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Abstract With greater optical penetration depth and lower
ablation threshold fluence, it is difficult to directly fabri-
cate large scales of laser-induced periodic surface structures
(LIPSSs) on indium-tin—oxide (ITO) films. This study pro-
posed an approach to obtain optimized LIPSSs by sputter-
ing an Au thin film on the ITO film surface. The concept
behind the proposal is that the upper layer of the thin Au
film can cause surface energy aggregation, inducing the
initial ripple structures. The ripples deepened and become
clear with lower energy due to optical trapping. The effec-
tive mechanism of Au film was analyzed and verified by a
series of experiments. Linear sweep, parallel to the laser
polarization direction, was performed using a Nd: VAN laser
system with 10-ps Q-switched pulse, at a central wavelength
of 532 nm, with a repetition rate of 1 kHz. The complete and
clear features of the nanostructures, obtained with the peri-
ods of approximately 320 nm, were observed on ITO films
with proper laser fluence and scanning speed. The depth
of ripples was varying in the range of 15-65 nm with clear
and coherent ITO films. The preferred efficiency of fabricat-
ing nanostructures and the excellent results were obtained
at a scanning speed of 2.5 mm/s and a fluence of 0.189 J/
cm?. In this way, the ablation and shedding of ITO films was
successfully avoided. Thus, the proposed technique can be
considered to be a promising method for the laser machining
of special nonmetal films.
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1 Introduction

The formation of surface nanostructures on a wide variety
of materials has great technological impact in application
areas, such as catalysis, photonics, single electron and quan-
tum devices, plasmonics, or solar cells [1, 2]. This potential
has increased the number of research groups focusing on
the generation and evolution of the nanostructures. Several
investigations have been conducted on etching manufactur-
ing (plasma drying etching) and additive manufacturing
(CVD processes) to obtain the nanostructures on the surface
of thin films [3, 4]. However, the required complex processes
of the above-mentioned methods are the main issues that
impede their promotion. Laser processing is not only simple
and easy as a technological process, but also can produce
fine nanostructures. The formation of laser-induced periodic
surface structures (LIPSSs) has become of great interest at
present [5, 6]. The LIPSSs can generally be obtained on
semiconductors [7, 8], bulk metals [9, 10], and dielectrics
[11] by ultrafast lasers. In particular, the interest in process-
ing LIPSSs on thin films has increased due to the adjustment
of film properties [12-14].

Indium-tin—oxide (ITO) films, a high carrier concentra-
tion semiconductor of low electrical resistivity and high
transparency at visible light wavelengths, are widely used
in transparent electrodes for display devices, transparent
coating for solar energy heat mirrors, and window films in
n—p heterojunction solar cells [15, 16]. Furthermore, as a
wide band-gap semiconductor (3.54.3 eV), ITO films show
high transmissibility in the visible and near-IR regions of
the electromagnetic spectrum [17], which is significantly
different from that of metal films. The generation and evolu-
tion of the nanostructures on ITO films surface is an impor-
tant approach for adjusting the photoelectric characteris-
tics (sheet resistance [18, 19] and surface reflection [20],

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-017-6822-8&domain=pdf

251 Page2of9

H.Z. Yang et al.

in particular). By tuning the structures of LIPSSs on thin
transparent films, the spectral reflectance can affect the solar
absorptance due to the nanostructures on the surface [21].
As a consequence, the research of LIPSSs on ITO films sur-
face is extremely essential.

However, at present, most of the researchers are focus-
ing on patterning ITO thin films [22-24]. A limited num-
ber of studies are focused on nanoscale periodic structures,
which can be obtained by complex subsequent processing
(i.e., chemical etching [6]), after laser irradiation, or solely
obtaining incomplete nanostructures [25, 26], due to the spe-
cial optical properties of ITO thin films. Unlike metal films
[27, 28], it is difficult to directly fabricate coherent LIPSSs
on nanoscale ITO films, owing to its long penetration depth
and low damage threshold [19]. With the microscale of
optical penetration depth, a large amount of photoelectrons
are emitted on the bottom of the film, which lead to the
static instability in the bottom of the film [29]. At this point,
the energy absorption at the interface between ITO films
and the substrate causes expansion and results in the ITO
layer detached from the substrate and falls off partially. The
resistivity of ITO films is significantly increased with sur-
face shedding and also increased with the increased depth
of nanostructures, which is difficult to control due to more
energy deposition at the interface, significantly reducing the
solar photovoltaic conversion efficiency. Therefore, it is bet-
ter for obtaining the initial nanostructures when energy is
limited on the surface of ITO film. The energy absorption
on the formed initial structures due to optical trapping effect,
and the depth of nanostructures can be controlled.

