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Structure predict ion for low-dimensional materials 

Artem R. Oganov 
Skolkovo Institute of Science and Technology, 30 bldg. 1 Bolshoy blvd., 121205 Moscow, 

Russia 

Until mid-2000s it was thought that crystal structures are fundamentally unpredictable. This 

has changed, and a special role in this was played by our evolutionary method/code USPEX 

(http://uspex-team.org). This method can be viewed as a type of artificial intelligence, and routinely 

allows one to predict stable crystal structures for a given chemical composition], predict all stable 

compounds formed by given elements, and even predict among all possible compounds the structure 

and composition that have desired combination of properties. Here I will discuss:  

1. Its extension to 2D-systems (2D-crystals, surfaces, thin films, grain boundaries) and 

examples of its application.  

2. Its extension to nanoclusters and examples of its application. 
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Aslamazov-Larkin effect and photogalvanic transport in 2D materials 

V. M. Kovalev, 1 M. V. Boev,1 K. Sonowal, 2,3 A. V. Parafilo,2 and I. G. Savenko2,3, * 
1 Institute of Semiconductor Physics, Siberian Branch of RAS, 630090, Novosibirsk, Russia 

2Institute for Basic Science (IBS), Daejeon 34126, South Korea 
3Korea University of Science and Technology (UST), Daejeon 34113, South Korea 

*Corresponding author: ivan.g.savenko@gmail.com 

This talk encompasses nonlinear response theory effects in 2D materials close to the critical 

temperature of superconducting transition Tc, in particular, the photogalvanic effect (PGE) in 2D 

superconductors based on transition mental dichalcogenide (TMD) monolayers in the vicinity of Tc 

[1]. The PGE transport is characterized by the stationary and uniform electric current as a second-

order response to an external electromagnetic field. 

It turns out that superconducting fluctuations – emerging Cooper pairs before the system 

reaches the critical temperature – contribute to the PGE transport in nontrivial ways. Additional 

contributions to PGE arise due to the presence of i) trigonal warping in the system or ii) Rashba-type 

terms in the Cooper-pairs dispersion. Indeed, in a 2D noncentrosymmetric Ising superconductor in 

the fluctuating regime under the action of a uniform external electromagnetic field there emerge two 

contributions to PGE due to the trigonal warping of the valleys [2]. The first contribution stems from 

the current of the electron gas in its normal state, while the second contribution is of Aslamazov-

Larkin nature. The valley degeneracy is lifted by the application of a weak out-of-plane external 

magnetic field producing a Zeeman effect. 

Furthermore, in the system emerges a coherent PGE as a third-order response of the 2D 

material to an external EM field in superconductors with isotropic dispersion of Cooper pairs [3]. 

References 

[1]  K. Sonowal, V.M. Kovalev, I.G. Savenko, New J. Phys 23, 093009 (2021). 

[2]  A.V. Parafilo, M.V. Boev, V.M. Kovalev, I.G. Savenko, arXiv:2206.04322 (2022). 

[3]  V.M. Kovalev, K. Sonowal, I.G. Savenko, Phys. Rev. B 103, 024513 (2021) 
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Anisotropic photonics with van der Waals materials 

Valentyn S. Volkov 

Center for Photonics and 2D Materials, MIPT, Dolgoprudny 141700, Russia. 
Corresponding author: volkov.vs@mipt.ru 

Large optical anisotropy observed in a broad spectral range is of paramount importance for 

efficient light manipulation in countless devices. Although a giant anisotropy has been recently 

observed in the mid-infrared wavelength range, for visible and near-infrared spectral intervals, the 

problem remains acute with the highest reported birefringence values of 0.8 in BaTiS3 and h-BN 

crystals [1, 2]. This issue inspired an intensive search for giant optical anisotropy among natural and 

artificial materials [3, 4]. 

Here, we demonstrate that layered van der Waals materials provide an answer to this quest 

owing to their fundamental differences between intralayer strong covalent bonding and weak 

interlayer van der Waals interaction. To do this, we made correlative far- and near-field 

characterizations validated by first-principle calculations that reveal a huge birefringence in a broad 

spectral range for different van der Waals materials. 

From a wider perspective, our result provides a path for next-generation nanophotonics based 

on van der Waals materials, for example, in tunable Mie-nanoresonators, nanophotonics waveguides 

and exciton-polariton physics. 

References 

[1] Niu, S. et al. Giant optical anisotropy in a quasi-one-dimensional crystal. Nat. Photonics 

12, 392–396 (2018). 

[2] Segura, A. et al. Natural optical anisotropy of h-BN: highest giant birefringence in a bulk 

crystal through the mid-infrared to ultraviolet range. Phys. Rev. Mater. 2, 1–6 (2018). 

[3] Kats, M. A. et al. Giant birefringence in optical antenna arrays with widely tailorable 

optical anisotropy. Proc. Natl Acad. Sci. USA 109, 12364–12368 (2012). 

[4] Ermolaev, G. A. et al. Giant optical anisotropy in transition metal dichalcogenides for next- 

generation photonics. Nat Commun 12, 854 (2021) 

  



Anomalous optical response of graphene on hexagonal boron nitride 

substrates 

D. A. Ghazaryan,1,* A. N. Toksumakov,2 G. A. Ermolaev,1 M. K. Tatmyshevskiy,1 Yu. A. 
Klishin,1 A. S. Slavich,1 I. V. Begichev,1 D. Stosic,1 D. I. Yakubovsky,1 D. G. Kvashnin,2 A. 

A. Vyshnevyy,1 A. V. Arsenin,1 V. S. Volkov1 
1Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, 

Dolgoprudny, Russia 
2Emanuel Institute of Biochemical Physics RAS, Moscow, Russia 

*Corresponding author: kazarian.da@mipt.ru 
 

Graphene/hBN heterostructures can be considered as one of the basic building blocks for the 

next-generation optoelectronics mostly owing to the record-high electron mobilities. However, 

currently the studies of optical properties of graphene are limited to the standard substrates (SiO2/Si, 

glass, quartz) despite the growing interest in graphene/hBN heterostructures. This can be attributed 

to a challenging task of the determination of hBN’s strongly anisotropic dielectric tensor in the total 

optical response. In this study, for the first time, we overcome this issue through imaging 

spectroscopic ellipsometry utilizing simultaneous analysis of hBN’s optical response with and 

without graphene monolayers. Our technique allowed us to retrieve the optical constants of graphene 

from graphene/hBN heterostructure in a broad spectral range of 250 - 950 nm. Here, we demonstrate 

an emergence of anomalous optical constants from monolayer graphene on top of a thick hBN and 

compare our results with the ones on one of the standard substrates (SiO2/Si) from the literature and 

of our own. We also demonstrate a novel and highly sensitive approach to the detailed analysis of 

ellipsometric parameters and total optical response of graphene, which can potentially be easily 

extended to other two-dimensional materials. 

 

Figure 1: Imaging spectroscopic ellipsometry of monolayer graphene on hBN/glass substrate. (a) Schematic 

illustration of the measurement setup. Ellipsometric parameters Ψ (b) and Δ (c). Real (d) and imaginary (e) parts of the 

obtained dielectric function. Grey lines correspond to real and imaginary parts of dielectric function obtained for 

monolayer graphene on SiO2/Si substrate. (f) Micro-transmittance spectra of graphene on hBN/glass substrate. Solid 

(dashed) line represents the measured (evaluated) case. 

