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Abstract
The edges andnotches of siliconwafers are usuallymachinedbydiamondgrinding, and the grinding-
induced subsurface damage causeswafer breakage andparticle contaminationproblems.However, the
edge andnotch surfaces have large curvature and sharp corners, thus it is difficult to befinishedby
chemo-mechanical polishing. In this study, a nanosecondpulsedNd:YAG laserwas used to irradiate the
edge andnotchof a boron-doped single-crystal siliconwafer to recover the grinding-induced subsurface
damage. The reflection loss and the changeof laserfluencewhen irradiating a curved surfacewere
considered, and the damage recovery behaviorwas investigated. The surface roughness, crystallinity, and
hardness of the laser recovered regionweremeasuredbyusingwhite light interferometry, lasermicro-
Raman spectroscopy, andnanoindentation, respectively. The results showed that after laser irradiation
the damaged regionwas recovered to a single-crystal structurewithnanometric surface roughness, and
the surface hardnesswas also improved.This study demonstrates that laser recovery is a promising post-
grinding process for improving the surface integrity of the edge andnotchof siliconwafers.

1. Introduction

Single-crystal silicon is a useful and essential material
in the semiconductor industry. Generally, silicon
wafers are produced by ingot slicing, edge/notch
grinding, surface grinding, edge/notch polishing, and
surface polishing processes etc. Slicing and grinding
processes induce subsurface damages, such as phase
transformations, dislocations, and microcracks, in
silicon wafers [1–3]. Subsurface damages in plane
wafer surfaces can be removed by polishing, while
wafer edges and notches are very difficult to polish due
to their special shapes. For example, full round edges
have been used for preventing breakage to replace
sharp edges [4–6]. However, required by chemo-
mechanical polishing (CMP) for inter-level dielectric
planarization, blunter edge shapes were employed [7].
A wafer edge with a trapezoidal surface and a circular
top, as shown in figure 1(a), is now popular. Mean-
while, a wafer notch having a chamfered V-shape,
which is similar to hyperbolic paraboloid as shown in

figure 1(b), is required. These edge and notch shapes
are very difficult to grind even if the same abrasive
grain size as that in grinding plane surfaces is used
because the shape of grinding wheels and grinding
conditions are distinctly different for these surfaces.
Thus, the resulting edge and notch surfaces have more
severe subsurface damages than plane surfaces.

Though the edge and notch regions of a silicon
wafer are not used directly for electronic device fabri-
cation, grinding-induced subsurface damages in these
regions may cause wafer breakage and particle con-
tamination problems. In order to completely elim-
inate the subsurface damages, CMP has been
necessary. However, the material removal depth for
the edge and notch in CMP is larger than that for the
plane surface. This makes the CMP of wafer edges and
notches extremely expensive, which is a big problem
in siliconwafermanufacturing [8].

In our previous research, laser recovery was pro-
posed to eliminate the subsurface damages generated
by diamond cutting and grinding in single-crystal
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wafers [9–12]. Laser recovery technology involves
selectively melting and recrystallizing of the machin-
ing-damaged subsurface layers including amorphous
layers, dislocations, and microcracks. After laser irra-
diation, a single-crystalline structure is reproduced by
epitaxial growth from the undamaged bulk. In addi-
tion, laser recovery technology can create a smoother
surface in comparison with a grinding finish. Thus,
laser recovery technology is anticipated to be also
applicable to improving the surface integrity of wafer
edges and notches having complicated shapes. How-
ever, up to date, laser irradiation has been performed
perpendicularly to a silicon surface even the surface is
curved [11], where special systems for controlling laser
incident angle and wafer position is needed. Thus,
wafer manufacturing equipment is complicated and
difficult to be realized for recovering complicated
shapes or sharply cornered structures like wafer
notches.

The purpose of this study is to explore the possibi-
lity of recovering grinding-induced subsurface
damage in wafer edges and notches without making
the laser beam perpendicular to the surface. Laser irra-
diation experiment was attempted at different angles
of incident to a curved or angled surface, and laser
recovery characteristics were investigated by consider-
ing the reflectivity and laser fluence change under var-
ious conditions. Furthermore, the laser recovery
mechanism of grinding-induced microcracks, which
is a typical subsurface damage for wafer notches, was
experimentally clarified. The success of the proposed
methodwill contribute to reducing themanufacturing
cost and improving the surface integrity of silicon
wafers.

