Resonant tunneling of charge carriers in GaAs/AlAs semiconductor
heterostructure with consideration to microscopic effects
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Abstract: In this work, a mathematical model is being developed that enables the analysis of
resonant tunneling of charge carriers in various multi-layered structures. The developed approach,
which takes into account the charge carriers energy dispersion relation and the effect of the
microscopic structure of barriers, is used to calculate the energy dependences of the tunneling
coefficient, voltage-ampere characteristics, and probability density distribution for multi-barrier
structures based on binary semiconductor compounds A"BY and their solid solutions.

Introduction. Recently, there has been a great interest in electronic and spintronic nanoscale
devices working on the effects of resonant tunneling. Their development and design supply humanity
with high-frequency electronics on A"BV-semiconductors and heterostructures [1-5].

For modeling, it’s very important to take into account the charge carriers properties in the
investigated materials. It’s typical to use different macroscopic parameters like effective mass or
permittivity to describe kinetic phenomena in semiconductors instead of investigating microscopic
properties. The main disadvantage of conventional methods, such as the method of envelope
functions, is the lack of consideration for the nonparabolicity of the charge carrier dispersion law in
materials forming a heterostructure, as well as the neglect of short-range interface corrections at the
heterostructure interface.

We present the microscopic theory of resonant tunneling of charge carriers in semiconductor
heterostructures, taking into account the exact dispersion of charge carriers and the microscopic
structure of potential barriers. Using the developed theory, we analyze the double GaAs/AlAs-
heterostructure.

Theory. In the framework of the proposed approach, the Hamiltonian of the system is formed from
the Hamiltonian of the base crystal and the term responsible for the change in the periodic crystal
potential in the region of potential barriers. A purely imaginary smooth potential is introduced near
the boundaries of the region under consideration to ensure the attenuation of the charge carrier wave
function [6]. The analysis is carried out within the framework of biorthogonal formalism by the
method of Green's functions for the inhomogeneous Schrodinger equation in the momentum
representation, which makes it possible to analyze the resonant tunneling of charge carriers through
heterobarriers for a wide energy range [7]. The exact solution of the Schrodinger equation by the
pseudopotential method is used.
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Fig. 1 Envelope wave functions (a) and energy dependence of transmission (b) (red — our theory, blue — effective mass method)

Results. A structure consisting of alternating layers of GaAs and AlAs materials is considered
grown in the crystallographic direction [001]. Using developed theory were calculated the energy
dependence of the tunneling coefficient and probability density distribution (Fig. 1). The tunneling
time of charge carriers in the system according to the envelope function method is 0.115 ps, and
according to the effective mass method — 0.148 ps, which is in good agreement with the results of
studies of such a two-barrier structure [9], where the authors report the time calculated from the
effective mass method equal to 0.19 ps. The difference in the tunneling time values calculated by the
effective mass method is due to different modeling methods - the authors used grid methods in the
coordinate representation, while in this work, the calculation was carried out in the momentum
representation by solving a system of linear algebraic equations. The dwell time from the experiment
[9] 1s 0.11 ps. As a result, the theory being developed makes it possible to more accurately calculate
the characteristic tunneling time of charge carriers in the system and clarify the position of the resonant
peak of the barrier transparency in the spectrum.
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Abstract: We propose and compare several approaches for ultrashort pulse generation in fiber laser
with high pulse repetition rate. This includes erbium laser made of ionic liquid gated carbon nanotubes
and integrated microring resonator nested in the fiber cavity. First approach implies harmonic mode
locking, which allows to increase fundamental repetition rate of the laser tens or even hundreds of
times, but suffers from low reproducibility and high pulse jitter. In contrast, lasers with nested
resonators can operate on the repetition rates of the microcavities which reach 1 THz and provide
reproducible pulse trains with low jitter.

Ultrafast lasers with high repetition rates are paving the road towards real world application.
Among them soliton information transmission and generation of entangled photons. For some
applications it is not a pulse train that it is needed, but its representation in frequency domain — a
frequency comb — an equidistant sequence of narrow coherent spectral lines. Frequency combs with
GHz to THz spacing may find applications in spectroscopy, coherent data transmission, coherent lidars
and many more. In the work we present two approaches for high repetition rate pulse generations.

