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PREFACE

27" Russian Youth Conference on Physics of Semiconductors

RYC Ps 202 5 and Nanostructures, Opto- and Nanoelectronics (RYCPS-2025)/

27 Bcepoccuiickasa MoJoaexkHas KoHdepeHnusa mno ¢Qusnke

MOJIYIPOBOAHUKOB M HAHOCTPYKTYP, MOJYNPOBOJIHUKOBOI ONTO-
N HAHOJJEKTPOHHUKE

XXVIlI RUSSIAN YOUTH COMNFERENCE

ON FHTHICS OF AND
OPTO- AND NANOELECTRONICS

The 27" Russian Youth Conference on Physics of

Semiconductors and Nanostructures, Opto- and Nanoelectronics

o AP (RYCPS-2025) was held in Saint Petersburg at Alferov University

StPetershurg, Russia from November 24 to November 28, 2025. The conference was

hitp/ /wevrve-semicond.ru/ conf2025 organized by Peter the Great St. Petersburg Polytechnic University,

Alferov University, St. Petersburg State University, loffe Institute
and Russian-Armenian University (Yerevan).

The conference program covered semiconductor technology, heterostructures with quantum
wells, quantum dots and other low-dimensional systems, bulk properties of semiconductors, as
well as opto- and nanoelectronic devices and new materials. The conference was held in an in-
person format, providing an excellent opportunity for fruitful discussions among participants and
experienced scientists.

The conference featured two invited lectures by leading scientists, addressing current
challenges and recent advances in physics and engineering. The keynote speakers were Alexey
Toropov (loffe Institute, Saint Petersburg) with the presentation "Deterministic photon sources:
achievements and challenges" and Viadislav Malyshkin (loffe Institute, Saint Petersburg) with the
presentation "Machine learning and artificial intelligence in physics”. Young researchers, including
undergraduate, graduate and postgraduate students, presented their results in plenary and poster
sessions. A total of 98 abstracts, published in Russian (the official conference language), were
accepted. In this volume, 27 selected papers are published in English.

In accordance with conference traditions, the participants took part in a competition for
the best presentations. Certificates and cash prizes were awarded to several participants whose
contributions were selected by the Program Committee. Alexey Zibinskiy (Alferov University,
St. Petersburg) received the award for the best student presentation for his report "Spin dynamics
of an ensemble of localized electrons under quantum measurements”. Anna Razova (Institute
for Physics of Microstructures, RAS, Nizhny Novgorod) received the award for the best
postgraduate presentation for her report "Distributed feedback laser based on HgCdTe quantum
well heterostructures”. Mikhail Sotnichuk, a student at Moscow State University, was awarded
the Evgeni Gross Prize for the best presentation in semiconductor optics for his report "Residual
photoconductivity in InAs/GalnSb heterostructures”.

The conference was supported by the Ministry of Science and Higher Education of the Russian
Federation (state assignment No. 075-03-2025-256/7) and Tydex LLC (St. Petersburg).

The official conference website is: http://www.semicond.ru/conf2025

Editors

D.A. Firsov
V.A. Shalygin
H.A. Sarkisyan
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Photoluminescence and photoreflectance of annealed HgCdTe
films with high CdTe content
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Abstract. The results of a study of photoluminescence and photoreflectance of
Hg, Cd Te films with CdTe molar fraction x = 0.5 — 0.7 are presented. The films were
grown by molecular beam epitaxy and annealed under mercury deficiency conditions
to convert them to hole-type conductivity by generating intrinsic acceptors, mercury
vacancies. Annealing resulted in the significant blue-shift of both the photoluminescence
and photoreflectance spectra. Energy levels within the bandgap with ionization energies
from 44 to 125 meV were detected in the films, and their nature is discussed.
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doToNIOMHUHECHeHLUHUA U (POTOOTPAXKEHUE OTOXIKEHHbIX
nneHoK HgCdTe c 6onbwuum copeprxanuem CdTe

B.C. banawog', M.C. Py)xeeuu ', U.B. YymaHoB?, [1.[1. ®Pupcoe?, 0.C. KOMKOB ?,
K.O. MbiH6aeB '3, B.l. PemecHuk 4, B.C. BapaBuHn 4, H.H. Muxannos*

Yuuepcutetr UTMO, CaHkT-lMNeTepbypr, Poccus;
2 CaHkT-MeTepbyprckuin rocyaapCTBEHHbIN 3NeKTPOTEXHUYECKUI YHUBEPCUTET «J19TU>»
uM. B.W. YnbaHoBa (JlennHa), CankT-lMNeTtepbypr, Poccus;
3 DU3NKO-TEXHUYECKUI MHCTUTYT UM. A.®. Nodde PAH, CaHkT-MeTepbypr, Poccusi
*NHCTUTYT pu3mKkn nonynposoaHMKoB MM. A.B. PxxaHoBa Cnbupckoro otaenexHmns PAH,
r. HoBocnbupck, Poccus
™ vovan.balashov@niuitmo.ru

AHHoTauus. B cratbe npencrtaBieHbl pe3yabTaThl MCCIEeIOBAaHUS (POTOTIOMUHECLEH-
uuu 1 oroorpaxenus miaeHok Hg, Cd Te ¢ monbHoi moneir CdTe x = 0.5 — 0.7.
IlneHku ObLIM BbIpALIEHBl METOJOM MOJIEKYJISIPHO-JyY€BOU SMUTAKCUU U MOABEPTHYTHI

OTXKUTY B YCJIOBUSX AcUIIMTA PTYTH, YTO MO3BOJWIO MPeoOpa3oBaTh WX B ITBIPOYHBIN
TAIT TIPOBOAMMOCTH 3a CYET TeHepaliy COOCTBEHHBIX aKIIENTOPOB — BaKaHCHUI PTYTH.

© Balashov V.S., Ruzhevich M.S., Chumanov 1.V, Firsov D.D., Komkov O.S., Mynbaev K.D., Remesnik V.G., Varavin V.S.,
Mikhailov N.N., 2026. Published by Peter the Great St. Petersburg Polytechnic University.
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IToka3zaHo, 4TO OTKUT MPUBEJ K CYIIECTBEHHOMY BbICOKOIHEPIeTUUECKOMY CABUTY CIEK-
TPOB U (HOTOTIOMUHECLICHLIMU, U (POTOOTpaXeHUs. B 3anpeliieHHON 30He MIEHOK OOHa-
PYXEHbl 9HEpPTreTUYeCcKue YpOBHU € d3Heprueit noHuszauuu ot 44 no 125 mM3B u obcyxna-
€TCsl MPUPOJa BbISIBJIEHHBIX YPOBHEM.

Kmouesbie caoBa: HgCdTe, omxkur, ¢portoaoMuHeceHINsI, OTOOTpaKeHME

Ccouika npu mutuposannn: banamios B.C., Pyxesuu M.C., Yymanos U.B., ®upcos [1./1.,
KomkoB O.C., Muia6aeB K. M., PemecHuk B.I'., Bapasun B.C., Muxaiinos H.H. ®oTto-
JIOMUHECHEHIUST U (PoTooTpakeHre OTOXKeHHbIX mieHoK HgCdTe ¢ Gonbiunm comep-
xxannem CdTe // Hayuno-texanueckue Bemomoctu CIIOITTY. dusnko-MareMaTnyeckue
Hayku. 2026. T. 19. Ne 1.1. C. 6—11. DOI: https://doi.org/10.18721/JPM.191.101

CtaTbhsl OTKPHITOrO AOCTYyMAa, pacrpocTtpaHsiemast 1o auneH3un CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Hg,_ Cd Te (MCT) solid solutions with a high (x > 0.5) CdTe content (“composition”) are
requireé in the development of near-infrared (IR) photodetectors for astronomical observations [1],
and for fabrication of barrier layers in lasers [2] and nBn photodetectors [3]. For the fabrication of
both photodetectors and injection lasers, a hole-type conductivity material is required; however,
approaches to acceptor doping of MCT with x > 0.5 are just being sought [4, 5]. An obvious (as
in the case of MCT with x < 0.5) option there could be the introduction of intrinsic acceptors,
mercury vacancies V, , by annealing the material under mercury deficiency conditions. We
carried out such annea‘iing at temperatures 7' from 330 to 440 °C for a series of MCT films with
x =0.5—0.7, and in [6], the results of the studies of the structural properties of the films, their
optical transmittance at 7' = 294 K, and photoluminescence (PL) at 7= 103 K and 7' = 294 K
were reported. In the present paper, we report the results of the detailed studies of the optical
properties of the annealed films carried out with PL and photoreflectance (PR) methods in a wide
temperature range, 30 to 300 K.

Materials and Methods

The 3 to 4 um-thick films were grown by Molecular Beam Epitaxy (MBE) on (013)GaAs
substrates [7] and had a constant composition (determined with in situ ellipsometry) across their
thickness. Optical studies were performed using the setup described in [8] and based on a VERTEX
80 Fourier-transform IR spectrometer with cooled InGaAs, InSb or HgCdTe photodetector.
PL/PR studies were carried out under excitation/modulation with an 809 nm cw laser diode
with 2.5 kHz modulation frequency, which provided power density up to 4.0 W/cm?. During the
measurements, the films were placed in a Janis CCS-150 closed-cycle cryostat.

Results and Discussion

Fig. 1, a shows low-temperature (7' = 30 K) PL spectra of the films before and after annealing.
With x increasing, a shift in the PL spectra towards higher energies was observed. All spectra
generally consisted of two bands: an intense narrow high-energy (HE) peak and a less intense
broad low-energy (LE) band. For the as-grown films, the full widths at half maximum (FWHM)
of the HE peaks were 22, 31, and 34 meV for films with x = 0.50, 0.60, and 0.70, respectively;
these values and the increase in FWHM with increasing x were consistent with the PL data
obtained earlier at 7 = 103 K [6]. For the as-grown films with x = 0.50 and 0.60, the broad
LE bands were weakly pronounced and separated from the HE peaks by ~111 meV (x = 0.50)
and ~76 meV (x = 0.60), respectively. For the as-grown film with x = 0.70, the LE band was
separated from the HE peak by ~115 meV.

As a result of annealing, the HE peaks for the films with x = 0.50, x = 0.60 and x = 0.70
narrowed to 17 meV, 20 meV and 22 meV and shifted towards higher energies by 6 meV, 37 meV
and 40 meV, respectively. For a film with x = 0.50, a LE peak with FWHM ~79 meV appeared,
separated from the HE peak by ~44 meV. A broad, low-intensity LE feature was observed in
the spectra of the annealed films at a distance of ~128 meV from the HE peak for the film with
x = 0.60 and ~105 meV for the film with x = 0.70, respectively.

© banaios B.C., Pyxesuy M.C., Uymanos U.B., ®upcos [1./1., Komko O.C., Mbin6aes K /1., Pemecuuk B.T"., BapaBun B.C.,
Muxaiinos H.H., 2026. Uspatens: Cankr-IletepOypreckuii monurexuudeckuii yausepcuret Ilerpa Benukoro.
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Fig. 1, b shows the PL spectra of the annealed film with x = 0.70 recorded at excitation laser
= 81.2 mW at different temperatures. It is seen that the PL signal intensity for both the

power P
main Hﬁ peak and the LE band decreased with T increasing.
a) b)
40LT=30K 2 3 . 1.0+
. L c
S 08l _Z 08¢
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Fig. 1. Normalized PL spectra of the films with x = 0.50 (/), 0.60 (2) and 0.70 (3) at T= 30 K
(dots, as-grown films; solid curves, annealed films) (@), and PL spectra of the film with x = 0.70
at different temperatures (b)

Fig. 2 shows the PL spectra of the film with x = 0.70 at 7= 30 K and different values of P _
For all the as-grown films including this one (Fig. 2, @), with P, _increasing the intensity of t he
HE peaks increased more rapidly than that of the LE bands. A similar effect was observed for the
annealed film with x = 0.70 (Fig. 2, b). The energy of the HE peaks and their FWHM changed

with P__ insignificantly.
a) b)
0.10 2.5
) T=30K 180.9 mW
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Fig. 2. PL spectra of the film with x = 0.70 recorded at 7= 30 K under different excitation
power values: as-grown film (a), annealed film (b)

The temperature dependence of the HE PL peak positions for the studied films (see Fig. 3, a
for the detailed data for the film with x = 0.70 and Fig. 3, b for the data for all films) did not
follow the temperature dependence of the bandgap Eg(T). The latter was calculated using the
well-known empirical formula from [9]. A similar effect was previously observed for MCT films
with x = 0.6 — 0.7 grown both by MBE and liquid-phase epitaxy, and is believed to be caused
by the effect of carrier localization in potential wells induced by compositional fluctuations [10].

Fig. 4, a shows PR spectra of the film with x = 0.70 recorded at 7' = 300 K before and
after annealing. Both spectra exhibited a superposition of the Fabry—Pérot interference and the
differential signal near the interband transition. The energy of the latter, i.e., the optical bandgap
E was extracted from the spectra using the approach developed in [11]. However the overlap of
the signal from the interband transition and the interference in the PR spectra hmlts the accuracy
of determining E . It is seen that the spectrum shifted after annealing towards higher energies
by ~31 meV, 31mllar to the shift of the PL HE peaks. A similar effect was observed for the PR
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Fig. 3. Temperature dependence of the position of the HE peak in the PL spectra of the film with

x = 0.70 (symbols /) and calculated E (T) dependence for MCT with x = 0.70 (curve 2) (a), and a

review of the positions of the HE peaks *for the films with x = 0.50 (1), 0.60 (2) and 0.70 (3) in respect
to the calculated Eg(T) dependences (lines) (b)

spectra of the film with x = 0.60. Considering the accuracy of determining the values of E from
the PR spectra, they reasonably corresponded to the positions of the HE peaks of the PL for all
the films. Since the PR method is sensitive only to interband transitions, it could be concluded
that the HE peaks in the PL spectra, including those at low temperatures, also reflected the value
of Eg' and were not associated with transitions to energy states within the bandgap.
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Fig. 4. PR spectra of the film with x = 0.70 before (/) and after (2) annealing, with arrows showing

the optical bandgap (@), and the values of acceptor ionization energy E according to our PL data

(symbols: 1, as-grown films, 2, annealed ones) and the extrapolation of empirical E (7) dependences
from [5] to large x values (b)

The latter gave us a reference point, allowing to proceed to the analysis of energy levels in
the bandgap. According to the data of the Hall effect study performed at 7" = 77 K, the as-
grown films had n-type conductivity with electron concentration (3 — 60)-10'* cm™; as a result
of annealing, the films were converted into p-type with hole concentration (2 — 7)-10" cm™
[6]. Results of carrier lifetime measurements also suggested that annealed films were converted
into p-type conductivity: the lifetime dropped ~1000 times in the annealed films with respect to
its value of ~50 ps in the as-grown ones. According to these data, we could expect to observe
band(s) related to VHg—induced energy states in the PL spectra of the annealed films. At the
same time, as follows from Fig. 1 and 2, the PL spectra of these films already contained a
number of LE features related to levels in the bandgap. We plotted the experimental data on the
tentative positions of the LE band maxima in Fig. 4, b along with the composition dependences
of the ionization energies of neutral and single- charged V,, as adapted from [5]. It is seen in
Fig. 4, b that our experimental data do not exactly follow ﬁie dependences for the two charge
states of V,,- Still, for the annealed film with x = 0.50 ionization energy £ ~ 44 meV can be
related to tlfle energy level formed by the neutral VHg. The experimental value £~ 113 meV for
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the as-grown film with x = 0.50 is in good agreement with a similar value measured for a vacancy-
doped MCT sample with the same x in [5] (115 meV). For the films with x = 0.60 and x = 0.70,
however, the observed energy levels could not be directly associated with V  asa point defect.
Extrapolation of the extrinsic acceptor ionization energy £ (x) from [12] towards x = 0.70 yields
a maximum value £~ 20 meV. The energy of donor levels in MCT with x = (.70 according to
the hydrogen-like model is even lower, ~7 meV [12]. Thus, the observed energy levels should
be attributed to native acceptors, or to deep centers that are not described by the hydrogen-like
model. For example, a strong LE band in the as-grown film with x = 0.70, which disappeared
after annealing, was similar in behavior to the band with £ = 25 meV observed in films with
x = 0.30, where, according to the findings in [13], it was associated with defects caused by the
presence of excess tellurium [14]. All these observations suggested the presence of a number of
intrinsic defects/complexes in the studied films with the evolution of the defect pattern under
annealing. Possibly, V_  manifestation in the PL spectra of vacancy-doped MCT films with

H
x > 0.5 is not as straight%orward as in the low-x material.

Conclusion

Using photoluminescence and photoreflectance, we studied optical properties of Hg, = Cd Te
films with a high (x = 0.5 — 0.7) CdTe content before and after thermal annealing. The anneaﬁng
resulted in a shift of the spectra towards higher energies, which was indicative of the increase
in the CdTe molar fraction of the films, possibly due to the reduction in the compositional
fluctuations. Despite the fact that electrical and lifetime measurements showed conversion of
conductivity type from n- to p- in all the annealed films, the photoluminescence studies revealed
clear signatures of generated mercury vacancies only in the film with x = 0.5. Still, clear signs of
the changes in the defect pattern of all the films were observed after annealing. Further studies
are required for the clear identification of optical signatures of mercury vacancies in Hg, Cd Te
films with x > 0.5.
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U3MEHEHUEM cpelHel oopaTHON 3((HEKTUBHON MacChl JIEKTPOHOB BCJIEACTBUE Hemapa-
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Introduction

Electro-optical effects are widely used to modulate electromagnetic radiation. Due to the rapid
development of terahertz (THz) optoelectronics and photonics, the study of electro-optical effects
in this spectral region is of great current interest [1, 2]. The aim of this work is to experimentally
investigate the anisotropy of THz radiation absorption and refraction that occurs in an optically
isotropic semiconductor when exposed to an electric field.

The object of our study is donor-doped indium antimonide single crystals. The experiment
directly measures the modulation of the sample's optical transmission when exposed to electric
field pulses. The microscopic mechanism of the observed modulation can be associated with
a field-induced change in the free electron contribution to the permittivity of n-InSb. The
peculiarity of indium antimonide is that this semiconductor has a non-parabolic conduction
band. The effect of an electric field in this case is accompanied by a change in the dielectric
constant, which is different for radiation with linear polarization along the field (extraordinary
wave) and perpendicular to it (ordinary wave). Previously, such an effect was experimentally
observed in n-InSb in the mid-IR range (A = 10.6 um) [3]. In the cited work, the wavelength was
significantly shorter than the wavelengths of the plasmon-phonon resonance, the absorption of
radiation by free electrons was negligible, and the effect was entirely reduced to a change in the
refractive index, which was different for ordinary and extraordinary waves.

In this work, experiments were conducted in the THz range. The radiation wavelength
(A = 119 pm) is an order of magnitude longer than in [3] and is close to the wavelength of the
low-frequency plasmon-phonon mode in the samples studied. In this case, the situation is more
complex: there is noticeable absorption by free electrons, and the modulation of the sample
transmission by the electric field is associated with two factors, namely, a change in the refractive
index and a change in the absorption coefficient. Moreover, the change in the absorption coefficient
also turns out to be different for ordinary and extraordinary waves. Theoretical modeling of the
electric field-induced anisotropy of absorption and refraction of terahertz radiation in #-InSb was
previously performed in [4].

The aim of this work is to obtain experimental data on the field dependence of the refractive
index and absorption coefficient, as well as their polarization anisotropy in the THz spectral
range for indium antimonide. For this purpose, an original research method was developed and
tested, based on parallel measurements of the electro-optical modulation of laser radiation under

© Ycrumenko P.B., lansirun B.A., Kapaynos [I.A., HopBatoB U.A., MenentbheB I'.A., Bunnuuenko M.4., @upcos [1.A.,
2026. Usznarenn: Cankr-IleTepOyprekuii moanTexHuyeckuii yuusepcurer Ilerpa Bemukoro.
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conditions of multipath interference and in its absence. The obtained experimental data were
compared with model calculations.

Experimental technique

All samples were fabricated from the same n-1nSb single crystal with a free electron concentration
of N, = 3.5:10" cm™ 3 and a low-field mobility of u(0) = 1.2-10° cm?/(V-s) (at a temperature of
T =78 K). The samples were dumbbell-shaped (see the inset in Fig. 1, a). First, plane disks
of about a millimeter thickness were cut from the single crystal using an electncal discharge
machine. The disks were subjected to mechanical grinding and polishing, as a result of which
the thickness was reduced to 0.6—0.7 mm. Then, dumbbells were cut from the polished disks,
also using an electrical discharge machine. The dumbbell shape of the samples helps to create a
uniform electric field in the working region and reduces the current density through the contacts.

In the neck of a dumbbell with a small cross-section w X d and length L >> w, d, a uniform
electric field was created by applying a pulsed voltage V' to the contacts of the sample. The
contact regions of the sample were 6 — 7 times wider than the width of the dumbbell neck w,
and their length was 4 — 5 times shorter than L. Therefore, the resistance of the contact regions
was negligible, and the electric field strength E in the dumbbell neck can be calculated using
the formula £ = V' / L. Ohmic contacts on the ends of the sample were created by electrolytic
deposition of nickel from a Ni,SO, solution.

A continuous gas laser with optlcal pumping by CO, laser radiation, namely, a methanol vapor
laser FIRL-100 (Edinburgh Instruments) with an operatmg wavelength of A = 118.8 um, was used
as a source of THz radiation. The laser beam was focused onto the polished face of the dumbbell
neck using an off-axis parabolic mirror, and the beam aperture was limited by a diaphragm. The
beam path length in the sample was equal to d. Switching of radiation polarization from the
e || E state to the e | E state was carried out using a half-wave quartz plate (here e and
E denote the unit polarization vector and vector of applied electric field, respectively). The
sample was mounted in a flooded nitrogen cryostat with TPX windows and had a temperature of
T, = 78 K. The radiation transmitted through the sample was focused using two parabolic
mirrors onto a Ge:Ga detector (QMC Instruments), cooled to 4.2 K in a closed-cycle cryostat.
Photoresponse signals were measured with a TDS 2014B oscilloscope (Tektronix).

In the first series of samples (samples PP), the polished surfaces were plane-parallel (the
deviation from plane-parallelism did not exceed 1 um within the laser beam probing region).
Multiple reflections of the laser beam from the input and output surfaces of the sample were

a) b)

02 0.2

E, Viem: Sample PP
— 44 e|E

— 59

—T74

—80

—122
—151
— 167
— 179

o
o
T
o
o
T

AU(E, /U, V
AU(E. /U, V

D2k 021

f, us

Fig. 1. Transmission modulation in sample PP with pulsed electric field (experiment):
oscillograms of photoresponse signal pulse AU(E, ?) for an ordinary wave (e L E), (a),
and an extraordinary wave (e || E), (b), normalized to the amplitude of the periodic
photoresponse signal at the chopper frequency U,.
In the legend, E denotes the amplitude of the electric field pulse.
Inset to (a): sample configuration for the electrooptical measurements, V(7)) shows shape of the voltage pulse.
Inset to (b): power pulse shape
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accompanied by multipath Fabry—Pérot interference. The optical transmittance of the sample in
this case is described by the Airy formula:

B (l_r)Zefad (1)
1-2re ™ cos(8) +rie >’
where
N2, g2
r:(l n)2+k2’ 2)
(+n)y +k

is the intensity reflection coefficient of the n-InSb/vacuum interface under normal incidence
of a beam of monochromatic electromagnetic radiation, o = 4mk/A is the absorption coefficient,
n and k denote the refractive index and extinction coefficient of the n-InSb, respectively, and
O = 4mnd/\ is the interference phase (the phase shift during double passage of radiation through
the sample). When the electric field E varied in the range of 0-180 V/cm, the interference phase
changed significantly, which made a noticeable contribution to the modulation of the sample's
transmission, along with the field-induced change in the absorption coefficient.

In the second series of samples (samples C), the output surface of the dumbbell neck had a
cylindrical shape, with its thickness being greatest at the center and gradually decreasing toward its
edges. This surface shape was achieved by additional grinding and polishing of the dumbbell neck.
As a result, the interference phase é took on different values at different points of the probing laser
spot, and Fabry—Pérot interference was suppressed. In this case, the optical transmittance of the
sample can be described by the formula:

(1-r)e™
T= e ®

The geometric dimensions of the two samples, the experimental data for which are presented
in this paper, are given in Table.

Table The laser beam was modulated by a chopper

at a frequency of 160 Hz. Bell-shaped electric

Dimensions of the samples field pulses of 1.6 ps duration (see inset in

Fig. 1, a) were synchronized with the chopper

Sample L,mm | w, mm d, mm and had a frequency 80 times lower, ensuring
negligible Joule heating of the sample's crystal

Sample PP 10 0.8 0.613 lattice when exposed to periodic pulses.
Sample C 16 12 0.699 Experiments were conducted in pre-breakdown

electric fields (£ < 180 V/cm), where the free
electron concentration remains constant.
The magnitude of the field-induced modulation of the sample transmission M was determined

as follows:
M(E)=%, 4)

where 7(E) denotes the transmittance of the sample in the field E.

Results and discussion

The oscillograms of the photoresponse signal pulses in sample PP (Fig. 1) and sample C
(Fig. 2) differ qualitatively. In sample C, for both radiation polarizations (e | E and e 1 E), the
photoresponse signal remains positive over the entire range of the studied electric fields, which
corresponds to a field-induced increase in the sample transmittance. Sample PP exhibits bipolar
photoresponse signals in strong fields: when the supplied electric power approaches the peak value,
the photoresponse signal becomes negative, indicating a decrease in the sample transmittance. In
Fig. 1 and 2, the time dependences of the photoresponse signal AU(E, t), induced by the electric
field, are normalized to the amplitude U, of the periodic photoresponse signal at the chopper
frequency.

Note that the pulse of supplied electric power had a duration of 1.2 ps (see inset in Fig. 1, b)
and with increasing field the pulse peak shifted by +0.2 ps. The photodetector had a time constant
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Fig. 2. Modulation of sample transmission with electric field pulses (experiment): oscillograms of
photoresponse signal pulse for an ordinary wave (@) and an extraordinary wave (b), normalized to the
amplitude of the periodic photoresponse signal at the chopper frequency

of ~1.3 us, while the photoresponse pulse duration was ~2.5 us, and with increasing field its peak
shifted by +0.4 ps. In Fig. 1 and 2, the shift of the photoresponse signal peak is shown by dashed
lines. In each oscillogram, the dashed line indicates the value of the ratio AU(E, 1)/U,, which
coincides with the modulation value M(E), defined by Eq. (4).

The experimental field dependences of the transmission modulation for both samples are
shown in Fig. 3. Their joint analysis allows us to determine the electric field-induced changes in
the absorption coefficient and refractive index for the single crystal from which the samples are
made.

As noted in the previous section, in sample C the Fabry—Pérot interference is suppressed, and
its transmittance can be described by Eq. (3). Then, in the approximation » = const(E) (which
is satisfied with an accuracy of 1% for the sample under study), the field-induced change in the
absorption coefficient can be found from the value of M using the equation:

Ao(E) = —éln [M(E)+1], ®)
a) b)
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Fig. 3. Experimental field dependences of transmission modulation for ordinary (circles) and
extraordinary (squares) waves: sample PP (a), sample C (b).
Solid lines are a guide for the eye

The resulting field dependences of the electric-field-induced change in the absorption coefficient
of n-InSb, Ao, (E), for radiation of two mutually orthogonal linear polarizations (P = L, ||) are
shown in Fig. 4, a. Note that for both polarizations the electric field induces negative changes
in transmission, and at a given field |Aa“(E)| > |Aa (E)|. In the maximum field (172 V/cm), the
average change in the absorption coefficient [AaH(Eﬁ + Ao, (E)]/2 reaches a value of —6 cm™, and
the polarization anisotropy reaches a value of |(1”(E) —Ao (E) =045 cm™.
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Fig. 4. Electric-field-induced change in the absorption coefficient of n-InSb, Ac,(E), for radiation of
two mutually orthogonal linear polarizations (P = 1, ||) (a); circles and squares show the experimental
values obtained from the transmittance modulation analysis in sample C, dash-dotted lines represent
the results of theoretical modeling. Electric-field-induced change in the refractive index of n-InSb
An,(E) for radiation of two linear polarizations (b); circles and squares show the experimental values
obtained from the transmittance modulation analysis in sample PP,
dash-dotted lines represent the simulation results.
Solid lines in both panels are a guide for the eye

The analysis of transmittance modulation in sample PP is, generally speaking, a more complex
task. In this sample, due to multipath Fabry—Pérot interference, a significant contribution to
the modulation comes from the change in the interference phase & [see Eq. (1)], caused by the
electric field-induced change in the refractive index An,(E), P= L, ||.

Let us write the nonequilibrium absorption coefficient for polarized light as
a,(E) = a(0)+Aa,(E), and the nonequilibrium refractive index as n,(E) = n(0)+An(E), where
a(0) and n(0) are the equilibrium values of the absorption coefficient and refractive index (£ = 0).
Then, for a given polarization, using Egs. (1) and (4), we can express the electric field-induced
modulation M through a(0), Aa,(E), n(0) and An,(E). Since Aa,(E) is already known from the
experiment (Fig. 4, a), an analysis of the experimental field dependence of the transmittance
modulation for this polarization allows us to find a(0), 7(0) and An,(E). We used the parameters
o(0) and n(0) as fitting parameters. Note that a(0) determines the contrast of the interference
pattern, and n(0) determines the number of the interference pattern period within which the
phase & changes under the effect of electric field.

When o(0) and n(0) are specified, the magnitude of An, can be uniquely found from
the experimental modulation value. The optimal values of (18)0) and n(0) were found by an
iterative procedure aimed at obtaining the value of n(0) as close as possible to the model value
of this parameter (the modeling procedure is described in the paper [4]). As a result of the
analysis of the experimental field dependence of the transmittance modulation (Fig. 1), the
dependences An,(E) (see Fig. 4, b) and the equilibrium optical parameters of n-InSb were found:
a(0) = 19 cm! (theoretical modeling gives a value of 26 cm™') and n(0) = 3.975 (theoretical
modeling gives a value of 3.968). Accordingly, for sample PP in zero field the interference
phase is & = 41:(2m), which corresponds to the 41st interference maximum. In a field of 167
V/cm AnH(E) = 0.040 and An (E) = 0.028 (see Fig. 4, b), which corresponds to a significant
increase in the interference phase (by 0.81m and 0.567, respectively) and leads to a change in the
modulation sign in Fig. 1, a. In this case, the refractive index anisotropy reaches a magnitude of
n”(E) —n (E)=0.012.

We also performed theoretical modeling of the dependences Aa,(E) and An(E) for two linear
polarizations (P = L, Il). The calculation algorithm and the main calculation parameters were
published in [4]. The calculation is based on a nonequilibrium stationary electron distribution
function in the form of a shifted Fermi—Dirac distribution:
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1

fk)= :
exp ek,)-nk v, —¢; 1
kT,

(6)

where k_is the electron wave vector, (k) is the dispersion law for the conduction band, and
kB is the Boltzmann constant. The parameters of this function are the nonequilibrium electron
temperature 7, which exceeds the lattice temperature 7|, the electron drift velocity v, and the
Fermi energy ¢; all three parameters depend on the electric field E.

We determined the dependence v, (E) = — pW(E)E from the experimental current-voltage
characteristic (CVC). Studies in pulsed operation mode showed that the dependences of the
current density j on the field strength E for samples PP and C coincide within the experimental
error (see Fig. 5, a). Over the entire range of electric fields, the CVC remains linear; therefore,
u(E) = const = u(0).

The temperature of nonequilibrium electrons 7 at a given electric field strength can be
determined using the power balance equation:

2 (98
4 ME)E —< dt>, ™

where g is the electron charge, and <Z > denotes the electron energy loss rate averaged over
t

an ensemble of electrons with a given concentration. When calculating the energy loss rate, the
scattering of electrons with optical phonons was considered, taking into account the electron-
electron interaction [5]. The Coulomb logarithm required for the calculation was obtained on
the basis of the work [6]. The dependence of the energy loss rate on the electron temperature,
obtained at N, = 3.5 10 cm> and T, = , = 78 K, is shown in the inset to Fig. 5, b. Using this
dependence, as well as the experimental data on u(E) we determined the field dependence of the
temperature of nonequilibrium electrons 7" (the algorithm of this procedure is described in detail
in the paper [7]). The degree of heating of free electrons AT =T — T, depending on the electric
field is shown in Fig. 5, b. Under the conditions of our expenment the field dependence of AT
is close to quadratic (the relative deviation does not exceed 10%), which corresponds to a linear
dependence on the supplied electric power. The maximum heating of electrons was 102 K (in a
field of 180 V/cm).

The position of the Fermi level €, at the electron temperature 7 was determined by normalizing
the distribution function (6) to the electron concentration N .

A comparison of the results of theoretical modeling of the dependences Aa(E) and An,(E)
for two linear polarizations with the experimental results is shown in Fig. 4 a, b. The model

a) b)
! E
100 £ /]
E(t) z
10000 - 1.6 us o
o
Sample PP 2
i
§ e
- 0.01
B =10 PE——
< 80 100 120 140 160 18
5000 Sample C
T,=78K
O 1 " L i 1 1 '
0 50 100 150 10 100
E, Vicm E, Vicm

Fig. 5. Experimental current—voltage characteristics for two samples (a), inset: electric field pulse

shape. Field dependence of electron temperature (b), obtained from the current—voltage characteristics

using the power balance equation, inset: energy loss rate per electron vs. the nonequilibrium electron
temperature 7, (theoretical simulation)
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field dependences are in qualitative agreement with the experimental ones: (i) the absorption
coefficients for both polarizations decrease with the field, (i7) the anisotropy o, — o, is negative and
increases in absolute value with increasing field, (iii) the refractive indices for both polarizations
increase with field, (iv) the anisotropy n, — n is positive and increases with increasing field.

A quantitative comparison shows that the model calculation yields an anisotropy of the
absorption coefficient a (£) — a (£) that coincides with the experiment with an accuracy
of 10%, while the simu!ation yields a weaker average decrease in the absorption coefficient
[a”(E) + o (E)]/2 in strong fields compared to the experiment (by approximately 40%).

The simulated anisotropy of the refraction coefficient nH(E) — n (E) is approximately two
times smaller than that observed in the experiment, while the simulation yields a stronger average
increase in the refractive index [nH(E) +n (E)]/2 in strong fields compared to the experiment (by
approximately 30%).

This quantitative difference between the experimental and theoretical modeling results may be
due in part to experimental imperfections and in part to the approximate nature of the model.
Specifically, the experiment utilized bell-shaped electric field pulses with a duration comparable
to the photodetector time constant, and no correction for the photodetector's dynamic error was
made when analyzing the photoresponse waveform. Theoretical calculations of the change in the
absorption coefficient and refractive index of n-InSb in an electric field were based on a model

dependence of the energy loss rate <§> on the electron temperature, obtained without taking
t

into account non-parabolicity of the conduction band.

Summary

Electric-field-induced changes in the absorption coefficient and refractive index for terahertz
radiation in n-InSb were experimentally detected and studied. The studies were conducted in the
pre-breakdown electric field region (less than 180 V/cm), where the free electron concentration
remains constant. Polarization anisotropy of both effects was revealed. The current-voltage
characteristics of the samples used for electro-optical studies were also measured. In the
studied electric field region, the current-voltage characteristics are linear. It was found that the
maximum electron heating reached ~100 K, and the maximum drift velocity was approximately
2.2-107cmys.

Theoretical modeling of the studied effects was performed. It was shown that they are caused
by the combined effect of the non-parabolicity of the indium antimonide conduction band and
the anisotropy of the electron distribution function over states in momentum space, associated
with electron heating and drift.

The research results can be used in the development of high-speed modulators of terahertz
radiation.
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Introduction

Bolometric radiation detectors (BDs), in which the signal is a change in the temperature of
the semiconductor sensitive element (SE) due to the energy deposition by the detected particle,
attract growing interest owing to the possibility to achieve unique sensitivity. Development of
BD on high purity Ge and high resistivity Si is motivated by the search for dark matter particles
(CDMS and EDELWEISS collaborations [1, 2]) and measuring the characteristics of neutrinos.
In particular, the latter is planned within the scope of program No. 8 at the National Center for
Physics and Mathematics, Sarov, aimed at building a silicon massive BD up to 10 kg operating
at a temperature of tens of mK [3]. A productive idea was to record the change in the SE
temperature arising from released particle energy instead of electrical signal generated at the
contacts of semiconductor sensor acting as a sensitive element (SE) of BD. The factor in favor
of achieving higher internal thermal gain (ITG) is that the heat capacity of Si decreases with
temperature as 7°, so, for example, reducing the operational temperature of a SE from 10 K to
10 mK should increase the temperature signal by a factor of 10°.

The ITG implementation is based on generation of the additional thermal energy AE, in the
SE via the drift of nonequilibrium electrons and holes created by the particle, expressed as

AEdr:Qe(t)'AV;+Qh(t)'AI/;z’ (1)

where Q (2), Q,(7) are respectively the charges of nonequilibrium electrons and holes, depending
on time ¢, and AV, AV, are the fractions of applied voltage V" passed by electrons and holes that
follows from the Sflockley—Ramo theorem [4]. The drift energy AE, can be raised up to hundreds
of times by applying the proper voltage, accordingly increasing the ﬁD signal. The maximum gain
is achieved if O and Q, remain constant during the drift due to the absence of carrier trapping.
However, at temperatures < 100 mK this currently has no experimental confirmation.

Carrier trapping was earlier studied in Si SE with a thickness ¢ of 300 pym and 1 mm
[5, 6]. Here we extend this task to the sample with a 3 mm thickness using the same approach for
obtaining experimental data and their processing.

Experimental results and analysis

The p*-n-n* structure was processed on the 3 mm thick wafer of pure n-type silicon with
a resistivity of ~ 40 kQ-cm (concentration of phosphorus atoms < 10'' ¢m™) using planar
technology. The measurements of the responses were performed in a closed-loop dilution cryostat
at 7= 40 mK. The sample was mounted on a copper holder ensuring its thermal connection
to the cryostat plate. The holder and sample were screened by aluminum foil from the cryostat
warmer component radiation. The measurements of the current response, whose procedure was
described in [5, 6], were carried out using the Transient Current Technique with electron-hole
pairs generation by illuminating the sample contacts with a 670 nm, 47 ps laser pulse. Current
signals were recorded by a digital oscilloscope with an analog bandwidth of 2 GHz and an input
impedance of 50 Q. Negative bias voltage } was applied to the p*-contact while the n*-contact
was grounded.

In the measurements the current responses originated from the drift of carriers (either
electrons or holes) to the contact opposite to the illuminated one. Fig. 1, a shows examples of the
responses arising from electron drift from the p*- to the n*-contact. The pulse shapes observed at
V <160 V exhibit the following regions: a small narrow peak adjacent to the sharp pulse front, a
smooth signal growth to the maximal current, clearly defined descending pulse tops and gradual

© WUcakos U.M., Bepouukas E.M., Epemun B.K., ®aneeBa H.H., Epemun U.B., 2026. M3narens: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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signal decay. The current in the narrow peak near the front (oval in Fig. 1, @) and the region
of slow current growth are presumably due to the space charge limited current (SCLC) process
[6], which forms an extended cloud of drifting electrons. Narrow peak disappears at V' > 240 V.
Within the time range of slow current reduction on the pulse top the current occurs as the drift of
the extended electron cloud between the p*™-n-n* structure contacts. At J'> 140 V the pulse tops
demonstrate a slope close to a linear increase with the voltage, and a sharp drop of the signals.
Transition of the final gradual current decay to a sharp drop is the evidence that electrons reach
the n*-contact.

For the responses from holes (Fig. 1, b) the signal appeared at /= 40 V and at higher voltages
displayed a clearly defined sharp front and abrupt decay. No peak was observed near the pulse
front. The pulse tops showed a superlinear increase in the current at = 40-300 V and a nearly
linear rise at V> 300 V.

Current, pA

Current, pA

i L
60 a0 100 120 140 160
Time, ns Time, ns

Fig. 1. Current pulse responses of Si p™-n-n* structure to electron drift (¢) and hole drift ().
Dashed lines in (a) show linear top slopes at V= 140 and 500 V

Drift of nonequilibrium carriers in the Si SE occurs in the electrically neutral material due to
low operational temperature, at which thermal activation of charge carriers even from shallow
energy levels of boron and phosphorus with an activation energy of about 46 meV is impossible.
Thus, in the external circuit of the sample the current originated from the drift of charge cloud
acts as the displacement current arising from a change in the charge position in the volume
between the contacts. The depth & of carrier generation near the contacts at temperatures of a
few mK is ~ 10 um [6], which enables considering the process of charge collection as the drift of
a flat carrier layer in a 1D-geometry. Then, the resulting drift current 7 when the charge ¢ moves
at the coordinate x at the time t is described by the Shockley-Ramo expression [4]:

i(x)zq(t)FW(x)},L(F,T)F(x), 2)

where p is the mobility of drifting carriers depending on the electric field F and 7, and F is the
weighting electric field, which determines the efficiency of charge induction on the contacts, and
in plane-parallel geometry is 1/d.

