
FRECEDING PAGE BLANK MOT FILMED 

EFFECT OF LUBRICANT ENVIRONMENT ON SAW DAMAGE 
IN SILICON WAFERS 

T. S. Kuan, K. K. Shih, and J. A. Van Vechten 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

and W. A. Westdorp 
IBM Data Systems Division, East Fishkill Facility 

Hopewell Junction, New York 12533 

The chemomechanical effect of lubricant environments on the I.D. sawing 
induced surface damage in Si wafers was tested for four different 
lubricants: water, dielectric oil, and two commercial cutting solutions. 
The effects of applying different potentials on Si crystal during the 
sawing were also tested. The results indicated that the number and 
depth of surface damage are sensitive to the chemical nature of the saw 
lubricant. By combining rhe damage depth profile and the surface 
structure observations, it was determined that the lubric~nts that are 
good catalysts for breaking Si bonds can dampen the out-of-plane blade 
vibration more effectively and produce less surface damage. Correla- 
tions between the applied potential and the depth of damage in the 
dielectric oil and one of the commercial cutting solutions were observed 
and possible mechanisms involved were discussed. 

INTRODUCTION 

The depth of surface damage induced in Si wafers during the I.D. sawing 
process is known to be sensitive to several operationsA variables, such as 
blade size, feed rate, blade tension, wafer size, direction of sawing, etc. 
1 5 .  So far most of the studies of the I.D. sawing process have 
concentrated on determining the depth of ciamage and its correlation to the 
mechanical conditions of the operating system. Little attention was paid to 
the effect of the nature of the lubricant environment on the sawing process. 
The physical as well as the c-hemical nature of the environment is known to 
influence significantly the efficiency of comminution operations such as 
grinding and drilling in the cement, ball milling, oil drilling and other 
industries (6 ,7 ) .  Recently, we have examined the relation between the 
chercical nature of the I.D. saw lubricant and the surface damage structures 
(8). The results indicated that saw lubricant is an important operational 
variable, and the depth and number of surface damage can be reduced by 
improving the lubricant environment. 

The sawing of brittle materials, such as Si, is believed to be largely 
a cleavage process, but prior to our studies the detailed structure of the 
sawing induced surface damage and the role of plastic flow in the sawing 
process have not yet been determined in the literature. The damage 
structures due to mechanical abrading consist of cracking at the surface and 
strained dislocati~n networks underneath the surface. Meek and Huffstutler 
argued from their etching and stress measurements that the sawing induced 
defects are predomirlantly microcracks rather than dislocations (4). 
Sc\wuttke, using TEM, characterized the very deep saw damage as microcracks 
(5). We have observed the saw damage from both the top and the cross- 



sectional view angles by TEM and have characterized the damage structure as 
mainly cracks extending roughly along both (110) and (111) planes fror. the 
chipped surface. Dislocations were found only at the top %1 um layer, and 
their occurrence was attributed to the abrasive motion of the sad blade (8). 
The major events that create the kerf are therefore the initiation and 
propagation of cracks. Those lubricants that facilitate the nucleation and 
propagation of cracks can reduce the energy expended in the sawing operation 
and the amplitude of the saw blade vibration which in turn affects the damage 
structure. 

We have tested four different lubricant environments: (i) that of the 
standard production process-water. which is a strong catalyst for the 
breaking of Si covalent bonds; (ti) dielectric oil, which is chemically inert; 
(iii) a conmercial utting solution (Kleenzol-B); and (iv) a commercial 'i 
coolant (Kleen-Kool ) in 80 parts water, which is also an active catalyst for 
breaking Si and other covalent bonds. The testing results are reviewed in 
the following sections. 

EXPERIMENTAL PROCEDURES 

Test wafers were sawn from vertically mounted, Czochralski (100) oriented, 
p-type, 100 ohm-cm, Si single crystals on a commercial HAMCO ID-diamond saw 
using a new blade with feed speed of 2.54 cm/min and rotation speed of 
2100 rpm. Crystals with diameters of 5.7 cm and 8.3 cm were used. The 
sequence a d  operational parameters for the test performed on the 5.7 cm 
diameter crystal are listed in Table 1. Except for the lubricant and the 
applied potential, all the other operational variables were kept as constants. 
The wear of the diamond saw blade was considered to be insignificant since 
only 30 wafers were sawn in each environment. 