First, we consider laser with a carbon nanotube saturable absorber deposited on a side polished
fiber. We show that controlling the response of a saturating absorber with electrochemical gating
allows to control the pulse generation of a fiber laser. It includes switching between mode locking and
Q-switching, as well as switching between different orders of harmonic mode synchronization. It is
known that for lasers without polarization conservation, the order of harmonic synchronization at a
given pump can significantly depend on the position of the polarization controller, while generation
in a laser with polarization conservation, a given generation mode is considered more reproducible.
We show that when adding another degree of freedom, the state of the saturating absorber, the order
of harmonic mode locking for a given pump and the state of the absorber may depend on the trajectory
along which we arrived at a given point in the parameter space of the laser. This behavior opens up
opportunities for using machine learning to find optimal trajectories corresponding to the maximum
harmonic mode synchronization order [1]. With this approach we demonstrate pulse repetition rates
up to hundreds of MHz with possibility for further increase to GHz scale.
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Fig. 1 (a) Scheme of the fiber laser with microring cavity (not in scale); (b) Spectrum of the optical comb on the output of laser.

To go for a much higher repetition rate it is necessary to use another technique — a so-called filter
driven four wave mixing. In this technic a microring resonator is implemented into the cavity, that
filters laser modes forcing the laser to generate pulses on a repetition rate of the microcavity. We
suggest further development of this approach by utilizing the two-port integrated chip with
microcavity working as a reflecting mirror in fiber laser resonator (see Fig. 1a). Here laser resonator
is formed by the gold mirror on one side and microring resonator on the other. High quality factor
microring resonator give rise to a comb formation through four wave mixing. In the ring microcavity
directly propagating comb give rise to the counter propagating comb due to Rayleigh scattering, which
goes back into the laser cavity forming an optical feedback. With this approach we show robust selt-
starting soliton comb generation with spectral width more than 500 nm, which greatly exceeds erbium
amplification window (see Fig. 1b). In the time domain it gives a train of femtosecond pulses with
repetition rate of the microring cavity reaching 1 THz in our experiment [2].

This work 1s supported by the Russian Science Foundation (Grant No. Ne25-22-00388)
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Abstract: We studied the influence of epoxy and its components on the optical properties of SWCNT
films and fibers. Our study demonstrates that the hardener epoxy component is a mild (3-5cm™ G-



peak Raman shift) dopant for SWCNTs, an effect we attribute to the amines present in the hardener.
This doping effect was not observed after the epoxy was fully cured. This can be attributed to the
chemical bonding between the hardener and the epoxy resin, which leads to negligible influence of
the hardener on the SWCNTs after complete solidification.

Single-walled carbon nanotubes (SWCNT) macro-assemblies, such as films and carbon nanotube
fibers (CNTFs), are promising candidates for sensing applications. They can identify and quantify
stress, temperature and the liquid-to-solid transition in polymers. However, due to their sensitivity to
multiple simultaneous stimuli, it is necessary to isolate and quantify the impact of each factor to
delineate the causes of their response [1].

This study investigates the influence of epoxy components (resin and hardener) and the cured
epoxy on the optical properties of SWCNT films and wet-pulled CNTFs using a multi-technique
spectroscopic approach [3,4]. A doping effect from the amine-based epoxy hardener was observed
both in SWCNT films and CNTFs [2]. Raman spectroscopy revealed mild doping in CNTFs,
evidenced by ~5cm™ G-peak shift. In SWCNT films, although the G-peak position did not change, a
suppressed shoulder and a shift of the D-peak by ~3cm™ along with its suppression by ~10%
confirmed the presence of doping. This doping alters the density of states (DOS) at the Fermi level,
leading to enhanced sensitivity of the SWCNT films and CNTFs to temperature [5,6]. UV-Vis-NIR
spectroscopy of the SWCNT films further confirmed this doping through the suppression of the S11
and M11 transitions (by factor of ~3 and ~1.1, respectively), while simultaneously excluding the
epoxy resin as a dopant. Finally, FTIR spectroscopy identified the absence of chemical interactions
between SWCNTs in both films and CNTFs with the hardener after epoxy was cured.

