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PREFACE

25" Russian Youth Conference on Physics of Semiconductors
and Nanostructures, Opto- and Nanoelectronics (RYCPS-2023)/
RYC PS 2023 25 Bcepoccmiickasa MoJoaexHas KoHdepeHuus mno (usnke

XXV RUSSIAN YOUTH CONFERENCE MOJIYIIPOBOAHUKOB B HAHOCTPYKTYP, HOJIprOBOI[HHKOBOﬁ OIITO-
O prvsics Oorl"rc- AND NANOEI.E:‘INRDONICS u HaHOaJIeKTpOHHKe

The 25th Russian Youth Conference on Physics of
Semiconductors and Nanostructures, Opto- and Nanoelectronics
(RYCPS-2023) was held in Saint Petersburg at Alferov University

DEARE sy poe 20 on November 27 — December 1, 2023. It was organized by

g i ot el Peter the Great St. Petersburg Polytechnic University, Alferov
University, St. Petersburg State University, loffe Institute and
Russian-Armenian University (Yerevan).

The program of the Conference included semiconductor technology, heterostructures with
quantum wells and quantum dots, bulk properties of semiconductors, opto- and nanoelectronic
devices and new materials. The Conference was held in face-to-face format and provided an
opportunity for valuable discussions between the conference participants and experienced scientists.

The Conference included two invited talks given by leading scientists from loffe Institute,
devoted to actual problems and major advances in physics and technology. The keynote speakers
were Nikolai Rozanov (presentation "Extremely short electromagnetic pulses") and Viadimir
Shabaev (presentation "Vacuum decay in a supercritical Coulomb field"). Young scientists,
students, graduate and postgraduate students presented their results on plenary and poster sessions.
The total number of accepted abstracts published in Russian (the official conference language)
was 107. Here we publish 28 selected papers in English.

Following the traditions of the conference, the participants were involved in the competition
for the best reports. Certificates and cash prizes were awarded to a number of participants for the
presentations selected by the Program Committee. Zakhar Yakovlev (Information Technologies,
Mechanics and Optics University, St. Petersburg) was awarded for the best conference presentation
among students with a report " Fine structure of the energy spectrum of Fermi polarons in transition
metal dichalcogenides”. Alexey Kuznetsov (Moscow Institute of Physics and Technology) was
awarded for the best conference presentation among postgraduate students with a report "Self-
catalytic epitaxial gallium phosphide nanowires — waveguides for integrated nanophotonics".
Arina Yanzer, a student at Lobachevsky State University of Nizhny Novgorod, received the
Evgeni Gross Prize for the best presentation on semiconductor optics with a report "Thresholdless
Auger recombination in quantum wells based on HgCdTe heterostructures in the range of
3 — 5 um". The Evgeni Gross Prize for the best presentation on semiconductor optics among post
graduate students was awarded to Mikhail Ragoza (loffe Institute) for report "Electrical resistance
due to scattering of optically oriented electrons in n-GaAs". Works with potential applications
were recommended for participation in the following competition for support from the Russian
Foundation for Assistance to Small Innovative Enterprises in Science and Technology.

The conference was supported by the Ministry of Science and Higher Education of the Russian
Federation (state assignment 075-03-2023-004), St. Petersburg Electrotechnical University and
Tydex LLC, St. Petersburg.

The official conference website is http://www.semicond.ru/conf2023

Editors

R.A. Suris
D.A. Firsov
V.A. Shalygin
H.A. Sarkisyan
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4 Bulk properties of semiconductors

Introduction

The study of the interaction of electromagnetic radiation with matter is one of the fundamental
aspects of physics. The investigations of processes occurring in a medium under the influence of
radiation allows one to obtain unique information about the physical properties of the matter, its
composition, and structure. This plays an important role in our understanding of the nature [1].
Currently, knowledge about the interaction of radiation with matter is actively used for the
development of the technology. This is confirmed by advances in electronics, the creation of
new ways of working with optical information, and the development of new types of lasers.
Thus, a fundamentally important task is the creation of theoretical models. Despite the apparent
complexity of a comprehensive description of the processes that occur in matter under the action
of a radiation, there are models that explain important phenomena by simplifying them from a
physical point of view. For example, the influence of the radiation on multielectron atoms in
some cases can be reduced to the consideration of electron transitions between certain levels since
the influence of other levels is much less significant or even negligible. Such models, in particular,
make it possible to describe the effects of four-wave mixing and photon echo, which have promise
as a physical implementation of quantum memory underlying quantum communication [2,3].
In recent studies of trions in charged InGaAs quantum dots it was shown that using control
pulses it is possible to separate the photon echo signal into two circular components [4]. In the
trion system transitions with different circular polarizations are not coupled and can be excited
independently by control pulses because in the absence of a magnetic field the system represents
in fact two two-level systems. For a three-level exciton system, transitions with different spins are
connected through a common ground state. Therefore, it is interesting to compare the behavior
of the excitonic system under the action of control pulses by analogy with what was obtained
for trions. In our work a model of interaction between electromagnetic radiation and matter was
studied. We examined the effect of a polarized rectangular laser pulse on a three-level system. For
the case when a system with degenerate excited states is excited by non-resonant light analytical
solutions were obtained. We analyzed the dependence of the probability of the system being
in a certain state on the frequency detuning and the pulse area. Then we applied the resulting
analytical expressions to model the two-pulse photon echo signal from an ensemble of three-level
systems. We investigated the sequential action of two short polarized laser pulses on three-level
systems and the free dynamics of the system. As a result, time profiles of the photon echo signal
were obtained for various excitation protocols with pulses of different polarization and power.

Theoretical model

An important example of radiation that well describes the real effect on matter is a rectangular
laser pulse. It is considered further and the expression for the pulse has the following form:

E (t)=E;(t)-e™, (1)
E;,0<t<t,

0,r> ,
wave, 1, is the pulse duration.

We consider a three-level system as a medium, i.e., a model of matter that has three energy
states. The description of the behavior of such a medium is given by the Schrodinger equation.
The use of perturbation theory allows us to take into account the influence of electromagnetic
radiation on the system.

In this case, the Hamiltonian in the Schrodinger equation consists of the Hamiltonian H, of the
unperturbed system and of the term which is responsible for the interaction with electromagnetic
radiation V.

here E(f (t)= and o are the amplitude and the frequency of the electromagnetic

0 0 0
Ho=|0 ho, 0 |, )
0 0 ho,

© XKungkos BJL., FOrosa U.A., 2024. U3znarens: Cankr-IlerepOyprckuii monutexuuueckuii yausepcuret [letpa Benukoro.
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where o, is the frequency of the transition between the ground and the excited states.

0 (dE) (dE)

V={dE 0 0 | (3)
dE 0 0

hered, = <1‘cAl ‘0>, d = <2‘cAl ‘O> are matrix elements of the dipole moment operator. We can assume,

for example, that transitions to different excited states can be allowed for different polarizations
of an electromagnetic wave.
The Schrodinger equation can be written as follows:

d‘O O (d+E'+)"< (d—E‘—)ﬂ< 0‘0
in| o, |=|dE ho, 0 o, | “4)
a, dE 0 ho, o,

o7
where ¥ =| o, | is the wave function expanded over the basis of eigenstates.
o,

Thus, the Schrodinger equation for a three-level system interacting with a rectangular laser
pulse is a system of the three ordinary differential equations. Taking into account the initial
conditions (the value of the wave functions at the initial time), analytical solutions were obtained:

x 0 x 0
a,(t)=e " | ag| cos Q)i Bin[ 2 || L S0 g (L2 : &)
2 Q 2 Q 2

here A= o~ o is the detuning from the laser carrier frequency, Q= \/Az +4| ff +4| f7|2 is the

+

0

d
generalized Rabi frequency, f, = iT is the pulse area.

M ; ) ’ 1 0 . Q i(A—@,
a](r):|:a? _ L0 +fﬂa2:|_ezwot —92i fgo Sln(?tj'e(z o)t "

M, +M
0 * 0
" M, + [ fa, oS 91 —iésin 91 .ei(%—mo)t’
M +M 2 Q 2
0 * 0 0
(Xz(t) _ (X(Z) . M_(X«Z +f-‘¢._f_0~1 .efimot -2 ﬁao sm(%t) .ez(ifmo)t +
M +M Q

(7

0 * 0
+ Mo, +/).fo cos| 24 ]—i L gin[ £2 Ll
M_+ M 2 ) a2
where M, :|fi

Fig. 1 shows the dependencies of the probabilities of the system being in the ground and
excited states on the detuning and on the magnitude of the pulse area when interacting with light
occurs for one excited state only (f = 0), that is, in fact, a two-level system. It is assumed that
the system was initially in the ground state. As can be seen from the figure, the populations of
the levels oscillate. The magnitude of the detuning has a great influence, so with the same pulse
power but with different detuning the transitions are different. The analysis shows that if the
initial condition is that the system is in an excited state, then the graphs, as expected, are inverted
relative to each other. Fig. 2 shows the dependences of the probabilities of the system being in

8
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A Bulk properties of semiconductors

both excited states on the detuning and the magnitude of the pulse area (f, = f'). It is assumed
that initially the system was in one of the excited states. Calculations show that the probability
of the system being in the ground state looks similar to the probability for a two-level system.
Moreover, it is clear from Fig. 2 that the probabilities of being in excited states form a complex
checkerboard structure, since now they are distributed. The oscillations in the probabilities of
ﬁnding the system between these states can be observed.

10.0 10.0
7 .00 T
.75 :
5, 5.
.50
7 2.
- .25 '
é * ‘EL o . '
.00 >
sy 2o ’
—-0.25
= -0.50 —5.
—7.5 —0.75 -7.5
=100 -10.0 0.0

-16.0 —7.5 —-50 -25 0.0 2.5 5.0 75 10.0 ~10.0 -7.5 -5.0 —-25 0.0 2.5 5.0 75  10.0
f-tp ftp
Fig.1. Dependences of the probabilities of the system being in the ground state (a) and in the excited
state (b) on the pulse area and the detuning of the light frequency from the resonance of the system.
Only one excited state interacts with light
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The density matrix formalism was used to model the photon echo signal. The evolution of the
three-level system was determined by the Lindbland equation:

2 0P 5 .
zha—[H, p}+zhl‘, (8)
(P +p)/T, —Pu/T, —Pw/T;
here p is the density matrix, ['= _p10/Tz _p11/T1 —plz/ﬂ
—Pa/T /T —pn/T;

As in the previous part the Hamiltonian consisted of the Hamiltonian of the unperturbed
system H and the perturbation V for both impulses. The sequential action of two short laser pulses
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separated in time by a value of t was considered taking into account the free precession between
them. It was assumed that the time of the pulses action on the system is much shorter than the
relaxation time which is in good agreement with experimental conditions in most cases. With
such assumptions the problem can be divided into two parts: the consideration the interaction
with light without taking into account relaxation during the pulses action; and the consideration
the dynamics of the system. Using previously obtained expressions for the action of the pulse, we
found the elements of the density matrix responsible for the contribution to the formation of the
echo signal:

~ —iwy(t-27) _—1/T, 2., w px *
P ~ e e Otg| il Ly M, (f+1f+22 +f4f+2f4): )
~ —ioy (1-21) _— 2, * * *
Py ~ e e v Otg| L Ly M (qufzz +f+1f+2f4)a (10)
sin(Q,,-1,) Vo
where L, =——=>"L2 0O, :\/vi2 +|f_21,2|+ fial M, =cos(Q1 -tp)—zasm(Q1 -tp),
p 1
A
V=—,
2
The final expression for the polarization in the direction of four-wave mixing is:

PV=<3’>=Tr(c§p)ocRe(d+[3m+d7;~)02). (11)

We consider the case when the spectral width of the pulse is comparable to the distribution
width of the systems under study:

P=["p-e*adv, (12)

here o is the variance of the normal distribution of three-level systems.
Numerical integration was used to obtain time profiles of the photon echo signal. The result
is shown in Fig. 3.

a) b)

0 2 4 5 6 8 10 0 2 4 5 6 8 10
titp titp

Fig. 3. Time profiles of the photon echo signal at f = 0 (a) and at f = = (b)

It can be seen from the figure that the maximum of the photon echo signal is shifted in time
relative to the time of occurrence of the echo signal at resonant excitation of the systems (marked
by dashed line). The time of the echo signal occurrence can be controlled by changing the pulse
areas. The analysis shows that, due to the common ground state, the excited states of the three-
level exciton system is not separated by polarization in the photon echo protocol in contrast to the
trion system, which in the absence of a magnetic field represents two two-level systems [4]. In the
case when the transition to one of the excited states is prohibited, the results obtained coincide
with the result for an ensemble of two-level systems [5].

10



4 Bulk properties of semiconductors

Conclusion

In this work the action of a polarized rectangular laser pulse on a three-level system was
studied. A solution was obtained for non-resonant excitation by light of a system with degenerate
excited energy states without taking relaxation into account. The dependence of the probability of
the system being in a certain state on the frequency detuning and on the pulse area was analyzed.
The obtained analytical expressions were used to simulate the signal of a two-pulses photon
echo from an ensemble of three-level systems. Time profiles of the echo signal were obtained for
excitation protocols with pulses of different polarization and different powers. It turned out that
if the detuning is taken into account the photon echo signal is shifted in time.
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AnHotanusga. B paGote skcrepuMeHTalbHO MCCAEI0BAHO MPONYCKaHUE MUKPOCTPYKTYp Ha
OCHOBE HUTPU/IA FAJINSI C Pa3HBIM YPOBHEM JIETUPOBAHUS B CPEAHEM U TaJIbHEM UH(PpaKpacCHOM
nuamnaszoHax npu 7= 300 K. IIpoBeaeHO MoaeIMpoBaHUE TPOITYCKAHUS UCCIENYEMBIX CTPYKTYP
B JAHHBIX CITEKTpaJbHBIX AWara3oHax C IMOMOIIbI0 MeToma Marpuil nepeHoca. IlokaszaHo,
YTO BKJIAN PEUIETKHU, COTJIACHO MOJAEIM OAHO(GOHOHHOTO pE30HAHCAa, U BKJIAJ CBOOOIHBIX
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3JIEKTPOHOB, COrjlacHO Mozaenu Jlpyae, B AMBJACKTPUYECKYID IIPOHUIAEMOCTb I103BOJISIET
YIOBJICTBOPUTEILHO OIMCHIBATH OINTHUYECKME CBOMCTBA MCCIECIOBAHHBIX MUKPOCTPYKTYD
BILIOTH 10 3Hepruu kKBaHta 300 MaB. Paccuntan koadUUMEHT MOTIOLIEeHUS 111 U3TyYeHUSs
CO,-nazepa (aneprug kBanta 117 m3B). ITokasaHo, 4TO B HUTpUIE TaJUIMs MOTJIOLIEHNE Ha
CBOOOHBIX 2JIEKTPOHAX TIPU JTAHHOM SHEPTMU KBAaHTa SKCIIEPUMEHTAIBHO MOXKXHO HaOII0AaTh
MPpU KOHIEHTPAIlMM BJICKTPOHOB, TpeBbImatomei 6-10'° cm—3. OnpeneneHa onTUMaibHas
tonuHa IieHoK GaN [ 3KCIepUMMEHTaJbHOIO HaOJIOAEeHUsS MOMYJISLIMU MOTJIOIIeHUS
usnyyennss CO,-nasepa B JIEKTPUYECKOM TOJIE Ul Pa3HBIX YPOBHEM JIETMPOBAHMUS.
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Introduction

Modern opto- and nanoelectronics devices use various III-V group semiconductors. Gallium
nitride stands out as a promising material for developing optical devices in the visible and infrared
spectral ranges due to its unique combination of physical properties. The operation of many
optoelectronic devices is accompanied by heating of charge carriers in an electric field; their
functioning is also significantly affected by the absorption of radiation on nonequilibrium charge
carriers. To analyze the absorption of radiation in an electric field, information about absorption
under equilibrium conditions is required. The goal of this work is experimental and theoretical
study of the equilibrium absorption of radiation by free electrons in epitaxial layers of gallium
nitride.

Materials and Methods

In this work, we studied films of hexagonal n-type gallium nitride grown by metalorganic
vapor phase epitaxy on a sapphire substrate with a buffer layer of specially undoped GaN. The
thickness of the epitaxial films was 4.3 pm, the thickness of the buffer layer was 2 um, and
the thickness of the sapphire substrate was 440 um. Films with different doping levels were
studied. Based on the study of the Hall effect and electrical conductivity at room temperature,
the following values of concentration (mobility) of free electrons were obtained: 3.1-10"7 cm™
(246 cm?/V-s), 1.4-10"® cm™3 (231 cm?/V-s) and 3.4-10"® cm™3 (205 cm?/V-s) for samples No. 1,
2 and 3, respectively. The optical transmission spectra of the microstructures were studied at
room temperature in the mid- and far-infrared spectral ranges. The experiments were carried out
using a Bruker Vertex 80v vacuum Fourier spectrometer operating in fast scanning mode. The
radiation source was a globar. For studies in the mid-infrared (MIR) spectral range, a DLaTGS
pyroelectric photodetector and a KBr beam splitter were used, and for studies in the far-infrared
(terahertz) spectral range, a DLaTGS FIR pyroelectric photodetector and a Mylar beam splitter
were used. The sample was placed in a Fourier transform spectrometer, which was evacuated to
a pressure of 5 hPa; radiation from the globar, incident normal to the surface, passed through the
sample and was measured by a photodetector.

Results and Discussion

Our samples are multilayer structures: GaN film / GaN buffer layer / sapphire substrate. It
is convenient to model the transmission and reflection of radiation by such structures using the
transfer matrix method [1, 2]. In this method, the reflection coefficients R and transmission

© MernentbeB I'.A., Kapayios [I.A., Koctpomun H.A., Bunnuuenko M. 5., @upcos [1.A., [Hansirun B.A., 2024. U3natenn:
Cankr-IleTepOyprckuii moautexunyeckuii yauepcutet [letpa Benukoro.
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coefficients 7" are calculated using a matrix M of size 2x2. To obtain the matrix M, matrices
describing the passage of an electromagnetic wave through each j-th layer P as well as describing
the passage of an electromagnetic wave through the boundary between the j-th and (j+1) layer

D, In the case of normal incidence of light, the matrix P, is calculated as follows:
exp(i¢; 0
p _[SxPUS)) ! "
L0 exp-ig))

o . . .
where @ ;=—n jd ;Is the phase change of the electric field of the wave when passing through

c
layer j, o is the angular frequency of the electromagnetic wave, c is the speed of light, n/ =n.+ zk
is the complex refractive index of layer j, n, kj and a’ are the real refractive index, the extinction
coefficient and the thickness for the layer j, respectlvely In the case of normal 1n01dence of light,
the matrix D, is calculated as follows:

G+
D - 1 (n,,+n, n, —n, 2
T T P B R A

1A ANA! J J+l J

The transfer matrix M for our structure is written as follows:
M D4/3PD3/2PD2/1PD1/0’ (3)
where index 0 corresponds to vacuum, index 1 to the doped GaN epitaxial layer, index 2 to

the GaN buffer layer, index 3 to the sapphire substrate, and index 4 to vacuum. Knowing the
elements of the matrix M, we can calculate the coefficients of reflection:

2
R=|Ma| (4)
.. M22
and transmission:
2

M, M
T = ‘ M, -2 ()

M22

The spectra of reflection and transmission coefficients calculated using (4) and (5) contain
oscillations with a small period caused by interference in the “thick” substrate. However, we did
not observe them experimentally due to insufficient resolution. Therefore, according to [2], it is
possible to exclude these oscillations by considering the substrate as an “incoherent layer.” Then
for the substrate, the matrix P is transformed to the following form:

e:xp[i{(l)3 +gD 0
(6)

£(0) = :

o]

and the transfer matrix is written as follows:
M(@) = D4/3Ps (6)D3/szD2/1P1D1/0- ™)

To obtain R and T, it is necessary to average (4) and (5) over 6:

_ M_@‘ a0, ®)
2m 7 | M, (0)
. 2
r-Lj Mn(@)_w‘ 40 ©)
2TE -7 M22 (8)
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4 Bulk properties of semiconductors

For GaN layers 7 can be calculated using the Fresnel equation:
i =g, (10)

where ¢ is the dielectric constant. The dielectric constant contains contributions from the lattice
(according to the single-phonon resonance model) and free electrons (according to the Drude

model):
2 2 2
e()=¢, | 1+——t0 %0 O (11)
” o7, —o(0+iy,) o(o+iy,) )

where ¢_ is the high-frequency dielectric constant, o, , is the frequency of the longitudinal optical
phonon, o, is the frequency of the transverse optical phonon, Y, is the damping constant of the

. 4nN e* . . .
optical phonon, ®, = ——=<— is the plasma frequency, N, is the concentration of free electrons,

goome
m, is the effective mass of the electron, y, = 1/1, is the plasmon damping constant, t, is the

e

electron relaxation time determined from expressions for mobility p, =

e

10°
. N
5 10 M
g [ sample 2
5 |
o 2
= 10°E [
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T=300K _| }7
10-3 . ! . ! . ! .
10 15 20 25 30
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Fig. 1. Experimental (circles) and simulated (lines) transmission spectra in the THz spectral range for
sample 1 (blue line and circles), 2 (red line and circles) and 3 (magenta line and circles).
The experiment was carried out at room temperature

Using (9), the transmission spectra of the samples under study were simulated. For sapphire,
the values n and k from [3, 4] were used, and for GaN layers they were calculated according to (10)
and (11). For the buffer layer, characteristic concentration and mobility values for intentionally
undoped GaN films were used: N, = 4-10'¢ cm™, p, = 200 cm?/V-s [5]. The ®, and vy, values of
the doped GaN layers were used as fitting parameters for the model. For simplicity, the effective
electron mass is assumed to be constant for all doping levels and equal to 0.2m,. Other necessary
parameters of gallium nitride were taken from [6—8]. In Figure 1, solid lines show the results
of modeling the transmission of the structures under study at the best-fit parameters. It can be
seen that the model calculation well describes the transmission spectrum in the THz spectral
range. Table presents the parameters of the doped GaN layers obtained from the study of the
Hall effect and electrical conductivity, and the parameters obtained from the simulation of the
transmission in the terahertz spectral range. As the doping level increases, the concentration and
mobility values obtained from Hall measurements and from transmittance spectrum simulations
differ less and less. The concentration values for the least doped GaN film differ the most. Thus,
it can be said that the single-phonon resonance model and the Drude model adequately describe
the contribution of the lattice and electrons to the dielectric constant of GaN in the terahertz
spectral range.

Fig. 2, a shows the experimental transmission spectra of the samples in the mid-infrared
spectral range. These spectra have several features. Firstly, the spectra exhibit oscillations, the
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Table
Parameters of samples obtained by various methods
Hall :)?dei?nlﬁgzwuy Terahertz transmission experiment
Sample P
N,cm? |u,cm?’V-s @, meV | y,meV | N,cm? w, cm?’/V-s
1 3.1-107 246 9 12.1 6.3-10'¢ 478
2 1.4-10" 231 25.3 18.3 4.9-10"7 316
3 3.4-10"8 205 58.6 27.9 2.7-10" 207

period of which is almost the same for all the samples under study. These oscillations are caused
by the interference of light in the buffer layer and the doped GaN film. At a frequency o greater
than 4.56-10' rad/s (photon energy greater than 300 meV), the real refractive index # is practically
independent of the doping level, and absorption is low (Fig. 3), i.e., n is determined by the lattice
and can be estimated as \/g . Knowing the period of oscillations and the refractive index, it is
easy to obtain the thickness of the layer in which interference occurs. This thickness was 6.3—6.4
um, which is consistent with the technologists’ data. Secondly, at photon energies less than 170
meV there is no transmission. This is due to absorption in the sapphire substrate [9]

a) b)
1.0 1.0
T=300K !
0.8} 0.8F
< I I
5 0.6} 5 06}
2 2
5 E
S 04} S 04f
= =
02k sample 1 02l sample 1
sample 2 ' _ sample 2
sample 3 T=300K sample 3
00 1 1 1 00 1 1 Il
100 200 300 400 500 100 200 300 400 500
hv, meV hv, meV

Fig. 2. Experimental (@) and simulated (b) transmission spectra in the mid-infrared spectral range for
sample 1 (blue line), 2 (red line) and 3 (magenta line).
The experiment was carried out at room temperature; resolution is 1 meV

Fig. 2, b shows the simulated transmission spectra of the structures under study in the mid-
infrared spectral range, calculated using (9). The values of n and k for sapphire were taken
from [9], and for GaN layers were calculated using (10) and (11). In this case, the parameters
of the buffer layer remained the same, and for the parameters of the doped GaN films, the
values obtained as a result of modeling transmission in the THz region were taken (Table). Fig. 2
demonstrates that the period and amplitude of the calculated transmission oscillations coincide
well with the experimental ones. It is also clear that at photon energies less than 300 meV, the
transmission of samples decreases with increasing doping level, which is due to absorption by
free electrons. At the same time, the experimental and theoretical transmission spectra differ.
Firstly, the simulated transmission spectra do not demonstrate sharp monotone increase in range
from 170 to 220 meV. Secondly, the theoretical transmittance curves are located slightly higher
on the OY axis. Thirdly, a decrease in transmission is observed, starting with a photon energy
of 300 meV. These differences are explained by ambiguous data for » and k for sapphire in the
mid-infrared spectral range, as well as extra absorption mechanisms in GaN, which are not taken
into account in model (11). It can be concluded that the single-phonon resonance model and the
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Drude model satisfactorily describe the contribution of the lattice and electrons to the dielectric
constant in the mid-infrared range up to photon energies of 300 meV.

Fig. 3 shows the spectra of the real refractive index and extinction coefficient of gallium
nitride, calculated on the basis of (10) and (11) for the samples under study. These dependences
were also calculated for pure GaN (N, = 0), which makes it possible to identify the contribution
of free electrons to n and k. The feature in the region of 100 meV, characteristic of all samples,
is due to the Reststrahlen band of GaN. From a comparison with » and k for pure GaN, it is
clear that the presence of free electrons greatly modifies the spectra. In this way, in the spectra
of the real refractive index in the terahertz region, a minimum appears, which shifts to the
high-frequency region with increasing concentration of free electrons. The value of extinction
coefficient increases monotonically with NV, growth over the entire range.

a) b)
15 10%¢
- =N =0cm?® ]
e 101 E
sample 1 ;
sample 2 10°F
L le 3 E
10 sample 107 d
s ~ 107
10° -
Sr 4: - =N =0cm?® ¥
_> 10 2 —— sample 1
| 10°F —— sample 2
0 . ﬂ T=300K 10 P 7=300K . sample 3 N
1 10 100 1000 1 10 100 1000
hv, meV hv, meV

Fig. 3. Spectra of the real refractive index (a) and extinction coefficient (b) for pure GaN (dashed
line), sample 1 (blue line), 2 (red line) and 3 (magenta line)

For experimental studies of absorption, including studies under conditions of carrier heating
by an external electric field, in the mid-infrared spectral range it is convenient to use a CO, laser
(radiation wavelength 10.6 um, photon energy 117 meV). Fig. 4 shows the absorption spectra of
the samples under study and pure GaN, calculated in a wide range of photon energies from the
relation

a=2"k. (12)

For free electron concentrations of 0, 6.3-10'%, 4.9-10"7 and 2.7-10'"® cm™3, the absorption

10°
10*F
- 10%E
£
[&]
3 102L
10 - =N,=0cm®
sample 1

10"k sample 2
sample 3
100 T A e AN
10 100 1000

hv, meV

Fig. 4. Absorption coefficient spectra for pure GaN (dashed line), sample 1 (blue line), 2 (red line)
and 3 (magenta line). The vertical dash-dotted line corresponds to the energy of the CO, laser photon
(117 meV)
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coefficient at a photon energy of 117 meV is 48, 59, 183 and 1370 cm™', respectively. Thus,
for sample No. 1, the contribution of free electrons to absorption is quite small, therefore, for
experimental studies it is necessary to use samples with a concentration noticeably higher than
6-10'¢ cm™3. To study the effects of electroabsorption in n-GaN epitaxial films at the wavelength
of a CO, laser radiation, the optimal film thickness decreases with increasing concentration of
free electrons. To determine it, equality ad = 1 can be used. Thus, for electron concentrations of
4.9-10"7 and 2.7-10"® cm™3, the optimal film thickness is 55 and 7 um, respectively. It is advisable
to use silicon as a substrate.

Conclusion

In this work, the transmission of GaN-based microstructures in the terahertz and mid-infrared
spectral ranges at room temperature was experimentally studied. The transmission of the studied
structures was simulated using the transfer matrix method. The dielectric constant of GaN was the
sum of the contributions from the lattice (according to the single-phonon resonance model) and
free electrons (according to the Drude model). Transmission modeling in the THz range made it
possible to obtain refined values of the parameters of doped gallium nitride films, and modeling
in the mid-infrared spectral range demonstrated that the single-phonon resonance model and the
Drude model in the structures we studied provide adequate results up to photon energies of 300
meV. The absorption coefficient of GaN was also calculated in a wide range of photon energies
for different doping levels and the free electrons contribution to the absorption was revealed.
In particular, absorption at the photon energy of CO, laser radiation is considered. It has been
shown that in gallium nitride, absorption on free electrons at a given photon energy can be
experimentally observed at an electron concentration exceeding 6-10' cm?’. Thus, for free electron
concentrations of 4.9-10'7 and 2.7-10"® ¢cm™3, the optimal thickness for observing the absorption
modulation of CO, laser radiation in electric field is 55 and 7 pm, respectively.
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AnHoranuga. B paGoTe mokazaHa BO3MOXKHOCTb JISTUPOBAaHUSI apCceHUIA Tajjivusi BUCMYTOM
METOZOM MOHHOW WMIUIAHTALIMU, a TAKXKE BIUSHUE OBICTPOTO TEPMUYECKOTO M UMITYJIBCHOTO
JIa3epHOro OTXUTa Ha 3TU CTPYKTYphl. [IpencTaBaeHbl pe3yabTaThl UCCIeIoBaHUs Mpoduiei
pacrpeeseHrus BUCMYTa T10 TJyOMHE B CPABHEHUM C TEOPETUUYECKUMMU pacuyeTaMu. BiusHue
BUMCMYTa Ha ONTUYECKUE CBOMCTBA APCEHUAA TALUIMS UCCIEA0BAHO METOLAMM CIIEKTPOCKOIMU

nponyckaHus U oTpaxeHus. [lokaszaHo, UTO BBeIEGHHE BUCMYTa MPUBOIUT K YMEHBIICHUIO
LIMPUHBI 3alIpellleHHO 30Hbl apCeHMUAA Taslusl.
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Introduction

Bismuth is an element of Group V of the Periodic Table and, accordingly, is isovalent to
arsenic atoms. The introduction of Bi atoms into the crystal lattice of gallium arsenide leads to
the formation of a substitutional solid solution GaAs, Bi. Due to the fact that Bi is heavier than
arsenic (209 and 75 a.m.u., respectively), doping GaAs with it leads to a significant change in the
properties of this semiconductor.

Thus, the introduction of bismuth leads to a decrease in the band gap (Eg) of this material. It
was shown in [1] that the value of Eg at room temperature decreases monotonically from 1.42 eV
for gallium arsenide to 0.8 eV for GaAs with = 11 at.% of bismuth.

Also, in GaAs:Bi, even at low concentrations of bismuth, the energy of spin-orbit splitting
(Ay,) increases. It was shown in [2] that Ay increased from 0.34 eV for GaAs to ~ 0.46 eV in
GaAs:Bi with a bismuth content of about 1.8 at.%.

The influence of bismuth on electric transport properties is also noted in the literature. The
addition of bismuth to nominally undoped gallium arsenide leads to the formation of the hole
conductivity associated with the appearance of a shallow acceptor level at 26.8 meV, and, as
shown in [3] and [4], an increase in the bismuth concentration in the GaAs, Bi_solid solution
leads to an increase in the hole concentration. The effect on electric transport in doped GaAs:Bi
layers is shown in [5]. Thus, at bismuth concentrations up to 1.6 at.%, the electron mobility
changes insignificantly, while the hole mobility decreases by more than an order of magnitude.
Moreover, a decrease in the hole concentration in acceptor GaAs:Bi was observed, which the
authors associate with the formation of bismuth clusters in GaAs, leading to the appearance of
hole trap states.

As an alternative to the epitaxial methods usually described in the literature for obtaining
GaAs:Bi, this work uses bismuth doping by ion implantation.

Materials and Methods

Bismuth ions were implanted into i-GaAs(001) substrates at the Raduga-3M accelerator, while
the accelerating voltage (30 or 80 kV) and the dose of implanted ions were varied. The main
feature of the accelerator is a vacuum arc source, which makes it possible to create intense ion
beams using solid precursors. The source operates in a pulse-periodic mode with a pulse duration
of = 200 ps and a repetition rate of 50 pulses/s. Another feature of the accelerator is that the ion
beam contains several charge fractions, and the distribution among the fractions depends on the
specific metal. In particular, for Bi, the beam contains, according to [6], 83% Bi* and 17% Bi**
fractions. The implantation dose was chosen in such a way that, according to calculations using the
SRIM 2013 code, the average bismuth content in the implanted layer varied from 0.5 to 1.0 and
1.5 at. %. For an accelerating voltage of 30 kV, these doses were 7-10'%, 1.4-10" and 2.1-10" cm™2,
respectively. For an accelerating voltage of 80 kV, the implantation doses were 8-10'4, 1.6-10"
and 2.4-10" cm™. Since the ion mass is large (M, = 209 a.m.u.), the large sputtering coefficient
(S = 16.0 atoms/ion for a Bi ion energy of 80 keV) must be taken into account when calculating
distribution profiles.

After implantation, one part of the samples was subjected to pulsed laser annealing (PLA)
with a KrF excimer laser with a pulse duration of 30 ns at different energy densities (P) per pulse
(240 mJ/cm? for structures irradiated at 30 kV; 250, 300 and 400 mJ/cm? for 80 kV), and for

© 3noposeiiies .A., Buxposa O.B., Janwnos I0.A., lynun F0.A., 3noposeiiies A.B., [Tapadun A.E., [Ipo3nos M.H.,
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comparison, the other part of the samples was subjected to rapid thermal annealing (RTA) in
ultra-pure argon at 7, = 800 °C for 20 s. At this process the working surface of the samples was
placed on a Si substrate plate, which prevented the evaporation of As atoms from the surface layer.
The distribution of bismuth in the resulting layers was studied using the method of secondary
ion mass spectrometry (SIMS) on the TOF.SIMS 5 installation during sputtering of GaAs with
a beam of Cs ions. For comparison with experimental profiles, theoretical profiles of bismuth
distribution were calculated using the SRIM 2013 code, taking into account ion sputtering of the
structure surface in accordance with [7]. The properties of the resulting structures were studied
using transmission and reflection spectroscopy in the wavelength range from 0.18 to 1.8 pum using
a Cary 6000i dual-beam spectrophotometer (Varian).

Results and Discussion

The profiles of the distribution of bismuth atoms over the depth of the structures obtained by
the SIMS method are shown in Fig. 1. For comparison, the calculated profiles are also given
there. Note that for the Bi ion energy of 80 keV, the maximum of the distribution is located
outside the boundary of the figure (the average projected range was 24 nm). It can be seen that,
in comparison with the calculation, the profiles of Bi atoms after implantation are pulled towards
the surface (see curves 2 in Fig. 1, a and Fig. 1, b). After thermal (curve 3 in Fig. 1, b) and laser
annealing (profile 3 in Fig. 1, a and profiles 4 and 5 in Fig. 1, ), an increase of the bismuth
concentration is observed in the near-surface region and a decrease in deeper regions. This
suggests that during annealing, bismuth atoms move from the bulk to the surface. It is interesting
that during laser annealing with P < 300 mJ/cm? of samples irradiated with both accelerating
voltages of 30 and 80 kV, a second maximum is observed at a depth of about 5 nm, which
disappears during annealing with a higher PLA energy. The height of the surface peak of bismuth
atoms increases with increasing energy density of pulsed laser annealing.

a) b)
4x10%" +
3x10%"
@ 3
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= ox10?"
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1x102!
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Ot . ; ; ; (4 . ; ;
0 5 10 15 20 25 0 5 10 15 20
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Fig. 1. Calculated (curves /) and experimentally determined bismuth depth distribution profiles: (a)

implantation with an accelerating voltage of 30 kV, a dose of 1.4x10' cm™ before annealing (curve 2)

and after PLA with P = 240 mJ/cm2 ( curve 3); (b) implantation with an accelerating voltage of 80 kV,

a dose of 1.6x10'> cm™ before annealing (curve 2), after RTA (curve 3) and after PLA with an energy
density of 250 (curve 4) and 400 mJ/cm? (curve 5)

The optical properties of GaAs samples irradiated with Bi ions were studied. Reflection spectra
for structures implanted at 30 kV are shown in Fig. 2.

The reflection spectra of single-crystal GaAs contain characteristic features in the form of
a doublet maximum at photon energies of 2.90 and 3.14 ¢V and a maximum at ~ 5 eV. After
implantation, the reflection spectrum is a structureless dependence on the quantum energy,
which indicates a complete loss of long-range order (amorphization) in the near-surface region of
irradiated GaAs. After both thermal and laser annealing, the crystal structure is almost restored;
only insufficient resolution of peaks near 3 eV indicates residual radiation defects.
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Fig. 2. Reflection spectra: single-crystal GaAs (curve /) and GaAs samples irradiated with Bi ions with
an accelerating voltage of 30 kV: after ion implantation (curve 2), RTA (curve 3) and PLA (curve 4)
with P = 240 mJ/cm?
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Fig. 3. Transmission spectra of single-crystal GaAs (curve /) and GaAs samples irradiated with Bi ions
with an accelerating voltage of 80 kV: doses of 8-10* cm™? (curve 2) and 2.4-105 cm™2 (curve 3) after
RTA, a dose of 2.4-10"° cm™? after PLA with P = 250 mJ/cm? (curve 4) and P = 400 mJ/cm? (curve 5)

Fig. 3 shows the transmission spectra of GaAs(001) irradiated with Bi ions. Double-sided
polished substrates of GaAs were used in these experiments.

It can be concluded that when bismuth is introduced, the absorption edge shifts to longer
wavelengths. The band gap values for GaAs with bismuth estimated from the spectra give
E ~ 1.398 eV at room temperature, which is less than 1.42 eV for single-crystal GaAs. An estimate
based on data from [1] of the effective bismuth concentration, which affects the absorption edge,
gives a value of ~ 1 at.%. This value coincides well with the average concentration of bismuth
atoms in the layer up to approximately 15 nm, excluding the near-surface region with a thickness
of 3 nm (see Fig. 1).

When discussing the presented results, it is first necessary to understand the reasons for the
deviation of the implanted Bi profiles from the calculated ones. Let us pay attention to the
similarity in the behavior of the impurity (pulling the Bi profile to the surface) during annealing
and during the implantation process. This may indicate that, during pulsed ion irradiation,
melting of the near-surface layer occurs, followed by recrystallization from the single-crystal
substrate when the sample is cooled. In this case, the recrystallization front moves from single-
crystal GaAs to the surface, leading to segregation and accumulation of bismuth near the
surface. A similar process can occur during PLA. It is unlikely that Bi atoms in the subsurface
layer 3 nm thick after implantation occupy GaAs lattice sites. Apparently, they enter into a
chemical interaction with atmospheric oxygen and are included in the form of oxides in the
transparent native oxide GaAs.
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Conclusion

The work experimentally demonstrated the possibility of doping gallium arsenide with bismuth
in the process of ion implantation. The effectiveness of using pulsed laser and rapid thermal
annealing for restoring the crystal structure of the obtained samples has been shown, as evidenced
by the reflection spectra. In a study of transmission spectra, it was experimentally shown that
bismuth reduces the band gap of GaAs. In this case, the effective concentration of bismuth, which
affects the shift of the absorption edge, is about 1 at.%. This may be due to heating processes
occurring during implantation, which is a feature of the ion source which we used, as confirmed
by secondary ion mass spectrometry data.
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Introduction

Low-dimensional semiconductors are actively used for many practical applications [1]. One
of promising effects is resistive switching. This effect lies in the possibility of a controlled
reversible transition between two states with different electrical resistances (Ron and Roff).
One of the variants of the structure with this property is a composite based on organic matrix
permeated with metal nanowires [2]. The formation of nanowires can occur in strong electric
fields due to the injection of metal ions from the contact and their self-organization. As the
field strength increases, nanowire fragments are formed first, with their subsequent integration
into full-fledged network, connecting the two electrodes [3]. At the same time, when critical
currents are reached, a thermal-induced break in the system occurs. Thus, Ron corresponds
to the situation when nanowires connect contacts, and Roff corresponds to multiply non-
connected fragments.

