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Periodic surface nanostructures induced by femtosecond laser pulses on polycrystalline ZnO are pre-
sented. By translating the sample line-by-line under appropriate irradiation conditions, grating-like
nanostructures with an average period of 160 nm are fabricated. The dependence of surface morphologies
on the processing parameters, such as laser fluence, pulse number and laser polarization, are studied by
scanning electronic microscope (SEM). In addition, photoluminescence (PL) analysis at room-tempera-
ture indicates that the PL intensity of the irradiated area increases significantly compared with the un-
irradiated area. Using femtosecond laser pulses irradiation to fabricate periodic surface nanostructures
on polycrystalline ZnO is efficient, simple and low cost, which shows great potential applications in
ZnO-based optoelectronic devices.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Nanofabrication techniques have been attracting abundant re-
search interests for the novel electronic, optical and mechanical
properties of various nanostructures exhibiting broad potential
applications in numerous fields, such as catalysis, clean energy
and life sciences [1–3]. In a mass of physical, chemical and
mechanical techniques for nanofabrication, the laser-assisted
methods have shown to be efficient and environmentally friendly,
which aroused many researchers’ greatest attention [4–6]. For
example, laser-induced periodic surface structures (LIPSS) have
been studied on various materials, and different nanostructures
can be fabricated by laser irradiation with different processing
parameters [7–9]. A wide range of laser sources, especially the
ultra-short laser pulses owe to its minimal thermal and mechanical
damages, have been used to fabricate spatially periodic structures
on the surface of metals, semiconductors, dielectrics and polymers
[10–13].

Zinc oxide (ZnO), with a band gap of 3.37 eV and a large exciton
binding energy of 60 MeV at room-temperature, has attracted a
great deal of interests in the past decades due to its wide applications
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in field emission devices, UV light emitting diodes, nanogenerators
and solar cells [14,15]. Many works concentrated on formation of
nanostructures on ZnO because it exhibited the most splendid and
abundant configurations of nanostructures that one material can
form [16]. Recently, femtosecond laser became a new tool to produce
nanostructures on various bulk solids, which would also provide us a
controllable method to fabricate ZnO nanostructures. When the la-
ser fluence slightly exceeded the ablation threshold, uniform nano-
structures were formed on irradiated regions efficiently. Other than
some reports on femtosecond laser-induced LIPSS in ZnO thin films
[17,18], a series of publications have focused on the formation of
LIPSS on the surface of single-crystalline ZnO upon irradiation with
focused Ti:sapphire femtosecond laser pulses [19–22]. Reviewing
previous works, most of them were concentrated on the single-
crystalline ZnO bulks with smooth surface, while seldom reported
the formation of nanostructures on polycrystalline ZnO bulks with
rough surfaces, which are lower cost and easier to be prepared.

In this paper, we fabricated periodic surface nanostructures on
polycrystalline ZnO with original surface roughness by scanning
the femtosecond laser pulses in a simple line-scan mode. Scanning
electronic microscope (SEM) investigations demonstrated that uni-
form nanostructures with an average period of 160 nm have been
successfully induced on rough surface of polycrystalline ZnO bulks.
Furthermore, we studied the dependence of surface morphologies
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on the processing parameters, such as laser fluence, pulse number
and polarization. Finally, the room-temperature photolumines-
cence (PL) measurements were used to exploring the emission
characteristics of the areas before and after the femtosecond laser
irradiation, the results indicated that the presence of nanostruc-
tures could significantly enhance the PL intensity.

2. Materials and experimental procedures

A polycrystalline ZnO plate with diameter of 15 mm and thick-
ness of 2 mm was used in our experiments. The plate was sintered
by ZnO powder with the purity of 99.999%, and then prepared un-
der 1 � 103 MPa pressure in clean environment.

The experimental setup was shown in Fig. 1. A model-locked
Ti:sapphire multi-pass amplifying system (FEMTOPOWER compact
Pro, FEMTOLASERS) was used to generate femtosecond laser pulses
at 1 kHz repetition rate with the central wavelength of 800 nm. A
20� microscope objective (Nikon, N.A. = 0.45) was used to focus
the laser beam at normal incidence onto the sample which was
mounted on a computer controlled 3D translation stage with a res-
olution of 0.04 lm. The energy of the incident laser could be con-
tinuously varied by a variable attenuator, and the polarization of
the laser could be changed by a half-wave plate. The laser fluence
was monitored by a powermeter. The number of laser shots was
controlled by an electromechanical shutter. The pulse can be chan-
ged by adjusting the prism compressor inside the amplifier unit, to
introduce appropriate dispersion pre-compensation depends on
the final pulse duration reached to the sample surface. And the la-
ser pulse duration was measured by an autocorrelator (Femtome-
ter, FEMTOLASERS), so we achieved a pulse duration of 30 fs
(FWHM) pulses focused by the 20� (Nikon, N.A. = 0.45) microscope
objective.