Based on this data, we conclude that while the doping of the SWCNTs takes place with liquid
hardener, amine groups in the hardener are more likely to react with resin monomers than to form
chemical bonds with SWCNTSs. Therefore, the polymerization process overcomes SWCNT doping
that was confirmed by optical methods of characterization.
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Abstract: We demonstrate a compact hybrid fiber-laser system in which a single-bus SisNs microring
functions as a nonlinear reflective element. Rayleigh backscattering forms the cavity and enables
robust, self-starting single-soliton generation without additional ports or filters. By changing the fiber
gain medium, the system produces broadband soliton combs across different wavelength bands: >400
nm with erbium gain and >300 nm with bismuth gain, while a hybrid Er—Bi cavity yields >400 nm
bandwidth. Coupled-mode simulations reproduce stable single-soliton operation under the same
conditions, confirming the underlying dynamics.

Integrated high-Q microresonators have become a key technology for compact optical frequency
combs (OFCs) finding use in precision metrology[1-3], optical communications [4-6], and quantum
systems[7]. Traditional soliton-based comb generation, however, is limited by low pump-to-comb
conversion efficiency (<5%) and typically requires active control because the dynamics are not
inherently self-starting [8]. A recent approach addressed this by embedding four-port microcavities
into fiber lasers, enabling self-starting soliton combs with efficiencies up to 75%[9]. In our work, we
take a different route: an integrated SisNa high-Q microring, coupled through a single bus waveguide,
is used as a nonlinear reflective element inside a fiber-laser cavity (Fig. 1a). Rayleigh backscattering
of the generated comb lines provides the feedback needed to form the cavity, eliminating the need for
additional ports or external loops. The microring therefore plays the role of a nonlinear mirror that
supports robust passive mode-locking and stable single-soliton formation [10].

A key strength of this setup is its spectral adaptability. By switching only the fiber gain medium,
we can realize soliton combs in different wavelength regions. With an erbium-doped fiber, we obtain
a stable, coherent soliton comb spanning more than 400 nm with ~1 ps pulses confirmed by
autocorrelation and laser-scanning spectroscopy (Fig. 1b-c¢). In addition, we developed a numerical
model based on coupled-mode equations that reproduces the experimentally observed regime and
supports the formation of a stable single soliton under the same operating conditions. Using a bismuth-
doped fiber, we additionally demonstrate broadband combs exceeding 300 nm (Fig. 1d). When

combining Er- and Bi- fibers in a hybrid cavity, we generate a broadband comb >400 nm with comb



lines coherently linked through non-degenerate four-wave mixing in the microring (Fig. le). This
hybrid comb is long-term stable and recovers its state after external perturbations.

Overall, our results introduce a compact and highly configurable platform for ultrafast comb
generation, particularly advantageous in systems where single-port operation and wide spectral
tunability are desired. The ability to employ multiple gain media within a single cavity also points
toward a promising route for achieving octave-spanning spectra, as their combined gain bandwidth
enables coherently bound comb formation through nonlinear interactions in the microresonator.

This work 1s supported by the Russian Science Foundation (Grant No. 25-22-00388).
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Fig. 1. Broadband frequency comb generation. (a) The setup includes a one-meter-long polarization-maintaining erbium-doped fiber,
pumped by a 980 nm laser diode via a broadband 980/1550 nm wavelength-division multiplexer (PM-WDM). All fiber components are
polarization-maintaining and exhibit a second-order dispersion of =23 fs?’mm. Light is coupled to the integrated photonic chip using lensed
fibers. Si3N4 microring resonator has 1 THz repetition rate, nearly 1 million Q- factor and anomalous dispersion. (b) Measured soliton
comb (blue) and model-derived intracavity spectrum (red). The simulated spectrum and pulse are shown because direct autocorrelation
measurements would require amplification, which broadens the pulses and distorts the ACF. (c) Red-detuning is confirmed by laser-
scanning spectroscopy of main lines within spectrum. Broadband self-starting optical frequency comb, with more than 350 nm width

within (d) bismuth gain region and (e) both gain media (erbium +bismuth).
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Semiconductor nanocrystals grow rate dependency from microfluidic channel
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Abstract: We investigated the photophysical properties of AgInS. quantum dots synthesized in
microfluidic chips with different channel cross-sections (1 mm?, 0.25 mm?, and 0.0625 mm?). It was
demonstrated that reducing the channel size, while keeping the total internal volume constant,
accelerates quantum dot growth.

