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Abstract: In this paper, we study the features of the resonant response of a system consisting of two
subwavelength one-dimensional periodic structures, considering the dispersion of the refractive
index in the presence of optical PT-symmetry for TM polarization. For the considered structure in the
green wavelength range, two possible resonance lines were identified at 514.86 nm and 518.5 nm.
Ultra-narrow resonances (FWHM of 0.00015 nm) have been obtained for transmitted and reflected
waves, and a significant enhancement of the resonant response has been achieved (up to 10° times).
The dependence of the system’s optical response on the relative position of its two sub-wavelength
gratings and the magnitude of the amplification coefficient of the active part was investigated. This
can be used to tune the spectral characteristics of filters, modulate the optical radiation, and create
optomechanical sensors such as strain gauges.

Keywords: resonance waveguide gratings (RWG); optical frequency filters; diffractive optics;
PT-symmetry

1. Introduction

The resonant properties of periodic structures have been intensively studied since
work began on Wood’s anomalies [1], which received the most complete theoretical de-
scription in [2]. The development of the topic of the resonant properties of diffractive
periodic structures received another boost in the 1990s, based on the intensive development
of waveguides and integrated optics technologies, and in particular, research in the field of
optical filtering [3,4]. The papers [5-9] describe in detail the theoretical approaches used to
describe the periodic structures under study, and obtain results on the use of these struc-
tures for filtering electromagnetic radiation in transmitted and reflected radiation due to the
excitation of waveguide modes along the periodic structure. Resonant grating reflection fil-
ters can achieve symmetrical line shapes with spectral linewidths on the order of angstroms
and reflection efficiencies approaching 100% [10,11]. Further interest in subwavelength
resonant structures has been raised by the technological progress made in the field of nano-
lithography, material structuring and further developments in widespread applications in
integrated optics [11], including the creation of the latest generation of biosensors [12-15],
color structuring technology [16], and the study and use of nonlinear [17,18] and nonlocal
response [19] of resonant periodic structures.

Notice that periodic structures in the form of subwavelength gratings—structures
whose period is too small to observe diffraction effects (the period of the structures is
less than the wavelength of the radiation incident on them)—constitute a separate class
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of optical devices [20]. The general feature of a subwavelength periodic structure is that
the subwavelength grating works as a waveguide made of a complementary birefringent
material, the refractive index and dispersion of which depend on the period and geometry
of the grating [21]. Moreover, when working in the “near field” mode, the waveguide
leaky mode in turn couples light back to a radiated mode producing potentially strong
back-reflections from the grating surface propagating along the grating in opposite di-
rections [22]. This phenomenon is also referred to as guided mode resonance, which
makes it possible to significantly reduce losses due to the absence of diffraction losses,
obtain a resonant response in the reflection and transmission of light depending on the
angle of incidence, have polarization selectivity and have a reflection coefficient close to
100% [20] in a wide spectral range, which is also ideal for scattering engineering [23]. As
a result, subwavelength gratings have found many applications in free optics: reflectors
and filters [24,25], as well as birefringent optics and polarizers [26,27]. Separately, the
use of subwavelength gratings to engineer/tailor the dispersion response and nonlinear
properties should be highlighted [21,28].

Further interest in subwavelength resonant structures has been raised by technological
progress in the field of nanolithography, material structuring and further developments
in widespread application in integrated optics [11], including the creation of the latest
generation of biosensors [12-15], color structuring technology [16], and the study and use
of nonlinear [17,18] and nonlocal response [19] of resonant periodic structures.

It should be noted that in most works, a “pure” effect of controlling the field distri-
bution and transmission of light using such structures is shown, which corresponds to
the transparency region of the substance of the structure, i.e., such passive structures are
limited in their application by their narrow spectral range [29,30].

Our study considers the dispersion response and, therefore, considers the absorption
of the medium. This allows us to evaluate the effectiveness of such structures for a wide
spectral range. We investigate the dependence of the transmission resonance line half-width
for a system consisting of two subwavelength one-dimensional periodic structures. Such
a platform is of interest due to the possibility of obtaining super-narrow resonances in
transmitted and reflected light, and the sensitivity of the resonant response of the structure
to the relative position of its two subwavelength gratings.

Obviously, in the region where absorption is significant, the efficiency of subwave-
length resonant structures will be much lower, but the use of an active (inverted) medium in
one of the waveguide subwavelength periodic channels can compensate for the losses [31].
As will be shown further, compensation for losses and amplification in such a system are
possible even when the imaginary part of the refractive index of the active grating does
not exceed in magnitude that of a lossy symmetric grating. In fact, the use of two optically
coupled subwavelength periodic structures, one of which is optically active in the resonant
response mode, is equivalent to a system with optical PT-symmetry [32-34]. Due to the
properties of optical PT-symmetry, the platform proposed by us may be promising for the
development of optical filters, including tunable ones, amplifiers, optomechanical and
other types of sensors, etc.

