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FORMATION OF PERIODIC STRUCTURES
ON THE SOLID SURFACE UNDER LASER IRRADIATION

Advances in the development of technologies aimed at the production of periodic structures
on the surface of semiconductors, metals, and insulators have been reviewed. Particular attention was paid to the formation of periodic structures under laser irradiation. The results
of both theoretical calculations and experimental researches of the phenomenon concerned are
presented.
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1. Introduction
Nowadays, laser technologies find a wide application
in various technological processes of microelectronics. For example, lasers are used in lithography, for
the thin-film deposition, etching, doping, epitaxy,
gettering of structural defects, etc. [1–9]. In the last
decade, lasers were also widely applied as a tool for
a structural modification of various semiconductor
materials, including silicon as the basic material of
microelectronics [10, 11]. In this case, the laser technology was used to produce silicon structures with
characteristic micro- and nanoscale inclusions. The
obtained structures possess new electrophysical and
optical properties, which are different from those in
bulk silicon. This circumstance allowed them to be
used as a material for fabricating the elements for
silicon-based photonics.
Laser technologies for the material treatment are
widely used throughout the world in order to create
complicated topological two- and three-dimensional
micro- and nanostructures in various materials. The
interaction of laser radiation with a substance results
in the formation of surface structures of various types
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such as ripples [12], a wavy relief [13, 14], and microand nanostructures [15, 16] in semiconductors, metals, and insulators [17]. The surface structures are
formed, as a rule, at the center of a laser spot; they
are periodic and arranged with a step varying from
hundreds of nanometers to several micrometers [1,18].
The precision laser drilling [19] and the fabrication
of grooved micro-structures [20] comprise a bright example of the application of laser radiation with ultrashort powerful pulses. The method of formation of periodic micro- and nanostructures on the surface at the
interference of the incident and surface electromagnetic waves [21, 22] is also widely used. Of particular
interest is the capability to form structures, whose
dimensions are much smaller than the laser wavelength [23–25]. Surely, the emergence of such structures is possible due to the phenomenon of substance
self-organization as a result of nonequilibrium processes running on the irradiated surface. The research
of those processes is important from both the fundamental viewpoint (the interaction between the substance and an ultrashort pulse of laser radiation) and
the prospects of their application in laser-based technologies [1].
The method of laser interference lithography allows
polymeric structures to be obtained with a periodic
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1
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configuration that is the most required and promising now: photonic crystals [26]. A periodic pattern
on the polymer surface is of interest for various application domains, including the self-organization in
sputtered gold coatings and the interaction with biological cells [27, 28]. The application of the method of
modification of a substance under the action of several
coherent beams of ultra-violet laser radiation that interfere in the region of their action on the surface of
a treated material makes it possible to create structures less than 100 nm in dimensions. The structures
of this type are of fundamental and applied interests. In the latter case, we should mark the creation
of phase masks in transparent insulators and Bragg
fiber-optical and planar reflectors with various spectral characteristics. The capabilities of the method of
modification by the interference of laser beams are
studied in two directions: (i) the modification of the
specimen surface with the use of a photoresist followed by a complete cycle of the lithographic technology (development and etching); (ii) the one-stage
modification by the direct action of laser radiation
on the surface. In the former case, continuous and
pulsed laser sources are used; in the latter one, powerful pulsed lasers are applied [29].
The mechanisms giving rise to the emergence and
the development of periodic surface structures (PSSs)
under the action of pulsed laser radiation with pulse
durations ranging from 10−3 to 10−11 s, i.e. when
this parameter substantially exceeds the characteristic time of electron-phonon relaxation for the irradiated material, have been studied rather well. In those
cases, the modulation of a surface relief is formed,
when the energy of a laser pulse is absorbed. As
a rule, this modulation remains preserved after the
pulse action termination. The period and the orientation of a created PSS substantially depend on
the laser radiation parameters: the polarization, frequency, incidence angle 𝜃, and pulse energy. Numerous experiments with the application of high-speed
diagnostics methods showed that the transformation
dynamics of periodic structures in time is characterized by the growth of instabilities. The evolution of
the latter has much in common with instabilities taking place at forced scattering and well known in nonlinear optics [30].
According to the experimental interference model,
the formation of laser-induced PSSs can be schematically described as follows [30, 31].
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1