2. Processmodeling

2.1.Mechanismof laser recovery
Figure 2 shows the laser recovery mechanism of
subsurface damages in ground silicon [12]. In general,
grinding process induces subsurface damages such as
amorphous layers, dislocations, and microcracks
(figure 2(a)). During laser irradiation, a top-down

melted layer is generated (figure 2(b)). Themelting layer
becomes increasingly thicker and finally reaches the
defect-free bulk region (figure 2(c)). It is worth
mentioning the depth of themelting region depends on
laser energy density, wavelength of the laser, pulse
duration, and beam profiles, etc [12]. After laser
irradiation, bottom-up epitaxial growth of silicon starts
from the liquid/solid boundary (figures 2(d)–(e)). By
using this method, a defect-free single-crystal structure
is produced in the laser-affected region (figure 2(f)).

2.2. Reflectivity on beveled edge surface
When the laser is irradiated at different angles of
incident to a sample surface, the reflectivity is changed,
and then the change of the reflectivity affects the
energy absorbed by the sample. The reflection of the
laser is affected by two polarizations; p-polarization
and s-polarization. If the laser irradiated perpend-
icular to the surface, these two polarizations cannot be
distinguished. P-polarization is the plane of polariza-
tion perpendicular to the cross-section, while
s-polarization is parallel to the cross-section as shown
in figure 3. The reflectivity of these two polarizations
are given by [13]:
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where Rp is the reflectivity of p-polarization, Rs the
reflectivity of s-polarization, n the refractive index, the
κ the extinction coefficient, and θ the angle. In the
work of Zhang et al [14], n and κ at wavelength 532 nm
for single-crystal silicon were calculated by interpola-
tion as n=4.12 and κ=2.66×10−2. Figure 4
shows the calculated reflectivity of single-crystal
silicon at wavelength 532 nm. In the figure, R is mean
ofRp and Rs. The beveled angle of the wafer edge fwas
22.5°. Thus, laser incident angle θ was 67.5°. Accord-
ing to equations (1) and (2), when the laser was
irradiated perpendicularly to the top surface,
R=0.371. When the laser was irradiated to the
beveled surface of the edge, Rp=0.05 and Rs=0.689,
hence R=0.370. According to this calculation, the

Figure 1. Schematic diagramof the shape of (a)wafer edge and (b)notch.
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reflectivity of the beveled surface was only decreased
by 0.27% in comparison with that of the top surface.
Thus, the effect of reflection is insignificant in laser
irradiation for the beveled edge surface.

Next, decreasing laser fluence due to changing
spot area was investigated. The beam shape is a circle
when irradiated on the edge top wafer, and becomes
an ellipse when irradiated on the beveled edge of the
wafer. Thus, it is necessary to adjust laser fluence for
the beveled edge to be the same as that for the edge top.

In order to correct the laser fluence, the area ratio S is
defined by:

= ( )S
A

A
3e

c

where Ae is the area of the elliptic beam on the beveled
edge, andAc is the area of the circular beamon the edge
top. If we suppose that the beam radius of the circle is
r, and when changing an ellipse of the beam length of
the semi-major axis and the semi-minor axis are b and

Figure 2. Schematic diagramof laser recoverymechanismof subsurface damages in a ground silicon [12].

Figure 3. Laser irradiation on the edge top surface and the beveled edge surface.
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r, respectively, then the semi-minor axis bwith respect
to the beveled angle of thewafer edgef is calculated by

f
=
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Therefore the area ratio S in equation (3) can be
obtained by
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For instance, when f=22.5° is substituted in
equation (5), S=2.61. When the average laser power
is 900 mW, the equivalent laser fluence is 1.59J cm−2

on the edge top surface whereas the equivalent laser
fluence is 0.61 J cm−2 on the beveled edge surface
because of the change of the beam shape. In order to
compensate laser fluence, the average laser power

must be increased to 2.61 times. This method can be
used to scan the entire peripheral edge of the standard
circular-shape Si wafers by slightly adjusting the angle
between the laser beam and the wafer surface using a
swingingmechanism.

3. Experimental procedures

Boron-doped P++ single-crystal silicon wafers were
used as samples. The resistivity of the wafers was 0.004
−0.007 Ω·cm. The wafers were machined by preci-
sion grinding with diamond abrasive grains (average
grain size 8.5 μm).