2. Investigated System

The system under study is shown in Figure 1, and consists of two optically coupled
subwavelength periodic gratings with rectangular profiles (3 and 4). We have considered
several cases: the materials of the upper and lower periodic structures are in the region of
transparency, and have the same refractive index; both materials are the same and have
dispersion in terms of absorption, and one of the materials is in the inverted phase, i.e.,
has a gain, and the gain is equal to the losses in the other lattice. For simplicity, we will
assume that the diffraction gratings are completely identical in geometry. The effective
refractive index of gratings is greater than that of their surroundings. There is air around
the structure, the distance between the gratings is filled with glass (5iO;), and the material
for periodically arranged rectangles is silicon (Si) [35].
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Figure 1. Scheme of the structure under study. 1 (gray)—air, 2 (green)—substrate material, 3 and
4 (red and blue, the same for passive structures, and red correspond to inverting medium, blue
corresponds to dissipative medium for PT-symmetry)—two subwavelength gratings with element
height a and period b, distance between diffraction structures—h.

Optical radiation has TM-polarization, and falls on the indicated structure from above.
Optical coupling is provided by the mechanisms of diffraction, reflection, and waveguide
modes propagating along periodic structures.

For all cases, we numerically study the optical response of such a structure for res-
onant transmission and reflection using the finite elements method (FEM) for solving
Maxwell equations.

In FEM simulations, the mesh accuracy was set at approximately “A/50”, and there
were no changes in simulation results caused by increasing the number of mesh cells.
The mesh type was “triangle”. The “Boundary conditions” were set as “Periodic” in the
horizontal direction, and as the “Perfectly matched layer (PML)” in the vertical direction.
The structure’s parameters were optimized to obtain the minimum full width at half
maximum (FWHM) of the resonant peak.

Since the main task is to study the structure in PT-symmetry mode, the geometry of the
structure was optimized for the efficient hybridization of modes for the PT-symmetry case,
leading to a resonant response in the transmission (reflection) spectra in the green region
(Figure 2). This spectral range is of significant interest for various peaceful applications such
as meteorite and comet research [36-38], medicine [39,40], etc. [41-43]. It should be noted
that the optimization possibilities are complicated by the real materials’ dispersion response
and absorption. As a result, although tuning the geometry of the studied structure allows
for obtaining a resonant response at almost any given wavelength, the achievable resonance
line parameters (e.g., spectral width) may differ significantly (by orders of magnitude)
for different wavelengths. Therefore, when simply scaling the presented structure for
other wavelengths, suboptimal operating modes of subwavelength periodic structures can
be obtained. For the considered structure in the green wavelength range, two possible
resonance lines were identified at 514.86 nm and 518.5 nm, corresponding to distances
between the gratings of 607.5 and 630.1 nm (Figure 2).

The optimized structure has a height of structured layers that was set to 60 nm, with
a grating period of 320 nm, a grating filling factor of 0.6, and a layer height between the
structured layers of 607.5 and 630.1 nm.

The resonant response for the passive structure in the transparency region is shown
in Figure 3. In this model case, the resonant transmission is 100% for both the optimized
wavelength (514.86 nm and 518.5 nm) and the resonance width (approximately 0.063,
0.105 nm). The response of a structure with a geometry set for a resonant response in a
wide range with visible radiation is shown in Figure 4.
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Figure 2. The dependence of the resonance wavelength’s half-width of transmittance for the consid-
ered structure on the distance between sub-wavelength diffraction gratings.
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Figure 3. Top line: resonance transmission and resonance reflection (left), symmetric field distribution
for resonance at 518.5 nm (distance between waveguide gratings is 630.1 nm). Bottom line: resonance
transmission and resonance reflection, symmetric field distribution for resonance at 514.86 nm
(distance between waveguide gratings is 607.5 nm) (right).
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Figure 4. Resonance response of the structure under consideration in the visible wavelength range.
Blue line corresponds to resonance transmittance, and green line shows resonance reflection. (Left) for
518.5 nm (distance between waveguide gratings is 630.1 nm), (right) for 514.86 nm (distance between
waveguide gratings is 607.5 nm).

From the figures, for the passive structure, we can see that isolated ultra-narrow
resonances are observed at the same wavelengths over a wide range. In addition to
resonances in the green region, resonances are observed at 460 nm (for a distance between
structures of 630.1 nm) and 457 nm (for a distance between structures of 607.5 nm). The
differences between resonances in the green and blue regions of the spectrum lie in the field
localization. In the first case, the field is predominantly localized inside sub-wavelength
gratings. In the second case, the field is uniformly distributed both inside the gratings
and in the space between them (Figure 5). In the case of field localization in the sub-
wavelength structural region, these structures act as waveguides, and for the green region
of the spectrum, such structures can be used as optical switches of the field. This is due
to the fact that when passing through a resonance point, field localization (phase shift
between two waveguide modes) switches from one waveguide structure to another.

