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PREFACE

24™ Russian Youth Conference on Physics of Semiconductors

RYCPS 2 02 2 and Nanostructures, Opto- and Nanoelectronics (RYCPS-2022)/
24 Bcepoccuiickasa MoJjoaexHas KoHdepeHuus mno ¢Qusnke

AKIV RUSSIAN T OUTH. CONFERENCE MOJIYIPOBOAHUKOB M HAHOCTPYKTYP, MOJYNPOBOIHUKOBOI ONTO-

oM PHTSIES OF AND

QPTO- AND NANOELICTRONICS | H HaHOaJIeKTpOHHKe

The 24" Russian Youth Conference on Physics of Semiconductors
and Nanostructures, Opto- and Nanoelectronics (RYCPS-2022)
- A was held in Saint Petersburg at Alferov University on November
24758 StPetersburg, Russia 28 — December 2, 2022. It was organized by Peter the Great

Wi Furveve.semicondl.ru/ eont2022 St. Petersburg Polytechnic University, Alferov University, St.
Petersburg State University, loffe Institute and Russian-Armenian
University.

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. After two years of holding the Conference in a remote format, in 2022
it again was held as an in-person meeting. The Conference 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 Andrey Bykov (presentation "Antimatter in the Universe") and Nikita Pikhtin (presentation
"The latest achievements and problems in the field of high-power injection lasers"). 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
109. Here we publish 32 selected papers in English.

Like previous years, 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. Alexander Bazhenov (Novosibirsk State University) was
awarded for the best conference presentation among students with a report "Magneto-transport
properties of thin films of topological insulator Bi,Se,". Alexey Romshin (Prokhorov General
Physics Institute of the Russian Academy of Sciences, Moscow) was awarded for the best
conference presentation among postgraduate students with a report "Enhancement of single-
photon emission of "silicon-vacancy" centers in nanodiamonds on a gold film". Sergey Melyakov,
a student at Moscow Institute of Physics and Technology, received the Evgeni Gross Prize for the
best presentation on semiconductor optics with a report "Electronic spin dynamics in colloidal
CdSe nanoplates”. 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 075-03-2022-010/9), St. Petersburg Electrotechnical University and
Tydex LLC, St. Petersburg.

The official conference website is http://www.semicond.ru/conf2022

Editors

R.A. Suris
D.A. Firsov
V.A. Shalygin
H.A. Sarkisyan

12> |

© Peter the Great St. Petersburg Polytechnic University, 2023 — NONMUTEX
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Introduction

The exchange interaction of impurity atoms in semiconductors is actively studied. Interest
in this topic grew significantly after the discovery of ferromagnetism in GaAs uniformly doped
with a Mn magnetic impurity [1] (not due to Mn or MnAs clusters). At the moment, active
experimental studies of the magnetic properties of semiconductors doped with non-magnetic
impurities are being carried out [2-4]. The distribution of impurity atoms in semiconductors
is random. However, the magnetic properties of materials are primarily theoretically studied
in lattices that are either regular or close to regular. The magnetic properties of systems with a
completely random distribution of magnetic atoms have not been thoroughly studied. This may
be due both to the complexity of the considered model and to different approaches to describing
regular and irregular systems. One of the main theoretical results in this field is the work [5],
which predicts the absence of long-range magnetic order in a system of randomly distributed
impurities with antiferromagnetic interaction. In our previous works [6, 7], we used a more
correct expression for the dependence of the exchange energy on the distance. In the hydrogen-
like model, the exchange energy of two spins at a distance 7 can be expressed as [8, 9]:

J=J, (ﬁj exp(—zj. (1)
a a

It was found in [6] that magnetic ordering is possible in a system of randomly distributed
magnetic impurities. As the impurity concentration increases, the so-called spin-fluctuation phase
transition occurs. In this case the amplitude of fluctuation of the magnetic moment increase,
while the average magnetic moment of the system is equal to zero on both sides of the phase
transition.

The magnetic properties of a system of randomly distributed impurities are often calculated
using numerical methods, in particular, the Metropolis- Hastings algorithm [7, 10]. This algorithm
starts with a random state of the spin system which is then thermalized to the required temperature.
At low temperatures, the number of steps required for thermalization increases exponentially. In
addition, the system may get in a pseudoground state, separated from lower energy states by a
high energy barrier. In other words, at low temperatures the system is in the spin glass phase.
Therefore, the Metropolis-Hastings algorithm is not efficient at low temperatures. In the present
work, we used the Wang-Landau algorithm for accurate numerical calculation of the density of
states and proposed an analytical expression for the density of states for a system of randomly
distributed spins.

Numerical calculation

In this paper, we consider a system of randomly distributed spins and numerically and
analytically calculate the dependence of the density of states on the total exchange energy FE
and the magnetic moment of the system M. For convenience, we denote the average magnetic
moment of one spin, normalized to unity, by m. Then the total magnetic moment of the system
M = pumN. Here p is the magnetic moment modulus of one spin, N is the total number of spins
in the system. Knowing the density of states g(E, m), it is easy to calculate the average magnetic
moment and magnetic susceptibility of the system as a function of temperature and magnetic
field.

In the Ising model each spin can be directed up or down. That is, each spin has only two
possible states. However, the number of possible states for a system of N spins is 2". For example,
the number of different states for a system of only 100 spins is more than 10°°, and it is impossible
to enumerate all the states even with the help of the fastest computers. The density of states
can be found by the random walk method [10]. However, this method is only effective near the
maximum of the density of states, producing large noise at the tails. A variation of the random
walk method known as the Wang—Landau algorithm [11, 12] was used in this study.

Below we briefly consider the main idea of the Wang—Landau algorithm. Energy and magnetic
moment are divided into small intervals. Initially, it is considered that the density of states for
all values of energy and magnetic moment is equal to 1. Then random walks start, at each step

© borocnosckuit H.A., Tletrpos [I1.B., ABepkueB H.C., 2023. Uspmarens: CaHkr-IleTepOyprckuii MONUTEXHUUYECKUI
yHuBepcuret I[lerpa Benaukoro.
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4 Bulk properties of semiconductors

the density of states in the corresponding interval is increased by f times, where f'is the so-called
modification factor. Initially, modification factor is taken equal to e, this value is chosen for
convenience. Then the modification factor is gradually reduced to increase the accuracy of the
calculations. In addition to the density of states, we will count how many times the system appears
in each interval during a random walk and save the corresponding value in the histogram A(E, m).

At each step, we randomly select one spin and try to flip it. We calculate the energy £, and
the magnetic moment m_ before the spin flip, and the energy £, and the magnetic moment m,

after the spin flip. The flip is accepted with probability p(l - 2) = min [M,lj. That is,
8 (Ez > mz)

we always accept transitions to less probable states, and the probability of transition to a more

probable state depends on the ratio of densities of state in the initial and final states. Thus, the

Wang—Landau algorithm is non-Markovian chain, the probability of transition to the next state

depends on the history of previous transitions.

At the moment when the histogram A(E, m) is flat enough, that is, the maximum and
minimum values differ by no more than some specified amount (usually 80—90%), we decrease
the modification factor and reset the histogram to zero. The algorithm terminates when the
modification factor becomes small enough, so the density of states is known quite accurately.

Fig. 1 shows the calculated density of states for a system of N = 512 spins. The size of the
system was chosen based on a reasonable calculation time. For example, it took about a week
to calculate the density of states shown in the figure. The color in the figure shows the decimal
logarithm of the density of states, that is, the maximum and minimum value of the density of
states differ in this figure by 130 orders of magnitude. Notice that the noise on the tails of the
density of states is minimal.

.{;
-10

1.0
0.8
=20

-90
-100
-110
-120
-130

=10 0 10 20 30 40
Elg

Fig. 1. Decimal logarithm of the density of states g(£, m), normalized to the maximum
value. Calculation for a system of N = 512 spins and concentration na®> = 0.03

The complexity of the problem can be reduced and the size of the system can be increased if
the density of states is calculated for a fixed value of the magnetic moment. The algorithm differs
only in that at each step we try to simultaneously flip two randomly selected, oppositely directed
spins in order to preserve the total magnetic moment of the system. Performing the numerical
calculation, we generated a configuration of N = 8192 spins and then calculated the density of
states for various values of the magnetic moment of the system for the same configuration of spins
in space. The calculations were performed on the supercomputer at Peter the Great St. Petersburg
Polytechnic University, allowing to calculate the density of states in parallel for 25 different
values of the magnetic moment. The size of the system was determined based on a reasonable
computation time, provided that the required computational accuracy is achieved.

It should be noted that the value of the energy of the system at the maximum of the density
of states depends on the spatial distribution of the spins. This dependence is purely statistical in
nature, the relative dispersion of the average energy decreases as 1/ \/N with an increase in the
total number of particles in the system. However, the spread was still significant with the available
size of the system. For this reason, we did not average over different spatial configurations.
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Fig. 2. Densities of states depending on the energy for different values of the magnetic moment m, the
values are signed near the corresponding curves. Red lines correspond to numerical calculations using
the Wang—Landau algorithm, blue dashed line to theoretical calculation by Eq. (5)
Calculations were performed for a system of N = 8192 spins and concentration na®> = 0.05

The results of numerical calculations show that, at a fixed value of the magnetic moment, the
density of states has a form close to a normal distribution (Fig. 2). Fig. 3 shows the position of
the maximum and the dispersion of the distribution depending on the magnetic moment of the
system m. It can be concluded that, in the considered range, the dispersion remains practically
constant, and the position of the maximum has a quadratic dependence on m.

20

0.0 o1 0.2 03 0.4
m

Fig. 3. Comparison of the average energy and dispersion of the distribution versus magnetic moment
of the system, obtained by numerical simulation (dots) and by analytical equations (lines). The
calculations were carried out for a system of N = 8192 spins and a concentration na® = 0.05

Analytical model

The density of states g(£, m) can also be calculated analytically. The total exchange energy of
the system of N interacting spins is the sum of N(V—1)/2 pair energies, each of which is a random
variable. In accordance with the central limit theorem, the distribution of such a sum should be
close to normal. This explains the form of the density of states obtained by numerical calculation.
In order to write an analytical expression for the density of states, it is necessary to calculate the
mean value and dispersion of the total exchange energy E. To calculate the average exchange
energy, we first consider the system of spins with one orientation. We denote the average energy
of the exchange interaction of one spin with all others as J, - The following expression [6] can be
obtained for the exchange energy (1):

— n 945t
J, :\/; > naJ,. 2)
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4 Bulk properties of semiconductors

Then, in a system of p “up” spins and g “down” spins, the average exchange energy is

— 1 _ _ — 1 —
E=—[p(p q}q(q pDJ1=—Nm2J1. 3)
20 \p+q P+q 2

For a system of randomly oriented spins, the average exchange energy of one spin is zero and
the dispersion of the exchange energy of one spin will be equal to le. Then the dispersion of the

1 —_—
total exchange energy will be equal to G’ = EN le. For the exchange energy (1), one can obtain

315%

211

7!
c’ =2—1fna3NJ§ =

na’NJ;. “4)

According to the results of numerical simulation, the dispersion of the exchange energy of the
system is practically independent of m for |m| < 0.4. For large m, this is not the case; in particular,
a fully magnetized system (m = +1) has only one state, which means that the dispersion is zero.
Therefore, the theoretical formulas written below are not applicable in the ferromagnetic phase
at low temperatures.

Finally, in the Ising model, the total number of states in a system of N spins is 2V, and the

N(m+1)
number of states with exactly p “up” spins is C; =C, 2 . Thus the density of states can be
expressed as

1 _ 2
—\2 2
Vo) (E—E) VCE) . (E—sz Jl]

E,m)=C, 2 exp| -——|=C, 2 ——exp|—
g( ) N 2nc P 26° N 21 P 26°

Let us assume that the density of states g(£, m) is known from numerical or analytical
calculations. In a magnetic field, the energy of the system will be the sum of the exchange energy
E and the energy of interaction with the magnetic field MB = uNmB. Then the probability density
versus energy £ and magnetic moment m will be described by the Gibbs distribution and will
E+uNmB

kT
parameters of the system of spins, such as the average magnetic moment or magnetic susceptibility:

— _uN _ E+uNmB
M = ~ IdE;mg(E,m)exp( T j, (6)

be proportional to g(E ,m)-exp(— j Using this expression, we can calculate all the

where Z is statistical weight.

1004

0.0

T,

Fig. 4. Dependence of magnetic susceptibility and average magnetic moment per one spin on
temperature
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The main difficulty of analytical calculations in such a model is the calculation of binomial
coefficients for large numbers. For example, for the studied system of 8192 spins, their value
reaches 10%, However, the modern programming language julia supports both work with
numbers of arbitrary length and parallel calculations, makes it possible to perform calculations
in a reasonable time. As an example, Fig. 4 shows the calculated temperature dependence of
magnetic susceptibility and average magnetic moment in a weak magnetic field.

Conclusion

To summarize, in this paper, we describe an efficient algorithm for numerical calculation of the
density of states in a system of randomly distributed spins. Furthermore, we propose an analytical
method for calculating the density of states in such a system. It is shown that knowing the density
of states of the system allows to easily find the thermodynamic parameters of the system, in
particular, the dependence of magnetic susceptibility and magnetic moment on temperature.
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Annoramus. PaGota mocBsIieHa MCCICTOBAHWIO BO3MOXKHOCTH YBEJIMUCHUS MHTCHCUBHO-
CTU HU3KOTEeMIIepaTypHOIl TepareploBOi JIOMUHECLECHIMN B IOJIYIPOBOTHUKOBBIX CTPYKTY-
pax ¢ 00BEMHBIMU BMUTAKCUATBHBIMU CI0sIMU 1-(GaAs, JerMpoBaHHBIMU JOHOPHOI MPUMECHIO
KPEeMHMSI, IPU MEX30HHOM ONTUYECKOI Hakauyke. Takoe yBeIMYeHuEe MOXET ObITh peaJM30BaHO
3a CYET YCKOPEHHOTO OIYCTOIICHWST OCHOBHOTO ITPUMECHOTO YPOBHSI CTUMYJIMPOBAHHBIM M3-
JIydeHMeM OJIMKHero MH(PaKpacHOTo auara3oHa, KOTOPOe CO37aeTcsl B TOW Xe caMOi CTPyK-
Type. s opraHM3allMy BBIHYKICHHOTO MEX30HHOTO M3TYYCHMSI OBUIM M3TOTOBJICHBI 00Opas-
LIkl B TEOMETPUHU ONTUYECKOrO Pe30HaTOpa IOJHOr0 BHYTpeHHero orpaxkeHus. MccienoBanach
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doTomoMUHECIICHITNS B OMVDKHEM MH(pPaKpaCHOM M TepareplioBOM IMarna3oHax Mpu TeMIiepa-
Type Xunkoro reausi. [IpogeMoHCTpUpoBaHa CIIOHTaHHAS M CTUMYJIMPOBaHHAasI (POTOIIOMUHEC-
LICHIIMS C YYaCTHMeM MPUMECHBIX COCTOSIHUI B OJM>KHEM MHOpPaKpacHOM Auaria3oHe, U3MepeHa
SBOJIIOLINST CIIEKTPOB OT MOIIMHOCTH OINTHYECKON HaKaukuW. Hajmume B CTPYKType M3IYYCHMS
TeparepIoBOTo aMara3oHa ¢ yyacTheM JOHOPHBIX COCTOSTHUI TMO3BOJIUT B AAJIbHEHIIIEM UCCie-
JIOBaTh BIMSTHAE HA HETO CTUMYJIMPOBAHHOTO M3IYYCHUS OJMKHEro MH(MPaKpaCHOTO IMAITa30-
Ha. [TomyuyeHHBIE pe3yabTaThl MOTYT OBITh MCIOJB30BAaHBI TIPU Pa3padOTKe HOBBIX MOJYIIPOBO-
JTHUKOBBIX NUICTOYHUKOB TePareplioBOro M3ay4yeHus.
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Introduction

Creating compact and efficient sources of radiation in the terahertz (THz) range is one of
the urgent tasks of modern optoelectronics. Terahertz radiation finds application in systems
of chemical, medical diagnostics, and security systems [1—2]. Now, the only high-power
semiconductor sources of THz radiation are quantum-cascade lasers [3]. However, the complexity
of the production technology greatly limits the usage of such lasers and creates the necessity to
search for alternative semiconductor sources of THz radiation. One of the approaches to the
development of such sources is the use of optical transitions of nonequilibrium charge carriers
with the participation of shallow impurity states in semiconductors.

For the first time, impurity-assisted THz radiation upon optical pumping was observed in bulk
silicon layers doped with phosphorus [4]. Intraband pumping was performed using CO, laser,
whose radiation excites charge carriers from the ground and lower impurity states to the higher
excited or band states. Terahertz photoluminescence was also observed in bulk semiconductors
doped with donors (n-GaAs) upon interband optical pumping [5].

The intensity of impurity-assisted THz emission depends on the population of the ground
state. For the first time, depopulation of the ground state with stimulated near-infrared (NIR)
radiation was used in diode structures with quantum dots to obtain mid-IR radiation [6]. Further
studies of the effect of stimulated depopulation of the ground donor state on the intensity of
terahertz radiation were carried out in structures with quantum wells (QWs) based on GaAs/
AlGaAs under optical interband excitation [7—S8].

The current work is devoted to further investigation of possibilities to increase the intensity of
THz photoluminescence in doped semiconductor structures. The use of bulk n-GaAs epitaxial
layers will make it possible to increase the radiation intensity due to the larger volume of the
active region compared to QW structures.

Materials and Methods

The structure was grown by molecular beam epitaxy on a semi-insulating GaAs substrate. The
active region contained a 0.52 pm thick GaAs layer doped with silicon to a concentration of
10" cm™ and embedded into the waveguide. Symmetric waveguide for the NIR radiation was
formed by Al Ga,_As graded layers. Terahertz radiation was observed on samples 5x5 mm?
in size. To obtaln ‘the stimulated NIR radiation, total internal reflection optical resonator was
formed with dimensions of 0.6x0.6 mm?. To study photoluminescence in the substrate, the
epitaxial layers were removed from one of the samples.

© Ierpyk AJ., Xapun H.1O., Bunuuuenko M.S., HopsatoB U.A., ®&énopos B.B., ®upcos [.A., 2023. Usnatenn: CaHKT-
[leTepOyprckuii moauTeXHMYECKUit yHUBepcuTeT [letpa Bemmkoro.
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For measurements, samples were mounted in a Janis PTCM-4-7 closed-cycle optical cryostat
and cooled down to about 4.2 K. The optical pumping was performed by Nd:YAG pulsed laser
(A = 532 nm, pulse duration 250 ns, repetition rate 8 kHz). The pumping power was varied using
an attenuator consisted of a half wave plate and a Glan-Taylor prism and measured by Thorlabs
PM100D optical power and energy meter. The pumping laser radiation was directed and focused
on the sample surface using a series of mirrors and converging lens. The diameter of the laser
spot on the surface of the structure was about 0.9 mm, covering the whole area of a sample with
a resonator.

The NIR interband photoluminescence spectra were measured by Horiba Jobin Yvon FHR
640 monochromator with 1200 groves/mm holographic grating and CCD detector. The THz
photoluminescence spectra were measured by Bruker Vertex 80v vacuum Fourier transform
spectrometer with Mylar beamsplitter operated in step-scan mode. The pumping laser radiation
was modulated with optical chopper at 87 Hz. The luminescence collected from the sample passed
through TPX windows and black polyethylene filter. The intensity of THz radiation was detected
by liquid helium-cooled silicon bolometer. The detector photoresponse signal was measured by
the SR830 lock-in amplifier synchronized in phase and frequency with the chopper.

Results and Discussion

Near-infrared photoluminescence spectra of structure and substrate at 4.2 K are presented
in Fig. 1. At a low pumping power, the spectra of a sample without a resonator and a sample
with a resonator are similar and are presented by black curve in Fig. 1. The energy of GaAs
band gap is marked by E arrow at 1.519 eV. The binding energy of shallow donors in GaAs is
5.9 £ 0.1 meV [9], which’ corresponds to the distance between the D-A arrow (optical transition
from the ground donor state to the valence band), and E value. The X arrow marks donor-
bound exciton recombination energy. Residual acceptors may be contained in the substrate or
introduced during epitaxial growth. Typical GaAs residual impurity is carbon (the binding energy
is about 26 meV [10]). Acceptor assisted transition is marked by e-A4 arrow at 1.492 eV. The
photoluminescence spectra of sample with a resonator at high pumping power demonstrated the
same features, but also shown up the peak of stimulated emission (see red curve in Fig. 1). The
blue curve in Fig. 1 shows the spectrum of the substrate. Impurity-assisted e-4 peak and low-
intensity exciton recombination peak are observed in the substrate spectrum.

The evolution of the NIR photoluminescence spectra of the sample with a resonator upon
increasing pumping power is presented in Fig.2. Relatively narrow and intense emission line on
the longwave side of the D-h donor peak marked by an arrow Stimulated in Fig. 1 and 2 is the
line of stimulated emission. This stimulated luminescence line is presented in the spectrum at a
pumping intensity above 320 W/cm?, which is the near-infrared lasing Threshold (marked with
an arrow in the inset to Fig.2). The inset in Fig. 2 shows the dependences of the integrated THz
luminescence intensity on the pumping power. The intensity of the stimulated peak makes a

Stimulated
- 2.0

Structure:
8.4 W/cm?
400 W/cm®
Substrate:
400 W/cm®

e-A

Intensity, a.u.
Intensity, a.u.

0.5

1.47 1.48 1.49 1.50 1.51 1.52 1.53 1.54 1.55
Photon energy, eV

Fig. 1. Near-infrared photoluminescence spectra of the structure and substrate measured at the
T = 4.2 K for different pumping levels. The spectral resolution is about 0.12 meV
for structure spectra and 0.8 meV for substrate spectrum
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significant contribution to the total intensity of the interband radiation of the sample (marked as
Sum) at high pump power. At the level of threshold total intensity has an inflection point. The
intensity of the spontaneous luminescence peak (marked as D-h spontaneous) saturates that is
typical for semiconductor lasers.

12 Stimulated
T 2
—740 W/cm2 Sum
1——510 W/cm S5 150/ , Stimulatad
10 4—— 350 W/cm? ol | = D-h spontanecus ,
|——210 wiem? ‘E 1|0 o
£ oo Threshod .* .7
8 = . -
. [ R FETELEL
=] g Qi
© E o 400 &00 1200
=y 64 Pumping power, Wrem?
2
o
= 4 e-A D-h
spontaneous spontaneous
2
o0d oot .
A

- i} a3 T T y
1.48 1.49 1.50 1.51 1.52 1.53 1.54

Photon energy, eV

Fig. 2. Near-infrared photoluminescence spectra of the structure with a resonator measured at
T = 4.2 K for different pumping levels. Spectral resolution is about 0.12 meV. The inset shows
dependence of integrated near-infrared photoluminescence intensity on the optical pumping power

Fig. 3 shows the THz photoluminescence spectra at 4.2 K. The red curve shows the THz
photoluminescence spectrum of sample without resonator. Binding energy of shallow silicon
donors in GaAs is marked by e-D arrow at 5.9 meV [9]. The spectrum has a peak at a slightly
higher photon energy (about 7.75 meV). This corresponds to the fact that the transition at exactly
the photon energy equal to the binding energy is forbidden and to electron heating effects. The
emission peak at 11 meV cannot correspond to electron transitions involving a silicon impurity.
The same peak was observed in the measurements of THz photoluminescence in Ref. [5] where
it was associated with residual extrinsic defects in GaAs. The emission band at energies of
15-28 meV replicates the photoluminescence spectrum of the substrate (see black curve in
Fig. 3). Thus, residual acceptor-assisted radiative transitions both from the substrate and from
the epitaxial layers may contribute to the THz luminescence. The THz emission band marked as
Substrate is typical for such experiments and can either be observed [11] or not be observed [8] in
similar samples, depending on the quality of the substrate and the grown structures. Based on this,
we can conclude that the THz emission band in the range of 5—12 meV is associated precisely
with the epitaxial layers, and not with the substrate.

6

Structure |-
Substrate — |

e-D
3 Substrate

] jl

Intensity, a.u.

é 1I0 1I5 2I0 25 30
Photon energy, meV
Fig. 3. Terahertz photoluminescence spectra of a structure without a resonator
and of a substrate measured at 7= 4.2 K
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Conclusion

Impurity-assisted photoluminescence in the near-infrared and terahertz spectral ranges was
demonstrated for the structure with bulk semiconductor n-GaAs epitaxial layers embedded in
a waveguide. A narrow and intensive line of stimulated emission in the near-infrared range
was observed for the samples with four cleaved facets resonator. The appearance of stimulated
near-infrared radiation and spontaneous terahertz radiation makes it possible to study the effect
of depopulation of the donor ground state on the characteristics of terahertz radiation in bulk
n-GaAs layers.
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Abstract. In this paper, we present an overview of the possibilities of nuclear spin warm-up
spectroscopy method. Nuclear spin warm-up spectroscopy method is based on optical cooling
and subsequent warming up of nuclear spins by oscillating magnetic field. Changes of nuclear
spin temperature before and after applying of oscillating magnetic field are determined from
the degree of photoluminescence polarization. This method is applied to studying the properties
of the cooled nuclear spin system in bulk n-GaAs crystals. Using warm-up spectroscopy, we
can investigate such thermodynamical characteristics of cooled nuclear spins as local fields, ab-
sorption coefficients and fluctuations spectral density (correlator spectrum). In particular, such
experimental opportunities accompanied by theoretical interpretations allows us to investigate
and control the presence of quadrupole interactions in structures. Furthermore, the nuclear
spin fluctuations are reflected in the correlator spectrum, which can be recalculated from ab-
sorption coefficients. Measurements of the nuclear spin correlator are important experimental
opportunity because fluctuations of nuclear spins are one of the main sources of electron spin
decoherence in n-GaAs.
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AnHotamusa. B gaHHOI paboTe TIpencCTaBieHbl BO3MOXHOCTH IKCIEPUMEHTATbHOMN
METOAUKU CIEKTPOCKOMUU OTOrpeBa SIAEPHBIX CHUHOB. JlaHHAasi MeToaMKa OCHOBaHa Ha
OTOTPEBE MEPEMEHHBIM MAarHUTHBIM IOJIEM ONTUYECKU OXJIAXIEHHBIX SIIEPHbIX cMMHOB. OHa
MO3BOJISIET U3y4YaTh TEPMOJUHAMUYECKUE XapAKTEPUCTUKU OXJIAXKIEHHOW CIMHOBOW CHUCTEMBI
saaep oobeMHBbIX ciioeB n-GaAs. K TakuM xapaKTepucTUKaM MOXKXHO OTHECTH CITEKTPbI OTOTpeBa
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Introduction

One of the main tasks of modern spintronics is the realization of the possibility of using the
electron spin as an information carrier. However, the main obstacle to this is the electron spin
relaxation. We need to look for ways to increase the electron spin lifetime. In bulk n-GaAs
structures, the maximum of an electron lifetime localized on a donor center is observed at a donor
impurity concentration near the metal-insulator transition [1]. Therefore, it is promising to use
n-GaAs samples with a donor concentration of the order of n,, = 10"°—~10'° cm™. Wherein in such
structures, one of the main mechanisms of electron spin relaxation is the interaction with nuclear
spin fluctuations [1, 2]. To increase the electron spin lifetime, one must be able to control and,
ideally, suppress the nuclear spin fluctuations.

