m p | 7.84x10° kg/m®
b 0.1525 m E | 1.63x10'! N/m*
h ]0.18x10™° m | op | 4.48x10° N/m*

0o is the initial radial tension at the outer periph-
ery (r = a’) that was applied to the blade so that
the inner hole of the blade is increased by Ab =
1mm.

3.1 Warp of the blade subjected to cutting
force

An assumption is made that the blade is de-
formed laterally by the reaction force L.(no) from
the ingot. It is said in general that the lateral cut-
ting force is proportional to the length of cutting
edge as shown in Fig. 2. In the following analysis,
L, is assumed proportional to the length of cutting
edge, that is, the contact angle between the blade
and the ingot.

]C v | M T
Z m
‘: )
= 0
0 100 200 300
Time [ sec ]

[ig.2 The lateral cutting force, L., as mea-
sured in an actual cutting process.

The contact angle 7 is calculated analytically
from the next equation as a function of the cutting
depth of ingot z;:

zr(2ar — 1)

— -1 _ 14
m(er) = cos~![1 - =R (1

where aj is the radius of ingot. When the lateral
cutting force acting on the blade is assumed pro-
portional to 79, the whole Jateral cutting force is
represented by

(15)

L, = Ano(zr)/momax,



where the maximum contact angle between the
blade and the ingot is calculated as noasax =
41.78°, while the average of maximum lateral reac-
tion forces at this contact angle was measured A =
4.02 N for the sawblade cutting the 8”diameter in-
got. On the other hand though the contact angle
also changes as a function of the cutting depth,
this angle is assumed constant( | 7| < 30° ). The
L. is approximated by a set of concentrated forces
that are distributed uniformly over the arc | 7 |
< 30° along the inner periphery of blade (r = b).
Thus ¢(¢) in the equation (1) is given as

q(t) = L)/ I\, (16)
Here, L. is the magnitude of total axial cutting
force. and I is the number of concentrated forces
assumed. In the calculation that follows, the num-
ber of concentrated forces was assumed K = 100.

10 v T M T T T
Z 5_/"\ —
S O -
-5 ‘ . ! 1 1
0 100 200 300
Time { sec ]
(a) Cutting force as predicted with the analytical
model
— 40 T T T T T
B p=0" "
= ok
> 20 .
= i
= 0__ _
' 8 B 7=42° __
% 20 " 1 | 1
2 7% 100 200 300
Time [ sec ]

(b) Deflection at the tip of blade based on the
predicted cutting force

Fig.3 Cutting force and the warp of
blade without control force.

Figure 3 shows the cutting force L, applied to
the blade cutting the ingot and the deflection at
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the inner edge (r = b) without the control forces.
Figure 3(a) shows the whole cutting force L, cal-
culated from equation(15). Figure 3(b) shows the
deflection at the angles n = 0°,42° along the tip
(r/a = 0.401) of blade subjected to L,. It is found
that the sign of the deflection is plus during the
wafering and the deflection at n = 0° is bigger
than that one at n = 42°. As a result, the wafer
produced becomes like a bowl. As observed from
Fig. 3(b), the maximum of the deflection at the
center of cutting edge is about 30um, and it is nec-
essary to suppress the deformation of the blade.

3.2 Warp Control of Blade

In the following analysis, two control schemes
are investigated in detail that make the rotating
blade flat. In both schemes, the control forces are
applied to the blade symmetrically with respect to
n = 0°. In the first scheme, a pair of concentrated
control forces are applied to the blade ( K, = 2 ).
In the second scheme, two additional control forces
are further applied to the blade in the same circle
( K. = 4 ) so that a pair of control moments are
applied to the blade in the circumferential direc-
tion.

It is well known that a control system becomes
stable by using the feedback force in the integral
control algorithm when the response of the blade is
quasi-static. f(7) in the equation (6) is multi-input
and the control force f; is represented by

¢
(17)
0

() = —Gr/ w;(7)dr,

where Gy is non-dimensional integral gain. Iur-
ther, the discretized equation of the above equa-

tion is
fili) = =Gr y_[w;(k) + wj(k = 1)]/2.

k=1

(18)

Figure 4 shows the diagram of this control
system to reduce warp of the blade. The transfer
function H(z) in the figure is the lowpass filter
to remove high frequency component of feedback
signal. That is given by

1. - ~(N-1)
S 2T VD)

1-2N _
= Ni-) (19)

H(z) =



qau)

f

-G H(D

Fig.4 The control system used to reduce warp

of blade.

where z~! is the operator which means the time
delay of one period. N in equation (19) is N = 20
in the following calculation.

