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ABSTRACT Laser-induced periodic surface structures (LIPSS) on chalcogenide glassy semiconductors are
of great interest in relation with creating polarization-sensitive optical elements. This study investigates the
formation of LIPSS on the surface of As50Se50 amorphous film, fabricated by thermal vacuum deposition,
under femtosecond laser irradiation in the wavelength range from 400 to 800 nm. The periods of various LIPSS
types depend linearly on the laser wavelength. The measured birefringence of so-called low spatial frequency
LIPSS, formed by different irradiation wavelengths, are in the 10–85 nm range. The maximum birefringence of
85 nm was obtained for structures irradiated at a 480 nm wavelength. A significant decrease in birefringence
was observed at a wavelength of 800 nm, which may be due to the formation of a less pronounced and more
disordered surface relief caused by less effective absorption of modifying laser radiation with photon energy
lower than optical band gap of As50Se50. Decreased optical absorption observed in As50Se50 films with LIPSS
is caused by increased light scattering on the surface relief.
KEYWORDS laser-induced periodic surface structures, As50Se50 amorphous films, laser-induced birefringence,
optical retardance.
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1. Introduction

Chalcogenide glassy semiconductors (ChGS) of As-Se system are attracting attention due to their unique proper-
ties such as transparency in infrared region of the spectrum, high stability and a number of photoinduced phenomena
(photodarkening, photobleaching, photocrystallization, etc.) [1–3]. Recently, high attention has been paid to the nonlin-
ear optical properties of ChGS. Measurements of nonlinear refractive index have shown that its value can range from
100 to 1000 times of that in silica glass. A high nonlinear refractive index combined with moderate to low nonlinear
absorption makes materials suitable for all-optical signal processing devices, enhancing the performance of telecommuni-
cation systems ChGS are very suitable for these kinds of applications, because they are compatible with well-established
silica-on-silicon and fiber drawing technologies. Photoinduced phenomena allow the local modification of the material
properties by the exposure to suitable radiation which can be utilized in writing waveguide channels, diffraction gratings
and so forth [4–6]. The formation of laser-induced surface periodic structures (LIPSS) [7–9] on such materials is of
particular interest in this case.

The formation of LIPSS is observed on a wide variety of materials – metals, semiconductors, and dielectrics, both
crystalline and amorphous [10] – typically upon irradiation with ultrashort high-power laser pulses. This periodic relief
demonstrates a clear relationship with the wavelength and polarization direction of the laser radiation used, and the process
of its formation is mainly explained by the excitation of surface electromagnetic waves and their subsequent interference
with the incident laser radiation [11, 12]. The main types of such relief include so-called low spatial frequency LIPSS
(LSFL), characterized by the ridges orthogonal to the polarization and a period approximately equal to the laser radiation
wavelength, and high spatial frequency LIPSS (HSFL) with ridges orientation along the polarization and a period several
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times shorter than the wavelength [7, 13]. It has previously been shown that LIPSS formed on As-Se ChGS films can
exhibit birefringence [14], which is explained by the form anisotropy of the relief. This allows for laser-structured ChGS
films to be considered as a basis for creating optical polarizing elements. The parameters of the LIPSS formed on films
are influenced by many factors. These include the film material and thickness, the substrate material, the laser pulses
fluence and number, as well as the wavelength. Most studies investigate the dependence of LIPSS generation on various
materials upon changing the fluence and number of laser pulses. At the same time, the laser wavelength used affects not
only the LIPSS period, but can also significantly affect the depth of the formed relief [15,16] and, accordingly, the optical
anisotropy.

In the present study, our aim was forming LIPSS by exposing an As50Se50 amorphous thin film to femtosecond laser
pulses of varying wavelengths (400–800 nm) in order to analyze birefringence and optical transmittance of the resulting
structured surfaces. We note that during the experiments, the energy and number of laser pulses were also adjusted for
different wavelengths to achieve sustainable and uniform LIPSS formation in each case.