Suppression of nuclear spin fluctuations is possible at ultralow nuclear spin temperatures, on
the order of fractions of a microkelvin. At such temperatures, a transition of nuclear spins to a
magnetic order is expected. In 1997, Merkulov proposed the theoretical concept of a nuclear
spin polaron in bulk n-GaAs [3]. According to Merkulov, when the nuclear spin system (NSS) is
cooled to temperatures of the order of fractions of a microkelvin, nuclear spins are expected to
pass into an ordered state in the vicinity of the donor center, due to hyperfine interaction with the
electron. To date, there have been published several theoretical works about on the nuclear spin
ordering due to hyperfine interaction in semiconductors [4—6]. But none of these ordered states
has yet been observed experimentally. However, this is one of the main possibilities for suppressing
nuclear spin fluctuations. The detection of the pre-polaron state is supposed to be based on the
change in the low-frequency part of the nuclear spin fluctuations spectrum (correlator spectrum)
[3, 6]. It is expected that as the nuclear spin system (INSS) approaches to the ordered state,
the low-frequency part of the correlator spectrum should increase its magnitude. To observe
this effect, it is necessary to implement two conditions of the experiment. It is necessary to be
able to cool the NSS to microkelvin spin temperatures and to reliably measure the nuclear spin
correlator. The nuclear spin warm-up spectroscopy method, proposed in this paper, allows one
to carry out experiments on deep cooling of the NSS in n-GaAs. Also, using this method, we
can obtain the correlator spectrum of optically cooled nuclear spins by measuring the absorption
coefficients at different frequencies of an oscillating magnetic field (OMF).

In this paper, we present the results obtained with nuclear spin warm-up spectroscopy method
for bulk n-GaAs samples. The basics of this method were laid in early works of 1980s [7, 8], where
first absorption spectra of the NSS in a bulk n-GaAs sample were measured, but the physical
mechanisms of formation of the obtained spectra were not elucidated. To date, we have come
closer to understanding the physical foundations of absorption spectra. In particular, it turned
out that even otherwise insignificant quadrupole effects have a strong influence on their shape
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[9, 10]. We have not yet fully explored the mechanisms which determine the nuclear spin correlator
spectra. However, the correlators measured by our method are qualitatively consistent with the
shapes of spin correlation functions, obtained earlier by numerical modeling [11, 12]. This gives
us confirmation that our nuclear spin warm-up spectroscopy method really makes it possible to
detect nuclear spin fluctuations. It means that the development of this method together with a
theoretical analysis will eventually allow us to learn how to detect an approach of the NSS to the

polaron state. .
Materials and Methods

With the help of nuclear spin warm-up spectroscopy method, the NSS of bulk n-GaAs layers
with donor impurity concentrations in the range of 10"°—10' ¢m™ was studied. The samples
under studies were grown by liquid-phase epitaxy. The scheme of the experimental setup is
given in [9]. The sample under study was placed in a closed cycle cryostat and cooled down
to 6 K. Radiation from a laser diode at a wavelength of 780 nm passed through a quarter-wave
plate, creating a circularly polarized optical pump, and was focused on the sample surface. The
polarized photoluminescence (PL) signal passed through a photoelastic modulator (PEM) and
a linear polarizer and was focused on the slit of the spectrometer. The spectrometer passed the
PL line at a wavelength of 817—819 nm (depending on the sample under study), which then was
focused on the photodiode chip. The PL intensity was determined using a two-channel photon
counter connected to a photodiode and synchronized with the PEM. All measurements were
carried out by detecting the change in the degree of PL polarization with time.

As some examples of experimental results, the measured absorption spectra in a zero magnetic
field, the correlator spectrum, and the magnitude of the local field will be given in this work. To
obtain these characteristics, we used a multi-stage experimental protocol proposed in [7, 8] and
developed in [9, 10].

The experimental protocol used to obtain the absorption spectrum in zero magnetic field
consisted of four stages. The first stage is called preparatory. The NSS was in the dark during
the minute. By the end of this stage, the NSS came to thermodynamically equilibrium state. The
next stage was optical cooling of the NSS. For a minute, the sample was pumped with circularly
polarized light in a longitudinal magnetic field B, = 150 G. Spin-polarized electrons polarized
nuclear spins due to hyperfine interaction. By the end of the second stage, a nuclear field and
the corresponding spin temperature, different from the lattice temperature, were created. This
was followed by adiabatic demagnetization to zero external field. The longitudinal field B, was
switched off to zero during a time is equal to 20 ms. After demagnetization, the spin temperature
decreased by several orders of magnitude. For structures under study at the described experimental
conditions the nuclear spin temperature was about 100 pK. The third stage was the application
of an OMF in the dark for 3 s at a fixed frequency. To obtain the absorption spectrum in a zero
static magnetic field, the frequencies were chosen from the range from 100 Hz to 20 kHz at a
fixed amplitude of OMF. After the applying of OMF, the nuclear spin temperature was increased.
The heating process took place at the rate of (1/T + 1/T))"", where 1/T is the heating rate due
to the impact of OMF on the NSS at a frequency o, 1/ 7L is the relaxation rate of the NSS due
to spin-lattice relaxation. The last step was measuring the nuclear field B,, which remain after
OMF application. To do this, the pump and the transverse magnetic field B (measurement field)
were switched on. Electron spins depolarized in the total field B, + B,, and then during the whole
measuring stage (about 200 s) the nuclear field B, decreased due to spin-lattice relaxation, and
the electron polarization was restored. An example of the protocol described above is given in [9]
in Fig. 3.

The rate of the NSS heating is related to the magnitude of the nuclear field B, remaining after
the application of OMF at frequency o by the following formula: 1/7 = (1/z,, ) In[B, (0)/B,],
where B, is the value of the nuclear field in the case, when in the third stage the OMVF was not
applied. ﬁef [9] describes in detail how to extract the absorption coefficient 1/7T , from the fitting
of a multi-stage curve.

Spectral fluctuation density G (nuclear spin correlator) is related to the heating rate by the
following formula: G = (1/T m)'(éfOB */w’B ) [7], where B, is the local field, B, is the amplitude
of OMF, o is the frequency of OfVIF ”Ilherefore, the experimental protocol for obtaining the
correlator spectrum remains the same. The only difference is that the measurement takes place in
a narrower and lower frequency range of OMF frequencies: from 10 Hz to 15 kHz.
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To measure the magnitude of the local field B, , the stage of an OMF application is not needed.
Therefore, only three stages remain from the protocol described above: thermalization, optical
cooling with adiabatic demagnetization and measurement. In order to determine the value of the
local field, we proceeded to the last stage, carrying out measurements with the magnitude of B,
varied from 0.2 G to 7 G at a step from 0.1 to 1 G, depending on steepness of the dependence
B (B,). Further, from each measurement the nuclear field B, was extracted, and compared with

the tﬁeoretlcal dependence:
1 (I + 1) 2
N :bNh<YN> 3K, XB 32 > (D)

where b is the Overhauser field at full nuclear polarization k is the Boltzmann constant, 7 is
the Planck constant, (y ) is the average gyromagnetic ratio of the NSS of GaAs, I = 3/2 is the
nuclear spin, f is the inverse nuclear spin temperature. The obtained dependence B (B,) was
fitted by Eq. (1) with the value of B, as a free parameter. In this way, the value of the local field
was determined.

Results and Discussion

Inthis section, examples of absorption spectra at zero external magnetic field, correlator spectrum
and experiment for determination of the local field are presented. These results demonstrate the
experimental possibilities of the nuclear spin warm-up spectroscopy method. Also, it should be
noted, that for results, presented below, the value of the nuclear spin temperature that was reached
by the end of the second stage of multistage measurements (after adiabatic demagnetization) was
several orders of magnitude higher than the temperature required to achieve the polaron state.
Obtaining ultralow nuclear spin temperatures is a separate experimental direction, not included
in this paper.

Absorption spectra for the sample with the donor concentration n, = 5:10% cm™ are shown
in Fig. 1. These spectra were measured in three different points on the sample surface (Point /,
Point 2, Point 3). The main difference between spectra is the frequency positions of the absorption
peaks - they depend on the magnitude of the quadrupole interaction of nuclear spins. So, at
the Point / (dots in Fig. 1) the magnitude of the quadrupole interaction is considered to be
minimal, and at the Point 2 (triangles in Fig. 1) the magnitude of the quadrupole interaction is
the largest. In this case, two absorption peaks at frequencies of the order of 4 kHz and 9 kHz
(Point 2, Point 3) correspond to the precession of isotopes As and ®Ga together with "'Ga in
the local fields, determined by dipole-dipole and quadrupole interactions. These frequencies can
vary depending on the magnitude of the quadrupole splitting [9, 10]. The experimental fact that
in different points on the sample surface the different absorption spectra are obtained indicates
the spatial inhomogeneity of the quadrupole interaction of nucleus in the sample, which can be
revealed by our nuclear spin warm-up spectroscopy method.

The example of nuclear spin correlator spectrum, which was obtained for the sample with

donor concentration n, = 1.2:10'® cm?, is
1t " shown in Figure 2 by dots. This spectrum
: corresponds to the nuclear spin temperature
of about 50 pK (optical cooling stage time
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Fig. 1. Absorption spectra in three different points
on the sample surface (Point /, Point 2, Point 3)
at zero external magnetic field

was equal to 60). The low-frequency part of
the correlator spectrum is described by a
Lorentzian (dashed line), and high-frequency
part is described by a Gaussian (dash-dotted
line). Such a decomposition of the spectrum
into contours is in agreement with the temporal
spin correlation functions calculated within
different models [11, 12], which are related to
the frequency dependence through the Fourier
transform. It should be noted that the shape of
the nuclear spin correlator spectra is the same
for all studied bulk n-GaAs crystals with donor
concentrations in the range of 10°—10'® ¢cm™.
This indicates, in particular, that the donor
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concentration does not affect the formation of the spectra of nuclear spin fluctuations. In Fig. 3,
the black dots show the dependence of the value of nuclear field B, on the amplitude of the
measuring field B,, constructed according to the method described in the previous section. The
obtained experimental dependence was described by Eq. (1) with the value of the local field B, as
a fitting parameter. For the sample under study, the value of local field is equal to B, = (lié.l)

G, which is close to the known literature data for bulk GaAs [13].

50
1 d Experiment 40 I '/___,___.0--——0——°— 20 —
. —-— Gaussian Fit -
2 (% -----+ Lorentzian Fit 30 4
3 |1 O L/ .
"E —— Fit Sum s Q @ Experiment
4 [ <200 g S
o | 0 ® B, = (1:0.1)G
0 i 1 1 1
0 2 4 6 8

Fig. 2. Nuclear spin correlator spectrum for bulk
n-GaAs (dots).
The spectrum was obtained by the warm-up
spectroscopy method. The parts with low and high
frequencies are described by Lorentzian and Gaussian
functions, respectively

Fig. 3. Experimental dependence of nuclear field

on the measurement transverse magnetic field

for determination of the local field (black dots).

Fitting experimental results by Eq. (1) with B, as
fitting parameter (black curve)

Conclusion

In this work, the experimental possibilities of nuclear spin warm-up spectroscopy method were
presented for bulk n-GaAs samples with donor concentrations in the range of 10°—10'*cm™. The
proposed method makes it possible to obtain such characteristics of a cooled NSS as absorption
and correlator spectra, and also makes it possible to measure nuclear local fields. In particular,
we found that the absorption spectrum in a zero magnetic field reflects the spatial inhomogeneity
of the quadrupole interaction, the correlator spectra consist of two contours, and their frequency
shape does not depend on the donor concentration.
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Abstract. A WTe, single crystal was grown by the chemical vapor transport method, and its
electrical resistivity and galvanomagnetic properties were investigated. Single-band and two-
band models were used to estimate the concentration and mobility of charge carriers in WTe,
at temperatures from 4.2 to 150 K.
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Introduction

In recent years, WTe, has attracted great interest due to its extremely large magnetoresistance,
which varies with the ﬁeid according to a law close to quadratic without saturation up to 60 T [1].
It was assumed that the mechanism leading to the extremely large magnetoresistance in WTe, is
electron-hole compensation [1]. Theoretical calculations of the electronic structure of WTe,, as
well as experimental studies using the angle-resolved photoemission spectroscopy (ARPES) and
Shubnikov-de Haas oscillation measurements, revealed that the Fermi surface of this compound
has a complex structure and consists of several pairs of electron-like and hole-like pockets, while
the total volume of electron pockets is equal to that of hole pockets [1-4].

Another interesting feature of WTe, is that it was predicted as a candidate type-11 Weyl
semimetal [4], which was confirmed experimentally using ARPES and scanning tunneling
microscopy [5, 6]. In such materials, the valence and conduction bands with a linear dispersion
touch at points near the Fermi level, forming the so-called Weyl nodes. Instead of a point-like
Fermi surface characteristic of a type-1 Weyl cone, the type-I1 Weyl node is a touching point of
the electron and hole pockets. Quasiparticles near such nodes behave similarly to massless Weyl
fermions in high-energy physics. Weyl points always occur in pairs of opposite chirality and are
topologically protected, resulting in unique surface states called Fermi arcs and unusual transport
properties [7, 8]. The low effective mass of current carriers in Weyl semimetals leads to their
high mobility ~10°-10° cm?/(V-s), which opens up prospects for the use of such materials for the
development of ultrafast electronic devices.

The concentration and mobility of current carriers can be estimated based on data on the
Hall effect and magnetoresistivity. On the one hand, such estimates are carried out within the
framework of a single-band model, in particular, in [9, 10], where the transport properties of
Weyl and Dirac semimetals were studied. On the other hand, to analyze the galvanomagnetic
properties of such materials, the two-band model is often used, which takes into account the
contributions of both electron and hole carriers [11, 12]. In [13], we compared the results of using
these models to estimate the concentration and mobility of current carriers in WTe, at 7= 12 K
and obtained good agreement. However, it is of interest to carry out such an analysis over a wider
temperature range. The aim of this work is to compare the results of using the single-band and
two-band models for the analysis of the galvanomagnetic properties of WTe, in the temperature
range from 4.2 K to 150 K.

Materials and Methods

WTe, single crystals were grown by the chemical vapor transport method, which was described
in detall2 in [13]. The crystal structure of the synthesized crystals was studled by X-ray diffraction
using CrKoa radiation. It was found that the single crystals under study have an orthorhomblc
structure (space group Pmn2 ) with lattice parameters a = 3.435(8) A, b =6312(7) A
c=14. 070(4) A. Using X-ray energy dispersive microanalysis on a Quanta 200 Pegasus scannmg
electron microscope with an EDAX attachment, it was established that the chemical composition
of the grown crystals corresponds to st01ch10metnc WTe,.

To measure the transport characteristics, a sample Wlth dimensions of ~4 x 1 x 0.4 mm’
was chosen. The resistivity and Hall resistivity were measured by the four-contact method in
the temperature range from 4.2 K to 290 K and in magnetic fields up to 9 T on an Oxford
Instruments setup for studying galvanomagnetic phenomena in strong magnetic fields and under
low temperatures. During measurements, the electric current flowed in the ab plane, and the
magnetic field was directed along ¢ axis. To estimate the quality of the sample, the residual
resistivity ratio (RRR) was determined, which is the ratio of resistivities at room temperature and

© IlepesanoBa A.H., ®omunbix b.M., Yuctskos B.B., Haymos C.B., Hesepos B.H., Mapuenkos B.B., 2023. WU3natenn:
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at liquid helium temperature and depends on the number of defects and impurities. In this work,
the RRR value for the single crystal under study is p, ~ 50, which is comparable with the
RRR in [14], but at the same time, it is less than in fl lﬁ

Results and Discussion

Fig. 1, a shows the temperature dependence of the electrical resistivity p(7) of the WTe, single
crystal in a zero magnetic field and in a field of 9 T. It can be seen that in the absence of a
magnetic field, the sample exhibits a metallic behavior with an increase in the electrical resistivity
from 0.13-10™* Ohm-cm to 5.7-10~* Ohm-cm with increasing temperature from 4.2 K to 290 K.
While the magnetic field B=9 T leads to the appearance of a minimum in the dependence p(7) at
T =60 K. It is assumed that this minimum can be caused by the transition from effectively high
(co T >> 1, where o_ is the cyclotron frequency, T is the relaxation time) to weak (o1 <<1)
magnetlc ﬁelds [15, 16], which is observed for compensated conductors with a closed Fermi
surface [17]. The term ‘compensated’ implies that the concentrations of electrons and holes are
equal in such materials. To estimate the concentration n as well as mobility p of charge carriers,
a single-band model is often used for the analysis of data on the Hall effect, where n = I/RH'e,
u=R,/p (here R, is the Hall coefficient; e is the electron charge; p is the electrical resistivity in
a zero magnetic fi F eld). Fig. 1, b shows the temperature dependence of the Hall coefficient R, of
WTe, in a field B=9 T. It can be seen that R, has a negative sign, that is, electrons are the maln
charge carriers in the single crystal under study. The insets in Fig. 1, b show the temperature
dependences of the concentration n and the mobility p of current carriers in WTe_, obtained using
the single-band model. At 7T=4.2 K, n and p are 5-10" cm™ and 7-10° cmz/(\;s), respectively,
where n increases and p decreases with increasing temperature.
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Fig. 1. Temperature dependence of electrical resistivity in a zero magnetic field and in a field of 9 T (a);
Temperature dependence of the Hall coefficient R, of WTe, in a field B =9 T ()
The insets show the concentration » and mobility p of current carriers versus temperature, obtained
using a single-band model

At the same time, since it is known [1—4] that WTe, is a compensated semimetal, it is of
interest to estimate the concentrations and mobilities 0% separately electron and hole current
carriers. In this case, a two-band model is used, where the resistivity p_and the Hall resistivity
p,, can be represented as [11]:

_ 1(my + ) + (e, + 1y, )y B2 "
e(mp, +n.p, )2 +(m, - ) Wik B

XX
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B (mpi+npl)=(n, —n)wiuiB° )

Te (mpy ) +(m—n ) wlB

Here n, (n,) and p, (p,) are the concentration and mobility of electrons (holes), respectively.
From the simultaneous fitting of the experimental curves p_(B) and p_ (B) in the framework of the
two-band model, one can obtain the mobilities and concentrations of electron and hole current
carriers. Fig. 2, a shows the p_(B) and p_ (B) dependences for WTe,. Open symbols correspond
to experlmental data, and solid lines correspond to curves obtained w1th1n the framework of the
two-band model using a computer program [18]. It can be seen that the fitting curves describe
the experimental results well. The error in determining the fitting parameters does not exceed 3%.
Fig. 2, b shows the temperature dependences of the concentrations and mobilities of electrons
and holes obtained using the two-band model. At 7= 4.2 K, concentrations of electrons and
holes are 4-10" ¢cm™ and 3.4-10" cm™, respectively, which is close to the value of n, obtained
using the single-band model. At temperatures above 50 K, the electron concentration increases,
while the hole concentration decreases. Whereas within the framework of the single-band model,
an increase in the concentration of the main carriers is observed. At 7= 4.2 K, the mobilities of
electrons and holes are 6.3-10° cm?/(V-s) and 3.7-10° cm?/(V's), respectively, and decrease with
increasing temperature, which agrees with the results obtained using the single-band model. Note
that the concentration and mobility of electrons mainly exceed that of holes, which means that
electrons are the majority carriers, which is also consistent with the results of the single-band
model. The inset in Fig. 2, b shows that the ratio n,/n_ is close to 1 at temperatures below 50 K,
which indicates a state close to electron-hole compensatlon in WTe,. It was also shown in [11]
by analyzing data on the Hall effect and magnetoresistivity in WTe that the concentrations of
electrons and holes are comparable at 7 < 50 K, which may be due to a change of the electron
structure of this compound at low temperatures.

P 107" Ohm-em

0" Ohm-em

Py |
o
)

|
i

50 100 150
7K

Fig. 2. Field dependences of the resistivity p_ and Hall resistivity Py for WTe, at temperatures from

4.2 K to 150 K (a): open symbols are expenmental data; solid lines are ﬁttmg curves obtained using

Eq. (1) and (2); temperature dependences of the concentrations and mobilities of electrons and holes
extracted using two-band model (b)

The inset shows the temperature dependence of the ratio n,/n,
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According to Eq. (1), the magnetoresistivity (MR) Ap/p can be expressed by the formula:

Ap _po=p _ () + (mp - n) (mu, +ns ) B (3)
PP (mapty + )+ (=) B

Thus, if the compensation condition is satisfied, n, = n,, the MR can be represented as
Ap/p=p uth, that is, it changes with the field according to a quadratic law. Fig. 3 shows a plot
of the MR 'versus magnetic field B for WTe_ at T=4.2 K. The MR reaches 1750% in a field of
9 T, which is less than the MR in [1, 11], wilich is apparently due to the lower value of the RRR
for our crystal. Approximation of this dependence by a power function (red solid line in Fig. 3)
revealed that Ap/p ~ B'Y, i.e. at T=4.2 K, the MR changes with the field according to a nearly
quadratic law. The triangular symbols in Fig. 3 show the MR calculated by Eq. (3) for the case
n,=n,, where the values of p and p, were obtained using the two-band model. It can be seen
that the MR calculated from the Eq. (3) exceed those obtained from the experimental data at
B =5 T. Apparently, this is due to non-ideal compensation in the WTe, single crystal under study.

2_0 T T T T T
T=42K o
1.5+ -
X o Experimental MR
S + Caleulated MR
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< Filting cutve
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0.0 e ) ) : i
O 2 4 [ 8
A

Fig. 3. Field dependence of the magnetoresistivity (MR) of WTe, at 7= 4.2 K: open symbols represent
the MR calculated from experimental data; the red solid line is the approximating function; triangles
are the MR calculated from the compensation condition within the framework of the two-band model

Conclusion

The WTe, single crystal was grown and its galvanomagnetic properties were studied. Hall
effect data as well as magnetoresistivity data were analyzed using both single-band and two-
band models, followed by extracting the concentration and mobility of current carriers. It can
be assumed that the results obtained within the framework of the two-band model are in good
agreement with the results of applying the single-band model. Moreover, the two-band model,
which provides information on the concentration and mobility of both electron and hole carriers,
is preferable for systems containing different groups of carriers.
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Annotanusg. B Hacroguieil paboTre MpencTaBiA€Hbl  pe3yJbTaThl  pPacyeTHOW U
9KCMEPUMEHTAIbHON 3aBUCUMOCTM WHTEHCUBHOCTU (DOTONIOMMHECHEHIIMU OT TMJIOTHOCTHU
MOIITHOCTHU BO30YKICHUS IS JICTUPOBAHHEBIX KpeMHHeM cioeB GalN, BeIpaIlleHHBIX METOIOM
MOJIEKYJISIDHO-JIy4eBO snuTakcuu. [lokazaHo, 4YTO aHajJu3 3aBUCUMOCTUM WHTEHCHBHOCTU
(GOTOTIOMUHECIIEHIIMM OT IUIOTHOCTU MOIIHOCTU BO30YXIEHMSI C TOMOIIBIO MOJEIU 3JIeK-
TPOHHBIX TepexoaoB B GaN Ipu MexX30HHOU reHepallii 2JIeKTPOH-AbIPOYHBIX Map MO3BOJISIET
OIpPEeneIUTh MEXaHU3M PEKOMOMHALMU U KOHLEHTPALMX JOHOPOB U aKIIENTOPOB B MOJYIIPO-
BOIHUKE.
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Introduction

III-nitrides and their alloys are direct-gap semiconductors, relevant for the manufacture of
light-emitting devices for the visible and ultraviolet regions of the spectrum [1, 2]. Varying the
Al content in AlGaN allows creating materials with band gap (£ ) from 3.43 to 6.2 eV, covering
the spectral range from 200 to 365 nm. Formation of epitaxial GaN n-type conductivity layers
using silicon (Si) as a donor is not difficult, the electron concentration can be increased to
10 cm™. However, epitaxial growth of semiconductor structures is associated with formation
of point defects, which can form acceptor-like states and compensate the doping impurity.
Photoluminescence spectroscopy (PL) is a non-contact fast non-destructive method of
characterizing such heterostructures, requiring a small amount of material to study. Several bands
in the GaN luminescence spectra related to electronic transitions to the centers with energy levels
in the band gap [3] are known, the most actively studied is the ‘yellow band’ of luminescence
with the maximum of about 2.2 eV that is associated with the main GaN background impurities
or their complexes with natural lattice defects: V_ -O, complex [4—6] and C O complex or
isolated C impurity [7—9]. The yellow band proviaes information on the defects in the crystals
and is actively used to improve their growth technology since the ratio of the intensities of the
UV-edge band and the yellow band in the GaN luminescence spectrum can serve as a criterion
of its crystalline perfection.

