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a  b  s  t  r  a  c  t

Single-crystal  silicon  was  sliced  using  a  newly  developed  high-speed  fixed-abrasive  dicing  wire  saw.
The  effects  of diamond  grit  size,  wire  speed,  and  number  of  slicing  cycle  on the  surface  roughness  and
subsurface  damage  of  the  workpiece  were  investigated  by surface  profiling,  Raman  spectroscopy  and
cross-sectional  transmission  electron  microscopy.  It was  found  that  by  using  finer  diamond  grits  and
increasing  the  sawing  cycles,  the  depth  of  micro  dents  and  saw  marks  was  reduced  significantly,  and  in
turn, the surface  roughness  was  improved.  A transition  from  brittle  mode  to  ductile  mode  machining
was  confirmed  from  chip  morphology  observation  when  reducing  the  grit size.  The  subsurface  dam-
aged  layers  were  composed  of  amorphous  layers,  dislocated  layers  with  grain  boundaries,  as  well as
micro cracks.  The  smooth  surface  regions  were  dominated  by  amorphous  silicon;  while  within  the  saw
marks,  a mixture  of amorphous  and  metastable  silicon  phases  was  detected.  Inside  the  micro  dents,  how-
uctile mode machining
ubsurface damage
urface integrity

ever,  single-crystal  silicon  was  predominant.  Furthermore,  the  significance  of  silicon  amorphization  and
poly-crystallization  was  strongly  dependent  on  the  wire  speed.  The  higher  the  wire  speed,  the  less  the
amorphous  and  polycrystalline  layer.  The  present  study  provides  comprehensive  insights  into  the  sur-
face formation  mechanism  which  is important  for  process  optimization  of  high-speed  and  low-damage
slicing  of single-crystal  silicon.

©  2017  Elsevier  Inc.  All  rights  reserved.
. Introduction

In recent years, globally, there has been increased interest in
olar power generation, and its implementation is becoming more
idespread [1]. There is a long history of using single-crystal sil-

con substrates for solar cell modules, and silicon is still the most
ommon material used for this purpose owing to its high efficiency
n power generation. Thousands of wafers can be obtained at one
ime by slicing through a silicon ingot using a multi-wire saw.
n the past, a method called free-abrasive machining, where run-
ing wires transported slurry containing SiC grits suspended in the
rinding fluid, had been used in the sawing process. However, cur-
ently the sawing method using fixed-abrasive diamond wires has
artially replaced the free-abrasive method [2,3]. In particular, the

achining speed when using the electroplated fixed abrasive wires

s over three times faster compared to the free-abrasive machining
ethod. Fixed-abrasive wire sawing also has an advantage of min-
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141-6359/© 2017 Elsevier Inc. All rights reserved.
imizing kerf loss because the abrasive grits are fixed and held in
place [4–8].

In addition, there is a need to make wafers thinner in order
to reduce the weight of solar cells. For extremely thin wafers,
it is important to realize high-precision slicing to prevent wafer
breakage; thus, it is essential to understand the surface forma-
tion mechanism and structures of process-affected layers during
machining. The depth of subsurface damage also affects the etch-
ing process that comes after slicing. Up to now, many studies have
focused on evaluating the wafer thickness, waviness and surface
roughness after sawing, but few have focused on the process-
affected layers, i.e., the subsurface damage.

The purpose of this study is to improve the surface integrity
of single-crystal silicon when it is sliced using the fixed-abrasive
diamond wire sawing method. Especially, we experimented and
studied how changing the abrasive grit size of the diamond wire
as well as changing the wire speed in the machining condition

influences the formation of the process-affected layer. The pro-
cessing equipment used was a newly developed high-speed dicing
wire saw which enables slicing through single-crystal silicon at
a maximum wire speed of 1750 m/min  [9]. Such high-speed slic-
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Fig. 1. Experimental setup of dicing wire saw: (
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ig. 2. Cross section of workpiece showing measurement points: wire entrance side
S),  middle of the workpiece (M), wire exit side (E).

ng has never been reported in existing literature. In this paper,
e will be reporting new findings regarding surface formation,
aterial removal, process-affected layer structure, and wire topo-

raphical changes during high-speed silicon slicing using surface
rofiling, laser micro-Raman spectroscopy and transmission elec-
ron microscopy.