1. The process begins with the emergence of a periodically modulated interference electromagnetic field
in the space near the material surface. The field emergence origin consists in the interference between the
incident laser electromagnetic wave and the wave
scattered by the real inhomogeneous surface. In this
case, random inhomogeneities of the surface relief
can be of both static and dynamic characters. In the
latter case, one may say about fluctuation surface
waves. The interference of the incident laser electromagnetic wave with definite (resonance) components
of diffracted waves is the most effective.
2. In the obtained spatially periodic electromagnetic field, the surface and the near-surface layer
are heated non-uniformly in space. The corresponding distribution of the surface temperature evidently
correlates with the intensity distribution of the interference light field.
3. If the intensity of incident laser radiation is
high enough, the non-uniform surface heating can
stimulate the sublimation of the material, its nonuniform melting and evaporation, as well as its removal. As a result, the interference relief becomes “remembered”.
Surely, the presented speculations can be considered only in a general sense. For a more rigorous
and adequate description of this complicated phenomenon, a problem dealing with an inhomogeneous
input of the electromagnetic field energy into the
rough surface of an irradiated material has to be
considered. Laser irradiation is a very promising way
for the treatment of a solid surface, which is associated with the features of energy dissipation, because the latter is mainly realized after the action
of a laser pulse has terminated. In this regime, the
pure ablation takes place, at which both the thermally induced damage of the material surface and
the number of splashes and splinters from the melt
on the non-uniformly heated and melted surface are
minimum.
The branch of physics aimed at the production
of structurally modified materials with prescribed
properties is intensively developed today. Those substances find wide applications in laser technologies
and microelectronics [10]. Therefore, the development of methods for the fabrication of new structurally modified materials and the research of the
properties of those structures are of high scientific
and practical interests.
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The aim of this work was to inform the reader
about modern developments in the formation of periodic structures on the solid surface with the use of
laser radiation.
2. Experimental Researches

Fig. 1.
SEM images of silicon surface irradiated with
1200 laser beam pulses with an energy density of (a) 1 and
(b) 2 J/cm2 . The arrows mark the direction of laser radiation
polarization [1]

a

b
Fig. 2. SEM images of Si[100] surface after the laser irradiation with 300 pulses with an energy density of (a) 1 and
(b) 2 J/cm2 [1]
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The large attention, from both the theoretical and
practical viewpoints, is focused on the formation of
PSSs in semiconductors. For example, the formation
of periodic structures on the surface of the system
SiO2 /Si under the action of ultrashort laser pulses
was described in works [21, 32]. In those works, polished wafers of single-crystalline silicon were irradiated with pulses generated by a chrome-forsterite
laser system with the wavelength 𝜆 = 1.25 𝜇m.
The irradiation time amounted to 1–2 min (300–
1200 pulses). The pulse duration at the laser system output was 80 fs, the energy density of linearly polarized radiation was varied in an interval of
0.5–2 J/cm2 , and the pulse repetition frequency was
10 Hz. All experiments were carried out in the air environment and at the normal incidence of a focused
laser beam on the specimen surface.
Under the irradiation of polished single-crystalline
silicon wafers with femtosecond pulses, the formation
of a relief with a period close to the wavelength of
laser radiation was observed on the specimen surface. At a laser beam energy density of 0.5–1 J/cm2 ,
the obtained PSSs were oriented perpendicularly to
the projection of the laser-radiation electric polarization vector. The obtained scanning electron microscopy (SEM) images of the PSSs on irradiated surfaces are depicted in Fig. 1, a. If the intensity of laser
irradiation is doubled, the formation of PSSs oriented
in parallel to the laser beam polarization vector is observed (Fig. 1, b). However, at a small number of laser
pulses, those structures were not distinct, and their
formation was unstable (Fig. 2).
The influence of laser radiation on the semiconductor surface can result in the variation of its structural,
morphological, and electrophysical properties. These
variations depend on the laser radiation parameters,
namely, the radiation wavelength and the duration
and energy of the laser pulse [10, 33, 34]. A modification in the electrophysical properties of the SiO2 /Si
system with the use of the laser irradiation with
pulses in the nanosecond interval was observed in the
majority of works, when the pulse energy was compaISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1
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rable or higher than the energy, at which the silicon
surface melted [35–37].
As one can see from Fig. 3, the orientation of PSSs
formed on the semiconductor (Fig. 3, a) and metal
(Fig. 3, b) surfaces under the action of ultrashort laser
pulses (USLPs) was always perpendicular to the linear polarization of the laser field. In all works dealing
with PSSs that arose on metals and semiconductors
under the action of USLPs, the same PSS orientation
was observed [1]. The transverse orientation of PSSs
was observed only in the cases where the PSS period
was shorter or a few times longer than the laser radiation wavelength [30].
The surface ablation in solids subjected to USLPs
was analyzed in work [38]. The metal surface was
subjected to the action of USLPs, and the following processes took place at that [38, 39]. Laser radiation was absorbed by conduction electrons, and
their temperature increased during the action of laser
pulses. However, the lattice temperature remained at
the initial level. Therefore, the metal, as a system,
was deviated by radiation from the thermal equilibrium state and could be regarded as consisting of two
subsystems with different temperatures: the electrons
at a temperature of about 1 eV and the lattice at
room temperature (0.025 eV). The thermal equilibrium between the lattice and the electrons is established within a time interval of an order of picoseconds. If the laser pulse energy was sufficiently high,
the surface melted and stayed in this state within nanoseconds. The melt depth amounted to one or a few
hundreds of nanometers. After the melt solidification,
self-organized PSSs could be detected (see Fig. 4) [38].
The authors of work [38] analyzed various probable mechanisms responsible for the formation of laserinduced periodic surface structures (LIPSSs) under
the action of one- or multipulsed femtosecond laser
irradiation. The cited authors consider the analysis
of the stability of the uniform temperature distributions of electrons and the lattice over the specimen
surface plane to be the most promising approach for
the consideration of the processes concerned.
In work [40], a method, which can be used for the
production of periodic patterns of silicon nanocrystals, was described (Fig. 5). The periodic quasi-onelayer arrays of crystalline Si (c-Si) nanocrystals with
relatively identical sizes can be obtained, if the incident laser beam with an appropriate energy density is
used for the irradiation. The size of c-Si nanocrystals
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1

