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Femtosecond Laser-Induced Ripple Structures
in Semiconductor Materials
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Femtosecond laser-induced ripple structures were fabricated on semiconductor materials such as
silicon and silicon carbide. While a coarse ripple was observed on both materials under the proper
irradiation conditions, a fine ripple was observed only on the silicon carbide. The cross-sectional
profile of ripple structure was examined by scanning electron microscopy with sliced or tilted sam-
ples. Based on the experimental observations, the formation mechanism of the ripple structure was

discussed.
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1. Introduction

Laser-induced ripples which have a variety of potential
applications have been extensively studied in recent years.
The ripples structure can be used for reducing the friction
between materials and for fabricating nanogratings [1].

Ripple structures were first reported in 1965 by Birn-
baum [2], and it was experimentally shown that the mean
spacing of the ripple is approximately the same as the
wavelength of normally incident laser beam. The formation
of so-called “coarse ripples”, which has the period nearly
the same as that of the normally incident laser beam, was
explained by the interference between the incident laser
beam and the surface scattered wave [3-7]. However, the
ripples whose mean spacing is several times smaller than
the laser wavelength are reported very recently [8, 9].
These ripples are called “fine ripple” and cannot be ex-
plained by the classical interference model. Thus, the for-
mation mechanism of ripple is the subject of a keen discus-
sion [10-13].

This paper reports the irradiation condition dependence
of ripple structures on high quality silicon and 4H-SiC sub-
strates. We also report the cross-sectional profile of the
ripple structure to discuss the possible formation mecha-
nisms of the laser-induced ripples.

2. Experiment

A Ti: Sapphire regenerative amplifier based on a chirped
pulse amplification (CPA) system operating at 800 nm
(Spectra-Physics, Spitfire) with the typical repetition rate of
1 kHz was used as a light source. The laser beam was fo-
cused onto the sample by a plano-convex lens (=100 mm),
and the fluence of laser beam was attenuated by a variable
neutral density filter. The laser pulse energy was monitored
by a energymeter (OPHIR, LaserStar with PD10 / PE10). A
polarization beam splitter was used to keep the polarization
of laser beam horizontally. Prior to laser irradiation, the
sample surface was cleaned with methanol and rinsed with
distilled water. The samples used in this experiment were a
single crystal silicon with (100) face (Mitsubishi Materials
corp., impurities: Boron, resistivity: 6.0 (Qcm)) and a n-
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type single crystal 4H-SiC (Sterling Semiconductor Inc.
resistivity: 0.05 (QQcm)). The laser-irradiated surface was
scrutinized by the scanning electron microscopy (SEM).

3. Results

3.1 Coarse ripple structures on silicon

The SEM image of ripple structures on the silicon sur-
face was shown in Fig. 1. The pulse energy of incident la-
ser beam was 0.7pJ/pulse and 200 pulses were irradiated on
the same spot with the pulse interval of 5 ms. Under this
irradiation condition, a ripple structure was observed in a
whole region of an ablated spot [14, 15]. Although we ex-
amined the ripple formation for wide range of fluences and
total number of pulses, we found only one type of ripple
structure, i.e. so called a coarse ripple. This observation is
in agreement with the previous reports [16, 17]. Since the
band gap energy of silicon and the photon energy of inci-
dent laser beam is 1.11 eV and 1.55 eV, respectively [18],
the photon energy of incident laser beam exceeds the band
gap of silicon. It was experimentally observed that the only
the coarse ripple was found on the excitation above the
band gap [19].

It is widely accepted that the coarse ripple has the pe-
riod which is approximately similar to the wavelength of

x2000 20 ¢ m

Fig. 1 SEM image of ripple structure on silicon. The
pulse energy of incident laser beam was 0.7 pJ/pulse. 200
pulses were irradiated with a pulse interval of Sms.
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incident laser beam [2-7]. However, to our knowledge, only
few papers reported the detailed analysis and discussion of
the deviation of the period of ripples from the wavelength
of incident laser beam [13]. We applied the two-
dimensional Fourier transform method (2D-FT) in order to
precisely evaluate the period of ripples. The period of the
ripple which is evaluated by 2D-FT was approximately 600
nm. This is slightly but distinctly smaller than the wave-
length of the incident laser beam.

