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Keiichiro Niitsu a, Jiwang Yan b,* 

a School of Integrated Design Engineering, Graduate School of Science and Technology, Keio University, Hiyoshi 3-14-1, Kohoku-ku, Yokohama, 223-8522, Japan 
b Department of Mechanical Engineering, Faculty of Science and Technology, Keio University, Hiyoshi 3-14-1, Kohoku-ku, Yokohama, 223-8522, Japan   

A R T I C L E  I N F O   

Keywords: 
single-crystal silicon 
Laser recovery 
Nanodot structure 
Subsurface damage 
Latent defect 

A B S T R A C T   

A nanosecond pulsed Nd:YVO4 laser was irradiated on a boron-doped single-crystal silicon wafer after rough and 
fine grinding processes to recover the grinding-induced subsurface damages. The surface topography of samples 
was investigated by using a white-light interferometer, a scanning electron microscope, and an atomic force 
microscope; while the crystallinity was analyzed by a laser micro-Raman spectrometer. It was found that surface 
nanostructures were generated by the Mullins-Sekerka instability, which remained on the surface under recoil 
pressure and surface tension. The rough grinding-induced deep subsurface damages influenced the interface 
instability between liquid and solid silicon during recrystallization process. By increasing pulse width and 
decreasing laser peak irradiance, the subsurface damage was recovered and a flat surface with surface roughness 
of ~1 nm Sa was obtained. This study reveals important correlations among grinding-induced latent subsurface 
defects, laser peak irradiance and nanoscale surface topography formation in laser recovery, which contributes to 
high quality silicon wafer manufacturing.   

1. Introduction 

Single-crystal silicon is an indispensable material in the semi
conductor industry. Silicon wafers are produced from a single-crystal 
silicon ingot through a series of processes such as slicing, flatting, 
etching, grinding, and polishing [1]. These mechanical processes 
induced subsurface damages, which include amorphous layers, dislo
cations, and microcracks [2–7]. To eliminate the subsurface damages, 
chemo-mechanical polishing (CMP) is generally performed after fine 
grinding. However, in the wafer manufacturing process, CMP is a 
time-consuming bottleneck and has poor controllability. In order to 
solve this problem, innovative approaches are being explored. 

In our previous research, a nanosecond pulsed laser irradiation was 
proposed to recover the subsurface damages which were generated by 
ultraprecision diamond cutting and fine grinding of single-crystal silicon 
wafers [8–12]. This process, called laser recovery, involves selectively 
melting and recrystallizing of the subsurface damaged material. A 
single-crystal structure is recreated due to epitaxial growth from the 
undamaged bulk. Furthermore, laser recovery technology can reduce 
the surface roughness by flatting grinding marks due to surface tension 
effect during melting. The laser recovery process is clean without 

pollution and waste emission. It will not cause material loss. Further
more, the laser recovery process is fast. It is expected that by using a high 
power laser with a line beam scanning system, a 300 mm-diameter sil
icon wafer can be processed within a few minutes, which is faster than 
the conventional CMP processes. Though laser recovery is anticipated to 
be a new surface processing method, the recovery characteristics of deep 
subsurface damages caused by rough grinding, which is normally per
formed before fine grinding, is still unclear. 

On the other hand, in order to apply laser recovery to silicon wafer 
fabrication, nanoscale surface smoothness is required. However, it has 
been reported that nanostructures will be generated on silicon materials 
by femtosecond laser [13–22], picosecond laser [23–27], and nano
second laser [28–33]. A well-known phenomenon is the formation of 
laser-induced periodic surface structure (LIPSS). In general, there are 
two types of LIPSS according to the periods of ripples. Low spatial fre
quency LIPSS (LSFL) whose period closes to the laser wavelength is 
generated by surface plasomon polaritons (SPPs) [17–19]; high spatial 
frequency LIPSS (HSFL) has a smaller period than a half of laser wave
length. The formation mechanism of HSFL have been proposed such as 
self-organization [21,22] and second harmonic generation [16], etc., 
although the HSFL generation mechanism is still under investigation. 
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Nanosecond laser also induced nanostructures such as LIPSS by SPPs 
[32], and dot structures [28–31]. The formation of such nanodot 
structures on a Si surface was in situ confirmed by using a 
pulsed-laser-equipped high-voltage electron microscope [31]. However, 
all the previous researches on laser-induced nanostructures of silicon 
have been performed by using pristine silicon wafers with 
chemo-mechanically polished surface, or thin film silicon; whereas the 
nanostructure formation on a grinded, especially rough-grinded, wafer 
with subsurface damage has not been studied yet. 

