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ARTICLE INFO ABSTRACT

Keywords: Three types of surface nanostructures are fabricated on tungsten by adjusting azimuth angle 6 of
surface nanostructure YVO, birefringent crystal and laser parameters in experiment. Different surface structure mor-
crossed linear polarizations phologies are introduced and their features are investigated. The frequency characteristics of the

temporal delay

three type laser-induced surface nanostructures are studied by the fast Fourier transformation
ultrafast laser pulse

(FFT). By varying the azimuth angle of YVO4 crystal we can not only convert one-dimensional
(1D) grating-like structures into two-dimensional (2D) surface structures, but also control the
structural arrangement. Compared with traditional two-step sequential processing method, the
dual orthogonal pulses generating through YVO, birefringent crystal can induce better periodical
1D grating-like structure. Moreover, the 2D microbumps are mainly dependent on the energy
deposition effect from dual pulses. We also provide the underlying texturing mechanism of final
periodic surface structures.

1. Introduction

Laser induced periodic surface structures (LIPSSs) show distinct advantages for their prospects in both basic research and industrial
applications of micro/nano-structure devices [1-4]. Compared to lithography methods, femtosecond laser processing as a direct laser
writing technique can be finished facilely within one step [1-7]. It has become a powerful tool in the precise processing of nano-
structures on all types of solid materials such as metals [1,5,6], semiconductors [2,7], and insulators [8]. Therefore, femtosecond laser
technique has exhibited a large potential of wide application in colorization, solar cells, waveguides, and superhydrophobic char-
acteristics [1-10]. A wide range of morphologies have been successfully created, such as periodic grating-like structures, microbumps,
subwavelength triangle structures, bionic functional structures, etc [11-14].

Texturing large-area nanostructures is still a challenge, but is urgently demand. The formation mechanisms of different surface
nanostructure morphology are also needed to be explored for well controlling key factors and create new structures in the future. Some
researchers fabricated new laser-induced surface nanostructures by adjusting distributions of laser pulses in time and space [9,12-17].
Effects of surface nanostructures including the shape, material properties, and roughness factor have been studied. The formation
mechanism of surface nanostructures was particularly explored. Several models have been proposed to explain the formation dynamics
of laser-induced surface structures [18-20]. Among them, it has been mostly accepted that the interference between the incident pulse
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Fig. 1. Schematic diagrams of the experiment setup. Abbreviation: fs: femtosecond, At: the temporal delay of the two pulses, CCD: a charge coupled
device. The double arrows represent directions of the linear polarization of femtosecond lasers.

Fig. 2. (a) SEM images of 2D arrays of microbumps on tungsten surfaces induced by double femtosecond laser pulses at the total incident laser
fluence of F = 0.28 J/cm? and the sample scanning speed of V = 0.03 mm/s. (b) The high-resolution SEM of 2D arrays of microbumps. The red
double arrow represents the laser polarization direction. For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.

and the excited surface plasmon polariton (SPP) plays an important role in construction of LIPSSs on the surfaces of the targets [9,12,
13,21]. The surface plasmon wavelength is approximately equal to the period of ripples which is always smaller than the laser
wavelength in normal incidence [21]. But it is hard to explain the production of complex structure.

By rotating YVO4 birefringent crystal, nanostructures were got on tungsten surfaces using dual femtosecond lasers with different
azimuth angles. After FFT transformation of surface nanostructures patterns, we classified them into three types, 1D grating-like
structures, 2D arrays of microbumps and aperiodic microbumps. Their periodic distribution characteristics can be clearly seen after
FFT transformation. Further more, we explored the formation mechanism of surface nanomicrobumps and fabrication of 2D aperiodic
microbumps. Both of them can be also reasonably explained by the energy deposition result of dual pulses.

2. Experiment

The experimental device is mainly composed of femtosecond laser source, beam splitter, YVO4 birefringent crystal (the thickness of
1.26 mm and the diameter of 1 mm), plano-convex cylindrical lens, and target which is fixed on the three-dimensional precision
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Fig. 3. Morphological evolution of the nanostructures on tungsten surfaces induced by femtosecond laser at the azimuth angle ¢ of (a) 0°, (b) 39°,
(c) 43°, (d) 48°, (e) 53° and (f) 57°. For interpretation of the references to color in this figure, the reader is referred to the web version of this article.

