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Ultrafast non-equilibrium dynamics on the surface of a 4H-SiC crystal is experimentally investi-
gated with time-delayed copropagating two femtosecond laser pulse trains of different linear polar-
izations. Rippled nanostructures are produced by this irradiation, and the alignment “slant” angle
of the ripples is related to the polarizations. With varying time delays between the two laser pulses,
this slant angle is found to change. In the first 10 ps, the slant quickly rotates in the direction associ-
ated with the polarization of the second incident laser pulse, but then abruptly freezes to a steady
offset angle. A physical model is proposed to explain the underlying mechanisms. The first laser
pulse produces a transient grating-like modulation of the dielectric constant on the surface, with
which the second laser pulse interacts. Because competing fast (Auger) and slow (thermal) relaxa-
tion processes reduce the initially induced grating’s dielectric constant difference, the vector sum
of this partially evolved grating with the second laser pulse’s interaction results in the observed
slant rotation time dependence. This experiment is straightforward, conceptually simple, and
utilizes commercial equipment. The time-resolved slanting of the ripple orientation provides an
alternative description of the spatiotemporal evolution of a superheated semiconductor surface.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979204]

I. INTRODUCTION

Ultrafast dynamic responses of materials irradiated by
femtosecond laser pulses have been intensively studied for
several decades. There is great interest in both the fundamen-
tal science and in broad industrial applications such as micro-
to nanometer-scale precision in materials processing and
manufacture. For band-gap materials, femtosecond laser-
matter interaction is a very complex process, involving the
generation of free carriers, the relaxation of carrier density
and temperature, and various structural changes.lf3 These
non-equilibrium dynamic processes have been already inves-
tigated with several pump-probe experimental techniques,
including transient reflectivity/transmission measurements,*°
time-resolved microscopy,” femtosecond electron or X-ray
diffraction,®® and surface plasmon resonance.'®'* In these
methods, the pump laser pulse often produces an extremely
small change in the material optical properties, generating
very weak intensity modulation of the probe signal. In gen-
eral, there are several features these studies have in common.
First, sophisticated instrumentation is required for detection
with a high signal-to-noise ratio. Second, the optical changes
induced by the pump laser can make a full recovery after
ultrafast relaxation processes, with no damage to the material.
And finally, the underlying physics is attributed to the tempo-
ral evolution of the carrier density and its induced dielectric
permittivity changes, while little information is given about
the transient optical effects in the spatial domain.

When the incident femtosecond laser fluence is increased
to values close to the damage threshold of the material, a

“Electronic mail: jjyang@nankai.edu.cn

0021-8979/2017/121(12)/123108/7/$30.00

121, 123108-1

periodic array of subwavelength grating-like structures, or so-
called ripples, can be formed on the sample surface. This phe-
nomenon has been observed in a variety of materials such as
metals,13_15 semiconductors, and dielectrics.'*?? In particu-
lar, using a silicon carbide (SiC) semiconductor, some
authors pointed out that the formation of ripple structures was
influenced by the initial surface roughness,” and the underly-
ing mechanisms can be explained by a parametric decay
model.>* The observed ripple orientation dependence on laser
polarization indicates the role of surface waves. It can be
understood that when the spatially fringe-like laser energy
deposition patterns triggered by surface wave excitations
have high enough energy to exceed material deformation
thresholds, the periodic grooves can be permanently
imprinted on the material surface. Therefore, modifying the
ultrafast surface wave excitation by the material properties
can alter the formation of periodic ripple surface structures,
or vice versa. By using two temporally delayed femtosecond
laser pulses with either parallel or orthogonal polarizations,
several authors have demonstrated controllable ripple period-
icity on the semiconductors.*>%¢ Ripples perpendicular to the
direction of the vectorial superposition of the polarization
directions of both beams were reported on a titanium sur-
face.”” Manipulating surface features with laser light holds
promise to enhance materials processing and manufacture,
but a comprehensive understanding of this issue still remains
a challenge.

