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ABSTRACT

This study examines the surface formation
mechanism, near-surface residual stresses, phase
transformations, and their interrelationships in
surface grinding of silicon (100) under various chip
loading conditions. Near-surface residual stresses of
the ground surfaces are found to be all compressive
for all chip loading conditions with the transverse
residual stress more affected by the chip load.
Through Raman spectra of the ground surface, it is
shown that the Si-I phase tends to transform to
Si-1/Si-XI1 at a lager chip load, and to amorphous
phase at a smaller chip load. SEM surface topography
reveals that the degree of plowing in surface
formation increases with chip load, and that surface
residual stress and phase transformation can be
correlated to the extent of plowing phenomenon on
the silicon surface during the material removal
process. It is concluded that grinding condition with
higher chip load leads to the formation of
Si-1/Si-XI1 phases as well as a higher transverse
surface residual stress while a smaller chip load is
favorable in the formation of an amorphous phase
and low residual stress.

INTRODUCTION

Grinding plays an important role in the
mechanical processing of semiconductor and optical
materials such as silicon, germanium and sapphire
etc.
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However, high stress contact between the abrasives
and silicon has been shown to induce near-surface
phase changes and residual stress, both having
negative effect on the performance of circuits
fabricated on the affected silicon substrate (Nix, 1989;
Bullis et al., 1999). A better understanding of the
silicon behavior under high stress grinding condition
is therefore crucial to the control of mechanical
process-induced surface damage.

In its natural state, silicon exists in a
diamond-like crystal structure (Si-l). Results from
diamond anvil cell experiment, indentation and
scratch tests, have shown silicon can transform to
several forms when subjected to high pressure under
room temperature (Gerk and Tabor, 1978; Domnich
and Gogotsi, 2002). Under hydraulic loading
condition, Si-1 was shown to be transformed into the
metallic p-tin structure (Si-Il) at a high pressure of
11~12GPa (Wentorf and Kasper, 1963; Minomura
and Drickmer, 1962). The resistance measurement
has shown that the resistivity of silicon decreases
rapidly by an order of 5 under a certain high pressure,
indicating the formation of a metallic phase
(Minomura and Drickmer, 1962; Clarke et al., 1988;
Ruffell, 2007). However, this phase is not stable at
ambient pressure. Upon unloading, the resistivity will
increase to a value lower than or equal to the normal
state. It was experimentally found that, depending on
the unloading condition, Si-Il can transform to
various metastable phases. With slow unloading rate,
there exists a transition from the Si-1l structure to the
metastable phase, the R8 or Si-XIlI (Kailer etal.,
1997), which is named for its rhombohedra lattice
with eight atoms in the basis. With further release at
the same rate, R8 is shown to transform to the body
centered cubic structure, BC8 (or Si-111), at about 2~6
GPa (Grain etal., 1994). Finally, a mixture of both
phases remains at the ambient pressure. However, on
rapid pressure release, transmission electron
microscopy analyses have given evidences on the
formation of an amorphous silicon phase (a-Si) (Yan
et al., 2005; Daibin et al., 2003; Duclos et al., 1990;
Puttick et al., 1994).

Since silicon interacting with the abrasives of a
grinding wheel experiences similar loading/unloading
process as in the scratch test, phase transformation
and amorphization have also been observed in silicon
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lapping and grinding processes. Through Raman
spectra analysis, the silicon surface was shown to
transform to a uniform layer of amorphous phase
(a-Si) after a lapping process (Verkey, et al., 1994).
Also through Raman spectra, various phases of Si-1V,
Si-XIlI, Si-Ill and a-Si were found in chips from
wafer dicing and a-Si was found on ground surface
after lapping and edge grinding processes (Gogotsi et
al., 1999). Residual stress was also detected by
Raman shift on these surfaces. On polishing of
silicon with #500 abrasives, a transformed a-Si layer
of 30-80 nm was reported along with the existence of
residual compressive stress of 150 MPa (Chen and
Wolf, 2003). Yan (2008) investigated the ductile and
brittle silicon removal mechanism in the rough and
fine grinding processes and showed that an a-Si
surface was formed in the fine grinding process.
Although these studies have shown the existence of
phase transformation and residual stress in silicon
grinding; the effects of chip load on their formation
and interrelationships among the chip load, surface
formation mechanism, phase changes and residual
stress have not yet been reported.