. Experimental procedures
.1. Experimental setup

The experiment was  conducted using a newly developed dicing
ire saw capable of high wire speed designed for fixed-abrasive
a) schematic diagram. (b) close-up view.

diamond wires. Fig. 1(a) is a schematic diagram of the experimen-
tal equipment, and Fig. 1(b) shows a photograph of a close-up
view of the single-crystal silicon workpiece being sliced. With
a lightweight and high precision bobbin unit, the equipment is
designed to shorten acceleration and deceleration time and stabi-
lize tension control, as well as wire speed control. The equipment
is capable of slicing with up to two lines of wires simultaneously,
while independently controlling tension for each of the wires. This
equipment allows for the adjustment of the distance between the
guide pulleys based on the width of the workpiece. It employs
an up-cut method in which the workpiece rises, and is equipped
with an upper charge-coupled device (CCD) camera and a rotary
table enabling rapid alignment of workpiece. For this experiment,
in order to better observe what occurs in high-speed slicing, we
have selected to use only a single line in the machining process.

2.2. Slicing conditions

Table 1 shows the conditions for the slicing experiment. Ni-
electroplated diamond wires were used. In order to investigate the
impact of abrasive grit size, the diamond grits bonded to the dia-
mond wires were of three size specifications: 5–10 �m,  6–12 �m,
and 8–16 �m.  The diamond grits are bonded to the wires at a
density of approximately 1200 pieces/mm2. The workpiece was

a p-type single-crystal silicon with a specified shape (125 mm
W × 10 mm H × 13 mm L), and tap water was used as the coolant.
The wire speed was  fixed at 1750 m/min, and the slicing process
was repeated 15 times. Furthermore, in order to investigate the
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Table 1
Experimental conditions.

Slicing parameters Values

Wire speed (m/min) 1750
(for wires with diamond sizes of
5–10 �m and 8–16 �m)
750, 1000, 1250, 1500, 1750
(for wires with diamond size of
6–12 �m)

Tension (N) 11.76
Workpiece feed rate (mm/min) 12
Slicing depth (mm) 16.2
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Wire length (m)  4000
Coolant Tap water

mpact of wire speed, we used the 6–12 �m grit size diamond wire
o test five different wire speed settings and sliced 15 times under
ach condition. Under each slicing condition, the length of wire to
e used per slice was set at 4000 m.  Also, the diamond wires were
ent in a single direction while slicing, from the supply spool to the
orn wire spool; after slicing, the wires were rewound from the
orn wire spool to the supply spool, reusing the same sections as

he previous round.

.3. Measurement and characterization

The surface roughness and micro dent depth of the workpiece
fter slicing, as well as the worn diamond wire’s abrasive grit
rotrusion heights, were measured using a laser microscope (VK-
710, Keyence). Fig. 2 shows the measurement points of surface
oughness. Starting from the side where the wire is fed to make
ontact with the workpiece, these points were designated as the
ire entrance side (S), middle of the workpiece (M), and the wire

xit side (E). The depths of micro dents and saw marks were mea-
ured at the middle of the workpiece M,  and their values were
ased on a 10-point measurement average. Fig. 3 shows examples
or measurement of depths of saw marks and micro dents.

The crystal structure of the machined surfaces was analysed
sing a laser micro-Raman spectrometer (NRS-3100, Jasco Corpo-
ation). The laser excitation wavelength was fixed at 532 nm,  a
00 × objective lens was used, and the laser beam diameter was

 �m.  A transmission electron microscope (TEM) (Tecnai G2 micro-
cope, Philips N.V.) was used at an accelerating voltage of 200 kV
o study the cross-sectional structure of the affected layers. The
EM samples were located in perpendicular to the wire feed direc-
ion at the middle section (M)  of the machined workpiece. Fig. 4
hows where the cross-sectional TEM samples were cut out from
he workpieces for observation. To prepare the TEM sample, we
sed focused-ion beam (FIB) milling to thin the sample to no more
han 100 nm thick. Before FIB milling, the sample surfaces were
oated with osmium and platinum to protect them from heat dam-
ge which could be caused by the ion beam. A scanning electron
icroscope (SEM) (VK-7800, Keyence) was used for observation

f the diamond wires as well as the silicon chips removed during
licing.