Microfluidic synthesis of semiconductor nanostructures provides a cost-effective approach for
producing photosensitizers and offers improved control over their photophysical properties.



Compared to conventional batch techniques, microfluidic platforms enable precise temperature
regulation, efficient mixing, and scalability, making them highly attractive for the synthesis of
luminescent quantum dots [1].

In this work, microfluidic chips were fabricated using 3D-printed molds followed by PDMS replica
and glass slide plasma bonding. Each chip had an internal volume of 25 pL, while the cross-sectional
area of the reaction channel was varied (I mm?, 0.25 mm?, and 0.0625 mm?) (Fig. 1). Owing to the
small internal volume, the reaction mixture was circulated multiple times through the reactor to
achieve a total thermal exposure of 30 min at 90 °C [2]. The flow rate of reagents also varied between
1, 2.5, and 10 pL/s. Photophysical characterization was performed using a Cary Eclipse
spectrofluorometer, PicoQuant lifetime spectroscopy, and TEM microscopy.

a b c

Channel cross section — 1 mm? Channel cross section —0,25 mm? Channel cross section - 0,0625 mm?

Fig. 1 (a) Schematic illustration of a chip CAD design and physical replica with channel cross section - 1, 0.25 and 0.0625 mm? for

(a), (b) and © respectively.

Figure 2a shows a slight redshift of the emission band (=50 nm) as the channel cross-section
decreases. Luminescence decay profiles (Fig. 2b) remain nearly unchanged in shape, while lifetime
analysis reveals a moderate increase in decay times for smaller channels, suggesting reduced defect
density due to faster heating [3]. TEM images (Fig. 2¢) confirm the formation of ~4 nm quantum dots,
and histograms of size distributions (Fig. 2d) reveal a systematic increase in particle size (from 2.9 to
3.6 nm) with decreasing channel cross-section. Figure 2e presents the dependence of particle size on
both channel dimension and flow rate, highlighting that at higher flow rates, the influence of channel
geometry is significantly diminished.
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reagent mixture flow speed.

These results demonstrate that efficient microfluidic synthesis of AgInS. quantum dots does not
require highly complex geometries or micron-scale channel dimensions. The findings suggest that
even relatively simple chip designs can provide controlled growth conditions and high-quality

nanocrystals, thereby facilitating scalable and accessible microfluidic approaches for luminescent
materials.

This work 1s supported by the Russian Science Foundation (25-73-20100).
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Abstract: We studied the strong coupling of chiral light with chiral material by incorporating the



Lorentz pole into macroscopic chirality parameter: dielectric permittivity, magnetic permeability, and
chirality coefficient. Our study demonstrates significantly distinct behaviors between the material's
enantiomers, offering a promising approach for their detection and selective differentiation.

The detection and selection of chiral organic molecules with different handedness are critical for
numerous applications in pharmacology, biology, and chemistry. Due to their similar size and chemical
structure, the most promising approach is to exploit differences in their optical responses when
interacting with an electromagnetic field. In this work, we focus on the coupling between chiral
medium and chiral photonic modes within a resonator in macroscopic framework. This approach
allows for the study of high molecular concentrations not accessible through microscopic analyses of
chiral polaritons [1, 2].
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Fig. 1 (a) Schematic illustration of a chiral Fabry—Perot resonator filled with chiral material. (b) Chiral modes of an empty Fabry—

Perot resonator as a function of the rotation angle between the two mirrors.