The purpose of this study is to clarify the mechanism of surface 
nanostructure generation on a grinding-damaged silicon wafer with 
nanosecond pulsed laser irradiation. In particular, the effect of rough 
grinding-induced latent subsurface damages on interference instability 
between the liquid and solid silicon during recrystallization process will 
be investigated. This study will contribute to controlling and optimizing 
nanometer scale surface integrity of single-crystal silicon wafers in laser 
processing. 

2. Process mechanisms 

2.1. Laser recovery mechanism 

Fig. 1 shows a schematic diagram of laser recovery mechanism of 
grinding-induced subsurface damages in a single-crystal silicon wafer. In 
general, rough grinding induces deep microcracks and stacking faults, 
whereas fine grinding causes subsurface damages such as amorphous 
silicon layers, dislocations, and shallow microcracks (Fig. 1(a)). Some
times, the deep latent damages caused by rough grinding cannot be 
completely removed even after the subsequent fine grinding and thus 
remain in the wafer. During pulsed laser irradiation, a melted layer 
expands from top to bottom (Fig. 1(b)). When the melted layer is not 
deep enough, the rough grinding-induced subsurface damages will 
remain and affect the solid/liquid interface during resolidification. As a 
result, epitaxial growth becomes unstable. On the other hand, when the 
melted layer is deeper than the latent subsurface damages, the solid/ 
liquid interface will reach the defect-free bulk. Therefore, stable 
epitaxial growth begins and a damage-free single-crystal structure is 
obtained. 

2.2. Surface nanostructure formation mechanism 

In the step of Fig. 1(b), due to the temperature profile of solid/liquid 
interface, protrusions will grow with Mullins-Sekerka instability, as 
schematically shown in Fig. 2. Liquid silicon near the interface is in a 
supercooling state [34]. Fig. 2(b) shows liquid/solid interface of silicon 
and isotherms of temperature. A part of the interface is slightly protu
berated due to fluctuations, as shown in Fig. 2(c). The protrusion com
presses the isotherms locally from flat interface. This local large 
temperature gradient makes an easy latent heat flow away from the 
interface. As a result, the growth of the protrusion is promoted drasti
cally in comparison with the growth of flat interface. While the pro
trusion becomes more pronounced, surface tension due to the 

Gibbs-Thomson effect makes the protrusion a round shape as shown in 
Fig. 2(d). This instability on the interface is known as the 
Mullins-Sekerka instability [35]. The protrusion appears on the top 
surface as nanostructures through the repetitive growth and rounding 
process. 

2.3. Laser fluence and peak irradiance 

The temperature profile at liquid-solid interface and subsequent 
nanostructure formation are dependent on laser fluence and peak irra
diance. Fig. 3 shows a Gaussian pulse train of laser irradiation. Pulse 
energy E is calculated by the following equation: 

E¼
Pave

f
(1)  

where Pave is the average laser power and f is the repetition frequency. 
Then, laser fluence F with respect to radius of beam spot b is 

F¼
E

πb2 (2) 

The laser fluence includes pulse width effect. Thus, in order to 
separate pulse width effect, laser peak irradiance is calculated in this 
study. P(t) is assumed pulse profile, then pulse energy E is calculated by 
the following equation: 
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where P0 is peak power, t is time, t0 is mean, and σ is standard deviation. 
Standard deviation σ is defined by: 

σ¼ τ
2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
p (4)  

where τ is pulse width. 
As shown in Fig. 4, in case of the laser having a Gaussian distribution, 

irradiance I(r) is defined by: 
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�

