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We fabricated periodic ripple structures on the surface of a lithium niobate crystal by irradiation with femtosecond laser pulses and observed the
evolution of these structures under irradiation with successive laser pulses. After just a few laser pulses we observed nanorod-shaped craters,
aligned with each other but randomly distributed over the surface. The nanocraters are caused by nanoablation at defects in the crystal surface.
With increasing pulse number, side-lobed nanocraters appear and light scattered from the initial nanorod-shaped craters at the crystal surface
interferes with the incident light, causing the formation of periodic structures. # 2013 The Japan Society of Applied Physics

rradiation of a material surface with multiple femtosecond laser pulses of moderate ﬂuence enables the
formation of ripple-like surface structures of a periodicity close to or shorter than the irradiation wavelength. Many
researchers have discussed the underlying physics for the
formation processes of periodic structures1–6) in metals,4,7)
semiconductors,5–10) and wide-bandgap dielectrics.11,12)
These structures are called laser-induced periodic surface
structures (LIPSSs), and have attracted much attention
because of the advantages of high-throughput fabrication
of nanoscale structures by a simple, dry process. Applications of LIPSSs include enhancement of thin-ﬁlm adhesion,13) structural color,14) and cell biology.15) LIPSSs are
classiﬁed into two groups according to the periodicity
of ripples; low-spatial-frequency LIPSS (LSFL), and highspatial-frequency LIPSS (HSFL). LSFL of periods near the
irradiation wavelength have been observed on the surface of
metals and semiconductors.4–9) On the surface of dielectrics,
HSFL formation has been reported with periodicities ranging
from =2n to =6n,11,12) where  is the incident laser
wavelength in vacuum and n is the refractive index. For
LSFL, ripple formation is attributed to interference of a
surface plasmon wave with the incident light.16,17)
On the other hand, HSFL formation has been attributed
to second harmonic generation10,18) and a change in the
refractive index.19) Recent work on HSFL formation on the
surface of fused silica has shown a transition from a grooved
structure to HSFL.20) Incubation eﬀects related to the spatial
proﬁle of the incident laser beam generate local maxima in
the optical intensity proﬁle, resulting in HSFL.20) However,
most hypotheses explain only individual experiments: a
more fundamental theory is necessary to explain the HSFL
formation.
Lithium niobate (LiNbO3 , LN) crystals have been used
in optical circuits, optical modulators, and optical frequency
converters. There are several reports of femtosecond
laser processing of crystalline LN, including laser-written
waveguides21) and ripple formation by a tightly focused
femtosecond laser.12)
In this paper, we present observations of the onset of
LIPSSs at the surface of a transparent lithium niobate
crystal. After irradiation with just a few femtosecond laser
pulses we observe the formation of nanorod-shaped craters
that are distributed randomly on the surface. The formation
of these craters is mainly due to local nanoablation,

I

Fig. 1. SEM images of LiNbO3 (LN) crystal surface after the femtosecond
laser irradiation. The periodicity of the ripple structures is about 150 nm.
Yellow arrows show the linear polarization direction of the incident laser.
(a) Whole view of the ablated area. The blue ellipse shows the laser spot
(1=e2 of peak laser intensity) with dimensions of 90  300 m2 . Note that in
Fig. 2 the beam spot is circular. We observed the red square area. The
magniﬁed SEM images are shown in Figs. 1(b), 1(c), and 1(d). (b) Number
of pulses N ¼ 11, and irradiation ﬂuence F ¼ 470 mJ/cm2 , (c) N ¼ 11,
F ¼ 610 mJ/cm2 , (d) N ¼ 22, F ¼ 540 mJ/cm2 .