Specifically, we consider a Fabry-Perot resonator with dielectric handedness-preserving mirrors
Fig.1(a). Mirrors are constructed from a combination of dielectric Bragg mirrors and a one-
dimensional photonic crystal slab, forming a layer with high artificial anisotropy. The mirrors are
optimized to achieve near-unity reflection and to preserve the handedness of light across a broad
spectral range. This configuration enables the Fabry-Perot cavity to support photonic modes with high
electromagnetic chirality for both handednesses, which separate when the rotational angle between
the upper and lower mirrors deviates from integer multiples of 7/2 Fig.1 (b) [3]. The resonant medium
inside the cavity is described by macroscopic material parameters: dielectric permittivity, magnetic
permeability, and chirality coefficient having a Lorentz pole. The mode splitting near the resonant
wavelength varies depending on the value of the chirality parameter Fig.2 (a-b). At a specific value of
the chirality coefficient, a particularly intriguing regime emerges, as shown in Fig. 2(c). In this case,
different light—matter coupling regimes are observed depending on the handedness of the material
chirality. For example, a medium with positive chirality coefficient may exhibit strong coupling with
the electromagnetic field, while a medium with opposite chirality remains in a weak coupling regime.
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Fig. 2 Transmission spectra differences between materials of opposite handedness, shown as a function of the rotation angle. Panels

(a)—(c) present results for different values of the chirality coefficient.



These findings offer exciting prospects for developing advanced methods to detect chiral molecules
with different handedness.
This work is supported by the Russian Science Foundation (Grant No. 25-12-00454)
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Abstract: Tellegen response is a nonreciprocal effect which couples electric and magnetic responses
of the medium and enables unique optical properties. Here, we develop a semi-analytical model of a
Mie-resonant Tellegen meta-atom made of magneto-optical material and explicitly compute its
magnetoelectric polarizability. We demonstrate that it could substantially exceed the geometric mean
of electric and magnetic polarizabilities giving rise to strong and controllable effective Tellegen
response in metamaterials.

Tellegen media, originally proposed by B. D. Tellegen [1], occupy a unique place at the intersection
of applied photonics and fundamental physics. From a technological perspective, strong
magnetoelectric coupling enables the development of compact nonreciprocal components such as
isolators, circulators, and topological waveguides [2], which are essential for modern optical systems.
From a fundamental perspective, the Tellegen response is closely related to axion electrodynamics
[3], offering a laboratory-accessible platform to investigate exotic symmetry-breaking effects.
However, in natural materials the effect is typically very weak [4], which makes efficient
nonreciprocal wave manipulation unattainable without artificial structures.
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Fig. 1 Scattering of a TM-polarized plane wave by an infinite radially magnetized cylinder of the radius a.

Metamaterials offer a promising solution: by engineering artificial unit cells, one can achieve
strong and tunable magnetoelectric response [5]. In this work, we present a semi-analytical model of
a Mie-resonant Tellegen meta-atom based on a conventional magneto-optical material. Specifically,
we consider a radially magnetized cylinder, schematically shown in Fig. 1, and study its excitation by
a TM-polarized plane wave.

Fig. 2. Frequency dependence of polarizabilities for a radially magnetized gyrotropic cylinder. (a) Electric, magnetic, and
magnetoelectric polarizabilities versus normalized frequency ka. Peaks in magnetoelectric coupling coincide with dipole resonances. (b)
Dimensionless ratio |a=™| / (o= |a™™]) as a function of ka, showing that the coupling can exceed the established bound. Parameters: a = 0.005

m,g=1,e=10,p=1.

This configuration breaks time-reversal and mirror symmetries in a way that guarantees a pure
Tellegen response while suppressing unwanted magneto-optical effects. Using perturbation theory,
we derive analytical expressions for the electric, magnetic, and magnetoelectric polarizabilities and
analyze their frequency dependence. As illustrated in Fig. 2(a-b), the Tellegen coupling peaks at the
dipole resonances and, in certain regimes, even exceeds the previously established theoretical bound

[6].

Full-wave numerical simulations confirm the validity of our model and clearly reveal cross-
polarized scattered fields, which serve as direct evidence of magnetoelectric coupling. Together, these
results show that overlapping dipole resonances offer a practical route to achieving giant Tellegen
responses. Our findings provide a solid theoretical framework for the design of Tellegen meta-atoms



and highlight their potential in nonreciprocal wave manipulation, topological photonics, and
experimental studies of axion electrodynamics.