Generally, the current shape may not have a flat top if it is controlled by the non-uniform
F(x) profile and the g(#) reduction due to the capture of carriers on electrically active centers.
However, according to [5], F(x) distribution in a p*-n-n" structure is uniform at 7'< 800 mK since
the energy levels of shallow impurities of phosphorus and boron (positively charged donors and
negatively charged acceptors respectively) in silicon at F up to 3-10* V/cm cannot be thermally
activated. Cooling of the sample at zero bias voltage freezes electrical neutrality of the silicon
bulk and maintains this state in the range of electric field corresponding to the SE operation, and
F(x) profile still holds its uniformity. In turn, reduction of g(#) due to trapping and its kinetics are
dependent on the carrier capture probability 1/t ,=ov,N_(where 1 _is the trapping time constant
(carrier lifetime), ¢ and v, are carrier capture cross section and thermal velocity respectively, and
N is the trap concentration), which violates the flat pulse shape.
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Two approaches, both based on the trapping phenomenon of the drifting carriers, were
used to determine t .The first is fitting the current response tops using the relatronshrp
i(¢) © exp(—¢, /T ) (where tcol is the carrier collection time), which is only possible for electron
pulses with decay in the top. The exponential fits of the current response tops at low (140
V) and high (500 V) bias voltage, at which the SCLC effect is negligible, are illustrated in
Fig. 1, a by dashed lines. Reduction of the current on the pulse top is well fitted, which proves
the interpretation of its origin. The result of the analysis in the full range of bias is presented in
Fig. 2 as the dependence of T_on the average electric field in the sample determined as F' = V/d.
The obtained T_ values for electrons are in the range 60—80 ns, rising only insignificantly with
the electric field increase at F > 0.7 kV/cm. It should be noted here that the applied approach
was based on the analysis of carrier package drift and required the knowledge of the electric field
distribution inside the sample bulk.

The second approach to evaluation of

00 T is based on the relation between the

w0l ] ct(r)llected charge and carrier collection tir_ne.

0 I G ] According to the. Shocl_dey—Ramo expression
2 .f \...T ] that considers induction of the current
it NN e ] on the sample contacts by drifting charge
g Sl o ] changing in time, the charge was determined
gL 1 by integrating the current response over
2 “f 1 t . This parameter was estimated as the
2 I 1 duration between the time points at half of
2 1 the pulse front and half of the decay. The
wr ] experimental dependences for electrons
%o 35 5 15 - 55 and holes as well as their fits are shown in
Electric field, kVicm Fig. 3 as normalized charge Q  ~vs. ¢ .

For electrons, using simple proportronahty
Fig. 2. Dependence of the electron trapping time between Q. and exp(—¢ /t ) fails fails
constant on the average electric field to properly fLrt the experimentai data in the
total range of tcol. Therefore Q  ~vs. ¢
dependence was treated by using the Hecht equation [7, 8], which is only correct in the case otL

significant trapping and expressed as
I—exp| == (3)
tcol Ttr

The fit shows reasonable agreement with the experimental data at Tt~ 50 ns. It should
be noted that disagreement between the curves at 7z > 100 ns (V' < 60 ) may be due to the
influence of space charge limited current; however, the trends of the experimental data and the
fit well correlate. The matching results obtarned wrth different approaches for data treatment
give a clear indication of the distribution of electric field through the entire thickness of the
sample and the efficient charge drift between the p*- and n*-contacts.

The last note is the argument to use only the QO (¢, ) approach for evaluating the trapping
time constant for holes when the impact of the charge trapping on the current pulse shapes
is not resolved. The current responses corresponding to the hole collection (Fig. 1, b) have
specific shapes with intensively rising current, which can be explained based on the model of
carrier drift in an electric field strongly disturbed by the carrier cloud itself [6]. In the case of
non-intensive trapping of drifting carriers, the mechanism of the electric field distortion can
dominate, and analysis of the current responses becomes insensitive to trapping. Thus, the
0., (t. ) approach was used for fitting experimental data for holes, and the result is presented
in Fig. ﬁ (black dashed line). The fit with the Hecht function matches the experimental data
and yields t_, = 350 ns. In toto, in the range of smaller tcol the fits for electrons and holes
nicely match the experimental data whereas at ¢ > 100 ns coincidence is observed with large
errors, although the trend in the change of the experrmental 0., values corresponds to the
calculatron

Qcol
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Going back to estimated t , it should

il ' ' ' ' ' ' be emphasized that the determined values

PR | %Hl"_"’“'"‘.r\-‘: are 4-5 orders of magnitude smaller than
8 sl R ' the values of several milliseconds typical
g k “‘f-}.\_ for pure high-resistivity silicon at room
¥ 2 -l:c;;.;13 temperature. Such intensive trapping might
8 a6k "“‘0;&-._0\ 1  Dbe related to the high probability of shallow
E sl .;‘*-.\f:\ ] impurity levels of boron and phosphorus
g E [ —o—electrons, experiment ™, E with an activation energy of about 46 meV
] E — - - electrons, fit exponential ~ \ 1 1
2 04f | —---electrons, fit Hecht function Ne Y o to capture charge carriers at a temperature of
5 E | —u- holes, experiment N tens of mK, since the time of carrier emission
- - -+ holes, fit Hehct function ] . .
b to the corresponding energy band drastically
03 1 1 1 1 L 1

20 a0 60 80 100 120 140 1e0 increases. The problem is to resolve the
Collection time, ns individual contribution of Ntr and I, which
is hardly possible at the moment due to the
Fig. 3. Dependences of normalized collected charge lack of [(T) dependences at a temperature of
of electrons and holes on collection time a few K and below. This issue is the subject

for further study.

Conclusion

1. The determined electron lifetimes were obtained using two methods of processing the
experimental results: the current pulse kinetics and the dependence of the collected charge on
the collection time. Therefore, the fact that the electron lifetime decreases by up to 5 orders of
magnitude compared to room temperature has a high degree of reliability.

2. The decrease in the hole trapping time by 4 orders of magnitude confirms the trend of
significant carrier lifetime drop, which requires physical understanding and additional study.

3. The measured trapping times should be taken into account when developing bolometric
detectors with internal thermal gain.
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AnnoTammsi. MeTtojamMu ONTUYECKU JETEKTUPYEMOro MarHuTHOro pesoHanca (OIIMP)
u poromomuHecueHuu (PJI) ObLIM KccIeaOBaHb 00pa3libl aIMa30B Pa3IUUHOIO MPO-
HUCXOXIeHUs, coaepxaiux NV-1eHTpbl. bbplIo mokazaHo, 4TO pasfidyHbie MPUMECH U
nedopMalMoHHble ne(heKTbl MOIYT OKa3blBaTh 3HAYMTEIbHOE BIMSIHME HAa KPUCTALIU-
yeckoe OKpyxXeHMe U cBoiicTBa NV-LIeHTpOB. DTO BIMSHUE OTpakaeTcsl B TaKUX Xa-
pakTepucTUKax, Kak pacrpenenacHrue NV-1IeHTpOB 10 00beMy KpHUCTala, UX 3apsiioBOe
COCTOSIHME (COOTHOIlIEHUE HeUTpalbHbIX NV-LEHTPOB K OTPULATE]IbHO 3aps)KEHHBIM),
MeXaHWYeCKHe HaIpsKeHUS U nehopMallii UX KPUCTANIMYECKOTO OKPYKEeHHUS, B3aUMO-
NeCTBME ¢ TOHOPOM a30Ta, BIMSIIOIIMM Ha UX KOrepEeHTHbIe CBOMCTBA, M MX OPUEHTALIMS
B aJIMa3HOI pelIeTKeE.

KmoueBble cioBa: aimas, (GOTOJIOMUHECLIEHIINS, ONTUYECKU AETEKTUPYEMbIA MarHUT-
HbIiA pe3oHaHc, NV-1eHTp, cCKaHUpyolas KoH(OoKaaibHas MUKPOCKOTIUS
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Introduction

Diamond is a highly promising mineral with a wide range of industrial and technological
uses. Particular attention is paid to the well-known NV center, one of its paramagnetic defects.
It represents a negatively charged center consisting of a substitutional nitrogen atom bound to
a carbon vacancy. Optical excitation of NV centers leads to optically induced alignment of the
electron populations of the spin sublevels of the ground triplet state, resulting in the filling of the
spin sublevel with M = 0, opening the possibility of spin manipulation using ODMR [1—3].

The spin Hamiltonian describing the NV center ODMR spectrum (excluding quadrupole
interactions with nitrogen and hyperfine interaction with ligands of '3C) has the form [4]:

H:Mngs.B+D{S§ —%S(S+l)}+E(Sl2X _512y)+S.ANV 1y, (1)

where the first term describes the electronic Zeeman interaction, the second and the third terms
describe the NV center zero field splitting (ZFS), § = 1 is the spin of the NV~ center, §,, S, S,
are the projections of the spin S onto the coordinate axes X, Y, and Z, respectively; the parameter
D = 2870 MHz describes the axial part of ZFS; the parameter £ = 0—20 MHz describes the non-
axial part of ZFS and depends on stress and strain in the diamond sample; A is the anisotropic
N hyperfine structure interaction parameter for the NV~ center, which is axially symmetric
with respect to the symmetry axis of the NV~ center, that is directed along one of the four (111)
axes of a diamond. The spin Hamiltonian parameters are key for the for the interpretation of the
experiments, since they directly influence the ODMR spectrum shape, which allows extracting
information about the NV~ centers local environment, which depends on the diamond sample
origin and treatment.

Since the NV center is sensitive to changes in external conditions, such as magnetic and
electric fields, temperature, pressure, stresses and strains, it can be used as a probe for local
visualization and diagnostics of diamond properties in its environment. Therefore, the aim of this
work is to study the diamonds of different origin, containing NV centers, in order to investigate
their internal structure and the effect of the crystalline environment on the properties of NV
centers.

Materials and Methods

In this study a home-made ODMR spectrometer equipped with a confocal optical circuit (NT-
MDT SI) was used [5, 6]. It allows registration of PL. and ODMR signals in the region of ~1 pm
in diameter at room temperature. It is possible to reveal the spatial distribution of PL and ODMR
signals using confocal 3D (X, Y, Z) scanning with a micron resolution. The following instrumental
setup was used: objectives (X100 and x10) and pinhole with diameter from 100 um, lock-in
detector, low-frequency generator, microwave generator working in the range of 2—4 GHz with
an antenna for feeding of resonant microwave power to the sample, CCD camera for recording
the PL spectra, PMT for ODMR registration. The PL was excited by a laser with a wavelength
of 532 nm and a power of P = 5 mW. The ODMR spectra of NV~ centers were obtained
by lock-in detection of changes in the PL intensity under conditions of magnetic resonance
with microwave frequency sweep at the frequency of amplitude modulation of microwave power
680 Hz. ODMR was recorded in the zero-phonon line (ZPL) and phonon sideband (PSB)
regions of the NV~ center.

© Slxosnesa B.B., JluxaueB K.B., My3adapoa M.B., badynu P.A., bapanos I1.T., 2026. W3nartens: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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4 Bulk properties of semiconductors

Studies were carried out on six samples belonging to the different groups of diamonds,
containing NV centers [4], at room and liquid nitrogen temperature:

1) Natural plastically deformed cubic diamond of the variety II [7] (sample /), belonging to
type IaA + Ib.

2) Treated natural type Ila diamond (~1 ppm of N impurity) (sample 2). NV centers were
artificially created via fast neutron irradiation (~10'® ¢cm™2) and annealing at 800 °C for 1 hour.

3) Synthetic HPHT diamond with high nitrogen (~300 ppm of N impurity) (sample 3),
irradiated by either electrons or neutrons (10'"® cm™2) and annealed at 800 °C to form NV centers.

4) Natural diamond cryptocrystalline aggregate (Orlov's variety X—carbonado [7]) (sample 4)
of micron-sized grains.

5) Natural diamond cryptocrystalline aggregate, carbonado (sample 5), similar to sample 4 but
containing native metal inclusions.

6) HPHT sintered aggregate of detonation nanodiamonds (6 GPa, 800 °C) (sample 6).

The choice of research methods for each sample was determined by the objectives. Confocal
photoluminescence (PL) scanning was performed for samples /, 2, and 4, as it is most effective
for visualizing the spatial distribution of NV centers depending on the crystallization conditions of
the diamond, as well as post-crystallization processes. PL spectra were measured for samples 2, 4,
and 5, demonstrating differences in the charge state of the centers, which is important for analyzing
the influence of impurities. The ODMR study focused on the samples most representative for
studying the influence of nitrogen concentration (samples 2 and 3) and the textural features of the
aggregates (samples 4 and 6). This approach allowed for the most efficient identification of key
patterns linking the origin of the diamond to the properties of the NV centers.

Results and Discussion

Distribution of NV centers in diamond crystals. The results of a natural plastically deformed
diamond single crystal (sample /) study showed that NV centers are predominantly formed in
dislocation slip planes (Fig. 1, a). In the treated diamond (sample 2), NV centers are fairly
uniformly distributed, without any patterns (Fig. 1, b). In natural cryptocrystalline diamond
aggregate (sample 4) NV centers distribution has the form of halo clusters (Fig. 1, ¢).
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Fig. 1. PL scans of samples / (a), 2 (b) and 4 (¢)

Fig. 2 shows the PL spectra of treated diamond and two carbonado samples (samples 2, 4
and 5, respectively). It can be seen that sample 4 has the lowest NV°/NV™ ratio, less than 10%.
This ratio can be measured by approximating the PL spectrum with a weighted sum of the
reference spectra of NV and NV centers. Furthermore, the PL spectrum of sample 4 does not
contain any additional lines in contrast with PL spectra of samples 2 and 5. Other defects in
diamond can convert the negatively charged NV center into a neutral state [8].

Fig. 3 shows the ODMR spectra of samples 2 and 3. Sample 2 has an extremely low
nitrogen donor concentration, which can be seen in the ODMR spectrum, which has weak
satellite lines and additional splitting of the central line caused by the NV center hyperfine
structure. The local nitrogen donor concentration can be measured by calculating the intensity
ratio of the satellite line to the central line [9]. For comparison, the ODMR spectrum of
HPHT diamond (sample 3), which has a high concentration of nitrogen donors (~300 ppm), is
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Fig. 2. PL spectra of samples 2 (black line), 4 (red line) and 5 (blue line), recorded at 7= 77 K
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Fig. 3. ODMR spectra of samples 2 (red line) and 3 (black line); the inset shows an enlarged fragment
of the sample 2 ODMR spectrum, where additional splitting of the central line can be seen
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Fig. 4. ODMR spectra of samples 4 (blue line)

and 6 (red line) with an additional magnetic field
of ~ 4 mT directed at an arbitrary angle
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shown. The intensity ratio of the satellite and
central lines is more than 10%. The satellite
lines also exhibit additional splitting due to
the weak hyperfine interaction between the
substitutional nitrogen atom and the nitrogen
nucleus in the NV center.

Fig. 4 shows the ODMR spectra of
carbonado and diamond aggregate obtained by
HPHT sintering (samples 4 and 6) with an
additional magnetic field of ~4 mT directed
at an arbitrary angle. It can be seen that the
ODMR lines of sample 6 are better resolved,
which can be explained by the same orientation
of diamond crystals in the composition of
sample 6. The shift of its spectrum is associated
with a temperature difference between samples
4 and 6.



4 Bulk properties of semiconductors

Conclusion

The characteristics of diamonds containing NV centers, such as the distribution of NV centers,
their charge state, their interaction with nitrogen donors and their orientation in diamond, are
highly dependent on the nature of each diamond origin and the way of NV centers formation.

In natural single crystals (sample [), the centers are localized along dislocation slip planes,
reflecting their plastic deformation. In artificially irradiated crystals (sample 2), the distribution is
uniform, while in cryptocrystalline aggregates (sample 4), it has a clustered character, reflecting
their polycrystalline nature. The predominance of the negatively charged state of the NV centers
over the neutral state is most pronounced in samples with minimal impurity and defect content
(sample 4). The presence of foreign defects, either naturally occurring (sample 5) or by irradiation
(sample 3), facilitates the transition of the centers to the neutral state. The contrast and shape
of the ODMR lines respond to the concentration of paramagnetic nitrogen (samples 2 and 3),
as confirmed by hyperfine structure analysis. The orientational ordering of crystallites in sintered
aggregates (sample 6) results in better resolution of the ODMR spectra compared to unoriented
ones in natural aggregates (sample 4).

Thus, the origin of the diamond and its treatment determine the morphology, charge state and
spectral properties of NV centers, which allows them to be used not only as quantum sensors, but
also as effective probes for diagnosing the internal structure and history of diamond materials of
various natures.
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Abstract. Comprehensive studies of electroluminescence of InAs/InAsSb/InAsSbP
heterostructures with different fractions of Sb in narrow-gap InAsSb layers were per-
formed. Electroluminescent properties of the heterostructures were investigated in a wide
range of both forward and reverse biases at temperature 7= 77 K. It was found that in the
different parts of the heterostructures, radiative recombination proceeds via interband and
interface mechanisms, which manifests in the presence of two emission bands at differ-
ent wavelengths in the electroluminescence spectra recorded under the forward bias. The
recombination mechanisms were explained using schematic band diagrams of the hetero-
structures calculated for 7= 77 K and both directions of the external bias.
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AnHorammsi. BcecTopoHHe wuccieqoBaHa 3JEKTPOTIOMUHECLICHIIUMS TeTepPOCTPYKTYP
InAs/InAsSb/InAsSbP ¢ pasznuuHbiM comepxaHueM Sb B y3k030HHOM cioe InAsSb.
DJIeKTPOTIOMUHECLIEHTHBIE CBOMCTBA TeTEPOCTPYKTYP UCCIECAOBAIUCH MPU MPUTOKECHUU
CMellleHUs] KaK B MPsSIMOM, TaK U B OOpaTHOM HampaBjeHUsX Npu Temmnepatype 1T = 77
K. YcTaHoBI€HO, UTO B pa3jIMYHBIX YaCTSIX T€TEPOCTPYKTYpP PEaTnu3yrOTCsI MEX30HHBIN U
UHTep(ENCHBI MeXaHU3Mbl U3Ty4aTeIbHON PEeKOMOMHAIIMM, UTO MPOSIBISIETCS B HAIM-
YUM JOBYX IOJOC M3Jy4YeHUs] C pa3HOU IJIMHON BOJHBI B CIEKTpaX 3JEKTPOJIOMUHEC-
LIEHIIMW TIPY MPSIMOM CMellleHnn. MexaHu3Mbl peKOMOMHAIIMKM OOBSICHEHBI C MCIIOJb-
30BaHMEM 30HHBIX JuarpamMM TeTepoCTpPYKTyp, paccuuTaHHbIX mist T = 77 K u oboux
HaTpaBJIeHUI BHEITHETO CMEIIeHUS.

KmoueBbie cioBa: TBepable pacTBOpHI, InAsSb, reTepocTpyKTyphbl, WHTepdeiicHast
PEKOMOMHALIMS, DJIEKTPOIIOMUHECLIEHIINS
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Introduction

Heterostructures (HS) featuring an active layer made of InAslfySby solid solution are widely
incorporated in optoelectronic devices operating in the mid-waveléngth infrared (IR) spectrum.
By adjusting the antimony content in this layer, it is possible to cover a spectral range from
3.4 um to 11.0 um. The above-mentioned IR optoelectronic devices mostly find applications in
gas and molecule spectroscopy, environmental monitoring systems, industrial and safety solutions,
and medical diagnosis [1 — 5]. However, the efficiency of InAsSb-based devices operating at near-
room temperatures (7" = 25 °C) is hindered by the dominance of non-radiative recombination.
Consequently, the studies of fundamental recombination processes occurring via different
mechanisms, particularly dominating spectral properties of HSs of various designs and active layer
compositions, remain highly relevant. In order to investigate this effect, comprehensive studies of
electroluminescence (EL) of n—InAs/n—InAsl_ySb/p—InAsSbP (y = 0.06—0.10) HSs under both
forward and reverse bias at 7= 77 K were carried out in this work.

Materials and Methods

HSs were grown by metal-organic vapor-phase epitaxy in a horizontal reactor at atmospheric
pressure; the detailed growth procedure is discussed elsewhere [6]. Undoped (001)InAs wafers
with the electron concentration n = 3 - 10'® cm™ at 7= 300 K were used as substrates. Epitaxial
layers of the ternary InAsFySb solid solution (y = 0.06—0.10) had the thickness of ~3.0 pm
and were not doped intentionafly, having n-type conductivity. The ~1.2 um-thick barrier layers
represented the quaternary InAs, _y,Sby,Px solid solution with the composition set during the
growth as y” = 0.22 and x = 0.47. ﬁ—type conductivity in the barrier layers was achieved by doping
them with Zn during growth. The composition of the active layers in HSs is listed in Table.

Light-emitting diode chips were fabricated
Table from the HSs and mounted substrate-side
down onto TO-18 housings. EL studies were

Studied heterostructures carried out under pulse excitation (f = 1 kHz,

T = 2 ps) and both forward and reverse bias at

Heterostructure design T = 77 K with the use of computer-controlled
n*-InAs/n*-InAs, . Sb._/p*-InAsSbP:Zn setup employing a grating monochrpmator
0.94—0.08 MDR-23 (LOMO) and a lock-in amplifier. A

n’-InAs/n’-InAs , Sb
n’-InAs/n’-InAs , Sb

0/P -INASSOP:Zn | ch61ed (T = 77 K) InSb photodiode was used
/p*-InAsSbP:Zn as a detector.

N |~ |F

0.10

Results and Discussion

EL spectra of structures 2 and 3 under forward bias contained two distinct emission bands
(Fig. 1): a low-energy band (hv) related to radiative transitions involving the InAsSb/InAsSbP
heterointerface and a high-energy band (hvz) attributed to near-interband transitions with the
assistance of impurity states in the substrate. The spectral position of the peak intensity of the
hvl band varied with the change of Sb fraction in the active layer, while that of the h\/2 band
remained constant (hv, = 0.393 €V) and close to the band gap energy of the bulk InAs at the
same temperature (Eg s = 0.408 eV). The photon energy difference of ~15 meV allowed us to
attribute this band to ’cionor—acceptor recombination involving a shallow acceptor state, which is
typical of the undoped InAs [7,8].

© Kupunenko A.J., Mbino6aes K. /1., Pomanos B.B., baxkenos H.JI., Moucees K./., 2026. U3natenb: Cankr-IlerepOyprekuii
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4 Heterostructures, superlattices, quantum wells

High-energy band hv2 dominated independently of injection levels, and its intensity increased
throughout the whole range of voltages, whereas the intensity of the hv1 band gradually decreased
with the injection level increasing. This phenomenon can be explained by the lowering of the
potential barrier at the heterointerface between the ternary and quaternary solid solutions as the
forward bias increased. Under these conditions, holes with increasing probability could overcome
the barrier, reaching first the narrow-gap layer and then the n°-InAs substrate. That redistribution
of charge carriers led to increasing recombination probability in the substrate, resulting in the
increase of the high-energy band intensity in the EL spectra.
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Fig. 1. Electroluminescence spectra under the forward bias applied to structures 2 (a) and 3 (b),
and dependence of the ratio of EL band intensities 4v /hv, on the applied bias (c, d)

EL under reverse bias was studied to determine whether the energy gaps alignment at the
InAsSb/InAsSbP heterointerface was resulting from the specifics of chemical processes occurring
during precursor decomposition at the stage of structure growth, or the offset forming the
type-1I heterojunction was caused just by the applied forward bias. EL spectra of structures / and
3 under the reverse bias —U at T'= 77 K are shown in Fig. 2. For comparison, Fig. 2 also shows
corresponding EL spectra of the structures under the forward bias +U of the about the same value.

In the EL spectrum recorded with the reverse bias applied to structure 2, both bands of
luminescence were present, similarly to the situation under the forward bias. This observation is
indicative of the fact that the energy band structure of InAsSb/InAsSbP heterojunction is not the
result of an applied external bias, but an inherent feature of HS governed by the technological
mode at the stage of fabrication (Fig. 2, a). In case of structure 3, under both forward and reverse
bias band hv2 resulting from radiative recombination in the InAs substrate was observed, unlike
band hvl, which was solely present in EL spectra recorded under the forward bias. The latter
observation is also indicative of the fact that the long-wavelength EL of HSs at low temperatures
originates at the interface rather than in the ‘bulk’ of the active layer.

35



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2026. Vol. 19. No. 1.1

a) b)

» 1.0 a 1O

= T=77K hv, £

= = )

s ogd =006 5 08+

o «

Z 0.6- Z 0.6+

ig v, E

d 0.4+ +2V d 0.4+

T g

~ ey

S 0.2+ B 024
e E

b Z 0.0 & e - )

0.0 = T T T T T &
0.28 0‘0 032 034 0?6 033 040 042 0.26 0.28 0.30 032 034 036 038 040 042

Energy, eV Energy, eV

Fig. 2. Electroluminescence spectra under the reverse bias applied to structures 2 (a) and 3 (b)
compared to that under the forward bias with close absolute value

The studied HSs featured noticeably high potential barriers for electrons in the conduction
band at the InAsSb/InAsSbP heterointerface. The presence of such barriers strongly affects the
electrical and luminescent properties of HSs. Fig. 3 (a, d) schematically shows band diagrams
of structures 2 and 3 at ' = 77 K, calculated in accordance to experimental data discussed in
the work [9]. In that case, ternary and quaternary solid solutions form heterojunctions of type-1I
featuring high conductlon band offsets AE_and comparably low valence band offsets AE [10].

Under forward bias U = 0.35 V the potential barr1er for electrons (holes) “at the
InAsSb/InAsSbP heterointerface was estimated to be AE_ = 0.19 eV (AE, = 0.05 eV) and
AE = 0.22 eV (AE, = 0.08 eV) for structures 2 and 3, respectlvely An increase of free charge
carriers concentration in the appropriate layers of the HSs results in localization of carriers in
self-consistent potential wells formed on the opposite sides of the type-II heterointerface under
the forward bias. This situation leads to an increase in the probability of radiative transitions at
the interface (Fig. 3, b, e).

Fig. 3 (c, f) shows energy band diagrams similar to that under reverse bias —0.22 V with
voltage drops at the InAs/InAsSb and InAsSb/InAsSbP barriers taken as —0.02 V and —0.20 V,
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Fig. 3. Schematic band diagrams of structures 2 and 3, respectively: under minimal forward bias (a, d);
under forward bias of 0.35 V (b, e); under reverse bias of —0.22 V and corresponding voltage drops at
the InAs/InAsSb and InAsSb/InAsSbP barriers estimated as —0.02 V and —0.20 V, respectively (c, f)
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respectively. Since in this situation there are no potential barriers for charge carriers, they are
free to move throughout the structure and radiative recombination occurs in the substrate, which
corresponds to the EL spectra shown in Fig. 2. The interface EL band recorded under reverse bias
applied to structure / (y = 0.06) is presumably associated with peculiarities of InAsSb / InAsSbP
heterointerface of that particular structure. Note that for simplicity, transitions in the substrate
are shown in Fig. 3 as interband ones; in reality they occur via shallow levels in the bandgap, as
discussed above.

Conclusion

Our studies of electroluminescence at low temperature (7 = 77 K) under both forward and
reversed biases showed that in different parts of InAs / InAsSb / InAsSbP heterostructures radiative
recombination occurs via interband or interface mechanisms. The intensity of the interface
EL band decreases with the increase of the external bias in the forward direction due to the
redistribution of charge carriers with decreasing of the potential barrier at the InAsSb/InAsSbP
heterointerface. Observation of electroluminescence under a bias applied to the HSs in the reverse
direction indicated that energy band alignment at the InAsSb/InAsSbP type 1l heterointerfaces is
the result of epitaxial growth conditions rather than the applied bias.

The presence of two radiative recombination channels in the studied HSs and the dependence
of the intensity ratio of the corresponding electroluminescence bands on the applied forward
bias shows possibilities to control output wavelength via adjustment of the bias. These HSs are
promising for development of differential detection devices used in optical spectroscopy.
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Annoramusi. ['eTepocTpyKTypbl CO CBepXTOHKUMU (~220 HM) MeTamMOp(HBIMU Oy-
Gbepabivu ciosvu In Ga, As/GaAs(001) ¢ KopHeBbIM TIpOGUIEM M3MEHEHUS COCTa-
Ba 110 WHAWIO BBIPAIICHBI METOIOM MOJIEKYJISIPHO-TTYYKOBOM SMMUTAKCHU U MCCIETOBAHBI
C WCTIOTb30BaHMEM METOIOB CTPYKTYPHOU XapakTepu3amuu. M3 aHanmmsa m3o0paskeHUH
aTOMHO-CUJIOBOI MUKPOCKOITMHM YCTAHOBJIEHA B3aMMOCBSI3b MEXIY LIEPOXOBATOCTBIO TT0-
BEPXHOCTH M YCJIOBHSIMM POCTa I'paJiMeHTHOro cijiosg. OlieHeHa IUIOTHOCThL MpOopacTaro-
IIMX OUCJIOKALM B CTPYKTYpax CO CBEPXTOHKHUM TpagueHTHBIM cioeM ~107 cMm 2, 4TO
COTJlacyeTcsl ¢ BBICOKOM CpefHeil CKOpPOCTbhIo M3MeHeHusl coAepxkaHust In ~90% In/Mkm.
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Introduction

One of the key requirements in growing heterostructures for device applications is a small
lattice mismatch between the structure layers and the substrate to provide the conditions of
pseudomorphic growth, since strain relaxation with the formation of misfit dislocations (MDs)
also leads to the appearance of numerous threading dislocations (TDs), which can significantly
degrade the characteristics of semiconductor devices. If the growth of pseudomorphic structures is
not possible, an approach based on metamorphic buffer layers (MBLs) with graded composition
profiles is widely used. In this case, MBL provide a smooth transition from the substrate lattice
constant to the specified lattice constant. One of the possible ways for implementing a single-
photon source emitting in the telecom O-band or C-band (A = 1.3 and 1.55 um, respectively) is
also associated with the use of In Ga,_ As/GaAs(001) MBL followed by the formation of InAs
quantum dots (QDs) in an InGaAs matrlx [1 — 3]. The advantage of this approach is the ability
to use Al Gao As/GaAs distributed Bragg reflectors, which potentially allows the fabrication of
mlcroplllars using photolithography and ion etching.

Reducing the thickness of the MBL is extremely important for the fabrication of microcavity
structures with a small mode volume, as it leads to an increase in the Purcell factor and,
consequently, to an increase in the rate of spontaneous radiative recombination from QDs. The
key challenges are the selection of a suitable MBL design, as well as finding the optimal growth
conditions that ensure both a sufficiently smooth surface morphology and low TDs density in the
active region of the structure.

In this work, we study the structural properties of heterostructures with InAs/InGaAs QDs
grown on top of ultrathin In Ga, As/GaAs(001) MBL with a square-root (“convex”) indium
composition profile. Transmission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDS), atomic force microscopy (AFM), X-ray diffraction both in 20-®- scanning
mode and reciprocal space mapping (RSM) mode were used as characterization techniques.

Materials and Methods

The heterostructures with ultrathin In Ga, As/GaAs(001) MBL were grown by molecular
beam epitaxy (MBE) on semi-insulating éaAs()()Ol) epi-ready substrates and contain In Ga_ As
MBL layer, a QD layer and an inverse layer. Standard Ga and In effusion cells, as well as an "As
valve cracker cell were used as molecular beam sources. The growth of all heterostructures began
w1th the deposition of a homoepitaxial GaAs buffer layer (d ~ 0.2 um) at a temperature of

~ 590—600°C. The thickness of the In Ga, As MBL w1th a “convex composition profile was
as low as d ~ 220 nm with initial In step ofx x .= 0.18 and maximum In content at the end

© Jlakynuosa O.E., Kiumko I'.B., CenoBa U.B., MscoenoB A.B., CemenoB A.H., Ilpaconos H.J., Copokun C.B., 2026.
Wznarens: Cankr-IlerepOyprekuii monmutexHuueckuii yuusepcuret Ilerpa Benukoro.
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of graded layer x = 0.38. In this case the average In composition grading rate is as high as
~90% In/pm. The variable parameters during MBE of the graded layer were both the substrate
temperature and the V/III flux ratio: the substrate temperature varied from ~380 to 470°C, while
the J, /J,, flux ratio varied correspondingly in the range of ~2—6.5. InAs/InGaAs QDs were
deposnecf directly on top of the graded layer using the Stranski-Krastanov growth mode followed
by the deposition of a uniform composition layer with a thickness ~200 nm at a temperature of
T, ~ 420°C [4]. The indium content in this so-called “inverse” layer (x, ) is lower than x
s1nce this layer reduces the residual strain accumulated in the upper part of the graded layer. ”Ffle
thickness of the inverse layer is d .~ 200 nm, and the indium content in this layer is x, ~ 0.28.
The parameters of the heterostructures under study, as well as the MBE growth conditions of the
graded layer are listed in Table.

Table
Parameters of the studied heterostructures
Type of o 0
structure dMBL’ um dinv’ um xmin xmax xinv JV/‘]III TS(MBL)’ C TS(inV)’ C
#1 2 380
#2 0.22 0.2 0.18 | 0.38 | ~0.28 4 420 420
#3 6.5 470

Notations: d,, is the thickness of graded layer, d,  is the thickness of inverse layer, x . and x__ are the
minimum and maximum In content in the In Ga, As MBL with square-root profile, x, is In content in the
inverse layer, J,/J is V/III flux ratio during MBE growth of the graded layer, T. and T, . is the substrate

it S(MBL) S(inv)
temperature during MBE growth of the graded and inverse layer, respectively.

TEM measurements were performed using a JEOL-2100F electron microscope at an accelerating
voltage of 200 kV. The specimen was prepared using a standard technique, including mechanical
grinding and polishing to a thickness of ~10 pm and subsequent Ar" ion milling. A cross section
was prepared to study the heterostructure in the vicinity of zone axis (110). Microanalysis of the
composition of heterostructures with MBL was carried out by EDS technique using a Bruker
XFlash 6TI30 solid-state energy-dispersive X-ray detector. A DRON-8 (Bourevestnik, Russia)
X-ray diffractometer was used for high-resolution X-ray diffraction measurements. The surface
morphology of the metamorphic heterostructures was explored using an AFM Dimension 3100
(Veeco) microscope.

Results and Discussion

Fig. 1, a shows a bright-field TEM image of the structure #2. The cross-section in the image
corresponds to the {110} crystallographic plane. The image demonstrates that the dense array of
MDs is shifted towards the GaAs substrate presumably due to efficient strain relaxation at the
initial growth stages of In Ga,_ As MBL with a large initial indium step (x . = 0.18) and a high
grading rate (~90% In/ pm) of the graded layer with convex compositional proﬁle

The sheet of InAs/InGaAs QDs is clearly visible due to the strain contrast. The TDs density
in heterostructure #2 can be estimated at a level of p. . ~ 107 cm™2. The In composition profile
in structure #2 measured using EDS technique is close to the technologically specified profile
(see Fig. 1, b). The step in the thickness between points of the profile is as low as ~ 6 nm. To
improve the accuracy of the analysis, the specimen was mounted so that its surface, (001) plane,
was perpendicular to the first (longitudinal) axis of the TEM double-tilt specimen holder. The
holder was tilted at an angle of approximately 15° towards the detector, and a second tilt was
used to achieve an orientation at which the (002) and (00-2) reflections were observed with equal
intensity in the electron diffraction pattern. This configuration allows for an increase in the level
of X-ray signal reaching the detector while still providing sharp boundaries between the layers
during measurement. The experimentally measured MBL profile exhibits extended tails near the
interfaces with GaAs and inverse layer, which are presumably caused by local overlapping of the
regions during measurements.
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Fig. 1. Bright-field cross-sectional TEM image of the heterostructure #2 obtained in a two-beam

diffraction contrast mode with strong excitation of reflection g = 2—20 (a). In composition profile

measured using the EDS technique (black curve) and the technologically specified one (red curve) in
structure #2 (b). 20-0 X-ray diffraction curve around GaAs (004) symmetric reflection (c)

Fig. 1, ¢ shows the diffraction curve measured around the GaAs (004) reflection for the same
structure. The narrow peak near 0 = 33.03° corresponds to the (004) reflection of GaAs, while the
broad peak at smaller angles originates from the In Ga,_ As MBL. The asymmetric shape of this
peak is a direct indication of a non-linear composmon proﬁle of the graded layer [5]. The intense
peak at 0 = 32.3° corresponds to the inverse layer.

The surface morphology and roughness of the samples were characterized by AFM. Surface
roughness is one of the main criteria for the optimization of MBL because it has a significant impact
on InAs QDs growth. The AFM topographical images for all the studied structures with a surface
area of 100100 um are shown in Fig. 2. It can be seen that all structures are characterized by a
“cross-hatch” morphology with surface corrugations along the (110) directions. This morphology
is a sign of a two-dimensional growth mode and is usually associated with the formation of a
network of MDs, since the average period of surface undulations corresponds to the separation
of MDs projected into the interface [6]. A.M. Andrews et al. proposed a model according to
which the cross-hatch is associated with the formation of an array of MDs and, accordingly, with
the appearance of steps on the growth surface due to the gliding of TDs [7]. The asymmetric
character of the surface undulations reflects the asymmetric distribution of MDs and is caused by
the anisotropic surface migration of In adatoms in two mutually perpendicular directions [110]
and [1—10]. The root mean square (RMS) surface roughness exhibits a rise from 2.89 nm to
4.23 nm with increasing substrate temperature, which agrees well with previous works showing
that the surface roughness associated with cross-hatch may be reduced by low-temperature growth
[8]. In segregation is important even at a growth temperature of 7, = 380 °C. To reduce the effect
of In segregation on the surface, the V/III flux ratio should be increased with increasing 7.

a)

rms= 2.89 nm

Fig. 2. AFM topographical images for structures #1 (a), #2 (b) and #3 (c).
The dimensions of the surface area are 100x100 pm
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RSMs are commonly used to estimate the state of strain and crystallographic tilt in
heterostructures with MBLs. Fig. 3 demonstrates the X-ray diffraction reciprocal space maps
measured for both symmetric (004) and asymmetric (224) reflections in grazing exit geometry for
the structure #2. The symmetric (004) RSMs were measured for two orthogonal azimuth angles
perpendicular to (110) directions designated here as ® = 0° and ® = 90°.

b)

G=00° (004)

& MBL

01 -005 0 005 0.1
g, A"

Fig. 3. The reciprocal space maps for both symmetric (004) (a, b) and asymmetric (224) reflections (c)
measured in grazing exit geometry for the structure #2

RSMs demonstrate three clearly resolved peaks. The peak with the highest gz coordinate
corresponds to the GaAs substrate, and the second most intense peak corresponds to the inverse
InGaAs layer. The graded layer in Fig. 3, a and Fig. 3, b appears as a less intense band extending
along the ¢_axis. The peak with the lowest q. coordmate is associated with the upper part of the
graded layer due to the lower grading rate in the upper part of the MBL with a convex composition
profile. The shift of the peaks from inverse and MBL layers along the ¢ _axis in symmetrical
RSMs reflects the crystallographic tilt of these layers with respect to the ‘GaAs substrate. The
tilt arises due to an imbalance of MDs with positive and negative tilt components because of an
imbalance in the dislocation populations on the various slip systems [9]. The broadening of the
peaks in the direction perpendicular to the scattering vector (i.e., perpendicular to the vertical
line) is associated with the mosaicity of the crystal.

The asymmetric (224) RSM is shown in Fig. 3, c. The RL denotes the relaxation line, which
shows the positions of fully relaxed In Ga,_ As alloys with different lattice constants in rec1procal
space. The SL line shows a set of elastlcally strained alloys with in-plane lattice constants equal
to the lattice constant of GaAs. The center of the peak corresponding to the MBL is close to the
RL line, indicating the lattice relaxation around 90—95%. The ¢g_coordinate of the MBL and
inverse layers are the same, indicating that the in-plane lattice constants of these layers are equal.
In other words, the inverse layer is coherently grown on the relaxed MBL layer.

