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Abstract: The control of laser-induced periodic ripple microstructures on 4H-SiC crystal 
surface is studied using temporally delayed collinear three femtosecond laser pulse trains 
linearly polarized in different directions. The ripple orientation appears to develop 
independent of the individual laser polarizations and exhibits non-monotonical change with 
variable time delays, whose variation tendency is also affected by the polarization intersection 
angles. Remarkably, the ripple period is observed to transfer from high- to low-spatial-
frequency regions, accompanied by distinctly improved morphological uniformity and 
clearness. The results are satisfactorily interpreted based on a physical model of the surface 
wave excitation on a transient index metasurface, which is confirmed by further experiments. 
Our investigations indicate that transient noneqilibrium dynamics of the material surface 
provides an effective way to manipulate the laser-induced microstructures. 
© 2017 Optical Society of America 

OCIS codes: (140.3390) Laser materials processing; (320.7120) Ultrafast phenomena; (310.6628) Subwavelength 
structures, nanostructures. 
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1. Introduction 
Laser-induced periodic surface structures, also so-called ripples, are recognized as a universal 
phenomenon of the laser-solid interactions ever since the first report by Birnbaum [1], and 
have gained remarkable attention because of both basic research interests and wide potential 
applications [2–4]. Compared with continuous and long-pulsed laser irradiations, the ripple 
structures induced by femtosecond laser pulses can have periods significantly smaller than the 
laser wavelength, which have been independently evidenced on many kinds of materials, such 
as metals, dielectric and semiconductors [5–8]. In most cases, the ripple formation is oriented 
perpendicular to the laser polarization [9,10]. Although different models have been proposed 
to describe the underlying mechanisms, including the scattering surface electromagnetic 
waves [11], the excitation of surface-plasmon polaritons [12–14], surface wave induced by 
parametric decay process [15], second-harmonic generation [16], and self-organization [17], 
the essential physics are not entirely clear and are still controversial. 

Under single beam irradiation conditions, extensive efforts have devoted to manipulate the 
ripple structures through varying the incident femtosecond laser parameters (such as the 
central wavelength, the energy fluence, the number of pulses, and the polarization state) [18–
21], but the ability to adjust seems to be restricted because the ripple formation processes are 
essentially predominated by the transient optical properties of the irradiated materials, 
particularly for dielectrics and semiconductors. In order to take advantage of the material 
dynamic response, several studies have recently investigated the ripple formation by applying 
temporally delayed femtosecond double pulses with either cross or parallel polarizations [22–
29], in which both the rippled surface area and the structure periodicity were observed to 
decrease with increasing inter-pulse time delays; moreover, on titanium surface the induced 
ripple orientation was found slantwise relative to the incident both laser polarizations [30]. In 
spite of these results, the control of ripple quality still remains a challenge, the physical 
interpretations are mostly related to the temporal evolution of the carrier density, and the 
physical influence of the spatially distributed transient dielectric permittivity is of little 
concern. 

In this study, we introduce a novel experimental method by irradiating semiconductor 4H-
SiC crystal with sequences of three collinear femtosecond laser pulses of different linear 
polarizations to comprehensively elucidate the underlying mechanisms of the periodic ripple 
formation. By varying their time delays, the induced ripple orientation begins to change in a 
specific range, depending on the time delay between the first and the second laser pulses; 
whereas the ripple period can be switched from Λ = 0.18 λ into a region of Λ = 0.63~0.87 λ (Λ 
is the ripple period, λ is the laser wavelength) especially with well-defined profiles, just as 
with metal surfaces. A physical model based on the femtosecond laser interaction with the 
transient index metasurface is proposed, which gives additional insights into the 
nonequilibrium dynamic material changes during the ripple formation. The validity of our 
theory is not only confirmed by the satisfactory explanations of the observations, but also 
supported by the further experimental results with alternative intersection angles of three laser 
polarizations. 

