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1. Introduction

Single-crystal silicon is an important substrate material for
solar cells, electronic devices and infrared optics. Improving
subsurface integrity of silicon is crucial for manufacturing high-
precision optical and electronic products [1,2]. There have been a
number of studies on silicon machining, where surface damage
was investigated [3,4]. However, to date, the mechanism of
subsurface damage (SSD) is not well understood. Since it is difficult
to directly observe SSD, molecular dynamics [5,6] has been used to
simulate the cutting mechanisms; though there are very few
systematic experimental investigations on SSD formation. The lack
of quantitative information on SSD depth and microstructure has
greatly limited the optimization of silicon machining and
subsequent damage-removal processes.

In this study, nanoprecision plunge cutting tests were
performed on silicon along various crystal orientations, and
the SSD was examined experimentally. In plunge cutting,
individual cuts can be made on pristine single-crystal silicon
without preexisting defects. It is different from diamond turning
[7–9], where all cuts except the first are made on a damaged
substrate and not on the starting single-crystal material due to
the cross feed of the tool. To directly observe the SSD, cross-
sectional transmission electron microscopy (XTEM) was used
first wherein samples were prepared by focused ion beam (FIB)
techniques. Then, a nondestructive method based on laser

guidelines for surface integrity improvements in ultraprecis
machining processes.

2. Experimental procedures

Cutting tests were carried out using a four-axis (XY
ultraprecision lathe, which has a step resolution of 1 nm
single-crystal diamond tool (nose radius 10 mm) was transver
fed in the X direction while the depth of cut was continuously va
in the Z direction from 0 to 1 mm at a constant cutting spee
0.0083 m/s. The tool rake angle was changed from �158 to �45
rotating the B-axis rotary table on which the diamond tool was fi
Accordingly, the relief angle was changed in the range of 218–518
electronic device grade n-type single-crystal silicon (0 0 1) w
was used as the workpiece. Considering the symmetry in the lat
structure of Si (0 0 1), cutting tests were carried out in three diffe
directions: 08, 22.58, and 458, with respect to the flat orientatio
the wafer. As a result, microgrooves along the ½1 1̄ 0�, ½128 309 0� 
½0 1̄ 0� directions, as schematically shown in Fig. 1, were genera
precisely while other conditions were kept strictly the sam
piezoelectric dynamometer (Kistler 9256A) was used to measure
micro cutting forces during the cutting tests.

To directly observe the SSD by XTEM, FIB was used to ext
XTEM samples from the bottom of the plunge-cut microgroo
(Fig. 1). The sample thickness was reduced to �100 nm to ena
electron transmission in the XTEM. In order to protect the sam
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Nanoprecision plunge cutting tests were carried out on single-crystal silicon (0 0 1) samples a

various directions at different tool rake angles, and subsurface damage was characterized by cr

sectional transmission electron microscopy and laser micro-Raman spectroscopy. It was found 

amorphization, poly-crystallization, dislocation and internal microcracking occurred and these mat

responses depended strongly on the cutting direction. When cutting in the ½1 1̄ 0� and ½0 1̄ 0� directi

deep line defects consisting of microcracks and dislocation groups occurred even when the surface 

‘‘ductile’’-cut; while for the ½128 309 0� direction, the damage depth was reduced by a factor of fiv
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SSD
11].
d in
Raman spectroscopy was used to quantitatively measure the
SSD depth. Following our previous paper [10] where the effects
of depth of cut and tool rake angle were investigated, crystal-
lographic effects on SSD formation were specifically examined in
this study. The findings of this study will provide useful
con
ints
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from possible damage from the FIB, carbon (C) and tungsten 

coatings were deposited on top of the samples. A laser micro-Ram
spectrometer was then used to characterize the samples and the 

depth was measured by calculating the Raman intensity ratio [
The laser in the Raman system had a wavelength of 532 nm, an
turn, produced a penetration depth of �1 mm into the sili
substrate. The laser spot size was 1 mm, thus enabling the test po
to be precisely located at any region within the microgroove.
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esults and discussion

Crystallographic effect on surface damage threshold

irst, surface damage on the specimens was observed for
parison with the SSD. Fig. 2 shows the Nomarski micrographs
icrogrooves cut along different directions at a tool rake angle
308. From right to left, as the depth of cut increased, the

rogrooves gradually broadened and became deeper. At a
cal depth of cut, microcracks begin to form, and the density of
microcracks increases with the depth of cut. A clear brittle-
ile transition boundary can be identified on the groove

ace. Fig. 3 shows the change in the critical depth of the cut
re the brittle-ductile transition occurred, as a function of
ing direction and tool rake angle. Five cuts were made for each

 rake angle, and the average critical depth of cut is plotted. The
lts indicate that a moderately negative rake angle (�308) is
ful for obtaining a ductile-cut surface. Among the three
ing directions, the 22.58 direction had the highest ductile
hinability.