According to the classical interference model for ripple
formation, the period of ripple can be given as follows [6]:

— 1)
1£sind
Here, A is the period of ripple, Ais the wavelength of in-
cident laser beam, and @ is the incident angle. Under the
present experimental condition, the experimental parame-
ters are given as follows;
A =800 (nm) and @ =0 (degree),
thus, the calculated period of ripple was 800 nm. This value
is not in good agreement with the experimentally observed
period of ripple. This small deviation is often reported, and
usually explained by the inclination of incident angle due
to tilting of surface by a laser ablated crater [13]. However,
the detailed analysis of the cross-sectional profiles of ripple
is needed to clarify the effect of crater.
We thus observed the cross-sectional profile of ripple on
the silicon surface.

3.2 Cross-sectional image of the ripple on Si

To discuss the cross-sectional profile of ripple on sili-
con, the irradiated sample was cut perpendicularly across
the center of ripple by a focused ion beam (FIB). Fig. 2
shows the SEM image of the crosssection. The SEM image
was captured with the tilted angle of 10°. It is found that
the surface of ripple is nearly flat and shows no sign of
crater formation due to laser ablation under this irradiation
condition. Thus, we conclude that the laser was irradiated
perpendicularly (€ =0) to the silicon surface within an
experimental error.

If we assume that the observed period of ripple is ex-
plained by the classical interference model i.e. eq. (1), the
value of & should be around 20°. But, this is not the case.
Although, this is not enough for excluding the possibility of

Fig. 2 Cross-sectional SEM image of ripple structures
on silicon.

142

Fig. 3 SEM image of laser-induced periodic structures
on 4H-SiC. The laser fluence at the center of a beam
spot was 3.1 J/em”. The inset shows a magnified image.
Fine and coarse ripples are observed at the peripheral
and central regions, respectively. The arrow represents
the direction of the electric field of the laser beam.

classical interference model for explaining coarse ripple
formation, it is worth noting whether the model can fully
explain the formation of coarse ripple. In the Section 4, we
will further discuss the formation of the coarse ripple.

3.3 Fine and coarse ripple structures on 4H-SiC

The SEM image of ripple structures on the irradiation
of femtosecond laser pulse on 4H-SiC was shown in Fig. 3.
In this figure, the direction of the electric field of incident
laser beam was shown by a white arrow, and the magnified
image was shown in the inset. On the whole area, we can
find clear ripple structures which can be classified into two
types. The ripple found on the central region is a coarse
ripple which has a periodicity close to the wavelength of
the incident laser beam, and the ripple on the peripheral
region is a fine ripple whose periodicity is much smaller
than that of the wavelength of the incident laser beam.
Since the band gap energy of 4H-SiC and the photon en-
ergy of incident laser beam is 3.27 eV and 1.55 eV, respec-
tively [18], the photon energy of incident laser beam is
lower than the band gap of 4H-SiC. It is experimentally
revealed that both the coarse and fine ripples were found on
the excitation below the band gap [19]. It is noteworthy
that these ripple structures have the clear boundary the size
of which depends on laser fluence. The periods of ripples
evaluated from the two-dimensional Fourier transformation
was about 500 nm and about 250 nm for coarse and fine
ripple, respectively.

3.4 Pulse interval dependence of ripple formation

For the industrial application of ripples especially for
high-speed processing, the information about pulse interval
dependence of the ripple formation is necessary. To our
knowledge, however, pulse interval dependence of ripple
formation has not been investigated systematically. The
threshold of each ripple was evaluated from the pulse flu-
ence dependence of the diameter of each ripple [20, 21]. In
this section, we will discuss the threshold of fine and
coarse ripples.