A Nd:YAG laser system, LR-SHG (MEGAOPTO
Co., Ltd, Japan) was used for laser irradiation. The
laser system was completely air cooled and a laser
diode was used as the excitation light source. The
wavelength is 532 nm. Laser irradiation was

Figure 4.Reflectivity of single-crystal silicon at wavelength
532 nm.

Figure 5. Schematic diagramof siliconwafer edge and laser
irradiation scheme.

Table 1. Laser irradiation conditions for edge top surface.

Beam radius (μm) 42.5

Number of pulses per unit area 50

Pulse width (ns) 48.4

Repetition frequency (kHz) 10

Average power (mW) 900, 1100, 1300, 1500

Laser fluence (J cm−2) 1.59, 1.94, 2.29, 2.64

Scanning speed (mm s−1) 17.0

Scanning pitch (μm) 13.3

Table 2. Laser irradiation conditions for beveled edge
surface.

Beam length of the semi-major axis (μm) 111

Beam length of the semi-minor axis (μm) 42.5

Repetition frequency (kHz) 10

Pulsewidth (ns) 48.4

Average power (mW) 900, 2350

Laserfluence (J cm−2) 0.61, 1.58

Scanning speed (mm s−1) 17.0

Scanning pitch (μm) 13.3

Table 3. Laser irradiation conditions for notch.

Beam radius (μm) 42.5

Repetition frequency (kHz) 10

Pulsewidth (ns) 48.4

Average power (mW) 900, 1200, 1500

Laserfluence (J cm−2) 1.59, 2.11, 2.64

Scanning speed (mm s−1) 17.0

Scanning pitch (μm) 13.3

Table 4. Laser irradiation conditions
for a plane siliconwafer.

Beam radius (μm) 42.5

Repetition frequency (kHz) 10

Pulsewidth (ns) 48.4

Average power (mW) 900

Laserfluence (J cm−2) 1.59

Scanning speed (mm s−1) 17.0

Scanning pitch (μm) 13.3
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performed in air by computer control of the laser sys-
tem and a galvanometer mirror. The laser beam has a
diameter of 85 μm and the Gaussian energy
distribution.

A pulse width of 48.4 ns and a repetition frequency
of 10 kHz were chosen for laser irradiation. The laser
scanning speed was 17.0 mm s−1 and the scan pitch
was 13.3 μm. Laser irradiation path of the edge surface
is shown in figure 5. Laser was irradiated at different
angles of incident to both the beveled edge and the
edge top surface. The laser irradiation conditions are

summarized in tables 1 and 2. Then, a wafer notch was
irradiated with various average laser powers, the laser
irradiation conditions for which are summarized in
table 3.

After laser irradiation, the surface was observed by
using a scanning electron microscope (SEM) Inspect
S50 (FEI Company). The surface roughness of samples
was measured by using a white-light interferometer
Talysurf CCI 1000 (AMETEK Taylor Hobson Ltd,
UK). The vertical resolution of the white-light inter-
ferometer was 0.01 nm, and the lateral resolution was

Figure 6. SEM images of the edge top of (a) original surface, and the laser-affected surface with: (b) 1.59 J cm−2, (c) 1.94 J cm−2,
(d) 2.29 J cm−2, and (e) 2.64 J cm−2.

Figure 7. Local three-dimensional surface topography of the edge top irradiated at different laserfluences; (a) original surface,
(b) 1.59 J cm−2, (c) 1.94 J cm−2, (d) 2.29 J cm−2, and (e) 2.64 J cm−2.
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350 nm. In addition, a laser probe profilometer MP-3
(Mitaka Kohki Co., Ltd, Japan) was used to measure
profile of notch wafer. A laser micro-Raman spectro-
meter NRS-3100 (JASCO Co., Japan) was used for
analyzing crystallinity of the surfaces. The laser wave-
length of the Raman spectrometer is 532 nm and the
beamdiameter is 1 μm.