Fig. 3. SEM images of PSSs on (a) silicon and (b) aluminum
formed under the action of USLPs with a radiation wavelength
of 744 nm [30]

Fig. 4. LIPSS on the gold surfaces formed by a single
Ti:sapphire-laser pulse with a wavelength of 800 nm, a pulse
duration of 10–13 ns, and an energy density of 3.3 J/cm2 . The
average LIPSS size is about 0.76 𝜇m [38]

was monitored on the basis of the thickness of the
amorphous Si (a-Si) layer in the direction perpendicular to the surface. The obtained periodic patterns
could be modulated over the lattice [40].
In work [41], the attention was focused on the formation of periodic structures in non-stoichiometric
films of SiO𝑥 (𝑥 < 2). The cited authors analyzed
conditions for the production of oxide films using the
laser annealing. They demonstrated a possibility to
perform the process of patterned (spatially selective)
oxidation. Unlike other methods applied to the spatially selective functionalization of the surface – e.g.,
chemical or plasma treatments, which demand multistage procedures (deposition of a masking layer, patterned masks, etching or plasma treatment, mask removal, and so on) – the treatment used by the authors of work [41] is carried out as a one-stage process. Therefore, the spatially selective oxidation of
SiO𝑥 films can be done, by using an excimer laser
(Fig. 6).
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[41] ɤɢɫɧɟɦ ɚɬɦɨɫɮɟɪɿ ɦɨɠɧɚ ɨɬɪɢɦɚɬɢ ɝɥɚɞɤɿ ɩɥɿ
ɜɤɢɨɩɬɢɱɧɨʀɹɤɨɫɬɿɐɟɣɬɢɩɨɛɪɨɛɤɢɩɿɞɯɨɞɢɬɶɧɚɩɪɢɤɥɚɞɞɥɹɜɢɝɨɬɨɜ
ɥɟɧɧɹɨɩɬɢɱɧɢɯɮɚɡɨɜɢɯɟɥɟɦɟɧɬɿɜɹɤɿɩɨɽɞɧɭɸɬɶɭɫɨɛɿɝɥɚɞɤɭɩɨɜɟɪɯɧɸ

