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This paper reports self-organized nanostructures observed on the surface of ZnO crystal after irradiation by a

focused beam of a femtosecond Ti:sapphire laser with a repetition rate of 250 kHz. For a linearly polarized femtosecond

laser, the periodic nanograting structure on the ablation crater surface was promoted. The period of self-organization

structures is about 180 nm. The grating orientation is adjusted by the laser polarization direction. A long range Bragg-

like grating is formed by moving the sample at a speed of 10 µm/s. For a circularly polarized laser beam, uniform

spherical nanoparticles were formed as a result of Coulomb explosion during the interaction of near-infrared laser with

ZnO crystal.
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1. Introduction

Ultra-short pulsed laser radiation has been shown
to be highly effective for precision material pro-
cessing and surface micro-modification. During the
last decades, special interest was paid to the po-
tential of ultrashort laser pulses with durations in
the picosecond to femtosecond domain with respect
to laser-induced phase transitions[1−4] as well as the
nanostructures,[5−8] precision material processing and
surface micro-modification. The femtosecond laser
can be used to generate a number of nonlinear effects
by multiphoton absorption and avalanche ionization in
the focusing area of materials. It was reported recently
that nanostructures with period much shorter than
the laser wavelength were formed on sample surface
after irradiation with femtosecond laser pulses.[5−9]

ZnO crystal, as an important material for the semi-
conductor industry, presents some specific character-
istics when irradiating with ultra-short laser pulses at
low fluence. Spontaneous nanostructure is observed.
We present in this paper results of nanostructures ob-

tained in air at a wavelength of 800 nm, a repetition
rate of 250 kHz and a fluence of 0.5J/cm2. We produce
long-range Bragg-like nanogratings with period spac-
ing of 180 nm for a linearly polarized femtosecond laser
beam and uniform spherical nanoparticles with diam-
eter of 150 nm for a circularly polarized laser beam by
slowly scanning the crystal under a fixed laser focus.

2. Experiment

Figure 1 shows the experimental setup. Our ex-
periments used a commercial regenerative Ti:sapphire
laser system (RegA 9000, Coherent ) with 120 fs,
800 nm pulses containing a peak energy of up to 6µJ.
A mechanical shutter was used to select laser pulses
from a pulse-train with a repetition rate of 250 kHz.
The Gaussian laser pulses were focused onto the sur-
face of the sample with a spot size of approximately
2 µm by using an optical microscope (Olympus BX51)
with a 20× objective lens and a numerical aperture
of 0.46. We varied the average output power by at-
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tenuating the laser beam with an absorptive neutral

density filter. A
λ

4
waveplate followed by a Glan po-

larizer was used to adjust the laser polarization direc-
tion. ZnO crystal polished on both sides was mounted

on a motorized xyz-translation stage and positioned
perpendicular to the direction of laser incidence. Af-
ter irradiation, the surface morphology was examined
under a scanning electron microscope (SEM) (JSM-
6700F JEOL).

Fig.1. Schematic diagram of experimental setup.

3. Experimental results and dis-

cussion

SEM images of ZnO crystal surface after irra-
diation with 800 nm, 120 fs pulse laser in air with
a 20× focusing objective are shown in Fig.2. Self-
organized nanostructures are formed at the laser- ir-
radiated craters. For a P-polarized femtosecond laser
beam, the periodic nanogratings were perpendicular

to the direction of laser polarization. The nanograt-
ing orientation rotates with laser polarization at 0◦

(a), 45◦ (b), and 90◦(c). We observed that the grating
period is around 180 nm. The orientation of nanograt-
ings is perpendicular to the laser polarization direc-
tion. For a circularly polarized laser beam, uniform
spherical nanoparticles, with diameter of 150 nm, is
observed in Fig.2(d). We demonstrate directly that
changing the polarization direction of the laser con-
trols the orientation of the nanogratings.



No. 4 Femtosecond pulse laser-induced self-organized nanostructures on the surface of ZnO crystal 1225

Fig.2. SEM images of the self-organized nanostructures of the irradiated craters formed in air

after laser irradiation (250 kHz, 120 fs, 800 nm). The rotation of the nanograting direction with

linearly polarized laser polarization at 0◦ (a), 45◦ (b), and 90◦ (c), its polarization direction is

shown by the arrow. (d) For a circularly polarized laser beam.

In order to further observe the nanostructures
on the crystal surface induced by a linearly polarized
laser beam and a circularly polarized laser beam, re-
spectively, we tried to move the focal position of the
femtosecond laser continuously by moving the ZnO
crystal on the motorized xyz-translation stage. One
line writing scan was performed at a scan speed of
10 µm/s and an energy pulse of 15 nJ. A fluence of
approximately 0.5 J/cm2 was achieved. Images have
been taken directly after processing without further
cleaning. Some recast or melted matter is observed
on the sides of the channel. Figure 3(a) presents pe-
riodic structures known as ripples formed after lin-
early polarized laser. The average nanograting period
is 180 nm±10 nm. Figure 3(a) shows a SEM image
(viewed from the top of the sample) of modified planes
obtained with laser polarization directed at 45◦ to the
scan direction. A long-range grating pattern is formed
over the entire 1mm writing range. The nanograting
orientation is tilted with their normal aligned to the
polarization direction. Figure 3(b) is a SEM image of

modified plane obtained for circularly polarized laser.
A long-range of uniform spherical nanoparticles is ev-
ident. The diameter is about 150 nm.

Fig.3. SEM images (viewed from top of the sample) of

the long-range modified regions, (a) for a P-polarization

laser beam with laser polarization E at 45◦ with respect

to the scan direction S, (b) for a circularly polarized laser

beam.
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For a linearly polarized laser beam, the nanograt-
ings shown in Figs.2 and 3 are with same spatial
periods. The formation of the nanograting is at-
tributed to the interference between the surface scat-
tered wave of 800 nm lasers and the scattered light.[10]

For normal incident laser beam, the grating period Λ is
Λ = λ/2n ≈182 nm (λ=800 nm, the fundamental laser
wavelength; n =2.2 for 800 nm light, the refractive in-
dex of ZnO). For a circularly polarized laser beam,
we observed the formation of uniform nanoparticles
on ZnO crystal. Coulomb explosion is proposed to be
responsible for the formation of nanoparticles.[11,12]

The ‘gentle’ ablation was initiated by the two-photon
absorption and dominated by Coulomb explosion.[13]

The modification of crystal structure is attributed to
lattice arrangement resulted from lattice heating ac-
companying Coulomb explosion.[11,12] The ultrafast
laser pulse induces a repulsive electrostatic field, con-

sisting of uncompensated positive charges due to the
emission of electrons on the surface. The neutraliza-
tion of positive charges directly ejects charges and in-
directly ejects neutrals due to collision.

In conclusion, self-organized periodic nanostruc-
tures are observed on the surface of ZnO after irra-
diation by a focused linearly laser beam. The orien-
tation of the gratings is adjusted by the laser polar-
ization direction. The period of self-organized grating
structures is about 180 nm. The phenomenon is inter-
preted in terms of interference between the incident
light field and the surface scattered wave of 800 nm
laser pulses. The long-range Bragg-like gratings were
formed by moving the crystal under a fixed laser focus.
For a circularly polarized laser beam, uniform spheri-
cal nanoparticles were formed as a result of Coulomb
explosion during the interaction of near-infrared with
ZnO crystal.
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