Conclusions

To summarize, heterostructures with ultrathin In Ga,  As/GaAs(001) MBLs with a convex
composition profile were grown by MBE and studied using structural characterization techniques.
AFM images of all studied structures reveal a cross-hatch morphology, confirming the two-
dimensional growth mode during MBE. The RMS surface roughness increases with increasing
substrate temperature, indicating that low-temperature MBL growth is preferable for the subsequent
deposition of InAs/InGaAs QDs to create single photon emitters in the telecom O-band or
C-band. RSM maps show that strain relaxation in ultrathin In Ga,_ As/GaAs(001) MBL layers is
partially achieved by layer tilting. The inverse layer is well matched to the upper part of the MBL.
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AnHoramusa. M3ydeHue JIIOMMHECHEHTHBIX CBOMCTB MHOXKECTBEHHBIX KBAHTOBBIX SIM
Ge,.,Sn ,./Siu Ge Si  Sn  ,/Si M03BOIUIO OUEHUTH SHEPIUU MEXK3OHHBIX MEPEXONOB
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Introduction

Semiconductor materials based on Group IV elements of the Periodic Table are actively
studied in modern micro- and nanoelectronics. Solid solutions of silicon, germanium, and tin are
of particular interest. Their key advantage is in compatibility with modern CMOS technology,
paving the way for the creation of new optoelectronic devices. Such devices can operate effectively
in a wide spectral range, including near (1.5-3 pm), mid (3-8 um), and long-wavelength
(8—14 pum) infrared. This makes them promising for use in optical communication lines, gas
analysis, environmental monitoring systems and other applications [1].

One such material is the Ge, Sn_ solid solution, which, at a certain Sn content over
6—10 at. % for unstrained layers, exiublts a direct band gap structure [2, 3]. The introduction of
additional strains can lead to a shift in the boundary of the direct band gap for tin, either upward
or downward [4, 5]. Optoelectronic devices operating in the near and mid—infrared ranges have
already been demonstrated using this solid solution [6, 7].

The growth technology for this material faces a number of challenges that affect the achievement
of high-quality layers. The significant difference in the lattice parameters of Sn and Ge (Si) leads
to low tin solubility (< 1% in Ge and < 0.1% in Si) and other undesirable processes, such as tin
segregation during structure growth, defect formation, and elastic mechanical stresses in the layers
[8].

A new stage in the development of this area is the study of ternary Ge, SlVSn solid solutions,
in which independent control of the band gap and lattice parameter becomeys pos31ble by adjustmg
the composition. The possibility of forming thin layers of these materials, forming multiple
quantum wells (MQWs), has previously been demonstrated [9].

This paper presents the results of a photoluminescence (PL) study of multiple GeSn and
GeSiSn quantum wells with an increased tin content and silicon barriers.

Materials and Methods

The studied samples were grown using molecular beam epitaxy at the Institute of Semiconductor
Physics. Initially, a 150 nm-thick silicon buffer layer was formed on silicon (100) wafers. Ten
periods of multiple quantum wells were then formed on top of this layer: Ge,Si . Sn, ,/Siin the
first sample and Ge,,Sn, 47/Sl in the second sample. To minimize undesuable tin segregation,
silicon barriers were grown in two stages: at 150 °C, the well layer was coated with 2 nm of
silicon, and at 500 °C, the layer thickness was further increased by 5 nm. Upon completion of
the structure growth, a 10 nm-thick silicon capping layer was formed.

In addition to differences in the composition of the QW layer, the samples differ in the
nominal well thickness and the growth temperature. For the first sample, the Ge ,Si . Sn ,
layer thickness was 1 nm, and the growth temperature was 150 °C. The well layer of the secon
sample has a thickness of 0.17 nm (~1 monolayer), but it was grown at room temperature. The
samples were also subjected to high-temperature annealing in a quartz furnace under an argon
atmosphere. Annealing of each structure was performed for several samples at different temperatures

© Yymanos W.B., ®upcos .M., Komama O.B., Komkos O.C., Cksopuos M.B., Mamanos B.W., Jlomxkapes W.J.
Tumogees B.A., 2026. Usznarenn: Cankr-IlerepOyprekuii monurexHudyeckuii yuusepcurer Iletpa Benmkoro.
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4 Heterostructures, superlattices, quantum wells

(600, 625, 650, 675, and 700 °C) for 10 minutes. The samples that demonstrated the most intense
photolumlnescence signal were selected for the studies: Ge,Si /Si after annealing at 625
°C and Ge,,Sn ,./Si at a temperature of 650 °C.

Photolumlnescence spectra were recorded on a Vertex 80 FTIR spectrometer equipped with
a liquid-nitrogen-cooled InSb photovoltaic detector. Luminescence was excited by a 405 nm
diode laser with a power of up to 140 mW. Samples were cooled in a Janis CCS-150 closed-cycle
helium cryostat, capable of achieving temperatures as low as 8§ K. Luminescence signal recording
was performed using gated integration with short laser pulses [10]. This approach minimized
sample surface heating during the study.

014

Results and Discussion

At low temperatures, the Ge ., Sn ,./Si and Ge,Si . /Si MQW samples exhibit an
intense photoluminescence s1gnal 1n the energy range of 0 87l eV and ~0.76 eV, respectively.
Fig. 1 shows the PL spectra for each sample, measured at 8§ K. The shape of the spectra indicates
the presence of several radiative recombination processes. The nature of the most intense high-

energy peak is explained by interband optical
Wavelength, um transitions between the electron A subband in
oqg B84 32 24 16 silicon and the hole level in the QW layer of
““““““ PL signal GeSiSn/Si the solid solution. This was further confirmed
—— PL signal GeSn/Si by calculating the band diagram for quantum
0.12- .f/\ wells of similar composition [11]. In the lower
T=8K / energy region, a broad shoulder is observed,
;" \ which is explained by the luminescence signal
0.08 4 | \ from defects in the crystal structure of the
\ sample [12].
/ \ A comparison of the spectra of the samples
/3 " shown in Fig 1 shows that the sample with
. ; -.5 the Ge, ., Sn ,/Si MQW has a higher ratio of
M T 3 the PL signal from interband transitions to the
0.00 f‘vM k2 : signal in the defect region. At the same time, in
03 04 05 06 07 08 09 1.0 the sample with the Ge ,Si ,Sn  /Si MQW
Energy, eV defects produce more intense luminescence,
Fig. 1. Comparison of PL spectra of Ge . Sn ,/Si while the signal from optical transitions
and Ge ,Si  Sn ./Si MQW samples at 8 K involving QWs is noticeably weaker.
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Fig. 2. PL spectra of Ge . Sn ,/Si (a, b) and Ge .Si  Sn, /Si (c, d) MQW samples
at different temperatures
Arrows show the shift of the PL peak with increasing temperature for clarity
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A comparison of the PL spectra at different temperatures for the sample with the
Ge, ,,Sn ,./Si MQW (Fig. 2, a, b) reveals that the PL signal intensity increases with increasing
temperature up to 29-32 K and then decreases, starting from 35 K. The second sample,
containing the Ge ,Si . Sn ./Si MQW, exhibits similar behavior with increasing temperature
(see Fig. 2, ¢, d). This behavior can presumably be explained by a combination of several
factors. As the sample heats, the number of phonons required for the observed (indirect) radiative
transitions increases. Another process may be the thermal activation of photogenerated charge
carriers trapped by defect levels in the band gap. Thus, up to a certain critical temperature, an
enhancement of the interband transition signal is observed due to the release of trapped charge
carriers [13].

With increasing temperature, both samples exhibit a ‘red’ shift in peak position, which is
typical for materials of this class. Fig. 3, a shows the temperature dependence of the transition
energy for each sample.

a) b)

0.90 - e Exp. data PL(T) Ge, 525n; 47/Si =

- = Exp. data PL(T) Geg 3Siy 555N, 14/Si 3 1.0
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Fig. 3. Temperature dependences of the peak position (@) and the integral of the PL intensity (b)

It should be noted that the ‘red’ shift for the studied samples reaches ~60 meV and ~80 meV
with temperature increases of 62 K and 72 K, respectively (see Fig. 3, a). We suggest that the
strong temperature dependence in the low-temperature region may be due to charge carriers
localized in the minima of the spatial inhomogeneity of multiple quantum wells [9].

Fig. 3, b shows the temperature dependences of the integrated photoluminescence intensity of
the interband transition. An approximation was performed for each sample using the Arrhenius
equation: )

I= 0 , (1)
1+C exp(— E, ]
k,T
where [ is the intensity at a temperature of 0 K, C is the ratio of radiative to nonradiative
carrier fifetimes, and E is the activation energy of the process that leads to quenching of
photoluminescence.

The approximation used allowed us to determine the activation energies of the nonradiative
process leading to luminescence decay in the structures with increasing temperature, and obtain the
C coefficients corresponding to the relation between the nonradiative and radiative recombination
lifetimes. The value of the C coefficient is approximately three times higher for the sample with
GeSn layers. With increasing temperature, this is manifested in a steeper slope of the dependence
and a rapid quenching of luminescence (see Fig. 3, b). The values of the obtained energies are
significantly (an order of magnitude) lower than the energy of thermal emission of holes from
the quantum well. Excluding Auger recombination mechanisms, since for thin QWs they are of a

thresholdless and quasi-thresholdless nature [14], the most probable scenario for the temperature
quenching of PL is presumably the Shockley—Read—Hall (SRH) mechanism.
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Conclusion

This paper presents the results of a study of the temperature dependence of photoluminescence
in Ge,,Sn ,./Si and Ge ,Si ,Sn  /Si samples with MQWs, measured by FTIR spectroscopy
using gated mtegratlon The spectra contamed a signal from interband transitions involving hole
levels in the QWs and an electron A subband in the silicon barriers. Luminescence from defects in
the sample structure was also observed. The interband PL intensity initially increases with sample
heating, which is explained by the increase in the phonon number and the thermal activation of
charge carriers localized at defect levels in the band gap. Further heating of the sample leads to a
decrease in the PL intensity, which we associate with the process of nonradiative recombination
by the SRH mechanism; the activation energy of the process was ~21 and ~30 meV for samples
with MQW Ge,Si, 56511 /St and Ge, ,Sn  ,/Si, respectively. In conclusion, we note that the
sample with Ge n Iayers demonstrates ﬁ)etter temperature stability of lummescence due to the
higher activation energy.
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Abstract. This paper presents the results of optical studies of a long-wavelength
HgTe/CdHgTe heterostructure performed using photoluminescence and photoreflectance
methods. Optical transitions involving several electron and hole levels were observed, with
the dominant levels switching with changes in temperature. Using the photoreflectance
method, optical transitions not detectable by the photoluminescence were observed. It is

demonstrated that the combination of the methods allows for the most detailed evaluation
of optical transitions in the HgTe/CdHgTe quantum wells.
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30BaHHBIX METOAOB IMO3BOJSIET HauboJjee ACTaJbHO OLIEHUTb ONTUYECKUE TMEepexolbl B
kBaHTOBbIX siMmax HgTe/CdHgTe.
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Introduction

Mercury cadmium telluride (HgCdTe, MCT) is a semiconductor solid solution that occupies
a dominant position in infrared (IR) optoelectronics due to its small bandgap and high charge
carrier mobility. In addition to classical structures based on bulk MCT of various compositions
(mole fraction CdTe x), interest is growing in MCT-based heterostructures (HSs) with quantum
wells (QWs). These HSs are used in fabrication of lasers for the mid-IR range (wavelengths
A =3—6 um) [1] and long-IR range (A > 10 pm) [2]. They are also used in the production of
photodetectors [3] and structures with topological insulators [4]. The energies of optical transitions
in such structures depend on the width of the QW and on x in the wells and barrier layers.
Careful selection of these parameters allows one not only to obtain a structure with emission at
the desired wavelength, but also to suppress Auger recombination processes [5]. Growth of an
‘ideal” HS, however, using the widespread method of molecular beam epitaxy (MBE), is limited
by the impossibility of an instant transition from growing CdTe to HgTe and back, as well as by
the difference in the optimal growth temperatures of HgTe and CdTe by more than 100 °C [6].
Therefore, a complete characterization of ‘real’ structures with HgTe/CdHgTe QWs is a very
relevant task. In this paper, we report the results of optical studies of a HS with HgTe/CdHgTe
QWs, where in addition to the ‘classical’ photoluminescence (PL) method, the modulation
Fourier-transform infrared (FTIR) spectroscopy, photoreflectance (PR), was used. This method
has been successfully used in the studies of III—V semiconductors [7], however, its application to
MCT has been limited to just a few works performed solely on epitaxial films [8—11].

Materials and Methods

The HS was grown by MBE on a (013)GaAs substrate with ZnTe and CdTe buffer layers
[12]. The structure contained 11 QWs with a thickness w = 7.1 nm with composition in the wells
set during the growth as corresponding to pure HgTe (x = 0), and composition in the barriers,
x, = 0.62. The waveguide layers (spacers) in the HS with a thickness d =~ 4—5 pm had a composition
x_~0.7; a layer of pure CdTe with a thickness of 30 nm was grown in situ on the HS surface.

The PL and PR studies were carried out using a setup based on a Vertex 80 FTIR spectrometer
operating in step scan mode [13]. A diode laser (A = 809 nm) was used to excite the PL signal and
as a source of modulating radiation when recording the PR spectra. Lock-in signal amplification
was used to eliminate the influence of background thermal radiation. The laser emission was
mechanically modulated at a frequency f = 2.5 kHz. The PL and PR spectra were recorded in
the temperature range 7' = 12 — 294 K using a Janis CCS-150 closed-cycle helium cryostat. The
signal was recorded with an MCT photoconductive detector.

Results and Discussion

Several peaks were observed in the PL spectra of the HS (Fig. 1); changes in their intensity
and energy with temperature are described below. With an increase in temperature to 7' = 90 K,
a 'blue’ shift of line A was observed, and its intensity decreased (Fig. 1, a). Along with that, a
'blue’ shift of another, low-energy peak (line B) was observed, the intensity of which increased
due to a gradual transition of the signal into the working range of the photodetector (~ 75 meV
and higher). Its energy reached a value of ~ 92 meV at 7'= 90 K. Also, at T'= 90 K, this peak
exhibited a noticeable high-energy shoulder in the energy range of 115—118 meV (line C).

© Pyxesunu M.C., Mpbiu6aes K. ., ®@upcos .., Uymanos M.B., Komkos O.C., Bapasun B.C., Muxaiinos H.H., 2026.
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52



4 Heterostructures, superlattices, quantum wells

A further increase in temperature (Fig. 1, ) led to a shift of B and C lines into the high-energy
region; a simultaneous decrease in the intensity of line B and an increase in the intensity of line
C were observed. At 7= 150 K, line D appeared, representing a shoulder with a higher energy
of 133 — 135 meV. At T = 180 K, a signal with an energy of ~160 meV (line E) appeared.
Heating the structure to 7'= 210 K made it possible to obtain the most intense PL signal, where
the largest contribution came from lines C' and D, which represented a peak with a shoulder in
the high-energy region. A further increase in the temperature up to room temperature led to a
decrease in the intensity of lines C and D, as well as an increase in the intensity of line £. At room
temperature, the spectrum represented a broad band with several energy lines, among which the
most intense lines C and E could clearly be distinguished. According to the energy range of these
peaks, they obviously corresponded to the long-wavelength (up to 15 um) IR emission from the
QWs. In the case of PL, most likely, we observed optical transitions involving levels closest to the
ground states in the QWs.
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Fig. 1. PL spectra of the HS at different temperatures
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Fig. 2. PR spectra of the HS at different Fig. 3. Temperature dependence of the energies
temperatures of optical transitions detected with PL (circles)
and PR (triangles), and the calculated values of

possible transitions in the QWs (dashes)

The optical signal from the QWs was also obtained with the PR method (Fig. 2). Using the
technique described in [14], the energies of three PR peaks were obtained at 7= 80 K: ~84 meV,
~102 meV, and ~180 meV. The first two peaks were likely associated with the el-A1 (representing
the first levels of quantization for electrons and holes), and el-A2 transitions, respectively. The
positions of the peaks remained virtually unchanged with varying temperature. The peak with the
energy ~180 meV (at 7'= 80 K) in the PR spectra was not previously observed in the PL spectra.
Thus, it can be concluded that PR allows one to detect transitions involving deeper levels in
MCT-based HSs, which is promising for the comprehensive characterization of such structures.
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Fig. 3 presents the summary data on the PL and PR energies for the HS with temperature
variation. Also, the transition energies in the QWs estimated using [15] are presented. It should
be noted that the estimates at this stage were very rough, in particular, due to the non-obvious
choice of calculation parameters, such as the exact value of the bandgap in the wells as well as
the electron effective mass. However, it can still be concluded that the PL and PR methods
detected transitions between the states closest to the ground ones. The energy of all PL peaks also
increased with increasing temperature.

Conclusion

A long-wavelength HgTe/CdHgTe-based QW heterostructure was studied using PL and PR
methods. It is demonstrated that these methods can be used to determine the energy of optical
transitions in the QWSs. PL detected transitions involving levels closest to the ground states, and
with increasing temperature, the dominance of various transitions was observed. Using the PR
method, transitions with energies of ~180 meV were additionally detected. Thus, a comprehensive
study of the optical properties of MCT-based heterostructures using PL. and PR methods enabled
the most accurate determination of the energies of optical transitions in the QWs.
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Abstract. This work presents a hybrid system for photoluminescence control, consist-
ing of a tungsten diselenide monolayer (1L-WSe:) integrated with an array of plasmonic
gold nanobumps fabricated by femtosecond laser printing. This technique allows precise
tuning of the plasmonic resonance in these structures by controlling their geometry. It
is shown that this integration provides a dual mechanism for enhancing and controlling
photoluminescence (PL). First, the plasmonic resonance significantly amplifies the PL
emission near the nanobump due to exciton-plasmon interaction. Second, the deformation
of the WSe: monolayer on the nanobump leads to a red shift of the PL peak, resulting
from modification of the bandgap. A key feature of this system is the ability to control
the spectrum by selecting the pump wavelength: changing the excitation energy affects
the correlation between the neutral exciton (X°) and the low-energy dark exciton/trion
(XP/Ty states. Low-temperature microspectroscopy further revealed a deformation-induced
redistribution of intensity from the neutral exciton (X°) to low-energy states, including the
dark exciton/trion complex (X™T). These results establish a foundation for a platform of
spectrally tunable light sources based on hybrid exciton-plasmon-strain interactions, which
offers a pathway for the advancement of nanophotonics and the development of next-
generation optoelectronic devices.
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AnHotamms. B nanHoit pabote mpeacrapieHa rudpuaHasl cucteMa i ynpasiaeHus do-
TOJIIOMUHECLHEHIIUEH, COCTOsIIIAsI U3 MOHOCIOS aucesieHuaa Boibdpama (WSez), MHTErpu-
POBAaHHOIO C MacCHMBaMM IJIa3MOHHbBIX 30JI0TbIX HAHOOAMITOB, M3TOTOBJIEHHBIX METOIOM
(eMTOCeKYHIHOI J1a3epHOI MevyaTu, MO3BOJISIONIEH TOUHO HAacTpauBaTh IJIa3MOHHBIN pe-
30HAHC TaKUX CTPYKTYp MYTEM KOHTpOJIsl MX reomeTpuu. [lokazaHo, 4TO Takasi MHTETpaLus
obecIieunBaeT TBOMHOM MEXaHU3M YCWICHUS U yrpaBieHus oromomuHecteHueir (OJI).
Bo-T1iepBbIX, TUTa3MOHHBIN pPe30HAaHC 3HAUYMTEIbHO ycwimBaeT uanydeHue PDJI B obmactu
HaHOOaMIIa 3a CUYET SKCUTOH-TUIA3MOHHOIO B3auMopeicTBus. Bo-BTOpbIX, medopmanus
MoHocos1 WSe. Ha HaHOOaMIIe IPUBOIUT K CMeIleH!Io TnKa B criektpe PJI, uTo sBiser-
csl CAeACTBUEM MOAM(MKALUKU IIMPUHBL 3alpelléHHOM 30HbI. KiltoueBoii 0COOEHHOCThIO
CHUCTEMBI SIBJISIETCS BOBMOXHOCTb aKTUBHOTO YIPABJIEHUS CIIEKTPOM MYTEM BbIOOpPA JJIMHBI
BOJIHBI HaKaYKW: U3MEHEHUE DHEPTUU BO3OYXKIECHUS BIUSET HA COOTHOILICHUE MEXIY CO-
CTOSIHUSIMU HEUTpajibHOro 3KcuTOHa (X°) M HU3KOPHEPreTMYecKOro TEMHOTO 3KCUTOHA/
tpuoHa (X™T). HuskoremmepaTypHass MHWKPOCIEKTPOCKOIUS TOITOJTHUTEILHO BEHISBUIIA
BbI3BaHHOE Jedopmaliueil nepepacripegaeseHue UHTEHCUBHOCTU OT HEUTpaJibHOTO 3KCU-
ToHa (X°) K HU3KODHEPreTUUCCKUM COCTOSTHUSIM, BKJIIOUAsl KOMIUIEKC TEMHOTO 3KCUTOHA/
tpuoHa (XP/T). INomydeHHBIE Pe3yabTaThl CO3MAIOT OCHOBY JUIST TIAT(GOPMBI CIIEKTPATIBLHO
nepecTparBaeMbIX UICTOYHMKOB CBeTa Ha 0a3e r’MOPUIHBIX IKCUTOH-TIIa3MOH-Ie(opman-
OHHBIX B3aUMOJEWUCTBUIA, YTO UMEET 3HAUYCHUE MIJIs1 Pa3BUTUS HAHO(MOTOHUKHU U pa3paboT-
KU OMNTORJEKTPOHHBIX YCTPONUCTB HOBOTO MOKOJICHUS.
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Introduction

Two-dimensional materials, particularly monolayer transition metal dichalcogenides (TMDC)
like MoS,, WS,, MoSe, are ideal for optoelectronics due to their direct bandgap and strong
excitonic effects [1 — 3]. The strategy for enhancing material functionality through hybridization
with nanostructures is well-established in fields such as sensor technology, which widely employs
carbon nanomaterials for signal transduction [4].

A promising approach to overcome the inherent limitations of two-dimensional materials is
their integration with nanostructured surfaces. Of particular interest in this context are metallic
nanostructures that support plasmonic resonances, the spectral position of which can be precisely
tuned by tailoring their geometry. A significant advancement in this field is the development of
the femtosecond laser printing method for such plasmonic elements fabrication [5, 6]. In contrast
to nanostructured surfaces obtained via complex and costly lithography and etching techniques,
laser printing offers a pathway to produce similar structures using an accessible and scalable
technology.

This work presents a study of a hybrid system based on a tungsten diselenide monolayer
(IL-WSe,) integrated with gold plasmonic nanobumps (Au-nanobumps). This configuration not
only provides significant photoluminescence enhancement through resonant exciton-plasmon
interaction but also enables control over the spectral characteristics of the system achieved by
modifying the bandgap of the two-dimensional material via its deformation on the nanoscale
relief of the nanostructure.

Materials and Methods

In our work, WSe, monolayers were obtained using a mechanical exfoliation method and
transferred to a target substrate with Au-nanobumps using a custom transfer system based on tsc2
h graphene (HQ Graphene, Netherlands). In this transfer method, crystal layers are exfoliated
onto the surface of adhesive tape and then deposited onto a polydlmethylsﬂoxane (PDMS)
polymer film supported by a glass substrate. Subsequently, the monolayers are transferred from
this "stamp" to the target substrate using a dry transfer technique: the polymer film is brought
into contact with the substrate and then peeled away, leaving the layers on the substrate surface.
During this process, the target substrate is heated to a temperature between 60°C and 100°C,
and the contact time between the crystalline monolayers on the polymer film and the substrate
is maintained for 2—4 minutes.

The Au-nanobumps metasurface was fabricated by a combination of inexpensive and scalable
magnetron sputtering of thin Au films with a direct fs-laser printing technique. First, a gold film
with a thickness of 50 nm was coated over a glass substrate using magnetron deposition. Then,
laser patterning of the glass-supported Au films was carried out using =~ 200 fs second-harmonic
(A = 515 nm) pulses generated by a regeneratively amplified Yb:KGW laser system (Pharos, Light
Conversion) at 50 kHz repetition rate. A computer-driven nanopositioning platform (ANT130XY,
Aerotech) ensured precise movement of the sample surface with respect to the laser focal spot,
allowing each pulse to form isolated nanobumps arranged into a square-shaped lattice with a
period (A) defined by the sample scanning speed.

The nanobump arrays fabricated under these conditions are shown in Fig. 1, a, with each
row corresponding to a specific laser pulse power, expressed as a percentage of the maximum
(100% = 2 nJ). Fig. 1, b quantifies the empirical linear dependence between laser pulse power
and nanobump height, demonstrating that increased energy produces taller nanostructures.
Furthermore, each periodic array (with periods of 3, 5, and 10 pum) exhibits a distinct plasmonic
resonance, the spectral position of which depends on the bump height, as shown in Fig. 1, c.

Using these techniques, we successfully fabricated a hybrid sample consisting of a monolayer
WSe, integrated with an array of Au nanobumps.

Results and Discussion

Optical characterization of the hybrid structure was performed via Raman and photoluminescence
(PL) microspectroscopy using a Horiba LabRAM HR 800 spectrometer (Horiba Scientific, Japan)
equipped with a 532 nm diode-pumped solid-state laser.

Fig. 2, a shows an optical image of a WSe, flake transferred onto a substrate patterned with
a penodlc array of Au-nanobumps (mean helght 147 nm, base diameter: 364 nm), fabricated
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Fig. 1. Au-nanobumps: SEM (left) and optical (right) images of nanobump arrays with periods of
3, 5 and 10 pm (a); dependence of the Au-nanobump height on the laser pulses of different output,
expressed as a percentage, where 100% corresponds to 2 nJ (b); dark-field scattering spectra of
Au-nanobump arrays as a function of laser pulses of different output, expressed as a percentage (c)

via femtosecond laser printing at a pulse energy of 0.58 nJ (29% of maximum output). The
corresponding atomic force microscopy (AFM) topography of this region is presented in Fig. 2, b.
The flake comprises two distinct thickness domains: a monolayer (1L) and a bilayer (2L) region.
AFM analysis demonstrates conformal coverage of the nanostructures, with the flake adopting a
tensile, tent-like morphology over each nanobump. Notably, the formation of pronounced folds
in the inter-bump regions is enhanced within the bilayer region. The substrate also exhibits a
distribution of polydisperse golden nanoparticles (Au-nanoparticles), which are byproducts of the
laser fabrication process.

Raman mapping of area R (Fig. 2, a, c¢) was performed to distinguish the mono- and bilayer
regions of WSe,. The bilayer (2L- WSe ,) region shows a significantly enhanced integrated Raman
intensity compared to the monolayer (1L WSe,) (Fig. 2, d). Furthermore, the spatial boundary
is corroborated by a systematic shlft in the A’ peak position, where the bllayer region exhibits
a distinct downshift of several cm™' (Fig. 2, ¢). In the 2L- -WSe, region, particularly at folds and
in the deformed area under the nanobump, a significant enhancement of the integrated Raman
scattering intensity is observed. Specifically, in addltlon to the primary optlcal modes (A’,, E) the
intensity of the second-order modes at 311 cm™, 376 cm™!, and 397 cm™! increases. In contrast,
these modes are indistinguishable from the noise level in the undeformed monolayer region.

PL mapping across the 1L-WSe, region, from the planar area to the Au-nanobump apex
(Fig. 3, b), along with the AFM map (Fig. 3, a) and corresponding spectra (Fig. 3, d), reveals
two primary strain-dependent effects. First, the PL intensity increases significantly near the
Au-nanobump. This enhancement results from a combination of exciton localization, which
suppresses non-radiative recombination pathways, and the plasmonic nanoantenna effect of the
gold nanostructure, which amplifies the local electromagnetic field. Moreover, the PL peak
exhibits a red shift of several nanometers under tensile strain, consistent with a reduction in the
direct bandgap of the deformed WSe, lattice.
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Fig. 2. WSe, on Au-nanobumps (29%): optical image of 1L-WSe, and 2L-WSe, flakes on Au-

nanobumps indicated by red dots (¢) and AFM-map (b) with the selected Raman mapping area R;
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Fig. 3. AFM map (a) and photoluminescence map PL 1 at 532 nm (b) and PL 2 at 473 nm (c¢)
excitation and the corresponding spectra (d, ¢). The locations of Au-nanobumps and Au-nanoparticles
on all maps are highlighted with solid and dashed circles, respectively
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The photoluminescence (PL) spectra of area 1 (Fig. 3, d) exhibit a low-energy shoulder at
785 nm alongside the neutral exciton X° peak at 750 nm. This feature can likely be attributed
to a strain-localized exciton (X'*°) as shown in the work on WS, [7]. Localized excitons in
transition metal dichalcogenide (TMDC) monolayers typically arise from structural defects or
spatially confined strain. The concept of localized excitons is further substantiated by the ability
to deterministically create nanoscale potential wells through precisely induced deformation at
predefined sites, which effectively funnel excitons and give rise to strain localized excitonic
states. Mapping of the same areca under 473 nm laser excitation (Ntegra Spectra Il system,
NT-MDT) revealed a significant alteration of the spectral profile near the nanobump
(Fig. 3, e): the low-energy state at 788 nm appears as a distinct, intense peak rather than a
shoulder. Concurrently, the X° peak shows no enhancement. This observation can be interpreted
from two perspectives: firstly, in terms of energy transfer between the two states (X°/X'), and
secondly, considering the disparity in excitation power at 532 nm (3.9 mW/um?) versus 473 nm
(5 yW/um?). At lower power levels, the low-energy state becomes more prominent, emerging
against a backdrop of diminished neutral exciton photoluminescence intensity. Moreover, the
more pronounced enhancement of the neutral exciton (X°) under 532 nm excitation can be
attributed to the spectral overlap between the pump energy and the maximum of the nanobumps’
plasmon resonance (Fig. 1, ¢).

To investigate this spectral feature further, low-temperature photoluminescence measurements
at 10 K were performed using a customized setup. The micro-PL system for low-temperature
measurements comprised a Hubner C-Wave tunable continuous-wave (CW) laser with a radiation
wavelength of 512 nm. The sample was mounted in a Montana Instruments Cryostation S50 with
optical access. The photoluminescence signal was collected and analyzed using a HORIBA Jobin
Yvon iHR320 spectrometer equipped with a Horiba SynapsePlus detector.

Fig. 4, a presents the photoluminescence (PL) intensity map integrated around 1.617 ¢V state,
acquired at 10 K. Within this selected spectral window, the integrated PL intensity reaches its
maximum near the nanobump. For reference, the corresponding AFM topography is provided on
the same panel, indicating the 1L-WSe, and 2L-WSe, regions, as well as the specific points of
PL spectra shown in Fig. 4, c.

The low-temperature PL spectra of WSe, contain, in addition to the primary neutral exciton
(X% and trion (XT) states in accordance with the work [8], an ensemble of low-energy features
commonly interpreted in the literature as localized excitonic states [9]. Both the neutral exciton
and the trion exhibit a red shift on the nanobump compared to the flat region: 1.8 meV for
X% and 4.3 meV for XT. The pronounced peak at 1.617 eV, corresponding to the maximum
photoluminescence intensity in the deformed WSe 6 region beneath the nanobump, can be
interpreted as a potential low energy strain-localized state, which is also observed in room
temperature spectra.

This spectral reorganization demonstrates the pronounced effect of strain and plasmonic
enhancement on the optoelectronic properties of 1L-WSe,. It highlights the potential for actively
tuning the photoluminescence in hybrid plasmonic nanostructure/2D material systems, which is
highly relevant for developing nanolasers, highly sensitive sensors, and nanophotonic components.

Intensity, a.u.

'I.I?.U II.‘?S 1,80

Emission energy, eV

Fig. 4. AFM map (a) and photoluminescence map (b) at 10 K and 512 nm excitation and the

corresponding spectra (c). The locations of Au-nanobumps and Au-nanoparticles on all maps are
highlighted with solid and dashed circles, respectively
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Conclusion

In summary, we demonstrated the integration of a WSe, monolayer with a plasmonic
Au-nanobumps surface, fabricated via simple and cost-effective femtosecond laser printing and
dry transfer. This hybrid system leverages a dual mechanism combining resonant plasmonic
enhancement with strain-induced bandgap engineering. The observed pump-strain-driven spectral
redistribution, characterized by a red shift and controlled correlation between intensity of neutral
exciton and low-energy excitonic features, confirms the decisive role of nanoscale deformation
in modulating optoelectronic properties. This study presents a versatile platform for spectrally
tunable light emission, advancing the development of nanoscale light sources and strain-sensitive
nanophotonic components.
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Abstract. We present an analytic-numerical framework for carriers and excitons in
lens-shaped (semi-ellipsoidal) quantum dots within the effective-mass and envelope-func-
tion approximations, assuming hard-wall confinement. Exploiting the geometry, we use
an adiabatic separation of fast (axial) and slow (planar) motion to obtain closed-form
single-particle states and energies. The exciton binding energy is evaluated numerically in
first-order perturbation theory using the analytic envelopes. Interband absorption follows
from bright-state selection rules, and photoluminescence is obtained from absorption via
the van Roosbroeck—Shockley relation with Lorentzian broadening. It is shown that sin-
gle-particle confinement energies are much more sensitive to the dot height than to the
lateral size, states with higher axial quantum number lie well above the lowest branch, the
Coulomb binding decreases with increasing size, exhibiting comparable fractional sensitiv-
ity to both the axial and planar semi-axes and grouping primarily by radial quantum num-
ber. The framework yields compact formulas, transparent scaling trends, and interpretable
spectra for the design and analysis of lens-shaped quantum dots.
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Annoramus. [lpencraBieH aHaATUTUKO-YUMCACHHBIM MOIXOJ K ONMMCAHWUIO HOCUTENei
U 3KCUTOHOB B JIMH30BUIHBIX (TOJY3JUIMIICOUIANIBHBIX) KBAHTOBBIX TOYKAaX B paMKax
npubavxeHuit apGekTUBHONM Macchl U orudamwleil GyHKUMY TPpU MPEeAToNoXeHUn oec-
KOHEYHOTO TMOTEeHIMaJIbHOTO OorpaHuyeHus. Mcnonb3ysi reOMETpUI0 CUCTEMbI, Mbl TIPU-
MeHsieM aguabaTuyecKoe pasaeieHUe ObICTPBIX (aKCHAJbHBIX) M MEMJIEHHBIX (IIOCKUX)
JIBUXKEHUI, UTO TMO3BOJSIET MOJYUYUTh aHAJTUTUUYECKHE BBIPAXKEHUS MJISI OMHOYACTUUYHBIX
COCTOSIHMI U DHEPruii. DHeprus CBsI3U DKCUTOHA PACCUMTHIBAETCSI YMCICHHO B MEPBOM
MOPSIIKE TEOPUX BO3MYILIEHUI C UCTIOJIb30BAaHUEM aHAJIMTUUECKUX OTMOAIOIIUX (DYHKIIUIA.
Mex30HHOE MOMIOIIEHUE OMPEAESIeTCs MpaBUaMu O0TOOpa ISl CBETJIbIX COCTOSIHUM, a
(poToMOMUHECLIEHIIMS TIOJyYaeTcsl U3 CIeKTpa MOTJOLIEHUSI ¢ MOMOIIbIO COOTHOILIEHMUS
BaH PoocOpyka—Illokiu ¢ jopeHLIeBCKUM yiuupeHueM. ITokazaHo, 4TO OJHOYACTUYHBIE
SHEPruY 3HAUYUTEIbHO 0o0Jiee UyBCTBUTEIbHBI K BBICOT€ KBAHTOBOW TOYKM, YeM K IIM-
pUHE; COCTOSIHUSI ¢ 00Jiee BBICOKUM aKCUAJIbHBIM KBAHTOBBIM UMCJIOM pacrojiaralorcs
3HAYMTEJILHO BBILIE HUXXHEW BETBU CIIEKTpa; KyJIOHOBCKasl SHEPrusi CBSI3U YMEHbIIAETCSs
C POCTOM pa3MeEPOB CTPYKTYPHI, I€MOHCTPUPYST COIMMOCTABUMYIO OTHOCUTEIbHYIO UYBCTBU -
TEJIbHOCTb KaK K aKCUaJbHOM, TaK U K IJIOCKOH TOJYyOoCSM U TPYNMNUPYSICh MperuMylie-
CTBEHHO 1O paJguaJbHOMy KBAaHTOBOMY 4uciy. [1pennoXXeHHbI Moaxoa MPUBOAUT K KOM-
MakTHBIM (OpMyJiaM, HaJISIAHBIM 3aKOHOMEPHOCTSIM MaclITabMpoBaHUsS U (PU3MYECKU
WHTEPIPETUPYEMBIM CIIEKTPaM, UTO AejJaeT ero yaAoOHbIM MHCTPYMEHTOM JUISl aHaiu3a U
MPOEKTUPOBAHUS JUH30BUAHBIX KBAHTOBBIX TOYEK.
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Introduction

Semiconductor quantum dots (QDs) are often described as “artificial atoms” because quantum
confinement yields discrete energy spectra and size-tunable optical properties with broad impact
across imaging, sensing, and optoelectronics. Recent surveys and application-driven studies
highlight both the technological progress and remaining challenges in materials, devices, and
integration [1]. In bioimaging and biodiagnostics, QDs offer bright, photostable labels with
multiplexing capabilities [2]. Together, these works underscore the central role of QDs in modern
photonics and the importance of tractable theoretical models that connect geometry to spectra.

Beyond composition and overall size, shape is a powerful design parameter for tailoring selection
rules, oscillator strengths, and polarization characteristics. Ellipsoidal families — including oblate
and prolate spheroids — have been analyzed in detail for their electronic states and interband
absorption [3, 4], as well as for related ellipsoidal/lens-like nanostructures with strong shape
anisotropy [5 — 7]. In epitaxial systems, lens-shaped (semi-ellipsoidal) QDs arise naturally.
Related work on asymmetric biconvex lens-shaped dots mapped the influence of external fields
on interband and intraband optical properties [8].

Against this backdrop, the present paper develops a minimal effective-mass, envelope-function
description for carriers and excitons in lens-shaped (semi-ellipsoidal) QDs with hard-wall
confinement. We derive closed-form single-particle states in an adiabatic (fast/slow) separation,
compute first-order Coulomb corrections to exciton energies using analytic envelopes, and obtain
interband absorption together with photoluminescence (PL) via the van Roosbroeck—Shockley

© Tesoprsn M.I'., TaBamamksin C.I1., Bunauuenko M.S., Kazapsu 35.M., 2026. Wsznarens: Cankr-IlerepOyprekuii
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detailed balance relation [9]. Our goal is to provide compact formulas, transparent scaling trends,
and interpretable spectra that clarify how lens geometry organizes bright transitions and Coulomb-
induced splittings.

Theory

Single-Particle Energies and States. The geometry of the lens-shaped quantum dot is modeled
by a cylindrically symmetric semi-ellipsoid illustrated in Fig. 1 that satisfies the condition ¢ << g
where a and ¢ denote the major and minor semi-axes of the semi-ellipsoid, respectively.

The confining potential of a particle in such
a quantum dot is defined as V(r) = 0 inside and
V(r) = o outside the dot. The single-particle
Hamiltonian in cylindrical coordinates then takes
the form

2 2 2
H :_[6_2+12+L6_+6_J+V( ) (1)
or’* ror r’op oz
where distances and energies are expressed in
effective atomic units (Bohr radius and Rydberg).

It follows from the condition ¢ << g that the motion of the particle along the OZ axis is much
faster than in the OXY plane, which makes it possible to apply the adiabatic approximation.
Within this approximation, the particle Hamiltonian can be separated into two components: /1,
corresponds the slow planar degrees of freedom, while H_ corresponds to the fast axial one. The
solution of the stationary Schrédinger equation is sought in the form

v(r,e,z)=vy, (r)y.(r,z)e". )

For a fixed value of ., the fast subsystem can be represented as a potential well with an effective
width y(y) = cy/1-7? / ¢* and the solution of the Schrodinger equation yields

where n_1is the axial quantum number. Here € () can be expanded in a Taylor series with respect
to r/a as

Fig. 1. Schematic representation of a
semi-ellipsoid with semi-axes a, a and ¢

2
T T
82( ) on; +B2 2 G_C—Z,B:;. 4)

Substituting & () into the equation for the slow subsystem as an effective potential leads to
the problem of a two-dimensional harmonic oscillator. Accordingly, the radial component of the
wave function y (r) is given by

r 2
v, (r)= AP g (Bn rz) (&)

where n_and m are the radial and angular quantum numbers, respectively, L b ‘( -) is the associated
Laguerre polynomial, and A4 is a normalization constant.
The corresponding single-particle energy spectrum is

E .= an’ +Bn, (an +|m|+1). (6)

n,,n,

For the lowest longitudinal branch n_= 1, the energy depends onlyon N=2n + |m|; all states
with the same N are degenerate with multlphclty N+1=2n +|m|+ 1.