Usually the intensity of the yellow band linearly depends on the excitation power density (J) at
low values of J and it saturates at high values of J. The approximation of this dependence by the
function of the form /(J) ~ In(1 + J/J)) in [10] allows to determine the acceptor concentration
from the magnitude J,. This method requires the measurement of the external quantum efficiency
of the yellow band, since within such a model this magnitude takes into account the influence
of competing channels of the recombination. It is not possible to calculate the concentration of
the donors by this model. A stricter account of other channels of the recombination consists in
solving the system of the kinetic equations in the stationary case together with the electroneutrality
equation. In the present work, we propose to use this approach to determine the mechanism
of yellow band recombination in the Si-doped GaN layers and concentrations of donors and
acceptors according to the dependence of yellow band intensity on the excitation power density.
The proposed model is universal and can be used for any compensated semiconductors at high
temperatures.

Materials and Methods

We investigated 1-um-thick GaN layers grown by molecular beam epitaxy (MBE) from
ammonia on Riber's CBE-32 machine. The substrates used were (0001) oriented polished
400 pum thick 2" sapphire wafers. The layers were doped with silicon (Si) from a monosilane
gas source. The concentration of silicon atoms in the layers was determined by secondary
ion mass spectrometry (SIMS) using the technique described in [11] and was approximately
8x%10' cm™. The electron concentration was determined by Hall effect measurements in Van der
Pau geometry in a 0.5 Tesla magnetic field at room temperature and was about 3x10'7 cm=. The
PL spectra were measured at room temperature. The 4th harmonic of the stationary YAG laser
(A, = 266 nm) with a maximum radiation power density of 12.6 W/cm* was used to measure the
Pt over a wide range of excitation power.

© Ocunnbix U.B., Manun T.B., XKypasnes K.C., 2023. WUznatens: CankT-IleTepOyprckuii moJIUTEXHUUECKUT YHUBEPCUTET
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Results and Discussion

Fig. 1, a shows the experimentally measured PL spectra of a typical GaN sample, in which the
near-band-edge PL band with a maximum at 3.45 eV and yellow PL band with a maximum at
2.18 eV dominate. Both bands are characterized by a monotonic growth of the integral intensity
with the increase in the excitation power density (Fig. 1, ). The near-band-edge PL band intensity
increases by the superlinear law throughout the range of excitation power density, approximation
by the exponential function gives a power index y = 1.17. The yellow band intensity increases
linearly up to J ~ 1 W/cm?, at higher values the dependence becomes sublinear, approximation
by the exponential function gives a power index y = 0.66, close to the value from work [12],
which is typical for donor-acceptor recombination. The intensities of the edge and yellow bands
are compared at J ~ 4.5 W/cm?. The approximation of the yellow band intensity by a function of
the form I(J) ~ In(1 + J/J,) [10] gives the value J, ~ 3.4 W/cm?, which depends on N, as follows:

J,/E

las

=N, /am, (1)

here © = (n W, )! is the lifetime and n is the external quantum efficiency of the yellow band,
respectlvely Su stituting the value n 0.06, typical for the yellow band [10, 13], into relation (1)
gives the estimation N, = 2x10" cm™
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Fig. 1. Room-temperature PL spectra of GaN (a) and dependences of the intensity of the edge and
yellow PL bands on the excitation power density (b). The solid lines depict the approximation curves
(see the text for details)

Within the framework of the above model, the influence of competing recombination
channels is taken into account by the value of n. This model does not allow us to calculate the
concentration of donors. A more rigorous consideration of
other recombination channels consists in solving a system
of kinetic equations in the stationary case together with the

CB electroneutrality equation. The dependence of intensity
D—+ of various PL channels in a compensated semiconductor
hv hy on the excitation power was calculated for the interband

E, e e mechanism of electron-hole pai ti Fig. 2 sh
g T pair generation, Fig. 2 shows
ALY v a schpme of electronic transitions. The semlcond.uc.tor
contains donors (D), acceptors (A), and non-radiative
VB y recombination (NR) centers. Within the model there are
®® @ ® ® three channels of radiative recombination — band-band

(BB), band-acceptor (eA) and donor-acceptor (DA) with

Fig. 2. Scheme of transitions in participation of one type of acceptors and one channel of
a compensated semiconductor at non-radiative recombination (NR).

band-band generation of charge Following the transition scheme, we can write a system

carriers of continuity equations for free electrons n, free holes p,
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neutral donors N, °, neutral acceptors N 0 and neutral non-radiative centers NTO together with
the electroneutraﬁty equation.

O=o +W,-Np=W,-n-p=W,,-n-(Ny=Np) =W, -n-Ny=W,-n-N;
0=W,-p-(N,=N;)=W,-n-Ny
0=W,,-p-(N,~N)~W,-n-Nj=W,,-Ny-Nj )
0=W,-n-(Ny=Np)=Wy,-Np-Ny-W,-N)
p+(Ny—Np)=n+(N, —N))+(N,-Ny),

here ]\éD, N ‘ and N, are total concentrations of donors, acceptors, and non-radiative centers,
.8x10 !

a=1 cm! is absorption coefficient at the laser wavelength [14], W.=1.1x10"% cm>x¢™!
is probability of radiative recombination of free charge carriers [14]. The probability of thermal
ejection of an electron from the donor level into the conduction band was estimated as

W,=W, Ny e, ()

here N . is the effective density of states in the band, k is the Boltzmann constant, T is
temperature, £, = 26 meV is the ionization energy of the donor [15]. W , W  and W  are
probabilities of electron capture to the donor, to the acceptor and to the non-radiative center,
W, and W, are probabilities of hole capture to the acceptor and to the non-radiative center
[161 Since the recombination probability in DA pairs depends on the distance between the
donor and acceptor in the pair (7), it is impossible to describe the DA-channel by a simple
expression for the transition rate with a fixed value of the transition probability ¥, . To avoid
complicating the calculation scheme, we introduced an average value of the recombination
probability showing the most possible value of this value:

Wy, = [ W) f()dr,
W(r)=We . 4)

f(r)= Clrze_ﬁe L

here W(r) is the recombination probability in a donor-acceptor pair of radius r, f(r) is the
density distribution function of randomly located non-interacting donor-acceptor pairs along
radius 7. Here W is a constant indicating recombination probability at » = 0, a is the Bohr
radius of the electron on the donor, N is the concentration of the dominant impurity (donors
in this case), ¢ is the dielectric permittivity, e is the elementary electric charge, C, is the
normalization multiplier.

The solution of the system of equations (2) allows us to obtain the dependence of the
concentrations of charge carriers and neutral centers on the excitation power density J. From
these we can derive the dependences of recombination channel rates as a function of J.

Ly () =W, -n(J)- p(J),
L,(J)=W,,-n(J)-Ni(J),
15, () =W, - Np(J)-Ny(J),
Ly () =W, -n(J)- N7 (J).

Fig. 3 shows the calculated dependences of the rates of BB, NR, eA and DA recombination
and G generation rate channels on the excitation power density J. The concentrations of donors,
acceptors, non-radiative centers, and equilibrium electrons are taken to be N = 8x10"¥cm,
N,=2x10" cm?, N, = 3.5x10" cm™ and n, = 3x10" cm™. The calculated dependences of
the rates of BB and bA channels coincide with the experimental dependences for the band-
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band and yellow PL bands. In the experiment, it is most convenient to register the value of
power density J_, at which the intensities (or recombination rates) of BB and DA channels are
equal, which depends on the selected concentrations. Donor concentration N_ = 8x10"¥ cm™
which corresponds to J, = 4.5 W/cm? observed in the experiment coincides with the value of
total silicon concentration obtained by SIMS method. This means that this technique provides
reliable information on donor and acceptor concentrations. It should be noted that the kinetics
of photoluminescence decay would allow to accurately determining the donor concentrations
[17]. This is a point of further development of the proposed approach.
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Fig. 3. Calculated dependences of the NR, BB, eA and DA recombination rate and the generation
rate G on the excitation power density. The concentration of donors, equilibrium electrons, acceptors
and non-radiative centers are N, =8x10" em™, n,=3x10" cm™, N, =2x10" cm™, N, = 3.5x10" cm™

Conclusion

In this work, a model of electronic transitions in compensated GaN was established that
takes into account radiative band-band, band-acceptor, donor-acceptor transitions and non-
radiative transitions at band-band generation of electron-hole pairs. The dependences of the
rates of these recombination channels on the excitation power density were calculated within this
model. The dependences of the intensity of the near-band-edge and yellow photoluminescence
bands on the excitation power density for n-doped GaN layers grown by molecular beam
epitaxy were measured. It is shown that the yellow band in GaN is caused by donor-acceptor
optical transitions. The analysis of band-band and donor-acceptor photoluminescence bands
intensity dependences on the excitation power density allowed estimating the concentrations of
donors and acceptors in GaN. The correctness of the concentration estimate demonstrates the
coincidence of the donor concentration with the total silicon concentration.
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AnHoranusga. B npeacraBieHHOU paboTe cooOlaeTcs o pa3paboTKe MeToAa IpsIMOro cpa-
LIMBaHUS rerepoanuTakcuaibHbiX cioeB 3C-SiC, BbIpallleHHbIX HAa Si MOAJI0XKKaX, U MOHO-
KpucTajummueckux maactTuH 6H-SiC. OO0Hapy:XeHO, YTO TeMIlepaTypa CpallldBaHUS SBIISICTCS
KPUTUYCCKUM ITapaMeTpOM IJIS IMOJIYICHMS MEXaHUUECKOTO KOHTAKTa MEXAY MePEeHOCHUMBIMU
CJIOSIMUA U HECYIIUMM TUTacTMHaMU. Pe3ynbTaThl XapaKTepU3allMM MOKa3aJiv, YTO KPUCTAJIM-
yeckasl CTpyKTypa ToMO3nUTakKcuanbHbIX cl10EéB 3C-SiC, BbIpallleHHbIX Ha MOMJI0XKaX, IMOJy-
YEeHHBIX METOJIOM CpalllMBaHUsl, COOTBETCTBYET YMCTON KyOHUUeCcKOl (ha3e BHICOKOrO KayecTBa.
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Introduction

Silicon carbide (SiC) is considered as a prime candidate to replace silicon in today’s electronics
due to inherent physical properties such as wide band gap, thermal and corrosion stability, as well
as higher blocking voltage, lower losses, and faster switching speed [1]. Compared to the other
two most known polytypes, hexagonal 4H- and 6H-SiC used in power microelectronics, the cubic
3C-SiC polytype is the promising material for high-frequency electronic devices [2]. A topic
problem of 3C-SiC technology is the lack of methods for the ‘bulk’ growth of a single-crystal
material necessary for the manufacture of substrates for 3C-SiC homoepitaxy. It could seem
that in this case, a natural solution would be to use existing SiC wafers of hexagonal polytypes
as substrates. However, achieving high-quality homoepitaxy of 3C-SiC on 4H- and 6H-SiC is
problematic due to the difference in the types of crystal lattices. At the same time, cubic SiC
can be grown on widely available silicon wafers with a similar syngony. At present, however,
such heteroepitaxial technologies have not yet reached the crystalline quality acceptable for the
production of electronic devices. There are two main problems to be resolved here. First, it is
the level of internal stresses caused by the mismatch between the lattice parameters of 3C-SiC
(4.36 A) and Si (5.43 A). The mismatch is the reason for the formation of a highly defective
nucleation layer resulting in the formation of wide set of extended defects. The electrical activity
of these defects is the dominant problem that adversely affects the efficiency of electronic devices
based on 3C-SiC. The second problem is related to the presence of thermoelastic stresses arising
from the difference in the thermal expansion coefficients of Si and 3C-SiC, which is 8%. As
a result, cracking of epitaxial layers is often observed when they are cooled from the growth
temperature to the room temperature. Cracking determines a significant deterioration in the
quality of the epitaxial layers. A comprehensive solution of the problems mentioned above can
be the development of an alternative substrate (template) using the approach of transferring
the already grown 3C-SiC seeding layer onto a carrier wafer which would be close to the layer
in terms of lattice parameters and thermal expansion coefficients. Notice that such transfer
technologies (called wafer bonding) are widely used in epitaxial and device technologies of
materials for which there is no matched substrate [3—6]. This paper reports on the development
of a template by direct bonding of 3C-SiC epitaxial layers grown by chemical vapor deposition
(CVD) on silicon substrates and single-crystal 6H-SiC wafers, for which the lattice mismatch
with 3C-SiC does not exceed 0.3%; these two polytypes also have close thermal expansion
coefficients. The effectiveness of the proposed transfer approach is confirmed by the results of
sublimation homoepitaxy on the 3C-SiC/6H-SiC templates obtained.

Materials and Methods

CVD-grown (001)3C-SiC/Si structures with 40 pm-thick epitaxial layer and single-crystal
(0001)6H-SiC wafers (manufactured by Nitride Crystals, LLC) were used for bonding experiments.
The bonding was carried out at temperature 7= 1300—1550 °C in vacuum without any adhesive
layers and without applying external mechanical pressure. The next step after the bonding was
the removal of silicon with a liquid etchant. Homoepitaxial 3C-SiC layers were grown on the
resulting templates by the sublimation method at 7= 1700-1800 °C in vacuum of (4-5) x 10°¢
Torr. The layer thickness was 10—15 micrometers. Structural characterization was carried out
with X-ray double-crystal diffractometry (XRD) and Raman spectroscopy. Room temperature
Raman spectra were recorded in the backscattering geometry using a LabRAM HR Evo UV-VIS-
NIR-Open spectrometer (Horiba, France). Nd:YAG laser with a wavelength of 532 nm was used
as the excitation source. The laser beam was focused into a spot up to 1 um in diameter using
Olympus confocal microscope.

© Awmenpuyk [.I'., Meia6aesa M.I"., CmuproB A.H., laseinos B.1O., Jlebenes C.I1., Jlebenen A.A., 2023. WUznatens: CaHKT-
[leTepOyprckuii moauTeXHMYECKUit yHUBepcuTeT [letpa Bemmkoro.
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Results and Discussion

Fig. 1, a, b shows the technological scheme of the bonding process and photographs of the
processed experimental samples.

a) b)

TR 3C-5iC

6H - SiC 6H - SiC D

Fig. 1. Scheme of bonding process (left) and the corresponding photographs (right) of experimental
samples: before annealing (@), after unloading from the annealing chamber (b)

It was found that the transferred CVD-layers had strong mechanical contact with SiC wafers
when the annealing temperature exceeded the melting temperature of Si (1400 °C). Annealing
under these conditions results in conversion of silicon substrate into a droplet of Si melt as shows
the photograph in Fig. 1, b. Before using the bonded 3C-SiC/6H-SiC structures as a substrate
for subsequent sublimation homoepitaxy, the solidified Si melt was removed by wet etching in a
1 : 3 mixture of hydrofluoric (HF) and nitric (HNO,) acids, which has no etching effect on the
underlying silicon carbide.

Structural characterization showed that the best quality was achieved for sublimation epitaxial
layers grown on a bonded substrate fabricated at 7= 1500 °C. XRD rocking curves (RC) obtained
on homoepitaxial layers grown by sublimation on a substrate with a transferred CVD adlayer had
a full width at half maximum (FWHM) in the range of 120—170 arc seconds whereas RC with
FWHM of 300 arc seconds were recorded on starting heteroepitaxial 3C-SiC grown by CVD on
a Si substrate. Based on the XRD data, two main conclusions can be drawn: (I) the quality of
sublimation epitaxy of 3C-SiC on the combined substrates is at the level of epitaxy of cubic silicon
carbide by chemical vapor deposition; (I1I) despite the fact that the transferred layer had the (001)
orientation, its overgrowth proceeded in the [111] direction. To clarify the latter discrepancy, we
can consider the data obtained by optical microscopy (Fig. 2, a, b). A micrograph of the back side
of the 3C-SiC CVD layer transferred onto a SiC wafer is shown in Fig. 2, a.

a) b)
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Fig. 2. Results obtained by optical microscopy: explanatory diagram of the studied sample (a);
back side surface view of 3C-SiC layer transferred on 6H-SiC wafer (x500) (b)

An island-like character can be detected in the structure formed at the initial stage of 3C-SiC
growth on the Si substrate. The structure is formed by small randomly distributed triangular
islands, which are crystallographic twins lying in the (001) plane. Based on this observation and
the results of XRD analysis, we can assume that the initial island-like microstructure develops
into a microstructure with different island orientation in accordance with van der Drift model
of self-regulation of crystal growth from the vapor phase on a substrate with randomly oriented
nucleation islands. The evolutionary selection rules proposed in the model determine the
termination of the growth in the direction of slowly growing orientations and the development of
preferred orientations with a maximum growth rate. In case of cubic crystals, these regularities
determine the growth transition from the [100] direction to the [111] direction [7].
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Results obtained by XRD analysis were fully confirmed by the results of Raman spectroscopy
studies of initial 3C-SiC CVD-grown layers and grown on combined substrates. Raman studies
are used in SiC technologies as the main diagnostic method for determining the polytype of
experimental samples, the presence of polytype inclusions in them, and evidence of polytype
transformations. It is known that in the Raman spectra of 3C-SiC there are two characteristic
lines corresponding to the transverse optical mode (TO) at a frequency of 796.2 cm™ and the
longitudinal optical mode (LO) at a frequency of 972.7 cm™ [8, 9]. Fig. 3 shows the Raman
spectra of CVD-grown 3C-SiC layer on Si and of the layer grown by sublimation layer on the
bonded substrate.
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Fig. 3. Raman spectra measured in the starting 3C-SiC/Si sample (a) and in the layer grown by
sublimation on the transferred 3C-SiC seed adlayer ()
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Both spectra contain narrow peaks of TO and LO phonon modes at frequencies ~794 c¢cm™
and ~968 cm™!, respectively. This confirms that the layers correspond to the pure cubic phase
of high quality. The spectrum of the CVD-grown layer additionally contains a peak at 520 cm™!
corresponding to the silicon substrate. Observed change in the ratio of intensity of the LO and
TO phonon lines confirms the phenomenon of changing of orientation from [001] to [111] for
the CVD layer and the layer grown by sublimation epitaxy, respectively.

Conclusion

We established that the transfer of 3C-SiC heteroepitaxial CVD-grown layers onto a 6H-SiC
wafer makes it possible to develop combined 3C-SiC/6H-SiC structures suitable for use as
substrates for high-quality homoepitaxy of cubic polytype silicon carbide. We found that a
bonding temperature above the melting temperature of Si is a critical parameter for obtaining
good mechanical contact between the transferred 3C-SiC layers and carrier 6H-SiC wafers.
Interpretation of the observed phenomenon of the change in the crystallographic orientation of
the grown layers relative to the transferred ones requires additional investigation.
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Abstract. Graphene transfer using polymers as a supporting layer makes sensors with excep-
tional yield and few defects. It is still an issue to make scalable and versatile high-purity graphene
transfer method. Current-voltage characteristic slope and hence the sensitivity of the graphene-
based devices are limited by the residual polymer left after the transfer process that forms local de-
fects and trapped states quenching charge transfer. Due to the strong interactions between polymer
and graphene, residual removal remains an important problem to solve. In this work graphene on
Cu foil was covered using spin-coating of poly(methyl methacrylate) (PMMA) with different mo-
lecular masses and the addition of a low volatile additive. The film obtained was transferred onto
Si/SiO, substrates. In order to remove PMMA residues multiple cleaning techniques with different
solvents were used and compared to each other; new methods were developed. The quality of the
purified graphene was studied by analyzing AFM, Raman, fluorescence spectroscopy data. The
structure was <1 nm thick with a 2D to G peak ratio, of ~ 5.
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Moebiwmenue 3¢h(hpeKTUBHOCTHU yAa/IeHUSI OCTAaTOYHOro nosimmepa nocse
nepeHoca rpadeHa A/if NOBbILWEHUS YYBCTEUTE/IbHOCTU CEHCOPOB
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Annoranuga. [Ipu nepeHoce rpacdeHa ¢ UCIOIb30BaHUEM ITOJMMETUIMETAKpUIaTa YIaeTCs
¢GopMUPOBaTh BEICOKOUYBCTBUTEIbHBIE CEHCOPHI HA OCHOBE rpadeHa ¢ BhICOKOI BOCIIPOU3BO-
JUMOCTbIO T€OMETPUUECKMX MapaMeTpOB KaHajda Ha MUKPOYPOBHE U MaJloil ne(heKTHOCThIO.
OpHako, ymajeHue OCTaTOYHOTO ToJIMMepa OCTaéTcsl aKTyaJdbHOM TpobjieMoii. bwlio ocy-
1LIECTBJIEH TepeHoc rpadeHa ¢ ucnoiab3oBaHueM [TMMA ¢ pa3iuyHOii MOJEKYJIsIpHON Mac-
coit Ha Si/ SiO2 nomnoxku. i ynanenust cinost [IMMA cpaBHUBAJIMCH pa3IMYHbIE METOOU-
KM C TIPUMEHEHUEM IIMPOKO MCIOIb3yeMbIX pacTBoputeseii. [Ipu ncmonb3oBaHMM Hambojee
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3(hHEKTUBHOM METOAUKM OYMCTKH, TOJNIIMHA ITIepeHeCEHHOTO0 TpacheHa ¢ octaTouyHbiM [IMMA
coctaBwia MeHee 1 HM, a cootHolueHue 2D/G cocraBuio ~5. C moMolIbo pa3paboTaHHBIX
MeToAMK yaaiaeHust ocratoyHoro [IIMMA MoxeT ObITh 00eCIieueHO YBEeJIMYEeHNE UYYBCTBUTEIIb-
HOCTH JUIST HEIOPOTUX MHOTOPA30BBIX CEHCOPOB Ha OCHOBe rpadeHa.

KoueBbie cioBa: mepeHoc rpadeHa, ceHCop, yaajleHue IojJuMepa, MoJIuMeTIIMeTaKpuiaT

®unancupoBanue: PaboTa BEITIOJTHEHA IIPU MOIEpKKe rpaHTa Poccuiickoro HaydHOTo (pOH-
na, cornamenue Ne 19-19-00401 (https://www.rscf.ru/project/19-19-00401/, pazpaboTka MeTO-
nuku yaanenuss [IIMMA); rpanta Ilpesunenra Poccuiickoit @enepauvu Ne MK-4010.2022.4
(uccnengoBanue ACM).
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Introduction

Graphene transfer with the use of poly(methyl methacrylate) (PMMA) is the base method
to manufacture devices based on graphene [1, 2], which is initially synthesized on Cu foil by
chemical vapour deposition (CVD) and has an acceptable quality of the graphene. However,
after graphene is transferred to a substrate, it usually contains PMMA residuals, which greatly
decreases the effective sensibility of the work area. Therefore, the current-voltage slope and, hence,
device performance depend on the quantity of residual PMMA left [3]. Apart from covering the
surface and making it impossible to modify it, PMMA residuals also cause defects formation and
trap-like behavior states on it. Despite the efficiency of the solvents, a thin layer of PMMA clusters
stays coupled with the graphene as that is more energetically favorable than being removed by
the solvent. Removing this residual layer is an important problem to solve, thus a special cleaning
technique using two or more different solvents [3] and two-stage cleaning is to be developed [4]
since the standard PMMA solvents (acetone, ethyl acetate, trichloroethylene etc. [5]) do not
provide a sufficient degree of graphene purity. The quality of pristine graphene can be estimated
by the 2D to G peaks ratio at Raman spectra, hence the effectiveness of the rinsing method
applied evaluates this ratio and reaches ~2-5 at best [3, 4]. The high fluorescence of pristine and
rinsed graphene is an effect of interactions between graphene, residuals and solvent molecules that
can be used to evaluate the number of residuals on the surface [6-8]. However, its relation to the
analysis of the graphene cleaning quality is not studied enough. Thus, it is required to develop
efficient methods for the residual polymer removal after the main PMMA layer is removed
with standard solvents, as well as study the performance of such methods using atomic force
microscopy (AFM), fluorescence and Raman spectroscopy altogether.

Materials and Methods

In this work we used CVD-grown graphene (Graphenea, Spain) on Cu foil. PMMA with
different molecular mass — 495 kDa (MicroChem, USA) with 2-phenyl ethanol (2PE) additive,
as well as 350 kDa 2% solutions in anisole (Sigma-Aldrich, USA), was used to form the
supporting layer required for transfer. PMMA was spin-coated onto graphene at 2.5 krpm and
annealed at 80 °C after. In order to remove polymer residuals film was rinsed in different solvents:
acetone, trichloroethylene (TCE), isopropanol (IPA), butyl acetate (BA), tetrahydrofuran (THF)
(Komponent-Reaktiv, Russia), for about half an hour at ~50 °C to increase the dissolution
rate. The quality of graphene was investigated using AFM (Solver-Pro, NT-MDT, Russia) for
graphene transferred on Si/SiO, and Raman spectroscopy with background fluorescence intensity
analysis (Centaur U HR, 532 nm laser, Nano Scan Technology, Russia) for graphene on Cu foil
(without transfer, but with all processes of deposition and removing PMMA).

© Bbapcykos JI. A., Hekpacos H. I1., Pomamikun A. B., boopunenkuit U. U., Jlesun . [., Hesomun B. K., 2023. Uznarens:
Cankr-IleTepOyprckuii moautexunieckuii yauepcutet [letpa Benmkoro.
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Results and Discussion

AFM images obtained (Fig. 1) show that the residual layer is whole, with small craters in
different areas, that can also be identified as pores due to the probe's large curvature radius.
Rinsing in acetone left a lot of PMMA residuals [1] with a total height of graphene with PMMA
layer ~4 nm (Fig. 1, ¢). Sample re-rinsed with the mixture of commonly used solvents THF:BA,
6:4 decreased the size of individual PMMA clusters between clean areas of graphene, left after the
first rinsing (Fig. 1, d). Since THF and BA are similar in properties to the solvents used in another
work [4] this mixture can effectively remove polymer residual from graphene.

Rinsing with THF:BA mixture forms clean areas of graphene between residual PMMA clusters,
while the best PMMA solvent — trichloroethylene [5] leaves the thin but continuous layer of
PMMA residuals. Therefore, the near-surface layer removal has a weak dependence on polymer
solubility and is determined by the interaction of polymer molecules with graphene. Solvents such
as THF, especially in combination with the small non-solvent molecule, can provide a better
polymer removal rate [9], which is why in our work we have switched from using THF:BA or
IPA:H,O [3], to the THF:H,O.