� 2
r2
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�

(5)  

where I0 is peak irradiance, and r is distance from the laser beam center. 
Peak power P0 is calculated by volume integration of I(r): 
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Thus, peak irradiance I0 is defined by: 

I0¼
2

πb2P0 ¼
2

πb2

E
σ
ffiffiffiffiffi
2π
p (7)  

3. Experimental procedures 

Boron-doped Pþþ single-crystal silicon wafers whose resistivity was 
0.004–0.007 Ω⋅cm were used as specimen. The silicon wafers were 
prepared by two grinding processes using cup-shape grinding wheels: 
rough grinding with coarse diamond abrasive grains (grain size 5–10 
μm) and fine grinding with diamond abrasive grains whose grain size 
was ~2 μm. 

The laser used in the experiments was a Nd:YVO4 laser Super Pulse 
532–30 (Suzhou Inngu Laser Co., LTD, China), which had a wavelength 
of 532 nm. Laser irradiation was performed with a galvanometer mirror 
system in air. The beam diameter was 85 μm with a Gaussian distribu
tion of energy density. The polarization of the beam was circular by 
using a quarter-wave plate to isolate returned laser. Pulse widths of 16, 

Fig. 1. Schematic diagram of laser recovery mechanism of grinding-induced 
surbsurface damages in a single-crystal silicon wafer. 
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26, and 38 ns were chosen for laser irradiation at a repetition frequency 
of 60, 100, and 150 kHz, respectively. To keep pulses overlap, the laser 
scanning speed was set to 51.0, 85.0, and 127.5 mm/s, according to 
repetition frequencies 60, 100, and 150 kHz at a scan pitch of 13.3 μm. 
In order to evaluate the effect of pulse width, not only laser fluence but 
also peak irradiance was used as parameters. The laser irradiation 
conditions are summarized in Table 1. 

After laser irradiation, the surface topography of samples was 
measured by using a white-light interferometer Talysurf CCI 1000 
(AMETEK Taylor Hobson Ltd., UK), a scanning electron microscope 
(SEM) Inspect S50 (FEI Company, USA), and an atomic force microscope 
(AFM) AFM5100 N (Hitachi High-Technologies Co., Japan). Crystal
linity of the sample was analyzed by a laser micro-Raman spectrometer 
NRS-3100 (JASCO Co., Japan). The laser wavelength of the Raman 
spectrometer was 532 nm and the beam diameter was 1 μm. 

In order to observe the subsurface damages of the grinded wafer, 

KOH solution etching was carried out. The concentration of the KOH 
solution was 1.0 mol/L (5.4%) and the temperature of the solution was 
kept 60 �C with a heater. The sample was fixed on a jig vertically and a 
half of the sample was immersed into the KOH solution. In this way, a 
step was obtained at the boundary of KOH solution surface, from which 
the etching depth was measured. The measured etching depth mainly 
results from the grinding-induced amorphous layer and the dislocated/ 
cracked crystalline layer beneath the amorphous layer. The etching rate 
of the undamaged single-crystal bulk is distinctly lower, thus its 
contribution to etching depth can be neglected. The etching time was set 
to 200 s. Depth of etching was measured by using a laser probe profil
ometer MP-3 (Mitaka Kohki Co., Ltd., Japan). 

4. Results and discussion 

4.1. Effect of pulse width and peak irradiance 

Fig. 5 shows three-dimensional surface topographies at different 
laser peak irradiances with a pulse width of 36 ns The topography of the 
original surface before laser irradiation is shown in Fig. 5(a). There were 
grinding marks on the surface. When the laser peak irradiance was 1.31 
� 107 W/cm2, the surface was slightly rougher than the original surface 
(Fig. 5(b)). As shown in Fig. 5(c), grinding marks were smoothed by 
laser irradiation at a laser peak irradiance of 2.61 � 107 W/cm2, while 
surface waviness still remained. Under this condition, the melted silicon 

Fig. 2. (a) Temperature profile of solid/liquid interface, where Tm is melting point of single-crystal silicon. (b–d) Schematic diagrams of protrusion growing with 
Mullins-Sekerka instability, where the dashed lines are isotherms of temperature (T1 > T2 > T3 > T4). 