The previous studies have reported that the excitation of
surface waves is very sensitive to the spatial patterns of the
dielectric permittivities on surfaces,zg*31 whose modulations
can take place in both the intensity and the direction. In this
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work, we employ two sequential copropagating femtosecond
laser pulse trains linearly polarized in different directions to
sensitively study ultrafast spatiotemporal carrier density
dynamics in a 4H-SiC crystal. The orientation of the ripple
nanostructures is found to change with time delay. This
method is straightforward for sensitively probing the ultra-
fast evolution of a superheated semiconductor material sur-
face, in contrast to the sophisticated instrumentation required
for time-resolved spectroscopy. Our theoretical analysis sug-
gests that a transient grating-like distribution of the index is
created by the first femtosecond laser pulse, which signifi-
cantly affects the interaction with the second pulse. The
direction of surface wave excitation of the delayed pulse is
altered, resulting in a slanting of the resultant groove struc-
ture. This changeable surface wave excitation is a probe of
the ultrafast spatiotemporal evolution of transient optical
properties in the semiconductor. Our observations support
the interference model of laser-induced periodic surface
structures, giving insight into the fundamentals of femtosec-
ond laser-matter interactions. It suggests an attractive possi-
bility of actively controlling structure fabrication through
transient surface properties of materials.

Il. EXPERIMENTAL

A schematic diagram of the experimental setup is shown
in Fig. 1. A commercial chirped pulse amplified Ti:sapphire
laser system (Spectra Physics HP-Spitfire 50) was used,
delivering a horizontally polarized train of 50 fs pulses at
1 kHz repetition rate at a central wavelength 4 =800 nm and
maximum pulse energy of 2 mJ. The laser intensity profile
was Gaussian. In the experiment, each output laser pulse
from the amplifier was divided into two identical sub-pulses
(P; and P,) through a beam splitter (BS). In the optical path
of Py, an adjustable delay line was included to enable delays
At of 0-100 ps between the two pulses, and a half-wave plate
enabled linear polarization axis rotation. The two non-
collinear polarization pulse trains were combined into con-
joint propagation and focused in air at normal incidence onto
the sample surface through a 4x, N.A.=0.1 microscope
objective lens. A single-face polished 1 mm thick crystal of
4H-SiC (001) was selected as a sample because of its unique
properties and potential applications in high temperature
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FIG. 1. Schematic diagram of the experimental setup. Abbreviations: BS:
beam splitter (non-polarizing); fs: femtosecond; E;: electric field of Py; Es:
electric field of P,; 7: pulse width; A: center wavelength; L: microscope
objective lens.
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electronic devices. The sample was placed approximately
300 um in front of the focus, giving a calculated 1/e Gaussian
laser spot diameter of approximately 60 um. The experiments
were performed by translating the sample 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 solu-
tion. The surface morphology was observed with a scanning
electron microscope (SEM).

lll. RESULTS AND DISCUSSION

First, surface morphologies of the sample irradiated by
two individual femtosecond laser pulse beams were investi-
gated at a peak fluence F=0.28 J/em? [Note: the threshold
laser fluence was measured to be F:0.14J/cm2], and the
intersection angle 0 between the two laser linear polarizations
was 45°, as shown in Figs. 2(a) and 2(b). In each case, peri-
odic ripple structures were found in the laser-exposed surface
regions, with identical periodicities A of approximately
150nm and the spatial orientations, respectively, perpendicu-
lar to the laser polarization directions, very similar to previ-
ous observations.”” > When we attenuated each laser pulse
fluence to F=0.12J/cm?, no ripples were formed. However,
when these weaker trains were combined and overlapped
simultaneously (At=0 ps) onto the sample surface, periodic
ripple structures reappeared, as shown in Fig. 2(c).
Remarkably, in this case the spatial orientation of the ripple
structures was neither perpendicular nor parallel to either of
the two laser polarization directions, in line with the observa-
tions using a cross-polarized double-pulse trains on a titanium
surface.”” Because A is in the hundreds of nanometers, ripple
formation cannot be attributed to interference fringes of the
two laser pulses. Relative to the ripple orientation induced by
P, in Fig. 2(b), the combined-beam ripples have a slant angle
o of 25°, approximately half the intersection angle between
the two laser polarizations. Ripple orientation here is clearly
determined by both femtosecond laser pulse trains rather than
by either one individually. The width of the swath scribed by
two spatially overlapped beams was approximately 30 um,
and the ripple orientation across the entire region was found
to slant in the same way, independent of the intensity varia-
tions within the Gaussian spot.