In this study, an approach of sputtering an Au thin film
upon the ITO film as a protective and induced layer was pro-
posed to obtain coherent and uniform LIPSSs with appropri-
ate depth on transparent films. The optical absorption effect
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of metal films can induce a large area of LIPSSs on ITO
film surface owing to the laser that is focused on the surface
of ITO film. With the relatively short penetration depth of
13 nm, Au was selected for this study due to its excellent
physical characteristics and optical properties. To study the
effects of sputtering Au films upon ITO films, the LIPSSs,
directly obtained on ITO films under laser irradiation, were
studied first. On this basis, the Au film was sprayed on ITO
film and experiments were carried out at different laser flu-
ences and scanning speeds. The depths of LIPSSs formed on
ITO films are ranging, which significantly affect the photo-
electric characteristics of the transparent films.

2 Materials and methods

In this study, a Nd:VAN picosecond laser system (High-Q,
Austria) based on pulse regenerative amplification was used
in the processing of ITO films. The laser system delivered
pulses of 10 ps duration, with maximum power of 2 W, and
532 nm wavelength at a repetition rate of 1 kHz. The laser
beam was focused on an almost circular spot of 45 pm diam-
eter by a plano-convex lens (200 mm focal length) and is
perpendicular to the samples surface. The energy density
distribution of the laser beam was Gaussian with a beam
quality factor (M?) ~1.3 and the pulse energy was being
adjusted using a combination of a half-wave plate and a lin-
ear polarizer.

ITO films with the thickness of 240 nm were depos-
ited on glass substrates by magnetron sputtering (Denton
Vacuum LLC Discovery 635). Then, the Au films with the
thickness of 20 nm were coated onto ITO. Figure 1 shows
the optical coefficient ratio 7/(1—R) and optical reflectivity
(where T means transmissivity and R means reflectivity)
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Fig. 1 Optical coefficient ratio: 7/(1 — R) and optical reflectivity at normal incidence of the Au sputtering samples in spectral range 300—
1100 nm are shown in a and b, where 7' means transmissivity and R means reflectivity
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of the ITO film coated with Au thin film of different
thickness values, measured by UV-Vis—NIR (Shimadzu
UV-3600) at a normal incidence within the spectral range
300-1100 nm. In addition, Au,,, Au,,, and Au,, represent
10, 20, and 30 nm thickness of Au films, respectively, and
Au, represents the ITO film without being coated with
Au film. With the increase of Au layer thickness, it was
clear that the reflectivity increased and transmissivity
decreased, the energy absorption significantly increased
on the upper layer of Au film. Therefore, the energy trans-
ferring at the bottom of ITO films was decreased and the
integrity of ITO films can be guaranteed. Since the 20 nm
film thickness with a proper absorption is slightly higher
than the Au optical penetration depth of 13 nm, the nega-
tive effect of a nonuniform laser coupling field caused by
direct excitation can be avoided [30].

The samples were fixed on a motorized xyz stage
(OWIS, PS-30) for precise positioning. The samples were
processed with a single scanning for each set of param-
eters. All the laser ablation experiments were performed
in air. The schematic diagrams of the interaction of laser
beam with the samples surface, when the beam arrives
perpendicularly, are shown in Fig. 2a, b. The morphol-
ogy of the LIPSSs of samples was observed using scan-
ning electron microscopy (SEM, SU-8010), atomic force
microscopy (AFM, INNOVA), and fast Fourier transform
(FFT). An ultraviolet spectrometer (Shimadzu UV-3600)
was used to measure the absorbance of the prepared films.

Fig. 2 Schematic diagrams

of picosecond laser irradiation
acted on the samples: a laser

is focused on the ITO film
directly, b laser is focused on
the Au thin film sputtering upon
ITO film surface

Laser beam

Focus

Fig. 3 SEM micrographs of
nanostructures with laser beam
focused on ITO film directly,

at laser fluence of a 0.52 J/cm?,
and b 0.31 J/cm?, scanning
speed of 0.1 mm/s. The inset
graphs show the FFT patterns
and their cross-sectional profiles
at locations corresponding to a
and b. The arrow represents the
direction of the laser polariza-
tion

The texture structures of the ITO films were altered and
characterized with various LIPSSs.