Finally, in order to evaluate the effect of laser
recovery on material hardness change, the laser was
irradiated perpendicularly to a plane siliconwafer. The
laser irradiation conditions for a plane silicon wafer
are shown in table 4. After laser irradiation, nanoin-
dentation tests were performed for the irradiated
plane wafer by using a nanoindentation instrument
ENT-100a (Elionix Inc., Japan). A Berkovich-type dia-
mond indenter was used. Indentation loadwas set to 3,
5, 8, 10, 15, 20, and 30 mN with a loading rate of
0.5 mN s−1. The hardness of a CMP wafer was also
measured for comparison.

4. Results and discussion

4.1. Surface topography ofwafer edge top
Figure6 showsSEMimagesof the edge top surfacebefore
laser irradiation (figure 6(a)) and after laser irradiation
with different laser fluences (figures 6(b)–(e)). The
number of grindingmarks decreases by laser irradiation,
however, there are ridges which are partially smoothed
grinding marks (figure 6(b)). When the laser fluence
increased over 2.29 J cm−2, the grinding marks were
completely smoothed as shown in figures 6(c) and (d). In
order to evaluate surface topography for more detail,
three-dimensional surface topography was measured by
white light interferometry.

Figure 7 is the local three-dimensional surface
topography of the edge top after filtering by a cut-off of
λ=25 μm. The surface topography of the original
surface is shown in figure 7(a). As shown in figure 7(b),
fine grinding marks were smoothed by laser irradia-
tion at a laser fluence of 1.59 J cm−2, but surface

waviness still remained. This is because themelted sili-
con layer was extremely thin and the surface tension
effect was limited to the top surface layer only. In addi-
tion, there were some voids on the surface after laser
irradiation, indicating that the grinding-induced
cracks remained open due to the insufficient melting
of silicon. As laser fluence increased to 1.94 J cm−2, the
waviness height decreased (figure 7(c)). This was
because the thickness of melted silicon layer became
larger, and accordingly the surface tension effect was
enhanced. When the laser fluence increased to
2.29 J cm−2, the surface became flat and no voids were
seen (figure 7(d)). Due to that the thickness of themel-
ted layer was bigger than that of the grinding-induced
cracks, surface tension effect was dominant over the
entire surface. Thus, the initially rough surface became
distinctly smoother. However, when the laser fluence
reached 2.64 J cm−2, parallel grooves were observed
on the surface, which were produced by the laser scan
(figure 7(e)). Under this condition, laser ablation
occurred, causing material removal from the sur-
face [15, 16].

Figure 8 compares the surface roughness of the
original surface, laser-affected surfaces, and CMP sur-
face as a reference. Surface roughness decreased as
laser fluence increased. Surface roughness was
improved from 10.2 nmSa to 3.9 nmSa by laser irra-
diation. However, an inverse trend is observed at a
laser fluence of 2.64 J cm−2 due to the occurrence of
grooves. The surface roughness of the laser-affected
region is higher than that of the CMPwafer.

Figure 9(a) shows the three-dimensional surface
topography of a wafer edge top surface near the
boundary between the original ground region and
the laser-affected region under laser fluence of
2.29 J cm−2. Grinding marks can be clearly observed
on the ground surface. However, no grinding mark
was found on the laser-affected region. Figure 9(b) is
the local three-dimensional surface topography of the
area within the blue dashed line region in figure 9(a).
To avoid the waviness effect, the Gaussian filter was
used by a cut-off ofλ=25 μm. It can be seen that after
laser irradiation, a few sharp ridges of grinding marks
weremerged into broader smooth ridges.

4.2. Crystal structure evaluation ofwafer edge top
Figure 10 shows Raman spectra of the original
surfaces, the laser-affected surface under laser fluence
of 2.29 J cm−2, andCMP surface as a reference. The Si-
I (cubic diamond structure) peak (521 cm−1) was
observed in each spectrum [17]. The peak intensity of
the original surface at 521 cm−1 was lower than that of
the CMP surface. In contrast, the laser-affected surface
shows similar peak intensity as the CMP surface. The
Si-XII (rhombohedral structure, r8) peak (356 cm−1)
was observed in the spectra of the original surface 1
[18]. However, there was no Si-XII peak in the original
surface 2, the laser-affected surface and the CMP

Figure 8. Surface roughness of the edge top surface in three
regions: the original surface, laser-affected surface, andCMP
surface.
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surface. As shown in the spectra of the original surface
1 and 2, a part of the original surface has the Si-XII
peak. Normally, amorphous silicon (a-Si) shows a
broad peak at 470 cm−1 in a Raman spectrum [17].
However, in this study, the a-Si peak was too small to
recognize in the Raman spectrum of the original
surface in figure 10. Mapping measurement was
further performed to evaluate the surface crystallinity
formore details.