The behavior of such system in AC field simultaneously characterizes the speed of switching
between states with different nanowire configurations and stability under to external interference.

Materials and Methods

Solutions and films based on naphthalocyaninates with a central magnesium ion (NaPh-Mg)
were studied. 3,4,12,13,21,22,30,31-Octa-(2-naphthoxy)-2,3-naphthalocyaninato magnesium
complex was obtained starting from 6,7-di(2-naphthoxy)naphthalene-2,3-dicarbonitrile according
to the previously described procedure [4]. The NaPh-Mg molecules have planar shape with
average size of 21x21x2 A. Films were obtained by deposition from solution onto glass substrates
with ITO conducting layer. 1.5 and 1.0 pm films were obtained by drop-cast, 0.2 pm films by
spin coating method. Film thickness was determined by white light interferometry with thickness
variation less than 5% for all films. The top contact to the films with an area of 0.4 mm2 was
formed using the Kontaktol silver paste.

Optical spectroscopy, DC and AC conductivity measurements were used as experimental
methods. All measurements were performed at room temperature. Before conductivity
measurements, all sample were shielded from external radiation and kept in dark conditions until
complete relaxation. An 1 Ohm load resistor was series-connected to the sample.

Absorption spectra for solutions and films in the range of 300—900 nm were obtained using
an Avantes AvaSpec-2048 spectrometer. For films spectral data was obtained before creation of
upper contact. The current-voltage characteristics for the films were obtained using a Kietley 2612
instrument. Frequency dependencies of the conductivity in the range of 1—10° Hz were obtained
using a QuadTech 1920 Precision LCR Meter. The experimental data was cross-checked based
on the coincidence of curves on repeated cycling both at increasing and decreasing voltage (DC
mode) and frequency (AC mode).

Results and Discussion

The absorption spectra for solution and films in visible spectral range has a set of local maxima
and is formed by various electronic transition between molecular levels in NaPh—Mg (Fig. 1). The
absorption for all films varies in intensity, but does not demonstrate any significant differences
in the shape and position of local maxima. The solution-film transition is accompanied by a
decrease in intensity in the range of 550—800 nm, but the position of local absorption maxima
is reproduced well. The latter allows to assert that that no significant distortion of the spatial
configuration of NaPh-Mg molecules occurs in the films [5]. Films can be considered as identical
media of varying thickness.

The formation of metal nanowires and resistive switching in all the samples was confirmed via
I—V characteristics (Fig. 2).

© IMmennynsiit B.A., Ipo3nos K.A., [lyoununa T.B., 2024. U3znatens: Cankr-I[letepOyprckuii moJUTEXHUUECKUN YHUBEPCUTET
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Fig. 2. Typical I—V characteristic for NaPh-Mg films. The specific graph corresponds to 0.2 um film
thickness

In addition to conducting and non-conducting, a set of metastable states also exist for all films.
In metastable states, the structure is in dynamic equilibrium. Nanowires are continuously separated
into individual fragments, which are joined again not necessarily in the initial configuration.
The transport of charge carriers in the metastable state is determined by not only the structure
of nanowire network, but also by energy barriers separating fragments. In comparison with the
conducting, metastable states are characterized by increased electrical resistance and appearance
(or increase) of capacitance [3].

In DC mode with voltage U> 0.3 V, all films were in stable conducting state. AC mode
experiments were carried with U = 1.0 + 0.5 sin(wr), which corresponded to voltage range of
0.5—1.5 V. Varying film thickness resulted in varying values of electric field strength E.

In AC mode, the stability of the conducting state was preserved only in the low frequency
range (3000, 500, 300 Hz for films with a thickness of 1.5, 1.0 and 0.2 pum, respectively). In
this frequency range conducting state was characterized by active resistance Z' (equal to film
resistance in DC mode), and reactive resistance Z" (Z" was lower than Z' by several orders of
magnitude). At higher frequencies, two different behaviors (MI and MII) were observed. Both
could take place simultaneously, with MI happening at lower frequencies. The dominance of
specific behavior could be enforced by altering the //U ratio in the film, which was achieved by
adding a second load resistor in parallel to the sample (insets in Fig. 3, a, b).

MI (Fig. 3, a) was characterized by a spontaneous reversible transition of the system to a
state with increased active resistance Z'. Simultaneously the reactive resistance Z" decreased to
negative values, which indicated appearance of capacitive contribution. Such behavior marks this
state as metastable with nanowire fragmentation [3]. For metastable state Z' decreases nearly
linearly, while capacity changes very little. A decrease in the film thickness leads to a shift of
frequency range towards lower values.
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MII (Fig. 3, b) was characterized by a decrease of the active resistance Z' to values below those
of conducting state. Negative values for Z" indicated capacity presence and thus, the metastable
nature of this state. A decrease in the film thickness leads to an increase in the frequency range
at which this effect was observed both towards lower and higher values.

a) b)
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Eol ) £ 6.401 . -
£ 9 T metastable state g conducting state
8t . N 635+ :
conducting state - '
L s 6307 metastable state
7 . J -
— e 6.25}
6 1 1 L | 1 1
0.0  40x10° 8.0x10° 1.2x10° 0.0 4.0x10° 8.0x10°
Frequency, Hz Frequency, Hz

Fig. 3. Frequency dependence for active resistance Z' based on //U ratio in 1.5 pm film.
The inset schematically demonstrates the load resistors configuration

It is possible not only to observe MI and MII simultaneously, but also to see several
configurations for metastable state in each of them (Fig. 4) with indistinguishable reactive resistance
Z" and capacitance values (inset in Fig. 4). This means that both metastable configurations are
characterized by the same degree of nanowire fragmentation (number of ruptures the electron
must pass to get from one contact to another).
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Fig. 4. Frequency dependence for active resistance Z' in 1.0 pm film
The inset demonstrates indistinguishable reactive resistance Z" for metastable states

In order to explain all of the observed effects, a model of “mobile” nanowire fragments
was proposed. The stability of nanowire configuration is determined by the value of applied
electric field (stabilizing factor) and heat generation due to current flow (destabilizing factor).
In alternating electric field thermal power is proportional to the square of the frequency for low
frequencies w. When the rupture of a nanowire occurs, the fragments and separate metal ions,
that composed said nanowire, have excessive thermal energy. With enough energy, they can
instantly reform, either by themselves, or by attaching to non-ruptured nanowire. Compared to
initial configuration (Fig. 5, a), re-formation can lead to both increase (Fig. 5, ) and decrease
of active resistance (Fig. 5, ¢). The qualitative resistance value is shown below the corresponding
diagrams.
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Fig. 5 Schematic illustration for nanowire re-form with change of active resistance Z'

Transition from conducting to metastable state with increased active resistance Z' (Fig. 4) can
be associated with fragmentation of nanowires. Such process is always accompanied increase of
capacitance and negative impact on Z", which is inversely proportional to frequency (inset in
Fig. 4). The best approximation for /—V curves for metastable state (Fig. 2) is achieved with two
parallel conduction mechanisms, namely, drift (unbroken nanowires) and activation (ruptured
nanowires). As the frequency increases the re-formation of ruptured nanowires become more
intense, resulting in Z' decrease.

After some critical frequencies (~ 2000 Hz on inset in Fig. 4) the degree of fragmentation
begins to decrease. This is accompanied by consequent slow decrease of active resistance Z' for
metastable state. Such behavior may be explained by ruptured nanowire fragments attaching to
non-ruptured nanowires. The difference in active resistance Z' for different configurations of
metastable state (Fig. 4) may be due to how the nanowire fragments are attached to the overall
system.

The stability of new configuration is determined by the amount of generated heat from current
flow and excessive energy that is still present in system after previous rupture. At high frequencies,
the decrease of Z' invokes instant overheating, so metastable state cannot exist. This corresponds
to system returning to MI on high frequencies (> 10000 Hz in Fig. 4).

Conclusion

It was shown that in naphthalocyanine films, conductivity occurs due to electron transport
along metal nanowires. Based on the nanowires configuration, 3 main states of the system can be
distinguished: conductive (nanowires are intact), metastable (some of the nanowires are broken)
and non-conducting (all nanowires are broken). Switching between states is fully reversible. In
DC mode the system state is determined by the values of applied electric field and the magnitude
of the flowing current.

AC electric field can induce destruction of conducting state due to additional frequency
dependent heat generation. Behavior of ruptured nanowires is frequency dependent. They can
exist independently, providing activation contribution to the total conductivity. But within specific
frequency range, ruptured fragments attach to non-broken nanowires, lowering overall resistance
for the system. The lower frequency of this range is determined by the condition of sufficient
energy to ensure mobility of the fragment when initial nanowire rupture occurs. Higher frequency
is determined by the ability of a system with reduced resistance to pass currents with high heat
generation without nanowires breaking to fragments.
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Abstract. In this paper we present experimental study of electron-nuclear spin dynamics
in GaAs bulk layers doped with Mn ions at temperature 4.2 K. The electron spin dynamics is
experimentally investigated by measuring the degree of polarization of photoluminescence in
a transverse magnetic field (Hanle effect) and the recovery of the electron spin polarization
in a longitudinal magnetic field (polarization recovery curve). To study nuclear spin dynam-
ics, we use two-stage experimental protocol including optical cooling of nuclear spin system
and measuring change of the polarisation degree of photoluminescence in different transverse
magnetic fields. We show dependence of electron spin relaxation times on excitation power
for three samples with different concentrations of shallow donors and acceptors. Electron spin
relaxation times have been obtained as at the exciton transition as at the deep acceptor Mn
transition. Also we show dependence of nuclear spin-lattice relaxation times T1 on value of
external transverse magnetic field.
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AnHotamuga. B HacTosmeir paboTe TIpenCcTaBIeHO 3KCIIEPUMEHTAJIbHOE WCCIIeI0BaHNE
IUHAMWKH JIEKTPOHHO-SIIEPHOM CITMHOBOM CUCTEMBI B 00BbeMHBIX CI0SIX GaAs, IeTUPOBAHHOTO
noHamu Mn mnpu temmeparype 4,2 K. IlomydyeHa 3aBUCHMMOCTh BpeMEH BIIEKTPOHHON
CIMHOBON peakcaly OT MOIIHOCTU ONTUYECKOM HAaKaukKu IJIsl TpeX 00pa3loB ¢ pa3IuyHOM
KOHLIEHTpallMeil MeJKUX JOHOPOB U aKUEenNTopoB. BpemMeHa 3JIeKTpOHHON CIMHOBOM
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peJaKkcaliy OIpenesIMCh KaK IS 9KCUTOHHOTO Tepexona, TaM U IJIs Iepexona rIy0oOoKOoro
aKkienTopHoro leHTtpa Mn. IlogydyeHa 3aBUCHMMOCTb BpeMEH SIACPHOU CIIMH-pPEeLIeTOUYHOM
penakcauuy T1 OoT BeJIMYMHBI BHELIHETO MOIMEPEYHOr0 MAarHUTHOTO TOJIs.
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Introduction

The idea of using spin states of carriers for processing and storing information has been actively
discussed in recent decades. It is important for spintronics to study the characteristics of an
electron-nuclear spin system, such as electron and nuclear spin relaxation times.

GaAs is a well-studied semiconductor, but adding a magnetic impurity of Mn leads to
unexpected results. In Mn-doped GaAs one can see suppression of the Bir-Aronov-Pikus spin
relaxation mechanism, which is significant in regular p-type GaAs [1,2].

In this paper, we present measurements of electron spin relaxation times t_as function of
excitation power for 3 samples with different concentrations of impurities. Also in this work we
have obtained the dependence of the nuclear spin relaxation times 7, on the external magnetic
field.

Structures and Methods

The sample under study consists of 36-um layers of bulk GaAs:Mn grown by liquid-phase
epitaxy on a (001)-oriented GaAs substrate. Samples are doped with Mn ions. Shallow donors
and acceptors are also present. Parameters of doping concentrations are shown in Table.

Table

Concentrations of Mn acceptors and the difference in concentrations
of shallow donors and acceptors for different samples

Sample N,10"cm® | N —N -10"” cm™
Sample 1 2.77 3.44
Sample 2 3.6 -0.33
Sample 3 1.2 0.03

Notations: N, , N, and N are the concentrations of Mn and shallow donors and acceptors , respectively.

Electron spin dynamics is experimentally investigated by measuring the degree of polarization
of photoluminescence (PL) in a transverse magnetic field (Hanle effect) and the recovery of the
electron spin polarization in a longitudinal magnetic field (polarization recovery curve, PRC).
Electron spin polarization is created by circularly polarized continuous wave excitation using
Ti:Sapphire laser operating at 800 nm. Excitation beam is focused on the sample to the 300-um
diameter spot. To avoid the effect of nuclear spins to electron spin dynamics, the polarization
helicity of the excitation has been modulated at the frequency 50 kHz. To create the transverse
to optical pump magnetic field we use the electromagnet installed outside the cryostat. Pairs of
Helmholtz coils create longitudinal magnetic fields with magnitude up to 30 mT.

© bepnnukos B.C., Kysnenoa M.C., Kasoxun K.B., [Ixuoes P.U., 2024. 3natens: Cankr-IleTepOyprckuii moJuTeXHUUECKUi
yHuBepcuret I[lerpa Benaukoro.
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Spin relaxation time of electron t_and lifetime of optically excited electrons t are obtained
by measuring the series of the Hanle curves and polarization recovery curves. The dynamics of
the average electron spin in Voigt geometry manifests itself in the magnetic-field dependence of
degree of circular polarization of luminescence [1]:

> :(HTJ (1+(8/B,.)")

T

N

where B, =%/(gu,)T " is the characteristic field that gives inverse electron spin lifetime

T;l = t;] +1', and B is the value of the external transverse magnetic field.

To get initial polarization p,, we model data from experiments in Faraday geometry with the
following expression [3]:

p, = b rz:ts[l+(B/Bc)2], ()
I+ i

TS

where B is the correlation field (fitting parameter), and B is the value of the external longitudinal

magnetic field.

Optical orientation and the Hanle effect form the basis for experiments to study electron-nuclear
spin dynamics. To investigate the nuclear spin relaxation time, we use two stage experiment. At
the first stage the nuclear spin system is cooled due to hyperfine interaction with polarized electron
spin and application of the longitudinal magnetic field B, = 3 mT. At this stage the Overhauser
field B, is generated. At the second stage the field B, is turned off and certain transverse magnetic
field B_with magnitude range from 0.1 mT to 40 mT is turned on.

Precession of the electron spin in the total effective transverse magnetic field B = B, results
in the following time dependence of the PL circular polarization degree [4]:

2
B1/2

2 b
B, +[Bx +b+(B, —b)exp[—;n

1

P. =P 3)

where p, and B, ,, are parameters extracted from the analysis of the 50 kHz modulated Hanle
curve at the same excitation power; ¢ is the laboratory time; b is the effective field appeared due
to dynamic nuclear polarization during the optical pumping at the second stage.

Results and Discussion

Firstly, we measure photoluminescence spectra at different excitation power from 0.01 mW
to 20 mW. For clarity, only spectra for Sample 1 are presented in Fig. 1, a. The energy of
excitation is 1.55 eV. There are peaks corresponding to energy transitions shown in Fig. 1, b with
black arrows. We can see a wide Mn-related band with peak at the energy 1.41 eV (labeled as
Mn band). The peaks at the 1.51 eV and 1.49 eV correspond to free and donor-bound excitons
(labeled as X) and conduction-band-acceptor transitions (labeled as Ac) respectively.

Below a threshold value of excitation power, P, = 1 mW, the X peak is absent, while the Mn
band is still visible in the spectra. It also can be seen in inset of Fig. 1, @, which demonstrates the
ratio /,/I,, of X and Mn intensities.

Fig. 2, a demonstrates results of analysis of experimental data of series Hanle curves and PRC,
measured for 3 samples from Table. These results are presented for energy of detection 1.41 eV
(corresponding to electron recombination with hole at Mn acceptor). In each case the spin
relaxation time increases with increasing the excitation power until some value which matches
the value P, = 1 mW that we have seen from the analysis of PL spectra. The values of the spin
relaxation time in GaAs:Mn are 2 orders of magnitude greater than in p-GaAs, similar to [3].
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Fig. 1. Photoluminescence spectra of Sample 1 at different excitation powers. Intensity is shown in
logarithmic scale. Inset shows the ratio of X and Mn peak intensities depending on excitation power (a).
Energy diagram of GaAs:Mn (b)

All measurements were also performed at the energy of detection 1.51 eV (free and donor
bounded excitons). As evident from comparison in Fig. 2, b, the behavior of electron spin
relaxation time measured at energies 1.41 eV and 1.51 eV is strongly different. The value of
electron spin relaxation time measured for energy 1.51 eV monotonously decreases with the
increase of excitation power. This difference is a clear indication that it is the Mn impurity which
causes such unexpected behavior of spin relaxation time.
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Fig. 2. Spin relaxation time of electrons vs excitation power for 3 samples (a). Dependences of spin
relaxation time on excitation power at different energy of detection for Sample 1 (red points correspond
to at Mn peak, blue points to X peak) (b). Solid lines are spline fits plotted as guides to the eye

To study nuclear spin dynamics, we measured the time dependences of the PL polarization in
the two-stage experiment at different values of the transverse magnetic field. As seen from Fig. 3.
the degree of circular polarization of luminescence drops at the moment of field switching. Then
we can see partial recovery of the polarization with time.

Curves were modelled with Eq.3, where B, and 7| are fitting parameters. Thus, we obtained
the Overhauser field B, and nuclear spin relaxation time 7, as functions of external transverse
magnetic field. Results are presented in Fig. 4, a, b, respectively.

The Overhauser field increases with growing external magnetic field from 27 mT to 60 mT.

Spin-lattice relaxation time depends on external field and rises from 3 s at small magnetic field
B_to 20 s in saturation. This value is 2 orders greater than in nonmagnetic doped p-GaAs [5].
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Fig. 4. Dependences of Overhauser field (¢) and nuclear spin relaxation time (b) on the external
transverse magnetic field for Sample 1

We suppose that it is related to suppression of quadrupole nuclear relaxation. However the
mechanisms of nuclear spin-lattice relaxation in GaAs:Mn requires further investigation.

Conclusion

We have confirmed that electron spin relaxation time in epitaxial layers of GaAs:Mn demonstrate
an unusual behavior compared to nonmagnetic doped p-GaAs. It can be explained by suppression
of Bir—Aronov—Pikus spin relaxation mechanism.

Spin-lattice relaxation time in GaAs:Mn demonstrates the behavior untypical for p-type GaAs.

A two-stage experiment does not allow us to confidently determine the nuclear spin relaxation
time T1 because of the effects of optical pumping during the measurement stage. To verify our
results, a three-stage experiment including “dark times” [5] needs to be used. In this experiment,
different time periods without optical pump are added between optical cooling and measurement
stages.
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Abstract. The goal of this work is to study electrically active defects in planar (Si-SiO,) and
isoplanar (Si-SiO,-Si,N,) silicon electret structures by the internal friction Q™' method. The
07! set with a reversed pendulum type design is used for research. The activation energies and
frequency factors of thermoelastic processes were determined due to the displacement of peaks
on the Q7' relaxation spectra. Moreover, additional local maxima formed after electrification of
structures were found on the temperature dependence Q7'. It is assumed that this may be due
to the interaction of charged particles obtained as a result of irradiation in a corona discharge
with capture centers, which are hydride Si-H and hydroxyl Si-OH groups, as well as with deep
capture centers at the SiO,-Si,N, interface. We confirmed that the developed complex research
method for determining the main electrophysical parameters of electret structures based on
silicon oxide and silicon nitride allows finding optimal approaches to electrifying Si-SiO, and
Si-Si0,-Si,N, structures for their practical application as active elements of electret sensors
and actuators.
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Annoranug. llenpro maHHOI pabOTHI SIBISIETCS MCCACOOBAHME DIIEKTPUUYCCKM AKTHUBHBIX
neMeKToB B MmIaHapHbIX (Si-Si0,) n nzornanapHeix (Si-Si0,-Si,N,) KpeMHHMEBBIX 3JIEKTPETHBIX
CTPYKTYpax METOJIOM BHyTpeHHero TpeHus Q. JIist mnpoBeneHUs UCCIIeI0BaHWI MCTI0JIb30Balach
ycTaHOBKa Q', paborarolias 1Mo NpUHIMITY 00pallleHHOTO MasTHHKA. biaromapst cMeleHnIo
MMMKOB Ha peJIaKCAallMOHHBIX CcrekTpax Q' ObUIM oOmpemeleHbl SHEPIMU aKTWUBAlUM U
YacTOTHBIC (DAKTOPBI TEPMOYIIPYTUX IIporeccoB. Takke, Ha TeMIIEpaTypHON 3aBUCHUMOCTHU
Q' 6bpM OOHApYXXKEHBI IOITOJHUTEJbHBIC JIOKAJbHBIE MAKCHUMYMBI, 00pa3yIolIrecs IT0CiIe
ayieKTpusauuu cTpykTyp. [Ipeamnonaraercs, 4To 3TO MOXKET OBITh CBSI3aHO C B3aUMOACHCTBUEM
3apsSDKEHHBIX YacTUIl, TOJIYYEHHBIX B pe3yibTaTe OOJyYeHMsSI B KOPOHHOM paspsiie, ¢
LIEHTpaMU 3axBaTa, KOTOPbIMU SBISIOTCS ruapuaHbie Si-H u ruapokcunabibie Si-OH rpymnnmsl,

© Kozodaev D.A., Novikov I.A., Moshnikov V.A., 2024. Published by Peter the Great St. Petersburg Polytechnic University.

37



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1.1

a Takxke C rayboKMMHM LeHTpamu 3axBaTa Ha mHTepdeiice SiO,-Si,N,. Pesynabrartel paGoTe!
MOKAa3bIBAIOT, YTO pa3pabOTaHHBIA KOMILICKCHBIA METOA MCCIEIOBAHMS IUISI OIpeaeeHMs
OCHOBHBIX 3JIEKTPOGU3NIECKUX TapaMeTPOB 3JIEKTPETHBIX CTPYKTYp Ha OCHOBE OKCHIA M
HUTPUIA KPEMHUS ITO3BOJISIET OTPEAEIIATh ONTUMAbHBIE CITOCOOBI 3JICKTPHU3AIUN CTPYKTYP
Si-Si0, u Si-Si0,-Si;N, U1 X MPaKTUYECKOTO MPUMEHEHMS B KAYECTBE aKTUBHBIX 3JIEMEHTOB
3JICKTPETHBIX CEHCOPOB M aKTIOATOPOB.
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Introduction

Silicon planar technology in production of microelectronics and microsystem technology allows
to create miniature sensors and actuators for various purposes, including based on the electret
effect (electret microphones, pressure sensors). Base materials obtained using planar and isoplanar
technologies are of particular interest as electret materials in the designs of such devices; these
are silicon dioxide SiO,, silicon nitride Si,N, and their two-layer composition SiO,-Si,N,. There
are many ways to obtain such structures, for example, by high-temperature thermal oxidation and
nitration of silicon, gas-phase and plasma chemical deposition, ion implantation, and others. At
the same time, the whole variety of electronic processes occurring in silicon-based semiconductor
structures depends not only on the structure and defectiveness of silicon itself, its oxide and
nitride, but also primarily on the Si-SiO, and SiO,-Si,N, interface [1].

The electret materials used in microsystem engineering must meet the following physical
requirements. Firstly, it is the temporary stability of the electric field created by electrets, and
secondly, the stability of the characteristics to environmental influences.

The miniaturization of modern devices leads to the need to modernize existing methods of
control and nanodiagnostics of their parameters. Scanning probe microscopy is a vivid example
of a technology allowing to obtain images not only in the traditional concepts of microscopy
(roughness), but also as an analytical response to physical parameters distributed over the surface
of the analyzed material. Such capabilities are implemented both by creating special techniques
for controlling the probe, and by modifying the probe materials.

Among the new parameters that are planned to be transferred to the field of nano- and
subnano measurements are the parameters of the so-called internal friction Q'. At the initial
stage of the work, it is necessary to study the features of the nature of the measured phenomena.
We selected the methods developed in the dissertation [2] as the basic methods. Internal friction
Q' is the ability of materials to dissipate the energy of mechanical vibrations, converting it
through various mechanisms into heat. The internal friction Q! is the inverse of the Q-factor,
which is characterized by the ratio of the energy stored in the oscillatory system to the energy lost
during the oscillation period [3, 4].

Let us explain the physical nature of the experimentally observed attenuation of free bending
vibrations of the plate by the example of considering the thermoelastic effect. When bending a
uniformly heated thin plate made of a material that expands under heating, the stretched sections
of the sample cool down, and the compressed ones heat up. Thus, deformation causes a disturbance
of thermal equilibrium. Temperature equalization is accompanied by an irreversible transition of
elastic energy into thermal energy and is one of the reasons for the damping of vibrations. This
process of restoring disturbed equilibrium is called relaxation. If several relaxation processes with
different relaxation times t, occur simultaneously in a solid, then the totality of all relaxation
times forms the so-called relaxation spectrum. At the same time, by changing the frequency of
forced oscillations, a sequence of resonant peaks of internal friction Q! can be distinguished. For

© Ko3zomaes /I.A., HoBukoB U.A., Momnukos B.A., 2024. U3natens: Cankrt-IletepOyprckuii moauTeXHUIeCKii yHUBEPCUTET
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4 Structure growth, surface, and interfaces

the purposes of analyzing film nanomaterials and technological processes, designs of the reversed
pendulum type are the most effective [5, 6]. In such measurement schemes, only the surface
layers are subjected to deformation effects of plate samples, and thus the possibility of integrally
obtaining information about the properties of the entire coating layer is realized.

The method of analyzing nanomaterials using the internal friction Q' effect has proven itself
in many applications. Among them, determination of the intensity of relaxation internal friction
and activation energy in semiconductor compounds before and after electron irradiation [7].
Thus, the aim of the work is to study electrically active defects at the interface of dielectric films
of silicon oxide and silicon nitride on a silicon substrate by the internal friction method.

Materials and Methods

The study of relaxation processes makes it possible to obtain information about the electronic
structure of solids, electron-phonon interactions, the nature of phase transitions, the anharmonicity
of interatomic interaction forces and the properties of various defects in semiconductor and
dielectric materials. For Si-SiO, and Si-SiO,-Si;N, electret structures, understanding the nature
of the relaxation processes taking place in them makes it possible to predict the charge stability
in these materials.

The materials studied were oxide films grown on the silicon surface, as well as composite
structures of silicon oxide and nitride on the silicon surface.

Silicon dioxide was obtained by combined thermal oxidation in the dry—wet—dry oxidation
mode at a temperature of 1050 °C, a layer of silicon nitride was obtained by chemical deposition
from the gas phase in the form of a mixture of silane and ammonia at a temperature of 1000 °C:
the samples were rectangular plates measuring 5x15 mm?. The thicknesses of the SiO, and Si,N,
layers were ~ 0.7 um and ~ 0.1 um, respectively. The plates were divided into two parts, one of
which was not charged, and the second was electrified in a corona discharge to a surface potential
of 300 V.

The measurements were carried out on the internal friction Q! set using the reversed pendulum
method, shown in Fig. 1 [5], in the temperature range of 20—430 °C and frequencies of 0.5—2 Hz.
Relaxation times t, depend on temperature and frequency, so it is advisable to go into the
infrasound region to work at ‘comfortable’ temperatures.
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Fig. 1. Scheme of internal friction Q! set

The principle of operation of the Q7' set is as follows. Sample 7/ is fixed on edge using
collet 2 to base 3. Collet 4 with a pendulum 5 is attached to the other edge of sample /, in the
upper part of which ring 6 of ferromagnetic material is installed. Near ring 6, coils 7 and & are
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symmetrically arranged, which, using switch 9, are connected either to low frequency generator /0
or to amplitude discriminator // connected to electronic counter /2 by an output. In the first
case, coils 7and & are used as the exciter of mechanical vibrations of the pendulum 5 due to the
interaction of the magnetic field of the coils with ferromagnetic ring 6, in the second case as a
sensor for the movements of ring 6. Heater 13 is located near sample 1. Elements 1, 2, 4—8, 13
are placed in airtight container /4, from which air is pumped out to reduce the damping of the
oscillations of pendulum 5.

To determine the relaxation parameters (activation energy £, and frequency factor ;) of
the interphase boundaries, studies were carried out at different oscillation frequencies. This was
carried out by changing the geometric sizes of the samples with automatic adjustment of the
intrinsic oscillation frequency of the sample. When the frequency changed, the relaxation peaks
shifted in temperature upward, which made it possible to determine the activation energies and
frequency factors of thermoelastic processes (£, = 0.28 eV and o, = 3.2:10* s, E,, = 0.39 eV
and w,, = 1.0-10° s7).

The relaxation maxima associated with the excitation of the interface due to thermoelastic
vibrations caused by the disordered structure of the Si-SiO, and Si-SiO,-Si,N, transition layers
and the difference in the coefficients of thermal expansion were observed on the temperature
dependence of the Q' of electrified samples.

With various methods of producing films, depending on the technological conditions in
the structures under study, both tensile and compressive elastic mechanical stresses may be
present. A more complex case of joint (and equivalent in magnitude) action of both (tensile
and compressive) stresses is relatively rare. The value of elastic stresses is ~ 1—5-10° dyn/cm?
(on average ~ 3-10° dyn/cm?). One of the causes of elastic stresses is the difference in the
coefficients of thermal expansion Si, SiO,, Si,N, [8, 9]. Elastic stresses in Si-SiO, and Si-
SiO,-Si,N, structures depend on technological conditions: temperature and film deposition
rate, characteristics of the annealing process, concentration of impurity defects and porosity
of the film.

Results and Discussion

Common to all the uncharged samples studied was the detection of relaxation maxima on the
temperature dependence Q' at a temperature of 180 °C for Si-SiO, and 100 °C and ~ 180 °C for
Si-Si0,-Si,N, (Fig. 2).

Additional relaxation peaks were observed on the temperature dependence of the internal
friction of electrified samples, which were absent in uncharged structures. Since the internal
friction spectra of the studied samples did not change from tempering, it can be assumed that the
appearance of an additional peak is due to the action of a charge injected into the sample volume
using a corona discharge.

For electrified samples, this technique is informative enough to determine the energy position
of the Q! peak associated with relaxation processes. The most interesting physical result is the
ability to track changes in the temperature of the peak maximum, accompanied by a charge drain.
Fig. 2 shows the Q' spectra for charged samples. With each subsequent measurement, the charge
decreases, this is accompanied by the movement of the relaxation peak to the region of higher
temperatures and, what is especially interesting, by an inflection and an increase in the elastic
modulus in the peak region.

Within the framework of the model, it is assumed that during the electrification of a sample
in a corona discharge, negatively charged ions are deposited on its free surface. As a result
of electronic exchange with structural defects, excess electrons penetrate into the sample
volume and are localized at the capture centers in the near-surface layer. Hydrogen-containing
complexes, such as Si-H and Si-OH, as well as their own structural defects act as the main
capture centers in layers of silicon dioxide and nitride [10]. Electron capture by Si-H and
Si-OH groups occurs with electrochemical reactions and delocalization of atomic hydrogen.
Under the action of an external or intrinsic electric field of the electret structure, charge carriers
are released from the capture centers and flow deep into the sample until they are localized
on the capture traps. In addition, charge carriers may be intercepted at deep capture centers
concentrated at the SiO,-Si,N, phase interface.
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Fig. 2. Temperature dependence of Q' and change in Young's modulus of uncharged Si-SiO, (a),
Si-8i0,-Si,N, (¢) samples and negatively charged Si-SiO, (b), Si-SiO,-Si,N, (d) samples

Conclusion

It is shown that additional peaks associated with the excitation of new defects appear on the
temperature dependence Q' of charged samples, which are absent in uncharged structures. This
indicates that the charge carriers injected into the volume have a sufficiently strong effect on
the defects in the structure of the materials under study. It is assumed that atomic hydrogen,
delocalized during electrification during electron capture and decomposition of the impurity
capture center, is responsible for these peaks.

A new method was proposed for studying relaxation processes in electrified samples, in which
the dynamics of changes in the internal friction and Young's modulus of charged samples during
sequential heating-cooling cycles was tracked. Under the influence of temperature, the charge
carriers are activated, shifted deep into the sample and re-localized at the capture centers, thereby
releasing more and more hydrogen.
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Abstract. In this paper, we present the results of the investigation of GaN-on-Si layers
grown by the ammonia MBE technique within the technologically acceptable temperature
range (775 °C—825 °C) by photoluminescence technique. The lowest value of the concentration
of defects was obtained at a growth temperature of 825 °C. The increase in the concentration
of defects in the film with decreasing growth temperature can be explained by the deviation
from the optimum growth temperature and consequently by the deterioration of the crystalline
perfection of the GaN Ilayers.
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AnnHoranuda. B nanHoi1 paboTte nmpeacTaBieHbl pe3yJabTaThl UccaeaoBaHus cioeB GaN-on-Si,
BBhIpallleHHBIX METOAOM aMMuadyHoi MJID B auamazoHe Temrepatyp 775—825°C mertomom
doromomuHeceHIMY. HanMeHblliee 3HaueHUE KOHLIEHTpaUK 1e(DeKTOB ObLIO MOJIYYEHO MPU
TemIirepaType pocrta 825 °C. YBeanueHne KOHIEHTpPALMK Ie(DEKTOB B IUIEHKE C TTOHIKEHUEM
TeMIIepaTyphl poCcTa MOXHO OOBSICHUTH OTKJIOHCHHEM OT ONTHUMAJbHON TeMIIepaTyphbl POCTa

U, KaK CJIeACTBUE, YXYIIIEHNEM KPUCTANIMIECKOro coBeplueHcTBa cioeB GalN.

KmoueBbie ciaoa: GaN, ammuayHasgs MJID, doTonoOMUHECHEHLIMSI, TeTePOCTPYKTYPHI,
TOUYEUYHBIE Ne(hEKThI

Ccpuika npu murupoBanuu: OcuHHbIX M.B., Manun T.B., Munaxun [1.C., Kypasne K.C.
BiusHue temnepaTypbl pocTa Ha (DOTONIOMUHECLIEHTHBIE cBoiicTBa ciaoeB GaN-on-Si,
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Introduction

In recent years, the market for high-power, ultrahigh-frequency electronics has seen an
increase in the proportion of high electron mobility transistors (HEMTs) based on AlGaN/GaN
heterostructures, which are successfully competing with similar devices based on Si and GaAs due
to the large band gap [1]. High values of spontaneous and piezoelectric polarization in AlIGaN/
GaN heterostructures provide a high concentration of two-dimensional electron gas (2DEG)
near the heterojunction n, > 10" cm™. The high carrier density in HEMTs enables high current
densities, which in combination with high breakdown voltage and high thermal conductivity
contribute to increased device performance. In addition, AIGaN/GaN HEMTs can operate at
higher temperatures, and the high binding energy of the gallium and nitrogen atoms significantly
increases resistance to ionizing radiation. Despite the significant achievements of IIl-nitride
technology, it should be noted that the problems of reducing power dissipation and improving the
stability and reliability of devices are still relevant. High parameters of devices based on II1-nitride
materials have been predicted theoretically, but the practical implementation of AlGaN/GaN
transistor and diode structures reveals a number of problems: high threshold voltage, current non-
linearity, the manifestation of current saturation at unexpectedly low voltages and the limitation
of the voltage variation range, the effect of current collapse. In particular, the problems of
increasing breakdown voltages and reducing various types of leakage currents are acute [2, 3], so
the possibilities of overcoming them are being actively investigated.

It is well known that leakage currents in the undoped GaN layer are caused by a high
background concentration of free carriers (mainly electrons). The main background impurities
from the residual atmosphere are oxygen and carbon, which lead to unintentional doping of
the GaN buffer layer and the appearance of n-type and p-type conductivity, respectively [4]
Intentional doping of GaN with acceptors (C, Fe) is a common method to compensate for the
uncontrolled incorporation of donors to obtain high resistivity GaN layers [5, 6]. However, donor
compensation with carbon significantly degrades the structural properties of GaN, in particular
the surface morphology of GaN layers [7], which negatively affects the electrophysical parameters
of 2DEG. When GaN buffer layers are doped with iron, a ‘memory effect’ is observed [8]. This
effect leads to unintentional doping of all layers of the heterostructure, including the channel of
the transistor structure. Another ambiguous approach, often implemented in the metal organic
chemical vapor deposition (MOCVD) technique, is based on the intentional reduction of the
structural perfection of the initial GaN buffer layers. On the one hand, this approach leads to an
increase in the number of edge dislocations in the GaN layers, which results in an increase in the
number of deep acceptor levels [9] to which electrons from donor levels are trapped. However, an
increase in dislocation density inevitably leads to deterioration in the electrophysical properties of
2DEG and, as mentioned above, threading dislocations can be sources of electrons [10]. A number
of papers report the possibility of controlling the background doping with carbon and oxygen [11,
12] by changing the growth conditions. Obviously, the growth conditions also influence both
the concentration of point defects in the GaN layers and the dislocation density in the grown
heterostructures. From a technological perspective, it is important to achieve a high resistivity
of the GaN buffer layer in order to reduce leakage currents. Ammonia molecular beam epitaxy
(NH,-MBE) technique is characterized by lower growth temperatures compared MOCVD and
allows obtaining sharp heterojunctions that is important at growth of heterostructures with binary
AlGaN barrier [13, 14]. Plasma MBE technique needs to maintain a slight metal enrichment
(2 monolayers) on the surface of the growing film during the growth, which inevitably leads to
a local violation of the stoichiometric conditions and formation of metal drops on the surface,
this effect is not present during ammonia MBE growth.The aim of this work is to investigate the

© Ocunnbix U.B., Manun T.B., Munaxun [1.C., Kypasnes K.C., 2024. U3natens: CankT-[leTepOyprckuii moJuTeXHUUECKUi
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effect of growth temperature on the concentration of defects, including background impurities
and donor-like defects, in GaN-on-Si layers grown by NH,-MBE technique.

Materials and Methods

The investigated samples were grown on the NH,-MBE Compact-21N machine on two-inch
high-resistance Si (111) wafers. After the nitridation process, a 50 nm thick AIN nucleation layer
was grown, followed by a buffer layer consisting of 160 nm AIN, 160 nm Al Ga N and 160
nm Al ,Ga ,N. In the final stage of growth of GaN-on-Si heterostructures 1000 nm tthk GaN
layers Were grown at selected temperatures (775 °C, 800 °C and 825 °C) in a 200 sccm ammonia
flow at a growth rate of about 600 nm/h (BEEP(Ga) = 1.3-107° Torr). In the following text the
samples of the investigated series are referred to as ‘GaN—775’, ‘GaN-800’, ‘GaN-825". For
steady-state PL excitation, the He-Cd laser with A, = 325 nm was used. The output excitation
power of the He-Cd laser was about of 10 mW. The N, laser with A = 337 nm, the repetition
frequency 1 kHz and the pulse duration 7 ns was used to measure PL decay curves. The output
average excitation power of the N, laser was about of 27 mW. PL was investigated by double
monochromator SDL-1 with a cooled FEU-79 multiplier operating in photon counting mode.
The time-correlated photon counting method was used to measure the PL decay curves in the
range of delay times 0—100 ps. The measurements were performed at room temperature.

Results and Discussion

Fig. 1, a shows the steady-state photoluminescence spectra of GaN layers at room temperature.
For GaN-on-Si, due to the large difference between the refractive indices of GaN and Si, the
effect of light interference on the recorded spectrum leads to a periodic modulation of the
emission intensity. The measured PL spectra consist of two bands: thenear-band-edge PL band
in the UV spectral region with an intensity maximum position of about 3.4 eV (NBE) and the
yellow defect-related band (YB) with an intensity maximum position of about 2.2 eV. In the
spectra, there is a weak blue band at 2.8—3.0 eV, also due to defects. Lateral tensile stresses of
GaN-on-Si thin epitaxial layers in the (0001) plane leads to a decrease of the band gap and as a
consequence to the NBE redshift compared to undeformed GaN. TheNBE band for GaN-800
has the highest red shift that indicates the largest value of tensile stresses in this structure. The
shape of the edge PL band of the studied structures is asymmetric, and contains two additional
peaks at a distance of ~70 meV and ~140 from the main peak, which are associated with LO
phonon replicas of the free exciton (FE) band [15]. For all investigated structures, the intensities
of the first and second LO phonon replicas are 5 and 20 times lower than the intensity of the FE
peak, respectively. The presence of lines associated with LO phonon replicas shows crystalline
perfection of GaN-on-Si layers [16]. Fig. 1, b shows the decay curves of the yellow PL band after
pulse excitation, measured at room temperature at registration energy of 2.175 eV, close to the
position of the yellow PL band intensity maximum. The intense peak in the 0.12—0.2 ps time
range corresponds to the registration of the laser pulse. Therefore, #, = 0.2 ps should be taken as
the starting point of the decay time. The peak in the 25—40 s time range is due to inductions in
the PL photon registration system. The PL intensity of all structures is decreased for more than
100 ps, approximation by the function /() ~ t* gives an exponent of degree y < 1. The value of
vy = 0.55 is highest for the GaN-775 structure, average y = 0.46 for the GaN-825 structure and
lowest y = 0.35 for the GaN-800 structure. Exponential PL decay law is expected for the electron
transition from the conduction band to the acceptor level, while long non-exponential PL decay
is indicative of donor-acceptor type transitions.