2. Experimental 
A schematic diagram of the experimental setup is shown in Fig. 1. A commercial chirped 
pulse amplification of Ti: sapphire laser system (Spectra Physics HP-Spitfire 50) was 
employed as a light source, which delivers horizontally polarized laser pulse trains at 1 kHz 
repetition rate with the central wavelength of λ = 800 nm. The time duration and the 
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maximum energy of the laser pulse are 50 fs and 2 mJ, respectively. In the experiment, each 
laser pulse output from the amplifier was divided into three near-energy sub-pulses (P1, P2 
and P3) through two beam splitters (BS1 and BS2), and the optical delay lines were adopted in 
the beam paths of P2 and P3 to respectively cause a time delay of Δt = 0-60 ps, thus making 
three laser pulses arrive onto a sample surface by temporal sequence. Moreover, two half-
wave plates were inserted in the aforementioned two beam paths to alter their laser 
polarizations, whereas the linear polarization of the laser beam P2 is always kept along the 
horizontal direction. After this, the three femtosecond laser beams of different linear 
polarizations were spatially superposed into collinear propagation and then focused in air at 
normal incidence onto the sample surface through a microscope objective lens (4 × , N. A = 
0.1). The sample, a single-face polished crystal of 4H-SiC (001) with a thickness of 1mm and 
the surface roughness of 5 nm, was mounted on a three-axis (xyz) translation stage (NewPort 
UTM301 PPE1) and placed ~300 μm before the focus, which leads to a Gaussian laser spot 
diameter (1/e intensity) of approximate 60 μm on the surface. The selection of SiC 
semiconductor single crystal is motivated by its unique physical properties and potential 
applications in high temperature electronic devices. The experiments were performed by a 
line-scribing method, in which the sample was translated at a speed of 0.1 mm/s, resulting in 
600 laser pulses partially overlapped within one beam spot area. Before and after the 
experiments, the sample surface was ultrasonically cleaned in acetone solution. The surface 
morphologies were observed with scanning electron microscopy (SEM) and atomic force 
microscopy (AFM). In order to gain a clear understanding of the experimental details, several 
key parameters should be here defined: θ1 represents an angle between directions of the 
electric fields of the laser beams P1 and P2, θ2 for the angle between directions of the electric 
fields of the laser beams P3 and P2, Δt1 for the time delay between the laser beams P1 and P2, 
and Δt2 for the time delay between the laser beams P2 and P3. 

 

Fig. 1. Schematic diagram of the experimental setup. Abbreviation: BS1, BS2, BS3 and BS4: 
beam splitter; fs: femtosecond; E1, E2 and E3: electric fields of the laser beams P1, P2 and P3, 
respectively; τ: pulse width; λ: center wavelength of the laser; L: microscope objective lens. An 
inset diagram illustrates the relationships among the linear polarizations of three laser beams 
P1, P2 and P3. 

3. Results and discussions 
First, the morphological changes of the sample surface irradiated by the three isolated 
individual sub-pulse femtosecond laser beams were experimentally investigated, where the 
peak fluence of each laser beam is 0.24 J/cm2 and the intersection angles among their linear 
polarizations are θ1 = θ2 = 30°, and the results are shown in Figs. 2(a)-2(c). In all cases the 
typical high-spatial-frequency (HSF) ripple structures are observed to form with an identical 
period of approximately Λ = 150 nm; whereas their spatial orientations are much more 
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different but respectively perpendicular to the direction of the corresponding laser 
polarization due to surface plasmon excitation. In particular, such kinds of HSF ripple 
structures seem to be cut into short lengths and present a semi-periodic distribution, which is 
very similar to the previous reports [31, 32]. 

 

Fig. 2. (a)-(c) SEM images of the HSF ripple structures formed on the surface of 4H-SiC 
crystal using three isolated individual femtosecond laser beams, which have different linear 
polarizations with the same peak fluence of 0.24 J/cm2. Here the yellow double solid arrows 
denote directions of the electric field (or linear polarization) of the laser beams; while the red 
dashed lines (O1, O2 and O3) represent the orientations of the laser-induced ripple structures. 