Fig. 3. Gaussian pulse train of laser irradiations.  

Fig. 4. Beam profile diagram with a Gaussian distribution.  

Table 1 
Laser irradiation conditions.  

Pulse width (ns) 16 26 38 

Repetition frequency (kHz) 60 100 150 
Average power (W) 0.90–5.40 1.50–9.00 2.25–13.50 
Laser fluence (J/cm2) 0.26–1.59 
Peak irradiance ( � 107 W/cm2) 8.81–52.84 5.42–32.52 1.31–7.84 
Scanning speed (mm/s) 51.0 85.0 127.5  
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layer was extremely thin, thus the surface tension effect was insufficient 
to flatten the waviness. As laser peak irradiance increased to 5.23 � 107 

W/cm2, the surface became flat (Fig. 5(d)). In this case, the thickness of 
melted silicon layer was large enough to enhance the surface tension 
effect. When the laser peak irradiance increased to 6.54 � 107 W/cm2, 
the surface became rough again (Fig. 5(e)). When the laser peak irra
diance reached 7.84 � 107 W/cm2, parallel grooves were observed on 
the surface as shown in Fig. 5(f), which were produced by the laser scan. 

Even though the same laser fluence was used, the surface roughness 
changed with pulse widths. Fig. 6 shows a replot of surface roughness 
versus laser peak irradiance and pulse widths. In case of 38 ns pulse 
width, the surface roughness at peak irradiance of 1.31 � 107 W/cm2 

was worse than that of original surface. Generally, microcracks are 
generated under the amorphous layer in grinding. It is difficult to 
measure the internal microcracks from the surface. During laser irradi
ation at a low peak irradiation, thermal expansion made the internal 
microcracks open rather than melting the material layer. The open 
cracks are measurable, leading to an increased surface roughness. By 
increasing laser peak irradiance to induce melting, the surface roughness 
decreased. The microcracks completely disappeared at a higher peak 

irradiance which could melt and recrystallize the material deeply. 
However, when the laser peak irradiance is over 7.84 � 107 W/cm2, the 
surface roughness increased sharply again. Under this condition, the 
parallel grooves roughened the surface. By decreasing pulse width, the 
surface roughness graph shifted to the right. Furthermore, the surface 
roughness was reduced by using a longer pulse width. The minimum 
surface roughness, Sa ¼ 1.1 nm, was found at a peak irradiance ranging 
from 3.92 � 107 to 5.23 � 107 W/cm2 at a pulse width of 38 ns 

Fig. 7 shows SEM images of silicon wafer surfaces before laser irra
diation and after laser irradiation with different laser peak irradiance at 
a pulse width of 38 ns As shown in Fig. 7(a), grinding-induced scratches 
and debris were observed on the original surface. At a low peak irradi
ance of 1.31 � 107 W/cm2 (Fig. 7(b)), scratches remained and there is no 
significant change from the original surface. As the peak irradiance in
creases to 2.61 � 107 W/cm2 (Fig. 7(c)), grinding-induced scratches 
disappeared and nanodot structures were observed. By increasing peak 
irradiance to 6.54 � 107 W/cm2, not only nanodot structures but also 
ripple lines structures, which were clearly different from grinding- 
induced scratches, were generated, as shown in Fig. 7(e). The period 
of the ripples was approximately 532 nm which was the same as the laser 
wavelength. This ripple is called low-spatial-frequency LIPSS (LSFL) 
generated by surface electromagnetic wave which includes surface 
plasmon polaritons. Although the circular polarization was used for 
irradiation, LSFL was observed. By using a further higher laser peak 
irradiance of 7.84 � 107 W/cm2, longer ripple line structures formed 
(Fig. 7(f)). Particle generation was also observed. These particles would 
be scattered by laser irradiation and reattached to the surface during 
recrystallizing process [9]. Thus, evaporation of material occurred 
during laser irradiation. 