The yellow and blue bands are usually associated with the carbon impurity (C,) [17, 18]: the
yellow YL, band with a maximum position at 2.17 €V is due to the electron transition from the
conduction band to the (—1/0) CN level, the blue BLC band with a maximum position at 2.85 eV
is due to the electron transition from the conduction band to the (0/+1) C level. It is believed
that PL bands caused by defects provide information about crystal defects and are actively used
to improve the technology of their growth. Since the ratio of the intensities of these bands to the
intensity of the NBE in the PL spectrum of GaN can be proportional to the defect concentration,
it can be used as a criterion for the crystalline quality of the GaN. The intensity of the yellow
band is approximately the same for all structures of the investigated series, with the maximum
value of the yellow band intensity for the structure GaN-775 and the minimum value for the
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Fig. 1. Photoluminescence spectra (a) and decay curves at registration energy of 2.175 eV with the
example of approximation (see the text for details) (b) of GaN layers measured at room temperature

structure GaN-825. A similar ratio is observed for the blue band: the GaN-775 structure has the
maximum intensity of the blue band; the GaN-800 structure has a much lower intensity of the
blue band, and in the spectrum of the GaN-825 structure the blue band almost merges with the
background. The intensity of the NBE band is inversely correlated with the intensity of the defect
bands: it is minimal for the GaN-775 structure and maximal for the GaN-825 structure. However
the intensity of the NBE photoluminescence at a given temperature and excitation power depends
on the concentrations and capture cross sections not only of the radiative recombination centers
but also on the different centers of non-radiative recombination and their charge states, which
are determined by the position of the Fermi level. In other words, at high acceptor doping levels,
the ratio of defect PL band intensities to NBE PL intensities is very low, which is explained
by the low concentration of non-radiative recombination centers. Consequently, among the
structures studied in this work, the GaN-825 structure has the lowest concentration of non-
radiative recombination centers, while the GaN-775 structure has the highest concentration of
non-radiative recombination centers.

The dependence of the non-exponential PL intensity on time (#) and radiation energy (E) is
well described by the deep center donor-acceptor recombination model developed in [19]:

K E'-E-E
— em 4 l
I(E,t)_llE(t)exp[ X jd : (D
2\3 2 2
1,0y =200 |, exp| — Wt exp| o | |
E € eEa, eka,
(2)
xexp[4nNDJ.(exp(—W(r)t)—l)rzdrj,
0
WR (V) = Wmax exp[_zLj’ (3)
a,

here the shape of the PL band of a single donor-acceptor pair is assumed to be Gaussian which
is true for the configuration coordinate model for values of the Huang-Rhys parameter .§ >> 1,
ad is the donor’s Bohr radius, the value of the effective electron mass in GaN is m* = (0.2 and
the dielectric permittivity is € = 9.5, r is the distance between donor and acceptor, W, (r) is the
probability of radiative transition per unit time, W is the pre-exponential factor, N, is the
concentration of the neutral donors (the dominant defect component).

The approximation of the experimentally measured decay curves by the theoretical dependence
at a fixed value W = 2-10°s™' [20] allows to estimate the N, values for all the structures studied.
The concentration of neutral donors of about 6-10'7 cm™ is highest for the GaN-775 structure,
average of about 3-10' cm™ for the GaN-825 structure and lowest for the GaN-800 structure of
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about 1-10'7 cm™3. Since the grown structures are significantly compensated by radiative and non-
radiative defects, the obtained value is much lower than the total donor concentration (N,*).
According to the well-known expression

-1
N,/ N = {IJr&exp(——F]:TEd ﬂ , (7)
&o

Here Fis the position of the Fermi level below the conduction band, g, and g, are degeneracy
multiplicities of empty and filled charge states. At sufficiently high temperature and high defect
concentration, the Fermi level is below the donor level, so the ratio is N, /N << 1. Since
the GaN-775 structureis characterized by a highest defect concentration, and consequently the
lowest Fthe ratio N,/N ' is expected to be the smallest for this structure. Therefore, the highest
N, value means the highest N “ value for the GaN-775 structure. At the same time, it cannot
be stated that the GaN-800 structure has the lowest donor concentration since the GaN-825
structure is characterized by a lowest defect concentration and has the highest ratio N,/N . So
the lowest N, can be in the GaN-825 structure.

Conclusion

Based on the above results of the study by the PL method of a series of GaN-on-Si samples
grown by the NH,-MBE technique at different growth temperatures a number of conclusions
can be drawn. The growth of GaN-on-Si layers at 825 °C allows obtaining GaN layers with the
lowest concentration of non-radiative defects as evidenced by the lowest intensity of the defect-
related PL bands, the concentration of donors is also low. Decreasing the growth temperature
of GaN-on-Si layers leads to an increase in the concentration of non-radiative defects. The
increase in the number of defects in the film with decreasing growth temperature can be explained
by the deviation from the optimum growth temperature and consequently by the deterioration
of the crystalline perfection of the GaN layers. The growth of GaN-on-Si layers at 775 °C is
characterizes by the highest concentration of donors.
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Abstract. Hexagonal boron nitride (hBN) is characterized by two main point defect-related
luminescence bands with the peaks in visible, at 650 nm (1.9 eV), and UV, 320 nm (4 eV) spec-
tral regions, which possess the properties of single photon emitters (SPE). We demonstrate that
sufficiently long irradiation of thin hBN flakes in a scanning electron microscope with electron
beam with energies from 5 keV to 20 keV and the flux equal or more than 10" cm~?s7! resulted
in a drastic increase in the integral intensity of the 4 eV band previously associated with car-
bon-related defects. The effect of the irradiation induced luminescence enhancement increases
with the decrease of the electron beam energy that corresponds well with the calculated energy
losses in thin samples. An increase in the concentration of carbon-related defects introduced
into the sample from surface carbon contaminated layer via recombination-enhanced migration
or changes of the charge state of existing defects could be supposed to be mechanisms of the
observed effect. The obtained results demonstrate the possibility of local control of UV SPE
concentration in hBN.
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Annoranug. ToueuHble e(PEKTH B MOHOKPHUCTAJLTMUYECKOM TeKcaroHaJIbHOM HHUTpHUAC Oopa
(h-BN), sBastionuecss UeHTpaMu JIIOMUHECIICHIIMUA, PACCMATPUBAIOTCS KaK MOTEHIIUATbHbIE
MCTOYHUKU OIMHOYHBIX (oToHOB. B pabore NpOAEeMOHCTPUPOBAHO, YTO OOJIy4YeHUE
3JIECKTPOHHBIM ITyYKOM B CKaHUPYIOIIEM 3JIEKTPOHHOM MMKPOCKOIIE MOXET IPUBOIUTH K
YBEJMYECHUI0O WHTEHCHUBHOCTU JIIOMMHECLICHIIMM B YJIbTpacdHOJETOBOM YacTU CHEKTpa, 4TO
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Introduction

Modern quantum computer technologies, including quantum cryptography, require new
materials for the fabrication of single photon emitters (SPE) [1—3]. It was recently reported
that some point defects in hexagonal boron nitride (hBN) can serve as SPE working at room
temperature with characteristic luminescence bands within a wide wavelength range from 200 nm
to 700 nm [4, 5]. The most pronounced SPE luminescence bands are characterized with the main
peak positions at approximately 650 nm (1.9 eV) and 320 nm (4 eV) [6] (denoted further as 1.9 eV
band and 4 eV band).

Previous investigations showed that the defects responsible for the 4 eV luminescence band
could be formed already during the growth of large single crystals. Though the exact nature of
these defects remained unknown [1, 7], it was tentatively ascribed to a carbon-related defect such
as carbon at the nitrogen atom site or a composite complex of oxygen and carbon impurities
[8]. The luminescence center responsible to the 1.9 eV band was attributed to boron dangling
bonds [9], vacancy-related defects or an anti-site defect where the nitrogen occupies the boron
site with missing atom at the nitrogen site (N,;V) [10].

To create quantum communication devices utilizing the usage of SPE, it is necessary
to develop experimental methods for the local tuning of the concentration of the desirable
luminescence centers. In our previous paper, we demonstrated that subsequent irradiation of
hBN with focused He" and electron beams can be used to control the intensity of the 1.9 eV
luminescence band [6]. In this paper, we investigated in more details the changes in the
intensity of the 4 eV luminescence band produced by the electron irradiation with various fluxes
and electron beam energies.

Materials and Methods

The starting material in our experiments was hBN crystal with a declared purity of 99.99%
produced by the Ossila company. The samples for the investigations were prepared by peeling
from hBN single crystal the flakes of a thickness of about 200 nm then transferred onto silicon
substrate.

Electron irradiations and cathodoluminescence (CL) measurements were performed using a
Zeiss SUPRA 40VP scanning electron microscope (SEM) equipped with the Gatan Mono CL3+
registration system.

The experiments were carried out at room temperature with the electron irradiation in
continuous scanning mode. During the irradiation, repetitive wavelength increasing-decreasing
CL spectra scans were performed, and the data arrays containing the luminescence intensity,
wavelength and detection time were collected with the help of specially developed software
package. The electron beam energy and the irradiation flux density were varied between 5 and
20 keV and between 10'* and 10'¢ cm™%s7!, respectively.

© Toruna O.A., IlerpoB FO.B., Boisenko O.®., Kosanbuyk C., bojgorun K., 2024. Uspatenn: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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Results and Discussion

Fig. 1, a represents the color map of the CL intensity in the spectral region of 3.1-4.9 eV (4 eV
band) as a function of the duration of the electron beam exposure. The map was composed from
the data of 90 CL spectra recorded subsequently during electron beam exposure for 10,000 seconds.
It is clear from the map in Fig. 1, a that the 4 eV band contains several peaks and the overall
intensity of CL increases with the electron irradiation time.

The acquired spectral band could be decomposed into six separate Gaussian-like components:
three relatively broad (3.4, 4.1, 4.8 e¢V) and three more narrow (3.7, 3.9, 4.05 eV) bands. An
example of the experimental CL spectrum, the components of its deconvolution and their sum are
drawn over the CL map in Fig. 1, a. According to data presented in literature [8], three narrow
bands can be attributed to one luminescence center with zero phonon line at 4.05 eV and two
phonon replicas.

Fig. 1, b depicts CL intensity map of the investigated hBN flake at a wavelength of 320 nm
acquired after 10,000 seconds of electron irradiation. Bright rectangular area of the enhanced
luminescence corresponds to the region where the scans with the electron beam was performed
indicating a substantial increase of the intensity at such wavelength with respect to the initial state.
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Fig. 1. Color map of temporal luminescence intensity changes of the 4 eV band with overlaid example
of the experimental CL spectrum (blue line) and its decomposition into Gaussian-like components (a).
White and red lines represent the components and their sum, respectively. CL map at a wavelength
of 320 nm after the irradiation with electron irradiation dose of 10" c¢cm™ (b). The map is semi-
transparently overlaid with secondary electrons SEM image of the hBN flake to make its borders visible

It was found that the temporal evolution of luminescence intensity differs for the different
spectral components. The variation of the magnitude of each of six bands obtained from spectrum
decomposition with the electron irradiation duration is presented in Fig. 2, where the band peak
energy is shown in the legend. The most pronounced luminescence enhancement by a factor of
about 4—4.5 was observed for bands at 3.4, 4.05 and 4.1 eV, while the effect was noticeably less
for their neighbors at 3.7 and 3.9 eV and small or negligible for band at 4.8 eV.

The impact of the electron irradiation on the 4 eV band luminescence intensity was found to
be very sensitive to the electron beam energy. For the energy of 5 keV the intensity increases by
9 times, whereas for 20 keV it increases by approximately 3 times after the same irradiation time,
that can be well recognized from Fig. 3, a obtained with an order of magnitude larger electron
flux than one presented in Fig. 1 and Fig. 2.

Using the CASINO program [11], we performed calculations of the depth dependence of
the total energy losses (dE/dx) in hBN for the electron energies of 5, 10 and 20 keV, which
is presented in Fig. 3, . From the energy loss profile data (Fig. 3, b) and the thickness of the
samples (of about 200 nm), we calculated the total deposited energy (AE) and total number of
electron-hole (e—#) pairs generated within the flake:

Npairs - AE/(‘O"Eg)’ (D
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Fig. 3. Dependences of the integral intensity of the 4 eV band on the time of electron irradiation

with different electron beam energies, and electron irradiation flux of 10' cm™2s™' (a@). Each line is

normalized by the intensity at the initial time point. Dependence of electron energy losses on depth
obtained from numerical simulation using CASINO program (b)

Conclusion

It was established that the intensity of luminescence band in the 3.1—4.9 eV energy range in
hBN increases drastically under the sufficiently long electron irradiation making it possible to use
conventional SEM technique to control the density and spatial design of SPE in UV spectral region.

As pointed out in the introduction, 4 eV luminescent band is attributed to a defect somehow
related to the carbon impurity. The luminescent peaks at 3.4, 3.7, 3.9, 4.05, 4.1 eV are sensitive
to electron beam irradiation. That could indicate that these lines are sensitive to new carbon
impurities introduced by electron irradiation.

Theoretical calculations show that the carbon dimers C,C are responsible for the luminescent
source with energy of 4.1 eV [13]. Similarly, earlier experimental studies have demonstrated that
this line is associated with another carbon defect, a substitutional impurity at a nitrogen site C
[1, 5,7, 13]. In another paper this lines are associated with impurity complex C, O, [8].

In turn, the carbon impurity contamination under the electron beam action may be due to
the deposition of hydrocarbons from the residual gases in the chamber with their subsequent
decomposition on the sample surface. The formation of a carbon-rich layer on the surface can
serve as a source of carbon-containing defects in the bulk. Obviously, carbon diffusion in the bulk
material is negligible at room temperature, but it could be drastically accelerated in the presence
of non-equilibrium free charge carriers, due to the phenomenon that is known as ‘recombination-
enhanced defect migration’.
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Introduction

Resonant tunneling in quantum-dimensional structures is the charge carrier transfer through
potential barriers of finite height when its energy is equal to the resonance energy of the quantum
system. This phenomenon is used in the design of a variety of electronic devices working at high
frequency and terahertz range: semiconductor optic amplifiers and modulators, quantum-cascade
structures and others [1—5]. Another field of application is spintronics where polarization effects
are used to separate charge carriers with various effective spin momentum projections. It makes it
possible to design different spintronic devices like spin filters and spin injectors [6, 7].

Theoretically, tunneling processes are described by the transmission coefficient which is equal
to the relation of probability flow densities. To find probability flow, we need to solve the
stationary inhomogeneous Schrodinger equation. In general case, it has the following operator

form
(- E]jw(E)- o). 0

where H is the Hamiltonian of the quantum system, |y (E)) is vector, which describes the
stationary state of the quantum system with energy E and |p) is vector characterizing the particle
source in the quantum system.

The Schrodinger equation is generally solved by the transfer matrix method. This approach has
a high calculation precision, however, it requires large software capacities and is also associated
with the need to satisfy a large number of boundary conditions in the case of multi-barrier
structures and the complex structure of the energy zones of the materials [8, 9].

In the present work, effects of resonant tunneling in heterostructures are investigated using
Green’s function method which can be formulated within the framework of the biorthogonal
approach to the analysis of quantum systems described by non-Hermitian operators [10, 11].
The problem is reduced to a solution of the inhomogeneous Schrodinger equation in the
k-representation using the corresponding Green's function, parametrically dependent on energy.
In the case of the open unlimited space, the particle wave function amplitude is not equal to zero
at infinity. Accordingly, the system Hamiltonian is non-Hermitian. Within the framework of the
developed approach, a finite space is considered and a method of smoothly changing dissipative
potential barriers near the boundaries of the structure into the system is applied. In the region of
this dissipative potential, the amplitude of the wave function of the particle fades. The presence
of a potential of this kind leads to the fact that the Hamiltonian of a particle in a limited region
also becomes non-Hermitian. Consequently, the solution of the problem with the escape of a
particle to infinity can be replaced by the solution of the problem in a finite-size space with the
analogous non-Hermitian Hamiltonian [12].

Theory

The mathematical formulation of the biorthogonal theory is based on the search for two sets of
eigenvectors and eigenvalues of a given non-Hermitian Hamiltonian and its conjugate operator.
The problems of finding eigenvalues and eigenvectors have the form

H|y,)=E,

w2>, 2
H'ly,)=E;

n

V),

where |\|/;? and |\|fi > are ‘right’ and ‘left’ eigenvectors respectively, related by the biorthonormality
and completeness conditions

(vl v ) =3,

Zn:|w2><\vi =1.

3)

© [Homopaukuit E.B., 3axapuenko M.B., Imunckuit I.®., 2024. Usnatenn: Cankr-IlerepOyprckuii MmoauTeXHUYECKUI
yHuBepcuret I[lerpa Benaukoro.
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The tunneling problem is considered within the framework of Green's function method, which
is convenient for analyzing a continuous energy spectrum. Green’s function for the Schrodinger
equation, parametrically dependent on the energy of a particle, has the operator form

G(E)=(A-E) . “)

Using the Kohn—Luttinger basis, we can solve the Schrodinger equation (1) within the framework
of the effective mass method [13]. The effective Hamiltonian of I'y zone in k-representation has

the form
P+Q w V 0

R W'+ P-0 0 4
2m,| V7 0 P-Q0 W
0 vt wt P+Q

) (&)

where P=y (kK +k}+k2). O=v,(kl+k}—2k2), ¥V =—3y,(k} -k )+i2\B3y;k k, .
= —2«/§y3 (kx —iky)kz > V> Vos Y5 AI€ Luttinger parameters characterizing structure of the

valence band. For a finite volume of the system, wave vector k is taking discrete values.
Thus, we can determine the solution of Eq. (1) with the Iy effective Hamiltonian using the

corresponding Green’s function
(klw(E)) =2 k) (K [p). (6)
=

Results and Discussion

In this work, tunneling of holes in a one-dimensional double barrier heterostructure GaAs/AlAs
is investigated. The system has the following parameters: width of quantum well d = 20 nm,
width of quantum barriers d, = 30 nm, the energy gap between two materials is 0. 46 eV. The k
and k£ components of wavevector k are equal to zero. Luttinger parameters for GaAs: y, = 6.98,
Y, = 5.06, y, = 2.93. Luttinger parameters for AlAs: y, = 3.76, y, = 0.82, y, = 1.42 [14]. The
characteristic functions of the potentials and energy dependence of the tunneling coefficient are
shown in Figs. 1 and 2, respectively.

Quantum barriers are formed by AlAs atoms and quantum well potential is formed by GaAs
atoms. The dissipative potentials at the boundaries of the region are located at some distance from
the quantum barriers and are set smoothly enough so that their effect on tunneling is excluded.
Source of particles is set on the left side in front of the first barrier.

——Barriers potential
0.5F = =Dissipative potential -
~ \ I,
\‘ |
1
! I
> ! 1
° 1 ;
Moa2st 1 X
! I
! 1
! [}
! 1
l‘ i
)
\
0 ~ !
-100 -50 0 50 100
X, nm

Fig. 1. Double barrier structure (red solid line) with dissipative potential (blue dotted line) near the
boundaries
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As shown in Fig. 2, the energy dependence of transmission coefficient has several resonant
peaks. The first of them are low-intensity resonant peaks located before the energy of the quantum
barrier. They correspond to the tunneling of holes with energy below the height of the barrier.
It is possible due to the existence of quasi-resonant energy levels in quantum well between two
barriers. The last peak in this energy range is located after the energy of quantum barriers and
corresponds to the transition of holes with energy higher than the height of quantum barriers.
The width of these peaks is related to the lifetime of charge carriers in the quantum system — a
smaller width corresponds to a longer lifetime of charge carriers.

11— . .
——Heavy holes \
= =Light holes
0.75 -
3
]
~ 05
2
&~
025+
\
LA —
0 \ .
0.37 0.42 0.48 0.53

E.eV
Fig. 2. Tunneling ration depending on the energyfor heavy (solid red line)
and light (dashed blue line) holes

Let us consider the structure with non-zero k, and k, components of wavevector k. Energy
dependence of the transmission coefficient in such system is shown in Fig. 3.

In this case, energy dependence of the transmission coefficient is different for holes with all
spin projections. The shift of the second series of resonant peaks is approximately 20 meV. As
illustrated in Fig. 3, holes with different spin projections have their own resonant energies: at the
first resonant peak heavy holes with both spin projections are tunneling with the same probability
and with the same energy. However, light holes have different tunneling probabilities and resonant
energies. At the next resonant peak, there is increasing intensity of the second resonant peak. The
shift of this series is too small.
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Fig. 3. Tunneling ratio depending on the energy for holes with different effective spin projections
(mg = +3/2 is marked by the solid red line, m; = +1/2 by the solid blue line,
m, = —1/2 by the dashed blue line, m; = —3/2 by the dashed red line)
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Since the heterostructure consists of two different materials, we need to consider the influence
on resonant tunneling from both of them. GaAs and AlAs have different dispersion laws, so we
need to include in our model the changing of Luttinger parameters and thus take into account

the effect of the interface on the holes with a certain spin projection: Yi(kf = YiSkkl + Ayi Jue» Where
Ay' = Yi —Yg . Tunneling coefficient dependent on energy for heavy holes with spin projection
+3/2 is shown in Fig. 4. The ky and k, components of wavevector k are equal to zero.

1
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E, eV

=== Heavy holes with interface correction
== = Heavy holes without interface correction
mes | ight holes with interface correction

== = [ight holes without interface correction

Fig. 4. Difference between tunneling ratio depending on the energy for two cases (the case with
interface correction corresponds to the solid red line, the case without interface correction to the
dashed blue line)

We can observe increasing intensity of the first resonant peaks and shift of the second series of
peaks. The shift is approximately 15 meV. There are two different peaks for independent tunneling
of heavy holes and light holes because these interface corrections including change of Luttinger
parameters do not influence light hole tunneling.

Finally, we investigate the Rashba effect of the interaction of a heavy hole with effective spin
projection +3/2 and the interface of the quantum structure. To introduce these corrections,
we need to use the effective Hamiltonian. Its kinetic energy is the sum of Hamiltonian (5) and
Rashba Hamiltonian (6). The dependences of the tunneling coefficient are compared in Fig. 5
taking into account the Rashba effect and without it.

R R 0 0
n’ B R Rl 0
2m, 0 R, -R, R

0 0 R -R
30 ., Lo o B3 N e
where R, =E(kxky ~k,k.). R, =E(kxky ~kK), R, =7[(kykz kel )+i (ke ~ k)
R, = 2[<kykz’ —k.k, ) +i(k k. —k k! )] , AR is interface correction amplitude.

AH(FS) =i , (6)

~

It can be seen from Fig. 5 that there is the shift of resonant peaks for heavy holes with spin
projection +3/2 with energy more than the height of the quantum barrier. It is approximately
20 meV. Additionally, there is another shift of the peak in the low-energy range, which is
approximately 10 meV.
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i 1
=== Heavy holes with Rasba effect
== =Heavy holes without Rasba effect
s |_ight holes with Rasba effect
== = ight holes without Rasba effect
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025

Fig.5. Difference between tunneling ratio depending on the energy for two cases
(solid red line corresponds to the case with the Rashba effect, dashed blue line to the case without the
Rashba effect)

Conclusion

The effects of resonant tunneling of charge carriers in a GaAs/AlAs heterostructure with a system
of two potential barriers are investigated. The tunneling of holes in the I'y zone is considered,
where a significant role is played by the difference in the dispersion of particles corresponding
to different spin projections. The influence of short-range interface corrections related to the
difference in the dispersion law in the materials forming the heterostructure is also considered.
In particular, the change in the transmission coefficient is shown when taking into account the
interface effect of Rashba. Shifts of tunneling ratio resonant peaks are shown and estimated. The
investigated heterostructure can be used to design spintronics devices.
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Introduction

Presently there is an active interest in research on the development of semiconductor devices
based on group IV compounds of the periodic table (Si, Ge and Sn). Such compounds can
have a direct band structure, which makes it possible to create light-emitting devices on their
basis. Another important advantage is its good compatibility with silicon technology [1, 2]. One
promising alloy is Ge,_Sn, which has a direct band structure at a certain tin content (from
about 6.5—8.6 % |3, 4]) ThlS makes it possible to manufacture photodetectors and light-emitting
devices, such as lasers and LEDs, in the mid-infrared wavelength range based on this compound.
Studies [5, 6] have attempted to create a photodiode and an LED based on such an alloy.
Another promising compound for these purposes is the Ge, S1 Sn alloy, which enables band
engineering through the adjustment of the Sn content [3]. The poss1b111ty of obtaining emitting
and photodiode structures based on this alloy has also been demonstrated [7—9].

The goal of the current work is to obtain information about the band structure of the Ge, Sl Sn
alloy using the FTIR photoreflectance spectroscopy method. Knowledge of the band structure
parameters of Gel_x_ySleny can be used for the development of new optoelectronic devices.

Materials and Methods

In this study, the optical properties of heterostructure samples containing Ge,,, Sn, ., and
Ge, ;514,51 15, alloys were investigated. The samples were grown via molecular beam epitaxy
on (100) silicon substrates. The studies were performed using two series of structures. As the base
of the samples of each series, a 100 nm silicon buffer layer was grown on a silicon substrate, on
top of which, after a 10 nm Ge ,Sn, , insert, a 200 nm thick Ge virtual substrate layer was formed.
The final layer 200 nm thick, Was dlfferent for each series of samples: GeOMSna082 for series A;
Ge, 4,351, 4,551, 5, fOr series B. For each series, the samples were annealed in an argon atmosphere

at different temperatures (see Table).

Table
Description of the studied samples
Annealing
Non-annealed 125 °C 300 °C 350 °C
temperature
Series A A0 Al A2 A3
Series B BO B1 B2 B3

To study the optical properties of the samples described above, the method of photomodulation
Fourier-transform infrared (FTIR) spectroscopy was used. The photoreflectance method is
based on measuring the changes in the intensity of the probe beam as a result of the periodic
action of the modulating beam (#®w > E) on the electric field within the sample. Photoinjected
electron-hole pairs are separated under the influence of this field and partially compensate for
the surface charged states. This causes a change in the optical characteristics of the structure and,
consequently, leads to modulation of the reflectance. Using phase-sensitive detection, a change
in the reflection coefficient is recorded, which can be either positive or negative, depending on
the phase of the reflectance modulation [10].

The experimental setup was based on a Vertex 80 FTIR spectrometer equipped with CdHgTe
and InSb photodetectors cooled by liquid nitrogen. Synchronous detection was performed by

© Yymanos U.B., ®upcos J.J., Konana 1.B., Komkos O.C., CkBopuos M.B., Mamanos B.U., Tumodee B.A., 2024.
Wznarens: Cankr-IlerepOyprekuii monmutexHuueckuii yuusepcuret Ilerpa Benukoro.
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using an SR-830 lock-in amplifier. Light from an incandescent lamp with a quartz bulb was used
as a probe beam, and modulation was carried out by a laser with a wavelength of 405 nm, which
was mechanically chopped at a frequency of 2.3 kHz. To cool the samples, a liquid-nitrogen-
cooled cryostat and a closed-cycle helium cryostat were used, allowing a cooling temperature
down to 11 K to be achieved.

During the preparation of the spectra for analysis, a phase-correction technique was used to
restore the modulation phase [11]. The photoreflectance spectra were analyzed using the method
described previously [12].

Results and Discussion

For the first series of samples containing a Ge, . Sn, ., layer, the photoreflectance spectra
measured in the temperature range of 79—180 K are presented in Fig. 1. For all the samples a
photoreflectance signal in the form of a double peak is present on the left side of the spectrum.
The left maximum corresponds to a direct interband transition in the Ge, .Sn, ., compound.
The nature of the right extremum at the time of writing the work is not clear, but we assume
that the double peak may appear because of the presence of mechanical strain in the structure.
Such strain can cause a splitting in energy between the subbands of heavy and light holes. This
assumption correlates with the results of X-ray diffraction measurements, which have given the
strain relaxation degree of only 72% for the Ge, Sn, ., epitaxial layer.

For the A0 and Al samples, additional photoreflectance signals in the spectra were observed at
energies above 800 meV. These evidently belong to the germanium virtual substrate layer, as their
energy corresponds to the direct interband transition in this material.

a) Wavelength, um b) Wavelength, um
2,7 24 21 1,8 1,5 2724 21 1,8 1,5
14 T T T T 25 17 T T T T
5 Eg=0.601} non-annealed| 79 K 5 E[=0.598) annealed T=125° C| 79 K
© 121 EErg_:O_5791 | 100 K < 201 Eg:0.596, - 100 K
Z 10] Efoses | Ej-0.883) | 120K} & E;=059; E70882 | 120K
. ¢=0-583 1 EL=0.878 | 140 K % 159 E;~058T eogry] | 140K
8 81g=os764 E0.871 8 e Er20.865/
£ 50 E;=0864| |180K|| & 10{E=0561 : 180 K
3 2 Ef=0.851
& E[=0.85{ 2 51 A
T 4 o
[e) o
S 3] g 01
o o 5
S >
0,5 0,6 0,7 0,8 0,9 1,0 0,5 0,6 0,7 0,8 0,9 1,0
Energy, eV Energy, eV
c) Wavelength, um
42,7 24 21 1,8 1,5
" Ej0.588] " annealed T=300° C
E;=0.584 29K
Ef=0.573
31.° ' 100 K
120 K

E[=0.562]

160 K

Photoreflectance AR/R, a.u.

0,5 0,6 0:7 0,8 0,9

Energy, eV

Fig. 1. Photoreflectance spectra for samples of series A: non-annealed, A0 (a); annealed at 125 °C,
Al (b) and annealed at 300 °C, A2 (¢)

64



4 Heterostructures, superlattices, quantum wells

From the spectra of the Series A samples, one can also evaluate the effect of annealing on the
photoreflectance signal. For example, it can be noted that the signal from sample Al is increased
compared to non-annealed one (A0). With further annealing, the signal began to weaken and was
not observed for sample A3. Presumably, the annealing changes the concentration of defects and
therefore the equilibrium concentration of charge carriers, which affects the built-in electric field
of the sample, resulting in a weaker reflectance modulation.

Fig. 2 shows the temperature dependences of the energy of the direct transitions in the
Ge, 450, , layer (a) and germanium layer (b), obtained from the analysis of the spectra
using the techniques described in [12]. The experimental results were approximated by the
empirical Varshni equation, and the fitting parameters for each sample are shown as insets in
the corresponding figures. In comparison, the corresponding dependences were plotted based
on the available literature [13—16]. By comparing the experimental results for Ge with the
literature data in Fig. 2, b, a good accuracy of the photoreflectance method for studying such
structures is shown.

a) b)
= A0 (non-annealed) 0,885 X A0 (non-annealed)
0.63- = A1 (annealed 1250 C) 0880 % = A1l (annealed 125° C)
® A2 (annealed 300° C) ’ Literature data
0,62 Literature data 08754 Fit curve
—— Fit curve ’
0,614 > 08704
> o
;0’60_ : 7.49.107T? %0’865_
5 ] E(T)=061-"+—" - ¢
2059 =) T+44> w0860
0,58 0,855
L] —4 2
0,57 1 - 0,850 - Eu(r)zo_gg_w
" ° T+194
0,56 T T T T T T 0,845 T T T T T T
80 100 120 140 160 180 80 100 120 140 160 180
Temperature, K Temperature, K

Fig. 2. Temperature dependence of the energy of direct transitions in the Ge,  Sn, ., (a)
and Ge (b) layers

According to the dependencies in Fig. 2, a, it can also be noted that the experimentally
obtained energy values for Geg, .Sn ., do not precisely coincide with the calculations based
on literature data. This discrepancy can be explained by the presence of mechanical strain
in the structure. In addition, for the sample A2 annealed at 300 °C, the energy value at 79 K
was lower by ~12 meV relative to A0 and Al. Along with the observed greater splitting of the
photoreflectance peak, this may imply a change in the strain values in the case of annealing at
a relatively high temperature.

The photoreflectance spectra of the sample series with the Ge,,,Si;,Sn, ., epitaxial layer
are shown in Fig. 3, a. The spectra exhibited a broadened and asymmetrical (relative to the
maximum) peak, which can be represented as a combination of two signals. Indeed, at energies
less than 770 meV, signals from the Ge,,,,Si, ,.Sn, ., alloy are observed, from which the values
of the energy gap at the I" point are determined. The broad shoulder to the right of the maximum
is likely caused by the signal from the Ge virtual substrate, which was observed in the samples of
series A.

The dots in Fig. 3, b indicate the temperature dependence of the value of the direct transition
energy in Ge,,.Si; ,.Sn ., obtained from the analysis of the photoreflectance spectra. The red
curve approximates the experimental data using the Varshni equation, and the green curve
is a dependence constructed on the base of literature data [13—16]. Notably, in this series
of samples, the photoreflectance signal was observed only for the non-annealed sample. The
absence of the signal in the annealed samples can be caused by a decrease in the modulation
of the built-in electric field. Additional research would be necessary to determine the reason
behind this effect.
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Fig. 3. Photoreflectance spectra for the sample B0 (a) and temperature dependence of the obtained

energy of direct transitions in the Ge,,,Si, ,sSn, 5, layer (b)

Conclusion

The FTIR photoreflectance spectroscopy method was employed to study the band
structure of Ge , Sn .., and Ge,,,Si;,,sSn, ., epitaxial layers. The photoreflectance spectra
of Ge,,,Si;,sSn, s, were detected for the first time. An analyzis of the spectra made it
possible to study the energy gap at the I' point in the Geg, Sn, ., and Ge,, Si;,.Sn; .,
alloys. For the non-annealed samples, the energy values of direct transitions at a temperature
of 79 K were 801 meV for Ge ,,Sn,, and 769 meV for Ge,,,Si, ,sSn, s,- Based on the
temperature dependence of photoreflectance, the change in the energy values of interband
transitions was estimated, and an increase in mechanical stress with increasing temperature
was shown. The information obtained about the samples demonstrates the good applicability
of the photoreflectance FTIR spectroscopy as a method of investigating the band structure of
epitaxial Ge, SiXSny alloys.

—x—y
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Abstract. Comprehensive studies of the luminescence of p—i—n structures with 10 com-
pensated GaAs/AlGaAs quantum wells have been performed. The studies were carried out in
the terahertz (THz) and near-infrared (NIR) spectral ranges with both optical and electrical
pumping of nonequilibrium charge carriers. The THz photoluminescence spectra revealed an
emission line caused by electron transitions from the first size-quantization subband el to the
ground levels of donors Dls. The photo- and electroluminescence spectra in the NIR range
revealed an emission line caused by electron transitions from the Dls levels to the first sub-
band of heavy holes ihl. These transitions provide effective depletion of the Dls levels and
are therefore relevant for creating a THz emitter operating at el—Dls transitions. At high in-
jection currents in the p—i—n diode, lasing occurs at the D1s—hhl transitions, which increases
the efficiency of depletion of the Dls levels. It is shown that for a given optical pump power
or injection current density, the overall rate of the Dls—hhl transitions in the p—i—n structure
with 10 QWs is significantly higher than in similar structure with 50 QWs.
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Annoranus. [TpoBeneHb KOMIUICKCHBIC MCCICAOBAHUS JTIIOMUHECIHCHIIMU p—i—n CTPYKTYpP
¢ 10 xoMneHcHUpOBaHHBIMU KBaHTOBbIMU siMamMu GaAs/AlGaAs. MccnenoBaHus BBITTOJHEHBI
B TeparepuoBoM (TTu) u ommkHem mHppakpacHoMm (BMK) criekTpalbHBIX AuMana3oHax Kak
NpU ONTHUYECKOH, TaK M MPU JEKTPUUECKON HaKauyke HEpaBHOBECHBIX HOCUTEJEH 3apsima.
Ha cnexkrpax TI'u ¢doToatoMUMHECUEHLIMM BbISIBeHA JUHUS W3Jy4eHUs], OOyCJIOBIEHHas
TepexojaMu 2JIEKTPOHOB M3 TMEPBOW TOA30HBI pa3MEpPHOTO KBAaHTOBaHUS el Ha OCHOBHBIE
ypoBHH goHopoB Dls. Ha cmekrpax ¢oTto- m anexkrpomomuHecueHnun B BUK nmmamazone
BBISIBJICHA JIMHUS M3JIy4eHUSs], OOYCJIOBJIEHHAs IlepexomaMu 3JEKTPOHOB ¢ ypoBHeil Dls B
MePBYIO MOJA30HY Pa3MEPHOI0 KBAHTOBAHUS TSXKEBIX ABIPOK AkAl. DTU mepexoabl 00ecreunBaroT
a(eKTUBHOE OMmycTOlIeHUe YpOoBHE D1s 1 MOTOMY akTyanabHbI 1151 co3gaHust TI'u amutrepa,
paboTtatouiero Ha niepexogax el —D1s. [Tpu 60abLIMX TOKAX MHXEKLUMUU B p—i—n AU0JI€ BOBHUKAET
JTa3epHas reHepauus Ha Tepexomax D1s—hhl, yro moBeIaeT 3¢ (GEeKTUBHOCTh OMYyCTOIICHUS
ypoBHeli Dls. [Toka3zaHo, 4TO MpU 3alaHHOK MOLUIHOCTY ONTUYECKON HAKAYKU WU MJIOTHOCTU
WHXEKIIMOHHOIO TOKa o0llasi cCKopocTh mepexonoB Dls—hhl B p—i—n-cTpyktype ¢ 10 KS
3HAYUTEJbHO BhILIE, YEM B aHaAJIOTMYHOI cTpykType ¢ 50 K.

KimoueBbie cJioBa: KBAaHTOBBIE SIMbI, p—i—H-CTPYKTYpBl, apCeHWi TaJUIusl, apCeHu
AJTIOMUHUS, TTPUMECH, (POTOTIOMUHECIEHIIUS, DJIEKTPOJIOMUHECIICHIINS
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Introduction

In recent decades, electrically pumped terahertz radiation sources are actively developed.
One of the promising research directions in this field is related to impurity-assisted transitions of
nonequilibrium charge carriers in semiconductors and semiconductor nanostructures. Terahertz
radiation emission under current injection in p—n junctions fabricated from bulk silicon carbide
and silicon has been experimentally observed in [1, 2]. Terahertz electroluminescence has been also
studied in Be-doped GaAs/AlAs quantum wells sandwiched between two p™-GaAs:Be layers [3].

Using compensated GaAs/AlGaAs quantum wells to create terahertz emitters with electrical
pumping seems to be promising. It has already been shown experimentally that such nanostructures
allow to obtain the emission of terahertz radiation under optical pumping [4, 5]. The experiments were
performed on compensated quantum wells with different doping profiles. In some nanostructures,
compensation was carried out directly in each quantum well by introducing donors and acceptors
with the same concentration. In others, donors and compensating acceptors were spatially
separated, namely, donors were located in quantum wells, while acceptors were embedded in
barriers forming the quantum wells. Under interband optical pumping conditions, all studied
structures exhibited terahertz radiation emission. The origin of the observed terahertz emission has
been attributed to transitions of nonequilibrium electrons from the first size-quantization subband
(el) to the ground donor levels (D1s), as well as to intracenter electron transitions (Dpry—Dls).
It has been found that the spatial separation of donors and acceptors provides an approximately
twofold increase in the integral intensity of THz emission. This is directly related to the fact that
the spatial separation of donors and acceptors in structures with compensated quantum wells
increases the rate of radiative electronic transitions D1s—hAhl by a factor of 2.4—3.3 compared
to the structure without the spatial separation, which has been confirmed by photoluminescence

© ApamoB P.B., MenenteeB ['A., Tlomockun A.A., Cnumuenko C.O., CemoBa U.B., Copoxkun C.B., Maxo U.C.,
®upcos [.A., aneirun B.A., 2024. Usnpatens: Cankr-IletepOyprekuii moantexHudeckuii yausepcurer Ilerpa Beaukoro.
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studies in the near-infrared (NIR) spectral range [5]. Indeed, the electron transitions D1s—hhl
provide dynamic depletion of D1s levels, which are the final states for terahertz radiative transitions
el—Dls; therefore, an increase in the rate of D1s—hhl transitions is accompanied by an increase
in the intensity of terahertz emission at el—D1s transitions.

