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Abstract—The need to replace bulk classical optical elements with their compact nanoscale counterparts
stimulates research of new materials, their production and processing methods, optical properties calcula-
tion, and experimental verification. The possibility of using laser-induced periodic structures on the surface
of thin chalcogenide Ass,Ses films as polarization optics elements has been studied. Designing the surface
relief allows one to create waveplates with predetermined electromagnetic properties.
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INTODUCTION

The polarization control is a key element for man-
aging light parameters. Polarizing optical elements are
important components of experimental scientific set-
ups. Polarization control is also used in applied pho-
tonics. Wave plates and compensators play an import-
ant role in addition to polarizers. They delay one com-
ponent of the electric field relative to another. In
geometric optics, this is achieved using bulky aniso-
tropic crystals, where an optical path difference Ax is
proportional to the difference in the refractive indices
of the ordinary and extraordinary waves An, as well as
the material thickness d: Ax = And [1]. Typically, An
has a small value (10~2—107%), leading to a large optical
element thickness d. As anisotropic crystals are chosen
quartz, various micas, and plastics. These materials
limit the optical range of the resulting device, as well as
its miniaturization potential.

To solve this problem, nanostructured elements
with optical resonances have been proposed [2]. The
electric field response of a light wave interacted with
them differs for two components with mutually
orthogonal polarizations due to the asymmetric shape
of the nanoparticles. One of such examples is metasur-
faces [3]. The fabrication of such nanostructures
requires the use of electron lithography and etching,
which limits the possibility of mass production and
application of such devices, although, gives successful
operation results.

An alternative approach for nanostructures manu-
facturing is direct laser writing, including application
of ultrashort laser pulses [4]. This includes a wide
range of methods, such as, for example, pulse laser
deposition, where the material is changed due to its
laser-induced melting or ablation caused by the
absorption of high-power laser radiation [5]; or two-
photon laser polymerization, which utilizes nonlinear
optical effects in a photopolymer [6]. However, such
methods usually do not allow achieving typical dimen-
sions of the manufactured structures below a few
micrometers.

Femtosecond laser action appears to be a promis-
ing tool for creating submicron elements using direct
laser writing methods [7, 8], when the generation of
laser-induced periodic surface structures (LIPSS) is
observed with the typical size comparable to or smaller
than the wavelength of the laser radiation [9].

LIPSS are formed due to the existence of a stand-
ing electromagnetic wave on the irradiated surface
during the interaction of a high-power femtosecond
laser pulse with the material [7—10]. If the energy
absorbed in the antinodes of the standing wave exceeds
the ablation threshold, a change in the material profile
occurs, forming a periodic relief with a wave period
[10]. When such one-dimensional grating is present on
a surface of an optical device, it leads to different light
behavior with polarization along and across the direc-
tion of the grating periodicity. A delay between these
waves occurs, and, consequently, such structure acts
as an analogue of a wave plate [11].
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Fig. 1. Transmission and reflection spectra of the Ass)Ses,
film with a thickness of 885 nm. Black: transmission, red:
reflection.

The LIPSS direct laser writing advantages are: the
possibility of producing integrated optical elements by
applying an optically anisotropic grating directly to the
surface of another optical element (lens, mirror,
fiber); free choice of the material, as it is known that
LIPSS can be formed on metals [10, 12], semiconduc-
tors [10], including amorphous ones [7, 13, 14] and
dielectrics [10, 15]; the possibility of adjusting the
delay properties by controlling the formed relief
through variation of the laser wavelength, power or
repetition rate. These facts allow making wave plates
with any delay.