. Results and discussion

.1. Surface topography

Fig. 5 shows the changes in surface roughness Ra at the S (wire
ntrance side), M (middle of the workpiece), and E (wire exit side)

oints of the workpieces with respect to abrasive grit size and the

ine number, namely, the number of times the wires were used to
lice (1, 5, 10, and 15 times). Comparing the first slice with the fif-
eenth slice, surface roughness decreased by a factor of three. It was
Fig. 3. Method for measuring the depth of micro dent and saw mark.

also noted that surface roughness results based on the machined
locations S, M and E were nearly identical. This was most likely
because after the wires were sent through in a single direction, they
were fed back to the supply side before the next machining process
began, and this process suppressed the potential variations that
could have occurred with the protrusion heights caused by wear
on the diamond particles over time with each usage. Furthermore,
the results showed that the finer the abrasive grit size becomes,
the more significantly smoother the surface becomes. This is likely
because the finer the grit, the less variation there is in the protrusion
heights stemming from the abrasive grit size distribution; thus, this
reduces the depth of cut for a single abrasive grit, correspondingly,
the surface roughness becomes smaller [10–13].

Fig. 6 shows laser microscope images of the workpiece surfaces
after the first slice and the fifteenth slice, each sliced with various
abrasive grit sizes at the wire speed of 1750 m/min. Each result
showed saw marks in the direction the wires were fed, and the blue
marks seen in the images were the micro dents found on the sliced
surface. The micro dents were not location specific and appeared
in random locations [14]. As a general trend, the number of indents
within the measured area for the 15th line was smaller than that

for the 1st line.

Fig. 7 shows the change in depth of the micro dents with abra-
sive grit size and line number, and Fig. 8 shows the corresponding
change in depth of the saw marks. The depth of the micro dents was



T. Suzuki et al. / Precision Engineering 50 (2017) 32–43 35

l
1
a
d
t
a
2
t
I

s
t
g
t
t
d
r
m
t
m

3

r
s
e
t
a
(
r
a

Fig. 4. Position of observation for cross section after slicing.

ess than 700 nm with the 5–10 �m diamond grit size and less than
100 nm with the 8–16 �m grit size. The finer the grits became,
nd the more times the wires were used to slice, the shallower the
epths of the micro dents became; and in each case, after 15 slices,
he dent depths were reduced to half of those in the first slice. In
ddition, the depth of the saw marks after 15 slices was less than
00 nm when the abrasive diamond grit size was  5–10 �m,  and less
han 300 nm when the abrasive grit size was between 8 and 16 �m.
n addition, the dents was distinctly deeper than the saw marks.

The micro dents are the results of microcracks that occur in
ingle-crystal silicon during the slicing process and remained on
he machined surface. Generally, the deeper each single abrasive
rit cuts into silicon the more easily brittle fractures occur, and
hus more and deeper micro dents occur [15–18]. In this research,
he feeding speed is made constant in the direction of the cutting
epth (z-direction), thus the depth of cut for each abrasive grit was
educed if finer grits are used. As a result, brittle fractures during
achining were suppressed and the process would then transition

o ductile mode machining [19,20]. Accordingly, the occurrence of
icro dents was suppressed.

.2. Raman spectroscopy

Fig. 9 shows typical results of Raman spectra for flat and smooth
egions, saw marks, and micro dents on silicon surface after being
liced with diamond wires with abrasive grit size of 6–12 �m.  For
ach spectrum, we saw a dominant peak near 520 cm−1 which is
o say the surface is mainly in single-crystalline state (hereafter

bbreviated as c-Si). However, near flat and smooth surface regions
Fig. 9(a)) and saw marks (Fig. 9(b)), it was found c-Si intensity was
educed, forming an amorphous silicon layer (hereafter abbrevi-
ted as a-Si) which peak at approximately 470 cm−1. Particularly,
Fig. 5. Surface roughness at positions S, M,  and E.

the c-Si intensity became relatively weaker where there were saw
marks, while the a-Si peak became even stronger. Furthermore, in

saw marks we observed a peak of Si-XII in a metastable phase near
352 cm−1 [21–24]. The generation of Si-XII phase might be a result
of the intensive stress concentration around the tip of the diamond
abrasive grains. This situation is different from that of the diamond
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Fig. 6. Laser microscope images of silicon surface.
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Fig. 7. Change in depth of micro dent with diamond size and line number.

urning process where a long cutting edge is used and the stress
tate is similar to the orthogonal cutting [25]. On the other hand,
t the micro dent locations, c-Si peaks were more intense while
ther regions of the spectrum remained flat. This result confirms
hat because the depth of micro dents is more than twice that of
aw marks, single-crystal silicon would form a brittle fracture and
xpose the crystallinity of the base Si (c-Si) to the machined surface
25–27].

