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Scanning atomic-force microscope NT-MDT VEGA for 

nanostructures investigations from micro and nanoelectronics up to 

biomaterials  

 

V.A. Bykov, An.V. Bykov, A.A. Bykov, Yu.A. Bobrov, V.V. Kotov, S.I. Leesment, V.V. Polyakov 
NT-MDT Company, Moscow, Russia 

 

Atomic force microscopy emerged in the early 1980s. Today SPM include a number of different methods 

named modes – different topographies, magnetic contrasts, conductivities registrations, Kelvin modes – 

registrations of surface electric potential, distributions of electric capacity between cantilever and surface 

structures, hardness distributions, distributions of adhesin interactions, piezoelectric properties registrations 

and not only. It is possible induce of modification of surface structures to create of single active elements. In 

a combination with spectroscopies methods and laser technique it is possible greatly increase of 

investigations power of systems.  

Modern models of our NT-MDT AFMs allow fully automatic adjustment of scanning parameters in a semi-

contact AFM (ScanTronic module): cantilever oscillation amplitude, value of the operating oscillation 

amplitude, feedback gain, scanning speed. 

To study fragments of integrated circuits, a powerful system has been created - a scanning probe microscope 

VEGA, which allows you to work with objects with an area of 200200 mm
2 

and at the same time obtain 

atomic resolution, efficiently and repeatedly study fragments of an integrated circuit in various parts of the 

plate. 

 
Fig.1. Scanning probe microscope VEGA – for complex investigations of samples with the size up to 200200 mm

2
 

with return to the testing points with accuracy up to 1 micrometer and results of measurements - integral scheme 

fragment, magnetic domain in HDD 1TB, image  of surface potential in SRAM and atomic resolutions at HOPG in 

ScanTronic TM. 

 

It can be confidently stated that by now Russia has developed and organized the production of an almost 

complete set of instruments and methods for studying micro and nanostructures using scanning probe 

microscopes, with the exception of ultrahigh vacuum SPMs. For laboratories - devices of the NTEGRA line 

were created, for the education system in schools and colleges - budgetary, but rather powerful 

NANOEDUCators and SOLVER-NANO, and for research work - devices briefly described in this article. It 

should be noted that the development of nanoelectronics, the creation of a new element base make it possible 

to further improve devices, more and more introduce artificial intelligence systems into software with the 

disclosure of the capabilities of the developing element base of controllers, the obsolescence of which today 

is about 5 years. 
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Technoinfo: technological equipment for micro- and nanoengineering 

of materials for semiconductor, optoelectronics,  

MEMS and other applications 

 

K. Kuvaev 
Technoinfo, Ltd., Moscow, k.kuvaev@technoinfo.ru 

 

In contemporary world every laboratory needs to have modern and precise equipment. It's not possible to get 

real good results on handmade tool anymore, especially in nanotechnology area. That’s why choosing and 

maintaining technological tools become more and more important. The second point, it's needs to 

understand, that hardware should strongly linked with technological processes. In this article examples of 

these tools and technologies for R&D in semiconductor area are presented.  

Technoinfo provides a range of high performance, flexible tools to semiconductor and electronic processing 

customers in both R&D and small-scale production. Today the company offers equipment and technology 

for Plasma Etching and Deposition, Atomic Layer Deposition, Ion Beam Etching, Electron-Beam 

Evaporation, Thermal Evaporation, Magnetron Sputtering deposition.  

Our company offers not only technical solutions but technological processes which will be adjusted for the 

Customer’s purposes. Processes library guarantees for key parameters and repeatability such as rate and 

uniformity to ensure rapid start-up during installation. We offer a powerful range of stand-alone and 

clusterable process modules with sample sizes up to 300 mm.  

Appropriate installation, maintenance and service of modern technological equipment are important aspects 

for reaching high quality processes. Technoinfo has its own service department with good trained and 

experienced engineers. It allows us to provide complex technical solutions to integrate our equipment with 

available infrastructure of the Customers and keep our tools in operable condition for many years. 

 

  
 

 
 

 
 

 

Fig.1. Examples of different structures etched in ICP RIE systems 
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Ion Implantation Technology for Silicon Photonics 
 

F. Komarov
1
, O. Milchanin

1
, I. Parkhomenko

2
, I. Romanov

2
, M. Mokhovikou

1
, E. Wendler

3
 

1. Institute of Applied Physical Problems of Belarusian State University, Minsk, Belarus, E-mail: komarovf@bsu.by 

2. Belarusian State University, Minsk, Belarus, E-mail: parhomir@yandex.by 

3. Friedrich-Schiller-Universität, Jena, Germany, E-mail: elke.wendler@uni-jena.de 

 

Silicon represents the fundamental material of microelectronics. But, it is considered to have a limited 

application for optoelectronics and photonics due to the indirect band gap and a relatively large band gap 

(1.12 eV). Therefore, it has a low interband emissivity and selectivity to absorption of electromagnetic 

radiation (a wavelength no longer than 1.1 m). Therefore, silicon solar cells spectral selectivity does not 

cover the IR range of solar spectrum (～1.1-3.5 μm) that amounts to ～30% of the total flux of solar energy. 

Besides, existing silicon photodetectors are insensitive at three main fiber-optic communication wavelength 

bands: S, C, L. In recent years, number of the world’s leading micro- and optoelectronic laboratories have 

been working to develop high performance photodetectors and light emitting devices in the visible (～0.8 to 

～2 μm) and mid-IR (～2 to ～25 μm) regions, silicon waveguides and modulators whose fabrication will 

allow electronic and optoelectronic devices to be integrated in a single integrated circuit. Extending the 

sensitivity of silicon-based and silicon technology-compatible photodetectors and solar cells to the IR range 

is therefore an active area of research. The progress of silicon photonics is related to an adoption of other 

semiconductor materials with improved optical characteristics to the existing silicon-technology. First of all, 

the A3B5 and A2B6 direct band gap semiconductors are of great attention. 

A number of different techniques such as hydrothermal atomic deposition, sol-gel technology, molecular 

beam epitaxy are currently used. However, these methods are often irreproducible, too complicated or 

expensive. An alternative approach is the synthesis of these materials stable nanoclusters in Si or SiO2/Si 

structures by high-fluence ion implantation. The ion beam synthesis of nanoclusters in solid matrix is based 

on achieving impurity concentrations exceeding solubility level in corresponding matrix. Ion implantation is 

known to be one of the main technological operations in the creation of bipolar and MOS integrated circuits. 

The main advantage of this method is full compatibility with modern silicon technology. 

This work reports on the fabrication of such structures with nanoclusters of A3B5 and A2B6 semiconductors 

by ion implantation with subsequent thermal annealing and on the formation of Se- and Te-hyperdoped 

silicon layers using ion implantation followed by pulsed laser annealing (PLA). We discuss photo- and 

electroluminescence efficiency of the developed structures and provide an experimental and theoretical 

evaluation of the intermediate band characteristics that arise as a result of Se- or Te-hyperdoping. Through 

theoretical and experimental investigations, we provide valuable insights into the creation and 

characterization of intermediate band structures in these materials that might contribute into the advancement 

of optoelectronic devices and related technologies. 

 

1. F.F. Komarov et al. «Ion-beam synthesis of InAs nanocrystals in crystalline silicon». Nucl. Instrum. 

Methods Phys. Res., B 266, pp. 3557-3564, 2008. 

2. F.F. Komarov et al. «Structure and optical properties of silicon layers with GaSb nanocrystals created by 

ion-beam synthesis». Physica Status Solidi, 209 A, pp. 148-152, 2012.  

3. F.F. Komarov et al. «Optical and structural properties of silicon with ion-beam synthesized InSb 

nanocrystals». J. Appl. Spectr., 83, pp. 959-964, 2017. 

4. I.N. Parkhomenko et al. «Luminescence of ZnO nanocrystals in silica synthesized by dual (Zn, O) 

implantation and thermal annealing». J. Phys. D: Appl. Phys., 54, pp. 265104, 2021. 

5. I.N. Parkhomenko et al. «Radiative recombination in ZnSe nanocrystals ion-beam synthesized in silica». J. 

Phys. D: Appl. Phys., 55, pp. 205101, 2022. 

6. M. Makhavikou et.al. «Raman monitoring of ZnSe and ZnSxSe1-x nanocrystals formed in SiO2 by ion 

implantation». Nucl. Instrum. Methods Phys. Res., B 435, pp. 3557-3564, 2018. 

7. F.F. Komarov et al. «Structural and optical properties of Si hyperdoped with Te by ion implantation and 

pulsed laser annealing». Vacuum, 178, pp. 109434, 2020. 

8. F.F. Komarov et al. «Te-hyperdoped silicon layers for visible-to-infrared photodiodes». Technical 

Physics, 67, pp. 2448-2458, 2022. 
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Surface engineering for the enhancement of interfacial thermal 

transport in micro- and nanoelectronics 
 

X. Liu, Q. Wang, Z. Huang, and X. Liu  
Institute of Micro/Nano Electromechanical System and Integrated Circuit, College of Mechanical Engineering, State 

Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Donghua University, Shanghai, China, 

xjliu@dhu.edu.cn 

 

Comprehensive understanding phonon dynamics at the interfaces of heterostructures is highly demanded for 

effective heat dissipation in GaN-based micro- and nanoelectronics. In this work, we formed three types of 

GaN/AlN heterostructures with distinctively different interfacial morphologies by annealing recrystallization 

approach. It is found the interfacial thermal conductance (ITC) of GaN/AlN heterostructures can be 

remarkably improved by tailoring the interfacial crystal structure and phase morphology. Besides commonly 

amorphous phase and ideal ordered wurtzite phase, we further found that AlN may present additional stable 

rocksalt phase at the interfacial region, and its significant effect on interfacial thermal transport has been 

observed. Using molecular dynamics simulation, we systematically investigated the effects of different 

GaN/AlN heterojunctions on the ITCs. Our results suggested that heat dissipation at the GaN/AlN interface 

is dominated by phonons scattered diffusely by the amorphous region at interfaces and the ITC can be 

significantly enhanced by recrystallizing the amorphous AlN to rocksalt one. Furthermore, through phonon 

vibrational spectrum, we revealed that phonon modes dominating the energy transport across the interfaces 

of wurtzite-AlN/GaN, amorphous-AlN/GaN and rocksalt-AlN/GaN are significantly different. Finally, we 

found the ITC increased with the temperature due to the enhanced inelastic phonon scattering and the 

presence of additional excited phonon modes at higher temperatures. Heat dissipation in two-dimensional 

(2D) material based electronic devices is also a critical issue for their applications. The bottleneck for this 

thermal issue is inefficient heat removal across the van der Waals (vdW) interface between 2D material and 

its supporting three-dimensional (3D) substrate. In this report, we demonstrate that an atomic scale thin 

amorphous layer atop the substrate surface can remarkably enhance the ITC of 2D-MoS2/3D-GaN vdW 

interface by a factor of 4 compared to that of untreated crystalline substrate surface. Meanwhile, the ITC can 

be broadly manipulated through adjusting substrate surface roughness. Phonon dynamic and heat flux 

spectrum analyses show that this giant enhancement is attributed to the increased phonon densities and 

channels at the interfaces, and the enhanced thermal coupling. The slight surface fluctuation in MoS2 and the 

increased diffuse interfacial scattering facilitates energy transfer from MoS2 in-plane phonons to its out-plane 

phonons and then to the substrate. In addition, it is further found that the substrate and its surface topology 

can dramatically influence the thermal conductivity of MoS2 due to the reduction of phonon relaxation time 

especially for low-frequency acoustic phonons. The findings elucidated here provide a clearer insight into the 

effect of interfacial microstructures on the interfacial thermal resistance of GaN-substrate interface, which 

also provide a viable heat management strategy for the high-power GaN-based devices. 

 

1. Q. Wang, J. Zhang, Y. Xiong, S. Li, V. Chernysh, and X. Liu. “Atomic-scale surface engineering for giant 

thermal transport enhancement across 2D/3D van der Waals interfaces”. ACS Appl. Mater. Interfaces, 15, 

pp. 3377-3386, 2023. 

2. Z. Huang, Q. Wang, X. Liu, and X. Liu. “First-principles based deep neural network force field for 

molecular dynamics simulation of N–Ga–Al semiconductors”. Phys. Chem. Chem. Phys., 25, pp. 2349-2358, 

2023. 

3. X. Liu, Q. Wang, R. Wang, S. Wang, and X. Liu. “Impact of interfacial compositional diffusion on 

interfacial phonon scattering and transmission in GaN/AlN heterostructure”. J. Appl. Phys., 133, pp. 095101, 

2023. 

4. Q. Wang, X. Wang, X. Liu, and J. Zhang. “Interfacial engineering for the enhancement of interfacial 

thermal conductance in GaN/AlN heterostructure”. J. Appl. Phys., 129, pp. 235102, 2021. 

 

 

mailto:xjliu@dhu.edu.cn
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CSD techniques: mechanisms of porous and crystalline structure 

control 

 

K. Vorotilov and A. Sigov 
MIREA – Russian Technological University (RTU MIREA), Moscow, Russia, vorotilov@mirea.ru  

 

Chemical solution deposition (CSD) is a widespread technique for deposition of oxide, ceramic and 

inorganic-organic hybrid films. The most important for application is the sol-gel process based on the use of 

metal alkoxides, the hydrolysis and polycondensation of which lead to the formation of oxoalkoxide 

complexes - the true precursors of oxide phases [1]. This fact gives such advantages as good stoichiometry 

control, low temperature of oxide phase formation, possibility to explore molecular self-assembly process, 

etc. In this report, we discuss formation of various porous films via CSD, methods of tuning their structural 

and electrical properties. Organic compounds known as porogens are added to a precursor solution and are 

subsequently incorporated into the growing metal–oxide–metal network during film formation as a result of 

phase segregation. The sacrificial organic template is subsequently destroyed by heat treatment, leaving 

empty pores. 

The evaporation induced self-assembly (EISA) process was originally discovered by Brinker’s group for the 

preparation of mesostructured silica thin films [2]. This process provides formation of ordered pore 

structures with good pore size control. Pore walls can be reinforced by substitution of inorganic silicon-

oxygen bonds by organic ones. These suggestions can be considered as a starting point for the development 

of new low-k materials. We discuss structure, electrical and mechanical properties of periodic mesoporous 

organosilica films with various ratios of carbon groups between silicon atoms (methylene, ethylene, and 

benzene) [3].  

Various porous materials can be obtained via CSD. Porous lead zirconate–titanate (PZT) films with different 

internal structures were synthesized using various structure-directing agents: polyvinylpyrrolidone and 

nonionic surfactants Brij [4]. The films with various porosity up to ~ 40 vol.% and pore connectivity 

changing from 3-0 to 3-3 were prepared and studied. We have found that the linear decrease in the material 

volume in a porous film is not the only factor governing film properties. The key role in changing electrical 

properties plays the creation of new internal grain boundaries [5]. Pores of PZT film can be filled by another 

material to provide composite films with new physical properties.  

We discuss here as well CSD of conductive LaNiO3 films with the ABO3 perovskite structure deposited on 

Si-SiO2 surface. It is well known that creation of well-defined column grain structure is challenging to 

achieve on an amorphous substrate. We have found that column grain structure in these films is controlled 

not by typical heterogeneous nucleation on the film/substrate interface, but by the crystallites coalescence 

during the successive layers deposition and annealing [6]. 

This work was supported by the Russian Scientific Foundation, grant № 23-79-30016. 
 

1. Turova N. Y., Turevskaya E. P., Kessler V. G., and Yanovskaya M. I. Oxoalkoxides - True precursors of 

complex oxides. J. Solgel Sci. Technol., 1994, 2(1), 17–23. 

2. Lu Y., Ganguli R., Drewien C. A., Anderson M. T., Jeffrey Brinker C., Gong W. et al. Continuous 

formation of supported cubic and hexagonal mesoporous films by sol-gel dip-coating. Nature, 1997, 

389(6649), 364–368. https://doi.org/10.1038/38699 

3. Vishnevskiy A. S., Naumov S., Seregin D. S., Wu Y.-H., Chuang W.-T., Rasadujjaman M. et al. Effects of 

methyl terminal and carbon bridging groups ratio on critical properties of porous organosilicate-glass films. 

Materials, 2020, 13(20). https://doi.org/10.3390/ma13204484 

4. Atanova A. V., Zhigalina O. M., Khmelenin D. N., Orlov G. A., Seregin D. S., Sigov A. S. et al. 

Microstructure analysis of porous lead zirconate–titanate films. J. Amer. Cer. Soc., 2022, 105(1), 639–652. 

https://doi.org/10.1111/JACE.18064 

5. Delimova L., Seregin D., Orlov G., Zaitseva N., Gushchina E., Sigov A. et al. Porous PZT Films: How 

Can We Tune Electrical Properties? Materials, 2023, 16(14), 5171. https://doi.org/10.3390/ma16145171 

6. Atanova A. V., Seregin D. S., Zhigalina O. M., Khmelenin D. N., Orlov G. A., Turkina D. I. et al. Control 

of Columnar Grain Microstructure in CSD LaNiO3 Films. Molecules, 2023, 28(4), 1938. 
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On the Gaussian optimizers hypothesis for bosonic Gaussian channels 
 

A.S. Holevo 
Steklov Mathematical Institute, Russian Academy of Science, Moscow, Russia, holevo@mi-ras.ru 

 

A long-standing problem in quantum Shannon theory is the classical capacity of bosonic Gaussian channels 

of various kinds. Hypothesis of Gaussian Maximizers (HGM) states that the full capacity of such channels is 

attained on Gaussian encodings. A breakthrough was made in [1, 2], where HGM was proved for important 

class of multimode gauge co- or contra-variant Gaussian channels. In [3] the solution was extended to 

broader class of channels satisfying threshold condition, ensuring that the upper bound for the capacity as a 

difference between the maximum and the minimum output entropies is attainable. 

At the same time, HGM remains open for large variety of Gaussian channels lying beyond the scope of the 

threshold condition. Here we outline a novel approach [4] (Arxiv: 2204.10626) to such problems based on 

principles of convex programming, and illustrate it on the characteristic case of approximate position 

measurement with the energy constraint, underlying noisy Gaussian homodyning in quantum optics. 

Remarkably, for this model, as well as for Gaussian heterodyning [5] (Arxiv: 2206.02133), the method 

reduces the solution of the optimization problem to new generalizations of the celebrated log-Sobolev 

inequality. 

 

1. V. Giovannetti, A. S. Holevo, R. Garcia-Patron. “A solution of Gaussian optimizer conjecture for quantum 

channels”, Commun. Math. Phys., 334, pp. 1553-1571, 2015. 

2. V. Giovannetti, A.S. Holevo, A. Mari. “Majorization and additivity for multimode bosonic Gaussian 

channels”, Theor. Math. Phys., 182, pp. 284-293, 2015. 

3. A.S. Holevo. “On the constrained classical capacity of infinite-dimensional covariant channels”, J. Math. 

Phys., 57, 15203, 11 pp., 2016.  

4. A.S. Holevo. ”Logarithmic Sobolev inequality and Hypothesis of Quantum Gaussian Maximizers”, 

Russian Math. Surveys, 77, pp. 766-768, 2022. 

5. A.S. Holevo, S.N. Filippov. “Quantum Gaussian maximizers and log-Sobolev inequalities'”, Lett. Math. 

Phys., 113, 10, 23 pp., 2023. 
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Towards quantum simulations with ultracold thulium atoms at an 

optical lattice formed by 1064 nm laser light 
 

D.A. Pershin
1,2

, V.A. Khlebnikov
1
, D.A. Kumpilov

1,3
, I.A. Pyrkh

1,4
, A.E. Rudnev

1,3
, 

E.A. Fedotova
1,3

, D.V. Gaifudinov
1,3

, I.S. Cojocaru
1,2

, K.A. Khoruzhii
1,3

, P.A. Aksentsev
1,4

, 

A.K. Zykova
1
, V.V. Tsyganok

1
, and A.V. Akimov

1,2,5
 

1
Russian Quantum Center, Bolshoy Boulevard 30, building 1, Skolkovo, 143025, Russia; E-mail address: 

a.akimov@rqc.ru 
2
PN Lebedev Institute of RAS, Leninsky Prospekt 53, Moscow, 119991, Russia 

3
Moscow Institute of Physics and Technology, Institutskii pereulok 9, Dolgoprudny, Moscow Region 141701, 

Russia 
4
Bauman Moscow State Technical University, 2nd Baumanskaya, 5, Moscow, 105005, Russia 


Bose-Einstein condensation (BEC) is a powerful tool for a wide range of research activities, a large 

fraction of which is related to quantum simulations. Various problems may benefit from different 

atomic species. Thulium atoms possess dipole moment of 4 Bohr magneton in the ground state allowing 

long-term interactions. It also has a number of non-chaotic low-field Feshbach resonances, allowing 

fine control of the near-filed interactions. It also has a relatively simple level structure compared to the 

other magnetic lanthanoids and thus is a quite promising subject for applications in quantum 

simulations.  

Nevertheless, cooling down novel species interesting for quantum simulations to BEC temperatures 

requires a substantial amount of optimization and is usually considered to be a difficult experimental 

task. Specifically, the previous attempts of cooling a thulium atom to the Bose-Einstein condensation 

temperature at a 532 nm dipole trap were not successful. 

Here we report on implementation of the Bayesian machine learning technique to optimize the 

evaporative cooling of thulium atoms and achieved BEC in an optical dipole trap. The developed 

approach could be used to cool down other novel atomic species to quantum degeneracy without 

additional studies of their properties. We also analyzed the atomic loss mechanism for the 532 nm 

optical trap, using in the Bose-condensation experiment, and compared it with the alternative and more 

traditional micron-range optical dipole trap. 

While the condensate of the thulium atom has a lot of applications in quantum simulations and other 

areas of physics, it can also serve as a unique diagnostic tool for many atomic experiments.  In the 

present study, the Bose-Einstein condensate of the thulium atom was successfully utilized to diagnose 

an optical lattice and detect unwanted reflections in the experiments with the 1064 nm optical lattice, 

which will further be used in a quantum gas microscope experiment. 
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Towards three-qubit quantum gates with single rubidium Rydberg 

atoms in an array of optical dipole traps 
 

I.I. Ryabtsev
1,2

, I.I. Beterov
1,2

, I.N. Ashkarin
1,2,3

, E.A. Yakshina
1,2

, D.B. Tretyakov
1,2

, V. M.Entin
1
,  

S. Lepoutre
3
, P. Pillet

3
, P. Cheinet

3
 

1. Rzhanov Institute of Semiconductor Physics, Novosibirsk, Russia, E-mail address: ryabtsev@isp.nsc.ru 

2. Novosibirsk State University, Novosibirsk, Russia 

3. Laboratoire Aime Cotton, CNRS, Univ. Paris-Sud, Universite Paris-Saclay, Orsay, France 

 

Single neutral atoms trapped in arrays of optical dipole traps are perspective variant of implementing 

quantum computation and simulations [1, 2]. In the case of alkali-metal atoms, the two working levels of a 

qubit are two hyperfine sublevels of the ground state. Their initialization is obtained by optical pumping, and 

one-qubit gates are realized with individually-addressed Raman or microwave transitions between two 

levels. Entangled states and two-qubit gates can be generated using a temporary excitation of ground-state 

atoms to a strongly interacting Rydberg state. Three-qubit quantum gates, which are useful for error 

correction and further speedup of quantum computation, can be implemented using electrically-controlled 

three-body interactions of Rydberg atoms, as proposed in our papers [3, 4]. In this talk, we will present our 

recent experimental results on implementing three-photon laser excitation of a single Rb atom in an optical 

dipole trap to a Rydberg state [5] and our theoretical results on a new scheme of three-qubit Toffoli gate 

based on radio-frequency induced three-body Förster resonance [6]. Both results are aimed at quantum 

information processing with neutral atoms. 

Three-photon laser excitation of Rydberg states by three different laser beams is of interest as can be 

arranged in a starlike geometry that simultaneously eliminates the recoil effect and Doppler broadening, thus 

increasing the fidelity of quantum gates. Our related experiments were first performed with spatially 

disordered mesoscopic ensembles of cold Rb atoms in a magneto-optical trap with single-atom resolution 

provided by a selective field-ionization detector of Rydberg atoms. We studied the spectra and dynamics of 

the three-photon laser excitation nPSPS  2/12/32/1 655  with n = 37-120 using three narrowband 

cw lasers with various detunings and intensities from the intermediate states. Recently we have switched to 

the experiments with single 
87

Rb atoms in an array of the optical dipole traps. We will present our first 

experimental results on the three-photon laser excitation of a single 
87

Rb atom in an optical dipole trap 

detected optically by resonant fluorescence of the ground-state atoms [5]. 

We also present a novel scheme of three-qubit quantum gate based on radio-frequency (RF) induced three-

body Förster resonances in Rydberg atoms. An external RF field creates Floquet sidebands of Rydberg levels 

and allows us to manipulate the phase and population dynamics of the interacting three-atom system, thus 

enabling the realization of universal CCRZ(ϕ) quantum gates. We numerically calculate RF-induced resonant 

interactions. The extreme controllability of interactions provided by the RF field makes it possible to 

implement three-qubit gates for a wide range of parameters of the atomic system, and significantly facilitates 

their experimental implementation. For the considered error sources, we achieve theoretical gate fidelities 

compatible with error correction demands (∼ 99.7%) using reasonable experimental parameters. 

The Russian team was supported by the Russian Science Foundation grant No. 23-12-00067. The French 

team was supported by the “Vernadski” scholarship program.  

 

1. M. Saffman, J. Phys. B, 49, pp. 202001, 2016. 

2. I.I. Ryabtsev et al., Physics − Uspekhi 59, pp. 196-208, 2016. 

3. I.I. Beterov et al., Phys. Rev. A 98, pp. 042704, 2018. 

4. I.N. Ashkarin et al., Phys. Rev. A 106, pp. 032601, 2022. 

5. I.I. Beterov et al., JETP 2023 (in press). 

6. I.N. Ashkarin et al., 2023, in preparation. 
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Quantum sensors 
 

S.P. Kulik
1, 2

 
1
Quantum Technology Center, Moscow State University, Moscow, 119991 Russia,  

2
Laboratory of Quantum Engineering of Light, South Ural State University (SUSU), Chelyabinsk, Russia. 

sergei.kulik@physics.msu.ru 

 

A summary of the main directions of development of the "quantum sensing" sub-technology is given: clocks 

and gravimeters, electric and magnetic field sensors, and quantum metrology. The main focus is on the 

physical principles of building a new generation of sensors, such as (quantum) superposition, entanglement 

and quantum measurements. The situation of the industry in the world and in the Russian Federation is also 

discussed, taking into account the requirements for highly sensitive sensors. 
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Strain-induced photoconductive THz detectors for  

high-speed spectroscopy and imaging 
 

D. Ponomarev
1
, D. Lavrukhin

2
, A. Yachmenev

1
, R. Khabibullin

1
, Yu. Goncharov

2
, K. Zaytsev

2
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Photoconductive THz antennas (PCAs) are intensively used in modern time-domain spectroscopic and 

imaging setups thanks to their reliability, cost-effectiveness, simplicity of fabrication, and their flexibility in 

the designing of antenna electrodes and topology, as well as the choice of photoconductive substrate. 

Compared with the existing THz devices [1, 2], PCAs can efficiently work at room temperature 

demonstrating a broadband spectrum of 0.15.0 THz with a perfect dynamic range, i.e. signal-to-noise ratio 

exceeding even 100 dB [3]. Recently, the Ge-based PCAs have demonstrated an unprecedented bandwidth 

reaching 70 THz thanks to an absence of polar phonons in Ge [4]. Moreover, an optical-to-THz conversion 

efficiency of the PCA is not limited by the ManleyRowe relation [5], as the photoconductivity theoretically 

allows converting every single optical photon into one electron-hole pair. Nevertheless, an increase of the 

spectrometer sensitivity that is determined by the signal-to-noise ratio of a PCA-detector is still in progress 

and requires additional solutions.  

We report our recent approach on the new designed PCA-detector that relies on the strain-induced 

InGaAs/InAlAs superlattice, providing an efficient operation at both 780 nm and 1550 nm laser excitation. In 

2019 we proposed [6] that artificially strained SLs might be efficiently used for the PCA-detectors since they 

allow sub-picosecond photocarrier lifetimes with moderate mobility without using any compensating p-type 

dopants during fabrication. Then, we fabricated the PCA-detector and showed its advances over conventional 

(and commercial) detector that utilizes lattice-matched (LM) InGaAs/InAlAs SL [7]. The 3.5 THz detection 

bandwidth and signal-to-noise (S/N) ratio above 70 dB are reached. The strain-induced detector shows 

quadratic dependence of its S/N ratio on probe beam power, while the S/N ratio for LM PCA-detector 

saturates at 5 mW. The first also demonstrates almost independent noise level of probe beam power, which is 

a crucial feature of the detector. We thus believe that strain-induced PCA-detector coupled to a fiber telecom 

wavelength laser, could open a pathway toward the development of portable and cost-effective THz 

photoconductive devices. 
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The dispersion of laser waveguide is essential characteristic, to find, for example, the mode group velocity, 

effective refraction index, group velocity dispersion (GVD). These quantities are necessary for many 

applications, for instance, GVD evaluation is needed for the realization of optical frequency comb and mode-

locking regimes in a quantum cascade laser (QCL) [1, 2] and in the dispersion compensation schemes for 

short pulse generation [3]. Also, the group velocity calculation is needed for to realize the laser gain 

enhancement scheme based on the waveguide group velocity lowering method [4]. Double metal (DM) 

waveguide is one of the two types of waveguides which are widely used for QCLs, in particular, due to its 

high temperature performance [5]. A variety of works, containing the QCL modes and dispersion related 

properties, is present today [2, 6-9], but all of them are either based on purely numerical simulation of a 2D 

Helmholtz’s equation [2, 6, 7] without a detailed information about dispersion or on a quasianalytical 1D 

transfer matrix method for planar multilayered waveguides [8, 9], which doesn’t take into account the lateral 

waveguide sizes. 

We report our recently developed theoretical approach based on the Marcatili approximation to analyze the 

modes and dispersion of QCL DM waveguide. The developed approach includes all spatial waveguide 

characteristics and calculation of QCL dielectric permittivity via effective medium approximation, which is 

applied to semiconductor cascade materials, described by the Drude-Lorentz model. This allows us to 

calculate the effective permittivity more accurately, thus taking into consideration both cascade barriers and 

quantum wells contribution. Moreover, within the frame of effective medium approximation QCL is an 

uniaxial medium, what can significantly change the dispersion, especially near the phonon and plasma 

resonances, and this is also included in our model. The FEM method solutions of 2D Helmholtz’s equation 

are performed with all above mentioned material parameters to estimate the tolerance and the area of 

applicability of our analytical model. 

Acknowledgements: The research is supported by the Ministry of Science and Higher Education of the 

Russian Federation in the scope of government assignment (Agreement 075-03-2023-106 13.01.2023) and 

by the Foundation named after Corresponding Member of the RAS, Professor Mokerov V.G. 
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Many applications require the transmission of a time-modulated signal in a given direction without 

reflections. In electronics, circuits with a matched load between elements are used for these purposes (and 

when the signal reaches the end of the circuit, it is completely absorbed by the receiver), in optics, optical 

isolators and circulators based on gyrotropic media [1]. Recently, schemes have been proposed in which 

unidirectional (non-reciprocal) propagation of light is achieved due to topological effects [2]. At the same 

time, the unidirectional propagation of plasmons, necessary for the creation of photonic integrated circuits, 

came to the attention of researchers relatively recently. 

In this light, the direction based on nonreciprocal plasmon modes seems promising. The spectrum of 

nonreciprocal plasma excitations, for example, interedge magnetoplasmons [3] or Berry edge plasmons [4, 

5], by its nature does not allow backward wave propagation, which makes it possible to soften the 

requirements for the purity of the materials used and the accuracy of technical processes. At the same time, 

the application of these modes in practice often requires the use of external magnetic fields or doping of 

semiconductors with magnetic dopants, which greatly reduce the quality factor of plasma waves. 

Therefore, it is extremely important to characterize nonreciprocal modes in conventional two-dimensional 

systems such as GaAs/AlGaAs heterostructures or graphene, which do not require the application of a 

magnetic field. In this work we study galvanomagnetic plasmon modes in two-dimensional electron systems 

(2DES), which were previously investigated in the physics of bulk semiconductors [6, 7]. The key feature of 

these modes is the magnetic (rather than electric, as in a conventional plasmon) nature of the restoring force, 

which is provided by the interaction of the magnetic field of the wave with the drift of charge carriers or the 

temperature gradient, respectively. Due to this, these modes are nonreciprocal: the direction of their 

propagation is set by the drift direction or the temperature gradient, respectively. 

It should be noted that, by now, galvanothermomagnetic phenomena in 2DES have been extremely well 

studied, but only in an external magnetic field. In this case, the temperature gradient or the velocity of charge 

carriers could be considered as an external factor and as an attribute of the plasma wave. Therefore, it seems 

logical to close the existing gap and study the interaction of the intrinsic magnetic field of a two-dimensional 

plasma wave with an external temperature gradient and/or drift. This is precisely the niche for our research. 

The report will present the theoretical study of the galvanomagnetic modes in 2DESs. Namely, we obtain the 

dispersion relation for these modes and show that they indeed are intrinsically non-reciprocal, calculate their 

linewidth and discuss possible excitation techniques. 

This work was supported by the Russian Science Foundation, Project No. 23-72-01013. 
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Single impurity atoms devices are being actively developed and studied [1, 2]. Multielectrode single-electron 

systems with random arrays of impurity atoms in a solid-state matrix (reservoirs) are gaining popularity and 

are suitable for the implementation of nanoscale neural networks. Reservoir networks based on a disordered 

array of tunnel-coupled charge centers were created. Reconfigurable logic elements in reservoir networks 

were demonstrated using tuning [3, 4]. The electrical properties of such systems are determined by the 

configuration of the impurity atoms charge states. The setting of the system certain functional states is 

carried out by setting the voltages on the control electrodes, and their search is performed using a genetic 

algorithm. 

In this work we studied the electron transport features in a single-electron reservoir network based on 

impurity arsenic atoms in silicon. A main singularity of the proposed method for forming a reservoir network 

is the use of a disordered distribution of impurity atoms in a quasi-two-dimensional near-surface layer of a 

solid-state matrix based on silicon-on-insulator (SOI) material. The reservoir was a doped region 300 nm in 

diameter. This region was surrounded by a system of eight tunneling Ti electrodes ~50 nm wide and 15 nm 

thick. Single-electron transport in the reservoir network was achieved by the separation of impurity centers 

during the fabrication process. 

Studies of the structures were carried out at a temperature of 2.4 K and showed the presence of Coulomb 

blockade horizontal sections on the current-voltage characteristics in the low-voltage region. The blockade 

threshold was observed at voltages from tens to hundreds of mV. The observed features of single-electron 

transport in the structures under study showed the possibility of tuning the network by selecting the voltages 

on the control electrodes. 

The study was supported by the Interdisciplinary Scientific and Educational School of Moscow University 

“Photonic and Quantum Technologies. Digital Medicine. The equipment of the Lomonosov Moscow State 

University Educational and Methodological Center for Lithography and Microscopy was used in the work. 
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Within the conducted research, calculations of thermal and transfer characteristics of the optical wireless 

communication system of metal nanoantennas in the TSV channel of a three-dimensional integrated circuit 

were performed. Since it is necessary to ensure the transmission range of the signal at a distance 

corresponding to the maximum height of the TSV channel, the receiving and transmitting antennas are 

located 50 μm apart. The TSV channel itself was filled with different types of materials: solid dielectric and 

air, to see if filling the channel with solid material will have any positive effect on system’s transfer ability 

and heat dissipation. With the successful implementation of the presented concept of signal transmission in 

three-dimensional integrated circuits, their computational and transfer capabilities will significantly increase 

due to signal transfer frequency range of THz magnitude. 
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Superconductor–ferromagnetic-superconductor Josephson junctions (SFS) attract great interest from 

theoretical point of view [1]. SFS junctions may be used as superconducting memory elements [2]. Strontium 

Iridate Sr2IrO4 (SIO4) is a dielectric with energy gap ΔE of 0.6 eV and spin-orbit interaction energy of 

0.4 eV. SIO4 crystals are canted antiferromagnet with a magnetization of 0.01 µB per Ir atom. If spin orbit 

interaction in F barriers takes place a conversion of singlet Cooper pairs to triplet pairs predicted [1]. Triplet 

pairs can penetrate into ferromagnet over large distances than the singlet ones. Two mechanisms of electron 

transport in SIO4 thin films were reported [3]. In thermal activation (TA) model resistivity ρ versus 

temperature dependence is: ln[(T)] ~ E/2kT, ΔE is activation energy, k is the Boltzman constant. E is 

independent on T. ΔE are calculated from experimental curves (T) as: ΔE ≈ ΔEA = d(ln)/d(1/T). For 3-

dimensional variable range hopping model (VRH) the dependence is: ln[(T)] ~ (T0/T)
1/4

, T0 is experimental 

constant. In VRH model energy ΔE = [g(µ) α
3
]

-1/4
●(kT) 

3/4
, where  is the localization radius of carrier, g(µ) 

is the density of states at Fermi energy µ [4]. In VRH model ΔE decrease to zero if temperature goes to zero. 

We report results on epitaxial SIO4 thin films [5]. If SIO4 films were made by pulsed laser deposition (PLD) 

at oxygen pressure 0.3 mBar, the ΔEA decreases with temperature from 40 meV at 300 K to 2 meV at 4 K, so 

VRH mechanism takes place. SIO4 films deposited by PLD at 0.05 mBar O2 have ΔEA of 50-70 meV, films 

made by PLD in 0.5 mBar of Ar have ΔEA of 200-260 meV. For the two latter cases we suppose TA 

mechanism. We developed DC magnetron sputtering regime to made SIO4 films at 0.5 mBar Ar and 820 C. 

Obtained films demonstrated single phase by X-ray -2 scans and have activation energies of 70 meV. 

Josephson heterostructures YBaCuO/Sr2IrO4/Au/Nb were investigated [6]. Dependencies of product normal 

resistance – area RNS and critical current density JC on thickness t of SIO4 barrier were analyzed. We 

approximate the dependencies as 1/JC  RNS  exp(2t/) and estimate the localization radii in the SIO4:   

1.2 – 1.7 nm. From the values of  we calculate barrier heights EB in SIO4: 

           
        

  ,      (1) 

It was supposed that carrier effective mass in SIO4 equals to electron mass me. The calculated barrier heights 

EB were of 13–26 meV. The height EB  ΔE but the EB value depends on Fermi level  in SIO4, and on band 

bending too at interfaces between the barrier and superconducting electrodes. 

In conclusion, electron transport was investigated both in Sr2IrO4 thin films and in Josephson 

heterostructures with Sr2IrO4 barrier. The band gap in Sr2IrO4 varied in wide range of 15–250 meV which 

depends on deposition conditions of thin films, or on nature of interfaces between the barrier and 

superconducting electrodes. 

The work was supported by the grant No.23-49-10006 of the Russian Science Foundation. 
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The production of integrated circuits includes dozens of technological operations. One of the most important 

is the photolithographic process of forming relief coatings on the functional surfaces of substrates for 

integrated circuits. In the process of photolithography, layers of an antireflection coating and a photoresistive 

film of a chemically enhanced photoresist are sequentially applied to the functional layer of the substrate. 

When exposed to ultraviolet radiation through a mask with a pattern, the acid photogenerator decomposes at 

the exposure sites, releasing a strong acid, which catalyzes the deprotection reaction, during which the 

suspended groups are split off. This makes the polymer soluble in an alkaline developer and opens up the 

possibility of obtaining the required relief for etching operations and metallization. Due to objective 

circumstances, in the Russian Federation ArF- and KrF-photolithography used foreign materials that are 

currently on the sanctions lists. It is obvious that the modern production of microelectronics is in dire need of 

the creation of domestic materials similar to foreign analogues.  

ANTI-REFLECTIVE COATING (ARC). We have carried out experimental work on the preparation and 

characterization by GPC, DSC, IR and NMR spectroscopy of copolymers based on mixtures of monomers of 

various compositions. The ARC compositions were determined to be optimal in terms of the content of the 

chromophore, as well as in terms of solubility and adhesion to the substrate. Work has been carried out on 

the selection of a crosslinking agent, a crosslinking catalyst, and optimization of their concentrations. As a 

result, technologies have been developed for the synthesis of a polymer base, for the manufacture and 

purification of microimpurities of metals and suspended particles of an ARC composition. 

PHOTORESIST (PR). An analysis of patent and scientific literature was carried out on the compositions of 

existing ArF- and KrF-photoresists, on the properties of individual components and their functional features, 

on methods for obtaining and purifying polymers that make up photoresists. As a result of the work, the 

conditions for obtaining ternary copolymers with the optimal viscosity necessary for the formation of 

continuous films of a certain thickness were experimentally determined, and their properties were studied. 

The compositions of photoresist were developed and tested with the selection and optimization of its 

application modes, dose and exposure conditions. The results of the testing showed the potential possibility 

of using the developed photoresists in the manufacture of integrated circuits. 

ACID PHOTOGENERATORS. Straightforward and efficient approaches for the synthesis of 

triarylsulfonium and diaryliodonium salts in preparative amounts are proposed. The effect of side 

substituents of photosensitive salts on their optical properties, quantum yields of photoacid in polymer 

matrix, and Dill C parameter is investigated. 

SURFACE-ACTIVE SUBSTANCE FOR METAL-FREE DEVELOPER. The requirement to minimize the 

size of the element of microelectronics leads to an increase in the aspect ratio in photoresist layer, which 

causes “collapse” (collapse) of structures due to capillary effects during drying after development, etc. To 

prevent these undesirable effects, we have developed a triblock copolymer that has properties that allow it to 

be used as a nonionic surfactant in a metal-free developer composition based on tetramethylammonium 

hydroxide to reduce surface tension and foaming. The results of complex testing showed that the metal-free 

developer with developed surfactant has the necessary characteristics and can be used in an existing 

technological process without significant changes in its conditions. 

This work was performed in accordance with the state task no. АААА-А19-119101590029-0 using the 

equipment of the Multi-User Analytical Center of FRC PCP and MC RAS. 
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Photolithography is an essential process of nanotechnology. One of the key factors of high photolithography 

resolution and high yield is the high-quality application of photoresists layers. Therefore, photoresist 

application techniques are constantly developing. Spray atomization is one of the most powerful methods, 

that is especially beneficial in MEMS technology, where centrifugation results in uneven coating of vertical 

walls or corners of substrates with developed relief or through holes. The common spray-coating techniques 

are based on electrostatic (ES), pneumatic, and ultra-sonic (US) atomization. US atomizers also provide a 

smaller and more consistent droplet size resulting in potentially greater micro-scale uniformity of layers. 

However, despite the initial narrow distribution of the droplet's size, some droplets can associate during the 

transfer to the substrate in a gas flow. The configuration of the gas flow also significantly affects the macro-

scale uniformity of the coating and is commonly determined with complex spray shaping systems. To 

prevent droplets association and shape the spray plume the ES charging of the droplets can be implemented 

[1]. ES field additionally operates as a filter that removes fine particles from the deposition chamber. Also, 

US atomization is beneficial for the deposition of suspensions with poor dispersibility, for example, 

nanoparticles or carbon nanomaterials due to in-situ homogenization of the sprayed suspension. 

In this work, the ES-assisted US spray-coating equipment was developed. A piezoelectric transducer is used 

to create US vibrations at 1-3 MHz frequency, while the amplification of the oscillations is performed with 

the catenoid-shaped semi-wave concentrator (fig. 1a). The droplets are being charged with the radial 

electrode with sharp spikes pointed to the center of the spray plume at 10 kV while the heating table is 

grounded. As a result, the average diameter of the spray-coated photoresist (FP-3115, JSC “NIOPIK”) 

droplets deposited on hydrophobic Si surface (fig. 1b) is around 7 μm while the distribution skewness 

presumably is droplets overlapping (fig. 1c). Figs. 1d and 1e demonstrate the difference in film formation 

process with and without ES assisting. ES charging results in diffusion of the plume, resulting in greater 

uniformity and laminarity of the aerosol plume. Reduced plume density prevents droplets association both 

during transport and on the surface of the substrate. With increasing sprayed volume, the photoresist forms a 

thick homogeneous layer without punctures and with a small number of defects (fig. 1f). 

 
Fig. 1. (a) Scheme of spray-coating equipment; (b) microscopic image of ES-assisted US spray-coated photoresist’s 

droplets and (c) its size-distribution; thin photoresist layer coated (d) without and (e) with ES-assisting; (f) continuous 

photoresist layer. 

This work was carried out with the financial assistance of the Ministry of Education and Science in the 

framework of state task FSMR-2022-0004. 

1. R.W. Engle. "Advantages of Combining Ultrasonic Atomization with Electrostatic Fields". 19th 

International Coating Science and Technology Symposium. Long Beach. 2018. 
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Reactive magnetron deposition has been studied and actively used in various fields of production for 50 

years
1
. The possibility of spraying metal targets in the presence of a chemically active gas allows the 

formation of layers of chemical compounds (nitrides, oxides, oxynitrides, carbides, etc.) on the surface of the 

substrate, significantly expanding the functionality of the method. Spraying of two metal targets in gas 

mixtures makes it possible to obtain complex multicomponent compositions with unique properties. A 

similar approach is used to form phase-shifting layers based on MoSixOyNz when creating photomask blanks. 

However, the process of reaction sputtering is characterized by some features – the presence of nonlinearities 

and hysteresis, and to simplify the optimization of modes in practice, preliminary modeling of processes is 

used. 

Within the framework of this work, a mathematical model proposed by Berg
2
 was used, which was adapted 

for spraying from two separate metal targets
3
. Based on this model it is shown how the evolution of the 

reactive gas partial pressure with reactive gas mass flow rate can be quantitatively described using gas 

kinetics theory and taking into account fundamental reactions at both the targets and the substrate surfaces. 

Theoretical calculations deduced from the proposed model are compared with experimental results obtained 

for the silicon-molybdenum-nitrogen system. From calculated sputtering rates of both targets and from 

confrontations with practical measurements, some limitations and restrictions on the validity of the model are 

discussed trying to explain deviations between theory and experiments. 

The dependences of the rate of individual and simultaneous sputtering of silicon and molybdenum targets on 

the plasma composition (the ratio of partial pressures of nitrogen and argon varied) and sputtering modes 

were determined experimentally. The ratio of elements in the formed coatings was studied using energy 

dispersive X-ray spectroscopy. The deposition rate was controlled by atomic force microscopy. 

Original theoretical and experimental results allow us to foresee new potentialities of the multitarget reactive 

process for manufacture of MoSixOyNz phase-shifting layers of photomasks with the specified optical 

characteristics for the production of semiconductor integrated circuits with 90-65 nm process nodes. 

The work was carried out with the financial support of the Ministry of Education and Science of the Russian 

Federation. Research project "Development of basic routes for the design and manufacture of photomasks 

for the production of semiconductor integrated circuits with 90-65 nm process nodes". 

 

1. V. I. Shapovalov. “Modeling of Reactive Sputtering - History and Development”. Materials, 16 (8), 

p. 3258, 2023. 

2. S. Berg et al. “Modeling of reactive sputtering of compound materials”. J. Vac. Sci. Tech. A: Vac., Surf. 

and Films, 5 (2), pp. 202–207, 1987. 

3. N. Martin and C. Rousselot. “Modelling of reactive sputtering processes involving two separated metallic 
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Many devices exist which require multi-level or grayscale structures (photonic crystals, diffractive optical 

elements, blazed gratings, MEMS/NEMS etc.) [1]. The grayscale e-beam lithography which transfers 

gradients of the exposure dose into a certain resist topography during development may be employed for 

fabrication of such structures. The key characteristic of e-beam exposed resist that defines the solubility of its 

regions is the distribution of number-average molecular weight [2]. In this study a new approach based on 

Monte-Carlo method is presented for simulation of PMMA local number average molecular weight. 

One the first stage, Monte-Carlo simulation of e-beam scattering in PMMA and substrate is carried out. For 

PMMA the processes taken into account are elastic scattering and three kinds of inelastic scattering – 

electron-electron, electron-phonon and electron-polaron scattering [3]. According to Aktary, PMMA main-

chain scissions are supposed to originate from electron-electron inelastic scattering [4]. The probability of 

PMMA main-chain scission was determined for room temperature by simulation of experimental radiation 

scission yield [5] and comprised 0.05. Finally, local molecular weight of exposed PMMA (Mn’) is being 

determined from simulated PMMA main-chain scission distribution using the model of random scission 

inside the polymer molecule [6] (Fig. 1). Then, number-average molecular weight distribution could be 

converted to solubility rate of structure relief using empirical formula [2]. 

 

 
Figure 1. Simulation of local number average PMMA molecular weight in PMMA layer for line exposure at room 

temperature. Line dose is 2 nC/cm, line width 600 nm, e-beam energy – 20 keV, PMMA layer thickness – 500 nm. 

Initial PMMA number average molecular weight is 271000. 

 

1. M. A. Smith et al. "Design, simulation, and fabrication of three-dimensional microsystem components 

using grayscale photolithography". J. Micro/Nanolith. MEMS MOEMS, 18(4), p. 043507, 2019. 

2. S.-Y. Lee and K. Anbumony. "Accurate control of remaining resist depth for nanoscale three-dimensional 

structures in electron-beam grayscale lithography". J. Vac. Sci. Tech. B, 25, p. 2008, 2007. 

3. M. Dapor et el. "Monte Carlo modeling in the low-energy domain of the secondary electron emission of 

polymethylmethacrylate for critical-dimension scanning electron microscopy". J. Micro/Nanolith. MEMS 

MOEMS, 9(2), p. 023001, 2010. 

4. M. Aktary, M. Stepanova and S. Dew. "Simulation of the spatial distribution and molecular weight of 

polymethylmethacrylate fragments in electron beam lithography exposures". J. Vac. Sci. Tech. B, 24, p. 768, 

2006. 

5. F. Sidorov, A. Rogozhin, M. Bruk, and E. Zhikharev. "Direct Monte-Carlo simulation of dry e-beam 

etching of resist". Microel. Eng. 227, p. 111313, 2020. 

6. H. Ku and L. Scala. "Polymeric electron beam resists". J. Electrochem. Soc. 116, p. 980, 1969. 
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To create photonic structures, such as waveguides or diffraction gratings, it is convenient to use negative 

electronic resists [1, 2]. The use of an electronic resist based on hydrogen silsesquioxane (HSQ) makes it 

possible to obtain high quality structures due to the high resolution of the resist and its contrast [3, 4]. 

However, it is rather difficult to perform plasma stripping of the resist. In view of their relatively large size, 

negative resists such as AR-N7520 or ma-N 2400 can be used to form a photonics structure. It belongs to 

novolacs and has high contrast and good resistance to plasma-chemical etching [1]. 

The test structures were exposed on a Raith-150 electron-beam lithography setup at electron beam energy of 

30 keV. Lines with different widths from 1 µm to single pixels lines were chosen as test structures. The 

length of the lines was chosen to be 1 mm, which is sufficient for further cross-section of the structures and 

its study [3]. The base area dose is 1000 μС/cm
2
, and doses for single pixel lines are 4000 pC/cm. The resist 

was deposited by spin-on at a cleaned silicon wafer at a rotation speed of 3000 rpm, and then baked on a 

hotplate at a temperature of 85 C for 2 minutes. Silicon wafer with exposured AR-N resist was developed in 

the developer AR 300-47 for 50 s, and then this wafer was rinsed with deionized water, and then baked on a 

hotplate at a temperature of 85 C for 2 minutes. 

Etching was performed on RIE tool PlasmaLab 100 (OIPT) in mix of SF6 and C4F8. By changing the ratio 

SF6:C4F8, the sidewall profile angle can be controlled. Increasing the ratio improves the etch rate, reduces the 

selectivity, and decrease profile angle. Increasing the forward power again reduces the selectivity with a 

slight improvement in etching rates. In this work, the etching rates of silicon and resist, i.e., the selectivity of 

etching, were studied, and the optimization of the plasma-chemical etching process was also carried out  

Fig. 1 shows the dependence of the etching rate of silicon and resist, as well as the selectivity of etching 

depending on the composition of the etched gas. 

 
Fig. 1. Etching rates of silicon and AR-N resist versus SF6/C4F8 plasma composition. Etching time is 30 sec. 

 

1. Gao J. et al. Effective Optimization Strategy for Electron Beam Lithography of Molecular Glass Negative 

Photoresist //Advanced Materials Interfaces. – 2023. – С. 2300194. 

2. Gangnaik A. S., Georgiev Y. M., Holmes J. D. New generation electron beam resists: a review //Chemistry 

of Materials. – 2017. – Т. 29. – №. 5. – С. 1898-1917. 

3. Miakonkikh A. V. et al. Dependence of the resistance of the negative e-beam resist HSQ versus the dose in 

the RIE and wet etching processes //Russian Microelectronics. – 2018. – Т. 47. – С. 157-164. 

4. Miakonkikh A. V. et al. Study of the Plasma Resistance of a High Resolution e-Beam Resist HSQ for 

Prototyping Nanoelectronic Devices //Russian Microelectronics. – 2021. – Т. 50. – С. 297-302. 
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The creation of a new universal non-volatile memory is an important and urgent task of modern 

nanoelectronics. Recently, it is believed that memristors are one of the most promising devices for creating 

such a memory [1]. A memristor is a two-electrode device that can be controlled and reproducibly switched 

between resistance states by passing current pulses. The search for new materials for memristors is 

proceeding on a broad front; materials with a low binding enthalpy, such as oxides of germanium and tin, are 

promising for lowering the switching energy [2]. It is also expected that the use of multilayer structures will 

help improve the performance of memristors.  

Nonstoichiometric germanosilicate glass (GeSixOy) films and many-layer structures based on them were 

deposited using high-vacuum electron beam vapor deposition (EBVD). The GeO2, SiO, SiO2, or Ge powders 

were co-evaporated using EBVD and deposited onto p
+
-Si(001) substrate (held at temperature 100 °C) with 

resistivity ρ = 0.0016±0.0001 Ohm·cm. The transparent in visible and near infrared range indium-tin-oxide 

(ITO) contact was deposited as the top electrode, and memristor metal-insulator-semiconductor (MIS) 

structures were fabricated. Then the MIS structures were annealed at temperature 500 
o
C and higher. The as-

deposited and annealed MIS structures were studied by Fourier-transformed infrared (FTIR) spectroscopy, 

atomic force microscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy. The current-voltage 

characteristics (I–V) and resistive switching cycles of the MIS have been studied.  

Earlier, the reversible resistive switching (memristor effect) was observed for one-layer GeSi0.9O2.8, two-

layers GeSi0.9O1.8/GeSi0.9O2.8 and GeSi0.9O1.8/SiO, and three-layer SiO2/a–Ge/GeSi0.9O2.8 as-deposited MIS 

structures [3]. For a one-layer MIS structure, the number of rewriting cycles reached several thousand, while 

the memory window (the ratio of currents in the ON and OFF states) remained 1–2 orders of magnitude. In 

many-layer MIS structures intermediate resistance (IR) states were observed. The IR states may be 

promising for use in multi-bit memristors and also for simulating neural networks. In the three-layer MIS 

structure, resistive switching took place quite smoothly, and hysteresis was observed in the I–V 

characteristics, such a structure can be used as an "analog" memristor.  