When the polarization direction of P; was varied, the
ripple orientation also changed but still maintained at
approximately half the intersection angle between the two
laser polarizations, as shown in Fig. 2(d). As the polariza-
tions approach orthogonality, ripples are no longer formed.
Instead some nanoparticles begin to appear in the laser-
exposed surface region. This can be attributed to the laser
pulses combining to produce a circular or elliptical polariza-
tion irradiating the sample surface, which has been con-
firmed by a previous report.”® When the two laser pulses are
linearly polarized in the same direction, the ripples remain
perpendicular to the laser polarization regardless of either
scanning speeds (within a range of 0.01-0.4 mm/s) or inter-
pulse time delay, suggesting that the varying overlap of
pulses is not important in ripple slant.
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FIG. 2. (a) and (b) SEM images of the
periodic ripple nanostructures formed
on a 4H-SiC crystal surface by two
individual femtosecond laser pulse
trains. Each laser peak fluence F is
0.28J/em?; (c) Ripple structures pro-
duced by two copropagating pulse with
zero time delay, where each laser peak
fluence F is 0.12 J/cmz, and the inter-
section angle of the two laser polariza-
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tions 0 is 45°. The yellow double
arrows (E; and E,) denote electric
fields (or polarization directions) of the
two laser pulse trains, while the red
dashed lines represent orientations of
the ripple structures. (d) Plot of the
measured ripple slant versus the polari-
zation intersection angle.
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In the next series of experiments, the polarization
intersection angle 0 was fixed at 45° with P, horizontal,
and the time delay was varied, P, leading P,. Figure 3
shows SEM images of the ripple surface structures at vari-
ous delays. The slant angle o clearly changes. Starting at
o=25° for At=0 ps, the slant becomes 23° at At=2 ps.
The slant decreases rapidly to 18.3° at At=10 ps, but

30
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Intersection angle © (Deg)

quickly stalls at 18° for At=20 ps, remaining at 18° out to
delays as large as 100 ps. Beyond 100 ps, no ripple struc-
tures are formed on the semiconductor surface. At 0.12J/
cm?, each pulse train is sub-threshold for forming ripples.
Hence past 100 ps, the transient conditions set up by the
first pulse have fully decayed and the two pulses are acting
independent of each other.

FIG. 3. Observed slanting ripple structures on 4H-SiC surfaces after irradiation with two femtosecond laser pulse trains with different time delays. The inter-
section angle 0 is 45°, and the linear polarization of the second pulse P, is maintained in the horizontal direction.
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Results of this experiment are shown in Fig. 4(a). Clearly,
during short delays At of 0-20 ps, the ripple slant angle dra-
matically decreases, but quite abruptly it only changes very
slowly in a flat profile for longer time delays, which is much
different from observations in metal targets.>’ Interestingly,
when the polarization intersection angle 0 was changed to
other values such as 10°, 30°, and 60°, very similar ripple slant
time delay dependence was observed, shown in Figs.
4(b)-4(d), but the magnitudes of these shifts appear to be
much different. For example, at 0 = 10°, the maximum ripple
slant is about oo = 8°, and the values in the flattened tail are
near o« =4.5°. At 0 =60°, the slant is reduced from the maxi-
mum o = 30° to 27° in the tail. We can understand that for a
given time delay, the ripple orientation is more likely to slant
away from the vertical direction when the two laser polariza-
tions have larger intersection angles. This indicates that the for-
mation of the slanting ripple structures is related to transient
surface properties excited by the first laser pulse. The data of
Fig. 4 were successfully fitted to an exponential function
o~ exp(—t/At))+M, where At represents a surface excitation
decay time constant and M an offset value. These fit parame-
ters are At; =6.6 ps and M=18.2° at 6=45°, At;=7.6 ps
and M=4.42° at 0=10°, At;=6.2 ps and M=13.4° at
0=30°, and At; = 6.1 ps and M =27.1° at 0 = 60°.