15 nm

oo

B

Height (nm)

0 500 1500 2500 0 50 100 150
Distance (nm) Distance (nm)

Fig. 1. AFM data of the 495 kDa PMMA on graphene rinsed with acetone (a, ¢), THF:BA (b, d)

AFM data does not provide sufficient information to estimate the number of defects in the
crystal structure of graphene. However, Raman and fluorescence spectra show a strong correlation
between residuals left and 2D peak width, position and 2D to G peak intensity ratio, which
allows us to estimate the quality and purity of rinsed graphene. AFM data has shown that the 495
kDa PMMA sample cleaned with acetone average thickness of polymer residuals is larger than
the 350 kDa one rinsed the same way, but Raman spectra 2D/G ratio is bigger for the 495 kDa
one, proving that it is cleaner than for 350 kDa one. Hence, 350 kDa PMMA has formed the
continuous layer with less clean graphene areas.

Intensive fluorescence was observed on the samples with graphene on the Cu foil (Fig. 2, a, b)
[6], which can be an effect of interaction between graphene and residuals or impurities on its
surface causing fluorescence similar to graphene quantum dots [7] with more than 20 nm sizes [8],
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which can be formed between residual molecules at graphene. The spectra of the point with the
least amount of graphene in the laser spot (looking the same as no graphene areas in the optics)
show less fluorescence, proving that it is caused by interactions between graphene and other
molecules. Moreover, fluorescence decreased for the samples with PMMA 350 kDa layer formed,
and increased for the 495 kDa PMMA with 2PE ones, compared to the initial graphene. Using
495 kDa PMMA with 2PE additive forms non-homogeneous graphene regions with either more
2PE or PMMA. That is similar to the fluorescence signal from graphene regions with polymer
molecules separated by the clean areas or vice versa. Trichloroethylene cleaned samples and the
uncleaned ones full-covered with PMMA have almost the same fluorescence, especially for PMMA
with smaller molecular weight, indicating that the residuals are not entirely removed, which can
also be proved by the 2D to G ratio (Fig. 2, ¢, d). Both 495 kDa PMMA with 2PE additive and
350 kbDa PMMA samples were rinsed with THF:water, which has led to fluorescence increase
(Fig. 2, a, b), showing that this treatment still leaves residual molecules on the surface. Nonetheless,
this particular re-rinsing procedure allows us to dramatically decrease the number of residuals left,
resulting in larger 2D to G peaks ratios ~5 (Fig. 2, ¢, d), which is the high value [4]. Thus, most
of the graphene is cleaned, but it still has nanoscale areas separated by residual molecules that are
not entirely removed, hence the quality of the graphene obtained can be improved even further.

We found out that during re-rinsing with THF:water at 50 °C, the copper foil is a catalyst
for the reaction between THF and water [10], resulting in Cu O formation [11]. Cu oxidation is
characterized by Raman peaks in the spectra (from 534 to 5420 nm, Fig 2, a, b). Oxidation has
affected the reduction of the fluorescence suppression characteristic of the original metal surface.
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Fig. 2. Fluorescence (a, b) and Raman spectra (c, d) of the graphene with different treatment

Mechanical stress or changes in electronic structure in graphene with PMMA film deposited
and removed are well characterized by 2D peak position (Fig. 3, a). Exfoliated graphene on a
substrate, that has no residuals, has the 2D peak at ~2686 cm™! [12]. The changes in the 2D peak
position (Fig. 3, a) and in the 2D/G ratio (Fig. 3, b) compared to reference data for the deposited
PMMA and rinsed one with TCE indicate different mechanisms of interaction with graphene for
495 kDa PMMA containing 2PE and 350 kDa PMMA.
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Fig. 3. Diagrams of the 2D peak position (a), 2D to G ratio (b), 2D width to intensity ratio (c)

This demonstrates the importance of the 2PE molecules remaining in the near-surface layer,
which greatly affects the graphene properties. The significant improvement in the 2D/G ratio,
as well as the narrowing of the 2D peak for samples rinsed with THF:water, in contrast to
the behaviour of fluorescence, indicate the essential purity degree of the graphene. Due to the
remaining shift of the 2D peak for the samples with the 2PE additive, it is evident that 2PE
itself is still present after all purification procedures. The IPA:water treatment [3] provided an
improvement over the TCE rinsing, but was less effective than THF:water.

Conclusion

New efficient method of PMMA residual removal from graphene was developed. This method
includes post-processing in THF:water solution after traditional TCE washing. The main idea
is to overcome the strong interaction between PMMA residuals and graphene by using specific
solvent-non-solvent interactions with PMMA and removing all of them. Thus, high graphene
purity was achieved, which is confirmed by the high-intensity ratio of the 2D/G peaks of about 5.
However, these results can be further improved by removing the remaining molecules on the
graphene, which is the goal of our further research. Clean graphene on the target substrate is a
base for the further development of highly sensitive sensors of any sort able of detecting substances
with extremely low molecule concentrations (~0.1 pM). This sensitivity can be improved by using
the graphene channel purified with the proposed method. It allows us to make compact non-
invasive reusable sensors able to detect diseases and viruses in outer body fluids like sweat and
make gas sensors with improved sensitivity.
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Abstract. High Electron Mobility Transistor (HEMT) heterostructures based on IT1I-N sem-
iconductors (nitrides of Al and Ga) have become increasingly widespread in recent years. They
are used in the manufacture of microwave transistors, high-power transistors for power elec-
tronics, etc. However, mass application of such transistors requires a reduction in the cost of
heterostructures due to the use of cheap substrates and an increase in the area of one substrate.
Thus, substrates of single-crystal Si(111) are of great interest. They are available in diameters
up to 300 mm, and the possibility of growing III-N structures has already been demonstrated
for them. Nevertheless, the epitaxy of I[II-N HEMT structures on Si substrates is complicated
due to a number of technological difficulties in the epitaxy of such structures. In this paper, the
dynamics of curvature and residual bow of III-N HEMT structures were experimentally studied
during epitaxy and after cooling for Si(111) substrates with a diameter of 100 mm and various
thicknesses of substrates and grown semiconductor films. It has been shown that the technology
developing and optimization should be carried out on thin substrates, while device structures
should be grown on thick substrates. Furthermore, the mechanical stresses can be controlled
accurately enough so after epitaxy the bow of the structure is minimal.
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AnHoTanuda. B HacToseilr paboTe MpoBEAEHO 3KCMEPUMEHTAIBHOE WCCIEAOBAHUE JTUHA-
MUKWM KpUBU3HBI U octatoyHoro mporuda III-N HEMT cTpykTyp BO BpeMsl W IOCJe PMU-
takcuu it moaoxek Si(111) mmamerpom 100 MM pa3nudHOI TOMIIMHBI; ObUTa OTIpejesieHa
NUHAMUKA KPUBU3HBI OT TOJIIUHBI CTPYKTYPHl BO BPEMsI POCTA, UYTO TMO3BOJISIET OINPEIACIUTh
rapaMeTpbl AMUTAKCUU IS MOJTYYEHUsI HEOOXOAMMOr0 MPoruda CTpyKTyp Mocae OCThIBAaHUS.

KimoueBbie caoa: DD MOC, moseBble TpaH3UCTOPHI, YIIPYTUe HAIPSKEHUS, KPEMHUI
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Introduction

High Electron Mobility Transistor (HEMT) heterostructures based on I1I-N semiconductors
(nitrides of Al and Ga) have become increasingly widespread in recent years [1]. They are used for
manufacturing microwave transistors, high-power transistors for power electronics, etc. However,
the mass application of such transistors requires a reduction in the cost of heterostructures through
the use of cheap substrates and an increase in the area of each of them. From this point of view,
substrates of single-crystal Si(111) are of great interest. They are available in diameters up to 300
mm [2] and have already been shown to grow I1I-N structures. However, epitaxy of III-N HEMT
structures on Si substrates is very difficult due to the significant difference in lattice parameters
and in thermal expansion coefficients (TEC) of the substrate and III-N layers [3]. There are
also a number of technological difficulties in the epitaxy of such structures associated with the
solubility of Ga in Si, warping of large-diameter substrates due to temperature inhomogeneity,
leading to their plastic deformation, etc.

Materials and Methods

Equipment. The experiments were carried out on a MOVPE Dragon D-125 growth system
[4] with an inductively heated susceptor and custom-built gas injector allowing high growth rate
and uniformity. The setup has a horizontal flow reactor and a laser reflectometry system with the
ability to measure the structures curvature in-situ.

Structure growth method on silicon. One of the main epitaxy problems is the difference between
the TEC of the substrate and 1II-N layers, which leads to a strong contortion of the structure after
epitaxy and cooling. To eliminate this effect, the technique of creating mechanical stresses in the
growing III-N layers during growth is used [5—9] to compensate for the stresses that arise during
the cooling of the structure. Since the structures are highly stressed, after the epitaxy process, they
can have a different bow, which affects the subsequent stages of transistor fabrication. The order
of growing HEMT structures is shown in Fig. 1.
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Fig. 1. Order of growing HEMT structures: flat silicon substrate (a); first AIN layer protecting Si
from Ga and creating initial stresses (b); AlGaN buffer of several variable composition layers to
maintain the coherence of GaN growth on AIN and stress accumulation (c¢); GaN layer for the
accumulation of mechanical stresses, the creation of a non-conductive buffer layer and the active
region of the HEMT (d); structure distortion during cooling after epitaxy (e).
The black arrows show the direction of layer contortion at each stage; the red ones show the distortion of the
whole structure during cooling
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Structure growth starts with substrate annealing (7 = 1130 °C; p = 100 mbar) to get rid of
silicon oxide covering the substrate (Fig. 1, a). After that an AIN layer is deposited (7' = 1100
°C [10]; p = 110 mbar; growth rate =~ 0.5 pm/h) to prevent etching of Si by Ga melt (Fig. 1,b).
Then a set of AlGaN layers (7 = 1050 °C; p = 100 mbar; 6 layers of different composition;
composition being controlled by concentration of Al and Ga ratio; Al concentration in solid
solution: 80%, 60%, 45%, 35%, 15%, 10%) for stress compensation are grown (Fig. 1,c). HEMT
structure is finalized (7 = 1050-1100 °C; p = 100— 400 mbar) with doped with Fe and C and
undoped GaN layers, AIN spacer (f = 1 nm), Al ,,N barrier layer (f = 23 nm) and in-
situ deposited SiN (f = 5 nm) (Fig. 1,d). At the enci of epltaxy grown structure is cooled down
(=30 min) to the room temperature (Fig. 1, e).

Geometry of the structures. The curvature coefﬂcient, defined as the reciprocal of the curvature,
at constant mechanical stresses in the structure layers according to the Stoney equation (1) is
directly proportional to the thickness of the grown film and inversely proportional to the square
of the substrate thickness:

1 7

R M

where k£ is the curvature coefficient, R is the curvature, fis the film thickness, H is the substrate
thickness.

Based on geometric considerations (Fig. 2) and the smallness of bow / in relation to the
curvature R and substrate diameter ¢, we can obtain expression (2) for calculating /.
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R_-" The structure bow is proportional to
the square of the substrate diameter, so as
substrates increase in size, it is necessary to

significantly reduce the residual curvature.
The condition for post-growth processing

* is a bow of no more than 50 um, which
corresponds to a curvature of 40 km™! for a
100 mm substrate.

Results and Discussion

Fig. 2. Relation between curvature R and substrate The curvature of the grown structure, as
diameter d and bow & well as the growth rate of each layer, was

determined from data in-situ measured

during growth for each layer. The structure
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Fig. 3. Graph of the curvature k& and bow /4 vs different thicknesses of final films. Substrate
thickness of the growing structure f at different thicknesses were equal. It is seen that
thicknesses of substrate H controlling compositions and thicknesses

(given in brackets for each sample) of the buffer layers allow to control the
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Fig. 4. Graph of the curvature & and bow % vs thickness of the growing structure f at different total
thicknesses of structure (given in brackets for each sample)

mechanical stresses in the layers during the growth.
Table 1 shows the final bows of the heterostructures. The best result was demonstrated by
sample 1, while sample 3 did not fit into the tolerance at all (II1.C).
Table 1

Final bow of heterostructures after cooling

Sample 1 2 3 4 5 6 7

h, um 2.5 18.8 | 60.0 | 47.5 | 23.8 | 20.0 | 425

Conclusion

To conclude, it has been shown that under certain mechanical stresses in the layers, the
curvature and bow of the structure are inversely proportional to the square of the substrate
thickness. Therefore, the technology developing and optimization should be carried out on thin
substrates so that the sensitivity is higher and the response to stress changes is more noticeable,
while device structures should be grown on thick substrates so that the final bow is minimal.

Furthermore, the mechanical stresses can be controlled accurately enough by compositions
and thicknesses of the buffer layers so that after epitaxy the bow of the structure is minimal.
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Abstract. High-resolution photoelectron spectroscopy with synchrotron radiation and mag-
netic linear dichroism in Co 3p core-level photoemission have been used to study the initial
stages of formation and ferromagnetic ordering of Co/Si(100) and Co/Si(111) interfaces. The
correlation between the phase composition, electronic structure and magnetic behavior of the
interfaces has been established during Co deposition on Si surface and subsequent sample
annealing. It is shown that ferromagnetic ordering has a threshold nature and arises after the
deposition of 6 A of Co in both systems. At higher Co coverages a continuous film of a Si
solid solution in cobalt is found to develop. Further increase of ferromagnetic ordering of the
interface is caused by the growth of pure metal film. Annealing of the samples covered with a
Co film of few nm thickness leads to the gradual disappearance of the metal film and formation
of four silicide phases: a metastable ferromagnetic Co,Si silicide obtained at room temperature
for the first time and three stable non-magnetic cobalt silicides: Co_Si, CoSi and CoSi,. It is
shown that solid-phase reactions start at ~250 °C and ~320 °C in Co/Si(100) and Co/Szi(lll)
systems respectively.
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Annoramus. HavanbHbie ctamuu dopMupoBaHus U (HeppoOMarHUTHOE YIOPSIOYeHUE WH-
tepdeiicoB Co/Si(100) u Co/Si(111) ObLIM MCCICTOBAHBI C MOMOIIBIO (OTOIIEKTPOHHOM
CMEKTPOCKOIMUHU BBICOKOTO pPa3pelleHus] ¢ UCIOJIb30BAHUEM CUHXPOTPOHHOTO U3JIYYEHUS U
MarHUTHOTO JMHeWHoro auxpousMa B dorosmuccun Co 3p ocToBHBIX ypoBHeil. [TokaszaHo,

yTO (heppOMArHUTHOE YIOPSIIOUCHWE HOCUT TTOPOTOBBLIM XapakTep W BO3HHWKAET ITOCNIe Ha-
meieans 6 A Co B 06enx cucremax. OTKNT 00pa3lioB NMPUBOIUT K OOPA30BAHUIO YETBHIPEX
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Introduction

In the past decades, formation of thin cobalt silicide films on silicon has drawn much attention
because it represents interesting science and promising applications [1—3]. The initial effort was
focused on the fabrication of defect-free epitaxial CoSi, films. Low resistivity, high thermal
stability and small lattice mismatch with silicon allow tlzqe films to be used as very attractive
contact and interconnect materials in integrated circuit technology [1, 2]. A new impetus to
this research came from the studies of magnetic Si-based heterostructures and the mechanism
of interlayer exchange coupling through nonmetallic spacers in Co/Si multilayers [3]. These
structures are of especially high technological interest due to the possibility of being used as low-
resistivity contacts in electronic devices, which could save steps in the manufacturing process.
However, in contrast to Fe/Si system, Co/Si heterostructures have been much less studied
and available experimental results are contradictory [3]. The reason for the different magnetic
behavior is a very high sensitivity of diffusion processes at the Co/Si interface to experimental
conditions, such as the initial state of the substrate surface, the metal deposition rate, and others.
For example, the authors of Ref. [2] have found that Co film grows on the Si(100) surface in
the layer-by-layer mode at room temperature. As to magnetic properties of Co/Si interface
there are only few reports related to the Si(111) surface [4]. These studies were performed in
situ using surface magneto-optic Kerr effect and scanning tunneling microscopy. However, the
influence of both the chemical composition of the interfacial layers and their electronic structure
on the magnetic properties of a Co/Si interface is poorly understood. In this article, the initial
stages of Co/Si(100)2x1 and Co/Si(111)7x7 interfaces formation have been studied for the first
time by high resolution photoelectron spectroscopy as well as their ferromagnetic ordering have
been investigated using magnetic linear dichroism method. The use of these surface sensitive
techniques in the frame of a single experiment allowed to reveal certain correlations between the
phase composition, electronic structure, and magnetic behavior of the interfaces.

Materials and Methods

The experiments were carried out using the Russian-German beamline at the Helmholtz-
Zentrum Berlin (BESSY). Most of the spectra were measured at 135 eV, the energy at which the
surface sensitivity of the Si 2p spectra has a maximum [5]. The magnetic properties of the interface
were analyzed by a method based on magnetic linear dichroism (MLD) in Co 3p photoemission.
The energy position and shape of the photoelectron peak measured within a narrow solid angle
around the normal to the sample surface appears to vary with the sample magnetization [6]. The
sample to be studied was magnetized with a pair of Helmholtz coils fixed inside the vacuum
chamber. The measurements of the Co 3p spectra were performed in remanence.

The pure Si(100)2x1 and Si(111)7x7 surfaces were prepared in the conventional manner
by annealing the samples to 1200 °C for several seconds and then slowly cooling them to room
temperature. The procedure provided a well-defined low-energy electron diffraction pattern
(LEED) and a surface uncontaminated with carbon and oxygen. The chemical composition of the
surfaces was monitored using the photoelectron spectra. Cobalt was evaporated from a thoroughly
degassed source, in which a wire of highly purified material (99.99 %) was heated by electron

© Momnsik A. A., I'pedentok I'. C., Jlobanosa E. 10., Kysemun M. B., 2023. U3natens: CankT-[leTepOyprekuii mouTeXHUUECKUi
yHuBepcuret I[lerpa Benaukoro.
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bombardment. The Co flux was 0.3 A/min in the standard operation mode. The film thickness
was varied up to 20 A. To study thermostimulated reactions at the interface, the samples were
subjected to 5 min annealing at fixed temperatures which were varied from room temperature to
600 °C. All the photoelectron spectra were measured at room temperature in vacuum less than
1.5%x107'° mbar.

Results and Discussion

The typical Si 2p spectra taken during the deposition of Co on Si(100)2x1 and Si(111)7x7 at
room temperature are shown in Fig. 1. It is seen that the line shape is quite sensitive to the Co
coverage demonstrating change of chemical state of Si atoms during the deposition of Co. More
detailed information can be obtained using decomposition of the spectra into surface and bulk
components by using the least-square fitting procedure. This was done as described in [7]. Each
spectral component was approximated by the spin-orbit doublet with the splitting into 2p,, and
2p1 ,_sublevels equal to 0.61 eV. The line intensity ratio for these sublevels with the account of
thelr populations was taken to be two. Fig. 1 also shows the results of spectra decomposition.
According to the data reported in Ref. [8], the initial spectrum of a reconstructed Si(100)2x1
surface includes a bulk mode (B), two modes (S and § ) for the top and bottom dimer atoms, and
the modes for the first (S,) and the second (S|’ and S ;1,) silicon monolayers. The initial spectrum
of the Si(111)7x7 surface consists of bulk mode B and four surface modes of S, S S, and SD
that can be assigned to adatoms, rest atoms, pedestal atoms, and dimers, respectlve y.

In both cases, the next spectra, measured after Co deposition, show no surface modes of
Si atoms, indicating the absence of Si surface reconstruction or exposed sites of the substrate.
Instead of the surface components, we find new features in the Si 2p spectrum: /, C and S modes.
The I mode can be attributed to an ultrathin CoSi interface film, on which the phase of the C
mode is to be formed. Mode C can be assigned to silicon atoms dissolved in the cobalt matrix.
A new component S exhibits a negative energy shift relative to mode C. Such a shift is typical of
surface components accompanying volume modes in the spectra of solid solutions and silicides.
Thus, the S component is to be identified to silicon atoms segregated on the surface. For both
investigated systems we obtained the same modes, but their intensities are different.
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Fig. 1. Si 2p core-level spectra taken from Si(100)2x1 and Si(111)7x7 surfaces and after the deposition
of Co films of different thickness at room temperature. Their decomposition is shown as well
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Consider now the solid-phase reactions occurring at the interface during annealing of the
samples covered with 16 A of Co. The spectra of valence electrons obtained after the deposition
of cobalt on Si(100) surface and taken after each annealing of the sample are illustrated in Fig. 2.
One can see that there are the curves of three types corresponding to the different formed phases.
The curves of the first type are observed at temperatures less than 340 °C. These spectra are
similar to the first curve measured after Co deposition. The spectra of the second type can be seen
at temperatures equal to 360 °C and 420 °C. According to Ref. [9], they correspond to the stable
monosilicide e-CoSi. Finally, the spectrum taken after the annealing at 600 °C demonstrates the
characteristic features of CoSi, silicide [10].
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Fig. 2. Valence band and Si 2p spectra taken from the Si(100)2x1 surface with 16 A of Co deposited
at room temperature and after the sample annealing to different temperatures

The initial Si 2p spectrum measured after the deposition of 16 A of Co shows only traces of
the Si line due to its damping by the Co layer. Well defined Si 2p signal indicating a start of solid-
phase reactions in the analyzed layer was found after annealing of Si(100) sample at ~ 260 °C
(Fig. 2). The spectrum taken after annealing at 260 °C consists of several modes (4, S, M, E,
F), two of them have already been obtained before the sample annealing. The first one is the
anomalously narrow mode typical for silicon atoms adsorbed on the metal surface. We observed
this mode after the deposition of 12 A of Co. The second one is S mode of segregated Si. The
new M mode corresponds to the cobalt monosilicide since this mode dominates in the Si 2p
spectra after annealing at 420 °C and the corresponding valence band is typical of CoSi. The E
mode corresponds to Co,Si silicide (we obtained the value of binding energy for this mode after
annealing of Si(110) sample at 360 °C in another experiment).

The interpretation of the F mode is of the greatest interest. This mode is the most pronounced
in the temperature range from 260 to 340 °C. Its energy position is close to the binding energy
of the silicon atoms in the solid solution Co-Si. However, the width of the line (250 meV)
is significantly lower than the corresponding characteristic value of the solid solution mode
(420 meV), indicating the formation of another phase. The only remaining known cobalt silicide
is Co,Si (our further calculation also showed that the concentration ratio of Co and Si is close
to 3:1). However, this compound is stable only in a narrow temperature range in the area of
1200 °C. In our case, due to the non-equilibrium conditions this is a metastable phase. The
further temperature rise to 340 °C slightly reduces the segregated Si and adatoms features and
increases the Co,Si mode intensity. The shape of the spectrum line completely changes after
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annealing at 420 °C: Co,Si silicide and adatoms modes disappear and the monosilicide feature
greatly increases. The last solid-phase reaction in this system was observed at 600 °C. Instead
of the M and E modes, we found a new D feature. Since the whole Si 2p spectrum consists
only of this mode with a small mode of segregated Si and a valence band spectrum is typical
of disilicide, we concluded that the D mode corresponds to CoSi, silicide. Since the process of
silicide formation is due to the bonds breaking in the silicon substrate and diffusion of released
silicon atoms through the interface, the temperature of silicide formation can depend on the
orientation of the substrate.

Consider now the magnetic properties of Co/Si interface observed during the Co deposition.
Representative Co 3p spectra taken after the deposition of increasing Co doses at room temperature
for Co/Si(100) surface are present in the left side of Fig. 3. They were obtained for two oppositely
directed sample magnetizations parallel to its surface and oriented, accordingly, up (Mup) and
down (M, ). In order to show the possible spectral differences between the curves more clearl
we plotte(f the appropriate difference curves. The effect was detected after the deposition of 6 K
of Co. Maxima and minima appear on the difference curves, corresponding, according to [11], to
the sublevels m, = +3/2 of the Co 3p multiplet.
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Fig. 3. Co 3p electron spectra taken after deposition of Co of different thickness at room temperature
for two opposite directions of the magnetic field (a) and their difference curves (b)

The magnetic asymmetry of a difference spectrum is commonly estimated using the quantity
S defined as follows:
S(E) =[1,(E) - 1, (VI (E) + 1, (ED].

The normalization of the difference spectrum to the total intensity makes S dimensionless
value independent of the Co content in the analyzing surface range of the sample. A quantitative
parameter to describe the effect is the amplitude A of the magnetic asymmetry defined as:

A= {MAX[S(E)] - MIN[S(E)]} x100%,

where the values of MAX[S(E)] and MIN[S(E)] correspond to the above sublevels m,, . The
parameter A characterizes its remanent magnetization. The ferromagnetic ordering of the interface
has a threshold nature and arises after the deposition of ~ 6 A Co. This coverage corresponds to the
formation of Co-Si solid solution. The absence of in-plane ferromagnetic ordering in the range of
Co coverages less than 6 A may be explained by abrupt change in the direction of magnetization
of Co-Si ferromagnetic layer with an increase of its thickness or with the size dependence of
the Curie temperature, which is typical for thin films [4]. The value of the amplitude A for Co/
Si(100) system is significantly higher than that for Co/Si(111) one. We suppose that it may be
explained by the difference in the morphology of the films.
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Let us consider now the influence of the sample annealing on a surface ferromagnetic
ordering. Co 3p spectra taken in these experiments were measured also for two oppositely directed
magnetizations. The obtained dependencies of the A amplitude on the annealing temperature
are presented in Fig. 4. As one can see in figure, the magnetic ordering of the surface remains
constant up to 260 °C for Co/Si(100). Further, when the temperature rises to 310 °C, it is
reduced from 17% to ~13 % and remains constant until annealing at 340 °C. Finally, it falls
to zero at 360 °C. As for the Co/Si(111) system, the amplitude of magnetic asymmetry remains
constant up to 320 °C, than it rapidly falls to zero as well.