Luminescence in the NIR spectral range was studied in [6] in p—i—n structures with
50 compensated GaAs/AlGaAs quantum wells under conditions of electrical pumping of
nonequilibrium charge carriers. At sufficiently high injection currents, stimulated emission at
the DIls—hhl transitions was observed in the electroluminescence spectra, associated with the
generation of closed modes in the cavity formed due to total internal reflection by four cleaved
edges of the p—i—n diode. It has been found that the structure with compensated quantum wells
without spatial separation of donors and acceptors provides a fivefold increase in the integral
intensity of stimulated NIR emission at the DIs—hhl transitions compared to the structure with
spatial separation of donors and acceptors (when donors are located in quantum wells, while
acceptors are embedded in barriers). In this regard, to develop electrically-pumped terahertz
emitters operating at the el—Dls transitions under conditions of lasing at Dl1s—hhl transitions, it
is more expedient to use structures with the compensated GaAs/AlGaAs quantum wells without
spatial separation of donors and acceptors.

Obviously, for a given injection current, it is possible to increase the concentrations of
nonequilibrium electrons and holes in each quantum well if the total number of quantum wells
in the structure is reduced. In this case, the choice of the optimal number of quantum wells
must take into account the losses of electrons and holes injected from the emitters due to their
recombination in the waveguide layers.

The present work is dedicated to the experimental study of these issues. The p—i—n structures
with compensated GaAs/AlGaAs quantum wells have been grown without spatial separation of
donors and acceptors, since, as noted above, such a doping profile provides high integral intensity
of stimulated NIR emission at the Dls—hhl transitions. To significantly increase the level of
excitation of nonequilibrium electrons in each quantum well compared to [6], the number of
quantum wells in the structure was reduced to 10 (i.e., it lowered by 5 times). We study NIR
luminescence in these structures at a temperature of 10 K. The studies are carried out under both
optical and electrical pumping. The main channels of radiative recombination are determined
under various experimental conditions. In addition, the current-voltage characteristics (CVC)
of p—i—n diodes made from these structures are studied. Terahertz luminescence in the p—i—n
structures is investigated at optical pumping. The possibility of observing the emission of terahertz
radiation from forward-biased p—i—n diodes under conditions of generation of stimulated emission
in the NIR range is discussed.

Experimental Technique

The p—i—n heterostructure with selectively doped GaAs/AlGaAs multiple quantum wells
(MQW:s) was grown by molecular beam epitaxy on epi-ready Si-doped n*-GaAs (001) substrate at
~580 °C. The heterostructure contains the following layers (in the direction from the substrate to
the surface): n-GaAs buffer layer with a thickness of ~ 0.5 pym (n ~ 10" cm™3), bottom 1-pum thick
n-Al ,Ga, As cladding layer (n ~ 2-10" cm™), undoped 0.3-pm thick Al ,Ga, ,As waveguide layer,
MQW reglon consisted of ten 6.9 nm thick GaAs QWs separated by 7. 6 nm Al ,Ga ,As barriers,
undoped 0.3-um thick Al ,Ga,,As waveguide layer, top 1-um thick p-Al  Ga, As claddlng layer
(p ~5-107 cm™3), and 0.4- pm tthk p**-GaAs contact layer (p ~ 10" cm 3) The MQW region was
selectively doped, namely, the central part (about 2.6 nm) of each GaAs quantum well was doped
simultaneously with Si and Be at a nearly equal concentration of ~ 1.2:10"7 cm™ (the surface
density of both donors and acceptors is ~ 3-10'° cm™2), while the Al ,Ga, As barriers remained
undoped.

Samples for luminescence studies were prepared by cleaving the heterostructure into square
and rectangular pieces. Photoluminescence (PL) studies were carried out with the samples of
3x3 mm size. For electroluminescence (EL) studies, two-terminal sample devices with lateral
sizes of 0.5x2 mm were fabricated. Au-Ge/Au contact was evaporated on the n-GaAs substrate
and Ti/Pt/Au contact was made on the p**-GaAs layer. Each device represents a p—i—n diode
since MQW:s have intrinsic conductivity due to compensation of donors by acceptors. The diodes
were soldered p-side down to copper heatsinks.
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The samples were mounted on cold finger of a closed cycle cryostat. The experiments were
carried out at a temperature of 10 K. Optical pumping of the sample was provided by means of
a continuous-wave solid-state laser at a wavelength of 532 nm. The laser beam was focused into
a spot of 510 um in diameter at the center of the sample. Photoexcitation power varied in the
range of 0.1—100 mW.

Near-infrared photoluminescence studies were conducted by means of a grating monochromator
Horiba Jobin Yvon FHR-640 with silicon CCD camera. Optical path between the sample and the
monochromator contained a window and a lens fabricated from silica glass.

Experiments on terahertz photoluminescence were performed using a Fourier spectrometer
Bruker Vertex 80v operating in step-scan mode. Terahertz radiation emitted from the sample was
detected using a liquid helium-cooled silicon bolometer and a lock-in amplifier. Photoresponse
was measured at the frequency of a chopper modulating the pumping laser beam (87 Hz). For
more details see [5].

Electroluminescence studies were also conducted using the grating spectrometer (in NIR
spectral range) and the Fourier spectrometer (in THz spectral range). The measurements were
carried out under forward bias of the p—i—n diodes. At weak injection currents (J < 10 mA),
measurements were carried out in DC mode by using a Keithley 2601A System SourceMeter.
Measurements at higher currents were carried out in pulsed mode (pulse duration of 1 ps,
repetition frequency of 87 Hz) using self-made pulse generator. In parallel with the study of NIR
electroluminescence, the current-voltage characteristics of the diodes were obtained. Oscillograms
of current and voltage pulses were recorded using a Tektronix TDS2024B oscilloscope.

Results and Discussion

Near-infrared photoluminescence spectra of the p—i—n structure with ten compensated QWs
are presented in Fig. 1. The identification of the main spectral lines can be carried out using
the results of our previous papers [5—7]. At a low pumping powers (P = 0.1—1 mW), there are
two PL lines in the spectra. The wide asymmetric line with the maximum at a photon energy of
ho = E, (p**) = 1480 meV is associated with the p**-GaAs contact layer and can be attributed
to radiative electron transitions from the conduction band to merged acceptor/valence band [6].
Other asymmetric line with maximum at 1536 meV (for P = 0.1 mW), which undergoes a
blue shift under increasing pumping power, can be attributed to the impurity-assisted electron
transitions in the quantum wells. These are the radiative transitions from el subband to the ground
acceptor state Als which play negative role from the point of view of the THz radiation emission
at el—Dls transitions [5, 6]. But at pump power of 10 mW and higher, a hump due to the Dls—
hhl transitions emerges on the high-frequency side of the el—Als line. Let us emphasize once
again that the D1s—hhl transitions play a positive role from the point of view of the THz emission
mechanism we are considering. At powers exceeding 30 mW, the line Dls—Ahl dominates over
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Fig. 1. Near-infrared photoluminescence spectra for p-i-n structure with 10 compensated QWSs. Here
Eg(GaAs) denotes the forbidden gap of GaAs. Dashed and dash-dotted lines point out the maximum
positions of the impurity-assisted recombination lines for various pump powers
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the line el—Als. It should be emphasized that the p—i—n structure with 10 quantum wells provides
an advantage in the efficiency of optical excitation of the Dls—hAhl PL line in comparison with
the 50-QW structure studied in [6]. Namely, the structure with 10 QWs, when it is pumped at
power of 10 mW, provides the same magnitude of the D1s—Ahl line (per quantum well) that the
structure with 50 QWs gives at pumping power of ~ 100 mW. As a result, at a given pumping
power, the total rate of Dls—Ahl transitions in the structure with 10 QWs is twice as high as in
the structure with 50 QWs.

Besides, one can also reveal two sharp PL peaks related to the radiative recombination of the
acceptor-bound exciton X4 (at zo = 1571 meV) and of free excitons formed from electrons of
the el subband and holes of the Ahl subband, X ., at 1574.3 meV (see Fig. 1).

Before we move on to the analysis of the electroluminescence spectra, it is reasonable to
discuss the current-voltage characteristics of the studied diodes. We measured CVC for the
p—i—n diode with 10 compensated QWs at a temperature of 10 K and compared it with the
experimental data for a similar diode of the same lateral sizes with 50 compensated QWs from [6],
see Fig. 2. As can be seen from the figure, a fivefold reduction in the number of QWs drastically
changes the behavior of CVC at forward bias. First, the region of negative differential conductivity
disappears (in 50-QW diode the negative differential conductivity is observed in the voltage range
of 5.0—8.5 V). Second, to provide the same electric current in the 10-QW diode it is necessary to
apply significantly larger voltage compared to the 50-QW diode. The first factor can be considered
as positive, but the second one is certainly negative. Experiments have shown that at forward
voltage on the diode exceeding 15 V, when the electric field strength in the i-layer of the diode
exceeds 1.5-10° V/cm, an electrical breakdown occurs in this layer, and the diode is destroyed.
For this reason, 10-QW diodes cannot pass a current of more than J = 1.3 A (with a pulse
duration of 1 ps or less), while 50-QW diodes could withstand pulse currents of up to J = 6 A.
The above increase in the effective resistance of the i-layer is due to a 3-fold increase in the total
thickness of the Al ,Ga,,As waveguide layers (from 200 to 600 nm), which is required to provide
a sufficient total width of the NIR waveguide layer (~ 730 nm).
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Fig. 2. Comparison of the current-voltage characteristics for p-i-n diodes of the same lateral sizes with
10 and 50 compensated QWs (solid and empty circles, respectively). Line is a guide for the eye

Near-infrared electroluminescence spectra of the p—i—n diode with ten compensated QWs
at various injection currents are presented in Fig. 3. Note, that the EL line due to radiative
recombination of the acceptor-bound exciton (XA) is significantly broaden. The broadening is
caused by a rather high electric field in the i-layer of the diode even at the lowest injection current
used in the EL experiment. Using the i-layer thickness of 730 nm and the CVC data from Fig. 2,
one can estimate the electric field strength of about 5-10* V/cm. At injection current of 5 mA and
less the position of the XA peak is almost unchanged (~ 1572 meV). As the current increases from
5 mA to 1230 mA, the exciton peak experiences a red shift of about 4 meV, which is caused by
an increase in the voltage drop across the MQW layers. Microscopic mechanism of a red shift of
the excitonic peak in electric field was considered in [8] and was called as the quantum-confined
Stark effect.
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Fig. 3. Near-infrared electroluminescence spectra for p-i-n diode with 10 compensated QWs at various

values of the injection current J. Dashed and dash-dotted lines point out the maximum positions of the

impurity-assisted EL lines. Dotted line demonstrates the maximum positions of the acceptor-bound
exciton line on the EL spectra

Let us consider the behavior of the donor-assisted recombination line Dls—Ahl. As mentioned
above, in the PL spectrum at a power of 30 mW, this line is slightly dominant over the acceptor-
assisted recombination line el—Als (see Fig. 1). The same situation is observed in the EL spectra
at the intermediate injection current between 0.002 and 0.01 mA (see Fig. 3). Under increase
in the current up to 20 mA, the Dls—hhl line begins to dominate significantly over the line
el—Als, and superposition of these lines undergoes a blue shift of about +8 meV. With a further
increase in the injection current to 1230 mA, a red shift of the Dls—Ahl line (of about —4 meV)
is observed, which we associate with the quantum-confined Stark effect [9]. Previously, a similar
transition from blue shift to red was also observed in p—i—n diodes with 50 compensated QWs [6].
A notable feature of the EL spectra at high injection currents (310—1230 mA) is the appearance
of narrow emission lines on the low-frequency wing of the broad spontancous EL line D1s—hhl,
which merge into a single band several meV wide as the current increases. These lines represent
high Q-factor closed modes of stimulated emission arising due to total internal reflection at the
cleaved sample edges [10, 11].

The lasing threshold current for the 10-QW p—i—n diode is about 300 mA, which is 7 times
less than the threshold current in the 50-QW diode [6]. This is an important advantage. Another
advantage is that at a given injection current, the overall rate of D1s—Ahl transitions in the structure
with 10 QWs is significantly higher than in the structure with 50 QWs. Indeed, comparing the
spectral position of the D1s—hhl line relative to the exciton peak of X4 for p—i—n diodes with
different numbers of quantum wells (see Fig. 3 here and Fig. 6 in [6]), one can, for example, notice
that a current of 0.2 mA in the diode with 10 QWs provides the same level of nonequilibrium
charge carrier excitation per QW as is achieved at a current of ~ 3 mA in the diode with 50 QWs.
This means that increasing the current in the 10-QW diode by 5 times (up to 1 mA) one can
achieve the same overall rate of D1s—hhl transitions as in the 50-QW diode at 3 mA, and further
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increase in the current up to 3 mA will provide a threefold improvement compared to the 50-QW
diode. Thus, we can conclude that 10-QW diodes are more promising for creating electrically
pumped THz emitters based on el-Dls transitions in comparison with 50-QW diodes.

Then we studied THz luminescence. First, experiments were carried out under optical pumping.
Spectra of the THz PL photoresponse are presented in Fig. 4. There are three pronounced peaks
in the spectra. The low-frequency peak at Zm = 18 meV can be attributed el—Dls transitions.
In the limits of experimental accuracy its position corresponds to the el—Dls peak previously
observed in similar MQW structure but without conducting cladding layers and p**-GaAs top
layer [5]. Two other peaks (centered at ~28 meV and ~ 38 meV) have not been observed in
Ref. [5]. It is reasonable to associate them with highly doped p**-GaAs layer. Both peaks can arise
due to photorefractive effect in p**-GaAs layer associated with the room-temperature background
radiation and optical pumping. Note, that high-frequency peak at ~ 38 meV can be also associated
with THz emission at the Als—Ahl transitions (see Ref. [4]).

At the final stage of these investigations, we made an attempt to explore THz luminescence
under electrical pumping. Since during optical pumping of the p—i—n structures under study we
have already observed the emission of THz radiation at the el—Dls transitions (see Fig. 4), and in
diodes made from this structure we observed NIR lasing at the el—Dl1s transitions (see Fig. 3), we
also expected to detect the emission of THz radiation from the p—i—n diodes under NIR lasing
conditions. Unfortunately, our expectations were not met. We did not observe measurable THz
emission from the edges of the diodes.

Apparently, this is due to the fact that the area of the diode edge from which we tried to collect
THz EL radiation is almost 3 orders of magnitude smaller than the surface area from which THz
PL radiation was collected. A possible solution to this problem is to use metal grating as a semi-
transparent electrical contact to the p-side of the diode, which will allow collecting THz EL
radiation from a large area (even larger than in THz PL studies).

-
o

e1-D1s

& 2] o

THz PL photoresponse (a.u.)
N

o

30 ‘ 40 ' 6
Photon energy (meV)

Fig. 4. Terahertz photoluminescence spectra for the p—i—n structure with 10 compensated QWs at
various pump power P. Solid arrow shows the peak position for the el—Dls transitions after [5].
Dashed arrow points out the peak position for the A1s—hhl transitions after [4]

Conclusion

The impurity-assisted NIR and THz photoluminescence have been studied in the p—i—n
structure with 10 compensated GaAs/AlGaAs quantum wells. The compensation was carried out
directly in each quantum well by introducing donors and acceptors with the same concentration.
In the p—i—n diodes fabricated from the structure, the current-voltage characteristic and impurity-
assisted NIR electroluminescence have been studied as well. Behavior of the Dls—hhl emission
line (which plays a positive role in the THz emission at the el—Dls transitions) has been analyzed
in the NIR photo- and electroluminescence spectra. It has been shown, that at given power of
optical pumping or density of injection current, the overall rate of Dls—hhl transitions in the
p—i—n structure with 10 QWs is significantly higher than in the similar structure with 50 QWs.
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NIR stimulated emission at the D1s—Ahl transitions has been observed in the electroluminescence
spectra. It has been established that reducing the number of quantum wells from 50 to 10 leads
to a 7-fold decrease in the lasing threshold current. THz emission line due to electron transitions
el—Dl1s has been revealed in the THz photoluminescence spectra. To obtain THz radiation from
forward-biased p—i—n structures with compensated GaAs/AlGaAs quantum wells, it is proposed
to use metal grating as a semi-transparent electrical contact to the p—i—n diode.
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Introduction

Heterostructures (HSs) based on InAs(Sb,P) solid solutions are promising for creating emission
sources operating in the mid-infrared (IR) spectral range. Light-emitting diodes (LEDs) based on
these HSs are the main components in optoelectronic devices intended for spectroscopy of gases
and molecules, environmental monitoring, medical diagnostics, etc. [1—3]. Changing the mole
fraction y of InSb in the InAs,_ Sb solid solution used as the active region of these HSs makes
it possible to cover a wide spectraly range from 3.4 to 11.0 um. However, shifting to the long-
wavelength boundary of this range, which requires an increase in y, leads to an increase in the
mismatch in the crystal lattice parameter of the InAsSb epitaxial layer relative to the binary InAs
substrate and to the covering barrier layer. This hinders practical implementation of the HSs;
however, the relative ease of their manufacture and low price compared to other types of mid-IR
radiation sources continue to attract attention to this material.

This work presents results of studying electroluminescence (EL) of narrow-gap
n—lnAs/lnAsl_ySb y/p—InAsSbP HSs with y = 0.07—0.12, and compares these results with the
features of the band diagram of the structures. Experimental studies were conducted in a wide
temperature range 7 = 4.2—300 K.

Materials and Methods

HSs were grown by metal-organic vapor phase epitaxy (MOVPE) in a horizontal reactor at
atmospheric pressure; details of the process were reported elsewhere [4]. Undoped (001)InAs
wafers with the electron concentration » = 3-10'* cm™ (7= 300 K) were used as substrates. The
active region of HSs with the thickness of 3.0 um represented an epitaxial layer of InAs, Sb with
y=10.07,0.09, y=0.10, or y = 0.12, and was not doped either. To create a 1.2 um- thlck covermg
barrier layer a quaternary InAsSbP sohd solution was used. The p-type conductivity in the barrier
layer was obtained by doping the layer with zinc during the growth.

Based on the HSs, 400x400 ym LED chips were manufactured and mounted on TO-18-type
housings. The emission was registered from the side of the barrier layer. EL spectra were recorded
using a cooled InSb-based photodiode under pulsed excitation with a frequency 1 kHz and pulse
duration 2 ps.

Results and Discussion

Figure 1 shows a full EL spectrum of the HS with y = 0.07, recorded at 7= 4.2 K and
injection current per pulse i = 1 A. At low temperatures, in the range from 4.2 to 150 K, in
addition to the low-energy emission band with photon energy Av ~ 0.3 eV, the EL spectra of all
structures contained a high-energy band with a spectral maximum near Av ~ 0.4 eV and a full
width at half-maximum (FWHM) at T=4.2 K, ~ 12 meV. We observed this feature earlier when
studying EL of HSs with an active region based on InAs, Sb with 0.14 < y < 0.16. In particular,
in Ref. [5], the results of the detailed studies of the nature of this EL band were presented and
it was determined that this band was related to the recombination of donor-acceptor pairs in the
InAs substrate. The low-energy band of the spectrum corresponds to the emission associated with
the narrow-gap active region. In our studies, the spectra of this emission were recorded separately;
the inset in Fig. 1 shows the spectrum for the sample with y = 0.07, recorded at 7= 4.2 K and
i =4 A. The emission band has the maximum at 0.335 eV, a symmetrical Gaussian shape and a
FWHM of 20 meV.

Fig. 2 shows a change in the position of the spectral maxima of the EL bands with temperature
for four HSs, as well as the corresponding temperature dependences of the bandgap Eg of the
active region material. For each HS, the EL spectra were recorded for several (2—3) experimental
samples cut from different parts of the wafer, and the results were close. Calculation of the £ (T)
dependence for the InAs, Sb solid solution was carried out according to the Varshni relation:

0 2 -1
E,=E"~aT*(T+p)",

© PyxeBuu M.C., Mpru6aes K./., baxenos H.JI., Pomanos B.B., Moucees K./1., 2024. Uznarens: Cankr-IletepOyprckuit
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Fig. 1. EL spectrum of the HS with y = 0.07 at T= 4.2 K.
The inset shows the emission spectrum associated with the active region

Here, the band gap parameter for a solid solution, E°(y), was calculated at 0 K as

E° (y)z(l y)EIOnAs + VE g, y(l_y)CInAsSb’
where £, = 0417 ¢V, E°, . = 0.24 ¢V, the bowing parameter C, , , = 0.61 e¢V. The parameters
a and B were taken as those for matrix material InAs: o = 2.76-10* eV/K and g = 93 K.

As can be seen in Fig. 2, in the low-temperature region (from 4.2 to ~ 140 K), there is a
significant difference between the energies of the spectral maximum of the emission band and the
calculated values of E of the active region material for all HSs. At 4.2 K, the energy discrepancy
S E between the calculated values of E and the position of the spectral maximum mounted up
to 50 meV. At temperatures above 200°K the energies of the spectral maximum approached the
calculated values of Eg and for all studied samples at the room temperature, the energy of the
EL peak was close to E of the corresponding InAs, Sb solid solution. We observed a similar
behavior of EL maxima earlier for HSs with 0.14 < y< < '0.16 [5]. At the same time, HSs of similar
design with y = 0—0.09 grown by a different MOVPE technique demonstrated a good agreement
between the energy of the spectral maximum and calculated E values of the active region material
with §F = 0 in the entire temperature range 7' = 4.2—300 K [g6].

To interpret the results obtained in this work, the HS band diagrams were analyzed. Figs. 3, a, b
show variants of the band diagram of the HS with y = 0.09 without electric bias. The diagram in Fig. 3, a
was drawn under assumption that the chemical composition of the barrier layer corresponded to the
technological parameters specified during its growth, i.e., x = 0.41 and y = 0.19 for InAs, Sb P.
As can be seen, in this case, an InAsSb/InAsSbP type 1 heteromterface and a classical heterOJunctlon
with asymmetric carrier conﬁnement for electrons and holes at the opposite boundaries of the active
region should be formed. However, as has been shown for HSs of various designs and with different
InSb contents in the active region, the chemical composition of the InAsSbP quaternary solid
solution deposited by MOVPE on a lattice-mismatched narrow-gap layer of the InAsSb ternary solid
solution does not correspond to the specified composition near the heterointerface [7]. In particular,
for a HS with y = 0.09, in the active region for the InAs,_ _ Sb P _solid solution near the interface,
interpolation of the data from [7] gives the values x = 0. 375 "and y 0.21. The corresponding band
diagram is shown in Fig. 3, b. As can be seen, in this case, an InAsSb/InAsSbP heterointerface of
type 1I is formed. Fig. 3, c shows the same band diagram at a forward bias of 0.3 V. It can be seen
that potential wells for electrons and holes are formed at the heterointerface; under these conditions,
there is a high probability of interface recombination of electrons from the well at the side of the
active layer with holes in the well at the side of the barrier layer.

In the case under consideration, the energy of the photon emitted as a result of interface
recombination at a type II heterointerface depends mainly on the valence band offset AE.
Figure 3, d shows results of the calculations of AE, for HSs under consideration; the calculations
took into account the established changes in the composition of the InAsSbP quaternary solid
solution isomorphous to the narrow-gap ternary InAsSb solid solution. As can be seen, with a
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Fig. 2. Calculated temperature dependences of E for the active region of the HSs (solid lines) and
experimental data of the positions of spectral maxima of EL (symbols): y = 0.07 (a); 0.09 (b),
0.10 (¢), and 0.12 (d)

change in the composition of the active layer, the AE, changes very little, which is explained by
the “tuning” of the InAsSbP composition at the heterointerface in order to compensate for the
mismatch of the crystal lattice parameter. The estimated average AE, value 16 meV (shown in
Fig. 3, d by dashed line) was obtained from calculations according to expressions from [7].

The values of 5 F obtained from the experiment, however, demonstrated a certain dependence
on y in the active layer (Fig. 3, d) and were actually greater than the calculated values of AE,.
However, as was demonstrated in [8], structural defects in InAs-based compounds can generate
deep acceptor states on the surface of the semiconductor. With increasing the InSb content in
the solid solution, generation of surface states at the InAsSb/InAsSbP heterointerface should be
expected as a result of the growth of internal strain in the epitaxial layer of the active region. Thus,
we can suggest that at low temperatures, EL in the HSs was related to interface recombination
near the type II InAsSb/InAsSbP heterointerface with the participation of the interface states.
With temperature increasing, band-to-band transitions begin to dominate. This explains the
temperature dependence of SE shown in Fig. 2. The extremum appearing on § £(y) dependence at
y = 0.10 in Fig. 3, d is caused by the relaxation of an epitaxial layer as a result of the generation
of a grid of dislocations, as at this point, the lattice mismatch becomes greater than 1%.

We explain the difference between the data obtained in this work and the data in [6] by
the difference in the types of InAsSb/InAsSbP heterointerfaces. Barrier layers with significantly
lower Sb and P contents were used in [6]. Band diagrams calculated for HSs used in [6] were of
type 1 even when calculations were performed with consideration for possible variations in the
P and Sb content in the barrier layer due to the changes in its chemical composition as a result
of lattice mismatch. Thus, in the HSs studied in [6], the EL spectra in the entire temperature
range T = 4.2—300 K were related to interband transitions in the active region. The switching of
recombination mechanisms with changes in the temperature, as was observed in this work, makes
it possible to suppress the temperature dependence of the HS emission wavelength, which is very
important for the operation of mid-IR radiation sources [1,2].
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Conclusion

The paper presents the results of the study of electroluminescence of narrow-gap
n—InAs/InAsl_ySb /p—InAsSbP heterostructures with y = 0.07—0.12 in the temperature range
4.2—-300 K. It is shown that from 4.2 to ~ 140 K, interface radiative recombination at the
InAsSb/InAsSbP heterointerface dominates. This is due to the formation of a type 11 heterointerface,
caused by the change in the chemical composition of the InAsSbP quaternary solid solution that
is deposited on a layer of a lattice-mismatched InAsSb ternary solid solution, which leads to a
difference between the specified and actual composition of the InAsSbP barrier layer. An increase
in the temperature above 140 K leads to switching of the recombination channel to the interband
one in the active region. The resulting weak temperature dependence of the emission wavelength
of the heterostructures can be used in practical applications.
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AnHoTtamusg. B paGoTe mpencraBieHbl pe3yJbTaThl MCCIEAOBAHUSI ONTUYECKUX CBOWCTB
MAacCHBOB QJIIOMUHMEBBIX HAHOAHTEHH MPSIMOYTOJIbHOU (OpMbI, CHOPMUPOBAHHBIX Ha
MOBEPXHOCTU TeTepoCcTpyKTypbl GeSiSn/Si ¢ MHOXECTBEHHBIMM KBAaHTOBbBIMU siMaMM. Ilo
criektpam MK dypbe-crieKTpoCcKONnuu aHM30TPOITHOTO OTPaXKEHUSI OMpeesieHbl TOJOXEeHUs
MOJ JIOKAJIM30BAaHHOTO ITOBEPXHOCTHOIO IUIa3MOHHOIO pPe30HAHCa, BO3HMKAIOLIETO BIOJb
nuHHON (L) M KopoTKoit (S) CTOpOH paccMaTpWBaeMbIX HAHOAHTEHH. DKCTIEPUMEHTATbHO
MOKa3aHO, YTO 00e MOAbl pacmnojoxeHbl B OnvmxkHeM WMK-guanaszoHe v mpu yBeJlMYeHUU
JlaTepaJibHbIX pa3MEePOB HAHOAHTEHH CMEIIAIOTCS B CTOPOHY MEHbBIIMX SHEPTUil C YBETUYCHUEM
MHTEHCUBHOCTU pe30HaHca. S-Moja MpPOSBISETCS B CMIEKTpax B BUJE HAJOXEHUsS] Ha Oosee
MHTEHCUBHYIO L-MOIy U UMeeT UHTEeHCUBHOCTb Ha MOPSIIOK MeHble. Cpeau uccieaoBaHHbIX
00paslloB ompenejeHa TeOMETPUsT MacCMBOB HAHOAHTEHH C PE30HAHCOM BOJIM3W 3HEPTUM
nuKa HOTONOMUHECUEHUMU TeTepoCcTPYKTYp Ge, o, Si; 7SN, 15,/Si £~ 0.65 5B.

KnioueBble ciioBa: TOJSIpU3AIIMOHHAS  CHEKTPOCKOMUSI OTPAXEHUSsI, CIEKTPOCKOMUS
AHU30TPOITHOTO OTPAXEHUSI, ATIOMUHUEBbIE HAHOAHTEHHBI, TIOKAIM30BAHHBII MOBEPXHOCTHBIN
TJIA3MOHHBIN PE30HAHC
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Introduction

The integration of photonic devices into silicon electronics is possible through the development
of light detectors and emitters based on GeSiSn alloy nanoheterostructures. Such semiconductor
structures achieve operating range in the near and mid-infrared (IR) spectrum down to 8 microns.
This characteristic renders them highly promising for use in fiber-optic systems, photonic integrated
circuits and sensors made on a single silicon chip [1]. The sensitivity and emission properties of
these heterostructures can be controlled and enhanced through the creation of hybrid systems
involving plasmonic metal nanoparticles on the surface of GeSiSn/Si heterostructures.

The interaction between electromagnetic radiation and metal nanoparticles induces the
oscillation of free electrons within the metal, resulting in localized surface plasmon resonance
(LSPR) [2]. The outcome of this resonance is a pronounced amplification of the electric field
in the vicinity of the surface by several hundred times. The confinement of electromagnetic
radiation energy within a nanovolume, owing to the LSPR phenomenon, finds broad applications
predominantly associated with the enhancement of luminescence in various emissive structures [3].

The frequency and intensity of LSPR depend on the size, shape and dielectric environment
of metal nanoparticles [2]. In practice, this renders them a universally applicable physical system
for manipulating emissive structures across a broad optical spectrum. Typically, silver or gold is
employed as the material for plasmonic nanoparticle production, owing to their strong interaction
with light and lower losses [4]. As an alternative, aluminum can be used in a wider optical range
with plasmon resonance in nanoparticles varied from ultraviolet to mid-infrared with limitations
in a narrow part of the optical spectrum around 800 nm caused by interband transitions [5].

To investigate the formed metal nanoparticles, one can employ polarized reflectance
spectroscopy, specifically utilizing its variant, the Fourier-transform infrared (FTIR) reflectance
anisotropy (RA) spectroscopy method [6]. This optical technique has demonstrated its efficiency
as a robust tool for examining plasmon resonances in metal nanoparticles [7].

Thus, the purpose of this work is to study the optical properties of aluminum nanoantenna
arrays formed on the surface of an emitting GeSiSn/Si nanoheterostructure using methods of
polarized reflectance spectroscopy.

© Xaxynun C.A., ®@upcos I.1., KomkoB O.C., TumopeeB B.A., Cksopuos WM.B., Mamanos B.U., Yrkuu [.E., 2024.
Wznarens: Cankr-IlerepOyprekuii monmutexHuueckuii yuusepcuret Ilerpa Benukoro.
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Materials and Methods

Arrays of aluminum nanoantennas were formed through electron nanolithography on the
surface of a heterostructure with multiple Ge,,Si, .,,Sn, ,.,/Si quantum wells, where the well and
barrier widths are 1 nm and 7 nm, respectively. The growth of the heterostructure was carried out
using molecular beam epitaxy [1]. The nanoantennas were deposited on an area of 500x500 pm?.

Figure 1 illustrates the geometry of the arrays structure, exemplified by an image of array #3
captured through scanning electron microscopy (SEM). The designations of the lateral dimensions
of the nanoantennas, which distinguish each array structure from one another, are provided in the
figure. These dimensions are detailed in Table.

Fig. 1. Image of the nanoantenna structure array #3 obtained by scanning electron microscopy.
The nominal height H of all nanoantennas is 50 nm

Table
Parameters of the studied aluminum nanoantennas arrays formed on the surface of

the Ge, ,,Si, ,,.Sn, ..,/Si radiating heterostructure with multiple quantum wells
sample L, nm S, nm H, nm P ,nm Py, nm
#1 200 140 485 435
#2 265 147 50 478 435
#3 360 157 485 435

Polarized reflectance spectra were measured using a Vertex 80 Fourier-transform infrared
(FTIR) spectrometer with radiation linearly polarized along the long L and short S sides of the
nanoantennas. The modulation spectra of reflectance anisotropy were measured using an original
setup, implemented on the basis of the same FTIR spectrometer and described in detail in [6].
The essence of the latter method is to modulate the direction of linear polarization of the probe
radiation along two perpendicular directions x and y lying in the plane of the samples surface.
The value being measured synchronously corresponds to the normalized difference in reflectance
coefficients:

AR R —R,

R R +R/’

where R and Ry represent the reflectance coefficients when the plane of the incident radiation
linear polarization is aligned along the corresponding direction in the surface plane. In this
study, the x and y directions coincide with the long (L) and short () sides of the aluminum
nanoantennas, respectively (see Fig. 1).

Results and Discussion

From each of the presented nanoantenna arrays, an ordinary reflectance spectrum R was
obtained with probe radiation linearly polarized along the L and S sides. The reference reflectance
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spectrum was measured from a gold-coated mirror, exhibiting a high reflectance range from 2.3 eV
to mid-IR energies. A typical reflectance spectrum is shown in Fig. 2 (top) utilizing array #3
as an example. Analyzing ordinary reflectance spectra proves challenging due to the difficulty
in identification of areas where the differences in reflectance spectra with linear polarization
direction E along L (E//L) and S (E//S) are marginal against the general background of the total
reflected radiation. In such cases, the modulation method of reflectance anisotropy spectroscopy
is advantageous, wherein only the polarization-dependent component of the reflectance spectra is
detected. Fig. 2 (bottom) illustrates the resulting reflectance anisotropy spectrum from array #3.
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Fig. 2. Polarized reflectance spectrum (top) of nanoantenna array #3 with linear polarization of the
probe radiation parallel to the L side (green curve) and S side (purple curve). Bottom — modulation
reflectance anisotropy spectrum of the same structure

Upon comparison of the RA spectra with ordinary reflectance spectra, it becomes evident
that, in addition to the prominent peak associated with plasmon resonance along L side, a
distinct resonance also emerges in the structure along the .S side. This resonance spans a broad
energy range of 0.82—1.4 eV and differs in intensity from the L-mode by almost an order of
magnitude. The energy range where the S mode appears partially overlaps with the similar range
of the L-mode, causing the resonance along the S side to manifest as an overlap with the intense
peak excited along L in the reflectance anisotropy spectra. The inflection in the RA spectrum
corresponds to the initiation of S-modes in its low-energy region. It is worth noting that in the
case of the nanoantenna array #3, the resonance excited along the S side is relatively discernible in
the polarized reflectance spectra. This distinction arises because structure #3 comprises relatively
large nanoparticles among the nanoantenna arrays presented in the study and the resonance
intensity is proportionate to the volume of such particles [5].

Hence, to ascertain the spectral position of the resonant modes across all nanoantenna arrays,
reflectance anisotropy spectra were measured. The resultant curves are depicted in Fig. 3. As the
lateral dimensions of nanoantennas increase, the resonant L- and S-modes are predictably shifted
towards lower energies. This shift is anticipated as the effective cross section of the metal plane,
wherein plasmonic oscillations occur, expands [3, 5]. It is important to note that in the case
of arrays #2 and #1 the S-mode in ordinary polarized reflectance spectra becomes visually
indistinguishable against the background of the entire spectrum. However, in the reflectance
anisotropy spectra, the S-mode manifests as an overlay on the intense L-mode, evident from the
inflections of the corresponding curves in the high-energy regions of the whole RA spectrum.
Additionally, it is appropriate to mention that the RA spectra of the GeSiSn/Si heterostructure
surface without plasmonic nanoantennas exhibit a zero signal, indicating optical isotropy in the
specified energy range.

The photoluminescence spectrum of a heterostructure with multiple Ge,,Si, ,,.Sn, ../Si
quantum wells, on the surface of which arrays of nanoantennas are formed, exhibits a signal
peak near 0.65 eV. Consequently, among the presented arrays, the most pronounced plasmonic
enhancement of the radiation from such a heterostructure is expected through the interaction of
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Fig.3. Reflectance anisotropy spectra for each of the nanoantenna arrays. The arrows indicate the
dynamics of the resonance energy position with increasing lateral dimensions of the nanoantennas

Ge,,,Si, SN, .,,/Si with array #3. This expectation arises from the fact that array #3 showcases a
maximum of localized surface plasmon resonance at 0.66 eV, while the resonance of structure #1

at 0.65 eV holds a null value.
Conclusion

Thus, we have studied the optical properties of arrays of aluminum nanoantennas formed
on a GeSiSn/Si emitting heterostructure using polarized reflectance spectroscopy methods. To
control the emission properties of GeSiSn/Si heterostructures, an array of nanoantennas with
geometry #3 can be used, since it has an intense resonance at an energy of 0.66 eV, which is
located near the photoluminescence peak of the heterostructure = 0.65 eV.

The ability to create nanoparticles with a localized surface plasmon resonance in the near-IR
range makes aluminum a suitable material for creating interacting plasmonic and emissive
structures in this range.
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Introduction

Electron-electron (e—e) interaction is shown to have significant impact on mesoscopic electron
transport in case when e—e scattering length lee is comparable with characteristic size of the
system w [1—12]. At the same time, the effects associated with e—e interaction, because of
their many-body origin, are difficult to describe. Hydrodynamic approach can simplify the e—e
interaction description by considering electrons as viscous fluid [13—15]. Hydrodynamic electron
transport is overviewed in details in [16,17].

Due to total momentum conservation during e—e collisions, specific conditions are required for
the hydrodynamic effects to be observed. Gurzhi showed [18] that, in case of ballistic conductors
with long momentum relaxing length />> w, when [, < w correlations in the electrons motion act
as a lubricant and prevent the momentum loss on the boundary roughness — the main momentum
dissipation place. This effect leads to the resistance reduction, which has been experimentally
proven in graphene [19] and GaAs [20].

In this work we present the experimental study of the hydrodynamic electron transport in
the point contacts (PCs) based on the GaAs/AlGaAs heterostructure with an emphasis on the
width dependence. We studied the temperature dependence of the resistance of 7 PC of different
width. In the experiment we observe the PC resistance reduction below the ballistic limit with
increasing temperature up to a certain value of about 20 K. For quantitative description of this
effect, we employ the recent theory [21] predicting that the PC conductance enhancement due
to the lubricant effect AG = G, is defined by the formula:

2.2 .2 2
Viszlnew :Ee_(kpw)l, (1)
32 8 h

ce

where n = k.?/2n is the electrons density, k is Fermi quasiwavevector, e, & are the elementary
charge and Planck’s constant, respectively and the electron liquid viscosity expressed as
n = hk.nl, /8n [21]. The result of the measurements confirms this prediction.

Materials and Methods

Experimental samples are created from GaAs/AlGaAs heterostructure grown by molecular beam
epitaxy on a GaAs substrate (Fig. 1, a). Doping the heterostructure with Si §-layers allow electrons
to fill the quantum well at the heterointerface and form two-dimensional electron gas (2DEG). The
mobility and concentration of electrons at 7= 4.2 K are u = 0.8-10° cm?/(V-s) and n = 2-10" cm2,
respectively. Momentum relaxing length at this temperature is / = 5.9 um. The quality of 2DEG in
this structure is also confirmed by the observation of the quantum Hall effect [24].

Seven PCs of different lithographic width wlith, changing from 0.7 to 1.3 um with the step
of 0.1 um, are created using e-beam lithography. The effective PC width w = w, — w,, with the
depletion layer thickness w, considered, is lower than wlith. We defined w, for all PCs from the
resistance measurements at low temperature and relations (2—3) in the “Discussion” section. It
was found out, that w, is universal for all PCs and equal 0.4 um. Hereby, the PC effective width
w = w,, — w, varies from 0.3 to 0.9 um. PCs are located on the Hall bar in series (Fig. 1, 5). All
PCs have a length of 0.6 um. Both width and length of PCs are smaller than /, so all PCs can be
considered ballistic.

Resistance measurements were performed in the cryostat in the temperature range from 4 to
65 K by means of lock-in technique at frequency of 7 Hz and the excitation current amplitude
of 100 nA (Fig. 1, b).

