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To investigate the effects of pulse accumulation in femtosecond laser processing, we developed
an in-situ observation system by incorporating an optical window into a scanning electron microscope
(SEM). This enabled in-situ, pulse-by-pulse monitoring of evolution of laser-induced periodic surface
structures (LIPSS) on single-crystal silicon (Si) and silicon carbide (SiC) under identical irradiation
conditions. On Si, LIPSS initially appeared with a period comparable to the laser wavelength and
progressively increased in both period and groove width with successive pulses, indicating a positive
feedback mechanism. In contrast, SiC exhibited stable LIPSS with a constant period of 160-200 nm
throughout the irradiation. Additionally, focused ion beam (FIB) pretreatment on Si surfaces enhanced
local electric fields, resulting in groove widening and preferential LIPSS formation near the modified
regions. These findings support the hypothesis that initial surface morphology plays a critical role in
modulating ablation dynamics through local field enhancement.
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tical samples for repeated experiments. These challenges un-

Femtosecond laser-induced surface ablation has gar-
nered significant attention due to its relevance in both fun-
damental studies and a range of industrial applications.
Among various laser-material interaction phenomena, the
formation of nanostructures—particularly laser-induced pe-
riodic surface structures (LIPSS)—has attracted considera-
ble interest because of their potential in surface micro- and
nanofabrication [1-7]. In this study, we detail the experi-
mental setup and analyze the pulse-accumulated progression
of surface ablation induced by femtosecond laser irradiation.

Understanding the mechanisms underlying laser ablation
requires consideration of two primary aspects. First, single-
pulse ablation dynamics can be examined using time-re-
solved imaging techniques [8-11]. Second, the cumulative
effects of sequential laser pulses significantly influence
LIPSS formation through either positive or negative feed-
back processes. While single-pulse dynamics have been ex-
tensively studied, investigations into pulse-by-pulse struc-
tural evolution remain relatively limited.

LIPSS typically range from tens to hundreds of nanome-
ters, which exceeds the resolution limits of conventional op-
tical microscopy. In contrast, scanning electron microscopy
(SEM) offers sufficient spatial resolution to visualize these
fine structures. However, acquiring SEM images after each
individual pulse poses substantial technical challenges.
Moreover, the inherently non-reproducible nature of laser
ablation introduces variability even under nominally identi-
cal conditions. This variability stems from the high sensitiv-
ity of laser-material interactions to initial surface conditions
[12], making it nearly impossible to prepare perfectly iden-

173

derscore the need for high-resolution techniques capable of
monitoring the pulse-by-pulse evolution of surface struc-
tures.

To overcome these limitations, we developed an in-situ
observation system by integrating an optical window into an
SEM, enabling femtosecond laser irradiation to be con-
ducted directly within the sample chamber. This system al-
lowed real-time tracking of ablation dynamics by alternating
between laser exposure and SEM imaging without reposi-
tioning the sample. In this study, we present the technical
details of this system and investigate the ablation behavior
of silicon (Si) and silicon carbide (SiC) single crystals under
identical irradiation conditions.

2. Experimental

The femtosecond laser source used in this study was a
Ti:sapphire regenerative amplifier (Spectra-Physics, Sol-
stice) based on a chirped pulse amplification (CPA) system,
operating at a central wavelength of 800 nm. It produced
pulses with a duration of 130 fs at a repetition rate of 1 kHz.
A schematic of the experimental setup is shown in Figure 1.

The laser beam was initially directed through a half-
wave plate, a mechanical shutter, and a polarizing beam
splitter (PBS). The laser fluence was adjusted by rotating the
half-wave plate to control the transmission ratio through the
PBS. The beam was then focused onto the sample surface
using a plano-convex lens with a focal length of 400 mm,
passing through a custom-designed optical window inte-
grated into the SEM chamber (see Fig. 1).
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Fig.1 An optical window was installed into the Tiny-SEM
chamber to enable the introduction of femtosecond laser
pulses. Tilting the sample stage by 30° resulted in a laser inci-
dence anale of 60° with respect to the surface normal.