Exciton Energy
The Hamiltonian of the exciton is

T (7
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where H, and H, are the single-particle Hamiltonians of the electron and hole, respectively, and
the last term describes their Coulomb attraction.

When comparing with optical spectra, the relevant interband transition energy includes the
band gap Eg:

E,.=E,+E,.E,=E+E, -V,, (8)
where £ and E, are the confinement (single-particle) energies of the electron and the hole
measured from tﬁe band edges, and

Vo = I\V: (re)\V; (rh)

re rh

—|We (re)\Vh (rh)d3red3rh’ (9)

where v, are the normalized envelopes from the previous subsection.

Interband Absorption and Photoluminescence

Interband absorption probes the allowed optical transitions in the quantum dot and is strongly
shaped by excitonic effects. The absorption coefficient (up to a material-dependent prefactor) can
be written as a sum over electron-hole envelope states. Taking into account the orthonormality of
the modes, it can be reduced to a sum over bright transitions only (7 = nf,nf = nf, m,=-m,),

e

o« Y 8| ho-E,(n,,n.,m)]. (10)

n.,n,,m

Substituting the absorption spectrum into the RS relation [10] yields the PL spectrum

R(h(x)) o« (ho)’ z S(h(o—Eex (nr,nz,m))%.

where f and f, are the Fermi-Dirac occupation probabilities of the conduction and valence band
states that depend on the lattice temperature.

In practice, delta-peaks are broadened by coupling to phonons. A convenient replacement is
a Lorentzian with typical half-width at half-maximum v in the range 0.5—5 meV. The resulting
broadened spectra are evaluated numerically in the next section.

(11

Results and Discussion

Fig. 2 shows the probability density |\un o (r (p,z)| for several representative states in the
lens-shaped dot. The expected nodal structure is evident: along z there are n_— 1 internal nodes
and n_ lobes, while in the radial direction the Laguerre part yields exactly n radial nodes. The
angular quantum number m controls the central behavior via the 7" term: for m = 0 the density
is maximal at » = 0, whereas for |m| <1 it vanishes at » = 0 and forms ring-like maxima whose
radius grows with |m| Overall, the examples show clear localization of the particle near the dot
center for the lowest (n, m) and the emergence of additional nodes as n_or n_increase.

States with n_> 1 have energies far above the n_= 1 ones as a direct consequence of the
relation ¢ << q, and will be disregarded in what follows. The lowest level shows only a very weak
dependence on « since the dominant a-term is controlled solely by c.

Fig. 3 presents the electron-hole Coulomb contribution V in electron Rydbergs for several
n_= 1 states as a function of the dot dimensions. The range is chosen based on GaAs parameters. As
either the height ¢ (a) or the lateral semi-axis a (b) increases, the binding weakens monotonically.
Notably, the sensitivity to relative changes in @ and in c is comparable over the plotted ranges. An
interesting systematic ordering emerges: curves group primarily by the radial quantum number 7
(across different m) and with an increasing n_the binding energy decreases.

The calculated PL spectrum R(A®) for the representative dot is shown in Fig. 4. The sequence
of peaks follows the ordering of the single-particle ladder corrected by the electron-hole
attraction consistent with the selection rules. In the non-interacting limit, the states within a fixed
N = 2n_+ |m| would be degenerate with multiplicity N + 1. The Coulomb term V', depends on
(n, |m|) and therefore partially lifts this degeneracy.
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Fig. 2. Probability densities and marginals in the lens-shaped dot. Each panel displays the probability

density |y, , ,(r,0,2) | for a representative state. For each state, curves plotted to the left and on top
show the longitudinal and the radial marginal probability densities respectively
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Fig. 3. Exciton Coulomb binding energy versus vertical semi-axis c at fixed a = 5r, (a) and
lateral semi-axis a at fixed ¢ = 0.5r, (b) for n_ =1
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Fig. 4. Absorption (a) and photoluminescence (b) spectra for a GaAs lens-shaped dot with a = 5r, and
¢ = 0.5r, and T = 300K. Both graphs use Lorentzian peak broadening with half-width y = 0.5meV

Conclusion

We developed an analytic-numerical framework for carriers and excitons in a lens-shaped
(semi-ellipsoidal) quantum dot with hard-wall confinement. Within an adiabatic separation of fast
(longitudinal) and slow (in-plane) motion, we derived closed-form envelope functions and the
single-particle spectrum, and established simple size dependence. Using these states, we evaluated
the electron-hole interaction energy and constructed interband absorption and PL spectra.

The main findings are as follows. (i) The Coulomb binding |Veh‘ decreases monotonically
with increasing a or c; over the plotted ranges, its relative sensitivity to changes in a and c is
comparable, and the curves group primarily by the radial quantum number nr, reflecting the role
of central localization. (ii) The absorption and PL spectra are dominated by bright transitions with
matched envelope quantum numbers; electron-hole attraction lifts the non-interacting degeneracy
within each N=2n + |m| multiplet, shifting more localized states to lower energy and producing
the observed multiplet structure.

In summary, the semi-ellipsoidal model combined with adiabatic separation provides compact
analytic states, clear size-dependence trends, and physically interpretable optical spectra, offering
a useful baseline for both the design and analysis of lens-shaped quantum dots.
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Abstract. Atomic force microscopy has been utilized to study the structure and
mechanical strength of the epitaxial interfaces of InAs and GaP nanowires grown on Si
substrates. Measuring the elastic forces during the controlled cleavage of individual crystals
carried out by lateral mechanical action of atomic force microscope probe allowed us to
establish a correlation between the strength of the epitaxial interface and the level of lattice
mismatch. It was shown that InAs nanowires grown on InAs buffer layer demonstrate
different mechanical strength compared with the ones grown directly on Si. Meanwhile,
mechanical strength of GaP nanowires grown on GaP buffer is of the same order as that
of GaP nanowires grown directly on Si. Analysis of the topography after nanowire removal
confirmed differences in the failure mechanisms of the interface.
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AHHoTanusA. ATOMHO-CHJIOBass MUKPOCKOINS OblJ1a NCIOJIb30BaHa Il MU3y4eHUS CTPYK-
TYpPBl 1 MEXaHMYECKOU IPOYHOCTU SIUTAKCUAILHBIX MHTepdeiicoB HaHOIPOoBOmOB InAs
n GaP, BwIpallleHHBIX Ha KPEeMHUEBBIX MOMIOXKaX. M3MepeHune yIrpyrux CUJI BO BpeMs
KOHTPOJIMPYEMOTO OTIUETIIIEHUA OTAEJIbHBIX HAHOIIPOBOIOB OT MOJIOXKHN, OCYIIECTBIISAEC-
MOTO JIAT€PAJIbHBIM MEXaHUYECKUM BO3ACHCTBUEM 30HIa aTOMHO-CUJIIOBOIO MUKPOCKOIIA,
MO3BOJIMUJIO YCTAHOBUTh KOPPEISILMIO MEXIY MPOYHOCThIO SMUTAKCUATbLHOTO UHTep(deiica
M YyPOBHEM pELIETOYHOro paccoriacoBaHus. bbuio moka3zaHo, yTo HaHOIIpoBoma InAs,
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BBIpallleHHbIe Ha OydepHOM ciioe InAs, TeMOHCTPHPYIOT IPYIYI0 MEXaHUYECKYIO MpOoY-
HOCTh IO CPAaBHEHMIO C BBIPALLIEHHBIMU HEMOCPEACTBEHHO Ha KpeMHUU. B To Xe BpeMms,
MeXxaHn4JecKas MpOoYHOCTh HaHOIpoBomoB GaP, BeipaimneHHbIX Ha OydepHOM cioe GaP,
MMeEEeT TOT Xe MOPSAOK, YTO M Y BhIPAlLeHHBIX HEMOCPEACTBEHHO Ha KpeMHuu. Kpome
TOrO, aHaJIn3 Tororpad®uu Mmocie yaajleHWs HaHOMPOBOIOB MOATBEPAMUIT Pa3INYus B Me-
XaHM3Max paspylleHnsT nHTepdeiica.
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Introduction

Semiconductor nanowires (NWSs) are promising as active and passive elements for optoelectronics
and nanophotonics. In particular, GaP NWs, due to their optical transparency, high refractive
index, and high nonlinear coefficients, are promising for waveguides [1] and second harmonic
generators [2], while InAs NWs, due to their high carrier mobility and direct bandgap, are
promising for infrared light-emitting diodes and photodiodes [3]. One of the key advantages of
the NW architecture over planar structures is considered to be the possibility of epitaxial growth
of III-V compounds directly on silicon substrates without the use of buffer layers [4]. However,
despite more than 20 years of active research, the efficiency of NW-based devices, in particular
solar cells [5] and light-emitting diodes [6], still lags behind their planar counterparts. One of the
reasons may be the high defect density at the NW-substrate growth interface induced by lattice
mismatch, which degrades the electrophysical properties of devices despite the good crystalline
quality of the NWs themselves. This work compares the mechanical properties of NWs depending
on the level of lattice mismatch with the Si substrate f = (ayy — ag)- In [7], we studied GaP
NWs (f = 0.37%) and InAs NWs (f = 11.5%) grown dlrectfgz on silicon, and experimentally
demonstrated the influence of lattice mlsmatch on the interfacial misfit dislocations density and
mechanical strength. In the present comparative study, arrays of GaP and InAs NWs grown on
buffer layers are investigated in an analogous manner. The study was conducted using a previously
developed methodology based on atomic force microscopy (AFM). The method involves removing
individual NWs using a probe, with simultaneous recording of the elastic forces acting on the
cantilever and subsequent scanning of the topography of the same area to check for the presence
or absence of NW remnants (‘stumps’).

The results indicate a significant increase in the strength of the InAs/InAs interface compared
to InAs/Si, while the strength of the GaP/GaP and GaP/Si interfaces differs only slightly. The
results confirm the critical influence of the lattice mismatch at the NW-substrate interface on its
mechanical properties, which should be taken into account when designing devices.

Materials and Methods

Arrays of NWs were grown by molecular beam epitaxy on silicon (111) substrates in the
self-catalytic mode. Synthesis was carried out on Veeco Gen III system equipped with effusion
cells for In and Ga, and cracker cells for P and As. A Zeiss Supra 25 system was used to obtain
SEM images of the NW arrays. For the scanning probe measurements, we have utilized an
NT-MDT NTegra Aura atomic force microscope (AFM) and a TipsNano HA CNC probe.

© Jlyuesuu M.A., llapoB B.A., Kasee A.K., ®enopoB B.B., Myxun WN.C., 2026. Wznarenb: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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The AFM is equipped with a standard optical system for registering probe deflection, based
on reflecting a laser beam from the cantilever onto a four-segment photodiode and recording
differential photocurrents. The coordinates of the NWs are determined using the regular semi-
contact scanning mode. Then, the amplitude of the cantilever oscillations and the feedback gain
are significantly reduced, after which a lateral displacement of the probe along a straight-line
trajectory passing through the NW is performed, as shown in Fig. 1. Mechanical contact of the
probe tip with the side facet of the NW leads to elastic deformations of the cantilever and the
appearance of the differential photocurrent signals I, (‘lateral force-induced photocurrent’).
When the elastic force acting on the NW exceeds its mechanical strength during further probe
displacement, the NW breaks off from the substrate, after which the cantilever deformation also
disappears, and the recorded photocurrent returns to its initial zero position. Thus, a photocurrent
spike is observed on the oscillogram, the amplitude of which reflects the maximum load that the
NW can withstand. The ratio of the spike amplitudes, recorded by the same probe on different
samples under identical conditions, allows comparison of the mechanical strength of the NW-
substrate contact. The more detailed description of the method can be found in [7].

L % X

Fig.1. Schematic of the probe experiment for measuring the strength of the epitaxial
NW-substrate contact

a)

Results and Discussion

The obtained experimental data allow for a comprehensive assessment of the influence of
crystallographic parameters, morphology, and epitaxial growth conditions on the mechanical
strength of the NW-substrate contact. In the SEM images of all four arrays (Fig. 2), the features
of the nanowire geometry are clearly distinguishable: both their lateral dimensions and the
distribution in diameter and density vary. A NW with the mean geometric parameters from
each array is schematically depicted above the corresponding SEM image. These differences
directly affect the interaction between the probe and the NW during their removal, since the
force acting on the cantilever upon contact with the side facet of the nanocrystal is determined
by the lateral probe stiffness coefficient, which depends on the length from the tip base to the
point of contact [7].

a) b) ) d) ~ tonmm

347 nm ]

s‘l‘jm Y
90 nm 4 pm GaP NW
1 1,3 ym InAs NW
2,3 um GaP NW
0,8 um InAs NW
& InAs GaP
[ Si ] = | S ] Si

Fig. 2. SEM images of the studied samples. All scale bars are 1 pm long
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Fig. 3 shows the ILF spikes amplitudes recorded on several NWs on each sample, recalculated
from current units into force units using the previously developed methodology [7]. Comparison
of the average amplitudes allows for a correlation between the materials of the epitaxial interface
and its mechanical strength. The average values of the critical lateral elastic forces were: for
InAs/Si: F| = 813 nN, for InAs/InAs: F, = 5195 nN, for GaP/GaP: F, = 7109 nN, for
GaP/Si: F, = 7669 nN. Values for the GaP/Sl and InAs/Sl samples were taken from a previous
work [7]. Significantly higher force values for both GaP NWs samples indicate greater mechanical
strength of their epitaxial interface, which is explained by the low degree of lattice mismatch. It is
important to note that the GaP/Si and GaP/GaP interfaces possess similar mechanical strength.
In contrast, both samples with InAs NWs demonstrate lower critical forces. The high lattice
mismatch between InAs and Si leads to the formation of initially highly-stressed growth interface
which fully relaxes with the formation of high density of dislocations during the NW axial and
radial growth. Such an interface is less robust, and therefore contact failure occurs at noticeably
smaller cantilever deformations — hence the smaller I ; amplitudes.

lil“he InAs/InAs interface is approximately
an order of magnitude stronger than InAs/Si,

10000 < but still significantly inferior to GaP/Si and
GaP/GaP. Taking into account the signifi-
ey ? ﬁ cantly larger lateral area of InAs/InAs inter-

% .
. %] . face, we normalize the measured forces to
Z EE the interface area for all samples (£~ = F/S),
o obtaining for InAs/Si: F* = 15.5 kN/cm?,
for InAs/InAs: F* = 6.6 kN/cm?, for
2000 - GaP/GaP: F* = 144.7 kN/cm?, for GaP/Si:
> F = 118.2 kN/cm?. It can be seen now
01 that the normalized force for InAs/InAs is
O e, T, SUTUE R J smaller than that for InAs/Si. Thus, the ad-

dition of a buffer layer weakens, rather than
Fig. 3. Critical lateral force values corresponding to strengthens, the nanowire interface, which is
nanowire cleavage, obtained with AFM probe on counterintuitive.
several individual nanowires from each of four arrays. To further study the nature of the NW
The boxes indicate average values, 10% and 90% percentiles removal, the topography of the vicinity of

the growth interface of the removed crystals
was investigated. The topographic features such as presence or absence of NW remains of any
kind allow revealing the differences in the NW cleavage mechanism between the studied sama
ples.

From the previous work [7] it’s known that cleaved GaP/Si NWs remain certain ‘stumps’ up
to 200 nm height while cleaved InAs/Si leave atomically-smooth surface without any stumps.
From Fig. 4 we can investigate the degree of NW preservation for GaP/GaP and InAs/InAs
NWs. In both cases, approximately 200 nm high stumps remain after NW removal. It can be
seen that the whole lateral areas of the NW bases are preserved. Thus, GaP NWs show similar
behavior both with or without GaP buffer layer. This result reflects the specificity of GaP failure
mechanism, i.e., the NW body is more fragile than GaP/Si or GaP/GaP interface. At the same
time, InAs NWs leave stumps only with InAs buffer layer.

Together, both groups of data, the dynamics of the I . signal and the analysis of post-
removal topography, form a comprehensive picture that allows for a quantitative and qualitative
assessment of the mechanical strength of NW epitaxial contacts. However, the utilized approach
seems promising for further investigation of mechanical properties of nanostructures. However,
the obtained results for InAs are somewhat counterintuitive. On the one hand, after removing
the InAs NWs from the buffer, stumps remain, indicating that the fracture occurs within the
InAs bulk, not at the growth interface. On the other hand, the assumption that the buffer
would increase the strength of the InAs nanowires was not confirmed. On the contrary, a
300% reduction in the normalized critical lateral force was observed. Thus, InAs/Si interface is
stronger than InAs/InAs despite potentially higher defect density.
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Fig. 4. Topography and topography profile of the InAs/InAs (a) and GaP/GaP (b) surface before
(left pictures) and after (close-up right pictures) NW removal. The rightmost panels show 1D height
profiles drawn horizontally through the stumps centers

Conclusion

Mechanical strength of individual GaP and InAs nanowires, grown on the homoepitaxial buffer
layers, is investigated and compared with that of the nanowires grown directly on Si substrates.

In both cases GaP nanowires demonstrate similar strength and incomplete removal from the
substrate, leaving 200 nm high stumps, indicating that both GaP/Si and GaP/GaP interfaces
are stronger than the nanowire body itself. InAs nanowires demonstrate different mechanical
properties with respect to the base material. The ones grown on Si are cleaving without any
remains, indicating that the cleavage occurs at InAs/Si interface. The ones grown on InAs buffer are
cleaving similarly to GaP nanowires, leaving stumps, but enduring 300% lower critical mechanical
forces. The obtained results demonstrate the high sensitivity of the proposed methodology to
structural differences between homo- and heteroepitaxial systems. Further understanding of
underlying physical phenomena defining mechanical properties of nanowires requires the use of
structural analysis techniques such as TEM. However, the presented approach can be used to
optimize the growth conditions of nanowires and improve technologies for creating optoelectronic
devices based on them.
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Abstract. Sources of stimulated coherent emission in all visible range are highly de-
manded for numerous applications in photonic and optoelectronic devices. In that regard,
metal halide perovskite-based microlasers are established to be promising objects due to
their low-threshold and lasing with high quality factor (more than 1000) at room tem-
perature. However, there are still challenges in synthesis of stable and uniform crystals
emitting red light. This work presents a novel sublimation synthesis method to produce
mixed-anion perovskite CsPb(Br,I), microwires that generate laser emission in red region
of visible range. An increase in the iodine content in the structure contributes to a red-shift
in photoluminescence from 530 nm to 680 nm. CsPb(Br,I), microwires demonstrate mul-
timode laser generation with threshold at 70 mJ/cm? and Q-factor near 1500. A uniform
distribution of bromine and iodine ions in the structure is confirmed by energy dispersive
x-ray analysis. Additionally, study of surface morphology by scanning electron microsco-
py showed core-shell like structure, which can improve long-term stability of obtained
crystals. Our study reveals the sublimation as a promising synthesis method to produce
low-threshold red microlasers that emit light at room temperature.
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Annorammsi. MICTOYHUKM CTUMYJIMPOBAHHOIO KOIEPEHTHOTO M3JIy4eHHUsI BO BCEM BU-
IMMOM Jyvalia3oHe KpailHe BOCTpPeOOBaHBI JJIsI MHOTOUMCJECHHBIX NMPUMEHEHU B ¢o-
TOHHBIX U OITO3JIEKTPOHHBIX YCTPOMCTBaX. B 3TOM OTHOIIIEHUM, MUKpOJIa3ephl HAa OC-
HOBE METaJUIOTaJOTeHUIHBIX MMEPOBCKUTOB 3apEKOMEHIOBAIN Ce0s1 KakK MePCIIEKTUBHbBIE
00BEKTBI Gjarofgapss HU3KOIIOPOTOBOMY KM BBLICOKOTOOPOTHOMY M3JIydeHUIO (C ITOKasa-
TesemM gooporHocTtu Oosbiie 1000) mpu KoMHaTHOI TemmepaType. OQHaKO OO0 CUX TOp
CYLIECTBYIOT MPOOJIEMBI C CMHTE30M CTAOWJILHBIX U OJHOPOAHBLIX KPUCTAJIOB, M3Jydya-
IOIIMX B KpacHOM Auamna3oHe. B maHHOIT paboTe TpeacTaBiieH HOBBIM METON CyOIMMa-
LIMOHHOTO CUHTE3a IS CO3JaHMUSI HUTEBUIHBIX CMEIIAHHO-aHWMOHHBIX TEPOBCKUTHBIX

© Tatarinov D.A., Sapozhnikova E.V., Semenov D.A., Pushkarev A.P., 2026. Published by Peter the Great St. Petersburg
Polytechnic University.
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MukpokpucrtamioB CsPb(Br, I) TeHepUPYIOIINX Ja3epHOe U3JIydYeHHE B KpacHOU o0Jja-
CTU BUIMMOTO CIIEKTpa. YBeJU/IquI/Ie COZePXKAHUS MOA B CTPYKTYPE CITIOCOOCTBYET CABU-
ry ¢hOTOJIOMUHECIICHIIMU B KPACHYIO 001acTh criekTpa oT 530 HM 1o 680 HM. MUKpOKpU-
cramel CsPb(Br, I) ILCMOHCTpHpYIOT MHOTOMOJIOBYIO T€HEPALUIO JIA3€PHOIO U3JIYYECHUS
¢ noporom 70 MI[)K/CM U Jo06poTHocThiO okosio 1500. PaBHOMepHOE pacrpenesieHue
MOHOB OpoMa M MojAa B CTPYKTYpe MOATBEPKAAETCS IHEPTOAMCIIEPCUOHHBIM PEHTI€HOB-
ckuMm aHanauzoM. Kpome Toro, ucciemoBaHue MOpPGOJIOTUM MOBEPXHOCTU KPUCTasIa C
MOMOIIIbIO CKAHUPYIOLIEH 37EKTPOHHON MUKPOCKOMUU MOKA3bIBAET HAIMYUE CTPYKTYPhI
TUIIA «SIAPO-000JI0UKa», YTO MOXKET YJYUIIUTh JOJTOBPEMEHHYIO CTAaOUJIbHOCThH MOJY-
YeHHbIX KpucTa/uioB. Haille ucciienoBaHre Moka3blBaeT, YTO CyOaMMalIvs SIBsSETCS Mep-
CIIEKTUBHBIM METOIOM CHUHTE3a JUIS MOJy4YeHUs] HU3KOTIOPOTOBBIX KPACHBIX MUKPOJIa3e-
pPOB, M3JIyYarolIUX CBET NMPU KOMHATHOM TeMmIiepartype.

KaioueBbie ciioBa: rajoreHaHble MEPOBCKUTHI, JlazepHasi TeHepalus, cyoaumanus,
CMEILIEHUE B KPACHYIO 00J1acTh, (DOTOJIOMUHECLICHIIUS
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Introduction

Perovskite crystals possess a number of outstanding properties, such as a low concentration of
lattice defects, a high optical absorption coefficient, and a high luminescence quantum yield at
room temperature [1]. In addition, microstructures can be fabricated in various resonant shapes,
which enables generation of lasing emission in crystals [2]. Microscale sources of stimulated
emission are highly demanded for application in various optoelectronic and photonic devices.
For inorganic metal halide perovskite (MHP) crystals of the CsPbBr, composition the emission
spectrum may be tuned by partial replacement of the halogen ions. Tfle introduction of CI” or I"
ions instead of Br™ leads to a shift in the luminescence spectrum towards the blue or red region,
respectively. However, due to the high mobility of iodine ions and its interaction with oxygen and
water molecules in atmosphere, mixed crystals of this composition are highly unstable [3]. That
results in formation of uneven distribution of Br -rich and I"-rich domains under prolonged opti-
cal or electrical pump. Hence it leads to the shift of luminescence spectrum or the appearance of
additional emission peak [4]. Such instability of spectra is especially pronounced for mixed-iodine
crystals that are synthesized at rather low temperatures (below 100 °C) through anion exchange
where the source of halogen is gas [5] or another pure iodine structure [6] as the migration pro-
cess mainly happens at the surface level. In this work, the new sublimation method was employed
for creating microstructures that exhibit narrow and smooth photoluminescence peak at room
temperature in red range. Here, the crystals are synthesized at higher temperatures which facili-
tates the 1" ions uniform diffusion within all crystal volume and the additional shell-like layer of
Pbl, protects perovskite from the external environment.

Materials and Methods

Two types of solutions were prepared to produce polycrystalline perovskite source-substrates.
They were obtained by dissolving CsBr, PbBr, and Pbl, powders in dimethyl sulfoxide to produce
pure solutions with 0.3 M for CsPbBr, and 0. 675 M for Pbl,. At the beginning, 2 types of sources
for subsequent synthesis of microwires (MWs) by sublimation technique were prepared. Firstly,
the CsPbBr, solution was drop-cast on a glass substrate and placed in a petri dish in isopropyl va-
por at 100 °C for 10 minutes to form CsPbBr, crystals. Secondly, the same protocol was repeated

© TarapunoB [1.A., CanoxnukoBa E.B., CeménoB [.A., Ilymkapés A.Il., 2026. Wszmarenb: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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for the Pbl, solution. In this work, glass substrates coated with CsPbBr,/Pbl, microcrystals were
used as the source substrate, and a mica substrate was used as the receiver substrate. Source sub-
strate was placed on a high-temperature plate and a receiver substrate was fixed on top of it at a
2.5 cm distance. Initially, the CsPbBr, substrate was used as a source to create microwires on
the mica, and later lead iodide was evaporated onto the resulting microwires, thereby allowing
the formation of mixed CsPb(Br,I), microstructures. After that the samples were cooled down to
room temperature.

The surface morphology and elemental analysis of obtained mixed-anion perovskite microw-
ires were studied by a scanning electron microscopy (SEM) method and energy-dispersive X-ray
(EDX) analysis (FEI Quanta Inspect). The bright-field and luminescent images of CsPb(Br,I),
MWs with different iodide concentration were obtained by C.Z.A Imager 2 microscope (Carl
Zeiss). The photoluminescence spectra were measured on a QE-Pro spectrometer (Ocean Optics)
coupled to microscope with optical fiber. Lasing properties of single microwire were studied under
femtosecond laser excitation (Antaus, Avesta) with pulse width T = 150 fs at a wavelength of 515
nm and 10 kHz repetition rate. The laser beam was focused onto the sample surface at normal
incidence by a microscope objective (50%, NA = 0.42) aligned to provide uniform irradiation of
the microwires (Gaussian distribution with an FWHM of = 20 um). The signal was separated from
pump via long-pass dichroic mirror (cut-off wavelength of 550 nm) and registered on a spectrom-
eter (Andor Kymera 328i, Oxford instruments) equipped with a cooled electron multiplying CCD
camera. All measurements were performed at normal conditions and reproduced several times.

Results and Discussion

Arrays of synthesized microwires were visualized by bright-field images from optical micro-
scope. The produced crystals varied in cross-section size and total length (5 to 20 microns)
(Fig. 1, a). In addition, the fluorescent images show homogeneous luminescence of crystals
(Fig. 1, b). The EDX mapping analysis revealed uniform distribution of elements within the crys-
tal which indicates its structural stability (Fig. 1, ¢). The photoluminescence spectrum of the MW
was 577 nm, which corresponded to 16% of iodine concentration in the structure. Notably, it was
discovered that iodine deposition creates a so-called ‘coat’ over the obtained CsPbBr, microwires,

a) b)

Cs At17% Pb At.23%

5 pm
Br At44% | At. 16%

Fig. 1. Characterization of mixed-anion CsPb(Br,I), microwires: bright-field () and fluorescent (b)
images of obtained microwires; EDX mapping of single MW (c); SEM-image of a single MW (d)
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as clearly seen in the SEM image (Fig. 1, d). We suggest that the produced mixed MWs possess
a core-shell-like structure, where the iodine-based ‘shell’ protects perovskite ‘core’ from oxygen
and moisture, thereby making them more stable over time.

A comparison of optical properties of obtained mixed-anion microwires was made by measur-
ing photoluminescence (PL) spectra (Fig. 2, a). For the reference microwire without iodine, the
photoluminescence peak was 530 nm. A subsequent increase of the iodine concentration in the
structures allows one to observe a red shift in the photoluminescence spectra (see Fig. 2, b for a
visual representation). At the point of maximum iodine concentration, the photoluminescence
peak is located at a wavelength of 680 nm. The difference in the full width at half maximum of the
measured photoluminescence spectra can be explained by the difference in the lateral dimensions
of the mixed perovskite microwires.

Norm. PL Intensity

Wavelength (nm)

1 1 | 1 i

560 600 610 620 630 50. slo ?'0 80 glg 100
Wavelength (nm)

Fluence (nJ cm™?)

Fig. 2. Optical characterization of CsPb(Br,I), microwires: photoluminescence spectra of isolated

microwires 1-7 found at different locations on the substrate (a); fluorescent images of microwires

1-7, respectively (b); photoluminescence spectra for CsPb(Br,I), microwire at different intensities

below and after the lasing threshold (¢); intensity and full-width-half-maximum (FWHM) of emission
spectrum of the microwire at the lasing wavelength (d)

To demonstrate the lasing properties of MWs, they were pumped by a femtosecond laser
emission. Fig. 2, ¢ reveals the spectral evolution of PL with the increase of the laser pump
fluence for a single mixed-anion perovskite microwire with lateral size 15 um. It worth noting
that there was no PL spectral split contributed to iodine migration, which confirms the stability of
luminescence in crystals. The observed behavior demonstrates all basic lasing features: clear lasing
threshold at fluence = 70 pJ/cm? and its sharp spectral narrowing by two orders of magnitude at
the red wing (A = 620—625 nm) of excitonic PL spectra as shown in Fig. 2, d. Quality factor (Q)
of the most intense lasing mode was estimated to be 1500 and calculated as Q = A/AA, where A
is the mode center wavelength and AA is the mode width.

Conclusion

In this work we presented a novel synthesis method of mixed-anion CsPb(Br,I), perovskite
microwires which demonstrated laser generation in red region of visible range. Tﬁe obtained
perovskite microwires showed a stable peak of photoluminescence without any shifts throughout
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all experiments at room temperature. Lasing threshold was estimated to be 70 pJ/cm? with quality
factor near 1500. Produced structures can be used in optoelectronic and photonic devices, which
require stable photoluminescence and laser emission.
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Abstract. Theoretical calculations of the resonator modes optical characteristics of a
semiconductor surface-emitting laser with a resonator based on a two-dimensional pho-
tonic crystal with a square lattice were carried out in the paper. Photonic crystal provides
distributed feedback in plane of heterostructure layers and determines diffraction of radi-
ation to the surface of the laser structure. Output beam emitted in the direction normal
to the surface of such devices allows decreasing the beam divergence and increasing the
output optical power. However, an increase in radiation aperture also affects the mode
composition of the laser emission. The dependences of resonator modes optical losses and
beam divergence on cavity size were obtained. A suggestion of the optimal cavity length to
achieve single-mode operation with small output laser beam divergence angle was made.
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OnHako, yBeJWYEHME Pa3MepOB pe30HATOpa TakKXke BIMSCT Ha MOJIOBBIM COCTaB U3ITY-
yeHKs. BbutM MoJyYeHBl 3aBUCHMMOCTHM ONTHMYECKMX MOTEPh PE30HATOPHBIX MO U pac-
XOAMMOCTHU Iy4Ka OT amepTypbl u3aydeHus. bbpuin momoGpaHbl ONTUMAIbHbBIE Pa3MEpPhI
pe3oHaTopa aJist obecrneuyeHust OAHOMOAOBOIO pexKrMa paboThl IIPU MaJIOi PaCXOAUMOCTU
Iy4yKa BBIXOIHOTO M3JIy4eHUs.

KmoueBbie ciioBa: GOTOHHBIN KPUCTAJUI, TTOBEPXHOCTHO-MU3TYYAIOIINNA Ja3ep, TOJy-
MMPOBOAHMKOBBIN J1a3ep, Pe30HATOP, PACXOAUMOCTD ITyuyKa
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Introduction

Ridge semiconductor lasers have a highly asymmetric wide radiation pattern and multi-mode
operation [1], which complicates their application in optoelectronics since expensive collimating
optics are required. This problem can be solved by outputting radiation through the surface of
a laser device, which is implemented in vertical cavity surface-emitting lasers (VCSELs) [2].
However, VCSELs have a small aperture size due to the design features of the resonator, which
limits the high optical output power. Because of this, photonic crystal (PC) surface-emitting
lasers (SEL) are developed [3—6], which enabled single-mode high-power output laser emission
with symmetrical narrow beam.

Distributed feedback and diffraction to the direction normal to the surface of the device
are provided by forming two-dimensional (2D) PC in the heterostructure layers [7]. Optical
characteristics of such devices depend on sizes of the resonator, therefore it is important to study
this effect.

In this paper theoretical calculation of the mode composition of the resonator based on
square lattice 2D-PC has been made. PC is formed by air holes in the layer of heterostructure
GaAs/AlGaAs/InGaAs, emitting at a wavelength of 1005 nm. The analysis of dependences of

resonator modes optical losses and directional pattern on size of the radiation aperture are carried
out.

Materials and Methods

In this paper we studied the heterostructure GaAs/AlGaAs with 3 quantum wells InGaAs.
Generated in active layer emission is TE polarized, that is typical for InGaAs. Square lattice PC
is formed by air holes in the shape of a right isosceles triangle (RIT) in one of the heterostructure
layers (Fig. 1, a).
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Fig. 1. Schematic structure of SEL device with resonator based on square lattice PC (a);
typical photonic band structure for square lattice PC with RIT holes ()
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PC lattice constant A = 300 nm is chosen to satisfy the second-order Bragg’s condition, and
the holes, whose size is characterized by fill factor f=S_, /S ., have f 22.2%. Calculations
of photomc band structure for infinite size square lattice T’é shows that in second order I'-point
there are four band-edge modes [8]. We call these modes A, B, C, D (Fig. 1, b) in order of in-
creasing frequency.

In order to make the necessary calculations of the resonator’s optical characteristics, we
utilized coupled-wave model [9]. We will highlight peculiarities of this method: we consider TE
polarized wave, for which we have wave equation

VxVx E(F)=kii>(F)E(F) (1)

where 7i(7) is the complex refractive index, k; is the wavevector of the light in the vacuum. The
TE polarization field E(F)=(E, (¥), E (7),0) can be expanded in PC due to Bloch theorem:

E(z)= .E,, ,(2)exp(-imB,x—inB,y), i =x, 7, ®)

where m, n are integers, BO = 2m/A is the reciprocal lattice vector. The real part of the refractive
index can be expanded into a Fourier sum

n*(F)=ny(2)+ Y &, (2)exp(=imByx+inB,y), (3)
m#0,n#0
where Fourier coefficients are expressed as
1 . .
S =7 [] A (. y) exp(imB v+ in, )y )
PC

and equal zero outside of the PC layer. Waves from expansion (2) can be classified based on
their wavenumber ~'m* +n’B,: basic waves (m*> + n*> = 1), radiative waves (m = 0, n = 0) and
high-order waves (m? + n?> > 1). In the approximation of this model, is suggested that radiative
and high-order waves are stimulated by basic waves. The solution of the wave equation (1) for
basic waves is reduced to the problem

R) (R (&R ox
N S I R T .
+ = +
(i) o 1=Cl g |*) ar soy | ©)
s,) |s,) |-os,/av

where 9 is the deviation of the wavevector from Bragg’s wavevector, o is the optical losses, R (X,
»), S(x, y), R (x »), S (x, y) — amplitudes of the basic waves propagating in the +x, —x, +y,

-y directions accordlngly, c=c,+C_+C,C,,C ,C  — matrices, which correspond to
one-dimensional coupling, radlatlve and basic waves couplzmg, two- d1mens1ona1 optical cou-
pling accordingly. Problem (5) can be solved using staggered grid finite-difference method with
boundary conditions:

R.(0,y)=S.(L,y)=R,(x,0)=S5 (x,L) =0, (6)

where L is length of the square resonator (and, accordingly, the radiation apertures). Thereby we
obtain set of optical losses of the resonator modes and relative to them values of the basic waves’
amplitudes in the grid nodes. We can obtain radiation intensity distribution in near and far fields
of the specific mode by utilizing amplitudes of the basic waves [9].

Results and Discussion

In case of RIT holes, modes C and D have much higher threshold losses compared with
modes A and B [8], therefore we excluded them from further consideration. We calculated
intensity distribution in near and far fields for resonator modes A ,L3,A, (L = 200 pm,
Fig. 2) and BI,L‘?ZZ,B2 (L =200 pm, Fig. 3) at different cavity lengths. Fundamental modes A and
B, are characterized by the presence of a single maximum in the center (or close to the center)
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of the intensity distribution (Fig. 2, a, b, Fig. 3, a, b), the smallest beam divergence in their
group, and a symmetrical radiation pattern. In contrast, high-order modes have several intensity
maximums, which slightly deviate from the normal to the lasing surface (Fig. 2, c—h, Fig. 3, c—h),
that complicates the use of the device. Additionally, high-order modes electromagnetic fields

penetrate the boundaries more than fields of fundamental modes, which correspond to higher
parasitic losses.

a) Mode Ay; F=22.2 %; L =200 pm b) Mode Ay f=22.2 %; L =200 pm C) Mode L{% F=22.2 %; L =200 pm d) Mode L3 f=22.2 %; L =200 ym
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Using the A; mode, we will show the typical changes in the distribution of the radiation inten-
sity of the modes with the change in the size of aperture. PC with holes in the shape of a RIT is
characterized by an asymmetry in the intensity envelopes relative to the plane y = L —x, which is
parallel to the triangle hypotenuse and perpendicular to the plane of the layer. This is especially
noticeable at small cavity sizes: at L =50 um (Fig. 4, a) electromagnetic wave penetrates strongly
into the boundaries x = 0 and y = 0 in comparison to x = L and y = L. This leads to reduction
in the symmetry of the intensity distribution in far field (Fig. 4, d). Increase of resonator length
leads to enhancing symmetry of intensity distribution in near and far field (Fig. 4, b, c, e, f),
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because of propagating in plane of PC layer wave manages to fully interact with PC holes, that
also provides improvement of resonator properties. Besides this, increase of the radiation aperture
leads to narrowing of the output beam in far field: at L = 50 um, full width at half maximum
FWHM = 1.33°, at L =200 pm, FWHM = 0.35°, at L = 400 um, FWHM = 0.17°. A similar
situation is observed for mode B,.

a) b) )
Mode A;; F=22.2 %; L=50 pm Mode Aq; F=22.2 %; L =200 pm Mode Aq; F=22.2 %; L =400 pm
=% =% =%
® ® ®
= = =
-1} -1} -1}
= = =

Intensity, a.u,

-0.4 —0.2 00 02 04
I3
e

-0.8 =04 00 04 08
By, °

Fig. 4. Radiation intensity distributions of mode A, in near field at L = 50 pm (@), L = 200 pm (b),
L =400 um (c) and in far field at L = 50 um (d), L = 200 pum (e), L = 400 pm (f)

However, increase of the cavity length leads to weakening of mode discrimination, which is
shown in the dependence of resonator modes optical losses on cavity length at Fig. 5, a. Thus,
mode selection has a value of 100 cm™! at L = 50 pm, and 4 cm™' at L = 400 um. Meeting the
threshold generation condition for several modes will lead to a loss of single-mode operation,
and the generation of high-order modes will lead to a significant increase in the divergence of the
output beam (Fig. 5, b), as well as to loss of the beam pattern symmetry. It is also important to
note that a change of the lowest threshold mode (A, — B)) occurs at L = 140 pm.
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Fig. 5. Resonator modes optical losses dependence on cavity length (a).
Beam divergence angle dependence on radiation aperture (b)
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Conclusion

We have made theoretical calculations of dependences of radiation pattern on cavity length
for SEL with resonator based on square lattice PC. The results show that growth of the radiation
aperture leads to decrease of beam divergence angle, along with improvement of pattern
symmetry. However, this also provides weakening of mode composition selection, as a result,
single-mode operation is lost. Based on the results we can suggest optimal cavity length for
studied heterostructure, which saves single-mode operation, but provides small beam divergence,
specifically at L = 200 pm mode discrimination has large enough value of 14 cm™, and threshold
mode B, radiation has beam divergence angle of 0.35°.
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Introduction

Over the past decade, the properties of parity-time-symmetric (PT-symmetric) systems have
been actively studied. Such systems are invariant under the parity (P) and time (T) reversal. The
concept of PT symmetry is considered not only in quantum mechanics but also in continuum
media theory. In particular, PT symmetry in the theory of elastic waves enables the study of var-
ious fundamental phenomena, such as one-way propagation [1], unidirectional sound focusing
[2], and invisible sensing [3].

In this context, phononic crystals (PC) are crucial components of the implementation of these
effects into the development of novel electronic devices. Most works in the field of PT-symmetric
phononic crystals focus on the structures based on isotropic media [1, 4]. However, there is a lack
of theoretical investigations of PT-symmetric systems based on semiconductor heterostructures,
which often exhibit anisotropic elastic properties.

