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Abstract Diamond microparticles undergo changes to their
structure and stress state during diamond-coated wire sawing
of Si ingots. This phenomenon is revealed using confocal,
micro-Raman spectroscopy of diamond microparticles at-
tached to wires which perform the sawing action. Post-
wafer-sawed diamonds show the appearance of D
(1350 cm™") and G (1597 cm™") bands of graphite besides
the characteristic diamond T,, band at 1332 cm ', The gra-
phitic phase extends inside the diamond to a depth of ~14 um.
The ratio of the intensities of D and G bands allows an esti-
mate of the graphitic crystallite size. The grain size varies from
10 nm close to the surface to 53 nm near the graphite/diamond
interface. On other diamonds, blue shifts in the T,, peak po-
sition are observed indicating the presence of compressive
stress. The peak shifts (up to 3.6 cm™') are anisotropic, i.e.,
along the direction of wire cutting, and are estimated to be
2.9 GPa. It is proposed that the cumulative effect of compres-
sive stresses over multiple cutting events during the sawing
process can lead to local graphitization of diamond particles,
thus contributing to loss in cutting efficiency.
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1 Introduction

Diamond-coated wire (DCW) sawing process is a highly effi-
cient technique for rapid wafering of solar-grade Si ingots [1].
Diamond particles of ~20-pum size are attached via electro-
chemical Ni deposition to the surface of a stainless steel wire
~100 pm in diameter. These fixed diamond particles perform
the cutting action while traversing inside cut grooves at veloc-
ities of ~15 m/s (Fig. la, b). The main advantages of this
technique are that higher rates of cutting are achieved, fewer
consumables are used with minimal environmental impact
(since the use of slurry and abrasive particles is obviated),
and Si kerf losses are minimized.

In order to understand the cutting process of DCWs, the
interaction of diamond with Si needs to be understood. Initial
understanding of the mechanical interaction between diamond
and Si was based upon scratch studies using diamond scribes
on Si [2, 3]. The presence of a metastable, metallic Si phase
was established during the diamond scribing process. This
metallic phase raised the attractive possibility of ductile ma-
chining of Si under high stress conditions.

Studies with diamond indenters [4] and tools [5—8] work-
ing on Si wafer surfaces have revealed both brittle and ductile
modes of machining. It was found that ductile chipping oc-
curred when diamond tool tip radii were less than ~800 nm [7,
6]. For larger tool radius, brittle fracture occurred as larger
chunks fractured from the Si surface and became the primary
mode of material removal. The effect of additional tool and
machining parameters such as diamond tool shape, crystalline
orientation, temperature, and pressure on the cutting of Si was
illustrated as well [5, 9, 10].

While these results are important to gain practical knowl-
edge of diamond machining of Si in general, the process of
DCW sawing is far more complicated. The diamond particle
density, size and size distribution, shape, and orientation all
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Fig. 1 a DCW sawing setup shows a spool of DCW interlaced through
the cutting grooves. The silicon ingot moves down as the DCW moves at
velocities ~15 m/s in and out of the plane of the figure. An optical
micrograph of the DCW is also shown. b Cross section of the cutting
groove between two would-be wafers shows the cutting action in regions

play a critical role in determining the efficiency (i.e., the rate)
of'the cutting process. The stochastic nature of the process can
be appreciated by recognizing that every diamond particle
spends some time (1) removing material along the cut direc-
tion within the ingot slot (region marked “A” in Fig. 1b), (2)
scratching the surface of the would-be wafer (region marked
“B” in Fig. 1b) or (3) not participating in the cutting process at
all. Rapid and successive cutting events at high strain rates
make the process difficult to analyze quantitatively.

Depending on the state of the diamond, brittle fractures
may result in removal of Si particle or ductile shavings may
be produced. Brittle fractures are preferable for faster cutting,
while ductile removal of material will provide smoother Si
wafer surfaces. Further, diamonds may (1) dislodge them-
selves under large shear forces, (2) lose their cutting ability
due to blunting action of the Si, or (3) undergo graphitization
under extreme stress conditions. In all of the above cases, loss
in efficiency of the cutting process is expected.