stemming from avalanche ionization following electron
excitation at surface defects. We use a three-dimensional
(3D) ﬁnite-diﬀerence time-domain (FDTD) method to
explain the onset of ripple formation.
We irradiated the surface of a 500-m-thick LN crystal at
a normal incidence with femtosecond laser pulses (Libra,
Coherent) of 80 fs duration at a central wavelength of
800 nm and a repetition rate of 1 kHz. The laser was loosely
focused by a plano-convex lens (200 mm focal length) on
z-cut LN (ordinary-ray refractive index no ¼ 2:25, extraordinary-ray refractive index ne ¼ 2:17 at  ¼ 800 nm22)).
The laser ﬂuence was kept below the ablation threshold for
a single pulse (1.8 J/cm2 at 800 nm and 130 fs23)).
Figure 1 shows scanning electron microscopy (SEM)
images of the LN crystal surface after laser irradiation. A
complete view of the ablated area deﬁned by the laser beam
is shown in Fig. 1(a). The blue ellipse shows the dimensions
of the irradiated area (90  300 m2 , deﬁned by 1=e2 of
the peak laser intensity at the surface). After irradiation with
11 pulses, nanorod-shaped craters appear randomly in the
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irradiated area [Fig. 1(b)]. The nanorod-shaped craters are
all aligned perpendicular to the incident polarization. The
formation of nanorod-shaped craters with linear polarization irradiation substantiates the existence of straight-line
structured stacking faults.
As the incident laser ﬂuence is increased, side-lobed
craters appear on both sides of the nanorod-shaped craters
[Figs. 1(b) and 1(c)]. The formation of the nanorod-shaped
and side-lobed craters depends not only on the ﬂuence
but also on the number of pulses. As the number of laser
pulses is increased, the side-lobed craters are formed at
lower ﬂuences, resulting in the growth of ripple structures
corresponding to HSFL [Fig. 1(d)].
The distance between the center of the nanorod-shaped
crater and the side-lobed craters ranges from 90 to 200 nm
[Figs. 1(c) and 1(d)]. The ﬁrst pulses ablate a nanorodshaped crater on the crystal surface and subsequent pulses
interfere with the wave scattered from the nanorod-shaped
craters forming the side-lobed craters. In 1973, Bloembergen
reported that defects, including cracks, pores, and absorbing
inclusions, reduce the laser-induced damage threshold of
transparent optical materials.24) Inclusions and cracks with
characteristic dimensions of less than 10 nm do not lower the
breakdown threshold appreciably. The nanocraters we observed can be attributed to ablation resulting from absorption
of the incident radiation at defects in the LN crystal. The
defects include stacking faults and point defects, which
occur naturally during the crystal growth. The eﬀects of a
variety of defects on the optical properties of LN crystals
were discussed in the 1990s.25) However, present-day LN
crystals contain only trace defects, including metal ions such
as Cr, Fe, Ni, and Cu, which form shallow defect levels in
the LN band structure and cause the absorption of visible
and near-infrared light.26) The LN crystals used in our
experiment nominally contain minute amounts of metal
defects (Fe < 1:0, Cr < 0:1, Ni < 0:1, Cu < 0:1 ppm). At a
concentration of 1 ppm, metal ion defects are separated
on average by 380 nm, assuming that the distance between
Li and Nb atoms in LN is 0.3765 nm. While these metallic
impurities may not scatter strongly, the stacking faults
contribute to the local electron excitation, and the locally
excited electrons seed an avalanche ionization that results in
ablation. The random distribution of nanorod-shaped craters
we observe may reﬂect the random distribution of stacking
faults.
In addition to the linear-polarization experiment described
above, we also irradiated the LN crystal in a separate
experiment with circularly polarized femtosecond laser
pulses. The SEM image of the resulting surface of the LN
crystal is shown in Fig. 2. Under circularly polarized laser
irradiation, the nanorod-shaped craters do not align in the
same direction [Fig. 2(b)], and the shape of the craters is not
identical to that obtained with linear polarization irradiation
[Fig. 1(b)]. The formation of nanorod-like craters with
circularly polarized irradiation also suggests the role of
stacking faults as an initial scatterer.
The stacking faults are straight-line structures and are
formed during the growth of the LN crystal.27) The stacking
faults have a diﬀerent optical refractive index from the
surrounding crystal, resulting in the scattering of the incident
light. The diﬀerence in the refractive index behaves as a
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Fig. 2. SEM images of LN crystal surface after the circularly polarized
femtosecond laser irradiation. Yellow arrows show the circular polarization
direction. (a) Whole view of the ablated area. The blue circle shows the laser
spot (1=e2 of peak laser intensity). The red square shows the magniﬁed area
in Fig. 2(b). The beam spot diameter is 500 m. (b): Number of pulses
N ¼ 20, F ¼ 1:1 J/cm2 .

Fig. 3. SEM image (a) and optical intensity distribution close to a
nanorod-shaped crater calculated by FDTD simulation (b). The incident
electric ﬁeld strength is set to 1 V/m.

far-ﬁeld wave source via Mie scattering.28,29) Due to
their diﬀerent refractive index, the stacking faults scatter
the perpendicular component of the circularly polarized
incident laser pulse, forming an interference intensity
pattern. Therefore, even with circularly polarized light,
nanorod-shaped craters can be formed, albeit less eﬃciently,
and defects result in ripple formation after the initial few
pulses.
In order to elucidate the scattering process for ripple
formation close to the nanorod-shaped craters, we modeled
the optical intensity distribution using a 3D-FDTD algorithm. A linearly polarized wave strikes the LN surface at
normal incidence and irradiates the surface uniformly. The
incident electric ﬁeld is taken to be 1 V/m and we used
n ¼ 2:17 þ 0i at 800 nm for the LN crystal.22) LN is a widebandgap material (Eg ¼ 4 eV) so we can assume that the
electron density in the conduction band does not increase
during laser irradiation. Figure 3 shows the steady-state
intensity distribution at a depth z ¼ 5 nm below the crystal
surface 22 fs after irradiation with an 800 nm femtosecond
laser pulse. We chose to analyze the ﬁeld distribution just
below the surface (z ¼ 5 nm) because the material at that
depth plays a more important role in the ablation process
than the surface.
The simulation agrees well with the experimental result,
showing strong enhancement of the optical intensity at
both ends of the nanorod-shaped crater. The intensity
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enhancement shown in Fig. 3(b), which is produced by the
interference of the scattered wave from the nanorod crater
and the incident laser, is likely to be responsible for the
formation of the side-lobed craters. With increasing number
of laser pulses, the nanocraters extend to form periodic
ripples parallel to the original crater. Figure 4 shows the
intensity distribution at z ¼ 5 nm along the dashed line in
Fig. 3. At a wavelength of 800 nm (h ¼ 1:55 eV) a threephoton process is necessary to excite carriers across the
bandgap of LN (Eg ¼ 4 eV). The ablation and the modiﬁcation occur at the area where the value of the enhanced
optical intensity exceeds the ablation threshold for nanocrater formation. Experimental distance between the center
of the nanorod-shaped crater and the side-lobed craters
ranged from 90 to 200 nm [Figs. 1(c) and 1(d)]. By FDTD
simulation, the distance is calculated as 135 nm. The
simulation explains well the observations of the evolution
of high-spatial-frequency LIPSS formation.
In conclusion, we observed the evolution of high-spatialfrequency LIPSS formation at the surface of a LN crystal.
After irradiation of a few pulses, nanorod-shaped craters
appear randomly on the surface. The formation of the
nanocraters is mainly due to local nanoablation, originating
from stacking faults in the crystal. Subsequent incident
pulses turn the nanorod-shaped craters into side-lobed
craters. We used 3D-FDTD modeling to explain the onset
of ripple formation and the pulse number evolution of the
periodic structures.
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