In order to measure the surface topography in detail, the original 
surface and laser irradiated surface at a peak irradiance of 5.23 � 107 

W/cm2 and pulse width of 38 ns were scanned by AFM as shown in 
Fig. 8. The surface profiles measured along lines 1–3 in Fig. 8(a) and (b) 
are shown in Fig. 8 (c)–(e), respectively. The arrows denote the di
rections of measurement. The height of grinding-induced ridges 
decreased from 30 to 50 nm–~10 nm by laser irradiation as shown in 
Fig. 8(c) and (d). The width of a nanodot was approximately 150 nm and 
the height was about 8 nm. 

4.2. Effect of laser scan repetition 

Fig. 9 shows SEM images of laser irradiated silicon surfaces at a pulse 

Fig. 5. Three-dimensional surface topographies at different laser peak irradiances with a pulse width of 36 ns; (a) original surface, (b) 1.31 � 107 W/cm2, (c) 2.61 �
107 W/cm2, (d) 5.23 � 107 W/cm2, (e) 6.54 � 107 W/cm2, and (f) 7.84 � 107 W/cm2. 

Fig. 6. Surface roughness of the irradiated silicon wafers at various laser peak 
irradiances and pulse widths. 
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width of 38 ns and a laser peak irradiance of 5.23 � 107 W/cm2 with 
different number of laser scanning repetitions. As shown in Fig. 9(a), 
grinding marks vanished in laser-affected region. The surface became 
flat after laser irradiation. By increasing the number of scan repetitions, 

crisscross lines in different directions from the grinding marks appeared. 
The crisscross lines became more apparent when the scan number 
increased. High-magnification SEM micrographs of the laser irradiated 
surfaces are shown in Fig. 10. As the number of laser scan repetition 

Fig. 7. SEM images of silicon wafer samples: (a) original surface by grinding; laser-irradiated surface at (b) 1.31 � 107 W/cm2, (c) 2.61 � 107 W/cm2, (d) 5.23 � 107 

W/cm2, (e) 6.54 � 107 W/cm2, and (f) 7.84 � 107 W/cm2. 

Fig. 8. AFM images of silicon wafer surfaces: (a) before laser irradiation; (b) after laser irradiation at peak irradiance of 5.23 � 107 W/cm2 and pulse width of 38 ns; 
(c)–(e): surface profiles measured along lines 1–3 in (a) and (b). 
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increased, the number and the size of nanodots increased. Region A 
indicated in Fig. 10(c) correspond to a part of a crisscross line. It was 
observed that the nanodots in region A were larger than those in other 
areas, and were integrated with each other. 

In order to measure the height of nanodots, AFM mapping was per
formed. As shown in Fig. 11(a), nanodots with various sizes existed on 
the surface. While the height of the smaller nanodots was less than 10 
nm, that of larger ones were approximately 50 nm. When the number of 
scan repetitions increased, the number and the height of big nanodots 
increased. As shown in Fig. 11 (c) and (f), many nanodots were aggre
gated to each other. 

Fig. 12 shows normalized Raman spectra and full width at half 
maximum (FWHM) of the Raman peaks. The single-crystal silicon peak 
at 521 cm� 1 [36] was observed for each spectrum while no obvious 
amorphous silicon peak at 470 cm� 1 [36] was found. Normally, grinding 
produces an amorphous layer. However, the amorphous layer can be 
extremely thin (~a few nanometers) so that it is difficult to be detected 
by Raman spectroscopy [37]. In general, Raman peak shift shows re
sidual stress [36,38–40] and FWHM shows crystallinity of a material 
[41–43]. At the original surface, the single-crystal silicon peak was 
shifted to 521.5 cm� 1, indicating residual compressive stress caused by 
grinding process [4,5]. After a single laser irradiation, the single-crystal 
silicon peak was returned to 521 cm� 1, the same as that of CMP. How
ever, as increasing the number of scan repetitions to 10, the peak moved 
to a lower frequency, showing a tensile residual stress remained on the 
irradiated surface. The average FWHMs for ten measurements were 
compared in Fig. 12(b). It was confirmed that the FWHM of the grinded 
surface was wider than that of the CMP surface, indicating low crys
tallinity due to dislocations. After laser irradiation, however, the FWHM 
was improved to the same level as that of CMP. 