Studies of the DCW cutting of Si ingots have been made
[11-13]. These reports have focused on the Si wafer but do not
shed light on the cutting mechanism of the DCW. Mapping the
chemical and physical characteristics of the interaction of the
DCW with Si will help to formulate a detailed understanding
of the fundamental processes that drive DCW-based Si
cutting.

In this paper, we investigate the effects of Si cutting on the
diamond particles embedded on a cutting wire. This is done
using Raman spectroscopy of individual diamond particles.
Raman spectroscopy is a technique to monitor bond vibra-
tions in a material [14]. The method is non-destructive and
does not require sample preparation or a vacuum chamber for
analysis. Further, with acquisition times in the range of 5—
10 s, the measurement is relatively quick. Together with a
microscope stage with XYZ motion control, depth profiling
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defined as A4, where rapid and brittle fracture is required, and B, where
more ductile mode of machining is required for a smoother surface finish
of'the final wafer. The single DCW is moving inside the plane of the paper
(defined by encircled x symbol)

(i.e., confocal) and area mapping of materials can easily be
conducted.

Si and the allotropes of carbon—diamond (sp>-bonded) and
graphite (sp”-bonded) are the classic examples of materials
studied using Raman spectroscopy. However, the impact on
diamond particles during Si wafering has not been studied till
date. Raman spectroscopy is uniquely suited to study diamond
machining due to the exceptionally large Raman cross section
(i.e., sensitivity) of the C—C bond in its graphitic (sp®) form.
Any changes to the bonding environment (sp* — sp?) can eas-
ily be detected by Raman.

We report on observing a graphitic phase on the cutting
face of a diamond particle used for Si wafering. Regardless
of the source, a graphitic phase on the cutting face of a dia-
mond particle can lead to a loss in cutting efficiency, even
though the diamond remains affixed to the stainless steel wire.
Further, we show that in cases where the particles maintain
their diamond crystal structure, Raman peak shifts are ob-
served that are consistent with highly directional stresses ex-
perienced when diamonds are compressed against Si during
cutting. Thus, diamond particles subjected to Si cutting under-
go changes in their stress state and under extreme conditions
may transform to the softer, graphitic phase.

2 Experimental

Fresh and used DCWs were obtained from SunEdison, Inc. The
cutting wires were made of stainless steel 100 pwm in diameter,
with microsize diamonds at high density (120-140 pieces per
1.2-mm length of wire) covering the surface. Diamond particles
were embedded using a Ni electroplating process [15]. Diamond
particles on a fresh wire were initially coated under the Ni film
and then exposed during the cutting process. The cutting process
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was carried at a wire speed of 15 m/s. The table speed (i.e., speed
at which the ingot was pressed against the wires) of the ingot was
maintained at 1 mm/min. The Si ingot measured 15.6x15.6%
100 cm (WxHXL).

The diamond-coated wires are tens of kilometers long,
rolled into large spools (Fig. 1a). Therefore, to define samples
from the cutting spool, the position on the cutting wire mea-
sured as the wire length from the start of the spool to the
cutting position on the wire was used. In this paper, 2-km
cutting wires were studied. A total of 21 diamonds on this
sample were studied.

Due to its sensitivity to carbon materials and high spatial
resolution, micro-Raman spectrometry is particularly suited in
analyzing the property and structure of the individual dia-
monds [16]. A Renishaw InVia micro-Raman confocal spec-
trometer was used. Laser excitation at 514 nm (power=
1.175 mW/em?®) and 785 nm (power=2.467 mW/cm?) was
applied, with laser spot size of 0.83 and 1.3 um in diameter,
respectively. An objective of x50 was used to collect data
resulting in a numerical aperture (NA) of 0.75. Scans were
conducted from 100 to 3200 cm™'. The exposure time for
every scan was 10 s. Every scan was integrated once. The
grating used was 1800 and 1200 lines/mm for 514 and
785 nm laser sources, respectively.