3 Results and discussion
3.1 Direct irradiation of ITO films by picosecond laser

Traditionally, the LIPSSs are obtained on bulk and film
materials by the direct irradiation of an ultrafast laser. How-
ever, it is difficult to obtain coherent and uniform LIPSSs
on ITO films with this method, due to its special photo-
electric properties, as mentioned above. The experimental
results by direct absorption of the laser beam at different flu-
ences are shown in Fig. 3. The FFT profiles of LIPSSs with
period perpendicular to laser polarization are demonstrated
by the red-dotted square insets, respectively. Laser fluence
of 0.43 J/cm? and a scan speed of 0.1 mm/s (the effective
shots number is approximately 450 pulses) were applied to
form LIPSSs, as shown in Fig. 3a. The fluence is slightly
below the ablation threshold of ITO films in these experi-
ments [19, 31]. Ripples were formed on ITO films and their
spatial period turned out to be 435 nm. In addition, some
ripples split and the period was 185 nm. The yellow-dotted
square highlights a large area of ablation and shedding of
ITO films in the center. It would greatly increase the sur-
face resistance of ITO films. Even though a lower fluence of
0.31 J/em? was applied, ablation and shedding of ITO films
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also existed within the yellow-dotted squares, as shown in
Fig. 3b. As previously mentioned, more energy absorption
at the interface of substrate and ITO film with high trans-
mittance lead to interface erosion. It is also obvious that the
ripples are shallow and the laser fluence was not sufficient to
produce any uniform surface texture at the edge of the laser-
absorbed zone. The modified surface morphology of ITO
films was caused by multiphoton absorption, resulting from
photoionization and the formation of more free electrons,
where the material absorbed more energy [32]. Therefore,
the ITO film would also be processed below the ablation
threshold as the laser fluence is enhanced; this leads to the
ITO film being easily ablated and LIPSSs with clear and
complete features are difficult to obtain. Nanostructures are
inevitably destroyed only by direct laser irradiation of ITO
films, which will significantly affect the structure morphol-
ogy and properties.

3.2 Nanostructures formed on ITO film
surface-assisted by pre-deposited Au film

To improve quality and obtain perfect nanostructures on ITO
films, this paper proposes the use of Au thin film sputtering
on ITO films surface. With short penetration of 13 nm, Au
films of 20 nm will lead to energy aggregation in the upper
layer, which will absorb the excessive heat. Before Au films
are damaged and ablated, the laser energy is concentrated on
the Au film and transferred to the ITO film surface, avoid-
ing the ablation of the bottom of ITO film. In addition, with
high thermal conductivity of Au films [33], the distribu-
tion of electron density becomes rapidly uniform on the Au
films, thus avoiding the localized ablation and shedding of
the ITO film.

Furthermore, when laser is focused on the upper layer of
Au films, the original nanostructures are created in the Au
film. Compared with transparent ITO film, the upper layer of
Au films can capture more energy and obtain nanostructures
with lower energy due to short penetration. With the effect of
light trapping, the nanostructures will extend to the surface
of ITO film layer with this lower energy, avoiding interface
ablation between the ITO film and substrate. Accordingly,
the uniform and clear ripples will be formed on the ITO
film. Hence, the optimum LIPSSs will be obtained using Au
films sputtered on ITO films surface. A series of experiments
were carried out to illustrate the effect of the Au film on
the fabrication of LIPSSs and explore the influence of laser
energy and shots number on ITO film coated with a 20 nm
thickness of Au layer, under the same conditions with those
of the experiments of direct irradiation of ITO films.