From the analysis of the FTIR spectra it can be seen that our films contain Si-O and Ge-O bonds. Structural 

changes were found in the samples after annealings, the peaks from Ge-O bonds increased, in the peak from 

Si-O bonds shifted and grew. It was found that annealing at temperature 500 
o
C resulted in more stable 

resistive switching to low-resistance state (ON) and high-resistance state (OFF) for the MIS structures. The 

annealing at temperature 500 
o
C led to the crystallization of the germanium layer in SiO2/a–Ge/GeSi0.9O2.8 

MIS structure, to an increase in the ON current, and to a decrease in the number of switching cycles with a 

soft breakdown.  

Of the positive qualities of our memristors, it is worth noting that they do not require a preliminary special 

“forming” procedure, which is very important for industrial production of memory. Of course, in order to 

achieve industrial performance, the quality and stability of our memristors needs to be improved.  

The work was supported by the Russian Science Foundation, project No. 22-19-00369.  
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One of the most perspective candidates for replacing traditional types of memory is resistive random-access 

memory [1], based on memristor metal-insulator-metal structures in which resistive switching can occur. 

Such memory can potentially allow higher element density without conceding other characteristics, such as 

read and write speed, energy consumption, and information storage time. However, some problems still 

prevent the mass production of ReRAM, such as the absence of a single structure that combines all the best 

characteristics simultaneously or variations of RS characteristics from cell to cell and over time [2]. 

One of the most perspective ways to create a memristor, that would meet all the characteristics requirements 

for memory application, is to combine different oxide layers into multilayer structure. We applied hafnium 

and tantalum oxides as structures based on these materials demonstrated both fast switching speed [3, 4] and 

high endurance [5, 6]. We also used Al2O3 ultrathin layer, as presence of such layer can reduce variations of 

RS characteristics [7]. Moreover, formation of oxide layers by atomic layer deposition to can also to reduce 

variations in characteristics [8]. 

In this work atomic layer deposited HfO2/HfOxNy/TiN, HfO2/TaOxNy/TiN, and Al2O3/HfO2/TaOxNy/TiN 

structures were investigated using CAFM method with Pt conductive tip and standard I-V measurements. 

The parameters of conductive filaments in three structures were obtained. It appeared that forming voltage in 

structures with TaOxNy was lower than in structures with HfOxNy. Additional Al2O3 ultrathin layer helped to 

reduce the filament cross-sections and to increase resistance ratio. The Al2O3/HfO2/TaOxNy/TiN structure 

also demonstrated the highest filament density (fig. 1)  

 
Fig. 1. Filament density as a function of forming voltage in HfO2/HfOxNy/TiN (M1), HfO2/TaOxNy/TiN (M2), and 

Al2O3/HfO2/TaOxNy/TiN (M3) structures measured in the N2 atmosphere. 
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Although attempts to create a forming-free technology have been made [1], the procedure is still not fully 

understood. In this work, we consider the electroforming process of the 

Pt/HfO2(4nm)/HfOXNY(3nm)/TaN(5nm)/TiN device after Ar
+
 plasma immersion implantation (PIII) to get 

closer to explaining the effect on electroforming of both dose and ions energy. Ar
+
 ions were used to 

eliminate chemical interactions and thus make analysis easier. It is believed that PIII will allow the desired 

defect profile to be achieved, resulting in better device-to-device variability. 

Active media of device was fabricated via plasma enhanced atomic layer deposition and top electrode was 

fabricated via magnetron sputtering through a shadow mask. TEMAH, TBTDET, H2O and nitrogen plasma 

were used as precursors for Hf, Ta, O and N, respectively. The electroforming voltage of the devices was 

measured using a Keithley-4200 SCS with ramp voltage stress (RVS) [2] and a ramp rate of -0.1V/1.0s from 

0V. The application of voltage stress was stopped after reaching the current compliance limit of 0.1 mA. The 

chosen dose and energy of ions are shown in the legend of Fig. 1. The parameters of PIII were chosen to: 

(i) understand the impact of increasing dose (1st, 2nd procesess), (ii) understand the impact of the recoil peak 

position along the length of the device (1st, 3rd, 4th procesess). The position of the recoil peak position was 

modelled in SRIM [3], and the dose of PIII was scaled accordingly to ensure that the peak number of recoils 

was equal for all energies. 

Figure 1 shows the bimodal distribution of the as-formed device. It corresponds to extrinsic and intrinsic 

breakdown (BD) [4]. After PIII, the slope corresponding to the intrinsic BD decreased due to sputtering. The 

slope of the curve continues to decrease for devices with higher dose (1st to 2nd) and lower ion energy (1st 

to 4th), which also supports this assumption. For the 1st PIII region, extrinsic BD is not seen, as the main 

damage was to the thickness of the device and not to the defects in the switching layer. With a decrease in 

the insulator thickness, intrinsic BD begins to prevail over extrinsic BD. With increasing PIII dose, extrinsic 

BD appears again, which we correspond to damage of the HfOXNY switching layer. PIII with an ion energy 

of 4 keV affected trap generation efficiency and causing additional damage to the active interface 

HfOXNY/TaN due to which the slope of instrinsic BD decrease further. The most interesting is 4th 

implantation, which makes it possible to obtain forming-free devices with operating currents around 10 μA. 

 

Figure 1. A Weibull plot versus BD voltage (Vbd) of the 

memristive structure without and after PIII. The solid (dashed) 

line represents the distribution of intrinsic (extrinsic) BD. 

Extrinsic BD due to defects created during fabrication and 

intrinsic BD due to defects created during accelerated stress. 

Inset: forming curve with |Vbd| < 2.5 V for structure after PIII 

with energy 2 keV. 

 

The investigation was supported by Program no. FFNN-2022-0021 of Ministry os Science and Higher 

Education of Russia for Valiev Institute of Physics and Technology of RAS. 
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Memristors, i.e. elements of non-volatile electrically reprogrammable memory, are one of the most 

promising new elements of modern micro-, nanoelectronics, and they are especially prospective for the new 

fields of neuromorphic and big data computing. Memristors are generally based on metal-insulator-metal 

structures, in which information is encoded by the value of its resistance and a switching between a low 

resistive state state (“on”) and a high resistive state (“off”) state can be performed. Current world research is 

mainly focused on the search for optimal materials of electrodes and insulator. We have studied structures 

with stoichiometric silicon dioxide SiO2 [1, 2], since its application fits well within standard silicon 

technology. An essential feature in the case of SiO2 is that a presence of an open end of the SiO2 film is 

necessary, so the design of such memristors is an open metal-insulator-metal sandwich structure. The 

advantage of such memory elements lies in their unipolarity. In our latest studies we mainly used TiN-SiO2-

W sandwich structures [2], however, most recently, we have studied the influence of electrode material on 

memristor functioning and found Mo to be more prospective [1]. In this work, we studied the electrical 

characteristics of memory elements based on open TiN-SiO2-Mo sandwich structures with a Mo top 

electrode in comparison with the same structures with a W top electrode. 

Samples with memristors based on open TiN-SiO2-Mo sandwich structures were fabricated according to a 

previously developed thin-film technology. Experimental studies of electrical characteristics were carried out 

in vacuum of ~10
–4

 Torr. When performing electroforming and all subsequent measurements, the plus 

voltage was applied to the upper Mo electrode, which practically guaranteed against accidental electrical 

breakdowns. The electroforming was carried out by applying a quasistatic triangular electric pulse. The 

switching of memristors to a low resistive state was carried out by applying rectangular voltage pulses with 

amplitude of 5 V and duration of 30 ms. The limitation current during these operations was 60 µA to further 

minimize the chance of breakdown phenomena. The switching of memristors to a high resistive state was 

carried out by applying a single rectangular pulse with duration of 100 ns and amplitude of 8-10 V. 

The first experimental result found for the open TiN-SiO2-Mo structures were significantly higher initial 

conductivities than for the TiN-SiO2-W structures. Moreover, it turned out that some of the structures 

initially were already in a low resistivity state. The initial value of the amplitude of the electroforming pulse 

was 10 V and it allowed successful completion of electroforming in one hundred percent of cases. A typical 

I-V curve of the electroforming process of open TiN-SiO2-Mo sandwich structures was characterized by high 

currents of order of tens μA in the forward and reverse strokes in the region of high voltages, where the I-V 

curves of TiN-SiO2-W structure electroforming usually had a section with low currents of the order of a few 

μA. Thermal annealing of the memristors in vacuum did not lead to a decrease in the initial conductivity. 

This indicates that it was embedded in the structures at the stage of their fabrication, and was due precisely to 

the replacement of W by Mo. Finally, systematic experimental work was carried out in order to determine 

the lowest possible electroforming voltage, while maintaining the reliable functioning of the memory 

elements. The experiments demonstrated the possibility of reliable electroforming of the open TiN-SiO2-Mo 

sandwich structures with a pulse amplitude in the range of 6-8 V. Compared to the open TiN-SiO2-W 

sandwich structures, the decrease in the amplitude of the electroforming pulse was almost two times. 

 

1. S.E. Kudryavtsev, V.M. Mordvintsev, V.V. Naumov, E.S. Gorlachev, “Effect of electrodes material on the 
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Success in the field of artificial neural networks (ANNs) is undeniable nowadays, however it has been 

mainly due to efforts in algorithm and software development. One of the routes for further progress here lies 

in development of dedicated hardware, architecture of which would be designed specifically for the purposes 

of optimization of ANN execution, allowing to increase the operation speed and reduce energy consumption. 

Multiple approaches for such neuromorphic hardware development are being explored at the moment (e.g., 

GPU-based chips or CMOS-based neuronal circuits), among which memristor-based approach is one of the 

most promising. Memristor is a two-terminal device, emulating the functionality of synapses or neurons. 

Synaptic memristor is, essentially, a multilevel memory cell, and neuronal memristor is an active device, that 

has to contain a threshold switch and a capacitance to be able to generate pulses (“spikes”) under application 

of constant current or voltage. Implementation of memristor-based circuits should drastically reduce the 

power consumption and chip area in comparison with other ANN accelerator types, and may lead to creation 

of devices with biorealistic functionality, i.e., closest to the operation of biological brain. For the latter 

purpose, recently researchers have been aiming at emulating as many biological functions in memristors as 

possible, resulting in development of the concepts of “dynamical” or “higher order” memristors [1]. 

In this report, we consider dynamical memristors, based on ferroelectricity-related effects, on two examples. 

Firstly, we explore the second-order synaptic memristor, based on a multiferroic tunnel junction 

La0.7Sr0.3MnO3 (LSMO) / BaTiO3 (BTO) / La0.7Sr0.3MnO3 (BTO thickness ~4 nm) [2]. Here, we characterize 

the resistive switching of the devices and show that it consists of two contributions: non-volatile, produced 

by reduction-oxidation of Mn ions at BTO/LSMO interfaces; and volatile, produced by reversible migration 

of oxygen vacancies and dynamics of polarization (P) of BTO. Interestingly, ferroelectric dynamics in BTO 

occurs due to built-in electric field, which shifts the hysteresis loop to the region of voltages of single 

polarity (in our case, positive). Thus, only one P direction (in our case, towards bottom electrode) is stable at 

0 V, and application of negative voltage does not change P, while application of positive voltage leads to 

reversal of P to the upward direction with subsequent relaxation back to the downward direction after field is 

removed. Such resistance dynamics allowed to emulate multiple synaptic functions: long-term and short-

term potentiation/depression (LTP/LTD and STP/STD), paired-pulse facilitation (PPF), spike rate-dependent 

plasticity (SRDP) and spike timing-dependent plasticity (STDP). 

Secondly, we explore the possibility to use antiferroelectricity for neuronal activity emulation. Essentially, 

the aforementioned case of the fully shifted P-V loop is equivalent to the half-loop of an antiferroelectric 

(AFE). Therefore, under appropriate conditions, AFEs should demonstrate similar resistance dynamics, 

albeit without long-term memory. It has been shown previously that PbZrO3-based AFE tunnel junction 

(AFTJ) acts as an efficient threshold switch [3], thus making it a viable option for neuronal memristors. 

Recently, the use of Hf0.2Zr0.8O2 AFE capacitor, stacked upon a commercial CMOS to form an AFE-FET, 

allowed to realize a functional artificial neuron [4]. However, to this day an AFTJ-based neuronal memristor 

has not been demonstrated yet. Here, we propose to use fluorite structure AFEs of Hf1-xZrxO2 family in AFTJ 

and demonstrate first theoretical and experimental results for ZrO2 and Hf1-xZrxO2-based devices. 

 

1. Kumar S., Wang X., Strachan J.P. et al. "Dynamical memristors for higher-complexity neuromorphic 

computing". Nat. Rev. Mater., 7, 575–591, 2022. 

2. Khanas A. et al. "Second-Order Memristor Based on All-Oxide Multiferroic Tunnel Junction for 

Biorealistic Emulation of Synapses". Adv. Electron. Mater., 8, 2200421, 2022. 

3. Apachitei G., Peters J.J.P., Sanchez A.M., Kim D.J., Alexe M. "Antiferroelectric Tunnel Junctions". Adv. 

Electron. Mater., 3, 1700126, 2017. 

4. Cao R., Zhang X., Liu S. et al., "Compact artificial neuron based on anti-ferroelectric transistor". Nat. 

Commun., 13, 7018, 2022. 
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In [1] we developed the extrinsic (taking into account contact resistances) MOSFET compact model (CM) 

for an above threshold regime with a linear approximation for the threshold voltage dependence on the body 

bias and with the improved smoothing function. However, we still did not take into account the carrier 

mobility reduction due to the normal field. And we are doing this in this paper so far only to modify the 

equation for the saturation current and without considering the body effect. We consider two models for 

mobility reduction: the first is used in the MOSFET Level 3 CM [2], and the second proposed in [3]: 

                            and                  
       . 

Here             is the intrinsic gate-to-source voltage centered on the threshold voltage. For the 

saturation current of an intrinsic (without accounting for the contact resistances) MOSFET, we have the 

well-known equation, which is the same with and without accounting for the carrier mobility reduction: 

          

                   . 

Here, the transconductance parameter            with             where     and   are the oxide 

dielectric permittivity and thickness,   and   are channel length and width. The characteristic voltage 

       is related to the drift velocity saturation in a high electric field with         . For the intrinsic 

transconductance                  we have derived two equations for both considered models: 

            
 

       
                        and                                    . 

The relationship between the intrinsic     and extrinsic     centered gate-to-source voltages is as follows: 

           . 

The dependence of the extrinsic saturation current      on     is determined by the following implicit 

equation: 

                        . 

For the case when                  the above equation can be solved in respect to      to obtain the 

well-known equation, which is the same with and without accounting for the carrier mobility reduction: 

         
                              

 
   . 

For the case when        
       we cannot solve the above equation in respect to      analytically. To 

find       we can use numerical methods, for example the bisection method or an iterative calculation. In 

addition, we suggest a set of approximate equations [4] and the simplest one is as follows: 

     
         

                   
      with             

     

 

             
 
   and              

                

           
 

 . 

1. V. Turin et al, “Compact modeling of body effect for “extrinsic” MOSFETs,” 2022 MWENT, Moscow, Publisher: 

IEEE, pp. 1-14, 2022. 

2. N. Arora. MOSFET modeling for VLSI Simulation: Theory and Practice. World Scientific, 2007. 

3. N. Maouhoub, K. Rais, “Characterization of series resistance and mobility degradation parameter and optimizing 

choice of oxide thickness in thin oxide N-channel MOSFET,” Active and Passive Electron. Compon., p. 713129, 2011. 

4. V. O. Turin et al, “Modelling of saturation current of an organic field-effect transistor with accounting for contact 

resistances,” IOP Conf. Ser.: Mater. Sci. Eng. 498, 012038, 2019. 

 



O1-18 

 

 

30 

Calculation of electrophysical characteristics of semiconductor 

quantum wire device structures with one-dimensional electron gas 
 

D.V. Pozdnyakov, A.V. Borzdov, V.M. Borzdov 
Belarusian State University, Minsk, Belarus, borzdov@bsu.by 

 

The accounting method for influence of collisional broadening of electron quantum states in one-dimensional 

electron gas on the dispersion law and electron scattering rates for elastic and inelastic mechanisms has been 

developed in the framework of single-particle approximation of electron ensemble description. In contrast to 

the rigorous method [1] the proposed approximation allows analytical expressions for all the relations 

between charge carriers momentum, energy and group velocity, as well as their scattering rates to be 

obtained. The application of the proposed approximation in Monte Carlo simulation of charge carrier 

transport and scattering in device structures on the basis of quantum conductors with one-dimensional 

electron gas enables cardinal reduction of the computational complexity of corresponding simulation of the 

particle ensemble behavior. 

The numerical optimization of physico-topological parameters of vertical ballistic field-effect nanotransistor 

on the basis of cylindrical undoped AlxGa1–xAs quantum wire standing in Al2O3 matrix surrounded by 

metallic gate has been realized. Calculation of the current-voltage characteristics of the nanotransistor has 

been performed in the framework of Landauer-Buttiker formalism based on the transfer matrix approach 

with account of nonparabolicity of the band structure of simulated conducting semiconductor channel of the 

transistor. 

1. D. Pozdnyakov, V. Galenchik, A. Borzdov, V. Borzdov, F. Komarov. "Influence of scattering processes 

on electron quantum states in nanowires". Nanoscale Res. Lett. 2, pp. 213-218, 2007. 
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In connection with the ongoing miniaturization in electronics and the transition to sizes comparable to the de 

Broglie wavelength, it becomes necessary to solve the Schrödinger equation for modeling the current 

characteristics of nanostructures. In particular, to model nanotransistors and similar structures in the 

approximation of the motion of an electron with an effective mass m in the conduction band of the 

semiconductor, it is required to solve the stationary Schrödinger equation of the form: 

 

2 2 2 2

2 2 2
( ) ( ) ( )

2 x y z

U E
m x m y m z

 
   
     

    

r r r   (1) 

where ( ) ( )U e   r r  is the potential energy of an electron in a channel with electric potential ( ) r  and 

xm , ym ,
zm  are the effective electron masses along the corresponding axes of the conduction band.  

 

 

Fig. 1. The sketch of the scattering problem. 

 

In this case, the electric current is usually calculated using the Landauer-Butiker formalism [1], as was done, 

for example, in [2] for quantum simulation of a nanotransistor, which requires calculating the dependence of 

the transmission coefficient on the energy E of an electron entering the transistor channel. Since the electric 

potential in conducting contacts connected to the source and drain of the nanotransistor does not depend on 

the coordinates, the solutions of Eq. (1) in the contacts are represented as the product of the transverse 

eigenmode of the empty channel ( , )n y z  and the function exp( )ikx  characterizing the longitudinal motion 

of an electron with a wave vector k. Thus, we need to solve the scattering problem of an incident electron 

with the wave function exp( ) ( , )nikx y z  on the potential ( )U r  in the channel, Fig. 1. Note that when using 

the Hartree approximation, the potential itself is obtained in the process of self-consistent solution of the 

Schrödinger and Poisson equations with boundary conditions determined by the voltages on the electrodes 

and the charge density, which, in turn, is calculated from the squares of the absolute values of the wave 

functions integrated with weight factors that depend on the corresponding energies E, see [2]. 

We propose a method for solving the Schrödinger equation for calculating the transmission and reflection of 

electron waves in the channel of nanotransistors and similar nanostructures, based on the application of the 

Dirichlet-to-Neumann map. The method does not require solving eigenvalue equations, in contrast to 

conventional approaches such as S-matrices. The main advantage of the method is the convenience of 

calculating structures of complex geometry. As examples the application of the method for calculating the 

transmission of electron waves in some simple nanostructures is presented. 

The investigation was supported by the Program no. FFNN-2022-0016 of the Ministry of Science and Higher 

Education of Russia for Valiev Institute of Physics and Technology of RAS  

 

1. S. Datta, Electronic transport in mesoscopic systems. Cambridge University Press, Revised edition, 1997. 

2. V. Vyurkov, I. Semenikhin, S. Filippov, A. Orlikovsky, ”Quantum simulation of an ultrathin body field-

effect transistor with channel imperfections”, Solid-State Electronics., 70. pp. 106–113, 2012.  
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One of the actual problems of vacuum nanoelectronics refers to the correct choice of a theoretical model for 

the interpretation and analysis of experimental I-V characteristics of the field-emission nanostructures made 

from various types of functional materials. Despite the multiple modifications of the phenomenological 

coefficients and the power-law correction factor κ in the Murphy-Good model, widely used to calculate the 

emission current passing through the image-charge-modified potential barrier, they still do not explain the 

deviations of the experimental I-V data from the linear behavior in the classical Fowler-Nordheim 

coordinates [1]. The observed nonlinearity is often associated with the influence of a number of physical 

mechanisms occurring on the surface of a field emitter: adsorption-desorption of molecules of residual gases, 

transition between the crystalline and amorphous phases of the emitter material and its deformation under the 

action of an electric field, variation in the near-surface electron concentration and the work function due to 

the oxide growth, induced by the thermal heating during the measurement process [2]. The above field-

emission effects are difficult to take into account within a simple analytical model, but they can often be 

successfully described using density functional theory (DFT) based on the non-equilibrium Green's function 

formalism. In [3], we showed that the key role in such processes is played by the corresponding change in 

the shape of the potential barrier, which occurs as a result of rearrangement of the atomic structure of the 

emission surface and the redistribution of the density of electronic states, which results in a variation in the 

transmission coefficient across the vacuum gap at a given bias voltage. Since metal-vacuum-metal nano-

junctions (with a vacuum channel length below 100 nm) are most actively studied, we carried out an 

atomistic calculation of the field-emission current in such structures using DFT LCAO (linear combination 

of atomic orbitals) basis sets, which take into account the crystal structure of the field emitter (Figure 1). 

 
Figure 1 – Energy spectrum of the transmission coefficient in Pt-vacuum (12 nm)-Pt nanojunction calculated at 

different bias voltage using LCAO norm-conserving PseudoDojo pseudopotential. 

The calculated I–V characteristics of vacuum nano-junctions based on a number of promising metal-type 

emitter materials (Pt, W, Au) are compared. The results obtained can be useful for predictive modeling of the 

field emission current in metallic vacuum nanojunctions close to that observed in the experiment. This work 

was supported by State Assignment № FSMR-2023-0003. 

 

1. A. Ayari, et al. " All field emission models are wrong, … but are any of them useful?". J. Vac. Sci. 

Technol., 40, p. 024001, 2022. 

2. G.D. Demin, et al. "Comprehensive analysis of field-electron emission properties of nanosized silicon 

blade-type and needle-type field emitters". J. Vac. Sci. Technol., 37, p. 022903, 2019. 

3. I.D. Evsikov, S.V. Mit’ko, P.Yu. Glagolev, N.A. Djuzhev and G.D. Demin. "Analysis of electron emission 

from a single silicon cathode to quasi-vacuum (air)". Technical Physics, 65, pp. 1846-1852, 2020. 
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We consider an infinite mass-in-mass chain [1] with introduction of a harmonic interaction between masses 

  [2] (  in   with spring with elasticity   between ones,   between masses  , and   between masses  ). 

In the case of the long-wave approximation, a system of two equations with optical and acoustic branches of 

the dispersion relation is obtained (with         ,           ,          ,         ): 

 
          

           
       

          
           

       
   . 

This system of equations is a generalization of the Klein-Gordon-Fock (KGF) equation from classical 

mechanics (that is for the case    ), but the KGF equation is also related to relativistic quantum 

mechanics: 

          
           

        and                       
      . 

Therefore, we construct a system of equations that is the generalization of the KGF equation of relativistic 

quantum mechanics with           and           with two-component   and   wave function: 
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Next, following the Dirac approach, we construct the generalization of the Dirac equation for a free electron:  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
                                         

           
 
 
    

        

                                        
           

 
 
    

       

                                        
           

 
 
    

       

                                        
           

 
 
    

       

                                        
           

 
 
    

       

                                        
           

 
 
    

       

                                        
           

 
 
    

       

                                        
           

 
 
    

       
 

   . 

This system has optical and acoustic branches of the dispersion relation, each with positive and negative 

energies. In the one-dimensional case, eight linearly independent solutions are obtained and analyzed. For 

the acoustic branches, the phase and group velocities of the waves   and   are equal to the speed of light  . 

For the optical branches, we have solutions in the form of de Broglie waves. The waves   correspond to the 

electron and positron. The waves   also correspond to the particle and antiparticle. We discuss the possible 

interpretation of the physical nature of the waves   in both cases. 

1. J.H. Vincent “On the construction of a mechanical model to illustrate Helmholtz’s theory of dispersion.” Philos. 

Mag., 46, pp. 557–563, 1898. 

2. V.O. Turin et al. “One-dimensional chain “mass in mass” and generalization of the Klein-Gordon-Fock and Dirac 

equations, both with “optical” and “acoustic” branches of dispersion.” Proc. VI Int. Scientific and Practical Conf. 

“Natural and humanitarian sciences in the modern world,” pp. 215-230. Orel State University, 2023. (In Russian). 
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Recently, flexible electronics have received increasing attention, as it offer a number of applications in many 

areas, such as flexible circuits, flexible displays, electronic textiles, electronic paper, wearable devices, radio-

frequency identification devices, and medical implantable devices, particularly neural implants. Advances in 

technology of neuroprosthetics have led to advances in the treatment of a number of neurological conditions, 

particularly Parkinson's disease, depression and epilepsy. The next generation of electronics used in 

biomedical implants requires the development of flexible active elements, potentially microcontrollers, 

including transistors and non-volatile memory for data storage. Several concepts for the development of 

flexible non-volatile memory are currently under consideration. Some of the most attractive concepts are 

ferroelectric memories because of their high speed, low power consumption, and high endurance. 

Polycrystalline ferroelectric HfO2 thin films have great potential for the development of flexible ferroelectric 

memory devices because they exhibit ferroelectric properties being 4-30 nm thick and therefore at bending 

the internal mechanical stresses are small. In this work, we developed and fabricated stretchable and ultra-

bendable Hf0.5Zr0.5O2-based ferroelectric memory devices completely encapsulated in a polymer polyimide 

package with excellent biocompatibility. The devices are routed to terminals for connection via a connector 

to measuring equipment and to make automated in situ measurements of functional properties under 

mechanical strain (Fig. 1). It has been demonstrated that the properties do not change for more than 150,000 

bending cycles with a bending radius as small as 0.5 cm. Moreover, the remanent polarization (27 C/cm
2
) 

and coercive voltage do not change even when the sample is folded in half (Fig. 1). Ferroelectric properties 

are also retained under tension. The samples withstand a tensile load of up to 1.5 kg. A fully reversible 

decrease in remanent polarization and dielectric permittivity was observed in the elastic strain range (Fig. 1). 

The tensile test results are in agreement with the results of calculations of the behavior of remanent 

polarization under in-plane tensile stress made using first-principle calculations. Because of their excellent 

tensile properties, the developed devices have the potential to be used not only in bio-implants but also in 

wearable electronics.  

This work was performed using equipment of MIPT Shared Facilities Center with the financial support from 

the Russian Science Foundation (Project No. 20-19-00370, https://rscf.ru/en/project/20-19-00370/). 

 

 

 

Fig. 1. Effect of (a) bending and (b) tension on ferroelectric properties of flexible Hf0.5Zr0.5O2-based 

ferroelectric memory devices. 
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More than a decade ago, ferroelectricity in HfO2-based films [1] was first discovered. This discovery 

attracted a lot of attention from the research community because such a new class of ferroelectrics has a lot 

of advantages over conventional ferroelectrics with perovskite structure. Among them is the relatively high 

band gap, CMOS compatibility, the maintenance of ferroelectricity at low thicknesses (10 nm and less), etc. 

Such advantages make the whole class of HfO2-based ferroelectrics and, specifically, Hf0.5Zr0.5O2 (HZO) 

promising material for the ferroelectric random access memory (FeRAM), which realization was still 

challenging because of the disadvantages of perovskites. 

However, there are several features that still hinder the HfO2-based FeRAM realization. Among them is the 

inhomogeneity of the ferroelectric response. HfO2-ferroelectrics are polycrystalline films with a combination 

of monoclinic (P21/c), tetragonal (P42/nmc), orthorhombic (o-phase, Pca21), and, sometimes, even cubic 

(Fm3m) phase, while only o-phase is non-centrosymmetric and possess ferroelectricity. Besides, there is 

usually a spread of the sizes of the grains within a specific film, and the mean grain size depends on the 

electrodes’ structure, crystallization conditions, presence of defects, etc. These factors lead to variability of 

the local surroundings of the individual ferroelectric domains across the film. As a result, there is a wide 

spread of the local coercive fields of the ferroelectric domains. Such inhomogeneity of ferroelectric response 

defines the necessity to apply relatively high electric fields to provide the polarization reversal of most of the 

domains and eventually high remnant polarization value. Combining this with the essentially high mean 

coercive fields of HfO2-based films, which are close to the breakdown field, one may explain the usually 

observed endurance limitations of the FeRAM stacks based on HfO2 and HZO [2]. 

Thus, the insights into the local switching behavior of the individual domains across the ferroelectric HfO2-

based films are especially important. However, the overwhelming majority of the measurement techniques 

only provides information about cumulative domains response. So far, only the piezoelectric microscopic 

technique was applied for the local domains’ visualization and local switching behavior analysis [3]. 

In this work, we show for the first time the possibility to use the electron beam-induced current (EBIC) 

technique in the scanning electron microscope (SEM) for the domains’ visualization and local polarization 

reversal behavior of the HZO-based ferroelectric capacitors, extremely promising for FeRAM. Considering 

the clear EBIC modulation by the polarization reversal and the absolute values of EBIC, we suggested that 

the electric field across non-polar interface handles the EBIC signal. We proposed the model, which explains 

the complex shape of the observed EBIC dynamics and allows visualizing distinct ferroelectric domains and 

local stiffness and local imprint maps of HZO. This makes EBIC an appropriate technique for the local 

domains’ visualization and for the study of the local switching behavior of HZO ferroelectrics. We also 

suggest that the EBIC technique will be applicable for other ferroelectrics, not limiting by HfO2-based ones. 

The work was partially supported by Ministry of Science and Higher Education of the Russian Federation in 

the scope of the government assignment (Agreement 075-03-2023-106 13.01.2023). The authors also 

acknowledge MIPT Shared Facilities Center supported by the Ministry of Education and Science of the 

Russian Federation for access to equipment. 

 

1. J. Müller, T. S. Böscke, U. Schröder, et al. "Ferroelectricity in Simple Binary ZrO2 and HfO2". Nano 

Letters, 12, pp. 4318–4323, 2012. 

3. M. G. Kozodaev, A. G. Chernikova, E. V. Korostylev et al. "Mitigating wakeup effect and improving 

endurance of ferroelectric HfO2-ZrO2 thin films by careful La-doping". J. Appl. Phys., 125, p. 034101, 2019. 

3. A. Chouprik, M. Spiridonov, S. Zarubin, et al. "Wake-Up in a Hf0.5Zr0.5O2 Film: A Cycle-by-Cycle 

Emergence of the Remnant Polarization via the Domain Depinning and the Vanishing of the Anomalous 

Polarization Switching". ACS Appl. El. Mat., 1 (3), pp. 275-287, 2019. 
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The field of ferroelectric random-access memory (FRAM) has gained significant interest as a promising non-

volatile memory technology. FRAM is known for its high-speed read and write operations, low power 

consumption, and non-volatility, making it an attractive alternative to conventional memory technologies. 

Hafnium zirconium oxide (HZO) in its orthorhombic phase has emerged as a promising material for FRAM 

applications due to excellent ferroelectric properties. However, to fully exploit its potential in FRAM, it is 

crucial to understand and optimize the properties of HZO. 

There are some studies that shed light on the influence of different electrode materials and configurations on 

the properties and reliability of HZO-based capacitors. The top electrode plays a critical role in the 

performance of ferroelectric devices, as it directly interfaces with the ferroelectric material. In particular, the 

mechanical stress induced due to difference in coefficient of thermal expansion of electrode and the HZO 

film assumed to affect the crystallization of HZO during annealing [1, 2]. Besides that, using some materials 

as top electrode (e.g., W, TiN) may lead to formation of “dead” layer at the HZO/electrode interface [2, 3]. 

However, there is limited research focused on varying the energy of condensing particles during the 

formation of the top electrode  

In this study, we focus on the modification of ferroelectric properties of W/HZO/Pt ferroelectric capacitors 

through the variation of energy of Pt atoms during the deposition of the top electrode. The upper electrode 

was fabricated using the technique of pulsed laser deposition (PLD) within an ultrahigh vacuum 

environment. Focusing the laser beam onto the surface of the sputtered Pt target during the PLD process, a 

power density of approximately P ~ 10
8
 W/cm

2
 can be achieved, resulting in the ablation of the target 

material. The kinetic energy of atoms during laser ablation can be estimated using the following formula: 

            
 
   
 
    

 
       

 
      

 
   ,                                                         (1) 

where Z is the average ion charge, A is the atomic mass, λ is the wavelength of laser radiation, I is the 

intensity in W/cm
2
, τ is the pulse duration, k is the Boltzmann constant [4]. 

Laser pulses of energy in range from 45 to 225 mJ generate particles with energies in range approximately 

40-90 eV respectively, which significantly surpasses the energies observed in both electron beam 

evaporation (~ 0.1 eV) and magnetron sputtering (~ 1 eV) methods. 

The increase of the energy of incident particles of the top electrode leads to gradual increase of electric 

polarisation from 34 to 48 µC/cm
2
. It should be noted, that the increase in energy also leads to increase of 

leak currents. Still, further research is required to understand the nature of discovered effects. 

This work was performed using equipment of MIPT Shared Facilities Center with the financial support from 

the Russian Science Foundation (Project No. 20-19-00370, https://rscf.ru/en/project/20-19-00370/). 
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Phys. Res., 2: 2200096, 2023. 
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Industrially applied since 2008 [1], hafnium oxide became even more promising in modern microelectronics 

when ferroelectricity was discovered in doped HfO2 thin films in 2011 [2]. Among numerous potential 

applications of the ferroelectric properties of hafnium oxide, the most apparent advance is in the field of non-

volatile memory. Alternative memory devices based on ferroelectrics already have a significantly larger 

resource and high read-write speed compared to the still prevailing flash-memory [3]. However, the full 

replacement of flash-memory by ferroelectric memory is mainly hindered by the shorter storage time of 

information. 

Among known concepts of ferroelectric memory, a ferroelectric field-effect transistor (FeFET) advantages 

due to non-destructive information readout and simple architecture, which allows high scalability and high 

information capacity. However, its implementation is hindered by the problem, which is specific for CMOS 

technology, specifically, the parasitic effect of surface states at the semiconductor/dielectric interface. The 

surface states have energy levels deep in the bandgap of the semiconductor and are capable of rapidly 

exchanging charge carriers (electrons or holes) with the semiconductor, followed by charge capture. In 

conventional MOSFETs, this phenomenon may limit the operating frequency. In FeFETs, it causes an 

additional challenge. Uncompensated electric charges at the interface induce the built-in electric field in 

ferroelectric layer (the depolarization field), which leads to suppression of one of two polarization states and 

stabilization of second polarization state. In a result, output and transfer characteristics are shifted along 

voltage axis, the information storage time is limited and in the worst case, the memory effect is absent at all. 

The rate of the retention loss is determined by the rate of the depolarization field increase. Therefore, the 

decrease in the magnitude of the depolarization field and the rate of its increase after the polarization 

switching. 

In this work, we study the depolarization effect in functional structures Si/Hf0.5Zr0.5O2/TiN and use several 

approaches to decrease the depolarization field in these structures. First, we employ the passivation of 

surface states at Si/Hf0.5Zr0.5O2 (10 nm)/TiN by annealing in a hydrogen-containing atmosphere (varying 

content of hydrogen and annealing time). Earlier, this approach demonstrated its effectiveness for structures 

containing high-k dielectrics [4]. Second, we introduce SiO2 interlayer, which decreases the surface state 

density because it is native for Si. Third, we study the effect of ferroelectric thickness and find the optimal 

balance, at which the depolarization field and leakage currents are small, while the remanent polarization is 

large.  

The work was financially supported by the Ministry of Science and Higher Education of the 

Russian Federation (agreement No. 075-03-2023-106, project No. FSMG-2022-0031). 
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To solve the problem of the flexibility and reliability of artificial intelligence, it is necessary to use methods 

for presenting information and the results of mental activity in a form characteristic of a human being. It is 

expected that the next generation of artificial intelligence (AI) technologies will use algorithms that more 

closely mimic the work of the biological brain, including in terms of interpretation and autonomous 

adaptation to respond to unforeseen situations and various abstractions [1]. In our opinion, this can be 

achieved with the help of neuromorphic devices capable of not only presenting information in an imagery 

form, but also modeling imaginative thinking. 

In this work, we consider the possibility of using a mathematical model of spots [2] for the representation of 

secondary mental images in psychology and imagery representation of information in AI [3], as well as for 

solving inverse problems, including using a learning method [4]. 

In general, spots are vague figures in abstract "information spaces" or crisp figures with a lack of 

information about their forms. In this case, traditional crisp figures are considered as a particular and 

limiting case of spots. A basic mathematical apparatus based on L4 numbers has been developed for the 

presentation and processing of qualitative information about elementary spatial relations between spots. In 

addition, L4 vectors, L4 matrices and mathematical operations on them are defined. 

The proposed mathematical apparatus can be used to develop algorithms for neuromorphic systems based on 

new promising components of memristors and FeFETs, which have non-volatile memory, extremely low 

switching losses and faster read / write operations. It provides information representation and processing in 

the imagery form. Therefore, the developed apparatus allows us to set the task of creating neuromorphic 

systems of a new type, in which information is presented in an imagery form, and its processing is carried 

out in the form of imaginative thinking. 

Another possible application is inverse problem solving, for example for image reconstruction using 

ultrasound, x-ray, magnetic resonance, or radar scan data. It was demonstrated the application of a new 

apparatus for image reconstruction using qualitative data on their relations with other figures, and for the 

inverse Radon algorithm. In both cases, the spot algorithms demonstrated an effective denoising property. 

 
1. Q. Wan, and Y. Shi, eds. Neuromorphic Devices for Brain-inspired Computing: Artificial Intelligence, 

Perception, and Robotics. John Wiley & Sons, New York, 2022. 
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Systems”. Russian Microelectronics, 49, pp. 431-444, 2020.  

3. N.A. Simonov, M.N. Rusalova. “Mental Imagery Representation by Model of Spots Psychology”. Natural 

Systems of Mind, 3, no. 1, pp. 4-23, 2023. 
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Fluorocarbon gases, such as CF4, CHF3 and C4F8, are widely used in the microelectronic device technology 

for the dry patterning of silicon and silicon-based materials. Among these, CF4 is characterized by the 

highest F/C ratio which provides the domination of etching over the surface polymerization under typical 

reactive ion etching (RIE) conditions. The corresponding RIE process combines high etching rates with low 

residues, but suffers from nearly isotropic etching of silicon and bad SiO2/Si etching selectivity. Oppositely, 

C4F8 exhibits the lowest F/C ratio and exhibits the much higher polymerization ability. The formation of 

thick continuous polymer reduces Si and SiO2 etching rates, but suppresses the side wall erosion as well as 

increases the SiO2/Si etching selectivity. As such, the selection of appropriate RIE regimes for a combination 

of given active gas and etched material requires the understanding of mechanisms influencing the 

etching/polymerization balance. 

In this work, we summarized our previous results related to plasma chemistry and etching kinetics for Si and 

SiO2 in CF4-, CHF3- and C4F8-based plasmas. These gases were chosen because of continuously decreasing 

F/C ratio that pre-determines mandatory differences in densities of polymerizing radicals and fluorine atoms. 

Main goals were 1) to compare the formation/decay kinetics for plasma active species and  steady-state 

plasma compositions; 2) to analyze factors influencing the etching/polymerization balance (through etching 

rates for target material and fluorocarbon polymer film, polymer deposition rate and polymer film thickness); 

and 3) to study the fundamental differences in Si etching kinetics and mechanisms. 

Experiments were carried out in a planar inductively-coupled 13.56 MHz plasma reactor. Langmuir probe 

diagnostics provided the data on electron temperature (Te) and ion current density (J+). Volume-averaged 

densities and fluxes of neutral and charged species were provided by simplified global (zero-dimensional) 

plasma models based on well-adjusted kinetics schemes. In addition, the F atom density was controlled by 

the optical actinometry using the F 703.8 nm /Ar 750.4 nm analytic couple. The subjects for investigation 

were binary mixtures of CF4, CHF3 and C4F8 with Ar or O2, ternary mixtures combining one fluorocarbon 

gas with Ar and O2 as well as ternary mixtures combining two fluorocarbons with Ar. In all the cases, the 

variable parameter was the gas mixing ratio at constant gas pressure, input power and bias power. 

An increase in Ar content in “fluorocarbon + Ar” gas mixture always increases plasma density and ion 

energy flux, but suppress densities of F atoms and CFx radicals. The slower-than-linear decrease in F atom 

densities results from either the same behavior of their formation rate in R1: CFx + e  CFx-1 + F + e (for 

CF4-based plasma) or decrease in decay frequency (for CHF3- and C4F8-based plasmas). The last effect is 

due to gas-phase processes of R2: CHFx + F → CFx + HF and R3: C2F4 + F → CF2 + CF3, respectively. The 

CF4 + Ar plasma also provides the nearly constant thickness of fluorocarbon polymer film at 0–75% Ar. 

An increase in O2 content in both “fluorocarbon + O2” and “fluorocarbon + Ar + O2” gas mixtures a) weakly 

disturbs electrons- and ions-related plasma parameters, including the ion bombardment intensity; b) results in 

fast decrease in densities of CFx and CHFx radicals due to their oxidation into CFxO, FO and COx 

compounds; c) reduces the thickness of the fluorocarbon polymer film (due to change in both deposition and 

decomposition rates); and d) causes the non-monotonic (with a maximum at  40-50% O2) changes in the F 

atom densities. The latter either repeats behavior of F atom formation rate after the contribution of processes 

involving CFxO и FO species (for CF4-based plasma) or results from decreasing F atom loss frequency in R2 

and R3. 

An increase in CHF3 or C4F8 fractions in their mixtures with CF4 a) causes moderate changes in electrons- 

and ions-related plasma characteristics; b) increases formation rates and densities for polymerizing radicals; 

and c) suppresses the density of F atoms. The last phenomenon contradicts with changes of total F atom 

formation rates and is also connected with increasing F atom loss frequencies in R2 and R3. 

The work was supported by the Russian Science Foundation grant № 22-29-00216, https://rscf.ru/project/22-

29-00216/. 
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Ruthenium is one of the promising metals for sub-10 nm metallization of nanometer technology of integrated 

circuits [1, 2]. The study of Ru etching in the Cl2/O2 plasma of an RFID discharge showed the possibility of 

its use for the formation of metallization tracks [2]. The aim of this work was to study the etching of Ru in 

Cl2/O2/Ar plasma using spectral and probe methods for controlling the fluxes of radicals Cl, O, ions, and ion 

energy with in situ control of metal film etching. The experiments were carried out in a reactor consisting of 

a discharge and a reaction chamber, which was described in detail in [3]. The ion energy was determined by 

the value of the self-bias potential Usb. The experimental conditions were as follows: Р=0.6 – 3.6 Pa, 

W=200-800 W. -Usb=10-100 V. Control of metal film etching was carried out by changing the signal of the 

laser beam (λ=633 nm) reflected from the surface of the metal film [3].  

In the Cl2/Ar plasma at a pressure of 0.6 Pa and a bias potential of –70 V, there was no etching of Ru, while 

in the Ar/O2 plasma it was low and equal to ~0.015 nm/s. In plasma in a three-component Сl2/O2/Ar mixture 

at a constant Ar content of 50%, the Ru etching rate changed strongly with increasing relative percentage 

R=qO2/qO2+qCl2. It gradually increased, reaching a maximum at 70–80% O2. A further increase in the 

oxygen concentration led to a sharp drop in the etching rate. Probe measurements of the plasma parameters 

have shown that in this case the density of Ni ions in the plasma varied nonmonotonically. At 0<R<0.45 

(region A) it was approximately constant, in region B at 0.45<R<0.85 it decreased by more than two times, 

and in region C at 0.85<R<1 it again did not change. The electron temperature increased from 2.4 to 2.7 eV 

with increasing R. Such a specific change in the ion density with increasing R can be explained by a change 

in the type of ions in the plasma. At a low R value, the main ion is Cl2
+
, and at R>0.8, the O2

+
 ion. In the 

intermediate region 0.6>R>0.85, the surface was bombarded simultaneously with Cl2
+
 and O2

+
 ions. This 

division of R into three regions corresponded to the nature of the change in the etching rate. In region A, it 

gradually increased with increasing oxygen content, in region B, in the region of maximum etching rate, it 

changed slightly with increasing R. In region C, Vetch sharply decreased with increasing R. The different 

character of the change in the etching rate with increasing R is due to a change in the radical plasma 

composition and the predominant type of ions incident on the surface. At high oxygen content in the plasma, 

the etching rate of Ru almost doubled with an increase in the negative bias potential from 20 to 100 V, while 

it did not change at a low oxygen consumption. With a 6-fold increase in pressure, the ion flux density 

decreased by almost 4 times, and the etching rate decreased by approximately a factor of two. At the same 

time, the concentration of chlorine atoms increased by almost 8 times. In the same mixture, with a fourfold 

increase in the RF power, the ion density also increased by a factor of four, while the Ru etching rate 

increased only by a factor of 1.8. On the basis of the experimental data obtained, the possible mechanism of 

Ru etching in Cl2/O2/Ar plasma is discussed depending on the plasma composition. 

The investigation was supported by Program FFNN-2022-0017 of the Ministry of Science and Higher 

Education of Russia for Valiev Institute of Physics and Technology of RAS.  
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Miniaturization of elements of integrated circuits requires development atomic scale technologies for the 

production of nanostructures from various materials. Atomic layer deposition (ALD) is a well-known 

technology for deposition different layers with atomic scale accuracy. Production structures in a few 

nanometers thick layers requires atomic layer etching (ALE) for accurate and low damage etching process. 

The concept of ALE process is based on repeatedly carrying out of two self-limiting steps: surface 

modification by formation of active layer which does not spontaneously etch surface and activation of 

reaction between the layer and surface. Activation by inert ion bombardment is usually used for anisotropic 

ALE process. The process design aimed at eliminating parasitic reactions (etching on modification step and 

spontaneous sputtering by ions on activation step), allows to bring etching process closer to ideal ALE. One 

of common approach to surface modification step is thin fluorocarbon film deposition from plasma [1]. In 

order to fulfill ideal ALE conditions fluorocarbon plasma should not etch surface through the film and 

consequent inert ion bombardment should activate reaction between fluorocarbon film and the etched 

material. As fluorocarbon plasma can etch material through the saturated polymer film in some cases [2], it is 

important to choose appropriate plasma conditions in which the modified layer does not etch material 

spontaneously. 

In present work ALE process was realized in conventional plasma etching tool. Ar/CF4/H2 plasma mixture 

was used for surface modification. Preliminary investigation of interaction process between Ar/CF4/H2 

plasma and various material surfaces was carried out. Appropriate plasma composition was chosen for 

realization surface modification step in ALE process. Optimization of ALE process parameters allowed 

obtaining self-limiting characteristic of both steps (Figure 1). The etch rate of ZrO2 was ~ 0.11 nm per cycle 

which is close to interatomic distance. The results of etching homogeneity over the wafer surface will be 

shown, as well as polymer film composition. 

 
Figure 1. The etch rate of ZrO2 and TiN from duration of surface modification step 

 

The investigation was supported by RSF 23-29-00771. 
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Starting from the topological size of 45 nm, metallization systems of ultra-large integrated circuits (ULSI) 

employ porous low-k dielectric [1] to reduce dynamic energy consumption, improve performance and reduce 

crosstalk. These dielectrics are proposed to be used in sub-7 nm technological roadmap, therefore they are 

under intensive research [2]. One of the most important and critical stages of low-k processing is plasma 

chemical etching: porous materials degrade due to radicals penetrating into pores [3].  

One of the ways to protect them is the method of cryogenic plasma etching. At a certain critical pressure and 

low temperature, plasma-forming gases and by-products condense in the pores, which prevents the 

penetration of active radicals and reduces damage to pores of low-k. Such approaches are known for various 

plasma-forming gases prone to condensation in pores at low temperatures, including CF3Br [4] and C2F4Br2 

[5]. At the same time, the change in the optical characteristics of the film during vapor condensation in the 

pores is the basis of the widely used method of adsorption porometry [6], which allows determining the 

degree of porosity, pore size distribution and other characteristics of porous films. The disadvantage of the 

latter method is the complexity of its application in situ, in etching plants, and as a rule this method is used 

on the atmosphere when blowing the sample with mixtures of neutral gas and adsorbate. 

The simplest method of in situ diagnostics is the method of laser interferometry. The disadvantage of the 

method is the nonmonotonic dependence of the coefficient on the thickness, which requires knowledge of the 

initial thickness of the film. 

In this paper, a spectral method was developed to determine in situ pore filling with plasma-forming gas in a 

nanoporous dielectric, the method is similar to the method of laser interferometry, but the reflection 

coefficient is calculated not for one wavelength, but in a large spectral range, which allows obtaining the 

necessary data about the sample to successfully calculate the degree of pore filling. The method was used to 

study the process of gas adsorption in a porous dielectric at low temperatures and pressures characteristic of 

plasma cryogenic etching. C4F8, SF6, CF3Br and C2F4Br2 gases are used. The temperature range from 0 °C to 

-120°C, which is of interest in the operating pressure range, is investigated. All processes were carried out in 

the Plasmalab Dual System 100 plasma chemical etching unit manufactured by Oxford Instruments, UK. The 

Ocean Optics HR-4000 spectrometer was used, measurements were carried out in the spectral range of 350-

800 nm. Data processing was carried out in real time. OSG films (30% open porosity and k=2.3) with a 

thickness of 200 microns on a silicon substrate were used as a sample. According to spectral ellipsometry, 

the initial refractive index was 1.28. 

The paper presents adsorption isotherms for the studied gases. The obtained data can be used both for the 

development of classical continuous-wave cryogenic etching and atomic layer etching for low-damage 

processing of porous low-k dielectrics. 

The work was supported by Russian Scientific Fund (grant no №23-29-00771). 
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The results of a study of promising technologies for the formation of trench and planar integrated capacitors 

with a high specific capacitance per unit of chip surface are presented, as well as a review of the literature 

and achievements of leading manufacturers of integrated circuits on this topic. In particular, the results of a 

study of dielectrics with a high permittivity, including ternary compounds obtained by atomic layer 

deposition, are presented. The issues of deposition of conformal dielectric and metallic layers in high-aspect 

trench structures in silicon are studied in details. An overview of the characterization of integrated capacitor 

structures is presented. The results obtained can be used to implement industrial technological routes for the 

formation of integrated capacitors. 

In order to increase capacitance and consequently density of the stored information, the area of the capacitor 

plates is increased, so usually integral capacitors are formed by conformal deposition of films on sidewalls of 

high aspect ratio structures in silicon [1] Manufacturing of all these high aspect ratio structures requires 

technology of deep anisotropic plasma etching of silicon. Different approaches of anisotropic silicon etching 

have their own features. One of these technologies is well-known Bosch process, in which anisotropy is 

achieved by protecting sidewalls of structure with fluorocarbon film deposited form plasma. The idea of this 

process consists in the cyclic repetition of the steps of passivation of the surface with a polymer film in a 

fluorocarbon plasma and anisotropic etching with a DC bias in fluorine-containing plasma. Structures etched 

in this process have typical sidewall profile with periodical notches called “scallops”, which could be 

smoothed by further optimization of the process, i.e. shortening of both steps duration. 

The report will present the results of highly efficient etching of capacitor structure trenches in previously 

developed processes and in new processes proposed in IPT RAS. The latter include a cyclic oxidation-etch 

process [2] and a recently developed cyclic nitridization-etch process [3]. 

In addition to etching, the results of experimental work on the deposition of dielectric and metallic films into 

deep trenches by plasma-assisted atomic layer deposition will also be presented. 

Layered resistances and conformality of coatings for metal layers based on titanium nitride, tantalum nitride, 

and ruthenium were studied. Aluminum and zirconium oxides were studied as dielectrics. 

The study was carried out under State program for Valiev IPT RAS No. FFNN-2022-0020. 
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Quantum computers offer completely different approach to manipulate and store information which opens an 

opportunity to tackle the problems intractable on classic computers. Quantum bits represent well controlled 

quantum system in an isolated environment and can be realized in different physical systems. Each 

realization has its own benefits as well as the drawbacks. I will describe how quantum computations can be 

realized using trapped ions, which is one of the leading platforms for quantum computing due to the longest 

qubit coherence times and the highest gate fidelities. The second part of my presentation will be focused on 

the lab status and the work performed in the laboratory of “Quantum computing on cold ions” in Russian 

quantum center. 
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The advancement of integrated photonics over the past decade has facilitated the creation of high-quality 

integrated circuits capable of executing different complex tasks. These circuits rely on precisely tuning single 

or multiple microring resonators to manage and direct the light flow. Advancements in producing photonic 

integrated circuits lay the foundation for coherent computing, a cornerstone in developing coherent Ising 

machines or optical neural networks. Furthermore, exploring microring resonators extends to their 

application in quantum light sources, offering an effective and scalable approach for generating and 

manipulating single photons, entangled photon pairs, and other quantum light states. This breakthrough 

paves the way for implementing quantum key distribution protocols, cryptography, and quantum computing 

circuits. 

Bichromatic pumping is a notable approach among promising strategies for realizing optical computing 

devices, quantum radiation sources, and soliton generation sources grounded in microresonators. Leveraging 

the capabilities of degenerate optical parametric oscillators (DOPO) within this context enables the encoding 

of spin values into phase states, thereby addressing combinatorial optimization problems or generating 

squeezed light states. Nevertheless, the pragmatic realization of such processes and characterization of their 

dynamics stand as an essential task of contemporary photonics. 

In response, we conduct a theoretical and experimental investigation of the realization of OPO and DOPO in 

a bichromatically pumped microresonator. We characterize the stationary and dynamical properties of such a 

system and analyze the process of soliton generation. We propose the scheme of turnkey soliton generation. 

We estimate the values of the oscillation threshold in such a system and determine the optimal parameters of 

the microring resonator to realize the DOPO in a degenerate four-wave mixing process. We show that two 

self-injection locked diode lasers can be used as a compact, turnkey device for generating stable soliton 

crystals and squeezed states of the light. 
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Precise understanding of the influence of an environment on quantum dynamics is crucial for further 

progress in the development of controllable large-scale quantum systems [1]. However, non-Markovianity, 

i.e. effects of memory, are among the most challenging problems towards the proper description of the 

general open quantum system. In practice, one can take advantage of available experimental data and replace 

the first-principles simulation with a data-driven analysis that is often much simpler. Inspired by recent 

advances in data analysis and machine learning, we suggest a data-driven approach to the analysis of the 

non-Markovian dynamics of open quantum systems. 

 
Fig. 1. Illustration of the Markovian embedding for the system interacting with the environment. 

 

As input, our method takes a dataset consisting of measured noisy quantum trajectories. By reconstructing 

their minimal r-dimensional Markovian embedding [2] (Fig. 1) our method captures the most important 

characteristics of open quantum systems, such as the effective dimension of the environment, 

eigenfrequencies of the joint system-environment quantum dynamics. The dimension of the effective 

environment expressed through r and system dimension as  

        (1) 

Also, Markovian embedding allows to predict the dynamics, and denoise measured quantum trajectories. Our 

approach has a number of remarkable features: 

 Markovian embedding provides an interpretable model of open quantum dynamics, which gives 

insights into the whole system’s properties. 

 Markovian embedding reconstruction procedure relies on matrix decompositions guaranteeing 

convergence to the optimal solution. 

 Our approach is equipped with an automatic model selection module that corresponds to the best 

machine-learning practices. 

 Our method can be applied to large datasets and complicated dynamics. 