In the present paper, a general operator formalism for the analysis of elastic waves in a PC is
proposed, which allows studying media with arbitrary anisotropy of elastic and mechanical prop-
erties. The developed theoretical approach is used to study the band structure of PT-symmetric
phononic crystals, taking into account special cases of PT symmetry breaking.

Theory

In the framework of continuum mechanics, stationary elastic waves in crystals are described
by the following equation:

2u (x
D Cam (X ) a( ) —o (X, (x), (1)
ke,d,m Ox;.0x;
where ¢, (x) is the component of the elasticity tensor, u(x) is the complex amplitude of the
displacement vector, u(x) is the coordinate-dependent crystal density, ® is frequency of elastic
waves. Note that considering the displacement field reality, the displacement vector components
u(x, 7) can be expressed through the real part of the corresponding complex phasor u(x)e ™.
In the general case, a structure under study can be characterized by losses or gain. From a
mathematical point of view, such properties of elastic media are described by the imaginary part
of the elastic tensor C(x), which can be represented as:

C(x) =C'(x)+iC"(x),

where C'(x) and C"(x) are its real and imaginary parts, respectively. Note that the complex pa-
rameters of the analyzed systems naturally arise when considering time (or spatial) dispersion ef-
fects. However, when the components of the elastic tensor change slightly over a given frequency
range, it is sufficient to use their constant values. Such a way of description of elastic properties is
widely used in the theory of PT-symmetric phononic crystals, where gain and loss are engineered
artificially and maintained under certain experimental conditions [1, 2, 4].

Taking into account space inversion and time reversal, we can write a generalized PT symme-
try condition for crystal density and elasticity tensor coordinate dependencies:

R(X) = pu(—x), C(x) = C" (—x).

Note that time reversal reduces to complex conjugation [1].
It can be shown that conventional Eq. (1) is a special case of the following operator equation,
written in the coordinate representation:

(k)3 K)|u)y=o’fi]u). )

Here § is the polarization operator, k is the wave vector operator, ¢ and [I are the operators
of the elasticity and density of the crystal, respectively, |u) is a vector in a complex Hilbert space
that describes a displacement field. A similar approach was successfully developed in the theory
of photonic crystals [5].

© duwkun 3.M., 3axapueHko M.B., Tnunckuit [.®., 2026. Wzpatenp: Cankr-IleTepOyprckuii moJUTeXHUYECKUI
yHuBepcuteT [letpa Benaukoro.
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To prove the equivalence of Egs. (1) and (2), it is necessary to write the operator equation
in a certain basis. Consider a set of states “of phonon” |i, x) with a certain coordinate x and
elastic wave polarization i (i = x, y, z). These states form a basis that satisfies the conditions of
orthonormality and completeness:

(i,x ’) =8(x—x")8y., (i,;

lX|

l> = 8(X - X')Sikalm N

x){(i,;x|=1, (3)
il y

where V is the volume.
Using this basis set, we can define the vector |u) in coordinate representation:

(i, xu) =

The matrix elements of the operators in Eq. (2) are determined as follows:
(i,k; X' = €y (X)X —X), (i, x| ] £, X' = p(x)S(x — X)3 .,
(i, x'> =—[V, 0(x—x")]d;, <i, ;X|S|k, x'> =8, ,0(x—X),

where s, 1y are the matrix elements written through the Clebsch—Gordan coefficients [6].
Usmg expressions (2), (3), it can be shown that:
x'><l, x'|u> =Gy,

<1, ;x|c(s-k)u =;£dx z,k;x|c(§-f() l,
<i;x|(§-l§)+|0>=Z:J.a’x'<z';x|(§.lﬂ()+ '><l,m;x'|0>=zl:%,

X
where 6, is the component of the mechanical stress tensor and |o) is the corresponding state
vector in the complex Hilbert space, describing a mechanical stress field.
Using the relation between the mechanical stress tensor and the strain tensor [6], Eq. (1) can
be written in the following form:
> Bk o,
k

ox;,

Thus, Eq. (2) in the coordinate representation reduces to Eq. (1).
By 1ntr0ducmg auxiliary vectors | ) h |u> we can reduce Eq. (2) to the eigenvalue problem
for a non-Hermitian operator:
i)=w’|i).

Here, we introduced a “dynamical” operator D =p""2(s-k)"é(s-k)i~"2, whose eigenvalues are
squared eigenfrequencies.

A phononic crystal is a translationally invariant system with periodically changing elastic
properties. In this case, it is convenient to use states with a certain wave vector and polarization
as a basis |i, b + k) (b is the reciprocal lattice vector of the PC, k — the wave vector, taking
values in the corresponding superlattice Brillouin zone). Set of states |7, b + k) is also considered
orthonormal and complete.

The corresponding matrix elements of the operators in Eq. (2) are defined as:

(i,1;
(i

where ¢, (b —b’) and (b —b’) are the Fourier transforms of the components of the elastic tensor
and the’ crystal density, respectively.

A

D

A

Q

;b'+K) = ¢ (D =Dy, (i +K
+k‘> (b+K) 8y 81 S, (in s

Lb'+K) =p(b—b)3; 8,

“4)
+K') =51, 0 Opac
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Expressions (4) allow determining the matrix of the operator D, which is diagonal in indices
k and k' and has a block-diagonal structure, where each block is a matrix of smaller dimension,
corresponding to a certain value of the vector K. As a consequence, the operator Eq. (2) can be
represented as the following matrix equation:

DK ; (k) =, (k)i (k).

Herein D(K) is the matrix of the operator D, and . ; (k) are the corresponding eigenvectors.

Thus, the problem of determining the band structure of a phononic crystal is reduced to
the problem of determining the eigenvalues ? 2(k) and eigenvectors @ ;(k) of a non-Hermitian
matrix. It should be noted that in a non-Hermitian problem, the elgenvectors are not orthogonal,
but are related by the conditions of biorthonormality and completeness to the solution of the
adjoint problem for eigenvalues and eigenvectors [7].

To determine the spatial distribution of the displacement field, it is necessary to consider
i (k) in the basis |i, x), which is related to the basis |7, b + K) by the inverse Fourier transform:

ibx

1
u; ;(x;k) = TZC Uy, (K).
Here Q is the volume of a unit cell. Components u (k) form respective vectors uj(k) which are
related to the eigenvectors i, ;(K) of the matrix D(k) by the following formula:
_1/2..
j(k) ] j(k)a
where the matrix p is defined through the matrix elements (4).

Results and Discussion

The theory developed was used to analyze the band structure and the displacement fields of a
one-dimensional PT-symmetric anisotropic PC. The studied structure is schematically shown in
Fig. 1. The values of the elasticity tensor components were taken from [8, 9].

L =250 nm

AIN | GaN
Loss Passive
z

Fig. 1. One-dimensional PC consisting of AIN/GaN layers. The PC period is L = 250 nm.
Passive regions are marked in gray, regions characterizing wave amplification are marked in red,
and attenuation is marked in green

The energy loss and gain in AIN
' cells are characterized by the following
imaginary components of the elasticity
tensor: ¢} =cy, =+y-10'"° Pa (where "+"
denotes a cell with loss, "—" denotes a cell
‘ with gain). Fig. 2 shows the calculated
band structure of the fully passive 1D
AIN/GaN PC (without gain and loss),
as well as a PT-symmetric 1D PC with
active elementary cells.
As can be seen from Fig. 2, the
band structures for the passive PC and
the PT-symmetric PC slightly differ

05 0 0.5 quantitatively. However, a coalescence of

k./ko the dispersion branches can be observed

for the latter case. Fig. 3, a shows the

Fig. 2. Band structure of passive PC (red line) spatial distribution of the displacement
and PT-symmetric PC (black dotted line (y=2)) fields for a PC with PT symmetry and its

violation (Fig. 3, b).
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a) b)
0.08 T ! ;
= 0.06r 1
L0041
0,021
0 0~ =
05 _0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5
z/L z/L

Fig. 3. Squared modulus of displacement fields at k. = 0.25k, j = 21, i = x (red dotted line), and at

j =22, i=y (blue line), PT-symmetric case (y = 6) (a); squared modulus of the displacement fields

at k. = 0.25k,, j = 21, i = y (red dotted line), and at j = 22, i = y (blue line), case of PT symmetry
breaking (y = 7) (b). k, = 2n/L.

One of the characteristic features of PT-symmetric systems is the presence of exceptional
points, corresponding to singularities in the dependence of frequency on the system parameters.
Fig. 4 shows the dependencies of the imaginary frequency component for two modes j = 21, 22
on the parameter 7.

0.1 T T T T T T T T T
g0
g

_0'] L 1 1 1 L 1 1 1 1

Fig. 4. Dependences of imaginary frequency component for two modes j = 21 (red dotted line)
and j = 22 (blue line) on the parameter v, for k. = 0.25k;

Fig. 4 shows an exceptional point for y = 6.5, corresponding to the broken PT symmetry. This
explains that when y = 6 (Fig. 3, a) the amplitudes of the waves in the regions with gain and
loss are equal, while for the case y = 7 (Fig. 3, b) such symmetry of the eigenstates cannot be
observed.

Conclusion

The paper develops a new theoretical approach for the analysis of the band structure of the
phononic crystal. A generalized operator form of the equation of a stationary elastic wave in a
crystal is proposed. It is shown that the problem of determining the band structure and eigenmodes
of a PC is reduced to a matrix problem of finding eigenvalues and eigenvectors. This approach
allows analyzing the PCs with arbitrary anisotropy of elastic properties. A generalized condition
for PT-symmetric systems with anisotropic elastic properties was obtained. The proposed method
was used to calculate the band structure and the spatial distribution of the displacement field of
the one-dimensional PT-symmetric PC and to analyze the system's behavior near the exceptional
points. This theory can be further developed to study systems with temporal and spatial dispersion
of elastic properties, analogous to the operator formalism of macroscopic electrodynamics [7].
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MOILIIHOCTH B 2.7 pa3a IIPUBEJIO K CABUTY MOJOXEHUS SHEPTUU KBAaHTa, COOTBETCTBYIOIICH
JIJINHE BOJIHBI TeHepanuu, okoio 1 maB. JlaHHOe cMellleHre MOI0KeHMsI SHEPTrUM KBaHTa
COOTBETCTBYET HarpeBy Ja3epa 0KoJio 12 rpamycos.
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Introduction

Reservoir computing (RC) is one of the effective ways to implement neuromorphic computing
due to its ability to efficiently learn through linear regression and classification. Compared with
the electrical implementation of the RC, its optical implementation is promising due to its large
scalability and large speed. In particular, RC based on diffractively coupled (DC) laser arrays
made it possible to realize gigahertz speeds. In this case, the system bandwidth is determined by
the internal dynamics of the lasers and the roundtrip time for light to pass through the external
optics (~nanoseconds).

Current-injected vertical-cavity surface-emitting lasers (VCSELSs) [1 — 4] and optically pumped
micropillar cavity lasers [5 — 9] can serve as laser sources that provide DC. Both of these types
of vertical microcavity lasers provide the vertical emission and array fabrication required for DC
operation. The current-injected VCSEL array with a quantum wells (QWs) active region allows
for diffractive coupling to be realized at room temperature [1], but the maximum element size
in the array does not exceed 24 [1], which is due to the large pitch of the lasers on the substrate
(>80 pum [5]). In addition, the emission wavelength of individual current-injected VCSELSs varies,
and this can hardly be compensated due to wavelength tuning induced by the injection current
[5]. Optically pumped microlasers with an active region based on quantum dots (QDs) provide a
small element pitch (<10 pm) and enable DC via injection locking, but do not provide lasing at
room temperature. The emission wavelength of individual optically pumped microlasers can be
precisely compensated by adjusting the pillar diameter [5]. As a result, it is possible to fabricate
dense, spectrally homogeneous arrays of microlasers required for RC [5].

The low operating temperatures of optically pumped micropillar cavity lasers are due to optical
absorption in mirrors at the pump wavelength and the low material gain of the active regions.
The use of active regions based on QWs, whose gain is significantly larger than that of QDs, in
the fabrication of microlasers is very limited. Due to the small diameter of the pillar cavity, large
non-radiative surface recombination limits the possibility of continuous-wave (CW) operation of
the QWs-based microlaser even at low-temperatures. In contrast, the tight confinement of charge

© babuueB A.B., Kosau f.H., [parynoa A.C., MaxoB U.C., Kpsrkanosckass H.B., 3agupanos KO.M., Cammit 0.A.,
Kynaruna M.M., bo6poB M.A., BacuiaweB A.Il., Baoxun C.A., ManeeB H.A., Kapauumnckuii J1.fI., HoBuko WM.U.,
Eropos A.10., 2026. Usznarens: Cankr-IleTepOyprekuii moantexHuyeckuii yauusepcurer Ilerpa Bemukoro.
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carriers in QDs reduces this effect. The use of mirrors based on GaAs/Al ,Ga  As layers, as well
as an active region based on InGaAs QDs makes it possible to implement lasing action at 130 K
for a microlaser with a diameter of 5 um [10], which was the maximum operating temperature
for micropillar lasers based on GaAs/Al Ga, As mirrors. In fact, strong optical absorption in
the output mirror layers (GaAs) at the pump wavelength limits the power-conversion efficiency
(PCE) to about 3%. Using resonant pumping of the wetting layer (WL) states (pumping in the
range of 905-922 nm [10]) allows to mitigate the absorption in the output mirror layers. At the
same time, due to the extremely small thickness of the WL, the absorption of the active region is
negligible, resulting in a PCE value of less than one percent [10].

To implement laser operation at elevated temperatures, low absorbing (at the pump wavelength)
mirrors based on Al ,Ga  As/Al  Ga, As layers were invented [11]. These low-absorption mirrors
allow the PCE to be increased by approximately ten times (up to ~30% [11,12]). Increasing the
number of QDs layers from one [11] to three allows for compensation of the increase in internal
optical loss with increasing temperature. In this case, the maximum operating temperature does
not exceed 220 K [6, 7]. For practical application of micropillar cavity lasers, it is necessary to
ensure operation at room temperature.

This paper discusses the first results of studies of micropillar cavity lasers operating at room
temperature, which was the main goal of the study.

Materials and Methods

The growth of a planar cavity structure was carried out using molecular-beam epitaxy (MBE).
The optical length of the GaAs microcavity was one wavelength divided by the refractive index (1 A
microcavity). The microcavity was formed by distributed Bragg reflectors based on Al0.2Ga0.8As/
Al ,Ga, As layers. Compared with previous microcavities based on Al ,Ga  As/Al Ga, As
Mmirrors (based on 35 and 27 pairs in the bottom and top mirrors [7]), the modelled quality factor
(Q-factor) of the cold cavity (excluding the absorption of the active region) increased more than
twofold. The number of pairs in the bottom and top mirrors was 35 and 31, respectively. Three
layers of QDs were used as the active region. QDs were self-assembled from In  Ga, As using
Stranski-Krastanov growth method and located in the center of the cavity, at tfie optical field
node. Compared to the previous [7], changing the growth conditions eliminates vertical alignment
of QDs. This leads to an increase in the material gain of the active region [13]. To fabricate the
micropillar cavities, a dry etching process was performed through a mask of reflowed photoresist.

For optical characterization, the samples were placed in an optical cryostat (Cryostation®
s50, Montana Instruments). The temperature of samples during the study was fixed at 300 K.
A semiconductor laser diode with a wavelength of 808 nm was used for optical pumping in CW
mode. For optical pumping, a 20x objective (Mitutoyo M Plan Apo NIR) with a focal spot size
of 4 um was used. The reduction in the pumping spot size (pumping the central part of the pillar)
compared to previous ones [6, 7, 11], allows for lateral heat extraction and minimizing heating
of the active region. An SR-500i spectrograph (Andor Shamrock) was used to collect spectra
at different pump powers. A diffraction grating with 1200 slits per millimeter limits the spectral
resolution to 0.05 nm.

Results and Discussion

Single-mode emission was observed at a wavelength of 960 nm for a pillar with a diameter
of 15 um. To analyze the input-output (/-O) characteristic, the luminescence peak was fitted at
different pump powers. The pseudo-Voigt function was used to determine the integrated intensity
and linewidth in analogy with [11]. A superlinear (S-shaped) increase in the /-O characteristic (on a
double logarithmic scale) was demonstrated, which, along with the narrowing of the luminescence
peak (the Full Width at Half Maximum, FWHM, decreases from 0.2 to 0.05 nm, see Fig. 1, a),
confirms the transition to lasing in microlaser with a diameter of 15 um. To determine the lasing
threshold and the Q-factor at threshold pump power, the /-O characteristic was fitted using an
expression determined by solving the rate equations [10, 14]: Ppump(PO )= Ay/B[BPom(l +&)(1 +
BBP )/(1 + BP_ )—BEBP, |, where Ppu . and P_ are the pump and output power, 4 and B are
the input and output scaling ILactors, B is the fraction of the total spontaneous emission coupled to
the lasing mode (spontaneous emission factor) [14]. The dimensionless factor & can be determined
by: § = nOB/yrsp, where n is the exciton number at transparency threshold, T, is the spontaneous
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Fig. 1. Integrated intensity (left Y-axis), linewidth, and mode energy shift (right Y-axes) obtained at
different pump powers. The dots on the panels correspond to experimental data, the dashed blue lines
to intensities, the dashed red lines to linewidths, and dashed green lines to mode energy shifts. Panel
(b) shows results for a pillar whose position on the substrate is shifted by 2760 pm compared to the
pillar shown in panel (a).
The insets show the lasing spectrum at a pump power of 80.4 mW (panel a) and 80.3 mW (panel b)

emission lifetime, and 7y is the cavity decay rate. To determine the value of y, one can use the
expression y = 2nvL/Q, where v, is the lasing frequency and Q is the quality-factor determined
at threshold pump power. To fit the /-O characteristic, T = 1 ns can be used [10]. The value
of n, can be determined from the QDs density and the effective size of the optical aperture as
mentioned previously [5] and is equal to 22500. When fitting the /-O characteristics, B-factor
was used as a fitting parameter and the value of & was fixed at 1.8. The latter was determined
by specifying the values of y, T and n,. The best-fit value of the spontaneous emission factor
in the laser mode is 7.5-10%. "The results of the fitting are shown in Fig. 1 (dotted S-shaped
line on the left Y axis). Assuming that the mean photon number in the mode is unity at the
threshold [14] (BP_, = 1), the lasing threshold P, can be extracted from the reduced expression:
P, = Ay2B[E(1 - [%5 + 1 + B]. Using this expression, the lasing threshold is determined, which is
32 mW. The QO-factor at threshold pump power is 4400. A further increase in the pump power
leads to an increase in the Q-factor to at least 19300 (see Fig. 1, a, right Y-axis), which is limited
by the spectral resolution of the monochromator used. It also should be noted that the deviation
from S-type I-O characteristic is observed at pump power more than 86 mW, which may be
caused by extreme heating of the sample. To assess this issue, mode energy shift (AE) analysis was
previously used [6, 7, 11]. If there is no additional heating, at low pump power, band filling and
the plasma effect cause a blue shift in the mode energy. A further increase in pump power leads to
a blue shift caused by an increase in the free carrier density [11]. Conversely, if thermal heating is
present, then with increasing pump power the thermal effect dominates over others, causing a red
shift of the mode energy. A similar behavior of the mode energy as a function of the pump power
(red shift) is demonstrated in the examined pillar (see Fig. 1, right Y-axis). Increasing the pump
power from 37 to 86 mW results in a red shift of the mode energy above 1 meV. Based on the
mode energy shift as a function of temperature (T) [7], a rough estimate of sample heating can be
made. At low temperatures, the AE/AT dependence is nonlinear; at elevated temperatures, it can
be approximated by a linear fit with a slope of ~0.08 meV/K. Taking this value into account, the
heating of the microcavity laser is approximately 12 degrees at a pump power of 86 mW.

To study the spectral homogeneity over the substrate surface, the output characteristics
of a micropillar laser were investigated, the position of which on the substrate was shifted by
2760 pm compared to the position of the micropillar described above and shown in Fig. 1, a. The
pillar diameter was similar to the previous one (15 pum). A clear S-shaped /-O characteristic (on
a double logarithmic scale) was also demonstrated, which, together with the reduction of FWHM
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from 0.22 to 0.05 nm (see Fig. 1, b), confirms the laser action. The lasing threshold extracted
from the rate-equations analysis is 29 mW. The small difference between the lasing threshold and
the similar value discussed above (32 mW) may be associated with a change in the magnitude of
the gain to cavity detuning, which varies across the substrate due to variations in the thickness
of the epitaxial layers across the substrate. A spectral nonuniformity of 29 meV along the radius
of a 2-inch wafer was previously reported for a planar cavity structure grown by metal-organic
vapor phase epitaxy (MOVPE) [5], which is associated with a thickness variation of approximately
2%. In contrast, for the planar microcavity grown by the MBE, the thickness change is less than
one percentage, resulting in a resonance energy shift that is 7 times smaller [12] compared to
its MOVPE-grown counterpart. As a result, this is the main reason for the low difference in the
lasing threshold across the substrate surface. The lasing wavelength just above the threshold is
960.46 nm for the second micropillar, which differs from the similar value discussed above by
approximately 0.21 nm (279 peV). A resonance mode variation of approximately 1 meV along a
64%x64 um? array with a standard deviation of 342 peV was previously reported [4]. As a result, a
resonance difference of approximately 280 peV, achieved in an experiment with a shift along the
substrate of ~2.8 mm, demonstrates the potential for fabricating highly uniform arrays of QDs
micropillars required for RC using the MBE growth method.

For comparative analysis with previous studies, it should be noted that the maximum operating
temperature of lasers with low-absorption mirrors (based on Al  Ga  As/Al  Ga, As layers) and
microcavities grown by MBE and MOVPE is 220 [7] and 200 K [6] Further mcrease in the
operating temperature is limited by thermal heating of the sample, which occurs until the lasing
threshold is reached. To address this issue, a pumping scheme with a point focus in the central
region of the pillar was implemented, allowing for additional lateral heat dissipation, similar to
VCSELs with a buried tunnel junction [2, 3]. Furthermore, the O-factor of the vertical microcavity
more than doubled, and the material gain increased due to the absence of vertical positioning of
the vertically stacked QDs layers. As a result, optimization of the optical pumping method and
design optimization will make it possible to operate microcavity lasers at room temperature.

Conclusion

Optically pumped microlasers operating at room temperature are needed for the development
of quantum photonics, integrated photonic circuits [6] and reservoir computing [5]. This work
demonstrates the possibility of operating micropillar cavity lasers at room temperature. At the
same time, doubling the pump power above the lasing threshold results in sample heating by more
than 10 degrees. Further research will focus on analyzing pulse characteristics to minimize sample
heating.

Recently, a photonic-defect cavity was used to achieve operation at room temperature [6].
While the bottom mirror is semiconductor-based, the top mirror is entirely dielectric. The thermal
conductivity (k) of SiN_ (the high-refractive index material in the pair) is approximately 2.5
times lower than that of Al ,Ga  As. Moreover, the x value of SiO_ (the low-refractive index
material in the pair) is approximately 58 times lower than that of Al " Ga_ As. These facts limit
the heat dissipation through a dielectric mirror compared to its semrconc?uctor counterpart. To
demonstrate the practical application potential of the photonic defect cavity, further analysis of
the heating (mode energy shift) is necessary.

The concept of a photonic-defect cavity based on entirely semiconductor mirrors could become
an alternative to micropillar cavities but involves a two-step epitaxy process. In fact, before
epitaxy of the top mirror, it is necessary to develop epitaxial layers for overgrowing the etched
mesa. Two-step epitaxy of semiconductor mirrors on GaAs substrates was previously achieved
[15], demonstrating the potential of a photonic defect cavity based on semiconductor quasi-planar
geometry.
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on a hybrid vertical microcavity design with carrier injection through intracavity con-
tact layers and composite Bragg gratings. Analysis of the low-frequency amplitude noise
of the VCSELs showed that the noise spectrum in the frequency range from 100 Hz to
10 kHz has a 1/f~noise trend, transitioning to white noise at frequencies above 10 kHz.
The dependence of the amplitude noise on the laser's optical power has a W-shaped form.
An increase in temperature leads to growth in both amplitude and phase noise, both at
a fixed operating current and at comparable optical power of laser radiation. In the fre-
quency range of 1—100 kHz, the achieved amplitude noise level does not exceed —120
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AnHotamus. B paGoTe mpuBeneHbl pe3yabTaTbhl SKCHEPUMEHTAJbHBIX MCCIEI0BaHUM
HU3KOYACTOTHBIX LIYMOB OTHOCUTEJIbHON MHTEHCUBHOCTU U (Pa30BbIX LLIYMOB OJHOMO/IO-
BBIX BEPTUKAIbHO-U3IYYalOlIMX JIa3epOB CHEKTpaJbHOTO Auana3doHa 89X HM ¢ pasnimy-
HBbIMM BpEMEHAMM XKU3HU (DOTOHOB B pe30HATOPE HAa OCHOBE I'MOPUIHONW KOHCTPYKUMU
BePTUKAJIBbHOTO MUKPOPE30HATOPa ¢ MHXEKIMeH HOCUTeNeil 3apsiia yepe3 BHYTPUPE30-
HATOpPHbIE KOHTAKTHBIE CJIOM UM KOMITO3ULIMOHHBIe OparroBckue peuretrku (BUJT). Ana-
JIU3 HU3KOYACTOTHBIX aMIUIMTYAHbIX ymoB BWJI mokaszan, yto crexkTp IIYMOB B 4a-
crotHoM auanazoHe oT 100 I'm po 10 x['u umeer Bua 1/f~muyma, a npu yactoTax BbIlIE
10 xI'u mepexonuT B Oeyiblil 1IyM. 3aBUCUMOCTb aMILUIUTYAHBIX IIYMOB OT ONTHUYECKOM
MOIIIHOCTH Jla3epa uMmeeT W-o0pa3Hbiii Bua. TToBbllIeHHE TeMmepaTypbl BeIeT K POCTY
AMIUTUTYIHBIX M (Da30BBIX IIIYMOB KaK Mpu (PUKCUPOBAaHHOM pabovyeM TOKe, TaK U CpaB-
HUMOU ONTUYECKON MOIIHOCTU M3Jy4yeHUs Jazepa. B yactotHom nmamnaszone 1—100 kI’
JOCTUTHYTBI YpPOBEHb aMIUIMTYAHBIX IIYMOB He mpeBbinaeTr —120 16/, Torma kak
B muama3oHe vyactor 10—100 xI'm ypoBeHb (pa3oBBIX IIyMOB HACHILIAETCSI Ha ypOBHE
0,6—1,1-10° T'u?/Tu (B 3aBUCHUMOCTM OT TEMIIEPATYPhl M ONTUYECKOW MOIIHOCTH) IS
MpUOOPOB C XapaKTEPHBLIM BpeMeHEM XKU3HU (DOTOHOB B pe3oHaTope ~ 8,5 nc. [TonyyeH-
HbI€ pe3yJbTaThl ITO3BOJISIOT UCIIOJb30BaTh pa3padoraHHblie BJI B KOMIAaKTHBIX KBaH-
TOBBIX CEHCOpax pa3JIMYHOro THUIMIA.

KiioueBbie ci10Ba: BepTUKAJbHO-U3TYyJaAlOIINIA j1a3ep, LIYMbl OTHOCUTEJIbHON MHTEH-
CUBHOCTU, aMIUIMTYIHbIC IIYMBbI, ()a30BbIC IIIYMbl, YACTOTHBIE LIIYMBI, KBAHTOBBIE CEHCO-
pBI
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Introduction

VCSELs are a promising type of injection laser for use in compact atomic sensors based on alkali
metals (quantum frequency standards, quantum magnetometers, and gyroscopes) [1]. These lasers
must meet a specific set of obligatory requirements: precise tuning of the radiation wavelength to
the line of atomic transitions of alkali metals in the gas cell, single-mode generation, emission
linear polarization in a fixed direction, small spectral linewidth, high speed at low operating
currents, low phase and amplitude noise, and the ability to operate at elevated temperatures. In
the overwhelming majority of studies devoted to VCSELs operating in the 79X nm [2 — 4] and
89X nm [5 — 7] spectral ranges, attention is primarily focused on the issues of stabilizing the
polarization state of the radiation, ensuring the required optical power in single-mode regime,
and/or laser response time at a given temperature. However, the issue of analyzing the relative
intensity noise (RIN, amplitude noise) and phase noise (frequency noise) in the low-frequency
region has received very little attention.

This paper presents the results of experimental studies of the RIN and phase noise of single-mode
polarization-stable VCSELs operating in the 89X nm spectral range (hereinafter, 89X nm-range
VCSELs), implemented within the framework of a hybrid design of a vertical microcavity with
carrier injection through intracavity contact layers and composite Bragg gratings. The influence of
temperature and photon lifetime on the noise characteristics of the VCSEL is considered.

Materials and Methods
The studied single-mode 89X nm VCSELs are implemented based on a previously proposed
design with intracavity contacts, an optical resonator with InGaAs/AlGaAs quantum wells as the

© Bboopos M.A., broxun C.A., Kosau f.H., bioxun A.A., Manees H.A., Ky3smenkos A.T'., Mapuuit M.H., Bacunses A.I1.,
2026. Usznarenn: Cankr-IleTepOyprekuii moanTexHuyeckuii yuusepcurer Ilerpa Bemukoro.
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active region, and a diamond-shaped oxide current aperture. A more detailed description of the
aforementioned VCSEL design is provided in [8]. Variation of the photon lifetime in the resona-
tor was achieved by controlling the output mirror losses through modification of the top dielectric
distributed Bragg reflector (DBR) reflectivity (by varying the number of DBR layer pairs and/
or the thickness of the phase-matching layer). Details of the method for determining the photon
lifetime are presented in [12].

Investigations of the 89X nm VCSELSs relative intensity noise (RIN) were performed using a
digital lock-in amplifier (SRS SR830 Lock-In Amplifier) operating in a mode measuring the noise
power spectral density within a 1 Hz bandwidth at a specified frequency offset from the carrier.
To improve the signal-to-noise ratio, low-noise components were used in the measurement setup,
including a Hamamatsu S3584 photodetector and a transimpedance amplifier. To account for the
nonlinearity of the electrical path and transimpedance amplifier, the corresponding frequency-de-
pendent transfer function was measured. The use of a low-noise power supply with an additional
low-pass filter minimized the contribution of technical noise. The noise level was calculated by
subtracting the thermal noise, measured in the absence of an optical signal, from the total noise
RMS signal, calculated based on the time-averaged in-phase and quadrature noise components,
followed by normalization to the transfer function. Variation of the frequency offset from the
carrier frequency yielded the frequency dependence of the amplitude noise, while the operating
current and the laser temperature were additionally changed to obtain RIN dependence on output
optical power or temperature.

Phase noise measurements of the 89X nm VCSELs were conducted using an optical frequency
discriminator which converted laser frequency fluctuations into intensity fluctuations. A gas cell
containing the cesium isotope '**Cs vapors and buffer gas N, was used as an optical frequency
discriminator. The linear part of the cell's absorption profile ensured proportional conversion of
frequency noise into amplitude noise. The gas cell parameters were chosen to ensure not on-
ly complete conversion of phase noise into amplitude noise (discriminator slope), but also the
complete dominance of the converted phase noise contribution over the direct contribution of
the laser's amplitude noise. A wide-aperture lens was introduced into the optical setup to form
a low divergent beam. In order to measure laser phase noise, individual 89X nm VCSEL chips,
mounted in TO packages, were tuned to the edge of the gas cell's absorption line to the point
of maximum discriminator slope. The position of this point was determined by the maximum
of the detected amplitude noise. The procedure for recording such amplitude noise is similar to
the methodology described above. It was carried out in an analogous manner — variation of the
frequency offset from the carrier frequency and measurement of the noise power spectral density
in a 1 Hz bandwidth yielded the frequency dependence of the phase noise.

Results and Discussion

Fig. 1 shows the current-optical power characteristics of 89X nm-range VCSELs with a selec-
tively-oxidized current aperture diameter of 2.5 um and different photon lifetimes in the resona-
tor, selected for the investigation of noise properties. It is evident that an increase in the photon
lifetime in the resonator leads to a reduction in the current threshold value and a decrease in
the differential efficiency. Analysis of the emission spectra and polarization state showed that the
devices operate in a single-mode lasing regime with a side-mode suppression ratio (SMSR) ex-
ceeding 30 dB and a fixed polarization direction with an orthogonal polarization suppression ratio
(OPSR) above 17 dB at operating currents up to ~3.2—3.4 mA (the current range corresponding
to a multimode lasing regime is highlighted in gray).

Fig. 2, a shows the RIN dependence on optical power at different detection frequencies, using
Laser 4 as an example. The dependence of the amplitude noise on the laser's output optical power
exhibits a W-shaped form. Specifically, as the output optical power increases in the spontaneous
emission regime, an initial decrease in the RIN level is observed, followed by a sharp increase in
noise as the laser approaches threshold. In the stimulated emission regime, a pronounced drop in
RIN is evident, reaching a local minimum (which slightly exceeds the shot noise level) which is
consistent with the results reported in [7, 9]. However, for optical powers exceeding 0.5 mW, this
trend reverses despite the continued increase in optical power. An increase in the laser tempera-
ture does not fundamentally alter the characteristic behavior of the RIN; however, it leads to an
increase in the RIN level both at a given output optical power and at a fixed operating current
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Fig. 1. Evolution of output optical power as functions of current (a) and optical spectra for different
operating currents (b) measured at 20 °C, the inset in panel (b) shows the OPSR

(see Fig. 2, b). This observed behavior could be attributed to both thermal effects due to laser
self-heating and the noise from higher-order transverse modes at elevated operating currents.
Nevertheless, in the frequency range of 1—100 kHz, the RIN level does not exceed —120 dB/
Hz. This result correlates with findings from studies on single-mode, polarization-stable 89X nm
VCSELs with a classical vertical microcavity design [7, 9].
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Fig. 2. RIN noise as a function of output optical power for VCSEL 4 with a 2.5 um current oxide
aperture, measured at 20 °C (a) and 80 °C (b).
The dashed straight line shows the calculated shot noise level as a function of the detected radiation level

Fig. 3, a shows a RIN as a function of photon lifetime in the resonator for single-mode
89X nm-range VCSELs. The devices featured a characteristic selectively-oxidized current aper-
ture size of 2.5 um and were measured at a temperature of 20°C with a fixed output optical power
of 0.3 mW. The characteristic behavior of the laser's RIN in the low-frequency region follows a
1/f noise (flicker noise) trend with a roll-off rate of ~11 dB/decade, transitioning to white noise
at frequencies above 10 kHz. The level of this white noise significantly exceeds the detectable
shot noise level of the photodetector. With an increase in photon lifetime from 1.7 ps to 8.5 ps,
a reduction in the amplitude noise of the 89X nm VCSELs is observed: the white noise level
decreases from —130 dB/Hz to —145 dB/Hz. However, a further increase in photon lifetime above
9.5 ps leads to an increase in amplitude noise. This observation can be explained by the fact that
to maintain the specified output optical power level (~0.3 mW) with a sharp drop in differential
efficiency, a significant increase in the operating current is required. Narrow-aperture VCSELs
are characterized by stronger self-heating of the active region (higher internal laser temperature)
compared to broad-aperture lasers at comparable output power levels, due to their higher thermal
resistance. This increased self-heating leads to the observed rise in RIN.
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Fig. 3. Frequency dependences of RIN for a on the phase noise for 89X nm-range VCSELs
VCSEL with a 2.5 pm current oxide aperture with a 2.5 pum characteristic selectively-oxidized
and different photon lifetimes, all measured current aperture size. The characteristic behavior
at an output optical power of 0.3 mW and a of the phase noise in the 1—1000 Hz frequency
temperature of 20 °C. range follows a 1/f noise trend, whereas in the
The dashed horizontal line shows the calculated shot 10—100 kHz frequency range, saturation occurs at
noise level corresponding to a detected optical a level of 0.5—1.1-107 Hz?>/Hz, depending on the
power of 0.3 mW degree of current exceeding the threshold current.
This result correlates with findings reported in
[7, 9]. A reduction in the photon lifetime within the resonator leads to an expected increase in
the phase noise level, which correlates well with the data from direct measurements of the spectral
linewidth of 89X nm VCSELs using a scanning Fabry—Pérot interferometer [8]. The reason is
that the white phase noise is closely related to the instantaneous fundamental laser linewidth;
however, since the phase noise spectrum in a real laser is enriched by flicker noise, the integral
of the phase noise spectral density contains information about the actual laser linewidth [10].
Fig. 4, b shows the frequency dependence of the phase noise for a device with a characteristic
selectively-oxidized current aperture size of 2.5 um and a photon lifetime of ~8.5 ps, measured
at a laser temperature of 60°C. The fundamental characteristic behavior of the phase noise does
not change with increasing temperature; however, an additive increase in noise is observed. This
correlates well with the broadening of the spectral linewidth of 89X nm VCSELs with rising
temperature [11]. Consequently, the white phase noise at frequencies above 10 kHz reaches a
level of 0.6—1.1-10° Hz?>/Hz.
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Fig. 4. Frequency dependences of phase noise for 89X nm-range VCSELs with a 2.5 um characteristic
current oxide aperture: influence of the VCSEL photon lifetime at a measurement temperature of
20 °C (a); influence of the measurement temperature for the VCSEL with a photon lifetime of
8.5 ps at 60 °C (b)

Conclusion

Thus, a comprehensive study of the amplitude and phase noise of an 89X nm-range VCSEL
with intracavity contacts was conducted. Increasing temperature leads to an increase in the
amplitude and phase noise levels. Increasing the cavity lifetime reduces the amplitude and phase
noise levels, but a sharp drop in differential efficiency ultimately leads to an increase in internal
temperature and, consequently, an increase in both noise levels.
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Abstract. Optical interactions in multijunction solar cells result from radiative charge
carrier recombination in a wide-bandgap subcell, which generates additional photocurrent
in a narrower-bandgap subcell via photovoltaic conversion of the emitted photons. This
paper proposes a method for the experimental determination of the optical interactions
efficiency, including the measurement of its limiting (saturation) value, vy, The method
was tested on triple-junction GalnP/GaAs/Ge solar cells. The parameter y, was recorded
at ultra-high current densities through the p—n junction, achieved using smaﬁ—area samples
and specialized equipment. The relationship between the obtained values and the proper-
ties of the semiconductor structure is discussed, including the temperature dependence of
the radiative recombination efficiency (luminescence intensity).
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Annoramus. ONITUYECKUE B3aMMOJEMCTBUSI B MHOTOTIEPEXOAHBIX COJIHEYHBIX 3JIEMEH-
Tax SIBJISIIOTCS CJIEACTBUEM Mpolliecca U3aydyaTesibHOM peKOMOMHALMU HOCUTEN el 3apsiaa B
LUMUPOKO30HHOM CY03JIEMEHTE C COOTBETCTBYIOLLIEN 3TOMY IeHepaluei JONOIHUTEIbHOTO
¢oToTOKa B OOJIee Y3KO3OHHOM Cy0ajieMeHTe MPU (hOTORIEKTPUUECKOM MPeoOdpa3oBaHUU
U3JIy4eHHbIX (DOTOHOB. B cTaThe mpeioxeHa METOAMKA BKCIIEPUMEHTAILHOTO OIpele-
JneHus 3¢p@GEKTUBHOCTH ONTUYECKUX B3aMMOIEHCTBUI, BKIIOYAIOIIAs PETUCTPAIIUIO ee
MpeAeIbHOTO 3HAaYeHUs! y. MeToauka anpoOupoBaHAa Ha TPEXMEPEXOAHBIX COTHEYHBIX
aJeMeHTax GaInP/GaAs/g}e. Perucrpauusi napamerpa y, OCYLIECTBISLIACH MPU CBEPX-
BBICOKMX TIJIOTHOCTSIX TOKa 4epe3 p—n-Iepexo, 4YTO AOCTUIalIOoCh MCITOJb30BaHUEM Ma-
JIOpa3MepHbIX O0pa3loB U CHEUUAIU3ZUPOBAHHOrO o0opymoBaHusi. OOCyxXmaeTcsl CBSI3b
MOJIyYEHHbBIX 3HAUEHUI CO CBOWCTBAMU IOJYMPOBOJIHUKOBOU CTPYKTYpbI, B TOM 4uCJie
3aBUCUMOCTb 39(POEKTUBHOCTU U3JydyaTesIbHOU peKOMOMHALIMKU (MHTEHCUBHOCTHU JIIOMU-
HECLIEHIIMN) OT TeMIIepaTyphl.
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Introduction

The record conversion efficiencies demonstrated by multijunction (MJ) solar cells (SCs) based
on A B, semiconductor compounds make them particularly attractive for both space and spe-
cialized terrestrial applications [1, 2]. MJ SCs with record-breaking efficiency are based on
high-quality direct-bandgap semiconductors (e.g., GaAs, GalnP), where radiative recombination
of charge carriers dominates. Radiation generated in a wide-bandgap (WB) subcell can be ab-
sorbed in an adjacent narrower-bandgap (NB) subcell that is in an optical contact with it. This
process of optical interaction results in the generation of an additional luminescence-induced
photocurrent in the radiation-receiving subcell.