moving translation stage (New Port UTM100 PPE1) in Fig. 1. A commercial Ti: sapphire laser amplifier system is used to generate
linearly polarized 50 fs laser pulses with a maximum pulse energy 2 mJ at a repetition rate of 1 kHz with a central wavelength of 800
nm in air. As the schematic diagram in Fig. 1, a temporal delay of 1.2 ps is made between the two pulses. To structure tungsten surfaces,
amechanically polished tungsten plate (Goodfellow Co.) with a dimension size of 25 x 25 x 1 mm?® and the purity of 99.95% serves as
a material sample was irradiated by a fused plano-convex cylindrical lens with a focal length of f = 50 mm. Before the experiment, the
surface of material is polished by a fine grade of emery paper and degreased in acetone. The surface of sample is perpendicular to the
optical axis. The sample is mounted on x-y-z translation stage (Newport UTM100 PPE1). Its translation direction is perpendicular to
the line-shaped focal region. The scanning resolution is 1 um and translating speed is within a range of 0.005-0.4 mm/s. The sample is
positioned at the focused plane. The energy of the incident laser is attenuated through some neutral-density filters and measured before
the cylindrical lens. Morphologies of the laser exposed surfaces were examined by scanning electron microscopy (SEM).

3. Results and discussions

In the experiment, the linearly polarized laser pulses were used as a light source with the pulse duration of 50 fs and a central
wavelength of 800 nm at a 1 kHz repetition rate. The orthogonal pulses generated through a birefringent crystal of YVO4 were focused
on the polished tungsten surface by plano-convex cylindrical lens under normal incidence. A typical surface topography of 2D arrays of
microbumps is shown in Fig. 2(a) at laser fluence about F = 0.28 J/cm? at the azimuth angle @ = 48°. The directions of grooves
distributed around the square lattices are completely different from the polarization of the linearly incident femtosecond laser from
femtosecond laser source. From the magnified image in Fig. 2(b), it is seen that 2D arrays of microbumps are regularly generated in the
center of square lattices on the sample surface. The metallic microbumps covered with scattered fragments around the grooves have a
period of about A = 580 nm as shown in Fig. 2(b).

It is known that the azimuth angle 0 of the YVO,4 birefringent crystal which could change the energy ratio of the double laser pulses
and their directions with the orthogonal polarizations. As the azimuth angle ¢ increased, various grooved surface patterns were
fabricated as shown in Fig. 3 Notably, the surface morphological characteristics of the nanostructures were greatly affected by the
azimuth angle 6 of the birefringent crystal. It is usually considered that the polarization of incident laser is perpendicular to the di-
rection of grooves induced by laser on the tungsten surface [1,11], which can be confirmed by the typical result of Fig. 3(a). Compared
with the grating-like in Fig. 3(a), the periods of regular groove structures in Fig. 3(b) and (f) are larger, and the ridges are much wider
and smoother. Furthermore, we find that the size of scattered fragments around the grooves in Fig. 3(d) is bigger than others in Fig. 3.
This phenomenon indicates that in the nonlinear process of the laser interaction with the material, there may be a strong ablation
process in groove position. In contrast to 2D arrays of microbumps in Fig. 3(d), 2D aperiodic microbumps which are constituted by
preferential grooves and messy grooves give distinct orientational preference as shown in Fig. 3(c) and (e). Changes in LIPSSs reflect
changes of SPP. The etched grooves appear messy marks from a single vertical direction to a regular cross direction in Fig. 3(a) to (d),
which also show that SPP induced by the laser on the surface of the material was deeply affected by the laser fluence. Several messy
grooves are present as marked by the red circles in Fig. 3(b), (c). The most obvious phenomena of surface topography features in more
details as shown in Fig. 3(b), (c), (e) and (f) imply that the preferential orientations of grooves are more likely to be determined by the
polarization direction of the stronger laser pulse in the dual pulses.

In order to get the distribution law of the experiment quickly, the surface structure is studied by the two-dimensional FFT. We find
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Fig. 4. Three types of microstructures: (a) SEM image of one-dimensional periodic grating-like structures. (b) SEM images of 2D arrays of
microbumps. (c¢) SEM images of 2D aperiodic microbumps. (d), (e), and (f) are FFT of (a), (b), (c).
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that there are three distinct types of 2D extended surface of microstructures provided in Fig. 4(a) to (c). Their corresponding FFT are
shown in Fig. 4(d) to (f) where the bright spots indicate the homogeneity of the microbumps arrangement along different position and
directions. Compared with Fig. 4(d), 2D aperiodic microbumps in Fig. 4(f) also have a dominant periodic from bottom right to top left
which seems to be determined by the larger energy. However, the significant difference is that the weaker pulses still leave messy
traces whose frequency is continuous in a special area shown in Fig. 4(f) but this is not seen in Fig. 4(d). According to previous re-
searches, two types of periodic surface nanostructures have been reported by two laser pulses with perpendicular polarization di-
rections: 1D periodic grating-like structure [11], 2D square lattice structure [13]. The formation mechanisms have been reported
[12-17], but 2D aperiodic microbumps as shown in Fig. 4(c) induced by two pulses have been barely studied.