Note that all of the previously proposed methods do not combine the same features simultaneously.  

The research is supported by the Russian Science Foundation (Grant No. 19-71-10092) and the Leading 

Research Center on Quantum Computing (Agreement No. 014/20). 
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2. A. A. Budini, “Embedding non-markovian quantum collisional models into bipartite markovian 

dynamics,” Physical Review A 88, 032115 (2013) 
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The implementation of a solid-state quantum register based on electron space states in field-defined double 

quantum dots [1] (DQD possesses one electron in two adjacent tunnel bound dots) in an ultrathin silicon 

nanowire was previously proposed [2]. To some extent, the structure reminds that of a field-effect transistor 

with multiple controlling electrodes (gates). Scalability is audible and it opens up a possibility of large-scale 

quantum computer fabricated by advanced silicon technology. 

An individual qubit consists of two DQDs [3]. The basic states of that qubit correspond to symmetric state of 

one DQD and antisymmetric state of another, and vice versa. Then the quantum information can be encoded 

and processed almost without charge transfer between dots (the probability to find electron in a dot is 

constantly close to 1/2). Quantum algorithms could be effectuated via manipulation solely with steady and 

pulse gate potentials that remind an operation of an integrated circuit.  

The major two-qubit operation is SWAP (exchange of states) which is performed due to Coulomb interaction 

between DQDs. Evidently, the Coulomb interaction is permanent, but its action can be strong or weak, it 

depends on mutual states of interacting DQDs. When they are identical (with equal tunnel rate) SWAP 

operation can be efficiently carried out due to entanglement resonance [4]. This operation allows the 

transportation of a qubit state along the chain and organization of interaction between any qubits in the chain. 

Besides, the sqrtSWAP operation fulfilled by the voltage pulse of a half-duration results in the CNOT 

operation necessary for universal quantum computer. When tunneling rates in DQDs much differ, Coulomb 

interaction weakly influences on their states that enables a retention. 

The final read-out of the register is performed after decoding into charge states of DQDs [3], then a 

transmission of current through the wire in a regime of Coulomb blockade reveals whether a particular 

quantum dot is occupied or not [5]. 

The structure of 2DQD qubits could be developed into a collective quantum register where instead of single 

silicon nanowire an array of them are placed under common controlling gates [6]. There is the fairly strong 

Coulomb interaction between DQDs constituting a collective qubit that drastically distinguish it from a 

simple ensemble qubit where the incorporated qubits are independent. This collective qubit is much more 

resistant against environment noise including that of phonons and stray charges. Qualitatively it could be 

explained by a persistent SWAP operation between adjacent qubits. Therefore, the errors of individual qubits 

are spreading along the collective qubit, moreover, those errors could interfere and thus be compensated. 

One more advantage of the collective qubit is a possibility of the macroscopic read-out procedure.  

Those features of the put-out collective qubit were previously mentioned [6]. Here we demonstrate the 

results of simulation that validate the expected effects.  

Worth noting, a DQD must be formed on the base of 10-nm technological node while the distance between 

DQDs can be substantially larger (of the order of 100 nm) that much facilitates metallization. 

1. L. Fedichkin, M. Yanchenko, and K.A. Valiev. “Coherent charge qubits based on GaAs quantum dots 

with a built-in barrier”. Nanotechnology, 11, pp. 387-391, 2000.  

2. S. Filippov, V. Vyurkov, and A. Orlikovsky. “Quantum computing on silicon-on-insulator structure”, VII 

Workshop EUROSOI-2011, Granada, Spain, Conf. Proc., pp. 101-102, 2011. 

3. V. Vyurkov, S. Filippov, and L. Gorelik, “Quantum computing based on space states without charge 
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6. V. Vyurkov, A. Levin, and L. Fedichkin. “Collective qubits on double quantum dots with Coulomb 

interaction”. Int. Conf. Micro- and Nanoelectronics, Book of Abstracts, p. 73, 2021. 
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In [1] we have proposed a cryptographic quantum hash function and later in [2] provided its generalized 

version for arbitrary finite abelian groups based on the notion of ε-biased sets. Note that ε-biased sets are 

generally defined for arbitrary finite groups [3], but here we restrict ourselves to   . In this case a set      

is called ε-biased, if for any     

 

   
   

    
 

   

         

In their seminal paper [4] Naor and Naor defined these small-biased sets, gave the first explicit constructions 

of such sets, and demonstrated the power of small-biased sets for several applications. 

Based on this notion we can define a quantum hash function as following. 

Let                     be an ε-biased set. The function           defined as 

             
 

  
  

     

 

   

   

          

is a balanced quantum hash function according to [5]. 

Here we propose an extremely efficient construction for computing a subclass of the quantum hash 

functions. 

Let        be the number of qubits. Let                  , and consider a special case when 

elements of                     are equal to sums of all possible subsets of  , i.e. for            

                        

Then the following holds 

 
 

  
                            

 

  
                         

 

   
   

           
      

 
 

    

     
           

      
 

 

    

  
 

   
  

 

    

  
                  

 

 

    

         
  

  
 

  
  

      

      
   

   

      

Thus, the quantum hash function can be computed by a circuit that has just 2 layers – the first one contains 

Hadamard gates for all qubits, and the second layer contains single-qubit gates equivalent to    rotations. 

The research was funded by the subsidy allocated to Kazan Federal University for the state assignment in the 

sphere of scientific activities, project No. 0671-2020-0065. 
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The description of quantum states by conventional probability distributions which are alternatives of wave 

functions and density matrices as well as Wigner functions and other quasiprobability distributions is found. 

The examples of oscillators and spin 1/2 states are given explicitly and concept of entangled probability 

distributions as well as separable probability distributions are introduced 
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An important general task necessary for various quantum technologies is to develop tools and methods as 

well as study limitations for controlling individual quantum systems. This circumstance motivates the 

importance of developing quantum control for quantum technologies. Given a controlled quantum system, 

the first question is to study the degree to which it can be controlled in principle, that is, to study 

controllability of the system. As soon as controllability is established (or not), the next question is to develop 

methods for finding optimal or close to optimal controls. Such methods include global (e.g., genetic or dual 

annealing) and local (e.g., gradient, Krotov, etc.) search methods. Further question after that is to investigate 

efficiency of these methods, their robustness to fluctuations and noise, etc.  

We outline recent analytical results on controllability of various closed and open quantum systems, including 

new results for an important model of a qubit interacting with the environment [1] and controllability of 

quantum systems with symmetries [2]. Then we discuss various methods for finding optimal controls in 

closed and open quantum systems, such as Pontryagin maximum principle and stochastic optimization [3], 

gradient projection methods for two-qubit manipulation [4], gradient ascent pulse engineering with exact 

analytical expression for gradient [5], speed gradient approach [6]. Important final topic is to outline the 

structure of quantum control landscapes for coherent and incoherent control of closed and open quantum 

systems, for which we discuss recently established appearance of higher order traps for some controllable 

systems with specific symmetries [7, 8]. 

Partial support from RSF No. 22-11-00330, Minobrnauki No. 075-15-2020-788, "Priority 2030" (MISIS 

Strategic Project Quantum Internet), K2-2022-025. 
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Modern quantum technologies rely on many tools, one of which is quantum control that studies methods for 

manipulation of individual quantum systems [1]. One of the prospective directions in quantum control is 

related to controlling open quantum systems. In experimental circumstances quantum systems can not be 

fully isolated from the environment, moreover, the environment can be applied as a useful resource of 

control via, e.g., incoherent control [2, 3]. Most of the considered control problems are formulated as 

optimization of the some objective functionals. In practice, different numeric optimization methods can be  

used for finding optimal shape of the control, one of which is the GRadient Ascent Pulse Engineering 

(GRAPE) developed originally for design of NMR pulse sequences [4] and later applied to various problems, 

e.g. [5, 6]. 

In this talk, we present an adaptation of the GRAPE method for open quantum systems driven by coherent 

and incoherent controls [7]. We obtain analytic expression for gradient and Hessian of Mayer-type objective 

functionals with respect to piecewise constant controls and L2-controls for general N-level quantum systems. 

For one-qubit system, we managed to diagonalize matrix exponentials by solving the third order 

characteristic equation. We applied the gradient method to the state transfer and the gate generation problems 

for the one-qubit system and the two-qubit system [8, 9]. High efficiency of the method allows to make a 

large amount (L = 1000) of launches and statistically analyze objective functionals (quantum control 

landscapes) for considered problems, e.g., on presence of local but not local optima (traps). 

This talk presents the work partially funded by Russian Federation represented by the Ministry of Science 

and Higher Education under grant No. 075-15-2020-788, the Russian Science Foundation under grant No. 

22-11-00330, and the federal academic leadership program ‘‘Priority 2030’’ (MISIS Strategic Project 

Quantum Internet). 
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Quantum control is control of single quantum systems such as atoms or molecules. It is an important tool 

necessary for modern quantum technologies [1]. A typical problem of quantum control can be formulated as 

the problem of maximizing a suitable objective functional which is determined by the state of the quantum 

system. Traps are points of local but not global optimum of the objective functional. In a more general sense 

traps are critical points of the objective functional which are difficult to escape by local search algorithms. 

This circumstance motivates the importance of the problem of studying either existence or absence of traps 

in quantum control landscapes [2]. In our talk, we discuss our results on the analysis of traps in landscapes of 

coherently controlled closed quantum systems. In this case, the dynamics of the quantum system is described 

by the Schrödinger equation with a time-dependent Hamiltonian. 

The notion of the n-th order trap, which is defined by the Taylor expansion of the objective functional up to 

the n-th order, was introduced in [3, 4]. In these works, the problem of maximizing the expectation of a 

quantum mechanical observable was considered. It was shown that quantum landscape of this problem, when 

manipulating of a three-level Lambda-atom system, contains a trap of the 3-rd order. Continuing this work, 

we have recently showed that traps of an arbitrarily high order exist for controlled quantum systems with 

special symmetry in the Hamiltonian [5]. Numerical experiments show that the increase in the order of the 

trap really complicates the work of local search algorithms such as GRAPE.  

We also consider the problem of controlled generation of single-qubit phase shift quantum gates. It was 

previously known that for sufficiently long times traps for this quantum control problem do not exist. We 

have shown recently, by combining analytical methods and numerical optimization methods, that control 

landscape for ultrafast generation of phase shift single-qubit quantum gates is free of traps [6]. We have 

found the minimal time required for providing exact generation of phase shift gate. We have also studied the 

detailed structure of quantum control landscape for this problem [7]. Partial support from the RSF No. 22-

11-00330, Minobrnauki No. 075-15-2020-788, and "Priority 2030" (MISIS Strategic Project Quantum 

Internet). 
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In Refs. [1, 2], it was shown that the Wigner-Janase asymmetry information and quantum Fisher information 

can serve as measures of nonclassical correlation. These measures are called local quantum uncertainty 

(LQU) and interferometric power or local quantum Fisher information (LQFI), respectively. At present, the 

properties of these quantities are widely studied in various systems ([3, 4] and references therein). 

In the report, the behavior of LQU and LQFI will be discussed using the example of the two-qubit 

Heisenberg model in an external magnetic field at thermal equilibrium. 

The work was performed as a part of the program AAAA-A19-119071190017-7. 
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The main components of VLSI logic and memory for a long time were metal-oxide-semiconductor (MOS) 

capacitors and MOS transistors based on silicon and its dioxide SiO2 with metal electrodes applied on top. 

The reduction of passive (capacitors and resistors) and active (MOS transistors, switches and other nonlinear 

devices) electronic component base (ECB) down to the size of several tens of nanometers has been the 

driving force behind the development of microelectronics since the last quarter of the last and in the early 

years of this century. This approach ensured the implementation of the so-called Moore's law on increasing 

the number of elements on the chip, but fifteen years ago, due to reaching the physical limits of reducing the 

thickness of the SiO2 layer by 0.7 nm, it was necessary to switch to dielectrics with a high dielectric 

permittivity (high-k) to ensure the control of charge carriers in nanometer channels of TIR transistors in 

accordance with the Dennard principle of electrostatic similarity [1]. 

The report presents the results of wide field research in the world and Russia on the miniaturization of 

passive and active components of VLSI. First of all, in order to maintain performance, it was necessary to 

significantly increase the pulling electric fields in the transistor channels, which led to a noticeable 

degradation of the mobility of charge carriers with a decrease in the channel length [2]. This, along with an 

increase in leakage due to tunnel source-drain currents, limited the physical length of the channel to 10 nm 

even when replacing silicon with two-dimensional materials such as graphene or dichalcogenides. The way 

out of this situation was found in the three-dimensional integration of layers, first in the form of double-gate 

transistors with complete depletion in silicon-on-insulator (SOI) structures, then in the form of so–called fin 

transistors (FinFET) with two, three and four (gate-all-around - GAA) gates in stacks with nanowires (NW 

FET) or nanosheets (NS FET) channels [3]. 

This approach allowed us to maintain the tendency to reduce the area of components and, accordingly, to 

increase the degree of the transistor number integration in accordance with Moore's law, but at the same time 

did not provide an increase in the performance of individual elements. As an alternative, the report considers 

the option of increasing the functionality by replacing dielectrics in capacitors and transistors with 

ferroelectrics and resistors with memristors, which leads to a transition from binary logic to neuromorphic 

[4], as well as to the implementation of the principles radiophotonic, or quantum devices, or optics with 

parallel processing [5]. Finally, the system-on-chip (SOC) integration with newly developed ion isolation 

process allows combining all these functions in the single crystal at the ultralow power consumption [6].  

The work was funded by RF Ministry of Education and Science programs for Valiev Institute of Physics and 

Technology (FNN-2022-0019) and Rzhanov Institute of Semiconductor Physics (FWGW-2021-0003).  

 

1. H. Dennard et al. "Design of ion-implanted MOSFET's with very small physical dimensions". IEEE J. of 

Solid-State Circuits, 9, pp. 256-268, 1974. 

2. V.P. Popov. “Quasiballistic Transport of Charge Carriers in Nanometer FETs in the Model of 

Heterogeneous Channel”. ECS Transactions, 25, pp. 411-417, 2009. 

3. S.B. Samavedam et al. "Future Logic Scaling: Towards Atomic Channels and Deconstructed Chips". 2020 

IEEE International Electron Devices Meeting (IEDM). DOI:10.1109/IEDM13553.2020.9372023. 

4. M. Tarkov, F. Tikhonenko, V. Antonov, V. Popov, A. Miakonkikh, and K. Rudenko. Content-addressable 

memories based on ferroelectric devices. Nanomaterials, 12, Art.4488, 2022. 

5. A.A. Melnikov, L. Fedichkin, and A. Alodjants. "Predicting quantum advantage by quantum walk with 

convolutional neural networks". New J. Phys. 21, Art. no.125002, 2019. 

6. V.P. Popov, S.M. Tarkov, F.V. Tikhonenko, V.A. Antonov, I.E. Tyschenko, S.G. Simakin, and 

K.V. Rudenko. "Thermally Robust High-Resistance Layers on Low-Resistance Silicon Synthesized by 

Molecular CO
+
 Ion Implantation". Phys. Stat. Sol. A, 218, Art. no.2100109, 2021. 

 



L2-02 

 

 

55 

Spin and charge transport in ultra-scaled MRAM cells 
 

V. Sverdlov
1
, M. Bendra

1,2
, B. Pruckner

1
, N. Jorstad

1
, T. Hadamek

1
, J. Ender

1,2
, R. Orio

2
, W. Goes

3
 

1. Christian Doppler Laboratory for Nonvolatile Magnetoresistive Memory and Logic at the  

2. Institute for Microelectronics, TU Wien, Vienna, Austria, sverdlov@iue.tuwien.ac.at 

3. Silvaco Europe Ltd.  Cambridge, United Kingdom  
 

Emerging nonvolatile magnetoresistive random access memories (MRAM) possess high endurance, long 

retention, and high speed compared to its competitors. Advanced single-digit nanometer footprint devices 

employ composite magnetic layers consisting of several elongated pieces separated by tunnel barriers [1], 

while double spin torque magnetic tunnel junctions (MTJ) devices with two reference layers demonstrate 

enhanced torques, sub-ns speed, and reduced switching currents [2].  

To accurately model such devices, we developed a fully three-dimensional finite element method (FEM) 

based modeling and simulation environment [3], which includes all physical phenomena responsible for 

proper MRAM operation. We numerically solve the Landau-Lifshitz-Gilbert (LLG) equation describing the 

magnetization dynamics. The effective field includes the magnetic anisotropy, the exchange as well as the 

demagnetization field contributions. The latter is evaluated only on a disconnected magnetic domain by 

using a hybrid boundary element method and finite element approach [4]. The nonequilibrium spin and 

charge transport coupled to the magnetization dynamics and temperature allows accurately evaluate the spin 

accumulation and the corresponding torques acting on the magnetization.  

In order to describe the torques in a nanometer sized magnetic valve, the continuous boundary conditions for 

the spin accumulation and the spin current densities [5] are employed at the interface between a ferromagnet 

and a normal metal spacer. However, this approach cannot be directly applied to an MTJ. We extended the 

method to an MTJ by modeling the tunnel barrier (TB) as a poor conductor with a local weak conductivity 

σ(θ) dependent on the angle θ between the magnetizations of the two ferromagnetic layers across the TB [5]. 

The tunneling magnetoresistance ratio (TMR) is used as a parameter to accurately reproduce the charge 

current density.  

To describe the spin transport through a TB and, in particular, the spin-transfer torque angular dependence 

on the magnetizations across the TB, a special boundary condition relating the spin current at the TB 

interfaces with the charge current and the interfacial spin current polarizations must be fulfilled [5]. The 

coupled spin and charge transport approach supplemented with the corresponding boundary conditions 

allows to treat metallic spin valves and magnetic tunnel junctions with composite elongated magnetic layers 

on equal footing. 

The versatility of our approach to evaluate the spin-transfer torques acting on elongated metallic 

ferromagnetic layers separated by nonmagnetic normal metal spacers and tunnel barriers is demonstrated by 

considering a double spin-torque structure with two reference layers and an ultra-scaled memory cell with a 

composite free layer. We demonstrate that the switching speed improvement in a double spin-torque 

structure depends significantly on the metal spacer thickness separating the free layer from the second 

reference layer and the spin-flip length in the metallic spacer. Results for Ta spacer display a significant 

switching time acceleration, in agreement with experimental results [2]. For a Mo spacer, however, the 

advantage is not that impressive and almost disappears at higher voltages. The spin-flip length in Ta is 1.7nm 

and is almost two times larger than in Mo (1nm). Therefore, the spin accumulation decays significantly in 

Mo spacer compared to that of Ta, which results in a weaker contribution of the second reference layer to the 

switching time acceleration. 

In ultra-scaled MRAM cells with a free layer composed of several elongated ferromagnetic parts separated 

by TBs the magnetization reversal is shown to be sequential. We benefit from the usually considered 

parasitic back-hopping effect to resolve all four possible states of the free layer magnetization consisting of 

two parts. A cyclic switching through the four distinct states of the composite free layer is demonstrated 

pawing the way to a multi-level operation in an ultra-scaled memory cell with a composite free layer. 

1. B. Jinnai et al., in Proc. IEDM Conf., pp.24.6.1–24.6.4, 2020. 10.1109/IEDM13553.2020.9371972 

2. G. Hu et al., in Proc. IEDM Conf., pp. 10.2.1-10.2.4, 2022. 10.1109/IEDM45625.2022.10019402 

3. ViennaSpinMag, https://www.iue.tuwien.ac.at/viennaspinmag, last accessed on 07.08.2023.  
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Recent discovery of intrinsic 2D ferromagnetism initiated the search for novel 2D magnets and their 

heterostructures with tunable properties and potential applications in spintronics. Elemental analogues of 

graphene functionalized by rare-earth atoms form a class of 2D ferromagnets – layered structures of silicene 

[1] or germanene [2]. These materials exhibit evolution from the antiferromagnetism in the bulk to intrinsic 

2D ferromagnetism in a few monolayers. Electron transport in the structures is controlled by the number of 

monolayers [3]. 

Pushing these magnets beyond the monolayer limit, we established an entirely new field – submonolayer 

magnetic materials with a regular 2D structure [4, 5]. Both classes – monolayer and submonolayer magnets – 

demonstrate a specific magnetic response: the magnetic transition temperature is controlled by low magnetic 

fields [1-7]. Such behavior is a fingerprint of 2D ferromagnetism. A particularly important advantage of the 

materials is that they are compatible with the mature Si and Ge technological platforms, which is 

instrumental for engineering new spintronic devices.  

Graphene, a poster child of the 2D research, would be a wonder material for spin physics and applications. 

However, graphene is non-magnetic and significant efforts are invested in imprinting magnetism into 

graphene. Following this strategy, we decorated graphene with magnetic Eu to produce a monolayer of EuC6 

[6]. Another approach is to couple graphene with an established 2D magnet. We implemented this idea by 

proximity coupling of graphene with submonolayer magnets. Europium and Gadolinium 2D superstructures 

– metal reconstructions on the Silicon surface – suit the purpose. Their heterostructures with graphene are 

produced by metal intercalation into the gap between silicon and graphene [7]. The resulting materials carry 

2D ferromagnetism with magnetic moments of about several Bohr magnetons per nm
2
. The transport 

properties of the heterostructures are determined by the graphene states. In contrast to pristine graphene, the 

materials demonstrate the anomalous Hall effect and negative magnetoresistance [6, 7]. Remarkably, the 

imprinted magnetism does not corrupt the advantageous properties of graphene: the systems exhibit high 

carrier mobility; Shubnikov-de Haas oscillations point at low mass carriers. 

This work is supported by the Russian Science Foundation [RSF 22-13-00004 (synthesis), 19-19-00009 

(magnetism studies), and 20-79-10028 (electron transport studies)]. 
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The operating temperature of single-electron devices is determined by the size of the conducting islands 

included in their structure. Single-electron devices can operate at room temperatures if the size of conducting 

islands is comparable with the size of individual atoms. Impurity atoms inside a semiconductor or dielectric, 

or certain atoms inside large molecules or molecular clusters, can be used as such conducting islands. We 

used surface impurity atoms in the silicon on insulator (SOI) and metal-organic frameworks molecules to 

create single-atom single-electron devices. 

To create shallow impurity based single-atom single-electron transistors, we used low-energy implantation of 

phosphorus and arsenic impurities [1, 2] into the surface layer of SOI. Using electron-beam lithography, a 

silicon nanobridge with a 15 nm constriction was created from SOI-doped structure. Using multi-step 

anisotropic etching combined with IV and CV curves measurements, we made structures in which only 

several atoms remained in the narrowest part of the nanobridge. Measurement of the transport characteristics 

showed the presence of Coulomb blockade and Coulomb oscillations, as well as specific current steps and 

tapering herringbone-like structure of current stability diagrams, indicating an atom-like electron discrete 

energy spectrum of impurities. 

We also used ion beam lithography for SOI surface implantation of gold dopants and specially designed ion 

accelerator for potassium implanting into SOI surface. Single-electron transistors on the basis of such deep 

impurities exhibit IV-curves with Coulomb blockade from several hundreds meV to 2 eV and Coulomb 

oscillations at liquid nitrogen and room temperatures. 

For all types of impurity atoms used in our work the effect of negative differential of single-electron 

transistors was observed. This effect is common for such single-atom single-electron devices. To explain this 

effect, we have developed two theoretical models that explain the occurrence of negative differential 

conductance.  

We also used one-dimensional metal-organic frameworks [3] to create single-electron single-atom devices 

working at room temperatures. In this device we demonstrated the presence of a Coulomb blockade. A 

quantum-chemistry calculation of the charge energy spectra was carried out for such centers and a model 

was constructed that predicts the number of 1D metal-organic chains involved in single-electron tunneling 

transport. 

Precise surface positioning of single atoms, which are used as single-electron charge centers, is difficult with 

the currently available nanoscale manipulation technologies. We proposed and implemented a single-atom 

single-electron device which is a reservoir single-electron network. This device works as an artificial neural 

network, which is capable to implement rather complex analog transformations of input electric signals by 

the means of deep learning.  
 
1. V.V. Shorokhov, D.E. Presnov, S.V. Amitonov, Yu.A. Pashkin, and V.A. Krupenin. "Single-electron 

tunneling through an individual arsenic dopant in silicon". Nanoscale, 9, pp. 613-620, 2017. 
2. S.A. Dagesyan, V.V. Shorokhov, D.E. Presnov, E.S. Soldatov, A.S. Trifonov, V.A. Krupenin, «Sequential 

reduction of the silicon single-electron transistor structure to atomic scale». Nanotechnology, 28, p. 225304, 

2017. 
3. S.A. Pankratov, A.A. Parshintsev, D.E. Presnov, V.V. Shorokhov. Calculating the Number of Conduction 

Channels in a Single-Electron Reservoir Network Based on a Metal-Organic Framework Polymer. Bull. 
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Microelectromechanical systems (MEMS) are devices that combine microelectrical and micromechanical 

components into a small or tiny miniaturized structure in micron scale. MEMS is a technology with high 

reliability and performance for manufacturing of much sensors. MEMS technologies are widely used in 

automotive industry for measuring pressure, temperature and in air bags systems [1]. Otherwise, these 

fabrication technologies have played essential roles: automotive devices, communication, transportation, 

healthcare, defense systems, vibration monitoring in automobile and a wide range of consumer products.  

MEMS accelerometers are developed in automotive-airbag system industry and they are used in biomedical 

applications. Capacitive accelerometer consists of a proof mass, anchor and torsions. The movable electrode 

is attached to the proof mass and moves with its motion. The dimension of sensitive element (SE) is one of 

the most important features that is in the field of MEMS products. In this sensor, the structure of comb type 

capacitive accelerometer is carried out to prevent excessive enlargement of the SE. Obviously, the higher the 

occupied position, the better its performance through increasing the number of capacitors (comb-drives). The 

design purpose is obtained the optimized sensitivity level for this dimension. The use of silicon material for 

capacitive accelerometer with comb-drives also includes an important role of the structure. The structure of 

the comb type capacitive accelerometer is shown as in Fig. 1 and table. 1. 

 
Figure 1- Geometrical model of capacitive accelerometer 

When the acceleration is applied to the SE, a force equal to the mass multiplied by the acceleration is applied 

to the proof mass and causes it to be displaced. This displacement changes the capacitor’s gap size. Change 

in capacitance can be attributed to the applied acceleration. Capacitive accelerometers measure the changes 

in capacitance between the gap of electrodes when a mass is displaced from its original position by the 

application of an external force or acceleration. 

Table 1 – Structural parameters of comb type capacitive accelerometer 

No. 
Number of 

comb-drives 

Comb-drive Proof mass 

Length, µm Width, µm Thickness, µm Length, µm Width, µm Thickness, µm 

Model 1 50 100 10 40 705 600 40 

Model 2 60 100 10 40 845 600 40 

Model 3 70 100 10 40 985 600 40 

 

The advantages of using silicon in sensitive element are high sensitivity and stability, as well as the 

sophistication of technological processes for manufacturing MEMS products. Based on the finite element 

method (FEM) and using the simulation software of SOLIDWORK, ANSYS and Ansys Maxwell for the 

optimized design and calculation the parameters of capacitive accelerometer made it possible to obtain up-to-

date data that can be employed in new developments. 

1. W. Babatain et al. “Acceleration Sensors: Sensing Mechanisms, Emerging Fabrication Strategies, 

Materials, and Applications”. Appl. Electron. Mater., 3, pp. 504-531, 2021. 
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MEMS switch is an electromechanical relay of micron size fabricated by microelectronic techniques. It can 

provide low insertion loss and high isolation in combination with small dimensions and virtually zero power 

consumption. These features make MEMS switches attractive for advanced communication systems, radar 

equipment and other areas of radio electronics. Primary characteristic of a capacitive MEMS switch is the 

ratio of capacitances in the open and closed states Con/Coff [1]. For conventional devices, this ratio varies 

from several units to several tens in the best case. Implementation of novel design solutions significantly 

improves Con/Coff. This work is devoted to the MEMS switch equipped by an electrode with a floating 

potential. A 100 µm long beam makes resistive contact with the electrode and shunts the transmission line. 

The concept of the «floating» electrode is described previously [2].  

 

  
Figure 1. Schematic illustration of the switch Figure 2. Dependence of the switch characteristics on  

 the substrate resistivity 

 

Table 1. Simulated capacitive characteristics for various substrates 

Material ε ρ, Ohm∙cm Сon, pF Coff, pF Сon/ Coff 

Low-resistivity Si 11.7 12 120.9 74.2 1.6 

High-resistivity Si 11.7 5∙10
3
 89.4 43.2 2.1 

Sapphire 9.3 10
16

 48.4 1.8 27.7 

Borofloat 33 4.6 10
8
 47.7 1.0 46.1 

 

The proposed switch is shown in Fig. 1. According to analytical calculations, it may have the capacitance 

ratio as high as 10
5
, which is significantly larger than Con/Coff for conventional devices. Finite element 

simulation takes into account real configuration of the chip. Capacitive properties as a function of the 

resistivity ρ of the silicon wafer are shown in Fig. 2. Increasing ρ reduces both Con and Coff due to a decrease 

in the parasitic component. In turn, the drop of Coff enhances the capacitance ratio. The maximum value is 

7.4 at ρ = 50 kOhm·cm, which is significantly lower than the analytical prediction due to relatively large 

Coff = 7.4 pF. Dielectric substrates ensure several times higher Con/Coff compared to silicon, as shown in 

Table 1. The highest value of 46.1 is demonstrated by borosilicate glass Borofloat 33. Sapphire provides 

lower Con/Coff due to higher dielectric permittivity. 

This work is supported by Program № FFNN-2022-0017 of the Ministry of Science and Higher Education of 

Russia for Valiev Institute of Physics and Technology of RAS. 
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MEMS sensors of various types were developed in recent decades. They have low power consumption and 

are typically powered by a battery. However, recharging or changing the battery is sometimes impossible, 

e.g. in strain gauges for buildings. Instead of the battery, sensors may use energy of environmental sources 

like wind or sunlight. A widely available source is mechanical vibrations. Oscillations of building structures, 

household appliances or human body can be converted into electricity by a harvester. Among several 

harvesting principles, piezoelectric transduction has the simplest design compatible with microtechology and 

demonstrates the highest efficiency [1]. Piezoelectric harvester is a cantilever beam with a piezoelectric layer 

and proof mass (PM) on a free tip. Previously we demonstrated advantages of the tapered cantilever [2]. 

However, tapering the shape leaves unused space around the beam, which can be used for adding extra mass 

and improving the performance. Here we investigate the harvester of about 1 mm in size with the tapered 

cantilever and additional PM. Its performance is estimated by the finite element method. The device is 

compared with the original harvester and the conclusions are made. 

 

  
Figure 1. Design of the harvesters, top view Figure 2. Characteristics of the harvesters 

 

The harvesters are shown in figure 1. They have a tapered SiO2 cantilever with a 500 nm thick piezoelectric 

AlN layer deposited between two 100 nm thick Cr electrodes. PM is made of Si and has a thickness of 

500 µm. Design II has additional blocks of Si on the cantilever sides, which increase PM by 1.5 times. The 

performance is investigated at a resonant frequency and acceleration amplitude of 0.2 m/s
2
. Simulated 

characteristics are demonstrated in figure 2. Resonant frequencies are of 44.36 and 42.55 Hz for designs I 

and II, respectively. A quality factor for both designs is about 510. Therefore, the additional PM has 

negligible effect on the resonance properties. However, the growth of mass increases the average stress in 

AlN during the cantilever bending, which results in a larger output current and 40% higher generated power. 

Output voltage drops by 0.1 V, but it still overcomes the limit of rectifying diodes for energy storage. Thus, 

adding of mass does not increase the footprint, but significantly improves the performance of the harvester. 

This work is supported by Program № FFNN-2022-0017 of the Ministry of Science and Higher Education of 

Russia for Valiev Institute of Physics and Technology of RAS. 
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Microelectromechanical systems (MEMS) switches are promising electronic components for advanced RF 

and microwave systems [1]. Small size, low insertion loss, high isolation, and low power consumption make 

them attractive for 5G networks, adaptive antennas, aviation and space industry. Conventional MEMS switch 

contains a cantilever located above driving and signal electrodes. Small size of the cantilever ensures 

mechanical stress robustness and short switching time. However, such device provides low contact force, 

which increases contact resistance and makes it unstable. This work is devoted to the MEMS switch based 

on a compact cantilever, vertical dimensions of which are adjusted to increase the contact and restoring 

forces. 

The movable electrode is an aluminum beam with a length of 50 µm. Its lateral design was optimized 

previously [2]. Here, the contact force FC is increased by optimizing vertical size. An optimal height of the 

contact bump is found to be 0.2 µm. The switch should produce FC higher than 100 µN, while the ratio FC/FR 

must be lower than 3 in order to overcome stiction. These conditions are fulfilled at t = 3.6 μm and g0 = 

0.6 μm, see the square marker on Figure 1. However, the fabrication of a switch with such size requires the 

development of technical processes. For a trial run the values t = 3 µm and g0 = 1 µm are chosen, as shown 

by triangular marker. In this case both contact and restoring forces are equal to 50 µN. 

 

  
Figure 1. The contact and restoring force as a function of 

the cantilever thickness at various gap 
Figure 2. SEM image of the switch 

 

The fabricated switch is shown in Figure 2. It has a driving voltage of 29 V, which is more than twice lower 

than the calculated Vpull-in = 64 V. The probable reason for the discrepancy is a decrease of g0 due to internal 

mechanical stress in the cantilever. Vacuum thermal annealing partly solves the problem. However, after 40 

thousand switching cycles, Vpull-in of single- and double-cantilever switches falls to 19 and 25 V, respectively. 

This drop is explained by plastic deformation of aluminum. Modifying the anchor design may reduce 

mechanical stress during operation and prevent degradation of the switch, 

This work is supported by Program № FFNN-2022-0017 of the Ministry of Science and Higher Education of 

Russia for Valiev Institute of Physics and Technology of RAS. 
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Fig.2. FEM modeling the self-

assembly of a toroidal microinductor. 

Fig.1. Self-assembly of a microcube 

using a stress gradient induced by ion-

plasma treatment. 
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For many applications, the key parameter of a microinductor is the quality factor. Planar inductive elements 

can be integrated on silicon crystals in microelectronic technology. However, they have a quality factor of 

less than 15 at frequency above 1 GHz [1]. At the same time, a quality factor of more than 30 is required in 

communication systems. The main mechanism of energy loss is the loss due to eddy currents that occur in 

the surrounding conductive media, especially the substrate. Therefore, a number approaches was proposed in 

the literature to distance coils from the substrate [1]. Another way is to use 3D designs in which the coils are 

positioned in such a way that the magnetic field lines minimally pass through the substrate. Usually these are 

coils in the form of a solenoid or closed in the form of a toroid. In most cases, they are made by forming two 

patterns of thin Cu films separated by a dielectric layer. The flat parts are interconnected by Cu vias 

deposited into channels in the dielectric by electrochemical 

deposition. Inductive elements manufactured by this method 

allow achieving a quality factor in the range of 30-50 [1]. It is 

primarily the parasitic capacitance that occurs between the flat 

parts of the inductor that prevents to achieve higher values. 

Moreover, this method is rather laborious. It includes many 

stages, including chemical-mechanical polishing. One of the 

most promising methods for the manufacture of three-

dimensional microdevices is the use of residual stress in metal 

films [2]. There are much fewer works in which internal 

mechanical stress are used for the manufacture of three-

dimensional microinductors. However, inductors whose quality 

factor reaches values of more than 70 are presented in such 

works [3].  

In this work, we have studied the possibility of using stress to 

manufacture a 3D toroidal microinductor. Preliminary 

fabrication of test Cr microcubes demonstrated the possibility 

of such self-assembly (Fig.1). A stress gradient was induced by 

ion-plasma treatment in areas not covered by a silicon mask. 

FEM simulation of the self-assembly of a toroidal 

microinductor was carried out. A stress gradient was previously 

created in certain areas of a flat pattern and calculations of its 

final shape were made (Fig. 2). This design is efficient in terms 

of the number of turns per unit area. The toroidal shape allows 

us to close the lines of the magnetic field inside the coil, due to 

which energy losses in the external environment are minimal. 

The investigation was supported by Program FFNN-2022-0017 

of the Ministry of Science and Higher Education of Russia for 

Valiev Institute of Physics and Technology of RAS. 
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Due to the widespread use of multilayer interconnections based on copper and other conductors in modern 

micro- and nanoelectronics, it is of great practical interest to study the failure processes of metallization 

elements, which are mainly caused by intense mass transfer caused by electromigration of ions and vacancies 

in the interlayer interfaces. 

Detailed experimental studies of ionic mass transfer in copper metallization with different dielectric coatings 

(see [1]), have shown that there is a linear dependence between the activation energy of electromigration 

EMH  determined by the temperature dependence of the microcavity growth rate and the reversible work of 

separation aW  at the boundary of copper and the protective dielectric layer (i.e., work of adhesion). 

Qualitative considerations have been made in [1] regarding the emergence of such interdependence. 

In development of these considerations we [2] have proposed a theoretical model of the mass transfer 

process caused by electromigration of conductor ions and vacancies in the interface between the conductor 

and the dielectric covering it, which substantiates the correlation between the electromigration mobility of 

ions in the interface and its adhesion strength. This model is quite general and applicable not only to 

electromigration in the copper-dielectric interface but also to electromigration in any interface where 

vacancy diffusion of ions from one of the adjacent materials is possible. 

It should be emphasized that the results obtained in [2] along with the previously developed theory [3], 

describing the dependence of the separation work aW  on the concentration of  nonequilibrium lattice defects 

in the volumes of the bonded layers, allow us to apply the relation between aW  and EMH , which were 

obtained in [2], to study the effect of adjacent material defects on the processes associated with 

electromigration in the boundary between these materials. 

This paper outlines the main results for further qualitative and quantitative development of the theoretical 

works [2, 3]. These studies have made it possible to analyze in detail the nature of the relationship between 

the activation energy of electromigration at the interface between a conductor and a dielectric (or a 

conductive material with a sufficiently small electromigration) and the work of reversible separation of these 

materials. Analytical estimates of the parameters included in the derived relationship between the quantities 

EMH  and aW  are made and compared with experimental data. In addition, the analysis of a number of 

electromigration effects due to the influence of nonequilibrium atomic interstitial impurities in the volumes 

of bonded materials is generalized to the case of the presence of substitutional impurities. 

Possible practical applications of simulation results that can be used to optimize the technology of modern 

integrated circuit elements in terms of developing methods to suppress degradation processes and improve 

their reliability are discussed. 

This work was carried out within the framework of the State Assignment of Valiev Institute of Physics and 

Technology of the Russian Academy of Sciences, National Research Center "Kurchatov Institute", subject 

No. FFNN–2022–0019. 

 

1. M.W. Lane, F.J. Liniger and J.R. Lloyd. “Relationship between interfacial adhesion and electromigration 

in Cu metallization”. J. Appl. Phys., 93, pp.1417-1421, 2003. 

2. T.M. Makhviladze and M.E. Sarychev. “Effect of point defects on the electromigration rate at the interface 

of joined materials”. Russian Microelectronics, 49, pp. 423–430, 2020. 

3. R.V. Goldstein, T.M. Makhviladze and M.E. Sarychev. “Influence of impurities on the work of separation 

along the interface of joined materials”. J. Surf. Investigation, 3, pp. 956–961, 2009. 
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Ruthenium is a leading candidate for next-generation integrated circuit (IC) interconnection [1] as an ultra-

thin layer of ruthenium has an electrical conductivity higher than other competing metals [2], does not 

require special barrier layers, and can be deposited in narrow trenches by atomic deposition (ALD) [3]. As it 

is possible to etch ruthenium in plasma, subtractive and semi-damascene processes can be used for IC 

interconnects formation instead of the dual-damascene process [4]. Both of these processes require 

ruthenium deposition, dry etching of ruthenium, and low-k deposition on the structured surface.  

Ruthenium thin films were deposited by plasma-enhanced atomic layer deposition (PEALD) using 

Ru(EtCp)2 and oxygen plasma on the modified silicon surface and SiO2/Si substrates. The substrate 

temperature has a significant impact on film growth. The GXRD and SIMS analysis have shown that at the 

substrate temperature T = 375 °C there is a sharp change in the mechanisms of surface reactions, which leads 

to a change in the film composition from RuO2 at low temperatures to a pure Ru film at higher temperatures. 

This was confirmed by measurements of the electrical resistivity of Ru-based films. The lowest surface 

roughness ~1.5 nm was obtained at a film thickness of 29 nm deposited at 375°C on a SiO2/Si-substrate. The 

measured resistivity of the Ru film was 18–19 μΩ cm. The conformity of PEALD Ru films was studied as 

well. 

Also, issues regarding the plasma-chemical etching of ruthenium and the spin-on of a low-k dielectric onto 

arrays of lines were analyzed. It was found that the introduction of SF6, Ar, and C4F8 into oxygen plasma 

does not significantly affect the process of ruthenium etching. To a large extent, the etch profile and rate are 

determined by the bias voltage. The bias voltage in the study was varied in the range of 50–300 V. The 

optimal value, from the point of view of the verticality of the walls, was the value of the bias voltage of 

300 V. Series of ruthenium lines with a width of up to 15 nm and a distance between them of 50 nm was 

obtained.  

A study of the possibilities of centrifugation showed that the filling of the space between the lines with 

hydrogen silsesquioxane occurs without voids. The thickness of the low-k dielectric in the areas without 

lines turned out to be approximately 10% thinner. Structures were formed with sets of lines 50 nm wide and 

about 40 nm apart, coated with a low-k dielectric without voids.  

The investigation was supported by Program no. FFNN-2022-0021 of Ministry of Science and Higher 

Education of Russia for Valiev Institute of Physics and Technology of RAS. 
 

1. Dutta S., Kundu S., Gupta A., Jamieson G., Granados J.F.G., Bömmels J., Wilson C.J., Tőkei Z., 

Adelmann C. “Highly Scaled Ruthenium Interconnects” IEEE Electron Device Letters 2017, 38, 949–951. 

2. Liang Gong Wen; Adelmann, C.; Pedreira, O.V.; Dutta, S.; Popovici, M.; Briggs, B.; Heylen, N.; 

Vanstreels, K.; Wilson, C.J.; Elshocht, S.V.; et al. “Ruthenium Metallization for Advanced Interconnects” 

Proc. IITC/AMC 2016; pp. 34–36. 

3. Li, Z.; Tian, Y.; Teng, C.; Cao, H. “Recent Advances in Barrier Layer of Cu Interconnects”. Materials 

(Basel) 2020, 13. 

4. G. Murdoch, M. O’Toole, G. Marti, A. Pokhrel, D. Tsvetanova et al. “First demonstration of Two Metal 

Level Semi-damascene Interconnects with Fully Self-aligned Vias at 18MP” Proc. VLSI Technology and 

Circuits, 2022, pp. 1-2. 
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Ethylene-bridged periodic mesoporous organosilica (Et-PMO) is a prominent material used as a low-k 

dielectric in BEOL (Back-End-of-Line) applications. This is because it exhibits enhanced mechanical 

properties resulting from the incorporation of an organic network into the inorganic silicon-oxide network 

[1]. Typical way to prepare such films is a co-condensation of two silicon alkoxide precursors – one of which 

contains terminal methyl (Me) group to provide hydrophobicity and another one is a source of Et bridge. As 

a result, PMO film with high Et content demonstrates low WCA due to low Me content [2]. In this work, we 

have studied a new precursor for Et-PMO formation, which contains both Et-bridge and Me-terminal groups 

– 1-(triethoxysilyl)-2-(diethoxymethylsilyl)ethane (TESDEMSE). Et-PMO films were obtained from 

different molar ratios of TESDEMSE to methyltrimethoxysilane (MTMS): 25:75, 45:55, 60:40 and 100:0. 

Film-forming solutions were prepared using the sol-gel method and deposited onto silicon wafers using the 

spin-on technique. For forming a porous structure, we used Brij
®
 L4 as the nonionic surfactant. Then the 

samples were soft baked on a hot plate at a temperature of 200 °C for 30 min. Each sample was divided into 

two parts and annealed in a tubular furnace at a temperature of 430 °C for 30 min. The first part was 

annealed in air, while the second part was annealed in nitrogen. The samples of the series received the 

designation “DSE”. The digits in the sample name indicate the molar ratio of the films. At the end of the 

name, the letters “A” and “N” define the annealing atmosphere, namely in air and nitrogen. 

Fig. 1. FTIR spectra of porous Et-PMO films, 

normalized to the amplitude of the wide Si–O–

Si band, were obtained after heat treatment in 

air (-A) and in nitrogen (-N). The insets show 

the IR spectrum normalized for thickness and 

open porosity for the Si–CH3 band at 1300–

1240 cm
-1

 and the Si–OH band at ~950 cm
-1

. 

The right inset of Fig. 1 demonstrates that 

the Si–CH3 band exhibits an increased 

width in 100DSE samples. The expansion 

of this band is a result of the thermal 

decomposition of a specific number of 

ethylene bridges Si–CH2–CH2–Si. This 

decomposition leads to the formation of an 

additional terminal methyl group 

connected to Si, which already had one 

terminal methyl group. As a result, 

dimethyl Si(–CH3)2 emerges, with its absorption band slightly shifted towards the low wave number region. 

The spectra of the samples studied reveal an almost complete absence of the C–C bond peak at ~720 cm
-1

, 

which could suggest thermal destruction as a contributing factor. Annealing in air differs slightly from 

annealing in a nitrogen atmosphere. One notable difference is the slight shift of a wide band of Si–O–Si 

towards the high wave number region. This shift is caused by increased crosslinking due to the formation of 

silanols resulting from the thermal destruction of some methyl groups. Despite the destruction of some 

methyl groups, the level of silanols and adsorbed water is relatively low, indicating a high degree of 

hydrophobicity in films based on the TESDEMSE precursor. 

This work was supported by the Russian Science Foundation (grant No. 23-79-30016, 

https://rscf.ru/en/project/23-79-30016/). 

1. P. Van Der Voort et al. "Periodic Mesoporous Organosilicas: from simple to complex bridges; a 

comprehensive overview of functions, morphologies and applications". Chem. Soc. Rev., 42, p. 3913, 2013. 

2. C. Liu et al. "Effect of terminal methyl groups concentration on properties of organosilicate glass low 

dielectric constant films". Jpn. J. Appl. Phys., 57, p. 07MC01, 2018. 
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Adsorption ellipsometric porosimetry (EP) is the primary technique used in semiconductor manufacturing 

technology to control low-k films in back-end-of-line (BEOL) applications [1]. The near-atmospheric 

pressure solvent-based EP is of special interest. This is due to its main advantages: relative simplicity 

combined with high utilization efficiency, which enables the analysis of multiple properties using the same 

set of ellipsometric measurements. Many research groups and universities employ homemade systems based 

on ellipsometers from Sentech, Woollam, Semilab (Sopra), Horiba, etc. Using these techniques, researchers 

can evaluate not only the open porosity and pore size, but also the surface area and mechanical properties of 

the porous film structure. All of the aforementioned parameters are crucial for developing materials used in 

advanced micro- and nanoelectronic systems. With all of its advantages, the EP has some limitations that are 

important for its proper operation. These limitations are illustrated using typical examples from the study of 

thin films: micro-/mesoporous organosilicate glass (OSG, low-k) and meso-/macroporous lead zirconate-

titanate (PZT, high-k) – see Fig. 1. 

           

Fig. 1. Isotherms (a) and pore radius distributions (b) of thin films: micro-/mesoporous organosilicate glass (OSG)  

and meso-/macroporous lead zirconate-titanate (PZT). 

We investigate and propose improved applied approaches to characterize the structure of porous thin films 

using a homemade atmospheric pressure solvent-based EP system [1]. The ellipsometer add-on unit and 

specialized automated measurement programs have been developed to enable more accurate and 

comprehensive analysis of the structure of porous films. As a result, it is possible to control the porous 

structure of the films under study, which includes open porosity (Vopen), pore size distribution (average pore 

radius (R), half-width of micro- or mesopore size distribution, fraction of micropores), refractive index of the 

skeleton (matrix), and Young’s modulus value. It was found that the residual moisture content in the carrier 

gas, as well as the thermal stabilization of the room, the bubbler, and the substrate holder, are particularly 

important. This directly affects the accuracy of the Young’s modulus estimate. Equally important is the 

representation of the experimental data obtained for correct processing and the acquisition of reliable and 

accurate research results. The main limitations of the method include poor percolation, film opacity, 

excessive thickness of approximately 1 μm, and pore radius exceeding ~50 nm. Along with this, other factors 

also influence the results, such as the suitability of the optical model for the film under investigation, the 

parameters used in the optical model, and the specific details of processing the experimental data. Another 

significant limitation is that reliable values of the Young’s modulus can only be obtained for porous films 

that do not possess high elastic strength properties (Young’s modulus of >6 GPa measured using a 

nanoindenter with a Berkovich tip). 

This study provides valuable applied information about using a relatively simple method to gain insights into 

the complex pore structure of materials used in advanced micro- and nanoelectronic systems.  

This work was supported by the Russian Science Foundation (grant No. 23-79-30016, 

https://rscf.ru/en/project/23-79-30016/). 

1. M.R. Baklanov, K.P. Mogilnikov and A.S. Vishnevskiy. "Challenges in porosity characterization of thin 

films: Cross-evaluation of different techniques". J. Vac. Sci. Technol. A, 41, p. 050802, 2023. 
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In the production of semiconductor devices for reliable operation of devices in critical operating conditions, 

the requirements for the formation of metal contacts to the active areas of the device are being tightened. In 

microelectronics technology, multilayer thin-film systems with layers of micron and submicron thicknesses 

obtained by vacuum, magnetron or electrolytic deposition are widely used. Without knowledge of the 

functional properties of coatings and their dependence on various factors, on the conditions of their 

deposition, it is difficult to predict the reliability of contact. 

The stability of the properties of the contact layers has not been fully studied. Stability studies of the Cr-Ni-

Cu-Au system with thicknesses, respectively, 0.04-7.0-1.0-3.0 (microns) have shown that nickel is not an 

effective barrier for the diffusion of copper into the gold layer and at elevated temperatures (more than 

600 K) the system remains stable only for a few minutes [1]. The most practically essential aspect of the 

interaction of the metal film with the substrate material is adhesion, which determines the possibility of using 

certain materials, and in the absence of reliable adhesion, the film can peel off during the further passage of 

structures through the technological cycle or during operation. 

On the basis of the research laboratory of semiconductor thermoelectric devices and devices at Dagestan 

State Technical University, experimental work was carried out on planting high-power semiconductor 

transistors with various processing technology and spraying the reverse side of the silicon structures of the 

device. The analysis of statistical data showed the dependence of the defect of transistor structures in 

electrical parameters on the technology of forming a contact to the collector region of transistor structures, 

and, if metallization is formulated even from impurities of several metals, including noble ones, corrosion of 

the solder joint can develop faster and destroy the contact even without exposure to aggressive media [2]. 

The objective of the study is to develop an effective technology for forming a metal coating on the reverse 

side of the crystal structure of a silicon semiconductor device and planting the crystal on the base of the 

housing, ensuring reliable operation of the device. Studies have been carried out and the technology of four-

layer metallization of the reverse side of silicon wafers in a single technological cycle has been developed on 

their basis, which provides a reduction in thermal transient resistance and high reliability of the 

semiconductor device. To obtain a durable, reliable installation of a semiconductor crystal, it is necessary to 

create adhesive, barrier, protective, and well-interacting layers on a plate with crystals of devices. The 

experimental work carried out to determine the technological modes of metal deposition on the reverse side 

of the plates led to certain numerical values of the thicknesses of each layer, optimal from the point of view 

of the quality of crystal mounting. 

One of the first layers of metallization of the reverse side of the plates is chromium, which is necessary to 

obtain a strong mechanical adhesion with silicon. The thickness of the chromium film can be 65050 Å. The 

film build-up of more than 700 Å degrades the electrical and heat-conducting characteristics of the device. 

The second layer of layered metallization is a layer of nickel. The thickness of the nickel film is 

5500500 Å. The third layer is tin, the thickness of which is in the range of 70050 Å. Tin spraying is 

necessary to prevent oxidation of the nickel film when oxygen penetrates through the silver film. The fourth 

layer is silver with a thickness of 4500500Å, which provides high-quality solderability with solder during 

installation. 

The resulting combination of sprayed layers with certain thicknesses provides a strong and reliable contact to 

the collector area of the device when it is planted on the base of the housing, reduces the thermal resistance 

of the housing-device transition, and also increases by 10% percent the yield of usable devices in mass 

production, which increases the economic performance of production. 
 

1. Klimachev I.I., Litvinova T.V., Sidorenko S.I. "Study of the stability of the Cr-Cu-Ni-Au system with layers obtained 

by electrolytic deposition". Mikroelectronika, 23, pp. 91-95, 1994 (in Russian). 

2. Ismailov T.A., Shakhmayeva A.R., Shangereeva B.A. "Technology of nanoscale layers of metals for the formation of 

reliable contact to the drain region of silicon transistors" Russ. Microelectronics, 49, pp. 385-388, 2020. 
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Ferroelectric HfO2 thin films have emerged as viable candidates for nonvolatile ferroelectric memories, 

because of their full compatibility with the modern silicon microelectronics technology. Development of 

high-performance ferroelectric non-volatile memory devices is the mainstream in the field of ferroelectric 

HfO2; however, exploiting the related piezoelectric properties in the piezoelectric devices is another obvious 

direction. Since high-quality conformal ultra-thin (4-30 nm) HfO2 films could be grown by atomic layer 

deposition technique even on three-dimensional structures, it becomes possible to develop flexible 

piezoelectric devices with new promising designs exploiting either direct or converse piezoelectric effect, 

e.g. mechanical energy harvesters, self-contained power supplies as well as transducers, oscillators etc. In 

general, those expectations have not been met yet. The challenge arose from small piezoelectric coefficients 

of hafnium oxide, which are several hundreds or thousands of times less than coefficients of classical 

materials used in modern piezoelectric devices. Improvement of the piezoelectric coefficient of HfO2 thin 

films to a theoretical value and elucidating its potential in devices of complicated geometry would open up 

new horizons in innovative piezoelectric devices. 

In this work, we demonstrate a large 

electromechanical effect in miniature piezoelectric 

thin-film membrane devices based on 10-nm thick 

ferroelectric Hf0.5Zr0.5O2 (HZO) film and fabricated 

within a single capacitor (Fig. 1). Compared to the 

pure piezoelectric effect in the HZO film, the gain of 

the electromechanical response in membrane devices 

reaches 25 times, depending on membrane size. 

Several possible causes of this effect are analyzed. 

First, it can be an artifact of the measurement 

technique (piezoresponse force microscopy), caused 

by a definite ratio of AFM cantilever and membrane 

stiffness. This case was excluded by means of 

quantitative simulations and experimental analysis by 

atomic force acoustic microscopy. Second, the piezoelectric coefficient (in its direct, atomistic meaning) can 

vary due to different mechanical stresses in the HZO on the membrane and on the rigid substrate. By means 

of first-principle calculations, we found that this effect would be several times smaller. Third, the observed 

effect may be the nanoscopic electromechanical behavior of the prestressed piezoelectric nano-membrane, 

i.e. we observe the operation of a miniature piezo device. This is confirmed by quantitative simulations, 

which are in agreement with experimental gain of the electromechanical response. Simulations predict that 

the electromechanical effect can be further improved by engineering of the device geometry. The proposed 

approach enables the development of new promising miniature piezoelectric devices including 

nanoactuators, nano-switches, nano-reflectors and tunable terahertz detectors. 

This work was performed using equipment of MIPT Shared Facilities Center with the financial support from 

the Russian Science Foundation (Project No. 20-19-00370, https://rscf.ru/en/project/20-19-00370/). 