2. Materials and methods

The As50Se50 bulk glass used in our experiments was obtained under the following conditions: the respective amounts
of arsenic and selenium with 5N purity were placed in quartz ampoule evacuated down to ∼10−3 Pa and heated in a rotary
furnace. The temperature was maintained constant at the glass melting point while the melt was continuously stirred to
ensure better homogenization. After preservation at 900 K for several hours, the melt was cooled by air quenching. The
glassy state of the obtained samples was controlled by the characteristic conchoidal fracture in glass. Then the film was
produced from the respective bulk glassy sample by thermal evaporation process using a UVN-2M unit, at a temperature
of 700–800 K and a residual pressure of less than 5 10−4 Pa. A molybdenum boat was used as a resistive evaporator; the
distance between the substrate and the evaporator was 15.5 cm, the sample weight was 0.005 g and sublimation duration
was 20 sec. The process of material deposition was controlled by visual observation. In order to avoid thickness non-
uniformities, the substrate was rotated during the evaporation process. Following the completion of the deposition process,
the substrate was left in a vacuum chamber until its complete cooling to room temperature. The fabricated As50Se50 film
thickness, determined by atomic-force microscopy (AFM) was 840±10 nm.

As a source of femtosecond laser radiation for the film surface structuring, a TETA-20 laser system (Avesta-Project
Ltd, Russia; maximum power 10 W, λ = 1030 nm, τ = 250 fs, maximum repetition rate ν = 10 kHz) equipped with
a PARUS optical parametric amplifier (Avesta-Project Ltd, Russia) was used, allowing to obtain laser radiation with
wavelengths in the range of 400–800 nm. Using this laser system, the film surface was modified with the wavelengths
λ = 400, 480, 550, 635 and 800 nm at a pulse duration of ∼150 fs. Laser radiation was focused at normal incidence
onto the film using a microscope objective with a numerical aperture of NA = 0.03 into a spot with a diameter of 60 µm.
A series of 300-µm-long scan lines were formed on the surface using each wavelength. The sample movement relative
to the laser beam was implemented by three-axis motorized platform at a speed of 300 µm/s. The employed laser pulse
repetition rates were ν = 1, 2, or 10 kHz and pulse energy E varied from 0.1 to 4.5 µJ. The laser pulse energy was measured
using a 3A-P thermal power meter (Ophir, Israel), and the variation of the laser pulse energy was ensured by a continuous
neutral density filter.

Visualization of the laser-irradiated sample surface for measuring the formed LIPSS periods was carried out using a
scanning electron microscope (SEM, Vega 3, Tescan, Czech Republic), the measurement error for the periods was ∼5%.
After that, to measure optical properties, square 400×400 µm2 areas were written on the As50Se50 film surface, in the
irradiation modes corresponding to the formation of LIPSS for each of the selected wavelengths. The optical transmission
spectra of the areas with LIPSS were measured at room temperature using an MSFU-K microscope-spectrophotometer
(LOMO, Russia); the measurements were carried out with an NA = 0.1 objective. Birefringence within the LIPSS-
containing laser-irradiated areas was measured using a Thorlabs LCC7201B polarizing microscope (Thorlabs, USA) at
633 nm wavelength.

3. Results and discussion

Fig. 1 shows SEM images of HSFLs and LSFLs formed under laser irradiation with wavelengths of 400 and 480 nm.
For both wavelengths, the formation of HSFLs and LSFLs is observed. The periods of the formed HSFLs were 120
and 180 nm, while those of the LSFLs were 370 and 455 nm, for the laser pulses wavelengths λ = 400 and 480 nm,
respectively. Both types of structures were formed in the frequency range of 1–10 kHz, and for each frequency HSFL
formation was observed at lower energies compared to LSFL.

With an increase in λ to 550 nm, HSFL with a period of 210 nm and LSFL with a period of 510 nm are formed
(Fig. 2a,b). At this wavelength, LIPSS started to form at ν = 2 kHz and higher. At ν = 1 kHz, LIPSS were not observed up
to energy of 0.88 µJ, when the film damage began (Fig. 2c). With irradiation at frequency of 2 kHz, HSFL formation was
observed at the energy less than 0.38 µJ, and LSFL were observed in the energy range of 0.38–0.66 µJ. When irradiating
with highest repetition rate of laser pulses (10 kHz), a hierarchical structure formation was observed, as can be seen in
Fig. 2d, with simultaneous LSFL formation within the “grooves”-type LIPSS [10]. The period of the latter was about
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FIG. 1. SEM images of the LIPSS obtained at irradiation with femtosecond laser pulses at λ = 400 nm
and (a) ν = 10 kHz, E = 0.14 µJ; (b) λ = 2 kHz, E = 0.6 µJ. LIPSS obtained at λ 480 nm and (c)
ν = 10 kHz, E = 0.22 µJ; (d) ν = 2 kHz E = 0.51 µJ. Arrows indicate the laser polarization in each image

1.8 µm, which is higher than the laser wavelength, and the orientation was along the polarization vector of the laser
radiation. No LSFL formation was detected at 10 kHz without the “grooves” for this wavelength.