Magnetic field norm, A/m
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1.8
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1
0.8
06

h=630.1nm

Figure 5. (Left): field distribution for resonance at 460 nm (distance between waveguide gratings is
630.1 nm). (Right): field distribution for resonance at 518.5 nm (distance between waveguide gratings
is 630.1 nm).
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We also note that the efficiency of the resonant response also decreases when two
periodic structures are shifted relative to each other, which will be discussed in the section
“Active system with dispersion in the optical PT-symmetry mode”. Another mechanism for
reducing the quality factor of the system is the finiteness of the size of the periodic structure
and the deviation from the flat front of the incident radiation (Gaussian beam). The issues
of the finiteness of size of the structure and the influence of Gaussian beam size effects are
considered in detail in review [44], but it should be noted that if the size of the structure is
larger than the size of the incident radiation cross-section and the spread of wave vector
projections along the periodic structure corresponds to the spread of wave vectors in the
Gaussian beam waist, then the decrease in the amplitude of transmission (reflection) of
the electromagnetic radiation is at the scale of hundredths, and these edge effects can be
neglected [45,46].

3. Optical System Responses
3.1. Passive System with Absorption

Initially, a numerical study of the structure under consideration was carried out
without reference to specific materials. The imaginary part of the refractive index was set
from ten-thousandths to hundredths of the real part, for a system with a response in the
green wavelength range, while the real part of the refractive index was restored using the
Kramers-Kronig transformation. This numerical calculation was motivated by the fact that
in the visible region of the spectrum, silicon has an imaginary part of the refractive index
comparable in magnitude to the real part, and at these wavelengths, it is hundredths of
the real part of the refractive index. The numerical simulation showed (Figure 6) that the
resonant transmission’s (reflection) profile is sensitive to the presence of absorption at ten-
thousandths of the imaginary part of the refractive index, and it decreases in amplitude by
45% and broadens by an order of magnitude compared to the medium without absorption.
For thousandths of the imaginary part of the refractive index, the width of the resonance
curve increases to orders of a nanometer, while the amplitude decreases by 90-95%; with a
further increase in the imaginary part of the refractive index, the transmission (reflection)
line disappears completely. Thus, the use of the considered structures made of absorbing
materials becomes impractical.
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Figure 6. The change in the resonant response in the presence of the imaginary part of the refractive
index k, expressed in fractions of the real part.
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The simulation performed using the full dispersion dependence with allowance for
absorption in silicon in the visible region of the spectrum (from 450-600 nm, where the
imaginary part of the refractive index is about hundredths of its real part) showed almost
complete smearing of the resonant transmission line. Considering that the absorption
length of silicon upon excitation in the region of 500 nm is 1 um, and the thickness of
the nanostructured silicon layer is less than 100 nm. Most of the incident light (~90%) is
transmitted down to the next layer, thus providing optical coupling between two subwave-
length periodic structures, although in the passive mode (i.e., in the absence of an inverted
medium), and it smears the resonant response.

3.2. Active System with Dispersion in the Optical PT-Symmetry Mode

Modeling the structure under consideration, provided that one of the subwavelength
periodic structures has amplification, i.e., is in an inverted state, and the other has sym-
metrical losses, should, as expected, compensate for the disadvantages of the passive
structure when absorption is considered. This configuration corresponds to optical PT-
symmetry c involving symmetric index guiding and an antisymmetric gain/loss profile,
that is, n(x) = n*(—x) [33]. The coupled-mode equations describing this PT symmetric
system are given by

da

zd—ngAanrkb:O 1)
i—b+A b+ka=0 @)
dg ot -

where a and b—the waveguide modal amplitudes propagating along subwavelength
periodic gratings, {—a scaled propagation distance, k—the coupling coefficient, and A,,
Ap—the shifts in the propagation.

It should be noted that the structure under consideration has ultra-thin periodic grat-
ings, which in turn form a periodically modulated Fabry-Perot resonator; in fact, the
amplifying medium acts on the waveguide modes propagating along the periodic structure,
and provides optical coupling. In the transverse direction, in which transmission reso-
nances are fixed and reflected, its contribution is also made by the selective transmission
(selection) of the resonator. In addition, as is known, the reflection from the amplifying
layer can be greater than unity, so one of the gratings also directly affects the loss compen-
sation, especially when considering multiple reflections inside the resonator formed by two
subwavelength gratings. It should be noted that at the moment there are technological dif-
ficulties in creating an inverse population in silicon, but a promising direction for creating
amplification in silicon is the use of nanopatterned Si [47-50].