Smooth films with optical quality can be obtained
in an atmosphere strongly diluted with oxygen. This
ɲɜɢɞɤɟɨɤɢɫɥɟɧɧɹɩɥɿɜɨɤ6L2 ɍɩɨɽɞɧɚɧɧɿɡɜɢɫɨɤɨɸɪɨɡɞɿɥɶɧɨɸɡɞɚɬɧɿɫɬɸ
kind of treatment is suitable, for example, for the
ɨɩɪɨɦɿɧɟɧɧɹ ɰɟ ɦɨɠɟ ɛɭɬɢ ɜɢɤɨɪɢɫɬɚɧɟ ɞɥɹ ɜɢɝɨɬɨɜɥɟɧɧɹ ɦɚɫɢɜɿɜ 6L2
manufacture of optical phase elements, which comɧɚɧɨɱɚɫɬɢɧɨɤ ɍ ɩɨɽɞɧɚɧɧɿ ɡ ɦɟɬɚɥɿɡɚɰɿɽɸ ɰɿ ɦɚɫɢɜɢ ɧɚɧɨɱɚɫɬɢɧɨɤ ɽ ɩɟɪ
bine a smooth surface and a varying refractive inɫɩɟɤɬɢɜɧɢɦɢɤɚɧɞɢɞɚɬɚɦɢɞɥɹɩɿɞɜɢɳɟɧɧɹɩɨɜɟɪɯɧɟɜɢɯɟɮɟɤɬɿɜ
dex. In an oxygen-rich environment, SiO𝑥 films beɐɿɤɚɜɢɦɢ ɜɢɹɜɥɹɸɬɶɫɹ ɉɉɋ ɧɚ ɩɨɜɟɪɯɧɿ ɡɨɥɨɬɚ Ʉɨɦɩɥɟɤɫɧɢɣ ɪɢɫɭ
come
quickly oxidized. In combination with a high
ɧɨɤ ɫɬɪɭɤɬɭɪɢ $X ɳɨ ɫɤɥɚɞɚɽɬɶɫɹ ɡ ɩɟɪɿɨɞɢɱɧɢɯ ɫɦɭɝ ɧɚɧɨɩɨɪɢɫɬɨɝɨ ɡɨ
resolution of irradiation, this circumstance can be
used to manufacture the arrays of SiO2 nanoparti-

ɿɡɦɿɧɧɢɣ ɩɨɤɚɡɧɢɤɡɚɥɨɦɥɟɧɧɹɍɫɟɪɟɞɨɜɢɳɿɛɚɝɚɬɨɦɭɤɢɫɧɟɦɜɿɞɛɭɜɚɽɬɶɫɹ
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cles. In combination with the metallization, these arrays of nanoparticles are promising candidates for the
enhancement of surface effects.
Interesting are PSSs on the gold surface. A complex pattern of the Au structure consisting of periodic
stripes of nanoporous gold was fabricated, by taking
advantage of a combination of the pulsed laser annealing in a mask projection arrangement and the
dealloying process [42]. The fabrication of complex
periodic gold structures is schematically illustrated
in Fig. 7 [42]. Periodic stripes of Ag–Au alloy were
produced by the laser annealing of a bilayer (140 nm
Ag/80 nm Au) and then transformed into periodic
stripes of nano-porous Au with the help of a selective
Ag removal from an HNO3 solution (selective dealloying). Those complex structures had two structural
levels: periodic stripes with the period in the micrometer interval and nanoporous gold with a bridge/pore
size of about 10 nm.
In Figs. 8 and 9, the SEM images of the morphology of Ag/Au bilayers irradiated with two and ten,
respectively, laser pulses with various energy densities
in the laser beam are depicted. The width of stripes
with a modified morphology increases with the energy density in the beam. At a low density of irraISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1
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Fig. 8. SEM images of the morphology of Ag/Au bilayers after the laser annealing
with the use of two pulses with various irradiation energy densities. The insets
demonstrate scaled-up SEM images of the corresponding annealed regions [42]

Fig. 9. SEM images of the morphology of Ag/Au bi-layers after the laser annealing with the use of two pulses with various irradiation energy densities (indicated
at the top of each image). The insets demonstrate scaled-up SEM images of the
corresponding annealed regions [42]