Thickness and warpage of the as-sawn wafers were measured by an ADE 6043 
microsense capacitance gauge. The surface morphologies of the as sawn wafers 
were observed by optical microscopy. The density profile of the saw damage 
was measured by an improved metallographic taper-sectioning method (9). 
Using this method, samples from six experiments were mounted on a beveling 
fixture and mechanicallv polished to obtain a 5 degree angle-lapped surface 
on each sample. The mechanical polishing is known to generate surface 
damage. In order not to obscure the pre-existing saw damage, this damaged 
layer newly introdyced from polishing was removed by a chem-mech polish 
(using Syton HT-40 ), which does not generate additional surface damage. The 
polished surfaces were then etched for 25 sec in dilute Sirtl etch solution 
to reveal the saw damage. The distribution of saw damage was read directly 
from optical micrographs taken from each etched surface. Figures l(a) and 
(b) show the micrographs of samples sawn in dielectric oil and Kleen Kool 
solution, respectively. The number of damage pits and their distances from 
the wafer surface were recorded, and damage distribution profiles were 
plotted for each sample. 

1. DoAll trade name. The active agent in Kleen Kool, previously thought to 
be methyl silane (8). was later identified as an aqueous solution of a 
glycol ether. 

2. Monsanto trade name. 



EXPERIMENTAL RESULTS 

The r e s u l t s  o f  t h i c k n e s s  and warpage measurements on 5 . 7  cm d i a m e t e r  as- 
sawn w a f e r s  are l i s t e d  i n  Tab le  2 .  For  t h e  5 . 7  cm d i a m e t e r  c r y s t a l ,  sawing 
i n  water consumed abou t  7  u m  les.: m a t e r i a l  p e r  wafe r  t h a n  sawing i n  o t h e r  
l u b r i c a n t s .  Sawing i n  d i e l e c t r i c  o i l  environment  would, on t h e  a v e r a g e ,  
consume 8 rim more m a t e r i a l  p e r  wafe r  i f  a p o s i t i v e  p o t e n t i a l  is a p p l i e d  t o  t h e  
c r y s t a l  and 4 u m  l e s s  m a t e r i a l  f o r  a  n e g a t i v e  p o t e n t i a l ,  as compared t o  
sawing w i t h o u t  any a p p l i e d  p o t e n t i ~ l .  The sawing  of  8 . 3  cm c r y s t a l  was found 
t o  consume abou t  6 D m  l e s s  m a t e r i a l  p e r  wafe r  i n  w a t e r  and abou t  1 0  urn l e s s  
m a t e r i a l  p e r  wafe r  i n  Kleen Kool s o l u t i o n  than  t h e  sawing of 5.7 cm c r y s t a l  
i n  water under  t h e  same c o n d i t i o n  . T h i s  i s  p robab ly  due t o  t h e  smaller 
ampl i t ude  of  t h e  saw b l a d e  v i b r a t i o n  i n  t h e  sawing of l a r g e r  c r y s t a l s .  As 
i n d i c a t e d  i n  Tab le  2 ,  Rleenzol  B g i v e s  t h e  l a r g e s t  warpage v a l u e .  The 
a p p l i e d  p o t e n t i a l ,  wlletller p o s i t i v e  o r  n e g a t i v e ,  a l s o  i n c r e a s e s  t h e  warpage 
v a l u e .  