Crystallographic effect on subsurface microstructure

TEM samples were extracted from the groove bottoms where
epth of cut was 100 nm. The tool rake angle used for preparing

XTEM samples was �308. At a cut depth of 100 nm, as seen in
3, all the grooves were ductile-cut and no damage was seen on
urface. Fig. 4(a) shows an XTEM micrograph of a sample cut in

08 direction. Similar to previous results [10], a thin grey layer
orphous silicon, a-Si) formed just beneath the ductile-cut
ace. The average thickness of the a-Si layer was �20 nm, which
markably smaller than that formed at �458 and �608 tool rake
es (�100 nm) [10]. Below the a-Si layer, there is a strained
r with dark contours. Distinctly different from previous results,
y line defects are present and extend into the bulk (single-
tal silicon, c-Si) with curling. These line defects grow to a
imum depth of �800 nm, far deeper than the depth of cut

 nm). Fig. 4(b) shows a pair of closeup views (left: bright field;
t: dark field) of the line defects. It can be seen that the upper
s of the line defects are microcracks, which are generated along

the {1 1 0} planes (35.38 from the cut surface) and {1 1 1} planes
(54.78). After the microcracks stopped propagating, very long
dislocation groups were initiated at the ends of the microcracks.
These dislocation groups include both edge and screw dislocations.
Since the dislocation groups extend deeply into the crystalline bulk
region, they significantly increase the SSD depth. Such deeply
extending line defects were not observed when the depth of cut
was smaller (�30 nm) or when the tool rake angle was highly
negative (�458).

Fig. 5(a) shows an XTEM micrograph of a sample cut in the 458
direction. Similar to Fig. 4(a), a thin a-Si layer is generated on the
top, below which is a strained layer with curling line defects
extending downwards. In Fig. 5(a), the a-Si layer was �30 nm thick,
slightly thicker than in Fig. 4(a). Clearly, the number of the line
defects is fewer than in Fig. 4(a), though the maximum depth of the
line defects is slightly greater than in Fig. 4(a). In this case, the line
defects extend to approximately 1 mm, ten times the depth of cut.
Fig. 5(b) shows a pair of closeup views of the line defects in bright
and dark fields. Similar to Fig. 4(b), the shallower line defects are
microcracks initiated along {1 1 0} planes (458 from the cut
surface) and {1 1 1} planes (608). When a microcrack stops
propagating, dislocation groups form at the crack end. In
Fig. 5(b), the strained layer contains many poly-crystalline grains
(p-Si) surrounded by a-Si and microcracks.

1. Schematic of plunge-cut microgrooves and locations of TEM sample

ction.
Fig. 3. Variation in the critical depth of cut as a function of cutting direction angle

and tool rake angle.
Fig. 2. Micrographs of microgrooves cut in different directions.

Fig. 4. XTEM micrographs of a sample cut along the 08 direction: (a) general view,

(b) closeup bright and dark field views.
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Fig. 6(a) shows an XTEM micrograph of a sample cut in the 22.58
direction. In this case, the a-Si layer is extremely thin and can
barely be seen at this magnification. Compared with Figs. 4(a) and
5(a), the line defects are distinctly shorter (�200 nm) and
straighter. Fig. 6(b) shows closeup views of the line defects. In
this case, the microcracks were all initiated along the {1 1 1} planes
(55.88 from the cut surface), while no cracks were formed along
{1 1 0} planes (30.48). Similar to Figs. 4(b) and 5(b), dislocations are
seen at the ends of the microcracks.

It is also noteworthy that for all the XTEM results, there
is synchronization among the a-Si layer thickness, surface

waviness and microcrack generation. Near surface peaks, 

a-Si layer is locally thicker and pressed into the microcra
This phenomenon may result from unstable tool–workp
interaction, such as stick slip. Due to micro impacts, a thicke
Si layer is formed that protrudes into microcracks under h
pressure.

3.3. Crystallographic effect on amorphization depth

To measure the depth of the a-Si layer over a wide rang
cutting conditions, laser micro-Raman tests were conducted in
ductile-cut regions of the microgrooves. In the typical Ram
spectra of machined silicon [11], there are two characteri
peaks: a sharp peak at 520 cm�1 and a broadband peak centere
470 cm�1. In order to quantitatively measure the depth of the 

layer, we adopted a new parameter, the Raman intensity rat
[11]. r is the ratio of the total Raman intensities of a-Si and c
obtained by integrating the Gauss- and Lorenz-fitted curves of
a-Si and c-Si peaks, respectively, with respect to the Raman s
By calculating r, the a-Si depth can be estimated without con
and nondestructively. Fig. 7 shows the variation in the a-Si la
thickness with depth of cut for different cutting directions. 

each cutting direction, the a-Si layer thickness increased gradu
with the depth of cut. As a general trend, the a-Si layer is thickes
the 458 direction and thinnest in the 22.58 direction, consis
with the XTEM results in Figs. 4–6.