An “incubation effect” is known to reduce the ablation
(modification) threshold on multiple laser pulse irradiation.
In general, the storage cycle of thermal stress—strain energy
induced by a laser pulse has been regarded as the source of
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Fig. 4 Semilog plots of laser power dependence of squared
radius of observed ripples. The squared radius for fine and
coarse ripples is plotted as filled triangles and circles, re-
spectively. The straight line represents the fitting results

using eq. (1).

the incubation effect [22]. However, it is also possible that
the heat accumulation plays a significant role in this
incubation effect. Therefore we, first, make sure if there
exists such an incubation effect. Second, we have to reveal
the origin of this incubation effect if it really exists. Thus,
we measured the repetition rate dependence of threshold
fluence for both the fine and coarse ripples. The threshold
fluence was determined by measuring the pulse energy
dependence of the radius of the ripple structure. Here, we
define r, and r, as the radius of fine and coarse ripple areas,
respectively. Strictly speaking, the shape of laser-irradiated
spots is elliptic as shown in Figs. 3. This reflects the
slightly distorted intensity distribution of the output of the
laser beam. For simplicity, the diameter was measured
along the horizontal axis, which will give about 1.3 times
larger than calculated ones. In Fig. 4, 1,2 and 1,° for the
repetition rates of 50 Hz [Fig. 4(a)] and 1 kHz [Fig. 4(b)]
are plotted as a function of a logarithm of pulse energy. The
values of r,”> and r,,” are plotted as filled triangles and filled
circles, respectively. For the Gaussian beam profiles, the
laser pulse energy (P) dependence of the squared radius (1)
of an ablated spot can be expressed by the following func-
tion: [23, 24]

r*=p*(nP-InP,). (1)
By fitting the experimental data to eq. (1), we can evaluate
the threshold-pulse energy (Py,) and the spatial radius at the
1/e intensity contour (p) of the laser beam. The relationship
between laser fluence at the center of the beam spot (Fp)
and pulse energy is given by

Pulse Interval Ripple |p(um) Pth(uJ) Fth(J/cm2)
Ims fine 12.5 1.3 0.27
coarse 12.2 2.6 0.56
20 ms fine 15.1 3.7 0.51
coase 13.9 7.8 1.28

Table I: The radii of irradiated laser beams (p), threshold-pulse
energy (Pth), and threshold fluence (Fth) are shown for each irra-
diation condition. Both p and Pth are obtained by fitting experimen-
tal data to eq. (1), and Fth is calculated using obtained p and Pth.

F :Lz. 2)
P

Using this relationship, the threshold-pulse energy Py, can
be converted to threshold fluence. As shown in Fig. 4, the
experimentally obtained pulse energy dependences of
squared radius are fitted satisfactorily to eq. (1), and p and
Py, were obtained from the fitting. In this fitting procedure,
the data point of the coarse ripple at 5 pJ for 50 Hz irradia-
tion was excluded, because the boundary between the fine
and coarse ripple was not so clear. The obtained parameters
and threshold fluences calculated using eq. (2) for each
ripple are shown in Table I. The obtained spatial radius at
the 1/e intensity contour is almost identical to each other
under each irradiation condition within an experimental
error of about 1 um. For both irradiation conditions, the
threshold fluence for the coarse ripple is twice as large as
that for the fine ripple. We have examined the ratio of the
threshold of the fine to the coarse ripple with different
pulse number from 10 to 200, then, we found that the ratio
of the threshold of the fine to the coarse ripple was about 2
for all the observed pulse number. On the contrary, the
pulse intervals affect significantly the threshold of both
ripples.

3.5 Cross-sectional image of the ripple on 4H-SiC

To discuss the cross-sectional profile of ripples on 4H-
SiC, we inspected the laser-irradiated surface by tilting the
sample. The SEM image taken with a tilt angle of 45 de-
grees was shown in Fig. 5 (a). The ablation crater was
clearly formed with the depth of several micrometers. The
coarse ripple was observed on the bottom of the crater, and
spreads on the flat bottom of the crater. On the other hand,
the fine ripple is located on the slope of the ablated crater,
while the portion of it in the peripheral region extends to
the non-ablated surface. The magnified image of the fine
ripple was shown in Fig. 5 (b). This image shows that the
continuity of the fine ripple, in other words, length of each
ripple changed from the central to the peripheral regions.
The continuity of fine ripple is higher at the edge while the
length of ripple is shorter in the central region of fine ripple.
The continuity of the fine ripple changes abruptly, and the
boundary between them corresponding to the shoulder of
the slope. This implies that the inclination of the surface
may disturb the regular development of the ripple, in other
words, gentle ablation is the requirement for producing
highly ordered ripples.