After the laser irradiation, the sample was rinsed in deionized
water for 5 min to clean the residual debris. The morphologies of
the nano-structured areas were characterized by a SEM (JEOL,
JSM-7000F), and the PL spectrum was performed by using an
He–Cd laser (k = 325 nm) as the excitation source at room-
temperature.

3. Results and discussion

The dependence of surface morphologies on incident laser flu-
ence was shown in Fig. 2. Fig. 2(a) shows the morphology of sam-
ple surface before laser irradiation, the sample surface exhibits
regular roughness with grain size distributes in the range of
2–3 lm. After laser irradiation, the grating-like nanostructures
Fig. 1. Experimental setup. It consists of a femtosecond laser resource, a variable
attenuator, a half-wave plate, a mechanical shutter and a microscope objective. The
sample was positioned on a mechanical 3D stage controlled by a computer. The
laser fluence was monitored by a powermeter.
were observed on the irradiated areas with the laser fluence of
(b) 2.0 J/cm2, (c) 2.6 J/cm2 and (d) 3.1 J/cm2, respectively. In
Fig. 2(b), the grating-like nanostructures were formed on the top
of the grains at lower laser fluence, and the cavities still could be
seen under the nano-structured surface layer. With the laser flu-
ence increasing, the nano-grating arrays were observed on the
sample surface, and the surface retained the original roughness,
as shown in Fig. 2(c). If the laser fluence further increased, as
shown in Fig. 2(d), tailored nano-grating arrays with controlled
shape and ordered morphology could be fabricated.

Fig. 3 shows the dependence of surface morphologies on pulse
number. Fig. 3(a) shows the ZnO surface after irradiation by
3 � 105 linear polarized femtosecond laser pulses with the laser
fluence of 3.1 J/cm2. The grating-like nanostructures with a period
of about 160 nm can be observed in the irradiated area. This period
is measured as about 20% of the laser wavelength (800 nm). When
the number of the incident laser pulses increased to 6 � 105, the
grating-like nanostructures still appeared in the irradiated area,
as shown in Fig. 3(c), but the morphology of the nano-gratings be-
came rougher. A mass of nanometer-sized protuberances can be
found on the surface of irradiated region, which might be attrib-
uted to the redeposition of ablation debris. Fig. 3(b) and (d) were
the higher magnification images of Fig. 3(a) and (c), respectively.

There are many reports concentrated on the formation mecha-
nisms of femtosecond laser-induced periodic surface structures on
smooth surface [23–26]. It was generally proposed that periodic
structures are determined by the interference of the incident laser
beam with the surface scattered wave. However, in our experi-
ment, the uniform ZnO nano-gratings are fabricated on the loose
and grain-covered surface. The interference model can only explain
the ripples formed on the top of the grains at lower laser fluence.
With the increasing of laser fluence, nano-gratings will be gradu-
ally formed in the cavities where the incident laser could not reach.
Reif et al. suggested that the ripples were due to self-organization
structure formation during the relaxation of the highly non-equi-
librium surface after explosive positive particles emission [27].
The particles might fill the cavities and smooth the surface, so
the nano-grating arrays can be formed on the loose and grain-
covered ZnO surface. So, we propose such nano-gratings formed
on porous surface are a combined result of interference and self-
organization. At lower laser fluence, as shown in Fig. 2(b), nano-
gratings are formed only on the top of the grains. The incident laser
only excites the electrons of the system at first, and the ions emit
after electronic excitation converted into ion kinetic energy. The
nano-gratings should attribute to the interference of the incident
laser with the scattered light caused by the roughness of the sur-
face, and the density of ions induced by the laser is very low. With
the laser fluence increasing, as shown in Fig. 2(c), nano-gratings
gradually are formed all over the irradiated area, and the redeposi-
tion of ablation debris indicates that the ion density is high enough,
so we believe the self-organization plays an important role in the
formation process. The self-organization is consisting of a compe-
tition between surface roughing due to ablation and smoothing be-
cause of atomic diffusion [24]. When the incident laser reached to a
higher fluence, as shown in Fig. 2(d), the atomic surface diffusion
process may play a dominant role and tend to smooth the surface
by filling the cavities with diffused particles. The grating-like nano-
structures are formed due to self-organization structure formation
during the relaxation of the highly non-equilibrium surface after
explosive intense femtosecond laser pulses irradiation. It can be
seen from Fig. 3, the nano-gratings cover the whole irradiated area
under self-organization process. Detailed mechanism is still neces-
sary and under way to understand the phenomenon.

