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The ZnSe single crystal treatment in air environment with linearly polarized Ti/sapphire femtosecond (fs)laser pulses of the energy
density of around 0.04-0.05 J/cm2 with central wavelength of 800 nm and the pulse duration of 140 fs at a repetition rate of 1 kHz
generates the laser-induced periodic surface structures (LIPSSs). The setup with a cylindrical quartz lens at normal incidence
allowed processing a relatively large area of the ZnSe sample in one pass of the laser beam. Morphology analysis of LIPSS by
scanning electron microscopy (SEM) and image processing reveals the existence of two periods of around 200.0 nm and
630.0 nm simultaneously. All LIPSSs demonstrate the orientation perpendicular to the laser beam polarization. The possible
nature of LIPSS formation on ZnSe single crystal is caused by the synergetic influence of the interference mechanism involving
surface plasmon polaritons and hydrodynamic effects of surface morphology modification. The fs-laser-induced changes of
carrier concentrations in ZnSe specify obtained periods of high spatial frequency LIPSS. The influence of femtosecond laser
processing on luminescent properties of ZnSe single crystal has been studied by an analysis of the photoluminescence (PL) and
X-ray luminescence (XRL) spectra of laser-treated and untreated areas in the visible region of spectrum at room and low
temperatures. The PL spectra and XRL spectra, as well as temperature dependencies of XRL spectra or thermally stimulated
luminescence curves, demonstrate a good correlation for untreated and fs-laser-treated ZnSe surfaces. Specific PL bands related
to the extended structural defects do not appear for LIPSS at the ZnSe sample under an excitation of 337 nm (3.68 eV). The
Relative intensities and position of separate components of observed luminescence bands after ultrashort laser treatment do not
change significantly. Thus, the structural perfection of the ZnSe single crystal surface is preserved.

1. Introduction

The physical and chemical properties of wide band gap semi-
conductor zinc selenide (ZnSe) are still of interest due to its
promising applications for high-performance optoelectronic
devices. ZnSe with the band gap energy of about 2.7 eV at
300K is a perspective material for light-emitting diodes
(LED) [1–3], photodetectors [4], field emitters, elements of
solar cells [5, 6], and other areas. ZnSe is also used as γ-radi-
ation semiconductor detectors [7] and X-ray detectors that
operate in a wide temperature range up to 130°C [8].

In recent decades, alongwith traditional techniques aimed at
the synthesis of high-quality crystalline materials, in particular
semiconductor single crystals with low concentrations of
uncontrolled impurities, the rapidly developed methods of

nanotechnology provide new promising materials of nanoscale
dimensionality with unique properties for different fields of
life—frommedicine and electronics to the improvement of envi-
ronment. For instance, new nanocomposites could use green
technology during their synthesis [9]. The nanotechnology
actively involves designednanoparticles formedical applications
as delivery agents of drugs, for light or the constituent elements
of biosensors [10], and for the elements in optoelectronic devices
[11], photoelectrochemical cells [12], etc.Themethodsof surface
modification of thematerials with the aim of forming nanoscale
surface structures are also actively elaborated.

In the comprehensive review [13], it is noted that nano-
structured ZnSe belongs to the most popular optoelectronic
materials due to the novel properties and its unique applica-
tions that become another promising area in ZnSe research.
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There are few studies devoted to the surface modification
of ZnSe under the influence of femtosecond (fs) laser pulses
that provide submicron surface ripples at the edges of abla-
tion craters or on the whole ablation area in the case of the
sample moving under a certain laser power [14–17]. Some
authors obtained periodic structures with similar periods
but with different orientations relative to the laser polariza-
tion. After the fs-laser irradiation of ZnSe single crystal, Jia
et al. [14] obtained specific regular nanogratings of a period
of about 180nm parallel to the polarization of the incident
laser beam. Ma et al. [15] observed laser-induced periodic
structures with the period of about 160nm aligned perpen-
dicular to the laser beam polarization. The Authors
interpreted the formation of such nanogratings by the inter-
ference between the incident light of 800nm wavelength and
the surface scattered wave induced by the incident laser radi-
ation. Nevertheless, the nature of such laser-induced nano-
structures is still under discussion.

Processing of the ZnSe surface with powerful fs-laser
pulses realizes some effects that are perspective for applica-
tion in optoelectronics. For instance, a rapid growth method
of nanowires of 1–3μm long and 50–150nm in diameter in
liquid has been demonstrated for potential applications in
microscopic optoelectronics [18]. Luo et al. demonstrated
the fabrication of hexagonal ZnSe nanoparticles on the sur-
face of submicron ripples using fs-laser pulses in air [19].
Wang et al. [20] obtained spherical-shaped wurtzite ZnSe
nanoparticles by ultrahigh ablation pressure at the local area
due to the sudden injection of high energy leading to solid-
solid transition. They stated that the average size of nanopar-
ticles can be varied from ∼16 nm to ∼22 nm in diameter by
means of the fs-laser fluence control.