 

 

 
Fig. 1. Thin-film piezoelectric membranes  

Si/W (40 nm)/Hf0.5Zr0.5O2 (10 nm)/TiN 

(20 nm). 
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Modern micro(opto)eletromechanical systems are a set of functional components (e.g., converters of acoustic 

and optical energy, pressure sensors, various types of interfaces, etc.), which are made by surface and bulk 

micromachining. Our complex research is devoted to study plasmadeposition techniques and processing 

conditions suitable to form nanostructured films of zinc oxide, as well as polysilicon on insulator structure 

for creation of piezoelectric converters, microprobes and optical elements. 

Increased interest in energy converters is due to the real possibility of creating highly effective, cheap and at 

the same time stable microphones, hydrophones, ultrasonic and other converters. Films of metals are widely 

used as an active layer of such elements, including zinc oxide. At the same time, a significant role is played 

by the search for ways to increase piezoelectric coefficients in this material. As the first result, by DC 

magnetron sputtering of Zn target in the Ar/O2 environment obtained films of zinc oxide whose piezoelectric 

coefficient d33 is 29 pm/V (in comparison with literary data - from 5.9 to 12.4 pm/V [1]). 

Many other elements and components (e.g. Summit V microprobes, microlenses) could be fabricated on the 
basis of silicon on insulator structure [2]. It is known, that a single-crystal silicon layer can be replaced by a 
polycrystalline one. At the same time, the ability to manage the properties of layers in such structure allows 
to expand the functionality of the final device. In most cases, such structures are made of substrate material 
by bulk processing techniques. The transition to surface processing potentially ensures a decrease in the size 
of one of the axes to several micrometers, control the refractiveness of the films, but residual stresses can be 
a significant problem. In our experiments layers were deposited using plasma-enhanced chemical vapor 
deposition (PECVD) [3]. As a result, structures of polysilicon film on plasma oxide insulator were fabricated 

with controlled roughness (less 10 nm) and internal stresses (+50 MPa  -760 MPa). The refractive index of 
silicon oxide and polycrystalline silicon was 1.3-1.9 and 3.0-4.0, respectively. Based on the results, the 
modeling of optical elements – metalenses [4] with improved parameters and characteristics was performed. 
 

1. J. Li, C. Wang, W. Ren and J. Ma. "ZnO thin film piezoelectric micromachined microphone with 

symmetric composite vibrating diaphragm". Smart Mater. Struct., 26, 055033, 2017. 
2.  J. Yang, S. Gurung, S. Bej, P. Ni and W.H.H Lee. "Active optical metasurfaces: comprehensive review 

on physics, mechanisms, and prospective applications". Rep. Prog. Phys., 85, 036101 (2022) 

3. E.Yu. Gusev, J.Y. Jityaeva and O.A. Ageev. "Effect of PECVD conditions on mechanical stress of silicon 

films". Materials Physics and Mechanics, 37, pp. 67-72, 2018. 

4. X. Zeng, Y. Zhang, R. Zhang, X. Ren, Z. Zhan, M. Gu, R. Sun, C. Liu and С. Cheng. "Generation of 

vector beams of Bell-like states by manipulating vector vortex modes with plasmonic metasurfaces". Optics 

Letters, 46, 036101, 2021. 
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Nanowire or nanoribbon field-effect transistor (FET) biosensors are versatile platforms for the point-of-care 

and lab-on-the-chip systems with such main requirements as high sensitivity, fast (real-time) and reliability 

analysis, portability, simplicity of use [1]. Silicon-on-insulator (SOI) FET sensors offer repeatability, easy 

electronic integration, and high-volume production through a typical top-down manufacturing process and 

compatibility with silicon CMOS technology. This also makes them suitable for systems with large arrays of 

multiple functionalized sensors. In addition, device modeling tools used for electronic circuit design 

(particularly TCAD software) can be easily adapted to design such biosensors.  

For SOI-FET sensors, the femto- and subfemtomolar limit of detection has been achieved for a wide range of 

target particles such as proteins, DNA, viruses, etc. However, at a low analyte concentration in samples, the 

target particle diffusion transport to sensor elements is one of the main limitations in their detection. 

Obviously, to overcome this limitation, one should take into account the features of the target particles 

themselves. 

Most bioparticles are easily polarizable. This means that the distribution of electric fields E in the sensor-

electrolyte systems with target particles should be consider and such physical phenomenon as 

dielectrophoresis (DEP is an electrokinetic motion of polarized particles in the non-uniform electric field) 

can be used for targeted delivery of bioparticles to the FET-sensor surface.  

DEP-manipulation of bioparticles is a well-known technique that is successfully used in microfluidic devices 

with embedded DEP-electrodes, and a large number of experimental and theoretical investigations are 

devoted to studying the E distribution in systems with different designs of DEP-electrodes [2]. The size, 

shape, and position of the electrodes were shown to be very important for the DEP efficiency. However, only 

a few reports are devoted to the problem of DEP delivery of an analyte to the FET sensors. In the report [3] 

we shown that in the systems electrolyte/SOI-FET sensor placed between lateral DEP-electrodes, the FET 

operation mode (the sensor operation point) can significantly change the distribution of the electric field 

gradient created by voltage applied to the DEP-electrodes and change the direction of bioparticle movement 

(i.e., essentially affect the efficiency of delivery of target particles to the sensor).  

In this study, TCAD modeling was used to analyze the distribution of the gradient of the electric fields E for 

the nanowire and nanoribbon SOI-FET sensors to estimate the efficiency of the delivery of the target 

particles to the sensor with DEP electrodes for the cases of positive and negative DEP (when bioparticles 

tend to the region with maximum or minimum values of grad |E|
2
, respectively [2]). Cases with symmetrical 

rectangular electrodes with different distances to the sensor, and with different sensor operation modes were 

considered to optimize the conditions of the dielectrophoretic delivery of the analyte. The simulation results 

were compared with experimental data for SOI-FET sensors with DEP-manipulation by viruses [4]. The 

obtained results show conditions under which the increase in the sensor sensitivity is achieved due to DEP-

control by bioparticles.  
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4. O.V. Naumova, V.M. Generalov, E.G. Zaitseva, A.V. Latyshev, A.L. Aseev, et al. “Biosensors Based on 

SOI Nanowire Transistors for Biomedicine and Virusology”. Russ. Microelectron. 50, pp.137–145, 2021. 

 

 



O2-14 

 

 

71 

Fabrication of nanostructured colored layer of amorphous silicon 

for different applications 
 

I. Amirov, M. Izuymov, A. Kupriyanov 
Valiev Institute of Physics and Technology of Russian Academy of Sciences, Yaroslavl Branch, Yaroslavl, Russia, 

ildamirov@yandex.ru 
 

The nanostructured (NS) Si surface in the form of arrays of nanowire (NW) or nanoconus (NC) structures 

has unique optical and sensory properties [1, 2]. The NS Si surface is used in the manufacture of solar cells, 

optical filters, photodetectors, gas sensors and other applications. Such a structural color of the surface arises 

as a result of the resonant reflection of light from an ordered array of silicon nanostructures. The 

nanostructured Si surface is usually obtained using lithography and etching [2, 3]. A maskless and therefore 

more attractive way to obtain a colored surface is to use the self-masking effect. In our work, it was shown 

that in the single-stage plasma etching process of α-Si/SiO2/Si and α-Si/Pt/SiO2/Si structures in chlorine-

containing plasma (Cl2/Ar) in the self-forming mode at low ion energy, it is possible to obtain a bright 

multicolored surface from α-Si NC and NP structures [4]. The etching rate was controlled by laser 

interferometric method. A bright multicolored surface of α-Si/SiO2/Si, α-Si/Pt/SiO2/Si appeared when 

randomly formed high-aspect NP or NC structures formed on the surface. On the surface of different colors, 

an equally homogeneous array of NC structures with a height from 90 to 250 nm with a size of 40-50 nm at 

the base, with a density of 2.3x10
10

 cm
-2

 was found. At the same time, an α-Si sublayer of nanometer 

thickness was also found on the surface. The color of the surface depended on its thickness. It could be 

assumed that the presence of nanostructures led to an increase in the brightness of the colored surface. If 

there was no HC or α-Si sublayer on the surface, then the surface was dark. In this work, it is shown that a 

bright colored surface of the α-Si/Al/SiO2/Si structure can be obtained without its nanostructuring. In 

contrast to [4], Al was used as a metal layer in this work. The etching of α-Si was carried out in SF6/Ar 

plasma with a laser interferometric process control method. In this case, the surface of the α-Si layer after its 

incomplete etching was smooth, no nanostructures were formed on it and the color of the film was 

determined only by interference in the α-Si layer. The experiments were carried out in the reactor described 

in detail in [4]. The study of surface morphology after plasma treatment was carried out using a scanning 

electron microscope (SEM) Supra 40 (Carl Zeiss). The reflection spectrum in the visible range was measured 

with a Leitz MPV-SP spectrophotometer. The experimental conditions were as follows: P=0.5 Pa, RF power 

= 600 W. Experiments have shown that with an increase in the thickness of the α-Si layer, the color of the 

surface changed from bright red-yellow to dark blue. These results showed that the change of the metal 

surface material to Al affects the brightness of the interference layer α-Si. The paper will compare its 

brightness and the brightness of the nanostructured layer α-Si/Al/SiO2/Si. 

The investigation was supported by Program FFNN-2022-0017 of the Ministry of Science and Higher 

Education of Russia for Valiev Institute of Physics and Technology of RAS.  
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Implantable drug delivery systems supply the drug directly to organs or tissues, thereby improving the 

treatment efficiency [1]. The main part of these devices is an actuator that pumps a drug. It has to be small, 

strong and compatible with microfabrication. Electrochemical actuators meet these requirements. It has a 

chamber with two electrodes inside, which is filled with an electrolyte and covered by a flexible membrane. 

Gas bubbles are generated in the chamber by the electrolysis and push the membrane. Conventional actuators 

have a long response time due to slow gas recombination. Recently, a fast electrochemical actuator has been 

proposed that operates several orders of magnitude faster [2]. A micropump based on this actuator 

demonstrates ultra-precise dosage [3]. However, its flow rate can be significantly improved by using an 

explosive regime that provides 10 times higher membrane deflection [2]. In this regime, a densely packed H2 

and O2 nanobubbles are created by a series of alternating polarity voltage pulses. They merge into a 

microbubble that explodes with the release of a significant energy. Here we investigate the operation of the 

fast electrochemical actuator in the explosive mode. 

The explosion leaves residual microbubbles in the chamber, as shown in figure 1a. They limit the operating 

frequency, because one has to wait them to dissolve before applying the next series of pulses. The series 

typically generates a primary explosion followed by less powerful secondary events. The parasitic explosions 

can be avoided by interrupting the series after the first event. The main explosion is detected electronically 

by a drop of the current flowing through the electrodes. Interrupting the series reduces the number of residual 

bubbles, as demonstrated in figure 1b. 

a)  b)  

Figure 1. The chamber after the full series (a) and interrupted series (b). 

Explosive operation in the full series (FS) and interrupted series (IS) regimes is compared. A homemade 

generator is used for this purpose. The amplitude of pulses U is varied from 11 to 15 V. The series has a 

fixed duration of 20 ms, while a passive time tp is from 80 to 980 ms. In the FS mode, the gas accumulates in 

the chamber. The critical volume is reached in 20 series. In the IS mode, tp = 980 ms is long enough for gas 

dissolution, so the stable operation is possible at the frequency of 1 Hz. Increasing U to 15 V generates the 

explosion earlier. The residual gas is dissolved during tp = 80 ms, which makes it possible to operate at 

10 Hz. Interrupting the series reduces power consumption 6 times in comparison with the FS mode. 

This work is supported by Program № FFNN-2022-0017 of the Ministry of Science and Higher Education of 

Russia for Valiev Institute of Physics and Technology of RAS. 
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Graphene and 2D-materials have some unique properties, therefore development of different devices based 

on these materials are attract the attention of researchers. In the paper models of different nanoelectronic 

devices, namely: quantum drift-diffusion model of field-effect transistor based on bilayer graphene, model of 

resonant tunneling structures based on 2D-materials with the vertical transport, and model of resonant 

tunneling diodes (RTDs) based on GaN/AlGaN with vertical transport are considered. The models are 

needed in order to develop new devices. With the using of the models the IV- characteristics are calculated. 

First, algorithms and programs, realized model of field-effect transistor based on bilayer graphene are 

presented. The model is considered in details in the articles [1, 2], and it is based on equations of quantum 

drift-diffusion model. Opening of energy band gap is taking into account for calculation coefficient of 

quantum capacitance in graphene channel. Three cases of carrier transport, namely: holes, electrons and 

simultaneous electrons and holes are considered for calculation of the coefficient. Output and transfer 

characteristics have been calculated for field-effect transistor based on bilayer graphene at room temperature. 

Secondly, validations of the program of calculation output IV-characteristics of resonant tunneling structures 

based on SiO2/MoS2 have been carried out. Parameters of investigated structure are presented in articles [3, 

4]. Simulation of the multibarrier structures based on the material system is carried out with the using 

modified model. 

Thirdly, simulation results of IV-characteristics of RTDs based on GaN/AlGaN with vertical transport using 

the proposed numerical combined model [5] are presented. The model is based on the self-consistent solution 

of the Schrödinger and Poisson equations. Cases with various parameters of the structures are considered. 

The proposed models were included in the nanoelectronic devices simulation system NANODEV [6, 7], 

which developed at the BSUIR since 1995. 
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In recent years, there has been tremendous progress in graphene research, from the study of its fundamental 

physics to the search for potential applications in various fields of industry. Most efforts are focused on 

single-layer graphene, but bilayer is also not on the sidelines. The method of mechanical exfoliation using 

adhesive tape, which has proven itself so well in the manufacture of single-layer graphene flakes, produces a 

well-ordered bilayer with a characteristic Bernal stacking as a by-product. [1] 

Bilayer graphene has many advantages in common with its single layer counterpart, such as high electronic 

mobility, high mechanical strength, flexibility, and chemical stability. Despite this, the difference in their 

structure between leads to many new properties. One of the most notable is the ability to open the electronic 

band gap [2]. 

The purpose of this work was to study the physics of the p-n junction in bilayer graphene, to observe the 

effect of the band gap on the conductance of the channel of a bilayer graphene transistor, and to improve its 

properties. In particular, improvement of properties includes an increase in the ratio of the currents of the on 

and off states of the transistor. The study considers a transistor based on bilayer graphene with a natural edge 

obtained without chemical etching. Also, a distinctive feature of this device is a thin dielectric layer that 

separates the channel from the gate. A comparison is made with structurally similar transistors containing an 

etched channel [3, 4]. 

The graphene used in this work was obtained from highly oriented pyrolytic graphite by mechanical 

exfoliation using adhesive tape [5]. Graphene encapsulation with a dielectric (hBN) was carried out by dry 

transfer. The structure was placed on a conductive substrate playing the role of a global gate. The top metal 

gate, source and drain contacts were deposited with the help of electron beam lithography. The 

measurements were carried out at cryogenic temperatures. Keithley SM2612B and SM2636B two-channel 

source meters were used for measurements in this work. The dependence of the resistance of the neutral 

point on the temperature of the device was measured at various values of the perpendicular field. 

Approximation of the dependence RCNP(T) by the Arrhenius equation shows that in the course of a series of 

measurements at different values of the field perpendicular to the channel, the largest value of the band gap 

EG=80 meV was achieved in comparison with other devices. As the field increases, the band gap expands 

and it becomes more difficult for an electron to tunnel through the barrier. 

During the experiment, a record value of the channel resistance R=160 kΩ was also achieved. This effect can 

be due to the absence of regions with a relatively less open band gap at the channel edges, through which 

current can flow, which are characteristic of etched graphene. On this sample, as well as on others, 

ambipolarity suppression was observed, expressed as a relative increase in resistance on one side of the 

charge neutrality point on the plot of resistance versus gate voltage values. 

The results obtained, unfortunately, do not allow us to state with full confidence that we achieved this effect 

due to the natural edge of graphene, since we also changed the hBN thickness. For the purity of the 

experiment, it is necessary to fabricate a device with a similar geometry of contacts and the same thickness 

of the dielectric layer, using etched graphene as a channel. 
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Van der Waals heterostructures based on two-dimensional materials are of great interest for research due to 

their unique properties. High-performance electronic devices with preset properties can be created on the 

basis of these heterostructures structures by simply alternating layers. Femtosecond laser treatment makes it 

possible to significantly expand the possibilities for creating 2D heterostructures with preset properties via 

their functionalization and controlled introduction of defects [1]. 

In this work the object of study was graphene/MoS2 heterostructures obtained using polymer (polymethyl 

methacrylate) transfer of CVD graphene on CVD grown molybdenum disulfide crystals, modified with an 

800 nm femtosecond laser. After the graphene was transferred the polymer layer has been removed using 

combined solvent - nonsolvent cleaning technique [2]. Laser irradiation dose was varied by changing the 

radiation power and the scanning speed of the laser beam. The quality of the obtained structures was 

estimated by measuring the layer thickness and surface integrity on a Solver-Pro atomic force microscope, 

and the photoluminescence (PL) spectra intensity and position, 2D/G peaks ratio, position of MoS2 and 

graphene. 

Energy transfer in MoS2-graphene photosensitive heterocontact [3] causes major changes in the optical 

properties of the structure. Spectra analysis was shown the increase of the PL for MoS2-graphene 

heterocontact comparing to the pure MoS2 for both modified and unmodified heterostructures. Excitation 

with light at a wavelength of 532 nm leads to the increase of excitons energy in the structure. It was found 

that for the modified MoS2-graphene heterostructures the laser treatment significantly changes its optical 

properties (fig.1 A): it’s PL was much lower, then unmodified MoS2 PL, but higher than pristine MoS2 PL, 

which can be explained by the reduced generation of excitons in the structures functionalized by the laser. 

According to the AFM (fig. 1 B, C) the height of the MoS2-graphene heterostructure was ~4nm tall with 

MoS2 bilayer height of ~1.5nm and graphene layer ~2.5nm thick. AFM has also revealed areas occupied by 

PMMA residuals, however clean graphene areas appeared to be much bigger. It is possible to modify those 

clean graphene areas with organic molecules in order to vary the properties of the MoS2-graphene 

heterostructures based devices. 

It is possible to create cheap devices with outstanding electrical and optical properties, using these structures, 

e.g. highly sensitive optical biosensors. 

 

Fig. 1. MoS2-graphene heteroctructures photoluminescence growth (A), AFM scan (B), height profiles of MoS2-

graphene heterostructures obtained. 
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The relevance of experiments on obtaining films of pure graphene is due to the possibility of using graphene 

in various electronic devices and technologies [1]. The currently widely used method for the mechanical 

separation of graphene from copper foil involves the use of a Poly(methyl methacrylate) (PMMA) polymer 

[2]. Polymers such as PMMA are used to transfer graphene as they provide convenience and control during 

the transfer process. They protect the graphene from contamination and damage during transfer. The polymer 

layer facilitates the transfer of graphene over large areas, improving performance. Controlling the thickness 

and orientation of the polymer layer makes it possible to manipulate the structure and orientation of 

graphene, opening up new possibilities for creating materials with desired properties. This method allows the 

production of thin films of graphene with a high level of purity [3]. However, residual PMMA can have a 

negative effect on the properties of graphene, so it is important to find an effective way to remove it. Due to 

the polymer residues, the effective area of graphene decreases, therefore, it is difficult to carry out further 

operations with the graphene layer (lithography, deposition of metallization). 

This study demonstrates the transfer of graphene from a copper film to a SiO2/Si substrate through a polymer 

carrier. Washing included processing in various solvents such as acetone, trichlorethylene and 

tetrahydrofuran. After each treatment of the transferred graphene, the surface of the graphene film was 

measured. Raman spectroscopy and atomic force microscopy (AFM) were used to qualitatively and 

quantitatively assess the purity of the resulting graphene film. It was found which of the solvents to what 

extent coped with the removal of PMMA residues from graphene. 

The quality of the purification was confirmed by the intensity ratio of the 2D/G peaks in the Raman spectra. 

High values of this ratio indicated the purity of graphene. However, treatment with acetone or 

trichlorethylene alone was not sufficient to completely remove residual PMMA. This is confirmed by the 

intensity ratio of the 2D/G peaks exceeding 2 in the Raman spectra (also determined by averaging over three 

points), as well as by the AFM data. The layer in AFM exceeds 4-6 nm, and 2D/G is less than 1.3. In 

addition, it has been observed that most of the residual PMMA can be removed by treatment with a mixture 

of tetrahydrofuran and water at 60°C, resulting in regions of purified graphene. In addition to measuring the 

roughness of the patches, the PMMA removal efficiency was also evaluated. A high roughness indicates 

successful removal of the residual polymer, as the presence of small droplets formed by the breakdown of 

the polymer layer creates height fluctuations. If the roughness is low, this indicates that the cleaning method 

did not even partially remove the PMMA layer. 

The results obtained indicate that the removal of residual PMMA from graphene can be detected by the ratio 

of Raman peaks. This relationship is confirmed by AFM. This opens up new possibilities for obtaining films 

of pure graphene and improving the properties of the material for its application in various fields of science 

and technology. The development of efficient removal methods will improve the properties and quality of 

graphene, opening up new opportunities for its use in electronics, energy and other fields. 

This work was carried out with the financial assistance of the Ministry of Education and Science in the 

framework of state task FSMR-2022-0004. 
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Semiconducting single walled carbon nanotubes (CNTs) and light sensitive green fluorescent proteins 

(GFPs) are promising elements for optoelectronic devices [1]. Nanotubes are sensitive and react with the 

environment, and their cylindrical shape makes it possible to minimize the area of contact with the protein, 

i.e. preserve its structure and avoid fluorescence “quenching”. In an excited state, GFP affects the 

conductivity of CNTs, thus nanotubes convert an optical signal into an electrical one.  

In this work, we used semiconductive and quasimetallic single-walled carbon nanotubes (SWCNTs) grown 

by chemical vapor deposition in a bottom-gate transistor configuration. Using click chemistry, pre-

genetically modified green fluorescent proteins were attached to carbon nanotubes [2]. We have studied the 

effect of changing the humidity on the bound state between an electron in a chromophore and a CNT. The 

protein surrounded by argon molecules ceased to fluorescence. It is similar to the effect of changing pH [3]. 

This effect led to the absence of a photoresponse on the time characteristics of the carbon nanotube 

conductivity (fig. 1a). Changing the humidity of the environment restored the system (fig. 1b). 

 
Fig.1 Time characteristics of the CNT modified with GFP conductivity change under light exposure after argon purging 

(a) and after recovery by water (b) 

 

The paper considers the formation of conjugates based on biopolymers and carbon nanotubes due to a 

photochemical reaction. The controllability of a modified transistor channel under the influence of irradiation 

at the absorption peak of a fluorescent protein was studied, and the control of the photoresponse of the 

structure was revealed. 

This work was supported by Russian Science Foundation, agreement No. 19-19-00401.  
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We analytically investigate the one-excitation spin dynamics in a homogeneous closed spin-1/2 chain via 

diagonalization of the one-excitation block of the XX-Hamiltonian, which allows us to derive the analytical 

expressions for probability amplitudes describing state transfers between any two spins of a chain. Such 

dynamics can be observed, for instance, in spin systems placed in the strong external magnetic field, when 

the dynamics is governed by the Hamiltonian preserving the excitation number (z-projection of the total spin 

momentum). 

We propose the analytical tool for describing the multi-qubit spin dynamics in the one-excitation spin 

subspace and show that such spin dynamics along the closed homogeneous spin chain governed by the XX-

Hamiltonian can be described analytically not only for the nearest-node approximation but also for any 

number of interacting neighbors. The proposed tool is based on the analytical diagonalization of the one-

excitation block of the Hamiltonian of the system under consideration. As a result, we can include the 

contribution to the quantum spin state dynamics from interactions with all remote nodes. 

We analytically investigate the M-neighbor approximation (M ≥ 1) [1] of spin dynamics with arbitrary initial 

state and analyze its accuracy using special integral characteristics defined in terms of the above probability 

amplitudes. A special attention was paid to the nearest-neighbor approximation in the one-excitation state 

evolution [2]. We find M providing the required accuracy of evolution approximation for chains of different 

lengths. 

We acknowledge funding from the Ministry of Science and Higher Education of the Russian Federation 

(Grant No. 075-15-2020-779). 
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The coupling constants (exchange integrals) in systems with exchange interaction decrease exponentially 

with the distance between the interacting particles. Therefore only the interactions between the nearest 

neighbors are significant, while the exchange interaction between the remote particles can be neglected. Both 

models, including nearest neighbor approximation (NNI) and all-neighbor interaction (ANI) were used in 

solving various problems of spin dynamics, including the dynamics of spin system with dipole-dipole 

interaction (DDI). 

The problem of applicability of the NNI to DDI is important for systems of arbitrary dimension and various 

geometry. In [1], the results on quantum state transfer along  zigzag and alternating spin chains governed by 

the XXZ Hamiltonian with M-neighbor interactions (M ≥ 1) was studied.  

Here, we consider a one-dimensional system (the open homogeneous spin chain) with XX-interaction where 

the coupling constants obey the rule D~ 1/r
α
, α ≥ 3. A large α results in reducing the role of remote spin 

interactions [2]. We study (i) the one-excitation end-to-end state transfer and (ii) evolution of an arbitrary 

one-excitation initial state  in the homogeneous chain of N spins  (s=1/2) with XX-Hamiltonian. In both 

cases, we compare the probability amplitudes calculated using both  NNI and ANI over a chosen time 

interval using the special integral characteristics. For instance, in the case (ii), this characteristics depends on 

probabilities of excited state transfer between all pairs of spins, 

           
                        

 
   

  

 

               
 
   

  

 

    

where          and       indicate probabilities of the excited state transfer between the jth and kth spins 

using, respectively, all node interactions and nearest-neighbor interactions. We find the critical value αc such 

that the NNI is applicable for α ≥ αc. The logarithmic dependence of αc on the chain length N is 

demonstrated.  

We acknowledge funding from the Ministry of Science and Higher Education of the Russian Federation 

(Grant No. 075-15-2020-779). 
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In the last decade, different theoretical methods for entanglement generation between distant BEC qubits 

were proposed [1-3]. However, experimental realization of such states is still challenging beside some 

special cases [4, 5] with bad scaling. Here we propose to use the methods of quantum optimal control [6] for 

entanglement generation between atomic ensembles. We use the QuTip open python library [7] in order to 

show that previously investigated approaches on the basis of connection of distant BECs with optical fiber 

can be used without approximations when fast oscillating terms in the Hamiltonian are eliminated. We 

compare solutions obtained by QuTip and analytical calculations and estimate the corrections to the amount 

of entanglement obtained with the effective Hamiltonian. We develop methods for fine tuning of the control 

fields on the basis of quantum optimal control methods for more precise generation of the special class of 

entangled states between BEC qubits.  
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Quantum thermodynamics has been developed in modern research [1], including those related to quantum 

computer science and quantum computing. These are related fields, because a lot of research in them is 

closely related to overcoming thermodynamic processes of dissipation of quantum states in the process of 

computing. Quantum cycles have begun to be developed in quantum thermodynamics [2, 3]. 

The Otto cycle is an ideal thermodynamic process involving two adiabatic strokes and two isochoric ones. 

The energy levels change in an adiabatically changing magnetic field. This process is the adiabatic stroke, 

and energetic levels play role of volume here. At a constant field the system contacts the reservoir for heat 

removal (supply). This is an isochoric stage.  

The Otto cycle can be performed on a quantum system with spins ½. This cycle is considered on the dimer in 

an inhomogeneous magnetic field and antisymmetric Dzyaloshinsky–Moriya (DM) and symmetric Kaplan–

Shekhtman–Entin-Wohlman–Aharony (KSEA) interactions as a working body [4]. Analytical and numerical 

studies of the operating modes of the Otto cycle in the dimer and its efficiency have been done. Only such 

four modes as a heat engine, refrigerator (heat pump), heater or dissipator (when work is converted into the 

heat of both baths at once) and a thermal accelerator or cold-bath heater (fast defrost regime) are acceptable. 

It is found that in the dimer, the efficiency of the quantum Otto cycle does not exceed the efficiency of the 

Carnot cycle.  

 

1. S. Deffner, S. Campbell. Quantum Thermodynamics: An introduction to the thermodynamics of quantum 
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2 H.T. Quan, Y.-X Liu, C.P.  Sun, F. Nori,  “Quantum thermodynamic cycles and quantum heat engines”, 

Phys. Rev. E 76, 031105, 2007. 
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4. E.I. Kuznetsova, M.A. Yurischev, S. Haddadi. "Quantum Otto heat engines on XYZ spin working medium 

with DM and KSEA interactions: operating modes and efficiency at maximal work output". Quantum Inf. 

Process. 22, 192, 2023.  
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Quantum discord and entanglement are equivalent for pure quantum states. However, discord can still exist 

in separable mixed states, even when the quantum entanglement is zero. This means that while entanglement 

is a necessary condition for discord, it is not a sufficient one [1].  

This is an important distinction as it shows that quantum discord is a more general concept than 

entanglement, and can be used to describe the quantum correlations that exist in mixed states. Quantum 

discordance Q for a two-particle quantum state ρ is defined as a minimal difference between two 

expressions, which in the classical case are equivalent expressions for mutual information: 

          

where I is the usual quantum mutual information and J is the local measurement-induced quantum mutual 

information. 

We investigate the behavior of discord-like quantum correlation measures in the two qubit Heisenberg XYZ 

model with both antisymmetric Dzyaloshinsky–Moriya (DM) and symmetric Kaplan–Shekhtman–Entin-

Wohlman–Aharony (KSEA) interactions. The system is considered at thermal equilibrium. The analysis of 

quantum correlations revealed that despite the differences in underlying concepts, all measures showed a 

high level of agreement [2].  

The findings suggest that these measures can be effectively reduced to a single average measure. These 

results have important implications for the understanding and application of quantum correlations in various 

fields. It highlights the need for further research to explore the potential of these measures in practical 

applications. 

The work was supported by the Ministry of Science and Higher Education of the Russian Federation (Grant 

No. 075-15-2020-779). 
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At present, great progress has been made in the construction of so-called NISQ-era devices [1, 2] (Noisy 

Intermediate-Scale Quantum). Unlike full-scale quantum computers, NISQ-computers will not be protected 

by quantum error correction, and noise severely limits the scale of computations (quantum register size) that 

can be executed accurately using NISQ technology. The rate of decoherence under the action of dipole-

dipole interaction (DDI) over the evolution period of large quantum registers was studied experimentally in 

adamantane by the method of multiple quantum (MQ) NMR spectroscopy of solids [3]. The dependence of 

the decoherence rate on the order of coherence M and on the size K  of the average cluster of dynamically 

correlated spins, which is formed as a result of two-quantum-two-spin interaction in the preparatory period, 

has been revealed. The first phenomenological explanation of the measured dependences was given in Ref. 

[4]. The authors proposed to divide the field from the DDI with the spins of the cluster into correlated and 

uncorrelated parts. Using the decomposition, a the signal from the MQ spectrum component is presented as 

the sum of two terms from spins, the dynamics of which is determined by either the correlated field or the 

uncorrelated field, respectively. The first term is a function of the order of coherence M, and the second term 

is a function of the average number of spins in the cluster K . The degree of correlation is set by the ratio of 

the amplitudes of two terms. Despite the similarity of the theoretical dependences and experimental results, 

the assumption about heterophase nature of the complex desired time correlation function needs to be 

substantiated in the homogeneous spin system of adamantane under consideration at high temperatures. The 

conjecture that the local field consists of two parts on each spin, but not at different spins is more natural and 

long used for explanation the dynamics of the nuclear spin system in solids [5, 6]. In the present work, we 

perform a theoretical analysis results obtained in Ref. [3, 4]. The proposed theory takes into account the 

distributions of clusters of dynamically correlated spins that form during the preparatory period, according to 

the number of spins in the cluster K [6] and according to their structure (perimeter [7] and density). The 

observed MQ spectrum is the sum of the MQ spectra from different clusters. The contribution to the sum 

from a cluster of K spins will be represented by a Gaussian MQ spectrum with a dispersion of K/2, 

multiplied by the weight function and by the function [6], which describes the degradation of the cluster 

under the action of DDI over the evolution period [3]. The latter is represented by the product of two factors 

from two contributions to the local dipole field. The rate of degradation from the uncorrelated contribution 

depends on the cluster size K. The rate of the correlated contribution depends on M and on the structure of 

the cluster. Good agreement is obtained between the theoretical and experimental dependences of the 

decoherence rates in adamantane. The parameters of the above functions are found from the comparison of 

these dependences.  

The work was carried out within the state assignment of Kirensky Institute of Physics and within the 

framework of the state assignment of the Ministry of Science and Higher Education of the Russian 

Federation (topic No. 122040500060-4). 
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Quantum state transfer via a system of interacting spin-1/2 particles was first considered by S. Bose in the 

paper [1]. Perfect state transfer via a quantum communication line is desirable but unfortunately usually 

impossible even when neglecting experimental imperfections (in [1] only 2-spin chain has been shown to 

provide perfect transfer). Similarly to [2, 3], we investigate perfect transfer of states of a particular special 

form as well as transfer of arbitrary parameters via a communication line consisting of several spin chains 

placed side-by-side so that spins are on a rectangular grid, with their interaction described by an XX or XXZ 

Hamiltonian. Such spin arrangements can occur in a crystal, and contemporary superconducting quantum 

computers use a 2D grid arrangement of qubits as well.  

The transfer is performed as follows. Several spins at one end of the chains are designated as the sender and 

the same number of spins on the other end as the receiver. After the sender is brought into the state to be 

transferred, free evolution governed by an XX or XXZ Hamiltonian occurs for a certain period of time, then 

a unitary transformation is performed on a group of neighboring spins (we call that group the extended 

receiver) including the receiver. We assume that the initial state of the sender, the unitary transformation and 

the evolution time can be chosen arbitrarily by us, and that the rest of the channel is in the ground state. 

Generally, even an arbitrary unitary transformation of the extended receiver does not enable us to perform 

perfect state transfer. We, therefore, instead require that every density matrix element (in the computational 

basis) of the receiver state is either equal to the respective element of the sender state or is proportional to it.  

Under those conditions we find the state which can be perfectly transferred from sender to receiver 

(described by a diagonal density matrix) and a subset of initial states which can be used to transfer free 

parameters from sender to receiver. We only consider sender states whose density matrices are block-

diagonal when the basis states are grouped by number of excited spins. The parameters to be transferred are 

assumed to be encoded in certain off-diagonal elements of the state density matrix. 

As an example, we consider a state transfer via 3 chains of 10 spins each, with a sender of 3 spins (first spins 

of each of the three chains) and an extended receiver of 7 spins (fewer spins in the extended receiver failed to 

yield a solution). We consider the transfer of 3 parameters described by off-diagonal elements of the two-

excitation block of the density matrix. In this example, we numerically optimize the worst (minimal) 

proportionality coefficient (by picking a suitable time instant and the unitary transformation) and obtain the 

value of 0.068 for it. 

This work is supported by the grant no.075-15-2020-779 by the Ministry of Science and Higher Education of 

the Russian Federation. 
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Nowadays semiconductor quantum dot units are one of the most promising candidates for the large scale 

quantum computer. In present work the nonequilibrium diagram technique (NDT), established already in 

1964 [1], is applied to the second-quantized model of a semiconductor quantum dots (QDs) system. 

 

The localized electron states of arbitrarily connected quantum dots are coupled via quantum tunneling to 

each other and to 2 conducting electron reservoirs (source and drain) and are also coupled electrostatically to 

several electrodes (gates). Apart from known analytical solutions [2], the NDT enables comprehensive 

numerical modeling of electron transport through the QDs in presence of Coulomb repulsion between 

localized electrons (of Anderson type [3]) with arbitrary voltages supplied to electrodes. In present work, 

several combinations of numerical optimization algorithms and iterative refinement methods are applied to 

obtain self-consistent numerical solution of NDT equations determining Green functions for tightly 

interacting localized electrons. As a result, renormalized multi-electron energy spectrum is revealed; 

coordinate energy diagrams, IV-curves and charge stability diagrams are presented. 

      

Finally, the intrinsic connection between Green functions and reduced density matrix of QDs system is used 

to determine the level of quantum entanglement between localized electron states and their quantum entropy. 
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3. P.W. Anderson "Localized Magnetic States in Metals". Phys. Rev., 124, pp. 41-53, 1961. 

 

Fig. 3: Charge stability diagram for 2x2 QD system Fig. 2: Renormalization of spectra for 2x2 QD system 

Fig. 1: The general model Hamiltonian and an exemplary energy diagram of a 2 sequential two-level semiconductor QDs 

https://journals.aps.org/pr/abstract/10.1103/PhysRev.124.41


q2-09 

 

 

86 

Quantum Resource Estimation via Generalized Skew Information: 

Application to Multiparticle Entanglement Analysis  
 

I. D. Lazarev
1,2

 
1. Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry of Russian Academy of 

Sciences, Chernogolovka, Russia 

2. Lomonosov Moscow State-University, Moscow, Russia, the.ilia.lazarev@gmail.com 

 

Information-theoretic approach and, more specifically, the resource-theoretic approach [1] has proven to be 

extremely fruitful. This, for instance, has led to the discovery of new aspects of quantum coherence in 

thermodynamics [2]. The most celebrated example of a quantum resource theory is the theory of 

entanglement. For two or more quantum systems, entanglement can be characterized as a resource when the 

allowed dynamics are local quantum operations and classical communication. Attempts to quantify 

entanglement are also motivated by the desire to understand and quantify resources responsible for 

advantages of quantum computing over classical computing. In recent years, methods have been developed 

to study multiparticle entanglement. For multiparticle systems (>> 2), the maximum size of a non-separable 

subsystem can be a measure of such a resource. In this case, the quantum Fisher information [3] and the 

Wigner-Yanase skew information [4] allow us to estimate a lower bound of the number of entangled 

particles. 

In this paper, we prove that a whole family of information quantities can be used to estimate the number of 

entangled spins. This family can be interpreted as generalized Wigner-Yanase skew information [5]. We 

perform a direct comparison of an estimate of the entangled cluster size obtained with different members of 

the family of skew information quantities, in particular quantum Fisher information and Wigner-Yanase 

information. We also investigate another parametric family of skew information — the Wigner-Yanase-

Dyson skew informations, and we discuss the theory of experimental measurement of this quantities in the 

framework of MQ NMR spectroscopy. We use a non-spherical nanopore filled with a gas of spin-carrying 

atoms (for example, xenon) or molecules and a zigzag chain [6] in a strong external magnetic field as models 

for a comparison of the dependencies of numbers of the entangled spins on the temperature [7]. 

We acknowledge funding from the Ministry of Science and Higher Education of the Russian Federation 

(Grant No. 075-15-2020-779) 
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Nitrogen-vacancy (NV) centers in diamond have raised a lot of attention in the last decades for their 

promising sensing capabilities at room temperature, especially for magnetic field, and temperature. Both 

bulk diamond and nanodiamonds can be used in this context, each presenting its own advantages and 

challenges. In this presentation, we describe our recent results concerning the use of nanodiamonds for 

biosensing applications [1]. In particular, we focus our research on temperature sensing: this field is 

particularly interesting since nanoscale thermometry inside the cell can give new insights on many biological 

processes which are still not completely understood. Compared to other intra-cellular thermometry 

techniques, NDs show a better biocompatibility, insensitivity to biological environment, more stable 

photoluminescence and a lower noise floor [2]. Temperature is one of the most relevant parameters for the 

regulation of intracellular processes. In our experiment [2], we consider hippocampal neurons and, using 

optically detected magnetic resonance in ND, we detect for the first-time temperature variations associated 

with potentiation and depletion of neuronal firing. We measure up to 1°C temperature variation when the 

spontaneous firing of hippocampal neurons is potentiated by Picrotoxin and 0.5°C temperature decrease 

when the neuronal activity is silenced by a solution containing tetrodotoxin and cadmium chloride. The 

potentialities of this technique are relevant and can benefit both from proper ND functionalization and 

optimization of the sensing protocol, allowing to detect temperature variations below 0.1 °C.  

We will also discuss our present efforts toward the integration of the ND sensing technique with micro-

electrode arrays (MEAs) devices. MEAs are widespread tool in neuroscience and allow to measure the cells 

electrical activity, collecting signal from several cells at the same time: combining them with local 

temperature sensing using ND would give new insights and allow a deeperunderstanding of neurons 

function, such as the genesis of action potentials, and cell metabolism. 
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Currently, one of the main directions in micro- and nanoelectronics is the development of a new non-volatile 

memory with low power consumption and high operating speed [1]. To fulfil this purpose, various types of 

non-volatile memory including ReRAM have been actively studied over the past couple of decades. 

However, the main problem limiting the use of this technology is the variability of the main parameters of 

the ReRAM elements, which is explained by the stochastic nature of the growth and rupture of the 

conductive filaments. In this regard, more detailed investigation of the physical processes occurring in 

resistive switching are needed. 

In this work, samples of ReRAM elements based on tantalum and hafnium oxides were fabricated. Tantalum 

oxide was deposited by magnetron sputtering using Torr International equipment and hafnium oxide was 

deposited by atomic layer deposition using Izofaz TM 200-01 system. The top and bottom electrodes were 

deposited by magnetron sputtering. The electrical measurements of memory elements were performed using 

a Keysight Agilent B1500A semiconductor device parameter analyzer. All fabricated ReRAM elements 

demonstrated bipolar resistive switching behavior. Memristor structures based on tantalum and hafnium 

oxides demonstrated good stability (10
6
 switching cycles without signs of degradation in pulse mode was 

achieved) and repeatability. 

The process of resistive switching while using hafnium and tantalum oxides as an active layer is explained 

by the migration of oxygen vacancies caused by a local electric field and temperature [2-4]. The kinetic 

Monte Carlo method was used to account for the stochasticity of such processes as generation, 

recombination and diffusion of oxygen vacancies. The simulation begins with specifying a random initial 

distribution of oxygen vacancies in the active layer. In each cycle, the Poisson is solved to calculate the local 

electric potential. Further, the current calculated by the trap-assisted tunneling mechanism is used to compute 

the local temperature by solving the Fourier equation for Joule heating. Using the obtained local potential 

and temperature, it is determined by the kinetic Monte Carlo method, which of the processes of generation, 

recombination and diffusion will occur at the next step [5]. 

The I-V curves obtained during the simulation were compared with those of the fabricated experimental 

samples. The simulation results correlate with experimental data, which proves the accuracy of the proposed 

model and the possibility of its application for memristor structures of various compositions. 

Overall, fabricated samples of ReRAM elements demonstrated stable bipolar resistive switching. A 

mathematical model of resistive switching in MIM structures based on transition metal oxides was also 

proposed and verified with the obtained experimental data. The received data enhances the understanding of 

the main physical factors of the resistive switching process, which is crucial for further optimization and 

design of this kind of devices. 
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One of the most serious degradation effects of ferroelectric non-volatile memory (FeRAM) is the effect of 

imprint [1]. This effect is caused by the accumulation of charge, which is associated with oxygen vacancies 

at the electrode/ferroelectric interface, which leads to a shift of the hysteresis loop and a change in the 

coercive field [2]. This problem limits the possibilities of creating serial ferroelectric memory chips based on 

hafnium dioxide (HfO2). 

The use of buffer layers in the FeRAM storage element makes it possible to reduce the negative effect of the 

imprint effect on the change of the coercive field by reducing the value of diffusion of oxygen vacancies 

between the functional layer and the electrode material. Titanium oxide (TiOx) is considered as a promising 

material of the buffer layer, which, at certain thicknesses, can crystallize into a tetragonal anatase structure. 

Such a crystalline thin film improves the endurance and the values of the polarization in the storage elements 

of the ferroelectric non-volatile memory. 

This paper considers the influence of various parameters of plasma enhanced atomic layer deposition 

(PEALD) on the IZOFAZ TM200-01K system [3] on the thickness of the formed TiOx oxide on the titanium 

nitride (TiN) surface during the formation of a HfO2 functional layer, since it is known that at a certain 

thickness of the TiOx, the oxygen diffusion process at the electrode/ferroelectric interface weakens, but with 

the standard PEALD process, the thickness of the resulting oxide is not enough to attenuate diffusion. 

Alternatively, the process of TiN oxidation is the cyclic or continuous O2 plasma exposure at different 

substrate temperatures was also implemented, and only after that the functional layer was deposited. As a 

result, it was possible to achieve an increase in the thickness of the oxide by ~50% compared to the above 

method, which presumably will reduce the negative phenomena due to the diffusion process. The thickness 

of the TiOx layer is confirmed by data from transmission electron microscopy. 

In the modelling part the Quantum ESPRESSO software package [4] was used to evaluate the structural, 

electrophysical and optical properties of both individual elementary cells of orthorhombic HfO2 and 

tetragonal TiO2 and their combinations by using density functional theory. In particular, using the PBEsol 

exchange-correlation functional, the lengths of the base vectors and the volumes of the elementary cells 

(VHfO2 = 131.88 Å
3
, VTiO2 = 135.61 Å

3
) were determined, as well as the values of the main diffraction angles 

for each of the structures: (111)o = 30.40°, (110)t = 25.41°. Data of the frequency dependent dielectric 

constant are also obtained. 

The work was supported by the Advanced Research Foundation. The research was carried out using the 

infrastructure of the Shared Research Facilities «High Performance Computing and Big Data» (CKP 

«Informatics») of FRC CSC RAS (Moscow). 
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The potential of dielectrics with high permittivity value (so called, high-k dielectrics), which are currently 

used in gate stacks of CMOS transistors (HfO2), as well as in DRAM memory capacitors (ZrO2/Al2O3/ZrO2), 

is almost exhausted. Further miniaturization of these devices, which is the key to the progress of 

microelectronics, requires the development of a novel higher-k dielectric, which should have simultaneously 

a large band gap, low leakage currents, and should retain these properties at a thickness of several 

nanometers. 

Although, recently, there have been many attempts to create such a dielectric based on, for example, 

perovskite ferroelectrics or complex multilayer structures, such disadvantages as incompatibility with CMOS 

technology, the inability to form films with sub-10 nm thickness, and the small band gap do not allow to 

consider these materials alternative to modern high-k dielectrics. 

In 2011, it was discovered for the first time that thin films based on HfO2 and its solid solution with ZrO2, 

i.e., HfxZryO2 (HZO), can possess ferroelectricity [1]. Unlike more traditional ferroelectrics with perovskite 

structure, these films are fully compatible with CMOS technology and exhibit ferroelectricity at sub-10 nm 

thicknesses. At the same time, these materials are of interest not only as ferroelectrics. The origin of 

ferroelectricity in doped HfO2 and HZO is the formation of the orthorhombic phase (o-phase, Pca21), which 

is not stable in bulk. In addition to ferroelectricity, this phase possesses much higher k than stable monoclinic 

(P21/c) phase. Moreover, it was found that even higher-k non-ferroelectric tetragonal phase (t-phase, 

P42/nmc) possesses energy proximity with o-phase in such films. This opens up the possibility to form the 

novel higher-k dielectrics based on HfO2 and HZO for memory and logic devices directly by stabilizing o- 

and/or t-phases or even by the formation of so-called morphotropic phase boundary (MPB) between them 

[2]. The interest to MPB is related to the fact that in the MPB region, the permittivity of material experiences 

a sharp maximum and far exceeds the value expected from each of the phases separately. 

It should be noted that effectiveness of stabilization of higher-k phases in HZO was found to depend strongly 

on the thickness, annealing procedures, etc [2]. In this work, we explore another approach for such 

stabilization. Namely, we investigated the possibility of obtaining an anomalously high value of k and MPB 

in thin HZO films by precise doping with La/Y. These films were formed using the atomic layer deposition 

(ALD) method. Previously, we have already shown that La effectively suppress the formation of a 

monoclinic phase in HZO in favor of the formation of o- and t-phases, as well as the fact that the La impurity 

does not lead to an increase in the crystallization temperature of HZO [3]. In this work, a more detailed study 

combining the structural investigations and electrical measurements are performed to explore the possibility 

to obtain the combination of the technologically interesting value of k, equivalent oxide thickness and 

leakage currents by utilization of doped ultrathin HZO films. 

This work was supported by Russian Science Foundation (grant№ 23-19-00227, https://rscf.ru/project/23- 

19-00227/). 
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With the development of the thin-film technology of Micro-Electro-Mechanical-Systems (MEMS), it has 

become possible to create highly sensitive, inexpensive and compact membrane-based calorimetric- and 

anemometric-type thermal flow sensors, which measure the flow rate of gas and liquid in various media by 

estimating the change in the thermal profile near the microheaters [1]. The dynamic sensitivity range of such 

sensors is usually limited by the transition from laminar to turbulent flow, while the sensitivity itself often 

decreases due to temperature drift of the output signal (due to flow temperature fluctuations) and 

insufficiently low thermal conductivity of the supporting membrane. These problems can be successfully 

solved by switching from calorimetric to anemometric measurement mode at high flow rates, which was 

considered in [2], as well as using a temperature-compensated signal reading circuit (adding a medium 

thermistor to the Wheatstone full-bridge). An equally important task is to choose the sensor design and the 

composition of the materials of the membrane layers that minimize undesirable heat outflow from the 

temperature-sensitive elements (thermistors/thermocouples). To ensure laminar flow near the membrane 

surface with a Wheatstone full-bridge, we previously proposed the design of a thermal MEMS sensor located 

on the wing, where the flow rate was controlled by measuring the temperature difference between 

thermistors, however, the measurement scheme suffered from high power consumption [3]. In this paper, we 

propose a more energy-efficient sensor design based on the topology of thermistors with a minimum power 

consumption of 8 mW and a temperature-compensated circuit for correction and processing of the output 

signal with feedback temperature control. A numerical model of the proposed temperature-compensated gas 

flow sensor was developed, which agrees quite well with the experimental data (Figure 1). 

     
Figure 1 – Temperature distribution of the proposed design of temperature-compensated flow sensor at the flow rate of 

19 m/s (relative to RT in degC), where RSR is the ambient temperature thermistor, RIN, ROUT are sensitive thermistors 

(which serve as heaters). Averaged temperature change of the Wheatstone full-bridge as a function of gas flow rate. 

The results obtained can be applied to the development of MEMS thermal flow sensors that implement a 

sensitive and low-power method for measuring flow rate in a wide range, regardless of its direction. The 

work is supported by the RF Ministry of Science and Higher education (#075-15-2021-1350). 
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Over the past few years, there has been a consistent increase in the utilization of micromechanical sensors 

and actuators. The majority of these is based on microelectromechanical systems (MEMS) and find 

application in various fields, including consumer electronics, automotive, and mechanical engineering where 

MEMS devices are used in a wide range of applications such as sensors, actuators, and microfluidics [1]. As 

a result, it is crucial to enhance the development methods of MEMS-based devices with predetermined 

characteristics. Designing the right enclosure for a MEMS device is just as important as designing the device 

itself, as it requires a thorough analysis of the device's characteristics and environmental effects. The 

enclosure not only protects the MEMS device from external factors such as dust, moisture, and 

electromagnetic interference but also plays a crucial role in maintaining its performance and reliability. 

In previous work [2] the authors have showed a sequence of steps required to determine the performance 

characteristics of the selected design for the micromechanical mirror element. Constructed using 

microelectronic technology, the mirror comprises of two bimorph structures crafted from aluminum and 

silicon dioxide. These structures hold a reflective element with an aluminum-coated surface, which is 

attached to the movable beams. The beams are affixed to a silicon substrate and can be manipulated by 

applying voltage to electrical heating elements that are embedded within them. When heated, the materials 

within the beams expand unevenly, causing the structure to move.  

In this study, the authors use a finite element analysis software to simulate the micromechanical mirror and 

compare the results to those obtained using analytical methods. The study highlights the importance of 

accurate parameter calculation in the design of micromechanical devices. The use of finite element analysis 

software allows for a more detailed and comprehensive understanding of the device's behavior, which can 

help to optimize its performance and reliability. The study demonstrates that the deflection sweep of the 

mirror element beams, overheating values, and heating/cooling times are consistent with previously 

calculated analytical expressions. All these parameters are also in good agreement with the experimental 

results. This suggests that the analytical method for parameter calculation described in [2, 3] can be applied 

to designing micromechanical devices that operate on thermal principles, where accurate temperature control 

is crucial for maintaining device performance. 

The authors of this study utilize the parameters obtained through analytical calculation and finite element 

modeling to develop a protective housing for a micromechanical mirror that safeguards it against 

environmental damage. The paper outlines the essential specifications for the enclosure and provides a 

detailed explanation of the enclosure process. 

The work was financially supported by the Ministry of Education and Science under the state task FSMR-

2022-0002. 
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The cross-over to personalized medicine, high-tech healthcare and health-saving technologies requires 

solving many scientific problems, one of which is related to real-time detection of low concentrations of 

specific biomarkers, such as tumor markers [1], thyroid hormones [2], and DNA [3]. In this field, biosensors 

based on field-effect transistors with nanowire-channel [4] appear to be very promising devices for early 

diagnosis of diseases and pathologies. The detection principle is based on the change of silicon nanowire 

conductivity as a result of specific binding of biomolecules on its surface. 

Thermoregulation is an essential part of the biosensor system. Measurements at a stable temperature (40-

90 °C) allow to reduce the time and to increase the efficiency of the analysis. In the case of DNA 

diagnostics, the possibility of steady heating at 85–90 °C (much higher than the melting point of DNA) 

makes a sensor promising for repeated use. 

Semiconductor structures of biosensors were formed on the base 

of silicon-on-insulator (SOI) material, which allows high precision 

fabrication of nanowires with channel dimensions of 70-90 nm 

width and 3-5 µm length [1-4]. Laboratory methods, used for 

nanostructure fabrication are compatible with standard 

semiconductor technology and include precision e-beam 

lithography, reactive ion etching, thin film deposition, etc. The 

integration of thermoregulation elements was performed 

simultaneously with the formation of the contact pads of the sensor 

[2], and did require additional technological steps [3]. 

The use of built-in heaters turned out to be more efficient than 

external heaters [3], allowing multiple measurements and reducing 

the time to reach the required temperature (Fig. 1). A biosensor with a nanowire and a thermoregulator was 

tested to detect the formation and destruction of complexes of two complementary oligonucleotides. 

The research was supported by the program of Interdisciplinary Scientific and Educational School of 

Moscow University "Photonics and Quantum Technologies. Digital Medicine" and was carried out using the 

equipment of the Educational and Methodical Center of Lithography and Microscopy of Lomonosov 

Moscow State University.  

 

1. G.V. Presnova, I.I. Tcinyaykin, I.V. Bozhev, et al. Thyroglobulin detection by biosensor based on two 

independent SI NW FETs. Proceedings of SPIE - The International Society for Optical Engineering, 

11022, 110220Z (2019). DOI: http://dx.doi.org/10.1117/12.2522461 

2. I.I. Tsiniaikin, G.V. Presnova, I.V. Bozhev, et al. A Sensor System Based on a Field-Effect Transistor 

with a Nanowire Channel for the Quantitative Determination of Thyroid-Stimulating Hormone. Moscow 

University Physics Bulletin, 75(6), 645–656, 2020. DOI: http://dx.doi.org/10.3103/s002713492006020x 

3. I.I. Tsiniaikin, G.V. Presnova, I.V. Bozhev et al. Nanoscale biosensor with integrated thermoregulation 

controller for DNA diagnostics. Moscow University Physics Bulletin, 78(2), 214–220, 2023. 

DOI: http://dx.doi.org/10.3103/S0027134923020157 

4. G.Presnova, D.Presnov, V.Krupenin, et al. Biosensor based on a silicon nanowire field-effect transistor 

functionalized by gold nanoparticles for the highly sensitive determination of prostate specific antigen. 