This work was supported by Russian Science Foundation project № 21-79-00218.   
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Resonant transition metal dichalcogenide nanoparticles for nanophotonic 
applications 

Gleb I. Tselikov, 1,2* Georgy A. Ermolaev,1,2 Daria A. Panova,1 Andrey A. Vyshnevyy, 1,2 
Aleksey V. Arsenin, 1,2 Valentyn S. Volkov1,2  

1Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, 
Dolgoprudny 141700, Russia  

2XPANCEO, Dubai Investment Park First, Dubai, UAE  
*Corresponding author: celikov@physics.msu.ru 

An emerging field of all-dielectric nanophotonics implies the utilization of dielectric 

nanoparticles with a high refractive index exhibiting a resonant optical response due to Mie 

resonances [1]. Currently, traditional semiconductor materials such as silicon [2], germanium [3] and 

others are mainly used for the implementation of optical devices based on nanostructures with Mie 

resonances. However, a fixed value of the dielectric constant of these materials imposes fundamental 

restrictions on the development of optical devices operating at a strict selectivity of resonant 

frequencies. One of the ways to improve the properties of modern photonic devices is to use materials 

with anisotropic dielectric properties. Recent results on the optical properties of nanoparticles 

synthesized from transition metal dichalcogenides [4] demonstrate their unique applied potential 

associated with their internal layered structure [5]. An important feature of these materials is their 

strong dielectric anisotropy. Along homogeneous layers with a strong interatomic bond, the dielectric 

constant is a real value and does not exceed the value 10. Across the layers, the dielectric constant 

increases sharply, acquiring the imaginary part. Moreover, the value of its real part can reach values 

of more than 30 units in the visible part of the spectrum. Optical properties of nanoparticles made of 

such a layered material, can strongly depend on the irradiation conditions combining Mie resonance 

with electron-hole behavior in semiconductor layers. For example, a high field concentration at the 

resonant condition can provide a strong coupling between the Mie modes of the nanoparticle and its 

exciton resonances.  

In this work we demonstrate nearly spherical nanoparticles of molybdenum and tungsten 

disulfide (MoS2, WS2) produced by femtosecond pulsed laser ablation of bulk target in deionized 

water. Structural and optical investigations have shown that that for all the NPs its structure is formed 

by polycrystalline inner part covered by fullerene-like outer shell. As a result, the preserved layered 

crystalline structure of laser ablated NPs combined with its variable size in the range 10-150 nm 

ensure the Mie-excitonic behavior of its optical response. Such nanoparticles demonstrate exciting 

optical and electronic properties inherited from the TMDC crystals, due to preserved crystalline 

structure, which offers a unique combination of pronounced excitonic response and high refractive 

index value, making possible a strong concentration of electromagnetic field in nanoparticles.  

The work was supported by the Russian Science Foundation (grant № 21-79-00206).  
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Topological darkness in ultrathin films of transition metal 
dichalcogenides and other high-refractive-index materials  

G. Ermolaev, 1,* K. Voronin,1 D. Baranov,1 G. Tselikov,1 D. Yakubovsky,1 S. Novikov,1 A. 
Vyshnevyy,1 A. Mazitov,1 I. Kruglov,1 S. Zhukov,1 R. Romanov,1 A.M. Markeev,1 A.V. 

Arsenin,1 and V.S. Volkov1  
1Center of Photonics and 2D Materials, Moscow Institute of Physics and Technology, 

Dolgoprudny 141700, Russia  
*Corresponding author: ermolaev-georgy@yandex.ru  

Layered materials present a promising platform for immobilization of biological molecules 

and their enhanced sensing in biosensors [1]. However, mainly they serve as a functional layer and 

only increase sensor performance [2]. In contrast, our biosensor design relies solely on atomically 

thin transition metal dichalcogenides, which strong dielectric response results in topological phase 

singularities [3]. Around these singularities, an optical phase has a rapid variation, which we 

leveraged for label-free sensing. It allows us to achieve a very stable two-dimensional biosensor with 

an enormous sensitivity of 7.5·104 degrees per refractive index unit. Additionally, singular points can 

be used for any atomically thin layers of high refractive index materials and provide enhanced 

absorption in these layers. Therefore, proposed topological phase singularities represent a universal 

platform for next-generation biosensors and nanophotonics.  

References  

[1] Y. Stebunov, O. Aftenieva, A. Arsenin, V. Volkov, Highly Sensitive and Se-lective Sensor 

Chips with Graphene-Oxide Linking Layer, ACS Appl. Mater. Interfaces, 7, 21727-21734, (2015).  

[2] G. Ermolaev et al., Optical constants and Structural Properties of Epitaxial MoS2 

Monolayers, Nanomaterials, 11, 1411, (2021).  

[3] G. Ermolaev et al., Topological Phase Singularities in Atomically Thin High-Refractive-

Index Materials, Nature Communications, 13(1), 1-9 (2022). 
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Spectroscopic ellipsometry of two-dimensional materials and Van der 
Waals heterostructures 

Aleksey Arsenin, 1,* Georgy Ermolaev,1 Mikhail Tatmyshevskiy,1 Andrey Tselin,1 Marwa El-
Sayed,1 Aleksandr Slavich,1 Dmitry Yakubovsky,1 and Valentyn Volkov1 

1Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology,4 Nauchny 
Per., Dolgoprudny, Russia 

*Corresponding author: arsenin.av@phystech.edu 

The discovery of a new class of materials, two-dimensional (2D) materials, has led to 

increasing interest in the application of these materials in photonics and optoelectronics [1]. While 

graphene has already been sufficiently studied, the optical properties of other 2D materials, even the 

well-known 2D transition metal dichalcogenides (TMDCs), remain unknown or do not satisfy 

researchers in terms of accuracy or consistency [2]. In addition, various hybrid structures that 

combine two or more 2D materials (van der Waals heterostructures) have attracted much attention in 

recent years. The lack of data on the optical properties of hybrid materials significantly limits 

researchers and developers in the design of new photonic and optoelectronic devices based on them. 

Here we present the main approaches to the study of the optical properties of monolayer, 

multilayer (up to 10 layers) TMDCs and Van der Waals heterostructures using spectral ellipsometry 

in the ultrawide spectral range from ultraviolet to near-infrared wavelengths. Results are presented 

for a number of two-dimensional and atomic-thin materials such as PtS2 and PtSe2 (figure 1) [3], 

SnS2, SnSe2 [4], PdSe2, MoS2, WS2 and WSe2. Analysis of ellipsometry spectra was carried out, 

taking into account the excitonic nature of dispersion. We present the results of measurements of the 

optical constants of MoS2 and WS2 monolayers on graphene and hBN monolayers. It is noted that the 

graphene monolayers significantly affect the optical properties of TMDCs. 

 
Figure 1: Optical constants of (a) PtS2 and (b) PtSe2 on SiO2/Si substrates. 

This research was funded by the Russian Science Foundation (Grant No. 22-19-00558). 
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Spin noise in birefringent media 

V.O. Kozlov, 1,2,* N. S. Kuznetsov, 1,2 D. S. Smirnov, 3,1 I. I. Ryzhov, 1,2 G. G. Kozlov, 1,4 
and V. S. Zapasskii 1 

1Spin Optics Laboratory, St. Petersburg State University, 198504 St. Petersburg, Russia 
2Photonics Department, St. Petersburg State University, Peterhof, 198504 St. Petersburg, 

Russia 
3Ioffe Institute, St. Petersburg, Russia 

4Solid State Physics Department, St. Petersburg State University, Peterhof, 198504 St. 
Petersburg,Russia 

*V.O. Kozlov: vadiim.kozlov@gmail.com
Spin noise spectroscopy (SNS) is a proven powerful optical method for detecting 

paramagnetic resonance based on the measurement of Faraday rotation noise. At present, this 

technique is widely used to study spin systems in various media [1, 2], including low-dimensional 

semiconductor systems [3, 4, 5]. 