© CapsimioB I.U., TMoxa6os [.A., IMorocoB A.T'., Eropos J.A., XKnanos E.1O., bakapoB A.K., 2024. U3narens: CaHKT-
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b)
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Fig. 1. Schematic images of heterostructure with 2DEG doped with Si §-layers (a) and experimental
sample with point contacts (b). Point contact lithographic width wlith varies from 0.7 to 1.3 pm

Results

Fig. 2, a shows the temperature dependence of the PC resistance. It is clearly seen, that,
for all PCs, the resistance first falls at temperatures < 20 K and then monotonically increases,
demonstrating the minimum. We attribute the observed resistance reduction to Gurzhi effect
[18]. The minimal resistance is lower than the low-temperature ballistic PC resistance due to
the momentum loss suppression at the PC boundary, induced by the lubricant effect [21]. This
effect is expected under the condition [, s w << /[18]. As will be shown below, this condition is
fulfilled for studied PCs in the resistance minimum.

Dotted line in Fig. 2, a shows that the resistance minimum position depends on the PC width w.
The minimum shifts to the higher temperatures for smaller w. This trend is shown in details on
the dependence of the resistance minimum position 7' . on the w on a quadratic scale (Fig. 2, b).
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Fig. 2. Temperature dependence of PC resistance of different width w (a). Solid lines show experimental
data and dashed lines show approximation by model (4). Dotted line shows that resistance minimum
shifts to lower temperature as w increases. Resistance minimum point Tmin in quadratic scale as
function of w (b). Experimental data are shown by circles. Linear approximation is shown by line

Discussion

A solid line in Fig. 2, b points to the linear relation between 7> . and w that can be explained
by the temperature dependence of / . The minimal resistance is achieved when the e—e scattering
rate is comparable with the rate of the momentum relaxation scattering [18]. In our case it means
that [~ w. Since [ oo T2 [22, 23] we have the dependence w o T2 . .
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The resistance measurements R(7) accounting viscous contribution Gvis can be presented as:

R(T) = Rypee (T) "’( ball T les) 2
where the first term R, . is the resistance of the macrocsopic 2DEG regions adjacent to the
constrictions, and the second is the PC resistance including viscous G, and the ballistic G, PC
conductance at zero temperature. The additive form of G, , and G, in (2) is applicable for the
entire temperature range studied [21]. At low temperature, when electron transport is ballistic, the

PC conductance is defined by the formula:

2 2
Gball — 26 kF(Wlith _WO) = 26 kFW‘ (3)
h T h n
To describe the viscous contribution to the PC conductance, the formula (1) can be rewritten
with fitting parameter 7;:
2
2¢° T
Gvis = i(kFVV)2 | (4)
h T,
We use the following form of the temperature dependence of R2DEG:
T
Ry =Ry 14— |, (5)
T

where R, Tph are fitting parameters. Here R, . is defined by impurity scattering R and phonon
scattering R (7/ T ). Quadratic temperature dependence of G, follows from G, dependence on
[ G, ol 6*1 and l oo T72. The result of the approximation (4—5) is in acceptable agreement with
experlmental data (see dashed curves in Fig. 2, a).

Further, the results of the approximation (4) were used to obtain G, which is shown in
Fig. 3, a as the function of temperature. It is noteworthy, that in case when G_is divided by w? all
the curves corresponding to different w collapse into one. This means, that the fitting parameter
T, is universal for all PCs and G scales as G o w.

The experimentally obtained dependence G, (7) allowed us to extract /. As follows from (1)

and (4), [ equals:

2
n 1 (T
=22 6)
16 k,\ T
a) b)
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Fig. 3. (a) Temperature dependence of viscous contribution to conductance G, taken with weight
w? for different PCs widths w. (b) Electron-electron scattering length lee as function of temperature.
Circles correspond to experimentally studied w
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Fig. 3, b shows e—e scattering length lee as the function of temperature obtained by Eq. (6)
with T} as the fitting parameter. Vertical dotted lines in Fig. 3, b show the temperature range
(I5—25 K) in which [ lies in the actual range of w (0.3—0.9 um). Thus, at the temperature
range corresponding to the resistance minima (23—25 K) the condition /, < w is satisfied. This
inequality corresponds to the resistance minimum observation condition. Therefore, the Gurzhi
requirement for the resistance minimum observation is achieved in our case.

Conclusion

We study electron transport in hydrodynamic regime through PC in 2DEG in GaAs/AlGaAs
heterostructure. Gurzhi effect, consisting in the resistance reduction with increasing temperature
is experimentally observed. It corresponds to the conductance exceeding the ballistic limit. The
observed effect can be explained by the momentum loss suppression at the PC boundary due to the
lubricant effect caused by e—e interaction. Viscous contribution to the PC resistance, attributable
to the lubricant effect is extracted from the experiment. The obtained viscous contribution
confirms the theoretical prediction.
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frequencies of edge plasmon resonances lie in terahertz frequency range
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Introduction

Plasmons in graphene structures are considered as promising platform for planar terahertz
optoelectronics [1,2]. Advantages of plasmons in graphene include field localization at lengths
shorter than the electromagnetic wavelength [3], nonlinear properties useful for terahertz detection
[4, 5], as well as the possibility of their amplification [6, 7].

Theoretical studies of plasmon effects are commonly conducted in the assumption that
the graphene structure is uniform and infinitely long in the direction perpendicular to
the plasmon wave vector [8, 9]. Different types of plasmon modes in two-dimensional
(2D) electron systems have been studied under this assumption: single-layer plasmons [10],
screened plasmons [11, 12], “gate proximity” plasmons [11], and oblique plasmons in
graphene nanoribbon array [13].

Consideration of full three-dimensional plasmonic problems, in which a 2D plasmonic cavity
is confined in two perpendicular directions, made it possible to reveal edge plasmon modes [14].
Using the near-field optical microscopy for excitation and imaging plasmons in disk-shaped and
rectangular graphene nanocavities, strong interaction of edge [15, 16] and sheet plasmon modes
[14] was experimentally observed. Edge plasmon is viewed as a tool for stronger localization of
terahertz (THz) field below the diffraction limit [17].

In this work, we predict the excitation of plasmonic modes localized near the edge of a
graphene rectangle by a normally incident THz electromagnetic wave.

Structure and Methods

We solve the problem of the incidence of an electromagnetic wave on a rectangular graphene
cavity (Fig. 1, a). A graphene rectangle lies on a flat interface between two media with different
dielectric constants; the length of the rectangle is / = 200 pm, and its width is w =1 pm. A linearly
polarized wave of THz frequency is normally incident on the plane of the interface between two
media, scatters by a graphene rectangle and excites plasmon modes in it. The electric field vector
of the incident wave is polarized along the short side of the rectangle w.

The problem is solved using a rigorous electromagnetic approach based on the integral equation
method [18]. The main steps of the electromagnetic approach include:

(i) Fourier transformation of the Maxwell equations and electromagnetic boundary conditions;

(ii) formulation of the integral equations for the components of oscillating current densities in
graphene;

(iii) solving the integral equations using the Galerkin procedure by expanding the current
density components into series over the orthogonal Legendre polynomials;

(iv) transforming the system of integral equations into an infinite system of linear algebraic
equations for the expansion coefficients of current densities;

(v) truncating the infinite system of linear algebraic equations for reaching the desired
convergence of its solution and then solving it numerically.

The calculated expansion coefficients of current densities make it possible to determine the
electromagnetic fields at any point of the structure under consideration, calculate the absorption
cross section of the structure, and find the spatial distributions of charge density oscillations over
the graphene rectangle.

© Maummnckuii K.B., TTooB B.B., ®atees [1.B., 2024. W3znarenb: Cankr-IlerepOyprekuii MoJMTEXHUUECKUIT YHUBEPCUTET
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Fig. 1. Schematic view of the studied structure (a). Spectrum of absorption cross-section normalized
to the geometric area of graphene rectangle for w = 1 um and 1 = 200 pm (b). The instantaneous
spatial distributions of the oscillating charge density over the area of graphene rectangle in the plasmon
resonances excited at frequencies of 3.6 THz (c¢), 3.1 THz (d), and 2.5 THz (e). Red color in panels
(¢), (d), and (e) indicates a positive sign of the oscillating charge density, and blue indicates a negative
sign. Considerable middle parts of the vertical axes y in panels ¢, d, and e are omitted to visually show
the effects at the edges of graphene rectangle. Parameters of graphene: Fermi energy of charge carries
is 150 meV and the momentum relaxation time of charge carriers in graphene is 2 ps

Results and Discussion

The calculated spectrum of the absorption cross section of graphene rectangle demonstrates
a series of different resonances (Fig. 1, ). Resonance at frequency 4.6. THz corresponds to the
excitation of the fundamental sheet dipole plasmon mode with charge density oscillations across
the length of the graphene rectangle. This fundamental plasmon mode is distributed almost
homogeneously along the length of graphene rectangle. For long rectangles with length / > 50w,
additional resonances are revealed at frequencies below the fundamental sheet plasmon mode
frequency (Fig. 1, b). Instantaneous spatial distributions of the oscillating charge density in these
plasmon modes in graphene rectangle are plotted in Figs. 1, ¢, d, e. As seen in Figs. 1, ¢, d, and e,
the charge oscillations in these plasmon modes are strongly localized near the longitudinal edges
of graphene rectangle in crucial contrast from the well-known fundamental sheet plasmon mode
in which the charge oscillations exist over the entire area of graphene cavity. The profiles of the
charge carrier distributions in these modes correspond to the bright plasmon modes because have
strong dipole moments due to odd numbers of nodes across the length of graphene rectangle.
The wave number of the edge plasmon mode excited at frequency 3.6 THz is close to the value
of k.= m/w, the wave number of the edge plasmon mode excited at frequency 3.1 THz is close to
3n/w, and for the edge plasmon mode excited at frequency 2.5 THz its wave number corresponds
to Sn/w. The dependence of the resonance frequencies these edge plasmon modes on their wave
numbers are typical for the backward waves characterized by anomalous dispersion.
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Conclusion

In this work, we predict the edge plasmon modes in graphene rectangular cavity which can
be excited by incident THz electromagnetic wave. The frequencies of edge plasmon modes fall
within THz frequency range in elongate graphene rectangles with micron width. The frequencies
of the edge plasmon modes reside below the frequency of the fundamental sheet dipole plasmon
mode in long graphene rectangles with a length approximately 50 times longer than the width of
graphene rectangle.
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Introduction

The single photon source (SPS) is cornerstone in quantum information transmission and
processing protocols [1—3]. Such a source must possess high photostability, brightness and emit
photons in a narrow spectral range and solid angle [4]. The “silicon-vacancy” color centers (SiV)
in nanodiamonds (NDs), having a bright and narrow (~ 6 nm) zero-phonon line (ZPL) in the
near IR region (738 nm), are promising candidates for this role [5, 6]. The emission properties of
SiV centers benefit significantly from placing NDs in microresonators [7—10] due to enhancing
the rate of spontaneous transitions and increasing the radiation directivity. Moreover, the rate of
quantum emitter photoexcitation can be significantly enhanced, which is most clearly manifested
in the case of plasmonic nanoantennas [10].

In this work, the fluorescence properties of single SiV centers in HPHT nanodiamonds placed
1) on a gold film and 2) in cylindrical nanopits on a gold film were studied. At the first stage,
saturation curves, spectra and decay times of fluorescence were measured for the particles on
the gold film. Next, the “pick-and-place” method we developed was used to move the selected
nanodiamonds to the cylindrical nanopits on a gold surface, where similar measurements were
carried out. Finally, we provide a comparison of optical properties before/after ND moving and
discuss the mechanisms contributing to the fluorescent enhancement.

Materials and Methods

The NDs under study were synthesized by the High-Pressure High-Temperature (HPHT)
method from a mixture of adamantane (C, H ) and detonation nanodiamonds at a pressure
~ 7.5 GPa, temperatures 1500—1600 °C and time exposition 20 s. To form SiV-centers in diamond
matrix, a small amount of tetrakis(trimethylsilyl)silane (C ,H,Si;) was added to the initial growth
mixture with the ratio Si/(Si + C) = 0.01%. The 0.1 mg of output ND-powder was diluted in
2 ml of ethanol and then sonicated in the ultrasonic bath for 30 min to form a homogeneous
suspension of NDs. Eventually, 2 pl of the resulting suspension was applied to the gold film with
cylindrical pits. A pre-characterization in Scanning Electron Microscope (SEM) revealed the ND
size distribution between 150 nm and 500 nm.

© XKuonucues A.A., Pominun A.M., I'puumenko A.B., Jlera I1.B., Barpamos P.X., ®unonenko B.I1., BuryxHoBckuit A.T.,
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The process of cylindrical pit fabrication on a gold film was described in detail in our previous
work [10]. The diameter and height of such nanopits are 500 nm and 300 nm, respectively. To
transfer NDs to the surface of the gold film and then inside the cylindrical nanopit, we used a
“pick-and-place” technique we developed earlier, described in [10].

Optical properties of NDs were studied in home-built confocal microscope equipped with
two sources: a continuous laser at 660 nm and pulsed one at 630 nm (z . = 80 ps). To confirm
the single photon emission from selected ND, we used a Hanbury—Brown—Twiss (HBT)
interferometer with two avalanche photodiodes (APDs, Excelitas SPCMA—QRH—14—FC). The
fluorescence spectra were recorded with Ocean Insight QEPro spectrometer, and for saturation
measurements, the APDs with band pass filter (728—749 nm) were employed. A long—distance
objective Mitutoyo x100, NA = 0.7 was used in all these measurements. The fluorescence decay
rates were analyzed with Time-Correlated Single Photon Counting (TC SPC) module Picoquant
MicroTime 200 and objective Olympus (x100, NA = 0.95).

Results and Discussion

We started by choosing three random NDs on the gold surface whose emission satisfies
to criteria of single photon statistics. In order to reveal such sources, we performed precise
confocal mapping and measured the second-order autocorrelation function g®(r) of SiV
fluorescence. Fig. 1, a demonstrates an example of g®(z) functions for NDs on the gold
surface (NG—G). The dip at zero time—delay (t = 0) is less than 0.5 indicating a subpoissonian
statistics of light and consequently its single-photon nature. Fluorescence spectra, saturation
curves and decay times were measured for selected NDs. After characterization of the ND
emitters on the gold surface, we moved the NDs to pre-defined cylindrical pits by the
“pick-and-place” method and performed similar measurements. A SEM image for ND1—
GNP (Fig. 1, ¢) reveals the geometry of the nanophotonic interface and the size of the
diamond particle (~ 350 nm).

Fig. 1, b illustrates the background-corrected fluorescence spectra recorded for ND1—G and
NDI inside the microcavity (ND1—GNP) at 30 mW excitation. A bright zero-phonon line (ZPL)
at 738 nm and a sharp diamond Raman peak are observed in both spectra. For NDI—GNP the
peak intensity of ZPL slightly increases by 30% relative to diamond Raman. The spectral position
of ZPL is shifted to the IR region by 0.2 nm, while the full width at half maximum (FWHM)
is reduced by ~ 10% in comparison to ND1—G. This behavior could be a product of enhanced
interaction between the emitter and plasmon in microcavity.
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Fig. 1. Second-order autocorrelation function g®(t) for ND on the surface of the gold film (a);
Fluorescence spectra of single SiV—centers in NDs on gold film (blue) and in cylindrical pits (red) (b);
SEM—image of ND1—GNP (c¢)

For quantitative analysis of the fluorescence enhancement factor, the saturation measurements

were carried out. Fig. 2, a shows the fluorescence intensity of a single SiV as a function of excitation
power for NDI—G (blue) and NDI—GNP (red). The data was approximated by the curve
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](P) ] m'FCbg'P,

sat

where [/ is the fluorescence intensity, P is the excitation power, /_is the count rate in the limit of
large P, P_ is the saturation power, Ch is the coefficient of linear background. The values / and
P, extracted for three NDs in drfferent photonic environments are presented in Fig. 2, b. One can
see that emission rates of NDs in nanopits on average exceeds the similar parameter for NDs—G

by an enhancement factor EF = 2 with the maximum value for NDI EF = 3 corresponding
to 17, ovp = 634 kHz. The saturation power on average also increases from Py .= 11.8 mW
to Py ., = 20.5 mW which probably takes explanation from additional absorptron by void
s—GNP
plasmons [11].
a b )
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Fig. 2. Saturation curves measured for ND1 on gold surface (blue) and in nanopit (red) (a). Extracted /

(top) and P_, (bottom) for three NDs SiV luminescence on gold surface (blue) and in nanopits (red) (b).
Fluorescent decays for ND on surface (blue) and in nanocavity (red) (c)

Finally, we performed time-resolved fluorescence intensity measurements for the NDs both on
a gold surface and in a nanophotonic cavity. The SiV-fluorescence decay times extracted from the
decay curves were averaged over three NDs and compared between each other. The relaxation
time reduces by ~ 15% on average for emitters inside a nanophotonic cavity which can be a sign
of effective coupling with void plasmons in a near—surface gold layer. The fluorescence decays
for ND1—G demonstrate mono—exponential behavior (Fig. 2, ¢)). In contrast, for ND1-GNP
deeply sub-ns component was revealed which we believe is not related to SiV-fluorescence, but
rather to an enhanced background fluorescence originating from the gold nanopit [12].

An observed enhancement of the single photon emission can be explained by analyzing
contributions from major mechanisms. First, the emitter—plasmon interaction increases in
nanophotonic cavity which is confirmed by a slight reduction of the fluorescent lifetime. Second,
ND-in-pit interface changes the geometrical factor of the fluorescence, resulting in enhanced
directivity of the SiV-center and its extracted emission rate. Third, the small heterogeneity in
enhancement factor from particle to particle can be related to inaccuracies in nanomanipulations
with diamonds. During the “pick-and-place” operation ND accidently change its spatial position
losing the initial orientation of the dipole moment of the emitter relative to the normal of the
gold surface. Nevertheless, we believe changes in dipole orientation play a non-primary role in
observed enhancement since for all accidentally transferred diamond particles the increase of the
emission rate was detected which excludes the factor of accident orientation.

Conclusion

In summary, we investigated single photon emission of SiV-centers in nanodiamonds placed
1) on a gold surface and 2) in plasmonic nanocavity and provided a comparative study of optical
properties for these two cases. A nanophotonic structure nanodiamond-in-pit exhibits a 3-fold
enhancement of fluorescence intensity with reduced by 15% fluorescent lifetime and narrowed by
10% spectral range of the emission. Such a structure demonstrates promising potential for state-
of-the-art quantum applications giving rise to scalable photonic interfaces.
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Annoranusg. McciaegoBaHo (OTOMHIOYIMPOBAHHOE IIOIJIOIICHME CBeTa B HAHOCTPYKTYpax
C JIeTUPOBAHHBIMU KBAaHTOBBIMU ToukKaMu Ge/Si, a TakKe B HEJIETMPOBAHHBIX CTPYKTypax.
ITonyyeHbl cneKTpbl (DOTOMHAYLIMPOBAHHOTO MOTJOILIEHUSI TPU KPUOTEHHBIX TeMIlepaTypax
npu NPpSIMOl M HEMpsIMOM B peajbHOM IPOCTPAHCTBE PE30HAHCHON MEX30HHOW Hakayke, a
TaKKe MX BpeMeHHasl TMHaMuKa. JIBa BBICOKOHEPIeTUYHBIX ITMKA B CIICKTPaX MOXKHO CBSI3aTh
C MEXYPOBHEBBIMU IBIPOYHBIMH TIEPEXOdaMM M3 OCHOBHOTO M BO30YXKICHHOTO COCTOSHUIA
KBAaHTOBBIX TOUEK B HEIMPEPBIBHBINA CIEeKTp. HUM3KO3HEPreTWYHBINE THMK COOTBETCTBYET
MEXYPOBHEBBIM IIepexolaM IbIPOK MEXAY OCHOBHBIM M BO30YXXKIEHHBIM COCTOSIHUSIMU
Touek. BpeMeHHass AWHaAMMKa 3aTyXaHUS BBICOKOPHEPIeTUUYHBIX TMUKOB MOXET OBbITh
oInucaHa yepe3 ObICTPYIO Y MEIJICHHYIO KOMIIOHEHTHI, CBSI3aHHbIE C OCOOEHHOCTSIMU 3axBaTa
(oTOBO30YKICHHBIX HOCUTEJICH Ha YPOBHU B KBAaHTOBOI TOUYKe. BO3MOXKXHBIM IPUMEHEHHEM
CTPYKTYpP C KBaAaHTOBBIMHM TouKamMu Ge/Si MOTyT OBITh AETEKTOPHI CpeaHEero MHMpaKpacHOTO
IHarra3oHa.
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Introduction

The study of the properties of quantum dots (QDs) is one of the promising directions in the
development of optoelectronic devices [1, 2] for applications in various fields from medicine
and energetics to electronics and astrophysics. QDs have certain advantages over quantum wells
and bulk materials. Three-dimensional confinement of electrons and holes leads to a discrete
spectrum of quantized states inside the QD. By controlling the size and composition of QDs, it
is possible to obtain the necessary energies of interlevel, intraband and interband transitions of
charge carriers, i.e., control the spectral range in which the structure can operate. Various devices
can be created based on QDs, in particular photodetectors [3] or lasers with optical and electric
pumping at room temperature [4, 5].

Photodetectors based on Ge/Si QDs operating in the mid and far (terahertz) infrared spectral
ranges offer several advantages and features compared to quantum well detectors. Among them,
for example, the ability to use normal radiation incidence, facilitating the creation of matrix
photodetectors [6], high surface density of dots, long lifetime of nonequilibrium charge carriers,
compatibility with silicon electronics, enabling the implementation of silicon-based integrated
electronic devices [7]. Silicon is widely used in electronics due to its ability to form transistor
structures and thin insulator layers. However, unlike QD nanostructures, it is not well-suited
for creating light-emitting structures due to its indirect gap of the bulk material. The interband
photoluminescence (PL) spectrum of Ge/Si QDs lies in the region of photon energies lower
than the band gap of silicon. In CMOS technology [8], this is fundamentally important, both for
the development of new devices such as integrated photosensitive arrays in the near and mid-IR

© VYcrumenko P.B., Kapaynos [.A., Bunnuuenko M.J., MaxoB U.C., ®upcoB I.A., Capkucsiu A.A., Caprcau T.A.,
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spectral ranges, and for the development of a fundamentally new architecture of integrated optical
micro- and nanoelectronics based on silicon. Therefore, the urgent task is to find ways to integrate
QDs with silicon technology to fully exploit the advantages of optical information transmission in
transistor chips. However, on the way to achieving this goal, the problem arises of the insufficiency
of the fundamental basis describing the levels and states of charge carriers in Ge/Si QDs.

In addition, QDs can be used to confirm the fundamental principles of quantum theory of
particle interactions. The ability to change the number of charge carriers localized in QDs by
adjusting the doping level or through the interband optical pumping makes it possible to study
many-particle interactions, including the applicability of the generalized Kohn theorem [9, 10].

The objective of this work is to study the dynamic characteristics of photoinduced light
absorption in Ge/Si QDs. This study aims to provide information on the distribution of equilibrium
and nonequilibrium charge carriers across states inside the QD.

Samples and experimental setup

Nanostructures with QDs were grown using molecular beam epitaxy on a Si(100) substrate.
These nanostructures consisted of 10 layers of Ge/Si QDs, which were separated by 15 nm thick
Si layers. The QDs were obtained by deposition of 7 monolayers of Ge. In order to prevent
mixing of the wetting layer and the resulting islands, Ge/Si QDs were formed using the method of
deposition of a surfactant (Sb) before deposition of Ge [11, 12]. This method leads to a decrease
in the size of Ge islands, sharpening of their boundaries [13] and an increase in the density of the
QD array. As a result, QDs were formed by a Ge Si, _solid solution with an average germanium
content of x ~60—65%. The surface density of the QD islands was about 2-10"" ¢cm™. Doping
with an acceptor boron impurity was carried out by introducing a d-layer in each silicon layer
at a distance of 5 nm from each Ge layer. In this work, samples with an impurity concentration
of 8-10" cm™2, as well as undoped structures, were studied. The dimensions of the QDs were
determined using transmission electron microscopy. It was found that the QD islands had an
average base size of 14 nm and an average height of 2.7 nm.

The minimum of the conduction band of silicon lies in the <100> direction of the Brillouin
zone between I' and X points at point A. In Ge the conduction band minimum is located at point
L at the band boundary in the <111> direction [14]. Thus, the position of the minimum of the
conduction band changes from A to L depending on the concentration of germanium in the GeSi
solid solution. It is known that at a Ge concentration of less than 80%, the band structure of
the GeSi solid solution is similar to Si. The conduction band profile of a structure with Ge/Si
QDs, formed by sixfold degenerate A-valleys, depends on the direction due to the splitting of the
valleys by compressive and tensile stresses arising during the growth of the structure. In the <001>
growth direction, this leads to the formation of a type-II heterointerface with a double A-valley
(see Fig. 1, solid lines). In the plane of the QD layers in the <100> and <010> directions, four
A-valleys form a type-I heterointerface (see Fig. 1, dashed lines) [15, 16].

After growing the samples were manufactured in multi-pass geometry. The input and output
edges of the sample were grinded at an angle of 45° in order to increase the optical path for
probing radiation in the sample due to total internal reflection. This sample geometry also made
it possible to measure absorption for s- and p-polarized light.

Previously, we estimated the energy of hole states in a quantum dot using a simple “quantum
box” model [17]. The solution was obtained for a constant potential inside a dot, which was
represented in the form of a rectangular parallelepiped with dimensions corresponding to the real
sizes of quantum dots. This model took into account the finite height of the confining potential
and the difference in effective masses. The schematic band diagram of Ge/Si QDs in Fig. 1
illustrates some energy levels of holes and electrons. Additionally, the figure also includes scheme
of charge carrier transitions during interband optical pumping (arrows).

Photoinduced intraband absorption spectra for stationary and time-resolved conditions were
obtained using a Bruker Vertex 80v Fourier transform spectrometer with a KBr beamsplitter and a
HgCdTe photovoltaic detector cooled to liquid nitrogen temperature with a Ge entrance window.
Optical pumping was carried out using continuous-wave Nd:YAG solid-state laser (modulation
600 Hz) with radiation wavelengths of 532 nm or 1064 nm, and pulsed Nd:YAG solid-state laser
(pulse duration 10 ns, repetition frequency 20 Hz) with radiation wavelength of 532 nm. The
sample was placed in a Janis PTCM-4-7 closed-cycle cryostat with an operating temperature of
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Fig. 1. Schematic representation of the band diagram of Ge/Si QDs in a silicon matrix. Optical
transitions within QD states, processes of interband pumping and recombination of photoexcited
charge carriers are shown by arrows

4.2—300 K. The globar radiation was directed to the sample through a ZnSe window, optical
pumping was carried out through a fused silica window.

Experimental results

The spectra of changes in the intensity of light |A/| transmitted through an undoped sample
were obtained using continuous-wave laser (see Fig. 2) at different pump powers and different
wavelengths. Excitation of nonequilibrium charge carriers was carried out in two different ways.
In the first case, direct in real-space interband optical pumping with a wavelength of 532 nm
was used (see green arrow in Fig. 1). In the second case, indirect real-space resonant (1064 nm)
pumping was realized from the hole levels in a potential well in a QD to an electron level
in a potential well at the heterointerface between the type-II potential barrier of a QD and
silicon, arising in the growth direction in the silicon matrix. The obtained absorption spectra
of p-polarized radiation revealed peaks corresponding to hole transitions from the ground level
111 to the continuous spectrum with a photon energy of 280 meV (arrow 111 — cont), from
the excited level 221 to the continuum above the QD with a photon energy of 230 meV (arrow
221 — cont) and peak with a photon energy of 130 meV (arrow 111 — 231), associated with
absorption of hole from the ground level 111 to the degenerate excited level 321, 231. These peaks
were discovered earlier when measuring equilibrium absorption in QDs [18]. Peak 111 — 321,
231 also manifests itself in the photoinduced absorption spectra for s-polarized radiation. This
is due to the fact that absorption at these interlevel transitions, according to the polarization
selection rules, should occur only for light polarized perpendicular to the growth axis of the
structure, and such a polarization component in the geometry of our experiment present in both
s- and p-polarized radiation. A comparison of non-resonant and resonant in real-space pumping
showed that the capture time of charge carriers from the barrier to the QD does not affect the
photoinduced absorption spectra.

Fig. 3 shows the spectra of transmission changes observed when the undoped sample was
pumped with 532 nm continuous-wave radiation at different temperatures. These spectra were
obtained by normalizing spectra plotted in Fig. 2 to the equilibrium spectra AT =|AI] /1 . ... The
spectra contain the previously described peaks for p-polarized light. As the temperature increases,
the intensity of 111 — cont peak decreases at slower rate compared to the 221 — cont peak.
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Fig. 2. Photoinduced change in the intensity
of p-polarized radiation in undoped QDs for
wavelength of pumping light A = 523 nm

Fig. 3. Spectra of p-polarized transmission
changes of undoped QDs under A = 523 nm
pumping at different temperatures

(black curve) and L = 1064 nm (blue and red
curves) at =42 K

This behavior is associated with the temperature broadening of the excited level. As mentioned
above, interlevel transitions 111 — 321, 231 contribute to the absorption spectra of light of both p-
and s-polarization and are weakly identified in the equilibrium absorption spectra. Consequently,
during the normalization the peak 111 — 321, 231 becomes indistinguishable in the noise. Similar
measurements were carried out in a doped sample, i.e. at an initially higher concentration of holes
in the QD. The obtained results demonstrate that at a given doping level, the peak corresponding
to the transition from the ground state begins to dominate, while the peak corresponding to
transitions from the excited state to the continuous spectrum is lost against its background.

The influence of pumping intensity on the photoinduced absorption spectra was also analyzed.
All photoinduced absorption spectra were decomposed into three Gaussian contours. From a
comparison of the dependences of the peak areas on the optical pump power, it is clear that
the peak associated with transitions from the ground state to the continuous spectrum, with a
photon energy of 280 meV, grows faster than the peak corresponding to the transitions from the
excited state to the continuous spectrum with an energy of 230 meV. The peak 111 — 321, 231,
with a photon energy of about 130 meV, remained virtually unchanged with increasing optical
pump power. This is due to the fact that additional optical pumping uniformly increases the
concentration of charge carriers at the 111 and 321, 231 levels, while only slightly increasing the
number of charge carriers in the continuous spectrum above the QD.

Furthermore, time-resolved spectra of photoinduced absorption were obtained using direct
interband high-power pulse pumping at a wavelength of 532 nm with a pulse duration of 10 ns
(see Fig. 4). The time slice at the moment of laser radiation arrival corresponds to the previously
mentioned spectra.

Based on the previously studied dynamics of photoinduced absorption with a fixed probe
radiation energy of 300 meV, which corresponds to the 111 — cont transitions [19, 20], the
dynamics of absorption decay can be described in terms of fast and slow components. In the
present work, contrary to [19, 20], we studied the time dynamic features of the entire absorption
spectrum. Fig. 1 schematically illustrates several relaxation paths of photoexcited charge carriers.
The fast component t_is associated with the probability of direct t, and indirect 1, interband
transitions in real space, while the slow component t_ is determined by the probability of charge
carrier recombination tg; in Si and the probability of carrier capture in QDs t,.

The dynamics of charge carriers in Ge/Si QDs under optical pumping with 532 nm radiation
wavelength is described taking into account recombination in the QDs, capture of charge carriers
from the bulk Si matrix, and ejection of carriers into the bulk from the QDs. The kinetic equation
can be expressed as follows [20]:

p __p
E:—T—+ypb(t)(NQD—p)—ocp, ey

r
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Fig. 1. Schematic representation of the band diagram of Ge/Si QDs in a silicon matrix. Optical
transitions within QD states, processes of interband pumping and recombination of photoexcited
charge carriers are shown by arrows

where p is the surface density of holes inside QDs, NQD is the number of localized states per
unit area of the QD layer, p,(?) is the concentration of holes in the bulk Si, y is the capture rate
coefficient of holes in QD, a is the coefficient of thermal rate ejection of holes from QD.

This equation does not have an analytical solution in the general case, however, the rate of
decay of photoinduced absorption can be empirically described by the sum of two exponential

functions [20]:
t t
T)=C -— [+ C -— . 2
p(t? ) leXPL 'Cr(T)J-’_ ZGXP{ ’CZ(T)J ( )

The fast T and slow 1, components of charge carrier relaxation were determined by
approximating the time dependences of the photoinduced absorption decay using expression (2)
at different temperatures of the sample with undoped QDs and a time resolution of 200 ns. From
the obtained temperature dependences of t(7) and t(7), the amplitude of the peaks associated
with transitions from the first and second states to the continuum with energies of 280 and
230 meV, respectively, decreases in accordance with expression (2) and can be described by two
components. At 7= 4 K, the times of the slow and fast components for the 111 — cont peak are
28 and 1.8 ps, respectively. For the 221 — cont peak, the component times are 2.7 and 0.2 ps,
respectively. It is worth noting that the peak associated with the interlevel transition 111 — 321,
231 has a time component t, that, in this case could not be described by the used model. This
prevents us to reliably determine the corresponding time. The fast decay time t_ for interlevel
transitions is 2.5 ps at 4 K, which corresponded to the same component in intraband transitions
from ground 111 level.

Conclusions

Spectra of photoinduced absorption and transmission of polarized radiation were experimentally
obtained in the mid-infrared spectral range for Ge/Si QDs. The measurements were conducted
under direct (532 nm) and indirect in real-space resonant (1064 nm) interband optical pumping.
Peaks associated with hole transitions from the ground and excited states to the continuous
spectrum as well as a peak associated with interlevel hole transitions between the ground and
excited states were detected.

A study of the dynamics of the decay of photoinduced absorption during pulsed interband
pumping showed that the time dependence of high-energy peaks in the spectrum can be
approximated by a biexponential function. The fast decay time of the relaxation curve is associated
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with the probability of interband recombination in the QD, while the slow time is associated with
the capture and ejection of holes in the QD. Analysis of the time dependence of the low-energy
peak indicated that recombination processes associated with interlevel transitions occur much
slower than processes with transitions to a continuous spectrum above the QD.
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Introduction

The advancement of nanophotonics and quantum nanotechnologies has sparked significant
demand for a new elemental and component base within quantum devices, encompassing light
sources [1], waveguides [2], resonators [3], photodetectors [4], and sensors [5, 6]. Notably,
semiconductor nanowires (NWSs) obtained with molecular beam epitaxy, exhibiting a typical
cross-sectional size of 50—300 nm and lengths ranging from hundreds of nanometers to several
millimeters, present a promising avenue for leveraging their unique light absorption properties.
Owing to their nanometer-scale cross-section, NWs manifest discernible differences in electronic
and optical properties relative to bulk materials, while retaining a certain ease of post-growth
processing due to their micrometer length. Additionally, NWs boast a substantial surface area
to volume ratio, making it feasible to modify their surface with a range of nanostructures [7, 8].
These attributes render N'Ws highly versatile for fabricating memory elements, photodiodes, and
photodetectors spanning various optical ranges, alongside their application in solar cells [9].

Semiconductor materials like gallium phosphide (GaP) can be synthesized in a NW geometry,
offering both feasibility and efficient integration of III-V materials on silicon [10]. GaP NWs
exhibit significant photoabsorption in the UV and blue light spectral ranges. However, their
photosensitive characteristics can be effectively altered by applying coatings with altered absorption
spectra. Such hybrid functional nanomaterials can be actively used to fabricate efficient detectors
for visible light [11] and UV radiation [12].

This study introduces a novel approach for decoration of GaP NWs with carbon dots (CDs).
Carbon dots (CDs) represent an advanced and distinctive class of modern nanomaterials that were

© Kosko U.A., Kapacesa E.I1., CocHoBuukast 3.®., MUcromuna M.C., ®énopos B.B., IlImakos C.B., KonapatseB B.M.,
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initially derived by purifying single-walled carbon nanotubes in 2004 [13]. Since their inception,
CDs have garnered considerable interest owing to their promising optoelectronic features
properties, including adjustable absorption and emission. The photoluminescent characteristics
of CDs present new opportunities for the processing of photosensitive nanomaterials, such as the
hybrid nanostructure we are developing in this study.

Materials and Methods

The GaP NWs used in this work were synthesized with molecular beam epitaxy through a self-
catalytic mechanism on a Si substrate with (111) orientation [10] using Veeco Gen-III machine
(Veeco, St. Paul, USA). The morphology of the vertical arrays of GaP NWs was examined by
scanning electron microscopy (SEM) (Zeiss Supra25, Carl Zeiss, Germany). The grown NWs
exhibited a length of 25—30 um and a typical cross-sectional size of approximately 200 nm (Fig. 1, a).

a) b)

Fig. 1. SEM image of the as-synthesized vertical GaP N'Ws (a) and confocal image of the GaP NW /CDs
on the measuring platform with interdigital gold contacts (laser wavelength: 561 nm; optical filter used
for obtained image was set for central wavelength at 629 nm and a bandwidth of 62 nm) (b)

Carbon dots were derived from L-Lysine using a microwave-assisted technique [7]. The carbon
precursors were diluted in water to achieve a homogeneous solution. Subsequently, the solution
was transferred to a round bottom flask. Porous silicon plates were then added, initiating the
microwave pyrolysis process. As the synthesis progressed, the color of the solution changed from
colorless to dark brown, that indicated the carbonization reaction. Afterwards, the flask was
cooled down to room temperature, and the silicon wafers were then removed.

To alter the photoresistive properties of the NWs, the synthesized vertical GaP NW array
was transferred from a growth silicon substrate into an aqueous solution of CDs using an
ultrasonic bath.

The photoresistive properties of the synthesized nanostructures were analyzed by examining
their 1-V characteristics using the SMU Keithley 2401 (Keithley Instruments, Solon, USA) and
by performing electrical impedance spectroscopy using the impedancemeter TETRON-RLC501
(TETRON, Moscow, Russia). To fabricate the sensitive device, the GaP N'Ws, both pristine and
modified, were placed on auxiliary platforms with interdigital gold contacts. The distribution of
the NWs on the platform surface was studied using confocal microscopy with an AxioObserver Z1
microscope (Carl Zeiss, Oberkochen, Germany), as depicted in Fig. 1, b.

The photosensitive properties of GaP NWs before and after the modification were examined
through the analysis of the I-V curves and impedance spectra under light irradiation with
wavelengths of 390 nm, 470 nm, 570 nm, 622 nm, and 850 nm.
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Fig. 2. Current—voltage characteristic demonstrating photoresponses of the non-modified
GaP NWs (@) and GaP NWs/CDs (b), electrochemical impedance (Z) spectroscopy curves
demonstrating photoresponses of the non-modified GaP NWs (c¢) and GaP NWs+CDs (d)

Results and Discussion

The confocal microscopy images revealed the fluorescence of GaP/CDs NWs under 561
nm laser illumination, and the spectral position of the observed fluorescence was estimated
using an optical filter with a bandwidth of 598—660 nm (Fig. 1, b). Given the indirect GaP
band structure, the observed fluorescence can be attributed solely to the CDs coating on the
NW surface.

The CDs used in our study exhibit significant absorption in the visible range when in an
aqueous solution [7]. Nonetheless, their photoabsorption undergoes considerable change after
deposition, attributed to the agglomeration of the dots on the surface of the NWs. This effect is
evident from the results of the performed electrophysical measurements (Fig. 2, b, Fig. 2, d).

The results depicted in Fig. 2, » and Fig. 2, d can be attributed to the effective transfer of
charge carriers generated under light irradiation in the carbon coating into the conductive
channel of the NWs. This process alters the electrical resistance of the NWs. Measurements
of such resistance in both a DC and AC circuit can be used for detecting blue and UV light
by unmodified NWs (Fig. 2, a, Fig. 2, ¢), and for detecting UV, visible, and near-IR light
by GaP/CDs (Fig. 2, b, Fig. 2, d). Analysis of the I-V curves reveals the presence of a
Schottky-type potential barrier at the NW-gold interface, which is responsive to changes in
external conditions, akin to other semiconductor sensors and photodiodes featuring a Schottky
barrier [5, 6].

The unmodified GaP N'Ws exhibited notable photoresponse exclusively under the blue and UV
illumination (Fig. 2, a), in agreement with the optical absorption spectra of GaP [14]. Following
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modification with the CDs, the photosensitivity range of GaP extended to the visible optical range
up to specific wavelengths (470, 570, 622, and 850 nm), accompanied by a significant increase in
photocurrents, reaching tens of microamperes (Fig. 2, b).