When t h e  saw b l a d e  c u t s  th rough t h e  c r y s t a l ,  c r a c k s  are g e n e r a t e d  a t  t h e  
b l a d e  edge ,  and as  they  p r o p a g a t e  and meet i n  t h e  c r v s t a l ,  small p i e c e s  of 
S i  a r e  knocked o f f  and removed by t h e  r o t a t i n g  b l a d e .  The diamonds p l a t e d  
on t h e  edge  and s i d e s  of t h e  b l a d e  a l s o  a b r a d e  t h e  newly c l e a v e d  s u r f a c e .  
These two p r o c e s s e s  g i v e  r i s e  t o  two k i n d s  of s u r f a c e  s t r u c t u r e s  r e v e a l e d  i n  
t h e  mic rog raphs  t aken  from t h e  as-sawn wafe r s :  t h e  o r i g i n a l  ch ipped  o f f  ( o r  
c l eaved )  r e g i o n s  and t h e  f l a t  ( o r  a b r a s i v e )  r e g i o n s  w i t h  s c r a t c h e s  l y i n g  
i n  t h e  d i r e c t i o n  of  b l a d e  motion.  The s u r f a c e  of  t h e  ch ipped  o f f  r e g i o n  is 
about  1 om below t h a t  of t h e  a b r a s i v e  r e g i o n .  The c o n t i n u o u s  diamond 
s c r a t c h e s  i n  t h e  a b r a s i v e  r e g i o n  have  a l ong  r ange  o r d e r i n g  w i t h  p e r i o d i c i t y  
of  about  tw ice  t h e  f eed  d i s t a n c e  p e r  r o t a t i o n .  S i n c e  t h e  p e r i o d i c i t y  
d i s t a n c e  was found to be t h e  same f o r  t h e  two wafe r  s u r f a c e s  t h a t  a r e  on 
o p p o s i t e  s i d e s  of t h e  saw b l a d e  b u t  d i f f e r e n t  f o r  d i f f e r e n t  l u b r i c a n t  
envi ronments ,  t h i s  p e r i o d i c  s t r u c t u r e  on sawn surf3c.e (saw mark) must be 
predominant ly  from t h e  ou t -o f -p l ane  b l a d e  membrane v i b r a t i o n .  

The out -of -p lane  b l a d e  v i b r a t i o n  whicll r a n  be  modi f ied  i n  d i f f e r e n t  
l u b r i c a n t  envi ronments  is b e l i e v e d  t o  b e  t h e  major  damage merllanism d u r i n g  
t h e  I . D .  sawing of S i  w a f e r s  ( 4 ) .  The s u r f a c e  p e r c e n t a g e  of t h e  a b r a s i v e  
r e g i o n  and t h e  dep th  of t h e  s c r a t c h e s  a r e  s e n s i t i v e  t o  t h e  a m p l i t u d e  of  t h e  
b l a d e  v i b r a t i o n .  For i n s t a n c e  , as compared t o  sawing i n  w a t e r ,  sawing i n  
d i e l e c t r i c  o i l  l u b r i c a n t  (w i th  z e r o  p o t e n t i a l )  i n c r e a s e s  w h i l e  sawing i n  
Kleenzol  B and i n  Kleen Kool s o l u t i o n  d e c r e a s e s  t l i c  s i z e  of t h e  a b r a s i v e  
a r e a .  I t  was found t h a t  an a p p l i e d  : ~ e g a t i v e  p o t e n t i a l  a l s o  markedly 
d e c r e a s e s  t h e  s i z e  of t h i s  a r e a .  

The d e p t h  p r o f i l e s  of t h e  nrlmber of d e f e c t s  o b t a i n e d  by t h e  t a p e r -  
s e c t i o n i n g  method f o r  5 .7  cm d i a m e t e r  w a f e r s  i n d i c a t e d  t h a t  t h e  number of  
d e f e c t s  d r o p s  markedly i n  t h e  f i r s t  20 r im and remains  a t  a  c o n s t a n t  low v a l u e  
t o  abou t  6 0  Dm. I n  some c a s e s  t h e  saw damage d i s t r i b u t i o n  can  ex t end  t o  90 
Dm o r  more under  t h e  s u r f a c e .  I t  was found t h a t  sawing  t h e  5.7  cm c r y s t a l  
i n  Kleenzol  B and Kleen Kool s o l u t i o n  d e c r e a s e s  t h e  nr~mber of  c r a c k s  i n  t h e  
t o p  10 u m  l a y e r  by about  20 X and 50 %. r e s p e c t i v e l y ,  a s  compared t o  sawing 
i n  w a t e r .  Thc d i e l e c t r i c  o i l  i n c r e a s e s  t h e  number of  r r a c k a  by a f a c t o r  of 
about  3 as compared t o  w a t e r  i n  t h e  f i r s t  10  um,but t h e  r e s t  of t h e  p r o f i l e  
f o l l o w s  c l o s e l y  t h a t  of w a t e r .  The a p p l i e d  p o s i t i v e  p o t e n t i a l  n o t i c e a b l y  