Fig. 10 shows the results of Raman spectra of the smooth sur-
ace regions at the wire entrance side (S), when the diamond wire
rit size was between 6 and 12 �m and machined at varied wire
peeds. Regardless of which wire speed was used, a-Si peaks near

−1
00 and 470 cm were observed. Metastable phase Si-XII peaks at
round 352 and 433 cm−1 were also observed. In addition, there is

 tendency that the slower the wire speed, the greater the inten-
ity of the a-Si peak. This result is likely because when the wire
Fig. 8. Change in depth of saw mark with diamond size and line number.

speed is reduced, the deeper each of the abrasive grits cuts into
the substrate in a ductile mode, and thus increases the thickness
of the amorphous layer. Furthermore, at a low wire speed, the c-Si
peak near 520 cm−1 is shifted toward a lower wavenumber, indi-
cating that crystallinity was  lowered and tensile stress remained
after machining [28,29]. At 750m/min, a polycrystalline silicon peak
was observed at around 500 cm−1, indicating poly-crystallization of
single-crystalline silicon.

Fig. 11 shows the Raman spectra results of the smooth surface
region at the wire entrance side, middle of the workpiece, and wire
exit side when diamond grit size varied while wire speed remained
constant at 1750 m/min. Amorphous phase, metastable phase Si-

XII, and c-Si phase were observed, while hardly any difference was
found in peak intensity dependent on abrasive grit size. On the
other hand, from the viewpoints of different observation locations,
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a close-up view of the subsurface damage layers. The dislocated
Fig. 9. Raman spectra of silicon surface at various positions.

t was found that the a-Si peak intensity had decreased towards the
ire exit side following the wire feed direction.

To compare the intensities of Raman spectra from the amor-
hous region and that from the crystalline region, Raman intensity
atio r was defined in a previous study [25], as follows:
 = Ia/IC
Fig. 10. Raman spectra of silicon surface at flat smooth surface of wire entrance side
for diamond size of 6–12 �m at each wire speed.

where Ia is the total Raman intensity of the amorphous silicon, and
IC is the total Raman intensity of the crystalline silicon. The smaller
the value of r, the thinner the amorphous layer.

Fig. 12 shows the Raman intensity ratios of the smooth sur-
face regions at three different locations calculated from Fig. 11.
The value of the Raman intensity ratio at the wire exit side was
slightly smaller. This result showed a-Si phase at the wire exit side
was weakened and c-Si phase became relatively strong. This would
have been caused by that each of the abrasive grits cut in silicon
deeper due to the progress of diamond grain exposure from the
metal coating as it moved away from the entrance side. This, con-
sequently, increased the number of brittle fractures and made the
very surface of the workpiece show significant c-Si phase [30,31].

The aforementioned Raman spectroscopy analysis indicated
that the flat and smooth surface regions of the workpiece is a mix-
ture of c-Si, a-Si layer, and Si-XII phase, regardless of the abrasive
grit size; and rather, when the wire speed was set to a slower one, it
had relatively more impact on the formation of a-Si layer [32,33]. It
also became clear that brittle mode machining causes micro dents,
where crystalline silicon dominate the affected layer.

3.3. Cross-sectional TEM analysis

Fig. 13(a) shows a cross-sectional TEM image of the middle sec-
tion of the workpiece after the fifteenth slice, where the slicing
was conducted with 5–10 �m diamond grit size at a wire speed of
1750 m/min. The top side is the sample surface layer after machin-
ing, and the bottom side is the inside of the sample. The black region
over the surface of the sample is osmium coating deposited as a pro-
tective layer in order to prevent FIB damage. The ring-like wrinkles
seen at the upper region of the affected layer were caused by recov-
ery of elastic deformation of the sample which is extremely thin. An
a-Si layer (depth 100–200 nm)  is observed at the uppermost sur-
face and just below that we can see a few slip planes (dislocation
bands) that were caused by the machining process. Below the dis-
located region, there are a few downward extending microcracks
[34–36]. The layer further below is the c-Si bulk. Fig. 13(b) shows
region and the cracked region consist of grain boundaries where
submicron level micro crystals with different crystal orientations
were observed, indicating poly-crystallization of silicon. This obser-



38 T. Suzuki et al. / Precision Engineering 50 (2017) 32–43

v
T
t
d

(

Fig. 12. Raman intensity ratio of silicon surface at each position.