Fig. 13 shows a micrograph of the laser irradiated surface indicated 

with a Raman mapping region. The surface was irradiated at a pulse 
width of 38 ns and a laser peak irradiance of 5.23 � 107 W/cm2. Fig. 13 
(b) shows Raman mapping images of peak intensity at the single-crystal 
silicon peak at 521 cm� 1. Fig. 13(c) shows the Raman mapping result of 
the FWHM of the single-crystal silicon peak. Although there were slight 
differences in peak intensity, the entire surface was single-crystal sili
con. The crystallinity was almost uniform. 

Fig. 14 shows the schematic diagrams of nanodots aggregation 
mechanism by multiple laser irradiations. After the first laser irradia
tion, a nanodot structure is generated as shown in Fig. 14(a). When the 
second laser irradiation is performed, the surface is melted (Fig. 14(b)), 
but the nanodot structures remain on the top of surface due to the 
combination of recoil pressure and surface tension effect. The recoil 
pressure keeps nanodot structure for 10 ns even there is surface tension 
in melting silicon [17]. Meanwhile, new protrusions are generated due 
to the Mullins-Sekerka instability during recrystallization (Fig. 14(c)). 
As a result of concurrence of previously generated nanodots and the 
newly generated ones, the nanodot structure increased on the top sur
face (Fig. 14(d)). As previously reported, smaller surface dots can be 
incorporated into larger ones due to Ostwald ripening [31,44]. If laser 
repetition increases, the number of nanodots increases and the proba
bility of nanodots aggregation also increases. As a result, larger nanodot 
structures are created. 

After laser recovery, the CMP process is required to remove the 
nanodot structures from the surface. However, the polishing allowance 
of nanodots is distinctly smaller than that of grinding-induced deep 
damages. Thus, the total wafer processing time will not increase 
dramatically due to the nanodots removal. 

Fig. 9. SEM images of laser irradiated surface at a pulse width of 38 ns and a laser peak irradiance of 5.23 � 107 W/cm2 with different number of repetitions: (a) 1, 
(b) 5, and (c) 10. 

Fig. 10. High-magnification SEM images of the laser irradiated surfaces shwon in Fig. 9(a–c).  
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4.3. Effect of subsurface defects 

One of the possible reasons for the crisscross lines in Fig. 9(c) might 
be the subsurface damages generated by the grinding process. Next, 
KOH etching was performed to investigate the cause of the crisscross line 
formation. Fig. 15 shows SEM images of silicon surface before and after 
KOH etching. After KOH etching, latent lines distinctly different from 

the grinding marks emerged on the surface. These latent lines were 
similar to the crisscross lines in Fig. 9(c). To measure the height differ
ence between grinding marks and latent lines, the etched silicon wafer 
was measured by a white light interferometer. A two-dimensional sur
face topography of the etched surface is shown in Fig. 16. The latent 
lines were processed deeper than the grinding marks by KOH etching. As 
dislocations and amorphous layers have higher etching rates than single- 
crystal silicon, it is presumable that the grinding damages were not 
completely melted during laser irradiation, which affected the recrys
tallization. Therefore, the latent lines appeared after laser irradiation. It 
should be pointed out that the directions of the deep latent lines were 
completely different from that of the grinding marks on the top surface. 
The crisscross latent lines might have been generated in the previous 
rough grinding process, rather than the fine finish grinding. For flat
tening a wafer after wire sawing, simultaneous double-side grinding or 
single-side grinding by using cup wheels with coarse grain abrasives are 
performed [1]. These rough grinding processes generate crisscross 
grinding marks on the wafer surfaces [45,46]. In Fig. 16, the crisscross 
latent lines are presumably the deep subsurface damages caused by the 
rough grinding process before the fine grinding. 

Fig. 11. AFM images of the laser irradiated surfaces shown in Fig. 10 (a–c).  

Fig. 12. (a) Normalized Raman spectra and (b) FWHM of spectra of CMP wafer, 
original surface, and laser-irradiated surface. 