Conclusion

In this study, we explore the photosensitive properties of GaP NWs modified by CD coating.
Electrophysical measurements reveal a substantial extension of the photoabsorption range of GaP,
that was optically transparent for visible light detection prior to the described modification. Our
findings highlight the potential use of the synthesized GaP/CDs nanostructures for developing
photodetectors with a broad spectral range. The obtained functional nanomaterial is of significant
interest for advancing the nanophotonics and quantum nanodevices based on GaP [15-17].
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Abstract. This work is devoted to study photoelectric properties of GaP nanowires (NWs)
modified by carbon nanodots (CDs). Photoelectric properties of samples were studied by elec-
trochemical impedance spectroscopy (EIS) over a wide frequency range. Impedance spectra
were shown in Nyquist plot in dark conditions and under ultraviolet (UV) illumination allowed
to evaluate changes of active resistance of the NWs before and after modification with the CDs,
in terms of resistance response. Temperature evolution of GaP NWs impedance spectra in the
range from 25 to 205 °C before and after the modification was studied also in dark and UV con-
ditions. The largest response reached 25% and was detected at room temperature in modified
NWs. Heating of the samples lead to decreasing of response down to 25% with modified NWs,
whereas for GaP the response did not exceed 13%. The result is interesting for processing of
photosensitive detectors working in room temperature.
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Annoranuda. JlaHHasi paboTa HampaBjieHa Ha U3ydYeHHE (POTOPE3UCTUBHBIX CBOMCTB
HUTEBUIHBIX HAHOKPHUCTAJLIOB (hochuaa rajuius, a TakKe IMyTei X MOAMMUKAIIUY YTJIePOIHBIMU
HaHoToukaMu (YT). CBoiicTBa U3ydyaJucCh B TEPMUHAX CIIEKTPOCKOMUU 3JEKTPOXUMUYECKOIO
uMmnegaHca B 1MpokoM auamnazoHe dactor (100 Hz-500 kHz). Haubonbuiee namMeHeHUe
COMPOTUBJIEHUSI TIPU 3aCBETKE YJIbTPa(UOJETOBBIM CBETOM IO CPAaBHEHUIO C TEMHOBBIMU
YCIOBHSIMU TIOKa3bIBaIOT MoaucuiMpoBaHHble YT HUTeBUIHBIC HaHOKCcpuUcTaIiabl GaP mpmn
25 °C. Takum obpa3oM, aTa paboTa MOXET OBITb MHTEpPECHA MpPU CO3JaHuU (POTONETEKTOpA,
paboTarliero NpyM KOMHaTHOW TeMmIlepaType.
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Introduction

Gallium phosphide (GaP) is a semiconductor material that is widely used in photonics,
nanooptics and nanoelectronics. GaP and other III-V nanowires (NWs) can be obtained by
molecular beam epitaxy (MBE) [1], chemical-vapor deposition (CVD) [2] and via another
techniques [3]. GaP NWs exhibit peculiar optical properties. The latter allowed to develop
optical cavities [4], waveguides [5] and light emitting devices [6]. GaP is not widely used as
a material for photodetectors due to its wide bandgap (2.27¢V) making it transparent in the
visible range. Here we propose surface modification of GaP NWs allowing to tailor their optical
properties. Heterostructured compositions based on GaP nanowires and organic photoabsorbing
agents can be effectively used for the development of new generation photodetector devices. This
work is aimed at studying the evolution of photoresistive properties of GaP NWs decorated with
carbon dots (CDs) at different temperature conditions.

Materials and Methods

GaP NWs were grown on (111) Si substrate by molecular beam epitaxy (MBE) using a Veeco
GEN III epitaxy machine. Morphology of NWs was investigated by scanning electron microscopy
using Zeiss Supra25 (Carl Zeiss, Germany) at 5 kV accelerating voltage. NWs were separated
from the substrate by ultrasonication (50 kHz, 30 seconds) in 120 pl of deionized water. CDs
synthesized via hydrothermal method [7] were used to decorate the NWs. The CDs solution was
shared between the two tubes. To decorate the NWs, 2 ul of CDs solution was added into one of
tubes and shacked in a spin mixer. A few drops of each solution were applied onto the substrate
with interdigitated gold contacts (DropSens Co. Ltd., Spain). Contact strip width/gap was 10 pm.
Substrates were dried for 24 hours at room temperature. Overall three samples were fabricated:
the first covered with pristine NWs, the second one with NWs decorated with the CDs and the
third one covered with CDs.

Optical images of the samples were taken using Zeiss LSM 710, Carl Zeiss Microlmaging
GmbH confocal microscope (Jena, Germany). 405 nm laser light illumination was used, collected
light was filtered by 387—415 nm or 439—634 nm filters.

© Kapacesa E.I1., Kozko U.A., Punep M.Aio, KoBosa M.C., 3axapos B.B., ®enuna C.B., Konapartse B.M., bosibiakos A /L.,
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Fig. 1. SEM image of GaP NWs (a), bright field confocal microscopy image of GaP NWs on substrate
with interdigitated contacts at 10 um pitch (b), confocal microscopy image of GaP NWs covered with
CDs with colors close to real (c¢), confocal microscopy image of CDs with colors close to real (d)

Study of the photoelectric properties of the obtained samples were carried out with the use of
a Z500P impedance meter (Elins, Russia) in dark conditions and under ultraviolet (UV) diode
illumination with optical power of 1200 mW. For all the samples the experiments were carried
out at 25, 105, 155 and 205 °C to study the temperature effects. The impedance spectroscopy was
employed at 100 mV bias in the 100 Hz—-500 kHz frequency range, allowing for analysis of various
electronic processes that may occur upon the UV exposure. Further analysis was made by plotting
results in Nyquist coordinates [3].

Results and Discussion

The shape of the synthesized NWs is shown in Fig. 1, a. They are approximately 20 um long
and about 250 nm thick. Fig. 1, b shows the confocal image of GaP NWs on the substrate with
interdigital gold contacts. A 405 nm laser, a 387—415 nm filter and a Fluar 20x/0.75 lens were
used. Evidently, the light reflected from the gold contacts and places where the light is reflected in
GaP NWs. These places are seen well because of high refractive index of GaP (about 4). When the
filter is changed to 439—634 nm the image of this sample turns dark. Fig. 1, ¢ shows the sample
with modified GaP NWs under the 405 nm laser illumination. Here a 439—634 nm filter and an
EC Epiplan-Apochromat 50x/0.95 lens are used. The optical image is taken in lambda-mode,
i.e., each point of the sample was consecutively illuminated and excited photoluminescence was
recorded. Pumping light is removed by filter from the reflected beam and bright spot in the image
appears due to CD luminescence. Colors in Fig. 1, b are close to the real ones. It is clearly seen
that GaP N'Ws covered with CDs are distributed all over the contact surface and some of them
are able to provide electric connection between the pads. The image in Fig 1, d is also taken
under 405 nm laser illumination and signal collected through 439—634 nm filter in lambda mode.
It demonstrates that CDs are filling the space between the contacts but almost no CDs could be
seen on the pads.

To study photoelectric properties of the samples, electro-chemical impedance spectra
were measured and plotted in Nyquist coordinates (see Fig. 2, a—c). Impedance spectra
of pristine GaP NWs sample taken at 25, 105, 155 and 205 °C in the dark and under UV
illumination are shown in Fig. 2, a. Fig. 2, b shows spectra of sample with decorated NWs
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Fig. 2. Impedance spectroscopy of pristine GaP NWs (a), modified GaP NWs (b) and CDs on
substrate with interdigital contacts (¢)

taken in the same conditions is shown, Fig. 2, ¢ shows spectra corresponding to CD-covered
substrate. Impedance is a complex number or vector rotating in the complex polar ohmic
plane: Z= Z, — iZ, . In Nyquist coordinates, the real part of impedance (Z,) is plotted on
the x-axis, whlle the frequency dependent imaginary part (Z, ) is plotted on the y-axis. Each
point on the impedance spectrum corresponds to a spemﬁc frequency of the measurement
voltage, and the angle of inclination of the line connecting the origin of the coordinates
with each point describes the phase of the measurement voltage. The projection of the
spectrum on the x-axis indicates the active resistance of the sensor (R) under UV and dark
conditions. The response of the samples in terms of AR was estimated using a simple expression
(R, R,)/R, -100%. For every sample, it is shown that its resistance decreases when the
temperature increases. Furthermore, in every experiment the resistance in the dark was higher
than under the UV light.

The difference in resistance for every sample at various temperatures is presented in Table.
As shown in Table 1, for sample with pristine GaP NWs, the largest difference in the resistance
between dark and light conditions is between 105—155 °C (13%), the lowest effect of illumination
is at 205 °C (10%). Overall, the change of that difference is only about 3%. Thus, temperature
has small influence on the electronic processes that takes place. On the other hand, substrate with
CDs exhibits the highest response difference: 15% at high temperature (205 °C), whereas for the
temperature range from 25 to 155 °C, the difference is about 10%. Resistance of the sample with
modified GaP NWs drops with temperature rising, the highest response is obtained at 25 °C, the
lowest at 205 °C. From all the experiments, the largest difference is for modified NWs at room
temperature. Thus, it was found out that modification by CDs increased the photoabsorption. The
highest impact was obtained at room temperature.
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Table
UV-reaction of samples at different temperatures
Sample Temperature, °C Response, %
room 12
105 13
GaP
155 13
205 10
room 10
105 10
CDs
155 10
205 15
room 25
105 25
GaP+CDs
155 25
205 10
Conclusion

Thus, in this work properties of GaP NWs and GaP NWs covered with CDs were studied.
Modification by Carbon nanodots leads to a 4-fold increase in response compared to dark
conditions, but with increasing temperature the difference decreases. The difference is vanished
when the temperature rich 205 °C. So modified GaP N'Ws can be used for creating photodetectors
working in room temperature.
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Abstract. Growth strategies for achieving highly-doped GaP nanowires are investigated.
Eight nanowire arrays are synthesized under different growth parameters via molecular beam
epitaxy with the use of silicon and beryllium as #- and p- dopants. Electrical conductivity of
individual nanowires from each array is investigated via conductive atomic force microscopy.
The obtained current-voltage characteristics are numerically analyzed, the impact of nanowire
geometry, contact properties and doping on the conductivity is estimated.
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Annoranug. C TIOMOIIBIO TIPOBONSIIEH ATOMHO-CIJIOBOM MUKPOCKOIIUM  TTOJTYUYEeHEI
BOJIbTAMIICPHBIC XaPAKTePUCTUKM ONWHOUYHBIX HUTEBUIHBIX HAHOKPUCTALIOB docduma
rajuiis, JeTMpOBAaHHBIX KPEMHHEM U OepUIMEeM, BBIPALLIEHHBIX METOIOM MOJCKYJISIPHO-
MYYKOBOM 3MUTAKCUU TIPU Pa3IWYHBIX yCa0BUsIX. [TocTpoeHa yncieHHast MOIeb IJIsl pacyeTa
BOJIbTAMIIEPHBIX XapaKTePUCTUK, OLIEHEHO BiausiHUME Ha npoBoauMocTs HHK ux reomerpuu
U JIETUPOBAHMSI, a TakKXKe MOJABUKHOCTM HOCUTEEH 3apsiia U BeaudyuHbl 6apbepa LlloTTku c
30HA0M. Ha ocHOBaHUM MPOBEIEHHOrO aHajlu3a YCTAaHOBJIEHbI PEXHWMBbI POCTa, ONTUMAaJIbHBIE
IIJIsT CUHTEe3a BBICOKOJIeTUpOoBaHHBIX n- M p- HHK dochnma rammms.
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Introduction

II1-V semiconductor nanowires are promising as components of optoelectronic devices.
In particular, gallium phosphide nanowires are prospective as nanophotonic waveguides and
components of flexible light emitting diodes [1]. Despite the extensive worldwide research in
the past decades, the commercial implementation of nanowires is still difficult. Today, doping
control at the nanoscale is considered to be the last fundamental difficulty towards nanowire-
based devices [2, 3]. In this work we investigate the doping control in GaP nanowires grown
via molecular beam epitaxy (MBE) and study Be and Si behavior as dopants. We synthesize
Be- and Si-doped GaP nanowire arrays and investigate the electrical properties of individual
nanowires via complementary experimental and numerical techniques. First, the current-
voltage characteristics (/—V curves) of vertical nanowires are obtained. Then, the doping level
is estimated via numerical modeling of these curves. Importantly, herein we analyze individual
nanowires rather than the averaged response from the whole arrays, providing more insights
about nanoscale phenomena, which in fact determine the performance of macroscale nanowire
array device.

Materials and Methods

Nanowire growth was carried out using Veeco Gen 11l MBE setup equipped with Si, Be and
Ga effusion cells and valved phosphorous cracker cell. The nanowire arrays were synthesized on
highly-doped (111) Si substrates via self-catalyzed vapor-liquid-solid (VLS) growth mechanism
assisted by Ga droplet avoiding the use of foreign metal contamination, and thus providing lower
impurity level and electrically active defects. Formation of GaP nanowires occurs at the pinhole
defects of the silicon surface oxide facilitating the formation of catalytic Ga droplets required for
vertical nanowire growth.

Conductive atomic force microscopy (C-AFM) was utilized to obtain /- V curves of individual
nanowires using NT-MDT NTegra AFM setup and conductive probes with TiN and W2C
coatings. The idea of the method is to use the grounded conductive probe as a top electric contact
to an individual nanowire which is possible due to nanometer scale tip curvature radius and
atomic scale positioning precision [4, 5]. The nanowire coordinates are preliminarily obtained in
AFM scan. Bias voltage is then applied to the growth substrate, and the current passing through
the nanowire is registered.

The numerical modeling was carried out in Silvaco Atlas finite element computational
package, which is designed for semiconductor device simulations, solving Poisson’s equation,
carrier continuity equations and transport equations [6]. The proposed model possesses cylindrical
symmetry, includes a nanowire with two electric contacts (bottom corresponds to GaP/Si
heterobarrier, top to GaP/probe Schottky barrier). The simulation utilizes Klaassen model [7]
describing band-to-band tunneling and Matsuzawa’s Universal Schottky Tunneling model [8§],
describing the thermionic emission at the metal/semiconductor interface and the spatially
distributed tunneling calculated at each semiconductor around the interface.

© IllapoB B.A., AnekceeB I1.A., ®enopos B.B., Myxun W.C., 2024. Uznatenn: Cankr-IleTepOyprckuii moauTeXHUYeCKuii
yHuBepcuret I[lerpa Benaukoro.
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Results and Discussion

Eight samples were fabricated. SEM image of each sample as-grown are shown in Fig. 1.
Samples 1—4 (Fig. 1, a—d respectively) were doped with beryllium, while samples 5—8 (Fig. 1, e—h)
were doped with silicon. The growth parameters are summarized in Table. Samples 2, 5 and 8 were
grown in two-stage process, when a low-doped core is grown first, then the P flux is increased
so that the catalytic cap collapses and vertical growth stops. Then the dopant flux is increased
and highly-doped shell is grown. Other samples are grown in a one-step VLS process. Growth
temperatures and V/III ratios are chosen so that the dopant incorporation does not preventing
the nanowire growth.

Table
Growth parameters
Sample 1 2 3 4 5 6 7 8
Dopant Be Be Be Be Si Si Si Si
V/I step 1 12 12 12 20 30 20 12 30
step 2 — 30 - - 12 - - 39
' ow C 640 630 680 640 640 640 610 630

a)

Fig. 1. SEM images of the grown samples. The panels from (a) to (4) correspond to samples
1—8 from Table
All scale bars are 1 um long

Individual nanowire /—V curves of each sample were obtained with C-AFM. The experiment
scheme is presented in Fig. 2, a. Several nanowires were investigated in each array, average
obtained /—V curves are shown in Fig. 2, b. The obtained curves possess low noise level indicating
that tip-nanowire electrical contact is stable. The curves were obtained in dark conditions to avoid
the impact of photogeneration in Si substrate. All curves show rectifying behavior originating
mainly from nanowire/tip Schottky and nanowire/substrate contacts. The curve shape varies
significantly from sample to sample. Samples 1, 2, 5 show near-zero current. The most likely
explanation for this lies in insufficient diameter of nanowires, so that the surface band bending
takes place causing surface depletion which can’t be compensated with moderate doping level.
Sample 3 also shows near-zero current, indicating that the chosen growth temperature lies beyond
the window of Be incorporation, which is in accordance with the literature [9]. Samples 6, 7 show
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Fig. 2. C-AFM I-V curve measurement scheme (@), I—V curves from individual nanowires in each
sample (b)

moderate current indicating that the doping level is high enough to create a conductive channel in
the nanowire core. Samples 4 and 8 demonstrate the highest conductivity, which can be attributed
with higher thickness followed by higher dopant incorporation rate.

Then, the numerical modeling of /—V curves was carried out in Silvaco TCAD. The nanowire
is parametrized with its length /, radius r, doping level, carrier mobility p, and GaP band
parameters. The tip/nanowire contact is parametrized with Schottky barrier height, depending on
probe work function ®. Length / can be well estimated from SEM images while the exact r value
for the studied wires is unknown, because nanowire thickness dispersion within the same array
is pronounced. The accuracy of determining ® and p values is also limited. It is known that p
in nanowires can be several orders of magnitude lower than in bulk due to flat defects. Thus, we
sweep | from 0.1 to 20 cm?/V-s. We also vary ® from 4.5 to 5.2 eV based on the estimated values
of the probe coatings work function.

Fig. 3 shows modeling results for 2 um long p-doped nanowire grown on p-Si substrate,
corresponding to sample 4. The dotted curves correspond to the experimental data. From the
figure it follows that shifting carrier mobility, nanowire thickness or work function within physically
reasonable range changes the current level within one order of magnitude. The curve shape is
mainly governed by the nanowire doping level. 100 nm thick wire is fully depleted if the doping
level is less than 1-10"” cm™. However, increasing N, twice, from 1-10"” to 2-10"” cm™, induces
the increase of forward current by two orders of magnitude. Comparing the modeling results with
the experimental curve from Fig. 2, we estimate the doping level of Sample 4 lies in the range
from 1-10" to 3-10" cm™3.

Fig. 4 shows the modeled /—V curves for 4 um long n-GaP nanowire grown on n-Si substrate.
The dotted curves correspond to the experimental data. The nanowire is considered to have
core/shell structure with low doped core and high doped shell, which corresponds to the case of
Sample 8. The core and shell are supposed to have the same thickness varying from 30 to 50 nm.
The impact of core doping level N on nanowire conductivity is negligible until it is far less
than the doping of the shell. The conductivity is determined by shell doping level N;*". Increasing
Nl from 1-10" to 1-10" cm™ leads to the increase of the forward current more than 2 orders
of magnitude. Assuming r, = r, = 50 nm, p = 20 cm?/V-s and ® = 4.9 eV, the model predicts
the doping level of sample 8 on the order of 3-10'%, a certain degree of discrepancy of modeled
and experimental curves is probably due to more complicated real radial doping distribution and
tip/nanowire contact geometry.

The dominating impact of doping level on nanowire conductivity can be explained via the
balance between nanowire/substrate heterobarrier and nanowire/probe Schottky barrier. The
current depends on the tunneling rate through the barriers, appearing at the high doping levels,
rather than on thermionic emission. It should be noted that the proposed model does not take into
account the nanowire surface states density and, as a consequence, the appearance of surface band
bending on the nanowire side facets causing surface depletion. In fact, the nanowire conductivity
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Fig. 4. Numerical modeling of /—V curves from n-GaP nanowire with varying doping level (a), Work
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is determined by the doping level in conjunction with the nanowire thickness. However, the
modeled samples are thick enough and their doping level is high enough so that the radius of
surface depletion region is negligible, and the proposed doping estimations are valid.

Conclusion

Conductivity of individual MBE-grown Si- and Be- doped gallium phosphide nanowires is
investigated via C-AFM by obtaining /—V curves following by their numerical analysis. The impact
of nanowire geometry, doping level, carrier mobility and contact barrier on the conductivity is
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studied, the dominating role of the doping level is established. From the experiment it follows
that p-GaP nanowires with high conductivity can be synthesized under flux ratio V/III = 20 and
the growth temperature T = 640 °C. The proposed model works well for homogenous Be-doped
nanowire giving the dopmg level on the order of 1-10"” cm™. In case of two-stage core/shell
grown Si-doped nanowires, the model predicts the doping level on the order of 3-10" cm™.

Acknowledgments

V.A.S acknowledges support of the electric measurements and numerical modeling by Russian
Science foundation (Grant No. 23-72-01082).

REFERENCES

1. Kuznetsov A., Moiseev E., Abramov A.N., Fominykh N., Sharov V.A., Kondratev V.M., Shishkin L.I.,
Kotlyar K.P., Kirilenko D.A., Fedorov V.V., Kadinskaya S.A., Vorobyev A.A., Mukhin I.S., Arsenin A.V.,
Volkov V.S., Kravtsov V., Bolshakov A.D., Elastic Gallium Phosphide Nanowire Optical Waveguides—
Versatile Subwavelength Platform for Integrated Photonics, Small. 19 (28) (2023) 2301660.

2. Kim W., L. Giiniat L., Fontcuberta A. Morral, Piazza V., Doping challenges and pathways to
industrial scalability of I1I—V nanowire arrays, Applied Physics Reviews. 1 (8) (2021) 011304.

3. Miroshnichenko A.S., Deriabin K.V., Baeva M., Kochetkov F.M., Neplokh V., Fedorov V.V.,
Mozharov A.M, Koval O.Yu., Krasnikov D.V., Sharov V.A., Filatov N.A., Gets D.S., Nasibulin A.G.,
MakarovS.V., Mukhin L.S., Kukushkin V.Yu., Islamova R.M., Flexible Perovskite CsPbBr, Light Emitting
Devices Integrated with GaP Nanowire Arrays in Highly Transparent and Durable Functionalized
Silicones. The Journal of Physical Chemistry Letters, 12 (39) (2021) 9672—9676.

4. Alekseev P.A., Sharov V.A., Dunaevskiy M.S., Kirilenko D.A., Ilkiv I.V., Reznik R.R., Cirlin G.E.,
Berkovits V.L., Control of Conductivity of In Ga,_ As Nanowires by Applied Tension and Surface
States, Nano Letters. 19 (7) (2019) 4463—4469.

5. Alekseev P.A., Sharov V.A., Borodin B.R., Dunaevskiy M.S., Reznik R.R., Cirlin G. E., Effect of
the uniaxial compression on the GaAs nanowire solar cell, Micromachines. 11 (6) (2020) 581.

6. Sarkar A., Device simulation using Silvaco ATLAS tool, in: Technology Computer Aided Design,
CRC Press, 2018

7. Hurkx G.A. M., Klaassen D., Knuvers M., A new recombination model for device simulation
including tunneling, IEEE Transactions on Electron Devices. 39 (2) (1992) 331—338.

8. Matsuzawa K., Uchida K., Nishiyama A., A unified simulation of Schottky and ohmic contacts,
IEEE Transactions on Electron Devices. 47 (1) (2000) 103—108.

9. Casadei A., Krogstrup P., Heiss M., Rohr J.A., Colombo C., Ruelle T., Upadhyay S., Serensen C.B.,
Nygard J., Fontcuberta A. Morral, Doping incorporation paths in catalyst-free Be-doped GaAs
nanowires, Applied Physics Letters. 102 (1) (2013) 013117.

THE AUTHORS

SHAROY Vladislav A. FEDOROY Vladimir V.

vl _sharov@mail.ru burunduk.uk@gmail.com
ORCID: 0000-0001-9693-5748 ORCID: 0000-0002-2283-0086
ALEKSEEV Prokhor A. MUKHIN Ivan S.
npoxep@gmail.com imukhin@spbau.ru

ORCID: 0000-0002-8143-4606 ORCID: 0000-0001-9792-045X

Received 14.12.2023. Approved after reviewing 12.02.2024. Accepted 18.02.2024.

© Ppeter the Great St. Petersburg Polytechnic University, 2024

130



A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1.1
HayuyHo-TexHunyeckne Begomoctun CM6IrMy. dusmnko-matematmyeckme Hayku. 17 (1.1) 2024

Conference paper
UDC 533.922
DOI: https://doi.org/10.18721/IPM.171.121

Quality factor enhancement of spherical
resonators by radial anisotropy

A. Eghbali'®, A.A. Vyshnevyy'

! Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology (MIPT),
Dolgoprudny, Russia
® eghbali.amir@phystech.edu

Abstract. High-quality resonances in open systems have ubiquitous applications in nano-
photonics. However, it is challenging to achieve high quality factor in compact resonators due
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Introduction

Light confinement is a topic of great significance in the field of nanophotonics due to its wide-
ranging applications [1—3]. Nanoresonators with high quality factors (Q-factors) are suitable for
light confinement with a sufficient lifetime in a small volume. Such resonators can enhance the
performance of various optical devices such as lasers [4], optical sensors [5] and solar cells [6].
The use of metallic cladding or high-refractive index dielectric materials can enhance the quality
factor of compact nanoresonators. However, the use of metal leads to the intrinsic ohmic losses
and the Q-factor of high-index dielectric Mie nanoresonators remains small due to the limitations
on the refractive index of the materials, so alternative approaches are in high demand.

Our proposed solution in this study utilizes optical anisotropy. To ensure pure Mie resonances,
it is crucial to maintain spherical symmetry within the resonator. Therefore, our focus is solely
on examining the impact of radial anisotropy on the quality factor. By comparing the results,
we observe that negative anisotropy increases the Q-factor even though it decreases the effective
refractive index inside the anisotropic medium. Fortunately, transition metal dichalcogenides
(TMDC) possess a remarkable ability to exhibit giant negative anisotropy [7], and there have been
successful endeavors to fabricate spherical nanoparticles, which feature onion-like crystalline
structure and, consequently, radially anisotropic dielectric permittivity tensor [8]. Our findings
hold significant potential for the design of Mie resonators with high Q-factors. Also, we provide
a tentative physical explanation of the counter-intuitive increase of Q-factor by strong negative
anisotropy.

Materials and Methods

The complex eigenfrequencies o =o'+ in"” of the electric dipole (ED) resonances were found as
poles of ED contribution to the scattering cross-section [9]. For calculations of the scattering cross-
section at real and complex frequencies, we employed the spherical transfer matrix method [10]
with the necessary adaptations to describe media with radially anisotropic optical response [11].
Finally, to calculate the quality factor of an eigenmode, we used:

0=

()

—. (1)
2|(D"|

Our tentative explanations employ the notion of effective refractive index. Typically, for
uniaxial media with a dielectric tensor ¢ = diag (s”, g, € 1), this index is defined as

nff/=8%=\/ €.Ep 2

. b
g,sin’ 0, +¢, cos’ 0,

where B and B, are the wavenumbers of p-polarized wave in the anisotropic medium and in
vacuum respectively and 0, is the angle between the wavevector of the plane wave and the optical
axis. When the refraction at the interface normal to the optical axis is considered, the angle of
incidence and refraction obey Snell’s law negfsin 0, = n,sin 0,, where n, is the refractive index of
the adjacent medium and 6, is the angle of refraction.

Given these properties, one might expect that amplitude of reflection of p-polarized wave at
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. o . nl; cos 0, -n, cos 0,
the interface is given by the Fresnel equation as » =—

nl; cos 0, +n,cos 6, '
However, this statement is wrong, and the reflection amplitude is actually given by [12]:

€
—£-c0s0, -n, cos 6,
P

n
r=—t . 3)
—£-co0s0, +n,cosH,
p
Mgy
It is evident from Eq. 3 that an “interface-related” effective refractive index should be
introduced:

ny :ap/ne‘j}. (4)

In fact, not only reflection amplitude but the whole transfer-matrix that connects complex
amplitudes of plane waves across the interface can be calculated assuming that anisotropic medium
is replaced by the isotropic one with a refractive index of n!_[12]. To distinguish »/ and n?_, we
will further refer to them as ‘propagation-related’ and ‘interface-related’ effective indices.

Results and Discussion

Before the determination of eigenmodes, we calculate ED contribution to the scattering cross-
section spectra of homogeneous spheres of radius 100 nm with isotropy Fig. 1, @ and with negative
radial anisotropy Fig. 1, b) which would allow us to determine approximate locations and quality
of the eigenmodes from resonant peaks. Refractive index n in the isotropic case and the tangential
component nt of the refractive index in the anisotropic case were set to 5, which is close to the
highest refractive index of transition metal dichalcogenides in their transparency range [13]. For a
spherically symmetric structure such as ours, the resonant modes are divided into the transverse-
magnetic (TM) modes and the transverse-electric (TE) modes [14, 15]. Since TE modes have no
electric field component along the radial direction, they are not affected by the radial anisotropy,
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Fig. 1. Schematic view of a spherical nanoparticle made of material with isotropic (@) and radially

anisotropic (b) optical response. Scattering cross-section (SCS) spectra into an eclectic dipole channel

for uniform nanoparticles with isotropic (n = 5) (c) and radially anisotropic (n, = 5, n, = 1) (d) optical
properties
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hence here we studied TM modes only. In particular, we focused on the ED Mie mode since it
can be supported by the most compact nanoparticles.

The impact of anisotropy on the resonance frequencies can be observed in Fig. 1 by comparing
the scattering cross-section spectra. As we can see, the resonances undergo a blue shift, meaning
they are shifted towards shorter wavelengths. The blue shift can be explained by the decreased
propagation-related n, by the negative anisotropy as predicted by Eq. 3 and illustrated in Fig. 3, c.
Such behavior aligns with the isotropic case, where a lower refractive index necessitates photons
of greater energy (shorter wavelength) to excite resonance of the same order. At the same time,
resonance peaks in the anisotropic case are visibly sharper, which indicates higher quality factor
of the corresponding eigenmode.

To gain more understanding of sharper resonances in the anisotropic case, we proceeded
with evaluation of the quality factor and the field distribution of the fundamental ED eigenmode
(Fig. 2). We varied the radial component of the refractive index from 1 to 10, which allowed
us to study the influence of positive and negative optical anisotropy at the same time. We see
that positive anisotropy (n, > 5) leads to an increase in the quality factor which may result from
the increase in the effective index of waves propagating inside the anisotropic sphere. However,
when nr decreases from 5 to 1, the quality factor first decreases, reaching its minimum at
n = 2.7. Subsequently, the quahty factor starts to increase again, and at n, = 1, it is 29%
hlgher than the quality factor in the isotropic case (n, = 5) (Fig. 2, a). The field distribution in
the anisotropic nanoparticle also shows drastic contrast with ED modes in isotropic ones. The
maximum of the electric field intensity is observed not in the center. Instead, the electric field
is localized in two areas that are close to the surface of the nanosphere (Fig. 2, ). We think
that this effect is related to large gradients of dielectric permittivity tensor near the center of
anisotropic nanosphere.

In isotropic structures, quality factor is known to increase with the refractive index due to
the increased momentum mismatch between light inside the resonator and the background [16].
That is why the increase of quality factor with the decrease of radial refractive index appears
counterintuitive. To give an intuitive explanation for this phenomenon, we neglected the curvature
of the interface between the core and ambient medium and examined the light reflection
from planar interface between the isotropic and anisotropic media, as shown schematically in
Fig. 3, a. The electromagnetic field inside the core can be seen as a superposition of plane waves
impinging the interface at different angles. As we found, at a sufficiently strong anisotropy, the
reflectance of light incident from the anisotropic medium is greater than that of any incident
wave in the isotropic case (see Fig. 3, b). The increase in reflectance arises from the fact that
the negative anisotropy increases néﬁ, as illustrated in Fig. 3, c¢. As a result, it is more difficult
for light to escape from the anisotropic medium which leads to the increase in the quality factor
of the ED eigenmode.

100 |E|?
1

50

Q-factor
¥, nm
o

-50

-100

-100 -50 0 50 100
X, nm

Fig. 2. Quality factor of the ED quasi-normal mode in a radially anisotropic nanosphere as a function
of the radial component of the refractive index (a). Distribution of the electric field of the mode
atn,=5,n =1 (b
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Fig. 3. Schematic representation of a TM-polarized light scattering from the interface of anisotropic

and isotropic materials (a). Reflectance as a function of B/, or anisotropic case (n, = 5, n, = 1 and

n, = 1) and for isotropic case (n, = 5 and n, = 1) where B, =, ngﬁsin 0, is an in-plane component of

the wavevector (b). Effective refractive indices governing light propagation and interface scattering for
the anisotropic medium with n, =35, n_ =1 (¢)

Conclusion

In conclusion, we studied the impact of radial anisotropy on homogeneous spherical resonators.
Our findings revealed that, contrary to expectations, strong negative anisotropy typical for high-
index TMDCs can enhance the quality factor of the resonator and produce dramatic changes in
the field distribution in the ED mode. Blue shift of the ED mode and increase in the quality factor
upon decrease of the radial component of the refractive index are explained by the decrease in the
propagation-related refractive index and increase in the interface-related index, correspondingly.
Our results show that optical anisotropy, especially the strong optical anisotropy of van der Waals
materials, is a promising resource for the efficient light manipulation at the nanoscale.

REFERENCES

1. Prasad P.N., Nanophotonics, John Wiley & Sons. (2004) 355—379.

2.YuZ.,Raman A., Fan S., Fundamental limit of nanophotonic light trapping in solar cells. Proceedings
of the National Academy of Sciences of the United States of America. 107 (2010) 17491—17496.

3. Fang Y., Sun M., Nanoplasmonic waveguides: towards applications in integrated nanophotonic
circuits, Light: Science & Applications. 4 (2015) e294—e294.

4. Mizrahi A., Lomakin V., Slutsky B.A., Nezhad M.P., Feng L., Fainman Y., Low threshold gain
metal coated laser nanoresonators, Optics Letters. 33 (2008) 1261—1263.

5. Chen H.J., Zhu K.D., Graphene-based nanoresonator with applications in optical transistor and
mass sensing. Sensors. 14, (2014) 16740—16753.

6. Lee K.T., Jang J.Y., Zhang J., Yang S.M., Park S., Park H.J., Highly efficient colored perovskite
solar cells integrated with ultrathin subwavelength plasmonic nanoresonators, Scientific Reports. 7
(2017) 10640.

135



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1.1

7. Ermolaev G.A., Grudinin D.V., Stebunov Y.V., Voronin K.V., Kravets V.G., Duan J., Mazitov A.B.,
Tselikov G.I., Bylinkin A., Yakubovsky D.I., Novikov S.M., Baranov D.G., Nikitin A.Y., Kruglov L.A.,
Shegai T., Alonso-Gonzalez P., Grigorenko A.N., Arsenin A.V., Novoselov K.S., Volkov V.S.,
Giant optical anisotropy in transition metal dichalcogenides for next-generation photonics, Nature
Communications. 12 (2021) 854.

8. Tselikov G.I., Ermolaev G.A., Popov A.A., Tikhonowski G.V., Panova D.A., Taradin A.S.,
Vyshnevyy A.A., Syuy A.V., Klimentov S.M., Novikov S.M., Evlyukhin A.B., Kabashin A.V., Arsenin A.V.,
Novoselov K.S., Volkov V.S., Transition metal dichalcogenide nanospheres for high-refractive-index
nanophotonics and biomedical theranostics, Proceedings of the National Academy of Sciences of the
United States of America. 119 (2022) ¢2208830119.

9. Krasnok A., Baranov D., Li H., Miri M.A., Monticone F., Al A., Anomalies in light scattering,
Advances in Optics and Photonics. 11 (2019) 892.

10. Rasskazov I.L., Scott Carney P., Moroz A., STRATIFY: a comprehensive and versatile MATLAB
code for a multilayered sphere, OSA Continuum. 3 (2020) 2290—2306.

11. Qiu C.-W., Li L.-W., Yeo T.-S., Scattering by rotationally symmetric anisotropic spheres:
Potential formulation and parametric studies, Physical Review E. 75 (2007) 026609.

12. Eghbali A., Vyshnevyy A.A., Arsenin A.V., Volkov V.S., Optical Anisotropy and Excitons in MoS
Interfaces for Sensitive Surface Plasmon Resonance Biosensors. Biosensors. 12 (2022) 582.

13. Hsu C., Frisenda R., Schmidt R., Arora A., de Vasconcellos S.M., Bratschitsch R., van der Zant
H.S.J., Castellanos-Gomez A., Thickness-dependent refractive index of 1L, 2L, and 3L MoS,, MoSe,,
WS,, and WSe,, Advanced Optical Materials. 7 (2019) 1900239.

14. Kerker M., The Scattering of Light and Other Electromagnetic Radiation, Elsevier. (2016)
27-96.

15. Liu W., Miroshnichenko A.E., Oulton R.F., Neshev D.N., Hess O., Kivshar Y.S., Scattering
of core-shell nanowires with the interference of electric and magnetic resonances. Optics Letters. 38
(2013) 2621—2624.

16. Liu W., Miroshnichenko A. E., Kivshar Y. S., Q-factor enhancement in all-dielectric anisotropic
nanoresonators, Physical Review B. 94(19), (2016) 195436.

THE AUTHORS

EGHBALI Amir VYSHNEVYY Andrey A.
eghbali.amir@phystech.edu vyshnevyi.aa@mipt.ru
ORCID: 0000-0002-3905-9531 ORCID: 0000-0003-1394-4169

Received 14.12.2023. Approved after reviewing 23.01.2024. Accepted 06.03.2024.

© Ppeter the Great St. Petersburg Polytechnic University, 2024

136



A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1.1
HayuyHo-TexHunyeckne Begomoctun CM6IrMy. dusmnko-matematmyeckme Hayku. 17 (1.1) 2024

Optoelectronic and nanoelectronic devices

Conference paper
UDC 538.9
DOI: https://doi.org/10.18721/IPM.171.122

Potentially flexible sensor based on the ZnO-PDMS
matrix for measuring mechanical load

A.V. Nikolaeva'®, V.M. Kondratev "2, S.A. Kadinskaya ' 2, D.E. Markina '3,
V.V. Lendyashova', L.N. Dvoretckaia', A.O. Monastyrenko',
F.M. Kochetkov', A.D. Bolshakov ' 24

! Alferov University, Saint Petersburg, Russia;
2Moscow Institute of Physics and Technology, Dolgoprudny, Russia;
3 Peter the Great St. Petersburg Polytechnic University, Russia;
4Yerevan State University, Yerevan, Armenia
™ nikolaeva_alex@spbau.ru
Abstract. This study presents zinc oxide (ZnQO) microstructures encapsulated in a poly(di-
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Annoramus. Paborta mocBsIlleHa CO3MaHUI0 CEHCOpa MEXaHMYeCKOro MAaBJIEHUWS Ha
OCHOBE MUKPOCTPYKTYp okcuiaa 1uHka (ZnQO), CUHTE3UPOBAHHBIX HU3KOTEMIIEPATyPHBIM
TUAPOTEPMAIIbHBIM ~ METOAOM UM HMHKAIICYJMPOBAaHHBIX B  IIOJUMEPHYIO  MATpUILY
noauauMetuiacuiokcana (ITAMC). 3aBucumMocTd 3JeKTPOPU3MUYECKUX XapaKTEPUCTUK
CeHcopa OT BEJIMYMHBI MPUJIOKEHHON MeXaHWYeCKOU Harpy3ku B nuama3oHe macc Or - 500 r
ObLIM MCCJIEAOBAaHBI C TOMOIIBIO METOJA CIEKTPOCKOIMU BJEKTPUUYECKOTO HMIIeAaHca.
[ToydeHHBIE CIIEKTPHI UMIIeTaHCca CBUACTEIBCTBYIOT O CHMKEHUM aKTUBHOTO COTIPOTUBIICHUS
(R) ¢ yBermueHMEM MacChl HATPY3KW. DTO YMEHBIICHNE OOBSICHSIETCST YBEIMUCHUEM TUIOIIAIN
KOHTaKTa MexXay KpucrtamiaMu ZnO 1 BEpXHUM 3JIEKTPOIOM, UTO MPUBOIUT K MOBBIIICHUIO
npoBoaumoctu MemoOpaHbl ZnO-PDMS. TlomMmuMoO pe3nCTUBHOrO OTKIMKA, AATYMK TaKKe
JIEMOHCTPUPYET EMKOCTHOM OTKJIUK. bbla onleHeHa oobeMHas aoust ZnO u PDMS B MemOpaHe
W ompejeeHa 2JIeKTpUUYeckKas eMKOCTh Jartdyvka. [loinydeHHbIe pe3yiabTaThl IPEACTaBIISIOT
WHTEpeC B 00JaCTU CEHCOPUKM, JUATHOCTUKU 30POBbS YeJIOBEKAa 1 HOCUMOM 3JIEKTPOHUKH.

Kmouessie ciaoBa: ZnO, I[TJIMC, ceHcop

®unancupoBanne: MUHNCTEPCTBO HAYKM U BhICIIero oopa3oBaHust Poccutickoii @enepanumn
(rpant Ne FSRM-2023-0009, rpant No FSRM 2023-0007, 075-03-2023-088); CornaiieHue
075-03-2023-106 ot 13.01.2023, nmpoext FSMG-2021-0005, rocymapcrBeHHoe 3amaHue Neo
0791-2023-0004. Poccuiicknit Hayunbrit @onn (rpant 23-72-01133).