4. Discussion
Here we will discuss the possible formation mecha-
nism of laser-induced ripples on the basis of our experi-
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Fig. 5 SEM images of ripple structures on 4H-SiC.
The irradiation condition was 3 pl/pulse and 200
pulses irradiation with the pulse interval of 50 ms.
SEM images were taken tilted at 45° to the sample
normal (backward position at the right and forward
position at the left) (a), and in order to emphasize the
depth profile of ablated crater, at the right angle (b).

mental results. We found that the coarse ripple on silicon
was fabricated on the initial flat surface and the equation
of ripple period based on the classical interference model
may not satisfactory explain the experimental results. J.
Bonse et. al. systematically studied the periodicity of
coarse ripple in InP [13]. The s and p polarization compo-
nents have different dependences on the angle of incidence,
and the mixture of these two polarization can cause the
lower shift of the ripple periods. Thus, they pointed out
that the deviation of coarse ripple period from the wave-
length of incident laser beam is caused by the mixing of s
and p polarization due to the focusing and the inclination
of incident angle due to ablation crater. The latter possibil-
ity was negligible in Section 3.2 at least in our case. We
are still wondering if the mixing of polarizations can quan-
titatively explain the period of coarse ripple. Alternatively,
we suggest that the detailed analysis and theoretical dis-
cussion of the built-up process of ripples is needed to
achieve the full understanding of ripple period. At present,
it is difficult to present clearly the formation mechanisms
of both the coarse and fine ripples.

The results on 4H-SiC where two types of distinct rip-
ples are formed at different fluence regimes cannot be ex-
plained only by considering the interference model pro-
posed by Sipe’s group. Additional factors such as the re-
fractive index change [10] and/or the second harmonic
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generation [13] should also be taken into consideration.
However, even after taking these factors into account, the
abrupt change in the two types of ripples cannot be ac-
counted for. This is because these phenomena occur as a
continuous function of laser fluence in a single material
phase. Therefore, we suppose that the phase transforma-
tion during laser irradiation plays an important role. The
results in Section 3.4 indicates that the threshold of ripple
formation affected by the pulse intervals which is in the
order of millisecond. The most likely physical process that
persists on the time domain of millisecond is the tempera-
ture rise of the sample. Thus, we conclude that the sample
temperature plays an important role in the formation of
ripples. We also measured Raman spectra for the fine and
coarse ripples, which will be reported in a separate paper
[25]. The results indicate that the areas of both ripples con-
sist of amorphous SiC, amorphous silicon, and amorphous
carbon. But the ratio of Raman peak intensity of amor-
phous SiC to that of amorphous silicon is changed abruptly
at the interface between the fine and coarse ripples. The
fact that both fine and coarse ripples show the same
chemical composition in the Raman spectra with the dif-
ferent intensity ratios implies that the degree of migration
of atoms is different between both ripples. And it suggests
the possibility of explaining the formation of ripples by a
single physical model. From these results, we speculate
that the material phase during ripple formation is different
between fine and coarse ripples. Apparently, further inves-
tigation is needed to clarify the formation of fine and
coarse ripples.

5. Conclusion

Laser-induced ripple structures are fabricated on the
semiconductors such as silicon and silicon carbide. On sili-
con, the ripple with the mean spacing of around 600 nm
was observed by the SEM. The cross-sectional profile of
the ripple on silicon was investigated by cutting the sub-
strate by a focused ion beam. It was found that the ripple
structure was on the flat surface of silicon, and no crater
was observed. It is not clear whether the classical interfer-
ence model can fully explain the period of ripple. The rip-
ple structures were also produced on the 4H-SiC single
crystal. We found that the fine and coarse ripples are sepa-
rated abruptly depending on the laser fluence. These results
suggest that the material phase during and just after the
laser irradiation should be different between the area of the
fine and coarse ripple. At this point, we suggest that the
integrated investigation of the formation of fine and coarse
ripple is needed to fully understand the mechanism of the
ripple formation.
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