Figure 4 shows the results obtained at a scanning speed
of 0.6 mm/s, and the effective shots number is approxi-
mately 75. The Au film was ablated with a laser fluence of
0.044 J/cm? and the ITO film was remained intact, as shown
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in Fig. 4a. Figure 4b1, c1 shows the high magnifications
of the center and edge of the laser-absorbed zone, respec-
tively. LIPSSs on Au films were obtained at the edge, which
is shown in Fig. 4c1. Also some initial periodic structures
were formed on ITO films surface in the center of the laser-
absorbed zone, where the Au film was ablated, as shown
in Fig. 4bl. The direction of the periodic structures was
perpendicular to the polarization. The graphs of FFT are
shown in Fig. 4b2, c2, respectively. The presence of the
unclear initial periodic structures increased the roughness
of ITO surface and contributed to obtaining distinct LIPSSs
on ITO films surface. However, it was obvious that the Au
film was not ablated completely and the unclear nanostruc-
tures cannot meet the requirements of the application with
the low laser fluence. With the laser fluence increased to
0.142 J/cm?, the width of ablated Au film increased. That
is to say, Au films are removed both in the center and at
the edge of the irradiation area, and ripples are obtained
in the irradiation center on the ITO film surface, as shown
in Fig. 4d. Figure 4el, f1 shows the high magnifications in
and out of the laser-absorbed edge, respectively. The cor-
responding elemental analysis chart is conducted to check
whether gold is left on the surface after processing, as shown
in Fig. 4e2, £2, respectively. Thus, it can be seen, despite the
lower fluence at the edge in the ablation region, Au films
are removed completely. High laser fluence was provided to
obtain distinct LIPSSs on ITO films in the experiments of
the present study.

3.3 Effect of laser fluence on the fabrication
of nanostructures on ITO film

Figure 5 shows the LIPSSs fabricated on the surface of the
sample with laser fluence in the range between 0.063 and
0.189 J/cm?, at a scanning speed of 0.6 mm/s. The Au thin
films were ablated completely in these processing conditions
and the LIPSSs were more pronounced at higher laser flu-
ence. The periods are signed at the peak of LIPSSs in (b2)
and (c2), and the periods of ripples which are approximately
320 nm with the orientations are perpendicular to the laser
polarization. It is clear that well-defined LIPSSs on complete
ITO films surface existed in the laser-absorbed region and
the morphology of LIPSSs are shallow at the laser fluence of
0.063 J/cm?, as shown in Fig. 5a. The uniform and coherent
LIPSSs can be formed at the laser fluence of 0.126 J/cm?,
and there is no damage of the ITO film, as shown in Fig. 5b.
When the laser fluence continued increasing to 0.157 J/
cm?, more pronounced LIPSSs with sharper contrast can be
obtained, but some ablation pits appeared on the ITO film
to break in the uniform LIPSSs, as demonstrated in Fig. Sc.
With clear and complete LIPSSs of Fig. 5b, c, the FFT is
highlighted in the red-dotted square inset, respectively. Fur-
thermore, the AFM measurements are shown in Fig. 5bl,
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Fig. 4 SEM micrographs of nanostructures at scanning speed of
0.6 mm/s: a SEM micrograph of laser fluence of 0.044 J/cm?, bl
and cl are the high magnifications of the center and edge of laser-
absorbed region accompanied by the FFT b2 and ¢2, respectively. d
SEM micrograph of laser fluence of 0.142 J/cm?; el and f1 are the

cl, and the corresponding topography profiles are shown in
Fig. 5b2, c2. As can be seen, the depth of LIPSSs increased
from 21 to 65 nm, more than 100 nm at the pits, and the peri-
ods are insignificantly altered with the increase of the laser
fluence. Furthermore, definite grooves and ridges are formed
on the sample surface with laser fluence of 0.189 J/em?, and
glass substrate is exposed in some part of the laser-absorbed
zone. That is, the Au thin film is ablated completely and part
of the ITO film is also ablated, as shown in Fig. 5d. Thus,
the coherent and distinct LIPSSs with proper depth can be
obtained with the laser fluence of 0.126 J/cm?, at a scanning
speed of 0.6 mm/s, which can achieve the requirements well.
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high magnifications in and out of laser-absorbed region accompanied
by the elemental analysis e2 and f2, respectively. gl is the high mag-
nification of laser irradiated center g. The arrow represents the direc-
tion of the laser polarization, and the scanning direction parallel to
the polarization direction

3.4 Effect of scanning speed on the fabrication
of nanostructures on ITO film

Although the coherent LIPSS with a certain depth on com-
plete ITO film can be formed with the fluence of 0.126 J/
cm? at a scanning speed of 0.6 mm/s, higher power with
higher processing speed were applied to improve efficiency.
In this regard, the energy absorbed at the fixed position of
the sample surface is considerable and the efficiency was
substantially improved. As a result, the surface morpholo-
gies at different scan speeds in the condition of the fixed
laser fluence of 0.189 J/cm? were discussed.
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Fig. 5 SEM micrographs of nanostructures obtained on the ITO film
induced by Au sputtering at a scanning speed of 0.6 mm/s and differ-
ent fluence of a 0.063, b 0.126, ¢ 0.157, and d 0.189 J/cm?. The FFT
of b and c is highlighted in the red-dotted square inset, respectively.