Biosensors and Bioelectronics, 88, 283–289, 2017. DOI: http://dx.doi.org/10.1016/j.bios.2016.08.054 

 

 



P1-07 

 

 

94 

Variable frequency nanomechanical systems based on suspended 

silicon nitride nanowires 
 

P.O.Mikhailov
1,2

, A.A.Dorofeev
1,2

, G.O.
 
Snigirev

1
, A.S. Trifonov

1,2
, D.E.

 
Presnov

1,2,3
, 

O.V. Snigirev
1,2

, V.A.
 
Krupenin

1,2
 

1. Faculty of Physics, Moscow State University, Moscow, 119991 Russia 

2. Quantum Technology Center, Moscow State University, Moscow, 119991 Russia 

3. Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, 119991 Russia 
 

Electromechanical systems have widely entered into the daily life of people in the form of various 

accelerometers and gyroscopes. In turn, Nanoelectromechanical systems (NEMS) have found wide 

application in the advanced fields of science due to their high sensitivity to various external influences [1]. 

For example, in [2], the precession experiment of the quantum vortices registration in superfluid helium 

utilizing a nanoscale resonator (NMR) with a natural frequency of 2.116 MHz was demonstrated. 

This paper presents a unique method for producing NMRs with closely placed control electrodes. The 

method includes standard technologies for the semiconductor industry, such as: electron beam lithography, 

deposition of thin metal films, reactive ion and liquid etching. 

The manufacturing of experimental structures with NMRs based on silicon nitride nanowires suspended and 

fixed on both sides with a thin layer of aluminum on the surface, 30 nm thick is illustrated. The width and 

height of the produced resonators are 100–200 nm, and the length varies from 70 μm to 1 mm. 

Theoretical estimations of the natural frequencies of the produced NMRs at different temperatures have been 

carried out. Numerical simulation is used to demonstrate the dynamics of changes in the natural frequencies 

of the produced NMRs with the temperature changes from room temperature to 4K. The resonance 

frequencies of nanowires with the length of 70 μm increase from 0.4 MHz to 2.1 MHz under cooling. For the 

nanowires with a length of 1 mm the resonance frequencies  vary in the range from 0.02 MHz to 0.15 MHz.  

The model obtained applying numerical simulation allows the estimation of the influence of closely placed 

control electrodes on the oscillation dynamics of a suspended nanowire. The results of the paper demonstrate 

that the resonance frequency can be adjusted up to 10% by utilizing the control electrode. 

 

1. Presnov, D.E., Kafanov, S.G., Dorofeev, A.A. et al. High Quality Factor Mechanical Resonance in a 
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2. Guthrie, A., Kafanov, S., Noble, M.T. et al. Nanoscale real-time detection of quantum vortices at 

millikelvin temperatures. Nat Commun 12, 2645 (2021). https://doi.org/10.1038/s41467-021-22909-3 
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Crescent-shaped thin film structures exhibit plasmon resonances due to their sharp corners. At resonance 

these corners work as antennas increasing the electrical field of an incident wave by order of magnitude in 

the vicinity of the corners. This antenna property of crescent-shaped thin film structures is widely used in 

different applications. In [1] a relatively simple method was proposed to fabricate large unordered arrays of 

such structures on substrates. The method (nanosphere lithography, NSL) consists of depositing a colloid 

submonolayer of spheric nanoparticles, oblique (at an angle ) depositing of thin metal film (usually, Ag), 

normal ion beam sputtering of this film, and, finally, removing the nanoparticles. The method can be 

supplemented with one more deposition following after an azimuthal rotation by angle .  

The NSL method can also be used to fabricate asymmetric crescent-shaped structures, but this possibility has 

not been practically studied. In this work we present the simulation results for two ways to fabricate such 

structures: (1) deposition at 1, azimuthal rotation by , deposition at 2, normal sputtering (Fig. a) and 

(2) deposition at 1, azimuthal rotation by , sputtering at 2 (Fig. b). In the first case the corner angle 

depends on  practically linearly (Fig. c). In the second case the corner angles depend on  as it is shown on 

the Fig. d. The results obtained can be used for electromagnetic simulation of crescent-shaped thin film 

structure antenna properties. 

a)  b) 

c) d) 

The investigation was supported by the Program No. FFNN-2022-0019 for Valiev Institute of Physics and 

Technology of RAS. 
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Parametric amplifiers are known as ultimate-low-noise amplifiers; however, such conventional cavity-based 

amplifiers are burdened with a gain-bandwidth trade-off. To overcome the drawback, travelling-wave 

parametric amplifiers (TWPA) were suggested. TWPAs are based on using waveguide lines with nonlinear 

reactive parameters (of capacitive or inductive types) such as a kinetic-inductance microwave line [1] or 

artificial lines composed of lumped cells with nonlinear capacitors or inductances. As far as the 

superconducting kinetic inductance of Josephson junctions                ) is strongly nonlinear (here 

             ,          ,    is the Josephson-junction critical current and   is the Josephson-junction 

phase) the artificial lines composed of superconducting cells containing Josephson junctions are generally 

used in the designs of Josephson Travelling Wave Parametric Amplifiers (JTWPA) [2-5]. The amplifiers can 

work at low and very low temperatures and provide the extremely high sensitivity approaching quantum 

limit level. Therefore, JTWPA are currently considered as promising readout devices for use in the field of 

precision quantum measurements (including single-photon detectors), quantum communications and 

quantum computing (see [6, 7] and review [5]). 

In this presentation, we discuss characteristics of the artificial waveguide lines composed of lumped element 

cells in connection with designing the Josephson travelling wave parametric amplifiers and consider the 

attainable increase in dynamic range of the two-line flux-driven amplifier [8] with substitution dc SQUID 

cells for bi-SQUID cells. As the performed numerical simulation evidences, dynamic range can be increased 

by a factor of 2 to 3 due to the current redirection mechanism inside the cells. 

 

1. M. R. Vissers, R. P. Erickson, et al., “Low-noise kinetic inductance traveling-wave amplifier using three-
wave mixing, Appl. Phys. Lett., 108, p. 012601, 2016. 
2. O. Yaakobi, L. Friedland, C. Macklin, and I. Siddiqi, “Parametric amplification in Josephson junction 
embedded transmission lines, ”Phys. Rev. B, 87, 144301, 2013. 
3. M. T. Bell, and A. Samolov, “Traveling-wave parametric amplifier based on a chain of coupled 
asymmetric SQUIDs,” Phys. Rev. Appl., 4, no. 2, Art no. 024014, 2015. 
4. A. B. Zorin, “Josephson Traveling-Wave Parametric Amplifier with Three-Wave Mixing,” Phys. Rev. 
Appl., 6, Art. no.034006, 2016. 
5. M. Esposito, A. Ranadive, L. Planat, and N. Roch, “Perspective on traveling wave microwave parametric 
amplifiers,” Appl. Phys. Lett., 119, 120501, 2021. 
6. Ch. Macklin, et al., "A near–quantum-limited Josephson traveling-wave parametric amplifier," Science, 
350, no. 6258, pp. 307-310, 2015. 
7. M. Haider, et al., "A Josephson Traveling Wave Parametric Amplifier for Quantum Coherent Signal 
Processing," 2019 IEEE MTT-S Int. Microwave Symp. (IMS), IEEE, 2019. 
8. A. B. Zorin, “Flux-driven Josephson traveling-wave parametric amplifier,” Phys. Rev. Appl., 12, no. 4, 
Art no.044051, 2019. 
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Molecular electronics is one of the “Beyond CMOS” technologies considered as a perspective platform for 

the development of integrated circuits' basic elements such as resistors, diodes, and, most importantly, 

transistors [1]. The interference nature of the coherent electron transport through single molecules of 

conjugated hydrocarbons and their derivatives sandwiched between metal or graphene electrodes gives rise 

to a wide variety of mechanisms for current control. In particular, it was previously shown that the 

coalescence of resonances theoretically provides the possibility for the gate-induced control of the current, 

which excels the Boltzmann limit for conventional silicon FETs [2]. 

Destructive quantum interference is governed mainly by the internal structure of the molecule [3], whereas 

constructive interference responsible for the aforementioned effect of resonance coalescence is crucially 

dependent on the interface between the molecule and electrodes [3, 4]. Unfortunately, the tunneling coupling 

strength between the conjugated electron system of the molecule and electrodes is not well defined, and its 

determination requires cumbersome numerical modeling in each particular case. Thus, having some idea of 

its value in the Hückel model parametrization for typical anchor groups and possible dependence on the 

quantum interference pattern (constructive or destructive) would be beneficial for bringing analytical tight-

binding sketches closer to realistic structures. 

In the present work, we provide ab initio simulations of linear and cross-conjugated molecules attached to 

[111] gold electrodes with –SCH3, pyridine, and thiophene anchor groups at the DFTB level of theory. The 

results of the simulations are fitted by the Hückel analytical model. The coupling strength parameter Г is 

extracted for different anchor groups, and it demonstrates very weak dependence on the internal structure of 

the molecule (linear or cross-conjugated). However, Г varies in almost three orders of magnitude for 

different anchor groups: from Г~1 eV for –SCH3 to Г~10
-3

 eV for thiophene. The key reason for such a 

strong dependence is the difference between the optimized electrode-molecule distances. 

Results of the present work enable one to make a conclusion on the optimal anchor group for either more 

effective current switching (the lesser Г, the better) or a higher performance rate defined by the maximum 

current value (the bigger Г, the better) [2]. Further DFTB and DFT study of more different anchor groups is 

required to compile an important parametric dataset for Hückel models.  

The decrease of Г increases electron localization and enhances many-electron effects caused by Coulomb 

interaction. These effects are especially interesting in diradical molecules, where the coalescence of 

resonances or anti-resonances offers the best opportunities for current control. The characteristic feature of 

diradicals is the degeneracy of electron levels at EF. In the equilibrium, this degeneracy is lifted with a 

transition into one of three states: (i) a deformed singlet state (the Jahn-Teller effect), (ii) the triplet state with 

parallel spins, and (iii) the singlet state with antiparallel spins. We estimate the effect of Г on the state of the 

molecule and its influence on the conductivity of the molecular system. Obtained results show a possibility 

to tune the parameters of a single-molecule system in a wide range wanted for electronic applications. 

We would like to acknowledge the Russian Science Foundation for support under project #21-19-00808 
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One-dimensional and two-dimensional highly ordered metal-organic frameworks, where single metal atoms 

play the role of isolated charge centers, can be used to build high-temperature reservoir single-electron 

networks [1, 2]. The development of these nanoscale devices opens up great opportunities for creating local 

chemical sensors with nanometer resolution and ultrahigh charge sensitivity; elements of neural networks, as 

well as universal customizable logic elements and elements of analog computers.  

Ordered chains and two-dimensional networks of metallic single-atom charge centers can be constructed 

from compounds with transition metals and terpyridine. With the proper choice of organic ligands, in the 

metal-organic framework the transparency of effective tunneling barriers between neighboring tunneling 

charge centers can be in range 0.0001–0.01, which makes it possible to consider such chains and networks as 

ready well-structured single-electron devices.  

The fabrication of a reservoir network based on ordered molecular compounds is carried out by direct 

depositing to a system of planar nanoelectrodes on a solid substrate [3]. Due to the small size of the 

localization region of electrons on single-atomic charge centers in such chains and grids (~1 nm), they 

demonstrate stable operation and exhibit pronounced single-electron properties at room temperature.  

For the theoretical description of electronic transport in molecular single-electron chains and two-

dimensional grids, in addition to parametrization of the electronic single-particle energy spectrum, it is 

necessary to calculate the value of the tunneling matrix element, which, in turn, is necessary to calculate the 

tunneling rate between neighboring charge centers and tunnelling currents.  

In this work, we estimated the magnitude of the tunneling matrix element in the coordination compound of 

terpyridine with two charge centers based on copper atoms. The assessment was performed as follows. 

Firstly, Density functional theory (DFT) method and NWChem quantum chemical calculation system were 

implemented to calculate Hartree-Fock-like energy spectra for both charge centers and ligands [4]. Next, the 

height and width of the effective tunnel barrier between neighboring charge centers on copper atoms were 

estimated with means of HOMO and LUMO levels of charge centers and ligands respectively. Finally, the 

value of the tunneling matrix element was found in the approximation of a rectangular tunnel barrier between 

neighboring charge centers. 

Assumptions based on calculations of tunneling matrix element value indicate that the considered compound 

with copper-containing charge centers has electronic transport with single-electronic nature. 

The research was supported by the program of Interdisciplinary Scientific and Educational School of 

Moscow University "Photonics and Quantum Technologies. Digital Medicine" and was carried out using the 

equipment of the Educational and Methodical Center of Lithography and Microscopy of Lomonosov 

Moscow State University. 
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The modern world is hard to imagine without devices operating on power transistors. To date, 

semiconductors with a wide bandgap, such as GaN, are being actively developed [1]. Thanks to these 

materials, it is possible to achieve high power ratings and operating temperature of the junction, as well as 

high breakdown and operating voltages. In addition, the presence of spontaneous and piezoelectric 

polarization charges increases the density of the two-dimensional electron gas (2DEG) in the channel 

without the need for additional doping of the device [2]. Therefore, in recent years, the properties of HEMT 

transistors based on gallium nitride GaN, in particular, based on the AlGaN/AlN/GaN heterostructure, have 

been actively studied. If we turn to GaN-based HEMT transistors, then there are many unresolved issues of a 

technological nature and theoretical understanding of the processes occurring during the operation of GaN 

HEMT transistors. Most often, this is due to the presence of traps, both at the interface of heterojunctions and 

in the bulk of the transistor. Due to the processes of capture and emission of charge carriers by traps, various 

parasitic effects are observed during the operation of the transistor. 

To identify the best power characteristics, it is first necessary to investigate the dependence of the breakdown 

voltage on the design features of the transistor. Buffer layer design is a key requirement for GaN HEMT 

power applications, as buffer parameters are critical for the high breakdown voltage of normally-off 

transistors. However, GaN-based transistors have many unresolved buffer design issues. In this work, we 

investigated the influence of such parameters as the thickness and material of the buffer layer, as well as the 

concentration of doping with iron and carbon, on the breakdown voltage of normally-off GaN HEMT 

transistors. 

For the study, the following SiN/p-GaN/AlGaN/AlN/GaN/AlGaN/AlN/Si heterostructure was chosen, 

suitable for creating a normally-off GaN HEMT transistor. The AlGaN buffer layer is located on a thin AlN 

layer that separates the silicon substrate and the buffer layer. We will consider the case of forming a 

normally-off HEMT transistor using the method of using a p-GaN gate doped with magnesium n = 10
19

 cm
-3

. 

For simulation, the following parameters were chosen for gate length LG = 1.4 mkm, drain-to-gate distance 

LDG = 6 mkm, and source-to-gate distance LGS = 1 mkm. In this work, we used the Sentaurus Device 

software, a device simulator capable of simulating the electrical, thermal, and optical characteristics of 

devices based on semiconductor devices.  

When changing the thickness of the buffer layer and modeling the current–voltage characteristics of the 

device, it was found that with an increase in thickness from 1 μm to 6 μm, the breakdown voltage increases 

from 400 V to 700 V. An AlxGa1-xN alloy was used as the buffer material, the mole fraction of the aluminum 

content was changed. In this case, as is known, the band gap of the material changes. When the mole fraction 

of aluminum changes from 0 to 1, the breakdown voltage first increases from 0 V to 700 V, and then 

decreases to 200 V. For this structure, large breakdown voltages, taking into account traps, appear at 

Al0.15Ga0.85N. Doping with carbon, due to its self-compensating properties and deep acceptor behavior in n-

type GaN, is commonly used to produce highly insulating GaN. At high carbon concentrations in the buffer 

AlGaN, for example, 10
18

 cm
-3

, the breakdown voltage can be raised to 1000 V. 

As a result of the work, it was determined that in order to achieve breakdown voltages of the order of 

1000 V, the thickness of the AlGaN buffer layer of 6 μm, the mole fraction of aluminum of the order of 15%, 

and doping with carbon of the order of 10
18

 cm
-3

 are required. 

This work was carried out with the financial assistance of the Ministry of Education and Science in the 

framework of state task FSMR-2022-0004. 
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The removal of the residual polymer remaining after graphene transfer is still an important problem [1]. 

Some mechanisms of PMMA removal remain unclear. PMMA residues block the active area of a graphene-

based sensor with degradation in sensitivity, response time [2]. There were new methods for removing the 

near-surface PMMA (Mw~495 kDa) layer proposed: rinsing in a solvent/non-solvent mixture; swelling or 

functionalization of the PMMA, compared with modification by focused ion beam (FIB) [2]. The changes in 

transferred CVD-graphene with such cleaning were analyzed by AFM, Raman, CVC. Si substrate with 300 

nm SiO2 (Cox ~11.5 nF/cm
2
) and electrodes (50 μm gap) with 100 μm channel width was used. Solvents or 

mixtures used: trichloroethylene (TCE) at RT, then consequently diacetone alcohol (DAA):water (H2O), 

tetrahydrofuran (THF):H2O, ethanolamine (EA):THF for ~30 min. at ~60 °C. CVC were measured with 

bottom (p
+
 Si substrate), and liquid gate (Ag/AgCl in 0.1x PBS 7.0 pH, Cox ~5 μF/cm

2
 [3]). TCE cannot  

remove the near-surface PMMA. For DAA:water there are: stress relaxation (2D peak shifts) with layer 

thickness increased due to swelling, but no 2D/G ratio change (~1.1, fig. 1a). For THF:water, 2D/G increases 

up to 1.6-1.9, graphene regions without PMMA become >50 nm, occupy half of the surface. Thus, using 

Raman alone isn’t enough for control and AFM is required. 2D/G of AFM cleaned is ~2.7, as for pure 

graphene. For EA:THF, the 2D peak is shifted, 2D/G is 2.6, points to extended regions without PMMA. EA 

functionalizes both PMMA (helps to remove it) and graphene (D/G~0.7). Despite the PMMA partial removal 

with the 2D/G increasing and threshold point shifting to zero (fig. 1b), the conductivity, mobility decrease 

due to the alternation of regions with and without PMMA. Still, the (IDS – IDS0)/IDS0 has the higher slope than 

for FIB modified graphene, so the THF:H2O cleaned graphene sensor has a potentially higher sensitivity. 
 

 

Fig. 1. Raman spectra (a), AFM (inset of a) scale bars are 1 μm); normalized CVC (b, IDS0 is IDS(VGS = 0V)) and CVC 

with Ag/AgCl gate electrode (inset of b)) of graphene after rinsing in various solvents or modified by FIB [2]. 
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Information security is quickly evolving, especially in quantum key distribution (QKD) [1], which ensures 

the establishment of a secret key for data transfer based on physical principles [2]. However, the distance 

necessary to produce such a key via a fiber is restricted to 1000 km because of exponential attenuation. 

Hence, the possibility of transmitting quantum states with small attenuation in free space through a satellite-

to-ground link is investigated [3]. 

In QKD, photon polarization states are often employed to transmit information bits between a satellite and a 

ground station, and the decoy-state BB84 technique is used to get the shared secret key. Due to the restricted 

communication time and the dynamical changes of the connection parameters, choosing a suitable interval 

division with average key parameters is an essential challenge to get the maximum secret key. On the one 

hand, the number of registered signal in an interval is responsible for the value of statistical fluctuations of 

parameters, on the other the real level of quantum bit errors is responsible for the security of the sequence 

and has a much stronger effect on the rate of its accumulation. 

To estimate the quality of communication or the level of quantum bit errors over a specified interval of the 

QKD session with the satellite, we use the fast frequency recovery method of transmitted quantum signals 

and evaluate the signal-to-noise ratio of quantum signals registered on the ground. This method compensates 

for the frequency shift caused by the instability of the clock frequencies of the satellite and receiver quartz 

oscillators, as well as the Doppler effect due to the relative motion of the satellite and receiver, and allows 

for a time filter.  

In this paper, we present the method of optimal division of the satellite-to-ground quantum communication 

session into time intervals to maximize the secret key length based on the signal-to-noise ratio function. For 

that, we perform an experimental simulation of the quantum signal received on the ground station from the 

satellite using the semi-empirical satellite-to-ground QKD model [4] for the receiver with a 600-mm aperture 

size [5]. Then, applying the fast frequency recovery approach and time filtration to the simulated signals, we 

estimate quantum bit errors and perform secret key distillation.  

This work was supported by the Ministry of Education and Science of the Russian Federation within the 

framework of the Strategic Academic Leadership Program "Priority 2030" (Strategic Project "Quantum 

Internet"). 
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The influence of optical feedback (OF) on the dynamics of vertical-cavity surface-emitting lasers (VCSEL) 

has been a subject of numerous experimental and theoretical studies [1]. The optical feedback can lead to a 

decrease of the width of the bistability zone [2], suppressing [3], or inducing [4] polarization switching, 

suppression of multistability [5]. 

Here, we present results of an experimental study of the effect of OF on intensity fluctuations at selected 

polarization in a single mode VCSEL. The first motivation is to increase the level of polarization noise for 

the possible use in random bit generators. The second goal is to search for conditions under which stable 

bistability induced by optical feedback can be realized. Such a property can be useful for development of 

bistable optical switches, as well as for increasing the sensitivity of autodyne measurements [6].  

Several samples of a single-mode VCSEL (Finisar, HFE 4093-332) operating in 850nm wavelength region 

were studied. The laser diodes temperature was stabilized to an accuracy of 0.01°C. The collimated laser 

radiation was divided into two beams on a 50/50 non-polarizing beam splitter. One beam was sent to an 

external mirror, thus forming the optical feedback. We used mirrors with reflection coefficients R = 0.2, 0.5, 

and 0.99. This corresponds to a return intensity IOC = 0.05, 0.125, and 0.25. The length of the external cavity 

was 20 cm. The second beam was directed through the polarizer to the photodiode to study the temporal 

dynamics of the laser intensity at the selected polarization. The signal from the photodiode was recorded by a 

digital oscilloscope with a sampling frequency of 2 GHz and an analog channel bandwidth of 300 MHz. 

Figures 1 shows an evolution of the probability density functions of the intensity fluctuations at selected 

polarization in VCSEL for different values of the OF strength as a function of the injection current jdc. In the 

absence of the OF fluctuations are negligible [Fig. 1(a)]. For the moderate OF level, rather strong 

polarization fluctuations appear in the range of jdc [2.4-3] mA which indicate on the emergence of bistability 

[Fig.1 (b)]. Strong OF leads to an increase in the amplitude of polarization fluctuations in a wide range of the 

pump current from 2 mA to 5.5mA [Fig. 1 (c)], which is large enough to be used as source of entropy for fast 

random number generation. 

 
Fig. 1 - Probability density function P (In) in a logarithmic scale of the polarization-resolved fluctuations of the laser 

intensity In as a function of the injection current jdc. (a) Without OF, (b) IOC =0.125 and (c) IOC =0.25. The dashed line is 

a mean value of the laser intensity.  
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Vertical-cavity surface-emitting lasers (VCSELs) nowadays appear to be promising in implementing a range 

of quantum mechanical devices. For example, recently it was reported that VCSELs can be used as a base for 

fast and relatively cheap quantum random number generators [1, 2]. The key feature used here is the 

complex polarization dynamics in VCSELs. There are a lot of different regimes of operation depending on 

laser parameters, therefore, to predict and select the desired behavior of a laser it might be useful to get 

inside into relation between laser parameters and its stationary characteristics, such as spectrum. 

In our work, we present a novel approach for simulating VCSEL spectrum based on stochastic version of the 

widely used spin-flip model (SFM) [3]. In comparison to the existing results [4], our method provides not 

only wavelengths and relative linewidths of lasing spikes but also the full spectrum. We show that it captures 

all known features such as polarization switching, four-wave-mixing (FWM) spike [5], relaxation 

oscillations. 

 

 
Pic. 1. Simulated spectra with different normalized pump current µ. Polarization switch, FWM spike and 

relaxation oscillations observed.  

 

Although simulating spectra are useful on its own, one can obtain at least some parameters of the SFM 

model via fitting experimental data with spectrum obtained by simulation. However, such details as 

correlations between parameters, best global optimization algorithm and performance are subject for further 

study. 
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Non-Gaussian states are required for performing fault-tolerant universal quantum computations. Among non-

Gaussian quantum states, of particular interest are the so-called Schrödinger's cat states [1]. The increased 

interest in such states is due to the prospect of their use as a resource for quantum error correction codes. 

Another interesting type of non-Gaussian quantum states is so-called the squeezed Schrödinger's cat state [2]. 

Based on them, the code of the correction of both phase and photon-loss errors has been developed [2]. 

Unlike the traditional Schrödinger's cat states, the squeezed Schrödinger's cat states used for the error 

correction should have a large squeezing degree and a small amplitude α. Therefore, to build the error 

correction code using the squeezed Schrodinger's cat states, there are lower experimental requirements for 

the amplitude α. The standard method for Schrödinger’s cat states generating is the photon subtraction 

method. In it, a squeezed vacuum falls on a beam splitter with a low reflectance coefficient, the second input 

of which is not illuminated [3]. The states in one of the channels are detected by photon number resolving 

detector (PNRD). By considering the possibility of generating non-Gaussian states, we have modified this 

approach by illuminating both inputs of the beam splitter with squeezed light [3]. 

In our work we have studied in detail the possibility of generating different non-Gaussian states using the 

entangled state photon measurement scheme (Fig. 1). We have proposed a way to explicitly find the wave 

function and the Wigner function of the output state of this scheme. Moreover, the solutions found are not 

restricted to any particular case but have maximum generality depend on the number of measured photons 

and on all parameters of the scheme. The analytical solution allowed us to carry out a complete analysis of 

the output states, depending on the scheme parameters. Using explicit expressions, we have analyzed the 

magnitude of non-Gaussianity of the output states, and we have revealed which particular states can be 

obtained in the proposed scheme. We have considered in detail a particular case of single photon 

measurement and have shown that using explicit expressions for the output state wave function one can find 

scheme parameters to obtain states suitable for quantum error correction codes with a large fidelity value and 

high probability. The Schrödinger’s cat state with amplitude α equal to 2 can be obtained with fidelity equal 

to 0.88 and probability equal to 18 percent, and the squeezed Schrödinger’s cat state (amplitude α=0.5, the 

degree of squeezing R=1) with equal to 0.98 and probability equal to 22 percent. The proposed method 

allows for higher fidelity and probability values compared to the previous ones. 

 
Fig. 1. Scheme for generating non-Gaussian states. In the diagram:    and    are two squeezed vacuum states, BS is a 

beam splitter, and PNRD is a photon number resolving detector. 

This research was supported by the Russian Science Foundation (grant No. 22-22-00022), by the Theoretical 

Physics and Mathematics Advancement Foundation "BASIS" (grant No. 21-1-4-39-1). SK acknowledges 

support by the Ministry of Science and Higher Education of the Russian Federation on the basis of the 
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One of the promising models of universal quantum computation is a one-way quantum computation model. 

Unlike the discrete quantum systems, the use of continuous variables allows one to build schemes that give a 

significant measurement result each time they are addressed (deterministic circuits). However, working with 

continuous-variable quantum systems also has a significant drawback: the presence of errors associated with 

the finite squeezing degree of states, which are used as a resource for teleportation. It is these errors that are 

the main limiting factor of the regime in question. The squeezing degree, which is experimentally achievable 

at the moment, turns out to be insufficient for performing universal fault-tolerant quantum computations. 

However, the resource state requirements can be lowered by using computational schemes that are less 

sensitive to the initial error. The first step for building such schemes is to modify the basic one-way quantum 

computation protocol - the teleportation protocol. 

One of the recipes to improve teleportation accuracy is to use a non-Gaussian state obtained by the 

conditional subtraction or addition of photons procedure as a teleportation resource [1]. However, such a 

modified protocol loses determinacy because of the probabilistic nature of the non-Gaussian operations used. 

Another teleportation scheme, described by us in [2], uses as a resource the non-Gaussian state obtained with 

a cubic phase gate. In contrast to the scheme with photon subtraction, it works in a deterministic way. The 

question arises, which of these schemes allows to perform teleportation better and gives a greater gain over 

the scheme using Gaussian resource. We have compared the performance of three teleportation protocols [3]: 

the original protocol, the protocol with photon subtraction, and the protocol with cubic phase gate, and we 

evaluate the role of each of the non-Gaussian operations used in the protocols under consideration. On the 

example of squeezed state and Schrödinger’s cat state, we have shown that the protocol with cubic phase 

gate allows to reach higher fidelity values (see Fig. 1). 

 
Fig. 1: Averaged teleportation fidelity of squeezed state: (a) by the original protocol; (b) by the protocol with photon 

subtraction; (c) by the protocol with cubic phase gate; and averaged teleportation fidelity of Schrödinger’s cat state (d) 

by the original protocol; (e) by the protocol with photon subtraction; (f) by the protocol with cubic phase gate. 

This research was supported by the Theoretical Physics and Mathematics Advancement Foundation "BASIS" 

(Grants No. 21-1-4-39-1 and No. 22-1-5-90-1). SK acknowledges support by Ministry of Science and Higher 

Education of the Russian Federation and South Ural State University (agreement No. 075-15-2022-11). 
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Currently, the efforts of many scientists are aimed at creating quantum computers. Great progress has been 

made in the construction of so-called NISQ-era devices [1] (Noisy Intermediate-Scale Quantum). NISQ-

computers will not be protected by quantum error correction, and noise severely limits the scale of 

computations. To reduce the number of controlled elements, we can move from qubits to qutrits (spins S = 

1), and use adiabatic quantum computation to improve noise immunity. In this work we consider clustering a 

set of six points into three groups. Clustering is partitioning a set data points into subset in according to 

proximity of their properties (in our case according to distances between two points on Cartesian plate). At 

initial moment of time, system is prepared in the ground state of initial Hamiltonian – Hamiltonian of 

interaction with a transverse magnetic field. Then the Hamiltonian adiabatically changed in time (in the 

discrete-time approximation) to the final Hamiltonian, in the ground state of which we encode the solution of 

the problem [2]:  

   
5 5

01
3 2 2 1 1z z z z z z z z z z z z z

P ij i j i i j j i i j j j j j ji j j
H R S S S S S S S S S S R S S S

 
         , 

where ijR  is distance between data points i  and j , jS  is projection operator of spin j on axis  , ,x y z  . 

For realization the algorithm on a physical system the interaction in the Hamiltonian 
PH  should be 

expressed with dipole-dipole and Zeyman interactions. Effective Hamiltonian 
PH  is implemented with 

selective radiofrequency (RF) pulse [2]: 

     
25 5 5

1 1 1
3 2 cos sinz z x y

pulse j rf j j j dd pulse j jj j j
H S Q S H h S S   

  

       
     , 

where j  is Larmor frequency of spin j , jQ  is quadrupole constant, rf  is frequency of attached RF pulse, 

which determines the selectivity of the attached impulse: 1 2 1 2 3rf j j j j jE E Q         for the transition 

between levels 1 and 2 of spin j , and for the transition between levels 2 and 3: 

2 3 2 3 3rf j j j j jE E Q       ., 
5 z z

dd ij i ji j
H J S S


 is Hamiltonian of dipole - dipole interaction, pulseh  is 

amplitude of attached pulse,   is phase of attached pulse. This pulse implement rotation 

,{ } expk n

i pulse pulseit H      , which change population of level k and n, where pulset  is pulse duration, 

 ,x y  . The phase shift operators ,{ }k n

z i 
 can be obtained in two ways: а)

     
k n k n k n

,{ } / 2 / 2k n

z i y, i x, i y, i
=    

      , b) by setting up phases of subsequent pulses at this transition. In 

order to minimize the error, pulseh  must be small to avoid cross-talk noise. To avoid a phase error, pulset  

should be multiple 2 / j   и 2 / jQ  [2]. We find the amplitudes and durations of rectangular RF pulses, as 

well as the durations of free evolution intervals in the control pulse sequence, and performed numerical 

simulation. Also we studied the dependence of the implementation fidelity on the parameters. We took 

quadrupole nuclei as qutrits, but the results obtained will be useful for controlling quantum processors based 

on qutrits represented by other systems. 

This study was supported by the Theoretical Physics and Mathematics Advancement Foundation “BASIS” 

#20-1-5-41-1. 
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Ion trap quantum computers attract much attention nowadays as promising candidates for future practically 

useful quantum information processors [1]. We review major advantages and drawbacks of standard 

realizations of ion trap quantum computers. One promising way to build scalable quantum information 

processors is an approach based on solid-state technology. We consider simple and straightforward approach 

of obtaining two-qubit implementations of C-PHASE and SWAP gates. The evolution of ion trap qubits is 

obtained in ideal case of negligible influence of decoherence during gates implementation.  
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Quantum walks have been actively studied in recent years. The main directions of research are their 

implementation [1] and applicability to universal quantum computing [2], algorithmic [3] and physical 

applications [4], general properties and the effect of decoherence on them [5]. 

While discrete-time quantum walks require introducing additional state of quantum coin, dynamics of 

continuous-time quantum walks on a graph is described more naturally being determined by the Schrödinger 

equation, where the Hamiltonian is proportional to the Laplacian of the graph. This equation can be 

generalized to the cases of various decoherence models.  

We consider continuous-time quantum walks on the Clebsh graph with decoherence in the Gurvitz model 

[6]. The same equation describes the system in the Haken-Strobl model [7]. Easy-to-interpret approximate 

analytical solutions in the limiting cases of small and large decoherence are obtained, their accuracy is 

estimated. In the case of small decoherence corrections to the untiraty dynamics reflect classicalization of the 

system at large times. In the case of large decoherence the system turns into the classical Markov chain. 

Moreover, we prove a restriction on the order of off-diagonal elements of the density matrix and their 

derivatives in the case of large decoherence for an arbitrary graph, which allows one to use approximate 

method proposed in [8] with guaranteed accuracy. 

 
1. T. Giordani et al. "Experimental Engineering of Arbitrary Qudit States with Discrete-Time Quantum 

Walks". Phys. Rev. Lett., 122, 020503, 2019. 
2. S. Singh et al. "Universal quantum computing using single-particle discrete-time quantum walk". Sci. 

Rep., 11, 11551, 2021. 
3. W. Zhou. "Review on Quantum Walk Algorithm". J. Phys.: Conf. Ser., 1748, 032022, 2021. 
4. J. Mares, J. Novotny, I. Jex. "Quantum walk transport on carbon nanotube structures". Phys. Lett. A, 384, 

126302, 2020. 
5. G. Bressanini, C. Benedetti, M. G. A. Paris. "Decoherence and classicalization of continuous-time 

quantum walks on graphs". Quantum Inf. Process., 21, 317, 2022. 
6. S. A. Gurvitz. "Rate equations for quantum transport in multidot systems". Phys. Rev. B, 57, 6602, 1998. 
7. H. Haken, G. Strobl. "An exactly solvable model for coherent and incoherent exciton motion". Zeitschrift 

für Physik A Hadrons and nuclei, 262, 135-148, 1973. 
8. L. Fedichkin, D. Solenov, C. Tamon. "Mixing and decoherence in quantum walks on cycles". Quantum 

Inform. Comput., 6, 263-276, 2005. 

 

 



P1-22 

 

 

109 

Image data representation for quantum advantage prediction task 
 

D. Tarpanov
1,2

, L. Fedichkin
1,2

 
1. Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region, Russia 

2. Valiev Institute of Physics and Technology, Russian Academy of Sciences, Moscow, Russia 

 

Quantum walks are at the heart of modern quantum technologies. They allow to deal with quantum transport 

phenomena and are an advanced tool for constructing novel quantum algorithms. Quantum walks on graphs 

are fundamentally different from classical random walks analogs, in particular, they walk faster than 

classical ones on certain graphs, enabling in these cases quantum algorithmic applications and quantum-

enhanced energy transfer [1]. Here we present a new data representation for the solution of quantum speedup 

problem. 

All the graphs under study are planar and have maximal vertex degree of 4. Therefore, they can be 

represented on a coordinate grid - Figure 1. The graph representation is in the form of a matrix where 

different numbers represent either edges, intermediate nodes, starting or final vertices.  
 

 

 

 

 

 

 

 

 

Figure 1 – Graph image and its adjacency matrix 

The neural network was tested on pre-labeled linear graphs with sizes ranging from 4 to 10 vertices. Graphs 

were represented in two ways: as shown above and as regular adjacency matrices [1]. The resulting 

accuracies on validation for both representations are shown in Figure 2. 

Figure 2 – Validation accuracies on line graphs for adjacency matrices (left) and images (right) 

representations 

The resulting data representation provides gains in universality and reduces the training time of neural 

network models, but at the expense of losing accuracy due to the transition to a higher-dimensional space. 
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One promising way to build scalable quantum information processors is an approach based on solid-state 

technology. We consider a charge qubit based on three tunnel-coupled semiconductor quantum dots (QDs) 

arranged in a line. The logic states 0 and 1 are encoded by electron localization in one or the other outermost 

QDs, while the QD located in the middle of the array is auxiliary and corresponds to the middle state m.  

We present the concept of CNOT operation based on Coulomb repulsion of electrons. We approximate the 

Coulomb interaction by restricting the mutual positions of electrons: electrons cannot be in the same or 

neighboring QDs, and the effect of repulsion considered to be negligible in all other situations. The target 

and control qubits arranged as shown in Figure 1a. With the help of electrodes, it is possible to control the 

height of potential barriers between quantum dots, opening and closing transitions between them at will [1]. 

The model Hamiltonian of the proposed CNOT implementation described by the expressions: 
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where H.c. stands for Hermitian conjugate,   is the tunneling frequency, which corresponds to the open 

potential barrier between neighboring QDs, the joint states of qubits are written in the form control, target . 

The schematic view of the process is shown in Figure 1b. 

Another important task is to maintain the initial state of the qubit in time. Let us consider a model of decay 

of a qubit state based on three QDs. We will study a process in which there is relaxation between the second 

and first excited energy states, as well as between the first and ground energy states, described by the 

relaxation rates 
21  and 10  respectively [2]. The values for relaxation rates in case of qubit interaction with 

acoustic phonons can be found in [3]. For operator decoherence measure defined in [4], we obtained the 

following analytical bounds: 

                                     10 1021 21
2
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3

t tt te e D t e e
                                             (2) 

 
Figure 1. Sketch of CNOT gate (a), neighboring squares represent tunnel-coupled QDs; schema of CNOT algorithm 

operation (b), left and right columns correspond to the situation when control qubit is in 0 and 1 state respectively; 

circles demonstrate exchange of amplitudes between states; if both neighboring QDs are white, then the barrier between 

them is considered transparent (transitions opened), otherwise it is opaque (transitions closed); the state of the barrier is 

controlled by the electrodes. 
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Quantum devices based on solid-state nanostructures are considered candidates for large-scale quantum 

computing. One of the implementation options is a design in which quantum information is encoded into 

spatial degrees of freedom of electrons placed in a quantum dot.Double-dots systems in semiconductors can 

be relatively well protected from decoherence processes due to interaction with the phonon medium and 

electromagnetic fields [1, 2]. 

We consider a structure in silicon, which consists of two quantum dots connected to each other through a 

tunnel barrier, and a single electron moving from one point to another and back, as shown in Fig 1. We limit 

our consideration to structures with two points in which the energy required to transfer to the upper levels, 

much higher than the lattice temperature and the energy distance between the base levels of the two points. 

Accordingly, we consider only the main energy levels of each point. 

We assume that the control of the cube takes place at GHz frequencies, which requires the ability to set the 

difference between the levels of the electron's eigenstates in our design. In addition, to find out the optimal 

parameters of a two-point system, we need to be able to compare the dipole moments of levels with different 

configurations of these parameters, as shown in Fig 2. 

The dipole moment is defined as: 

             

     
 

 
     
 

    

Here     – is the dipole moment of levels 0 and 1,       – are the wave functions corresponding to the 

finding of an electron in the first or second well, respectively. 

 
Fig. 1. A single electron within the potential with two    Fig.2. Dependence of the difference between 

levels.       the width of the barrier (bound) and the width of the 

       dots (width), the height of the barrier (U0) is 0.2 eV.  
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In modern cryptographic systems where random numbers are used, it is important that these numbers are 

truly random and unpredictable. For this purpose, random number generation is used based on physical 

processes, the outcome of which cannot be predicted [1]. One of the types of such generators is an optical 

random number generator [2], the basic method of which uses an optical circuit using a beam splitter and two 

photodetectors [3]. However, the physical implementation of random number generators leads to the fact that 

the random signal is influenced by the properties of the devices, which leads to a decrease in the degree of 

randomness. To reduce such an impact, post-processing of the resulting series is required [4]. In this paper, 

an algorithm based on the wavelet transform was proposed to increase the degree of randomness of the 

generated numerical sequence. The algorithm is based on the alignment of the values of the power spectrum 

of the wavelet transform at different scales. The wavelet transform allows us to study the properties of a one-

dimensional numerical sequence simultaneously in the frequency and time domains, thus allowing us to 

search for signal features more efficiently compared to Fourier analysis and perform their transformations 

more efficiently by changing the values of the wavelet coefficients [5]. The values of the coefficients of the 

wavelet transform were changed iteratively, by multiplying by a fixed numerical coefficient at each iteration. 

The criterion for interrupting iterations was the equality of the values of the power of the wavelet transform 

on the compared scales. After changing the values of the wavelet coefficients, the reverse wavelet 

transformation was performed, as a result of which a new numerical sequence was obtained. The proposed 

algorithm was demonstrated on a random number generator using a distributed feedback laser operating at a 

wavelength of 1550 nm with a narrow bandwidth of 1 MHz and a radiation power of 20 mW. This laser 

emitted light to the input of a fiber splitter, which divides the light into two outputs. These outputs were 

connected to the photodetectors of the homodyne detector. The photodetectors consisted of two balanced 

InGaAs pi-n photodiodes, which were designed with a cutoff frequency of 2 GHz, a low dark current of 

0.03 nA and a capacity of about 0.65 pA. Such an optical scheme ensures high randomness of the generated 

numbers and can be used to create reliable cryptographic systems. The signals from the photodiodes were 

amplified by the Texas Instruments OPA847 operational amplifier in the mode of transimpedance 

amplification. Then they passed through a high-pass filter, which removed unwanted noise with frequencies 

below 95 MHz, and were further amplified by an Analog Devices AD8099 operational amplifier with a gain 

of 20. Then the output signal passed through a low-pass filter with a cutoff frequency of about 105 MHz and 

was connected to a microwave connector with an impedance of 50 Ohm. As a result of the application of 

such an optical scheme, a sequence of random numbers was created. NIST tests were conducted to assess the 

degree of randomness of the generated sequence. About 90% of the generated random sequences have 

successfully passed the tests "Approximate Entropy", "Block Frequency", "Cumulative Sums", "FFT", 

"Frequency", "Linear Complexity", "NonOverlapping Template", "Serial". As a result of applying the 

proposed algorithm, 74% of the sequences were able to pass the "LongestRun" test and there was an increase 

in the degree of passing for the "FFT" test by 6% while maintaining the degree of randomness in the 

remaining tests. 
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High-Q and small modal volume photonic crystal nanobeam resonators are crucial components for on-chip 

optical devices, including low-threshold lasers, low-power optoelectronic switches, highly sensitive sensors, 

and quantum information optomechanical devices [1]. These systems hold the potential to observe and 

explore quantum-electrodynamical effects within resonators [2]. Due to light's limited interaction with matter 

in conventional homogeneous and isotropic media, optical resonators with high Q/V ratios enhance this 

interaction (known as the Purcell effect). This enhancement results in significant optical nonlinearity, 

efficient laser generation, cavity optomechanical effects, and more [3, 4]. The efficiency of nanophotonic 

resonators relies on factors such as the wavelength of the light used, the platform employed, geometric 

parameters of the nanophotonic resonator's cross-section, and the quantity and sizes of inhomogeneities [5]. 

 
Fig. 1  nanophotonic (PC) resonator composed of a waveguide and an array of cylindrical holes with a periodicity 'a'.  

In this work, the search for parameters of silicon nitride (Si3N4) photonic crystal nanobeam resonators was 

conducted. These resonators were symmetric with respect to all three axes and had dimensions of 2.3 μm in 

width and 220 nm in height, intended for generating resonant states at a wavelength of 1.55 μm. The 

resonators consisted of a waveguide hosting a periodically arranged array of air holes with decreasing radii. 

The structure's period remained constant, and the distance 'L' between two central cells — each containing 

two central apertures — was set to zero. This configuration minimized resonator losses and yielded a small 

modal volume. Calculations were conducted using the Finite-Difference Time-Domain (FDTD) method with 

software packages including MPB, MEEP, and Comsol. These calculations determined the number of holes 

'N' on each side of the resonator to establish effective mirrors for the Gaussian-like decay profile of the 

optical wave. The optimal number of holes on each side was found to be 20, with a total of 25 holes on each 

side relative to the resonator's center proving sufficient. To preserve waveguide modes within the resonator, 

an additional 10 holes were necessary on each side of the structure. 

Scientific research was carried out with the financial support from Ministry of Education and Science of 

Russia, Reg. number NIOKTR 121020400113-1. 
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Modern integrated technologies enable the creation of highly precise integrated structures, facilitating the 

development of novel devices for photonic integrated circuits. Among the pivotal components of photonic 

integrated circuits, optical splitters [1, 2] hold great significance. These splitters divide incident light into two 

proportional parts, and their losses can markedly curtail the efficiency of quantum photonic devices in 

integrated circuits. The attainment of optimal efficiency values is contingent upon the geometric parameters 

of the optical beam splitter, influenced by the integral platform and radiation parameters. One of the 

prominent platforms that are used in silicon photonics for creating different integrated devices is silicon 

nitride Si3N4 [3]. This material has been employed to optimize and analyze optical splitters for varying 

wavelengths [4], frequency-selective characteristics [5], and polarization considerations [6, 7], in instances 

where optical TE and TM modes are distributed into distinct arms. In our work, we focused on the pursuit of 

an optimal structure for an optical power splitter made from silicon nitride Si3N4 for 1550 nm wavelength 

light.  

The initial geometry of the model [8] was studied to identify the optical modes in the COMSOL 

Multiphysics environment. The fundamental waveguide mode was employed at the input of the splitter. The 

optimized section of the splitter with a width of 5 μm was partitioned into 30 equal segments. By adjusting 

the coordinates of these segments, we minimized total reflection and radiation transmission into the optical 

splitter's free space. Each segment within the transition region is constrained by the total length of the 

transition region. Changing the lateral coordinate of each section by up to 1 µm defines a new intermediate 

model computed in COMSOL Multiphysics. Note that the form of the gap between the splitter arms was 

chosen as an arc with a varying radius, which makes it possible to simplify the calculations while 

maintaining their accuracy. Certain optimization algorithms reached only local minima, depending on the 

initial values of the coordinates of the section segments, due to the associated restrictions on the modification 

of each section. However, the use of two minimized functions enabled the achievement of the same values in 

each optimization algorithm. 

Scientific research was carried out with the financial support from Ministry of Education and Science of 

Russia, Reg. number NIOKTR 121020400113-1. 
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Dielectrics (for example, nonstoichiometric oxides of silicon and germanium) are promising for memristors, 

and recently there have been prospects for their use in photomemristors [1] and photodiodes [2, 3]. In the 

work of Mexican researchers, photodiodes based on thick SiOx films with good response characteristics were 

obtained [2]. In this work, thin films and multilayer structures based on nonstoichiometric germanosilicate 

glass (GeSixOy) films were used in photosensitive structures.  

The GeSixOy films and many-layer structures based on them were deposited using high-vacuum electron 

beam vapor deposition (EBVD). The GeO2, SiO, SiO2, or Ge powders were co-evaporated using EBVD and 

deposited at temperature 100 °C onto n-Si(001) substrate with resistivity ρ = 5.5±1 Ohm·cm. The films were 

studied by Fourier-transformed infrared (FTIR) spectroscopy, atomic force microscopy, X-ray photoelectron 

spectroscopy, and Raman spectroscopy. Metal-insulator-semiconductor (MIS) structures were fabricated. A 

transparent indium-tin oxide (ITO) contact (0.7x0.7 mm) was applied through the mask as the top electrode. 

The current-voltage characteristics (I–V) (dark and with halogen lamp lighting) of the MIS have been 

studied.  

 

The figure shows comparisons of the dark and light (1.8 mW/mm
2
) I–V characteristics for MIS based on 

GeSi0.9O2.8 33 nm thick film. It can be seen that at reverse bias light increases the current by several orders of 

magnitude. The possibility of light absorption both in the film and in the Si substrate is discussed. The 

asymmetric effect of light on the current indicates the presence of depleted space charge region in Si 

substrate. One can also see resistance switching attempts (memristive effect) with forward voltage. It should 

be noted that two-layer and three-layer MIS had a higher ampere-watt characteristic. It should also be noted 

that the dark current in the ITO/n-Si structure is orders of magnitude higher, and photosensitivity is 

practically absent. So, the GeSixOy based MIS can be used as photodiodes.  

The work was supported by the Russian Science Foundation, project No. 22-19-00369.  
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This paper presents the properties of semiconductor-ferroelectric structures consisting of ZnO nanorods 

grown at low temperatures by the hydrothermal method on LiNbO3 and LiNbO3:Fe substrates. The resulting 

structures were analyzed by scanning electron microscope, photoluminescence, and spectrophotometry. SEM 

images and spectra; absorption spectra; photoluminescence spectra in the ultraviolet and visible ranges are 

presented. The studies have shown the possibility of using, along with others, the hydrothermal method for 

the synthesis of Zn(NO3)26H2O and C6H12N4 to obtain arrays of ZnO nanorods as a sensitive element of 

surfactant-based UV radiation sensors. 

Semiconductor-ferroelectric structures (ZnO-LiNbO3) are currently attracting much attention of researchers 

due to the possibility of creating radio photonics and functional microelectronics devices on their basis. 

Zinc oxide initially has an electronic type (n-type) conductivity with a fairly low resistivity (ρ ≈ 

10
-3

÷10
-4

 Ω·cm), a high concentration of n-type charge carriers (∼ 10
20 

÷10
21

 cm
-3

), and relatively low 

mobility (μ≈5÷20 cm
2
/V·s) [1]. 

Lithium niobate, due to its high resistivity (ρ≈10
-3

÷10
-4

 Ω·cm) and low carrier mobility (μ≈10
-3

 cm
2
/V·s), as 

well as manifestations of spontaneous polarization and hysteresis properties, belongs to the ferroelectric 

group of materials. 

ZnO nanorods (NR ZnO) are interesting for their electronic and optoelectronic properties [2] and are often 

functional elements of such devices as ultraviolet nanolasers, chemical sensors, solar cells, nanogenerators 

[3]. The creation of ultraviolet (UV) surface acoustic wave sensors based on zinc oxide nanostructures as 

sensitive elements is an urgent task; they are promising for use in economical wireless and batteryless 

devices. 

In this regard, semiconductor-ferroelectric structures formed on the surface of a ferroelectric substrate from 

single-crystal lithium niobate make it possible to create optically and electrically controlled structures 

according to the topology of a field-effect transistor or a field-controlled photoresistor. 

ZnO were synthesized on a stainless steel grid by the hydrothermal method [4]. All reagents (Sigma-Aldrich, 

99%) used in the experiment were analytically pure and were used without further purification. Zinc acetate 

dehydrate (ZnC4H6O42H2O) was dissolved in ethanol with stirring with a stainless steel shaft mixer at room 

temperature to obtain a homogeneous solution.  

Thus, it can be said that for all methods of obtaining ZnO nanostructures on pure and iron-doped lithium 

niobate substrates, the surface morphology is the same, they are covered with ZnO nanoparticles or nanorods 

(clusters), and, in the elemental composition of nanoparticles, oxygen predominates, and vice versa in 

nanorods. The results of luminescence analysis show similarity of the spectra both in the UV region and in 

the blue-green part of the spectrum, but the spectra obtained by us are symmetrical and without additional 

“peaks”, due to a larger amount of interstitial oxygen. In addition, it can be seen that the refractive indices 

calculated using the above empirical formula are very close to the experimental results of other authors. 
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The phenomenon of radiation fluxes waveguide-resonance propagation was discovered in result of taking 

into account the interference area appearing at the X-ray total external reflection on material interface and its 

existence at description of X-ray flux propagation through the narrow planar extended slit clearance [1]. It 

was shown that the flux propagation waveguide-resonance mode is realized when the slit clearance width 

will be smaller as the interference area size defined by half of the radiation coherence length value. Devices 

functioned in frame of the phenomenon were called the Planar X-ray Waveguide-Resonators (PXWR). 

These devices capture the radiation flux by own input in angular aperture limited by double value of the total 

external reflection angle, transport it almost without attenuation and form emergent X-ray beam with the 

same angular divergence as the magnitude of capture angle. The formed beam width is featured by nanosize 

magnitude owing to nanosize values of the characteristic radiations coherence lengths generated by 

laboratory X-ray sources. More over X-ray beams formed by PXWR structures are featured by enhanced 

radiation density, which exceeds this parameter of beams formed by slit-cut systems on 3 orders. It takes 

place owing to a great difference between widths of the radiation source focus and the PXWR slit clearance. 

In addition to it, PXWR structures have specific peculiarity to decrease intensity of “white” radiation 

component in the formed beam owing to vagueness of the bremsstrahlung radiation coherence length. In the 

investigation process devoted to search of the emergent beams angular divergence decreasing it was revealed 

that the independent radiation fluxes can show interaction initiated by mutual influence of standing radiation 

waves uniform interference fields excited by these fluxes. The appearing of uniform interference field in the 

planar slit clearance air space is the direct consequence of X-ray radiation flux advance in frame of the 

waveguide-resonance propagation phenomenon. This effect is the direct analogue to one, which takes place 

in supergeterodyne receiver. This effect can be used in photonics for the radiation fluxes transformation. 

Moreover, it can be background for the energy problem solution and the rare isotope production by the 

technology elaboration for realization of the nuclear synthesis reactions [2]. The report presents experimental 

data described and explained of PXWR properties and possibilities of its application. There is discussed 

theoretical conception connected with the radiation fluxes waveguide-resonance propagation phenomenon 

and, among them, its relation to light flux transportation by fibers [3]. 
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In the present work, the problem of electromagnetic wave interaction with a semiconductor nanolayer placed 

between two dielectric layers with different permittivities is solved. We assume that the wave falls normally 

on the nanolayer surface. The case of a semiconductor with arbitrary degeneracy is considered, the dielectric 

layers are nonmagnetic. The semiconductor constant energy surface is an ellipsoid of revolution, the main 

axis of which is parallel to the nanolayer plane. The angle between the electric field intensity vector and the 

constant energy ellipsoid rotation axis is considered to be arbitrary. To solve the problem, it is necessary to 

decompose the incident electromagnetic wave into two components, in which the intensity vectors are 

directed parallel and perpendicular to the main axis of the constant energy ellipsoid. We will call these 

electromagnetic wave components as longitudinal and transverse polarizations, respectively. 

The semiconductor nanolayer thickness is assumed to be comparable or less than the charge carrier 

de Broglie wavelength. To solve the problem, we used the quantum theory of transport phenomena, which 

consists in finding the density matrix diagonal elements by solving the Liouville equation, taking into 

account the Soffer boundary conditions model [1]. The found density matrix elements make it possible to 

calculate the current density induced by an electromagnetic wave. The case of a weak electromagnetic wave 

with a frequency lower than the plasma resonance frequency is considered. The effects due to the quantum 

nature of electromagnetic radiation are not taken into account. In the general case, the reflected and 

transmitted waves will have an elliptical polarization caused by the semiconductor isoenergy surface 

anisotropy. 

Analytical expressions are derived for the following characteristics describing the reflected and transmitted 

waves: the polarization ellipticity coefficient and the inclination angle of the polarization ellipsoid main axis. 