Ccoiika mpn umumrupoBanun: Huxonaesa A.B., KonaparseB B.M., Kamunckas C.A.,
Mapxkuna J.E., Jlenggmosa B.B., JdBopeuxkas JI.H., Monacteipenko A.O., KouetkoB ®.M.,
boarmakoB A.JI. IToreHuuanbHO THMOKMIA ceHCOp Ha ocHoBe MaTpulibl ZnO-ITIJMC mng
M3MEepeHUsI MexaHn4yeckoil Harpy3ku // HayuHo-texundeckue Begomoctu CITOITTY. @usnko-
marematudyeckue Hayku. 2024. T. 17. Ne 1.1. C. 137—142. DOI: https://doi.org/10.18721/
JPM.171.122

CraTbsl OTKPBHITOTO AocTymna, pacrnpoctpaHseMas no jguueH3uu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Micro- and nanoscale structures of various materials [ 1] found broad applications in sensorics [2]
and electronics [3]. Furthermore, the combination of semiconductor structures with polymer
matrices enables the fabrication of flexible and wearable electronics devices [4].

Zinc oxide (ZnO) is a chemically stable, non-toxic, wide bandgap semiconductor material
(E = 3.36 eV at room temperature) with a wurtzite-type crystal structure [5]. Due to its unique
optlcal and electronic properties, as well as its versatility in synthesis methods, zinc oxide is an
appealing material for the development of photosensitive sensors [6], plezoelectnc elements, and
mechanical pressure sensors [7]. Despite several approaches on ZnO-based mechanical pressure
sensors [8—10], they suffer from low feasibility, high cost, and a limited range of detectable
masses.

This study focuses on the hydrothermal synthesis of ZnO in the shape of vertical microwires,
followed by encapsulation in a polymer matrix and processing into a mechanical load sensor. The
aim is to address challenges in sensorics, human health diagnostics, and wearable electronics.

Materials and Methods

In this study, we utilised equimolar (100 mmol/L) aqueous solutions of zinc nitrate (Zn(NO,),)
and hexamethylenetetramine (HMTA—CH ,N,) for the hydrothermal synthesis of zinc oxide (ZnO)
nanostructures. Zn(NO,), serves as the source of Zn** ions, while HMTA acts as a slightly soluble
base, providing an alkaline environment and the necessary amount of OH™ ions in the solution.

© Huxkonaesa A.B., KonnpatseB B.M., Kanunckas C.A., Mapkuna J1.E., Jlennsiosa B.B., [IBopenkas JI.H., Monacteiperko A.O.,
KouerkoB ®.M., bonbiakos A.Jl., 2024. Usnpatens: Cankr-IletepOyprekuii monmrexHudyeckuii yausepeureT Ilerpa Bemukoro.
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The equilibrium state of the reactions can be altered by adjusting growth parameters, such as
temperature, precursor concentration, and pH of the growth medium. These parameters have an
impact on the morphology and crystalline quality of the obtained structures [11].

However, a major drawback of the hydrothermal synthesis method is the lack of control
over the size and density of the synthesised structures. To overcome this, a photolithography
technique [12] was employed using spherical quartz lenses with a diameter of 1.5 um. Subsequently,
the growth Si substrate was etched to fabricate an array of holes in the silicon oxide layer (SiO,),
which served as nucleation centres for ZnO microcrystals. The result of the substrate preparation
is depicted in Fig. 1, a as scanning electron microscopy (SEM) images obtained using ZEISS
Supra 25 (Zeiss, Germany). On the next step, ZnO microstructures were successfully synthesised
on the surface of the prepared substrate, as depicted in Figure 1, b.

Using the g-coating method [13], the synthesised array of ZnO 5 um long microwires was
encapsulated in poly(dimethylsiloxane) (PDMS). This method allows the polymer to cover the
space between the crystals, resulting in their encapsulation within the polymer matrix [13]. To
expose the tops of the ZnO crystals, the PDMS layer was etched in KOH, the top view of the final
structure as shown in Fig. 1, c¢. The top and bottom electrodes were carbon nanotubes (CNTs)
and a thermal-sprayed aluminium layer, respectively (see the schematic in Fig. 1, d).

To study the resistive and capacitive properties of the ZnO-PDMS membrane electrical
impedance spectroscopy was employed. This method allows to evaluate resistive and capacitive
characteristics by measuring the electrical impedance of the object over a wide range of frequencies
of the applied voltage. Impedance is a complex number or vector rotating in the complex polar
ohmic plane: Z= R — iX. In Nyquist coordinates, the real part of impedance (R) is plotted on the
x-axis, while the frequency-dependent imaginary part (X) is plotted on the y-axis.

a)

100 nm

Fig. 1. Studied structure. SEM image of the array of holes formed in the SiO, layer on the surface of

the growth Si substrate (¢). SEM image of ZnO hydrothermal structures synthesised on the growth

substrate (b). Top-view SEM image of ZnO hydrothermal structures encapsulated in PDMS (c¢).
Circuit diagram illustrating the pressure sensor (d)
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Results and Discussion

To assess its performance of the fabricated sensor structure, it was tested using a Z500P
impedance metre (Elins Ltd., Russia) in a frequency range of 500 Hz to 500 kHz while being
mechanically loaded with a 100 g to 500 g masses. The impedance spectra obtained under these
conditions are presented in Fig. 2, a. The projection of the spectrum on the x-axis indicates the
active resistance of the sensor (R) under different loads. To determine the specific value of R for
each load mass, the projections of the impedance spectrum on the x-axis were determined and
used to plot the graph shown in Fig. 2, b.

We interpret the change in impedance spectra as a decrease in the sensor's active resistance
R when the load mass is increased. The encapsulated ZnO crystals within the polymer matrix
vary in size and protrude from the PDMS layer at different heights. When a mechanical load
is applied, the upper flexible electrode adheres more tightly to the ZnO-PDMS membrane,
increasing conductance between the crystals and the CNTs. Consequently, as the load increases,
more crystals come into contact with the upper electrode. These crystals serve as conduction
channels, thus increasing the conductivity of the ZnO-PDMS membrane and decreasing the
system's resistance.

a) b)
5 1 1 1 1 T
1.3
= 0g 7 275 R TR
¢ 100g | o Lo 1.2
44—4-200g 2 R - | ’
v 300g > 22.0 ‘.‘ ; L1.1
+ 400g T 10
L \ 1 -
g 16.51 V) = R - semicircle width 0.9 LIE_
« v = C=1/(21fX) )
- 11.04- 1 0.8
,’ \\ 0.7
I \
L 55, N L0.6
-
IS Y U S WS R —— 05
0.0 |
4 5 0 100 200 300 400 500
m, g

Fig. 2. Spectra showing the impedance of the sensor under mechanical load in the mass range from
0 g to 500 g (a). Correlation between the real part of the resistance and electrical capacitance of the
sensor and the mass represented as R, C (m) (b)

The parameter C, representing the sensor response to different loads, was estimated as inversely
related to the imaginary part of impedance X at a maximum frequency of 500 kHz. The sensor
can be approximated as a planar capacitor:

cofES (1)
d
where ¢ is the dielectric constant (8.854-107'2 F/m), e, represents the relative permittivity of
the medium (ZnO-PDMS), § denotes the area of the shells (1.360-1073m?), and d refers to the
distance between the shells (microcrystal length, 5 um).
In the case of heterogeneous systems, there exists an analytical model known as Lichtenecker's
equation, which establishes a relation between the relative permittivity of the composition and the
relative permittivities of its components [14]:

Ing, =06, -Ing,, +6, -Ing,,, )

where ¢, is the relative permittivity of the composite material, ¢,, and ¢,, are the relative permittivities
of the components (e, , = 8.500, &,,,,; = 3.150), and 6, and 6, are the volume fractions of the
first and second components, respectively. The relative dielectric constant of the ZnO-PDMS
membrane was determined using Lichtenecker's equation (2):
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Ing,q.poms =0-095-Ing, o +0.905 Ing,p,,; 3)

€700+PDMS — 3.448. “4)

Using these data, the electrical capacity of the ZnO - PDMS membrane, based on the
flat capacitor approximation, was determined to be 8.3 nF, which is in accordance with the
experimental data (0.5 nF) shown in Fig. 2, b (0 g). It is worth mentioning that the calculation
error may be attributed to variations in the surface density of crystals as well as deviations in their
cross section and length.

Furthermore, based on the flat capacitor approximation (1), the distance between the contacts,
denoted as ‘d’, can be estimated. For 0 g, this distance corresponds to the length of the microcrystal,
which is 5 um. Conversely, for a weight load of 500 g, taking into account the experimental values
of the electrical capacity, the estimated distance was found to be 3.89 um. Thus, at the maximum
weight load on the sensor, the membrane thickness experiences a 22% change. Consequently, a
decrease in the thickness of the ZnO-PDMS membrane layer between the electrodes results in
an increase in the electrical capacity of the sensor, supporting the findings of the flat capacitor
approximation (1) and the dependence depicted in Fig. 2, b.

Conclusion

We demonstrate the potential use of hydrothermal ZnO microstructures encapsulated in a
PDMS polymer matrix for the fabrication of a flexible mechanical load sensor. The sensor
exhibits both resistive and capacitive characteristics, allowing it to effectively respond to varying
mechanical loads. With a wide sensitivity range, this sensor holds promise for applications such
as sensing, human health diagnostics, and wearable electronics.

Acknowledgments

A.D.B. thanks Ministry of Science and Higher Education of the Russian Federation (agreement
075-03-2023-106, project FSMG-2021-0005) for support of the experiments.

V.M.K. and A.V.N. thanks Ministry of Science and Higher Education of the Russian Federation
(Grant FSRM-2023-0009) for support of analysis of the experimental data.

K.F.M. and M.D.E. thanks the Ministry of Science and Higher Education of the Russian
Federation (Grant FSRM 2023-0007, 075-03-2023-088).

V.V.L. thanks Ministry of Science and Higher Education of the Russian Federation as part of
state order no. 0791-2023-0004 for support of the substrate preparation.

D.L.N. thanks Russian Science Foundation (Grant 23-72-01133) for financial support.

REFERENCES

1. Bolshakov A.D., Fedorov V.V., Koval O.Yu., Sapunov G.A., Sobolev M.S., Pirogov E.V.,
Kirilenko D.A., Mozharov A.M., Mukhin I.S., Effective Suppression of Antiphase Domains in GaP(N)/
GaP Heterostructures on Si(001), Cryst Growth Des, 19 (8) (2019) 4510—4520.

2. Kondratev V.M., Morozov I.A., Vyacheslavova E.A., Kirilenko D.A., Kuznetsov A.,
Kadinskaya S.A., Nalimova S.S., Moshnikov V.A., Gudovskikh A.S., Bolshakov A.D., Silicon Nanowire-
Based Room-Temperature Multi-environment Ammonia Detection, ACS Appl Nano Mater, 5 (7)
(2022) 9940—9949.

3. Kuznetsov A., Roy P., Kondratev V.M., Fedorov V.V., Kotlyar K.P., Reznik R.R.,
Vorobyev A.A., Mukhin I.S., Cirlin G.E., Bolshakov A.D., Anisotropic Radiation in Heterostructured
“Emitter in a Cavity” Nanowire, Nanomaterials, 12 (2) (2022) 241.

4. Lim H., Kim H. S., Qazi R., Kwon Y., Jeong J., Yeo W., Advanced Soft Materials, Sensor
Integrations, and Applications of Wearable Flexible Hybrid Electronics in Healthcare, Energy, and
Environment, Advanced Materials 32 (15) (2020).

5. Ozgiir U., Alivov Ya.l., Liu C., Teke A., Reshchikov M.A., Dogan S., Avrutin V., Cho S.-J.,
Morko¢ H., A comprehensive review of ZnO materials and devices, J Appl Phys 98 (4) (2005).

6. Kadinskaya S.A., Kondratev V.M., Kindyushov I.K., Kuznetsov A., Punegova K.\N., Hydrothermal
ZnO-based Nanostructures: Geometry Control and Narrow Band UV Emission, in: 2022 Conference

141



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1.1

of Russian Young Researchers in Electrical and Electronic Engineering (ElIConRus), IEEE, 2022: Pp.
958—961.

7. Wei A., Pan L., Huang W., Recent progress in the ZnO nanostructure-based sensors, Materials
Science and Engineering: B, 176 (18) (2011) 1409—1421.

8. Tan Y., Yang K., Wang B., Li H., Wang L., Wang C., High-performance textile piezoelectric
pressure sensor with novel structural hierarchy based on ZnO nanorods array for wearable application,
Nano Res, 14 (11) (2021) 3969—3976.

9. Li W., Jin X., Zheng Y., Chang X., Wang W., Lin T., Zheng F., Onyilagha O., Zhu Z., A porous
and air gap elastomeric dielectric layer for wearable capacitive pressure sensor with high sensitivity and
a wide detection range, ] Mater Chem C Mater, 8 (33) (2020) 11468—11476.

10. Tripathy A.R., Choudhury A., Dash A., Panigrahi P., Kumar S.S., Pancham P.P., Sahu S.K.,
Mallik S., Polymer matrix composite engineering for PDMS based capacitive sensors to achieve high-
performance and broad-range pressure sensing, Applied Surface Science Advances, 3 (2021) 100062.

11. Gerbreders V., Krasovska M., Sledevskis E., Gerbreders A., Mihailova I., Tamanis E.,
Ogurcovs A., Hydrothermal synthesis of ZnO nanostructures with controllable morphology change,
CrystEngComm, 22 (8) (2020) 1346—1358.

12. Dvoretckaia L.N., Mozharov A.M., Gavrilov M.S., Fedorov V.V., Microspherical lithography
for selective epitaxy, in: 2022 International Conference Laser Optics (ICLO), IEEE, 2022: Pp. 1—1.

13. Neplokh V., Kochetkov F.M., Deriabin K.V., Fedorov V.V., Bolshakov A.D.,
Eliseev I.E., Mikhailovskii V.Yu., Ilatovskii D.A., Krasnikov D.V., Tchernycheva M., Cirlin G.E.,
Nasibulin A. G., Mukhin L.S., Islamova R.M., Modified silicone rubber for fabrication and contacting
of flexible suspended membranes of n-/p-GaP nanowires with a single-walled carbon nanotube
transparent contact, J Mater Chem C Mater, 8 (11) (2020) 3764—3772.

14. Goncharenko A.V., Lozovski V.Z., Venger E.F., Lichtenecker’s equation: applicability and
limitations, Opt Commun 174(1-4) (2000) 19—32.

THE AUTHORS

NIKOLAEVA Aleksandra V.
nikalex2000@bk.ru
ORCID: 0009-0008-4344-4863

KONDRATEYV Valeriy M.
kvm_96@mail.ru
ORCID: 0000-0002-3469-5897

KADINSKAYA Svetlana A.
skadinskaya@bk.ru
ORCID: 0000-0003-2508-2244

MARKINA Diana E.
diana666167@gmail.com
ORCID: 0009-0007-9013-7973

LENDYASHOVA Vera V.
erilerican@gmail.com
ORCID: 0000-0001-8192-7614

DVORETCKAIA Liliia N.
Liliyabutler@gmail.com
ORCID: 0000-0002-4172-940X

MONASTYRENKO Anatoliy O.
monas@spbau.ru
ORCID: 0009-0009-7051-8458

KOCHETKOYV Fedor M.
azemerat@rambler.ru
ORCID: 0000-0002-2209-6483

BOLSHAKOYV Alexey D.
acr1235@mail.ru
ORCID: 0000-0001-7223-7232

Received 01.12.2023. Approved after reviewing 23.01.2024. Accepted 15.04.2024.

© Ppeter the Great St. Petersburg Polytechnic University, 2024

142



A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1.1
HayuyHo-TexHunyeckne Begomoctun CM6IrMy. dusmnko-matematmyeckme Hayku. 17 (1.1) 2024

Conference paper
UDC 538.958
DOI: https://doi.org/10.18721/IPM.171.123

Terahertz and infrared photoluminescence in a structure based
on n-GaAs with a waveguide for the near-infrared range

N.Yu. Kharin'®, V.Yu. Panevin', M.Ya. Vinnichenko',
I.A. Norvatov', V.V. Fedorov?, D.A. Firsov'

! Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia;
2 Alferov University, St. Petersburg, Russia
® kharin.nikita66@gmail.com

Abstract. The results of a study of near-infrared (IR) and terahertz photoluminescence in
doped GaAs layers placed in a near-IR optical waveguide are presented. Terahertz radiation
under optical interband pumping is associated with transitions of nonequilibrium electrons
from the conduction band to impurity states. Stimulated interband near-IR emission involving
impurity states was obtained. An accelerated increase in the integral intensity of terahertz radia-
tion has been demonstrated at pump intensities exceeding the threshold for stimulated emission
in the near-IR range. The increase in intensity is associated with the accelerated depopulation
of the ground state of the impurity by stimulated emission.
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TeparepuoBasi U MHppakpacHas ¢hoTO/NIIOMUHECUEHLHUA B CTPYKTYype
Ha ocHoBe n-GaAs c BosniHoBogoM ansa 6 nvkHero UK auanasoHna
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AnHotauusa. [lpuBeieHbl pe3yabTaThl HcCAeAOBaHUS (POTONIOMUHECUEHLMU OJUXKHErO
uHppakpacHoro (MK) wu TeparepiioBoro mamamna3oHOB B JETUPOBAHHBIX ciosix GaAs,
MOMEIIEHHBIX B ONTUYeCKUi BosiHOBOJ OukHero MK nuamaszona. TeparepiioBoe usiydeHue
MPY ONITUYECKOM MEXX30HHOI HaKayKe CBSI3bIBACTCSI C TIEpeXoAaMu HEPABHOBECHBIX JIEKTPOHOB
M3 30HBI MMPOBOJAMMOCTU Ha COCTOSIHMSI MpuMecH. [TosydeHO CTUMYJIMPOBAHHOE W3JIyYeHME
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omrxkHero MK nmamazoHa ¢ ydJacTMeM TIpUMECHBIX cocTosHMiil. [IpomemoHCTpupoBaH
YCKOPEHHBIA POCT MHTErpajlbHOM WHTEHCHMBHOCTM TEpareploBOr0 U3JIy4YeHUS IIpU
MHTEHCUBHOCTSIX HaKayKy, MPEBHIIAIOIIMX ITOPOI CTUMYJIMPOBAHHOIO M3JIydyeHUs OJMKHETO
MUK numamazona. PocT MHTEHCHBHOCTM CBsI3aH C YCKOPEHHBIM OIYCTOIIEHMEM OCHOBHOTIO
COCTOSTHUS TIpPUMECH CTUMYJIUPOBAHHBIM U3TYyICHUEM.
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Introduction

Despite significant advances in the development of quantum cascade lasers in the terahertz
(THz) spectral range, consisting, for example, in the recent creation of such sources that do
not require cooling with liquid gases [1], in recent years there has been continued interest in
the development of effective low-cost solid-state sources of terahertz radiation. A good basis for
creating such sources can be optical transitions of charge carriers involving impurity states in
semiconductors and semiconductor nanostructures. Terahertz radiation upon optical interband
excitation of nonequilibrium charge carriers has been observed in doped bulk semiconductors
[2, 3] and structures with quantum wells [4]. The radiation arose due to optical transitions of
nonequilibrium electrons from the conduction band or excited impurity states to the ground
state of the donor impurity. The depopulation of the ground state of the impurity occurred due
to the spontaneous recombination of electrons and nonequilibrium holes in the valence band.
It was shown in [5], considering the radiation associated with intraband transitions of electrons
between levels of quantum dots in diode laser structures, that stimulated laser radiation during
interband transitions of electrons effectively depopulate the ground level of a quantum dot, which
leads to an increase in the intensity of intraband (interlevel) optical transitions. This approach
was implemented in [6] to increase the intensity of terahertz radiation during electron transitions
from the conduction band to the ground state of the impurity. The radiation intensity increased
due to the effective depopulation of the impurity state by stimulated interband radiation arising
in the structure under study during optical interband pumping of structures with GaAs/AlGaAs
quantum wells.

Near-IR laser lasing was realized in [7] through the ground donor state under interband optical
pumping in a structure with a doped n-GaAs epitaxial layer and terahertz radiation associated
with impurity transitions was detected. In this work, photoluminescence (PL) in the near-infrared
and terahertz spectral ranges in doped GaAs epitaxial layers is studied in detail at various levels
of optical pumping, including studies under conditions of generation of stimulated interband
emission.

Materials and Methods

Donor-doped GaAs layers with a thickness of 0.52 um were grown by molecular beam
epitaxy. The donor concentration (Si) was 1.0-10'® cm™. The epitaxial layer was enclosed in
a waveguide, which was formed by layers of an Al Ga,_ As solid solution with a composition
gradient x. From the grown wafer, samples were formed by cleavage, representing a high
Q-factor total internal reflection resonator with dimensions of 400x400 um. The sample was
soldered with indium to a copper holder of a Janis PTCM-4-7 closed-cycle optical cryostat;
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studies were carried out at a temperature of 4.2 K. The surface of the sample was uniformly
illuminated with radiation from a pulsed laser with a wavelength of 532 nm, a frequency of
8 kHz, and a pulse duration of 250 ns. The pump radiation was modulated by a mechanical
chopper at 180 Hz to employ the synchronous detection technique. The photoluminescence
signal in the near-IR range was recorded from the end of the sample using a Horiba Jobin
Yvon FHR-640 grating monochromator. A silicon CCD matrix was used as a near-IR radiation
detector. A photodetector made of gallium-doped germanium was used to record integral
radiation in the terahertz spectral range arising under conditions of interband optical pumping
due to transitions of nonequilibrium electrons involving impurity states. The Ge<Ga> crystal
was located in close proximity to the sample on the same copper holder. Thus, the operating
temperature of the detector was close to 4.2 K. The distance between the THz radiation
detector and the sample was 12 mm. On all sides, except for the input face, the detector was
shielded with metal foil to protect it from the background thermal terahertz radiation of the
room. Filters made of black polyethylene and high-resistivity germanium were installed in front
of the input face to prevent pump radiation from reaching the detector. Terahertz radiation
was recorded from normal to the sample surface. The signal from the detector was fed to the
SR-570 current preamplifier, and from there to the SR-830 lock-in amplifier, synchronized
with the chopper frequency.

Results and Discussion

It was previously shown that, due to the presence of a waveguide and a total internal reflection
resonator in the structure under study, stimulated emission in the near-IR range occurs at
sufficiently high levels of optical interband excitation [7]. The near-IR photoluminescence spectra
of the sample studied in the present work are shown in Fig. 1.
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Fig. 1. Photoluminescence spectra in the near-IR range at different levels of optical pumping

From the obtained spectra, it is clear that stimulated emission occurs at photon energy of
about 1.507 meV. This radiation in our sample is associated with the epitaxial layer and the
silicon donor impurity [8]. The emission line designated “ Excifon line” corresponds to the energy
of a free exciton in GaAs [9]. The peak at an energy of 1.494 eV (designated “Carbon acceptor”)
corresponds to radiative electron transitions from the conduction band to acceptor states of an
uncontrolled carbon acceptor impurity arising in the structure during growth.

Fig. 2 shows the dependence of the integrated intensity of photoluminescence in the near-IR
spectral range on the level of optical interband pumping. The results obtained demonstrate the
presence of a stimulated emission threshold. This dependence was obtained by integrating the
photoluminescence spectra.

Previously, terahertz radiation associated with transitions of nonequilibrium electrons from
the conduction band to the impurity level was discovered in similar samples, and its spectra
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Fig. 2. Integral intensity of photoluminescence in the near-IR spectral range depending on
the pump power

were obtained [8]. It was also demonstrated in [8] that the spectrum of terahertz radiation lies in
the range of 6—30 meV. In order to clarify the influence of stimulated radiation, which should
accelerate the depopulation of the ground impurity state, on the generation efficiency of terahertz
radiation, in this work we studied the integral intensity of terahertz radiation using a Ge<Ga>
detector, which has a spectral sensitivity that corresponds quite well to the radiation spectrum of
the sample. The sensitivity spectrum of the photodetector, obtained using a Bruker Vertex v80
Fourier spectrometer, is shown in Fig. 3.
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Fig. 3. Sensitivity spectrum of a gallium-doped germanium crystal, which was used as a THz radiation
detector

Thus, the dependence of the integral intensity of terahertz photoluminescence on the intensity
of optical pumping was obtained, shown in Fig. 4. The graph shows a significant increase in the
growth rate of terahertz photoluminescence at optical pumping intensities exceeding 600 W/cm?.
This value corresponds to the pump level at which stimulated emission of the near-IR range
occurs on electron transitions from the main impurity level to the valence band. The results
obtained allow us to conclude that stimulated radiation in the near-IR range has a significant
effect on the characteristics of terahertz radiation. The use of stimulated interband radiation for
accelerated depopulation of the ground impurity state leads to an increase in the efficiency of the
terahertz radiation source.
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Fig. 4. Integral intensity of terahertz photoluminescence depending on the optical pump power

Conclusion

A semiconductor structure containing a doped GaAs epitaxial layer placed in an optical
waveguide supporting near-IR radiation has been studied. Under conditions of optical interband
pumping, stimulated emission was obtained related to electron transitions from the ground state
of the impurity to the valence band. The structure under study is also a source of terahertz
radiation, which occurs when nonequilibrium electrons are captured from the conduction band to
impurity levels. At pump intensities exceeding the threshold of stimulated interband emission, the
rate of growth of the integral intensity of terahertz radiation increases significantly with increasing
optical excitation level. The observed effect is associated with accelerated depopulation of the
main impurity level by stimulated interband emission and allows the development of a terahertz
radiation source with increased efficiency.
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Abstract. The photocurrent in metal-insulator-semiconductor (MIS) structures based on
germanosilicate films on n-type silicon with a transparent top electrode made of indium tin
oxide has been studied. The first structure contained a GeO[SiO,| layer as a dielectric, and
the second structure contained an additional Ge layer 3 nm thick, separated from the silicon
substrate by a tunnel-thin layer of SiO,. High photosensitivity was obtained for both struc-
tures, both as-deposited and after annealing at 500 °C for 30 minutes. A mechanism for the
generation of photocurrent is proposed, based on the absorption of photons in a depletion
region of silicon and tunneling of charge carriers through the dielectric. In the case of the sec-
ond structure, an additional mechanism for the occurrence of photocurrent associated with the
absorption of photons in the Ge layer is assumed. The studied MIS structures can be used in
simple, inexpensive photodiodes that do not require the creation of p—n junctions.
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AnHoramusa. MccienoBaH (OTOTOK B CTPYKTYpax MeTall-IM3JIEKTPUK-ITOJYITIPOBOIHUK
(MAIT) Ha ocHOBE TepMaHOCWJIMKATHBIX IIEHOK Ha KPEMHMM N-TUIA C MPO3pavHbIM
BEPXHUM DJIEKTPOIOM M3 OKcHuAa MHIMS 1 oyioBa. IlepBast cTpyKTypa comepxXaja B KauecTBe
mvsnekTpuka cinoit GeO[SiO,], a Bropaa conepxana emé cinoil Ge TOMUMHOW 3 HM,
OTAENEHHBIA OT MOMIOXKU KPEMHHUS TYHHEIbHO-TOHKMM cnoeM SiO,. IMonydyeHa BbicOKas
(OTOUYBCTBUTEILHOCTh 00€UX CTPYKTYP, KaK MCXOAHBIX TakK U nocie orxura 500 °C, 30 MUHYT.
IMpenmoxeH MexaHW3M BO3HMKHOBEHUS (DOTOTOKA, OCHOBAHHBIN Ha TOTJIONIEHNN (POTOHOB B
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00eTHEHHOM CJI0€ KPeMHUS ¥ TYHHEJIUPOBAaHUM HOCUTEJICH 3apsiaa uepes3 IUaJIeKTpuUK. B ciayyae
BTOPOIl CTPYKTYpPBI IPEINOJOXEH IOMOJHUTCIbHBIA MEXaHW3M BO3HMKHOBEHUsI (hOTOTOKA,
CBsI3aHHBIN ¢ norjoueHueM ¢poToHOB B cioe Ge. MccnenoBanHbie MJITT-cTpyKTypbl MOXHO
HCITOJb30BaTh B MPOCTHIX, HEAOPOTUX (POTOAMOAAX, HE TPEOYIOIIMX CO3MaHUS p—H-TIEPEXOIO0B.
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Introduction

In recent years, there has been increasing interest in the use of metal-insulator-semiconductor
(MIS) structures in photovoltaics. Typically, in MIS photodiodes and optical detectors, tunnel
or thick layers of SiO_are used as a dielectric [1]. To improve photosensitivity, Ge quantum dots
were included in SlO layers [2]. Germanosilicate films (GeSi O) have some advantages over
SiO_. The purpose of this work is to study the photocurrent effect in MIS structures based on
GCSIXOy (including those with Ge inclusions).

Materials and Methods

High-vacuum electron beam vapor deposition technique was employed to deposit the non-
stoichiometric germanosilicate glass layers GeSi O on n-Si (100) substrates (specific conductivity
p =15.5 £ 1 Ohm'cm) at room temperature. The targets were evaporated and co-evaporated in
a vacuum of about 1077—107° Torr, and using a quartz microbalance, the deposition rate was
maintained within a range of about angstroms per second. The targets were powders of various
materials, such as GeO,, SiO,, and Ge. It is known that when germanium dioxide powder
evaporates the GeO, _,, films are deposited [3]. More details are provided about the growth
conditions and stoichiometry of the deposited films in [3].

In order to explain the mechanism of photocurrent appearance in the GeSi O based
MIS-structures, it is important to know where the light is absorbed in the substrate of in the
films. To clanfy this, the GeSi O films and many-layer structures were deposited on special
satellite substrates - glass coated with a special transparent conductive fluorine-tin-oxide (FTO).
Since the top electrode of the MIS structures was made of ITO, it was important to know
how transparent it was. So, a layer of transparent indium—tin—oxide (ITO) was also deposited
on a transparent sapphire substrate without a mask, and then the reflection and transmission
spectra of all samples were measured separately using an SF-56 spectrophotometer (produced by
LOMO-Spectr, Russia), with a spectral resolution of 2 nm and the measuring range from 190
to 1100 nm. A special PS-9 setup was employed to register the reflection spectra, that have a
reflectance with an incidence angle close to the normal of about 9°. The recorded spectrum was
then normalized to the spectrum of silicon with a natural oxide with thickness of 2.5 nm as the
reference spectrum.

Fig. 1, a, ¢ shows the schematic structure of the samples. The GeO[SiO,] layers were obtained
by co-evaporation for target powders (GeO, and SiO,). As for the ITO top electrodes, they were
deposited using special mask and magnetron sputtering. The thickness of ITO was 200 nm with a
surface resistance of about 40 Ohm/o, an area of top electrodes was 0.49 mm?. Both as-deposited
and annealed MIS-structures were studied. The time of annealing was 30 minutes at a temperature
of 500 °C in atmospheric air. The I—V characteristics were studied before and after annealing
using an Agilent B2902A parameter analyzer, the bottom electrodes were a silicon substrate with
indium-gallium paste that was grounded during the experiment and the top electrodes was the ITO

© Xamyn T'.A., Kamae I'.H., Bepuss M., Bomogun B.A., 2024. Wznatens: Cankr-IletepOyprckuii mosuTeXHUUECKU
yHuBepcuret I[lerpa Benaukoro.
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contacts to which positive and negative voltages were applied. Moreover, the /—V characteristics
were studied in the dark and under illumination of a halogen lamp. The light spot was focused on
one of the ITO top electrode. The size of the spot was about 1 mm?. The optical power density
was about 1000 Watts per square meter, so about 0.5 milliwatts fell on the top electrode area.

Results and Discussion

Fig. 1, a, b, c, d shows the /—V characteristics in the dark and when illuminated with a halogen
lamp for samples 1 (without Ge inclusion) and 2 (with 3 nm thick Ge layer) before and after
annealing. As one can see from dark /—V characteristics of all as-deposited and annealed samples,
they all have diode characteristics. It is also clear for all samples that photocurrent occurs especially
with reverse bias. Next, we consider the effect of annealing on the /—V characteristics for both
samples.

For the structure of the as-deposited sample 1 (without Ge inclusion), one can see that with
the reverse bias the dark current is relatively large (Fig. 1, a), photocurrent exceeds dark current
by 2—3 times. As seen from Fig. 1, b, the annealing leads to notable reduction of dark current
and to slight decrease of light current. Presumably, after annealing, the properties of the MIS
structure change, due to formation of amorphous germanium nanoclusters in GeO[SiO,] layer
during annealing, which alter the transport properties of GeSixOy films [3]. It is worth noting that
the light current exceeds the dark current by about four orders of magnitude under reverse bias
and that there is a significant light current under direct bias (Fig. 1, b).

As for the /—V characteristics of sample 2 (before annealing, with Ge inclusion), Fig. 1, ¢ shows
good diode characteristics and relatively high photocurrent under the negative (reverse) bias.
Some hysteresis is also seen in light /—V characteristics, which can be associated with charging
of the germanium layer. Evidently, annealing also led to modification of the /—V characteristics
(Fig. 1, d). It can be observed from the dark /—V characteristics that the current minimum is
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Fig. 1. I=V characteristics (dark marked by black circles and light by red circles) of MIS structures:
sample 1 without annealing (a); sample 1 after annealing (b); sample 2 without annealing (c);
sample 2 after annealing (d)
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not observed at zero voltage bias. This is due to the effect assumed above, i.e., charging of the
germanium layer. Notice that annealing of this sample did not improve photosensitivity, as the
difference between the ratio of light current to dark current decreased (Fig. 1, ¢ and 1, d), in
contrast to sample 1, where the annealing leads to improving of photosensitivity. However, as
already noted, as-deposited sample 2 has very good photosensitivity.

To find out where the light is absorbed (in the ITO contacts, in the GeSi O/ films, or in
the silicon substrate), we studied the reflection and transmission spectra of: ITO contacts on
transparent sapphire substrates; glass with FTO; sample 1 deposited on glass with FTO; the sample
2 deposited on a glass substrate with FTO. It was obtained from the analysis of the transmission
and reflection spectra of the ITO film on sapphire (the spectra are not shown here) that the
ITO top electrodes are practically transparent to light in the range from 400 nm to 800 nm and
showed no absorption of light in this range. For the glass with FTO, as Fig. 2, a shows, the sum
of the transmission spectrum with reflection spectrum in the range of green light (wavelength
~ 500 nm) is about 85% (Fig. 2, a). The same value was obtained for sample 1 deposited on the
glass with FTO (Fig. 2, b). This means that the GeO[SiO,] film in this sample does not absorb
light and most of the light is absorbed in the Si substrate (in the case of MIS-structure). But
for sample 2 deposited on the glass with FTO, the sum of reflection and transmittance is about
70% (Fig. 2, ¢). This leads us to the conclusion that ~ 15% of the light falling on sample 2 is
absorbed in the multilayered structure, especially in the germanium layer, and the rest of the light
is absorbed in the Si substrate (in the case of MIS-structure). It is worth noting that although the
maximum spectral power of a halogen lamp is in the red range, there is a noticeable amount of
green and blue light in its spectrum.
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Fig. 2. Transmittance, reflectance spectra, and its sum: FTO film on a glass substrate (a); sample 1 on
a glass substrate with FTO (b); sample 2 on a glass substrate with FTO (¢)

Now we can conclude that most of the light is absorbed in the Si substrate for both M1S-structures
(samples 1 and 2), but part of the light is absorbed in the germanium layer for the second
MIS-structure (sample 2). Both mechanisms of photocurrent appearance are shown in Fig. 3.
The mechanism that occurs here is analogous to the photocurrent mechanism that happens in
solar cells with Schottky barriers [4]. For the first sample, the reverse bias creates a large region
of space charge, namely, the depletion region, which can be estimated based on the known
relationship of the Irwin curves for silicon. According to Irwin curves, the donor concentration
corresponding to the value of the resistivity of 5.5 £ 1 Ohm-cm is 10" cm™3. Therefore, the width
of the depletion region at half a volt is 0.8 micrometers and increases with increasing voltage
value, reaching 3.2 micrometers at -8 V. This region absorbs the incident photons, which generate
the electron-hole pairs that contribute to increasing the photocurrent. The photoelectrons drift
to the bottom electrode due to reverse bias. The photoholes drift to the native-SiO,/GeO[SiO, ]
(sample 1) or to the SiO,/Ge/GeO[SiO,] multilayered structure (sample 2). It is important to
note here that the silicon dioxide layer between the silicon substrate and the GeO[SiO,] film
(sample 1) or the Ge/GeO[SiO,] multilayered structure (sample 2) is tunnel thin, as in the case
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of Ge quantum-dot-based photodetector [2]. So, photoholes can tunnel through it. There are
then two possible paths for photoholes. They can move through the traps to reach the ITO top
electrode (blue path, Fig. 3) or they can recombine in the GeOl[SiO,] film (sample 1) or in the
Ge layer (sample 2) with electrons, which can drift from ITO top electrode due to reverse bias.

For the sample 2, there is an additional mechanism where some of the light is absorbed in
the germanium layer and an electron-hole pair is generated in this layer. Electrons can pass
easily (due to tunneling) through the insulating layer (SiO, ~ 4.5 nm) since the Ge/Si is a type 11
heterostructure, so the energy level for electrons in Ge is higher than the energy level for electrons
in Si. But for the photoholes, the Ge layer is quite a deep trap. Also here, the photoelectrons
can pass through the circuit as in the previous mechanism. While for holes, they either can move
through the traps to reach the I'TO contacts and recombine with the electrons injected from them,
or they can recombine with the electrons which can drift through the traps from the ITO top
electrode.

Vacuum level

1

Fig. 3. Mechanism of photocurrent occurrence in the sample with and without a Ge layer

Conclusion

1) The possibility of using GeSi O films in photosensors has been demonstrated, and a good
ratio of photocurrent to dark current (photosensitivity) has been obtained. The anneahng has
improved this ratio for the sample without a Ge layer, as this photosensitivity reached 4000 at the
-1 V bias, and worsened it for the sample with a Ge layer, as the photosensitivity at the -1 V bias
decreased from 6250 to 50. We point out that our photosensitivity is much better than the optical
sensitivity obtained in work [2] using quantum dots of germanium.

2) The use of a MIS structure including Ge layers can presumably make it possible to expand
the sensitivity edge of photodetectors to the long-wavelength region.
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AnHoranuga. B pabGore wucciaemoBaHbl TeMIepaTypHble 3aBUCUMOCTH BOJIbT-aMIIEPHBIX
XapaKTePUCTUK U 0OPaTHOTO BOCCTAHOBNIEHUS BHICOKOBONLTHBIX Al Ga,_ As u Aleal_xAsl_ySby
Pp—Ii—n IUOJ0B, U3TOTOBJIEHHBIX METOMOM XKUIKO-(a3zHON sanuTakcuu, npu Harpese a0 350 °C.
BrisicHeHO, 4TO ¢ yBeiaumdyeHueM noiu Al B 0a30BBIX CJIOSIX pabouue TeMrepaTypbl ITMOI0B
nosbeimaroTes ot 250 °C ipu x = 0 go 350 °C npu x ~ 0.45, Ipu 3TOM YBEJTMUNBAIOTCS TIPSIMEIC
maJgeHns HallpskeHUS 1rnoaoB. [TokazaHo, 4To IpuMeHEHNE MaJIbIX 100aBOK Sb B ciion AlGaAs

[O3BOJISIET YMEHBIIUTh BpeMeHa OOpaTHOrO BOCCTAHOBJICHUs OMOIOB ITOYTH Ha IMOPSIOK, C
40—80 Hc 1o 5—8 Hc.
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Introduction

Modern power electronics and pulse technique are developing to create high-speed devices
capable of operating at increased frequencies and temperatures. Using wide-band AlGaAs
solid solutions allows to increase operating temperatures above 300 °C [1]. Introducing small
amounts of Sb or In additives into GaAs or AlGaAs-based layers can increase device speed and
reduce electrical losses during switching by controlling the formation of structural defects in
heterostructures with a specific lattice parameter mismatch [2].

Materials and Methods

Epitaxial growth of high-voltage low doped gradual AlGaAs and AlGaAsSb p’—i—n’ junctions
was carried out using a modified liquid-phase epitaxy (LPE) method in a piston-type graphite
container. The growing processes were carried out on p*-GaAs substrates with an orientation
of (100), doped with zinc up to 5-10"® cm™, from a confined solution-melt AlI-Ga—As or
Al—Ga—As—Sb, at temperatures ranging from 900—850 °C to 750—700 °C. This was followed by
the growth of a tellurium-doped n*-GaAs emitter layer with a doping concentration of 2-10'8 cm™3.
The technique for obtaining gradual Al Ga,_ As p’—i—n° junctions from a single solution melt
due to autodoping with background impurities was described earlier in [1, 3]. Samples of diodes
(chips) had the form of mesa structures, which were obtained by chemical etching of active layers
down to the substrate. A multilayer AgMn—Ni—Au contact was applied to the p"-GaAs substrate,
and AuGe—Ni—Au was applied to the n*-GaAs emitter.