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1
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a

b
Fig. 10. Micrographs of the surface (a) and cross-section (b)
of a polymeric periodic structure with a period of 2 𝜇m. The
polymer composition is BisA/2Carb 30/70, ZnO 10%; the duration of laser irradiation exposure equals 8 s [26]

Fig. 11. AFM images of a polyimide film modified by UV
radiation of an excimer XeCl laser for various beam energy
densities: 60 (a) and 120 mJ/cm2 (b) [29]

diation energy, heat losses or the heat flux from the
irradiation zone result in a narrower modified stripe;
whereas at a high energy density, this heat flux gives
rise to changes even in non-irradiated regions.
The optimum parameters of the bilayer annealing
with 10 pulses is an energy density of laser irradiation
equal to 132 or 143 mJ/cm2 . At the laser annealing,
the irradiation energy density required for the effective grain growth must be lower than that for the
doping or the formation of Ag–Au alloy in both cases
(2 or 10 laser pulses, respectively). For the effective
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doping, a higher irradiation energy density or a larger
number of pulses is required. A lower energy density
is required, when the melting occurs under the action
of 10 pulses as compared with 2 pulses (Fig. 9).
Besides the structuring of semiconductors and metals taking advantage of the laser irradiation method,
the structuring of polymers deserves a special attention. For example, in work [26], polymeric PSSs
were formed, when recording the interference structure formed at the interaction of two plane waves. A
helium-cadmium laser with a wavelength of 325 nm
was used as a radiation source, which was associated with the absorption band of the applied photopolymerization initiator. UV-compositions on the basis of acrylic monomers and nanocomposites were
used as researched materials. It was shown experimentally that periodic polymeric structures can be
produced by the method of laser interference lithography in UV-compositions on the basis of acrylic
monomers and nanocomposites. In Fig. 10, a, a fragment of the structure surface and a photo of the crosssection obtained with an optical microscope “Labomed-3” at 1000x-magnification are exhibited [26].
The formation of nano-dimensional PSSs in the
films of polycrystalline synthetic diamonds and the
polyimide films on the fused-quartz substrates under the influence of the nanosecond ultra-violet (UV)
radiation from an excimer XeCl laser with a wavelength of 308 nm was studied in work [29]. While
studying the laser-induced modifications of polyimide films, it was found that, at an exposure below 100 mJ/cm2 , there emerged swells on the film
surface (Fig. 11). The AFM images of such a fragment is shown in Fig. 11, b. The height of those
swells varies from 300 to 1000 nm depending on
the exposure dose. At laser irradiation densities more
than 100 m/cm2 , there appeared holes in the film. In
Fig. 11, b, the AFM image of a modified film surface
with holes is shown [29]. An object of this kind can
be used as a mask in the submicronic lithography.
For the PSS formation, nanosecond laser pulses are
used as a rule. However, recently, researchers started
to use picosecond [48] and femtosecond [28, 43–47]
laser pulses in their experimental works.
3. Theoretical Researches
Recently, numerical methods are applied more and
more frequently, while calculating the PSS period.
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1
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Those methods include the creation of surface electromagnetic modes for the given relief geometry. In
work [49], by using silicon in the “premetallic” excitation state as an example, the main distinctions were
demonstrated between the Sipe model and the numerical method used to solve Maxwell’s equations in
the case with a given surface roughness. Namely, it
was shown that high-frequency components are determined incorrectly in the Sipe model, and only the
averaged rather than actual roughness parameters are
considered. Using silicon as an example, those two
calculation approaches were compared for various irradiation regimes [50].
In work [51] on the basis of calculations and the
comparison of results with experimental data, a conclusion was drawn that the numerical calculation of
surface electromagnetic (EM) modes that emerge owing to surface inhomogeneities (cracks, swells, and so
on) is required for the one-pulse irradiation regime,
whereas the Sipe model can be used at the multipulse irradiation. Again, on the basis of experimental results and a numerical simulation of surface EM
modes for various materials, a qualitative explanation
was given to a reduction of the PSS period with the
growth of the number of laser pulses [52].
A relation between PSS parameters (contrast,
groove depth) and main thermodynamic properties
of researched materials was studied theoretically and
experimentally. In the case of metals, the influence
of the hot electron diffusion and the electron-phonon
interaction was considered [53]. It turned out that,
provided identical irradiation conditions, the stronger
the electron-phonon interaction, the deeper are the
grooves [30].
In work [54], the numerical calculation of Maxwell’s
equations by the finite-element method was performed in the case of the incidence of a plane EM
wave on a harmonic surface lattice realized on GaAs
with the experimentally measured amplitude ℎ =
= 180 nm, the period Λ ≈ 650 nm, and the dielectric permittivity 𝜀 = −5 + 20𝑖. The energy density of laser irradiation was 𝐹 = 0.27 J/cm2 . The
results obtained showed that the absolute value of
the squared EM-field strength is approximately 4.5
times larger at the groove surface and only by a factor of 1.5 at the crest in comparison with the plane
surface case (Fig. 12). The obtained amplification coefficients multiplied by the incident energy density
𝐹 ≈ 0.27 J/cm2 give the maximum value for the loISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1