The reflection, transmission and absorption coefficients are calculated. We obtained results for the limiting 

cases of degenerate and nondegenerate electron gas. We analyze the dependences of the above characteristics 

on the following dimensionless parameters: the semiconductor nanolayer thickness x0, the electric field 

frequency y0, the mean free path of charge carriers xλ, the chemical potential uμ, the angle between the 

constant energy ellipsoid principal axis and the electric field intensity φ, the anisotropy parameter of the 

semiconductor isoenergy surface γ, the dielectric permittivities of insulating layers ε1.2 and roughness 

parameters of the "semiconductor-dielectric" interfaces g1,2. Parameters x0, xλ, g1,2 are normalized to the 

de Broglie wavelength of charge carriers, y0 to the carrier free path time. 

We established that the isoenergy surface anisotropy significantly affects the reflected wave polarization 

shape. A nonmonotonic dependence of the ellipticity coefficient on the frequency and the roughness 

parameters is observed. The maximum of the ellipticity coefficient takes place at the values y0 ≈ 10 and g1,2 = 

0.15. The dependences analysis for the reflected wave polarization ellipticity coefficient on the band 

structure anisotropy parameter shows that the largest reflected wave polarization shape deviation from the 

linear one is observed at γ = 0.7, which corresponds to silicon material. 

The regularities in the behavior of the optical coefficients dependences on dimensionless parameters for 

different orientations of the constant energy ellipsoid principal axis with respect to the electric field strength 

vector are established. As the angle φ increases, the reflection coefficient reduces and the transmission 

coefficient grows. The absorption coefficient behaves differently with varying the angle φ. For the thickness 

x0 less than 2.5, this coefficient decreases with growing φ, and for x0 > 2.5 it increases. 
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Bound states in the continuum (BICs) are localized states with energies embedded in the propagating 

continuum. Hence the localization is of interference origin, BICs represent a widespread wave nature 

phenomenon studied both theoretically and experimentally in different branches of optics, quantum 

mechanics, atomic physics, electrodynamics, acoustics, and hydrodynamics [1]. Formation of BICs requires 

an infinitely precise tuning of the system parameters (single point in the parameter space), which is not 

possible in practice. Nevertheless, quasi-BICs arising near the BIC formation point in the parameter space 

provide extremely high-Q resonances [2], which are of great interest for practical applications. Often, one 

distinguishes three models of BIC formation: symmetry protection, Friedrich-Wintgen, and Fabry-Pérot (FP) 

mechanisms. Although, in many cases, the interference picture becomes rather cumbersome, and BICs do 

not fit unambiguously into any of the aforementioned models and are referred to as accidental BICs. 

In the present work, we consider FP resonators within the 2D waveguide and study BICs both analytically 

and numerically. Typically, in such structures, FP BICs arise if the mirrors of the FP resonator provide 

perfect reflection at the energy (frequency) corresponding to a cavity round-trip phase difference being an 

integer multiple of 2π (with the phase of the mirrors reflection amplitude taken into account). However, the 

transmission of individual mirrors may possess more complicated interference features [3], which definitely 

will affect the BIC formation in the whole FP resonator structure. 

First of all, we show that if individual mirrors provide BICs themselves, then there arise a pair of new type 

BICs – twin-BICs (TBICs), which always exist in pairs (symmetric and antisymmetric). TBICs are closely 

related to the BICs of individual mirrors. In contrast to FP BICs, the formation of TBICs does not require the 

buildup of an FP resonance, and hence TBICs have negligible amplitude between the mirrors and are almost 

independent of the FP resonator cavity length. For a small distance between the mirrors, this dependence 

comes in sight and TBICs energies can be continuously tuned by the cavity length variation, which is 

important for practical applications. 

Second, the coalescence of antiresonances [4] may be observed in a single mirror resulting in the 

transformation of two perfect reflection maxima into one with non-zero transmission. Each of the reflection 

maxima provides an FP BIC in the whole structure, which annihilate (merge) near the point of antiresonance 

coalescence. Near the point of BICs merging, Q-factor demonstrates an even sharper increase compared to 

ordinary BIC. 

The above-mentioned phenomena are illustratively described by corresponding analytical toy models, which 

reveal underlying interference in terms of intermode states [3]. Numerical simulation of both quantum-

mechanical and optical 2D waveguides qualitatively confirms all the conclusions of the analytical models. 

The results of the present work are not only of fundamental interest for novel BIC types and BIC behavior 

patterns, but they are also important for the development of design rules for optical high-Q resonances 

embedded into the waveguides. 

We would like to acknowledge the Russian Science Foundation for support under project #21-19-00808 
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Silicon layers of nanoscale thickness transferred to sapphire wafers (silicon-on-sapphire, SOS) are promising 

for their use as substrates of energy-efficient CMOS and radiofrequency integrated circuits of generations 6G 

and higher [1]. SOS structures were successfully manufactured by the method of hydrogen-induced transfer 

of Si layers from SiO2 to sapphire with C-orientation at elevated temperatures [2]. Furnace annealing at 

temperatures of 450-1100
 o

C is necessary to remove the defects after hydrogen implantation and layer 

transfer from the donor wafer to the substrate, previously connected by bonding. Such annealing promotes 

the formation of interlayer silicon dioxide (IL) and, as a consequence, the appearance of oxygen vacancies in 

sapphire or in the SiO2 layer [3]. Such annealing leads to the formation of a large positive charge, which 

provides the leakage in the SOS pseudo-MOSFET depletion at the gate zero potential (Vg = 0 V) [3]. 

To compensate for this positive built-in charge, we proposed to reduce the thickness of SiO2 IL using oxygen 

blocking layers of HfO2 with a thickness of 10-20 nm, providing Vth >-0.5 kV [3]. The exclusion of the 

silicon dioxide interlayer is also useful because the amorphous SiO2 layer dramatically reduces heat 

dissipation from the Si device layer. Few nanometers thick HfO2 layers nanolaminated byAl2O3 monolayers 

in the supercircles were formed by plasma-enhanced atomic layer deposition (PEALD) on a silicon donor 

wafer before hydrogen implantation and subsequent bonding after it. During high-temperature annealing, 

these hafnia layers are fully crystallized, that provides the higher thermal conductivity than silica interlayer. 

The PEALD development and direct bonding (direct bonding - DB) methods for the formation of multilayer 

silicon-on-sapphire structures (SOS) allows obtaining new functionality for the SOS MOSFETs with 

memory effects due to their ferroelectric or dipole polarization, as well as, the ion transport through the traps 

inside the PEALD layers [4]. The insertion of aluminum oxide monolayers into the HfO2 (HO) film ensures 

the compatibility of HfO2/Al2O3 (HAO) oxide stacks with the silicon CMOS technology for manufacturing 

logical ICs on SOI structures for non-volatile memory matrices [2]. The possibilities of using HAO 

ferroelectrics (FE) in microwave and neural network ICs on FeFET devices can have the performance and 

energy efficiency that are not inferior to the human brain [3, 4]. The FeSOS pseudo-MOSFET measurements 

were provided by home-built unit according to the method suggested in [4]. 

Our grazing incidence X-Ray diffraction (GIXRD) and pseudo-FeFET analysis showed the formation of 

crystallites with lateral dimensions up to 100 nm at the furnace annealing (FA) temperatures 800-1100 C. 

Above 800 °C, the crystallites of the orthorhombic phase of Pca21 are rarely and monoclinic P21/c phase 

dominates. Quite different patterns were observed with the stepwise rapid thermal annealing (s-RTA) for 

30 s, where the cubic Fm3m phase dominates in the temperature range of 750-950 
o
C for the stacks with the 

inclusions of monolayers (ML) Al2O3 every 10 monolayers of HfO2. Followed Si layer thinning to 30-50 nm 

by thermal oxidation/etching (TOE) at 1100
o
C completely transform HAO ferroelectrics in SOS structures 

into dielectric P21/c m-phase. The ferroelectric hysteresis was completely suppressed. To save it the other 

thinning techniques instead of TOE like chemical or electrochemical etching should be used. 

This work was financially supported from the RSF grant no. 22-29-01063. 
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The mobility of charge carriers is excellent parameter for characterization of electronic systems. Identifying 

dominant scattering mechanisms that limit carrier mobility (phonon, surface roughness and Coulomb 

scatterings) ensures important information about the physical reasons of imperfection of the 

semiconductor/dielectric system. There are well known methods for determining scattering mechanisms for 

interfaces on bulk materials based on the use of universal field dependencies of mobility µeff(Eeff) (here, Eeff 

is the strength of electrical field directed normal to interface). This dependence is based on a unique 

correspondence between the value of Eeff, the distribution of carriers, and the dominant mechanism of their 

scattering. However, these methods are not applicable to thin-film structures due to the coupling effect, as a 

result of which the correspondence between the effective field and the distribution of charge carriers is 

violated [1].  

To control the quality of the interface in thin film structures, one can use the dependences of the carrier 

mobility on density of induced electrons Ne. The experimental study of mobility in thin SOI films showed 

that the µeff(Ne) dependences are approximated by the power function Ne
-n

. The values of exponent n depend 

on electron density Ne and the film mode (inversion, depletion, accumulation) [2], which mean that they are 

determined by the distribution of charge carriers in the film [3].  

The aim of this work was to determine the correspondence between values of the exponent n of power-law 

approximations of µeff(Ne) ~ Ne
-n

 and dominant scattering mechanisms in thin film structures. For this, the 

µeff(Ne) dependences were measured in wide temperature range (300–77) K. The distribution of charge 

carriers in the film was calculated under different conditions at the heterointerfaces (density of induced 

electrons, film mode) using TCAD simulation.  

It is found that the mobility is approximated by function µeff ~ Ne
-n

T
-k
, where the exponents n and k vary 

depending on the film mode (inversion, depletion, accumulation) at the average electron density Ne ~ 

(1-5)∙10
12

 cm
-2

. In the depletion mode, the mobility is determined by phonon scattering, and the exponents 

n ~ 0.3 and k ~ 1.5 are observed. In accumulation mode, the mobility is determined by the combined 

scattering of electrons by phonons and Coulomb centers (on the surface states of the interface under study). 

The exponents n and k vary depending on the density of surface states and are n ~ (0.1-0.3) and k ~ (1.4-1.8). 

The exponent n > 0.3 is observed in the inversion mode and is an indication that carrier scattering at the 

second interface cannot be neglected.  

At a density Ne >5∙10
12

 cm
-2

, the exponent n does not depend on the film mode and amounts to ~0.7. The 

mobility is determined by a combination of two scattering mechanisms – on the roughness of the interface 

and on phonons. 

1. S. Cristoloveanu, N. Rodriguez, F. Gamiz. “Why the universal mobility is not”. IEEE Trans. Electron 

Dev., 57, pp. 1327-1333, 2010. 

2. E.G. Zaitseva, O.V. Naumova, B.I. Fomin. “Electron mobility in the inversion layers of fully depleted SOI 

films”. Semiconductors, 51, pp. 423-429, 2017. 

3. E.G. Zaitseva, O.V. Naumova, A.K. Gutakovskii. “Conditions for the identical distribution of free carriers 

in thin films”. J. Phys. D: Appl. Phys., 55, 075101, 2022. 
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Silicon oxide and silicon nitride are the major insulator materials used in microelectronics. They are used as 

gate dielectrics in CMOS technology, can serve as charge storage layers in memory devices and/or as 

passivating layers at the finishing stage of integrated circuit fabrication. Their electrical properties are of 

great importance for the reliable operation of microelectronic devices. However, technological processes 

during device manufacturing, as well as the potential impact of some external factors, e.g., irradiation during 

device operation, can generate undesirable defect states in the dielectric layers and introduce an additional 

charge to the structure thereby leading to a change or even degradation of the device characteristics. 

In this work, we have investigated the effect of low-energy-electron irradiation (1–15 keV) and hydrogen 

plasma treatment on the properties and parameters of the MOS structures based on SiO2 and Si3N4 dielectric 

layers. In microelectronics technology, a low energy electron beam is used in electron beam lithography. 

Also, low energy electron irradiation can be a vital impact factor during device operation in space 

applications. Hydrogen plasma treatment is used for defect passivation in semiconductor and dielectric layers 

and at their interfaces. However, hydrogen incorporation can lead not only to defect passivation but also to 

the generation of new defects (see, e.g., [1]) and, hence, to the changes in the MOS device parameters.  

The MOS structures used in this work were silicon oxide or silicon nitride dielectric layer (thicknesses of 

50 nm and 80 nm, respectively) deposited on an n-type Si epitaxial layer with a carrier concentration 

2∙10
17

 cm
-3

 with the top aluminum electrode formed by thermal evaporation. The effect of low energy 

electron irradiation and hydrogen plasma treatment was investigated by the capacitance-voltage (C-V) 

measurements. For a deeper understanding of the origin of the defects introduced into dielectric layers and 

the dielectric-semiconductor interface, we used a thermally stimulated current (TSC) technique [2]. This 

method allows to detect electronic states of the defects in the bulk of the dielectric and at its interface with 

the semiconductor. The TSC set-up was implemented based on the Everbeing CG-196 cryogenics probe 

station (temperature range 80–480 K), the Lakeshore 336 temperature controller and the Keithley 2450 

source-meter. Original software was developed to control the experiment and collect data.  

It was found that both low-energy-electron irradiation and ECR hydrogen plasma treatment induce 

significant changes in the dielectric charge and interface quality of the MOS structures. Specifically, electron 

beam irradiation introduces a high density of positively charged donor-like interface traps along with the 

generation of both positive and negative charges in the oxide bulk [3]. Hydrogen plasma induces a 

significant positive charge in the bulk of the oxide (up to 5∙10
12

 cm
-2

), while the changes in the interface 

quality are not as significant as in the case of electron irradiation. As for Si3N4 samples, an interesting 

characteristic feature corresponding to a peak in interface state density was revealed on the C-V curves.  

The TSC spectra were measured on the virgin, the electron irradiated and plasma-treated SiO2 and Si3N4 

MOS capacitors in the temperature range from 80 K to 450 K. The obtained TSC spectra revealed a number 

of the current peaks related to the emission of the trapped electrons and/or holes. Detailed analysis of the 

observed energy levels allowed us to identify some of them as related to the interface states or to shallow and 

deep traps in the bulk of dielectrics. 

 
1. P.E. Bloechl and J.H. Stathis, “Hydrogen Electrochemistry and Stress-Induced Leakage Current in Silica”. 

Phys. Rev. Lett., 83, pp. 372-375, 1999. 

2. G.M. Martin. Semi-Insulating III-V Materials. Shiva, Nottingham, 1980, pp. 13-28. 

3. S. Koveshnikov, M. Knyazev and O. Soltanovich. “Generation, relaxation and annealing of Si/SiO2 

charges induced by low-energy electron beam”. Mater. Sci. Eng. B, 274, 115487, 2021. 
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More than a decade ago, it was discovered that thin films of doped HfO2 and mixed oxide HfxZr1-xOy 

(HZO) can exhibit ferroelectric properties [1]. The discovery of this new generation of ferroelectric materials 

has attracted a lot of attention because, unlike traditional perovskite-based ferroelectrics (Pb(Zr,Ti)O3, 

BaTiO3, etc.), HfO2 and HZO are compatible with complementary metal-oxide-semiconductor (CMOS) 

technology, and also have the ability to scale up to ~3 nm. [2] In addition, their crystallization occurs at 

relatively low temperatures (about 400-600°C). However, it has already become clear that ferroelectric 

capacitors based on HZO have similar problems as capacitors based on traditional ferroelectrics. It has 

recently been shown that the reliability of HZO-based capacitors, including the endurance and the ability to 

retain the specific polarization state, as well as to read it correctly and write the opposite state (retention), 

depends on many factors. Moreover, the conditions that provide high endurance and reliability are often 

mutually exclusive. For example, the retention of the most promising TiN/HZO/TiN ferroelectric capacitors 

can be significantly improved either by increasing the rapid thermal annealing (RTA) temperature used to 

crystallize HZO, or by increasing the read and write voltage [3]. However, both factors lead to a serious 

worsening of endurance. Thus, a different approach should be developed to improve reliability. 

Since retention decrease is caused by a phenomenon called imprint, which, according to the Interfacial 

screening model, is determined mainly by the properties of the interface between the HZO and TiN 

electrodes [4], respectively, the endurance and retention can be improved by modifications of the TiN/HZO 

interface. 

In this work, we investigate the effect of a TiO2 dielectric layer between TiN and HZO on the ferroelectric 

response, endurance, and reliability of HZO-based capacitors. This addition of the TiO2 layer led to a 

significant improvement in the ferroelectric response and reliability of the investigated capacitors due to the 

formation of a more preferable HZO crystal structure and a decrease in the imprint. In general, the TiO2 is a 

promising material for modifying the TiN/HZO interface, which improves the potential for the development 

of HZO-based ferroelectric memory. 

 

1. T.S. Böscke, J. Müller, D. Bräuhaus, U. Schröder, U. Böttger. Appl. Phys. Lett. 99, 102903 (2011). 

2. A. Chernikova, M. Kozodaev, A. Markeev, D. Negrov, M. Spiridonov, S. Zarubin, O. Bak, P. Buragohain, 

H. Lu, E. Suvorova, A. Gruverman, A. Zenkevich. ACS Appl. Mater. Interfaces 8, 11, 7232–7237 (2016). 

3. R. R. Khakimov, A. G. Chernikova, Y. Lebedinskii, A. A. Koroleva, A. M. Markeev. ACS Appl. Electron. 

Mater. 3, 10, 4317–4327 (2021). 

4. A. K. Tagantsev, G. Gerra, J. Appl. Phys. 100, 051607 (2006). 
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The Atomic Layer Deposition (ALD) method is widely used due to the ability to control the thickness of the 

grown film. One ideal ALD cycle consists of four stages. In the first and third ones, the chemical active 

organometallic precursor and oxygen respectively are added to the ALD reactor chamber. They react with all 

available functional groups on the surface. At the other stages, purge is carried out to remove precursor 

molecules that do not have chemical bonds with the surface. Since not all functional groups of the first 

precursor completely react with the oxygen during one ALD cycle, the growing film accumulates impurities 

during growth, mainly represented by carbon contained in the organometallic ligands of the first precursor. 

According to various works top layer of the film grown by the ALD method can show either increase or 

decrease in carbon impurity concentration with respect to buried layer [1-3]. This behavior clearly does not 

correlate with either the type of oxygen-containing precursor (gaseous O2, O3, or O2 plasma), nor with the 

temperature of the ALD process, nor with the thickness of the grown film, and require further study since the 

phase composition of films can play a decisive role in their electrophysical characteristics. Recently [4] we 

proposed a model for Al2O3 growth that allows us to explain the accumulation of carbon impurities near the 

surface of an ALD film. According to the model, due to the incompleteness of the reactions of the oxygen-

containing precursor with surface CH3 groups, a certain concentration of carbon impurity remains in the film. 

This impurity can form stable complexes in the insoluble state (carbides, carbonates). And also, when 

interacting with oxygen diffused into the film, create easily mobile states (CO, CO2). As a result, carbon 

leaves the film in a time much shorter than the precursor supply time, which is associated with a low energy 

barrier and the character of its migration directed toward the surface. 

In the present work we employ the similar basic idea to explain carbon impurity accumulation is incomplete 

oxidation of an organometallic precursor on the third stage of ALD cycle. Thus, increasing the duration of 

oxygen exposure should reduce the concentration of carbon impurities. To model this idea and explain the 

increase/decrease in near-surface carbon concentration, we introduced four states of carbon atoms in the film 

simulate kinetics of their diffusion and conversions. There are initial carbon states in the form of residues of 

the first precursor. Insoluble states (carbides, carbonates) and highly mobile states (CO, CO2) can be formed 

upon interaction with oxygen. In addition, carbon can form unstable complexes whose lifetime is longer than 

the ALD cycle duration. The model, which takes into account the interconversions and diffusion of these 

types of states, made it possible to predict the distribution of carbon impurities both in the film obtained 

using the same ALD cycles and in the film with a changing step recipe, which made it possible to verify the 

model. An experiment was carried out to test this model. Special structures of hafnium oxide were made, 

consisting of several layers, in which the time of plasma exposure was varied at the same dosage of the 

organometallic precursor. To prevent contamination of the film surface with atmospheric carbon, after 100 

ALD cycles with exposure time in oxygen plasma tO, another 100 cycles was followed with exposure equal 

to 2tO, 3tO, and 4tO. The compute curves describe well the experimental dependences in the plateau area of 

the last 100 ALD cycles. The model predicts the removal of carbon from deeper layers of the film and 

satisfactorily describes the curves for the first 100 ALD cycles.  

The study was carried out under State Valiev IPT RAS No. FFNN-2022-0019 and No. FFNN-2022-0020. 
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Development of highly-sensitive magnetic sensors providing the detection of ultra-small magnetic fields in 

the range from several pT to several nT has recently gained a great attention in a number of modern 

applications of sensor devices such as IoT, telemedicine (magnetoencephalography, magnetocardiography), 

unmanned vehicles, etc. The giant magnetoimpedance (GMI) effect in [FM-NM]n – NM (current bus) - [FM-

NM]n multilayer nanostructures (FM – ferromagnet, NM – nonmagnetic metal, n – number of the layers) has 

a great potential from the practical point of view, which is due to a noticeable change in its complex 

resistance Z (HAPP, HAC) in a low magnetic field HAPP in the presence of the HAC field from the conductor 

carrying the high-frequency alternating current, which excites the spin dynamics in the FM film [1]. The 

change in Z reaches 350% in magnetic structures of such a type with a field sensitivity of 300%/Oe at room 

temperature [2]. Unlike the competitive technology of magnetic tunnel junctions (MTJ) as the basis of tunnel 

magnetoresistive (TMR) sensors, the fabrication of GMI sensors does not require the use of expensive 

materials (IrMn, PtMn, Ru), as well as ensuring a high degree of uniformity and crystallinity of 

corresponding nanolayers [3]. For further commercialization of the film technology of GMI sensors, it is 

necessary to search for the optimal composition of GMI materials and the design of corresponding functional 

elements for given technological features of the formation of layers and a non-uniform distribution of the 

magnetic field from the current bus. In turn, it requires the use of new theoretical approaches that go beyond 

the limits of previously used simple theoretical approaches to describe GMI (quasi-static (Stoner-Wolfarth) 

or macrospin (Landau -Lifshitz-Gilbert) model). In this work, we use micromagnetic simulation to study the 

dynamics of localized spins in the [FeNi/Ti]5-Al-[FeNi/Ti]5 structure in a non-uniform magnetic field from 

the bus and calculate the output signal VOUT generated in the readout coil. It was found that the GMI effect is 

about 242%, which agrees with the experiment corresponds to a voltage rise from 1.04 V to 12.15 V to when 

the field increases to 7 Oe or to 0.7HAN, where HAN is the anisotropy magnetic field of FeNi (Figure 1). 

 
Figure 1 – The output voltage VOUT of the [FeNi(100)/Ti(10)]5-Al(800)-[FeNi(100)/Ti(10)]5 magnetic structure at zero 

and non-zero applied magnetic field (HAPP=7 Oe), where the thickness is given in nm (HAC=0.25HAN, f=10 MHz). 

The results obtained can be used in the development of a technology for manufacturing thin-film GMI 

sensors based on multilayer magnetic structures. The work is supported by the RF Ministry of Science and 

Higher education (#075-15-2021-1350). 
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The search for new physical principles for emitters and detectors in the THz range is very topical. The 

research and development of generators and detectors of THz signals based on the principles of spintronic 

using magnetic junctions in nanostructures is the rapidly growing field of terahertz electronics [1]. 

Heterogeneous arrays of nanowires in track membranes are promising structures for this purpose. 

In previous work [2, 3], we researched the transmission, reflection, and absorption spectra of arrays of 

heterogeneous nanowires grown in track polymer membranes by the galvanic method. We have found 

peculiarities in the spectra associated with the interaction of THz radiation with the magnetic structure of the 

magnetic junction. 

In this work, we study Raman scattering in arrays of nanowires with a ferromagnetic junction in the middle 

of each nanowire. We studied arrays of heterogeneous nanowires chemically grown in perforated polymer 

membranes with ferromagnetic junctions Ni/Co, FeNi/Co and Ni/Fe. A 780 nm laser was focused on a cut of 

the membrane with nanowires, and the scattered radiation was recorded on a Bruker Senterra spectroscope. 

The sample (Fe/NiCo) showed an atypical 290 cm
-1

 Raman line at some points on the membrane cut. It 

corresponds to a frequency of 8.7 THz. The performed mapping of the end face of the sample uniquely 

associate the appearance of the atypical line with the area of ferromagnetic junctions in nanowires. 

The amplitude of this line is highly sensitive to the depth of focus. Supposedly, a significant power density is 

required to excite the 290 cm
-1

 line. This allows to assume a threshold nature of the excitation, which is 

additional evidence of the spin-injection origin of the effect. 

We studied this line under polarized light. A polarizer was installed in the path of the exciting laser in three 

polarization modes (depolarized laser, X- and Y-polarization), and another polarizer was installed in the 

response registration channel, as well as at two positions of the output polarizer (X and Y). In the absence of 

a magnetic field, the line appears clearly at any position of the polarizers, and its relative amplitude, 

apparently, remains constant. 

Then, we studied this line under polarized light and in a constant magnetic field of about 0.25 T. In a 

magnetic field perpendicular to the membrane plane (along the nanowires), the following is observed: a line 

at 290 cm
–1

 is reliably detected in depolarized light, as well as in one of the polarizations. However, in the 

second polarization, the line practically disappears. In a planar field (across the nanowires), the line is clearly 

visible in all three laser polarization modes and at any position of the polarizer in the response channel. 

It was found that the 290 cm
-1

 line turns off at a certain combination of the magnetic field and laser 

polarization, but it is observed stably in all other combinations of parameters. Thus, this atypical line is 

associated with a magnetic transition in nanowires and is controlled by a magnetic field. 
 

1. V. Korenivski, A. Iovan, A. Kadigrobov, R.I. Shekhter “Spin laser based on magnetic nano-contact array”. 
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heterogeneous ferromagnetic nanowires in the terahertz and far infrared ranges" Technical Physics, 67, No. 8, 
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Effective medium theory or homogenization approach is a powerful way to handle optical properties of both 

natural composite materials such as cosmic dust, aerosols, porous media, and artificial metamaterials. The 

last of them, being initially developed as periodic arrays of complex shaped resonant elements, have 

demonstrated the possibility of realizing media with negative index of refraction and artificial magnetism 

(see, e.g., [1]). While most of such metamaterials have been developed on base of metallic resonant 

structure, Mie resonances of dielectric particles opened a simple and more versatile route for construction of 

isotropic metamaterials (see, e.g., [2]). Usually above metallic or dielectric composites are thought as 

periodic structures. Therefore, the homogenization procedure, i.e. introduction of effective dielectric 

permittivity and magnetic permeability, included Maxwell’s equations averaging over crystal unit cell 

followed by applying some intuitively appropriate Clausius-Mossotti relations [3]. Somewhat later, a 

systematic and clear approach was developed for effective magnetism in the framework of electromagnetic 

wave multiple scattering theory by spatially disordered composites consisted of non–magnetic particles [4]. 

The physical nature of diamagnetic property in the effective magnetic permeability at coherent 

electromagnetic wave multiple scattering by statistical ensemble of independent non–magnetic small 

spherical particles was revealed in [4]. The diamagnetic physical nature consists in that the electric and 

magnetic dipoles induced in a particle by wave scattering give different contribution into the transversal and 

longitudinal components of the effective dielectric permittivity.  

The result [4] was obtained for spherical particles with radius 0 0r   small compared to the wavelength 

0  in the background with dielectric permittivity 0  in the limit of perfectly reflection because of high 

dielectric permittivity, 1 0  , 
2 2 2

1 0k k p  , or conductivity, 
2

0

2

1

2 kkp  , of the particles. Here 

  /4ˆ 111 i  is the particle complex dielectric permittivity with a given dielectric permittivity 1 , 

specific conductivity 1 , and unit magnetic permeability; 
1/2

0 0 0/ 2 /k c      is the wave number in 

the background, 
1/2

1 1 /k c   is the wave number inside material with positive dielectric permittivity 

1 0  ; 
1/2

2 1 /k c   is an inverse wave penetrating depth into material with negative dielectric 

permittivity 1 0  ; 
2/1

11 )2/ˆ()/(/2    ccp  is the inverse skin slab depth. 

In this report we demonstrate that the most interesting physical result is obtained in the case of particles with 

large modulus and negative value of dielectric permittivity, 1 0  , 
2 2 2

2 0k k p  . Indeed in this case the 

effective magnetic permeability can be equal to zero or negative value in spite of the small volume factor. 

The research was funded by the Russian Science Foundation (project №. 23-29-00944). 
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Materials containing magnetic nanoparticles are widely used in modern nanotechnology due to a number of 

specific structural, magnetic, and thermodynamic properties, which were revealed in the process of previous 

multidisciplinary fundamental studies. One of the basic methods used to study and characterize such 

materials is Mössbauer spectroscopy because of the high sensitivity of this method which is determined by 

the fact that a small size of particles proves to be a crucial factor in forming the various shapes of the 

absorption spectra of such materials [1]. Such shapes of Mössbauer spectra of nanoparticles of different 

magnetic nature, such as ferromagnetic, antiferromagnetic, and ferrimagnetic ones have been described 

within a number of models with different degrees of complexity as functions of the temperature and the 

magnetic field [2-5]. However, all these models are developed for the simplest form of uniaxial magnetic 

anisotropy, so the question about the effect of different magnetic anisotropy forms, which are widely used in 

magnetism, has actually remained open. This disadvantage of theory becomes most pronounced in recent 

years, as the vector of studies continuously displaces from the diagnostics of magnetic particles proper to the 

study of their functional behavior in different applications [6–9]. 

In the present contribution, the continual and quantum-mechanical models of magnetic dynamics for an 

ensemble of ferromagnetic nanoparticles with different forms of magnetic anisotropy are developed together 

with the corresponding theory for describing the Mössbauer spectra of such materials. The calculations 

within the framework of these models demonstrate various forms of the magnetic hyperfine structure in the 

spectra during the evolution of the absorption spectra of nanoparticles from a well-resolved magnetic 

hyperfine structure (sextet of lines for 57Fe nuclei) at low temperatures to a single line or a five-stage 

pedestal at high temperatures. These models substantially broaden the methodological basis for the 

diagnostics of magnetic nanomaterials by the method of Mössbauer spectroscopy as far as the revealed 

nontrivial shapes of absorption spectra represent excellent reference data for the analysis of experimental 

spectra. 
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Magnetic nanoparticles (MNPs) and magnetic nanostructures are actively studied and gradually used in many 

products and technologies in various areas of theranostics in medicine, spintronics, micro- and nanoelectronics. 

In particular, magnetorheological fluids are created on the basis of MNPs [1], new methods of treating cancer 

and other diseases are being developed [2], together with polymer semiconductors they are promising both for 

spintronics and for industrial electronics [3]. Magnetic fluids with MNPs find applications in nanophotonics 

and in magnetic imaging systems [4].  

In the present work, the properties of a suspension of magnetic nanoparticles (MNPs) in a model of a biological 

medium are studied. MNPs were synthesized in an aqueous medium by chemical coprecipitation (Massard 

reaction). Magnetite Fe3O4 nanoparticles 1040 nm in size were the main reaction product. The resulting MNP 

powder was mixed with microcrystalline cellulose (MCC) powder in a ratio of 3% (wt.) MNP and 97% (wt.) 

MCC. Tablets with a diameter of 13 mm and a thickness of 2.56.0 mm were made from the resulting powder 

(samples of type 1). At the same time, suspensions containing: 3% wt. BNP and 97% wt. Liquid 

polymethylsiloxanes were prepared. Suspension samples placed in Eppendorf tubes had the same diameter of 

6.5 mm, but different heights in the range of 616 mm. These samples, designated as type 2 samples, were 

considered a good model of the biological environment, since their viscosity (5 mPas) is approximately the 

same as that of human blood.  

The magnetic field B, which is the difference between the fixed values of the magnetic fields without the 

sample and with the sample, was used to estimate the values of the magnetization M and the specific magnetic 

moment pm inside the sample. It was assumed that the measured value of B correlates with the values of ~M 

and pm. In the field of magnetization B0=250 G, the maximum values of the magnetic moment (immediately 

after magnetization) were obtained for both samples 1 and 2, respectively, pm~0.20 emu/g and ~0.50 emu/g. 

Immediately after magnetization, pm decreased (exponential scale): relaxation time TM~80 min and ~70 min for 

samples 1 and 2, respectively. After 30 min, the TM values increased by an order of magnitude or more. After 

vibration at a frequency of 2000 rpm, samples 1 and 2 lost their residual magnetization by 10–15% and 

9095%, respectively. Before vibration, MNPs were mainly deposited on the bottom of the eppendorf, which 

was located on the upper surface of the magnetometer at a minimum distance from the magnetometer sensor (z-

projection), and after vibration they were distributed almost uniformly in the liquid volume. Therefore, the 

concentration of MNPs near the magnetometer sensor sharply decreases, which strongly changes the 

magnetization of samples 2 after vibration. During the observation period (1012 hours), all samples retained 

their magnetization and the MNP was recorded at a distance of up to 67 cm from the magnetometer with its 

resolution of 0.1 mG. 

Thus, the studied MNPs showed stability and their magnetization can be repeatedly restored at the required 

level. MNPs loaded with various ligands or different particles can have a wide range of applications. 

The work was carried out with the financial support of the Ministry of Education and Science of the Russian 

Federation (MES RF) (agreement No. 075-15-2021-596). Research at MIET regarding the measurement of 

magnetic nanoparticles was carried out within the framework of MES RF (state task No. 075-03-2023-024 of 

13.01.2023). 
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Materials based on gallium chalcogenides containing rare earth elements are layered wide-gap 

semiconductors. They have a relatively high electrical resistance and are promising for applications in 

electronics. This report presents new results of the little-studied La–Ga–X (X = S,Se) system. In these 

systems, two compounds are found: La3Ga1.67S7 (melting temperature Tm =1150 C), LaGaS3 (Tm = 950 C). 

             (Tm =1170 C) and         (Tm =1120 C).
 

Of these two ternary systems, as an example, consider the system La–Ga–Se. A dark red         single 

crystal was grown in the           system. According to XRD data,         crystallizes in the 

hexagonal crystal system with space group         and lattice parameters   = 3.722 Å and   = 15.72 Å. 

The crystal lattice of         is deformed in the direction of the c-axis of the crystal. The enthalpy of 

formation of         has been calculated. Compared to        , its sulfide analog        has a higher 

absolute enthalpy of formation.  An isothermal cross section of the           ternary system at 298 K 

is constructed. In the isothermal cross section the              and         phases are in equilibrium 

with the binary compounds of the              and       boundary systems. 
 

Figure. Phase relations in the          system at 298 K. C1 – 

       , C2 –             . 

 

The study of the frequency dependences of the real and 

imaginary components of the complex permittivity, dielectric 

loss tangent, and ac-conductivity (   ) of single crystal 

        in the frequency range   = 5  10
4
–3.5  10

7
 Hz 

showed the following. In the indicated frequency range, 

relaxation dielectric dispersion took place in         and 

losses of through conduction were observed. At   = 8  10
5
–

10
7
 Hz in         single crystals, the frequency dependence 

of the conductivity obeyed the regularity      
   , which is 

characteristic of the hopping mechanism of charge transfer 

along states localized near the Fermi level [1]. Specified 

corresponds to the Mott model [2] 
 

       
  

  
       

   
      

   

 
  
 

,                                    (1) 

where   is the electron charge;   is the Boltzmann constant;    is the density of states near the Fermi level; 

       – localization radius;   is the decay constant of the wave function of the localized charge carrier 

      ;     is the phonon frequency. The following parameters were calculated: density of states (   = 4.3 

 10
18

 eV
–1
cm

–3
) and their energy spread (   = 0.013 eV), average time (  = 1.85  10

-7
 s) and distance (  

= 207 Å) of jumps of charge carriers in a         single crystal. 
 

1. S.N. Mustafaeva, M.M. Asadov, S.S. Huseynova, A.I. Dzhabarov, V.F. Lukichev. "Electronic, dielectric 

properties and charge transfer in a TlGaS2:Nd
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 single crystal at direct and alternating current". Phys. Solid 

State, 64, pp. 432–439, 2022. 
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       belongs to the class           
  (A = Tl, B = Ga, In, and C = S, Se, Te) crystalline semiconductor 

compounds [1, 2]. They can be used as materials for photodetectors in the visible and mid-IR ranges. The 

following polymorphic modifications of the        compound are known: monoclinic, orthorhombic, 

tetragonal, hexagonal, and triclinic systems. This report considers the results of studying        with a 

monoclinic syngony, which has a layered structure and anisotropy of physical properties. The atoms of 

alloying elements strongly influence the properties of        crystals. 

The temperature fields and the shape of the directed crystallization front during the growth of Yb-doped 

       crystals were studied by computer simulation. The quality of the grown 2D        crystals depends 

on the composition of the melt and heat and mass transfer in the "melt-crystal" system. Modeling of 

temperature fields in a growing crystal and in the "melt-crystal" system was carried out by a program based 

on a two-dimensional model. In this case, heat exchange in the "melt-crystal", thermal radiation of the 

surface of the melt and crystal, and radiation exchange between the melt and the crystal were taken into 

account. The motion of the melt was described within the framework of a viscous incompressible fluid by 

the Navier-Stokes equation 

 

                                                                            (1) 

where   is the density of the melt at a given temperature   ,    is the velocity of the fluid element,    is the 

free fall acceleration,    is the thermal expansion coefficient,    j is the stress tensor τ           

                    ,   is the pressure,   is the viscosity coefficient. 

Within the DFT GGA PBE theory, the electronic properties of        with a monoclinic structure (sp. gr. 

        
 ) were studied. The        supercell bandgap calculated by the DFT gives the value    = 

1.82 eV. DFT calculations were carried out without taking into account the influence of spin-orbit coupling 

and van der Waals interaction in the supercell. This is less than the experimental value    = 2.539 eV at 

150 K [1]. The introduction of corrections in the calculation scheme can reduce the difference between the 

calculated and experimental values of   . 

In the frequency range   = 5 × 10
4
–2.4 ×10

7
 Hz, the ac-conductivity of the                   single 

crystal obeyed the regularity        
   . This is characteristic of the hopping mechanism of charge transfer in 

semiconductors through states localized near the Fermi level. The density of states near the Fermi level is 

calculated (5.2 × 10
18

 eV
–1

 cm
–3

 for        and 1.5 × 10
19

 eV
–1

 cm
–3

 for                  ), their 

energy spread (0.14 eV for        and 6 × 10
–2

 eV for                  ), average time of jumps (2 × 

10
–7

 s for       and 8.3 × 10
–8

 s for                  ) and hopping distance (86 Å for       and 80 Å 

for                  ), as well as the concentration of deep traps (7.3 × 10
17

 cm
–3

 for       and 9 × 

10
17

 cm
–3

 for                  ) responsible for ac- conduction. Thus, doping with ytterbium (1 at.% 

  ) of the        single crystal makes it possible to control its physical and dielectric properties. 
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Electron-beam treatment of silicon carbide wafers leads to thermal modification, which can lead to a 

decrease in surface roughness. This approach to the preparation of SiC wafers can become a promising 

alternative to the widely used chemical-mechanical polishing, which has a number of problems: long 

processing time, high cost, and low technical flexibility [1]. In this paper, we discuss a model of possible 

mechanisms for SiC surface polishing, i.e., dissociative Si sublimation caused by electron beam heating. If 

the pressure of the environment is higher than saturation vapor pressure of silicon, then the formed phases of 

elemental silicon and carbon exist in the liquid and solid states, respectively [2]. Otherwise, SiC also 

dissociates, but elemental silicon exists in the gaseous phase. In both cases, carbon graphitizes the surface, 

slowing down the Si sublimation process. The process of electron beam processing is carried out in a 

relatively low vacuum, so the dissociation of SiC will occur through the sublimation of Si. The rough surface 

was modeled as an array of straight square pyramids in the COMSOL Multiphysics (Figure 1). The process 

of thermal modification of the surface was described on the basis of the temperature dependences of the 

partial pressures of gas mixture components, the experimental temperature distribution [3], and the Hertz-

Knudsen equation. The electron beam was modeled as an energy flow with a uniform and continuous energy 

distribution. At the same time, it was assumed that due to sublimation, the volume of pyramids is reduced 

only due to a change in their height. The simulation showed that the top parts of the pyramids are heated 

more than the bottom ones, which leads to selective evaporation of silicon (Fig. 2). In this case, the silicon 

evaporation rate is greater as higher the SiC temperature. It has been found that the Si sublimation rate 

increases up to a critical point, then it experiences a decrease. Within the framework of this model, an 

assessment of the change in roughness was carried out. The remaining carbon on the SiC surface after 

electron beam processing can be removed by chemical etching. For experimental verification of the 

simulation results and assessment of the adequacy of the model, a series of samples was prepared, and 

electron-beam processing of the samples was carried out. 

 

  
a) b) 

Figure. Schematic of a rough surface (a) and temperature distribution in a plate heated by an electron beam (b) 

 

1. W. Wang, X. Lu, X. Wu, Y. Zhang, R. Wang, D. Yang and X. Pi. "Chemical–Mechanical Polishing of 4H 

Silicon Carbide Wafers". Adv. Mater. Interfaces, 10, pp. 2202369, 2023. 

2. R. Fornari. Single Crystals of Electronic Materials: Growth and Properties, 129-179, Woodhead 

Publishing, 2019. 
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In recent years, the growth of metallic thin films of nanometer thickness has attracted significant research 

interest due principally to their optical properties [1, 2]. Optical properties of thin films are strongly 

correlated with their nanostructure. So, metal clusters or ultra-thin metallic films exhibit plasmon resonances 

at wavelengths shorter than 1 m. Metals with highly porous structures (often referred as black metals) 

possess reduced reflectivity and have found applications in electronic devices for optical sensing and 

imaging, electrochemical sensing and solar cells, and etc. Among different metal films (Bi, Au, Ag, Pt, Al, 

Pa, and etc.), aluminum films are of special interest due to such them advantages as good adhesion, good 

wear resistance, maintaining their optical properties at elevated temperatures, and low cost. However, 

structure of the films is related to both the method/conditions of deposition and the wettability properties of 

the underlaying layer. Aluminum tends to perfectly wet the substrate and grows as an ultra-smooth thin film 
at deposition onto SiO2. Stops (interruptions) of deposition can lead to the increase in the film roughness. 

In this study, magnetron sputtering was used to deposit multilayer aluminum films of various thicknesses 

ranging from 10 to 100 nm to investigate 

their morphology and optical properties when 

they are deposited onto SiON. Layers SiON 

with thickness of 180 nm were deposited by 

PCVD onto (100) Si-Substrates. The 

magnetron sputtering process took place 

under the following operating parameters: 

P = 100 W, temperature 30 °C, pressure 

2·10
-3

 Pa. Deposition time of one Al layer 

was varied in the range of 150-300 seconds. 

Microstructure investigations were performed 

by scanning electron microscopy, and atomic 

force microscopy. In addition, the electrical 

resistance of the films was measured to 

monitor the growth process, to determine the 

electrical parameters of thin films and their 

percolation threshold. 

It was found that Al films deposited onto 

SiON can have ring-shaped cluster structures 

(Fig.1). Porous films with thickness of 

40-46 nm have an absorption coefficient of 

up to 80-85% at the wavelength of 1.5 m. The increase in the film thickness leads to the shift in the 

absorption maximum to the long wavelength region. 

The study was supported by the Russian Science Foundation grant No. 23-72-

30003, https://rscf.ru/en/project/23-72-30003/. 
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Figure 1 – Absorbance of (1) SiON and (2) 65 nm aluminum film 

deposited on SiON. Insert – AFM-image of 16 nm Al film on 

SiON. 
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Micro- and nano-scale surface relief has an impact on various materials properties (optical, electrical, 

magnetic, etc.). One of the most promising techniques of surface relief formation of solid materials is ion 

irradiation in a self-organized manner. Thus, one of the earliest works [1] was demonstrated that irradiation 

of a Ge single crystal with Ge ions leads to the formation of a porous surface structure. Later, the influence 

of energy and fluence of Ga
+
 ions irradiation on the obtained Ge surface morphology was investigated in 

works [2, 3]. Ge, in turn, is widely used in micro- and optoelectronics. In recent years, this material has been 

considered as an electrode in lithium batteries [4]. 

In this work, the effect of ion fluence and ion beam angle of incidence on the wave-like nanorelief formation 

process on the Ge surface by Ga
+
 FIP with 30 keV was investigated. Ion irradiation experiments of the 

samples were carried out on a Quanta 3D 200i facility. The ion fluence was varied from 10
15

 to 

5×10
18

 ions/cm
2
. The ion beam incidence angle  was varied from 0 to 85. It is found that the fluence 

alteration in the whole considered range (at  = 0) doesn’t lead to the ripples formation on the Ge surface. 

Increasing the ion beam incidence angle relative to the surface normal leads to pore tilting and ripple 

formation. In the angle range from 60 to 70, a wave-like relief, which is perpendicular to the direction of 

incidence Ga
+
 ions, is observed (Fig. 1(a)). At  = 80, the perpendicular and parallel components of the 

wave-like relief are simultaneously observed. Moreover, at  = 85 ripples which are strongly parallel to the 

ion beam incidence direction are observed ((Fig. 1 b)). The wavelength λ of the perpendicular ripples rises 

with respect to increasing  from 300 to 500 nm. The wavelength of the parallel ripples is  40 nm. 

   
Figure 1. SEM-images of the Ge surface under oblique Ga

+
 irradiation.  = 70 (a), 85 (b). 

 

This work was supported within the framework of a State Assignment of the Ministry of Education and 

Science no. FFNN-2022-0018 for the Yaroslavl branch of the Valiev Institute of Physics and Technology, 

Russian Academy of Sciences, using the equipment of Facilities Sharing Centre “Diagnostics of Micro- and 

Nanostructures”. 
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Substrate annealing is often applied before deposition of thin films to improve adhesion, crystal quality of 

the film, or interface properties. The annealing may result in passivation of the surface of the substrate or, to 

the contrary, in activation of surface reactivity. As an example, annealing of oxide perovskite substrates in 

oxygen improves properties of complex metaloxide thin films, like high-temperature superconducting 

cuprates or CMR manganites, while annealing in vacuum may result in degradation of film properties or 

even in decomposition of the films into individual simple oxides. The effect is not such drastic for simple 

oxides, like ceria CeO2 and yttrium-stabilized zirconia Y:ZrO2 (YSZ), though surface of substrate non-

saturated with oxygen may result in a change of orientation of the growing film, typically from (001) 

orientation to (111) orientation on a standard-oriented substrate. 

The arbitrary orientation of facets of single crystals is known to improve surface reactivity, this effect is 

widely used, for example, in catalysis. The tilted-axes substrates (TAS, substrates with surface misoriented 

from small-index crystallographic planes) provide the effect of increased reactivity at the interface with the 

growing film. We present results of deposition of simple fluorite oxides, CeO2 and YSZ, on tilted-axes 

perovskite NdGaO3 (NGO) substrates, with surfaces intentionally depleted with oxygen by short annealing in 

vacuum. The general orientation of fluorite films on TAS NGO follows the Nagai tilt formula (also known as 

3DGE tilt, coherent tilt, or intrinsic tilt). 

Fig.1 YSZ deposition on TAS NGO. Films on standard Fig. 2. CeO2 deposition on TAS NGO. The films on  

substrate surface (bold symbols) show strong bonding on  standard substrates (bold symbols) show both small 

the interface, revealed as excessive tilt of the film (001) excessive tilt and re-orientation towards small-index 

plane due to systematic generation of dislocations. The  planes (not shown on figure). Depletion of substrate  

films on vacuum annealed surfaces (open symbols) show surface with oxygen results in an orientation change to 

no excessive tilt, implying formation of relaxed interface.  (111) orientation (open symbols). Part of the film grows 

At certain angles minimization of surface energy results with (111) plane close to the substrate plane (crosses). 

in re-orientation of the film axes with small-index planes  In vicinity of (120) plane of NGO a quasi-epitaxial film 

(012), (013) parallel to the film surface. is formed, (111)CeO2||(120)NGO. 
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A promising method for the formation of thin films with special properties is their nanostructuring during 

growth. One of the well-known technological methods that make it possible to ensure the growth of 

nanostructures is oblique angle deposition. It is known that this method can be used to obtain nanostructures 

of various shapes and sizes, from inclined nanowires and nanospirals to vertical nanocolumns [1].  

In this work thin Co films on inclined Si(001) substrates were obtained by electron-beam evaporation 

(Oratoriya-9). The films as deposited were further subjected to various types of analyses (microscopy, X-ray 

diffraction, vibrating sample magnetometry, spectral ellipsometry). It has been revealed that at angles of 

incidence of the evaporated material on the substrate of more than 80° (oblique angle deposition), free-

standing Co nanocolumns with a cross section of 25 nm and an aspect ratio (length/transverse size) of at least 

15 are formed on the substrate surface. Slow rotation (0.6 rpm) of the substrate around its normal leads to the 

formation of an array of nanospirals (Fig.1a). By varying the substrate rotation rate, it is possible to obtain 

nanospirals with different geometric dimensions (helix pitch, spiral radius). 

 

  

a) b) c) 

Fig. 1 a) Cross section of Co/Si(001) film grown by oblique angle deposition with slow rotation (0.6 rpm) of the 

substrate; b) magnetization reversal of the film deposited with fast rotation (30 rpm); c)degree of polarization of the 

reflected light for two types of incident circularly polarized waves (right-R and left-L) for the film deposited with slow 

rotation (0.6 rpm). 

At a fast rotation of the substrate (30 rpm) almost vertical nanocolumns are growing with broadening 

towards the top. Their magnetic easy axis approaches the normal to the film surface (Fig.1b). It should be 

noted that all nanospirals are twisted in the same direction, which imparts chirality to the film. This, in 

particular, leads to an asymmetry of the optical characteristics upon reflection of right- and left-hand 

circularly polarized light (Fig.1c). This morphology can be promising for applications in the field of 

nanosensorics and nanocatalysis, as well as for the creation of optically active surfaces and as a medium for 

high-density magnetic recording of information. 

The work was carried out within the framework of the State programs No. FFNN-2022-0018 and 

No. FFNN-2022-0019 of the Ministry of Science and Higher Education of Russia on the equipment of the 

center for the collective use of scientific equipment “Diagnostics of micro- and nanostructures”. 

 

1. M.M. Hawkeye, M.T. Taschuk, M.J. Brett. Glancing Angle Deposition of Thin Films. Wiley, London 

2014, 299 P. 

2. O.S. Trushin et al. “Tailoring magnetic anisotropy and optical characteristics of nanostructural Co films by 

oblique angle deposition” Physics of the Solid State, 65, P. 996-1001, 2023 
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Oblique angle deposition is a promising method for the formation of nanostructured films with unique 

properties. It is known that this method can be used to obtain nanostructures of various shapes and sizes, 

from inclined nanowires and nanospirals to vertical nanocolumns [1]. It has been understood that the reason 

for the nanostructuring of films under conditions of oblique deposition is the shadowing effect, which 

consists in the fact that crystallites, which have gained a random advantage in growth at the initial stages, 

subsequently suppress the growth of their neighbors, intercepting the flow of atoms incident on the surface 

and, thereby, forming pores. In this work we present computer simulation method to study thin film growth 

at these conditions. Simple three-dimensional Monte-Carlo alghorithm of solid on solid model is used [2, 3]. 

In this model main parameter controlling growth regime is inclination angle measured from the normal to the 

substrate. Geometrical sizes of the model were 300*300 nm in substrate plane and height up to 200 nm. 

During typical simulation total number up to 10
6
 cubic particles (1*1*1 nm) were successively deposited.  

 

Fig. 1 Cross section of the model for oblique angle deposition at substrate inclination of 85.  

 

Our results showed the change of thin film morphology by varying inclination angle. At angle below 70 the 

mostly continuous film is growing. Above 75 we observed start of nanostructuring and film was getting 

porous. At angle of 85 arrays of tilted nanocolumns were growing. Fig. 1 presents a typical sideview on the 

computation cell at these conditions. Our theoretical results qualitatively agree well with our recent 

experimental data[4] and the simulation results of other groups [2, 3]. Such modeling might be useful for 

planning future experiments on oblique angle deposition. 

The work was carried out within the framework of the State programs No. FFNN-2022-0018  of the Ministry 

of Science and Higher Education of Russia. 

 

1. M.M. Hawkeye, M.T. Taschuk, M.J. Brett. Glancing Angle Deposition of Thin Films. Wiley, London 

2014, 299 P. 

2. T. Karabacak, J.P. Singh, Y-P. Zhao, G.-C. Wang and T.-M. Lu “Scaling during shadowing growth of 

isolated nanocolumns” Physical Review B, 68, P. 125408-1-5, 2003. 

3. A. Besnard, N. Martin and L. Carpentier “Three-dimensional growth simulation: a study of substrate 

oriented films” IOP Conf, Series: Materials Science and Engineering, 12, P. 012011, 2010. 

4. O.S. Trushin, et. al. “Tailoring magnetic anisotropy and optical characteristics of nanostructural Co films 

by oblique angle deposition” Physics of the Solid State, 65, P. 996-1001, 2023 
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In the last decade, much attention has been drawn to the study of magnetic nanomaterials and nanostructures 

with strong shape anisotropy, promising for use in nanosensors, spintronic devices and high density magnetic 

recording. It is known that one of the most common methods obtaining such nanowires (NW) is a matrix 

(template) synthesis – filling required material in narrow channels in a porous matrix. The electrochemical 

method is certainly perspective method for obtaining such nanowires. The unique properties of porous 

anodic aluminum oxide (PAAO) membranes make this material potentially the best template for 

electrochemical deposition of Ni nanowires. [1-3]  

High purity Al foil was used for producing PAAO matrix (99, 9% purity). Sample was polished in H3PO4 + 

C3H8O + H2O by electrochemical polishing method. The method used for electrochemical anodizing of the 

prepared foil is a classic version of two-stage anodizing in 0.5 M oxalic acid, at a voltage of 60 V and a 

temperature of 25 °C. NiCl2*6H2O + H3BO3+H2O was used for electrochemical deposition Ni nanowires in 

pores. Deposition process was carried out in a 2-electrode electrochemical cell in a galvanostatic mode at a 

current density of 75 mA/cm
2
. Figure 1a shows PAAO with Ni nanowires chip.  

 
Figure 1. PAAO with Ni nanowires (a) and magnetization curves of Ni nanowires (b). 

 

Aspect ratio of Ni nanowires is about 250. The magnetization curves of all samples were measured at room 

temperature on a LakeShore 7407 vibrating magnetometer. Each sample with a surface area of 16 mm
2
 was 

fixed on a holder, and the external magnetic field H was directed perpendicular and parallel to the sample 

surface. The magnitude of the magnetic field varied from -16 kOe to 16 kOe. It is known that nanosized 

magnetic fibers are characterized by an easy magnetization axis directed along the generatrix. This is due to 

the shape anisotropy effect. For magnetic recording media, the perpendicular orientation of the easy 

magnetization axis is optimal. Measurements of the magnetic characteristics of PAAO with Ni nanowires 

show that a vertical easy axis of magnetization appears in the sample (fig. 1b).  

The work was carried out within the framework of the State program № FFNN-2022-0018 of the Ministry of 

Science and Higher Education of Russia on the equipment of the center for the collective use of scientific 

equipment "Diagnostics of micro- and nanostructures". 