We also carried out computer simulations and analytical analyses of the mechanism
of coupling of waveguide modes, including considering saturation effects. The computer
simulation of the optical response showed the possibility of obtaining ultranarrow reso-
nances (having an FWHM of 0.00015 nm, i.e., an order of magnitude narrower than that of
transmission (reflection) resonances in the model’s passive structure without considering
absorption), while amplification up to 10° is observed (Figure 7).

It should be noted that in the simulation, the values of the refractive indices and other
parameters of the materials of the structure were established according to the corresponding
experimental studies [35]. However, it is obvious that with each new experiment, the values
of the parameters of the materials used will not be completely identical. This usually greatly
interferes with the successful practical implementation of parity time and anti-parity time
systems. Indeed, in the manufacture of the structure described in the article, the values of
the gain and loss levels (the imaginary part of the refractive index) in two parallel gratings
may differ slightly from their specified values. In this case, the greatest influence on the
response of the structure under study is exerted not directly by the deviation of the values
of the gain and loss levels, but by their mismatch. In particular, in previous studies, we have
shown that a mismatch of the loss and gain levels of gratings by more than 10% reduces
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Total transmission for system with amplification
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the gain of the radiation passing through the system by about 520 times, and increases the
spectral linewidth by about 120 times [31]. In this case, it is expected that in practice the
mismatch between loss and gain levels will be several times smaller. In addition, the gain
level can be controlled by changing the pump level of the system, which in practice should
make it possible to reduce the mismatch value and approach the theoretically calculated
characteristics.

In addition, let us clarify the question of the behavior of the system in the presence
of a parallel shift of subwavelength structures relative to each other. Such a shift intro-
duces a partial destruction of the optical coupling due to the phase difference that arises
between the fields propagating along periodic subwavelength gratings, which leads to
a shift and broadening of the resonant response. For a completely transparent model
structure, the transmission maximum reaches unity and is observed for any shift within
the period. However, in this case, the resonance shift occurs till 0.28 nm if both periodic
subwavelength gratings are in opposite periods, and at resonance wavelength of incident
light equal 518.78 nm, the width of such a resonance increases significantly compared to
the transmission (reflection) resonance at the in-phase position of periodic subwavelength
gratings, and quickly reaches about 0.1 nm (Figure 8).In fact, the system has a high sensitiv-
ity to violations of periodicity and to a shift in the resonance, and especially to the width of
the resonance. Accounting for losses leads to even greater smearing of the resonance.

Considering losses and amplification (PT-symmetry case) leads to significantly larger
changes in the resonance peak. Thus, at the maximum displacement of half a period, the
resonance shift also occurs at 0.28 nm and corresponds to 518.9 nm. The amplitude of the
resonance decreases by more than four orders of magnitude, while the width of such a
resonance increases by 200 times compared to the transmission (reflection) resonance at
in-phase positions of periodic sub-wavelength gratings (Figure 9). In fact, the system has
high sensitivity to periodicity violations and resonance shifts, and especially to the width
of the resonance. Figure 10 shows the dependencies of the center position’s shift on the
FWHM of the resonance peak for passive and PT-symmetric structures.
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Figure 7. Amplification of resonant transmittance of a PT-symmetry system (for the distance between

waveguide gratings h = 630.1 nm) (a). Internal magnetic field distribution associated with the
device (b).
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Figure 9. Transmittance resonance for the model’s structure with a PT-symmetry configuration and
with a shift of the gratings relative to each other (a). Internal magnetic field distribution associated
with the device (b).
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lattice shift for passive (a,b) and PT-symmetric (c,d) structures. The shift value is given in fractions of
the grating period.

4. Conclusions

Numerical investigations of a subwavelength double thin grating with optimized
geometry used for monitoring resonant optical response in the visible optical band showed
that these systems are very sensitive to the presence of absorption; in particular, at ten-
thousandths of the imaginary part of the refractive index, it already decreases in amplitude
by 45%, and broadens by an order of magnitude compared to the medium without absorp-
tion. The possibility of obtaining ultra-narrow reflection resonances (FWHM of 0.00015 nm)
amplified up to 10° times when using PT-symmetry optical system subwavelength periodic
structures is shown. Due to the properties of optical PT-symmetry, the proposed platform
may be promising for use in the development of optical filters, including tunable ones,
amplifiers, optomechanical and other types of sensors, etc. Compensation for losses and
amplification in such a system are possible even when the imaginary part of the refractive
index of the active grating does not exceed in magnitude that of a lossy symmetric grating.
The sensitivity of the system’s response to the relative position of its two subwavelength
gratings and the magnitude of the amplification coefficient of the active part can be used
to tune the spectral characteristics of filters based on it, modulate the optical radiation
incident on it, and create optomechanical sensors such as strain gauges.
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