20
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Y} = *Colsi(100)

—
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T

Magnetic Asymmetry, %
£ = ]
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Fig. 4. Dependence of magnetic asymmetry amplitude A of the Co 3p spectra
on the annealing temperature

The decline of the amplitude A with temperature raise correlates well with the decrease of
metal Co film thickness on the sample surface and the formation of Co,_Si silicide in the analyzed
surface layer. MLD effect remains after the disappearance of metal Co film but vanishes after the
disappearance of Co,Si silicide during the sample annealing at 360 °C.

Conclusion

In this paper, we established the correlations between the phase composition and magnetic
properties of ultrathin films formed on the Si(100)2x1 and Si(111)7x7 surfaces upon Co
deposition at room temperature and subsequent annealing of the samples to 600 °C. In particular,
it was found that the interface silicide CoSi and Co-Si solid solution are formed at the initial
stage of Co deposition on Si substrate. It was shown that in-plane ferromagnetic ordering has a
threshold nature and was found to appear at Co coverage of 6 A for both systems corresponding to
solid-solution phase. After the samples annealing, the first synthesized phases are the metastable
ferromagnetic Co,Si and non-magnetic Co,Si silicides. They transform to CoSi and CoSi, silicides
at higher temperatures. The temperature ranges of stability and values of Si 2p binding energies
were determined for all mentioned silicides formed on Si(100) and Si(111) surfaces.
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Abstract. In this work the transformation kinetics of GaN pseudomorphic layer and the
lattice constant evolution of 2D GaN “frozen” layer under sequential switching off/on of
ammonia flow at a growth temperature of 740 °C were investigated by reflection high energy
electron diffraction method (RHEED). It was shown by the Bragg spot kinetics intensity of
GaN layer that when ammonia flow is turned off, the intensity of Bragg spot reaches satura-
tion and does not change during the exposure time in vacuum, while the maximum achieved
intensity decreases when ammonia flow is turned off/on sequentially. Hence there is practically
no effect of thermal decomposition on the change in the morphology of the GaN layer. It was
found experimentally that the GaN layer formed with each cycle of 2D "frozen" is partially
relaxed, which is explained within the Mariette equilibrium model. Thus, relaxation of elastic
energy of 2D "frozen" GaN layer is due to the fact that some amount of 3D islands remains
on the surface and the decrease of elastic energy value is caused by losses for islands faceting
maintenance.
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KuHeTuka npeo6pa3oBaHus TOHKOIro i BYMepHOro
cnoa GaN, BbipaweHHOro Ha noeepxHoctu AlN,
npM UMKJIMPOBaHMU NOTOKA aMMMaKa
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Annoranuga. B manHOI pabore Oblla uMcciiemoBaHa KMHETHMKA TpaHC(hOpMalMU ITICEBIO-
MopdHoro crmos GaN u u3ydeHa 3BOJIONMS TOCTOSIHHOW pemeTku ciaost GaN mpu mepuo-
JMIMYECKOM BBIKJIFOUEHUM/BKJIIOUEHUU TIOTOKAa aMMUaka TIpu pocToBoi TemriepaTtype 740 °C.
ITo xuHetuke mnpeodbpasoBaHust ciaosgd GaN ObUIO MOKA3aHO, YTO TEPMUYECKOE pa3IoXeHUE
MpakTUYECKU OTCYTCTBYET U He BIMSIET Ha udMeHeHue Mopdonoruu cios GaN. Dkcnepu-
MEHTaJIbHO OBLJIO 0OHApPYXEHO, UTO 00pa3yIolIuiicsa ¢ KaXIbiM IUKIoM 2D "3aMopoxxeHHBII"
cinoit GaN sBJsIeTCS YaCTUYHO pelakKCMpOBaHHBIM. YacTUuHasl pejakcalusi OObsICHSIETCS B
paMKax Mozenu paBHOBecHs Mariette, 1 cBsI3aHa C HE3aBEPIIEHHOCTHIO 0OPATHOTO Tepexoaa
3D octpoBkoB B 2D cnoii.
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Introduction

Group III nitrides such as InN, GaN and AIN, combined with solid solutions, can extend
the spectral range of optoelectronic devices from infrared to ultraviolet, thus attracting significant
research interest. A problem in IIl-nitrides based optoelectronic devices is the high density of
dislocations and structural defects in grown heterostructures, acting as centers of non-radiation
recombination and reducing the efficiency of optoelectronic devices. A possible approach is to use
three-dimensional nanostructures, known as quantum dots (QDs), which act as traps for charge
carriers and prevent them from diffusing to the non-radiation recombination centers.

The typical method of QDs formation is the Stranski—Krastanov (S-K) growth mechanism,
where the transformation of two-dimensional (2D) layer into three-dimensional (3D) islands, i.e.
2D-3D transition, occurs during growth when the critical thickness of the growing layer is reached.
It has been demonstrated in [1] that GaN QDs on AIN surface are formed by S-K mechanism
when they are grown by molecular beam epitaxy (MBE) with plasma nitrogen source. GaN QDs
formation by S-K mechanism has also been demonstrated using metal-organic chemical vapor
deposition technology [2]. However, when GaN QDs are grown by ammonia MBE method, a
2D-3D transition with increasing 2D layer thickness is not observed and relaxation of elastic
strains accumulated in the GaN layer occurs through the formation of mismatch dislocations.
GaN QDs formation requires surface modification and an increase in surface energy, which
occurs when the ammonia flux is switched off [3, 4] and is referred to as growth by the modified
S-K mechanism.

In the case of growth according to the modified S-K mechanism, the process of GaN QD
formation is reversible, i.e., turning on the ammonia flow after turning it off leads to reverse
transformation of 3D islands into 2D layer (reverse 3D-2D transition) [5]. As shown in [6], with
each ammonia turn-off/on cycle a portion of the GaN layer is formed that has a 2D surface
morphology and is no longer transformed when ammonia is turned off. The reversibility of the
2D-3D transition has the potential to produce GaN QDs with a certain set of parameters (QD
density and size), which is a significant technological challenge at the moment.

In this work, the kinetics of forward and reverse 2D-3D transitions and the lattice constant
evolution of the GaN layer under periodic on/off ammonia flow were experimentally investigated
and the experimental results were explained within the framework of the previously developed
kinetic model and the Mariette equilibrium model.

Materials and Methods

The 2D<«>3D transition was investigated on a Riber CBE-32 MBE machine with ammonia
as the nitrogen source and Knudsen effusion cells as the gallium and aluminum sources. In
situ reflection high energy electron diffraction (RHEED) has been used to investigate the
transformation of GaN layer morphology. The evolution of diffraction patterns was analyzed
using the kSA 400 system by k-Space Associates. The substrate temperature was measured using
an Ircon pyrometer, thermocouple and Ocean Optics USB4000 miniature spectrometer. The
ammonia pressure in the growth chamber was set and controlled using a mass flow controller.

© Maiina6ypa S.E., Manmun T.B., Kypasnes K.C., 2023. WUznatens: Cankr-IleTepOyprckuii MOIUTEXHUISCKUIT YHUBEPCUTET
Iletpa Benuxkoro.
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The growth experiments were as follows. An AIN buffer layer of ~365 nm thickness was grown on
a sapphire substrate with orientation (0001), on top of which a GaN layer of 2 nm thickness was
grown. The gallium flow was then switched off, GaN growth was stopped and the GaN layer was
kept in a flow of ammonia for 5 minutes to prevent surface modification. The ammonia flow was
then switched off for 300 seconds to eliminate the effect of thermal decomposition and turned on
for 120 seconds followed by a total of 4 more ammonia switch-off/on cycles with typical times of
60 and 120 seconds respectively.

Results and Discussion

Figure 1 shows the kinetics of the Bragg spot (black line) and rod (red line) intensities from
GaN when the GaN layer is exposed to vacuum and subsequent on/off cycles of ammonia flow
at a growth temperature of 740 °C. The insets in the figure shows the diffraction patterns for the
two selected reflexes indicated by the yellow rectangles. The area for the 2D reflex measurement
was chosen so that the Bragg spot contribution is minimal. The initial position of the red curve
is explained by the fact that the measured rod-shaped 2D reflex is only distinguishable after
the 2nd cycle of ammonia switching off/on. Consequently, the black and red curves represent
simultaneously coexisting reflexes corresponding to the 3D and 2D surface states, respectively.
Figure 1 clearly shows that when the ammonia flow is switched off, the intensity of the 3D
reflex increases, then reaches saturation and remains unchanged after 300 seconds of exposure
in vacuum, indicating the formation and stabilization of 3D islands. When the ammonia flow is
turned on, the intensity of the Bragg spot decreases and increases sharply when it is switched off
afterwards. As can be seen from the figure, the maximum achievable intensity of the Bragg spot
decreases from cycle to cycle. This behavior indicates the presence of a mechanism other than
thermal decomposition, which leads to a decrease of the Bragg spot intensity, as has been reported
in [4, 5]. Conversely, the intensity of the 2D reflex decreases when ammonia is switched off and
increases when ammonia is switched on again. As can be seen from the figure, with each cycle
the 2D reflex becomes brighter and the maximum achievable intensity increases. This means that
with each cycle the 2D part of the GaN layer develops, and it is no longer transformed when the
ammonia flow is switched off. This behaviour is due to the fact that part of the NH,, NH and N
fragments move to energetically favorable positions on the GaN layer surface, desorption from
which is significantly inhibited when the ammonia flow is switched off. Consequently, the surface
energy of such a ‘frozen’ surface does not change when the ammonia is turned off and, according
to the Mariette model [7], the surface remains 2D.

3D spot intensity (arb. unit)
(uun “que) Aysuajul yeans az

T . T

—_— T
0 200 400 600 800 1000 1200

Time (s)
Fig. 1. Intensities of the 3D spot (black curve) and 2D streak (red curve) from the GaN surface
with sequential switching off/on of the ammonia flow at 7 = 740 °C. The insets illustrate diffraction
patterns for the two selected reflexes indicated by the yellow rectangles. The green dotted line
indicates the ammonia flow off/on, and the purple/yellow areas indicate surface exposure in vacuum/
ammonia, respectively
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More surprisingly, the 2D layer, which no longer converts into islands, is partially relaxed.
Assuming that the original GaN layer 2 nm thick is pseudomorphic and has a lattice constant of
the buffer AIN layer (equal to about 3.12 A at growth temperature), the in-plane lattice constant
evolution of the ‘frozen” GaN layer during the experiment was obtained from the relative spacing
of the 2D reflex intensity peaks, shown in Fig. 2. The insets show GaN 2D reflex intensity
profiles before and after 5 cycles of ammonia switching off/on. It should be noted that a reliable
identification of the intensity peak position from a 2D partially relaxed GaN layer is only possible
after two cycles of ammonia switching off/on. As can be seen from the figure, the lattice constant
of the 2D ‘frozen’ GaN layer periodically increases and decreases. As the reflex from the 2D
‘frozen’ layer appears when the ammonia is turned on, its lattice constant decreases, i.c., the
layer acquires elastic stress, and conversely, as the reflex intensity decreases, the lattice constant
increases and relaxation of the elastic energy occurs. With each ammonia on/off cycle the stress
in the layer increases and the lattice constant tends to that of the pseudomorphic GaN layer
(3.12 A). The partial relaxation of the 2D GaN layer can be explained in terms of the Mariette
equilibrium model [7], according to which the 2D-3D transition occurs when the energy gain
from the decrease of elastic energy stored in the pseudomorphic layer exceeds the energy loss in
the creation of QD surfaces. Based on [6], after 5 cycles of ammonia switching off/on at 740 °C
the fully original GaN layer is not recovered and the GaN layer morphology is a 2D layer on
which lie 3D islands with characteristic lateral sizes of 100 nm. The total energy of such a surface,
according to [7], consists of the elastic energy, the surface energies of the 2D layer and the facets
of the 3D islands, which differs from a purely 2D layer by the presence of the surface energy of
the facets. Then relaxation of elastic energy of 2D ‘frozen’ GaN layer is due to the fact that some
number of 3D islands is kept on the surface and the decrease of elastic energy value is caused by
the costs of maintaining faceting of islands.
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Fig. 2. Evolution of the lattice constant 2D ‘frozen’ GaN layer. The insets show GaN 2D reflection
intensity profiles before and after 5 cycles of ammonia switching off/on

Conclusion

In this work, the transformation kinetics of GaN pseudomorphic layer and lattice constant
evolution of GaN layer under periodic switching off/on of ammonia flux at a growth temperature
of 740 °C have been experimentally investigated by RHEED method. It has been experimentally
shown that when ammonia is turned off for the first time in vacuum (300 seconds), the Bragg
spot intensity reaches saturation and does not change, whereas when ammonia is cycled, the
maximum achievable intensity decreases with each cycle, indicating no thermal decomposition.
It was also found that the 2D ‘frozen’ GaN layer, which does not transform into 3D islands and
increases with each switch-off/ switch-on cycle, is partially relaxed. This behavior is related to
the incomplete reverse transformation of 3D islands into a 2D layer and is explained within the
Mariette equilibrium model, according to which part of the elastic energy is spent to maintain
the faceting of the islands.
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Abstract. This paper presents the results of a study of magneto-intersubband resistance
oscillations in a one-dimensional lateral superlattice fabricated on the basis of a single GaAs
quantum well with two filled energy subbands. A strong modification of magneto-intersubband
oscillations both in amplitude and in phase has been observed. The obtained experimental data
are explained by the role of Van Hove singularities in resonant intersubband transitions.
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AnHotanusa. B pabGore mpuBOmSTCS pe3ynabTaThl MCCIIEIOBAHUS MarHeTO-MeXITOA30HHbIX
OCLWJUISIIMI COTIPOTUBJIEHUSI B OJHOMEPHOU JIaTepajibHOW CBepXpelleTKe, M3TOTOBJIEHHOU
Ha OCHOBe OomMHOUYHOUW (GaAs KBAaHTOBOI SMBI C IBYMS 3aIlOJJHCHHBIMU 3HEPIeTUUCCKUMU
nog3oHaMu. OOHapyxKeHa CUIbHAsE MOIM(MUKALKMSI MarHeTO-MEXIIOA30HHbBIX OCLMJUISLIMI 10
amruiutyae U ¢ase. [TonyyeHHBIE 3KCIIEpUMEHTAJIbHBIE JaHHBIE 00BSICHSIOTCS POJIbIO OCOOEH-
HocTeil Ban XoBa B pe30HAaHCHBIX MEXITOA30HHBIX IIEPEXOIax.
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Introduction

Landau quantization in quasi-two-dimensional electronic systems in which several
size-quantization subbands £ are filled (;j is the subband index) leads not only to several series
of Shubnikov-de Haas (SdH§ oscillations, but also to magneto-intersubband resistance oscil-
lations (MISO) of p_ versus magnetic field B [1]. The MISO are due to elastic intersubband
scattering, which becomes resonant when the Landau levels of different subbands coincide. In a
two-subband system with a large number of filled and strongly overlapping Landau levels, MISO
are described by the following relation [2]:

APviso ' Po = Aviso exp( 21/ ® TMISO)COS(zTCAIZ /hw,), (1)

where p)=p (B=0), 4 2r /T, T, is the transport scattering time, T, is the intersubband
scattermg time, t MISO = ir r +1,), T is the quantum lifetime, A12 is the intersubband
splitting, ®_ = eB7m is the’ cyclotron fafequency, and m" is the electron effective mass. MISO
are not suppressed by temperature broadening of the Fermi distribution function, which makes
it possible to use them to study quantum transport under conditions when SdH oscillations are
suppressed [3].

This work considers MISO in a two-subband unidirectional lateral superlattice (ULSL), a
quasi-two-dimensional electron system with one-dimensional periodic potential modulation:
V(x) = V cos(2nx/a), where V is the potential amplitude and a is the modulation period. The
most strﬁ(mg phenomenon found in the ULSL is the commensurate oscillations (CO) of the
resistance [4]. The maxima and minima of CO occur when the following conditions are satisfied:

2R Ja=(i+1/4), (2)
2R Ja = (i-1/4), ()

where R . is the cyclotron radius and i is a positive integer. Within the framework of the classical
model, éOs arise due to the commensurability between R and a [5], and within the framework
of the quantum mechanical model they result from a perlodlc change in the width of the Landau
bands with 1/B [6].

The one-dimensional periodic potential removes the degeneracy of the Landau levels with
respect to the coordinate of the center of the wave function x , which leads to the formation of
Landau bands. Under the conditions V << E E =g, (E, is the position of the Fermi level),
the dependence of the Landau level E w1th >> 1 oﬁ X, is given by the expression [6]:

E,(x)~E, +(Nj +1/2)th +V,, cos(2mx, / a), (4)
Vi =Voly(2nR, / a). (5)

For 27R /a>1 the width of the Landau bands I', = 2|V, | reaches maximum if Eq. (2) holds
true and is equal to zero if Eq. (3) is satisfied.

The density of states D under the conditions V <<g_ Nj >> 1 and l/rqj ~ o, is given by the
following relationship [7]:

D,/ D,~1-2J, (2nVBj /hmc)exp(—n/cocrqj)cos@nsﬁ /hmc), (6)

where D = m’/mh?. Using relations (1) and (6), the behavior of MISO in a two-subband ULSL
can be described by formula [8]:

Apriso ! Po = Avisodo (2TV5, [ e, ) I, (27V, | hod, )exp( -2n/® rMISO)cos(2nA12/h0)C). (7)

In this formula, the role of V(x) is taken into account by the factors J (2nV /hw ), which are
absent in Eq. (1).

© Crpoirua U. C., beikoB A. A., 2023. Uznatens: Caukr-IletepOyprekuii monmurexuudeckuii yausepcuteT [letpa Benukoro.

68



4 Heterostructures, superlattices, quantum wells

a) b)

04 | &g =21.13 meV a=400nm pr=201.13meV ¢ ,;=5ps a=400nm
i=4

, “!‘l'lli‘l'!‘l‘t'llh i

T ! 5 b 7 8
1/B(1/T) ‘ 1/B(1/T)
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Figure 1, a shows the dependences I', (1/B) for weak (1) and strong (2) modulation of the
potential V(x) with respect to 7o . In the strong modulation regime, there are intervals of 1/B
where T', (1/B) ~ ho . Fig. 1, b ‘shows the dependences of D /D, on 1/B, calculated by Eq.
(6) for a ﬁxed g, and for two different values of V. It can be seen that the dependences of

/D_on 1/B for weak and strong potential modulatlon are out of phase in the regions where
r 81(17 ~ ho . This behavior is due to the role of Van Hove singularities in the spectrum of
states at the edges of the Landau bands. Egs. (6) and (7) predict a significant transformation of
the MISO when ') (1/B) ~ ho_. The purpose of this work is to experimentally detect the MISO
under such conditions.

Materials and Methods

The initial heterostructure was a single GaAs quantum well 26 nm wide with short-period
AlAs/GaAs superlattice barriers [9, 10]. The charge carriers in the quantum well were provided
by means of Si 6 doping. Single Si d-doped layers were located on both sides of a single GaAs
quantum well at a distance of 29.4 nm from its boundaries. The heterostructure was grown by
molecular beam epitaxy on a (100) GaAs substrate. The studies were carried out on double
bridges 100 um long and 50 pum wide. They were fabricated using optical photolithography and
liquid etching. One bridge was the control one, and the ULSL was formed on the second one
(see inset to Fig. 2, a).

The ULSL was a set of Ti/Au strips with a period a = 400 nm. The ULSL was fabricat-
ed using electron beam lithography. The experiments were carried out at 7= 4.2 K in fields
B <2 T. The resistance of the samples p_ and p,, Was measured at an alternating current not ex-
ceeding 1 pA with a frequency of ~ 1 kHz. In the control bridge, the electron concentration and
mobility were: n,, = 8.2x10"” m?; u= 115 m*/Vs. The presence of superlattice slightly reduces

and p. In the ULSLs under study, the modulating potential arises without applying voltage
I/H to the metal strips. One of the reasons for such modulation is the elastic mechanical stresses
that arise between the metal strips and the heterostructure [11].

Results and Discussion

The results of p_/p, versus B measurements in the control bridge and in the ULSL are shown
in Fig. 2, a. The M §O with frequency f ~ 8.8 T are detected in the control bridge. The in-
tersubband splitting determined from the tZrequency f12 is A, =15 meV. In the ULSL the more
pronounced are the oscillations whose maxima and minima positions are given by Egs. (2) and
(3), which allows us to consider them commensurate. The Fourier analysis of CO shows two
frequencies (f.,, =0.64 T and /., = 0.36 T) in good agreement with their expected values. Fig-
ure 2, b shows the dependences of p /p0 versus 1/B in the region of magnetic fields, where the
MISO in the control bridge and the ULSL are in antiphase.

The dependences of Aleso/ p, versus 1/B for the control bridge and the ULSL, obtained af-
ter subtracting from the experimental curves the CO and monotonic components, are shown in
Fig. 3, a. The amplitude of MISO in the ULSL is strongly suppressed compared to the control
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Fig. 2. Dependences of p_/p, versus B measured at T = 4.2 K in the control bridge and in the ULSL:
the inset shows the schematics of the sample (a); dependences of p_/p, on 1/B in the region of the
MISO phase flip (b)

bridge. The dependences of Ap, O/p0 on 1/B for the control bridge and the ULSL calculated
from Eq. (7) are shown in Fig. g, b. Good agreement between the experimental dependenc-
es and those calculated is observed for ¥, = 0 and t MS° = 8 ps for the control bridge, and for
V,=0.65 meV and thTSO = 6 ps for the ULSL. A decrease in qu'SO in the ULSL indicates that
the deposition of a grating leads to an increase in the random scattering potential in the two-sub-
band electron system under study.

a) b)
02 .
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-y s
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35 00 Z 00 d
< <
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Fig. 3. Dependences of Ap,,../p, versus 1/B for the control bridge and the ULSL (a); dependences
of Ap,,./P, versus 1/B, calculated by Eq. (7): n, = 6x10° m™?, n, = 1.9x10" m?, A ., = 0.4, for the
control bridge thISO = 8 ps, for the ULSL thISO = 6 ps (b)

Fig. 4, a shows Aleso/ p, versus 1/B for the control bridge and the ULSL in two regions where
they are in-phase and out-of-phase. The dependences of FBj on 1/B calculated for V,=0.65 meV
are shown in Figs. 4, b. Two regions are highlighted in gray in which MISO for the control bridge
and the ULSL are in-phase and out-of-phase. In region 1. I', <o /2. In region 2: ', < ho /2,
and I' ), ~ 7o . In region 1, the oscillations of D /D, and Dz/Hb0 versus 1/B for the control bridge
and for the ULSL are in phase under condition that 1/t  ~ ®, . In this case, V(x) leads only to a
decrease in the amplitude of MISO, but does not changeq]their phase. In region 2, the oscillations
D /D, and D,/D, are out of phase. In this situation, V(x) leads not only to a suppression of the
MIIS(g amplitude, but also to a change in their phase. Thus, the "reversal" of MISO is due to the
fact that in region 2: I') <A /2, and T, ~ 10,

The observed flip ofB the MISO is fungamentally different from the flip of the SdH oscillations
in the ULSL [12]. The SdH oscillations in quasi-two-dimensional systems are due to the Landau
levels induced modulation of the density of states D. When Z® changes, the regions with a
higher Dj cross £, periodically in 1/B, which leads fo SdH oscillations. The one-dimensional
potential leads to Van Hove singularities in the dependence of Dj on energy €. The density of
states at the edges of the Landau bands has a maximum, while inthe center it has a minimum.
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Fig. 4. Dependences of Ap,, . /p, versus 1/B in two narrow intervals (a); dependences of FBj on 1/B,

calculated by Eq. (5): n, = 6x10° m?, n, = 1.9x10" m~, a = 400 nm, ¥, = 0.65 meV, shaded regions

1 and 2 denote intervals of 1/B, in which the MISO for the control bridge and the ULSL are in-phase
and out-of-phase (b)

Such a “splitting” in D (¢) leads, under the conditions I', ~ o _and 1/t~ ho,, to a flip of the
SdH oscillations [12]. * ’ v

In a two-subband system, as 1/B changes, resonant transitions of electrons between the Landau
levels of different subbands occur periodically giving rise to the MISO. The resonant nature
of such transitions is not related to the position of E,, which makes the physics behind the
MISO fundamentally different from that of the SdH oscillations. The MISO maxima arise when
the Landau levels of different subbands coincide. The one-dimensional periodic potential by
changing D (&) significantly transforms the conditions for resonant transitions. In this case, the
conditions for resonant magneto-intersubband transitions arise only in certain intervals of B,
which is observed experimentally.

Conclusion

To summarize, we fabricated an ULSL based on a highly mobile two-subband electron system;
MISO were considered in this ULSL assuming overlapping Landau bands. We observed a "flip"
of the MISO in some ranges of magnetic fields. We established that the “flip” of the MISO
occurs when the width of the Landau bands in the first subband is significantly less than the
cyclotron energy, while the width of the Landau bands in the second subband is comparable to
the cyclotron energy.
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the reverse bias of 1 V. The further rise in the Sn content to 15% results in the increase of the
dark current density to 5x107* A/cm?, which is an order of magnitude lower than the known
values for GeSn-based photodiodes. The shift of the cutoff wavelength of the photoresponse
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Annoranug. MccienoBaHbl BOJBT-aMITepHBIC XapaKTePUCTUKU M CIIEKTPaIbHBIC 3aBUCUMO-
cTu (hoToTOKA p-i-n CTPYKTYpP, BKIIOUAIOIIMX MHOXECTBEHHbIe KBaHTOBbIe siMbl GeSiSn/Si ¢
comepxaHueM Sn BIL1oTh 10 15%. [loka3aHo, 4TO yBeJMYeHUE COACPXKAHUS OJIOBa OT 4.5 10
15% npUBOANT K YBEJIMUYEHUIO TIOTHOCTA TEMHOBOIO ToKa ¢ 6x107° A/cm? no 5x107* A/cm?
npu oopatrHoMm cMelieHuu 1 B. IIpogeMOHCTpUpPOBAHO, UTO YBEJIMYEHUE COMEPKAHUS OJIOBa B
reTepOCTPYKTYpax MPUBOAUT K YBEIMYCHMIO JUIMHHOBOJIHOBOM I'paHUIILI (DOTOOTBETA BILIOTh
10 2.25 um.