We also produced multi-shot craters on the ZnO by changing
the laser polarization. The laser fluence was 3.1 J/cm2 and the num-
ber of incident laser pulses was 3 � 105. The grating-like nano-



Fig. 2. The dependence of surface morphologies on incident laser fluence. (a) The morphology of the un-irradiated area. The influence of laser fluence on the morphologies of
the nano-gratings formed by the irradiation of linearly polarized laser with the fluences of (b) 2.0 J/cm2, (c) 2.6 J/cm2 and (d) 3.1 J /cm2. The number of incident laser pulses
was 3 � 105.

Fig. 3. The SEM images of the grating-like nanostructures induced by femtosecond laser under different number of laser pulses: (a) 3 � 105 and (c) 6 � 105 linear polarization
laser pulses. The laser fluence was 3.1 J/cm2. (b) and (d) were the higher magnification images of (a) and (c), respectively.
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structures were fabricated in the craters, as shown in Fig. 4. The
orientation of the periodic nanostructures was perpendicular to
the direction of laser polarization, and the polarization directions
were shown by the arrows.

Subsequently, we fabricated a large-area uniform nanostructure
on the sample surface using the simple line-scan method. In our
experiments, the laser beam scanned along the orientation perpen-
dicular to the laser polarization and the interspacing of the scan-
ning lines was set to 2 lm. In order to obtain a fine surface
morphology, the laser fluence and scanning speed were set to
3.1 J/cm2 and 20 lm/s, respectively. Fig. 5 shows the SEM images
of ZnO nanostructures and the inset shows the top view of the irra-
diated area. We can see that the uniform nanostructures were pre-
pared on the ZnO plate in a square region with dimensions of
200 lm � 200 lm. The surface morphology of the treated area is
smooth; grains and cavities rarely can be found. The experimental
results indicated that femtosecond laser is an efficient tool to fab-
ricate large-area uniform nanostructures. It should be noted that
by altering some parameters, the nanostructures could be con-
trolled conveniently.

The room-temperature PL measurements are employed to
investigate emission characteristics of ZnO using an He–Cd



Fig. 4. The SEM images of ZnO surface after irradiated with different laser polarization directions. The laser polarization directions are shown by the arrows. The laser fluence
was 3.1 J/cm2 and the number of incident laser pulses was 3 � 105.

Fig. 5. The SEM images of a ZnO nanostructures area achieved in line-scan mode.
The inset shows the top view of the irradiated area. The laser fluence was 3.1 J/cm2,
the scanning speed was 20 lm/s and interval of two adjacent scanning lines was
2 lm.

2388 W. Liang et al. / Optics Communications 283 (2010) 2385–2389
laser (325 nm) as the excitation source. Fig. 6 shows the room-
temperature PL spectra of ZnO. It can be seen from Fig. 6 that the
PL intensity of the irradiated area increase significantly compared
Fig. 6. Measured room-temperature photoluminescence spectrum of irradiated
area and un-irradiated area. The PL spectrum was achieved using an He–Cd laser
(325 nm) as the excitation source under same excitation density and excitation
angle.
with the un-irradiated area. Strong emission at 387 nm is observed
for both of them. In addition, we observe that the green emission
intensity at 520 nm increase notably higher than the UV emission
on irradiated area. It is well known that the UV emission peak usu-
ally originates form the near band-edge emission from the recom-
bination of free excitons, the green emission broadband centered
at about 520 nm is attributed to the singly ionized oxygen vacancy
in ZnO and the emission results from the radiative recombination
of a photon-generated hole with an electron occupying the oxygen
vacancy [14]. The progressive increase of the green emission rela-
tive to the UV emission on irradiated area suggests that there is a
greater fraction of oxygen vacancies on nano-structured region. In
our experiment, intense femtosecond laser pulses are employed to
induce periodic nanostructures on the ZnO surface. Comparing
with the bulk ZnO, nano-structured ZnO have a higher surface to
volume ratio. We believe a higher surface to volume ratio for
nano-structured region might favor a higher level of surface and
sub-surface oxygen vacancy [28]. The higher surface to volume ra-
tio, the stronger the green emission, whereas the peak remains
centered at 520 nm. In addition, it has been reported that the lumi-
nescence quantum efficiency of nanostructures increased with
decreasing structure size [29]. So, the enhancement observed in
the PL intensity on nano-structured region is attributed to the
higher surface to volume ratio, as well as the higher luminescence
quantum efficiency.
4. Conclusions

In summary, we presented the investigations of periodic nano-
structures on polycrystalline ZnO surface fabricated by femtosec-
ond laser pulses irradiation. The laser fluence, pulse number and
polarization were changed to study the influence on the morphol-
ogy of the ZnO nanostructures. We suggest that the structure
formation might be a combined result of interference and self-
organization. The room-temperature PL spectrums exhibited that
the PL intensity of the irradiated area was increased significantly.
These findings may provide useful information for understanding
of the formation mechanisms of femtosecond laser-induced peri-
odic nanostructures and strengthen the interest of ZnO-based
optoelectronic device applications.
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