In this work, we consider the formation of LIPSS
in chalcogenide glasses based on arsenic selenide with
the composition AssySes, [16]. As—Se systems exhibit
high optical nonlinearity, the value of the third-order
susceptibility is approximately 2 orders of magnitude
higher than that of quartz glass [17], they are sensitive
to the absorption of electromagnetic radiation and
demonstrate various photoinduced effects under the
influence of light. For example, they are used for
ultra-fast switching in telecommunication systems
[18]. The structure of the crystalline phase of AssySes,
is similar to a-realgar. The choice of the Ass,Ses, com-
pound is dictated by a lower melting temperature 7,, =
550 K relative to the analogous parameter for the
AsySeq, compound with 7, = 648 K and which is
widely used as a model chalcogenide glassy semicon-
ductor [19]. It was assumed that the formation of
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LIPSS in such a material is more probable and achiev-
able under the applied irradiation parameters [20].

Thus, the aim of this work is to study the anisotropy
of the optical properties of nanogratings formed by
laser ablation on the surface of thin films from Ass,Ses,
chalcogenide glasses and to demonstrate the possibil-
ity of using them as wave plates and compensators.

NUMERICAL CALCULATIONS

The calculations are realized using the finite-dif-
ference time-domain method. The calculation is car-
ried out for one-dimensional gratings; therefore, a
two-dimensional model is constructed under the
assumption that the structure along the third axis is
infinite. The Y axis is chosen as the direction of light
propagation, and the X axis as the periodicity direc-
tion. Perfectly matched layers are set as the boundary
conditions along the first axis, and periodic boundary
conditions along the second one. Quartz is chosen as
the substrate material with the fixed refractive index of
1.45. An 885-nm-thick Ass,Ses, chalcogenide amor-
phous film is placed on top of the substrate. The real
and imaginary parts of the refractive index of the film
are taken from the literature [21]. A plane wave with a
broad spectrum from 500 to 900 nm is taken as the
radiation source, with two types of polarization: along
the periodicity direction, i.e. codirectional with the
wave vector of the surface grating (along the X,
TM axis), and across it, along the grating grooves
(along the Z, TE axis). Transmission and reflection
spectra are studied for normal radiation incidence.
Optical delay is studied using S-matrices, which
describe transmission and reflection coefficients not
by intensity, but by the field. The phase difference for
the two polarizations yields the delay, which can be
expressed in nanometers or wavelength units.

RESULTS

At first, the unmodulated surface of the Ass)Ses,
thin film is studied. The transmission and reflection
spectra are given in Fig. 1. Oscillations in the spectra
are caused by interference in the thin film. The theo-
retical estimate of the interference period gives the
value of 102 nm using the formula

2
A=
2dn

Here, the wavelength A is taken near 713 nm to be the
position of the maximum, d = 885 nm is the film
thickness and n = 2.82 is the refractive index. The
results of simulation yield a value of AL = 102 nm as
well, defined as the difference between the maxima at
813 and 711 nm in the transmission spectrum.
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Next, the surface of the Ass,Ses, chalcogenide glass
film is modulated using LIPSS. A cosine profile is
assumed according to the formula

7))

Here y, is the thickness of the unmodulated layer, P is
the grating period, and A is the surface modulation
amplitude. The structure is periodic along the X-axis;
its period is fixed at 472 nm. The amplitude is varied
from 10 to 100 nm in 10 nm increment (for clarity, not
all values will be presented below). The depth of the
modulated layer is set in such a way that a thickness of
the unstructured film y(x,) = 885 nm is achieved at
maximum of the cosine function y(x;). This approach
reproduces the patterning mechanism during LIPSS
fabrication, when the surface relief is formed due to
ablation of the film material [9]. The transmission and
reflection spectra are calculated for the TE and TM
polarizations of incident light for each type of surface
morphology (Fig. 2). It should be mentioned that
LIPSS can be understood in terms of a diffraction
grating on the surface of a parallel-sided plate with
thickness of (d — A) and, therefore, can act as a cou-
pling system to direct radiation into a waveguide. It
means that such a modulated layer will support the
excitation of standing waves. The narrow resonant fea-
tures in Fig. 2 together with Fabry—Perot oscillations
represent waveguides TE and TM modes of different
orders, which are confirmed by the local electromag-
netic fields distributions demonstrated in Fig. 3. The
higher the surface grating amplitude, the more effi-
cient the waveguide mode excitation. This is consis-
tent with the spectral calculation results: the larger A,
the deeper the dips in the spectrum corresponding to
waveguide modes. Minor surface modulation ineffi-
ciently couples free space radiation into the waveguide
mode, and the resonance Q factor is low (red curves
(online) in Fig. 2). Theoretical estimations of the
spectral position of standing modes can be made based
on considerations of constructive interference:
2nd = mAh. A shift in the mode position is observed
with variation of the surface modulation amplitude,
caused by an increase in the modulation A4, a decrease
in the thickness (d — A) of the parallel-sided plate, and
the dependence of refractive index on the wavelength
(see Fig. 2).