Confocal measurements were conducted to obtain depth
profile information of the diamonds. A vertical displacement
was obtained by a servo-controlled stage. A step height of
2 um was used. The depth of focus (D.O.F) of this system
was calibrated to be 4.2 pm using the transverse optical (TO)
peak of a (100) Si prime wafer.

3 Results

Figure 2a shows a confocal image of the diamond particle
obtained from the cutting wire at 2 km length under the Ra-
man microscope at a magnification of x50. The particle is
~20 um in diameter. For taking the spectra, the tip of the
diamond is in focus, while the region below the tip is out of
focus. Later, we will describe confocal Raman measurements,
which profile the diamond along the vertical, z direction.
Figure 2b shows the Raman spectra obtained from point
“1”. The laser used is 514 nm unless otherwise stated. A clear
diamond peak is shown, centered at 1332 cm ™. This is related
to the T, symmetric vibration of the sp° carbon bond [17]. The
peak at 2060 cm ! is ascribed to the N, photoluminescence
(from air). Another broad peak at 2450 cm ™" is also noticeable
and is attributed to the second-order Raman of diamond which
is 250 times weaker than its primary, 1332 cm ™' peak [18].
The full-width half max (FWHM) of the diamond particle
was found to be 7 cm . Single crystal diamonds have been
shown to have a FWHM of 3 ¢cm™'. Chemical-vapor-
deposited diamond films are known to show larger FWHM

(9 cm ") [19]. Increase in FWHM is speculated to occur due to
internal strains or polycrystallinity in diamond.

Raman spectra measured from point “2,” however, is
completely different. Figure 2c shows the presence of two
broad peaks. The primary peaks are centered at 1350 and
1597 cm™'. These are assigned the classic D band [20] and
G band [21] for graphitic carbon, respectively.

The D band is induced by defects in graphite, while the G
band in graphitic materials is due to the E,, Raman active
mode for sp? carbon [22]. The D band can be influenced by
the remnant diamond phase (located at 1332 cm™") physically
present around the graphitic phase. Further, we note that the G
band is blue shifted from 1580 to 1597 cm ' and is attributed
to the nanocrystalline graphite as will be discussed in the next
section [23, 16]. Additional peaks noted are the G' peak at
2700 ¢cm™ ' and the D + G combination mode near
2945 cm™', both of which are attributed to defects [24].

Interestingly from Fig. 2c, a Si TO peak at 521 cm™ ' was
also observed. We note that the presence of Si was not found
on fresh, uncut diamond particles (not shown). This supports
the hypothesis that the graphitic phase could be due to the
cutting process and not inherently present in the uncut dia-
mond particle. The Si tends to stick to the soft graphitic phase
during the cutting process. No evidence of SiC formation was
found.

Graphitic phases were observed in only 3 of the 21 dia-
monds studied. This points to the rarity of the graphitization
event. We further note that Raman spectroscopy was also per-
formed on a fresh DCW, which had not undergone any cutting
and the graphitic phase was never observed in the sample size
(10 in number) of diamonds studied.