In the present work [6], the effect of linear birefringence in a medium on the spin noise 

spectrum was studied. Birefringent media with a large optical anisotropy almost completely suppress 

the static Faraday rotation [7]. Therefore, linearly birefringent media have not previously been studied 

by the SNS method. However, we demonstrate an unexpected result: despite the fact that regular 

Faraday rotation is suppressed by an optically anisotropic medium, Faraday rotation fluctuations 

caused by spatially uncorrelated spin fluctuations are practically not suppressed. This effect was 

demonstrated on rare-earth-doped birefringent crystals.  

The measurements were performed on two uniaxial crystals 𝐶𝑎𝑊𝑂4:𝑁𝑑3+ (1 at.%) with the 

linear birefringence ∆n ≈ 0.016 and 𝐿𝑖𝑌𝐹4: 𝑁𝑑3+ (∼ 0.5 at.%) with the birefringence ∆n ≈ 0.022. Spin 

noise measurements in these crystals confirmed the absence of the effect of optical anisotropy on the 

Faraday rotation noise; in both crystals, ion spin noise spectra were detected 3+. In a more general 

case, it can be argued that the Faraday rotation noise is also not affected by spatially inhomogeneous 

birefringence. Provided that the studied paramagnetic particles are magnetically isotropic or their 

magnetic anisotropy is not related to the optical anisotropy of the medium. 

In conclusion, for the first time, the absence of Faraday rotation noise suppression in optically 

anisotropic media, in contrast to the regular Faraday rotation, was discovered. This demonstrates the 

applicability of the SNS technique to a wide class of birefringent materials, including low-

dimensional ones. When studying media with a spatial correlation between fluctuations of individual 

spins, using SNS, one can obtain information about the spin correlation length and the spin-diffuse 

coefficient. 

The work was financially supported by RSF grant No. 21-72-10021. 
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Design of Stacking of Graphene-Silver Nanoparticles heterocompound for 
Near-infrared absorbers  

Chun-Yu Lu, 1,* Xiaofei Xiao,1 Fatima AlZaabi,1 and Tadzio Levato1  
1Advanced Materials Research Centre, Technology Innovation Institute, Abu Dhabi, UAE,  

*Corresponding author: chun.yulu@tii.ae 
 

The optical properties of the physical-vapor-deposited silver thin film with a thickness of less 

than 10 nm have attracted much attention due to its high absorptive properties in the visible and near-

infrared regions, which has wide applications ranging from biochemical sensing, and enhanced 

visible absorbers to solar cells [1]. The extinct properties of such a “thin” silver film result from the 

formation of the randomly distributed plasmonic nanoparticles, where their localized surface plasmon 

resonances can be excited by the incident light over a wide frequency range. However, such a particle-

shaped film has a thickness limitation. Once, its thickness is larger than 10 nm, its high absorption 

properties change to high reflective due to the flat surface morphology, same as bulk metals.  

In this work, we propose a way to take advantage of the mechanical properties of a two-

dimensional graphene layer, which is composed of a one-atom-thick layer of carbon atoms arranged 

in a hexagonal lattice, to unlock the thickness limitation of particle-shape silver thin films for near-

infrared absorbers. This can be designed by staking graphene and silver thin film on a substrate 

through a combination of a graphene transfer method and a magnetron sputtering technique. We 

design the stacking of graphene-silver nanoparticle heterocompound on a classical metal-insulator-

metal configuration, which consists of a top-layer graphene/silver heterocompound layer and a 

bottom thick silver layer separated by a spacer SiO2 layer. The low surface energy and strongest 

hardness of the graphene layer maintain the particles-shape of the silver thin film while keeping 

improving the durability of the staking films. Our experimental and numerical analysis points out that 

nearly 100 % absorptance can be achieved in the near-infrared region. In addition to the enhanced 

light absorption characteristics, such an amorphous heterocompound can be used for surface-

enhanced Raman scattering applications. Meanwhile, the proposed graphene-metal heterocompound 

relies solely on CMOS-compatible, low cost, and large-area processing, which can be flexibly scaled 

up for mass production.  
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Figure 1: Finite difference time domain simulation of a graphene/silver nanoparticles heterocompound 

absorbers 
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Bright excitons in 2D semiconductors experience effective momentum-dependent magnetic 

fields 𝛺-⃗ (�⃗�) due to the exchange interaction of the constituent electrons and holes. These fields lie in 

the structure plane and, as such, do not conserve the projection of the total spin Sz of two bosons on 

the transverse direction. Combined with the parity of the fields with respect to the time reversal, i.e. 

𝛺-⃗ (𝑝)=𝛺-⃗ (−�⃗�), this property results in coherent coupling of a spin-singlet (Sz=0) biexciton to the 

continua in the triplet (Sz= ±2) scattering channels. In this talk we shall discuss the ensuing 

phenomena for monolayers and bilayers placed into an ordinary perpendicular magnetic field. We 

predict giant biexcitonic halos possessing synthetic angular momenta Lz =±2ℏ [1] and biexciton Mott 

supercurrent. We shall discuss affinity of these phenomena to the polarized exciton superstripe 

emerging at zero transverse magnetic field in the equilibrium many-body phase diagram of dipolar 

excitons in bilayers at sufficiently large inter-layer distances, where the biexciton becomes weakly 

bound [2]. 
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The magnetic field behavior in GaAs-based quantum wells (QWs) is particularly interesting 

for the light-hole (lh) exciton. Best theoretical efforts so far [1], revealed high sensitivity of the lh g-

factor to the QW width. The reason for that being close proximity of the excited heavy-hole state to 

the lh state. Coupling of these two states heavily affects the g-factor, with calculation putting its value 

as high as g = 21. However Coulomb coupling has to be taken into account to compare these findings 

with the experiment. 

A hydrogen-like particle in a quantum well has non-analytical wave function. It therefore must 

be calculated numerically. This calculation is hampered by the anisotropic valence band structure, 

internal heterostructure strain, and other complications of the real-life materials. Computers have only 

recently reached the ability to model two particles in a square potential coupled by the Coulomb 

interaction. New computational capabilities provide solutions for the previously unresolved 

problems, reviving interest to the seemingly well studied systems, such as QWs. 

We have developed a numerical model [2], capable of obtaining exciton wave functions in a 

QW in the presence of an external magnetic field. It accounts for the complex valence band of the 

GaAs-based heterostructure using the Luttinger Hamiltonian. In our report we will present the results 

of our calculations, and address the effect of slight variation of the problem parameters on the exciton 

magnetic field behavior. The variation includes QW depth and width, Luttinger parameters, and 

additional coupling resulting from the symmetry breaking on the QW boundaries. 