For the purpose of experimental comparisons, we began to generate the surface structures 
under the spatial overlapping irradiation of three time-delayed sub-pulse laser beams. To 
avoid deteriorating the laser-induced ripple surface structures by the strong ablation process, 
the peak fluence of three sub-pulse laser beams were simultaneously attenuated to the same 
value of 0.07 J/cm2, thus making no periodic surface structures upon irradiation by any one or 
two pulses. Figure 3 shows the experimental results obtained under the conditions of θ1 = θ2 = 
30°, Δt1 = 10 ps and Δt2 = 42 ps. Namely, with respect to the pulse of the laser beam P1, the 
pulses of the laser beams P2 and P3 have a respective time delay of 10 ps and 52 ps to arrive 
onto the target. Clearly, some unique features for the achieved surface structures can be 
described as follows: 

(i) The ripple structures are apparently oriented in a particular direction, which is neither 
perpendicular nor parallel to any directions of three laser polarizations. Being relative to the 
ripple orientation induced by the high-intensity laser beam P3 [which is adopted in the whole 
paper], the currently obtained ripple orientation undergoes a counter-clockwise slanting 
degree of α = 46.6°. (ii) The length of the ripples can be continuously extended into a long 
range without breakages, and the structure profiles exhibit the improved morphological 
clearness. Moreover, the above mentioned SEM image was also investigated by the fast 
Fourier transformation, and the corresponding result is shown in Fig. 3(d), wherein the 
distinct bright spots actually reflect the spatial regularity of the structure arrangement. (iii) 
The topography measurements of AFM reveal that the ripple period increases to about Λ = 
680 nm with a modulation depth of approximate 180 nm. Compared with the situations in 
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Fig. 2, the duty ratio of the ripple structures (ridge width to the ripple period) is observed to 
reduce, which represents the larger groove width during the ripple formation. In general, all 
these results indicate a fact that the ripple structures induced by the three temporally delayed 
femtosecond laser pulse beams are likely to transform from a HSF morphology into a low-
spatial-frequency (LSF) profile. Another interesting point is that our present LSF ripple 
structures on the semiconductor seem to be very similar to the observations on metal surfaces 
[5, 25, 30], but much different from the ripple structures on SiC surface induced by a single 
femtosecond laser beam [31–35]. [It should be stressed here that in our experiments the 
slanting behaviors of the ripple orientation are the same on the entire region of the laser-
scribed line areas, which is actually independent of the intensity variations on a Gaussian 
focal spot, and they can be maintained even with different scanning speeds (within a range of 
0.01-0.4 mm/s).] 

 

Fig. 3. (a) SEM images of the LSF ripple structures on the surface of 4H-SiC crystal using 
three temporally delayed (Δt1 = 10 ps and Δt2 = 42 ps) collinear femtosecond laser beams, 
where the peak fluence of each laser beam is 0.07 J/cm2, and the intersection angles among 
three laser polarizations are θ1 = θ2 = 30°. The red solid line (O123) denotes the ripple 
orientation induced by three femtosecond laser beams; (b)-(c) AFM image of the LSF periodic 
surface structures and its cross-section profile line; (d) An image of the fast Fourier 
transformation (FFT) of Fig. 3 (a). 
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To reveal effects of the temporal separation among three femtosecond laser sub-pulses on 
the formation of the ripple surface structures, we tried to change the second time delay Δt2 
within a range of 0-60 ps by a minimum step of 2 ps, while keeping the first time delay Δt1 = 
10 ps and the polarization intersection angles θ1 = θ2 = 30°. In other words, the laser beam P1 
is earliest to arrive on the target surface, which is then followed by the delayed incident laser 
beams P2 and P3 in the time subsequence. As shown by some typical experimental results in 
Fig. 4, the morphological profiles of the laser-induced ripple structures are different when 
varying the second time delay Δt2. For example, in the case of Δt2 = 0 ps, i.e., when the laser 
beams P2 and P3 simultaneously reach the material surface, the ripple structures can be 
produced with the LSF features with more or less spatial bending profiles. The ripple 
orientation is observed to slant with a degree of approximate α = 30°, which becomes nearly 
perpendicular to the direction of the linear polarization of the laser beam P2, or this kind of 
the alignment is very similar to the observation in Fig. 2(b) but with different spatial period. 