Usually, impurities and native defects fundamentally
affect electronic, optical, and magnetic properties of both sin-
gle crystals and nanosized solid-state materials [21]. In some
cases, native defects can demonstrate either a donor or an
acceptor character and form complexes with dopant impuri-
ties. Thus, in this contribution, we study the influence of the
fs-laser processing on luminescent properties of ZnSe at
room and low temperatures to elucidate possible changes in
impurity-defect quality of ZnSe single crystals after fs-laser
treatment.

2. Experimental Details

An undoped ZnSe single crystal of 2mm thickness with
maximum resistivity (ρ ≥ 1012Ω · cm) has been used for
femtosecond laser texturing. ZnSe crystal grown by the Czo-
chralski method from a prepurified batch is characterized
with a minimum concentration of impurities. The ultrashort
laser pulses obtained from an amplified Ti:sapphire femto-
second laser system (Coherent Inc.) have been used for laser
treatment. In our study, the linearly polarized high-intensity
femtosecond laser pulses with a wavelength of 800nm and
the pulse duration of 140 fs at a repetition rate of 1 kHz are
focused on the sample surface by a cylindrical quartz lens
with 100.0mm focal length at normal incidence. This setup
allows processing a relatively large area of the sample in
one pass of the laser beam. The distance between the focusing

lens and the ZnSe sample provides a certain value of laser
radiation power density. During the laser processing, a verti-
cally standing sample stage moves at a velocity of 1mm/s.
The minimum laser beam spot area on the sample surface
was 3:0 × 10−2 cm2. The fs-laser processing is carried out at
normal temperature and pressure.

The morphology of ZnSe surfaces before and after the
ultrashort laser treatment has been analysed using a scanning
electron microscope (SEM) AURA 100 (SERON Technology
Inc.).

The experimental studies of photoluminescence (PL) and
X-ray luminescence (XRL) have been carried out at room and
liquid nitrogen temperatures. The ZnSe sample was placed in
the cryostat for measurements at the temperature of liquid
nitrogen. The X-ray excitation has been performed by the
integral radiation of the X-ray tube BCV8 (Cu, 20 kV,
25mA) through the beryllium window of the cryostat in
the perpendicular direction to the sample surface. All X-ray
irradiation was absorbed within the sample. The distance
from the anode of the X-ray tube to the sample was
120mm. The luminescence has been registered through two
channels: integrally and spectrally. The integral glow of the
sample was focused (an optical filter was used if necessary)
by a quartz lens on a photocathode of the photoelectric
multiplier PMT-106. The luminescence radiation passing
through another quartz window of the cryostat was regis-
tered by the monochromator MDR-2 with quartz condensers
and recorded by the photoelectric multiplier PMT-106. All
spectra were adjusted taking into account the spectral sensi-
tivity of the recording system. The spectra were corrected to
the spectral radiation density while converting the spectra
from the wavelength scale (nm) to the quanta energy scale
(eV). The PL spectra have been measured with the setup
based on a single-grating spectrometer MDR-3 with the
inverse linear dispersion of 2.6 nm/mm under an excitation
of semiconductor laser λex = 406 nm (Eex = 3:05 eV) and
pulsed nitrogen laser λex = 337 nm (Eex = 3:68 eV).

3. Results and Discussion

3.1. Peculiarities of LIPSS Formation on the ZnSe Surface
under Ultrashort Laser Pulses. The treatment of the ZnSe sin-
gle crystal surface with the linear polarized fs-laser pulses
with a wavelength of 800nm leads to the formation of the
laser-induced periodic surface structures (LIPSSs) with a
period much shorter than the irradiation wavelength and
an orientation perpendicular to the laser beam polarization
(see Figures 1(a) and 1(b)). We treated two areas of the ZnSe
sample with fs-laser pulses of 800nm wavelength. Surface N1
was processed by the radiation with a pulse energy density of
0.038 J/cm2 at the repetition rate of 1 kHz and the efficient
number of laser pulses N = 400, and surface N2 by the radia-
tion with 0.05 J/cm2 at the repetition rate of 1 kHz and the
efficient number of laser pulses N = 300. The surface coating
with LIPSSs is rather homogeneous. We actually do not
observe the products of the ablation process, which usually
takes place under laser processing. We applied the lower-
fluence multipulse regime that realized the laser processing
below the fs-laser ablation threshold. As known, the ablation
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Figure 1: Continued.
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threshold for ZnSe is about 0.7 J/cm2 [22]. The LIPSS
parameters obtained in our experiments correlate with the
data of the previous studies [14, 15, 17, 23].