Table 2
Result of the thickness of subsurface damage layers.

Item Diamond size (�m)

5–10 6–12 8–16

Amorphous layer thickness (�m) 0.10–0.20 0.10–0.20 0.10–0.20

dislocated layer thickness, and the length of microcracks in relation
Fig. 11. Raman spectra of silicon surface at each position.

ation result agrees well with the Raman spectra shown in Fig. 10.
he subsurface damage structure observed here is also similar to
hat of ultraprecision plunge cutting of silicon using a single-crystal

iamond tool [37].

Fig. 14 shows magnified TEM image and fast Fourier transform
FFT) images of different subsurface regions. The FFT results were
Dislocated layer thickness (�m) 0.40–0.80 0.50–0.90 0.60–1.10
Maximum lateral crack length (�m) 0.85 1.02 1.29

obtained using Gatan Micrograph software to analyse the digitised
TEM images. For the a-Si layer, FFT results showed no clear light
spots, but more a ring-like glow as seen in Fig. 14(b). The FFT results
of the micro crystalline layer showed the crystalline structure dis-
torted by severe strains, as seen in Fig. 14(c). Then, clear light spots
are shown in the c-Si bulk region, as seen in Fig. 14(d). This indi-
cates that Si crystalline structure is damaged to different extents
by machining at various depth from the workpiece surface [38,39].

Fig. 15 shows TEM images of a cross section of a sample where
the abrasive grit size was between 6 and 12 �m, and wire speed fed
at 1750 m/min. The depth of the a-Si layer was between 100 and
200 nm.  The subsurface structure including a-Si layer, dislocation
lay, and microcracks are similar to those observed when diamond
grit size between 5 and 10 �m was used (Fig. 13). Fig. 16 shows a
magnified TEM image of the tip of a crack. This crack appears to
be a median crack, and ripple-like rings could be observed near its
tip [40–42]. The ripple-like rings are caused by the accumulation
of internal stress taking place when the crack stops to propagate
further [38,43].

Fig. 17 is a TEM image of a sample where the abrasive grit size
was between 8 and 16 �m and the wire speed was 1750 m/min.
There was a median crack that developed near a deformed region
that occurred under the machined surface, and its length reached
approximately 1.2 �m.  The depth of a-Si layer was 100–200 nm,
almost the same as when other abrasive grit sizes were used.
Additionally, we observed at approximately 60 nm under the a-Si
layer a poly-crystalline region, as shown in Fig. 17(c). As shown in
Fig. 17(d), the crystal orientation of the micro crystal grains A and
B are different near their boundary.

Table 2 shows a summary of the depth of a-Si layer, the depth of
to diamond grit size. The depth of the a-Si layer does not differ much
based on abrasive grit size. On the other hand, the larger the dia-
mond size becomes, the greater the depth where poly-crystalline
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Fig. 13. (a) TEM image for diamond size of 5–10 �m,  (b) enlarged view of the region outlined by the square in (a).

Fig. 14. (a) TEM image of near inter-phase boundary region, and FFT image (b) amorphous Si layer, (c) near the Grain boundary, (d) Crystallized Si layer.