With gradually increasing the time delay Δt2, the available ripple orientation is further 
slanted counter-clockwise. At Δt2 = 10 ps, the LSF ripple structures are surprisingly found to 
be well-organized into a uniform distinct appearance. Compared with the situation of Δt2 = 0 
ps, the groove widths appear to be much more evident, indicating a decrease in the duty ratio 
of the ripple structures. In this case, the measured slanting degree of the ripple orientation is 
increased to about α = 42.5°. If the second time delay continues to increase to Δt2 = 40 ps, the 
high-quality, uniform LSF ripple structures can still be formed, especially with the extendable 
length and evident morphological clearness, and the measured slanting degree of the ripple 
orientation becomes approximately α = 45.5°. However, when the second time delay is 
further enlarged to Δt2 = 60 ps, the obtained slanting degree of the LSF ripple orientation 
turns to decrease down to about α = 40.5° rather than continuously increase. On the other 
hand, the ripple structure quality begins to be degraded. 

 

Fig. 4. Observed LSF ripple structures on the surface of 4H-SiC crystal using three 
femtosecond laser pulse beams with several time delays of Δt2, where other laser parameters 
are adopted as θ1 = θ2 = 30° and Δt1 = 10 ps. 

Based on the above experimental measurements, a quantitative description of the slanting 
degree of the ripples orientation in terms of the second time delay Δt2 is shown in Fig. 5(a), 
where each data is obtained by averaging three different measurements on the patterned area 
of the sample surface, and the error bar represents a standard deviation of 5%. Clearly, under 
the condition of Δt1 = 10 ps, with continuously increasing Δt2, there are non-monotonic 
variations in the measured ripple orientation angle, i.e., during a time-delay range of Δt2 = 0-
42 ps it is likely to grow from near α = 30° to a maximum value of about α = 46.6°, and then 
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become slightly decreased for the larger time delays. Figure 5(b) displays the evolution of 
both the ripple period and the duty ratio with the second time delay Δt2. It can be seen that the 
ripple period firstly undergoes a rapidly increasing tendency from Λ = 518 nm to 707 nm and 
then remains almost invariant. With regard to the measured time-delay dependence of the 
duty ratio of the ripple structures, its values seem to be almost unchangeable at 0.72 except 
for the case of Δt2 = 0 ps. Figure 5(c) shows variations of the ripple depth as a function of the 
second time delay. Clearly, at Δt2 = 10 ps, the measured ripple depth is about 194 nm, but it is 
decreased to about 169 nm at the large time delay of Δt2 = 60 ps. Generally speaking, the 
above phenomena are much different from the observations by only using two time-delayed 
femtosecond laser pulse with different polarizations in our previous study [36]. 

In addition, we also investigated the time delay dependence of the slanting ripple 
orientation angle under the condition of Δt1 = 60 ps. In this case, the temporal separation 
between the incident laser beams P1 and P2 becomes relatively large. As shown in Fig. 5(d), 
with increasing the second time delay in a range of Δt2 = 0-60 ps, the measured slanting 
degree of the ripple orientation presents a rapidly rising tendency followed by an evident 
dropping trend. Quite different from the observation in Fig. 5(a), however, the obtained peak 
value of the slanting degree for the ripple orientation is as large as approximately α = 60°, 
whose corresponding second time delay is blue-shifted to Δt2 = 15 ps. This means that the 
ripple orientation can be varied within a large range, even perpendicular to the direction of the 
linear polarization of the femtosecond laser beam P1. In this case, the ripple orientation is 
similar to the observation in Fig. 2(a), but with a different spatial period. 

 

Fig. 5. (a)-(c) Measured ripple orientation angle, spatial period and the duty ratio, and groove 
depth as a function of the second time delay Δt2, respectively, with three time-delayed 
femtosecond laser beams irradiating on the surface of 4H-SiC crystal, where the time delay Δt1 
is fixed at 10 ps; (d) Measured second time delay (Δt2) dependence of the ripple orientation 
angle at the fixed time delay Δt1 = 60 ps. In all these cases the intersection angles among three 
laser polarizations are θ1 = θ2 = 30°. 