The samples used in this experiment were single-crystal
silicon (Si (100)) and silicon carbide. The substrate used in
this study is an n-type 4H-SiC wafer doped with nitrogen,
with a doping concentration of 1 x 10> cm™. The surface
orientation is 4° off-axis from the (0001) basal plane toward
the <11-20> crystallographic direction. The laser fluence
was determined using the Liu’s method [13], yielding
1.44 J/cm? for Si, 1.65 J/cm? for SiC and 1.16 J/cm? for the
FIB-marked Si. In this study, the spot size was not measured
directly using a CMOS or CCD camera. Instead, the spot ra-
dius was estimated using Liu’s method, based on the radius
of the ablation crater produced by 1000 pulse irradiation at
each location. A plano-convex lens with a focal length of
400 mm was used to focus the femtosecond laser onto the
sample surface.

The spot radii estimated using this method were 39.7 pm
for the Si substrate, 46.0 um for the SiC substrate, and 39.3
pm for the FIB-marked Si region. An example of Liu’s
method result for Si is shown in Figure 2. The same method
was applied to SiC and the FIB-marked Si as well.

Although direct optical beam profiling was not con-
ducted, the laser beam was assumed to exhibit a Gaussian
spatial profile based on the specifications and typical perfor-
mance characteristics of the laser system used.

Each sample was mounted at a tilt angle of 30° with re-
spect to the incident beam. In this study, the laser was inci-
dent at an angle of 60° with respect to the sample surface
normal, with the polarization set to s-polarization. When sil-
icon surfaces are irradiated with multiple pulses of 800 nm,
100 fs laser light, the ablation threshold fluence is reported
to be Fin = 0.2 J/cm? [14] or Fy = 0.12 J/cm? [15] under nor-
mal incidence. In the present study, however, material mod-
ification was observed only at fluences exceeding these
threshold values. Under such oblique incidence and polari-
zation conditions, the electric field component of the laser
becomes parallel to the surface, reducing the absorption ef-
ficiency. As a result, a higher fluence is required to induce
ablation. A similar trend has been reported for metals, where
the ablation threshold increases by approximately a factor of
two under s-polarized oblique incidence [16]. The elevated
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Fig.2 Plot of the squared radius of ablation craters formed on
the Si substrate after 1000-pulse irradiation as a function of the
natural logarithm of the laser fluence (In E). A linear fit based
on the Liu’s method was applied to estimate the laser spot size
and the ablation threshold fluence.
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Fig.4 Top-view of the periodic arrangement of FIB marks on
a silicon substrate. Each rectangular mark has a length of 6 pm,
width of 1 pum, and depth of 1pum, and they are spaced at 50 pm
intervals. This layout was designed to study the influence of la-
ser irradiation at various positions relative to the beam center.
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Fig.5 Magnified schematic of the laser irradiation spot. A
femtosecond laser beam (indicated in red) is irradiated over an
area that includes multiple FIB marks (in yellow) in its periph-
eral region. The study focuses on processing behavior in re-
gions where the laser fluence is below the ablation threshold.

Laser irradiation range

thresholds observed for Si and SiC in this study are consid-
ered to arise from the same physical mechanism. A Tiny-
SEM (model 1710, TECHNEX) was used for imaging, and
the chamber vacuum was maintained at 3 x 102Pa. SEM
observations were performed using a tabletop SEM operated
at a relatively low accelerating voltage of approximately 13
kV. Under these conditions, no charging artifacts were ob-
served during imaging, and conductive coating was not re-
quired.

Laser irradiation was performed in separate shots. One
laser shot contained 125 pulses, controlled by setting the me-
chanical shutter to remain open for 1/8 of a second. The total
accumulated number of pulses was 1000 for Si and 6000 for
SiC. SEM images were obtained after each shot to observe
the progression of surface modifications.

To analyze the periodicity of the LIPSS, fast Fourier
transform (FFT) analysis was applied to the SEM images.
The FFT decomposed the spatial frequency components and
quantified their amplitude intensities. The LIPSS period was
calculated as the inverse of the dominant spatial frequency.
However, due to spectral noise, it was often difficult to di-
rectly extract accurate periodicities from the FFT spectra. To
address this, moment analysis was employed to compute the
weighted average of the spatial frequency distribution, and
the mean LIPSS period was then obtained as the inverse of
the spectral center of gravity.