Fig. 13. (a) Surface micrograph indicated with a Raman mapping region; Raman mapping images of (b) peak intensity, and (c) FWHM at 521 cm� 1.  
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Fig. 17 shows a cross-sectional profile of the boundary between the 
original surface region and etched region. To eliminate noise in surface 
profiling, a low pass filter was used at a cut-off of λ ¼ 80 μm. The average 
etched depth in three measurements was 459 � 16 nm, which is roughly 
estimated as the subsurface damage depth. 

To verify these results, laser irradiation at a higher peak irradiance 
was performed to melt a deeper layer. Fig. 18 shows SEM images of the 
laser irradiated surface at a pulse width of 38 ns and a laser peak irra
diance of 6.54 � 107 W/cm2. In this case, even when the number of laser 
scan repetitions was increased, the crisscross lines shown in Fig. 9 did 
not appear. The laser has melted a deep layer reaching the damage-free 

bulk, and all the damages could be recovered. 
Based on the aforementioned results, the laser recovery mechanisms 

at different laser peak irradiances are proposed as follows. In the sub
surface layer of a grinded wafer, latent damages such as dislocations and 
stacking fault generated in the rough grinding process are present 
although they cannot be seen from the top surface. During laser irradi
ation, when the laser peak irradiance is low, the melting layer does not 
reach the damage-free bulk. As a result, there will be a defected region 
grown from the latent damages after laser irradiation. This region causes 
interfacial instability, and surface protrusions is more likely to occur in 
this region than the bulk region. As a result, nanodots occur intensively 
on the top surface. On the other hand, when the laser peak irradiance is 
high, the latent damage layer is completely melted. The damage-free 
region acts as the seed for crystal regrowth. As a result, the nanodot 
structure on the top surface is reduced. The difference of nanodot 

Fig. 14. Schematic diagrams of nanodots aggregation mechanism by laser irradiation.  

Fig. 15. SEM image of silicon surface before and after KOH etching.  

Fig. 16. Two-dimensional surface topography of silicon surface after 
KOH etching. 

Fig. 17. Cross-sectional profile of the boundary between etched and unetched 
surface regions. 
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structure formation due to subsurface damages was acceptable evidence 
that Mullins-Sekerka instability generates protrusions. 

It should be pointed out that in this study, the Raman spectra were 
detected from a thick surface layer due to that the penetration depth of a 
532 nm-wavelength laser into single-crystal silicon is ~1 μm [37]. As a 
future task, the crystallinity of the surface layer up to a depth of tens of 
nanometers will be further evaluated in detail by higher resolution 
characterization methods to investigate its applicability to electronic 
devise fabrication. 

5. Conclusions 

A nanosecond pulsed Nd:YVO4 laser was irradiated on a boron-doped 
single-crystal silicon wafer after rough and fine diamond grinding pro
cesses, and the surface nanostructure generation mechanism was 
investigated. The main findings include:  

(1) The minimum surface roughness (1.1 nm Sa) was obtained at a 
peak irradiance ranging from 3.92 � 107 to 5.23 � 107 W/cm2 

and with a pulse width of 38 ns  
(2) As the number of laser scan repetition increased, the number and 

size of nanodots increased, and a tensile residual stress was 
induced in the surface.  

(3) Subsurface damages caused by rough grinding with cup wheels 
and coarse abrasive grains existed at a depth of ~459 nm. These 
subsurface damages affected nanodot structure formation on the 
surface and appeared on the surface as crisscross lines after 
multiple laser scan.  

(4) Surface nanodot structures can be controlled by peak irradiance 
and pulse width.  

(5) By using a sufficiently high laser peak irradiance (6.54 � 107 W/ 
cm2) and a suitable pulse width (38 ns), the laser melted layer 
reached the damage-free bulk. After the laser pulse, the entire 
subsurface damage layer could be recovered with insignificant 
surface nanodot generation. 

The findings from this research will contribute to the laser processing 
of silicon wafers for reducing both deep subsurface damage and surface 
roughness. The laser recovery technology is especially useful as it can be 
applied to the finishing of curved surfaces such as wafer edges and 
notches, and other workpiece such as infrared lenses made of silicon. 
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