In order to reach the energy ratio of about 1.3 to formate 2D aperiodic microbumps in Fig. 3(e) the laser fluence of two laser pulses
are given by F, = 0.19 J/cm? and F, = 0.15 J/cm?, respectively. We design a two-step sequential processing method to study the
fabrication of surface structures with different initial polarize pulse with large delay as shown in Fig. 5. In the experiment, the YVO4
birefringent crystal was taken away in the laser path and the orientation of the 1D grating-like structures in Fig. 5(a) and (b) are
perpendicular to the polarization directions of the linearly polarized laser at the scanning V = 0.03 mm/s through optical delay line 1
and delay line 2 in Fig. 1 at the normal incidence. First, we blocked the laser path of delay line 1 and released the laser in delay line 2 for
five seconds to get 1D grating-like structures as shown in the right half of Fig. 5(c). Then we blocked the both arms and controlled the
translation stage moved backward for two seconds. One minute later, we released the laser in delay line 1 to get the surface nano-
structures of two lasers with large delay as shown in the left half in Fig. 5(c) and (e). To gain the insight of the two pulses affecting the
formation of surface nanostructures, we changed the sequence of the two lasers and using the same method, and got the results as
shown in the left half in Fig. 5(d) and (f). We find the nanostructures induced by the first beam were all eliminated. According to the
results of one minute delay described above, it is found that the order of laser is the key to fabrication, and the polarization direction of
the stronger laser does not determine the final orientations of grooves. This shows that the delay time is another important factor which
can modulate the interaction result between the same incident laser and SPP.

The deposited energies relaxed to the lattice through electron-phonon processes often lasts tens of picoseconds for metals [13-16].
The previous studies have shown that the structures induced by the single beam femtosecond laser on the material surface are easily
accompanied by the splitting phenomenon [21-24]. If one of the double laser pulses becomes stronger in the energy fluence, its
deposition energies on the material surface will lead a serious ablation with the help of another pulse. In Ref. [13], we have already
studied the delay dependence of nanostructures induced dual laser pulses on the tungsten surface and found there was a significantly
correlated thermal melting induced by the two pulses within tens of picoseconds on tungsten. The phenomena in Fig. 3 can be
physically analyzed as follows. The spatial period of the one-dimensional quasi-periodic grating-like structures in Fig. 3(a) is small, and
the ridges are splited obviously for one laser with higher energy. The ridges formed by the previous pulses are easily destroyed by the
second pulse with same polarity. Compared with Fig. 3(a) 1D grating-like structures in Fig. 3(b) and (f) seem to be induced by the
stronger laser pulse and have stable periodic. The ridges get significantly flatter and there is no division on the ridges. Furthermore,
irregularly shaped microbumps on the ridges at the azimuth angle # = 43° or 53° can be found with different patterns of orientation
preferences and there are no division on the ridges too. These results indicates that the surface dynamic of each pulse pair interacting
with the material are related and coupled with each other, thereby avoiding the laser pulse from triggering a locally enhanced electric
field on the ridges induced by the other pulses. So we can find the square lattices of metallic microbumps could be fabricated for the
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Fig. 5. (a), (b) 1D quasi-periodic grating-like structures fabricated with laser fluence F, and F,, respectively. The double arrows of (a) and (b) shown
in red are polarization of double laser. (c), (d) 1D quasi-periodic grating-like structures fabricated at junction by two-step sequential processing
method. (e), (f) The surface nanostructures are induced by two lasers with two-step sequential processing method. For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.

correlated thermal melting in tempo-spatial correlation induced by the two laser pulses.
4. Conclusions

In summary, we present a one-step processing method to directly obtain three types of nanostructures on the hard surfaces of
tungsten by changing the azimuth angle 6 of the birefringent crystal YVOy. After classification, they are attributed into three types of
nanostructures: 1D grating-like structures, 2D arrays of microbumps and aperiodic microbumps. Although the morphological char-
acteristics of three types of nanostructures can be changed by the adjusted optical axis of the crystal, it is difficult to obtain the same
effect if the temporal-delay of double pulses increased into one minute. We analyze the morphological characteristics of the three types
of nanostructures by FFT and design a large temporal-delay experiment in the two-step method to explore the reason for the fabrication
of 2D aperiodic microbumps obtained by YVOs,.
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