The objective of this study is to investigate the
formations of surface, phase changes and residual
stresses in surface grinding of silicon wafer under
various chip loading conditions. The topography of
ground surface is examined by scanning electron
microscope to reveal the surface deformation
mechanism. Micro Raman spectroscopy is used to
investigate the phases induced in silicon. Magnitude
and spread of the residual stresses is evaluated by the
indentation technique. Finally, correlation between
grinding-induced phase transformation and residual
stress is discussed as related to the removal
mechanism of silicon.

MEASUREMENT OF RESIDUAL
STRESS BY THE INDENTATION
TECHNIQUE

In this study, the residual stress on ground
surface is measured by the indentation technique
(Johnson-Walls et al., 1986; Suresh and
Giannakopoulos, 1998; Tandon, 2007; Gruninger et
al., 1987; Kese and Rowcliffe, 2003; Kobrin and
Harker, 1989). A developed crack system under
Vickers test for silicon without and with residual
stress is illustrated in Figure 1, showing smaller
horizontal crack length in the x direction due to the
presence of residual compression stress in the y
direction. For the same Vickers’ load, based on the
analysis from Kese and Rowcliffe (2003), the
residual stress, or, can be shown to be

_Kc _i%
oS r(a)] .

r wc%
where Kc represents critical stress intensity factor,
¢ is a constant related to the crack geometry and

J. CSME Vol.40, No.6 (2019)

loading conditions. Since the present problem can be
simplified as a penny crack , ¢is set to be 2/x'2
(Lawn, 1993). cois the crack length in the absence of
the residual stress, and c¢ is the new equilibrium
length. By measuring the indentation crack length
without and with the residual stress, the magnitude of
the residual stress can be directly calculated from Eq.
Q).
Crack

o _f / (I>0
t y }
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Figure 1. Effect of residual stress on the crack length
of Vickers indentation, without residual
stress (left) and with residual stress.

EXPERIMENTAL SETUP

The experiments were carried out on a surface
grinding machine using a resin bonded diamond
grinding wheel. A commercial single crystal silicon
wafer (100) of 0.63 mm in thickness was sawn into
squares of 50 mm x 50 mm to be used as the work
material, which is fixed on the machine by a vacuum
chuck. Figure 2 illustrates the configuration of the
grinding experiment. Dry cutting was performed
without any cutting fluid to avoid any contamination
or chemical effects. The resin bonded diamond
wheels, D-1800-N-100-B, have an average grit size
of 7 um with 25% volume ratio of diamond grit. The
feed speed, f, was set to be 5 mm/s. The wheel cutting
speed, V, was fixed at 31 m/s at a rotation speed of
3300 rpm. To see the effects of chip load on the
silicon phases and residual stresses, three different
wheel depths of cut of 2, 4 and 6 pum are chosen,
corresponding to the maximum uncut chip thickness
of 20, 28, and 35 nm, respectively (Shaw, 1996).

Before each grinding experiment, the resin
bonded diamond wheels are dressed by pre-grinding
on a rotary alumina wheel to a cumulative depth
removal of 0.5 mm at a linear grinding speed of 6 m/s.
The surface of silicon workpiece is pre-conditioned
with a continuous sequence of fine grinding process
at a wheel depth of cut of 0.5 um to obtain a fine,
smooth surface. This fine grinding sequence is
similar to the spark-out process in steel grinding,
where continuous back-forth grinding strokes are
performed on a workpiece without resetting the
wheel depth until the spark vanishes.

For each depth of cut, grinding experiment is
carried out on four silicon workpieces. For each
workpiece, the following data are acquired: three
SEM images, Raman spectra from four spots and
residual stress at four separate locations. Raman
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spectra on the ground surface were detected by a
micro Raman spectrometer (Renishaw 2000) with a
spectral resolution of 1 cm™. An argon laser (514.5
nm) of 17 mW was used as the light source. A 63X
objective lens was used to form a 1um laser spot size
on the sample. The spot size and power were selected
to optimize the signal while minimizing laser-beam
heating effect. As for the measurement of the residual
stresses on the ground surface, the fracture
characteristics of indentation test were observed by
an optical microscope to determine the crack length
in the longitudinal and transverse directions. In this
study, both up and down grinding have been
conducted, but without any noted difference in the
resulting phase changes and residual stresses.
Therefore, only results from down grinding are
presented.

Diameter = 100mm
Width = 10mm

v
Up Grinding

Wheel

3 J Silicon [100] ! %

Figure 2. Schematic illustration of the surface
grinding process. V=31 m/s, f=5 mm/s,
d=2-6 um.