Measurements of the device characteristics were conducted in continuous and pulsed modes
at temperatures ranging from 20 °C to 350 °C. The maximum test temperature for the diodes was
limited by the capabilities of the measurement equipment utilized.

The temperature dependence of the effective minority carrier lifetime (t,;) using the reverse
recovery time of p*—p°—i—n’—n* diodes [4, 5] were investigated. The reverse recovery method
involves applying rectangular pulses of forward (/) and reverse current (/) to the diode with
specific signal amplitudes and durations. The reverse recovery time of a diode, which is the time
it takes for the diode to switch from the conducting state to the blocking state, is composed of two
phases: the duration of high reverse conductivity 7, (during which the magnitude of the reverse
current remains constant) and the decay of the reverse current £,. The total recovery time ¢ =7, + £,
depends on the effective lifetime of minority carriers, and, consequently, on the density of defects
and impurities with deep levels and their capture cross sections. By maintaining a constant ratio of
forward and reverse current pulse amplitudes (/// ~ 5—6), it can be approximated that 7, ~ 7 [5].

Results and Discussion

The current—voltage characteristics at different temperatures and reverse recovery time of
p—p’—i—n"—n* diodes based on high-voltage low doped layers of GaAs, GaAs, Sby Al Ga,_ As
and Al Ga,_ As, Sb with different compositions were obtained. Fig. 1 shows “the temperature
dependence "of tfvle forward current—voltage characteristic in the static mode of p—i—n diodes

© ConnaternkoB @.10., UBaHoB A.E., ManeBckuii [1.A., Jleun C.B., 2024. M3narens: Cankr-IleTepOyprekuii oJuTeXHUYECKU I
yHuBepcuret I[lerpa Benaukoro.
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based on a low doped GaAsl_ySby layer (with y ~0.02) and a wider bandgap Al Ga,_ As layer (with
a maximum AlAs content in the layer x up to 0.45). It was found that increasing the Al content
in the layers (and consequently the bandgap) leads to an increase in the operating temperatures
of the diodes from approximately 250 °C at x = 0 to around 350 °C at x ~ 0.45, accompanied by
an increase in the forward voltage drop (U) of the diodes. Small additions of Sb (y up to 0.05) do
not significantly affect the static current—voltage characteristics of the diodes under investigation.
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Fig. 1. Forward voltage drops in diodes with high-voltage GaAs,_ Sb p°—i—n° layers with y up to

1

0.02 (a) and Al Ga,_ As with x ~ 0.45 (b) at temperatures from 25 to 350°C. Sample area S ~ 0.65 mm?

Fig. 2 shows switching oscillograms of diodes with base layers Al Ga,_ As and Aleal_xAsl_ySby,
demonstrating the influence of small Sb additives in AlGaAs layers, leading to the controlled
formation of spatial defects, on the dynamics of diode switching. From Figure 2, it can be
observed that the effective lifetime of nonequilibrium charge carriers 1 (assuming t . ~ f,) and,
accordingly, the reverse recovery time of a diode with an AlxGa,_ As base layer is more than
an order of magnitude greater than t_ of a diode based on an Al Ga,_ As,_ Sb layer (the figure

compares diodes with approximately the same aluminum content in both base fayers).
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Fig. 2. Oscillograms of switching p—i—n diodes with base layers of AlxGa,_ As (/) and AleaHAslfySby (2
with x ~0.30 and y up to 0.05

Also, for some samples, the temperature dependences of the effective lifetime of nonequilibrium
charge carriers 7 in the base layers of the diodes were determined (Fig. 3). The measurements
showed a significant (up to five times) increase in the duration of the 7, phase (and, accordingly,
1) in the temperature range of 25—350 °C when switching the Al Ga,_ As diode. However,
the turn-off time of the GaAs diode did not depend so much on the temperature. This can be
explained by the fact that in the layers under study, the lifetimes of nonequilibrium charge carriers
are determined by different centers with deep levels. In GaAs p°—i—n’ junctions grown by the LPE
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method [6], 1, can be determined by hole traps HL2 and HL5 (related with a gallium vacancies),
as well as electron trap EL2 related with the antisite defect of arsenic in the gallium site (arsenic
in the gallium sublattice). In Al Ga,_ As p"—i—n° junctions (with x > 0.21), we believe that the
relaxation time of nonequilibrium carriers, as well as its temperature dependence, are determined
by the thermal capture of holes to the negatively charged level (DX ) of the DX-center associated
with residual donor impurities Se and Te [1].
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Fig. 3. Temperature dependences of the effective lifetime of nonequilibrium carriers in p—i—n diodes
based on GaAs (/) and AlxGa,_ As with x ~ 0.45 (2)

Conclusion

In the research, the operating temperatures of diodes based on AlxGa,_As and
Aleal_xAsl_ySby solid solutions were determined. The temperature range for which the diodes
retain rectifying properties was found to be from 250—280 °C at x = 0 to at least 350 °C
at x ~ 0.45, with an increase in the Al content in the layers. The current and temperature
dependences of the forward voltage drops of diodes with Aleal_xAsl_ySby layers (with y up to
0.05) differed slightly from diodes with Al Ga,_ As layers of the same aluminum composition.
One notable result of adding small amounts of Sb to AlGaAs layers was a significant reduction
in the reverse recovery time of high-voltage diodes based on them. The reverse recovery time
decreased from 40—80 ns for diodes with AlGaAs base layers to 5—8 ns for AlIGaAsSb structures
with dislocations.
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Abstract. In this work, we study the effect of irradiation as in low Earth orbits on hetero-
junction technology structures (p)a-Si:H/(n)c-Si. To compare the photoelectric properties,
three samples were created: the original (without electron irradiation) and two irradiated ones
with the fluence of irradiation of 5-10'* cm™? and 1-10" cm™2. Catastrophic deterioration of
photoelectrical properties were observed for this irradiation: short-circuit current falls almost
by two times, and open-circuit voltage drops by 150—200 mV. By measurements of deep-level
transient spectroscopy, formation of A-center (V-O, vacancy-oxygen) with 0.16—0.17 eV in
silicon wafer in bulk material were shown, and its concentration increases with growth of irra-
diation dose. Its arising leads to degradation of solar cells.
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AnnoTtanus. B nanHoit paboTe TpOBOAUTCS UCCIIeTOBAHNE BIUSHUS CXOAHOTO C KOCMUYECKUM
M3JTydeHMST Ha OKOJIO3EMHBIX OpOuUTax Ha aedekroodopazoBanue B CD Ha MOATOXKKAX KPEeMHUS
n-TAMNA C TEXHOJIOTHME TeTepolepexona, BbIPAllleHHBIX METOAOM IIIa3MOXUMUYECKOIO
ocaxaeHus. s cpaBHeHMSI (POTOJIEKTPUUYECKUX CBOMCTB OBUIM CO3JaHbBI TpU 0Opasla:
WCXOIHBI (0€3 3JIEKTPOHHOTO OOJY4YEeHMsI) W [IBa OOJYYEHHBIX C (DJIIOCHCOM OOJyYEeHUS
510" cm™2 m 1-10"% cm™2. TIpomeMOHCTPUPOBAHO KaTacTpoduueckoe MajaeHue MapaMeTpoB
COJTHEUHBIX DJIEMEHTOB: TOK KOPOTKOTO 3aMbIKaHMS TTaJaeT TIOUYTH B J[Ba pa3a, a HaIpsDKeHUe
xosoctoro xoma Ha 180—200 mB. M3mepeHUs MeTOmOM HECTAlIMOHAPHOM CIIEKTPOCKOITMU
r1y0oOKuX YpOBHel mpoaeMoHCTpupoBaau ¢dopMmupoBaHue A-1eHTpoB (V-0O, KoMIlIeKc
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BakaHcUsI-Kuciaopon) ¢ sHeprueir akrtuBauuu 0.16—0.17 3B Bo BceM o00beMe MOIIOXKU
KPEMHMSI, a UX KOHILIEHTPALMSI pacTeT C YBEJIMUYECHUEM T03bl o0ydeHuss. TakuMm obopa3oM, nx
dopMHUpOBaHKE OTBETCTBEHHO 3a yXyAIIeHNE (DOTOIIEKTPUUSCKUX CBOMCTB pacCMaTPpUBaeMBbIX
COJIHEYHBIX DJIEMEHTOB Ha n-Si.

KimoueBble cJ0BA: COJIHEUHBIC 3JIEMEHTBI, IeTepOoIlepexol, KOCMUYECKOe U3JIyuyeHue,
nedeKTh
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Introduction

The technology of silicon solar cells with a heterojunction, also known as HJT solar cells
(heterojunction technology), combines the advantages of crystalline and amorphous silicon,
demonstrating the potential to achieve high solar energy conversion efficiency using less silicon
and lower manufacturing temperatures, not exceeding 200—250 °C, compared to traditional
diffusion technologies [1]. The first HJT solar cells were developed in the 1990s by Sanyo with
an efficiency of 12% |[2]. After many years of research, this technology has enabled achieving an
efficiency of over 26%, which is a record for single-junction silicon solar cells [3].

Solar elements based on HJT technology, actively used on Earth, are of interest for space
applications. However, due to the presence of radiation in outer space, which can negatively
impact the electro-optical characteristics of solar elements, research is needed to study the
influence of space radiation on HJT structure. Currently, there is much less research in this
area compared to A3B5 elements. Nevertheless, there are articles investigating the impact
of electron flux on HJT structure. For example, according to the results of the article [4], it
was found that when irradiating the heterostructure of the solar element on an n-type silicon
substrate, the peak quantum efficiency decreases by 60%, and the short-circuit current and fill
factor decrease by approximately two times. Presumably, this is due to the increase in energy
required for minimum electrical conductivity of doped layers of amorphous hydrogenated silicon.
Additionally, deterioration of absorption in silicon-based heterostructure solar elements after
proton irradiation has been demonstrated [5]. In our previous work, we explored irradiated
by electros HJT by admittance spectroscopy. Admittance spectroscopy revealed a defect with
a conductivity activation energy of 0.18 eV in irradiated structures, which could probably be
responsible for degradation of photoelectrical properties, and its concentration increases with
increasing fluence [6]. However, this method is mostly sensitive to interface states and defect
located near to heterojunction in space charge region of silicon wafer, so it is complicated to
obtain information about bulk properties of silicon wafer.

Therefore, in this study deep-level transient spectroscopy will be applied to HJT samples to
profile silicon wafer far from heterojunction a-Si:H/c-Si.

Materials and Methods

The paper discusses solar cells grown on »n-Si (n = 3-10"° c¢cm™3) substrates using plasma-
enhanced chemical vapor deposition. To passivate surface defects on the front and rear sides of
the substrate, layers of intrinsic amorphous hydrogenated silicon (i-a-Si:H) are applied. To create
ohmic contact on the rear side and a heterojunction on the front side, layers of doped »n- and
p-a-Si:H are deposited on the intrinsic layers. Layers of conducting transparent material ITO
(indium tin oxide) were applied onto the doped amorphous silicon layers on the rear and front
sides, serving also as an anti-reflective coating. Metallic contacts were formed using the screen-
printing method with silver paste.

© Muxaiinos O.I1., bapanos A.U., I'ynosckux A.C. Tepykos E.U., 2024. Uznarens: Cankr-IlerepOyprckuii moJUTeXHUUECKU
yHuBepcuret I[lerpa Benaukoro.
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These structures were affected by electron irradiation with an energy of 1 MeV at fluences
of 5-10"cm™2, 1-10” cm™2. The chosen irradiation parameters were selected due to the resulting
equivalent fluence (1-10" — 3-10"> cm™?) corresponds to the exposure of the investigated silicon
photovoltaic converters in low Earth orbits, significantly lower than the corresponding value in
radiation-hazardous orbits ( > 2000 km). The /—V curves under AM1.5G (100 mW/cm?) were
measured using Abet Technology SunLite simulator and Keithley 2400 source-meter.

Deep-level transient spectroscopy (DLTS) is the powerful method for exploration defect
levels in semiconductor devices and heterojunction. The method is based on measurement of
capacitance relaxation of the space charge region after filling it with a bias voltage pulse. The
rate of capacitance relaxation is determined by the rate of charge carrier emission from possible
deep levels within the semiconductor bandgap, which, in turn, depends on the temperature.
Capacitance deep-level transient spectroscopy were done using an automated installation
based on a Boonton-7200B capacitance bridge in the temperature range of 40—300 K in Janis
CCS-400H/204 helium cryostat. The setup allows to apply bias voltage with different amplitude,
all measurements were carried out in the LabView environment.

Results and Discussion

The current-voltage characteristics of the studied samples are presented in Fig. 1. Measurement
results indicate that the /—V curves significantly depend on the irradiation dose, and the
photoelectric properties sharply deteriorate after irradiating the reference. At an irradiation fluence
of 5-10" cm™2, the open-circuit voltage and short-circuit current dropped by approximately 30%,
from 0.7 V to 0.52 V and from 33 mA/cm? to 22 mA/cm?, respectively. Further increasing the
fluence to 1-10" cm™2 leads to additional deterioration in the photoelectric properties, although
not as significantly. Such behavior is explained by centers of non-radiative recombination in
silicon wafer.

—areference []
= 559 0"em? [
—~+ 1710%cm?|]

Current density, rmAJcrm

0 0.z 0.4 0.6 0.8 1
Valtage, V

Fig. 1. Current-voltage characteristics under AM1.5G illumination at 25 °C of the studied samples

Further capacitance methods were applied to HJT solar cells. Firstly, capacitance-voltage
characteristics for I MHz for initial sample is presented in Fig. 2, also dependence of depth on
applied voltage is shown. As a result, electron concentration of 3-10" c¢cm™ is estimated which
corresponds to doping of silicon wafer. /—V characteristics for irradiated samples are similar.

Secondly, DLTS measurements were done for two different modes: V, =0V, I/pu/se =+2V
and V, =-8V,V ~=+35V,pulse time is 50 ms, and relaxation was measured during 150 ms.
Such two modes allow to detect defects in different space in silicon wafer: first one is near to
heterojunction (not deeper than 550 nm, Fig. 2), and second one in bulk of wafer (in depth
1000° - 2000 nm, Fig. 2). DLTS spectra for rate window of 50 s™! for three samples are presented
in Fig. 3,a and 3, b for first mode and second one respectively. In the S(7) graph of the
reference HJT the response with high amplitude in the range of 40—55 K is observed, and the
similar response was obtained in two irradiated samples. For a-Si:H the position of the Fermi
level weakly depends on temperature due to high density of states (DOS) in the mobility gap.
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Fig. 2. Capacitance-voltage and depth-voltage characteristics for initial HJT solar cell

This effect is called pinning of the Fermi level. As a consequence electron (or hole for p-type)
charge carrier density and conductivity has an exponential dependence on the temperature.

This temperature dependence is usually used to determine conductivity activation energy
(being related to the position of the Fermi level) from Arrhenius plot (conductivity vs. 1/7) [6]. It
corresponds to the excitation energy of the impurity atom required to create the inactivation energy
purity electrical conductivity of the p-a-Si:H semiconductor and is independent of irradiation,
and is also detected using admittance spectroscopy [7]. Also, the response with £ = 0.07 €V in the
range of 100—150 K is detected in all samples, even in reference near to heterojunction (Fig. 3, a)
unlike in bulk material (Fig. 3, ). But its parameters is not critical for photoelectric properties
due to low capture cross sectlon and E_. However, in HJT solar cell irradiated by fluences of
5-10" cm™? additional peak appears in 90 ‘K correspondmg to defect level with £, = 0.16—0.17 ¢V,
indicating the deep defects. Furthermore, these the amplitude of appeared peaks grows in two
times with the increase in irradiation dose, suggesting a direct correlation between the electron
fluence and the appearance of defects. The detected defect is probably an A-center (V-O, oxygen
vacancy) [8], which arises as a result of the oxygen atom being displaced from a lattice site to
the nearest interstitial site [9]. Furthermore, similar responses were detected in depth of silicon
(Fig. 3, b), and estimated concentration (10'2—10'3 ¢cm™3) is similar in both modes. It suggests
arising of detected defects in the common silicon wafer, which leads to a deterioration in the
photoelectric properties of the HJT of all solar cells of this series after irradiation. This result in
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Fig. 3. DLTS spectra for rate window of 50 s™' for all samples obtained under conditions V, =0V,
V= T2V(a)and V, = -8V, Vpulse = + 5V (b)
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good correlation with measurement of admittance spectroscopy, but here we prove formation of
A-center in the entire volume of the silicon wafer.

Conclusion

In result, influence of irradiation as in low Earth orbits on properties of solar cells based
on heterojunction (p)a-Si:H/(n)c-Si were studied. Catastrophic deterioration of photoelectrical
properties were observed for this irradiation: short-circuit current falls almost in two times, and
open-circuit voltage drops by 150—200 mv. By measurements of deep-level transient spectroscopy,
formation of A-center (V-O, vacancy-oxygen) with 0.16—0.17 ¢V in silicon wafer in bulk material
were shown, and its concentration increases with growth of irradiation dose. Its arising leads to
degradation of solar cells.
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Abstract. A new type of thermally stable GaAs/AlGaAs tunnel diode with an intermediate
i-layer is proposed as a connecting element between photoactive sub-elements in monolithic
multijunction photoconverters. In the temperature range of (25—80) °C, the current-voltage
characteristics for two types of n*"-GaAs(3Si)/p**-Al ,Ga, As(C) and n**-GaAs(5Si)/i-GaAs/
p Al ,Ga, As:(C) structures of connecting tunnel diodes were studied. The temperature de-
pendences of the peak tunneling current density — (Jp ) and differential resistance — (R) were
obtained. In the samples of tunnel diodes of the structure with an i-layer, an order of mag-
nitude higher Jp values and an order of magnitude lower R, values were obtained, with higher
temperature stability than in the samples of the structure without an i-layer. The results ob-
tained are useful in the development and creation of monolithic multijunction photoconverters
of high-power laser radiation.
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Annoramusa. IIpemmoxeH HOBBIM Tuil TepMoctabuibHoro GaAs/AlGaAs TyHHEJIBHOTO
IMOJA C TMPOMEXYTOYHBIM i-CJIOEM, KaK COEIMHMTENbHBIN 3JIEMEHT MeXay (POTOAKTUBHBIMU
cy0-aJ1eMeHTaMU B MOHOJIUTHBIX MHOTOIEPEXOAHBIX (hOTOTIpeoOpa3oBaTesix JIa3epHOTO
usnydyeHusi. B rtemmeparypHoMm auamaszoHe (25—80) °C  wmcciaemoBaHBI  BOJbTaMIIepHBIE
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XapakTepUCTUKU  JIBYX TUMOB  CTPYKTYP  COEAMHUTEIbHBIX  TYHHEJbHBIX  TUOIOB:
n**-GaAs(8Si)/p™-Al ,Ga, As(C) u n**-GaAs(5Si)/i-GaAs/p**-Al, ,Ga, As:(C). IlomyyeHs
TeMIepaTypHble 3aBUCMMOCTH OCHOBHBIX ITapaMeTpoB TJI: IJIOTHOCTU MUKOBOIO TYHHEJIBHOIO
TOoKa — (J ) ¥ nuddepeHuranbHoro conpotusienns — (R). B obpasuax TyHHEIbHbBIX IMOLO0B
CTPYKTypr C i-CJIOeM, TIOJIYYeHbI Ha MOPSIIOK GONBIINE 3HAYCHMS J, M Ha TTOPSIIOK MCHBIINE
3HaueHus1 R, ¢ 6osiee BBICOKOM TeMmepaTypHOi CTabUIbLHOCTDIO, yem B 00pasiax CTPyKTyphl
6e3 i-Closl. HOJIy‘lCHHbIC pe3ysbTaThl MOJIE3HbI IPU pa3pabOTKe M CO3JaHUU MOHOJMUTHBIX
MHOTOIIepeXOIHbIX (POoTOMpeoOpa3oBaTeieil MOIIHOIO JIA3€PHOTO U3JTyYEHUSI.
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Introduction

Improving the parameters of monolithic multijunction photoconverters (MJ PCs) of laser
radiation [1] is associated with an increase in the number of photoactive sub-elements connected
to each other by back-to-back nanosized and optically transparent tunnel diodes (TDs). The
process of epitaxial growth of the structure of a monolithic MJ PCs leads to blurring of profiles
and mutual compensation, for example, Si and Be dopant atoms in degenerate nanolayers of
GaAs/AlGaAs TD, and, as a consequence, to degradation of the current-voltage characteristic of
the TD and MJ PCs parameters. A possible solution to eliminate the degradation of the current-
voltage characteristic is the use, for example, carbon as an acceptor impurity. Additionally, we
proposed the use of an intermediate, undoped i-nanolayer of GaAs between the degenerate #n** and
p** layers [2]. According to previous numerical simulations of n**-GaAs/i-GaAs/p**-Al Ga,_ As
(x > 0.2) TDs, the inclusion of an i-nanolayer makes it possible to increase the peak tunneling
current densr[y (J ). Using models of nonlocal band-to-band quantum tunneling and trap assisted
tunneling, the nonmonotonic dependence of the tunneling current J on the i-nanolayer thickness
with the presence of a maximum was shown. In addition, the operating temperature of an MJ PCs
in the photovoltaic mode when excited by powerful monochromatic radiation can increase up
to 80 °C [3, 4], depending on the efficiency of heat removal and the magnitude of the incident
optical power. As the operating temperature increases, the connecting TDs in the MJ PCs
must provide consistently high Jp values exceeding the photocurrent density and low differential
resistance values while maintaining maximum optical transparency. The lack of temperature
stability of the TD parameters will affect the photoelectric parameters of the MJ PCs. Taking into
account the results of previously performed modeling [2], in the temperature range from 25 °C
to 80 °C, studies of the current-voltage characteristics of TDs based on two types of n**-GaAs/
pt-Al, ,Ga, As and n*"-GaAs/i-GaAs/p**-Al ,Ga, As structures were carried out.

Materials and Methods

Using the molecular beam epitaxy (MBE) method, two types of TD structures were grown on
n-type GaAs substrates (diameter 76.2 mm): A (see Table 1) and B (see Table 2). The structures
are a tunnel n**-GaAs/p**-Al  Ga, As heterojunction. Degenerate GaAs n**-type d-layers are
doped with Si, and p**-Al  ,Ga As layers are doped with C atoms. The doping levels of the n**
and p** layers in the structures were, respectively, > 1-10" cm™ and ~ 1-10* cm™3. The growth
of heavily doped regions for both structures was carried out in identical modes at a substrate
temperature of ~ 535—550 °C.

© Kanunosckuit B.C., ManeeB H.A., BacunbeB A.Il., Kourpour E.B., TonkaueB U.A., [Ipynuenko K.K., Ycrunos B.M.,
2024. Uznatenn: Cankr-IleTepOyprckuii moautexHmyeckuii yaupepcutet [letpa Benmkoro.
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Table 1 Table 2
Design of TD structure A Design of TD structure B
Layer type Thl;ﬁless’ N, p,em? Layer type Thl(;ll;;less’ N, p,cm?
p-GaAs:(C) 50 2-10Y pH-GaAs:(C) 50 2-10"
p-Al, Ga, As:(C) 50 1-10"? p'-Al, Ga, As:(C) 50 1-10"
p-Al, Ga As:(C) 10 1-10% p-Al ,Ga, As:(C) 10 1-10%
n"-GaAs:(8Si) 10 >1-10" i-GaAs 7 >5-10"
n'-Al, Ga, As:(8S) 50 410" n*-GaAs:(3Si) 10 >1:10"
n'-GaAs:(Si) 200 3101 n'-Al, Ga, As:(8Si) 50 4101
n*-GaAs:(Si) 600000 (1-3)-10'® n"-GaAs:(Si) 200 3-10'
n*-GaAs:(Si) 600000 (1-3)-10"®

In comparison with structure A, in structure B an undoped i-GaAs layer with a thickness
of ~ 7 nm was grown between degenerate n**-GaAs:(5Si) and p*-Al, Ga, As:(C) layers. The
thickness of the i-layer was chosen taking into account the influence of temperature diffusion
of the Si impurity during the subsequent growth of the monolithic structure of the MJ PCs [2].
The structures contained wide-gap n*-Al  Ga, As:(3Si) and p*-Al, (Ga  As:(C) layers adjacent
to the degenerate TD regions. These layers are necessary to prevent the temperature diffusion of
dopant atoms from degenerate layers into the layers of photoactive sub-elements of the MJ PC.
After completion of epitaxial growth of the grown heterostructures were annealing in an MBE
chamber simulating the growth process of an MJ PC. The structures were annealed for 2 hours at
a temperature of 580 °C at a pressure p = 2-1077 Torr. TD chips with a mesa diameter of 225 pm
were formed on the grown structures.

Results and Discussion

Directly on parts of structures A and B with manufactured TDs, current-voltage characteristics
were measured in the temperature range from 25 °C to ~ 80 °C. The results are presented in
Fig. 1, a (structure A) and Fig. 1, b (structure B), the current-voltage characteristics for structures
without temperature annealing are indicated “before annealing”, and for structures after annealing
— “after annealing”. The current-voltage characteristics were measured at a positive bias voltage
of up to 0.6 V. It can be seen that the shape of the current-voltage characteristics of samples
of structure A corresponds to a backward diode, which is explained by the insufficient level of
degeneracy of the n**-GaAs:(8Si) region [5]. The current-voltage characteristic does not show a
section with a negative differential resistance, however, in the voltage range from 0 to 50 mV there
is a quasi-linear section corresponding to band-to-band quantum tunneling.

In structure B, due to the presence of an undoped i-GaAs nanolayer between the degenerate
n and p regions, a typical current-voltage characteristic of a TD (Esaki) is observed. Similar to
structure A, the low Jp values for structure B compared to the results obtained earlier in [2] are
due to an insufficient doping level of n**-GaAs:(8Si) region (Table 1, 2), [2, 5].

The Fig. 2 illustrates the spread of J values for the quasi-linear section of the current-voltage
characteristics of structure A and B. The type of structure is indicated on the abscissa axis, where
A and B correspond to diodes without annealing, and “A anneal.” and “B anneal.” — diodes
on annealed plate fragments. It can be seen that the maximum Jp value of the TD structure B
is an order of magnitude higher compared to structure A. After annealing, the average Jp values
for samples of both structures increased. Before annealing, the densities of the peak tunneling
current in the quasi-linear section of structure A and the peak tunneling current of structure B are
~0.1 A/cm? and ~ 1 A/cm?, and after annealing, ~ 0.15 A/cm? and ~ 1.5 A/cm?, respectively. In
addition, after annealing, the spread of Jp values increased, which may be due to uneven doping
with carbon atoms and uneven diffusion of the Si impurity over the area of the epitaxial wafers
due to the temperature gradient during the annealing process.
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Fig. 1. Current-voltage characteristics of TD structures A-(a) and B-(b) at temperatures of 25 and 75 °C
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Fig. 2. Peak tunneling current density values for structures A and B before annealing (A, B) and after
annealing (“A anneal.”, “B anneal.”)

From the current-voltage characteristics of TD structures A and B, measured in the temperature
range (25—80) °C, the values of — J (Fig. 3, a) and differential resistance — R, which are
responsible for parasitic losses when the voltage drops on the connecting TDs in MJ PCs, are
calculated (Fig. 3, b). The temperature dependences of the calculated Jp u R, parameters are
presented in Fig. 3.

When heated from 25 to ~ 80 °C for structures A and B, an increase in Jp values is observed.
This is due to a decrease in the band gap (Eg) of the semiconductor, a decrease in the height
of the potential barrier, and an increase in the probability of quantum tunneling [6]. The best
temperature stability of Jp is observed for TD samples of structure B (see Fig. 3, a), with the Jp
value before annealing increasing by 6% and by 2% after annealing. For samples of structure A,
the change in the maximum value of current density J is ~ 40%.

With an increase in the operating temperature of the TD from 25 to ~ 80 °C, a decrease
in R, values is observed for both structures. After annealing for TD structure B at 7'= 25°C,
R, decreased by ~30% (from 67 mOhm-cm® to 46 mOhm-cm?), and for structure A by ~ 6%
(from 565 to 530 mOhm-cm?2). For effective operation of the MJ PC, the connecting elements
must provide the resistance of the linear section of the current-voltage characteristic at a forward
bias voltage of less than 10 mOhm-cm? [4]. The increase in R, can be due both to the diffusion
of impurities and erosion of doping profiles, and to the presence of potential barriers created by
isotype wide-gap n*-Al, (Ga ,As:(3Si) and p*-Al, Ga  ,As:(C) layers (Table 1 and 2), adjacent to
the degenerate layers of the TD, which interfere with the transport of charge carriers [7]. The
presence of the i-layer between the degenerate layers limits the interdiffusion of impurities and
reduces the degradation of the current-voltage characteristics of the TD. The best temperature
stability of R, is observed for TD samples of structure B (see Fig. 3, b). When heated over the entire
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Fig. 3. Experimental temperature dependences of the parameters J (a) and R, (b) for the samples of
structures of types A and B before annealing and after annealing

temperature range, R, for TD samples of structure B decreases by 9% from 67 to 61 mOhm-cm?
before annealing and by 7% after annealing from 46 to 43 mOhm-cm?. For structure A, upon
heating, the R, value changes by ~40% from 565 to 349 mOhm-cm? for TD samples before
annealing and from 530 to 318 mOhm-cm? after annealing.

Conclusion

It has been experimentally demonstrated that the inclusion of a nanosized i-GaAs layer
(N, >5-10" cm™) between the degenerate n**-GaAs:(3Si) (10nm) and p**-Al ,Ga, As:(C) (10 nm)
regions of the connecting tunnel diode, even at a relatively low doping level of the »n**-layer,
N, > 1-10" cm™ ensures the presence of a tunneling current-voltage characteristic and promotes
an increase in the peak tunneling current J by an order of magnitude compared to an identical
structure, but without an i-GaAs layer. The results obtained are in qualitative agreement with the
results of previously performed mathematical modeling of charge carrier transport in the proposed
p-i-n structure of tunnel junction diodes. Tunnel diodes grown using molecular beam epitaxy n**-
GaAs:(8Si)/i-GaAs/p**-Al | ,Ga, As:(C) provide an order of magnitude lower resistance values in
the tunnel section of the current-voltage characteristic, higher temperature stability and maximum
J values compared to the structure without i-layer. The proposed new design of the connecting

D provides good stability of characteristics under temperature influences corresponding to the
regimes of epitaxial growth of monolithic MJ PC structures.
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IMSIEKTprdecKue TieHKn AL O, Ha MOMIOXKKAX KPEMHUSA U TOCHIENYIOLUIEr0 TEPMUUYECKOTO
oTxkura. MeTogoM pPEHTIeHOBCKOIM (DOTORJEKTPOHHON CIEKTPOCKOMMU C TMOCTOMHBIM
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Introduction

The study of properties of gallium oxide-based materials has attracted great interest in the last
few years due to its unique properties, including a large band gap width (~ 5 eV), high values of
breakdown voltages, as well as sensitivity to UV radiation and various gases [1]. This opens up
prospects for the application of Ga,O, as a basic material for a new generation of power electronics
devices, solar-blind photodetectors, gas sensors and other devices. Despite the availability of
technology for the growth of large-diameter single-crystal wafers, due to their low availability and
high cost, they have not yet found practical application. Difficulties also remain in the development
of thin-film technology of Ga,O, deposition on crystalline substrates. An alternative to such
approaches is the development of technology for the fabrication of Ga,0O,-based nanostructures.
However, to date, the results have been obtained only for the synthesis of nanoinclusions using
chemical technologies [2], which is not compatible with microelectronics. One of the promising
variants for the development of technology of nanostructuring is the ion synthesis of Ga,0,
nanocrystals (nc-Ga,0,) in solid-state matrices. Ion implantation has already demonstrated its
efficiency in Ga,0, technology [3, 4]. At the same time, the ion synthesis method has also been
successfully validated for the formation of semiconductor nanoinclusions of Si [5], SiC [6],
Zn0O [7] and In)O, [8]. Previously, the possibility of ion synthesis of nc-Ga,0O, in SiO,/Si matrix
was demonstrated [9, 10]. In this work, we investigate the formation and light-emitting properties
of ion-synthesized Ga,O, nanoinclusions in Al,O,/Si matrix.

Materials and Methods

ALO, films (200 nm) deposited on Si (100) substrates by electron-beam evaporation were
used as initial samples. The samples were irradiated with Ga* (5-10'¢ cm™2, 80 keV) and
O* (6:10'* cm™2, 23 keV) ions with variation of the irradiation order. Implantation of only
Ga* ions without additional oxygen irradiation was also carried out. The irradiation parameters
were selected for maximum coincidence of the ion distribution profiles calculated with the
SRIM program (www.srim.org). The samples were annealed in a tube furnace at temperatures of
300, 500, 700, and 900 °C (30 min each) in dried N, atmosphere.

© Marionuna K.C., Hukonbckast A.A., Kprokos P.H., FOuun I1.A., Kopones I.C., 2024. U3natens: Cankr-IletepOyprckuit
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The chemical composition of implanted samples before and after annealing was studied by
X-ray photoelectron spectroscopy (XPS) with layer-by-layer ion etching. The photoelectron lines
O1ls, Cls, Ga2p,, and Si2s were registered. To obtain the depth distribution profiles, etching
with 1-keV Ar* ions was used. The depth calibration was carried out by measuring the step
height after etching by atomic force microscopy. The structure of the samples was studied by
X-ray diffraction (XRD) on a Bruker D8 Discover diffractometer using Cu Ko radiation. The
spectra were recorded using a LinxEye linear PSD detector. Photoluminescence (PL) spectra
were recorded using the standard lock-in technique at room temperature. Laser-driven light
source XWS-65 with optical light filter, highlighting the spectral region with a width of ~ 10 nm
with a maximum at a wavelength of 245 nm, was used as a source.

Results and Discussion

Ion synthesis of nanocrystalline inclusions in dielectric matrices assumes the appearance
of chemical bonds between phase-forming atoms with the subsequent formation of first small
clusters and then clusters of large size. To analyze the chemical composition of the implanted
samples before and after annealing, the XPS method was used, which, along with information
on the depth distribution of elements, also provides information on their chemical state. Fig. 1
shows the depth distributions of implanted gallium with regard to its chemical state for different
ion synthesis variants used. Let us consider the chemical bonding distribution for the implanted
AlLO,/Si samples without annealing. In the sample implanted only with Ga* without oxygen
ion irradiation, all gallium atoms are presented in the elemental state. The observed effect is
different from the case of Ga* implantation in the SiO,/Si matrix, where its oxidation was
previously found when implanted under the same conditions without additional annealing [10].
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Fig. 1. XPS spectra for the Al,O,/Si samples, implanted with Ga* (), Ga® — O* (b) and O — Ga" (¢),
before and after annealing at 900 °C
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Apparently, this may be due to the higher resistance of the Al,O, matrix to ion irradiation compared
to the SiO, matrix. Oxygen ion irradiation after Ga* irradiation leads to partial oxidation of
gallium mainly in the oxygen-deficient state (Ga,O0). In the case of O* ion irradiation before
Ga* implantation, a bimodal profile of impurity distribution is observed, with the first maximum
containing gallium mainly in the elemental state and located closer to the surface, whereas the
deeper maximum is due to gallium in the oxidized state with approximately the same concentration
in the stoichiometric (Ga,0,) and non-stoichiometric (Ga,O) states. It can be assumed that Ga*
ion irradiation of a sample supersaturated with oxygen promotes redistribution of the latter toward
greater depths as a result of interaction with stopping gallium atoms. This leads to the fact that
a part of implanted gallium stopped closer to the surface, where it forms the elemental gallium
phase, while its other part in the region of the end of ion range appears in the strongly oxygen
supersaturated region, which leads to more favorable conditions for gallium oxidation.

Annealing at 900 °C leads to a significant outdiffusion of implanted gallium. This effect is most
noticeable for implantation of Ga* ions only, where a decrease in its concentration to a value not
exceeding 2 at % is observed. In the sample implanted in the Ga® — O* order, annealing leads
to a slight decrease in the total gallium concentration in the sample, with the concentration of
Ga in the elemental state decreasing, whereas the concentration of gallium in the stoichiometric
Ga,0, state increased compared to the sample without annealing. For the sample in which
O* ions were implanted before gallium, a significant change in the shape of the distribution profile
with a pronounced diffusion of gallium atoms towards the surface is observed. At the same time,
practically all the introduced gallium appears in the oxidized state of stoichiometric oxide Ga,0,.
This fact demonstrates that annealing leads to an increase in the efficiency of formation of Ga-O
chemical bonds, which is a necessary condition for the formation of Ga,O, nanoinclusions.

The structure of the samples after annealing at 900 °C was studied by X-ray diffraction in
0-20 geometry. The diffraction patterns are shown in Fig. 2. For the sample irradiated only with
Ga* ions, no diffraction peaks appeared. In the case of additional irradiation with oxygen ions,
both before and after Ga* implantation, a peak at 20 = 31.5° appears on the diffraction curves,
which corresponds to the reflection from the (002) planes for crystalline p-Ga,O, (JCPDS Card
No. 41-1103). The intensity of this peak is rather low, which indicates a small volume fraction of
the formed nanocrystals.

——AL,O, > Ga" - O — 900 °C
—— AL,O, > O* - Ga* - 900 °C

B-Ga,0,
(002)

Intensity

1 1 1

28 30 32 34 36

20, degree

Fig. 2. XRD spectra for the ALO,/Si samples, implanted with Ga* and O* ions with the different
sequence of irradiation, after annealing at 900 °C

Let's proceed to consideration of light-emitting properties of irradiated samples before and
after annealing (Fig. 3). The study of photoluminescence of irradiated samples without annealing
and samples after annealing at 300 °C did not reveal the appearance of luminescent lines in the
studied region. Annealing at 500 °C leads to the appearance of PL in the region of 400—500 nm
for the sample irradiated first by Ga* ions, then by O* ions. Increasing the annealing temperature
up to 700 °C leads to the appearance of PL also for the sample irradiated only by Ga* ions,
and after the final annealing at 900 °C PL in the region of 380—550 nm is observed for all the
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Fig. 3. PL spectra for the AL,O,/Si samples, implanted with Ga* and O* ions, after annealing at 300 (a),
500 (b), 700 (¢) and 900 °C (d)

studied samples, while the intensity and shape of the line depends on the order of ion irradiation.
The sample that was irradiated with oxygen before gallium implantation has the highest PL
intensity. This correlates with the XPS data, according to which this sample shows the maximum
concentration of gallium in the stoichiometric Ga,O, oxide state.

The most probable mechanism of PL occurrence in the studied samples is radiative
recombination of donor-acceptor pairs (DAP), where an oxygen vacancy (V,,) acts as a donor
and a defect complex consisting of a pair of gallium and oxygen vacancies (V, + V,) acts
as an acceptor. The spectral composition of this line is determined primarily by the defect
composition of the synthesized nc-Ga,0,, since the energy of the radiative transition depends
on the position of the V, in the unit cell, which takes part in the formation of the defect
complex — O,, O, or O, [11]. The energies of these transitions, according to [11], are 3.04,
2.66, and 2.86 eV, respectively. The contribution to the resulting PL spectrum is determined
by the ratio between the concentrations of these defects. Another important factor is a possible
quantum-size effect with a shift of the luminescence maximum as a function of the nanoparticle
size [12]. In favor of this factor is evidenced by the fact that the PL spectra differ for different
synthesis conditions of nc-Ga,0,. Additional studies are required to establish precisely the
mechanism of the observed PL.

Conclusion

The regularities of formation of light-emitting Ga,O, nanoinclusions obtained by ion synthesis
in AL,O,/Si matrix have been investigated. The study of the chemical composition demonstrated the
formation of Ga-O bonds, which are the structural element for the formation of nanoinclusions,
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both before and after high-temperature annealing. Annealing leads to gallium outdiffusion, however,
the content of gallium in the stoichiometric Ga,O, oxide state increases. X-ray diffraction study
of the structure revealed the appearance of a diffraction peak due to reflection from the (002)
planes for p-Ga,O, nanocrystals. Annealing at 900 °C for all used variants of ion synthesis leads to
the appearance of photoluminescence in the region of 400—500 nm, presumably associated with
the recombination of donor-acceptor pairs in gallium oxide. Thus, in this work, the possibility of
synthesizing light-emitting Ga,O, nanocrystals in Al,O, on silicon matrix was demonstrated. This
opens up the prospect of using this approach for creating gallium oxide nanomaterials for the
development of new generation electronic devices.
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