increases the number of defects in the 15-30 Dm range by a factor of about 2 
and also maintains a higher amount of defect from 30 um to the depth of 70 pm. 
On the other hand, the applied negative potential decreases the number by a 
factor of about 2 in the first 15 um as compared to the zero potential case. 
ln Table 2 the total numbers of defects counted between 2 and 100 um from 10 
optical micrographs, such as those shown in Figure 1, are listed for 
different environments. Tire numbers represent the total amount of defect 
underneath one line with length crf 8.95 mm on the sawn wafer. 

The sawing of a 8.3 cm crystal shows much less surface damage than that 
in a 5.7 rm crystal. The crack distribution profile usually extends to about 
12 Lim under the surface. Saving large crystal in the Kleen Kool solution 
also results in less surface defects than sawing in water. The application 
of +6 V increases while -1s V decreases the number of defects by about 30 X 
in the Kleen Kool environment. The application of +18 V or -6 V has a 
negligible effect on the number of defects. 

DISCUSSION 

The depth of I.D. saw damage reported in the literature varies from 
7 bm to more than 50 um. The discrepancy is largely due to the differences 
in crystals, operational parameters, measurement methods, and the definitions 
of damage used in previous investigations. In this study the optical 
microscopy observation on etched taper-sectioned surfaces showed that the saw 
damage dtstribution can extend to 90 um or more under the surface in 5.7 cm 
diameter wafers. Schwuttke has previously reported that some of the saw 
damage structures are so deeply ingrained in the crystal that they can affect 
the reliability of the finished MOS device even after 90 um of material hiis 
been etched off from the wafer (5). The depth of damage fo. -id in 8.3 cm 
wafers is, however, only of the order of 10 um, which is probably due to the 
smaller blade vihration i11 the sawing of larger wafers. 

The depth of saw damage is determined by the length and direction (with 
respect to the cutting surface) of cracks propagating into the bulk from the 
blade edge. Those cracks propagating along directions nearlv normal to the 
surface are mostly affected hy the nut-of-plane saw hlade vibration which 
imparts on the Si wafer a force component normal to the saw in^ direction. 
This is evident from the correlation hetween the depth of saw mark and the 
thickness of the damaged layer observed in different environments. 

Since the blade tension, feed rate, rotation speed and other mechanical 
conditions are the same In all the experiments, the change in saw blade 
vibration must be due to the effect of lubricant environment. However, the 
mechanisms involved in the modification of saw blade vibration is not clear 
at present. We can speculate that the hlade deflection is different in 
different environments because the environments alter the hardness of the S i  
surface andfar the friction condition between the saw hlade and the Si 
surface. 

The Kleen Roo1 solution. Kleenzol &and water are strong catalysts for 
breaking Si bonds and therefore could enhance crack nucleation at the blade 
edge and lower the Si hardness. Westwaad and co-workers had shorn that for 



3 )  
covalent or ionic crystals in an electrolyte, the electrical influence of 
ionic species adsorbed at the surface can alter the dislocation mobility and 
near-surface fracture behavior (6). They found that the surface hardness is 
the greatest and the dislocation mobility is the least when the zeta 
potential is zero. It was suggested that the ~dsorbates induce redistribu- 
tion of the carrier in the near surface regions which in turn affects the 
velocities of dislocation motion and crack propagation. The Kleen Kool 
solution and Kleenzol B are electrolytes. The dielectric oil molecule may 
decompose during the saving and become an electrolyte. The applied -6 V 
would then enhance the adsorption of the cations and reduce the near-surface 
hardness. The applied +6 V may be sufficient to cause the desorption of the 
cations but not sufficient for the adsorption of the anions, which therefore 
increase; the hardness. 