To elucidate the underlying mechanisms of the experimental observations, we try to 
propose a physical scenario as follows: when single-beam femtosecond laser pulses irradiate 
the sample at the high peak fluence of 0.24 J/cm2, the formation of the HSF ripple structures 
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is commonly attributed to the spatially periodic ablation of the material by the interference 
between the incident light and its excited SPP, and thus the ripple period is determined by the 
excited dielectric constant on the material surface [12]. However, for the experiments of three 
time-delayed femtosecond laser pulses, when the first femtosecond laser pulse (of the beam 
P1) strikes the semiconductor, a high-density free-electron plasma is generated in the laser-
exposed surface region via multi-photon absorption process [32]. Subsequently, the laser-SPP 
interference can produce spatially periodic energy depositions to transiently modulate the 
material optical properties, leading to the emergence of a refractive index metasurface with a 
grating vector k1g parallel to the direction of the electric field E1 [37]. During the relaxation 
processes of such a transient surface pattern, if the second femtosecond laser pulse (of the 
beam P2) with the linear polarization different from E1 arrives, its wave vector k20 projected 
on the sample surface displays an azimuth angle of θ1 with respect to the transient grating 
vector k1g. According to the law of conversation of momentum, this kind of non-collinear 
alignment reasonably causes the excitation of surface waves (k2sw) in a new direction [38], 
Therefore, another periodic pattern of the transient refractive index is developed with the 
grating vector k2g (actually in two opposite directions). Similarly, we can consider that the 
above process also provides a new transient index metasurface for the time-delayed incident 
third femtosecond laser pulse (of the beam P3) linearly polarized in another direction, and 
their physical coupling at an azimuth angle of θ2 consequently affects the excitation of surface 
waves along the direction of k3sw, whose spatially periodic ablation of the material with near-
field localized high intensity results in the formation of the permanent periodic ripple 
structures on the sample surface. Specifically, the obtained ripple orientation becomes 
perpendicular to the direction of k3sw rather than only determined by the direction of the linear 
polarization of the individual laser pulses. The above mentioned physical processes are shown 
by a schematic diagram in Fig. 6(a). 

For a given time delay Δt1 between the femtosecond laser pulse beams P1 and P2, the 
spatial alignment of the transient grating vector k2g becomes determined. However, its 
magnitude tends to change with the time delay between two femtosecond laser beams P2 and 
P3 because of its geometric dynamics, which can be described as [39]: 
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where a, d and h are the excited stripe width, the period, and the depth of the transient index 
grating, respectively. More specifically, the temporal evolution of a spatial volume of each 
transient index stripe heated by the laser intensity fringe first increases and then decreases via 
both the electronic diffusion and electron/coupling processes [40], which results in a growing-
up-and-shortening variation for the magnitude of k2g, and so does the direction of the wave 
vector k3sw. This is probably the reason for the observed slanting behaviors of the ripple 
orientation in Fig. 5(a). On the other hand, for the larger time delay Δt1 = 60 ps, as shown in 
Fig. 6(b), the lattice heated by the laser beam P1 can reach the higher temperature, therefore, 
the spatial volume of each stripe in the transient index grating induced by the laser beam P2 is 
varied within a large dynamic range. Correspondingly, the magnitude of the grating vector k2g 
becomes easily modulated, leading to a dramatic change in the direction of k3sw and its 
resultant slanting degree of the ripple orientation, which is in accordance with the observation 
in Fig. 5(d). 

The observed ripple orientation at the second time delay Δt2 = 0 ps can be understood as 
follows: Upon irradiation of the first femtosecond laser pulse P1, a transient index grating is 
created on the surface of SiC crystal with the grating vector k1g parallel to the direction of 
incident laser polarization. When the laser pulses P2 and P3 spatiotemporally irradiate the 
sample surface, their optical interference results in an elliptical polarization with the major 
axis of the electric field along the direction close to the wave vector k20, which subsequently 
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excites the surface plasmon on the transient metasurface of k1g in the same direction. As a 
result, the eventually obtained periodic ripple structures are shown to have orientation almost 
perpendicular to the laser polarization P2. 