KioueBbie €j10Ba: MHOXECTBEHHAasi KBaHTOBasl siMa, 30HHAsl JAuarpamMma, TEeMHOBOM TOK,
GoToTOK
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Introduction

The new class of Ge-Si-Sn materials demonstrates promise for creating infrared photodetectors
with the operation wavelengths from 1.55 up to 8 um [1—3]. This range represents the best option
for remote reading and the visualization of information due to reduced Rayleigh scattering and
due to the transparency windows of the Earth's atmosphere near 1.6 um, 3—5 um and 8—14 um.
Infrared photodetectors based on GeSiSn are of great importance in applications ranging from
fiber-optic communications to thermal imaging. Since Sn is the isovalent element with respect to
Ge and Si, and also has the diamond-like crystal structure, photodetectors based on new GeSiSn
materials will be able to compete with the group I1I-VI (HgCdTe)-based photodetectors due to
better compatibility of the material with the existing Si technology.

Nowadays, there are many publications related to the GeSiSn-based photodetectors with the
indication of their electrophysical parameters, such as the dark current, responsivity and cutoff
wavelength [4, 5]. These parameters were included in tables presented in contributions [6, 7].
The dark current magnitude determines the signal-to-noise-ratio of the photodetectors, therefore
it should be minimized. The lowest reported value of the dark current around 6x107° A/cm?
was achieved for Ge , Sn  .-based photodiodes [8]. The dark current has two components,
namely: bulk and surface leakage currents. The first part is directly associated with the number
of dislocations [9], whereas the second contribution is related to the surface defects of the mesa
sidewall region. The later may be suppressed by the sidewall surface passivation [10].

The most photodiode structures grown on the Si substrate contain relaxed GeSn layers on the
Ge layer. The GeSn and Ge layer thickness can reach several hundred nanometers. Due to the
large lattice parameter mismatch between GeSn, Ge and Si, the dislocations are introduced. These
defects increase the dark current of the photodiode. The issue may be solved by the application
of the elastic strained layers. In this article such elastic strained (pseudomorphic) layers were used
in the GeSiSn/Si multiple quantum well structures (MQW), which were embedded in the active
region of the p-i-n diode. The lowest dark current density value in the GeSiSn/Si MQW diodes
was about 6x10°% A/cm?. This dark current density is three orders of magnitude smaller than one
of literature.

Materials and Methods

To study the photoelectric properties of structures with GeSiSn/Si MQWs, a series of samples
with different tin content was grown. All samples were obtained on p*-Si substrates. The 200 nm
thick buffer layer was formed on the Si surface. After the growth of the buffer layer an active
region was grown. It consisted of ten Ge ,Si . Sn quantum wells of the 2 nm thickness, which
were separated by 7 nm thick Si layers. ﬁle S7ny content in the samples varied from 3.5 to 15%.
Further, the 100 nm thick undoped Si layer and the 50 nm thick n+-Si layer were grown. The
p-i-n diodes in the form of mesa-structures with the diameter of 1.7 mm were fabricated using
standard technological processes such as optical lithography, plasma etching and metal deposition
in vacuum. The etching was performed down to the Si substrate. Au/Ti layers deposited in a
high-vacuum setup were used to create ring electrodes to the heavily doped n*-Si layers. The
schematic photodetector structure is shown in Fig.1, a. Before mounting detectors fabricated into a
cryostat for photoelectric measurements, the current-voltage (/—V) characteristics of devices were

© Tumodeer B.A., Mamanos B.W1., Hukudopos A.U., Cksopuos W.B., bromkun A.A., Jlomkapes W.J., Azapos U.A.,
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measured at room temperature. The compositions and quality of epitaxial structures were studied
by X-ray diffractometry. The diffraction reflection curves were obtained using the symmetric two-
crystal scheme with the DSO-1T diffractometer and the Ge(004) single-crystal monochromator.
The photocurrent spectra were measured using a Bruker Vertex-70 infrared Fourier spectrometer.
The samples were placed in the Janis cryostat and cooled to the temperature of 77 K with liquid
nitrogen. The photocurrent was recorded using an SR570 low-noise preamplifier from Stanford
Research System. A halogen lamp was used as a light source.

The calculation of the energy band diagrams of the Si/Ge,__ Si. Sn /Si heterocomposition,
including a pseudomorphic Ge, ey Sl Sn_layer, was carried out usmyg a model-solid theory, which
makes it possible to take into account the effects of strain on the band structure [11]. The model
parameters for the GeSiSn ternary compound were determined by a linear interpolation of data
for Ge, Si, and Sn [12—14]. The band gaps of the solid solution were calculated by the quadratic
interpolation:

E*(Ge,_,,Si,Sn,)=E*(Ge)-(1-x—y)+E"(Si)-(x)+E*(Sn)(»)-

bélGe (l_x_y) X = béeSn (1_x_y) bS%Sn X,

where, E%Ge), EX(Si) and E4(Sn) are Ge, Si and Sn band gaps, respectively; b, b, and
béiSn correspond to the bowing parameters; index & = I, L, X refers to the different conduction
valleys [13]. The effects of confinement were taken into account using effective mass theory. The
interpolation suggested in [15] was used to calculate the effective masses.

(1

Results and Discussion

A series of p-i-n diodes including Ge,Si . Sn /Sl MQW:s was obtained. The pseudomorphic
state of Ge, Sl Sn “layers was conﬁrmed by fvhe presence of diffraction peaks on the diffraction
reflection curves (Flg 1, b). Diffraction peaks are marked with integers from —3 to +1.
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Fig. 1. Schematic cross section of a p-i-n diode with the Ge,Si Sn)/Sl MQWs (a) and the

(004) diffraction reflection curves from the MQWs containing lO penods with the pseudomorphic

Ge,,Si, ySn films for different Sn contents (b). The peak from the Si substrate is indicated by the
arrow and the diffraction maxima are pointed out by the integers from —3 to +1

The distance between the satellites corresponds to the period in MQWs. The average composition
was determined from the distance between the zero satellite and the peak from the Si substrate.
The shift of the zero satellite is observed with the Sn content increase from 3.5 to 15%. The
rocking curves were simulated taking into account the pseudomorphic state of the Ge0 3Sl0 Sn
layers. The modeling curve for the Sn content of 3.5% is shown as the example. It is in goo&
agreement with the experimental dependence for the same composition.
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Fig. 2. Dark current-voltage (/—V) characteristics of p-i-n diodes for different Sn contents in GeSiSn
quantum wells (a), photocurrent spectra of p-i-n diodes measured in short circuit regime at zero bias (b)

Based on the measurements of /—V characteristics and photocurrent spectra the photoelectric
properties of p-i-n diodes obtained were studied. The /—V characteristics for samples containing
up to 15% tin in quantum wells are shown in Fig. 2, a. All devices had diode /—V characteristics.
It is shown that the increase in the Sn content from 4.5 to 13% leads to a gradual increase in the
dark current density from 6x107% A/cm? to 5x1075 A/cm? at a reverse bias of 1 V. The further rise
in the Sn content to 15% results in the increase of the dark current density to 5x10* A/cm?. The
increase of the dark current density can be associated with the Sn segregation on the surface. It
is confirmed by the appearance of the two-domain (4x1) superstructure during the growth on the
reflection high energy electron diffraction pattern (RHEED). Such superstructure corresponds
to the submonolayer Sn cover on the Si surface. The Sn segregation probably causes the surface
leakage current increase on the sidewall surface of the mesa [10]. Despite the absence of the
passivation and optimization of p-i-n diode dimensions, we achieved record values of the dark
current density, which are a thousand times lower than the dark current densities of GeSn-based
diodes presented in the literature for approximately the same Sn content [8]. The photocurrent
spectra for the Sn content from 3.5 to 15% are shown in Fig. 2, b. The spectra were normalized

a) b) ¢)
Si GeSiSn Si Si GeSiSn Si Si GeSiSn Si
1.8 {Ge: 30% ! ! | 1Ge: 30%:; ! L 1Ge: 30%! : L
Si: 66.5% Ca) [ lsietwia, | B[ lsissw y c)
16n:35%: A, ! - sn: 9% [ ISn:15% ("2 i
14 g LA B
%1‘2-)( Ay i 4 Ay L 1X Ay B
o] | 0§ Fd i1 ¢ EI P 1: |
= : ] : [ ] 0.74 eV
2 08 5 0.87 eV | :
L 0.6 - ! - . ' "HH _
: 0.98 eV[ | [ iHH L] LHF—%—
0.4 4 ! - - - O -
Lil {{HH LR R
02 g SR i S M i
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Growth direction <100>, nm

Fig. 3. Band diagrams for Si/GemSim_ySn Si heterostructures with the Sn content of 3.5 (a),
9 (b) and 15% (c)
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to the photocurrent maximum. For all samples, the large photoresponse signal with the energy
near 1.2 eV is observed. This signal is associated with the interband optical transitions in silicon.
The gradually decreasing photocurrent signal is observed with the photon energy decrease below
the Si band gap. The cutoff wavelength of the photoresponse was determined by equating to
zero of the first derivative of the photocurrent. The obtained values are presented in the inset in
Fig. 2, b. The increase of the cutoff wavelength of the photoresponse from 1.18 to 2.25 pum is
observed with the tin content increase from 3.5 to 15% in the Ge ,Si . Sn layers. According
to band diagram calculations for Si/Ge,Si Sn /81 heterostructures (ﬁlg 33 the contribution
to the photocurrent can occur from 1nter and optlcal transitions between the valence band
and X-valley in silicon, as well as transitions between subbands of heavy or light holes in the
Ge,Si Sn solid solutlon layer and the X-valley in silicon or the A, subband in the Ge,

layer "fhe optlcal transitions with minimum energy are indicated by arrows in Fig. 3. i—Iowever
the experimentally obtained values of the cutoff wavelength are lower than the calculated ones
in terms of energy. This result can be explained by smearing of the GeSiSn/Si heterointerface. It
is associated with the Sn segregation, which leads to a decrease in the optical transition energy.

Conclusion

A series of p-i-n diodes, including GeSiSn/Si MQWs with the Sn content up to 15%, was
obtained. The gradual increase of the dark current density from 6x107% A/cm? to 5x1075 A/cm? at
the reverse bias of 1 V was observed with the Sn content increase from 4.5 to 13%. The further
Sn content rise to 15% led to the dark current density increase up to 5x10* A/cm?. However,
these dark current densities are the smallest among those known from the literature for the
GeSiSn/Si system. It was shown that the Sn content increase in heterostructures leads to the shift
of the cutoff wavelength of the photoresponse up to 2.25 pm. Further investigation will be aimed
at reducing the dark current by optimizing the size of the diode mesa and its sidewall passivation,
as well as at increasing the cutoff wavelength of the spectral responsivity due to the higher Ge and
Sn contents in the GeSiSn quantum wells.
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Annoranuga. B manHOIT paboTe pacCMOTpPEeHBI IOJSIPU3AIUOHHO-3aBUCUMbBIE KBAaHTOBEIC
OMeHUs] SKCUTOHOB C JIETKOM M TSKENIOM AbIPKOI, HabjiogaeMble B 3KCIEPUMEHTE «HaKay-
Ka-30HAMPOBAHME». DKCIIEPUMEHTAIBHO OOHApPYXEHbl OCLWUISLMU SHEPrUud SKCUTOHHBIX
pPE30HAHCOB MpPU OJIHOBPEMEHHOM BO30YXIEHMU 3KCUTOHHBIX ypoBHei. s 0OBbSICHEHUS
atoro addexra chopmynupoBaHa TeopeTuueckasi MoJe b, OCHOBaHHAsl HA PACCMOTPEHUH TIsI-
TUYPOBHEBOI CXEMBI C BBEIEHHON HEIMHEWHOCTHIO B BUIE OOMEHHOTO 3KCUTOH-3KCUTOHHOTO
B3auMozeiicTBuss. OO0HapyKeHO, YTO CABUT SHEPIeTUUCCKUX JIMHUN YHAeTCs OIMMCATh TOJIBKO
IpU ydyere OOMEHHOIO0 3KCUTOH-3KCUTOHHOIO B3auMMOAEHCTBUSI. Pe3ynbTaT T€OPETUYSCKUX
pacyeToB KOIePEHTHOM AMHAMUKUA SKCUTOHOB B JAaHHON MOIEIM HAXOMSATCS B COIJIACHU C
9KCIEPUMEHTAIbHBIMU TaHHBIMM.
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Introduction

Studies of low-dimensional systems are promising areas of semiconductor physics. In particu-
lar, in GaAs/AlGaAs quantum wells, there are a number of effects that are not fully understood
and are of considerable interest due to the possibility of using them for the purposes of optoelec-
tronics. Investigation of exciton resonances in such systems can show such effects as polariza-
tion-sensitive dynamic shifts of the transition energy and quantum beats [1].

In this work we use an experimental pump-probe technique with spectral resolution and
polarization selection to study coherent nonlinear dynamics of heavy and light hole excitons in
GaAs/AlGaAs quantum well. This technique makes it possible to distinguish the observed effects
by analyzing the shape of exciton resonances with high precision. We developed a theoretical
model that allowed us to describe the observed coherent phenomena and obtained that the en-
ergy oscillations appear due to the exchange interaction of excitons in quantum well created in a
superposition state.

Experimental Details

The experimental sample used in this work is a high-quality GaAs/AlGaAs 14-nm quantum
well grown by molecular beam epitaxy. The sample was cooled in a closed-cycle helium cryostate
to the temperature of 4 K. The kinetics of the secondary emission of this quantum well have been
studied by the pump-probe method where the time-integrated reflectivity is studied as a function
of the time delay between the pump and probe pulses [1]. In the experiment both heavy-hole and
light-hole exciton resonances are excited with a spectrally wide pulses generated by a fs Ti:Sap-
phire laser. The pump beam has either linear or circular polarization. The probe beam has linear
polarization which is split into either co- and cross-linear components or co- and cross-circular
components with respect to the pump beam by a quarter-wave plate and a Wollaston prism. Both
probe beam components are then detected at the same time by a spectrometer with a CCD cam-
era. The probe beam spectra are detected at small time delays between pump and probe pulses
with a sub-picosecond step.

Fig. 1, a shows the typical reflection spectrum of the sample in the absence of a pump pulse.
Resonances of light and heavy hole excitons are seen in the form of reflection peaks and marked
by Xhh and Xlh labels. Due to the small width and small depth of the well, it was possible to
achieve a situation where the well contains only one exciton level, which is split into a levels
with a heavy hole angular momentum 3/2 and with a light hole angular momentum 1/2. This
splitting is clearly seen in the spectrum and is equal to 3.6 meV. The shape of the resonances is
the result of a special design of the sample structure. The figure 1 also shows the spectrum fitting.
All measured spectra were analyzed within the framework of the theory of non-local dielectric
response. This allows to extract such characteristics of the states of heavy and light excitons as
the resonance energy, radiative and non-radiative broadening [2—6]. The basic formulas used to
fit the spectra are [7]:

© Cynranos O.11., FOrosa U.A., Muxaitios A.B., 2023. Uznarens: CankT-I[leTepOyprckuii moauTeXHUIECKUIT YHUBEPCUTET
Iletpa Benuxkoro.
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Here, rQW(w) describes the amplitude reflection from the exciton resonance, I', and T',  are
the rates of radiative and nonradiative decay of the exciton polarization, ®_is the frequency of
the exciton transition, ¢ is the phase shift of the light from the sample surface to the center of
the quantum well, 7 is the amplitude reflection from the sample surface, R is the intensity of the
reflection from the sample.
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Fig. 1. Reflection spectrum of the GaAs/AlGaAs quantum well studied in the experiment (a). X,, and
X, correspond to optical transitions for heavy-hole and light-hole excitons respectively. Energy shift
oscillations for the heavy-hole exciton in the linear co and cross configurations ()

The dynamics of light-hole and heavy-hole exciton resonances have been studied in co- and
cross- circular and linear polarizations of the pump pulse and the probe pulse. The results in-
dicate the presence of an oscillating energy shift of the exciton lines in the reflection spectrum
(see Fig. 1, b), as well as amplitude beats depending on the delay. Observation of these effects is
associated with significant difficulties due to the need for a very high spectral resolution (of the
order of 1 peV). However, by using the high quality sample (ideal surface geometry, absence of
defects) and modern technology such resolution can be achieved. The frequency of the energy
shift oscillations is equal to the energy splitting of the exciton states with heavy and light holes.
However, the observed beats are not present in all configurations, but only in those where the
polarizations of the pump pulse and the probe pulse are coincided. As well, a very small energy
shift has been observed in the cross-linear-polarizations configuration.

Theoretical model

For a theoretical description of the observed effect, a five-level exciton model is proposed, in
which there are one ground state and four states of excitons with heavy and light holes, separated
by spin. The action of light pulses on the system was described by the optical Bloch equations.
It turned out that the detected oscillating component of the radiative broadening of exciton res-
onances in various polarization configurations can be interpreted as a manifestation of quantum
beats of the states of excitons with light and heavy holes [8]. However, the energy shift can only
be described if the exchange exciton-exciton interaction is taken into account, which has not been
considered before. In our model the nonlinearity in the form of the exchange interaction between
pump-produced excitons and probe beam excitons is considered in accordance with Ref. [1], and
generalized to a five-level energy scheme. Such consideration required a transition to the second
quantization formalism for excitons. During the simulation, the dynamics of excitons created by
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light pulses was considered sequentially: 1) A pump pulse creates a coherent superposition of
exciton states in dependence on the polarization of light. 2) The probe pulse also produces an
exciton in the superposition state and its further dynamics is determined by the exciton-exciton
interaction with excitons produced by pump. It should be emphasized that the effect of energy
shift oscillations is due to the exciton-exciton exchange interaction and arises only if the excitons
are in the superposition quantum state. 3) Next, the intensity of reflection of the probe beam from
the sample is calculated taking into account the resonant exciton reflection. Such consideration
leads to an oscillating shift of exciton resonances for the same linear or circular polarizations of
light beams, and to a small non-oscillating shift in crossed polarizations.

Let us consider in more detail the theoretical description of exciton coherent nonlinear dy-
namics.

The Hamiltonian of the system (without the interaction with light) is

—hZ(Dcc +H,,, (3)

where H, is the exciton-exciton interaction Hamlltoman.
The interaction with light is described in the dipole approximation. The wavefunction of the
exciton created by the pump pulse is

o id. ¢t I
|\ijump >= ZaiC; |0 >’ ai — (xie lwo,t,ai _ _IJ._OO Epump (t,)e i, (1 t)dtr’ (4)

where Ep is the strength of the electric field of the pump pulse, d and o, are the dipole mo-
ments and. frequencies of exciton optical transitions, ¢, are creation operators Likewise, the

probe exciton wavefunction is
v, >—[l+2a' "j|o>. 5)

Assuming that only identical excitons interact, the interaction Hamiltonian takes the form of
the exchange interaction
= h(oechl cclel. (6)

Here ¢, and ¢, (¢," and c, ) are the anmhllatlon (creation) operators for the pump and probe
exciton, respectwely Since the pump and probe pulses are spectrally wide, superposition states of
the heavy hole and the light-hole state are excited. This corresponds to a hnear transform of the
complex amplitudes and the field operators

Y; —Zm}kak, Zmlkck, 7)

where m, is the transform matrix.
Applying the field operators to the pump and probe wavefunction, we can write down the
Schrédinger equations for the complex amplitudes

¥ =—1[(m0+(oex])y/+2yk2(olmb ] ()

k#j
where
1 i
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= N 1 —R * * i(0,—0; )(t+1) * * -, (t+1)
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r,=2r, I =2(',+T,,), tis the delay time between pump and probe pulses,

N, = ZZ|oLi| e, (10)
Integrating (8), we can obtain the reflectance of the quantum well
row (@)= [ 2 d v, (t)e™ dt. (11)

The exciton reflectance can then be obtained using (2).

Results and Discussion

Fig. 2 shows the results of theoretical calculation using the Runge-Kutta method for linearly
polarized beams (similar results are also obtained for circular polarization). The reflection spectra
of heavy hole exciton are shown in Fig. 2, a as the color map. These spectra calculated by using
of the Eq. (2) with taking into account the obtained r  (Eq. (11)) in dependence on the delay
between the pump and probe pulses. The reflection amplitude is shown in color. Zero energy shift
corresponds to the position of the exciton line without pumping.

b)
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0.48 I
f'-“\20 8 B .
> < +1
% o 0.46 % 6f b .
L I as .
b 0.4 < L1 ]
20 . ; B ey
0.42 2k 3 e
-40 0.40 0 = = = L 1 1 L L = ’
0 2 6 8

4
D I. 9
Dclay (p&.) clay (ps)

Fig. 2. Modelled reflectance spectrum of heavy hole exciton in dependence on delay between the
pump and the probe pulses («). Comparison of the energy shift in the experiment and the theoretical
model (b)

The energy position of the exciton resonance as a function of the delay is shown in
Fig. 2, b. The red dots show the experimental data, the blue curve is the simulation result. Calcu-
lation parameters such as the splitting between exciton states (it corresponds to Q =15.47 ps™') and
the values of radiative and nonradiative broadenings I', = 0.02Q and I, . = 0.04€ are obtained
from the direct fitting of experimental spectra within the framework of[ the theory of nonlocal
dielectric response as described above. The exchange interaction energy was an adjustable pa-
rameter and is equal to o, = 0.0175€Q. There is still a long-lived energy shift in the dynamics
of the experimental spectra due to the incoherent interaction with the reservoir of non-radiating
excitons. To compare with the experimental dependence, we added this long-lived bias to the cal-
culated curve in Fig. 2, . One can see that the results of theoretical calculations of the coherent
exciton dynamics in the frame of our model are in agreement with the experimental data.

Conclusion

The coherent nonlinear dynamics of heavy and light hole excitons in GaAs/AlGaAs quantum
well upon coherent excitation of exciton resonances by short laser pulses is investigated experi-
mentally and theoretically. We found delay-dependent oscillations of the exciton resonance ener-
gies. Theoretical model for the interaction of excitons with light in a GaAs/AlGaAs quantum well
in the pump-probe experiment has been proposed. It was found that the energy shift can only be
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described if the nonlinearity in the form of the exchange exciton-exciton interaction is taken into
account, which has not been considered before. The results of the modeling using the Runge—
Kutta method agree with the experimental data. Further study may include the overview of neg-
ative delays, where four-wave mixing effects are prevalent, as well as taking “dark” exciton states
into account, which are less likely to interact with the pulse and have much lower decay rates.
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AHHOTanUsg. DKCTEPUMEHTAIBHO BBISBICH 3HAYUTEJbHBIN MUCTOYHUK IOTEPb HOCUTENEH
3apsja Ha Oe3bI3NlydyaTe/ibHyl0 pekoMOuHanuio B AlGaN QWSs, BbI3BaHHBIN ITPUCYTCTBUEM 3a-
PSKEHHBIX LIEHTPOB, JIOKATM30BAHHBIX Ha Pa3yMopsiIOYEeHHBbIX TeTepo rpaHulax. BeisicHEHO,
YTO CHEKTPaJIbHAS TUIOTHOCTh TOKOBOTO HM3KOYACTOTHOTO IIIyMa, HECYIash WHTETPATbHYIO
UHGOPMALIMIO O eNMHUYHBIX JedeKkTax U nedeKTHOW cUcTeMe, Ha Mopsaok Bbie B AlGaN
QWs, yem B addexktuBHBIX roiyobix InGaN/GaN QWs. Takum obpa3om, motepu Ha 0e3-
BI3JIyYaTEIbHYI0 PEKOMOMHAILIMIO TO-TIPEXHEMY SIBJISIIOTCS MCTOYHUKOM, OTBETCTBEHHBIM 32
HU3KYI0 KBAaHTOBYIO 3(p(eKTUBHOCTD YJAbTPA(PUOIETOBLIX CBETOINOHOB.
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Introduction

AlGaN QWs are the foundation for deep ultraviolet light-emitting diodes (DUV LEDs). DUV
LEDs have been widely explored for their potential applications in a variety of areas including
air/water purification, disinfection, bio-medical detection [1, 2]. However, as of today DUV
LEDs still demonstrate low light output external quantum efficiency (EQFE) < 10% and life time
< 1500 hours [1—3]. The efficiency of AlGaN-based DUV LED:s is found to decrease drastically
with decreasing emission wavelength. There are several factors that limit EQFE values such as high
dislocation density, insufficient carrier injection, and quantum confined Stark effect (QCSE) in
MQWs. Some works also point out a number of contributions related to the epitaxial growth and
chip fabrication technologies of DUV LEDs that have to be overcome [1]. The conductivity is
limited not only by the increasing dopant ionization energy and formation of a stable DX center
but also by the potential formation of cation vacancy defects VIII that are known to act as
compensating acceptors in n-type AIN [3]. The latter issue derives mainly from the series of total
internal reflections of photons at the interface between high-refraction epitaxial layers/substrate
and the ambient medium [4]. It should be noted that the majority of works rarely consider the
influence of the quality of hetero interfaces on the decrease in EQF at the maximum of DUV
LED:s.

The studies carried out in this work were aimed at showing the contribution of non-radiative
recombination of charge carriers in a system of defects and at the hetero interfaces to a decrease
in EQFE values at the maximum in DUV LEDs and assessing this contribution compared to
more efficient blue InGaN/GaN LEDs. To achieve this, we employed the study of the low-
frequency noise (LFN) alongside the conventional techniques. LFN is known to contain the
integral information on the properties of extended defect system as well as single defects.

Materials and Methods

The study was carried out a comparative investigations on commercial DUV LEDs emitting
at 278—280 nm whose EQE is about 4% and blue LEDs with 70% EQE emitting at 445 nm.
Electroluminescence spectra and EQE dependences versus current density were examined at
the direct current and in pulse mode (at pulse widths of 5 pus up to 2 A and 100 ns up to
20 A and repetition rates of 50 Hz) by OL 770-LED System (Optronic Laboratories Inc.) in
integrated sphere. Optical power was determined by photodetector THORLABS DET02AFC/M.
I-U characteristics were measured by the KEITHLEY 6487 power source. The noise spectra were
measured within frequency range of 1 Hz to 50 kHz. The studied LEDs were connected in series
with a low-noise load resistor R whose resistance varied from 100 Q to 13.8 kQ, depending on the
current passing through the LEDs. The voltage fluctuations S, at the resistors R were amplified
by a low noise preamplifier SR 560 (Stanford Research Systems, Sunnyvale, CA, USA) and
subsequently measured by an SR 770 FET NETWORK Analyzer (Stanford Research Systems,
Sunnyvale, CA, USA). The background noise of the preamplifier did not exceed 4nV/NHz at 1
kHz, which is approximately equivalent to the Johnson-Nyquist noise of a 1000- resistance.