The transformation of the nanostructures with the same
absorbed fluence at different speeds is presented in Fig. 6. It
can be concluded that the Au thin films were originally com-
pletely ablated and the LIPSSs had a high variation at the
scanning speed, ranging from 0.5 to 5 mm/s. When the speed
is less than 0.5 mm/s, most of the ITO films are ablated as
more spots overlap and the cumulative energy exceeds the
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Fig. 6 SEM micrographs of nanostructures obtained on ITO films
induced by Au sputtering with fluence of 0.189 J/cm? and differ-
ent scanning speed: a 0.5 mm/s, b 1 mm/s, ¢ 2 mm/s, d 3 mm/s, e
4 mm/s, and f 5 mm/s. The FFT graphs of ¢ and d are highlighted
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In addition, the AFM measurements and corresponding topography
profiles are shown in b1, b2, and c1, ¢2, respectively. The periods are
signed at the peak or valley of LIPSSs in b2 and ¢2

ablation threshold in part of the irradiation region. For exam-
ple, some of the LIPSSs were broken and fell off in the mid-
dle of the scanning area and the glass substrate was exposed,
as shown in Fig. 6a. The periodic structures become coher-
ent at the scanning speed of 1 mm/s, as shown in Fig. 6b. In
addition, some pits exist in the intersection of the periodic
ripples and the ripples are neither very uniform nor straight.

1
0.5 1 1.5
Length (um)

(d2)

-15.1 nm

in the red-dotted square insets, respectively. In addition, the AFM
measurements and corresponding topography profiles are shown in
cl, c2, and d1, d2, respectively. The periods are signed at the peak of
LIPSSs in d2 for a better identification
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Figure 6¢ shows the uniform and distinct periodic ripples
that were formed at the speed of 2 mm/s. The depth is about
65 nm. Some individual pits could be observed on the ITO
film surface, because some oxide particles were formed in
the process. The ITO thin films with pits were not coherent
and thus affected the electrical conductivity significantly.
The uniform and coherent LIPSSs were fabricated on ITO
films at the scanning speed of 3 mm/s, as shown in Fig. 6d.
The depth is uneven in the range of 7-15 nm. The mor-
phology is blurred and indistinct with the greater speed of
4 mm/s. The nanostructures only exist in partial region of
laser irradiation area, as shown in the yellow-dotted squares
of Fig. 6e. The features of the structures are difficult to dis-
tinguish at the speed of 5 mm/s, as shown in Fig. 6f. The
graphs of FFT of Fig. 6¢c, d are presented in the red-dotted
square insets, respectively. In addition, the AFM measure-
ments and corresponding topography profiles are shown in
Fig. 6cl, c2, d1, d2, respectively. The periods are signed at
the peak of LIPSSs in (d2) for better identification. As can
be seen, the change of ripples depth was decreased from
56 to 15 nm and the periods of ripples showed insignifi-
cant changes compared to the higher scanning speed. Thus,
optimal structures can be obtained with the laser fluence
of 0.189 J/cm? at a scanning speed of 3 mm/s, which can
achieve the requirements well.

3.5 Systemic experiment and optimization result

In addition, a systemic experimental study was performed
to investigate the effect of laser fluence (0.032-0.252 J/em?)
and the scanning speed (0.05-5 mm/s, corresponding to the
spot overlap number between 9 and 900) for the same con-
ditions tested on the LIPSSs. Four distinctive regions were

identified, as shown in Fig. 7a. The detailed SEM images
for the nanostructures in different regions show in Fig. 7b—e,
respectively. The different regions correspond to the differ-
ent nanostructures of the change of laser scanning speed
and fluence that were discussed. With fluence values below
0.032 J/cm?, the surface films were intact and no structure
was formed. Nanostructures were observed only on Au films
with the laser fluence between 0.032 and 0.044 J/cm?, less
than 800 spot overlap (region I). The Au films were ablated
completely and some shallow morphology of structures
was observed on ITO films with fluence between 0.044 and
0.063 J/cm? and spot overlap numbers between 1 and 1000
(region II). A large area of nano-ripples could be observed
with a fluence between 0.063 and 0.252 J/cm?, and corre-
sponded to spot overlap numbers less than 880 (region III).
With higher fluence or spot overlap numbers, the ITO films
were also ablated in the center of the irradiated laser beam
and the glass substrate was exposed (region IV). The peri-
ods were essentially unchanged with different fluence and
slightly fluctuate at higher scanning speed in the range of
this experiment.