At λ = 635 nm, the period of the surface relief was 230 nm for the HSFL, and 595 nm for the LSFL (Fig. 3a,b); both
LIPSS types were formed in the range of ν from 2 to 10 kHz. Similar to the case with λ = 550 nm, at ν = 1 kHz, the
LIPSS were not formed up to the laser pulse energy of 2.6 µJ, at which the film damage occurred. In this case, the film
melted, forming ring-shaped structures containing fragmented LIPSS near the center of the scan line (Fig. 3d). And a
complete film ablation was observed at the threshold laser pulse energy of 2.9 µJ. At a frequency of 2 kHz, LSFL began to
form at the energy of 1.8 µJ (Fig. 3c), but their formation ceased with increasing energy. We also note that at ν = 10 kHz,
similarly to λ = 550 nm, the formation of grooves was observed, with the period of ∼2.5 µm.

For λ = 800 nm, the formation of HSFLs began when using laser pulse energies of 3.1 and 1.8 µJ, at the repetition
rates of 1 and 2 kHz, respectively. The period of the formed structures was 300 nm. However, with increasing energy,
no LSFLs formation was observed at these repetition rates. Instead, periodic structures similar in appearance to HSFLs
were formed in the central region of the scan line, parallel to the polarization of the laser pulses, but with a period of
∼720 nm, close to the LSFL period (Fig. 4a). When exceeding the laser pulse energies of 4.6 and 2.5 µJ for 1 and 2 kHz
repetition rates respectively, the damage of the film was observed. Using ν = 10 kHz repetition rate, LSFLs were formed
at the energy of 1.1 µJ. However, under these conditions, the film damage was observed in a few spots along the irradiated
surface, which may be associated with a presence of initial defects in the film there. Contrary, at lower energies, the
LIPSS were formed only near these defects. At laser pulse energies above 1.25 µJ and ν = 10 kHz, the film was damaged
throughout the entire scanning area.

The dependence of the HSFL and LSFL periods on the laser wavelength is given in Fig. 5. The periods of the both
LIPSS types increase linearly with the wavelength. In all cases, the LSFL period observed is slightly shorter than the laser
wavelength, while the HSFL period is approximately 2.7 times shorter. The ratio of the LSFL to HSFL periods is about
2.5.

After determining the laser irradiation modes for the LIPSS formation for different wavelengths, 400×400 µm2

square areas were written to measure the birefringence of these structures. Since, HSFLs have weak birefringence proper-
ties due to low modulation of the relief [7], the modes in which LSFL formation occurs were used for each wavelength to
obtain a higher birefringence value. Images of irradiated areas obtained by an optical polarizing microscope are shown in
Fig. 6. The highest birefringence is observed for λ = 480 nm: corresponding retardance value, calculated as the difference
in optical path length for ordinary and extraordinary waves, reaches 85 nm. For the LSFLs formed under irradiation with
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FIG. 2. SEM images of the surfaces irradiated with femtosecond laser pulses at λ = 550 nm and (a)
ν = 2 kHz, E = 0.26 µJ; (b) ν = 2 kHz, E = 0.43 µJ; (c) ν = 1 kHz, E = 0.88 µJ; (d) ν = 10 kHz,
E = 0.49 µJ. Arrows indicate the laser polarization in each image

FIG. 3. SEM images of the surfaces irradiated with femtosecond laser pulses at λ = 635 nm and (a)
ν = 2 kHz, E = 1.43 µJ; (b) ν = 10 kHz, E = 0.63 µJ; (c) ν = 2 kHz, E = 1.8 µJ; (d) ν = 1 kHz, E = 2.6 µJ.
Arrows indicate the laser polarization in each image
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FIG. 4. SEM images of the LIPSS formed at λ = 800 nm and (a) ν = 1 kHz, E = 4.0 µJ; (b) ν = 10 kHz,
E = 1.1 µJ. Arrows indicate the laser polarization in each image