Results and Discussion

The maximum /QF in LEDs based on nitrides is determined by tunneling radiative recombination
in MQW, located in the space charge region (SCR) around p-# junction [5, 6].

Thus, we considered the processes of non-radiative recombination (NR) at current values
corresponding to the voltage range up to the p-n junction opening, i.e. up to threshold voltage
(U,). The U, values were derived from forward /-U characteristics in DUV AlGaN and blue
InGaN/GaN"LEDs (Fig. 1).

© Tampaummaux H.A., UBanoB A.E., Illabynwmna E.W., lmunr H.M., 2023. Usmarens: Canxr-IletepOyprckuit
rnosiTeXHnueckuit ynusepcuret [letpa Benukoro.
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Currents / <20 mA correspond to this voltage range. Fig. 2, a, b) shows typical low-frequency
noise spectra (i.e. dependences of power spectral density of current noise S, versus frequency)
in this current range for the same LEDs. The shape of the noise spectra is observed to be
S(f) ~ 1/f in the entire frequency range, which means the 1/f noise dominates at all currents

(Fig. 2, a).
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Fig. 1. Linear /—U characteristics of InGaN/GaN (curve /) and AlGaN (curve 2) LEDs
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Fig. 2. Noise spectra in blue InGaN/GaN (a) and DUV AlGaN/GaN (b) LEDs

According to [7], this indicates the predominant contribution of the system of defects to NR
in blue InGaN/GaN LEDs.

For the DUV LEDs, the values of spectral density of current fluctuations S, is observed to be
at least an order of magnitude higher than that in blue InGaN/GaN LEDs (Fig. 2, b). Moreover,
the noise spectra of current fluctuations at high currents were close to the 1/f'noise. However, the
noise spectra at low currents were a superposition of the 1/f'and generation-recombination (GR)
noise caused by the presence of Shockley-Read-Hall (SRH) centers. The GR noise has a form of
Lorentzian that typically doesn’t depend on frequency at low frequencies and follows the law of ~
1/f? at high frequencies. The contribution of GR noise to the spectra is shown in a deviation from
the shape of 1/f noise at /> 100 Hz. In our case, however, the contribution of GR noise and,
thus, SRH centers is insignificant because there is little change in the slope of the noise spectra
(Fig. 2, b). Additionally, for both types of LEDs, the dependence of spectral density of voltage
fluctuations (S,) on the current deviates remarkably from the classic shape characterized by
S, ) ~ I'! that, according to [8], is typical for semiconductor devices with uniform current
distribution in SCR (Fig. 3). Thus, this deviation shows identifies the non-uniform current
distribution in SCR for both types of LEDs. Moreover, the inhomogeneity of the current
distribution is more prominent in DUV LEDs than that in blue LEDs (Fig. 3, curve 2).
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The obtained results correlate with peculiarities of /—U characteristics such as non-ideality
factor n being significantly higher than 2 at U <5 V, strong dependence of reverse current on U,
and poor rectifying properties of p-n junction in DUV LEDs. (Fig. 4, curve 2).

According to [9, 10], such peculiarities of
I—U characteristics are related to the presence

1E-10
9 of charged centers in abrupt p-n junction. In
i ooy N -1 our case, the presence of charged centers in
-114 oy N SCR around p-n junction can be associated with
4 1 ~ imperfect hetero interfaces caused by random
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Fig. 3. Dependences of the spectral density
of voltage fluctuations (S,) on the current in
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(curve 2) LEDs

InGaN/GaN LEDs with low EQE ~ 10%.
Moreover, in these LEDs, the disordered of
hetero interfaces caused by indium segregation
was experimentally observed in [11].
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Fig. 4. [-U characteristics of blue (/) and DUV (2) LEDs (a); change in /-U characteristics of DUV
LED over the temperature range (b): 1 — 200 K, 2 — 300 K, 3 — 350 K

At the same time, in effective blue LEDs, the difference in the values of these voltages is less than
0.1 V (Fig. 1, curve 7). As a result, the charged centers localized at disordered hetero interfaces
take part in NR and reduce EQE values at maximum in AIGaN QWs situated in SCR around p-n
junction. To reduce these losses, it is necessary to avoid Ga segregation and to provide a step-flow
growth mode during. The change in forward characteristics of DUV LEDs in the temperature
range 200—350 K (Fig. 4, b) at U < 5 V differs significantly from that when single SRH centers
determine NR mechanisms. It should be noted that the weak temperature dependence of forward
I-U characteristics, tunneling transport of charge carriers and the a shape of the characteristics
themselves at the temperature range 200 — 350 K are closest to the characteristics calculated for
nitride-based LEDs by the multi-phonon-elastic trap assisted tunneling model. Thus, in addition
to the loss of charge carriers on NR, the loss of charge carriers in multi-phonon emission is also
possible.
Conclusion

A comparative investigation of low-frequency noise features and /—U characteristics in AlGaN

and efficient blue InGaN QWs in commercially-available LEDs shows that the loss of charge
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carriers in non-radiative recombination is much more prominent in AIGaN QWs. The sources
of these losses are charged centers localized at disordered hetero-interfaces, a system of defects
including donor-acceptor pairs, extended defects, local regions with a random fluctuations in
AlGaN composition, and, to a lesser extent, single SRH centers. Thus, the losses due to non-
radiative recombination are still responsible for the low quantum efficiency in ultraviolet LEDs.
To increase the efficiency of DUV LEDs, it is necessary to improve the growth conditions of
AlGaN alloy, to prevent the segregation of gallium at hetero-interfaces, and to ensure layer
growth in the step-flow growth mode.
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AHHOTanusga. ATOMHO-CJIO€BOE TNIA3MEHHO-CTUMYJIUPOBAHHOE OCAXKICHUE SBIISICTCS OTHUM
U3 TEePCIEKTUBHBIX METOMOB Wisi hopmupoBaHue n-GaP cioeB Nmpu HU3KKUX TeMIlepaTypax
Ha MOMJIOXKaxX p-Si A MOCIENYIOLEro UCIO0Jb30BaHMs B KayecTBe (oTonpeodpa3oBaresib-

HBIX CTPYKTYp reteponepexona n-GaP/p-Si. B nanHoit pabote, ObLIO MCCIENOBAHO BIUSIHUE
OCTOBBIX MapaMeTpoB Ha aJjiekTpodusndeckue cpoiictBa n-GaP. CorracHo u3MepeHUsIM
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CIIEKTPOCKOIIMM ITOJIHON MPOBOAMMOCTU M BOJBT-aMIIEPHBIX XapaKTePUCTUK ITOKA3aHO, UTO
SHeprus akTupBauuu npooguMocTu B GaP cioe ymenbinaercs ¢ 0.08 3B mo 0.04 3B ¢ yBe-
JIMYeHUEM IToToKa (pocuHa M BpeMEHM €ro B3auMOJICHCTBUS C MOIJIOXKOW BO BpeMs Iiara
ocaxnaeHus (ocdopa, a nmpu 106aBIeHUN TOMOTHUTEBHOTO IMOTOKA CHJIaHA Ha 11are ocaxmie-
Hus (pocdopa oHa 3HAUUTEJIBHO YMEHbIIaeTcsl U cTaHOBUTCS MeHbIe 0.02 3B. Dto mpuBoauT
K 3HAUUTEJbHOMY YJIyYLIEHUIO TPOU3BOAUTENbHOCTU coHeuHoro anemeHTa ITO/n-GaP/p-Si
BCJIEJCTBME YMEHblIeHus nepernba Ha BAX, 4To NpUBOAUT K YBEJIMYEHUIO TOKA KOPOTKOTO
3aMblKaHUg U (akTopa 3anoiaHeHus. Kpome Toro, Bo Bcex oOpasiax ObLI OOHApyXKeH TIy-
OOKMIi Ne(eKTHbI YPOBEHb C DHEPTrUeil aKTUBALIUU Ea = (0.50—0.55 eV u ceueHuem 3axBaTa
c,=(1-10)-107"° cm?.
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Introduction

GaP is one of the promising materials for double-junction solar cells on silicon wafers [1]
since the lattice mismatch between Si and GaP is less than 0.4%, and adding nitrogen to GaP
will make it possible to vary the band gap of GaP(N) in the wide range from 1.7 ¢V to 2.1 eV
[2]. Recently, an interesting method of plasma-enhanced atomic-layer deposition (PE-ALD) at
temperatures below 400 °C was demonstrated for obtaining thin layers of GaP on p-Si wafers [3].
This technology is based on alternative interaction of phosphorous and gallium precursors with
silicon surface in PECVD chamber. The main advantage of this method is that the film growth is
based on the self-limiting mechanism, i.e., it is impossible to deposit more than one monolayer
in one cycle, which ensures high uniformity and conformity of the film thickness. Previously, the
fundamental possibility of donor doping of a GaP film grown by the PE-ALD method with the
additional silane flow was shown [4], but direct influence of silane flow on quality of doping have
not been shown yet. However, this process includes argon treatment leading to the formation of
defects with a high concentration in bulk silicon wafers [5]. In addition, high power of hydrogen
plasma also leads to defect formation in near interface area in silicon [6]. Therefore, a more
complicated growth process should be used to obtain silicon incorporation for n-type doping of
GaP layers without deterioration of bulk properties of wafers, and direct influence of silane flow
on doping will be studied here.

Materials and Methods

In this study, three different GaP layers with thickness of 10—20 nm were grown using an
Oxford Instruments PlasmalLab System 100 PECVD (13.56 MHz) setup on boron-doped silicon
(100) wafers (p = 1:10' cm™) in PE-ALD mode. The main parameters were the same as in [7]
except for the steps described in Table 1: lower PH, flux in OX856 than in OX860, and additional
silane flow of 10 sccm in OX858. Indium tin oxide (ITO) layers were deposited by magnetron
sputtering in first series of samples for photovoltaic measurements. Further, silver paste was
applied to ITO for fabrication of metallic top contact, and bottom ohmic contact to p-Si was
formed by indium. On the other hand, gold was evaporated in BOC Edwards Auto500 setup
through a hard mask in the form of a circle with a diameter of 1 mm. Then, these samples were
etched in wet solution H,SO,:H,0, = 3:1 down to silicon wafer: in result, GaP/Si heterojunction

© Kusgnauupsa C.1O., Bapanos A.W., YBapos A.B., MakcumoBa A.A., BsuecnaBoBa E.A., 'ymosckux A.C., 2023. Uznarens:
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remained only under gold circle. Finally, ohmic contact by indium was formed to bottom side.
This series were explored by capacitance methods to probe only heterojunction n-GaP/p-Si
without contribution of additional barrier ITO/n-GaP.

Current—voltage characteristics were measured at 25 °C using a Keithley 2400 source-meter
under AM1.5G illumination provided by a SunLiteTM Solar Simulator from ABET Technologies.
Admittance spectroscopy (AS) [8] measurements were performed using a precision E4980A-001
Keysight (former Agilent) LCR-meter in frequency range with test voltage amplitude of 50 mV
from 20 Hz to 2 MHz in helium cryostat Janis CCS-400H/204 from 12 to 800 K.

Table 1
Different parameters of PE-ALD processes of GaP layers
Pre-PH, step PH, step

Sample | | PH,, | Ar, H, SiH, | , | PH, H,

’ scem sccm scem scem ’ scem scecm
0X856 3 30 0 10
0X860 4 40 50 200 0 3 20 200
0X858 4 40 10 20

Results and Discussion

Current-voltage characteristics of ITO/n-GaP/p-Si samples under AM1.5G illumination are
presented in Fig. 1.
All I—V curves exhibit a knee near the open circuit

1 voltage, which leads to significant decrease of fill

AM1.5G factor (FF) and even short circuit current (/ ). The

05F ] most pronounced drop of FF is observed for 03(856, a
medium one for OX860, and the weakest is for OX858.

< O PE—— —— A possible reason explaining such behavior lies in the
E differences in conductivity of the GaP layer due to the
g-05F ; growth parameters. A similar knee in the [—V curve
3 could be observed for non-sufficient HIT solar cells
TF :8§ggg' based on a p-a-Si:H/i-a-Si:H/n-c-Si heterojunction
5 —-0x858|] Whe_n p.—layer is not enough doped leading to parasitic
barrier in structure and decrease of FF. Here, the shape

- . . . of the /—V curve is dramatically improved when PH

-1 05 0 0.5 1 flow increases for OX860 in both stages (Table 1),
Voltage, V and silane flow also reduces the inflection of the I-V

curve leading to a greatly increasing Isc. Therefore,

Fig. 1. Current-voltage characteristics of  the parameters of the PH. step in PE-ALD mode have

ITO/n-GaP/p-Si samples under a critical influence on tl'316 quality of conductivity in
AM1.5G illumination n-GaP.

Initially, gold was evaporated to these GaP layers
grown on n-Si (n = 1-10' cm™) wafers to form structure with Schottky diodes to explore
their defect properties. However, classical rectifying behavior is not observed due to extremely
high conductivity between contacts. In this case, structures Au/n-GaP/p-Si were explored by
capacitance methods since gold does not form a potential barrier on Au/n-GaP and does not
lead to contribution in total capacitance of samples. It is also confirmed by measurements of
capacitance-voltage characteristics (not presented here) for all samples for 100 kHz, and estimated
concentration from 1/C? corresponds to the doping level in silicon wafers.

Admittance spectroscopy were performed in the temperature range from 60 to 400 K for
different applied voltage bias. The C—f curves for different temperatures for V.= 0 V and
+0.8 V are presented in Fig. 2. The admittance spectroscopy is based on the measurement of the
capacitance and conductance of p—n junctions using a small signal alternating voltage at different
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frequencies and at various temperatures. If the Fermi level (or quasi Fermi level) crosses the defect
level in the space charge region, we may detect an additional contribution to the capacitance.
This leads to a step-like behavior in the capacitance versus frequency as in C—f'in Fig. 2.
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Fig. 2. C—f curves for different temperatures for V, . =0V (a, ¢, ¢) and V.= +0.8 V (b, d, f)
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A similar behavior of the curves is observed for all samples at ', =0V (left panels in Fig. 2).
A first step on the C—f curve can be seen at low temperatures of é)(g 240 K and a second one at
higher temperatures, 300—360 K (the sequence of steps is indicated by arrows). As shown, the
position of the turn-on frequency (f where —f-dC/df has maxima) shifts toward higher frequencies
with a temperature increase, allowing to obtain the Arrhenius plot and estimate the parameters of
the defect, activation energy £ and the capture cross section o,.

Parameters of high- temperature responses (300—360 K) are almost the same for all samples
since the position of the turn-on frequency is similar for the same temperature, amounting to
E =0.50-0.55 eV and o, = (1-10)-107'° cm®. The parameters do not depend on the process
conditions so the differences in the /—V curves can hardly be explained by its influence.
Furthermore, a similar defect was detected by DLTS in our previous work where it was associated
with a deep defect level in GaP layer, but its nature is still unclear.

In contrary, the parameters of low temperature response depend on the deposition conditions.
Low temperature feature is characterized by low values of ¢_(1-10%° cm2) and E_being equal to
0.08 eV and 0.04 eV for OX856 and OX860, respectively. For OX858 E _is too low to be estimated
(E,<0.02 eV). Thus, the highest value of E is observed in OX856, then i increasing of phosphine
flow leading to decreasmg of Ea in OX860, and the lowest one is in OX858 with additional flow of
silane. The C—f curves were also measured at V,c=10.8V (Fig. 2, b, d, f) to prove the difference
in £ for the samples. In this case, in addition to the capacitance of space charge (which is closer
to the GaP layers) a diffusion capacitance should dominate in the total capacitance. The absolute
value of the capacitance at low frequency is much higher compared to that at 0 V being typical
for diffusion capacitance. However, high amplitude steps are detected for all samples, and their
responses correspond well to the low temperature response observed at 0 V with the same values
of £ . In fact, if we consider the equivalent circuit the space charge capacitance is connect in
paraflel to diffusion capacitance, i.e. contribution of each should be presented in the equivalent
capacitance. Only the contribution of series capacitance could provide such high amplitude steps.
When series capacitance is much lower compared to diffusion capacitance the total capacitance is
determined by series capacitance. If the series capacitance is shunted by conductivity, for example
due to temperature activation, the total capacitance is determined by diffusion capacitance.
Similar behavior has already observed for a-Si:H/c-Si heterojunctions [9]. An activation of the
conductivity of doped a-Si:H layer leads to appearance of low temperature response in the
admittance spectra. An activation of GaP conductivity could explain the observed behavior of the
admittance spectra at +0.8 V as well as dependence of the £ on deposition conditions. Also it is
in good correlation with our suggestion from /—V curves: lower E leads to better conductivity in
GaP with silane flow. Therefore, detected response is related to conductrvrty of GaP layers, and
it can be controlled in future experiments.

Conclusion

Plasma-enhanced atomic layer deposition is attractive method for formation of n-GaP layers
on p-Si wafer for further photovoltaic application. Here, we explore influence of growth conditions
on electrophysical quality of thin n-GaP layers. Admittance spectroscopy and current-voltage
characteristics were used to establish a decrease in the activation energy of conductivity in GaP
with increasing phosphine flow during the phosphorous step from 0.08 eV to 0.04 eV, with a
subsequent drop to extremely low values when additional flow of silane was added. This serves
to greatly improve the photovoltaic performance of ITO/n-GaP/p-Si sample. Moreover, a deep
level with £ = 0.50-0.55 eV and 6, = (1-10)-10'cm* was detected in all layers.
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AnHoramusa. [IpoBeneHo TeopeTHUeckoe MCCienoBaHUe (HOPMHUPOBAHMSI OCEBOM TIeTe-
poctpykTypbl GaAs/AlAs B HUTEBUAHBIX HAHOKPHCTAJIaX, BBIPAIICHHBIX I10 MEXaHM3MY
Map-XUIKOCTh-KPUCTAI. B OCHOBEe Mojenu JIEKMT MaTepuajbHBI OajaHC B Karuie, TIe
BCTpaMBaHWE aTOMOB B HUTEBUAHBIM HAHOKPUCTAI JUMUTUPOBAHO HyKJjealuei. M3ydyeHo
BJIMSIHUE TEMIIEpaTypbl POCTa, IIOTOKA aJIOMUMHMSI M KOHILIEHTPALIMK 30J10Ta B KaIlle Ha pe3-
KOCTb reTeporepexona. B 4acTHOCTH, MbI CpaBHMBaeM IPOMUIM COCTaBa IreTePOCTPYTYPHBIX
aBTO-KaTAJIMTUYCCKUX M Au-KaTaIUTUYECKUX HUTEBUIHBIX HAHOKPUCTAILIOB. IloiydyeHHBIE

pe3yabTaTbl MOTYT OBITH ITOJIE3HBI IIPU POCTE OCEBBIX TreTepocTyKTyp GaAs/AlAs B HUTEBU/I-
HBIX HAaHOKpHCTAJIIaxX.

KmoueBbie cioBa: ipoduib cocTaBa, 0ceBble TeTepOoCTpyKTYphl, AlGaAs, HUTEeBUIHbBIE Ha-
HOKPMCTAJLJIbI, MOACIMPOBAHUE
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Introduction

Semiconductor nanowire heterostructures are one of the most promising nanoscale objects whose
properties have attracted much attention from researchers [1]. Axial nanowire heterostructures
are usually produced by the so-called vapor-liquid-solid mechanism [2]. A combination of binary
compounds provides advanced functionality. Consequently, a wide range of devices based on
nanowire heterostructures have been developed, including electronic, photonic and thermoelectric
applications [3]. One of the key features of heterostructured nanowires is the heterointerface
which determines the quality of optoelectronic applications. Ideally, such nanostructures should
be grown with atomic precision which is impossible without understanding the formation
mechanism. A particular factor limiting interfacial abruptness is the reservoir effect [4]. Thus,
modeling the growth of heterostructured nanowires is of paramount importance. Recent studies
[5, 6] have reported on an analytical approach to describing the compositional profiles of axial
heterostructures in Au-catalyzed and self-catalyzed nanowires. In this study, we apply our model
to a GaAs/AlAs heterojunction and examine the influence of growth temperature, atomic flux of
Al and concentration of Au on the interfacial abruptness of heterostructured nanowires grown via
the vapor-liquid-solid (VLS) mechanism.

Materials and Methods

Within the model, we consider VLS growth of an axial nanowire heterostructure from a droplet
which initially contains Ga, As, and Au elements (in the case of self-catalyzed growth the Au
concentration equals zero). Then we vary the vapor phase composition introducing the flux of Al
which makes the droplet quaternary. As a result, an Al Ga, As ternary solid solution forms. It has
been shown [6] that the compositional profile across an ax1al heterostructure can be found from

ﬁlldy (1)

dx ga-— xdx

Here & is the axial coordinate across the heterointerface x is the content of AlAs pairs in the
solid, g is the geometrical coefficient, ¢, =1 —c, isthe total concentration of group III elements,
ais the dimensionless influx of Al, y =c,,/ (c 4 ¢,,) 1s the liquid composition, ¢ s Cy and
c,, are the concentrations of Al, Ga As and gu in ﬁle droplet, respectively. Eq. (1‘) is solved by
mtroducmg an mechanism to incorporate atoms into the solid, which determines the liquid-solid
composition dependence. In our case, we consider the nucleation-limited growth regime which
can be applied if supersaturation is low. Then the liquid-solid composition dependence can be

written as [7]

1
Y= 2
1+ 1-x ezwAlAs-GaAs(X*UZ)Jrh ( )
X
Here ®,,, .., 18 the pseudobinary interaction parameter in the solid and b is a coefficient

depending on the As, Ga, Al and Au concentrations in the droplet, the chemical potential
differences for the pure components and the interaction parameters in the liquid. All details can
be found in [7].

© Jlemienko E. MI., Ayoposckuii B. I'., 2023. W3matens: Cankrt-IleTepOyprckuii monutexHuueckuii yHuepcuteT [letpa
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Results and Discussion

We start to investigate the formation of GaAs/AlAs heterostructured nanowires with analysis
of the interfacial profile x(&) for different growth temperatures. The values of binary and ternary
interaction parameters and Gibbs free energies can be found in [7]. Fig. 1 shows the composi-
tional profile of a GaAs/AlAs nanowire heterostructure at a fixed ¢ o = () (self-catalyzed growth),
a=2,g=0.001 and ¢, =0.01. Within the nucleation-limited regime, the compositional control
of Al Ga, As nanow1res over the entire range is possible at all presented growth temperatures
which can ' be explained by the fact that the AlAs-GaAs pseudobinary interaction parameter has
a low enough value. It is seen that the slope of the GaAs/AlAs heterojunction at small and high
solid compositions is different (a steep slope at x < 0.8 which means that the solid composition
changes rapidly with the axial coordinate across the heterointerface (less than 10 monolayers)
and a long tail at x > 0.8 meaning that a large number of ternary monolayers (~70 monolayers)
is needed to achieve the pure AlAs binary). The shape of the x(&) curves can be explained by the
shape of the liquid-solid composition dependence: a small addition of Al atoms to the droplet
leads to a tremendous increase of the Al concentration in the ternary nanowire, except the range
of high AlAs content in the solid. Increasing the temperature broadens the heterointerface.
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Fig. 1. Contour plot of the GaAs content x in the GaAs/AlAs NW heterostructure NW versus distance
§ and temperature 7 (a); composition profiles x(§) across the GaAs/AlAs NW heterostructures at
different temperatures 7 (b).

The temperatures 7 are given in the inset to Fig. 1, 5. The distance along the nanowire is measured in monolayers (MLs)

Next, we analyze the influence of the concentrations of the foreign catalyst (for the par-
ticular case of Au) on the interfacial abruptness of GaAs/AlAs heterostructures. It should be
noted that such analysis makes it possible to compare Au-catalyzed and self-catalyzed growth
of heterostructured nanowires. The contour plot for variation of the distance & with AlAs
content x and Au concentration ¢, in the GaAs/AlAs nanowire heterostructure and the x(&)
dependence calculated for different "Au concentrations at a fixed c,,=0.01, T=610°C,a=2
and g =0.001 are presented in Fig. 2. Such high temperature mlght be relevant for GaAs/AlAs
heterostructured nanowires [8]. Within the considered range of Au concentrations (0 <c¢, <
0.4), increasing the Au concentration broadens the heterointerface. However, a heterointer ace
might be sharper in the case of Au-catalyzed growth as compared to the case of self-catalyzed
growth if Au concentration is very high. This is due to the non-monotonic behavior of inter-
facial abruptness with varying Au concentration. Roughly the same number of monolayers is
needed to obtain pure AlAs regardless of Au concentration.

Finally, let us consider the effect of the dimensionless atomic flux on the compositional pro-
file of axial GaAs/AlAs nanowire heterostructures. Fig. 3 shows the contour plot for variation of
the distance & with AlAs content x and dimensionless atomic flux a in the GaAs/AlAs nanowire
heterostructure and the x(&) dependence calculated for different dimensionless atomic fluxes
at fixed ¢, =0.01, 7=610 °C, c, =0 and g =0.001. Lower atomic fluxes a result in broader
GaAs/Alﬁs heteromterfaces This effect is especially crucial when a tends to 1.
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Fig. 2. Contour plot of the GaAs content x in the GaAs/AlAs NW heterostructure NW versus distance
€ and Au concentration ¢, (a);composition profiles x(£) across the GaAs/AlAs NW heterostructures
at different Au concentrations ¢, in the droplet (b).