We compare calculation results with the experimental data, showing good agreement as 

shown in figure 1. Re- flectance spectra from 14-nm GaAs/Al0.03Ga0.97As QW are shown at various 

magnetic fields. Key parameters of the magnetic field behavior are shown on the right panel in the 

figure. 
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Figure 1. (left) Reflectance spectra in comparison with calculation at nominal parameter (dashed line), and 

with calculation with QW width set to LQW = 11.35 nm (blue and red connected dots). Light blue dots correspond to the 

lh exciton position extracted from nonradiative broadening excitation spectra. For the nominal parameter calculation 

only the hh curve is shown to avoid cluttering, as the lh curve overlays the hh peaks in experimental spectra. (right) g-

factor and the diamagnetic shift constant κ of the lh exciton as a function of the valence band mismatch percentage from 

the whole band mismatch value for the QW. Dashed grid lines correspond to the experimental values, while solid grid 

lines represent the parameters values without hh-lh coupling. 
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Interlayer excitons hosted in transition metal dichalcogenide (TMD) bilayers and their 

hybridization with direct excitonic species are opening the way to strong nonlinearity and hence to 

observation of many-body quantum phenomena [1]. The interaction between different types excitons 

in such structures is however not yet studied in detail, as they feature attraction and repulsion subject 

to reduced screening due to the structure dimensionality, and the interaction between the charge 

carriers is different both from Coulomb and Rytova-Keldysh descriptions [2]. 

In this work we study the interaction between dipolar excitons in the MoS2 homobilayer, 

which represent a hybridized state of indirect A-type excitons and direct B-type excitons. Using 

variational wave functions, we carry out the calculation of the matrix element of interaction taking 

into account both direct and exchange interaction processes. Numerical integration is used to obtain 

the dependence of the total interaction for indirect and hybridized dipole excitons on the transferred 

momentum (Fig. 1). It can be seen that the interaction of dipolar hybridized excitons is weaker than 

the interaction of indirect excitons due to the admixture of a direct B exciton, but remains rather 

strong. Notably, the interaction potential matrix element displays a nonmonotonic dependence on the 

transferred momentum, and at a certain value of the momentum repulsion is replaced by attraction. 

In the low density limit, the obtained dependencies make it possible to estimate the interaction 

constant of hybridized dipolar excitons in bilayers: V!"#!$%(0) ≈ 2.0	eV ∙ nm&, V!"#'()(0) ≈ 7.0	eV ∙

nm&, V>!"#!$%(0) ≈ −1.5	eV ∙ nm&, V>!"#*+,(0) ≈ −6.6	eV ∙ nm&. These interaction constants can be 

directly probed by experimental observation of blueshift or redshift of the indirect exciton line in 

reflectance spectrum of a bilayer. 

This work was financially supported by the RFBR Grant No. 21–52–12038. 
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a) b) 

Figure 1: Matrix element of interaction of two hybridized dipolar excitons (solid line) in comparison with the 

matrix element of the interaction of two indirect (non-hybridized) excitons (dashed line) in the MoS2 bilayer (a) with 

parallel dipole moments (b) with anti-parallel dipole moments. A is the system area; q represents the transfer momentum. 
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Since the isolation of graphene in 2004, the palette of novel 2D materials has been growing 

rapidly. One of the more recent additions are the family of MXenes [1], which, owing to the excellent 

ion storage capacity, are promising for making batteries and supercapacitors. Optical applications 

remain much less explored, with the lowered expectations due to significant absorption losses in the 

optical region. 

Here, we present the accurate optical constants of ultrathin Ti3C2 “paper” of various 

thicknesses measured by spectroscopic ellipsometry and verified via transmittance measurements. 

We find that the absorption peak at about 800 nm, which is widely considered plasmonic, in fact 

originates from interband transitions (Figure 1a), while the plasmonic optical response should be 

expected at wavelengths above 1400 nm, where the real part of the dielectric permittivity falls below 

zero. 

The material’s optical properties make it a promising candidate for biomedical applications. 

We show that nanoparticles made of Ti3C2 have higher absorption cross-section than gold and silicon 

nanoparticles of similar size and reaching that of TiN nanoparticles in the first biological therapeutic 

window of 700–980 nm. In the second window 1100–1700 nm, owing to the localized plasmonic 

resonance within this range the absorbance vastly exceeds all other types of nanoparticles. Combined 

with good biocompatibility of Ti3C2, these properties become very attractive. 

 
Figure 1: a) Measured dielectric functions of Ti3C2; b) Calculated absorption cross-section spectrum of Ti3C2 

nanospheres with a diameter of 100 nm and its comparison with the other materials. 

This work is supported by the Russian Science Foundation (22-79-10312). 
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Two-dimensional (2D) semiconductors based on transition metal dichalcogenides (TMDCs) 

form building blocks for emerging platform of van der Waals heterostructures [1]. Strong spin-orbit 

and Coulomb effects make TMDC monolayers (MLs) and bilayers (BLs) particularly attractive for 

fundamental physics of 2D systems. 

Optical response of 2D TMDC is dominated by tightly bound excitons; hBN encapsulation 

makes excitonic transitions particularly narrow making it possible to address fine details of excitonic 

spectra and study Bose-Fermi mixtures of excitons and resident charge carriers [2]. It is also possible 

to observe exciton propagation in optical experiments opening prospects of bridging optical and 

transport effects in 2D [3]. 

In my plenary talk, several key aspects of excitonic physics in 2D TMDCs will be covered. I 

will focus on the unconventional effects where the specifics of TMDC-based heterostructures is 

brightly manifested. 

1. Control of exciton radiative and spin-valley lifetime via the Purcell effect by tailoring the 

environment [4,5]. 

2. Exciton-electron interaction: trions and Fermi-polarons in excited states [6,7]. 

3. Non-classical propagation of excitons in the presence of exciton-exciton interactions and 

phonon-induced weak localization [3,8,9]. 

4. Spin and valley Hall effects on 2D excitons [10,11]. 

Theoretical models will be illustrated by the experimental results. 

The author is grateful to T. Amand, B. Urbaszek, A. Chernikov, Z.A. Iakovlev, X. Marie, and 

M.A. Semina for fruitful discussions. Financial support from RSF Grant 19-12-00051 is gratefully 

acknowledged. 
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A survey of our studies on spin-dependent phenomena in colloidal nanoplatelets based on 

CdSe semiconductor will be given. Several experimental techniques are used: polarized 

photoluminescence, two-photon excitation spectroscopy, spin-flip Raman scattering, optically-

detected magnetic resonance, and pump-probe Faraday rotation with picosecond time resolution. 

Measurements were performed at low temperatures and in strong magnetic fields. Spin structure of 

neutral and charged excitons and spin dynamics, including coherent spin dynamics are investigated. 

We evaluate the exciton and carrier g-factors, characteristic spin relaxation times and receive 

information on spin relaxation mechanisms. Magneto-optical study provides information on type of 

nanoplatelet charging and its dynamics. These studies are extended for CdSe/CdMnSe nanoplatelets 

with magnetic Mn ions, which presence strongly modify spin properties and dynamics of charge 

carriers. 

One of the surprising result of our study is the discovery that the surface of diamagnetic CdSe 

nanoplatelets has very pronounced paramagnetic properties, being provided by the spins of the 

dangling bonds. Interaction of the surface spins with the excitons confined in nanocrystals accelerates 

radiative recombination of the dark ground exciton state and strongly modify polarization properties 

of emitted light. 
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Optically dark or nonradiative excitons with large wave vector exceeding the wave vector of 

light play important role in the dynamics of excitons and polaritons in semiconductor 

heterostructures. The interaction of bright and dark excitons plays particularly important role in 

formation of polaritons and their dynamics in structures with microcavities [1]. In high quality 

structures, the reservoir excitons can persist for a long time (tens of nanoseconds [2]) and they can be 

accumulated up to large densities. 