 

Fig. 6. Proposed physical model for slanting orientation of the ripple structures formed on the 
surface of 4H-SiC crystal upon irradiation of three time-delayed femtosecond laser pulse 
beams linearly polarized in different directions. (a) In the case of Δt1 = 10 ps; (b) In the case of 
Δt1 = 60 ps. Here k10, k20 and k30 are the wave vectors of the laser beams P1, P2 and P3 
projected on the sample surface, respectively; k1g and k2g are the grating vectors of the 
transient index metasurfaces induced by the laser beams P1 and P2, respectively; Δk2g is a time-
dependent variation in the magnitude of k2g. 

In order to confirm the above assumptions, we also carried out further experiments by 
changing the polarization intersection angles of three laser beams to other values such as θ1 = 
θ2 = 45°. Very similar to the observations in θ1 = θ2 = 30°, the available surface structures 
also display the uniform LSF ripple morphology, especially when the second time delay is 
varied within a range of Δt2 = 10-40 ps, as shown in Fig. 7, where the first time delay is 
maintained at Δt1 = 10 ps. Under such circumstances, a quantitative description of the time 
delay dependent ripple orientation angle is illustrated in Fig. 8(a). Clearly, the ripple 
orientation induced at the time delay Δt2 = 0 ps is about α = 45°, which is almost 
perpendicular to the direction of the linear polarization of the laser beam P2. Remarkably, the 
maximum slanting degree of the ripple orientation can reach as large as α = 80° at Δt2 = 12 
ps. Afterwards, the measured slanting degree begins to slowly decrease down to about α = 62° 
at Δt2 = 60 ps. 
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Fig. 7. Observed LSF ripple structures on the surface of 4H-SiC crystal induced by three 
femtosecond laser pulse beams with several time delays of Δt2, where other laser parameters 
are adopted as θ1 = θ2 = 45° and Δt1 = 10 ps. 

With three linearly polarized femtosecond laser beams, we also investigated the second-
time-delay dependent slanting ripple orientation under the condition of larger value of Δt1 = 
60 ps, and the corresponding result is shown in Fig. 8(b). It is found that the peak slanting 
degree is increased to about α = 90°, which means that the slating degree becomes more 
pronounced with larger polarization intersection angles of three laser beams, but the 
maximum slanting orientation appears to be always near perpendicular to the direction of the 
linear polarization of the laser beam P1. On the other hand, when the second time delay Δt2 is 
more than 12 ps, a rapid decreasing tendency with a large dynamic range is achieved. 
Undoubtedly, such phenomena indicate the formation of the slanting ripple structures is 
essentially related to transient dynamic properties of the sample surface excited by two pre-
incident femtosecond laser pulses, and they can be satisfactorily explained with the help of 
the aforementioned theoretical model. 

 

Fig. 8. Measured ripple orientation angles as a function of the second time delay Δt2 for the 
irradiation of three time-delayed femtosecond laser pulse beams on the surface of 4H-SiC 
crystal, where the polarization intersection angles of three laser beams are θ1 = θ2 = 45°. (a) Δt1 
= 10 ps; (b) Δt1 = 60 ps. 

To understand the LSF features of the ripple structures on the semiconductor surface 
induced by three time-delayed femtosecond laser beams, we consider the physical origins of 
the ripple formation, which is believed to be due to the interference between the incident light 
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and the excited surface wave. Based on this approach, the ripple period can be expressed as 
follows [12]: 