Radiative recombination in a WB subcell — and consequently, the optical interactions (OI)
it initiates — occurs when a portion of the photogenerated carriers recombine within the p—n
junction instead of being extracted into the external circuit. This situation is realized under a
mismatch (difference) in the photocurrents of the subcells, which can arise either during device
operation or be intentionally created to study the characteristics of an MJ SC. Correctly assessing
the influence of OI is an important practical task, as this effect introduces systematic artifacts into
the measured spectral quantum efficiency dependencies of MJ SCs [3, 4]. Moreover, a numerical
description of OI can serve as a tool for determining the internal properties of the heterostructure.
In this work, the model from Ref. [5] is chosen to describe OI. Its fundamental equation can be

written as: )

4J
- 1+—21, (1)
4J J,

Y="Ys

where v, and J , are two physically meaningful model parameters: the limiting OI efficiency and
the current boundary between the recombination and diffusion sections of the current-voltage
(I-V) characteristic of the emitting p—n junction, respectively.

According to the two-diode model, the current through the p—n junction Jp is defined as the
sum of the diffusion (diode ideality factor A = 1) and recombination (4 = 2) components:

v v
I =J 4, =, {exp(iTj 1}+J02 |:exp(2qk ) 1}, 2)

where V is the applied voltage, k is the Boltzmann constant, 7 is the temperature in kelvins, Jy,
and J  are the diffusion and recombination reverse saturation currents, respectively.

The Ol efficiency v is defined for a pair of adjacent subcells. Consider a case where a WB
subcell generates an excess photocurrent J under external broad-spectrum illumination, while
a NB subcell generates a lower photocurrent J, . The luminescent radiation from the WB p—n
junction propagates through the monolithic MJ SC structure and is absorbed by the NB subcell,
increasing its current to a value J,. Under the short-circuit condition of the NB subcell, the total
output current of the MJ SC in a general case is given by J,. Consequently, the current through
the emitting p—n junction can be expressed as [5]:

Iy =dy =y 3)

© Kopuuenko I1.[1., DnoneroB B.C., Jleuna C.A., JlapuonoB B.P., MunrtaupoB M.A., Haxumosuu M.B., IlIBapu M.3.,
2026. Usznarenn: Cankr-IleTepOyprekuii moanTexHuyeckuii yuusepcurer Ilerpa Bemukoro.
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From here on the Ol efficiency will be defined as the ratio of the luminescence-induced cur-
rent J, to the excess current in the WB subcell’s p—n junction:

=JN_JN0=JL(Jpn) (4)

']W - JN Jpn .

The key parameter for describing OI is its limiting efficiency vy, which is attained under the

condition J, >> J,. The second model parameter, J , defines the point where J, = J,, referred

to above (see expression (1)) as the current boundary between the recombination amd2 diffusion

sections of the dark /—J characteristic of the emitting p—n junction [5]:
Jo

5
7 ©)

Previous experimental studies of OI in MJ SCs [5, 6] were conducted in the range of low
current densities through the p—n junction, where direct observation of the Ol efficiency reaching
its saturation mode is not feasible. Consequently, the experimental data were approximated using
expression (1) (or its analogues), which involves fitting both parameters (y,and J ) simultaneously,
thereby reducing the accuracy of their estimation. This work presents a method for the direct
experimental determination of the parameter ..

Materials and Methods

The study of OI was performed using GalnP/GaAs/Ge triple-junction SC. To operate under
ultra-high current density conditions, small-area (~0.4 mm?) devices were fabricated (the SC
configuration was comparable in size with laser power converter [7]).

The experiment was based on recording the IV curves under different ratios of photocurrents
generated by the subcells of the MJ SC. This was achieved using lasers with emission wavelengths
corresponding to the spectral sensitivity ranges of the subcells (532 nm, 810 nm, and 1064 nm).
The laser radiation was delivered to the MJ SC through an optical fiber with a beam combiner
and attached terminal optical homogenizer. To prevent overheating of the SC, a pulsed laser
operation mode was employed. The sample was fixed on a thermostabilized platform with a
Peltier unit monitored by a temperature controller.

According to the principles governing the /~V curves formation of MJ SCs [8, 9], when
the bottom (Ge) subcell exhibits a sharply rising characteristic under reverse bias, the resulting
dependence features two horizontal sections (Fig. 1, b): the first "plateau” corresponds to the
short-circuit current of the middle subcell, and the second to that of the bottom subcell. This
allows the current of the bottom subcell to be determined directly from the MJ SC I-V curve,
which simplifies the methodology for tracing the Ol efficiency (such methods typically require the
synchronous measurement of photogenerated currents from individual subcells).

As a result of selective (external) illumination of the top, middle, and bottom subcells,
the photocurrents Itf;’ I and I are generated, respectively. Depending on the applied
voltage, V| or V, (see Fig. 1), current flows through the p—n junctions of the subcells, initiating
electroluminescence. Part of this emitted radiation induces a photocurrent in the adjacent subcell.
Consequently, the photocurrent of the radiation-receiving subcell consists of two components: the
current /** induced by the external radiation and the current /* =y - /’* induced by OI.

To find the induced currents, two operating regimes are analyzed (see Fig. 1). When the
middle subcell is biased in short-circuit point (Fig. 1, a), the resulting absorption of luminescence
from the GalnP p—n junction augments the photocurrent in the GaAs subcell: 1", =1, +1%,,.
Similarly, a current I', =1 +1}, is recorded under the short-circuit condition of the Ge
(bottom) subcell. Consequently, even when I, =0, the measured photocurrent is non-zero due
to electroluminescence from the WB p—n junctions.

To determine the OI efficiency, it is necessary to compare the currents generated by each
subcell at different points on the /—V characteristic [8]. The current through the emitting (GalnP)
p—n junction could be written as:

er

[1Im = Izea);t _I'mid’ (6a)
Ly = Do v 10, (6b)

108



4 Optoelectronic and nanoelectronic devices

Current, A
Current, A

\
bot \I Vnu‘d Vmp

Voltage, V Voltage, V

Fig. 1. I—V curves of the subcells with the middle (a) and bottom (b) subcell
under the short-circuit condition.
The lines “MJ SC” correspond to the total /—V curve of the MJ SC

where Y is the Ol efficiency for the GalnP—GaAs subcell pair.
It should be noted that all currents appearing in equations (6) can be measured experimentally,
enabling the calculation of the parameter y”. To obtain 7.7, it is sufficient to record the total

=V curve of the MJ SC under conditions where 77, > I, and I > 1°*. To identify 12 the cur-

to, bot to,
rent at the first plateau of the /—J curve is measured under a condition of photocurrent balance
between the top and middle subcells: 7,7, = 77" In this balanced state, both subcells are effectively
short-circuited, ensuring 1%, =0.

When the second plateau on the I~V curve is recorded (see Fig. 1, b), the Ge subcell oper-
ates under the short-circuit condition, generating a current /;,. In this regime, the current of
the middle subcell differs from its value I, extracted from the total /-} characteristic in the
previously discussed case (Fig. 1, a). During the transition from middle-subcell to bottom-subcell
current limitation, the middle subcell current increases to a new value, denoted here as I°,. A
cascade optical interaction is observed: the Ge subcell becomes coupled to both upper WB p—n
junctions. The currents through these emitting junctions are given by:

L =1, =1, (7a)
=11, (7b)
The corresponding addition to the current of the middle subcell can be expressed as:

Ir}r)zid_],mid :ytm'lfn’ (7c)
while the total current of the bottom subcell is:

1Yy = Lo 4" 1", (7d)
where y" is the OI efficiency for the GaAs-Ge pair.

Thus, following the reasoning applied to the group of equations (6), all currents appearing in
expressions (7) can be obtained experimentally, which enables the parameter Y to be found.

Results and Discussion

Fig. 2, a presents the Ol efficiency values for the GalnP-GaAs and GaAs-Ge pairs over a
current density range of 20 to 60 A/cm?. All experimental data points were obtained using the
methodology described above. Achieving high current densities through the p—n junction enables
observation of the saturation region of the function y(J ), where the condition J >>J, is met
and the value of y remains constant. The limiting Ol efﬁpciency values for the sampie under study
(i.e. for the certain multijunction heterostructure) can be estimated as v%' ~0.1 and v;” = 0.6.

The data presented in Fig. 2, a were acquired at room temperature. To identify the reasons
for the lower OI efficiency in the GalnP-GaAs pair compared to the GaAs-Ge, the temperature
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dependences of the electroluminescence intensity from the respective emitting p—n junctions
were investigated (Fig. 2, b). For GaAs, as expected, the electroluminescence intensity — and
consequently the parameter y, — increases with decreasing temperature, which is attributed to a
reduction in the non-radiative recombination rate. In contrast, and consistent with the study in
[10], GalnP exhibits an inverse anomalous trend: at low temperatures, a region is observed where
the electroluminescence intensity increases with rising temperature, followed by a gradual decline.
This behavior is presumably due to the thermal activation energy of the dominant non-radiative
recombination center being lower than that of the radiative recombination channel.

a) b)
0.7
1 1.44 L}
06 R = \ —s— GalnP
1 5 12 \\ —e— (GaAs
4 ¥
ks » GalnP-GaAs 2Z 10l >
5 0.4 » GaAs-Ge = \
2 E, 08 e
5 0.3 =2 \.‘.
- Z 0.6+ gy
] 0.2 g “‘“.,,‘_.H
-2 044 e
- . = ]
0.1 5 m  one—tt—e_
0.2 .-_.‘_'._'__.____.._.l -
0.0 i - i T T v T v T N T
20 30 40 5 50 &0 -150 -100 -50 0 50 100 150
Jps Alcm T, °C

pre

Fig. 2. Dependence of the OI efficiency on the current through the emitting p—» junction (a) and
temperature dependences of the electroluminescence (EL) intensity from the emitting p—» junctions (b)

Based on the experimental data, the values of the parameter J , were determined for the GalnP
and GaAs p—n junctions (Table 1). For comparison, this parameter was also calculated for a ref-
erence sample with an identical internal structure but a larger junction area (S )- The discrepancy
observed for the top (GalnP) subcell may be attributed to an increased dens1ty of surface defects
in the sample of larger size.

Table 1 Conclusion

An experimental methodology for determin-
ing the efficiency of optical interaction between

J , values for the emitting p—n junctions
subcells over a wide range of currents through

J  value the emitting p—» junctions has been developed

Subcell S —04 'j S —4mm and implemented. Applied to triple-junction

p M p O GalnP/GaAs/Ge solar cells, this method yield-

GalnP 0.4 0.92 ed the values of the limiting optical interaction
GaAs 0.51 0.51 efficiency Y and the characteristic current J

Temperature dependences of the electrolu-
minescence intensity from the emitting junc-
tions were investigated. The GalnP subcell exhibits an anomalous temperature dependence, which
may be attributed to the thermalization of non-radiative recombination centers in the material
and the presence of surface states.

The parameters obtained for multijunction solar cells using this methodology, particularly the
limiting optical interaction efficiency, can be employed to improve the accuracy of theoretical
modeling and to mitigate the adverse influence of measurement artifacts that arise during the
recording of spectral responsivity dependencies.
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Abstract. A hybrid monolithic four-junction solar cell composed of GalnP/Ga(In)
As/Ge electricity-generating linear arrays arranged in an n-a-Si:H/(p)c-Si:(Ga)/p-a-
Si:H bifacial photoactive heat-dissipating substrate was investigated as part of a concen-
trator photovoltaic module. The module provides a specific power output < 500 W/m?
(AMO, 1367 W/m?) at the beginning of life, taking into account the converted the Earth
albedo. The damage coefficient of effective diffusion length for minority charge carri-
ers in the photoactive heat-dissipating substrate has been determined as K, = 1-107"" at
1 MeV electron fluence up to 1-10"cm™2. The anticipated lifespan of the monolithic hybrid
four-junction solar cell in the module on geostationary orbit is projected to be < 15 years.
Accounting for the albedo effects, it does not only increase the generated electrical power
but also reduces thermal stress on the spacecraft’s solar panel.
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AnnHoTammsi. MOHOJUTHBIN TMOPUIHBIM YEThIPEXTIEPEXOAHbI COTHEYHbIN 2JIEMEHT Ha
ocHoBe GalnP/Ga(In)As/Ge anextporeHepupyoniux auHeek u n-o-Si:H/(p)c-Si:(Ga)/
p-a-Si:H nByXCTOpOHHETO (hOTOAKTUBHOIO TETUIOOTBOMASIIETO OCHOBaHMUS ObLT MC-
cllefoBaH B COCTaBe KOHIIEHTPATOPHOro (poToaneKkTpuuyeckoro monyis. KonueHTpa-
TOPHBIM (POTOITEKTPUUECKUI MOMAYIb JUISI COJHEYHBIX OaTapeil HOBOTO IOKOJIEHUS
CIocobeH 00eCIeunTh B Havajie CpoKa CIyXKObl yaeabHy0 MolHOCTh < 500 Br/m? (AMO,
1367 Br/m?) ¢ yuérom ambbeno 3emuu. OmnpencinéH «3hGEKTUBHBIN» KOI(POULIKMEHT
nerpagaiuuu Aud@y3MoOHHON IIMHBI HEOCHOBHBIX HOcHUTeJNlell 3apsga (OTOaKTUBHO-
ro TemnooTBoasaiero ocHosanuss K, = 1-107"". OxugaeMblil CpoK CiyXObl TMOPUIHOTO
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YEeThIPEXIEPEXOIHOTO COTHEUHOTO 2JeMEHTa B COCTaBE MOMYJISI COCTaBUT < 15 JieT Ha re-
OCTallMOHApHOI opOuTe. YU€T anpdeno 3eMau MOo3BOJsSIeT He TOJNbKO YBEJIMYUTh Bbipada-
ThIBAEMYIO 2JIEKTPUUECKYIO MOIIIHOCTb, HO M CHU3UTh TEILJIOBYIO HArpy3Ky Ha COJTHEYHYIO
OaTapero KOCMMYECKOTro armnapara.

KioueBbie ciioBa: ruOpUIHBIN YETHIPEXTIEPEXOAHBINA COJHEYHBIM 2JE€MEHT, KOHIIEH-
TpaTOpHBI (hOTORNEKTpUUEeCKUl Moayib, anbbeno 3emnu, GalnP/Ga(In)As/Ge 37aek-
TpOTeHEPUPYIOIINe JTUHEWKHN, ABYXCTOpOHHee (POTOAKTUBHOE TEIJIOOTBOASIIEE OCHOBA-
Hue, Ko3(hUILIMEHT Aerpagaluunu, reoctTalilmoHapHasi opoura
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Introduction

The presented research aims to enhance concentrated photovoltaic module (CPVM) based
on three-junction GalnP/GaAs/Ge solar cells (SCs). An increase in specific electrical pow-
er in radiation-exposed environments could be achieved by employing a hybrid (concentrator-
planar) four-junction (4-J) SC with bifacial photosensitivity. The development of a bifacial hy-
brid 4-J SC involves monolithic bonding a GalnP/Ga(In)As/Ge SC with a silicon heterojunc-
tion (SHJ) n-a-Si:H/(p)c-Si:(Ga)/p-a-Si:H SC, serving as a photoactive heat-dissipating sub-
strate (PHDS), utilizing vacuum soldering techniques. It was motivated by two key factors:
firstly, the exceptionally high conversion efficiencies achieved by SHJ SCs with gallium-doped
p-type substrates, reaching over 26% under standard terrestrial sunlight conditions (1000 W/m?,
AM1.5) [1]; secondly, addressing the challenge posed by radiation-induced performance degra-
dation of SHJ SCs, where efficiency loss remains below 30% (at a fluence of 1 MeV electrons of
1-10"* ¢cm™?) under space environmental conditions (1367 W/m?, AMO0) [2]. Enhanced specific
electrical power in bifacial hybrid 4-J SCs is achieved not only through improvements in the
efficiency of GalnP/Ga(In)As/Ge SCs, but also by converting reflected scattered solar radia-
tion into usable energy by the SHJ PHDS, including contributions from Earth’s albedo [3, 4].
It should be noted that such hybrid systems maintain functionality even under conditions of mis-
alignment relative to the Sun greater than £2° [4].

To determine the operational lifetime of CPVM on geostationary Earth orbit (GEO), the deg-
radation extent of a 4-J hybrid SC resulting from radiation exposure was assessed by evaluating
the damage coefficient of minority carrier diffusion length. In 4-J hybrid SC, radiation hardness
will be constrained by the silicon subcell due to lower absorption coefficient and electron/hole
mobilities compared to III-V semiconductor materials. A fluence of 1 MeV electrons equivalent
to 1-10" cm™ corresponds to nonionizing radiation effects accumulated in GEO environment
over a period of 15 years [5].

Materials and Methods

Investigations were carried out on a CPVM (Fig. 1), representing an elementary cell upon
which the solar panel is built. The photovoltaic component of the CPVM is mounted onto a
carbon fiber supporting frame. It ensures reduction of specific weight characteristics of the solar
panel down to 2 kg/m?. Moreover, it successfully passes all necessary ground tests simulating
mechanical stresses encountered in outer space, such as thermal cycling, vibration, and shock
impacts. On the front side of the assembly, a paired linear Fresnel lens concentrator (LC) with
a focal distance of 32 mm, an optical area of 50 mm X 100 mm, and an efficiency of 90% is
located. On the backside, a bifacial 4-J hybrid SC (Fig. 2, @) is positioned. Ohmic contacts
for the 4-J SC were established by installing two electricity-generating linear arrays (EGLAs)
with a size of 54 mm % 104 mm X 0.15 mm on the bifacial n-a-Si:H/(p)c-Si:(Ga)/p-a-Si:H

© Ipynuenko K.K., Konrpour E.B., TonkaueB U.A., A6oamacos C.H., Kanunosckuii B.C., Tepykos E.W., 2026. U3natenb:
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SHJ PHDS. These components were assembled using a specialized vacuum-brazing technique
performed on the R200C (Savtech, Russia) machine [6]. Each EGLA consists of 18 thinned
GalnP/Ga(In)As/Ge SCs with dimensions 5.6 mm x 6.4 mm, with thickness reduced to 80 pm.
Additionally, the CPVM design includes an optical reflector system (indicated by 4 and 6 in
Fig. 1, a) aimed at further improving the device performance.

9)

Fig. 1. Photographs of the CPVM with a bifacial 4-J hybrid SC: front side without LC (a), front side
with LC (b), and rear side (c); (1) corresponds to bifacial 4-J hybrid SC, (2) to GalnP/Ga(In)As/Ge
EGLA, (3) to SHJ PHDS, (4) to side reflectors, (5) to carbon fiber composite support frame, (6) to
reflectors on frame walls, (7) to paired linear Fresnel LC, (8) to rear side of the hybrid SC in CPVM

a) b)
diffuse concentrated light Bifacial 4-junction
light ™ / hybrid solar cell

N /

N i
RV A

p-n GalnP
p-n Ga(In)A Tunnel
p-n Ge diode
and p-Ge wafe Ni/Cr/Au
AglCu _-SnAg,Cu,,

“ 1

Fig. 2. Schematic representation of the bifacial 4-J hybrid SC structure (a) and schematic electric
connection diagram of GalnP/Ga(In)As/Ge EGLAs with SHJ PHDS in CPVM (b), where R, denotes
the load resistance

80 um_

150 pm

To evaluate radiation hardness, n-a-Si:H/(p)c-Si:(Ga)/p-a-Si:H SHJ SCs with an area of
1 cm?, and a resistivity ranging between (1.5-4.0) Q-cm, were manufactured. Samples were
irradiated by 1 MeV electrons with fluences ranging from 2.5-10'* to 1-10'> cm™. Details regarding
the irradiation conditions are provided in Ref. [2]. Before and after electron irradiation, both
dark and light current-voltage characteristics (/—V curves) were measured. Dark /-V curves of the
SHJ SCs were acquired at room temperature using a high-precision source-measurement unit.
Light -V curves of the SHJ SCs with an active optical area of 0.9 cm?, as well as those of the
CPVM and individual circuit elements (Fig. 2, b), were recorded under collimated simulated
solar illumination (AMO, 1367 W/m?) at room temperature.

Results and Discussion

Figure 3 shows light I-V curves for the studied CPVM under normal incidence of collimated
light beam (AMO, 1367 W/m?), illustrating the interconnection layout (Fig. 2, b) optimized
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for photocurrent matching between EGLAs and the SHJ PHDS to maximize power output,
considering the albedo effect. Further refinement of the CPVM design is needed for more
precise alignment. Two parallel-connected EGLAs provide open-circuit voltage values of
2.84 V and generate a specific electrical power of 396 W/m? at an efficiency of 29% (Fig. 3,
curves 1,1'). Meanwhile, the SHJ PHDS converts diffuse radiation, due to albedo, thus generating
additional electrical power (Fig. 3, curves 3,3"). Thus, the bifacial 4-J hybrid SC integrated into
the CPVM and matched in terms of photocurrent delivers a specific power output of 489 W/m?
at an efficiency of 29.3% and an open-circuit voltage of 3.5 V (Fig. 3, curves 2,2"). The power
increase of the CPVM equipped with bifacial 4-J hybrid SC amounts to 19% at the beginning
of life without adding complexity, weight, and cost to the overall concentrator module structure.
Accounting for the influence of albedo not only enhances the generated electrical power but also
alleviates thermal loading on the satellite's solar panel.

The evaluation of the CPVM's operational
lifetime on GEO is based on determining its
radiation hardness when exposed to 1 MeV
electrons with fluences up to 1:10"° ¢cm™. Since
the limiting component of the CPVM structure
is the SHJ PHDS, the analysis of radiation
hardness focuses on this element. Given the
substantial decrease in the external quantum
efficiency into long-wave region [2], we assume
that the crystalline silicon substrate degrades
predominantly. Under electron fluences up
to 1-10" cm™, where processes related to the
removal of majority charge carriers play a
secondary role [7], the principal indicator of

1.5 . r r 1

2

P oy KW/m

0.01

Fig. 3. Light /—V (curves 1—3) and calculated
P_ -V (curves 1'=3") characteristics measured
under simulated solar illumination (AMO,
1367 W/m?) with LC efficiency of ~90%: 1, 1’
correspond to only parallel-connected GalnP/

Ga(In)As/Ge EGLA; 2, 2' to bifacial 4-J hybrid

degradation is the reduction in minority carrier
diffusion length due to defect introduction
(recombination centers). This reduction is
characterized by the damage coefficient of
diffusion length, which is defined by Equation

(1):

SC with parallel-connected EGLA with SHJ 1 1
PHDS connected in series, accounting for albedo; 12 N 12 (D)
eff 0

3, 3’ to SHJ Si PHDS with albedo

where L, and L are the the effective diffusion
lengths of minority charge carriers before and after irradiation, @ is the fluence of 1 MeV
electrons, K is the damage coefficient of the diffusion length of minority charge carriers. Since
the SHJ PI—fDS represents a p—i—n heterostructure consisting of amorphous/crystalline silicon,
the pre-irradiation "effective” diffusion length for the PHDS was assumed to be approxrmately
1100 pm in calculations [8]. As demonstrated in Ref. [9], the damage coefficient K, is correlated
with saturation currents through Egs. (2) and (3):

= KL(I)a

Dy
Joe =T (K, L+1) [—H— (2)
0rp — 0 0 Do _R ¢
Joay = Joao\ KLL02¢ +1 — P ) 3)
pO _RL¢
where J ., J,, and J ., J, . are the saturation currents for the recombination and diffusion

mechanisms o? dark current flow before and after irradiation, respectively, p  is the dopant
concentration, R _is the removal rate of the majority charge carriers from crystalline silicon doped
with Ga, equal t0 0.04 cm™! [10]. Saturation currents corresponding to conduction mechanisms
are derrved from fitting experimental data of the forward branches of dark /-J curves, according
to equation (4) [11]:
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I
jt =J()t exp M _l +J0r exp M _1 +J0d exp M _1 s (4)
Ae Ae A€

where J, (with 4 > 2), J, (4 =2), J, (4, = 1) — the saturation currents for tunnel-trap,
recomblnatlon and dlffusmn current mechamsms respectively, A, is the diode ideality factors;
U is the bias voltage; R is the series resistance of the cell structure, € = kT /q is the characteristic
potential, k is the Boltzmann's constant, ¢ is the electron charge, and T is the temperature.

By substituting the calculated saturation currents values (Table 1) into equations (2) and (3),
the damage coefficient for the SHJ PHDS was determined as K, = 1-10" . For comparison, the
coefficients K, have been reported as follows: 6-10° 1 for boron- doped Back Surface Field (BSF)
SCs and 4-107"! for gallium-doped BSF SCs [10, 12]. As for emerging Passivated Emitter Rear
Cell (PERC) SCs, the value of K is estimated at 5-107"" [13].

Table 1
Parameters of the dark I—V curve fitting for
SHJ solar cells using Equation (4)
Fluence, cm™ A, J,, Alem® | J  Alem® | J  Alem* | R, Q-cm?
0 3.17 2.86-10°¢ 1-107° 4.4-10 2.71
2.5-10™ 3.2 3.86:10°° 3-10°8 1-107"2 2.14
5-10 3.79 6.88-10° 5.92-10°8 2-10°12 2.61
1-10% 4 9.09-10°¢ | 1.19-107 | 2.47-1072 2.67
Conclusion

The possibility of using a bifacial hybrid four-junction solar cell in concentrated photovoltaic
module has been explored. A hybrid four-junction solar cell composed of GalnP/Ga(In)As/Ge
electricity-generating linear arrays and a photoactive heat-dissipating substrate made of
n-a-Si:H/(p)c-Si:(Ga)/p-a-Si:H, incorporating Earth's albedo into the concentrated photovoltaic
module, demonstrates the capability to deliver electrical power up to 500 W/m? with an efficiency
of 29.3%. The operational lifetime of a concentrated photovoltaic module integrated into
solar panels on geostationary Earth orbit is restricted by the radiation hardness of the silicon
photoactive heat-dissipating substrate, characterized by a damage coefficient of minority carrier
diffusion length, K, = 1-107"'. This value is smaller than that found in state-of-the-art silicon
solar cells used in space applications, such as Back Surface Field solar cells, as well as promising
Passivated Emitter Rear Cell solar cells. We estimate that the service life of a solar panel based on
concentrated photovoltaic module with a bifacial hybrid four-junction solar cell on geostationary
Earth orbit may reach up to 15 years.
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Abstract. A method for comprehensively modeling the current-voltage characteristics
of laser-powered photovoltaic converters (PVCs) with spot-type rear contact is proposed.
The method accounts for both optical losses caused by shading of the photoactive region
and electrical losses caused by radial current spreading to the spot-type rear contacts. A
balance between these factors is achieved at specific values of the diameter of spots and
distance between contacts, which could be determined using the proposed method. The
geometric parameters of the rear contacts (diameter and spot pitch) were optimized to
maximize the laser radiation conversion efficiency of the AlGaAs/GaAs PVCs.
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MopaenupoBaHue BOJibT-aMNEPHbIX XapaKTepPUCTUK
M onTMMH3aLUKua (hOTO3J/IeKTPUUECKMX Npeo6pa3oBarenen
J1a3epHOro U3JlIyYeHMUS C TOUEUHDbIM TblJIbHbIM KOHTAKTOM

A.A. Maneeckaa “, M.A. MuHTaupos, B.B. EBcTponoB, [1.A. ManeBcKuM,
A.B. ManeBckasa, C.A. MuHtanpoB, H.A. Kanto)XHbIHA
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Annotammsi. B pabGore mipensiokeHa MeETOAMKA KOMILIEKCHOTO MOJEJIMPOBAHUS
BOJIbT-aMIIEPHBIX XapaKTepUCTUK (poToseKTpudeckux rpeodpasosareneit (OIIT) nazep-
HOTO W3JY4YEHUS C TOYEYHBIM ThLIbHBIM KOHTAKTOM. MeToAMKa MO3BOJISIET YYECTh Kak
ONTUYECKHUE MOTEPHU, CBSI3aHHBIE C 3aTeHeHUEeM (DOTOAKTUBHOI 00JaCTU, TaK U IJEKTPU-
YyecKue noTepu, oOyCIOBIEHHbIE paJdaibHbIM pacTeKaHUEM TOKa K ThLJIbHBIM TOYE€UYHbBIM
KOHTakTaM. bajaHc Mexay 3TUMU (hakTopaMu IOCTUTAeTCsl MPU ONpeaeEHHBIX 3Haue-
HUSX IUaMeTpa M PacCTOSHMSI MeXIy KOHTAaKTaMHM, KOTOPbIE MOTYT OBITH OIpeaeeHbI C
MOMOIIIBIO MpeaToXeHHOTo MeToaa. IlpoBeneHa onTUMuU3alUs reOMETPUUECKUX TTapame-
TPOB ThUIbHBIX TOYEYHBIX KOHTAKTOB (AMaMeTp W LIar) ¢ Lejblo MaKCUMMU3aluu ¢ dek-
THUBHOCTH TIpeobpaszoBanus AlGaAs/GaAs ®DII.

KmoueBble cioBa: (hoToaieKTpUUecKure Mpeodpa3oBaTesiv, TOUEUHbINA ThUJIbHBIM KOH-
TakT, pacTeKaHHe TOKa, BOJbT-aMIIEpHbIC XapaKTePUCTUKU
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Introduction

The development of highly efficient photovoltaic converters (PVCs) for laser radiation (LR)
requires finding a compromise between minimizing optical losses and reducing electrical contact
resistance [1 — 4]. In conventional PVCs and solar cells, only the front contact design requires
optimization with this viewpoint. However, PVCs with record-breaking conversion efficiencies
for monochromatic radiation [5] as well as high-power (200—500 W/cm?) laser radiation [6] with
A =800—850 nm were developed recently. In such PVCs the epitaxial AlGaAs/GaAs heterostruc-
ture is separated from the growth-wafer and transferred to a carrier-substrate with a metal reflec-
tor on its surface. The embedded rear metal reflector offers several advantages to the PVC. The
reflector returns recombination radiation to the active region and allows decreasing the thickness
of the absorber materials without loss of charge carrier collection that leads to high conversion
efficiency. However, such a PVC design also requires optimizing optical and resistive losses for
the rear contact.

A promising geometry for this purpose is the use of spot-type rear contact, which is effective-
ly used in the light-emitting diodes produced by lift-off techniques [7]. However, the spot-type
contact caused an increase in series resistance associated with the radial spreading of current
to the spots. Today, there are no universal methods for taking into account both optical and
electrical losses for quantitatively estimating the influence of spot-type contact geometry on the
current-voltage characteristics (/-V curves) of the PVC.

The aim of the work is to develop a method that combines the calculation of optical and
electrical parameters for creating the optimal design for a spot-type rear contact. The method is
based on two- [8] and three-parameter [9] tube models, which was successfully used to analyze
solar cells with a solid rear contact and a finger-pitched front contact construction.

Materials and Methods

The proposed method for modeling a solar cell with a spot-type rear contact consists of several
sequential stages. The first stage is the evaluation of the optical parameters. Replacing a solid rear
contact with a spot-type contact affects the PVC's spectral sensitivity and saturation current. The
changes in these parameters are calculated using linear interpolation between experimental data
obtained for samples with different spot-type rear configuration.

Based on the adjusted parameters, such as spectral sensitivity, photogenerated current, dark
saturation currents, the generation part of /-V curve is calculated. Such /-JV curve describes the
behavior of the p—n junction without taking into account ohmic losses according to equation (1):

_ qV
J=J, =Y | J,, exp 7 1 (1)

J

Next, the losses on the front contact grid are taken into account using the method described
in [9], in which a distributed equivalent circuit describing the part of the structure from the upper
layer to the emitter is considered. The /- curve of the PVC taking into account the resistance of
top part PVC (from top contact-layer to the emitter) is calculated by using equation (2):

© Manesckas A.Jl., MunrtaupoB M.A., EsctponoB B.B., Manesckuit [I.A., ManeBckas A.B., Munraupos C.A.,
Kamoxusrit H.A., 2026. U3natens: Cankr-IleTtepOyprekuii moautexHudyeckuii yausepcurer Ilerpa Benukoro.
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J=7 -3, exp[Mj, @)
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where J is the current density, J is the photogenerated current, V' is the applied voltage, k is the
Boltzmann constant, 7' is the temperature q is the electron charge J 1s the saturation currents
for current tubes, R is the resistance.

This I-V curve is used to calculate the I-V curve which takes into account current spreading
to the spot-type rear contacts. The equation was arrived assuming that the lower part of the
I-V curve structure (from rear contact-layer to the base layer) could be divided into repeating
triangular fragments between the contacts (Fig. 1). Each fragment is divided into m parts, in
which the current flows along n parallel current tubes. The resistance of the i-th current tube in
the jth part is calculated (as in [9]) by equation (3):

R=R,-n+R, i, 3)
where R, is the vertical resistance is usually determined by the properties of the substrate
2 2
. . .. . D D R .
material on which the PC epitaxial structure is grown, R, = K?J + (? jj }ﬂ is the lateral
y W

resistance depends on the tube number, w = D/4m is the tube thickness, D is the distance
between contacts, R o is the sheet resistance. The equation for R, is obtained by analogy
with the calculatrons given in [8]. The IV curve calculation can be performed using a similar
procedure proposed in [9]: the number of parts m and the number of tubes n are selected, the
resistances R, and R, are calculated, and the resistances of the tubes R, , are determined, then
the I-V curve for the all current tubes are calculated. Summation of the all the tube /-V curves
allow obtaining the complete PVC -V curve.

The model discussed above was applied to search for the optimal parameters of the spot-type
rear contacts of AlGaAs/GaAs PVC. The epitaxial heterostructure (Fig. 2) of PVC was grown by
the metal-organic vapor phase epitaxy.

To study the influence of contact grid parameters on resistive losses, three PVC samples
based on the epitaxial heterostructure (Fig. 2) were fabricated and studied. The only variable

parameter were the finger pitches of the front

D contact: 140 um (sample A), 180 um (sam-

d ple B), and 220 um (sample C). The spot-

type rear of all samples were the same with
d=10 pm and D = 75 pm.

To demonstrate the contribution of each
modeling step, Fig. 3 shows the I-V curves for
sample A, obtained taking into account various
components of ohmic losses. The initial /-V
curve (curve 1, blue line) is calculated based
on experimental [/} curve without taking
into account resistive losses by Eq. (1). At the
next step of the model procedure, the resistive
losses caused by spreading between the fingers
of the front contact are taken into account

75 | v (curve 2, orange line) according to Eq. (2).
N 4 The radial spreading of current between the
D/ N\ /” 02 spot-type rear contacts further increases the

resistive losses. The final simulated IV curve

(curve 3, green line) demonstrates good agree-

Fig. 1. Schematic representation of the model of ment with the experimental data (curve 4, red

radial current spreading in lower part of PVC with  dots) and allows determining the parameters
the spot-type rear contacts of PVCs (Table 1).
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GaAs-n contact layer .
AlGaAs-n wide-bandgap window
AlGaAs-GaAs-n emitter

GaAs — p base

AlGaAs —p back-surface-field layer

D
GaAs —p back contact layer e II—-H»—ﬁ—‘}-i— :

Fig. 2. Schematic representation of the AlGaAs/GaAs PVC epitaxial heterostructure

= 1- IV curve of the p-n junction

0 — === 2 -V curve with full-back contact —T

== 3 - IV curve with spot-type rear contact
e 4 -experimental IV curve

Current density, Afcm?

T r T T T T T
-0.02 000 07 o8 09 10 11 132 13

Voltage, V

Fig. 3. I-V curve of PVC at various stages of modeling: 1 corresponds to the non-resistive /-J curve
of the p—n junction, 2 to the /-V curve taking into account losses on the front contact grid, 3 to the
1I-V curve with additional consideration of current spreading to spot-type rear contacts,

4 to the experimental /-V curve

Table 1

Parameters of contact grid templates and modeling parameters

Sample A W= 140 um | Sample B W =180 um | Sample C W =220 um

Jy» Alem? 442-10% 5.88:107° 5.41-107%
J > Alem? 2.63-107"° 2.46-1071° 2.64-10°1°
finger-pitched front contact
R, ,Ohm-cm’ 11.93 12.03 11.96
R,, Ohm-cm? 0.0
p,,» Ohm-mm?’/cm 1.6-10°¢

spot-type rear contacts

R, Ohm-cm? 11.98 12.00 11.99

Sheet®

Notations. Wis the pitch of the front contact fingers, J,, and J;, are the saturation currents with ideality
factors A = 1 and A = 2, RV is the vertical resistance of the structure, p,, is the specific resistance of the
contact finger, R, . — sheet resistance.
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Incident power = 50.00 W/cm?
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57.5 =
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Fig. 4. Dependencies of the efficiency of laser
radiation conversion (A = 800—850 nm) at an
incident power of 50 W/cm2 on the spot diameter
(d) and intercontact distance (D) of spot-type rear

To optimize the contact geometry, the pro-
posed method is applied to PVC as a number
of iterations. A series of calculations is per-
formed for an array of spot-type rear contact
diameters and intercontact distance values.
For each variant, the conversion efficiency is
determined. Analysis of the resulting depend-
ence allows identifying the optimal values that
lead to a balance between optical and elec-
trical losses. The method was applied to an
AlGaAs/GaAs PVC with an finger pitches of
front contact of W = 140 um. The calcula-
tion results are shown in Fig. 4. It was found
that the optimal parameters for a high inci-
dent power of P, = 50 W/cm? are the fol-
lowing. Obtained parameters allows increasing
the efficiency of laser radiation conversion
(A = 800—850 nm) by 1.2% due to the chang-
ing intercontact distance D from 75 to 17.4
pm and spot diameter from d = 10 to 2 um.

contact for AlGaAs/GaAs PVC

Conclusion

A method for comprehensive modeling and optimization of photovoltaic converters with spot-
type rear contact was developed, based on a modified tube model. The method allows quantitatively
accounting for the competing effects: shading of the back side of the photovoltaic converter by the
spot-type contacts and increase in the series resistance due to radial current spreading between
spots. An iterative calculation of the photoconversion efficiency for an AlGaAs/GaAs PVC was
performed by varying the parameters of the spot-type rear contact. It is shown that the optimal
parameters (spot diameter of 2 um and intercontact distance of 17 wm) allow increasing the
efficiency by 1.2% compared to the case of a sample with a spot diameter of 10 ym and an
intercontact distance of 60 um, which exhibited an efficiency of 62.0% [6]. Thus, the proposed
method provides a tool for the rear contact design of high-efficiency photovoltaic converters with
embedded metal reflectors.
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Abstract. We theoretically study AlGaN/AIN/GaN heterostructures aimed at opti-
mizing the AlGaN barrier for GaN-based high-electron-mobility transistors (HEMTSs).
Self-consistent Poisson—Schrodinger calculations combined with semi-empirical transport
modeling are used to evaluate the two-dimensional electron gas (2DEG) concentration,
sheet resistance, and saturation drain current as functions of barrier thickness and alu-
minum mole fraction. Technologically relevant constraints, including unintentional Ga
incorporation, 2DEG-density-dependent mobility and saturation velocity, and the critical
thickness of AlGaN coherently strained to GaN, are taken into account. Well-defined
optimal barrier thicknesses minimize the sheet resistance to R, ~ 250 Q/o, while the sat-
uration drain current increases with barrier thickness and Al content, limited by strain-
induced cracking. The results provide practical guidance for barrier design in GaN-based
HEMTs.
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AnHotammusa. B pabore TeopeTMUeCKM HCCAeAyrTcsl retepocTpykTypbl AlGaN/AIN/
GaN c¢ uenblo ontuMusaluu 6apbepHoro ciosi AlGaN mist TpaH3UCTOPOB € BBICOKOM
MOABMXXKHOCTBIO 3JIEKTpOHOB Ha ocHOBe GaN. s olleHKM KOHIEHTPALUMU IBYMEPHOTO
ajieKTpoHHOro raza (219I'), cioeBoro CompoTUBIEHUSI U HACBHILIEHHOTO TOKa CTOKAa B
3aBUCUMOCTH OT TOJIIMHBI Oapbepa U MOJbHOMN NOJU aJlIOMUHUS TTPUMEHSIOCHh YMCIIEeH-
HOE pellieHMe CaMOCOIJIaCcOBaHHOM cucTeMbl ypaBHeHU# [lyaccona—Illpéaunrepa B coue-
TaHUM C TTOJYSMITMPUICCKUM MOIETUPOBAHUEM TPaHCIOPTa. YUTEHBI TEXHOJIOTUYECKHE
OrpaHMYeHUsI, TaKMe KaK HelpeITHaMepeHHoe BcTpamBaHWe aToMoB (Ga, 3aBUCUMOCTh

© Arteev D.S., Sakharov A.V., Nikolaev A.E., Zavarin E.E., Rodin S.N., Tsatsulnikov A.F., 2026. Published by Peter the Great
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MOJABUXHOCTU M HAChIeHHON ckopocTu 2JIOI° oT ero KOHLEHTpaluu, a Takxke
kputuueckas TonmuHa AlGaN, HampsokeHHoro oTHocuteabHo GaN. HalineHa omnTu-
MaJIbHasl TOJIIIMHA 0apbhepHOTO CJIOSI, OOecIeunBarolias MUHUMAIbHOE CJII0€BOE COTPO-
tupineHue R~ 250 Q/O0, B TO BpeMs KaK HACBILEHHbIA TOK CTOKA yBEIMYUBAETCSA C
pPOCTOM TOJIIMHBI Oapbepa M COAEepPKaHUS aTIOMUHUS, HO OTPAaHUYEH pacTpeCKUBAHUEM
CJI0S1 U3-3a MEXaHWYEeCKUX HampsikeHuid. [TogyyeHHbIe pe3yabTaThl MPEACTABSIOT Mpak-
TUYECKUE PEKOMEHAALMU IO MPOCKTUPOBAHUIO OAPbEPHOIO CJI0SI B TPaH3UCTOpax Ha
ocHoBe GaN.