We report here on density-dependent dynamics of excitons in the nonradia-tive reservoir. The 

method of the study is based on detection of the photo-induced broadening of exciton resonances in 

a reflectance spectrum [2]. An example of the broadening dynamics measured by the pump-probe 

technique for the heavy-hole exciton resonance (Xhh) in a GaAs/AlGaAs quantum well (QW) is 

shown in Fig. 1. 

 
Figure 1. Dynamics of the photoinduced nonradiative broadening of the Xhh resonance under excitation into the Xlh 

resonance. Experimental data are shown by the blue dots, simulation by the red curve. The inset shows the reflectance 

spectrum with no pumping. 
 

The areal density and the dynamics of quasi-particles in the reservoir are controlled by several 

processes. The reservoir is populated via scattering of the photocreated excitons into the states with 

large in-plane wave vector. The exciton density in the reservoir depends on the depleting processes. 

In high-quality heterostructures, the main mechanism of depletion of the reservoir at low temperatures 

is the scattering of excitons into the light cone, where they quickly recombine with the emission of 

photons. We found that the exciton-carrier scattering dominates over other depleting processes [2].  
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Strong optical excitation leads to heating of the exciton reservoir and activation of other 

processes. The heating is accompanied by a shift in the dynamic equilibrium of excitons ↔ free 

charge carriers towards the latter. This leads to an acceleration of the scattering of excitons from the  

light cone and a reduction in their lifetime in the reservoir. In addition, the states of the light-hole 

excitons (Xlh), which are higher in energy than the Xhh exciton states, are populated in the reservoir. 

Experiments show that, at low temperatures, the Xlh resonance broadening is approximately twice 

smaller than that of the Xhh resonance [2]. This is due to peculiarities of the exciton-exciton exchange 

interaction [3]. When the reservoir temperature increases the interaction strength of excitons in the 

reservoir with the Xlh and Xhh bright excitons levels out. In the experiment, this is observed as 

equalization of the photo-induced non-radiative broadening of the Xlh and Xhh exciton resonances. 

The ratio of the broadenings can serve as a kind of thermometer for the reservoir. We found that, at 

the excitation power density of about 10 W/cm2, the reservoir temperature increases by about 7 K and 

then it slowly relaxes down with characteristic time 9 ns, see Fig. 2. We developed a model of 

dynamic processes in the exciton system, which quantitatively describes the observed dynamics. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. (a) Dynamics of the nonradiative broadening of the Xhh and Xlh excitons measured at the excitation 

power P = 1.6 mW. (b) Dynamics of reservoir temperature extracted from the experiment (noisy curve). Smooth curve 

is the fit by a two-exponential function with parameters: T0 = 5.5 K, ΔT = 7 K, tdecay = 7 ns, and trise = 0.15 ns. Sample 

temperature T = 4.5 K. 
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The growth technology of semiconductor microcavities was significantly improved in the last 

ten years. Modern samples with microcavities have polariton lifetime more than ten picoseconds, and 

the polariton diffusion length of tens of microns. The long diffusion length of polaritons makes it 

possible to study polariton condensates, which are spatially separated from optical pumping. In this 

case, the properties of the condensate turn out to be closer to ideal quantum system, since the 

interaction of the condensate with noisy reservoir of excitons is strongly suppressed. Various 

geometries are used to create trapped condensates, including sample etching, application of stress, 

etc. [1] One of them is an optical confinement, when pumping is done with multiple pump spots or 

concentric rings. In this case, photoproduced excitons work both as a confining potential and as a 

source of polaritons. Hot excitons in the reservoir have a very short diffusion length and the confining 

potential almost repeats the shape of the optical pump. While excitons relax in energy and become 

more photon-like, they can travel to large distances and reach the condensate, but the efficiency of 

this process is low. 

As an example of new phenomena originated from far polariton diffusion, it is possible to 

create condensate in the form of a narrow strip sandwiched between the outer and inner rings of 

optical pumping. Such condensates are interesting, in particular, because they can have nonzero 

orbital angular momentum (AOM), just like their light emitted by them. Moreover, as our studies 

have shown, a simpler trap geometry with one outer ring can also be used to form a condensate with 

a nonzero AOM. We have observed that at the optical pumping of a sample with a microcavity by a 

narrow ring with a diameter of about 15–20 micrometers, radiation of a polariton condensate of a 

quite definite shape is observed. When the pump power is just above the threshold of a polariton laser, 

spectrally narrow radiation is observed, corresponding to the occupation of single quantum state. 

Depending on the diameter of the trap, this state can either be the lowest, for traps with a smaller 

diameter, or one of the excited ones for traps with a larger diameter. As the pump power is increased, 

several quantum states with energy spacing less than 1 meV begin to shine simultaneously. 

By scanning the projected image of the sample across the slit of the spectrometer and 

measuring the spectrum with vertical resolution, we can separately obtain the spatial distribution for 

all emitting states. By the observed spatial shape of the radiating states, it can be assumed that they 

are the levels of radial quantization of the polariton condensate, since the number of minima increases 

for each next level. Moreover, the spatial distribution of levels coincides very closely with what one-
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particle quantum-well levels should look like in a cylindrical trap! The height of the potential created 

by optical pumping in our experiment is such that, depending on the pump power, from one to four 

size-quantization levels exists in the trap. It is interesting to note that, depending on the diameter of 

the trap, when the condensation threshold is exceeded, or the ground state, or one of the excited states 

can light up first. We attribute this to the different overlap for different states between the exciton 

reservoir and the size- quantized state, than leads to the different pumping rates. This overlap is 

always maximum for the highest level in the trap. At a certain pump power, the second level turns 

out to be upper and the state with nonzero angular orbital momentum begins to shine. Thus, the trap 

diameter allows us to change the relative efficiency of optical pumping at different levels while the 

peak power allows you to change the height of the potential barrier and the number of quantum-well 

levels within the trap. This creates an effective basis for further study of polariton currents in optical 

traps. 

Remains unclear whether the observed behavior can be called a polariton condensation? If 

single polaritons have a discrete spectrum of states in the trap, and the coherence length of the 

polariton exceeds the size of the trap, then it is rather a quantum dot than a condensate. But this is 

more a matter of definition, rather than observable phenomena. 
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Metal halide perovskite nanocrystals have gained explosive interest as a superior source of 

photons and charges with high luminescence quantum yield and long carrier diffusion length 

compared to many other semiconductor nanocrystals. The integration of metal halide perovskite 

nanocrystals into the technological applications, such as solar cells and light emitting devices, has 

driven intensive research on characterization and structural control of the properties of excitons. Two 

important features of metal halide perovskite nanocrystals are accessible strongly quantum confined 

regime as well as possibility to work with various nanocrystal structure – it could be 0D (quantum 

dots), 1D (nanowire) or 2D (nanoplatelets) structure, each having its own advantages.  

Dark exciton as the lowest-energy exciton state in metal halide perovskite nanocrystals is a 

subject of much interest. This is because the superior performance of perovskites as the photon source 

combined with long lifetime of dark exciton is very attractive for the applications such as quantum 

information processing. In our research we able to directly observation of intense and long-lived 

photoluminescence with 1-10 µs lifetime from dark exciton state in strongly quantum confined 

CsPbBr3 nanocrystals with large bright-dark energy splitting. Due to large splitting the dak exciton 

dominates emission of nanocrystals already at 4 K and can be spectrally addressed. Furthermore, 

intense dark exciton PL was observed regardless of the dimensionality of the confinement, making 

all strongly confined 0D (quantum dot), 1D (nanowire) and 2D (nanoplatelets) nanocrystals viable 

nanostructures to exploit dark exciton’s longevity.  