The periodicity of obtained LIPSSs has been evaluated
quantitatively by 2D Fourier transform of ZnSe SEM images.
2D Fourier transform has been performed using Gwyddion
2.56 software. LIPSS periods vary from 182 to 214 nm
depending on a slight change in processing parameters for
surfaces N1 and N2. These spatial periods are known as high
spatial frequency LIPSS (HSFL).

2D Fourier transform of ZnSe SEM images demonstrates
an existence of additional periodicity, namely, the presence of
LIPSS with period of 629 or 635nm depending on a slight
change in laser processing parameters for surfaces N1 and
N2. The direction of ripples in this LIPSS is perpendicular
to the laser beam polarization. This kind of LIPSS is com-
monly referred to as low spatial frequency LIPSS (LSFL).
We performed the inverse transform of 2D Fourier trans-
form to evaluate the periods of relevant quasigratings. This
procedure is presented in Figures 1(e) and 1(f). The red cir-
cles on 2D Fourier transform images indicate the areas that
have been taken for calculation and as a result give corre-
sponding quasigrating shown in the picture nearby. The
periods of reversely obtained quasigratings match the periods
evaluated from real SEM image of LIPSS at the ZnSe surface.

The recent reviews [24–26] emphasize that the study of
the nature of LIPSS formation in different materials remains
a current topic for many research groups in this field. The
most accepted phenomenon that explains the formation of
LSFL is the interference of the incident laser radiation with
surface electromagnetic waves including generated surface
plasmon polaritons (SPPs) at the surface roughness of the
initial sample that is followed by a spatial and periodical
modulation of energy deposition. The first ultrashort pulses
can also produce surface roughness that may facilitate the
excitation of SPPs. This mechanism is actual for the plasmo-
nically active materials, e.g., metals, and explains the forma-
tion of the LSFL with period values close to the laser
wavelength. In the case of the initially plasmonically nonac-

tive materials, such as semiconductors and dielectrics, the
involvement of the SPP mechanism may be reasonable when
the critical electron density is exceeded, and such materials
turn into a metallic state [27]. Earlier, we have observed the
formation of LSFL on the surface of metal-semiconductor
composite sample Au/ðn‐SiÞ [28]. The periods of LSFLs
formed at Au or Si surfaces under certain laser power densi-
ties had close orders of magnitude. Bonse et al. [29] demon-
strated that LSFLs at the silicon surface are formed involving
generated SPP, but they mentioned that such phenomenon
was actual for relatively narrow fluence range where the
laser-induced carrier concentration increased up to the order
of 1021–1022 cm−3. Tsibidis et al. [30] emphasize the syner-
getic approach which takes into account hydrodynamic
effects besides the mechanism involving SPP. This approach
explains satisfactorily the LSFL period of about 630nm
obtained in our experiments for laser-treated ZnSe single
crystal.

The periods Λ of HSFL in transparent material usually
follow closely the empirical formula Λ ⋍ ðλ/2nÞ, where n is
the refractive index of an untreated material and λ is the
wavelength of the incident laser beam. One of the first models
that tried to explain mentioned values of fine ripple periods
has been presented by Buividas et al. in 2011 [31]. Thus,
the HSFL was formed from plasma nanospheres localized
in the bulk of the irradiated material at the prebreakdown
conditions, i.e., when the electron plasma density did not
reach critical value. Moreover, they noticed that the HSFL
period was not dependent on the pulse energy. In our case,
we observe slight dependence of HSFL on pulse energy den-
sity. The authors [14, 23, 29] point to the transient changes in
material properties under ultrashort laser irradiation. There-
fore, for laser-induced ZnSe, the complex refractive index
n*(λ) is considered as a function of the carrier density in
the conduction band. Based on the Drude model, modified
femtosecond laser-excited refractive index n* for ZnSe is
lower than that for untreated material. Thus, Wang et al.
[23] obtained for the laser-treated ZnSe the HSFL period of
200 ± 10 nm. The values of HSFL periods obtained in our
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Figure 1: SEM images of ZnSe laser-treated surface N2 with different magnification (a, b), 2D Fourier transform of a SEM image (a) of ZnSe
surface N2 (c), Fourier transform profile along the line at 2D Fourier transform (d), and two kinds of the inverse transform of 2D Fourier
transform presented at (c) (e, f). Red circles at 2D Fourier transform images indicate the areas that have been taken for the inverse
transform. The inset at (a) presents the process of fs-laser treatment of ZnSe single crystal.
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experiments are in good accordance with results from the
mentioned paper.