Figure 11(a) shows the surface micrograph of the
edge top surface at the boundary between the original
region and laser-affected region, where Raman map-
ping measurement points are indicated. Figure 11(b)
shows the Raman mapping result at the Si-XII peak
(356 cm−1). The Si-XII phase existed in the original
surface. However, the peak intensity of Si-XII in
the laser-affected region was remarkably lower.
Figure 11(c) shows the Raman mapping result at the

a-Si peak (470 cm−1). The a-Si phase existed in the ori-
ginal surface. In contrast, the peak intensity of a-Si in
the laser-affected region was obviously lower. From
these results, it is clear that the grinding process has
caused phase transformation of silicon from Si-I to Si-
XII and a-Si simultaneously. After laser recovery, how-
ever, both Si-XII and a-Si were transformed back to
Si-I.

As known in nanoindentation test of Si, when the
unloading rate is very fast, or the indentation load is
small, Si-I phase immediately transforms into amor-
phous phase through Si-II (metallic β-tin structure)
phase [17, 18]. On the other hand, if the unloading rate
is slow, Si-I phase transforms into Si-XII and Si-III
(body-centered cubic structure) phases [17, 18]. From
the results in figures 11(b), and (c), it is possible that
the edge grinding process has induced not only a-Si
phase, but also Si-XII phase.

Figure 11(d) shows the Raman mapping result at
the Si-I peak (521 cm−1). The intensity of Si-I in the
laser-affected region was significantly higher than that
in the original surface. From these results, it can be
concluded that grinding-induced Si-XII and a-Si, as
well as other possible phases, were completely changed
into Si-I phase by laser irradiation.

4.3. Surface topography ofwafer beveled edge
In order to compare the effect of laserfluence,figure 12
shows the local three-dimensional surface topography
of the beveled edge of the original surface (figure 12(a))
and surface after laser irradiation with different
fluences (figures 12(b) and (c)) after filtering by the
cut-off of λ=25 μm. There were no significant
changes between the original beveled edge surface
(figure 12(a)) and laser-affected surface with
0.61 J cm−2 (figure 12(b)). When laser fluence
increased to 1.58 J cm−2, it can be seen that sharp
ridges of grindingmarkswere smoothed (figure 12(c)).
The surface roughness of the beveled edge surface in

Figure 9. (a)Three-dimensional surface topography of edge top boundary between original surface region and laser-affected region
under fluence of 2.29 J cm−2. (b) Local three-dimensional surface topography at blue dashed line region in (a) after filtering by the
cut-off ofλ=25 μm.

Figure 10.Raman spectra of original surfaces, laser-affected
surface under laser fluence of 2.29 J cm−2, andCMP surface
of the edge topwafer.
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several regions: original surface, laser-affected sur-
faces, and CMP surface is presented in figure 13.
Surface roughness was improved from 8.6 nmSa to 1.6
nmSa by laser irradiation. The surface roughness of
laser-affected region with 1.58 J cm−2 achieved almost
same quality of the CMPwafer.

In comparison with surface roughness of the edge
top which was 3.9 nmSa, the surface roughness of the
beveled edge which was 1.6 nmSa was low as shown in
figures 8 and 13. There might be two reasons for the
difference in the improved surface roughness of these
two types of surface. First, the original surface rough-
ness of beveled edge was smaller than that of edge top.
If the surface roughness of the original surface is smal-
ler, the melting surface is smoothened by laser irradia-
tion. Second, the volume of melting layer on the

Figure 12. Local three-dimensional surface topography of the beveled edge irradiated at different laserfluences; (a) original surface,
(b) 0.61 J cm−2, (c) 1.58 J cm−2.

Figure 13. Surface roughness of the beveled edge surface in
three regions: the original surface, laser-affected surfaces, and
CMP surface.

Figure 11. (a) SurfacemicrographwithRamanmapping points, andRamanmapping image of (b) 356 cm−1 (Si-XII), (c) 470 cm−1

(a-Si), and (d) 521 cm−1 (Si-I).
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beveled edge was larger than that on the edge top due
to the change of laser spot area. The volume of the
melting layer affects the time of recrystallization.
Enough time of recrystallization makes top surface
smooth.