Dark exciton applications go way beyond possible computational application. For example, 

dark excitons can assist hot electron generation, which play a crucial role in enhancing the efficiency 

of photon-to-current conversion or photocatalytic reactions. In semiconductor nanocrystals, energetic 

hot electrons capable of photoemission can be generated via the upconversion process involving the 

dopant-originated intermediate state, currently known only in Mn-doped cadmium chalcogenide 

quantum dots.  
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Here, we report that Mn-doped CsPbBr3 nanocrystals are an excellent platform for generating 

hot electrons via upconversion that can benefit from various desirable exciton properties and the 

structural diversity of metal halide perovskites. It appears that in this case 2-dimensional Mn-doped 

CsPbBr3 nanoplatelets are particularly advantageous due to the strong exciton-dopant interaction 

mediating the upconversion process. Nanoplatelets indeed reveal evidence for the hot electron 

upconversion via long-lived dark exciton in addition to bright exciton that may enhance the 

upconversion efficiency.  

The results from this study demonstrate the potential of strongly quantum confined metal 

halide perovskite nanocrystals as the excellent material platform to utilize dark exciton, combining 

the benefits of the superb properties of metal halide perovskite as the source of photons and charges 

with large confinement-enhanced large bright-dark energy splitting. This study also establishes the 

feasibility of hot electron upconversion in Metal halide perovskite host and demonstrates the potential 

merits of 2-dimensional MHP nanocrystals in hot electron upconversion.   
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Hexagonal boron nitride (h-BN) is a two-dimensional widegap material demonstrating a 

unique set of electrophysical characteristics, what proves its perspectives to be used for fabrication 

of van der Waals heterostructures in optoelectronics and nanophotonics, and for development of 

solid-state nuclear track detectors for luminescence dosimetry of ionizing radiation. It is known that 

intrinsic and impurity defects form the system of electron and hole trapping levels within the bandgap 

of h-BN. At the same time, carbon and oxygen are considered to be main technological impurities in 

h-BN replacing boron and nitrogen atoms in corresponding crystal sublattices and creating point 

defects and associated complexes. Moreover, intrinsic and impurity defects play the role of 

recombination centers and to a large extent define the mechanisms of radiation stimulated response 

and dosimetric properties of h-BN [1 – 4]. In this connection, a combination of photoluminescence 

(PL) quenching [1, 2] and spectrally resolved thermally stimulated luminescence (TSL) [3, 4] 

techniques allow to analyze in details multistep mechanisms of recorded photo- and thermoactivated 

emission and give a possibility to selectively stimulate, excite and study trapping and recombination 

centers of a specific type. 

In present work the regularities of luminescence response are studied for the irradiated micro- 

and nanostructured powders of h-BN with different concentration of carbon and oxygen impurities. 

Spectral and kinetic characteristics of photostimulated luminescence processes are analyzed in a wide 

temperature range 7 – 900 K. Numerical analysis for the measured PL curves in the terms of the Mott 

relation for thermal quenching with two independent channels and consideration of the TSL process 

contribution is performed. It is shown that the calculated values of quenching energy correlate with 

the position of the CN-center levels in the forbidden gap relative to the top of the valence band for 

two possible energy configurations in the Μ- and Κ- valleys. 

Particulars of spectrally resolved TSL following ultraviolet and electron beam irradiation are 

studied. Using curve fitting, peak shape, various heating rates and initial rise methods an estimation 

of kinetic parameters (activation energy, effective frequency factor and kinetics order) for the 

optically active capture centers, forming the complex multitrap system, is performed. The 

consideration of temperature quenching of luminescence in the evaluation of traps activation energy 

is analyzed. It is found that, under the thermal activation of electron (1B- and 3B-centers) and hole 



~ 35 ~ 
 

(CN-centers) traps, TSL processes of first and second kinetics order dominate respectively. Energy-

level diagram, describing the features of thermally stimulated redistribution of charge carriers, is 

proposed for the irradiated h-BN. Mechanisms of radiative and non-radiative relaxation of the excited 

energy states in the bandgap of h-BN are discussed. 
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Excitons dominate the optical properties of transition metal dichalcogenide (TMDC) 

monolayers and even their heterobilayers with type II band alignment despite the spatial separation 

of electrons and holes. The moiré potential and structure reconstruction in TMDC heterobilayers lead 

to the exciton confinement and effective formation of quantum dot (QD) ensembles. In this work we 

predict the two resonant effects related to the exciton fine structure tuning by external magnetic field, 

which were later confirmed experimentally: dynamic valley polarization [1,2] and valley-

magnetophonon resonance [3].  

The four lowest interlayer exciton states in 

moiré QDs form two doublets of optically active 

intravalley excitons and inactive intervalley excitons 

split by the electron hole short-range exchange 

interaction. Application of magnetic field splits the 

doublets and can lead to the crossing of the 

intervalley and intravalley exciton levels at the 

resonant field Bexch. Our analysis of the exciton 

valley dynamics under unpolarized and nonresonant 

optical excitation shows that at the crossing of the 

exciton levels [1] (i) photoluminescence (PL) 

intensity resonantly increases, (ii) PL gets circularly 

polarized, and (iii) resident charge carriers in moiré 

QDs become strongly valley polarized, see Fig. 1(a). 

This provides a useful tool to orient valley 

pseudospin in small magnetic fields of the order of a 

few tens of millistesla by unpolarized light [2]. This 

effect was recently observed in WS2/WSe2 moiré 

QDs [4]. 

Another resonance is realized in much 

stronger magnetic fields of a few tens of Tesla, when the Zeeman splitting of one of the charge carriers 

equals to the chiral phonon energy at the corner of the Brilloin zone. In these conditions, the exciton 

 
Figure 1: (a) PL intensity (black), PL 

polarization (blue) and resident electron valley 

polarization (red) in magnetic field. (b+c) Localized 

exciton valley polarization in MoSe2/WSe2: 

experiment and theory. 
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valley polarization resonantly increases as a result of the efficient scattering between intravalley and 

intervalley exciton states [3]. Such valley-magnetophonon resonance was detected for localized 

excitons in MoSe2/WSe2 heterobilayers with H-type and R-type stackings at 24.2 T, see Fig. 1(b) and 

(c), respectively. The dominant mechanism of valley-magnetophonon resonance is the electron-spin-

conserving scattering between the excitonic states mixed by the long-range electron hole exchange 

interaction with chiral TA-phonon of MoSe2 monolayer. 

The resonant effects related to the interplay between intravalley and intervalley excitons can 

be used to manipulate valley pseudospin of excitons and charge carriers in moiré QDs. 
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The exponentially growing interest to the 2D-electronics is highly justified by the exciting 

physical properties of 2D materials and their applicability in perspective device applications, [1]. A 

thin high-quality insulating layer forming a perfect interface with a semiconductor is often a critically 

important element in such devices. Among other materials, the single crystal fluoride films are highly 

suitable candidates to be used in 2D electronics. Their highly attractive insulating properties have 

been recently demonstrated on the example of MoS2/CaF2/Si(111) field effect transistors [2]. 