 1/ 21 1
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where εd and εm are the dielectric constants of the ambient medium and the excited sample 
surface, respectively. For the irradiation of a high-fluence single femtosecond laser beam, the 
ambient air medium is known as εd = 1 and εm tends to be largely negative, which makes an 
item value in the bracket of Eq. (2) always much less than 1. This corresponds to the ripple 
structures with the traditional HSF features [in Fig. 2]. As for the situation of three time-
delayed femtosecond laser beams, when the first laser pulse (of the beam P1) irradiates the 
sample surface, free electrons are generated in the laser exposed region via multi-photon 
absorption process, part of which can escape out of the target to produce a thin layer of 
plasma localized on the sample surface. Under such circumstances, the ripple structures are 
unable to form because of the lower peak fluence, however, the transient dielectric constant of 
the ambient air medium is reduced (still with a positive value less than 1), which can be 

described by 
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1/2 is the electron density (Ne) 

dependent plasma frequency, ω for the incident laser frequency, γ for the electron collision 
frequency. Similarly, if the second delayed femtosecond laser pulse (of the beam P2) arrives 
on the sample surface during the lifetime of this thin plasma, the density of the free electrons 
will be enhanced to further decrease the dielectric constant of ambient air medium. 
Consequently, when the third delayed femtosecond laser pulse (of the beam P3) reaches the 
sample surface, the item value in the bracket of Eq. (2) possibly becomes increased due to the 
smaller εd, leading to the large ripple period. Namely, it is the transient optical changes 
simultaneously occurring in both the ambient air medium and on the semiconductor surface 
that promotes the growth of the LSF structures. In fact, this kind of behavior is also believed 
to affect other physical properties of the material during the nonequilibrium dynamic 
processes, which eventually improves the spatial distribution quality of the ripple formation. 

4. Conclusions 
To conclude, we have reported a new method based on exploiting three temporally delayed 
femtosecond laser pulse beams collinearly propagated with different linear polarizations for 
the control of the periodic ripple structures on the semiconductor 4H-SiC crystal surface. It 
has been experimentally found that the induced ripple orientation, which is neither 
perpendicular nor parallel to any laser polarizations, is slanted with regard to the situation by 
the individual irradiation of the final delayed high-energy laser pulse, and its slanting degree 
is non-monotonically changed with time delays. A variation range of the slanting degree is 
evidenced to increase for larger polarization intersection angles of three laser beams. 
Meanwhile, the ripple period of such surface structures is shown to be capable of switching 
from the semi-disordered HSF distribution to the uniform distinct LSF arrangement 
accompanied by broadening the groove width, which is very like the observations on metals. 
These special features, primarily the ability to process the ripple formation, are nominally not 
achievable with conventional one- or two-pulse laser beam irradiation. 

In theory, we have proposed a physical model by recognizing the correlated interactions 
of three femtosecond laser pulses via transient surface dynamics to explain the experimental 
phenomena: Upon irradiation of the first laser pulse, a transient index grating is generated on 
the surface due to the interference of the incident laser with the excited surface wave, and its 
emergence and relaxation subsequently influences the surface wave excitation of the second 
delayed incident femtosecond laser pulse to produce another transient index grating with the 
modified grating vector. Accordingly, for the delayed incident third femtosecond laser pulse, 
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the direction of its surface wave excitation is certainly deviated by the transient index 
metasurface, whose resultant periodically distributed energies eventually lead to the 
permanent ripple structures with the slantwise orientation. In addition, the formation of LSF 
ripple structures is attributed to changes in the dielectric constant of both the sample and the 
ambient air medium owing to the laser excitation. The theoretical interpretations agree with 
the experimental observations, and they are also supported by the further experiments. In 
principle, our technique is not only limited to SiC crystal and can be applied to other 
semiconductor materials. Our investigations give deep insights into the physics of the laser-
material interaction and find a new way to effectively control ripples via transient surface 
dynamics, which is very important for the potential applications in laser direct fabrication of 
micro/nano-devices. 

Funding 
Natural National Science Foundation of China (NSFC) (11274184, 11674178); Tianjin 
National Natural Science Foundation (12JCZDJC20200); Research Fund for the Doctoral 
Program of higher Education of China (20120031110032). 

 

                                                                                                        Vol. 25, No. 5 | 6 Mar 2017 | OPTICS EXPRESS 5168 