Fig. 15. (a) TEM image for diamond size of 6–12 �m,  (b) enlarged view of the region outlined by the square in (a).
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Fig. 16. (a) TEM image of the tip of the median crack, (b) enlarged view of the region outlined by the square in (a).
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ig. 17. (a) TEM image for diamond size of 8–16 �m,  (b) enlarged view of the region
f  the region outlined by the square in (c).

rains occurs, and the longer the microcracks become. From the
iewpoint of nanoindentation, it is presumable that when machin-
ng begins with the abrasive grits and they are pushed into a brittle
aterial, the material begins to deform plastically just below the
ontact area and cause median cracks below the deformed region in
he vertical direction. Then, when the load is being removed from
he substrate, the plastically deformed region and the elastically
ned by the square in (a), (c) close-up view of amorphous Si layer, (d) enlarged view

deformed region around it would generate residual stress due to
elastic recovery. This then becomes the driving force that generates
a lateral crack in the material. When the abrasive grit size becomes

larger, the depth of cut into the material becomes larger, and thus,
the brittle fracture that is caused by the median and lateral cracks
become more dominant [44–47]. Based on these results, it is indi-
cated that using finer abrasive diamond grits would reduce the total
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Fig. 18. SEM images o

epth of subsurface damaged layer, and reduce the time spent on
hemical etching in the backend process.

.4. Chip morphology

Fig. 18 shows SEM images of chips from the processes where
arious diamond sizes were used at a constant wire speed of
750 m/min. The majority of the chip fragments were splinter-
haped (fracture type), but as the abrasive diamond grit size
ecreased, they became thiner and longer and took the form of
ow type chips. The chip thickness was approximately 0.14 �m.  It

s likely that as the grit size decreases, the depth of cut for each grit
lso decreases, and that will cause a transition from a brittle fracture
o plastic deformation, which will create flow type chips [48–50].
rom this aspect, it is demonstrated again that when fine-grit dia-
onds were used, the material removal process transitioned from

rittle mode machining to ductile mode machining [51–53].
.5. Diamond wire topography

Fig. 19 shows SEM images of diamond wires for each grit size
fter they were used for a slicing distance of 1600 m.  Though the
at each diamond size.

abrasive diamond grits were plated/wrapped with Ni to the metal
wire, as the machining continued, the tip layer of the plating was
ground down to become flat. The Ni-plating that covered the dia-
monds was  partially removed and revealed the sharp protrusion of
diamonds. Thus, it is presumable that in the wire slicing process,
all the diamond grits on the wires are making full and even contact
with the workpiece in a radial direction, and the wires are being
twisted during slicing.

Fig. 20 shows the height of protrusion of the abrasive grit after
machining process for wires with different diamond grit sizes.
When the diamond size was  between 5 and 10 �m,  the protrusion
was approximately 6 �m.  Under this condition, as stated previously
based on surface roughness and chip analysis results, the machining
mode transitioned from a brittle mode to a ductile mode. There-
fore, it is important to use diamond size between 5 and 10 �m,
or much smaller, to obtain a sufficiently small grit protrusion for
ductile mode slicing.
4. Conclusions

Using the newly developed high-speed dicing wire equipment,
we conducted precision slicing experiments of single-crystal silicon
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Fig. 19. SEM images of diamond w
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Fig. 20. Result of protrusion of diamond at a wire speed 1750 m/min.

nder various slicing conditions to improve the surface integrity
nd reduce the process-affected layer. The following conclusions
ere obtained.

) By using finer diamond grits, saw marks and micro dents were
significantly reduced.
) Surface roughness deceased with number of sawing cycles. As
sawing cycle increased, the sharp tips of the diamond grits
were rounded, leading to shallower/fewer saw marks and micro
dents.
ires for each diamond size.

3) Raman spectroscopy results showed that the smooth surface
areas and the saw marks had subsurface structure of a mixture of
crystalline and amorphous silicon, while the micro dents had a
crystalline structure. Metastable silicon phases were generated
within the saw marks.

4) The significance of amorphous layer formation was  independent
of the abrasive grit size, but rather dependent on the wire speed.
A low wire speed caused significant amorphization and poly-
crystallization of silicon.

5) TEM results illustrated that the subsurface damage layer was
composed of an amorphous layer, a dislocated region below
the amorphous layer, and microcracks below the dislocated
region. When the abrasive grit size increased, the generation
of microcracks became more significant, leading to brittle mode
machining.

6) When finer diamond grains were used, flow-type chips were
generated. Due to the decrease in undeformed chip thickness
with the grit size, the machining mode transitioned from brittle
to ductile.

7) Observation of the used wires showed that when the protru-
sion of the abrasive grit became less than approximately 6 �m,
ductile-mode machined surface area increased. It was important
to use diamond size between 5 and 10 �m,  or much smaller,
to obtain a sufficiently small grit protrusion for ductile mode
slicing.
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