Another possible mechanism is that the adsorbates can act as a lubricant 
layer between the blade and the Si surface and reduce the drag imparted to 
the saw blade. The applied positive or negative electrical potential then 
alters the amount or polarity of the adsorbed ions which in turn affects 
the friction81 property of the Si surface. 

CONCLUSION 

Chemically active environments can influence the fracture process 
during the I.D. sawing of Si crystal. Our test results indicated that 
certain lubricant environments can reduce the sawing induced surface damage. 
The use of a lubricant which is also a strong catalyst for breaking Si bonds 
can effectively dampen the out-of-plane blade vibration and produce less 
surface damage. Applying an electrical potential of proper magnitude and 
polarity on the Si crystal during the sawing can also enhance the benificial 
chemomechanical effect of the environment. Our experimental data shows that 
at least a 50 2 decrease in surface damage and a 30 % decrease in the depth 
of damage can be achieved by using a proper lubricant environment. 
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Figure 1 The beveled and etched sample sect ion from wafer sawn i n  
d i e l ec tr i c  o i l  (a ) ,  and i n  Kleen Kool solution (b).  The 
etch p i t s  indicate the number and distribution of defects .  



Table 1. Lubricant environments tested in the sawing of a 5.7 cm 
diameter crystal. 

Experi- 
men t 

Environments 

1 Water 
3 - Solution of Kleen Kool in 80 parts xater 
3 Kleenzol B 
4 Dielectric oil with no potential 
5  Dielectric oil with  +6 V on crystal 
6 Dielectric oil with -6 V on crystal - 

Table 2. Thickness, warpage, and surface damage measurements 
on 5 . 7  cm diameter wafers sawn in the lubricant 
environments listed in Table 1. 

Experi- Average Average Thickness of Total # of 
ment thickness centerline damaged layer defects between 

warpage 2 and 100 urn 



DISCUSSION: 

LIU: You mentioned tha t  the out-of-plane vibrat ions do have major a f fec t8  on 
the  depth of damage. Do you see any d i e t - i b u t i o n  changes of damage depth 
from the point of entrance, :#here you star: cu t t ing  the wafer, t o  where 
you f in ish  cut t ing  the  wafer? I would imagine tha t  the out-of-plane vlbra- 
t ions  would be dif ferent .  

KUAN: Yes, tha t  is a good point. A l l  the data I show you is data obtained 
from the center  of the wafer. Besides, we got a very good corre la t ion  
between the surface observation which indicated the vibrat ion amplitude 
and the depth of damage. 

FRIZBLL: The o i l  tha t  you were using f lashes a t  approximately 1 5 0 ~ ~ .  There- 
fore,  i n  the temperatures that  you a r e  working a t ,  your o i l  loses i t s  
lubr ica t ing  a b i l i t y  r a the r  quickly. What you a r e  ge t t ing  with your 
r e s u l t s  was the f a c t  tha t  n i t r a t e s  a r e  a very good cooling agent,  t h a t ' s  
t rue.  

I vant t o  know how you connect with the charge and what you think 
t h i s  accomplishes f o r  you, I s t i l l  don't see how i t  accomplishes anything. 

KUAN: We apply the posi t ive or  negatlve potent ia l  on the c rys ta l  during the 
sawing, and what I t r i e d  t o  say is tha t  the potent ia l  e i t h e r  changes the  
f r i c t i o n a l  property between the saw blade and the c r y s t a l  surface o r  it 
changes the polar i ty  of the ion so tha t  it a f f e c t s  the chemomechanical I, 

e f fec t .  

FRIZELL: What r a t i o  of these products did you use t o  water? 1;; 
KUAN: In the Kleenzol B we jus t  use i t  as  an ideal  solution. The KleenKool 1. 

is a concentrated f lu id  and we d i l u t e  i t  with 80 pa r t s  water. 

LANE: This d i e l e c t r i c  o i l ,  is i t  a cijlraercial cut t ing  f lu id?  