Fig. 12. Calculated distribution of the squared absolute value
of the vector of electric field strength E near the surface of
photoexcited GaAs normalized by the incident EM field with
the strength 𝐸0 and polarized perpendicularly to the surface
lattice orientation [30]

Fig. 13. SEM images of PSSs on the GaAs surface (𝐹 =
= 0.25 J/cm2 ) observed at an angle of 60∘ : before chemical
surface etching (a) and after 30-s and 5-min surface etching
with the solution H2 SO4 : H2 O2 (3%) : H2 O (b)

cal energy density of EM fields 𝐹 ≈ 0.4 J/cm2 at the
crest and 𝐹 ≈ 1.2 J/cm2 in the groove.
In comparison with the EM-field energy density threshold for the spallative ablation of GaAs
(0.32 J/cm2 ), the energy density in the groove is
much higher. This fact testifies that the dynamics
of PSS changes with the variation of the number of
pulses has different characters at the crest and in the
groove. The presented values of local energy densities
may be a little overestimated, because real PSSs on
GaAs have plenty of inhomogeneities (Fig. 13), which
make a considerable contribution to the energy losses
of surface EM waves. Nevertheless, it was important
to demonstrate a qualitative pattern of the EM field
distribution near the surface [30]. From the aforesaid,
a conclusion can be drawn that the heating is more
intense in the PSS grooves than at the crests. It also
follows that, in the case of multicomponent materials,
one may expect the enhanced heating and segregation
in those regions.
In work [55], the method was described for the
production of clarifying PSSs on silicon with the
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Fig. 14. Simulation result for the intensity distribution in the
interference EM field of four laser beams at an angle of 20∘
and with a period of 15 𝜇m [55]

Fig. 15. SEM images of black silicon PSSs which are realized on single-crystalline silicon after the laser irradiation with
various numbers of pulses: 600 (a) and 300 pulses (b) [55]

help of the four-beam laser interference lithography
(LIL). This method is especially suitable for the fabrication of functional periodic 2D and 3D structures
with micro- and nanoscale dimensions. This method
made it possible to produce micro-structured black
silicon. Being based on the principle of multibeam
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Fig. 16. Temperature profiles in the SiO𝑥 specimen at various time moments and at various distances between surfaceirradiating laser beams with an energy density of 52 MW/cm2
and a pulse duration of 10 ns: 𝑑 = 50 𝜇m, 𝑡 = 20 ns (a);
𝑑 = 50 𝜇m, 𝑡 = 40 ns (b); 𝑑 = 25 𝜇m, 𝑡 = 40 ns (c) (𝑑 is the
distance between the beam centers and 𝑡 the time interval after
the beginning of surface annealing with laser beams [57]

interference, when four coherent laser beams are superimposed, the intensity has a certain distribution
in the interference field. The space-time distribution
of the electric field strength vector can be written as
follows [55, 56]:
E=

𝑁
∑︁

E𝑚 =

𝑚=1
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=

𝑁
∑︁

𝐴𝑚 p𝑚 cos (𝑘n𝑚 r𝑚 ± 2𝜋𝜈𝑡 + 𝜙𝑚 ),

(1)