Figure 14(a) shows the three-dimensional surface
topography of beveled edge boundary between the ori-
ginal surface and laser-affected region. There were
grinding marks on the original surface while grinding
marks were smoothed on laser-affected region.
Figure 14(b) shows the local three-dimensional sur-
face topography at blue dashed line region in

figure 14(a). To separate waviness effect, Gaussian fil-
ter was used by the cut-off of λ=25 μm. After laser
irradiation, sharp ridges of grinding mark became
smooth.

4.4. Laser recovery ofwafer notch
Figure 15 shows the three-dimensional surface topo-
graphy of a wafer notch before (figure 15(a)) and after
laser irradiation (figures 15(b)–(d)). There were sig-
nificant grinding marks on the original surface.
Although the laser irradiation conditions used for the
notch was the same as those for the edge top surface,

Figure 14. (a)Three-dimensional surface topography of beveled edge boundary between original surface region and laser-affected
region under fluence of 1.58 J cm−2. (b) Local three-dimensional surface topography at blue dashed line region in (a) after filtering by
the cut-off ofλ=25 μm.

Figure 15. (a)Three-dimensional surface topography of the notch of original surface, and laser-affected surfacewith: (b) 1.59 J cm−2,
(c) 2.11 J cm−2, and (d) 2.64 J cm−2.

Figure 16. Local three-dimensional surface topography of the notch irradiated at different laserfluences; (a) original surface,
(b) 1.59 J cm−2, (c) 2.11 J cm−2, and (d) 2.64 J cm−2.
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deeper microcracks existed along the grinding marks
on the notch surface, as shown in figure 15(b). When
laser fluence increased as shown in figure 15(c), the
number of microcracks decreased. When a further
higher laser fluence 2.64 J cm−2 was used, there were
no microcracks on the notch surface (figure 15(d)).
Figure 16 is the local three-dimensional surface
topography of the notch after filtering by a cut-off of
λ=25 μm. After laser irradiation, open cracks were
observed in figure 16(b). When laser fluence increased
(figure 16(b)), the number of microcracks were
partially reduced (figure 16(c)). However, several
microcracks still remained on the notch surface.When
a further higher laser fluence of 2.64 J cm−2 was used,
microcracks completely disappeared (figure 16(d)).
Under this condition, there was a waviness perpend-
icular to the scanning direction. The waviness might
have been caused by convection of liquid silicon or
laser-induced plasma pressure during the laser irradia-
tion process.

In order to investigate the depth of microcracks,
cross-sectional profiles were measured along the laser
scanning direction in figure 16. Figure 17 shows cross-
sectional profiles of the notch surface after filtering by
a cut-off of λ=25 μm.Microcracks with depth over 1
μm was not observed in figure 17(a). In figures 17(b),
and (c), however, open microcracks with depth over 1
μm appeared. In contrast, at a high fluence of
2.64 J cm−2, the notch surface was smooth, and there
were nomicrocracks at all.

Based on the analysis of the open microcracks, the
mechanismof laser recovery ofmicrocrackswith differ-
ent laser fluences is shown in figure 18. Grinding-
induced microcracks are usually formed under the
amorphous layer [2]. Thus, it is difficult to measure the
internal microcracks from the surface. When laser flu-
ence is not high enough to recover the microcracks,
whichmeans the recrystallized depth is smaller than the
depth of themicrocracks (figure 18(a)), themicrocracks
will open after laser irradiation (figure 18(b)). By
increasing laser fluence (figure 18(c)), most of the
microcracks are recovered by laser irradiation. How-
ever, the microcrack which is deeper than the recrys-
tallized depth will remain on the surface as an open
crack (figure 18(d)). By irradiating a laser with higher
fluencewhich canmelt and recrystallize deepermaterial
than the microcracks (figure 18(e)), the microcracks
will be completely recovered (figure 18(f)).

Figure 19 is a comparison of surface roughness of a
notch surface before and after laser irradiation. The
surface roughness of a CMP surface was also shown as
a reference. Surface roughness was significantly
improved from 131.3 nmSa to 19.6 nmSa by laser irra-
diation, although the surface roughness of laser affec-
ted region is still higher than that of the CMP surface.