3.2. Impact of fs-Laser Processing on Luminescent Properties
of ZnSe Single Crystal. The next step intends to study the
luminescent properties of a ZnSe semiconductor after fs-
laser treatment. It is known that the XRL and PL spectra
for a high-resistance ZnSe semiconductor at nitrogen and
room temperatures in the visible and near IR region have
the main emission bands with the maxima in the range of
460–480nm (2.69–2.58 eV), around 550nm (2.25 eV),
630 nm (1.97 eV), and 970nm (1.28 eV). The nature of the
mentioned luminescence bands has been considered in
numerous papers [32–35]. The most acceptable explanations
state that the bands in “blue” region are determined by
excitons bound at various impurities and defects and the
recombination of donor-acceptor pairs. The impurity-
defect complexes define the “green” band of the spectrum.
The band with a maximum at about 630nm is caused by
the crystal complex center containing a Zn vacancy. The
luminescence band of about 970 nm is determined by the
complex center with the Cu impurity or the Se vacancy.

In our experiments, we elucidate the influence of the fs-
laser treatment on X-ray luminescence and photolumines-
cence properties of ZnSe single crystal in the visible region
of the spectrum.

At room temperature, the PL spectra of the laser-treated
ZnSe surfaces differ from the PL of the untreated area. PL
studies have been performed with an excitation at a wave-
length of 406nm. It can be noted that the PL spectra of all
considered surfaces differ from each other. The PL spectrum
of the untreated surface has a pronounced peak at around
630nm (see Figure 2). For both laser-treated areas, this band
demonstrates a slight shift but in different directions of the
wavelengths. Thus, the wide emission band at about 630 nm
is probably not elementary. The full width at half maximum
(FWHM) of the band at around 630nm increases with grow-

ing temperature due to the increase in the vibrational level
population of the excited electron states of the luminescence
centers. The complex nature of this wide band is caused by
both electronic and hole recombination mechanisms of lumi-
nescence realized at corresponding recombination centers
[36]. The authors of contributions [36–38] suppose that in
the vicinity of a dipole center, either a free electron or a free
hole can be localized. Moreover, this band has been observed
in the spectra of phosphorescence and thermally stimulated
luminescence (TSL) that confirm the recombination nature
of this radiation [36]. The Relative intensity of this band for
an untreated area is considerably higher than the one of the
laser-treated areas at lower temperature (see Figure 2(b)).

Wide band around 550nm is determined by intrinsic
point defects (Zn interstitials and Zn vacancies) with oxygen
or other impurities (Cu, Al) [34, 35]. In the PL spectra of
laser-treated ZnSe surfaces, a small shift of the band in the
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Figure 2: PL spectra of different areas of the ZnSe sample at 300 (a) and 77K (b) under the laser excitation at 406 nm wavelength: green line
indicates the untreated ZnSe surface, black line indicates fs-laser-treated surface N1, and red line indicates fs-laser-treated surface N2.
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Figure 3: PL spectra of the ZnSe sample at 77 K under the laser
excitation at 337 nm wavelength: green line indicates the untreated
ZnSe surface and black line indicates fs-laser-treated surface N1.
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region around 550nm to long-wavelength region is observed
at the liquid nitrogen temperature.

We also studied near-band-edge emission and emission
related to the impurities or structural defects at liquid nitro-
gen temperature. The PL spectra of untreated and laser-
treated areas of the ZnSe sample under an excitation of
337nm (3.68 eV) are presented in Figure 3. The PL band at
445.2 nm (2.78 eV) attributed to the excitonic recombination
at Zn vacancy-related acceptors [39] and wide PL band at
about 461.3 nm (2.687 eV) reveal noticeably higher intensity
for the untreated area of the ZnSe sample in comparison to
the fs-laser-treated area whereas the bands in the region from
500 to 700nm are of the same order of magnitude (see
Figure 3). For one of the fs-laser-treated areas of the ZnSe
sample, the PL band at about 462.3 nm (2.68 eV) demon-
strates the nonelementary character under the laser excita-
tion at 337nm. ZnSe near-band-edge emission spectra
under the excitation at 337nm (3.68 eV) evidently mani-
fested complex structure of the wide PL band in the region
of 460–480nm mainly due to the recombination of donor-
acceptor pairs in ZnSe single crystal. The redistribution of
the relative intensity of the PL band components for
untreated and fs-laser-treated areas has been observed. We
should also note that PL bands related to the extended struc-
tural defects do not appear for the created LIPSS at the ZnSe
sample. We can only notice hardly observable shoulder of
463.7 nm at the slope of the band. It may indicate that the
high structural perfection of ZnSe single crystal is not
affected significantly during fs-laser processing, while some
structural defects could be produced and/or not removed
by the mechanical polishing [39].