In order to understand the extent of the graphitic phase in
diamond, we conducted confocal Raman spectroscopy at
point “2” of the diamond particle. This series of spectra ob-
tained are shown in Fig. 3a. The spectra are separated by 2 pm
in the vertical z direction. The start of the confocal measure-
ment occurs at the tip surface of the diamond particle and
results in the spectrum labeled as “1” in Fig. 3a. Subsequent
spectra clearly show the presence of the D and G graphitic
bands (labeled 2 and 3). Additionally for spectra “3,” the di-
amond T, at 1332 cm ' is observed emerging from the gra-
phitic D band (broad and centered at 1350 cm ™ '). We note that
the Raman scattering intensity of diamond as compared to
graphite is 50 times weaker. Thus, the appearance of a strong
diamond peak with graphitic peaks indicates largely the pres-
ence of the diamond phase rather than graphite. Further, the
D.O.F of the Raman microscope is 4.2 pm. This implies that
the diamond and graphitic phases could coexist within this
length scale. Probing deeper into the particle reduces the D
and G bands, while the T, diamond peak increases in peak
intensity. At 14 um laser penetration, the G band of the gra-
phitic phase completely disappears and only the Ty, peak from
the diamond remains. Regardless of the origin of the graphitic

@ Springer



1678

Int J Adv Manuf Technol (2016) 82:1675—-1682

Fig. 2 a Image of diamond
focused on the tip of the particle
through the confocal microscope
b Raman spectrum taken from
spot ‘I’. Encircled x = diamond
T, peak and inverted triangle =
N, photoluminescence peak,
black diamond suit = second-
order peak for diamond ¢ Raman
spectrum taken from spot 2’
showing the graphitic nature of
the localized region

~
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phase, the sequence of Raman spectra captures with high fi-
delity the graphitic phase within the diamond particle during
Si wafering process.

Since the confocal measurement takes images of the dia-
mond particle (as shown in Fig. 2a) for every z height, it is
possible to reconstruct the shape of the diamond by stacking
the individual images of the focused regions together in a 3D
contour map. The result of such 3D reconstruction is shown in
Fig. 3b for a stack of 74 images (z height difference of
0.2 pm). The arrow in the image shows the region where the
graphitic phase was detected. Thus, a complete chemical and
physical picture of the graphitic phase is obtained with our
analysis.

While the diamond particle reported in Figs. 2 and 3 shows
the existence of the graphitic phase, more often than not, the
particles retained their diamond phase while only subtly
changing Raman features. These minute shifts can be a source
of valuable information providing insights to the diamond
cutting process of Si. This is highlighted in the following
example.

In Fig. 4a, two diamonds are noted in the micrograph. The
arrow on top of the image indicates the drawing direction of
the spool as the DCW performed the cutting. Line spectra
were obtained across both the diamonds, starting from X=
42,938 um to X=42,991 um. The diamond T», peak is plotted
in its peak intensity (left axis) and its peak position (right axis)
in Fig. 4b. The peak intensity simply shows the presence of
the diamond phase. However, the peak position shifts indicate
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the presence of built-in stresses [25]. It was confirmed sepa-
rately (not shown) that fresh wires not subjected to cutting
always showed the T,, peak centered at 1332 cm . Thus,
any shift in the T,, peak would be a result of the cutting
process.

The T,, peak shifts on the left diamond by 3.6 cm . For
the right diamond, the peak shifts by 2.0 cm™'. Most remark-
ably, these shifts occur on the left side of both diamonds only
and along the drawing direction of the wire. Clearly, the peaks
are related to the cutting process and show the highly direc-
tional nature of the cut as the diamond particle presses against
the Si ingot. From the peak shifts, it is possible to estimate the
stresses in the diamond as will be shown in the discussion
section.

4 Discussion
4.1 Nature of the graphitic phase in diamond particles

We propose that the graphitic phase observed in diamond
particles is nanocrystalline in nature. Several pieces of evi-
dence support this claim. First, evidence of formation of the
nanocrystalline graphite is obtained by observing the full
width at half maximum (FWHM) of the D band. It is noted
that FWHM of the D band for amorphous carbon materials is
between 200 and 300 cm ™' [26, 27]. On the other hand, single
crystal graphite has an FWHM of 15 cm ' [28]. In our
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Fig. 3 a Confocal Raman spectroscopy of the graphitic region. Red
curve (1) is sample surface. With increasing the number from 1 to 9 of
the curve, the laser spot moves from the surface to the inner part of the
sample with a step distance of 2 um. b 3D reconstruction of the diamond
particle as obtained from the confocal data using the focused region as a
single slice at a specific z height. The black arrow shows where the
graphitic region exists

experimental results (Fig. 2c), the FWHM of the D band is
107.4 cm™', which is in between the FWHM of amorphous
and single crystalline states.