Theoretical models were supported by the Priority 2030 Federal Academic Leadership Program.
Numerical simulations were supported by the Russian Science Foundation (Grant No. 23-72-10026).
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Abstract: We investigate a hybrid nanophotonic system consisting of a monolayer of MoS: and a
periodic array of GaP dielectric nanowires. The array is shown to provide significant absorption
enhancement in the MoS: layer for both incident polarizations (TE and TM). For the TM polarization,
a strong increase in the electrical energy density is achieved at large interwire gaps, and at a nanowire
diameter of approximately 190 nm, excitation of the quasi-BIC mode is observed, providing resonant
field enhancement.

Two-dimensional materials such as MoS: exhibit unique optical properties, including pronounced
luminescence even at atomic thicknesses. However, their emission efficiency is limited by the small
volume of the active layer. Integration with dielectric nanostructures allows for enhanced interaction
with light by localizing electromagnetic modes. Periodic arrays of GaP nanowires offer a promising
platform due to GaP's low losses in the visible range and flexibility in configuring geometric
parameters [1].

A system consisting of a 0.7 nm thick MoS: monolayer placed under a one-dimensional array of
GaP dielectric nanowires was considered. The gap between the nanowires varies from 10 to 250 nm,
and the diameter (D) of the nanowires ranges from 100 to 300 nm. The impact of these parameters on
absorption in the monolayer is explored in two different polarizations. The excitation wavelength is
532 nm (Fig. 1).



MoS, monolayer
0.7 nm

Fig. 1 Model geometry for the numerical simulation

The presence of a periodic array of nanowires leads to enhanced absorption in the MoS:
layer compared to the isolated case with two polarizations (Fig. 2). This enhancement is due to
the excitation of certain collective modes, which lead to an increase in the local electromagnetic
energy density. For TE polarization, the gain is achieved at small gaps, whereas for TM
polarization, an increase in energy density is possible at large gaps between nanowires.
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Fig. 2 Maps of electric energy density (W) depending on gap and diameter (W, — electric energy density with a periodic array, W, —

electric energy density without a periodic array)

Of particular interest is the case of TM polarization at nanowire diameters of ~190 nm, where
excitation of the quasi-bound state in the continuum (quasi-BIC) is observed (Fig. 3). This mode
provides a resonant enhancement of the electric field and, consequently, a significant increase in
absorption in the MoS: layer.
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Fig. 3 Dependence of transmission on the diameter for the gap =200 nm

The obtained results show that the integration of a MoS. monolayer with a GaP nanowire array
allows for effective enhancement of absorption and control of emission depending on the polarization
and geometric parameters of the array.

This work is supported by the Russian Science Foundation (Grant No. 24-12-00225)
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Abstract: We developed a novel optical fiber sensor for nitrogen dioxide (NO:) detection by
integrating side-polished fibers with single-walled carbon nanotube (SWCNT) films. This design
establishes a receptor-transducer methodology where the SWCNTSs' optoelectronic properties are
modulated by NO: adsorption. The achieved sensor exhibits a robust limit of detection of 400 ppb and
offers significant advantages for harsh industrial environments, including inherent corrosion
resistance, electromagnetic immunity, and compatibility with existing telecom infrastructure.

The increasing levels of industrial emissions require sophisticated environmental monitoring,
especially for corrosive pollutants such as NOs. Its oxidizing nature allows it to form corrosive acids



(HNO2/HNOs) when hydrated and presents substantial health threats even at low levels. Strict
exposure limits are mandated by regulatory agencies: a TLV-TWA of 500 ppb!!!, and an annual
average concentration of 5.2 ppb as reported by the WHO.?! Existing technologies like
electrochemical sensors, pellistors, and metal oxide sensors degrade quickly in these corrosive
environments, creating a critical need for more durable solutions. Although carbon nanomaterial-
based resistive sensors (e.g., using graphene or SWCNTSs) provide excellent sensitivityl], they are
susceptible to electromagnetic interference. Optical fiber sensors address these shortcomings with
their intrinsic corrosion resistance and immunity to electromagnetic fields, alongside benefits
including remote operation', minimal power needs!!, low-noise performance!®, and the ability to be
selectively tuned to specific wavelengths.