To investigate whether LIPSS can form under laser flu-
ence conditions below the ablation threshold, we performed
a localized surface modification on single-crystalline silicon
samples using a focused ion beam (FIB) system. As illus-
trated in Figure 3, rectangular marks with dimensions of 1
um (width) x 6 um (length) x 1 um (depth) were fabricated
on the surface. These marks were aligned linearly with a
spacing of 50 um, as shown in Figure 4.
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After the FIB marking, the sample was irradiated with
femtosecond laser pulses under sub-threshold fluence con-
ditions—that is, below the ablation or clear surface modifi-
cation threshold for unstructured Si. The laser spot was
aligned so that the peripheral region of each irradiated area
overlapped on the FIB marks (Figure 5). The purpose of this
configuration was to evaluate whether localized electric
field enhancement around the FIB-induced marks could fa-
cilitate LIPSS formation even under fluence conditions in-
sufficient to induce structural change on a flat surface.

3. Results and discussion

Silicon (Si) and silicon carbide (SiC) were selected as
target materials for this study. Si was chosen due to its wide-
spread industrial application and the availability of extensive
research data on LIPSS formation. SiC was selected for its
growing relevance in power electronics, as well as its high
durability, thermal conductivity, and superior capacity to
form finer periodic structures compared to Si.

Figure 6 shows in-situ SEM images of the Si surface af-
ter femtosecond laser irradiation. The experiments shown in
Figures 6 and 9 were conducted using Si and SiC samples
that were not subjected to FIB processing. The in-situ ap-
proach enabled consistent imaging of the same location after
each laser pulse sequence, allowing detailed observation of
gradual structural changes, including groove widening prior

A

250 puls

Fig.6 In-situ SEM images of Si irradiated with a femtosecond
laser at a fluence of 1.44 J/cm?, recorded every 125 pulses.
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Fig.7 FFT spectra obtained from SEM images of the Si
surface irradiated with 125 to 1000 laser pulses, showing
changes in the periodic peaks corresponding to LIPSS for-
mation.

(a) FFT spectra for 125 to 500 pulses.

(b) FFT spectra for 625 to 1000 pulses.
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Fig.8 The effects of accumulated laser pulses on LIPSS on Si
surface: FFT analysis of in-situ SEM images irradiated with a
laser fluence of 1.44 J/cm?, conducted every 125 pulses up to
1000 pulses, along with corresponding moment analysis re-
sults.

to the appearance of well-defined LIPSS. At O pulses, the
surface appeared smooth and undamaged. After 125 pulses,
periodic structures began to emerge, and after 250 pulses,
groove widening was clearly visible. To quantitatively eval-
uate the evolution of LIPSS, FFT was applied to SEM im-
ages obtained under different pulse number conditions. Fig-
ure 7 presents the FFT spectra for Si corresponding to pulse
counts ranging from 125 to 1000. To highlight the periodic
features associated with LIPSS, low-frequency components
not related to the structures were removed from the spectra.

In several cases, the main spectral peak was unclear,
making direct peak identification unreliable for determining
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the LIPSS period. To address this, a first-order moment anal-
ysis was performed on the spatial frequency distribution de-
rived from each FFT spectrum. The centroid frequency cal-
culated from the first-order moment was used to determine
the average period of the LIPSS. Furthermore, the variance
derived from the second-order moment was used as a meas-
ure of dispersion and represented as error bars.

The mathematical definitions of the first and second-or-
der moments used in this study are as follows:

M, = Mi [E x I(E)dE, (1)
M, Miof(E — M,)? x I(E)dE, )

where Mg is the total integrated intensity, E is the spatial fre-
quency, I(E) is the spectral intensity at frequency E, M is
the centroid frequency, and M is the variance. This moment-
based approach enabled reliable quantification of the LIPSS
period, even in spectra with substantial noise. The results for
the Si samples are summarized in Figure 8. It should be
noted that the calculated values reflect the spread of the spa-
tial frequency distribution within the observed region and do
not represent the average or variance of the LIPSS period

Fig.9 In-situ SEM imaging of SiC irradiated with a laser flu-
ence of 1.65 J/cm?, captured at intervals of every 125 pulses.
Linear structures began to develop after 125 pulses as shown
by the white arrowhead.
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Fig.10 FFT spectra obtained from SEM images of the SiC
surface irradiated with 125 to 1000 laser pulses, showing
changes in the periodic peaks corresponding to LIPSS for-
mation.

(a) FFT spectra for 125 to 500 pulses.