𝑚=1

where 𝐴𝑚 is the amplitude, p𝑚 the polarization vector, r𝑚 the vector describing the position, 𝑘 = 2𝜋
𝜆 the
wave number, n𝑚 a unit vector along the direction
of EM-wave front propagation, 𝜑𝑚 the initial phase,
and 𝜈 the frequency. Figure 14 illustrates a simulation result obtained for the intensity distribution in
the interference EM field calculated by formula (1).
The topology of a silicon surface produced following the LIL method was studied, by using the SEM
method (see Fig. 15) [55]. Four laser beams, each
with a pulse energy of 35 mJ, were directed to the
silicon surface at an angle of 20∘ with respect to
it. The laser EM wave was polarized vertically with
respect to the incidence plane. The total energy density produced by all four beams in the surface plane
amounted to 0.64 J/cm2 . An array of conical spikes
separated by a period of 15 𝜇m was formed on the
silicon surface. The diameters of microholes shown in
Fig. 15, b are much smaller than those exhibited in
Fig. 15, a. As the number of pulses increases, the
hole depth grows, and the spikes become relatively
higher. According to the results of theoretical consideration [55], the polarization direction of incident interfering laser beams was found to have a large influence on the intensity distribution. It was also shown
that the pulse energy was much lower than in the case
of normally focused laser beam owing to the growth
of obstacles.
We also tried to calculate the formation of periodic
nanostructures on the surface of non-stoichiometric
SiO𝑥 films under the laser irradiation. A theoretical
research was carried out for the propagation of temperature fields. Their profiles in non-stoichiometric
SiO𝑥 films annealed by laser beams with identical intensities were obtained (Fig. 16). The results of calculations of the temperature profile evolution in the
near-surface layer of SiO𝑥 specimens performed for
various distances between the laser beams irradiating
the surface with an energy density of 52 MW/cm2
and a pulse duration of 10 ns nanoseconds allow the
following conclusions to be drawn. The surface temperature of SiO𝑥 films under the laser annealing with
a beam intensity of 52 MW/cm2 can reach 1800 K. At
the same time, the temperature of the specimen surface in the gap between the laser beams is insufficient to stimulate a phase transition of the SiO𝑥 film
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1

into a nanocomposite SiO2 (Si) film system with silicon nanocrystals. Therefore, according to the temperature profiles exhibited in Fig. 16, silicon nanoparticles will emerge exactly at the positions, where the
laser irradiation intensity is maximum [57, 58].
4. Conclusions
The interaction of laser radiation with materials and
the formation of periodic structures on their surface is
a subject of intense researches. Despite that the issues
concerning the mechanisms of PSS formation remain
open, LIPSSs have a promising potential for their application in micro-, nano-, and optoelectronics, as well
as other domains. In particular, PSSs can be used
to manufacture new types of MIS transistors, liquid
crystal displays, and solar cells. The pulsed laser irradiation with an energy density below the destruction
threshold for the material surface is used to produce
spatially periodic structures on the surface and in the
near-surface layer of dielectric materials, polymers,
metals, and semiconductors.
A large variety of experimental works on LIPSSs
stimulated the development and application of various theoretical approaches for their description. The
majority of them have a consensus that the type and
the periodicity of a surface relief substantially depend
on the laser radiation wavelength. This circumstance,
first of all, is associated with the interference between
the incident and scattered beams, which arises owing to the polarization at interfaces resulting from
the surface roughness and the inhomogeneity during
the laser irradiation. The LIPSSs induced by the irradiation with femtosecond pulses do not correspond
completely to earlier LIPSS models developed for the
nanosecond laser irradiation. Therefore, there remain
a lot of unanswered questions concerning the mechanisms of PSS formation on the surface of various
materials under the action of nano-, pico-, and femtosecond laser irradiation, as well as the methods that
are based on them.
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ФОРМУВАННЯ ПЕРIОДИЧНИХ
СТРУКТУР НА ПОВЕРХНI ТВЕРДОГО ТIЛА
ПIД ДIЄЮ ЛАЗЕРНОГО ВИПРОМIНЮВАННЯ
Резюме
Розглянуто досягнення в областi створення технологiй
отримання перiодичних структур на поверхнi напiвпровiдникiв, металiв та дiелектрикiв. Особливу увагу придiлено формуванню перiодичних структур пiд дiєю лазерного
випромiнювання. Представлено як теоретичнi розрахунки
формування перiодичних структур пiд дiєю лазерного випромiнювання, так i експериментальнi дослiдження.
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