RESULTS AND DISCUSSIONS

Effects of Chip load on Surface Topography of
Ground Silicon

The pre-conditioning process for silicon
squares before each experiment is a fine-grinding
process with a very light chip load. Shown by the
SEM images in figure 3(a), the surface of
pre-conditioned silicon workpiece is characterized by
plastically deformed silicon, an evidence of ductile
cutting. This ductile fracture is expected since the
uncut chip thickness in the pre-conditioning process,
starting at a maximum of 10nm for the first stroke,
are smaller than the silicon’s critical depth of cut of
30 nm for a ductile to brittle fracture transition
(Bifano et al., 1991). As the wheel depth of cut
increases, the chip load increases, leading to change
in the material removal mechanism and different
surface topography. Typical SEM images of ground
surface at depths of cut of 2, 4 and 6 um are shown in
figure 3(b, c, d). As chip load increases with larger
depth of cut, signs of plowing mark with pile-up and
grooved ridges are more evident on the surface.
Although ductile deformation is still the prevalent
material removal and surface formation mechanism

for all depths of cut, signs of brittle fracture such as
cavities and cracks become more apparent at wheel
depth of cut of 6 um, figure 4(d), as the maximum
uncut chip thickness of some abrasives has exceeded
the critical depth of cut for ductile deformation due to
a natural spread in the random chip load distribution
of a grinding process (Hecker et al., 2007).

(b)

Figure 3. SEM image of ground silicon surface
(10000X) for down grinding at different
wheel depth of cut for (a) pre-conditioned ,
(b)2zm, (c) 4 xm and (d) 6 «m. Grinding
direction is from left to right.

Effects of Chip Load on Near-Surface Residual
Stresses

The residual stresses on each ground surface
were evaluated using Eq. (1) by measuring the crack
length of a 5 N Vickers indentation test. Figure 4
shows the magnitude and spread of residual stress in
perpendicular and parallel to the grinding direction.
These measurements indicate that residual stress
varies significantly with the depth of cut as well as
with the direction. Residual stresses in both the
longitudinal and transverse directions for the three
chip loads are all compressive. This result agrees
with findings from Chen and Wolf (2003) and
Immelmann et al. (1997) in the grinding of brittle
materials. Furthermore, magnitude of transverse
residual stresses at larger chip load is comparable to
that found by Chen and Wolf (2003).

The residual stresses in both directions for the
case of 2 um depth of cut are about the same at
around -50 MPa level. At both 4 pm and 6 um depths
of cut, compressive residual stresses increase to -155
+ 71 MPa in the transverse direction, but only a slight
compressive residual stress of about -10 = 8 MPa is
detected in the longitudinal direction.

The longitudinal residual stress is shown to be
relatively independent of the chip loads at various
depth of cut. The transverse residual stress is about
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the same as the longitudinal one for small chip load,
but becomes much greater at larger chip load.
Correlation between the surface topography (figure 3)
and the resulting residual stresses (figure 4) on
ground silicon surface at various chip loads can
provide an explanation on the effects of chip load on
the degree of plowing and residual stress. Higher chip
load results in higher contact stress and higher degree
of plowing, and squeezing of silicon to the transverse
direction. The squeezed silicon piles up to form
ridges of the grinding groove in a way similar to the
indentation test where the material flows and rises to
the periphery of the impression. As in an indentation
test, this plowing action of the grinding process will
increase the compressive surface residual stress,
which tends to close advancing crack induced by the
indentation test along the grinding direction. The
higher spread of residual stress in figure 4 can be
explained by the larger variation of chip load and
chip thickness associated with a larger wheel depth of
cut as in Hecker et al. (2007).
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Figure 4. The surface residual stresses at three wheel
depths of cut for down grinding. —B—:
longitudinal direction ; - : transverse
direction. Error bars show spread of
measured data over 30 measurements.