FIG. 5. The dependence of HSFL and LSFL periods on the laser radiation wavelength

FIG. 6. Optical polarizing microscope images of LIPSS, formed at different wavelengths (a) and the
dependence of the retardance on the laser writing wavelength (b)
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FIG. 7. Optical transmission spectra for the As50Se50 films with LIPSS in polarized light. The polar-
ization of the transmitted light is (a) parallel or (b) orthogonal to the LIPSS ridges. The arrows indicate
the polarization of the analyzed radiation relative to the LIPPS

λ = 400, 550 and 635 nm, the retardance values lie in the range of 50–75 nm. The minimum retardance value is observed
for the LSFL formed at λ = 800 nm and does not exceed 20 nm. Thus, since the retardance value is related to the depth of
the formed LIPSS [7, 14], the most prominent surface relief is formed at λ = 480 nm. Note that the photon energy for the
laser radiation at λ = 635 nm has a value of ∼1.9 eV, exceeding the optical band gap of As50Se50, which is approximately
1.8 eV according to works [17, 18]. This ensures more efficient absorption of modifying laser light at this wavelength
and the shorter ones as well, likely causing the formation of a more contrasting surface relief at laser irradiation with
λ ≤ 635 nm.

The presence of LIPSS also leads to a decrease in the optical transmission of the As50Se50 film. This is presumably
due to the increased scattering by surface relief inhomogeneities formed as a result of laser irradiation. Fig. 7 presents the
transmission spectra of LIPSS-containing regions on the As50Se50 film in polarized light. The spectra correspond to po-
larization of the transmitted radiation parallel (Fig. 7a) and orthogonal (Fig. 7b) to the ridges of the LIPSS. The structures
formed with λ = 800 nm irradiation exhibit the greatest drop in transmission, which, combined with the lowest birefrin-
gence value, makes them of little interest for practical application. The smallest drop in transmission is observed for
structures written at 400 nm, which may be due to their higher uniformity, compared to all other structures, as evidenced
by the smallest variation in the retardance value within the irradiated area, observed in Fig. 6.

4. Conclusion

Examining formation of LIPSS on an As50Se50 films under femtosecond laser irradiation in this study allowed deter-
mining fabrication regimes for HSFLs and LSFLs at each wavelength used in the experiment from the 400–800 nm range.
The LSFL structures formed at higher laser pulse energy compared to the HSFL. With increasing wavelength, a higher
laser pulse repetition rate is also required to form LSFLs. Furthermore, specific formation regimes are discovered, for the
LIPSS in a form of “grooves”, as well as anomalous LSFL structures parallel to the laser polarization but with a period
close to the laser wavelength. The dependence of LSFL birefringence on the wavelength of laser radiation used for the
surface modification is determined in terms of optical retardance. The highest retardance up to 85 nm was observed for
the region irradiated with laser pulses at a wavelength of 480 nm. For the LIPSS formed with λ ≤635 nm the retardance
is at least 50 nm, while at longer wavelengths of the modifying laser radiation it drops to 12 nm. The formed LIPSSs
reduce the transmittance of the ChGS film, which is most pronounced for structures written with irradiation at 800 nm.

References
[1] Iovu M.S., Shutov S.D., Popescu M. Relaxation of photodarkening in amorphous As–Se films doped with metals. J. Non-Cryst. Solids, 2002, 299,

P. 924–928.
[2] Arsh A., Klebanov M., Lyubin V., Shapiro L., Feigel A., Veinger M., Sfez B. Glassy mAs2S3 · nAs2Se3 photoresist films for interference laser

lithography. Opt. Mater., 2004, 26(3), P. 301–304.
[3] Flaxer E., Klebanov M., Abrahamoff D., Noah S., Lyubin V. Photodarkening of As50Se50 glassy films under µs light pulses. Opt. Mater., 2009,

31(4), P. 688–690.
[4] Savage J.A. Optical properties of chalcogenide glasses. J. Non-Cryst. Solids, 1982, 47(1), P. 101–115.
[5] Petkov K., Ewen P.J.S. Photoinduced changes in the linear and non-linear optical properties of chalcogenide glasses. J. Non-Cryst. Solids, 1999,

249(2), P. 150–159.
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