3.4. Crystallographic effect on micro cutting force

Fig. 8 shows plots of the resultant cutting forces as a functio
depth of cut for different cutting directions. In ductile-cut regi
the force is lowest in the 22.58 cutting direction, which is 

easiest direction for ductile cutting (Fig. 3), and is highest in th
direction which has the lowest ductile machinability. 

increasing rate of the cutting force drops sharply in the
direction when the depth of cut increases over 300 nm. This m

Fig. 5. XTEM micrographs of a sample cut along the 458 direction: (a) general view,

(b) closeup views in bright and dark fields.

Fig. 7. Variation in a-Si layer thickness with depth of cut for different cu

directions, measured by laser micro-Raman.
Fig. 6. XTEM micrographs of a sample cut along the 22.58 direction: (a) general view,

(b) closeup views in bright and dark fields. Fig. 8. Variation in cutting force with depth of cut in different cutting directions.



be c
this 

3.5. 

S
resp
tion
ahea
stre
tool
diam
is su
pass
into
alwa
pha
stre
tion
slip 

actin
plan
bulk
conc
dislo
crys
simu
in th

I
inte
of m
defo
facto
the s
cutt
and 

the 

facto
for l
tool
supp

J. Yan et al. / CIRP Annals - Manufacturing Technology 61 (2012) 131–134134
aused by the significance number of microcrack generation in
direction.

Discussion on SSD formation mechanism

tress in silicon may be released by the following material
onses: phase transition (amorphization/poly-crystalliza-
), dislocation formation, and crack initiation. Just beneath/
d of the tool tip, an extremely high pressure (compressive

ss) is generated [10], which causes phase transitions. As the
 tip advances into the workpiece, silicon transforms from a

ond cubic structure (Si-I) into a metallic phase (Si-II) which
fficiently ductile to facilitate plastic flow. After the tool has
ed, Si-II does not transform back into Si-I, but rather changes

 an amorphous phase. For this reason, a thin a-Si layer will
ys be formed on top of the workpiece surface. Beyond the

se transition region, the pressure drops sharply, and shear
ss and tensile stress become dominant. For silicon, disloca-
s are initiated by the shear stress acting on the {1 1 1} h1 1 0i
system, and microcracks are generated by the tensile stress
g on the {1 1 1} (primary) or {1 1 0} (secondary) cleavage

es. When a microcrack is initiated, it extends deeply into the
. After the microcrack stops propagating, significant stress
entration will occur around the crack tip, inducing deep
cation groups. A few line defects might also contain

talline phase transition bands as shown in the MD
lation [5], though it was difficult to directly observe them
is study.

n order to reduce the depth of SSD, it is essential to prevent
rnal crack initiation. For a specific crystal orientation, the ease

icrocracking is in reverse proportion to that for slip
rmation. The ease of slip deformation is indicated by the slip
r z, which is based on the Schmid factor with consideration of
ymmetry in slip systems [7]. Fig. 9 shows the change in z with

ing direction. It is clear that z is highest in the 22.58 direction,
lowest in the 08 direction. This trend is in reverse relation to
degree of microcracking seen in Figs. 4–6, and thus the slip
r z may be used as an index when selecting cutting directions

ow SSD. For all cutting directions, however, a highly negative
 rake angle and/or a small depth of cut are beneficial for
ressing internal microcracks.

4. Conclusions

Nanoprecision plunge cutting tests were performed on Si (0 0 1)
along various directions, and the crystallographic effects on SSD
were examined. The following conclusions were obtained.

(1) SSD involves four kinds of material responses: amorphization,
poly-crystallization, microcracking, and dislocation formation.

(2) Subsurface microcracks form earlier than surface microcracks
in plunge cutting. Internal microcracks may exist beneath an
external ‘‘ductile’’-cut surface.

(3) Internal microcracks occur in the {1 1 1} and {1 1 0} planes.
(4) Internal microcracks can be reduced using a highly negative

tool rake angle (��458) or a small depth of cut (�30 nm).
(5) The depth and microstructure of SSD depend strongly on the

cutting direction. In the ½1 1̄ 0� and ½0 1̄ 0� directions, line defects
including microcracks and dislocation groups form and extend
to a depth of about ten times the depth of cut.

(6) Cutting in the ½128 309 0� direction yields the best ductile
machinability and the lowest SSD. The maximum damage
depth is reduced by a factor of five.

The above findings may serve as references for optimizing
machining conditions in silicon cutting/grinding processes.

Finally, it should be pointed out that the cutting tests in this
study were performed at a constant speed (0.0083 m/s). Cutting
speed may affect the thermal and dynamical aspects of a cutting
process, and in turn, change SSD formation mechanism [12]. This
issue is still under further investigation.
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Fig. 9. Variation of slip factor with cutting direction.
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