Although large area of structures can be obtained in
region III of Fig. 7, various kinds of defects (for instance,
ablation pits or unclear nanostructures) still existed in some
experiments. The satisfactory results can be obtained at a
scanning speed of 2.5 mm/s and a fluence of 0.189 J/cm?, as
shown in Fig. 8a. The graphs of FFT are highlighted in the
red-dotted square inset. The AFM measurement and corre-
sponding topography profile are shown in Fig. 8b, c, respec-
tively. The period was 320 nm, which is approximately equal
to the period obtained on Au film with low laser fluence,
as shown in Fig. 4. It is widely accepted that the Au film
can assist surface plasmon laser coupling to dominate the
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~Region [ -Nanostructures formed only on the Au film.
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% RegionlI[-Nanostructures formed on the ITO film.
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ablated completely in the center.
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Fig. 7 a Summary of selected spot overlap numbers (9-900) and
laser fluence (0.032-0.252 J/cmz) conditions, where different nano-
structures were induced by 20 nm Au film sputtering on 240 nm ITO

surface at a wavelength of 532 nm. b—e Detailed SEM images for the
nanostructures in different regions I-1V, respectively
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Fig. 8 a SEM micrograph of
nanostructures on the ITO film
induced by Au sputtering at a
scanning speed of 2.5 mm/s
and fluence of 0.189 J/cm?. The
FFT profiles are highlighted in
the red-dotted square inset. b,
¢ AFM measurement and cor-
responding topography profile,
respectively

evolution of LIPSSs by the interference between the incident
laser and surface plasmon [34, 35]. The depth of LIPSSs
on ITO films surface is approximately 40 nm, which can
be observed by the cross-section profile. The proper depth
of LIPSSs can prevent the defects of ITO films and ensure
good electrical conductivity. Thus, preferable efficiency and
excellent results can be achieved by selecting the proper
parameters.

From the results above, it can be concluded that Au films
are a great assistance of processing periodic nanostructures
on ITO film surface. Based on Au sputtering, not only the
coherent LIPSSs were achieved, but also the depth of LIPSSs
was controlled in the range 15-5 nm, without any damage.
With the decrease of optical coefficient ratio after sputter-
ing Au film (Fig. 1), most of the light wave was absorbed
and reflected by the high density of electrons. The energy
of the incident light to ITO films was gradually decreased,
and the uniform and coherent nanostructures were formed
on transparent conductive ITO films. As the inducing layer,
Au films could successfully improve the effect of processing
LIPSSs in this study.

4 Conclusions

This study proposed an approach for obtaining perfect
LIPSSs induced by Au thin film sputtering on ITO film sur-
face. The mechanism of action of Au film was analyzed and
verified by a series of experiments. The upper layer of Au
film can aggregate the surface energy and protect the lower
layer of ITO film. With the fluence in a certain range from
0.063 to 0.189 J/cm? at the scanning speed of 0.6 mm/s, and
the scanning speed in the range of 0.5-4 mm/s at the flu-
ence of 0.189 J/cm?, the regular ripples can be obtained. The
periods of LIPSSs on ITO films were approximately 320 nm
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and almost constant with the different fluence and scanning
speed values. The depth of clear ripples was varying in the
range 15-65 nm on ITO films. The complete and satisfactory
nanostructures without any damage were obtained on ITO
films induced by Au films with the fluence of 0.189 J/em?,
at a scanning speed of 2.5 mm/s. The depth is about 40 nm.
The nanostructures with controllable periods and depths on
the surface can adjust the photoelectric characteristics of
semiconductor films, which help the industrial application of
this technology. In addition, the proposed technique can be
considered to be a promising method for the laser machining
of special nonmetal films.
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