1. A. Safeer, N. Ahmad, S. Khan, L. Azam, D. Bashir. "Magnetization behavior of electrochemically 

synthesized Co2MnSn full Heusler alloy nanowire arrays". J. Appl. Phys., 125, Art. No. 034302, 2019. 

2. G. Varvaro, F. Casoli. Ultrahigh–density magnetic recording storage materials and media designs. Pan 

Stanford Publishing, Stanford, 2016. 

3. A.I. Vorobeva, E. A. Utkina, O. M. Komar. "Homogeneous deposition of nickel in the pore of ordered thin 

aluminum oxide". Russian Microelectronics, 42, p. 79-88, 2013. 
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Magnetic field concentrators (MFC) or magnetic flux transformers (MFT) can significantly reduce the 

threshold sensitivity of magnetic field sensors (MFS) or magnetic flux sensors (MFS). MFC or MFT created 

on the basis of superconducting materials are often used in instruments for registering ultraweak magnetic 

fields (≤1 nT) and magnetic fluxes in biological objects. They are used in sensors in which various 

structures, such as Josephson junctions, Hall sensors, sensors based on spintronic effects, etc., can serve as 

magnetically sensitive elements (MSE). We studied the MFC and MSE in a planar position on the same 

plane, when they do not intersect each other (see Fig. 1). 

A sketch of the proposed planar design is shown in fig. 1, the following parameters are indicated on it: 1 – 

receiving rings (outer radius rL, ring width wL); 2 – substrate; 3 – active strip (AS) of the concentrator with 

width ws; 4 – MSE based on a film with the effect of giant magnetoresistance with a width w0; 5 – width wa 

of the gap between the boundaries of the MFC and the MSE; (0,0) – the beginning of the report of the 

coordinate system in the AS; (x0,y0) – coordinates of an arbitrary point in the MSE, where the magnetic field 

is calculated; wp – the width of the cut; 2li – the distance between the cuts. All elements deposited on the 

substrate have the same thickness h.  

On Fig. 1 c, d and e: parallel sections in the AS are located uniformly along the width of the AS, unevenly 

away from the MSE and near the MSE, respectively. In the AS, the thick black lines are cuts, and the lighter 

lines are superconducting stripes. 

 

The concentration factor F of 

the magnetic field was 

determined as the ratio of the 

average value of the magnetic 

field at the MSE to the value 

of the external recorded field. 

The following numerical 

values were used in the 

calculations: rL=1 mm; wL=0.8 

mm; ws=1030 µm; w0=0,25 

µm; wp=wa=0.02 µm; 2li  

0.530 µm; h=0.02 µm. 

It has been established that in 

the MFC containing AS 

without notches (Fig. 1 b), the 

parameter F takes values from 

~ 50 to 200. The location of the cuts on the AS significantly changes F, in particular, its value is 20%. in Fig. 

1, e is greater than in case b. With an increase in the number of cuts, the value of F increases several times. It 

should be noted that the parameter F takes higher values in the manufacture of MFC from a film of low-

temperature superconducting material compared to the case (perpendicular magnetic field penetration depth 

 ≤ 0.25 μm), when the concentrator is made of a film of high-temperature superconducting material ( ≥ 

0.5 µm). The results obtained will improve the efficiency of existing sensors, such as SQUIDs and spintronic 

structures, in the form of a reduction in the size of their receiving antenna, which will allow detecting smaller 

magnetic objects, including magnetic nanoparticles in a biological environment. 

This work is supported by the Ministry of Science and Higher Education of the Russian Federation (project 

No. 075-03-2020-216 of December 27, 2019). 

 

 
Figure 1 Sketch of planar film superconducting magnetic field concentrator 
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It is agreed that planar structures with thickness smaller 100 nm qualify as nanoobjects. For effective 

analysis of similar structures, the diagnostic methods with depth resolution near 10 nm and better are 

necessary. There is set of surface diagnostics methods, which can be related to the nanostructure 

investigation procedure [1]. But only two nanosize testing methods exist allowed the direct quantitative 

analytical diagnostics of such objects. There are the Rutherford backscattering of ion beams (RBS) [2] and 

the X-ray fluorescence analysis in conditions of the total external reflection of exciting radiation fluxes on 

studied surface (TXRF) [3]. 

The quantitativeness of RBS spectrometry is connected with the additional measurement channel existence 

besides the ion beams scattering spectra registration. The addition channel fixes the total ions quantity 

scattered by studied target. This quantity is the normalizing factor allowed to interpret RBS data as the 

quantitative information. Standard depth resolution of the method is 10 nm (for sliding conditions – 2 nm). 

The chief task of RBS study is the elements depth profile determination. The method allows to fix presence 

of all elements beginning from “Li” with not enough sensitivity with detection limits near 0.1% at. This 

shortage is aligned by the PIXE method parallel use. RBS is the nondestructive analytical technology in 

frame of analytical radiation doze Q<10
15

 ion/cm
2
 use. 

The quantitativeness of TXRF spectrometry is defined by trifle of the target surface layer thickness forming 

the X-ray characteristic radiation yield limited by value 8-10 nm, in dependence on the target material 

density. The layer small thickness allows disregard the matrix factor influence on characteristic lines 

intensities in TXRF spectra and leads to abrupt decreasing of the background deposit. The TXRF data 

normalizing is produced by the host atoms quantity use in the material exciting volume. At the specific 

detector application TXRF study allows to diagnose all elements from “B”. TXRF is nondestructive 

analytical technology with the conventional detection limits 10
-6

% at. (in conditions of waveguide-resonator 

application 10
-8

% at.) Advanced TXRF spectrometers allow to work in total reflection and large incident 

angles ranges. Report presents experimental and approximating data of these methods application for planar 

nanostructure objects. 

 

1. T. Alford, L.C. Feldman and J.W. Mayer. Fundamentals of nanoscale film analysis. Springer, New York, 

2007. 

2. M. Nostasi, J.W. Mayer and Y. Wang. Ion beam analysis, Fundaments and application. CRC Press, Boca 

Raton, 2015. 

3. R. Klockenkamper and A. von Bohlen. Total reflection X-ray fluorescence analysis and related methods. 

Wiley, New York, 2015. 
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When manufacturing metal-insulator-semiconductor (MIS) devices and corresponding ICs, it is highly 

important to monitor quality of thin gate dielectrics. Implementing of this wafer level reliability (WLR) 

monitoring at the stage of semiconductor wafer is usually realized in accordance with JEDEC standards [1, 

2]. Techniques, which are suggested by mentioned standards, are based on use of time depend dielectric 

breakdown (TDDB) and give an opportunity to monitor both intrinsic and external defects in the dielectric 

films [1-5]. In order to promptly monitor quality and defectiveness of the thin dielectric films, J-Ramp and 

Bounded J-Ramp methods suggested by JEDEC standards are extensively used. J-Ramp requires a shorter 

timetable to implement statistical control, however results acquired by it are too complex in physical 

interpretation and sometimes are not well comparable. Bounded J-Ramp is more convenient to analyze 

obtained results but it requires much more time to be implemented. A common disadvantage of both methods 

is a complexity and an ambiguity of estimation of charge dielectric degradation when implementing tis 

defectiveness control [3-5]. Thus, an improvement and modification of these methods which are aimed to an 

enhancement of their functional capabilities and to an increasing of control operativity, is an important task 

to provide a manufacturing of highly reliable devices and to debug novel manufacturing processes. 

The paper proposes a novel technique of time depend dielectric breakdown for the wafer-level testing of thin 

dielectric of MIS devices based on concatenation of J-Ramp and Bounded J-Ramp methods. The suggested 

method enhances the existing method capabilities by introducing measurement modes. When DUT is under 

the measurement mode, the charge injection into the gate dielectric is realized under constant current density 

Jm at which any significant charge degradation of dielectric is not observed. Introduction of the measurement 

modes give an opportunity to monitor a change of the charge state of thin gate dielectric during the entire test 

[3-5]. The suggested test is started similar to Bounded J-Ramp method and then in order to raise the 

monitoring speed, the Jbound could be step wisely increased over certain time intervals which are much longer 

in time in comparison with J-Ramp method. As a result, the charge injection into the gate dielectric could be 

implemented under multiple Jbound values. This test algorithm gives an opportunity to greatly enhance 

functional capabilities of the existing test methods and the suggested technique raises speed to test. 

 

1. JEDEC Standard, JESD35–A: Procedure for the Wafer–Level Testing of Thin Dielectrics. (2001). 

2. A. Strong, E. Wu, R. Vollertsen, J. Sune, G. Rosa, S. Rauch, T. Sullivan. Reliability Wearout Mechanisms 

in Advanced CMOS Technologies.  IEEE Press Series on Microelectronic Systems. Wiley, 2009.  

3. D.V. Andreev, V.M. Maslovsky, V.V. Andreev, A.A. Stolyarov, "Modified Ramped Current Stress 

Technique for Monitoring Thin Dielectrics Reliability and Charge Degradation". Phys. Status Solidi A, 219, 

pp. 2100400(1-5), 2022. 

4. V.V. Andreev, V.M. Maslovsky, D.V. Andreev, A.A. Stolyarov. "Method of stress and measurement 

modes for research of thin dielectric films of MIS structures". Proc. SPIE., International Conference on 

Micro- and Nano-Electronics 2016, 10224, pp. 1022429(1-8), 2016 

5. D.V. Andreev, V.M. Maslovsky, V.V. Andreev, A.A. Stolyarov, "Modification of bounded J-Ramp 

method to monitor reliability and charge degradation of gate dielectric of MIS devices". Proc. SPIE., 

International Conference on Micro- and Nano-Electronics 2021, 121571M, pp. 1-7, 2022. 
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At present, one of the rapidly developing optical methods control and diagnostics of objects is the digital 

version of shear interferometry (shearography). The advantages of the method are - a non-contact method for 

obtaining data, - a small dependence on the shape and surface of the material under study, - determination of 

the gradients of displacements of surface points, which manifest themselves as anomalies in the pattern of 

interference fringes, which are associated with areas of deformation. 

Experiments were carried out to obtain shearograms with various configurations of optical elements, using a 

Michelson interferometer. The optical scheme for the formation of an image shift was tested. A scheme of a 

compact speckle interferometer for digital shearography based on the Michelson interferometer (Fig. 1) is 

proposed and implemented. A software algorithm for obtaining shearograms has been implemented. The 

device was tested under conditions of sensitivity to out-of-plane deformation on samples from a round thin 

membrane. Experiments were carried out to detect defects in structures and welds, materials of micro- and 

nanoelectronics by the presence of zones with inhomogeneous deformation. 

Both in digital holography and in the method of digital holographic interferometry, the analysis and synthesis 

of wave fronts is carried out by means of their computer processing. Such processing makes it possible to 

record holograms directly on a matrix digital sensor and process the recorded intensity distribution pattern by 

digital methods [1]. A detailed mathematical description of the processes of recording and restoring digital 

holograms, image filtering, etc. can be found in [2]. 

We have created a model of a digital holographic interferometer using focused image holograms, using 

Fourier transforms to restore the complex amplitude of the object image and analyze the stress-strain state of 

the object. The measurement accuracy is 0.02 - 1 μm, the measured area is 20x30 cm, but it depends on the 

laser power. The measurement accuracy is 0.02 - 1 μm, the measured area is 20x30 cm, depending on the 

laser power. 
Fig. 1. Optical scheme and photograph of the 

shearograph on the Michelson interferometer;  

1 – neodymium-doped yttrium vanadate crystal laser 

with continuous diode pumping (YVO4 : Nd 
3+ 

) with 

intracavity second harmonic generation on a nonlinear 

KTP crystal , radiation wavelength 532 nm, radiation 

power 50 mW; 2 - CCD - cameras type EVS VAC 136 

computer controlled; 3 - Helios-44 lens with a focal 

length of 50 mm, rigidly fixed together with a CCD 

camera ; 4 - mirrors with 100% reflectivity on a 

turntable for controlling the laser beam; 5 – 

piezoactuator KP-1; 6 – short focus lens for expanding 

the laser beam; 7 - prism; 8 - loading device with a 

sample. 

Fig. 2. Photographs of the weld from the back (a) and from the front (b) sides, and the resulting shearogram 

taken from the front side of the plate in the area of the weld defect (c). 

1. W. Steinchen, Digital Sherarography. Theory and application of digital speckle pattern shearing interferometry. 

Washington: SPIE press, 2003, 312 pp. 

2. YY Hung, Dahuan Shi, Technique for rapid inspection of hermetic seals of microelectronic packages using 

shearography, Opt. Eng. 37(5) (1998) 1406–1409 pp. 
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The spectra of characteristic energy losses of electrons represent the region of small energy losses adjacent 

to: the peak of elastically reflected electrons; the peak of photoelectrons and the auger electrons peak of 

electrons that entered the vacuum without inelastic energy losses. This region of energy loss has a 

characteristic non-monotonic structure formed by electrons that have repeatedly lost energy to excite plasma 

oscillations in the probed solid sample. Deciphering the region of characteristic energy losses allows us to 

determine the differential cross-section of inelastic electron energy losses ωin(△),which uniquely determines 

the electronic structure of the sample under investigation. 

This paper develops a methodology for describing energy spectra in X-ray photoelectron spectroscopy 

(XPS). This technique is based on the interpretation of XPS spectra using the partial intensities method [1, 

2]. This method allows us to write down the equation for the distribution of photoelectrons along the path 

length s in the target Q(s, μ0, μ), derived from the principles of invariant imbedding [3]. In the present work, 

a modified solution of the equation for the function Q(s, μ0, μ) is obtained, which allows for an analytical 

solution in the small angle approximation. The energy distribution of the photoelectrons can be determined 

by convolution of the solution Q(s, μ0, μ) with the Landau formula: 

   
 

 
 

 

 11

2 inin
0 in in 2 0

0 tr 1 tr

1σ β
Δ,μ ,μ μ Δ 1 μ μ 1 ,

4 2 4 1

kk

kx e

k

x ll
Q l x P

l x l

  






   
               

                   (1) 

where Q(△, μ0, μ) – photoelectron reflection function; △=E0 - E – photoelectron energy loss; μ0 – cosine of 

the angle between the normal to the target surface and the direction of the probing X-ray quantum flux; μ –

cosine of the angle between the normal to the target surface and the direction of the detected photoelectron  

flux; lin – inelastic mean free path; σx→e – photoelectron emission cross section; xin
k
(△) – probability of 

losing energy △ by photoelectrons due to k-times inelastic scattering; ltr – transport length of photoelectrons; 

β – asymmetry parameter; P2 – Legendre polynomial; x1, x2 – coefficients of expansion of the unit-

normalized differential cross section of inelastic scattering of electrons in series by Legendre polynomials. 

The paper presents an approbation of the solution (1). Restoration of cross sections ωin(△) is carried out on 

the basis of the fitting procedure of the calculated (1) and experimentally measured energy spectra. 

The approach presented in [4], which allows the determination of allotropic carbon variants from the spectra 

of characteristic electron energy losses, has been successfully refined. In [4], the form of ωin(△) was 

demonstrated for a number of allotropic forms of carbon in the Drude-Lorentz representation. 

Examples of the determination of the allotropic species of a carbon sample subjected to different treatments 

are shown. 

This study was financially supported by the Ministry of Science and Higher Education of the Russian 

Federation (project No. FSWF-2023-0016). 
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backscattering". Z. Phys. B, 96, pp. 253-259, 1994. 
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4. N. Pauly, M. Novák and S. Tougaard. "Surface excitation parameter for allotropic forms of carbon". Surf. 
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For the development of microelectronic technologies, it is necessary to study a real complex shape of wafers 

and wafer-based structures, especially in the case of studying the warpage process, analyzing thinned wafers, 

large-diameter wafers or their assemblies. The study of the mechanical stress distribution is necessary to 

evaluate the influence of the performed technological processes, the formation of the required wafer shape, 

and, in general, to obtain devices with the required functional characteristics. This demands the development 

and validation of appropriate techniques for nondestructive testing and processing of the results of 

measurements of the surface topography of structures. 

Methods of geomorphometric modeling known in geosciences can be used as tools for detailed study or 

metrological control of the surface of microelectronic items. We developed a set of techniques to determine 

local surface features, calculate local curvatures and local mechanical stresses in structures from their digital 

elevation model (DEM). 

We used the data obtained by interferometry and atomic force microscopy to validate the techniques. We 

studied DEMs of structures on silicon and sapphire, MEMS structures, X-ray optical elements, micro- and 

nano-topography of the surface, etc. [1, 2] 

We used the Evans method [3] and the universal spectral-analytical method [4] for calculations implemented 

in the following software: (1) author’s program implemented in Matlab environment, (2) LandLord program 

[5]. 

The morphometric variables calculated using geomorphometric techniques are effective in studying nano- 

and micro-level heterogeneities, because they have a clear physical meaning and are easy enough to interpret 

(they allow to determine local convex and concave surface areas, saddle points, etc.) [6]. The most effective 

use of maps of mean, maximum, minimum, and unsphericity curvatures, as well as topographic index [1]. 

Also geomorphometric techniques greatly increase the visibility and informativeness of data representation. 

The experience of data processing, including their smoothing and interpolation, accumulated in the 

geosciences, allows one to decently prepare DEMs for calculation of local characteristics including partial 

derivatives, which is necessary for calculation of mechanical stress distribution maps. 

The use of the developed methods will increase the efficiency of micro- and nanoelectronic technology 

development, and will expand the range of possible studies of structures. 

The study was supported by the Russian Science Foundation, grant № 22-21-00614. The study was 

performed with equipment of the R&D Center "MEMSEC” (MIET). 
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The implementation of quantum information processing by noisy intermediate scale quantum computers 

(NISQ) leads inevitably to some distortion of quantum information states. To quantify the amount of 

distortion one needs to define measure of decoherence. Here we review some attractive properties and 

present some novel results for the maximal deviation norm D introduced in [1, 2] that can be characterized as 

maximal deviation of real quantum state from the ideal one in the worst case scenario. The deviation of noisy 

quantum channel implementing quantum computation from ideal one is quantified by operator norm of the 

difference between final real and ideal density matrices of quantum computer and then this parameter is 

maximized over all possible inputs (start density matrices). Note some useful and attractive properties of 

measure D.  

1. D is metric. 

2. D is linear. 

3. D is basis-independent. 

4. D is always between 0 and 1, where 0 means the absence of decoherence while 1 means ultimate 

destruction of information stored.  

5. If input states are separable then D is asymptotically additive, i.e. D of the whole system is equal to sum of 

measures D of its constituents provided this sum is much less than unity.  

6. Additivity property 5 is also valid for non-separable input states of multiqubit systems where qubits are 

decohering independently from each other by relaxation or pure dephasing mechanisms.  

7. The worst case deviation where value D is attained can always be found for some pure initial state.  

8. To obtain D, both experimentally, theoretical either numerically, one does not require to exploit extra 

dimesionality (extra qubits).  

9. If quantum state has to be measured the measure D provides upper bound estimate of the decrease of 

probability to obtain right outcome. 

From practical point of view properties 5-8 are very advantageous because they guarantee exponential 

overhead over alternative metrics. We present some new results with compact analytical expressions of 

measure D derived for the states of qubits in certain specific noisy environments. 
 

1. L. Fedichkin, A. Fedorov, V. Privman. "Measures of Decoherence". Quantum Information and 

Computation, 5105, pp. 243-254, Proc. SPIE, 2003. 

2. A Quantum Information Science and Technology Roadmap, LANL preprint, LA-UR-04-1777, p. 28, 2004.  
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In this paper we investigate a modification of the well-known Grover’s search algorithm [1, 2]. Our 

modification uses two Oracles with access to two Boolean vectors. Our algorithm finds an element that 

belongs to the intersection of these two vectors and uses a single query to the second Oracle. 

The Grover’s search algorithm is a well-known algorithm for the Search Problem. It has several 

modifications and generalizations [3-5]. The standard setting for the algorithm is search an element in a 

search space of size N that satisfy some predicate fX, i.e. we search an element i from 0 to N-1 such that 

fX(i)=true. The problem can be interpreted as a searching an element from a set X where X is a subset of 

[0 ,…, N-1]. Here X={i: fX(i)=true, 0<i<N-1}. The Grover’s search algorithm uses a quantum register of 

log2N qubits and finds an element in O((N/|X|)
0.5

) steps. Each step is a pair of two unitary matrices that are a 

query to the oracle OX and the diffusion D. Here diffusion is a rotation of all amplitudes near the mean.  

Our algorithm has access to two predicates fX and fY that correspond to two sets X={i: fX(i)=true, 0<i<N-1} 

and Y={i: fY(i)=true, 0<i<N-1}. Our goal is to find an element that belongs to both sets. Formally, we search  

i such that  fX(i)=true and fY(i)=true, in other words i is from intersection of X and Y.  

We can solve the problem by applying the Grover’s search algorithm for the predicate g such that 

g(i)=fX(i)&fY(i). In that case, we can find a target element in O((N/|X∩Y|)
0.5

) queries to fX and the same 

number of queries to fY. Let TX be complexity of computing fX, and let TY be complexity of computing fY. 

Then the total complexity of this solution is O((N/|X∩Y|)
0.5

TX+(N/|X∩Y|)
0.5

TY). 

Here, we assume that  the complexity of computing fY is much more than complexity of computing fX, in 

other words, TY>>TX. So, it is important to minimize the number of queries to Y. Our algorithm does a 

single query to fY and 3L queries to fX. The parameter L will be specified later. The algorithm is following. 

As in the standard Grover’s search algorithm we use a quantum register of log2N qubits. Initially we apply 

Hadamard transformation to each qubit of the register. On the phase 1, we L times apply the query to the 

oracle OX and the diffusion D. On the phase 2, we only once apply the query to the oracle OY and the 

diffusion D. On the phase 3, we 2L times apply the query to the oracle OX and the diffusion D. Finally, we 

measure the quantum register and obtain an element i such that  fX(i)=true and fY(i)=true. 

In the paper, we analyze complexity with assumption |X∩Y|<<|X| and Y is a subset of X. In that case, we 

assign L=(π/4)(N/|X|)
0.5

, and the total complexity is O((N/|X|)
0.5

TX+TY). 

That is much better than the naive usage of Grover’s algorithm in the case of TY>>TX. The success 

probability of the algorithm is close to 0.5. We can obtain a good success probability by repetition the 

algorithm constant times (for example the constant can be 3). 

Acknowledgments. The study was funded by the subsidy allocated to Kazan Federal University for the state 

assignment in the sphere of scientific activities, project No. 0671-2020-0065.  
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We implement a quantum hashing algorithm which is based on a fingerprinting technique [1]. One of the 

applications of this algorithm is a quantum finite automaton for a unary language MODp, where 

MODp={a
i*p

|i>0}, for any prime number p. For each input symbol  , the hashing algorithm is applied to the 

quantum system.  

Quantum algorithms implementation on real machines faces a problem of computational noise introduced by 

quantum operators and decoherence of a quantum system. These aspects affect the computational error and 

fidelity. Real quantum machines work based on specific quantum systems. Namely, each quantum machine 

works with a specifically structured sequence of qubits and process algorithms using a set of basic operators. 

In the work, we consider two backends of the IBMQ computers such as 16-qubit ibmq_guadelupe, and 27-

qubit ibm_auckland. They use CX, ID, RZ, SX, X gates as basic operators. We optimize quantum circuits for 

the quantum hashing algorithm with respect to minimizing the number of control operators because they are 

the most expensive operators. Then, we run the circuit on simulators of the mentioned machines and obtain 

experimental results which show an achievement of the optimized circuit implementation over the original 

one. 

 
Fig. 1 Shallow circuit for the quantum hashing algorithm 

 
Fig. 2 Qubits topology of the ibmq_guadelupe backend 

 

We implement the algorithm using a shallow circuit (see Fig. 1) which was presented in [2-5]. Since 

controlled operations can be processed only for neighbor qubits in the real machines, a transpilator swaps 

qubits to make a controller qubit close to a target qubit. This also increases a number of CX-gates in a 

circuit. We restructured a circuit for the qubits topologies corresponding to ibmq backends in the following 

way. For a current CX-gate, the target qubit is swapped with the neighboring one if the control qubit is not 

adjacent to it. For the topology in Fig. 2, for each input symbol   with an odd index    the target qubit is 

initially in a qubit 1. For each controlled rotation gate, the target qubit goes by swapping to the 4th, then to 

the 7-10-12-13-14-11-8-5 qubits. In a case of even index  , this chain is reversed. We also use a 

decomposition technique from [5]. For the ibm_auckland, the target qubit goes through 1-4-7-10-12-15-18-

21-23-24-25-22-19-16-14-11-8-5 qubits. An image of a topology for the ibm_auckland backend can be 

found in [6]. Transpilation of the optimized shallow circuit for the quantum hashing algorithm gives a circuit 

with 39 CX-gates on the ibmq_guadelupe backend while the transpiled original circuit contains 51 CX-gates. 

On the ibm_auckland backend, the transpiled optimized circuit contains 69 CX-gates while the transpiled 

original circuit has 109 CX-gates. 
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The generation of quantum states of light in integrated nanowaveguides is the subject of active scientific 

research in the last few years. First of all, this is due to the fact that the introduction of quantum devices into 

various spheres of human activity requires reliability and compactness [1, 2]. Secondly, nanowaveguides 

also have physical advantages over traditional sources based on bulk elements [1, 2]: high confinement of the 

optical field mode at sufficiently large structure lengths, the ability to control transverse electromagnetic 

field modes and dispersion properties. The latter feature is of great interest in the framework of obtaining 

two-photon quantum states of light with a wide spectral band, which in the future can become a serious tool 

in two-photon spectroscopy [3]. The width of the spectrum of photon pairs determined by the phasematching 

conditions depends on the geometry of the nanowaveguide, which opens up the possibility of its optimization 

for specific tasks [1, 2]. 

In [4], the parameters of a nanowaveguide with a cross-section in the form of an isosceles trapezoid were 

found, at which the spectrum of two-photon quantum state was 100 THz for a radiation length of 1.55 μm. In 

[5], the main task was to find such parameters of a lithium niobate waveguide at which the two-photon 

radiation spectrum was maximized. We have shown that the maximum bandwidth of 180 THz is achieved at 

a central wavelength of 1.01 μm. However, the optimization of the bandwidth was carried out only for 

waveguide cross-sections in the form of isosceles trapezoids, in which the upper base is smaller than the 

lower base. In this paper, we did not impose restrictions on the angle of inclination of the side walls and 

searched for the parameters of the waveguide cross-section to achieve the maximum width of the two-photon 

field spectrum. Fig.1a shows the geometric parameters of a nanowaveguide with an inverse slope of the side 

walls, in which it is possible to generate a two-photon quantum state with a spectrum width of almost 

200 THz bandwidth (Fig. 1b), which is currently one of the best results. Scientific research was carried out 

with the financial support from Ministry of Education and Science of Russia, Reg. number NIOKTR 

121020400113-1.  

 
Fig.1 а – geometric parameters of the waveguide cross-section with optimal dispersion, b – the spectrum of the 

generated two-photon state at the central wavelength of 1,3 μm. 
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In this work, we present a quantum circuit for the binary classification prediction algorithm using random 

forest model [1]. Our goal is to count the number of quantum gates and to reduce it. Our prediction algorithm 

can be used as a part of a machine learning meta model. The model can be an ensemble model, where a 

random forest model is used as a base classifier. So, we should know not only the prediction result of the 

random forest model, a class number, but we want to compute (predict) the probability of belonging to the 

result class. To predict the probability, we use the quantum amplitude amplification and estimation algorithm 

[2]. The probability prediction algorithm runs the binary classification prediction algorithm several times. 

Any quantum algorithm can be presented as a big unitary matrix, in other words, a multi-qubit gate. In fact, a 

quantum computer uses only a set of defined gates. So, a big gate should be decomposed into elementary 

gates. One- and two- quantum bit gates are a sufficient set to construct any multi-qubit gate. In our work, we 

use controlled not gate (CNOT) as two-qubit gate and NOT gate (X), rotation about y-axis gate (Ry), and 

Hadamard gate (H) as one-qubit gates. From the hardware implementation point of view, the most expensive 

gates are two-qubit gates (in our case, CNOT gates). Therefore, the most important problem is to reduce their 

number. 

Let N be a number of trees in a random forest model, O(T) be running time of prediction on one tree. In the 

classical case, running time for the model is O(NT). The quantum prediction algorithm needs )( TNO  

running time [1]. In this work, we construct a quantum circuit for the algorithm and compute the number of 

elementary gates. Our quantum register looks like classjanciancX ji , where |X  is an input object, 

|i  is an index of tree, |j  is an index of a node in tree, |class  is a class label (|0  or |1 ) for the binary 

classification problem), |anci  and |ancj  are one-qubit ancillas. To construct the circuit, we use qiskit [4], a 

python framework for quantum programming. To simplify the circuit implementation, due to limitations of 

quantum computing resources of the qiskit simulator, we store |X  as a binary vector, where each digit is an 

indicator for an input object’s attribute. Let |X| be a length of the vector. 

The quantum prediction algorithm by the random forest model has several steps: 1) appling Hadamard gate 

to the |i  register; 2) running tree prediction for each |i  index; 3) measuring the |class  register. The tree 

prediction algorithm is a function controlled by |anci . The algorithm returns leaf nodes for each tree. The 

leaf nodes store rotation angles. The angles are computed during tree construction (learning process). We use 

a pretrained model, so the angles are already computed and given parameters. Let h be a tree height, n = 

⌈log2N⌉. The quantum register has L = |X| + 1 + n + 1 + (h - 1) + 1 quantum bits. In common case, any 

quantum algorithm’s decomposition needs O(4
|R|

) elementary gates [3], where |R| is a number of qubits. In 

our case, the gates number would be O(4
|L|

). We provide the circuit and optimize it. So, we obtain the 

following results. The tree prediction algorithm uses O(2
2h+1

) CNOT gates and the random forest prediction 

algorithm uses O(2
n+2h+1

) CNOT gates. The CNOT gates number was obtained by using different 

decompositions of multi controlled not gate which are used in the tree prediction algorithm. The circuit was 

tested on artificial data.  
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The report presents a general approach to the evaluation of quantum information technologies using 

measurements. The monitoring of the amount of information about quantum states and quantum processes, 

including the loss of information caused by the impact of quantum noise, is considered. The developed 

methods are applied to the study of the effect of quantum noise on the quality of implementation of quantum 

teleportation and dense coding algorithms. Using the methods developed in our work [1], this study shows 

that the use of noisy Bell states and the corresponding noisy algorithms can lead to significant errors in the 

results of experiments. 

The work was carried out within the Project No. 22-12-00263 of the Russian Science Foundation. 
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In this work, we consider optimization of a quantum circuit for amplitude form of the quantum hashing [1]. 

Modern quantum computers are mainly NISQ (noisy intermediate-scale quantum) devices. So, decoherence 

and error correction are essential problems. Decoherence implies that the execution time of quantum 

algorithms must be small enough before the quantum state is broken. Thus, it is necessary to reduce the 

number of applied gates. There are also error rates for single gates. In general, for one-qubit gates error is 

less than for two-qubit gates, e.g., CNOT gates. So, another important task is to use as few CNOT gates as it 

is possible. 

It is known that any quantum algorithm to be executed on a quantum computer needs to be decomposed into 

a set of elementary gates. We execute the circuit on a quantum machine with specific architecture. 

Architecture describes how qubits are connected with each other. So, we have some restrictions, for instance, 

while applying a CNOT gate for an arbitrary pair of qubits. We use the nearest neighbor decomposition 

strategy [2] to overcome this problem. 

Quantum hashing is a technique that for an n -bit input x  produces its succinct image (1): 
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where  dkkKmd ,,,, 1   are some parameters. It can be implemented using uniformly controlled rotation 

(UCR) about Y  axis. It is known that UCR can be decomposed into an alternating sequence of one-qubit 

rotations and CNOT gates [2]. 

In this work, we use the IBM Quantum system that provides a variety of quantum processors. Each processor 

is characterized by a number of qubits and a topology graph which shows connections between qubits. We 

focus on the selection of the target qubit’s position. We calculate the total number of CNOT gates looping 

over possible index values and figure out the most appropriate position for the target qubit. We optimize 

quantum circuits minimizing the number of CNOT gates for particular architectures. One of the quantum 

processor architectures we used is presented in figure 1. 

 
Figure 1. Architecture Falcon r5.11L. 

We use qiskit framework for Python to construct circuits. The results of the numerical experiment can be 

found in table 1. 

Architecture (number of qubits) Optimal index for target qubit Number of CNOT gates 

Falcon r4T (5) 1 20 

Falcon r5.11L (5) 2 or 3 28 

Falcon r5.11H (7) 5 92 

Falcon r4P (16) 13 60716 

Falcon r5.11 (27) 25 100909180 

Table 1. The results of the numerical experiment. 
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QAOA (Quantum Approximate Optimization Algorithms) is one of the most promising algorithms of NISQ-

era. The standard approach to QAOA involves the use of quantum-classical optimization, although this 

approach was not considered as the main one in the original work of Farhi [1]. Recently, a new approach has 

emerged based on the hypothesis that optimal angles are close for a wide class of problems [2]. This 

approach seems to be extremely promising due to the significant simplification of the algorithm. However, 

the search for fixed angles itself remains a challenge with different approaches. We propose one specific 

method based on the use of a fixed training set and a special metric associated with increasing the probability 

of a correct answer. We carry out the analysis of the proposed method performance on weighted and 

unweighted QUSO (Quadratic Unconstrained Spin Optimization) problems, as well as on cubic problems of 

discrete binary optimization. 

This work was supported by the State Program no. FFNN-2022-0016 for Valiev Institute of Physics and 

Technology of RAS. 
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The theory of (optimal) control of quantum systems such as atoms, molecules, etc. is important for multiple 

applications in quantum technologies. It uses various mathematical methods such as infinite- and finite-

dimensional optimization methods, etc. [1-4]. For example, as it is known, mathematical modeling of various 

quantum information's entities (transfer along a spin chain, generation of quantum gates) is carried out in 

terms of optimal control problems with various quantum mechanical equations, fidelities, constraints, etc. 

[5-7]. The articles [8, 9] give a foundation for manipulation of open quantum systems with coherent control 

(in the Hamiltonian) and incoherent control (in the Hamiltonian via the Lamb shift and in the superoperator 

of dissipation). Based on [8, 9], a number of works have been performed including [10-15]. In the talk we 

plan to dicsuss the following: 1) quantum optimal control, in general; 2) some control problems for finite-

level open quantum systems with coherent and incoherent controls and some optimization tools (the Krotov 

type methods, one- and two- and three-step gradient projection methods, stochastic free-gradient approach, 

etc.) and the corresponding numerical results [10-15]. Partial support from the RSF No. 22-11-00330, 

Minobrnauki No. 075-15-2020-788, "Priority 2030" (MISIS Strategic Project Quantum Internet), К2-2022-

025. 
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Birds and some other animals have a physiological magnetic compass that allows them to make the right 

choice of direction during long migrations. It is assumed that the mechanism of magnetic orientation and 

magnetoreception uses a light-induced radical pair reaction, including the coherent evolution of the spins of 

two electrons, as the basis of a magnetic compass sensor [1, 2]. Using the methods developed in our works 

[3,4], in the present study we develop quantum models of magnetic orientation and magnetoreception. The 

proposed models are based on the analysis of the effects of interference, coherence, and entanglement in 

open quantum systems subject to quantum noise. 

This work was supported by the State Program no. FFNN-2022-0016 for Valiev Institute of Physics and 

Technology of RAS 
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Quantum information science is one of the most rapidly developing scientific areas in our days. Researchers 

are developing new approaches to quantum computing and discovering new quantum algorithms. Most of the 

existing quantum computing devices and algorithms are focused on the usage of qubits, i.e. two-level 

quantum systems that can only be in the ground or excited state. However, active research is being carried 

out on the implementation of quantum algorithms based on multilevel quantum systems (qudits). Qudits 

analogues of the basic quantum algorithms are existed, such as the QFT (Quantum Fourier Transform) 

algorithm, Grover search algorithm, Shor factoring algorithm and etc. The usage of qudits usually allows to 

smaller registers or the fewer amount of gates in a quantum circuit. But more complex gates have a more 

complex implementation, which usually leads to significant quantum noise impact. 

The purpose of this work is to analyze the impact of quantum noise on the quality of implementation of qudit 

algorithms. We consider the several basic and most important quantum algorithms, among which the QFT 

algorithm and Grover algorithm. A comparison of the computational resources required for the 

implementation of qubit and qudits (for different values of Hilbert space dimension d) have been performed. 

A series of numerical experiments have also been performed to estimate the accuracy of both versions of 

quantum algorithms. The accuracy was estimated both for ideal quantum systems and taking into account 

quantum noise. The obtained results make it possible to predict the quality of implementation of quantum 

algorithms in real computing devices and for solving real applied problems. All our research results have 

significant application and can be used in the development of high-dimensional quantum information 

processing systems. 

The work was carried out within the Project No. 22-12-00263 of the Russian Science Foundation. 
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Programmable linear optical interferometers are important for solving both classical and quantum 

information problems. We investigate the possibility of reconstructing the complete model of a 

programmable integrated linear optical interferometer provided that only the intensities of the output fields 

can be measured, but not their relative phases. We have developed the fast algorithm for characterizing the 

mixing layers of the layered interferometer. This algorithm is a modification of the algorithm we developed 

earlier, which assumes the presence of information about the phases of the output fields [1]. 

In addition, we have adapted this algorithm to work with two other tunable interferometer architectures 

based on the use of Mach-Zehnder interferometers. We have performed a series of numerical experiments 

and have shown the effectiveness of the proposed method and its resistance to various kinds of errors. 

The work was supported by the Russian Science Foundation, Project No. 22-12-00263. 

 

1. Bantysh B. I., et. al. "Fast reconstruction of programmable integrated interferometers", Opt. Express 31, 
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Superconducting circuits consisting of waveguide lines and resonators with embedded Josephson junctions 

(which may be considered as qubits) form the basis of most devices in modern quantum technologies [1]. In 

the present work we studies collective excitations in a superconducting resonator, in which the coupling of 

Josephson loops with a superconducting line is 

carried out simultaneously by using capacitances 

(electric dipole interaction) and inductances 

(magnetic dipole interaction) (see Fig. 1). The 

simplest diagram for hybrid coupling a 

superconducting loop to a line through a capacitance 

and inductance is shown in Fig. 1(b).  

After selecting the lowest mode of the resonator, 

projecting onto a two-dimensional subspace of states 

of Josephson oscillators (for instance, such as 

"transmons"-cubit), to describe the excitation 

spectrum of superconducting circuits, we obtain the 

Hamiltonian of the anisotropic (generalized) Rabi-Dicke model:  
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                                   (1) 

where the first term describes the photon mode, the second describes the qubits, and the remaining two terms 

are responsible for the electric-dipole and magnetic-dipole interactions of the qubits with the mode of the 

resonator.   

Writing down the Heisenberg equations defined by (1) and performing the standard procedure of averaging 

and splitting correlations, we obtain equations similar to the Maxwell-Bloch equations in optics. The circuit 

parameters eg  and mg  determine the relationship between the oscillations of the electromagnetic mode and 

the precession of the qubits polarization. First, let's 

discuss the case when 0mg   and q   . Let us 

assume that at the initial moment of time there was 

no magnetic field in the resonator, and all qubits 

were transferred to an excited state. In this case, 

there is an average polarization and field at the 

macroscopic level (see Fig. 2(a)). The numerical 

solution shown that the polarization is observed in 

the process of evolution, and it be living for about 

150 cycles chosen parameters, after which the 

polarization vector reverses, and all the energy 

stored by it is transferred to the oscillator. When 

the parameters of the circuit eg  and mg  are 

changed, the generation of electric and magnetic solitons and series of interesting interaction effects between 

them are observed.  

The article also discusses the issue of pulses emission by a slightly open resonator. 

This work was supported by the Russian Science Foundation grant no. 22-21-00586.  

 

1. V.A.Vozhakov et al. “State control in superconducting quantum processors”. Phys. Usp. 65 , pp. 421–439, 

2022. 

 

Figure 1. A coplanar resonator (a) and (b) an example of 

a coupling circuit are shown. 

Figure 2. The process of polarization vector reversal (a) 

and (b) the formation of a field pulse ˆQ q in the 

resonator. 
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Quantum measurements play a crucial role in the field of quantum computing and quantum information 

processing. However, these measurements are susceptible to errors, which can compromise the accuracy and 

reliability of the collected statistics. In this work, we address this challenge by leveraging a Fuzzy 

measurements mathematical model [1] for quantum measurement error correction.  

Building upon previous work dedicated to the development of the fuzzy mathematical model, which was 

primarily focused on quantum tomography of ion qubits [2], we extend its applicability to correct statistics 

obtained from quantum measurements in general. Rather than analyzing the sources and characteristics of 

readout errors, we calculate the readout errors using preliminary measurements. By utilizing these calculated 

errors, we derive corrections that effectively mitigate these errors. We demonstrate the efficacy of our 

approach through extensive numerical simulations. Our correction approach is applicable to any quantum 

computing platform that relies on statistical quantum measurements, providing a practical solution for 

improving the accuracy of quantum data analysis. This work builds upon previous research and contributes 

to the development of robust techniques for accurate statistical analysis in quantum systems. 

The work was carried out within the Project No. 22-12-00263 of the Russian Science Foundation. 
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2. Bogdanov, Yu I., et al. "High-precision tomography of ion qubits based on registration of fluorescent 

photons", Laser Physics Letters 20, p. 065202, 2023. 
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This work is a continuation of our research [1], aimed at developing methods for high-precision control of 

multilevel quantum systems (qudits). This study presents a method for precision quantum measurements of 

such systems using fuzzy quantum measurements. The developed method is used for precision 

reconstruction of quantum states under conditions of significant influence of amplitude and phase relaxation. 

The protocols of quantum measurements based on mutually unbiased bases of various dimensions are 

considered. The accuracy characteristics of sets of random states uniformly distributed with respect to the 

Haar measure are studied. A study was made of the dependence of the accuracy loss function on the 

parameters of phase and amplitude relaxation. It is shown that the results of the performed numerical 

experiments are in good agreement with the analytical results obtained on the basis of the universal 

distribution of accuracy losses using fuzzy measurement protocols. 

 

The work was carried out within the Project No. 22-12-00263 of the Russian Science Foundation. 
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Quantum memory (QM) constitutes a fundamental component crucial for the realization of quantum gates, 

quantum computers, and long-range quantum communication. A highly promising scheme for quantum 

memory involves a high-quality resonator coupled with a single three-level atom. Quantum memory 

protocols executed in the non-adiabatic regime have garnered particular interest [1-5].  

In such a system, both adiabatic and non-adiabatic memory modes can exist. In the adiabatic mode, the 

photon is sequentially transferred into resonator excitation and then stored in the atom's long-lived level via 

the optical level. Conversely, in the non-adiabatic memory regime, the photon excitation swiftly transitions 

to the long-lived state. Under conditions of minimal relaxation and resonator losses in the adiabatic regime, 

memory efficiency can theoretically attain 100% [1]. However, within the non-adiabatic regime, specific 

system parameters have been identified, resulting in a memory efficiency of merely 63% [1]. Although 

experimental efforts are now underway to realize fast quantum memory [1, 4], current efficiencies remain 

below 8%. Theoretical calculations, accounting for relaxation and resonator losses, reveal a maximum 

efficiency of only 62% in the non-adiabatic mode and 25% in the non-adiabatic mode of operation [1]. 

In this study, we delve further into the influence of atom relaxation and resonator losses, incorporating 

realistic parameters, on CM efficiency [1]. To enhance efficiency, we adapt the optimization target function 

to meet the no-reflection condition. Through this approach, and under conditions of weak relaxation and 

cavity losses, the efficiency for the adiabatic case mirrors the 100% result observed in [1]. In the non-

adiabatic scenario, our optimization procedure successfully identifies parameters that enable memory 

efficiency to reach 100%. Considering genuine values of relaxation and resonator losses, we pinpoint system 

parameters wherein memory efficiency can attain 74% in the adiabatic regime and 42% in the non-adiabatic 

regime. 

The work was supported by the Ministry of Science and Higher Education of the Russian Federation, reg. 

No. NIOKTR 121020400113-1. 
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In recent years, the development of new power sources for wearable devices has become increasingly 

important. The search for power sources led researchers to use the conversion of external mechanical energy 

into electrical energy. Sources of mechanical energy can be both human movements (breathing, walking, 

blinking) and noises created by passing cars, slamming doors, and so on. The use of the piezoelectric effect 

is well suited for energy conversion [1]. Well-known piezoelectrics, such as ZnO, BaTiO3 and PZT, widely 

used as functional materials. However, the presence of some disadvantages of these materials has set the task 

of searching for new functional materials with a high piezoelectric strain coefficient and flexibility. 

Recent studies have found that nitrogen-doped carbon nanotubes (N-CNTs) have anomalous piezoelectric 

properties [2]. The source of anomalous piezoelectricity in N-CNTs is bamboo-like bridges in the nanotube 

cavity. They are formed during the growth of N-CNTs when nitrogen atoms are incorporated into the 

hexagonal structure of a nanotube with the formation of pyrrole-like substitutional defects. The dipole 

moments are formed on these bridges as a result of the curvature of the graphene sheet and the entire 

nanotube is polarized. Together with excellent mechanical properties and high Young's modulus, nitrogen-

doped carbon nanotubes are a promising material for creating energy-efficient piezoelectric nanogenerators 

(PENG). The aim of this study is to develop a piezoelectric nanogenerator based on N-CNTs. 

The experimental samples were N-CNT arrays grown by plasma chemical vapor deposition method in 

ammonia and acetylene flows. The Mo, W, and Ta sublayers were used as the lower electrodes. The study of 

the piezoelectric properties of N-CNT arrays was carried out by the piezoelectric force microscopy method 

of an atomic force microscope (AFM). A commercial NSG10 probe with a conductive TiN coating was used 

as a AFM probe. Experimental studies have shown that N-CNT grown on the Mo sublayer had the highest 

piezoelectric strain coefficient d33 with value 22.7 pm/V. For N-CNTs on the W and Ta sublayer the d33 

values were 18.5 pm/V and 7.8 pm/V, respectively. This dependence is directly related to the concentration 

of pyrrole-like nitrogen defects. Thus, the concentration of doping nitrogen measured by X-ray photoelectron 

spectroscopy was 10.1%, 7.6% and 2.85%, of which the concentration of pyrrole-like nitrogen was 2.85%, 

1.94% and 1.37% for Mo, W and Ta sublayers, respectively.  

The output voltage of the deformed N-CNT was also simulated in the COMSOL software package. The 

height of the N-CNT was 1 µm and the diameter was 80 nm. The simulation results showed that the 

magnitude of the generated potential in N-CNT is -0.316 V by an external force of 1 μN. This potential leads 

to the flow of current in the circuit near -31.6 A with a resistance of the measuring system of 10 MΩ. The 

obtained results correlate well with the obtained experimental results for the N-CNT with a height of 0.9 μm 

and a diameter of 82.5 nm. The value of the current generated during deformation N-CNT by an external 

force of 1.18 μN was 32 A, which corresponds to -0.32 V. The adequacy of the obtained model is shown. 

This makes it possible to further use it in the development of PENG based on N-CNTs with various 

geometric and mechanical parameters. 

Thus, the dependence of the piezoelectric properties of N-CNTs on the concentration of pyrrole-like nitrogen 

has been established. The output parameters of a PENG based on a single N-CNT have been studied. In this 

case, it should be noted that the output current can be increased by increasing the number of N-CNTs in 

PENG. Thus, the prospects of using N-CNTs as a functional material for energy-efficient PENG are shown.  

The study was supported by the Russian Science Foundation grant No. 22-79-10163, 

https://rscf.ru/project/22-79-10163, at the Southern Federal University. 
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The electrochemical exfoliation method is an attractive strategy for the production of nanoscale 

flakes of nanographites and multigraphenes used for a wide range of applications: for example, 

solar cells, energy storage devices, field emission devices, protection against electromagnetic 

interference, anti-glare and corrosion-resistant coatings, drug delivery and tissue engineering, solid 

lubricant materials [1, 2]. The essence of the electrochemical exfoliation method is the diffusion of 

ions from a solution into the interlayer space of graphite layers under the action of an electric field. 

As a rule, graphite peeling was performed in a two-electrode system, while graphite foil (Graflex 

commercial graphite foil (RF) and platinum foil as cathode electrodes were used as working anodes. 

Aqueous solutions of ammonium salts of peroxodisulphonic acid were used as an electrolyte at 

10 V in a potentiostatic mode. The scales were isolated by vacuum filtration. Characterization and 

diagnostics of exfoliation products were carried out by electron microscopy, energy dispersion 

analysis, IR-Fourier spectroscopy, Raman spectroscopy, X-ray phase analysis. 

 
Figure 1. Diffractograms of the exfoliation product are presented (a) and fitting of the spectral region (b). 

X-ray analysis made it possible to establish the presence of two allotropic phases of graphite, H- hexagonal 

and R-rhombohedra. The average size of the coherently diffracting domains in terms of the basal plane of 

graphite and perpendicular to it, determined by the Scherrer formula, allowed us to determine the number of 

graphene layers and the size of crystallites in the basal plane. 

Along with IR-Fourier spectroscopy, which is used to determine the structure of functional groups decorating 

graphene sheets, energy dispersion analysis serves to determine the elemental composition. Raman 

spectroscopy is used to determine the defect of the crystal lattice, expressed in millions of parts per million 

ppm/per mm
2
, is an insignificant value of 18 parts per million/mm

2
, which characterizes the process as 

slightly defective.  

The work was carried out within the framework of the State program № FFNN-2022-0018 of the Ministry of 

Science and Higher Education of Russia on the equipment of the center for the collective use of scientific 

equipment "Diagnostics of micro- and nanostructures". 
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Churilov A. B. «Electroporetic deposition of nano-graphite films and their investigation by the methods of 
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Currently, there is a growing interest in such fields as flexible, stretchable and wearable electronics. It is 

expected that flexible electronics in the near future will find application in the creation of all kinds of 

gadgets, touch screens, sensors for household and medical applications [1]. At the same time, flexible 

electronic devices must be resistant to such mechanical influences as bending, folding and stretching, i.e. 

they must deform without compromising their functional properties. For the development of flexible 

nanoelectronics, it is necessary to develop methods for applying stable, nanoscale and functional layers to the 

surface of flexible substrates. One of the variants of such substrates can be substrates based on flexible 

polymers. In addition to flexibility, such substrates allow modifying their surface by nanostructuring, for 

example, imprint lithography. When working with nanostructured substrates, opportunities that were 

previously unavailable open up for researchers. For example, when working with stamps in the form of 

strips, it becomes possible to form extended one-dimensional objects. Also, the imprint lithography of the 

surface of polymer substrates allows you to control the state of the surface.  

It is shown that the properties of polymer substrates (IPS® from Obducat) can be tuned (surface activation) 

and it allows them to be used for selective nanoparticle deposition. The nanoparticle application to the IPS 

surface was carried out by using 2D printing. The Dimatix FUJIFILM DMP-2831 inkjet printer was used for 

printing. The number of printed layers varied from 1 to 3. V2O5 nanoparticles decorated with fluorinated 

graphene (FG:V2O5, promising as a material for memristors) and composite particles made of graphene and 

hexagonal boron nitride h-BN (G:BN, promising for obtaining multi-barrier layers) were used. 

Nanostructured polymer substrates provide a unique opportunity to create structures from nanoparticles with 

their controlled distribution due to sensitivity of nanoparticles and their clusters to the local changes of 

surface properties. By choosing the "substrate / nanoparticle" combination, the processing technology and 

the creation of structures significantly change the characteristics of the created structures. It is shown that 

without activation, nanoparticles either roll into the grooves of the lattice, or do not interact with the lattice to 

form their clusters. In the case of surface activation, the nanoparticles are located exclusively on the upper 

part of the polymer strips, practically without reducing the depth of the lattice relief. FG:V2O5 particles are 

located in the middle of the polymer strip, whereas graphene/h-BN formed two chains of nanoparticles along 

the edges of the strips. Thus, nanostructured polymer substrate surface was used for the formation of one-

dimensional chains of nanoparticles. 

Resistive switching with low voltages of 0.005-0.04 V and two-level switching is observed on the layers of 

FG:V2O5. Similar effects (reduction of switching voltage to 0.5 V and the appearance of 2-3 level switching) 

were observed on thin (1-2 monolayers of particles) active layers of FG:V2O5, on unstructured substrates. 

The structuring of the substrates led to a further decrease in the switching voltage, most likely due to the 

formation of 1D chains of FG:V2O5 particles. G:BN particles on a structured and activated substrate 

demonstrate significantly higher conductivity (10-20 mA at a voltage of 1-2 V) compared to FG:V2O5 

nanoparticles. The conductivity of one chain was estimated as ~1 µA.  

The created structures are interesting for further creation of vertical crossbar structures with active functional 

layers based on G:BN and FG:V2O5 nanoparticles for memory devices. The study was supported by RSF 

(project No. 22-19-00191). 
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semiconductor nanobridge arrays using nanotransfer printing and UV lithography". Precis. Eng. 82, pp. 316–

323, 2023. 
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Racetrack memory is a new concept of non-volatile memory spintronics application. It is widely discussed in 

modern literature [1]. Recent development in this field makes use of skyrmions as information carriers in 

magnetic nanowire [2]. Skyrmions are special vortex states of magnetization characterized by a non-zero 

topological charge. In thin films only Neel skyrmions can exist. Corresponding distribution of magnetization 

is schematically shown in Fig.1a. In spite of numerous publications devoted to skyrmions in recent years 

there is still missing information about different aspects of practical realization of skyrmion based racetrack 

memory. This work addresses some of these issues by exploring: generation of skyrmions, skyrmion 

transport in nanowires, effects of technological imperfections, effects of external magnetic fields etc. using 

micromagnetic simulations. To ensure the reliability of the results obtained, the calculations were performed 

using two independent programs for micromagnetic modeling: 1) homemade code MICROMAG [3], 2) the 

well-known public domain package MUMAX3 [4]. 

 
 

 

 

a) b) 

Fig.1. a)Schematic picture of Neel skyrmion. Here, the tips of the cones indicate the direction of magnetization at a 

given point; b) Oscillation of skyrmion radius in external alternating magnetic field normal to the film surface. 

 

At first we studied generating skyrmions in racetrack by modeling the transformation of a double domain 

wall into a skyrmion during the passage of the broadening of the nanowire. The results agree well with the 

paper[2]. The influence of technological defects was studied by creating defects at different positions and 

various shapes in the magnetic nanowire. It has been shown that introduction of external magnetic field 

normal to the plane reduce the harmful effect on the transport of skyrmions from technological defects in a 

nanowire. Besides that the effect of external alternating magnetic filed was systematically studied. Fig. 1b 

shows oscillations of skyrmion radius in such field. Thus it has been shown that skyrmions are sensitive to an 

external field and can be destroyed by a field with amplitude of more than 200 mT. 

1. S.S.P. Parkin, M. Hayashi, L. Thomas “Magnetic Domain-Wall Racetrask Memory” Science 320, p.190, 

2008.  

2. Y. Zhou, and M. Ezawa, “A reversible conversion between a skyrmion and a domain-wall pair in a 

junction geometry” Nature Communications. 5, p. 4652, 2014 

3. O.S. Trushin, N. Barabanova. “MICROMAG micromagnetic modeling software package and its use for 

the study of spintronics elements” Russian Microelectronics. 42. pp. 1 – 8, 2013. 

4. A. Vansteenkiste, et.al “The design and verification of MuMAX3” AIP Advances, 4, p.107133, 2014. 
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Metal deposition on a substrate at oblique angle leads to the formation of nanostructures. This angle should 

be within 80-90° from the normal. An array of inclined nanowires appears on a fixed substrate. As the 

substrate rotates, the linear elements twist and spiral elements appear. Array of nanosprings is formed. The 

experiments were carried out on an electron-beam deposition setup. The substrate was located at a distance 

of about a meter from the evaporator. The ultimate vacuum pressure was 10
-6

 mbar. Nanostructures were 

formed from aluminum and cobalt. 