(b) FFT spectra for 625 to 1000 pulses.
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Fig.11 The dependence of accumulated laser pulses on LIPSS
on SiC surface: FFT analysis of in-situ SEM images of SiC ir-
radiated with a laser fluence of 1.65 J/cm?, acquired every 125
pulses from 0 to 1000 pulses, along with corresponding mo-
ment analysis results.

across different surface locations. The results indicate that
the LIPSS period on Si increases with pulse accumulation.
Figure 9 displays an in-situ SEM image of the SiC sur-
face after laser shots. The pristine surface (0 pulses) was
smooth, and linear structures began to appear after 125
pulses as indicate by the white arrowhead. After 250 pulses,
these evolved into more complex, branched structures. As
with the Si sample, FFT and moment analyses were per-
formed, and the results are shown in Figures 10 and 11. In
contrast to Si, the period of LIPSS on SiC remained nearly
constant throughout irradiation, indicating higher structural
stability and lower sensitivity to cumulative pulse effects.
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The comparison of SEM images of Si and SiC reveals
distinct differences in groove width evolution. In Si, groove
width increases significantly with the number of laser pulses,
whereas in SiC, it remains nearly constant. The groove wid-
ening observed in Si is likely attributable to the enhancement
of local electric fields resulting from repeated irradiation of
preexisting LIPSS. In the present in-situ observation system,
multiple laser pulses irradiate the same location, which
means that the initial surface structure influences the local
electric field distribution during subsequent pulses. The pre-
formed LIPSS are presumed to concentrate the electric field
locally, thereby triggering a positive feedback mechanism.
Under s-polarized light, surface plasmon polariton (SPP) ex-
citation is suppressed [17], and thus the interference between
scattered light and surface roughness dominates the for-
mation of LIPSS. As the surface structure evolves with in-
creasing pulse number, enhanced scattering and optical in-
terference promote the development of longer-period fea-
tures, leading to a gradual increase in LIPSS periodicity on
Si.

In contrast, the LIPSS period on SiC remains nearly con-
stant. This stability is attributed to the high thermal conduc-
tivity and strong resistance to oxidation and heat in SiC,
which together suppress changes in both structural and opti-
cal properties during irradiation. Furthermore, the semi-
transparency of SiC allows partial laser energy transmission
into the bulk, thereby reducing surface absorption. These
characteristics inhibit the formation of a positive feedback
loop, resulting in more stable surface patterns with con-
sistent periodicity.

In general, LIPSS tend to form in a direction perpendic-
ular to the electric field vector of the incident laser polariza-
tion, which is s-polarized in this study. However, as seen in
Figures. 6, 9, and 12, the orientation of the LIPSS grooves
appears slightly tilted from the expected direction in some
cases. This tilt may be due to a minor misalignment in the
optical setup used in the experiment. Since precise spatial
overlap of the femtosecond laser beam and the SEM electron
beam was required, high-precision adjustment of the optical
components was necessary. Slight angular deviations or me-
chanical strain in elements such as mirrors or beam splitters
may have caused the polarization plane to rotate slightly
from its intended orientation. Consequently, the actual direc-
tion of the electric field at the sample surface may have de-
viated slightly, resulting in the observed tilt of the LIPSS
grooves.

The classification of the LIPSS observed in this study
was based on their spatial period. In general, LIPSS are cat-
egorized as low-spatial-frequency LIPSS (LSFL) when their
period is approximately equal to or greater than the laser
wavelength (L), and as high-spatial-frequency LIPSS
(HSFL) when their period is shorter than A/2. In this study,
the laser wavelength used was 800 nm. The LIPSS formed
on the Si substrate exhibited a period of approximately
800 nm, and were therefore classified as LSFL. In contrast,
the LIPSS formed on the SiC substrate had a period of ap-
proximately 200 nm, and were classified as HSFL.

To examine whether LIPSS can form under laser fluence
conditions below the ablation threshold, localized marks
were fabricated on the silicon surface using a focused ion
beam (FIB), as illustrated in Figure 3. Each FIB mark meas-
ured 1 yum in width, 6 um in length, and 1 um in depth. These
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Fig.12 SEM images near the FIB marks before (0 pulse) and
after laser irradiation (125, 250 pulses). Laser irradiation was
performed near the FIB marks so that they were irradiated below
the processing threshold. The laser fluence was set to 1.16 J/cm?.
The left images show wide-area SEM views, while the right im-
ages are magnified views around the FIB mark. This result was
obtained from the experiment performed on the Si sample.