Kmouessie ciaoBa: GaN, AlGaN, TpaH3UCTOp, ABYMEPHBIM 3JIEKTPOHHBIN Ta3, ypaBHe-
nus Ilyaccona—lllpé€nuHrepa, ciioeBoe CONPOTUBICHUE, KPUTUUYECKAsT TOJIIMHA
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Introduction

High-electron-mobility transistors (HEMTs) based on IlI-nitride heterostructures are finding
increasing use in modern electronics. Gallium nitride, with its unique combination of properties
such as a wide bandgap, high electron saturation velocity, high breakdown electric field strength,
and relatively high electron mobility [1], offers superior performance compared with silicon and
conventional III-V semiconductors. These advantages, particularly in terms of breakdown voltage
and thermal stability, make GaN especially suitable for high-power applications.

In GaN-channel heterostructures, the AlGaN barrier layer is a critical element. Conventional
designs typically employ a barrier layer with a thickness of 20—30 nm and an aluminum mole fraction
of 20—-30%, which provides a good balance of performance and reproducibility in metalorganic
vapor phase epitaxy (MOVPE) production. However, increasing performance demands on
electronic components are driving the development of novel heterostructure architectures. For
example, operation at higher frequencies requires heterostructures with thinner barrier layers.
For some applications, low sheet resistance is crucial, while for others, high operating current
is desired, necessitating optimization of the barrier layer’s thickness and composition while
accounting for practical technological constraints.

In this paper, we analyze the effect of AIGaN barrier thickness and Al mole fraction in
AlGaN/AIN/GaN heterostructures, taking into account technologically relevant constraints.

Materials and Methods

A typical HEMT heterostructure, consisting of a thick GaN channel, a thin (~1 nm) AIN
interlayer, and an Al Ga,_ N barrier of variable Al mole fraction x and thickness d was selected
as the model system. The GaN layer was assumed to be fully relaxed, while both the interlayer
and the barrier were treated as elastically strained to the GaN lattice. The two-dimensional
electron gas (2DEG) concentration N in the channel of the heterostructures was obtained through
a numerical self-consistent solution of the coupled 1D Poisson and Schrodinger equations [2]
using a predictor-corrector approach for faster convergence [3]. Spontaneous and piezoelectric
polarization, as well as a position-dependent electron effective mass were taken into account.
All calculations were performed for room temperature, and background doping was assumed
to be negligible in comparison with polarization-induced charge. Any underlying buffer layers
that might be present were also disregarded due to their minimal direct effect on the 2DEG
characteristics.

Unintentional incorporation of Ga atoms into subsequently grown Al-containing layers is a
well-known effect in epitaxial growth of HEMT heterostructures, particularly in MOVPE, where
Al mole fraction in nominally binary AIN interlayer can be as low as ~0.45 instead of ~1 [4, 5].

© ApreeB [1.C., CaxapoB A.B., Hukonaes A.E., 3aBapun E.E., Ponun C.H., HauyabHukoB A.®@., 2026. Usnatenn: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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However, it is still unclear whether the measured mole fraction reflects “true” atomic distribution
or it is simply a measurement artifact due to poor spatial resolution or surface roughness [6].
For our heterostructures, the nominally 1-nm-thick AIN interlayer was estimated to be ~1.5 nm
Al Ga N, so we used these values in calculations. The Al mole fraction in the AlGaN barrier
layer was also limited to a maximum value x = 0.65.

The calculation of 2DEG mobility that accounts for multiple occupied subbands and all
relevant carrier-scattering mechanisms can be computationally demanding. Moreover, such
calculations often fail to reproduce the experimentally observed mobility-density dependences a
priori [7]. For this reason, the dependence of the 2DEG mobility pu on the 2DEG concentration
N was approximated using empirical fits based on the highest experimentally measured mobilities
obtained for our heterostructures. This semi-empirical approach implicitly accounts for dominant
(intrinsic, unavoidable, as we believe) density-dependent scattering mechanisms and has previously
demonstrated good predictive capability in our earlier studies [8, 9], where the predictions were
experimentally verified. The dependence of the 2DEG saturation velocity v _(N) on the 2DEG
density N was taken from [10].

In addition, the mechanical stability of the AlGaN barrier layer was considered. Due to the
smaller in-plane lattice constant of AIN compared to GaN, an AlGaN film grown on GaN
experiences tensile strain. As the layer thickness increases, the elastic strain energy accumulates,
and once this energy exceeds a critical threshold, the layer may relax through the formation of
surface cracks. The corresponding critical thickness dcr for crack initiation was estimated using the
Griffith fracture criterion [11].

Results and Discussion

The calculated values of the 2DEG concentration N for various Al mole fraction x and
barrier thickness d, combined with the mobility dependence p(N), were used to obtain the
sheet resistance R, = (eeN-n)”!, shown in Fig. 1, a. These results reveal well-defined optimal
thickness values over a wide compositional range x > 0.30 in terms of minimal sheet resistance
R, = 250 Q/0o (the red dashed line in Fig. 1, @). These optima result from a trade-off between
increasing 2DEG concentration and the accompanying reduction in mobility at high carrier
densities. The optimal thickness values remain below the critical thickness (solid black lines
in Fig. 1) for all Al mole fractions. It should be noted that for the barrier layers with the Al
mole fractions x > 0.54, the optimal thickness falls below 2 nm, and when the 2DEG is located
very close to the surface, additional scattering mechanisms, such as remote surface roughness
scattering [12] or scattering by charged surface states [13] may become significant. These effects
are not considered in the present study; however, they do not appear to be inevitable and can be
mitigated through proper optimization of the growth process.

The saturation drain current was estimated as /) = e'N'v_. This expression is appropriate
for the high-field (velocity-saturation) regime, where the electron drift velocity approaches the
saturation limit, such as at sufficiently high drain voltage. The resulting values of / as a function
of Al mole fraction x and barrier thickness d are shown in Fig. 1, b. As one can see, in contrast
to R, the saturation drain current does not exhibit an optimum with respect to x and d. Instead,
it increases monotonically with increasing barrier thickness and Al mole fraction, indicating a
‘more is better’ behavior, despite the reduced saturation velocity for the high 2DEG density. In
practice, however, this trend is constrained by the strain accumulated in the AlIGaN layer, which
limits the maximum achievable thickness and Al content before cracking. At the same time,
when considering barrier layers with thicknesses equal to the critical value, a thinner barrier with
a higher Al mole fraction provides a higher drain current than a thicker barrier with a lower Al
mole fraction. Under these conditions, the maximum saturation drain current achievable for
AlGaN/GaN-based transistors grown by MOVPE technology is ~2.6 A/mm for = 0.65. This
value should be regarded as a rough upper-limit estimate, since the model used does not account
for several phenomena that may limit the drain current, such as self-heating, source and drain
contact resistance, short-channel transport effects, etc.
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Fig. 1. Dependence of sheet resistance R (a) and saturation drain current /, (b) on the Al mole
fraction x and thickness d of Al Ga, N barrier layer.
The black solid line represents the critical thickness of the AlGaN layer coherently strained to GaN. The red

dashed line indicates the minimal sheet resistance of ~250 Q/o

Conclusion

In this work, we analyzed the influence of AlGaN barrier thickness and aluminum mole
fraction on the transport properties of AlGaN/AIN/GaN heterostructures under technologically
relevant constraints. Self-consistent Poisson—Schrodinger simulations combined with semi-
empirical transport modeling revealed well-defined optimal barrier thicknesses that minimize
the sheet resistance to ~250 /0 over a range of Al compositions, while the saturation drain
current increases monotonically with increasing Al mole fraction and barrier thickness. It was also
shown that higher Al content is favorable for achieving a high saturation drain current, and the
achievable values are ultimately constrained by strain-induced critical thickness limitations. The
presented results provide practical guidelines for optimizing AlGaN barrier design in GaN-based
high-electron-mobility transistors.
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Introduction

Unique properties of graphene, such as a gapless linear energy spectrum [1] and high electron
mobility at room temperature [2], become particularly evident when exciting terahertz (THz)
plasmons [3] in graphene nanostructures. Plasmons in graphene exhibit strong electric field lo-
calization and open up a range of new nonlinear effects [3]. It is possible to create THz-emitting
devices based on plasmons in active graphene [4] using charge carrier inversion in graphene [5]
and the emergence of drift instabilities [6].

All of this makes the study of THz plasmons in graphene promising for development of detec-
tors, sensors and amplifiers of THz waves [3].

Only a few plasmonic effects have been discovered in spatially confined two-dimensional (2D)
electron systems. In particular, the electromagnetic retardation leads to a decrease in the resonant
frequencies of plasmonic excitations in 2D electron stripes [7]. It has also been proposed to use
edge plasmons in confined graphene structures to achieve stronger localization of the THz field
below the diffraction limit [8]. The lowest plasmonic modes in square 2D electron systems placed
in an external magnetic field were studied experimentally and theoretically in [9].

For the theoretical description of plasmonic effects in transistor graphene structures, the qua-
si-electrostatic approach is typically used [10, 11], making it possible to estimate both the fre-
quencies of plasmonic resonances and the possibility of their electrical tuning. However, within
the quasi-electrostatic approximation, it is impossible neither to describe the retardation effects of
electromagnetic fields, nor to solve problems of the excitation of 2D plasmons by electromagnetic
waves and the emission of electromagnetic waves by 2D plasmons.

A clear advantage of the finite-difference time-domain (FDTD) method is its applicability for
analyzing the plasmonic effects in complex structures containing the resonators of various ge-
ometric shapes [12, 13]. However, FDTD calculations were unable to explain experimental data
on 2D plasmon resonances in graphene nanoribbons [14]. The intrinsic problem of the FDTD
method arises from large differences in the scales of subwavelength plasmonic elements and of
the entire structure, the latter typically significantly exceeds the wavelength of the electromagnetic
wave.

In this paper, we study the hybridization of fundamental and higher plasmon modes of a
graphene square screened by a metal back gate with the Fabry—Pérot resonances in the barrier
layer by using a self-consistent electromagnetic approach.

Materials and Methods

The structure consists of a graphene square with a side w = 1 um separated from the metal
back gate by a barrier layer of boron nitride of thickness d with a dielectric constant £ = 4.5
(Fig. 1, a). The metal gate is located on the surface of the dielectric medium with a dielectric
constant g, = 4.5. A plane monochromatic THz wave with the electric field polarized along one
side of the graphene square is normally incident onto graphene from free space (¢, = 1). The
Fermi energy of charge carriers in graphene is 150 meV, its momentum scattering time is 2 ps
which corresponds to carrier mobility about 107 cm?/V-s at room temperature [15].

The study was conducted within the framework of the self-consistent electromagnetic ap-
proach based on the integral equation method [16, 17]. This approach includes several steps.
First, Maxwell's equations and electromagnetic boundary conditions are Fourier transformed.
In the next step, the integral equations for the components of oscillating current densities in x-
and y-directions in graphene are formulated. Third, these integral equations are solved using the
Galerkin method, which transforms the system of two integral equations into an infinite system of
linear algebraic equations for the coefficients of the current density expansion over the Legendre
polynomials. Finally, the infinite system of linear algebraic equations is truncated to achieve the
desired level of the solution convergence and numerically solved. The calculated coefficients of
the current density expansion make it possible to calculate the absorption cross-section of the
structure, determine the electromagnetic fields in any point of the structure, and find the spatial
distribution of charge density oscillations in graphene. To evaluate the efficiency of plasmon
excitation in graphene, the absorption cross-section (as the ratio of the average absorbed power

© Maummnckuii K.B., TTooB B.B., ®atees [1.B., 2026. W3narens: Cankr-IletepOyprekuii MoJMTEXHUUECKUIT YHUBEPCUTET
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to the average energy flux density of the incident wave), normalized to the area of graphene, is
used in the work.

Results and Discussion

The dependence of calculated normalized absorption cross-section spectra on barrier layer
thickness demonstrates the fundamental plasmon resonance with large dipole moment (at a
frequency of about 3 THz) and the series of higher plasmon resonances with smaller dipole
moment (at frequencies of about 7 THz and 9.5 THz) (Fig. 1, ) [18]. Due to the smaller dipole
moment of higher plasmon modes, they are much more weakly coupled to the external THz wave.
Using a structure with a thick dielectric barrier whose thickness is comparable to the wavelength
of THz wave, it is possible to observe Fabry—Pérot resonances in the barrier layer at frequencies
o=71(2m-1)/(2¢g,n,e,d), here m is an integer. Fig. 1, b shows the Fabry—Pérot resonances in
the dielectric barrier layer due to their interaction with plasmon resonances. The frequencies of
plasmon resonances do not depend on d for such distances between the graphene and the metal
screen, since the plasmon wavelength is significantly shorter than d. The cross-section of the
absorption spectrum of Fig. 1, b at d = 75 um is shown in Fig. 1, ¢ (black solid line). Fig. 1, ¢
(black solid line) also shows the main plasmon resonance (3 THz) and two higher resonances at
frequencies at 7 and 9.5 THz, as well as a set of Fabry—Pérot resonances. Hybridization of plasmon
resonances and Fabry—Pérot resonances occurs if the barrier layer thickness is comparable with
the wavelength of incident THz wave in medium 2. In the constructive interference regime, more
power of incident THz wave is converted into plasmons in the graphene, increasing the plasmon
absorption cross-section. This plasmon ‘pumping’ effect significantly increases the efficiency of
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interaction of THz radiation not only with the fundamental but also with higher plasmon modes
(Fig. 1, ¢ (black solid line)). The interference of plasmon modes in the graphene layer and
Fabry—Pérot modes in the barrier layer allows selective enhancement of higher plasmon modes
and, thus, a significant increase in the localization of the plasmon electric field. The absorption
cross-section of high plasmon modes in screened graphene square is increased by an order of
magnitude compared to that in the unscreened structure (Fig. 1, ¢ (red dotted line)).

The Fabry—Pérot resonances of electromagnetic wave in the barrier layer can be used not only
to enhance but also to weaken parasitic plasmonic resonances, for example, to create narrow-
band radiation sources.

Conclusion

In this work, we predict hybridization between the fundamental and higher plasmonic modes
of a graphene square screened by a metal back gate and the Fabry—Pérot resonances in the barrier
layer. The anticrossing effect of plasmon and Fabry—Pérot resonances makes it possible to create
structures which may enhance or weaken any plasmon resonance, especially the higher ones.
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Abstract. Most contemporary architectures of photodetectors based on two-dimen-
sional materials include global gates for carrier density control and local p—n junctions
in the channel. We study the dependence of photocurrent in such detectors on the light
modulation frequency, fully taking into account the effects of distributed resistance and
gate-channel capacitance. The decay of photocurrent with modulation frequency governs
the response time. We find that the maximum modulation frequency is largely determined
by the position of light-sensitive junction with respect to the middle of the channel. Larg-
est modulation frequency is achieved for junctions in immediate vicinity of either source
or drain contacts, while fast roll-off of the modulation characteristic is observed for junc-
tion in the middle of the channel.

Keywords: two-dimensional materials, photodetectors, high-frequency photoresponse,
distributed electronic circuits
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Annoramusi. BoJbIIMHCTBO COBpEMEHHBIX (POTOACTEKTOPOB HA OCHOBE IBYMEPHBIX Ma-
TepUaIOB UMEIOT IJI00aJIbHbIE 3aTBOPHI s YIpaBAeHUs IIOTHOCTHIO HOCUTEJIEH 3apsiaa
U JIOKQJIbHbIE p—n-TIepexo/ibl B KaHajue. Mbl uM3yyaeM 3aBUCUMOCTb (DOTOTOKA B TaKUX
IIETEKTOpax OT YacTOTHl MOXYJSILIMM CBETa, IMOJHOCTHIO YUMTHIBASI BIMSIHUE pacIIpeie-
JIECHHOTO COIIPOTUBJICHMS M pacHpelesiIeHHON eMKOCTU 3aTBop-KaHan. Cram ¢oToToKa ¢
YaCTOTOU MOIYJISILUU OIpeaesieT BpeMs OTKIMKa. Mbl IMoKa3blBaeM, UYTO MaKCUMajbHasl
4acToTa MOIYISLIMM B 3HAUUTEIbHON CTENEHU OIpPEAesIeTCs ITOJOXKEHUEM CBETOUYB-
CTBUTEJILHOI'O Mepexoja OTHOCUTEIbHO cepeArHbl KaHajaa. Haubonblnas yactoTa MoOaIy-
JITUMA TOCTUTAETCS IJIS TIEPEXOA0B, PaCIIOI0KEHHBIX B HEITOCPEACTBEHHOM OJIM30CTH OT
KOHTAaKTOB MCTOKA WJIM CTOKA, B TO BpeMsI KaK OBICTPBI CIlag MOAYJISILIMOHHON XapaKTe-
pUCTUKM HAOMIogaeTcs s Iepexoaa, pacloa0oKeHHOrO B CepelrMHe KaHaja.

KmoueBble ciioBa: aByMepHbIe MaTepualbl, (POTOAETEKTOPHI, BbICOKOYACTOTHBIN
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Introduction

Photodetectors based on two-dimensional (2D) materials feature ultrafast response and pos-
sibility of tuning via electrical gating [1]. Response times can be divided into intrinsic times
governing the formation of local photocurrent, and extrinsic times governing the formation of
voltage and current in an electronic circuit. The intrinsic times in most 2D photodetectors are
very short. In graphene, where photovoltage is generated via thermoelectric effect, the intrinsic
time is that of carrier thermalization [2]. The latter is estimated as hundreds of femtoseconds. In
2D electron systems based on quantum wells, photocurrent generation via plasmon drag is often
dominant [3]. The intrinsic time of such effect is that of momentum relaxation, on the order of
1-10 picoseconds in high-quality heterostructures [4].

We study the response time of gated 2D photodetectors vs. their structural parameters: channel
resistance, channel length, gate-channel capacitance and position of the light-sensitive junction.
We theoretlcally consider the photocurrent response I to the radiation with modulation fre-
quency fm and show that Ip (f ) drops with frequency We show that the maximum frequency
depends strongly on the posmon of light-sensitive junction with respect to source and drain con-
tacts, and find that structures with photocurrent generation in the immediate vicinity of the metal
leads are superior to those with junction in the mid-channel.

Materials and Methods

Short intrinsic photoresponse implies that it can be easily masked by circuit effects, i.e. by
resistive and capacitive delays. The truly external delays are minimized by matching the photode-
tectors with coplanar lines. However, many photodetectors have their own channel resistance and
internal capacitances: the capacitance between source and drain contacts, and capacitance of the
channel with respect to the gate, as shown in Fig. 1, a. The distributed character of resistance and
capacitance in 2D detectors makes the question about RC-limited response time complex. De-
spite the existence of several circuit models of gated photodetectors [5, 6], it is not yet understood
which resistance and capacitance govern the response time and maximum modulation frequency.

Currently, there exist two main approaches for radiation detection with 2D materials. The first
one lies in the electrical induction of n- and p-type regions within the channel via application
of opposite voltages to the split gates [7 — 9]. The gate-induced p—n junction is generally located
in the middle of the channel, and the photocurrent j  (x) is generated locally at the junction,
Fig. 1, b. The second approach lies in deposition of mgtal contacts with dissimilar work function
[10, 11] Fig. 1, c. Carrier diffusion between metals and 2D channel leads to the formation of
p—i—n doping proﬁle. The photocurrent jp (x) in such architecture is generated in the immediate
vicinity of metal leads. In some rare situations, like bulk photovoltaic [12] or photon drag effects
[13], the photocurrent is generated in 2D channel uniformly, Fig. 1, d.

We consider the photoresponse of 2D detector with channel of length L, source and drain con-
tacts located at x = 0 and x = L, respectively. The detector is globally gated, and the gate-chan-
nel separation is d << L. The emerging photocurrent / . is measured between source and drain
contacts. We model / o at the circuit level without spec&lymg the microscopic origin of the pho-
toresponse. More pre01se1y, we present the overall current density j(x) as a sum of photocurrent
]p (x) and drift current —odV/dx, where & is the conductivity of 2D material and V is the local
Voltage in the channel:
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Fig.1. Schematic of the gated photodetector with 2D channel and its equivalent distributed RC circuit

with localized photocurrent source (a); possible physical realizations of 2D photodetectors (b, c¢),

fitting the scheme of panel (a): detector with p—n junction induced by split gate (b), detector with
p—i—n junction due to dissimilar metal contacts (c), detector based on photon drag effect (d)
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The role of drift current is especially clear for localized distribution of photocurrent density,
i.e., for characteristic width of the function ] ,(x) well below the source-drain separation L. The
local electric field dV/dx in this case builds up in the regions where ]p (x) is zero, such that the
total current becomes spatially uniform. For time-independent 111um1nat10n requiring the spatial
uniformity of the current, we find

Lopae = ijh (2)

i.e., the global photocurrent is the spatial average of local photocurrents.

The photoresponse to the modulated radiation is far less trivial. We consider the harmonic
variations of local photocurrent j (x, 7) =J, (x)e™, where ® = 2nf  is the modulation frequency.
The buildup of local electric pofentlal is now not instantaneous and governed by the continuity

equation: d dv
iop(x)+ . (]ph (x)-o dxj ) 3)

where p(x) is the local charge density in the channel. We link the charge density p(x) and elec-
tric potential V(x) via Poisson’s equation. For 2D channels with proximate gates, the Poisson’s
equation can is solved in the local capacitance approximation:

p(x)=C, [V (x)-Vs ], )

where C, = g¢ /d is the gate-to-channel capacitance per unit area, and V. is the gate voltage.
Considering the smallness of photo-induced voltage and potential as compared to their dc values,
we write p(x) = CAV(x). The final equation for distribution of photoinduced potential becomes

LdV(x) _ 1 dju(x)

Vix)+— = ; &)

( ) qi dx’® ioC, dx
In the regime of photocurrent measurement, its boundary conditions are V(0) = V(L) = 0.
Above, ¢q, = [ioC, /o is the complex parameter governing the spatial propagation of electric

potentlal “In the low- frequency regime, the conductivity ¢ = odc is real, and the parameter q, is
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complex, g, = ™ JoC /6.4 - In such situations the spreading of potential is diffusive. Similar
equation has been adopted in earlier papers [14, 15] for the analysis of plasmon-assisted resonant
photoresponse of detectors.

Determination of photocurrent 7 , in external circuit for time-dependent response is based on
Shockley—Ramo theorem. It states i ﬁat Iph is the weighted average of local currents

_ j ¢ (x)/(x)dx. ©)

where the weight function g(x) is the electric field in the channel created by unity voltage between
source and drain. In the case of proximate gates considered here, the source-drain electric field
is strongly screened by the gate, and persists only in the immediate vicinity of lateral contacts,
g(x) = [6(x) + d(x — L)]/2 [16]. The current measured I, in such case is the average of local cur-
rents at the source and drain:
[dV
I, = —-o —

dv

i j ()

h
P dx

Eq. (6) is readily solved for arbitrary spatial dependence of J, ,(x), and current in external cir-
cuit is symbolically presented as

1, = %j " [qpﬂsi_ns[in [Lqp a x)] il dx. )
0 q, ] dx

x=0 d‘x

The frequency dependence of photocurrentis fully encoded in parameter g, (m) = " JoC /O
The wave vector g (w) can be presented as g, (0) = ¢™*JwRC /L, where R is the total channel
resistance and C i$ the total gate-channel capac1tance Thus, Eq. (8) generalizes the concept of
RC-delay to the detectors with distributed resistance and capacitance.

Results and Discussion

To highlight the dependence of response time and maximum modulation frequency on local-
ization of light-sensitive junction, we adopt the box-shaped model of photocurrent

Jon (x) _ jph)e[ ( X, —w/2)}9[(xph +w/2)—x}

Physically, the light-sensitive junction has length w, centered at x , and generates constant
photocurrent j 2, The model describes all three setups of Fig. 1, b, c, af via appropriate choice of
X, and w. Pluggmg the model photocurrent distribution into expression (8), we find the current
in external circuit:

L
1,(0) = J'S;,) sin(q;w]{cos(qpxph)co{%} + sin(qpxph)}. )

Eq. (9) is our central result. Figure 2 shows the computed dependences of / , on modulation
frequency at various junction positions x . and small junction width w = L/20. The model param-
eters are adequate for contemporary graf)Uhene detectors, L = 10 um, d = 100 nm, ¢'= 100 Ohm,
€ = 4. We observe that the frequency roll-off of the photocurrent is fastest When the junction is
positioned in the middle of the channel, and becomes slower as the junction gets closer to the
source. The dependence / (w) is symmetric with respect to the mid-channel, i.e. the frequency
roll-off is identical for x z x, and X, = = L —x_. The computed dependence supports our intuition
about the propagation otﬁ photovoltage signals 1n distributed photodetectors. If the photocurrent is
generated away from the source and drain, it takes a long time for the signal propagation to the
contacts, therefore the maximum modulation frequency is low. On the contrary, for signal gen-
erated in immediate vicinity of either contact, the RC-limited response time is very short. Only
a small fraction of channel resistance and gate-channel capacitance contributes to the apparent
R and C. For very small separations between junction and the contact (case X, = = L/5 in Fig. 2),
the photocurrent can even initially grow with frequency.
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At very high frequencies the photocurrent eventually decays according to the asymptotic law

(0) 9pW
.]ph ;

I, ()=

The maximum modulation frequency f
response drops by e times, is given by

exp

max

o]

mod

min{ X L—x, } . (10)

NG

e., the frequency at which the photodetector
L

Joot =

nRCmm{x L— X,

ph>

: (11)
N

An intuitive interpretation of (11) is the following: only a fraction of total resistance and ca-
pacitance located between the light-sensitive junction metal contact is relevant to the RC-delay

of the distributed photodetector.

0 100

o
(=1
-
(=)

Photocurrent | { fmod)/lph o)| z

DT e — - I, .. S ]
0 20 40 60 80
Maodulation frequncy fined, GHz
Fig. 2. Dependence of photocurrent on modulation
frequency f_ . = w/2n computed with Eq. (9) for
different positions of the light-sensitive junction
x . Detector parameters are channel length
=10 um, gate-channel separation d = 100 nm,
gate dielectric constant € = 4, channel resistivity

o' =100 Ohm.

Finally, we discuss the limitations of our
model. First of all, it is based on local capac-
itance approximation which is valid for proxi-
mate gates |q |d << 1. This assumption is best
fulfilled at low frequencies, particularly, for the
parameters of Fig. 2 and f =10 GHz we es-
timate |g |~ '~ 700 nm, which is well above the
distance 'to the gate. Attemptmg to go beyond
the local capacitance approximation, one can
replace Eq. (4) with the full Poisson’s equa-
tion taking into account realistic geometry of
the source, drain and gate contacts. For cer-
tain simple arrangements of contacts, it can
be solved with conformal mapping techniques
[25].

Another approximation of our model is the
harmonic approximation to the modulated lo-
cal photocurrent ] L 1) ] (x)e”. Such ap-
proximation can be valid if only the modulation
frequency is well below the radiation frequen-
cy, f << f . The assumption can be restric-
tive ?or sub- terahertz detectors considered for

future wireless communications [12], where
f .= 100—300 GHz. The applicability of our model is limited to tens of gigahertz in that case. For
optlcal fiber detectors (A = 1.55 pm, f ~ 200 THz), the applicability of the model is very broad
and definitely covers the contemporary achlevable modulation frequencies.

Conclusion

We generalized the concept of RC delay to the photodetectors based on 2D materials with
global gates and local light-sensitive p—n junctions. We shown that ‘proper’ resistance and capac-
itance governing the maximum modulation frequency and the response time are those of the part
of the channel between light-sensitive p—n junction and most proximate contact (either source
or drain). We derived a general expression for the frequency roll-off of the photoresponse valid
at arbitrary light modulation frequencies and arbitrary distribution of the photocurrent within the
channel.
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Introduction

Accurate measurements of sample resistance with high time resolution are a highly demanded
task in the field of solid-state physics. A well-established, high-speed resistance measurement
method can be used to study samples that change their resistance during the experiment. This
method can be used to monitor fast processes in solid-state physics, which occur in microseconds
or less. For example, such a method could be used to read the state of a charge sensor on
a semiconductor platform for fast quantum calculations [1]. The motivation for this work
comes from a paper [2] on the suppression of superconductivity in superconducting islands in
Al-InAs nanowires by transport current. The results of this study suggest that the destruction of
superconductivity in such islands occurs abruptly at certain bias voltages with a characteristic
relaxation time of the order of ps. The ultimate goal of the present work is to create an electrical
circuit capable of operating at low temperatures, rapidly changing the voltage on the sample
and maintaining it constant for several microseconds, while also ensuring current measurement
with time resolution of at least 100 ns. Circuit tuning in this study was performed using a
commercial Agilent ATF-55143 low noise enhancement mode pseudomorphic high electron
mobility transistor. Abrupt changes of resistance in response to fast gate modulation in this study
mimic the resistance switches in nanowires caused by superconducting transition.

Materials and Methods

To use the transistor in the experiment and adjust its resistance, the resistance dependence
on gate voltage must be measured. A four-terminal circuit was used to measure the sample
resistance and eliminate the wiring contribution and high-impedance load [3]. The resistance R
of the transistor for different voltage Ug applied to its gate was extracted from the current—voltage
characteristics shown in Fig. 1, a. To minimize the experimental uncertainty, 15 measurements
were performed for each gate voltage value, and the average value was taken. The obtained
dependence of R on Ug is given in Fig. 1, b. This dependence is later used for tuning the time-
resolved resistance measurement method.

a) 200 b) 120
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150 |—— U, =531mV, R= 683k0 ) R
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Fig. 1. Transistor /—V characteristics for various gate voltages (a);
transistor resistance dependence on the applied gate voltage (b)

The detailed electrical circuit of the experiment is shown in Fig. 2. In addition to the four-
terminal circuit, the circuit also includes components required in time-resolved measurements:
resistors (R ) for impedance-matching of the coaxial cable to prevent signal reflection [4];
capacitors (C)) in the AC path for decoupling the DC and AC currents; resistors (R,) as a high-
impedance load; grounded capacitors (C,) in the DC circuit for filtering interference; resistor (R,)
to create a current source. The inevitable stray capacitance (C) is also shown in the scheme and
will be considered later.

© BacuibeB C.4., Xpamait B.C., TuxonoB E.C., 2026. M3znarens: Cankr-IleTepOyprckuii MOJUTEXHUYECKU YHUBEPCUTET
Iletpa Benuxkoro.
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Fig. 2. Electrical diagram with the sample, radio-frequency components
and four-terminal DC measurement layout

The radio-frequency (RF) measurement scheme is presented in Fig. 3. The measurement is
performed by sending a square-wave signal from the AFG 3021B RF arbitrary function generator
to the input and reading the signal from the circuit’s output using Keysight DSOX1204G
oscilloscope. Three stages of high-frequency amplifiers were used to bring the signal to the
oscilloscope. The response time of the amplifiers was increased to a few microseconds with the
help of extra capacitors between the stages (200 nF — 2 pF). Additional low-pass (15 MHz) filter
was also used in the output circuit to reduce noise in the output signal. The sample and the first
amplifier are placed in the cryostat at a temperature of 4.2 K.

T=295K T=42K 5gar‘n=75dB
r r ]
) Scheme with ! _ X
\_/ sample pe g 2 15 Mz j Oscilloscope
u : —T[
L |i“ | ! Ui
e S ————— i I I 1

Fig. 3. Electrical diagram of the time-resolved resistance measurement

The signal is received relative to R, = 49 Q resistance. Therefore, the sample resistance R and
R, create a voltage divider, which can be seen in Fig. 2. Thus, the dependence of the ratio of
the input voltage U, and output voltage U_ on R can be written using the formula for a voltage
divider. Considering gain from amplifiers:

U

—o = ogin.—2 = gqin- .
v S T8 RIR,

mn n

(M

Note that Eq. (1) is valid on time scales much shorter than the charging time of the capacitors
in Fig. 2, which depends both on the sample resistance and the load resistances R,. In our
experiment the charging time falls in the microsecond range for R > 1 kQ. Under this condition,
Eq. (1) can be simplified in this way:

u = r-gain, 2)

where u = U_ /U, ,r= |R / (Z + R )| and gain is the total voltage gain of the amplifiers. Note
that here we have t taken 1nt0 account the stray capacitance, which is connected in parallel to the
sample. The effective impedance of the sample is thus Z R Z, where the stray impedance Z
is the imaginary impedance of the stray capacitance.
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Results and Discussion

As the transistor resistance can be controlled, Eq. (2) can be tested for a set of R values. The
100 kHz square-wave with 158 pV (peak-to-peak) input signal U, is sent to the sample. The out-
put signal does not decay noticeably during half-period for R > 10 kQ, so its U_ values can be
correctly determined. For smaller R the capacitors charge faster and the time decay of the signal
becomes visible, as seen in Fig. 4. For simplicity, the value of U_ for such signals is taken as the
signals’ maximum value.
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Fig 4. Measured output signal amplitude U  as Fig. 5. Dependence of u on r for U = 158 pV

a function of 7. Different colors correspond to (peak-to-peak). The data is obtained from a

different sample resistances R displayed in the calibration shown in Fig. 4. The slope of the fitted
legend. Input AC amplitude U= 158 pV line corresponds to the gain

(peak-to-peak)

Fig. 5 shows the obtained dependence u(7) according to Eq. (2). The dependence is linearized
taking the stray impedance |ZS|= 32.91 kQ. This data allows obtaining a total gain of the setup,
which equals gain = 3143. This value corresponds to approximately 70 dB and is smaller than the
total gain 75 dB of the amplifiers calibrated independently. Most likely, the discrepancy comes
from cable losses.
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Fig. 6. Output signal amplitude U, changing in time for different phase shifts between the square-
wave signals applied to the input terminal and to the transistor. U, = 158 uV (peak-to-peak).
Ug AC= 30 mV (peak-to-peak). The time axis is shown relative to the input signal period 7 = 10 ps.
Black dashed lines mark the time instances of the resistance switches mediated

by the signal at the transistor gate
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Finally, we have used the setup for the time-resolved resistance measurement. Applied
input voltage U, remains the same. The constant voltage U DC = 270 mV is applied to the
gate of the transistor (see Fig. 2) to make its resistance on the order of 10 kQ. Note that the
gate voltage characteristics changed in this experiment as compared to Fig. 1 owing to un-
controllable switching of the transistor state at low temperature. In addition, a square wave
signal U A¢ = 30 mV (peak-to-peak) at the frequency of input signal U, w1th a phase delay
¢ relativé to it was sent to the transistor gate. This leads to abrupt changes in the transistor
resistance, which is then detected as sudden switches in the output voltage. An example of
the experiment is shown in Fig. 6. The time axis on the graphs is shown relative to the in-
put signal period 7 = 10 ps, to compare it with the phase delay ¢ of the gate-voltage signal
(vertical dashed lines). As expected, the time delay of switches mediated by the gate-voltage
follows the value of ¢.

Conclusion

As a result of this work, a setup for detecting abrupt resistance switches in the sample was
assembled and configured. The achieved time resolution of the method is limited by the 15 MHz
low-pass filter (Fig. 3) and, according to the datasheet, does not exceed 100 ns. Such a resolu-
tion is enough for the purpose of measurement of the superconducting switching time in floating
superconducting islands in Al-InAs nanowires, which is expected to be in the microsecond range.
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Abstract. The interaction between light and excitons in van der Waals materials offers
new avenues for exploring strong coupling in quantum systems. Exciton-polaritons, arising
from the coherent hybridization of excitons and photons, provide a unique platform for
studying collective interactions, optical anisotropy, and tunable responses in low-dimen-
sional structures. This work investigates the self-hybridization of photonic and excitonic
modes in a waveguide based on the two-dimensional antiferromagnetic semiconductor
CrSBr. Using angle-resolved photoluminescence and numerical modeling, we demon-
strate that the pronounced anisotropy of exciton localization along the crystallographic
b-axis leads to strong interaction with the waveguide mode. The observed anticrossing of
dispersion curves is quantitatively described by a coupled oscillator model with a coupling
strength of ~185 meV, providing direct evidence for the formation of self-hybridized
exciton-polaritons. In the orthogonal polarization, no such interaction occurs, and only
directional waveguide emission is detected. These findings pave the way for miniaturized
polaritonic devices based on van der Waals magnets, where light matter interaction can be
controlled by both waveguide geometry and magnetic order.
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AnHorammsa. B3aumMmopeiicTBue cBeTa ¢ 3KCUTOHAMU B BaH-JEp-BaaJlbCOBBIX MaTepHa-
J1aX OTKPbIBAET HOBBIE MYTU VIS UCCIAEIOBAHUSI CUJIBHOW CBSI3M B KBAHTOBBIX CHUCTEMAX.
OKCUTOH-MOJIIPUTOHBI, BO3HUKAIOIIME IIPU KOIEPEHTHON TMOpMAM3ALUKU SKCUTOHOB U
(OTOHOB, MPEICTABISIOT COO0M YHUKAAbHYIO IUIATGOPMY IS U3YUYEHUST KOJIEKTUBHBIX
B3aUMOJECHCTBUIA, ONTUYECKOW AHU3OTPOIIMU U YIIPABISEMbIX OTKJIMKOB B HU3KOpa3-
MEpHBIX CTPYKTypax. B maHHOIl pabore mcciaemoBaHa caMoOTMOpuam3auus (GOTOHHON U
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9KCUTOHHOI MOJ B BOJIHOBOJE Ha OCHOBE JBYMEPHOTO aHTI/IdpeppOMarHI/ITHoro MOJIyNnpo-
BonHuka CrSBr. MertogamMu CneKTpOCKOIMHU YII0-pa3peliéHHON (DOTONIOMUHECUESHIIMU
U YUCJIEHHOTO MOJEIUPOBAHUSI TPOAEMOHCTPUPOBAHO, YTO BbIpaXK€HHasi aHU3OTPOIUs
9KCUTOHHOM JIOKAJIM3allMU BIOJb KpUcTa/uiorpaduyeckoil ocu b NpUBOAUT K CUIBHOMY
B3aMMOJICICTBUIO C BOJIHOBOJIHOU Momoii. Habmomaemoe aHTUnepeceyeHre JUCIIEPCUOH-
HBIX KPUBBIX KOJMYECTBEHHO OMMCAHO MOMEJbIO CBSI3aHHBIX OCLUMJIISITOPOB C DHEprueit
cBs3u ~185 MaB, uTO MpsIMO MOATBEpPXKAAET OOpa3oBaHUE CAMOTMOPUAM3OBAHHBIX K-
CUTOH-MOJSIPUTOHOB. B TepneHAuKyIsIpHOU MOJsipu3aluu Moao0HOe B3aMMOJEHCTBUE
OTCYTCTBYET, W PErMCTPUPYETCsl TOJbKO HalpaBjieHHasi BOJHOBOAHas sMuccus. ITomy-
YEHHbIE Pe3yJbTaThl OTKPHIBAIOT MEPCIEKTUBbI CO3JaHUSI MUHUATIOPHBIX MOJISPUTOHHBIX
YCTPOMCTB HA OCHOBE BaH-IIep-BaaJlbCOBLIX MAarHUTOB, B KOTOPBIX B3aUMOIEIICTBUE CBETA
C BELIECTBOM MOXET KOHTPOJIMPOBAThCS KaK r€OMETPUE BOJHOBOMIA, TAK U MAarHUTHBIM
MOPSIAKOM.