Figure 3 shows the distribution of local fields for
the sample with the modulation of 4 =20 nm: mag-
netic field for TM polarization (Figs. 3a, 3b) and elec-
tric field for TE polarization (Figs. 3c, 3d). In the first
case, the distributions are plotted for wavelengths of
801 and 897 nm. These positions are marked with
black arrows in Fig. 2a. These are two subsequent
modes, differing by one in the number of maxima—
bright red spots inside the Ass;Ses, layer along the
position x = 0. A similar picture in the case of TE
polarization is presented for wavelengths of 756 and

y(x) = +A(l + cos

NANOBIOTECHNOLOGY REPORTS  Vol.20 No.6

945

840 nm: these are two successive modes, differing by
one in the number of maxima, the dips in the trans-
mission spectrum for which are also marked with
arrows in Fig. 2c. Moreover, in both cases the longer
the wavelength, the smaller the mode number. The
first, fundamental standing wave in the layer of such
thickness will have a wavelength in the infrared region,
which will correspond to the lowest frequency.

Complex transmittance and reflectance coeffi-
cients as functions of wavelength are obtained using
the S-parameter calculation method. This approach
allows one to extract the spectral dependence of the
phase delay for both TE and TM polarizations sequen-
tially. The difference between these two polarization
phases determines the delay between the two basic
components of the electric field, solving the problem
of this study—extracting the polarization state after
the interaction of light with a nanostructured medium.
Figure 4 shows the spectral dependence of the phase
difference calculated for several modulation ampli-
tudes in the reflected geometry. The phase difference
is zero for the unmodulated sample (4 = 0, black
curve), which confirms the validity of the approach,
since any polarization, according to the Fresnel for-
mulas, will yield the same result at normal incidence
and in the absence of modulation. The phase delay
increases and shifts spectrally following the position of
the standing mode optical resonances when the mod-
ulation amplitude increases. This demonstrates the
feasibility of designing nanostructured polarization
compensators for different spectral ranges. The high-
est modulation is achieved for the sample with 4 =
100 nm as follows from Fig. 4. The polarization state
of the reflected light is further studied for this ampli-
tude of the surface relief modulation (Fig. 5).

Next, the structure is illuminated with 45°-polar-
ized light to the LIPSS grooves to demonstrate its suit-
ability as a wave plate after understanding the basic
polarizations. In this case, the delay between the elec-
tric field components along and across the grating is
going to be maximized. This polarization corresponds
to a linear combination of the basic vectors TE and
TM. Fig. 5 demonstrates the light polarization states
projected onto the x- and z-axes. The first panel shows
that the incident wave polarization (black curve) is lin-
ear and oriented at 0 = 45°—the E, and E, compo-
nents have the same amplitude and zero phase delay,
i.e., they are in phase. The red curve in Fig. 5a shows
the polarization state of the reflected light for the
structure without modulation. This is also a linear
polarization, with a plane rotation angle of 6 = —45°.
This result is consistent with the known fact that, upon
reflection from an optically denser medium, the wave
phase changes by m. This result is satisfied for any
wavelength, which is consistent with the data in Fig. 4,
where there is no phase delay between the £, and E,
components in the absence of surface modulation
(black curve). Figures 5b—5d show the polarization
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Fig. 2. Transmission (a, ¢) and reflectance (b, d) spectra of the sample illuminated with TM (a, b) and TE (c, d) polarization as
a function of the surface modulation amplitude. Black curve: no modulation, red: A = 10 nm, green: A = 20 nm, blue: A = 50 nm,
cyan: A = 80 nm, brown: 4 = 100 nm. Colored arrow: guide to eye for spectrum shift with increasing amplitude. Inserts: enlarged
spectral regions. Four black arrows show the wavelengths for which the field distribution is plotted.