marks were arrayed at intervals of 50 um, as shown in Figure
4. The laser was irradiated so that only the peripheral region
of a laser spot, i.e., the sub-threshold region (below the pro-
cessing threshold) overlapped on the FIB marks (Figure 5).
Since local enhancements in electric field around the FIB
marks may facilitate material modification even under sub-
threshold conditions, this possibility was systematically in-
vestigated. As shown in Figure 12, the FIB marks were
clearly visible before laser irradiation. In the peripheral re-
gion of the laser spot, morphological changes were observed
only around the FIB marks (125 pulses, 250 pulses). The FIB
marks showed an increase in the groove width along the la-
ser polarization direction, and an increase in the groove
length along the laser propagation direction. This observa-
tion suggests that the FIB pre-treatment locally enhanced the
electric field, thereby intensifying the interaction between
the laser and the substrate. Moreover, at the location indi-
cated by yellow arrow in Figure 9, periodic structures be-
came evident after 125 pulses. These structures persisted
even after 250 pulses and were observed only around FIB
marks. This result indicates that the FIB marks likely acted
as nucleation sites for LIPSS formation. In this study, the
formation process of LIPSS was elucidated through in-situ
SEM observation of the surface immediately after laser irra-
diation. Notably, Kodama et al. [18] demonstrated that the
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position and shape of LIPSS can be controlled by ultrapre-
cision cutting, supporting the importance of surface structure
in LIPSS formation.

In Fig. 7, the electric field enhancement around the FIB
mark after 125-pulse irradiation is discussed with reference
to the study by Shimizu et al. [19]. In their work, FDTD sim-
ulations showed that elliptical nanovoids with a length of
~200 nm and depth of 25-50 nm produces local electric field
enhancement up to a factor of 5 at the tips aligned perpen-
dicular to the laser polarization. In this study, the FIB marks
were significantly larger (1 um wide, 6 um long, and 1 pm
deep) and therefore had much lower curvature overall. As
such, strong field concentration like that reported in [19] is
not expected across the entire structure. However, nanoscale
steps or roughness may remain at the edges of the FIB marks
due to the milling process, potentially acting as localized
field enhancers. As shown in Fig. 7, LIPSS formed preferen-
tially in the vicinity of the FIB mark under 125-pulse irradi-
ation. Since the formation of LIPSS generally requires local-
ized enhancement of the electric field, this selective for-
mation is considered indirect experimental evidence of field
enhancement caused by the FIB-marked structure.

The above observation aligns with findings by Miyaji et
al. [20], who demonstrated that nanostructure formation on
submicron-striped surfaces—such as diamond-like carbon
(DLC) and titanium nitride (TiN) films—can be initiated at
points of high surface curvature, even at fluences below the
single-pulse ablation threshold. In their study, periodic struc-
tures appeared first at the ridge tops in DLC and later ex-
panded to flat regions, highlighting the critical role of initial
topography in lowering the effective ablation threshold.
Similarly, in conductive TiN films, high free-electron den-
sity caused localized field enhancement at the stripe edges.
Consistent with these results, our study shows that even min-
imal surface modification by FIB can promote laser—mate-
rial interaction via electric field enhancement, leading to
groove widening and LIPSS formation in adjacent areas.

These findings reinforce the concept that local surface
geometry strongly affects both the initiation and spatial dis-
tribution of LIPSS. Intentional introduction of surface
scratches or patterns could therefore serve as a viable strat-
egy for controlling the onset and characteristics of periodic
structure formation.

4. Conclusion

In this study, we investigated the relationship between
accumulated femtosecond laser pulses and the resulting pe-
riodic structures formed on Si and SiC surfaces. To enable
in-situ observation of morphological changes, an in-situ ob-
servation system was developed by integrating an optical
window into a SEM. This system allowed pulse-by-pulse
monitoring of LIPSS evolution under identical irradiation
conditions.

SEM observations revealed distinct differences between
the two materials. On Si, periodic structures initially ap-
peared as elliptical features and progressively expanded with
increasing pulse number, suggesting the involvement of a
positive feedback mechanism driven by local electric field
enhancement. In contrast, SiC exhibited linear LIPSS that
remained morphologically stable and evolved into branched
patterns, with little dependence on the number of accumu-
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lated pulses. This difference is attributed to the intrinsic ther-
mal and optical properties of SiC, which suppress feedback-
driven structural evolution.

Moreover, FIB pretreatment on Si surfaces led to the for-
mation of periodic structures, indicating that surface mor-
phology plays a key role in enhancing local electric fields
and promoting LIPSS formation. These results suggest that
controlled surface modifications—such as intentional
scratches or nano-patterning—could serve as a strategy for
initiating or guiding periodic structure formation in laser
processing applications.
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