KioueBbie ciioBa: 1ByMepHbIE€ TOJYIPOBOAHUKM, IKCUTOH-(POTOHHAS CBSI3b, CAMOIM-
Opuauzanus, yrio-paspeieéHHas (GOTOJIIOMUHECHEHIIUS
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Introduction

The interaction between light and excitons in van der Waals semiconductors has established
these materials as a versatile platform for strong light—matter coupling and polaritonic phenomena
[T — 3]. In particular, materials combining a high refractive index, strong in-plane optical
anisotropy, and large excitonic oscillator strength are especially attractive for realizing waveguide-
based and cavity-free polariton systems operating at room temperature [4 — 6]. Chromium
sulfide bromide (CrSBr) has recently emerged as a unique two-dimensional semiconductor in
this context. Owing to its large refractive index and pronounced birefringence, CrSBr supports
strongly confined optical modes with polarization-dependent dispersion, while simultaneously
hosting robust excitons with large binding energies and strong oscillator strength [7].

Optical studies have demonstrated that the excitonic response of CrSBr dominates the
dielectric function along one crystallographic axis, leading to extreme optical anisotropy and
highly directional light propagation [8]. This combination of high-index dielectric response
and strong excitonic resonances enables efficient hybridization between excitons and confined
photonic modes, giving rise to a variety of polaritonic phenomena. Recent works have reported
waveguide and cavity exciton polaritons in CrSBr, including strong and ultrastrong coupling
regimes, polarization-selective polariton modes, and self-hybridized exciton—photon states arising
from the intrinsic optical properties of the material [9 — 11]. More broadly, strong excitons in van
der Waals semiconductors have enabled nonlinear polariton effects and, in suitably engineered
systems, signatures of polariton Bose—Einstein condensation [12, 13].

Despite the rapid progress in understanding exciton polaritons in CrSBr, the behavior of
these hybrid modes within the light cone remains largely unexplored. This regime is particularly
important because it governs the interplay between guided near-field excitations and radiative far-
field modes, and is directly relevant for the design of integrated polaritonic devices. Understanding
how strong excitonic resonances in CrSBr hybridize with waveguide modes in this regime is
therefore essential for developing compact, room-temperature polariton platforms based on
anisotropic van der Waals semiconductors.

© KananraeBckuit M.9., Topenkuna T.[., KpaBuos B.A., 2026. Uznatenn: Cankrt-IleTepOyprckuii moauTeXHUYECKU
yHuBepcuret I[lerpa Benaukoro.
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This article investigates a waveguide based on the two-dimensional van der Waals magnetic
semiconductor CrSBr. A multilayer CrSBr sample was prepared by mechanical exfoliation from
a bulk crystal and subsequently dry-transferred onto a SiO, substrate patterned with cylindrical
pedestals etched using hydrofluoric acid. The thickness of the CrSBr layer, which governs the
formation of a single optical waveguide mode, was controlled and verified via atomic force
microscopy.

The waveguide layer thickness was selected based on simulations of the guided mode within
the material, ensuring its spectral proximity to the exciton resonance at approximately 1.3 eV.
The mode distribution, calculated using the transfer matrix method, is shown in Fig. 1, a.
To understand the waveguide mode formation, we took refractive index data from the work of

our colleagues [7] (inset in Fig. 1, a). The results reveal a strong localization of the excitonic
resonance along the b-axis.

Results and Discussion
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Fig. 1. Schematic representation of the sample (a);
transfer matrix method results for oscillator strength 2.06 eV2 and 0 eV2 (b);
angle-resolved photoluminescence spectra for TE (¢) and TM (d)

First, we conducted a simulation of waveguide modes. We used the refractive index data
featuring the exciton resonance, fitted it, and extracted an oscillator strength of 2.06 eV2.
Subsequently, we simulated reflectance spectra in the presence of a high index GaP layer for
two cases: using the measured refractive index and using a background refractive index (~3.4)
without the excitonic resonance. The simulation results are shown in Fig. 1, 5. The figure
shows the calculated reflection spectra. The figure is divided into two parts, which differ in the
strength of the exciton resonance oscillator. The figure on the right shows a waveguide mode
with an exciton resonance oscillator strength equal to zero. The white dotted line shows the
dispersion of the waveguide mode, the black horizontal dotted line shows the position of the
exciton resonance, the oblique black dotted line labeled with a grid cone shows the boundary
of the wave vectors freely propagating into the open space. The red dotted line on the left side
of the drawing shows the lower polariton branch. A clear anticrossing between the photonic
and waveguide modes within the excitonic resonance region is observed, indicative of self-
hybridized exciton-polaritons.
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Following this, we conducted a series of angle-resolved photoluminescence experiments using
a solid immersion lens. Measurements were performed in an Otto geometry with a high-index
GaP solid immersion lens [14]. This configuration, combined with a high-aperture objective,
enabled access to large wavevectors beyond the light cone ~16 pm™!. Data were acquired for two
orthogonal polarizations.

Fig. 1, c clearly shows the anticrossing between the waveguide and excitonic modes. Fitting
this dispersion with a coupled oscillator model yields a coupling strength of ~185 meV and Rabi
splitting of ~370 meV, which indicates that there is a strong coupling. In contrast, Fig. 1, d shows
no anticrossing; instead, the photoluminescence is coupled directly into the transverse magnetic
(TM) waveguide mode. The difference in behavior indicates the essential role of polarization
properties and symmetry of modes in the interaction process.

To better understand the formation of exciton polaritons and their relationship to the waveguide
mode in the material, angle-resolved reflectance measurements were performed on samples with
different thicknesses. Fig. 2, a shows the measured angle-resolved reflectance maps for various
thicknesses. It can be observed that the polariton branches shift to lower energies with decreasing
thickness. Numerical simulations were also conducted for the measured thicknesses; Fig. 2, b
shows a similar behavior of the waveguide polariton modes. Unlike the experiment, where the
low-energy part exhibits weak contrast due to the spectral sensitivity of the silicon CCD detector,
the simulation provides a clearer picture. For the two largest thicknesses, the lower polariton
branch becomes visible. In general, the observed and modeled data show that the selection of the
sample thickness can control the position of the polariton dispersion.
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Fig. 2. Experimental angle-resolved reflectance maps for thicknesses of 210 and 80 nm (a);
angle-resolved reflectance maps obtained using the Transfer Matrix Method (TMM) for the same
thicknesses (b)

Conclusion

Our study directly demonstrates the formation of guided polaritons below the light line in
a CrSBr-based waveguide, achieving strong light-matter coupling (~185 meV) mediated by
the material's intrinsic optical anisotropy. This waveguide geometry provides a robust, cavity-
free platform for polariton generation and control. Furthermore, by varying the waveguide
thickness, we achieve tuning of the polariton branches, highlighting an additional degree of
freedom for device design. These results establish CrSBr as a promising material platform for
integrated, tunable polaritonics operating at room temperature.
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Abstract. Layered quasi-two-dimensional halide perovskites have attracted significant
attention as exceptional materials for nonlinear optics and photonics applications due to
their remarkable photophysical properties. The incorporation of quasi-2D spacer ligands
into the halide perovskite framework induces alterations in the crystal structure and leads
to changing its properties due to quantum confinement effects. Notably, certain crystal
structures may exhibit a lack of center symmetry, facilitating the observation of second
harmonic generation. Furthermore, the optical properties of halide perovskite crystals can
vary dramatically based on the composition of the quasi-2D spacers. In this study, we in-
vestigate the second harmonic generation signal of two compositions: PEA,MAPb, I and
a novel methyl-substituted PEA derivative, MePEA MAPb217. Our results reveal c?iistinct
second-harmonic generation characteristics for botﬁ compositions and demonstrate en-
hanced stability in MePEA-based crystals. This work contributes to the understanding of
the relationship between crystal composition and nonlinear optical behavior in quasi-2D
perovskites, paving the way for future advancements in photonic applications.
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Introduction

Quasi-two-dimensional (quasi-2D) halide perovskites are a unique class of materials charac-
terized by the incorporation of organic spacer cations into the bulk halide perovskite framework
[1]. An increasing number of research highlights the significant influence of the chemical com-
position of these organic spacers on the optical and structural properties of quasi-2D perovskite
systems [2 — 4]. Notably, the choice of organic spacer can affect nonlinear optical phenomena,
such as second harmonic generation (SHG). Since SHG requires the absence of an inversion
center in the crystal structure, any modifications to the orientation or symmetry resulting from
alterations to the spacer can substantially impact the efficiency of the nonlinear optical response.

Recent studies have demonstrated SHG in various iodine-based quasi-2D perovskite crys-
tals, including those incorporating n-butylammonium (BA) [5], phenethylammonium (PEA) [2],
and various chiral ligand-based structures [4]. However, the intensity and stability of SHG in
these iodine-based crystals remain relatively low. In this work, we investigate SHG in a novel
methyl-substituted PEA-based [6] single crystal, MePEA MAPD, I, and compare its SHG charac-
teristics with those of the more commonly studied PEA, Aszi7 crystal.

Materials and Methods

MePEA MAPb, 1. and PEA,MAPb, L solutions were synthesized using stoichiometric mixtures
of 0.3 mmol PbI2 (> 99.999 %) and 0.3 mmol MePEAI or PEAI (> 99.9 %) and 0.3 mmol MAI
(> 99.9 %) in dimethyl sulfoxide. The solutions were prepared and stored in an inert atmosphere
of a nitrogen-filled glove box. Each solution was deposited between two glass substrates that
were pressed together and remained heated up to 60 °C for further crystal growth. Bright-field,
dark-field and luminescent images of the structures were taken on an Axio Imager A2m opti-
cal microscope (Carl Zeiss SMT), optical pumping was performed using a 350 nm wavelength
UV lamp. SHG spectra were measured on a Labram spectrometer with optical pumping by a
TEMA femtosecond pulsed laser (A = 1045 nm) and a frequency of 70 MHz through a NIR 50x
(NA = 0.42) objective.

Results and Discussion

In this study, we investigate quasi-2D halide perovskite single crystals with the general formula
LZMA(n_l Pb I(3n+1 , where MA represents methylammonium, Pb denotes lead, I is an iodine, L
is either iDEA or MePEA ligand as the organic spacer, and » indicates the number of perovskite
layers separated by these organic spacers from other perovskite layers [1]. Specifically, we focus
on the quasi-2D perovskite phases with n = 2, namely PEA.MAPb,I. and MePEA MAPbD,I

. . . 277
which were synthesized from precursor solutions held between substrate glasses at a temperature

of 60 °C.

For our experiments, we selected a series of perovskite crystals exhibiting similar photolu-
minescence (PL) spectra. Fig. 1, a, b, ¢ shows the optical microscopy images of the crystals
obtained in bright-field, fluorescence and dark-field modes, respectively, for MePEA MAPb, I,
(upper row) and PEA . MAPb_L, (lower row). The PL spectra for both compositions normalized

© Canoxnukosa E.B., Ceménos JI.A., Anouikun C.C., Tatapunos J.A., Bepxornsnos I'A., ITymikapés A.I1., 2026. U3natenn:
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by the maximum of the most intense signal for MePEA are illustrated in Fig. 1, d, revealing a PL
peak around 580 nm. This peak is consistent with the characteristics of the quasi-2D perovskite
phase with n = 2, thereby confirming the composition of the synthesized crystals.
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Fig.1. Bright-field (a), fluorescent (b) and dark-field (¢) images of quasi-2D perovskite crystals with a
scale bar of 10 microns, the upper row is MePEA,MAPbD,L, the lower row is PEA\MAPb_L; PL spectra
of PEA\MAPb, I, and MePEA MAPb,I, crystals of the same phase group at the same pump fluence (d)

Upon excitation with a 1045 nm femtosecond laser, both samples exhibited SHG and
two-photon photoluminescence (2PL). As is known, SHG is the second-order nonlinear pro-
cess and thus the SHG intensity should have quadratic dependency on the incident pump
power. The slopes of the measured power-intensity correlations were estimated to be 1.74 and
1.76 for PEA\MAPb,I. and MePEA MAPb I, respectively, which is close to quadratic law
(Fig. 2, a, b), provmg the occurrence of ShG. The SHG threshold was estimated to be
0.4 mJ /cm for both compositions. The intensity of the SHG signal for both methyl-substituted
and usual PEA-based crystals were obtained at the same pump power and normalized to the
most intense signal value (Fig. 2, ¢, d). The difference in intensity of normalized signal may be
attributed to different thickness of structures, as it was previously reported in other works [3].
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Fig.2. Dependence of the SHG peak intensity on the optical pump power in a logarithmic scale
for the composition PEA\MAPb.I, (a) and MePEA MAPb_IL, (b); 2PL spectra with SHG peak for
compositions PEA,MAPb,I, and MePEA MAPb.I, at low fluence (1.2 mJ/cm?®) (c); SHG spectra
for MePEA,MAPb,I./PEA MAPD,I. crystals at the same pump fluence (6 mJ/cm?) (d); temporal
dependency of SHG peak intensity under continuous pump fluence (6 mJ/cm?) (e)
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In addition, for the MePEA MAPD,L. crystal, the 2PL spectra presented a non-uniform shape
compared to PEA . MAPb_L, (Fig. 2, ¢). Such a shape, with multiple peaks in the 2PL spectra,
might be attributed to the impact from other phases with n ranging from 3 to 6, however the
n = 2 peak remains dominant. Thus, the exact role of additional methyl group on quasi-2D
crystal phase formation and their SHG intensity remains under discussion, and additional struc-
tural characterization is required.

To compare the SHG stability of both compositions, the SHG intensity was measured under
continuous excitation at 6 mJ/cm? incident fluence for 1600 seconds (Fig. 2, e). It was revealed
that the SHG signal disappeared after 1000 s for the PEA MAPb, L, crystal, whereas the SHG
signal for MePEA-based crystal remained by the end of the measurements. During the continuous
optical pump, the perovskite crystal degradation is mainly attributed to the heating of sample and
additional oxidation or adsorption of water molecules from the air. Previously, it was established
that MePEA-based perovskite films demonstrated better structural stability against polar solvents
exposure compared to regular PEA-based structures [7]. Thus, MePEA may also impact the
temporal stability of the SHG signal in MePEA MAPD, L, crystals as it provides better structural
stability.

Conclusion

In conclusion, our research demonstrates the occurrence of SHG in both MePEA MAPY, 1,
and PEA MAPb,I. compositions. Notably, the MePEA-based quasi-2D perovskite crystal ex-
hibits enhanced stability compared to its PEA-based counterpart. Specifically, the operational
half-lifetime at 6 mJ/cm? incident fluence for SHG intensity in the MePEA-based crystal is
approximately twice as long, measuring 25 minutes compared to 12.5 minutes for the PEA-based
crystal. These findings prove the significant relationship between organic spacer composition and
the stability of SHG in iodine-based perovskite crystals. Consequently, this work contributes val-
uable insights toward the development of quasi-2D perovskite materials for advanced photonic
applications.
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Abstract. The optical elements that can combine memory and signal modulation have
become a topic of interest in the field of neuromorphic computing systems. In particular,
the optical analogue of a memristor called memlumor exhibits promising features in which
the change of the output luminescence depends not only on the excitation light signal but
also on the state of the material. Metal halide perovskite luminophores are considered to
be suitable for memlumor implementation as they exhibit modulation of photolumines-
cence due to the interaction of structure defects with the environment and previous in-
teractions, thereby possessing memory. Luminescence in perovskite materials is described
via Shockley—Reed—Hall model which takes into account charge carriers dynamics in the
structure. Additionally, the diffusion of charge carriers also plays a key role and highly
depends on memlumor’s size. This paper explores the perovskite memlumor’s functionality
based on their characteristic size to identify optimal parameters and suitable designs for
future optical neuromorphic computing architectures.
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MEePCIIEKTUBHBIMUA CBOMCTBAMM: BBIXOJHOW CHUTHAJI JTIOMMHECIICHIIMU 3aBUCHUT HE TOJb-
KO OT BO30YXXITAOIIETO CBETOBOTO CHTHAjJa, HO M OT TEKYIIETO COCTOSHMSI MaTepua-
nma. MeranaoraJoreHUIHbIE TTePOBCKUTHBIC JTIOMUHOMOPHI TMMOIXOASAT IS peaan3allniu
MEMJIIOMOPOB, ITOCKOJIbKY AEMOHCTPUPYIOT MOAYJISLUIO (DOTOJIIOMUHECLEHIUHU 33 CYCT
B3aMMOJCHCTBUSI CTPYKTYPHBIX A€(HEKTOB C OKPYXKAIOILE Cpemoii, yUIMThIBask IIPU 3TOM
HMCTOPUIO MPEIbIIYIINX BO3ACHCTBUI, UTO obecrieunBaeT 3¢ deKT naMsaTu. JIIoMUHECHIeH-
LIMIO B TIEPOBCKUTaX onuchiBaeT Moneib Llloknmn—Puna—Xosna, yauTsiBaroIias IMHAMUAKY
Hocutenei 3apsaa. Kpome Toro, muddysuss HocuTesaei 3apsiga UTpaeT KIIIOYEBYIO POJIb
¥ CWJIBLHO 3aBHCHUT OT pa3MepoB MeMIioMopa. B crathe mcciemyeTcst GyHKIIMOHATBHOCTD
IePOBCKUTHBIX MEMJIIOMOPOB B 3aBUCUMOCTU OT MX XapaKTePHbIX Pa3MepOB IJIsI OIIpe/e-
JICHUSI ONTUMAaJIbHBIX ITApaMETPOB U MOAXOISIIUX 3JIEMEHTOB ISl OYIyIIMX ONTHUYEeCKUX
HeMPOMOP(MHBIX BEIUMCIUTEIbHBIX aPXUTEKTYD.
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Introduction

The von Neumann architecture, which is used in the vast majority of most modern computers,
faces significant limitations in performance and energy efficiency, especially when applied to ar-
tificial intelligence and large-scale data processing tasks [1]. An alternative approach, such as op-
tical neuromorphic computing architectures inspired by biological neural networks, are attracting
increasing attention. A key component in such systems is the memlumor [2], a device that com-
bines memory functionality with photoluminescence, enabling optical neuromorphic computing.
Metal halide perovskites considered to be a promising material for memlumors due to their high
charge carrier mobility, high photoluminescent quantum yield and simple synthesis methods [3].
Memory effects in perovskite materials occur on time scales ranging from milliseconds to minutes
due to their photochemical activity under the influence of light. Furthermore, the thickness and
lateral dimensions of the elements are important for maximizing photoluminescence and for the
memlumor's operation itself, as in perovskites the carrier diffusion length exceeds several microns
[4]. When excitation light is focused on an array of small elements linked together or a large bulk
element of the material, the carriers quickly spread throughout the sample, which modulates the
carrier concentration on the plane and thus inevitably influences the formation of the lumines-
cence signal [5]. The focus of this work is to estimate the influence of memlumor’s size on its
functionality. For this purpose, two types of experiments are carried out: an experiment with wide
uniform illumination and multiple perovskite CsPbBr, crystals of different effective sizes (from
100 nm to 1000 nm), as well as time-resolved luminescence at different pulse repetition rates and
perovskite MAPbBr, films of different thicknesses (from 70 nm to 450 nm).

Materials and Methods

To produce CsPbBr, microcrystals the initial solution was synthesized using mixtures of
0.3 mmol CsBr and 0.3 mmol PbBr, in dimethyl sulfoxide. The solution was spin-coated onto a
glass substrate at 6000 rpm spin cycie, which was later heated up to 70 °C in a Petri dish filled
with 180 ml of isopropanol. The 0.32 ml of solution was then drop-cast onto a substrate and
remained heated for 10 minutes in order to facilitate the crystal growth.

© Okrapar A.A., Mapynuenko A.A., CanoxHukoBa E.B., Bepxornsnos I'.A., Ilymkapes A.I1., 2026. Wznarens: CaHKT-
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A series of MAPDbBr, solutions (0.4 M, 0.6 M, 0.8 M, 1 M, 1.5 M) were prepared and
spin-coated onto a glass substrate at 3000 rpm spin cycle for 40 seconds in order to create poly-
crystalline perovskite films with various thickness (70 nm, 170 nm, 200 nm, 240 nm and 450 nm).

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to
analyze the structure’s size, providing precise determination of linear dimensions and morphology.
Photoluminescent images of crystals were obtained on an Axio Imager.A2m (Carl Zeiss SMT)
optical microscope. Image processing was performed using the ImageJ and Gwyddion software
packages, and numerical modeling of charge carrier dynamics was carried out using a Shockley—
Read—Hall model with diffusion, allowing for comparison between experimental and theoretical
results. The time-resolved photoluminescence (TRPL) measurements were performed using a
TEMA femtosecond pulse laser with a wavelength of 350 nm and frequency of 10-200 kHz and
100 nJ/cm? fluence.

Results and Discussion

Images of the CsPbBr, crystal were obtained on a photoluminescent microscope and PL of
each crystal was estimated according to pixel intensity. SEM was used to measure the exact size
of the crystals and evaluate their shape (Fig. 1, @). The study of photoluminescent properties of
CsPbBr3 microcrystals depending on their linear size (in the range of 100—1000 nm) showed that
the integral value of photoluminescence remains almost unchanged (Fig. 1, b), while the quan-
tum yield decreases inversely proportional to the square of the size (Fig. 1, ¢). As the linear size
increases, the computational density also decreases inversely proportional to the square of the size
(Fig. 1, d).
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PL intensity, a.u.
=

r - . .
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Fig. 1. Fluorescent (left) and SEM (right) images of the same area of CsPbBr, crystals (a);

dependence of the photoluminescence intensity on the linear size of the crystal (b); dependence

of the photoluminescence quantum yield on the linear size of the crystal (¢); dependence of the
photoluminescence intensity and computation density on the linear size of the crystal (d)

For MAPDBr, films with thicknesses of 70—450 nm, the charge carrier dynamics was evaluated
using TRPL method that allows measuring the lifetime of nonradiative and radiative processes
in structure and estimate charge carrier density. The resulting TRPL kinetics (Fig. 2, a) exhibit
two components of lifetime: a fast one (Fig. 2, ) (on the order of nanoseconds), associated with
diffusion, and a slow one (in the range from 10 to 100 nanoseconds).

The description of luminescence in MAPbBr, films is carried out using the Shockley—Reed—
Hall model that also consider the charge carrier diffusion and memlumor formalism (1).
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%(n(t)) =g(t)—kn(t) p(t)—k (N, —n,(1))n(t)+D, Z%
%n, () =k (N, =, (6))n(t)~k,n, (1) p (1), 0
& p(1)= g(0)kn(0) ple) - () p(1)+ D, 22

PL = krn(t)p(t)—PLQY(X’(t),I(t),t)-I(t),

where g(t) is the photogeneration rate of charge carriers, /(¢) is the pumping intensity (input sig-
nal), k_is the constant of the rate of radiative recomblnatlon N, is the concentration of electron
traps (defects) k is the constant rate of electron capture, k is the constant rate of trap release
as a result of nonradiative recombination of trapped electrons with free holes, D and D are the
diffusion coefficients for electrons and holes, respectively. This model cons1ders 'the processes of
photoexcitation (g(¢)), photoluminescence (radlatlve recombination) (k n(t)p(t)), electron trap
capture (k(N-n(f))n(f)) and trap release during nonradiative recombination (kn (t)p(t))

Numerical modehng using Shockley—Read—Hall theory with added charge carrier diffusion
and memlumor formalism confirmed that the fast component is associated with diffusion as it
becomes more prominent with the increase of film thickness. (Fig. 2, ¢, d).
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Fig. 2. TRPL kinetics for MAPBBr, films with thicknesses of 0.07 pm, 0.20 um, 0.45 pm at a pump
frequency of 30 kHz. TRPL experimental result (red frame is the fast component of luminescence
attenuation associated with diffusion) (¢); TRPL numerical modeling, obtained according to a
diffusion-adjusted model (b); model without diffusion for a material with a thickness
from 0.1 ym to 1 pm (¢)

To further evaluate the role of charge carrier diffusion in memlumors based on metal halide
perovskite films, it is necessary to look at the functionality of memlumors, namely, the modula-
tion of the luminescence quantum yield depending on the pulse repetition rate of pump signal.
As the film’s thickness increases, the quantum yield also increases, while the luminescence peak
decreases (Fig. 3, a, b, ¢). Due to the release time of traps (in order of tens to hundreds of micro-
seconds) they do not have time to release themselves in the interval between pulses. As a result,
more free holes remain, and, accordingly, photoluminescence also increases. After integrating the
area under the decay curves for samples of different thicknesses curves for the modulation of the
quantum yield were obtained (Fig. 3, d). Thus, it is revealed that the modulation is maximized
for a 70 nm thick sample and minimized for a 450 nm one, suggesting that diffusion negatively
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affects modulation. It can be seen from the TRPL kinetics that the role of diffusion increases with
the increasing thickness, however, it is difficult to separate its effect on the quantum yield from
the effect of the defect factor, which requires further quantitative studies.

The results indicate a preference for using independent elements with minimized diffusion
to create high-density memlumor arrays, comparable in density to modern transistor circuits
(up to 10" cm™).
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Fig. 3. TRPL kinetics measured at various repetition rates (10200 kHz) for films with a thickness of
70 nm (a); 200 nm (b); 450 nm (c); dependence of the photoluminescence quantum yield on the pulse
repetition rate for films with thicknesses of 70, 200 and 450 nm (d)

Conclusion

This work demonstrates the potential of metal halide perovskites for developing energy-
efficient optical neuromorphic systems based on memlumors. Experimental and theoretical stud-
ies confirmed the influence of charge carrier diffusion on luminescent properties and highlighted
the importance of minimizing diffusion for increasing element density. The results indicate the
preference for using independent elements with minimal diffusion to create high-density mem-
lumor arrays. The obtained data can be used to design new architectures for optical computing
systems and high-density memlumor arrays with high performance and energy efficiency.

Acknowledgments

The work was supported by the Russian Science Foundation (project 25-29-00520, https://
rscf.ru/project/25-29-00520/).

REFERENCES

1. Merolla P.A., Arthur J.V., Alvarez—Icaza R. et al., A million spiking—neuron integrated circuit
with a scalable communication network and interface. Science. 345 (2014) 668—673.

2. Marunchenko A., Kumar J., Kiligaridis A. et al., Memlumor: A Luminescent Memory Device
for Energy—Efficient Photonic Neuromorphic Computing. ACS Energy Letters. 9 (2024) 2075—2082.

3. Pushkarev A.P., Korolev V.I., Markina D.I. et al., A Few—Minute Synthesis of CsPbBr3 Nanolasers
with a High Quality Factor by Spraying at Ambient Conditions. ACS Applied Materials & Interfaces.
11 (2019) 1040—1048.

4. Stranks S.D., Eperon G.E., Grancini G. et al., Electron—Hole Diffusion Lengths Exceeding 1
Micrometer in an Organometal Trihalide Perovskite Absorber. Science. 342 (2013) 341—344.

160



4 Novel materials

5. Marunchenko A., Kumar J., Kiligaridis A. et al., Charge Trapping and Defect Dynamics as
Origin of Memory Effects in Metal Halide Perovskite Memlumors. The Journal of Physical Chemistry
Letters. 15 (2024) 6256—6265.

THE AUTHORS

EKGARDT Alexey A.
aleksei.ekgardt@metalab.ifmo.ru

MARUNCHENKO Aleksandr A.
a.marunchenko@metalab.ifmo.ru
ORCID: 0000-0002-0616-2524

SAPOZHNIKOVA Elizaveta V.
e.sapozhnikova@metalab.ifmo.ru
ORCID: 0009-0000-2732-6711

YERKHOGLIADOYV Grigorii A.
g.verkhogliadov@metalab.ifmo.ru
ORCID: 0000-0002-6222-5526

PUSHKAREYV Anatoly P.
an.pushkarev@skoltech.ru
ORCID: 0000-0002-1793-6812

Received 15.12.2025. Approved after reviewing 26.02.2026. Accepted 26.02.2026.

© peter the Great St. Petersburg Polytechnic University, 2026

161



A st Petersburg State Polytechnical University Journal. Physics and Mathematics. 2026. Vol. 19. No. 1.1
HayuHo-TexHu4veckume segomoctu CMN6ITY. dusnko-mMatemaTnyeckme Hayku. 19 (1.1) 2026

Conference paper
UDC 535.3
DOI: https://doi.org/10.18721/IPM.191.127

Switching of Kerker effect from single Sbh,Se, nanoparticles
A.R. Kolesnikova ™, A.D. Sinelnik, D.A. Litvinov

ITMO University, St. Petersburg, Russia
I anna.kolesnikova@metalab.ifmo.ru

Abstract. The Kerker effect is one of the fundamental concepts in nanophotonics for
controlling scattered radiation from single nanoparticles. It is based on the interaction of
electric and magnetic dipoles, which, as a result of interference, determine the directional
pattern of scattered radiation. The implementation of this principle allows the creation of
nanoantennas that effectively redirect radiation from other nanoscale sources. This work
demonstrates the possibility of dynamically controlling the directional pattern of scattered
radiation by using nanoparticles made of the phase-change material Sb,Se,. The “ON” and
“OFF” modes of directional scattering are shown when the phase of tﬁe material changes.
These results may open up a new path in the implementation of dynamically changing
nanoantennas for applications in quantum cryptography and optical telecommunications.

Keywords: nanoparticles, phase change materials, Kerker effect

Funding: This work was supported by the Russian Science Foundation (project
No. 25-79-10137).

Citation: Kolesnikova A.R., Sinelnik A.D., Litvinov D.A., Switching of Kerker ef-
fect from single Sb,Se, nanoparticles, St. Petersburg State Polytechnical University Jour-
nal. Physics and Mathematics. 19 (1.1) (2026) 162—167. DOI: https://doi.org/10.18721/
JPM.191.127

This is an open access article under the CC BY-NC 4.0 license (https://creativecom-
mons.org/licenses/by-nc/4.0/)

KoHdepeHUnoHHas cTaTbs
Y[OK 535.3
DOI: https://doi.org/10.18721/IJPM.191.127

MepexknioueHune 3chhekta Kepkepa oT 0AUHOUHDIX
HaHouacTuy u3 Sh Se,

A.P. Konechukoea =, A.[l. CuHenbHukK, A.A. JIMTBUHOB

Yuusepcutet UTMO, CaHkT-MeTepbypr, Poccus
M anna.kolesnikova@metalab.ifmo.ru

AnHotamus. Dddexr Kepkepa sIBISICTCS OTHONM M3 KIIIOYEBBIX KOHIICTIIIMIA COBpE-
MEHHOW HaHO(MOTOHWKHU IJIsI YIIPAaBICHUSA PacCeTHHBIM M3JIydeHHEeM OT OAWHOYHBIX Ha-
HouacTull. OH OCHOBaH Ha B3aMMOACHCTBUU 2JIEKTPUIECKOTO M MAaTHUTHOTO IHITOJICH,
KOTOpBIE B pe3yibTaTe MHTepGEpeHIINU OTPEACISIIOT AUarpaMMy HaIIpaBICHHOCTH pac-
CesTHHOTro M3iy4yeHMs. Peanuzanus maHHOTO MPUHIIMIIA TTO3BOJISIET CO37aBaTh HaHOAH-
TE€HHBI, 3()(EKTUBHO ITePEeHANPABISIOIINE U3JIydeHUE OT APYTrUX HAHOPAa3MEPHBIX UCTOY-
HUKOB. B maHHOi#1 paboTe AEMOHCTPUPYETCS BO3MOXKHOCTb JMHAMUYECCKOTO YIIPaBICHMS
IHarpaMMO HAIIPaBICHHOCTH PACCETHHOTO M3JIYyYeHMS 3a CUYET MCITOJIb30BaHMS HAHO-
vacTuil u3 QasornepemeHHoro marepuaia Sb,Se,. Ilokasan pexum «BKJI» u «BbIKJI»
HAIIpaBJICHHOTO paccesHUs TIpu cMeHe (pa3bl MaTepraia. DTH pe3yJbTaThl MOTYT OTKPBITh
HOBOI1 ITyTh B peajn3allii TMHAMMYECKM U3MEHSIIOIINXCSI HAHOAHTEHH MIJIsI TIPUJIOKEHUIA
KBaHTOBOI KpUNTOrpacuu ¥ ONTUYECKOM TeJIEKOMMYHUKALIMY.
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Introduction

Controlling the direction of light propagation using nano-objects is a major achievement in
modern nanophotonics. One way to achieve this control is by changing the directional pattern
of scattered light from nanoparticles. This is possible due to the realization of the Kerker effect,
in which interference occurs between magnetic and electric dipole moments. The Kerker effect
was first described in 1983 when observing light scattering from a magnetic particle [1], but later
this effect was generalized for non-magnetic particles as well. To date, it has been shown that the
Kerker effect can be observed from various nano-objects, including metasurfaces and particles of
arbitrary shape [2, 3]. However, as a rule, all implementations of the Kerker effect are static [4],
that is, the scattering pattern can only change when the wavelength or size of the nanostructure
changes. This imposes significant limitations on the use of nanoparticles as nanoantennas, as it
is not possible to dynamically change the pattern.

One solution to the problem of dynamic light control could be the use of phase-change
materials [5]. These are a class of materials that undergo a reversible phase transition from an
amorphous to a crystalline state. Phase transitions in phase-change materials are realized under
the action of a thermal stimulus, which can be created either directly by thermal heating or
through the conversion of an electrical or optical pulse into local heat within the material. When
the phase of the material changes, its optical and electrical properties also change dramatically.
These materials are actively used to create reconfigurable metasurfaces and photonic structures
that provide dynamic light control [6]. One of the promising materials in this class that can be
used in photonics is Sb,Se, (hereafter SbSe) [7]. This is a new wide-bandgap material with no
losses in the near-IR range, which distinguishes it favorably from more well-known materials such
as GST, AIST, and GeTe [8]. At the same time, the refractive index in both the amorphous and
crystalline phases is close to that of silicon. This contributes to further compatibility with silicon

photonics components.
4 «

c-SbhSe {/ / _~ a-SbSe

phase Kic
change

i _. = At g

Fig.1. Schematic of the working principle of Huygens metaatom

In our work, we demonstrate the possibility of changing the light scattering diagram for
SbSe nanoparticles by changing its phase (Fig. 1). We performed a theoretical calculation of light
scattering spectra followed by multipole decomposition from nanoparticles with a diameter of
260-300 nm. We determined the dependence of the spectral position of resonances associated
with the electric and magnetic dipole moments in the particle, as well as their spectral shift when
the phase of the material changes. As a result of multipole decomposition, spectral regions were
determined where electric and magnetic dipole moments of equal intensity are observed, i.e.,
regions where the Kerker effect can be observed. Finally, scattered light directionality diagrams
were constructed, demonstrating the possibility of “ON” and “OFF” directional scattering when
the phase of the material changes. These results can serve as a foundation for the creation of
tunable nanoantennas for quantum and optical telecommunications applications and photonic
computing circuits.

© KonecnukoBa A.P., CunenbHuk A.Jl., JlutBuno J.A., 2026. Wsznarenn: Cankr-IletepOyprckuii MOJUTEXHUYECKUI
yHuBepcuret I[lerpa Benaukoro.
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Materials and Methods

The paper investigates light scattering by a single spherical nanoparticle (metaatom). The scat-
tering cross-section (SCS) of a single metaatom can be expressed in terms of Mie theory:

27 b 2), 1

= 2
Csca :_2 (2n+1)( n
n=1
where is k_is the wavenumber in the surrounding medium, a, and bn are the Mie coefficients
corresponcflng to the electric and magnetic multipole moments, respectively, and #» is the order
of multipole.
The Mie coefficients are expressed in terms of Riccati—Bessel functions:

Lm0 () -, () (1)
" Y, (nx)E (x) - &, ()P (n,x)
Y, ()Y -1 Y, ()P (n,%)
"W, (nX)E () -nE, (0¥, (nx)

where ns is the refractive index of the sphere and the Riccati—Bessel functions are:

¥, (x) =, (x), §,(x) = xh," (x), 3)

where j (x) is the spherical Bessel function of the first kind, k" (x) is the spherical Hankel func-
tion of the first kind, x is the size parameter, defined as x = k 7 with r being the radius of the
sphere.

To analyze the contribution of various multipole moments to the scattering of spherical nano-
particles, Cartesian electric and magnetic multipoles were calculated using the COMSOL Multi-
physics software package (Electromagnetic Waves, Frequency Domain module).

Cartesian multipoles, defined by the polarization distribution inside the particle, are equivalent
to spherical multipoles Mie for arbitrary shapes and spherical particles. The mathematical defini-
tion of electric and magnetic dipole moments in Cartesian representation was used in accordance
with [9].

Electric dipole moment p in Cartesian form is as follows:

3(r-P)-r’P .
(kr)?
where P is the polarization vector, 7 is the radius vector, k is the wavenumber in the particle, Jo

and j, are spherical Bessel functions.
Mzagnetlc dipole moment m:

)

p=Pj,(r)dv + k; = j, (kr)dV, 4)

3ioprxP
m=——- kr)dV . 5
> ) Ji(kr) &)
The cross sections for the scattering of electric and magnetic dipoles were determined as:
k4
CED = —02p ? s (6)
6me; |E,|
4
MD = uf _m2’ 7
6nel|E,[ ¢

where |E |* is the intensity of incident field.
Kerker conditions were used to analyze the radiation pattern. [1]. These conditions are given

by:
(8)
O o g, — by ©)

Cforward oc | al
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The first condition (a, = b,) corresponds to maximum forward scattering. The second condi-
tion (a, = b ) leads to suppression of scattering in the forward direction and predominant back-
ward scattering.

Results and Discussion

Let us consider the scattering cross section of a spherical particle in the amorphous and
crystalline phases of a material when illuminated by a plane wave (the incident wave vector is
directed along the x-axis). The research particle sizes were invesétigated: radii R = 130 nm and
R = 150 nm in the wavelength range 700—1000 nm. The choice of particle radii is due to the fact
that the corresponding dipole resonances lie in the near-infrared and telecommunications range,
which makes metaatoms applicable in telecommunications applications. The meta-atom is exam-
ined in air (n = 1), providing a universal approach to analysing its optical properties. As shown in
the article on dielectric nanoparticles [10], the influence of the substrate on the spectral charac-
teristics of the meta-atom depends on its optical properties. For weakly reflective substrates (for
example, glass), the primary influence of the substrate is a change in the scattering cross-section
amplitude, while the resonance shift remains insignificant. This approach allows us to identify
the fundamental resonant characteristics of the material, and the influence of a specific substrate
can subsequently be taken into account as a correction for given experimental conditions. In
the amorphous phase, pronounced electric and magnetic dipole resonances are observed. The
first-type Kerker effect occurs at 1030 nm for a particle with R = 130 nm and for a particle with
R = 150 nm at a wavelength of 1393 nm. The scattering is collimated with the propagation of
the incident radiation (Fig. 2). The coincidence of the phases of the electric and magnetic dipole
moments in the amorphous phase at these wavelengths leads to preferential forward scattering
and suppression of reflection. Thus, the amorphous phase exhibits the full behaviour of a Huygens
metatom. A change in the particle radius leads to a shift in the spectral position of the electric
and magnetic dipole resonances, and therefore also changes the position of their intersection,
corresponding to the Kerker condition.
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Fig.2. Scattering cross-sections and multipole decomposition for a spherical nanoparticle of (a)
amorphous SbSe (R = 130 nm), (b) crystalline SbSe (R = 130 nm),
(¢) amorphous SbSe (R = 150 nm) and (d) crystalline SbSe (R = 150 nm).

The spectra are normalized to the geometric section of the sphere
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The transition to the crystalline state of the material is accompanied by an increase in the
absorption of the material and a change in the phase of dipole oscillations. The change in the
SbSe phase leads to significant changes in the scattering cross section. At wavelengths of 1030 and
1393 nm, there are no intersections between the electric and magnetic dipoles for the crystalline
phase. The far-field scattering distribution at a wavelength of 1030 nm for a particle with a radius
of 130 nm confirms these effects (Fig. 3).

These results highlight the potential of dynamic light control through phase state adjustment.
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Fig.3. Far-field scattering patterns at wavelengths of 1030 nm,
respectively from a single (a) amorphous SbSe nanoparticle and (b) crystalline
SbSe nanoparticle

Conclusion

The work demonstrated that the Kerker effect is observed in the light scattering from a single
SbSe nanoparticle. The possibility of dynamic changes in the spectral position of resonances in
the scattering spectrum when the phase of the material changes was shown. The possibility of
changing the direction of propagation of scattered radiation by changing the phase of SbSe has
also been demonstrated. We are confident that the results obtained will find practical application
in the creation of reconfigurable nanoantennas for telecommunications, cryptography, and pho-
tonic computing circuits.
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