Second, the dispersion of the D and G bands is studied as a
function of two laser wavelengths—514 and 785 nm. This
information is provided in Table 1. The peak positions are
obtained by fitting two Lorentzian peak fitting functions to
the D and G bands. As stated previously, the 514 nm laser
results in the D and G bands to be positioned 1350 and
1597 cm ™', respectively. For the 785 nm laser, the D and G
bands are observed to be at 1314 and 1597 cm ™', respectively.

Thus, the D band red shifts by 36 cm ™. The behavior of D
band red shifting is in accordance with the observation by several
researchers, who predict dispersion behavior in nanocrystal-
line graphite of the D band at the rate of 40 to 50 cm™'/eV [21,
16,29, 30]. In our case, the energy difference between the two
lasers (514 and 785 nm) is 0.83 eV. Accordingly, one should
expect a D band downshift of 33 to 41 cm ™. This is in excel-

lent agreement with the experimental observation of 36 cm .

No dispersion is observed for the G band. From the exper-
imental results of Ferrari et al. [31], the G band position does
not change with different laser wavelengths in crystalline
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Fig. 4 a Micrograph of two diamond particles, which were subjected to
Raman line can measurements. The arrow points toward the movement
of the wire as it slid through the cutting groove. The start and end points
show the beginning and ending of the Raman line scan. b Intensity (/eff
axis in log scale for clarity and black) and peak position (right axis and
red) as a function of laser position during the line scan. Both diamonds
show a shift of the peak position on their left faces—a sign of
compressive stresses

graphite. However, the G band shows dispersion in amor-
phous carbon, and the dispersion increases with increasing
degree of disorder [31, 32]. Based on these pieces of evidence,
we conclude that diamond on the cutting wire transforms into
nanocrystalline graphite instead of amorphous carbon
material.

4.2 Size of nanocrystalline graphite

Knowing the intensities of the D and G bands allows us to
calculate the size of the nanocrystalline graphite. The relation-
ship between crystallite size and ratio of the integrated area
between of I, to I, is given as [33]

Table 1 /; and I, peak positions obtained from spot “2” and its
dependence on laser excitation wavelength

Laser wavelength (nm) 1, peak position (cm ") I, peak position (cm™)

514 1350 1597
785 1314 1597

Spot “2” is in Fig. 2a
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where L, is the crystallite size (nm), )\ is the laser wavelength
used in nanometer (i.e., 514), and I, and I, are the integrated
area under the D and G bands, respectively. The estimated
nanocrystallite size of the graphite on the diamond particle
as a function of depth is shown in Fig. 5. The crystallite size
varies from 10 nm near the surface to 52 nm near the interface
of graphite and diamond. Thus, with increasing vertical dis-
tance inside the sample, the crystallite size appears to increase.

4.3 State of stress of the diamond particles

It has been shown previously that hydrostatic stresses alone
cannot induce graphitization of diamond. In order for phase
transformation to occur, a combination of hydrostatic and
shear stresses must be present [34]. These stresses must man-
ifest themselves in some form in the diamond that can be
detected by Raman. Indeed, compressive stresses cause blue
shifts, while tensile stresses lead to red shifts in the Raman
spectra [25].

Data from Fig. 4b show that blue shifts/compressive stress
is produced in the diamond during Si cutting. The wavenum-
ber shift is 3.6 cm™" for the left diamond and 2.0 cm™" for the
right diamond. We have used the empirical model proposed
by Hemley et al. [35] for 4 pm diamond powders under non-
hydrostatic conditions and obtained 2.9 and 1.7 GPa for the
two diamonds, respectively. These stresses are concentrated
on the left face of the diamond particles and along the direc-
tion of the wire drawing—as is to be expected.