4.5. Effect of laser irradiation onmaterial hardness
Figure 20 shows the change of indentation depth of a
ground wafer after laser irradiation and a CMP wafer
as the reference with various indentation loads.

Figure 17.Cross-sectional profiles of notch surface along horizontally laser scanning direction irradiated at different laserfluences;
(a) original surface, (b) 1.59 J cm−2, (c) 2.11 J cm−2, and (d) 2.64 J cm−2.
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Figure 18. Schematic diagramofmicrocracks recovery by laser irradiation.

Figure 19. Surface roughness of the notch surface in three
regions: original surface, laser-affected surface, andCMP
surface. Figure 20. Indentation depth of plane siliconwafers.
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Indentation depth ranges from 110 nm to 380 nmwith
the increase of indentation load. Figure 21 shows the
calculated indentation hardness of the two types of
wafers. Indentation hardness shows a difference
between the laser-affected wafer and the CMPwafer in
the small load range (3−10 mN). In case of the high
load range (>15 mN), however, the difference of
indentation hardness is insignificant.

Indentation hardness of a thin film is affected by
the substrate [19]. In this study, it is assumed that the
laser recovered layer is as with a thin film on the bulk
silicon substrate. As known from the previous
research [12], the laser recrystallized depth was
653 nm at an energy density of 1.59 J cm−2. The differ-
ence of hardness is significant when indentation depth
becomes smaller. At a higher load, the difference
becomes insignificant due to the increasing effect of
the bulk region.

The melting and recrystallizing process by laser
irradiation lead to migration of dopant in the irra-
diated region. The segregation coefficient kp, which
describes the relation between the concentration of
impurity atoms in the growing crystal and that of the
melt, is defined by:

= ( )k
C

C
6p

l

s

where Cs is dopant concentration in the solid phase
silicon, and Cl is that in the liquid phase silicon.
Generally, the segregation coefficient kp in equilibrium
condition for boron in silicon is 0.8 [20]. In case of
rapid solidification after nanosecond pulsed laser
irradiation, however, the segregation coefficient kp
becomes 1.25 [20]. In a supercooling state due to rapid
solidification, liquid-liquid phase transition (LLPT)
occurs from the metallic bonding composing high-
density liquid to the covalent bonding making low-
density liquid [21]. The low-density liquid with the
covalent bondingmakes boron atomsdifficult tomove
from the interface to the surface. Thus, the dopant
concentration becomes minimum at the top surface

layer [12, 22, 23]. It is known that the indentation
hardness of lightly doped silicon is higher than that of
heavily doped silicon wafer [24], thus it is presumable
that the difference of indentation hardness was caused
by the decrease of dopant concentration at top surface
layer due to laser irradiation.

The increase of surface hardness of wafer edge and
notch is beneficial because it will enhance themechan-
ical strength of a wafer, thus the resistance to mechan-
ical wear and impacts will be improved. This will helps
to prevent both wafer breakage and particle con-
tamination duringwafer handling.

5. Conclusions

Nanosecond pulsed laser irradiation was performed
for the edge and notch of a boron-doped single-crystal
silicon wafer after diamond grinding. The main
findings include:

1. The surface roughness of wafer edge top was
improved from 10.2 nmSa to 3.9 nmSa by laser
irradiation. In addition, grinding-induced Si-XII
and a-Si phases were completely recrystallized
into Si-I phase by using laser irradiation.

2. Laser was irradiated on the beveled edge surface at
different angles of incident. The surface rough-
ness of beveled edge was improved to 1.6 nmSa by
irradiatingwith laserfluence of 1.58 J cm−2.

3. By laser irradiation with sufficiently high laser
fluence, the grinding-induced internal micro-
cracks in the wafer notch were completely elimi-
nated. The surface roughness of the notch was
improved from 131.3 nmSa to 19.6 nmSa by laser
irradiation.

4. The indentation hardness of laser irradiated
siliconwafer was higher than that of a CMPwafer.
The difference of hardness was caused by the
decrease in dopant concentration at the top
surface layer due to laser irradiation. Surface
hardening improves the mechanical strength of a
wafer.

The findings from this study will contribute to the
manufacturing of high-quality silicon wafers. Future
work includes optimizing laser fluence and beam
shape for rapid processing of an entire wafer having
complicated shaped surfaces.
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