We propose a description of the underlying physics. For
single-beam femtosecond irradiation, it is known that periodic
ripple surface structures are formed from the redistribution
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of the incident laser energy by the excited surface
plasmon wave, resulting in fringe-like energy concentrations.
Accordingly, for the zero-time-delay irradiation of two femto-
second laser pulses on the same surface location, two surface
plasmon waves are simultaneously excited, with propagation
vectors parallel to the two laser polarizations. The sum vector
propagates in a direction dependent on the contributions of
the two components. If the magnitudes of the two plasmon
waves are identical, the vector sum is oriented along the
bisector of the polarization intersection angle, giving rise to a
ripple slant of 0/2. Otherwise, the ripple slant deviates from
0/2, which always happens in practice. This interpretation
agrees well with the experimental observations in Fig. 2.

As for the evolution of the measured slant with time
delay between the two pulses, we need insight into the physi-
cal dynamics of irradiated semiconductor surfaces. First,
pulse P, creates a high-density free-electron plasma on the
semiconductor surface via multiphoton absorption.>® Under
such circumstances, the interference between the surface
wave and the incident light can channel the Gaussian-
profiled energy into fringe-like depositions, which impose
periodic modulation of the surface optical properties.””
Consequently, a transient index grating is created with the
grating vector k, parallel to P,’s polarization. Second, during
the surface relaxation processes, pulse P, is incident and cou-
ples to that grating. As the two laser pulses are linearly polar-
ized in different directions, we can define an azimuth angle
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FIG. 4. Time dependence of the ripple slant angle for several laser polarization intersection angles. (a) 6 =45°; (b) 0 =10°; (c) 6 =30°; (d) 0 =60°. The fit
curves (red) are exponential decays to steady offset values.
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between the electric field of the delayed laser pulse and the
transient index grating, which is equal to the intersection
angle between the two laser polarizations. The wave vectors
of the second laser pulse and the transient grating vector are
not aligned, as shown in Fig. 5. Therefore, the surface wave
generated by P, can be described by the following
equations:*°

kdelay — \/k,22 + k2 + 2kinkg cos 0, (1)
kg sin 0

t = 2

e kip + kg cos 0’ )

where k;, is the wave vector of P,. Clearly, the direction of
this surface wave, with a slant « relative to P,’s polarization,
is strongly dependent on the transient grating vector k,,
which changes with time delay. Combining Eq. (2) with the
experimental data in Fig. 4, we calculate the time delay
dependence of the transient grating vector for different
P, polarization directions, and the results are shown in
Fig. 6(a). In general, the ratio k,/k;> shows a rapid decrease
only for a short time of 0-10 ps, keeping steady thereafter.
At a given time delay, the calculated ratio is seen to vary for
different polarization intersection angles 0.

Because the transient index grating can be considered a
composite layer system, its effective real part of the dielec-
tric constant & is obtained by*'

& + 281 +2f (&2 — &1)
& +2¢ —f(ea— &)

3)

Eeff = €1

where ¢, =7.69 (at 800nm) is the real part of the dielectric
constant for the equilibrium state, ¢, is the same for the opti-
cally excited region of the sample surface, and f is the over-
lapping volume fraction. According to previous studies,'*'>?
although the imaginary part of the dielectric constant of semi-
conductor materials can also change with excitation from
femtosecond laser pulses, representing modulations in absorp-
tion, its physical role in ripple orientation is usually neglected.
If Ae=¢, - ¢, is the change in the real part of dielectric con-
stant for the transient index grating, the above equation can be
rewritten as

(a)

e e e e )
Time delayed 5
polarization I
| laser pulse

ol (3
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—381

&1 ’
1of- 3f(786ff L 81)

The term &, — ¢, represents the change of the real part of the
dielectric constant before and after the femtosecond laser irra-
diation, i.e., an additional dielectric constant provided by the
transient index grating. A¢ will be zero when ¢,4= ¢, indicat-
ing the disappearance of the grating. When the grating is pre-
sent, usually &,r<é;, so the quantity (¢,;— &) can be
replaced by — (kg/k,-z)z. Therefore, a modification of Eq. (4) is

Ae = )