 

 

Fig.1. Image of nanostructures from Co, obtained 

by oblique angle deposition  on a 

 c-Si substrate with constant rotating speed 

A typical view of the structure presented in Fig.1. It can be seen that the helical structures transform into 

plugs at a height of about 300 nm. These plugs may be consolidating in the solid platform, located on an 

array of springs. Obviously, this platform can move in any direction for nanometer distances. Such structures 

can be used in MEMS as moving elements. This will make it possible to create MEMS elements for 

switches, precise positioning, micro-nanopumps, various sensors, etc. [1, 2]. This helical nanostructure can 

be made from a ferromagnetic material, and it is likely they can be actuated by magnetic field. 

For use spring nanostructures in MEMS is need the knowledge of their elasticity. The parameters of the 

spirals were taken from their microscopic images. The stiffness calculation was carried out by two methods: 

analytical and numerical simulation. The obtained results approximately match, which indicates their 

reliability. The stiffness coefficient of an individual spring is 10 ÷ 100 N/m. The resonant frequency of 

oscillations of the spring-plug system was also estimated as about a hundred megahertz.  

Thus, nanosprings from a ferromagnetic material were obtained, the phenomenon of overlapping of 

nanospring array was discovered, and the stiffness of an individual spring was determined.  

 

1. Barranco A. et al. Perspectives on oblique deposition of thin films: From fundamentals to devices // 

Progress in Materials Science. – 2016. – Vol . 76. 

2. Antartis Dimitros A. et al. Silicon nanosprings fabricated by glancing angle deposition for ultra-compliant 

films and interfaces // Materials and Design. – 2018. – Vol. 144. 
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Porous organosilica glass (pOSG) films are widely used as a low-k interlevel dielectric in back-end-of-line 

(BEOL) applications. Spin-on deposition using liquid precursors is one method for producing pOSG films. 

This process is based on the evaporation-induced self-assembly (EISA) process discovered by Brinker’s 

group [1]. It involves the polycondensation of silicate species in the presence of a surfactant. Amphiphilic 

surfactant molecules spontaneously organize themselves into various structures of different shapes as a result 

of an increase in concentration due to solvent evaporation. In the final step, the organic template is 

eliminated. 

Among the factors that affect the formation of mesoporous materials using the EISA method, the type of 

surfactant plays a significant role. The Brij family of EmCn non-ionic surfactants (m and n are the number of 

units), which contains a hydrophilic chain of oxyethylene (E) groups and a distinct hydrophobic hydrocarbon 

chain were used in this work. To study the effect of surfactant tail length on film structure, Brij
®
 L4, 

Brij
®
 52, and Brij

®
 76 were investigated. To make a comparison, we used an ionic surfactant—

cetyltrimethylammonium bromide (CTAB). CTAB has a lower critical micelle concentration compared to 

non-ionic surfactants, better solubility, and a higher decomposition temperature [2]. According to our 

experiments, it leads to the very small pore radius of OSG films (1.1–1.25 nm), whereas for Brij surfactants 

it is 1.3–2.2 nm depending on the tail length. 

Another factor that can influence the film properties is the solvent. It can affect the solubility of silicate and 

surfactant species, on reactivity of oxoalkoxides species via exchange reactions, due to different evaporation 

rate it can impact the critical micelle concentration point and, consequently, the self-assembly process. The 

effects of solvents are relatively rarely discussed before. In this study, we used various types of solvents, 

including monatomic alcohols (ethanol, isopropanol, butanol, and hexanol), diatomic alcohols (ethylene 

glycol, diethylene glycol), and cyclic ethers such as tetrahydrofuran, methyl isobutyl ketone, and 2-

methoxyethanol. According to the experimental data, the most pronounced effect of the solvent is a reduction 

in film porosity for some polar solvents. We suggest that the reason can be exchange reactions between the 

solvent and the alkoxy group of silicon alkoxide that retards metal-oxide network formation and, as a result, 

the interaction of surfactant molecules with silanols according to cooperative templating mechanism of self-

assembling [3]. 

This work was supported by the Ministry of Science and Higher Education of the Russian Federation 

(project No. FSFZ-2023-0005). 

 

1. C.J. Brinker, Y. Lu, A. Sellinger, H. Fan. "Evaporation-Induced Self-Assembly: Nanostructures Made 

Easy". Adv. Mater., 11, No. 7, pp. 579–585, 1999. 

2. L. Mahoney, R.T. Koodali. "Versatility of Evaporation-Induced Self-Assembly (EISA) Method for 

Preparation of Mesoporous TiO2 for Energy and Environmental Applications". Materials., 7, pp. 2697–2746, 

2014. 

3. J.L. Blin and M. Imperor-Clerc. "Mechanism of self-assembly in the synthesis of silica mesoporous 

materials: in situ studies by X-ray and neutron scattering". Chem. Soc. Rev., 42, pp. 4071–4082, 2013. 
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Today, the development of microelectronics is one of the main directions of the world market. Everyone can 

observe the application of such products everywhere. One of the important sections of silicon electronics is 

high-temperature integrated electronics. They are used in various fields such as geodetics, mining and oil-

producing complex and the aerospace. Thus, the demand for microcircuits capable of stable operation at 

temperatures above 200 degrees is increasing [1]. Since Russian researchers are yet at the initial stage of 

exploratory research on the creation of a complex-functional high-temperature silicon micro- and 

nanoelectronics and there are few literature sources of foreign scientific research concerning this topic, there 

is a need for scientific research as well as applied development of basic technologies for high-temperature 

silicon element base. These requirements are imposed on all function layers and are also important for 

metallization. The main factor in choosing the type of interconnection is the choice of the material itself. 

Therefore, for high-temperature circuits, the choice falls on refractory metals, in particular tungsten, which 

can ensure the operation of devices, in contrast to standard metals (aluminum and copper with various 

additives) [2]. 

The main disadvantage of using tungsten as an IC metallization is its low adhesion to silicon and its oxide. 

This is due to the low ductility of pure tungsten and its high fragility. In [3], we showed tungsten films with 

rhenium, titanium, and nitrogen additives that fully met the requirements for adhesive properties. Also, 

studies were carried out on the level of mechanical stresses, where they were found to decrease by 2-3 times 

relative to pure tungsten films. The specific resistances of the films have been determined. The prospects of 

their application as conductors in high-temperature silicon electronics are shown. 

Today, there are no published works explaining the impact of rhenium impurity in tungsten films on its 

mechanical properties. This effect was called the rhenium effect. Carbon plays the main role in the low level 

of tungsten plasticity. It has low solubility in tungsten. For this reason, carbon is concentrated at the phase 

boundary and at the film grain boundary, both in the carbide phase and pure. This increases the fragility of 

the material. The addition of rhenium leads to a significant increase of ductility. We assume that this is due 

to different values of the sublimation energy of carbon and rhenium. Rhenium, having lower sublimation 

energy, displaces carbon into the volume of tungsten grains. Such a process leads to the purification of the 

phase boundaries and grain boundaries from undesirable impurities. Thus, other impurities with lower 

sublimation energy than carbon were found. These are titanium and nitrogen. Their ligation also increased 

the level of ductility of the refractory metal. For such films, the authors of [3] present the results of Auger 

spectrometry, SIMS, EDX, and others. However, it is difficult to accurately determine the location of carbon 

in thin films due to the small grain size. For a more accurate study, analyzes will be carried out for similar 

wires, where the grain size is increased several times. 

Thus, the studied films showed their perspective for application in the field of high-temperature silicon 

electronics. Their obtained and analyzed characteristics fully comply with the requirements of the standards. 

A physicochemical explanation of the rhenium effect is given, and some new materials are identified that 

improve the mechanical properties of refractory metals. However, the solution proposed by us requires 

further additional research, as well as verification or confirmation by testing a high-temperature integrated 

circuit with metallization from described materials. 

 

1. J. Watson and G. Castro. “High-Temperature Electronics Pose Design and Reliability Challenges”. 

Analog Dialogue. Vol. 46, pp. 1-7, 2014 

2. V.I. Shevyakov et al. “Tungsten alloyed with rhenium as an advanced material for heat-resistant silicon 

ICs interconnects”. Proceeding of SPIE. Vol. 10224, P. 10224-10, 2016. 

3 A.V. Timakov, V.I. Shevyakov “Investigation of the electrophysical and mechanical properties of 

metallization based on alloys W with Re, Ti, N for high-temperature silicon VLSI”. Proc. of SPIE, Vol. 

12157 1215719-6, 2022. 
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One of the directions for the development of the silicon element base of the integrated circuits (IC) is the 

development of new, more advanced design options for active elements, which provides a significant 

improvement in the characteristics of the IC. Such design options include MIS - a transistor structure with a 

vertical channel, characterized by increased breakdown voltage. 

The design feature is associated with the presence of contact metallization buried in silicon. It includes 

sequentially (from bottom to top): an adhesive titanium layer (~40 nm), a TiN diffusion barrier layer 

(~15 nm) and a tungsten layer filling the groove. 

It is shown that titanium films formed by the magnetron method after a series of heat treatments necessary to 

create the above layers are transformed into titanium disilicide in the bottom part of the grooves. Using 

transmission electron microscopy, a 4-probe method and a profilometer, it was revealed that titanium 

disilicide is in the C54 phase and its volume resistivity is 12 μOhm*cm. From the measurement of test 

structures, it was determined that the resistivity of the contacts is 2*10
-7

 Ohm*cm
2
. Defects were found on 

satellite wafers without relief, as foci of “rash” appear at small thicknesses of titanium (about 25 nm) with 

tetraethoxysalne (TEOS). When applying thicker layers of titanium (~40 nm), this effect is not observed. 

A detailed study of the features of the formation of DBLs is given in [1], where it is shown that the initial 

average value of the fraction of volume resistance of the TiN film, which is 43 μΩ*cm, increased to 

36 μΩ*cm during plasma treatment. It has been demonstrated that, since the precursor is an organometallic 

compound, this is an additional plasma treatment after depostion, since it requires setting electrophysical 

parameters and improving mechanical properties. 

The tungsten layer, as well as the titanium nitride layer, was formed by chemical vapor deposition. To reduce 

mechanical stresses in the structure of contact metallization, two options for filling grooves with tungsten are 

proposed. In the first version, the tungsten layer is formed by the magnetron method, containing an 

admixture of rhenium or titanium, or nitrogen. In the second variant, a buffer thin layer of tungsten is 

initially deposited and then filled by chemical vapor deposition. 

The metallization structure also contains an aluminum wiring layer 4 μm thick located on the surface of the 

silicon substrate. The features of the magnetron deposition of aluminum on the surface of a dielectric formed 

by TEOS pyrolysis are noted. 

The revealed features of creating functional metallization layers make it possible to reduce the level of built-

in mechanical stresses and improve the electrophysical characteristics of an n-mosfet transistor device with a 

vertical channel. 

 

1. Gornostay-Polsky V. S., Shevyakov V. I. Investigation of the deposition features and characteristics of 

diffusion-barrier layers of Ti-TiN for metallization in MIS-transistor structures with a vertical channel. Proc. 

SPIE. International Conference on Micro- and Nano-Electronics. 2022. Vol. 12157. Art. No. 121571A. 
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Metal/porous silicon/silicon structures are of interest for use in electroluminescent devices as photosensitive 

electrodes, solar cells, lithium-ion batteries, X-ray optics, laser analysis, and biomedicine, ethanol fuel cells, 

materials for making power supplies to support portable devices due to their high-power conversion 

efficiency, near-zero environmental pollution, and easy operation [1-3]. An interesting and simple method to 

form por-Si/Pt structures that does not require an external current source is one-stage metal-assisted chemical 

etching method (MACE) [4]. This method includes the simultaneous deposition of platinum and etching of 

silicon in the presence of hydrofluoric acid. Thus, the purpose of this work is to determine the influence of 

the duration of the Pt deposition process on the morphology and composition of the structures and the 

mechanism of the formation process.  

In the present work the platinum particles were deposited on a silicon substrate by immersion in a solution 

containing a platinum acid H2PtCl6 and hydrofluoric acid HF.  It was shown that with an increase in the 

duration of platinum deposition from 1 to 40 min, the average lateral particle sizes increased from 31 to 

277 nm, and their height from 18 to 140 nm. The geometrical parameters of the particle, such as its area and 

volume, also had a direct dependence on the duration of platinum deposition. The percentage of platinum 

coating on the surface increased from 4 to 90% with an increase in the duration of platinum deposition from 

1 to 40 min. It was shown that the deposition of Pt particles led to the formation of mesoporous silicon of 

various thicknesses, which linearly depended on the duration of deposition and ranged from 20 to 600 nm. 

The maximum mesopore diameter was 15 nm, and the preferred diameter was from 4 to 6 nm. With an 

increase in the duration of platinum deposition, neither the maximum nor the preferred diameters changed. 

Under the platinum particles, the nucleation of macropores was observed. The deposition rates of platinum 

involved in the formation of both macro- and mesoporous silicon were estimated. Raman spectroscopy 

studies showed the presence of a peak in the region from 2050 to 2150  cm
-1

, which corresponded to the Si–

H and Si–H2 bonds due to HF etching. The study of the surface of porous silicon with removed Pt particles 

by the recumbent drop method showed the material as hydrophilic, due to the presence of a mesoporous 

layer. The increase in the number and depth of macropores increased the wetting edge angle to 70°. The por-

Si/Pt system can be used as a catalyst to create a functional material for ethanol electrooxidation. Controlling 

the surface morphology of both the platinum particles and the porous layer will make it possible to create a 

material with fixed properties and to control the values of the current and charge passing in the system 

during ethanol electrooxidation. 

This work was supported by State Assignment № FSMR-2023-0003. 
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Composite nanomaterials have unique properties that cannot be realized in traditional materials. For 

example, a composite nanomaterial in the composition of a biological material and carbon nanotubes less 

than 1 wt.% acquires a specific electrical conductivity several orders of magnitude higher relative to the 

original material [1, 2]. 

The specific electrical conductivity  of films and bulk samples based on biocompatible material 

carboxymethylcellulose (CMC) as a matrix and filler in the form of multiwalled carbon nanotubes (MWNTs) 

has been studied. Were prepared aqueous suspensions in the composition: ~ 2 wt.% CMC and 0.8 wt. % 

MWNT. By airbrushing an aqueous suspension, the foams were deposited on polyethylene terephthalan 

(PET) substrates, office paper (OP), and silicon (Si) plates coated with SiO2. The PET and Si substrates were 

preliminarily treated to give them hydrophilic properties. Massive samples were obtained after vacuum 

evaporation of the liquid from the suspension at room temperature (t = 22 °C). 

When measuring the electrical conductivity (t = 22 °C, liquid volume 10 ml) of samples in the liquid state, 

the following data were obtained: distilled water – 2 S; suspension 2 wt.% CMC/98 wt.% – 200 S; 

suspension 2 wt.% CMC/0.8 wt. MWCNT/97.2 wt.% – 900 S. Ionic conductivity is observed in these 

samples. 

The values of   for massive and film dry samples at t = 22 °C, taking into account their sizes, were as 

follows: massive CMC sample - <10
-6

 S/m; massive sample 2 wt.% СМС/0.8 wt.% MWCNT – 2800 S/m; 

films 2 wt.% CMC/0.8 wt. % MWCNT in the thickness range 0.2-23 m – 13-8 kS/m. 

Mechanical studies of massive samples showed that in samples with MWCNTs, the hardness modulus of 

elasticity is much higher than in samples of SMS. In particular, the Vickers hardness H and the elastic 

modulus E had the following values, respectively: 2 wt.% CMC – H = 0.13 GPa, E = 1.76 GPa; 2 wt.% 

СМС/0.8 wt.% MWCNT – H = 0.25 GPa, E = 5.87. 

Film specimens were tested for bending. For films with thicknesses ≤1 m, bending in the angle range of 

±30  did not lead to significant changes in the value of    at a bending cycle of 10
5
, and for films with 

thicknesses > 5m, there was an increase in ~ by 10-15%. In this cycle of bending, the films were not broken 

and did not exfoliate from the substrates. 

Under certain conditions, the electronic conductivity, mechanical parameters and other properties of a 

composite nanomaterial (CMC/MWCNT) are easily modulated, in particular, by changing the concentration 

of the composition, the influence of laser radiation or the nanotechnological preparation process. Films of 

this composite nanomaterial are a promising functional metal-free material for creating various types of 

sensors (deformation, bending), elastomers, or flexible microelectronics elements. Moreover, under a certain 

regime, this material is easily dissolved in water and products based on them are disposed of. 

This work is supported by the Ministry of Science and Higher Education of the Russian Federation (project 

No. 075-03-2020-216 of December 27, 2019). Research at Sechenov University in terms of computer 

calculation of the electrical conductivity composite nanomaterial was funded by the Ministry of Science and 

Higher Education of the Russian Federation under grant agreement No. 075-15-2021-596.  
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The brightest and most interesting discoveries and developments often occur at the intersection of sciences as 

a result of interdisciplinary research. Is it possible to combine combustion processes with microelectronics 

technology? It turns out that it is possible. The invention of reactive multilayer nano-foils (RMNF) resulted 

in a new class of combustion processes. Among RMNFs developed thus far, CuO/Al multilayer nano-foils 

possess highest heat release and combustion temperature, which makes them very attractive for advanced 

applications, such as joining materials
1
, tuning ignition and actuation

2
, fast circuit breaking

3
, self-destructing 

secured microchips
4
, energy microsources

5
, and others. But despite the long history of RMNF CuO/Al 

research, sometimes it turns out to observe new effects. For example, the discovery of a new "riding" 

combustion mode in multilayer materials will allow to create new devices based on them – closing and 

opening thermal electrical switches. The principle of operation of the opening switch is based on the removal 

of a section of a conductive line as a result of the combustion of a multilayer thermite material located under 

this line. The principle of operation of the closing switch is based on the targeted delivery of the molten 

reaction products to the area between the two closed conductors, and after condensation and cooling of the 

delivered products, an electrical contact must be formed. As part of this work, the possibility of creating such 

devices will be considered. 

RMNFs CuO/Al were formed by sequential magnetron sputtering of aluminum and copper oxide targets onto 

substrates. The thicknesses of the individual layers were up to 50 nm, and the total thickness of the 

multilayer structure varied in the range from 1.5 to 4 microns. Control of geometric parameters was carried 

out using SEM. The formation of topological drawings of switches was carried out using laser engraving. 

The combustion process features were studied using a high-speed video camera with a shooting speed of up 

to 15,000 fps. 

As a result of the conducted research, the fundamental possibility of creating and operability of new closing 

and opening thermal electrical switches is shown. The features of the formation of such devices are studied, 

the possibility of scaling their sizes is evaluated. The obtained results of the study of the combustion features 

of multilayer thermite materials with complex topological patterns allowed us to expand the fundamental 

knowledge about this class of materials. 

The research was carried out at the expense of the grant of the Russian Science Foundation No. 22-29-01177, 

https://rscf.ru/project/22-29-01177/. 
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Atomic layer deposition (ALD) plays a crucial role in technological processes of making a wide variety of 

electronic components and devices [1]. In particular, plasma-enhanced atomic layer deposition (PEALD) is a 

key method of depositing thin films of various materials due to the possibility of precise control of film 

structure while working with nanometer and subnanometer scales. These PEALD features are of great 

importance for MOSFET transistors and for ReRAM/FeRAM memory elements [2, 3]. Despite being under 

growing scientific investigation, optimal process parameters and conditions defining still remains as a costly 

and challenging task because of both high time and resources expenses and severe sanction policy. 

Therefore, computer or numeral modeling is increasingly used to solve such problems [4, 5]. This paper 

presents the computer model for atomic layer deposition of hafnia and zirconia oxides on a silicon wafer. 

The simplifications used in the model make it possible to describe the process with sufficient accuracy and 

acceptable efficiency of calculations. The obtained simulation results are consistent with the results of 

experiments on the deposition of hafnium oxide layers on our own ALD system Izofaz ТМ 200-01 [6]. 

The proposed model is based on a kinetic Monte-Carlo method, which assumes a random choice of a 

reaction from the predefined set of possible near-surface reactions. For making this choice, Bortz-Kalos-

Lebowitz algorithm (BKL) is used, also called n-fold algorithm. Firstly, the set of N possible events in the 

system is defined alongside with their rate constants. Then the total system rate is calculated: 

                                                                                       

 

     

 

where Rm is rate of m
th
 event in the set. Uniformly distributed random numbers from the range (0, 1] p1 and 

p2 are generated for the event choice and timer update determined by equations (2) and (3) correspondingly: 

   

   

     

           

 

     

                                                                        

           
     
    

                                                                                

The set of possible near-surface reactions includes oxygen and precursor adsorption and desorption, surface 

migration of adsorbed precursor, oxidation (ligand “removal”), surface migration of hafnia atom with two 

ligands, and its “densification” (followed by hafnia lowering to underlying level with one ligand “removal”). 

Results on growth per cycle (GPC) and thickness within-wafer non-uniformity (WIWNU), obtained by the 

original model for HfO2 deposition, are in good correlation with experimental data obtained earlier. When 

the standard for the ALD system temperature (300 °C) is used, GPC is 1.1 Å/cycle, and WIWNU is 2.21%. 

These validate the model and possibility for its further application. 

1. G.Ya. Krasnikov, O.M. Orlov, “Distinctive features and problems of CMOS technology for decrease in 

the node size to 0.18 μm or less”, Russian Nanotechnologies, 3: pp. 124-128, 2008 

2. J.L. Moll, Y. Tarui, “A new solid state memory resistor”, IEEE Trans. Electron Devices, 10, p.338, 1963 

3. X. Tian, S. Shibayama, T. Nishimura, T. Yajima, S. Migita, A. Toriumi, “Evolution of ferroelectric HfO2 

in ultrathin region down to 3 nm”, Applied Physics Letters, 112, p.102902, 2018 

4. J.G. Amar, “The Monte Carlo method in science and engineering”, Comp. sci. & eng., 8, pp. 9-19, 2006. 

5. Y. Ding et al. “Machine learning-based modeling and operation of plasma-enhanced atomic layer 

deposition of hafnium oxide thin films”, Computers & Chemical Eng., 144, p. 107148, 2021 

6. S.S. Zyuzin, Y.G. Zasseev, A.A. Rezvanov, V.V. Panin, V.A. Gvozdev, Y.S. Gornev, “Atomic layer 

deposition of thin films of hafnium oxide using Izofaz TM 200-01 system”, International Conference on 
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The phenomenon of longitudinal temperature bistability in semiconductor samples during their heating by a 

lased beam is theoretically studied in [1, 2]. According to the calculations, the temperature difference 

between the irradiated and radiation-free surfaces of the sample could be kept as much as several hundreds of 

degrees not only in a transient state, but in a stationary state as well, and the temperature gradient along the 

depth of the sample can reach up to about 10
5
-10

6
 K/m. These results are of interest for micro- and 

nanoelectronics technological processes related to the doping of semiconductor wafers and forming of ultra-

shallow p-n junctions. The process of longitudinal bistability in a silicon wafer during heating by powerful 

noncoherent heat radiation in a thermal chamber has not been investigated until the present time. It has to do 

with considerable problems which are caused when temperatures of the irradiated and radiation-free surfaces 

of the wafer must be simultaneously measured. To create a strong-nonequilibrium thermal state at which 

temperature bistability is observed, the wafer is mounted above a water-cooled pedestal in the gas-filled 

chamber. So, the width of the gas-filled gap through which extra heat is removed from the wafer to the 

pedestal is varied in the range from 0 to 0.5 mm. This renders a direct thermocouple measurement of the 

radiation-free surface temperature of the wafer impossible. In turn, any interpretation of indirect results of 

the measurements carried out by a pyrometer disposed under the wafer does not provide definite answer to a 

problem of temperature distribution in its depth because all layers of the wafer are involved in forming a 

signal of the pyrometer. It was shown in [2] that the longitudinal bistability effect in a semiconductor sample 

depends heavily on the value of its thermal-conductivity coefficient. At small values of the thermal-

conductivity coefficient, the sample is divided into two parts in depth: high- and low-temperature parts. As 

the thermal-conductivity coefficient increases, the boundary between the parts is shifted towards the 

radiation-free surface of the sample and a peak value of temperature in the high-temperature part decreases. 

The value of the thermal-conductivity coefficient can be so large that the boundary between the high- and the 

low-temperature parts of the sample reaches its radiation-free surface, the temperature distribution in depth 

of the sample is smoothed out, and the longitudinal bistability effect vanishes. 

In this article a silicon wafer in the state of the longitudinal bistability effect is modelled by a system 

containing two parallel identical silicon plates divided by a controlled gas-filled gap between them. The 

upper plate models a high-temperature part of the modelled silicon wafer, and the bottom plate that of a low-

temperature part. The width of the controlled gas-filled gap between the plates models the thermal-

conductivity coefficient of the modelled silicon wafer. To simulate heat transfer between these plates a 

system of heat balance equations derived in [3] is used. It is shown that the system containing two plates is 

able to reveal the temperature difference between the plates as great as several hundreds of degrees at the 

same thermal process parameters at which the bistability occurs in the single silicon wafer. Such a 

temperature difference occurs in this system for only small values of conductivity flux between the plates 

that corresponds to the low value of the thermal-conductivity coefficient of the wafer material. Since the 

thermal-conductivity of silicon is close to the thermal-conductivity of metals, the results of the research work 

have cast some doubt on the possibility of the longitudinal bistability effect in the silicon wafer during its 

heat treatment by thermal radiation in the thermal chambers. 

The investigation was supported by Program no. 0066-2019-0003 of the Ministry of Science and Higher 

Education of Russia for Valiev Institute of Physics and Technology of RAS. 
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Deep Reactive Ion Etching (DRIE) is one of the industrially significant methods for fabricating inertial 

micro-sensors by bulk micromachining of silicon wafers. This application requires very deep etching 

(through wafer) to obtain a more massive proof-mass per unit footprint, resulting in higher sensitivity and a 

lower level of the mechanical noise [1]. The key challenges of very deep etch are to achieve high aspect ratio 

(HAR) trenches with smooth, usually vertical, sidewall profiles, obtain high etch rate and selectivity. Among 

the various DRIE processes, Time-Multiplexed Deep Silicon Etching (TMDSE) is the fastest process which 

alternates etching step (fast, isotropic removal of Si) and deposition step (sidewall etch inhibition with 

polymer). Various profile imperfections such as bowing, sidewall tapering and surface damage are associated 

with HAR etching in the standard two-step TMDSE. The initial portion of the etching step, at which the 

polymer is removed at the trench bottom, plays a very important role influencing the trench profile and 

selectivity. There are two solutions to improve HAR etch performance. The first one is independent 

optimization of the polymer removal at the beginning of the etching step by introduction of the third step in 

between the deposition and the etching [2]. The second is the variation of TMDSE parameters throughout the 

process [3]. 

This work presents the results of optimizing the three-step TMDSE procedure to produce vertical trenches of 

350 µm deep and of 30 µm wide. The deposition and etching processes were monitored in situ with the laser 

interferometer to accomplish the three-step procedure. Tracking the reflection from the SiO2 layer on silicon 

was used to determine the end point of polymer removal from the surface of the SiO2 film. The duration of 

the polymer removal time (tr) was measured in the basic two-step TMDSE process with constant bias voltage 

during the etching step. The silicon etch rate of 70.5 nm/s was obtained at the trench etching depth of 

350 µm. The etching step of the basic process has been optimized by reducing the switching time of the bias 

to tr while maintaining the total time of the etching step. In this case, anisotropic bombardment with high-

energy ions affects only the removal of the polymer. The isotropic part of the non-biased etching step is 

characterized by a very low SiO2 etching rate. While etching mode with bias cause high-rate SiO2 mask 

etching. The advantage of proposed three-step procedure is high process selectivity. 

In practice as the bias time (tbias) decreases, the ratio tbias/tr decreases, resulting in the decrease in the average 

SiO2 etching rate (Vmask). When the ratio tbias/tr changes from 2.9 to 1.15 the sidewall angle decreases from 

θ~2.5° (Vmask=0.29 nm/s) to θ~0.5° (Vmask=0.13 nm/s). A relatively long tbias compared with tr results the 

reentrant profile (negative sidewall slope on average). However, the etch profile tends to bowing with the 

trench depth, especially at low ratios tbias/tr. The narrowing of the profile (positive sidewall slope) observed at 

the bottom of the trenches is accompanied by unwanted grass-like sidewall defects. A gradual increase of the 

tbias (each subsequent value tbias was set for a certain number of cycles) allows avoiding narrowing of the 

trenches. Finally, the straight profile of the trenches with the small sidewall angle ~0.5° and slight sidewall 

damage was achieved by changing the ratio tbias/tr from 1.25 to 1.45. The optimized TMDSE process has 

been successfully implemented for fabrication of micro-gyroscope resonators in the silicon wafer of 380 µm 

thick. 

This work is supported by Program no. FFNN-2022-0017 of the Ministry of Science and Higher Education of 

Russia for Valiev Institute of Physics and Technology of RAS. 
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The phenomenon of thermomigration (ThM) consists in the successive dissolution and recrystallization of 

parts of a semiconductor substrate by a molten eutectic zone moving under the action of an applied 

temperature gradient grad T. The technological processes based on ThM are widely used in industry to create 

silicon power devices and solar cells. In addition, the ThM have found applications in the manufacture of 

devices for micro- and nanosystem technology [1, 2]. The present review notes new trends in the use of ThM 

in photonics technology and in a number of experiments related to nanostructuring in semiconductors. 

The research of the scientific group of Seunghan Song, et al is devoted to introduce the ThM into the 

technology of integrated silicon photonics based on active optical fibers. Here, in the ThM process, such 

zone-forming materials as (Au, Ga, Sb, Si-GaSb, Sn) were used, and the movement of zones was carried out 

by slowly scanning the silicon fiber with a focused CO2 laser beam. In this case, zone recrystallization of the 

fiber core material took place to improve its optical properties. The formation of local semiconductor 

inclusions based on GaSb inside the optical fiber has been experimentally proven, which makes it possible to 

realize the effect of photoluminescence with a maximum at a wavelength of λ = 1.7 μm. The process of 

welding an optical fiber with a silicon substrate due to ThM is also demonstrated. 

One of the promising nanotechnological approaches is surface nanostructuring or creation of nanostructures 

in the bulk of a semiconductor due to the movement of drops of molten eutectic. In experiments of the first 

type (Stefano Curiotto et al.), the motion of eutectic drops of Pt or Au over atomically clean semiconductor 

surfaces was studied. The processes were carried out under ultrahigh vacuum conditions of a low-energy 

electron microscopy setup. In the same place, metal films of several monolayers thick were formed. The 

general heating was carried out to temperatures above the formation of the eutectic. The motion of droplets 

and the formation of Si and Ge nanowires along the trace of motion were studied. In a similar study 

(B.H. Stenger et al.), the movement of Au-Ge drops on the Ge(110) surface under the action of a lateral grad 

T was studied. The latter was provided by irradiating the sample with an electron beam, and the collective 

movement of drops was carried out along curvilinear trajectories. The droplets moved in the direction of 

increasing temperature, leaving traces in the form of nanowires. Bene Poelsema, Zhiguo Zhang et al. studied 

the thermally stimulated motion of micron-sized PtGe droplets on a Ge(110) substrate. It was found, as a 

result of spinodal decay and the formation of a modulated relief, the distance between neighboring ripples 

was about 18 nm, and their sides were covered with Pt-modified (√3 × √3) superstructures. Of particular 

interest is the experimental approach presented by Iveta Ukroptsova et al., where directed manipulation of 

the thermal migration of individual drops was carried out following the scanning electron beam. 

In the experiments of the second type (Arkady Skvortsov), the TM of molten Al-Si zones in Si and Al 

materials was studied under thermal shock conditions when a single current pulse had been applied. In this 

case, Si powder and Al foil were placed at the interface between two Al or Si rods. The contact melting of 

the components led to their dispersion into separate drops. The mutual arrangement and dimensions of the 

hardened eutectic inclusions on the cross sections of the rods depended on the magnitude of the gradient T 

formed during the electric current flow. Studies have shown the possibility of the suitable mutual 

arrangement of local conducting regions to create a test structure for single-electron tunneling, however, the 

size of these regions and the distance between them must be reduced by orders of magnitude. 

It is believed [3] that the reproducible creation of local doped regions with a cross section of less than a few 

microns using ThM processes is impossible. However, the approach described above makes it possible to 

nanostructure surfaces or obtains nanostructures in the bulk of semiconductors using ThM of liquid droplets. 

1. Ed. Y. Buchin., Yu. I. Denisenko. "Use of thermomigration in MEMS technology". Proceedings of SPIE, 6260, 

62601L1-L10, 2006.  

2. Morteza Eslamian and M. Ziad Saghir. "Thermodiffusion applications in MEMS, NEMS and solar cell fabrication by 

thermal metal doping of semiconductors". FDMP, 8, №.4, pp. 353-380, 2012.  

3. V.N. Lozovskiy, B.M. Seredin "The physical aspects of the choice of thermomigration as a method local doping of 
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AlN is a promising material for the fabrication of piezoelectric film-based MEMS [1]. Microstructure and 

texture affect strongly the piezoelectric properties of films. Ion-assisted magnetron deposition allows to 

attain desired film structure and surface morphology. The aim of this research is to investigate the influence 

of low-energy ion bombardment carried out during deposition on the microstructure, crystalline texture and 

morphology of AlN films. 

AlN films were deposited on oxidized c-Si(100) wafers by RF reactive magnetron sputtering at a substrate 

temperature 350°C in a gas composition Ar+N2. The Ar pressure was 2 µbar and the total pressure during 

deposition was 2.6 μbar. The RF power was 400 W. The film 1 with thickness 530 nm was deposited at a 

floating potential on the substrate, the deposition rate was 17.7 nm/min/ The film 2 with thickness 560 nm 

was deposited at the bias -15 V on the substrate, the deposition rate was 18.7 nm/min. SEM measurements 

were performed using microscope Supra-40 (Carl Zeiss). The chemical composition of films was 

investigated by energy-dispersive X-ray spectroscopy (EDS) using INCAx-act detector (Oxford 

Instruments). XRD measurements were performed on the DRON-3M diffractometer. 

The plan-view SEM images show that the surface of both films is crack-free, homogeneous and smooth. The 

surface of film 1 is constituted of grains with the average lateral size ~ 20 nm separated by distinct 

boundaries. The surface microstructure of film 2 is less pronounced and consists of grains with lateral size 

~50 - 100 nm with no clearly visible boundaries. Cross-sectional SEM images show that both films have 

dense structure and consist of columnar grains. EDS spectra show that the chemical composition of both AlN 

films is close to stoichiometric, but a small excess of nitrogen (N - 53at.%, Al - 47at.%) is registered. 

Diffractograms and pole figures show that AlN film 1 is in wurtzite phase and has strong fiber texture (001). 

The texture axis is inclined slightly from the surface normal (fig. 1a). The FWHM of rocking curve (002) is 

5.5°. Diffractograms of AlN film 2 recorded in standard Bragg-Brentano geometry show no any AlN peaks, 

but the pole figure (002) reveals the fiber texture characterized by the inclination of [001] crystallographic 

directions from the surface normal on the angle ψ=26° (fig. 1b). The probable explanation of this result is the 

formation of (104) fiber texture caused by ion bombardment during deposition. The intensity of 104 peak on 

a wurtzite-phase AlN powder diffractogram is extremely weak, thus, it couldn't be registered. 

 

Fig. 1. Pole figures (002) of AlN film deposited with no bias on substrate (a) and at the bias -15 V on 

substrate (b). Ion bombardment during deposition facilitates the formation of (104) fiber texture. 

 

SEM and EDS measurements were performed using equipment of the Facilities Sharing Centre "Diagnostics 

of Micro- and Nano Structures". The investigation was supported by program no. FFNN-0022-0017 of the 

Ministry of Science and Higher Education of Russia for Valiev Institute of Physics and Technology of RAS. 

 

1. R.M.R. Pinto, V. Gund, R.A. Dias, K.K. Nagaraja, K.B. Vinayakumar. "CMOS-Integrated Aluminum 

Nitride MEMS: A Review". J. Microelectromech. Syst., 30, pp. 500-523, 2022. 
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Anisotropic vertical etching of silicon oxide is a well-known process and is easily carried out in fluorine-

containing plasma without the need for additional wall passivation. This is due to the etching mechanisms of 

silicon oxide, which, unlike silicon, is activated by defects created by ion bombardment. However, there are 

technologically important cases when it is necessary to create an inclined profile. One of the practically 

important cases is the creation of p-cap structures for the evaluation of dielectric materials in electronic 

engineering [1]. Also, it is actually to develop SiO2 plasma etching with tapered sidewalls for microelectro-

mechanical systems (MEMS) [2, 3]. In this work we aimed to minimize sidewall angle to the greatest extent. 

The experiment was designed and carried out in an inductively-coupled etching tool Plasmalab 100 (Oxford 

Instruments), wherein a two-step process of etching was developed. The samples we used were silicon 

coupons (2 × 2 cm in size) glued to a 10 cm diameter silicon carrier wafer with PFPE vacuum grease. The 

first step was to reshape photoresist mask profile from vertical to tapered using Ar/O2/CF4 plasma. The 

photoresist mask pattern was an array of stripes of 2 μm width and 1 μm thickness. The second step targeted 

transferring the obtained photoresist profile into 300 μm thick SiO2 layer by etching photoresist and SiO2 

with approximately equal etching rates. The etching rates can be adjusted by plasma composition 

optimization. We also provide Langmuir probe and actinometry plasma diagnostics for the both steps.  

Fig. 1 shows the created profile of the photoresist with the slope of the side wall, which is then transferred to 

the underlying layer of silicon oxide. The obtained structures in silicon oxide will also be demonstrated and 

the possibilities of their application will be discussed. 

Fig. 1. Created profile of the photoresist with the slope of the side wall 

The study was carried out under State program for Valiev IPT RAS No. FFNN-2022-0019 and No. FFNN-

2022-0020. 
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Fan-out wafer-level packaging (FOWLP) is a technology that combines high-density heterogeneous systems 

into one micro-assembly. This technology enables the creation of small-sized packages with superior 

electrical and thermal performance compared to other packaging technologies [1]. This paper presents results 

of modeling of thermomechanical deformations and stresses in the structure of a wafer with embedded 

unencapsulated integrated circuits dies taking into account temperature effects in the manufacturing process 

route are presented. The main stages of modeling, the obtained results and conclusions are considered, which 

could be used for further improvement of the technological process of wafer-level IC packaging. 

One of the key steps in FOWLP technology is the creation of redistribution layers, and it often requires 

polyimide or compound polymerization processes, which could produce thermomechanical stresses in the 

structure of a wafer with embedded IC dies. In order to correctly assess the amount of this stress a FEA 

analysis was carried out.  

Two different structures were prepared: a design that involves planting dies on two layers of polyimide 

(main and adhesive), which, in turn, are deposited on a temporary carrier, and a design where dies are 

completely installed on the polyimide layer coated with PNA-1 EMC compound containing variable amounts 

of glass filler. PNA-1 EMC material, which has good adhesion to metals and plastics, is resistant to moisture 

and chemicals, has low toxicity and flammability, has an operating temperature range from -40°C to +180°C 

and a thermal conductivity of 1.1 W/(m•K). AlSI 304 stainless steel was used for the fastening rings 

surrounding the temporary die carrier due to its high corrosion resistance, high strength and high temperature 

resistance. The temporary carrier was made out of 29NK alloy. Polyimide PI-LK was used as a dielectric. PI-

LK-1 and PI-LK-2 are solutions of polyamic acids based on aromatic diamine and aromatic tetracarboxylic 

acid dianhydride in N,N-dimethylformamide or N,N-dimethylacetamide. Their advantages are: high heat and 

thermal resistance, high physical and mechanical properties, high electrical strength (200–280 kV/mm) with 

low dielectric constant and dielectric loss tangent, and an operating temperature up to 350°С.  

Modeling results indicate that without polyimide coating of dies, the level of deformation in them at 

temperatures up to 270°С practically does not depend on the composition of polyimide and the deformation 

of the IC dies occurs evenly. When coated with polyimide, the smallest value of deformation is typical for 

polyimide from dianhydrides and diamines with a high content of glass filler (50%). For polyimide PI-LC 

and polyimide from dianhydrides and diamines with a glass filler content of 30%, the value of the 

deformation of both the support structure and the IC dies themselves increases. It was also observed that high 

content of glass filler in the composition of polyimide has a beneficial effect on reducing the level of 

deformation of the carrier and the dies placed on it. When designing similar packaging systems at the wafer 

level, deformations of IC dies up to several dozens of micrometers can be expected, and it is necessary to 

take into account the resulting thermomechanical stresses up to 10
8
 Pa. 

This study was supported by the Russian Science Foundation (Grant no. 23-29-00964). 
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Recent advances in the study of two-dimensional (2D) transition-metal dichalcogenides (TMDC) pave the 

way to various applications of these materials in wide range of fields in modern electronics from high-

performance FETs to flexible optoelectronics. To the date, the most studied TMDC material is layered MoS2 

which consists of a Mo layer sandwiched between two S layers. Due to the low thickness of a MoS2 

monolayer (≈ 0.65 nm) low screening length can be achieved in 2D devices based on such material. 

Therefore, pairing TMDCs with high-k dielectrics with thickness as low as 2-3 nm becomes a necessity issue 

not only for the device functionality but also for sensitive 2D layer encapsulation to protect it from 

deleterious interactions with the ambient environment. In addition, the high-k dielectric deposition process 

should ideally be non-damaging to the underlying 2D layer and have a suitable interface quality. The ALD is 

known to be a robust method for obtaining high-quality materials with an unprecedented level of thickness 

control even over large-scale substrates. This method is based on surface chemical reactions within a 

framework of a saturation concept. Therefore, due to its nature, ALD requires a certain density of active 

centers on the substrate for precursor ligands chemisorption. However, 2D crystals were found to be far from 

the ideal substrates for ALD growth due to the inertness of their basal planes. Up to date, different 

approaches aimed at overcoming the aforementioned problem, have already been suggested [1]. The initial 

approach for uniform thin film deposition was controlling of deposition process temperature. However, in 

addition to the significantly more complicated selection of the precursors for the low temperature ALD, the 

low process temperature usually results in poor film quality in terms of density and impurity level. 

Within the scope of the presented work, the possibility of MoS2 surface functionalization through precise 

sulphur vacancies concentration tuning by low energy He
+
 irradiation was demonstrated. Based on XPS 

analysis, even the 500 eV He
+
 irradiation enabled the tunable sulfur vacancy generation in a sub-surface 

layer of both bulk MoS2 crystal and mono- /few layer MoS2 films accompanied by local p-doping. The 

generated sulfur vacancies are readily functionalized through -OH species during the water vapor exposure 

in the ALD reactor, which resulted in a significantly enhanced ALD HfO2 growth. As a result, the possibility 

of ultrathin (<3 nm) and continuous HfO2 dielectric film growth on irradiated bulk crystal MoS2 surface was 

confirmed. Also, an improved HfO2 growth was confirmed for a monolayer MoS2 film without its significant 

degradation. In addition to HfO2 ALD growth enhancement, this study on the MoS2 functionalization might 

be useful for other applications that exploit chalcogen deficiency in TMDCs such as p-doping or lowering 

the contact resistance in transistor applications. 

The work was partially supported by RSF Project No.19-19-00504-П in the part of He ions MoS2 

modification and by Ministry of Science and Higher Education of the Russian Federation in the scope of the 

government assignment  (Agreement 075-03-2023-106 13.01.2023) in the part of electrical properties 

studies.  

 

1. Nam, T.; Seo, S.; Kim, H. Atomic layer deposition of a uniform thin film on two-dimensional transition 

metal dichalcogenides. Journal of Vacuum Science and Technology A 2020, 38, 030803  
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Determining the thicknesses and optical characteristics of layers in microstructures by spectral ellipsometry 

leads to a mathematical problem which incorrectly posed in the sense of ambiguity and instability of its 

solution. Currently processing of ellipsometric measurements in structures with strong absorption reqiures a 

well-trained person with extensive experience of working with Lorentz, Drude, and Tauke-Lorentz oscillator 

models [1]. There is also a known problem associated with the choice of initial values (initial guess) for 

optimization problems – depending on the selected starting point, and as a result of optimization, the 

algorithm converges to different, possibly suboptimal solutions. The use of machine learning (ML) could 

greatly simplify the work with new materials as a non-model approach. Machine learning is the process of 

implementing algorithms designed to quickly extract information from data [2]. ML algorithms build a 

model based on training data to make predictions or make decisions without explicit programming for this. 

In this paper, it is proposed to develop a deep learning model based on the TensorFlow 2 for determining the 

optical characteristics and thicknesses of TiN, ZrN, HfN and TaN on a silicon substrate. The model should 

solve the minimization problem of fitting the predictions of ellipsometric angles (G(n,k,d)) and reflection 

coefficient (H(n,k,d) to their experimentally observed values): 

  * * *

22
( , , ) arg min ( , , ) , ( , , )n k d G n k d H n k d R         (1) 

where 
2
  denotes the Euclidean norm between G(n,κ,d) and ellipsometric angles Ψ and Δ in the space of 

ellipsometric angles, and between H(n,κ,d) and R in the intensity data space. The parameters  , 0,1    

are chosen to balance the weights (Ψ, Δ) and R in the optimization process and are equal to 1   .  

The work was carried out on the FlexAl ALD (OIPT) tool using the J.A.Woolam M-2000X ellipsometer. 

The model was trained on generated datasets and data from Palik Handbook [3], Sopra [4] and 

RefractiveIndex.info [5] databases and included about 100,000 data pairs. The data were divided into 

training and validation datasets in 4:1 ratio. Three identical models containing several layers of convolutional 

neural network and multilayer perceptron (Fig. 1) of 2000 epochs on parts of a common dataset were 

retrained. This made it possible to use an ensemble algorithm to reduce the final error. 

 
Figure 1. DL model  receives Ψ, Δ and R as input and predicts d, n, k as outputs. 

The study was carried out within the framework of the State order No. FFNN-2022-0019 and No. FFNN-

2022-0020. 

1. H. Fujiwara, R.W. Collins. Spectroscopic Ellipsometry for Photovoltaics. Volume 1. Fundamental 

Principles and Solar Cell Characterization-Springer. Springer International Publishing, 2018. 

2. Sarker I.H. Machine Learning: Algorithms, Real-World Applications and Research Directions. SN 

Computer Science. Springer Science and Business Media LLC, 2021. Т. 2, № 3.E.D. 

3. Palik, Handbook of Optical Constants of Solids. Academic Press, San Diego, 1985. 

4. S.A. Sopra. Optical Data From Sopra SA. http://www.sspectra.com/sopra.html (2018). 

5. Optical Data From https://refractiveindex.info/  
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The production process requires the creation of a common information space. Structuring of production 

process allows to make an effective interaction between all departments of the company. The tasks of such 

structuring can be divided into two types: local and complex. Local tasks can be solved by tracking and 

operating the technological route and complex tasks have connection with other enterprise processes (supply 

and warehouse logistics, accounting, planning and development, analysis of test results, etc.). MES 

(manufacturing execution systems) are used at the level of operational management of production tasks 

according to the technological route. 

Some russian enterprises implement the ready systems (ERP, PM-products from «1C» and «IT-Land», an 

automated information system «Dispetcher» from «Tsifra» Group, SCADA systems for remote access to 

equipment, MES from «Novosoft», «Generix MES», «PAG» LLC Process Automation Group, etc.), other 

producers develop and implement similar own systems. They are interested in the best adaptation of the 

system to the specifics of the internal processes of their enterprise, saving the cost of acquiring and 

maintaining a large number of software licenses, as well as informational and technological independence, 

which means cybersecurity – protection from confidential data breach and the introduction of malware. The 

vulnerabilities may occur in updating of licensed software. This is important thing especially for enterprises 

fulfilling the state defense order. 

So, for example, JSC «Scientific Research Institute «Submicron» has developed an informational and 

analytical platform for operating the technological route for the manufacture of microelectronic devices in 

the programming language PHP 7.2 by Visual Studio Code. The database contains a list of serial numbers 

and product names, all operations along the technological route, users who have access through a login and 

password to read, enter, and edit information about the product. It becomes possible to track the history 

(dates and times) of all operations of the technological route for the manufacture of a particular product, the 

full name of the employees accepting the product, as well as an indication of exact department, operation, 

responsible person at the current time (Fig. 1). Employees have the opportunity to write their comments 

related to the workflow during assembly operations and processes of setting up and adjusting. 

 
Fig. 1 – Electronic accompanying document for the product 

 

Online access to information about every step of the technological route for every product will allow to make 

an effective analytics of production processes so will help to reduce the risks of managerial errors due to the 

right decisions justified by objective data. Precise time indicators of production processes will allow timely 

assessment of the real causes of shutdowns, downtime and related financial losses. The fast response to 

production events and precise addressing of notifications save up to 5-10% of time [1] just with 

consideration unforeseen downtime. 

 

1. Reshetnikov I.S. MES – theory and practice. Issue 7 (2023), M: NGSS, 2023. – 112 p., ill. 
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The modern systems of automated optical inspection (AOI) are able to provide full quality control of the 

assembly of products. At the same time, a lot of defects are due to the quality of the solder paste application 

during the assembly of the product. Therefore, a system of quality control of solder paste application usually 

is required in addition to the control system for printed circuit assemblies. Such combination makes it 

possible to detect any defect at the beginning of the technological cycle and to make the required adjustment 

of the operating program of the screen printing machine. Such systems are made in USA (CyberOptics 

Corporation), South Korea (Koh Young Technology), Germany (Stratus Vision GmbH) and others – are 

known and widely used. For example, Zenith AOI measures the shape of components with an accuracy of 

1 micron, monitors the quality of soldered joints and detects the presence of alien materials. However, in the 

reality of modern political incidents, the issue of technological independence of domestic manufacturers of 

microelectronic devices and, accordingly, the domestic base of metrological equipment is acute. 

A combination of installed side cameras and the moiré-fringe method is used to create an optical assembly 

inspection system. Thanks to such approach, it is possible to obtain a three-dimensional image of the 

inspected object to determine defects in the location of components and conductors, and the volume of 

solder. The resolution of cameras’ matrices is an important factor for the required detail of image. With the 

advent of multilayer and flexible boards with thin, transparent or translucent layers of high density, users of 

AOI systems began to note a lot of false defects. To solve the problem of hypersensitivity, when increasing 

in image accuracy leads to increasing in false positives, it is necessary to support the AOI with neural 

network algorithms that analyze the topology of the printed circuit board. The neural network determines the 

defect, its size and location, and compares this data with the tolerances pre-specified for each element. We 

can use the Open CV library to split the video stream into frames. At the first step, to train an artificial neural 

network, a task of collecting data of the reference assembly samples (suitable and with the main types of 

defects) must be solved. The samples should be approximately equal in size for their correct processing by 

neural network algorithms. Data markup can be done using various existent services, for example, cvat.ai. A 

large amount of data is required for the best work of neural network algorithms, so data augmentation can be 

done with different angles. A time reference of frames from different angles should be used for their 

subsequent joint analysis. AOI takes several simultaneous pictures from different sides and then integrates 

them into one multicolor image. We can also use filming in several frequency ranges (infrared, visible light, 

ultraviolet, X-ray). 

Neural network technologies in the field of Object Detection are constantly being improved: CNN 

algorithms, transformers, a combination of these methods, the YOLO algorithm. The developed algorithms 

for the equipment are the intellectual property of the manufacturer and are not disclosed. Therefore, without 

developing our own AOI systems, the domestic manufacturer lags behind in the field of improving of data 

processing algorithms. According to OTUS’ data, CNN and Transformers have different advantages:  

• Attention layers of transformers have more bandwidth, which allows them to train on large datasets. Input-

independent relative attention layers are fairly fast and require less memory resources;  

• Convolutional layers converge faster and generalize better due to strong inductive bias, MBConv can be 

combined with relative attention. 

Manual labor costs can be significantly reduced while using AOI systems with neural network analysis 

algorithms, therefore, at the first stage of the project, it is planned to test various neural network architectures 

for processing of dataset of reference assembly samples in order to find the best data processing method. 
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Using argon as an actinometric atom requires knowledge of its electron excitation kinetics. In turn, this 

kinetics is largely determined by electron impact excitation cross-sections as well as quenching rate 

constants for the argon metastable levels. Unfortunately, the published experimental data for these cross-

sections [1-3] differ both in their magnitude and in the type of energy dependence. We have shown that if we 

exclude the first point from the 2004 data sets, then the cross sections normalized at the 20 eV point can be 

fairly well approximated by well-known fitting formulas.  

 
Fig. 1. The experimental cross-sections for excitation of metastable levels 1s5 (a) and 1s3 (b). 

 
Fig. 2. Some fittings of the normalized experimental cross-sections for excitation of metastable levels 1s5 (a) and 

1s3 (b). 

The investigation was supported by the Program No. FFNN-2022-0019 for Valiev Institute of Physics and 

Technology of RAS. 
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As mentioned in the first part of the article electron excitation kinetics of actinometric argon atoms is largely 

determined by quenching rate constants for its metastable levels. These levels are 1s5 (11.55 eV) and 1s3 

(11.72 eV) (in the Paschen notation). There two main experimental methods to determine the quenching rate 

constants. These methods are based on obtaining the kinetics curves describing the change in the 

concentration of the metastable state with time. In the first method [1], the absorption coefficient is measured 

at a wavelength corresponding to the excitation of the considered metastable state into one of the states of the 

3p54p group. This absorption coefficient is directly proportional to the concentration of the corresponding 

metastable state. The second method [2] uses a small addition (tracer) of nitrogen to measure the 

concentration of metastable states of argon. Both measurement methods have both advantages and 

disadvantages. 

Quenching rate constant data were collected and analyzed from about 20 experimental studies. The main 

attention was paid to halogen-containing molecules. The most reliable results are shown in the table. The 

results obtained can be useful in developing models of the actinometric method for diagnosing low-

temperature low-pressure plasma, as well as models of low-pressure discharges in argon-containing 

mixtures. 

 

Molecule IP, eV k, 10
-11

 cm
3
/s Molecule IP, eV k, 10

-11
 cm

3
/s 

1s5 1s3 1s5 1s3 

SF6 12.0 337 418 ClF 12.66 7415 - 

CF4 14.24 41 41 HCl 12.74 374 - 

CHF3 13.86 316 316 Br2 10.52 6513 - 

CH3F 12.50 347 347 CH3Br 10.54 859* - 

NF3 12.94 141 121 CF3Br 11.40 316 347 

F2 15.70 758 758 HBr 11.68 4810 - 

SF6 16.15 26 26 BrCN 11.88 465 - 

CH3Cl 11.22 758* - CH3I 9.54 13013* - 

CH2Cl2 11.35 859* - ICl 10.08 616 - 

CHCl3 11.42 10511* - CF3I 10.28 479 - 

CCl4 11.47 5415 7320 HI 10.39 5010 - 

Cl2 11.48 717 7214 H2 15.43 6.31.3 7.91.6 

CFCl3 11.68 5511 439 O2 12.06 204 255 

CF2Cl2 12.0 377 5711     

CF3Cl 12.6 224 275     

* These results appear to be overestimated by a factor of 1.5-2 

 

The investigation was supported by the Program No. FFNN-2022-0019 for Valiev Institute of Physics and 

Technology of RAS. 

 

1. Velazco J.E., Kolts J.H., Setser D.W. Rate constants and quenching mechanisms for the metastable states 
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