Effect of Chip Load on Process-induced Phase
Transformation

To observe the existence of process-induced
phase transformation on preconditioned surface and
ground surfaces under differeent chip loads, micro
Raman spectroscopy was employed and four different
types of spectrum are found to exist as shown in
figure 5. Figure 5(a) shows a strong presence of
amorphous silicon (a-Si), which has a broad band
around 470 cmt. The second type in Fig. 5(b) shows
a strong presence of Si-lll (BC8) and Si-XII (R8).
Since the R8 or Si-XII structure is a rhombohedra
distortion of BC8 or Si-Ill (Piltz et al., 1995), the two
phases are expected to have similar pattern in Raman
spectra. Raman bands at 382 and 433 cm™ can be
attributed to the existence of Si-Ill, and the bands at
350 and 394 cm?® are major bands of Si-XIl
(Domnich and Gogotsi, 2002). This spectrum also
shows a mixture of the two phases, R8/BC8 and a-Si.
The third type shown in Fig. 5(c) has a similar
Raman spectra to the second type only with less
presence of Raman bands of R8/BC8 and is regarded
as the transitional stage in this study. The last type of
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spectrum shown in figure 5(d) is taken from brittle
fracture region and only Si-l1 phase is present as
indicated by a single Raman band at 520 cm
corresponding to the bulk Si-I.

All of the Raman spectrum taken from
preconditioned surfaces clearly indicates the presence
of a-Si and Si-I, as shown in figure 5(a). This is
similar to the result reported by Yan (2008), which
showed that only an a-Si surface was formed in the
fine grinding process. Figure 6 shows a histogram of
detection count for the presence of various silicon
phases on the ground surfaces, illustrating the
influences of wheel depth of cut. It is shown that
Si-1/Si-XI1 has a stronger presence at larger cutting
depths of 4 pm and 6 pm, while amorphous phase is
more dominant at the grinding depth of 2 pum.
Difference in the level of presence for each phase for
each ground surface might be due to the combined
effects of residual stesses and surface formation
mechanism.

Both the metastable crystalline and amorphous
silicon phase are found to exist under various chip
loading conditions. By examining ground surface
topography in figure 3 and phase changes in figure 6,
surface with Si-111/Si-XIl formation shows higher
degree of plowing phenomenon than those of the
amorphous phase. The amorphous phase can
therefore be associated with light cutting and light
plowing actions of the abrasives, as also reported by
Clarke et al. (1998). At larger wheel depth of cut,
larger chip load resistance leads to higher cutting and
plowing actions, inducing transformation to
metastable phases (Si-111/Si-XIlI).

Chip loading condition and depth of cut are
generally known to affect the surface topography.
Through this investigation, it is shown that chip
loading condition not only affects the surface
formation mechanism, but also has significant effects
on the phase transformation and formation of residual
stress on the ground silicon surface. These findings
should help in the selection of chip loading condition
for a better control of surface properties in the silicon
grinding process. However, grinding is a complex
process involving the selection of many more
parameters, including type, size, volume and bonding
of abrasives, work and wheel speeds, etc. More
researches are therefore needed for further
understandings of the silicon material responses in a
general grinding process.
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Figure 5. Four types of the Raman spectra taken from
ground silicon surface. (a) amorphous
silicon (a-Si) around 470 cm?, (b) Si-XlI
around 350 cmt, 394 cm and Si-I1l around
382 cm?, 433 cm', (c) transitional stage, (d)
Si-1
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Figure 6. The event count for various phases at
different wheel depth of cut for down
grinding. Each experiment included 17
measured data.

CONCLUSIONS

This paper aims to achieve a better understanding of

the silicon behavior under various chip loading

conditions in the surface grinding of silicon.

Experiments have been carried out to investigate the

effects of chip load on plowing phenomenon,

near-surface residual stress and phase transformation,
and to reveal their interrelationships. The following
conclusions can be drawn from this investigation:

(1) Near-surface residual stresses on the ground
surfaces are found to be all compressive for all
chip loading conditions. For smaller chip load at
wheel depth of cut of 2 um, residual stresses in
both transverse and longitudinal directions are
both small and about the same. The transverse
residual stress increases at higher chip load while
the longitudinal residual stress remains small for
all chip loading conditions.

(2) Through Raman spectra of the ground surface, it
is shown that the bulk Si-l phase tends to
transform to Si-111/Si-XII at a larger chip load,
and amorphous phase tends to occur at a smaller
chip load.

(3) At various chip loads, correlation of SEM
surface topography and phase changes reveals
that surface with Si-111/Si-XIl formation shows
higher degree of plowing phenomenon than
those of the amorphous phase.
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(4) The interrelationship among plowing
phenomenon in surface formation, residual stress
and phase changes in silicon is presented.
Grinding condition with higher chip load leads to
higher plowing action, the formation of
Si-l/Si-XIl  phases as well as a higher
transverse surface residual stress while a smaller
chip load is favorable in the formation of an
amorphous phase accompanied by lower residual
stresses.
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