—381

_ S
| —f 43—
Ay

Using Eq. (5) we obtained the temporal evolution of A¢
on the irradiated semiconductor surface following pulse P;.
As shown in Fig. 6(b), for a specified volume fraction f of
0.5, Ae changes sharply from large to small negative values
in the initial 10 ps and then stays effectively unchanged for
longer time delays. As discussed in previous studies,**** in
semiconductors Auger recombination plays an important
role in reducing the number of laser-generated conduction
band electrons at the surface, resulting in a rapid dramatic
change in the delay dependence of the dielectric constant.
The weaker but steady negative contributions at longer time
delays arise from elevated lattice temperature caused by
energy transfer via electron-phonon coupling. For the
derived Ag¢ data at 6 =45°, 30°, and 60°, the exponential fit
decay times are 6.1 ps, 5.6 ps, and 5.4 ps. These values are
very similar to the ones obtained from Fig. 4. The maximum
Ae values decrease with larger polarization intersection
angles 0. This effect can be attributed to the polarization-
dependent optical absorption of femtosecond laser pulses in
crystalline materials,** which results in both density and
temperature differences in the free-electron plasma in semi-
conductors. This can explain some variation in ripple slant as
the direction of P,’s polarization was changed. Figure 6(c)
shows the A¢ time dependence for several different values of
the volume overlap fraction f with fixed angle 6. Smaller vol-
ume fractions require larger negative values of Ae, substan-
tially so for small f.

Ae

&)

(b)

FIG. 5. Proposed physical model for ripple slant upon irradiation with two sequential femtosecond laser pulses. (a) Diagram of the ultrafast physical processes
occurring on the semiconductor surface. A spatially periodic change of the optical index is created by the first laser pulse, which affects the surface wave exci-
tation induced by the second pulse. The combined interaction causes the ripple slant to deviate from either pulse’s polarization direction; (b) A vector diagram
for the direction of the surface wave excitation (k) when the delayed pulse (ki) is coupled with the transient grating vector (k) at different time delays
(t, > t;). The ripple orientations induced by the two pulses Py and P, are denoted by r; and r,.
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Fundamentally, the emergence of a transient index grat-
ing begins with the intensity fringes and their subsequent
optical heating. Some periodically distributed surface
regions in the beam develop a high temperature free-electron
plasma, while other regions remain in equilibrium. The vari-
ation of the dielectric constant is concentrated in the excited
regions. Compared with metal targets, the thermal conduc-
tivity in semiconductors is relatively poor; thus, the high
temperature of the periodic surface regions decreases slowly.
Energy diffusion in semiconductor surfaces is weak. This
ensures long-term sustainability of the transient index grat-
ing, which is what is seen in the experiments as the long flat
temporal tail of the ripple slant angle. In metals, the slant can
rapidly decrease to zero in less than 40 ps, without display-
ing any flattening of the curve.>’ Dramatic reduction in the
slant angle indicates a strong change of the dielectric con-
stant in the sample surface, while the long flat tail indicates
the sustainability of the transient index grating.

The evaluated dielectric constant variation Ag in the
transient grating is relatively small, indicating that the
excited dielectric constant could possibly be positive. Under
such circumstances, the surface dielectric constant may not
directly support surface plasmon production, because Ae
comes about from the first femtosecond pulse, leading to no
permanent ripple structures. In this situation, it is only the
second laser pulse that sends the dielectric constant negative,
resulting in the ripple structures.

IV. CONCLUSIONS

We have investigated ultrafast dynamics in the semicon-
ductor 4H-SiC by observing the laser-induced periodic sur-
face ripple structures using two copropagating 1-kHz, 800-
nm, 50-fs laser-pulse trains of different linear polarizations.
We found that the slanted orientation of the ripple structures
changes as the time delay between the two laser pulses is

varied. Interestingly, the ripple slant undergoes a rapid
decrease for the first 10 ps, followed by an abrupt transition
to a steady value. This is observed for several different inter-
section angles between the two laser polarizations. Analysis
of the experimental results leads us to consider the nonequi-
librium processes in an optically excited semiconductor sur-
face. Irradiation by the first femtosecond pulse produces a
grating-like profile of optical index change via surface plas-
mon excitation. The temporal relaxation of such a transient
index grating affects the direction of the surface wave excita-
tion brought about by the second laser pulse, and conse-
quently the directions of the resultant ripples. These
theoretical interpretations are consistent with the experimen-
tal observations. We have derived the time evolution of both
the grating vector and the dielectric constant in the transient
surface grating. Our investigations give a method to sensi-
tively probe ultrafast dynamic processes in superheated
materials without sophisticated instrumentation, of benefit to
the understanding of femtosecond laser-matter interactions
for active control of nanostructure fabrication.
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