state of the reflected light from the structure with a
modulation of 4 = 100 nm for three wavelengths—695,
783, and 869 nm. These positions are marked with
gray dotted lines in Fig. 4. For a wavelength of 695 nm,
the reflected light is elliptically polarized, the ratio of
the ellipse semi-axes is 15°. In addition, a rotation of
the plane of polarization occurs: 6 = 1°. For a wave-
length of 783 nm, there is almost no phase delay (ellip-
ticity ¢ = 1°), and the rotation of the plane of polariza-
tion is also equal to 1°. Finally, for a wavelength of
869 nm, almost circular polarization is observed:
ellipticity € = 39°, and the rotation of the plane of
polarization 6 = —42°.

NANOBIOTECHNOLOGY REPORTS

The polarization plane rotation is caused by the
different oscillation amplitudes of each field compo-
nent according to the ellipse equation, which vary due
to the different reflection coefficients of TE and TM
waves at a fixed wavelength. Thus, for the wavelength
of 869 nm, the reflectivity of TM (£,) polarized light
is 31%, and TE (E)) is 30%, as follows from Figs. 2b
and 2d, respectively. Therefore the amplitudes of the
E,and E, components of the reflected field are close in
values, which is confirmed by Fig. 5d. As follows from
Fig. 4, the phase delay is close to /2, therefore the
reflected light is almost circularly polarized. For a
wavelength of 783 nm, the reflectivity of TM waves is
Vol. 20
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Fig. 3. Distribution of the local magnetic (a, b) and electric (c, d) fields for a modulation amplitude of 4 = 20 nm, in the case of
illumination with TM-polarized light for wavelengths of 801 and 897 nm (a, b) and TE-polarizied light for wavelengths of 756 and
840 nm (c, d). Black dotted curves indicate the dimensions of the Ass,Ses layer.
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Fig. 4. Spectral dependence of the phase delay introduced by the sample. Black curve: no modulation, red: 4 =10 nm, green: A =
20 nm, blue: A = 50 nm, cyan: 4 = 80 nm, brown: 4 = 100 nm.
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Fig. 5. Polarization states of incident light (a, black curve), reflected from the structure without modulation (a, red curve);
reflected from the structure with modulation 4 = 100 nm for wavelengths of 695 (b), 783 (c) and 869 nm (d).

80%, TE is 1% (Figs. 2b, 2d), therefore the Z-compo-
nent field influence is insignificant, consequently, the
light will be predominantly X-polarized, as can be seen
in Fig. 5c. The polarization plane rotation of the
reflected radiation relative to the X-axis is 1°, and the
ellipticity is insignificant (1°). For a wavelength of
695 nm, the reflectivity TM is 36%, TE is 3%. There-
fore, the reflected light is predominantly X-polarized
as well, as shown in Fig. 5b, while the phase delay for
this wavelength is 85° (Fig. 4).

The numerical simulations show that appropriate
selection of nanostructure parameters allows one to
obtain polarizing optical elements with the character-
istics required by the user.

CONCLUSIONS

Thus, this study numerically demonstrates the fea-
sibility of using LIPSS deposited on Ass,Ses, chalco-
genide glasses as waveplates and polarization compen-
sators. Direct writing of structured surfaces with
proper LIPSS design can enable the formation of
polarization elements with predetermined electro-
magnetic properties. The use of femtosecond laser
irradiation to form a periodic surface relief is an exam-
ple of promising top-to-bottom nanotechnology for
functional optical elements fabrication, opening up
new possibilities to create compact integrated pho-
tonic circuits.
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