The tendencies in XRL data coincided with the influence
of powerful ultrashort laser processing on PL spectra. It
should be noted that the higher intensity of the complex
broad band around 630nm at X-ray excitation in compari-
son with the one at an excitation at 406nm is caused by
different conditions of luminescence recording (Figure 4).

Temperature dependence of XRL spectra reveals that the
intensities of luminescence bands attributed to different areas
of the ZnSe sample remain almost unchanged up to 150K.
Then, intensities of all corresponding bands begin to decline
rapidly starting from the temperature of around 250K (see
Figure 5).

The attenuation of phosphorescence and TSL curves
reveals similar behaviour for the fs-laser-treated and as-grown
ZnSe sample (see Figure 6). Meanwhile, it should be noted that
the peak ratio has the tendency to change for fs-laser-treated
surfaces, and the low-temperature peak for an untreated sur-
face demonstrates higher intensity.

The fs-laser processing reveals slight decrease in the
charge-carrier lifetime and a decay of luminescence, but it
is not crucial and indicates almost the same number of the
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Figure 4: XRL spectra of untreated and fs-laser-treated areas of the ZnSe sample at 300K (a) and 85K (b).
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Figure 5: Temperature dependence of XRL spectra of untreated and
fs-laser-treated areas of the ZnSe sample.
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recharged emission centers after the laser processing. The
decrease in the relative intensity of PL and XRL of the fs-
laser-treated surfaces of the ZnSe sample is similar to the effect
observed during mechanical polishing of ZnSe samples [35].

Nevertheless, high quality of luminescence of the laser-
treated surface confirms its structure perfection. It opens up
the way for reuse of ZnSe single crystal for analytical purposes.

4. Conclusions

The processing of ZnSe single crystal with powerful femto-
second laser induces the formation of LIPSSs on a relatively
large ablation area with satisfactory uniformity of surface fill-
ing. Analysis of the morphology and 2D Fourier transform of
the obtained SEM images of the fs-laser-treated ZnSe surface
reveal at the processed surface the quasigratings of two
periods: around 200nm and 630nm. The periods of LIPSSs
slightly grow with the increase in the laser fluence. The pos-
sible nature of obtained LIPSSs for fs-laser-treated ZnSe can
be attributed to the interference of incident radiation with
the surface plasmon polaritons and the influence of hydrody-
namic effects during ripple formation. The fs-laser-induced
changes of carrier density in the ZnSe semiconductor to a
large extent specify the period of obtained HSFL.

The changes in luminescent properties of ZnSe single
crystal under femtosecond laser irradiation have been
revealed by means of the PL and XRL measurements. Some
features observed in luminescence spectra of treated areas
such as decreased relative intensities of some PL bands and
appearance of additional bands are similar to the effects
noticed during mechanical polishing of ZnSe samples. The
PL and XRL spectra demonstrate a good correlation in spite
of their difference in relative intensities and position of sepa-
rate components of the observed luminescence bands. Thus,
the high structural perfection of ZnSe single crystal is not
affected crucially during the femtosecond laser treatment that

could be meaningful for further prospective applications of
such ZnSe surfaces.

Data Availability

(1) The data on PL and XRL spectra used to support the find-
ings of this study are available from the corresponding author
upon request. (2) Previously reported data on the nature of
the emission band at about 630nm are used to support this
study and are available at appropriate doi:10.1016/j.physb
.2015.02.021 which is cited at a relevant place within the text
as a reference [36], doi:10.15407/fm24.02.206 which is cited
at a relevant place within the text as a reference [37], and
doi:10.1016/j.ijleo.2019.164139 which is cited at a relevant
place within the text as a reference [38].

Additional Points

Highlights. (i) The treatment of ZnSe single crystal with fem-
tosecond laser radiation induces the formation of LIPSSs of
two periods: around 200nm and 630nm. (ii) The changes
of carrier density in ZnSe under femtosecond laser essentially
determine the nature of ripple formation. (iii) After femto-
second laser treatment, the PL and XRL spectra of ZnSe
single crystal demonstrate a good correlation.
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Figure 6: Phosphorescence decay at 85K (a) and TSL curves for untreated and fs-laser-treated areas of the ZnSe sample (b).
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