Compared to the stresses required to induce phase transfor-
mation in diamond, it is clear that these stresses are quite low.
For example, theoretical investigations show that under uni-
axial stresses on diamonds, a pressure of at least 285 GPa is
required for metallization [36]. During wear, shear stresses on
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Fig. 5 The variation of graphitic nanocrystal size L, as a function of
depth inside the diamond particle shown in Fig. 3b. Here, depth=0 um
is the surface and depth >0 um is inside the diamond particle
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diamonds have to reach 95 GPa for graphitization to occur
[37]. Finally, it has been suggested that plasticity in diamond
can be induced at pressures ~150 GPa [38]. These stresses are
much higher than the one uncovered on the stressed diamond
in Fig. 4b. For graphitization to occur in DCWs due to the
cutting process, we propose that either (1) the particles have to
undergo a series of cutting events in which the stresses accu-
mulate over time or (2) the diamonds encounter a single cut-
ting event where the pressure on the diamond increases cata-
strophically causing it to convert to nanocrystalline graphite.
The fact that a systematic trend in graphitic nanocrystalline
grain sizes is found on the surface of diamond implies that the
former mechanism (i.e., multiple stress events) could be the
likely scenario. With each cutting event, grain refinement (i.e.,
breaking of larger grains into smaller sizes) of the topmost
graphite layer occurs and leaves the subsurface graphite un-
touched. Since graphite is extremely soft compared to dia-
mond, the stresses during the cutting events continue to drive
the conversion of diamond to graphite at the subsurface
interface.

This conclusion is in line with the known mechanisms of
diamond to graphite phase transformation proposed in litera-
ture. Zerda et al. [39] have suggested that the transformation
occurs via either (1) direct “peeling” of the C atoms at the
interface between (111) diamond and (002) oriented graphite
or (2) groups of C atoms which detach from the interface and
bond as sp” in tiny clusters. In case of mechanism “1,” the G
bands dominate the Raman signal for graphitization. Mecha-
nism “2” leads to disoriented nanocrystallites of graphite and
therefore to a larger D band signal.

Alternately, between these two extreme events, the parti-
cles while being subjected to cutting events can also be
dislodged from their positions due to failure of the Ni film.
Recall that the Ni film binds the diamonds to the stainless steel
wire. Therefore, the compressive stresses obtained by our
analysis provide a minimum estimate of the shear modulus
of Ni films required to maintain embedded diamond particles
on the Ni surface. Finally, the role of temperature during the
cutting process needs to be addressed. Since a coolant is used
during DCW sawing, large temperature increases (greater than
tens of degrees) are not expected to occur [40].

5 Conclusions

Individual diamond particles 20 um in diameter were obtained
from a diamond-coated wire which had undergone PV-grade
Si ingot cutting. Micro-Raman spectroscopy was conducted
on these diamonds. Two conclusions can be drawn from our
investigations. First, some of the diamonds showed the pres-
ence of nanocrystalline graphite coexisting with the diamond
phase in the same particle. Using the model proposed by
Cancado et al., we predict that the size of the nanocrystalline
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graphitic phase varied from 10 nm near the surface to 52 nm at
the graphite—diamond interface. On other diamonds, the pres-
ence of compressive stress could be detected. The stress was
localized on regions which faced the Si ingot during the cut-
ting process. Compressive stresses as high as 2.9 GPa were
detected.

Based on these two observations, there appears to be a
possibility that one of the reasons for the loss in efficiency
during diamond-coated wire sawing could be the graphitiza-
tion of the diamond particles. The graphitization can be a
multi-step event where with each cutting, an increment in
the local compressive stress state occurs. When the stress
reaches a critical threshold, graphitization spontaneously oc-
curs in a localized and confined volume within the diamond
particle.
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