To leverage these properties for NO: sensing, we created a new evanescent wave sensor that
combines side-polished fibers with SWCNT films. This configuration implements a receptor-
transducer design philosophy in which the SWCNT receptor material is specifically optimized to work
in synergy with the fiber-optic transducer. The detection principle utilizes NOz-induced changes to
the optoelectronic characteristics of the SWCNTSs: adsorption modifies intra-nanotube bandgaps
through charge transfer doping. A key finding is that peak performance depends on precisely matching
the SWCNT Su: optical transition with the 1550 nm telecom window to enhance evanescent field
interaction, while also carefully controlling film thickness to achieve a balance in evanescent wave
penetration depth.
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Fig. 1. A) Illustration of the interaction mechanisms between analyte, evanescent field and SWCNT placed on SPF. B) D-Shape embedded in a quartz
block with SWCNT film deposited on the polished region. C) Absorption spectrum of SWCNT film. D) Schematic zone structure and density of states
in semiconducting SWCNTs.

Experimental results demonstrated an optical detection limit of 400 ppb, a sensitivity of 0.004
dB/ppm, and response/recovery times of 8.6 and 18.5 minutes, respectively. The sensor's fully fiber-
based design requires no free-space optical components, improving its durability for harsh industrial
settings, and its compatibility with telecom standards allows for integration into established
infrastructure.

This project was supported by the Russian Science Foundation (Grant No. 22-13-00436 (I1)).
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Abstract: We propose an all-dielectric three-layer structure for the optical implementation of vectorial spatial
differentiation. Numerical simulations show that the reflected intensity closely matches the squared magnitude of
the incident beam gradient with error below 1%. The results highlight the potential of the presented structure for
compact photonic devices for analog optical computing and real-time image processing.

The optical implementation of vectorial spatial differentiation using an all-dielectric three-layer structure with an
M-shaped refractive index profile (hereafter referred to as the M-structure) (see the inset in Fig. 1) is considered.
Unlike the well-studied W-structures [1,2], which enable efficient differentiation only along a single transverse axis,
the designed M-structure provides “balanced” transfer functions for both transverse field components, thereby

allowing isotropic vectorial differentiation. This design thus enables compact photonic differentiators with potential
applications in analog image processing.
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Fig. 1 (a) Reflected intensity distribution obtained by numerical simulation; (b) analytically calculated squared absolute value of the
gradient of the incident beam. The inset shows the geometry of the three-layer M-structure.

The operation of the proposed structure relies on the occurrence of a reflection zero at a given wavelength and
angle of incidence, which can be obtained by adjusting the thickness of the central and cladding layers. As a proof
of concept, we designed a structure composed of a TeO; core, CdS claddings, and Nb,Os as the surrounding medium,
optimized for operation at a wavelength of 630 nm and an incidence angle of 41.5°. For an incident Gaussian beam
with a 10-um waist, the profiles of the transverse components of the reflected field (rigorously calculated using the
method described in [3]) closely match the analytical first-order derivatives of the input beam profile. The
normalized root-mean-square deviation (RMSD) of calculating the squared gradient is below 1%, indicating good
performance of the designed structure. Furthermore, tolerance analysis shows that small deviations in layer thickness

(1 nm) or incidence angle (+0.5°) do not significantly degrade the differentiation quality, demonstrating robustness



with respect to fabrication and alignment errors. In Fig. 1, the numerically calculated reflected intensity distribution
is compared with the analytically calculated squared absolute value of the gradient of the incident beam, showing
excellent agreement between them.

In conclusion, we investigated the implementation of vectorial spatial differentiation using an all-dielectric three-
layer structure with an M-shaped refractive index profile. Numerical simulation results confirmed that the designed
structure provides nearly balanced responses for both transverse field components, allowing isotropic vectorial
differentiation. Simulations with a Gaussian input beam showed good agreement with analytical predictions and
demonstrated the feasibility of this approach. The results indicate that such layered structure can be used for analog
optical signal processing, including edge detection and related image analysis tasks.

This work is supported by the Ministry of Science and Higher Education of the Russian Federation (state
assignment to Samara University FSSS-2024-0016).
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