The scheme where two control forces are ap-
plied to the blade is studied first. The locations of
the control forces are examined that do not inter-
fere with the path of the sliced ingot. The locations
of the two forces on the blade are represented by
a parameter L(r/a,£n).

d (¢) L(0.6,£26.5")
(b) L(0.5,%32.5%)
(a) L( 0.4,%42.0")

Cutting Edge
of Blade

Fig.5 Three sets of control-force location on
the blade.

Figure 5 shows three cases of the control forces
applied to the blade. The forces are shifted paral-
lel to the path of the ingot. The arrowhead shows
the cutting force Lz acting on the edge from down-
side, while the arrowroot shows the control forces
calculated from equation (18). Figure 6 shows
the results of control corresponding to the control
forces (a)-(c) in Fig. 5. It is observed that the
deflection at the center of cutting edge becomes
minimum when two control forces are applied to
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(b)L(0.5,£32.5°). When the point of application
is set very close to the inner edge, the suppression
of deflection at the cutting edge is difficult. This
is due to the fact that the relative angular position
of the two forces is increased as the control forces
approach the cutting edge.

£
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~ (2L (04,2420° )
(ML(05.£325 )
(©L( 0.6.li26.5' )

0 100 200
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300

Fig.6 Blade deflection at the center of
cutting edge for the three sets of
control-force location.

The scheme of applying a pair of moments is
studied next. The application points of the con-
trol forces are restricted to the location at which
they do not interfere with the path of the pro-
cessed ingot. In this scheme, four control forces
are applied and a pair of control moments are pro-
duced on the same circle. The optimum radius
where the control forces are applied is 7/a = 0.50
according to the discussions given above. The lo-
cations of f; — f4 are shown by the parameters
L; and L. When L is far from Ly, the con-
trol of deflection along the cutting edge will be not
satisfactory. The circumferential position of L, is
440.0°. Two additional control forces applied to
L, are also calculated from equation (18). The in-
tegral gain for these additional forces is Gra. The
control argorithm used for F is same argorithm
(eqn.6.5) for Fy. Here is represent for Grp. Fig-
ure 7 shows the effect on the blade deflection of
control moments when the points of application
of four control forces are Ly ( 0.50, £32.5°) and
Lo( 0.50, +£40.0° ). Figure 7(a) shows the defiec-
tion at the center of cutting edge, while figure 7(b)
shows the deflection at the point of application of
the force L1(0.5,32.5°). In both figures, the results
obtained for no control, two points control and the
case where a pair of control moments are applied
to the blade are shown because of making a com-
parison between them. The control of deflection



at the point of application of the force is satisfac-
tory as can be seen from Fig. (b). It is observed
from Fig. (a) that the application of the moment
is more effective than the simple lateral forces to
reduce the deflection at the center of cutting edge.

E 40 T v T v T
oy B without contro] |
‘; 20 with two control forces T
o 4
.2
o 0 B with momental effect N
=20 " 1 ) ]
() 100 200 300
Time [ sec ]
(a) r/a = 0.401,7 = 0°
E‘ T \ T v T \
I~ 20t without control  _|
; [/~ with two control forces 7]
g 0 o —
f;f - with momental effect -1
& 20f §
8 L 1 ] |
0 100 200 300
Time [ sec ]

(b) r/a = 0.5,7 = 32.5°

Fig.7 Suppression of warp by the mo-
ment effect. L1(0.5, £32.5°),
L2(05 :I:'-10.0°)? G}' = G[Q = 100.

Figure 8 shows the control forces correspond-
ing to the control using a pair of moments in figure
7. The control forces in the figure are observed at
L1(0.5,32.5°) and L,(0.5.40.0°). It is seen that
the control forces at L; are applied to the blade in
the opposite direction to the lateral cutting force.
Those at L, are, on the other hand, applied to
the blade in the same direction. Therefore, four
control forces produce a pair of control moments.
Further, the magnitude of control force applied to
the blade is under output range of air pump which
has already existed.

4. Conclusions

A theoretical analysis has been presented for
the response of the rotating blade of wafer slicer
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subjected to the slicing load from the workpiece.
The suppression of warp of blade has been studied
in detail to produce a flat wafer. Results obtained
show that the lateral control forces applied on the
blade are effective to reduce the deflection of blade
at the cutting edge. Further, it has been found
that the scheme of applying four control forces that
result in a pair of control moments on the blade is
more effective than the scheme of applying just a
pair of control forces, to make the cutting edgeof
blade flat and to produce a flat wafer.

—
(=

I T T

1/a=0.5, 5 =40.0°

r/a=0.5, p=32.5"

Control Force [ N ]
o

0 100 200 300

Time [ sec ]

IYig.8 Control forces corresponding to the case
of Fig. 7.
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