Noteworthy, despite the low leakage current and high breakdown voltage observed in CaF2/Si layers, 

the film/substrate mismatch is still considerable in this system which may result in an undesirable 

strain and potential generation of defects, deteriorating the dielectric properties. As the next step of 

the fluoride based insulating technology, we introduce here magnesium substituted fluorite layers that 

are almost perfectly lattice matched to Si, exhibit high crystal quality, low surface roughness and 

improved dielectric strength. The thin Ca1-xMgxF2 films with x=0÷0.3 have been grown on Si(111) 

substrates by means of MBE. The oscillating temporal evolution of electron diffraction (RHEED) 

intensity both in specular and off-specular conditions (Fig. 1 A,B) have been used to optimize the 

layer-by-layer growth mode and to determine magnesium concentration. It was found that at x=0.1-

0.15 the RHEED oscillations become most pronounced, indicating the optimal fluoride-to-silicon 

lattice matching, Fig. 1A. The analysis of the RHEED patterns has shown that the Ca1-xMgxF2 solid 

solution crystallizes in a fluorite lattice structure up to x=0.2, Fig. 1 C,D. Measured by atomic force 

microscopy the surface roughness of the Ca1-xMgxF2 layers is 0.18 nm, which is about twice smoother 

than the pure CaF2 films of the same thickness. As a confirmation of high insulating properties of the 

Mg substituted fluorite layers, Fig.2 demonstrates the I-V characteristics of Au/Ca1-xMgxF2/n-Si MIS 

structures. The above findings open the door for creation of advanced fluoride- based devices for 2D-

electronics. This work was supported by RFBR Grant No 21-52-14007. 



~ 39 ~ 
 

 

 

 
Figure 1: RHEED A) - intensity oscillations 

at different x; B) - pattern temporal evolution; C) 

pattern at x=0; D) - pattern at x=0.08 

 Figure 2: Typical I-V curves of MIS devices 

based on Au/ MgxCa1-xF2/n-Si heterostructures. 

Thickness of one fluorite monolayer is equal to 0.315 

nm 
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Recent reports on transition metal trichalcogenides (TMTCs) which have MX3 composition, 

where M is a transition metal atom, such as Ti, Zr or Hf and X is S, Se or Te show, that this is a 

promising direction for novel thin-film semiconductor devices, such as thermoelectric converters [1 

2], sensors [3] or even charge transport materials in solar cells [4]. This family of materials has P21/m 

structure type, which could be described as covalently bonded 1D chains assembled into crystals 

through van der Waals-like interactions. The bond along crystallographic ‘c’ direction also have van 

der Waals nature. This kind of structure was successfully exfoliated by a simple scotch-tape method 

and as was shown recently, by liquid-phase ultrasonic treatment in organic solvents. Most of studied 

transition metal trichalcogenides could be separated into two groups: having a bandgap around 1 eV 

or less, as TiS3, TiSe3, ZrSe3 and the second group with a bandgap higher than 2 eV, such as ZrS3 and 

HfS3. However, some applications for those materials require a control over the bandgap value in 

between 1 and 2 eV. Although such control can be achieved by varying the chalcogen, we tried a 

different approach – to vary the transition metals ratio in the precursor solid solution. Knowing that 

Ti-Zr and Ti-Hf systems have infinite solubility in one another, we prepared a number of Ti-Zr and 

Ti-Hf alloys with different Ti/Zr and Ti/Hf ratios and used them for preparation of Ti1-xAxS3 crystals, 

where A is either Zr or Hf. To obtain the trichalcogenide structure we used conventional chemical 

vapor transport technique in vacuum-sealed quartz ampoules filled with flakes of the precursor alloy 

and elemental sulfur. 

We studied the structure and composition of obtained crystals using SEM, Raman, XRD, EDX 

and UV-Viz spectroscopy and determined how the metal ratio in the precursor alloy could be used to 

control the bandgap of the resulting trichalcogenide and also studied how exfoliated in isopropyl 

alcohol Ti1-xAxS3 ribbons can be used as photodetectors in drop-casted thin-film devices. Obtained 

solid solutions detectors showed a non-linear photocurrent behavior depending on applied bias and 

wavelength. We report a correlation between the photoresponse and titanium to hafnium ratio in drop 

casted Ti1-xHfxS3 devices. 

This work has been supported by the grant of Russian Science Foundation (RSCF), project 

number 22-19-00812. 
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The hybrid perovskite (HP - APbX3, where X – iodine, bromine or chlorine) solar cells are 

emerging technology of thin-film optoelectronics. The outstanding intrinsic properties, such as big 

diffusion length, tunable bandgap, and sharp onset near the edge of the absorption, could be achieved 

in microcrystalline thin films with solution processing (inkjet, slot die etc)[1]. The power conversion 

efficiency of halide perovskite photovoltaics recently exceeded the value of 25 % being competitive 

to the benchmark of industry – crystalline silicone (Si).  However, the long-term operation of PSCs 

is still far from the exploitation standards. The simplified fabrication processing with liquid-phase 

crystallization and hybrid organo-inorganic composition of perovskite tend to the formation of the 

ionic defects that initiates the corrosion at the hetero-junctions and interfaces in the device 

structure[2]. This intrinsic feature of HPs is a challenge for the development of advanced passivation 

methods, modification of the surfaces and technological transfer for up-scaling.   

In this work, we developed the novel approach for the stabilization of the all slot die coated 

PSCs with passivation interlayers based on Ti3C2—Mxenes micro-flakes and nanoparticles. We 

found the functionalized low dimensional material effectively suppressed the migration of the ionic 

defects towards metal electrodes and reduces the dynamics of corrosion. The approach was 

successfully transferred to an industrial method of fabrication - slot die coating. The complex 

investigation of XRD and IR- Fourier spectroscopy identified the phase stabilization of halide 

perovskite absorber films and chemical stability of charge transporting layers. Other benefits were 

achieved with Cl-doping for perovskite thin-films. We found that Cl-doping suppressed[3] the 

formation of the antisite defect (IPb, IFA) and iodine interstitials (Ii), that could trigger unfavorable 

phase transitions and degradation of the interfaces. Our investigation clearly showed that Cl-anion 

substitution changes the mechanisms of the defect formation and delays the dynamics of structural 

degradation in PCSs. 

The authors gratefully acknowledge the financial support of the Russian science foundation 

(RSF) in terms of the project grant № 21-79-00299.  
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Halide perovskite (HP) photovoltaics (PV) is emerging technology showing promising 

performance with power conversion efficiency > 25% [1] for terrestrial applications. HP 

semiconductors demonstrate unique combination of optical and transport properties in micro- 

crystalline thin-films: diffusion length (>1 μm), lifetime (up to 1 ms), mobility of charge carriers (up 

to 102 cm2/V∙s), direct-band gap structure. Fabrication of HP PV devices could be realized with 

solution processing via coating on the flexible substrates at low temperatures [2]. The advantages of 

flexible solar cells (FSCs) are light weight, portability, possibility of integration on curve surfaces. 

This potentially reduces capital expenditures (CAPEX) for the manufacturing of the solar cells and 

decreases cost estimates for generated electricity in comparison to the standard wafer devices based 

in silicone (Si). 

Typically, flexible HP solar cells (SCs) fabricated on the light-weight plastic substrates– 

polyethylene terephthalate (PET), polyester etc. The conditions of the technological processes are 

limited with annealing at T <150 ⁰C due to the low thermal stability of plastics [3]. Accord to this, 

fabrication of charge transporting layers (CTLs) and absorber films should be adopted without 

negative impact on the output performance. Current challenges for the p-i-n structured HP SCs 

requires novel approaches for the modification of highly efficient hole transporting thin films based 

on Nickel oxide with surface termination, deposition of the small molecule semiconductors etc. 

In this work we made complex investigation for the modification of the p-type CTLs with 

small molecules of bphenatroline (BPhen), plasma treatment and use of low dimensional materials 

for the interface engineering. The impact of the HTL type on the output characteristics of flexible 

solar cells was estimated under the light of a solar simulator. The benefits for the surface modification 

of CTLs for flexible HP SCs were discussed. 

The authors gratefully acknowledge the financial support for the financial support from the 

Ministry of Education and Science of the Russian Federation in the framework of Priority 2030 

program of NUST ⟨⟨MISiS⟩⟩ (grant no. K2-2022-011). 
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Thin superconducting films are used as the basis of various quantum detectors, such as 

superconducting nanowire single-photon detectors, SSPD (or SNSPD) and hot-electron bolometer, 

HEB, which are in demand for various applications such as astronomy and quantum communications. 

The significant parameter of these detectors is the thickness of the superconducting film which effects 

the detector sensitivity. One of the promising two-dimensional superconductors is NbSe2 with a bulk 

critical temperature Tc = 7.3 K, in which a superconducting transition with a limit of 1 and 2 layers 

has already been demonstrated [1]. Moreover, the photoresponse at 1500-nm wavelength was 

reported [2] in this material, and the obtained characteristics for the optical NEP are commensurate 

with commercial photodiodes. In this work, we move into the long wavelength part of the 

electromagnetic spectrum and investigate NbSe2 as a material for the development of bolometers in 

THz region. 

Here we report the terahertz photoresponse of a thin NbSe2 flake in a superconducting state 

under the 130 GHz radiation. The thicknesses of NbSe2 flakes were 10 - 15 nm. The critical 

temperature was found to be in the range of 6.5 - 7.3 K. We have demonstrated both direct and 

heterodyne detection at frequency of 130 GHz. The responsivity of our detector reaches 125 V/W 

with NEP = 0.05 pW/ Hz0.5 and the response time is about 160 ps at T = 5K. We believe that further 

optimization, namely the integration into the antenna and reduction in the number of NbSe2 layers, 

may lead to the development of the next generation of THz bolometers. 
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Graphene is a promising material with numerous interesting properties [1] which can be 

exploited in optoelectronics [2] and sensors [3]. These devices typically require high-quality 

insulators to form graphene FETs (GFETs) [2,3]. However, previously used amorphous oxides 

contain numerous defects which cause severe hysteresis and thus degrade the device stability. As a 

promising alternative, here we demonstrate GFETs with 2nm thick CaF2 insulators previously used 

in the most stable MoS2 FETs reported so far [4]. 

Our GFETs fabricated by transferring CVD single-layer graphene onto epitaxially grown 

Si/CaF2 substrates (Fig.1a) exhibit promising ID-VG characteristics within few Volts operation range 

(Fig.1b). While they have excellent thermal stability up to at least 175oC, annealing at this 

temperature allows to partially suppress the hysteresis (Fig.1c) which may be caused by adsorbates 

or defects at the Si/CaF2 interface. The remaining hysteresis due to border traps in CaF2 normalized 

by the insulator field is orders of magnitude smaller than in MoS2 FETs with SiO2 [5] and similar 

GFETs with SiO2 and Al2O3 (Fig.1d). This confirms that our crystalline CaF2 has low density of 

defects and thus can enable highly stable operation of GFETs. In summary, our results are valuable 

for the development of stable graphene sensors and optoelectronics.  

 
Figure 1: (a) Schematics of our GFETs with 2nm CaF2 insulators. (b) Typical ID-VG characteristics of these 

devices. The inset shows that the gate leakage current through our thin CaF2 layers is small compared to the drain 

current. (c) Double sweep ID-VG characteristics measured at different temperatures using slow sweep rates. (d) 

Comparison of post-annealing hysteresis in our GFETs with CaF2 and other 2D devices. 
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We present an experimental demonstration of the photostimulation effect on the tunneling 

conductivity of free-standing thin carbyne-gold films [1]. To measure the current–voltage 

characteristics and to examine the photosensitivity of samples, we used Ntegra Aura scanning 

tunneling microscopy (STM) [2]. Figure 1 schematically illustrates the experimental set-up we used. 

We detected a significant increase in the tunneling current in the case of the laser illumination of the 

tunneling probe area. The observable current amplification is caused by the increase of the free charge 

carrier concentration due to the resonant absorption of the laser radiation of the 532 nm wavelength 

by gold nanoparticles. 
 

 
Figure 1: The tunneling current as a function of the voltage applied to the deposited free-

standing C–Au films: a schematically illustrates the layout of the main elements of the STM set-up. 

b The current–voltage curves measured at various samples: the black line corresponds to the I/U curve 

of a pure aluminum substrate, the red curve corresponds to the C–Au thin film and the blue curve 

shows the I/U dependence of the C–Au thin film subjected to the excitation at the wavelength of 532 

nm. c The inset presents the behavior of the tunneling at a low applied voltage level. 

The paper was prepared within the framework from the Grant of the President of the Russian 

Federation for state support of young Russian scientists No. MK-5318.2021.1.2 
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Among various available non-classical light sources, atomic defects based on monolayers, 

multilayers and crystals of hexagonal boron nitride (h-BN) have emerged as a promising physical 

system for quantum light emission. These luminescent defects, which most likely originate from 

midgap vacancy-related localized states, have been shown to behave as robust, high-temperature and 

ultra-bright multicolor single-photon sources [1,2]. However, identifying the exact nature of these 

emitters still remains a challenge for any practical future applications of h-BN in photonic quantum 

technologies. In this work, individual atomic-scale defects in h-BN are visualized using atomic force 

microscopy under ambient conditions [3]. This direct observation of the defects structure combined 

with density functional theory calculations of their band structures and electronic properties made it 

possible to associate the existence of several single-photon optical transitions to the observed defects, 

thus shedding light on the origin of quantum emitters in h-BN. 

Furthermore, having single-photon emitters that can be operated on-demand and with the 

possibility of in situ control of the photon emission wavelength and time is a crucial prerequisite for 

on-chip quantum photonics. To date, spectral tuning of the optical emission from non-classical light 

sources in h-BN has only been demonstrated experimentally over a few-meV-wide range by static 

strain [2]. Here, we report on the dynamic real-time control of the photon emission wavelength from 

individual h-BN atomic defects subjected to the radio frequency surface acoustic waves (SAWs) [4]. 

When perturbed by the SAW-induced elastic vibration propagating at the acoustic frequency of ~330 

MHz on the surface of a LiNbO3 crystal equipped with an acoustic delay line onto which flakes of 

multilayer h-BN were mechanically transferred, the h-BN defects embedded in the dispersed flakes 

are periodically strained and their optical transitions are modulated by the acousto-mechanical 

coupling within a ~2 meV bandwidth [4]. This SAW- mediated spectral fine-tuning is further 

combined with spectral detection filtering for temporal control of the emitted photons [4]. In this way, 

both spectral tunability and on-demand emission of non-classical light are achieved simultaneously. 

Altogether, this study opens the door to the use of sound for scalable integration of h-BN emitters in 

nanophotonic and related quantum information technologies. 
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