The concentrations ¢, are given in the inset to Fig. 2, b
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Fig. 3. Contour plot of the GaAs content x in the InAs/GaAs NW heterostructure NW versus
distance & and dimensionless atomic flux a (a); composition profiles x(&) across the GaAs/AlAs NW

heterostructures at different dimensionless atomic fluxes a (b).
The dimensionless atomic fluxes a are given in the inset to Fig. 3, »

a

Conclusion

To summarize, we have calculated the interfacial profiles of axial GaAs/AlAs heterostructures
in self-catalyzed and Au-catalyzed nanowires grown in the nucleation-limited regime. Special
attention is paid to the influence of the concentrations of the foreign catalyst (on the example of
gold), temperature and atomic flux on the interfacial abruptness of GaAs/AlAs heterostructures.
Our findings confirm that decreasing the growth temperature and Au concentration and increasing
the atomic flux can improve the interface abruptness of the GaAs/AlAs heterojunction. The
obtained results may be useful for growth of GaAs/AlAs heterostructured nanowires.
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Abstract: Semiconductor nanowires have a number of advantages over thin films and bulk
analogues, which allow them to be used to develop efficient detectors and light sources. In
this work, photoluminescence spectra of pure InAs and core-shell InAs/CaF, and InAs/InP
nanowires on silicon were studied in the near infrared spectral range at various 2levels of optical
pumping and at different temperatures using a vacuum Fourier spectrometer operating in a
step-scan mode. The observed peaks in the photoluminescence spectra correspond to inter-
band transitions in InAs of sphalerite and wurtzite phases. The photoluminescence spectra of
CaF,-coated InAs nanowires demonstrated that surface passivation with CaF, does not change
the spectral features. It was shown that the absolute value of photoluminescence intensity of
InAs-core/InP-shell nanowires exceeds the intensity of pure InAs nanowires. It means that sur-
face passivation can reduce an effect of surface states in nanowires on their optical properties.
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u3nydyeHus. B HacTosIeit padote ObLIN IMOJyYeHBI CIIEKTPHI (DOTOTIOMUHECIECHIIMY PaIldaIbHO
reTePOCTPYKTYPUPOBAHHBIX HUTEBUAHBIX HAHOKpUCTAILIOB InAs, InAs/CaF, u InAs/InP (sinpo/
00o0siouka) B OJMXKHEM MH(bpPaKpaCHOM Juana3oHe MpU pa3idyHbIX YPOBHSIX ONTUYECKOM
HaKauyk¥ M Pa3jIudHBIX TeMIlepaTypax Mpu TOMOIIM BaKyyMHOTO (ypbe-CIeKTpOMEeTpa,
paboTalolero B ToIIaroBoM pexume. OOHapyXeHHbIE B CIIEKTpax IMUKWA OOBSICHEHBI
MEK30HHBIMU MepexXoaMu HOCUTENEN 3apsiaa B InAs pa3Hol KpUCTALTNYECKON MOTU(UKATINN:
chaneput u BoopuuT. M3 cieKTpoB HUTEBUIHBIX HAHOKPUCTAJUIOB, TTOKPHITEIX CaF , BumHO,
YTO B OTOM CJjy4yae IlacCHBallMsl TOBEPXHOCTU HE M3MEHSET CHEeKTpajbHbie OCOOCHHOCTHU
JIIOMMHECLIEHIIMUM. B TOo e BpeMs MHTEHCHMBHOCTb (DOTOJIOMMHECLEHLIMM HUTEBUIHBIX
HaHokpucTtauioB InAs/InP Gosblile, yeM y YWUCTBIX HUTEBMIHBIX HAHOKPUCTAILIOB InAs.
Takum oOpa3oM, TTOBEPXHOCTHAsI TIACCUBAIIMS MOXET YMEHBIIUTH BIWSHUE TTOBEPXHOCTHBIX
COCTOSTHMII Ha ONTUYECKNE CBOMCTBA HUTEBUIHBIX HAHOKPUCTAJIIOB.
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Introduction

Nanowires (NWs) based on A3B5 semiconductors have great prospects as a nanoscale plat-
form for efficient electronic devices. The development of light-emitting and photo-converting
devices based on NWs is a promising and urgent task [1]. NWs, due to their small lateral size
and small area of contact with the substrate, have some significant advantages over films and bulk
materials. They can be directly grown on various substrates, for example, silicon [2]. Thus, it is
possible to produce cheap devices integrated with the silicon industrial platform. Among other
A3B5 semiconductors, InAs NWs have a number of advantages owing to high mobility, low effec-
tive electron mass, low band gap Eg and high spin-orbit interaction energy. Also, the interest in
the creation of InAs NWs is caused by the fact that selecting appropriate size of NWs can lead
to the manifestation of waveguide properties and optical resonances (whispering gallery modes,
Fabry-Perot and Mi resonances) in the visible and near-IR spectral ranges, which ensure the
localization and concentration of light inside the NW. In this case, it is possible to achieve effec-
tive absorption of radiation in a small volume of the active region, which should reduce the dark
current of optoelectronic devices. Surface passivation efficiently eliminates surface states in NWs
[3]. Due to the high surface-to-volume ratio, it has a significant effect on the optical properties of
NWs [4]. Light emission related to surface states of core/shell NWs can appear at photon energy
greater or less than the energy of band gap of InAs NWs and can greatly reduce the luminescence
efficiency. For InAs NWs, such states have a more essential effect on the emission intensity due
to narrow Eg and significant contribution of Auger processes [5].

It is known that Eg of InAs-based NWs is larger than in the bulk material [6-8]. Therefore, the
currently achieved sensitivity of existing detectors based on InAs N'Ws is limited by 3 um wave-
length, which is noticeably shorter than the experimentally observed cutoff wavelengths for InAs
thin-film photodetectors (~3.8 um). Moreover, there are several unresolved problems in creation
of InAs NWs-based photodetectors. For example, the photodiodes described in the literature have
a large dark current exceeding 130 mA/cm? [9, 10]. The effect of passivation of InAs NWs with a
wider gap InP, as well as heterostructures of the n-InP/i-InAs/p-Si type, has not been studied in
details yet. We report on optical characterization of such NWs, which can be used for developing
new infrared photodetectors.

© Ycrumenko P.B., Bunnuuenko M.S., Kapaynos .A., @upcos [1.A., ®énopos B.B., Moxapos A.M., Kupunenko J1.A.,
Myxun U.C., 2023. Uznatenn: Cankr-IleTepOyprckuii moauTexHuIeckuii yausepcuteT Iletpa Bemmkoro.
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Materials and Experimental setup

Several arrays of InAs NWs were grown by means of solid-source molecular beam epitaxy
(MBE) on SiO /Si(111) substrates within the self-induced approach. Boron-doped, vicinal p-type
Si wafers were used (misorientation 4°, 0.3—0.5 OhmXxcm). Silicon surface oxide layer providing
NW nucleation was prepared on HF-dipped Si by wet chemical oxidation in a boiling ammo-
nia-peroxide solution (NH,OH:H,0,:H,0O with a volume ratio of 1:1:3). Indium, As, and P, ele-
ment fluxes were determined from beam equivalent pressures (BEP) measured by Bayard-Alpert
ion gauge. For all the samples, the In flux was set to a BEP of 81078 Torr, which corresponds to
a growth rate of approximately 150 nm/h. The InAs NWs were formed at the growth temperature
T of 460 °C and a high incident As,/In BEP flux ratio of 90, which exceeded the stoichiometric
value by 5 times. To form a radial InAs core/InP-shell heterostructure, InP was grown at the re-
duced T of 400 °C and P /In BEP flux ratio of 32 promoting radial growth Uniform deposition
of amorphous CaF, was obtained at the T of 100 °C.

Typical scanning electron microscope (SEM) image of cleaved Si substrate with pure InAs
NWs is shown in Fig. 1, a. This morphology is typical for all studied NWs. The feature of this
synthesis method is the possibility of achieving a high surface density of NWs (>10 pm), which
significantly reduces light scattering and manifests itself in the matte black surface of the sample.
Depending on the growth time, the length of NWs can vary from 200 nm to 10 pm, and the
diameter can vary from 40 to 300 nm. The average diameter of pure InAs NWs is approximatee
ly equal to 160 nm, their length is about 2.5 pm. We also fabricated a number of samples with
surface passivation having the structure of InAs-core/InP-shell and InAs-core/CaF,-shell. SEM
image of InAs-core/InP-shell NWs is presented in Fig. 1, b. The diameter of InAs-core/InP-shell
NWs lies in the range from 130 to 250 nm for different samples, their length is about 2.5—4.5 pm.

1000 nrn
—

Fig. 1. SEM image of pure InAs NWs (a) and InAs-core/InP-shell NWs (b)

The crystal structure of NWs was studied by means of transmission electron microscopy (TEM)
and electron microdiffraction (see Fig. 2). NWs have a hexagonal wurtzite structure; the NW
growth axis coincides with the [0001] wurtzite axis. A large number of planar basal stacking fault
are observed in NWs, and these defects can be of several types. Defects can be represented as
inclusions of 1, 2 or 3 bi-layers of the sphalerite structure, inclusions of the cubic phase. All stack-
ing faults are parallel to the (0001) growth plane. No other defects, for example, associated with
the coalescence of neighboring NWs, were found. The electron microdiffraction pattern shows a
characteristic broadening of reflections in the direction perpendicular to the plane of the defect.

Photoluminescence (PL) spectra were measured with a vacuum Fourier spectrometer operating
in the step-scan mode with a spectral resolution of about 8 meV. We used the continuous wave
(CW) laser radiation from a Nd:YAG solid-state laser for optical interband pumping of charge
carriers in the samples. The pump radiation wavelength was 1064 nm. Nd:YAG solid-state laser
was pumping by red diodes, therefore we cut this interfering light by IKS3 optical filter mounted
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Fig. 2. TEM image of InAs-core / InP-shell NWs (a). Selected-area (electron) diffraction image along
(a) <1120> WZ zone axes (b) and TEM image of InAs-core / InP-shell NWs (c¢)

in the optical bench. Laser radiation was modulated with a chopper at a frequency of 340 Hz and
focused on the sample surface with a lens through a fused silica window of a bath cryostat. PL
radiation from the sample was extracted from the cryostat through a ZnSe window aligned with
the spectrometer ZnSe window. A KBr beam splitter and a liquid nitrogen-cooled InSb photode-
tector were used. The optical filter made from pure Ge was installed in front of the photodetector
to prevent pumping radiation scattered from the sample surface to reach the detector. Samples
were mounted by clamping holder on the cold copper finger of bath cryostat with liquid nitrogen.
Platinum temperature controller was mounted near the sample. We varied a sample temperature
from 77 to 300 K. In order to increase the measurement sensitivity, we used a phase-sensitive
lock-in amplifier SR-830 synchronized with the chopper frequency.

Results and Discussion

Photoluminescence spectra were obtained in the near infrared (IR) range at different levels
of optical pumping and different temperatures (77—300 K). All samples exhibited two or three
PL peaks in the photon energy range from 300 to 550 meV.

PL spectra of pure InAs NWs are presented in Fig. 3, a for different pumping levels at the
temperature of liquid nitrogen. Fig. 3, b shows similar results for the thinner pure InAs NWs
with low surface concentration. The shape and spectral position of the peaks in these two sam-
ples are the same, but the PL intensity of peaks was significantly lower for thinner pure InAs.
The increase of the sample temperature leads to a gradual quenching of the PL intensity. To
analyze the PL spectra, they were fitted into three Gaussian contours (due to the inhomogene-
ous broadening of the PL peaks). Gaussian contours and their sum are presented as dash lines
in Fig. 3, a. After fitting, three peaks were found at the photon energies of 350, 405, 440 meV.
Two high energy peaks are associated with direct interband transitions in zincblende and wurtz-
ite phases of InAs NWs [11]. Low-energy peak corresponds to indirect in real-space transitions
in NWs between regions of the zincblende and wurtzite phases, which have different Eg [12].
It should be noted that the presence of alternating crystal modifications is confirmed by TEM
images (see Fig. 2). Also, small inserts of zincblende phase could be considered as quantum
wells in the wideband wurtzite phase. This can lead to additional localization of charge carriers
at the heterointerfaces. The validity of our assumption is confirmed by the absence of peak en-
ergy shifts with increasing of pumping. Similar results were presented in Ref. [12], however, in

104



4 Quantum wires, quantum dots, and other low-dimensional systems >

that case the peak associated with interband transitions experiences a significant blue shift with
pumping increase which is opposed to our results. Also, the spectra presented in [12] contained
the peak associated with donor-acceptor transitions.
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Fig. 3. PL spectra of pure InAs NWs at different pumping levels at 77 K (a); PL spectra of the thinner
pure InAs NWs with low surface concentration (b)

Photoluminescence spectra of InAs-core/CaF,-shell NWs (not shown here) demonstrated the
same peak positions as it was observed in pure InAs NWs. The dependencies on temperature and
pumping intensity also were the same. This indicates that the passivating CaF, layer is amorphous
and does not affect the band structure of InAs NWs.

Photoluminescence spectra of InAs-core / InP-shell NWs are presented in Fig. 4, a for dif-
ferent pumping levels for NWs with thin shell. Interband PL peak position is about 445 meV,
which corresponds to the direct carrier transitions in the wurtzite phase. The PL intensity of
core/shell NWs is 2—3 times higher than intensity of pure NWs. The interband PL peak of
InAs-core / InP-shell NWs with thick shell was observed at the photon energy about 480 meV
(see Fig. 4, b). Thus, we can conclude that the InP shell over the InAs NWs provides a signifi-
cant increase of £g. It can be explained by deformation of the NW core lattice due to compres-
sion by the shell. Increasing the shell of NW causes the higher deformation and corresponding
higher Eg (see blueshift of PL peak presented in Fig. 4, b). It is important to note that due to
the passivation of the N'W surface, not only the blue shift of the peak was occurred, but also,
we observed an increase in its intensity. Additionally, it should be noted that longwavelength
PL peak corresponded to indirect transitions has retained its position in coated NWs. It could
be explained by the absence of the influence of passivation on the Eg of zincblende.

A, pm
A, pm
6.0 50 40 35 3.0 2.5 60 50 40 35 3.0 25

PL intencity, arb.un.
PL intencity, arb.un.

350 400
Photon energy, meV Photon energy, meV

Fig. 4. PL spectra of InAs-core / InP-shell NWs with thick (a) and thin (b) shell at different pumping
levels at the temperature of 77 K
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Conclusion

Polytypism of InAs nanowires was found and proved by TEM and the measurements of in-
terband PL spectra in the infrared spectral range. The positions of the PL peaks agree with the
theoretical calculations of other authors. Also, it has been shown that InP passivation of InAs
nanowires results in a blue shift of interband transitions due to the mechanical strain caused
by the shell. The PL intensity of core/shell NWs exceeds the PL intensity of pure InAs NWs.
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Abstract. We experimentally demonstrated the high-field THz response of Single-Walled
Carbon Nanotubes (SWCNT) in the broad frequency range from 0.2 to 2.0 THz. To investigate
the impact of nanomaterial geometry on the absorption of THz radiation, two kinds of SWCNT
films with different diameters and lengths were fabricated. The measured conductivity shows
the change that can be attributed to the change of the Drude term of conductivity. This in-
crease in conductivity at lower frequency was described either as the increase in the number or
decrease in effective masses of free charge carriers different for two samples. Our study suggests
that the conductivity of the SWNTs in strong THz fields is enhanced by inducing strong non-
linear electron dynamics as a result of several competing processes. Our findings can be used to
predict the behavior of CNT devices (modulators, polarizes, lenses, etc.) in the THz high-field.
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AHHOTanmua. MBI 3KciepuMeHTaIbHO ucciaenoBain Tl -mporyckaHe OQHOCTCHHBIX YIJIe-
ponHbix HaHOTPyOOoK (OVHT) B mmpokoMm amamnazoHe 4yactoT ot 0,2 mo 2,5 TI'u mpu pas-
JUYHBIX MontHocTaX TI' mosst. JIist vcciienoBaHus BAMSHMS TeOMETPUM HaHOMaTepuaia Ha
TOIJIOLIEHUE TeparepioBOro M3Jay4eHMs] ObUIM M3TOTOBJICHBI JIBAa BUIA TUICHOK, COACPXKAIIMX
OVYHT pasHoro auametrpa v JyiMHbl. MI3MepeHHas MpOBOAUMOCTb JJIs1 ABYX 00pa3loB MOXKHO
O00BSICHUTH M3MeHeHueM Jlpyie-4acTé MPOBOAMMOCTH. DTO yBeJIMYEeHUWE Ha Oojiee HU3BKOM
YACTOTE MOXHO OOBSICHUTbH JMOO YBEIMYECHUEM YMCIIa, JIMOO yMeHblleHHeM 3(G(MEKTUBHbIX
Macc CBOOOAHBLIX HOCHUTENIEH 3apsua, pa3IWuyHBbIX IS ABYX oOpasuoB. Haiie nccnemoBaHue
IperoiaraeT, 4To B CWIbHBIX TeparepLoBbIX Iossix npoBoaumocts OCHT yBenununBaercs
3a CYET CO3MaHMSI CWJIBHON HEJIMHEMHOW AMHAMMKM 3JCKTPOHOB B PE3yJIbTaTe HECKOJbKMX
KOHKYPUPYIOIIUX MPOLecCOB. Pe3yabTaThl 3T pabOTHI MOTYT OBITH UCITOJb30BaHbI JIJIsI ITPO-
THO3MPOBAHUS TOBEAEHUST YCTPOCTB Ha ocHOBe YHT (MOIyisiTOpOB, MOJNSIpU3aTOPOB, JTMH3
MU T. I.) B BBICOKUX Te€parepLoBbIX MOJISIX.

KnroueBbie ciioBa: yriepoaHble HAHOTPYOKHU, MOILLIHbIE TepareplLoBble IMOJIsl, TepareplLoBas
CTIEKTPOCKOITIS
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Introduction

It is well-established that carbon nanotubes (CNT) exhibit unique properties associated with
their quasi-one-dimensional structure, such as 1D ballistic conduction, large exciton binding
energies, and strong many-body interactions. A thin-film CNT network shows exceptionally high
effective macroscopic THz conductivity described by the Drude and plasmon models, where
some fraction of free charges undergoes plasmon resonance, representing the confined collective
motion of carriers along tubes, while other charges undergo a Drude-like free carrier response,
indicative of delocalized intertube transport [1]. Numerous THz devices have been proposed
based on these properties [1]. On the other hand, the influence of CNT response at internal
electric fields up to 130 kV/m, important for THz communications, has been rarely studied.

A particular experimental study has found that strong THz fields generate excitons in
semiconductor single-walled CNTs [2]. The free standing multi-walled CNT (MWCNTs) in
intense THz field showed anisotropy both in linear and in nonlinear effects [3]. Oppositely to
a previously reported article [2], theoretical analysis based on the Drude model suggests that
strong THz fields enhance the permittivity of the MWNTSs. In recent research [4], extraordinary
nonlinear terahertz responses upon optical excitation were observed. It was attributed to field-
effect mobility and field-induced carrier multiplications, which were considered to be competing
processes governing the rise and fall of the conductivity.

In this study, we present an experimental investigation of the high-field THz time domain
spectroscopy of two SWCNTs samples with different geometries. The strong THz radiation results
in the non-linear absorption of SWCNTSs, which is opposite to the field-induced transparency
of SWCNTs typically observed for conducting medium. It was attributed to an increase in the
number of free charge carriers accompanied by the decrease in the effective masses, which
saturate at high field strengths.

© bypnanosa M. I'., Yurnuuues E.O., [TaykoB M.U., Mumpa I1., BpexoB K.A., Apcenun A.A., Bonkos B., Yepnos A.U.,
2023. Uznatenn: Cankr-IleTepOyprckuii moantexHmueckuii yaupepcutet [letpa Bemmkoro.
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Materials and Methods

SWCNT films with diameters ranging from 1.2—1.7 nm and length from 300 nm to 1 um,
and 1.6-2 nm with the corresponding lengths from 1 to 5 um were studied, similarly to those
published in [5]. The average thickness of all films was less than 100 nm. To investigate the impact
of geometry (diameter and length) on the THz conductivity of free carriers at high field strengths,
thin films of materials were produced by spray coating on z-cut quartz substrates.

Terahertz time-domain spectroscopy (THz-TDS) of SWCNTs was measured on the
experimental setup based on the femtosecond Yb-doped diode-pumped solid-state amplifier
system with a wavelength of 1030 nm and pulse duration of 30 fs and repetition rate of 1 kHz.
For THz radiation emission, the BNA organic crystal was used. The generated THz radiation
power was about 520 uW (measured by Ophir THz power meter RM9) and focused on CNT by
the off-axis parabolic mirror to the spot of about 900 um diameter. The duration of a THz pulse
was about 1.25 ps, and its spectrum was up to 2.5 THz wide. The THz electric field strength
was up to 130 kV/cm. The ZnTe crystal of Imm thickness was used as a detector. The absence
of nonlinear effects in the detection of a signal on a ZnTe crystal can be indirectly verified by
checking the monotonicity of the dependence of the transmission and related parameters on the
THz field. In addition, it is known from the literature that nonlinear effect appears at power
significantly exceed 1 MV/cm [6].

Results and Discussion

Fig. 1, a shows the change the sheet conductivity for shorter SWCNT. The equilibrium
conductivity of SWCNT films is well described by the Drude-plus-plasmon model [1]. With the
increase in field strength, the conductivity increased in the low frequency range, indicating the
change in the Drude component. We then used a model-independent approach, as described
in [7], to evaluate the ratio of the effective density of electrons to effective mass, N j/m
(Fig. 1, b). The magnitudes of the real part of the sheet conductivity at lower frequencies show
the general tendency, increasing as the field strength goes up (Fig. 1, ¢). There are two main
competing processes that are found to be influenced by the observed conductivity behavior
[3, 4]. Firstly, intense THz fields reduce the conductivity of metallic materials, as an example of
graphene, by increasing the electron temperature accompanied by the decrease of the scattering
time [8]. On the other hand, conductivity goes up if intense THz fields increase carrier density
by generating carriers by carrier multiplication by impact ionization and field induced interband
tunneling [2]. These competing processes might be reflected in Neﬁ/m as follows the increase of
the carrier density will result in the increase of N /m, while the subband scatterings give rise
to a higher effective mass for the carriers N, /m. Therefore, we calculated the ratio N _/m to
evaluate this observation. In our experiments, both samples showed the increase of N_/m with a
similar threshold field strength. This article guides a possible direction for feather investigation
of SWCNT film’s behavior in the high THz fields. The feather investigation of the samples with
different diameters is required.
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Fig. 1. Sheet conductivity of SWCNTs at different field strength (a);
ratio of effective density of electrons to effective mass, N _/m, versus field strength (b);
change in the conductivity ratio o/ as a function of field strength (c)
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Conclusion

In conclusion, strong THz pulses give rise to highly nonlinear conductivity in SWNTs. In
particular, intense THz fields induce a large nonlinear dependence of N_/m obtained by using a
model-independent approach. This theoretical analysis suggests that strong THz fields enhance the
conductivity of the SWNTs, inducing strong nonlinear electron dynamics as the result of several
competing processes influencing N, /m. However, we can’t independently treat whether N or m

influenced such behavior. The results of this work can be used to predict the performance of CNT
devices (modulators, polarizes, lenses, and so on) in the THz high-field.
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Abstract. We used the photoluminescence spectra of a single InP/GaInP2 quantum dot with
a Wigner—Seitz radius of about 3.4, doped with 4 electrons, to measure the magnetic field
dispersion of single quantum states in a range between 0 and 10 T at 30 K. The measurements
show the formation of a molecular structure at high temperature and its transition to a pud-
dle-like structure with a decrease of localization size from 110 nm to 70 nm. Fock—Darwin
spectrum fitting shows a decrease in the cyclotron frequency and magnetic field shift, that are
interpreted as the formation of an anyon structure in a QD with fractional charge 1/5, 2/3, 1/2
and a built-in magnetic field of —3T.
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AnHoTtamus. CrnieKTpbl (DOTOJIOMUHECIIEHIIUM JIETUPOBAHHOU 4 3JIeKTpOHAMU OJMHOYHOM
KBaHTOBOI1 ToukM InP/GalnP, ¢ paxnycom Buraepa — 3eiiTia 0kos1o 3,4 HCMOTB30BAIKCE B pa-
00Te ISl U3MEpPEHUs TUCTIEPCUU OJMHOYHBIX KBAHTOBBIX COCTOSIHMI B AMAara3oHe MarHUTHOTO
noust B 0—10 T npu remnepatype 30 K. Pe3ynbTaThl u3aMepeHuii yKa3blBalOT Ha (pOpMUPOBAHUE
MOJIEKYJIIPHOI CTPYKTYPbl MPU BBICOKOW TeMIIEpaType C IEePeXOJOM B <«IYXKHYIO» CTPYKTYpPY
npy yMeHblIeHUU pa3mepa Jokanuzauuu ¢ 110 HM go 70 HM BO BHELIHEM MarHUTHOM MOJIE.
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B pesynbrate noaroHku crnekrpa ®oxa-/lapBuHa OOHAapyXKEHO yYMEHbIICHHE LMUKJIOTPOHHOM
YaCTOThI M CIBUT MAarHUTHOTIO TOJISI, YTO MOXKET OBITh CBSI3aHO C (POPMUPOBAHUEM B KBAaHTOBOM
TOYKE DHUOHHOU CTPYKTYpbl C APOOHBIM 3apsiioMm 1/5, 2/3, 1/2 u BCTPOEHHBIM MarHUTHBIM
noyiem BeauuyuHoi B —3T.

KnroueBbie ciioBa: onMHOUYHBIE KBAaHTOBBIC TOUKM, YHMOHBI, BUTHEPOBCKAs JIOKAJIM3AIIMSI,
crnektp ®oka — JlapBuHa, MarHeTo-MOTOIIOMUHECLIEHIIWS

Ccpuika npu muruposannn: AdanaceeB K.M., Jlebenes 1.B., Bmacos A.C., banynos I1.A.,
MuntaupoB A.M. IlogaBieHue MOJEKYJISIPHBIX SHUOHHBIX COCTOSHUN B CHEKTpax MarHu-
TO-(OTOJIOMUHECLICHIIMM KBAHTOBBIX TOYEK InP/GaInP npu temmeparype 30 K // Hayu-
Ho-TexHn4eckne Benomoctu CITOITTY. dusnko- MaTeMaTI/I'{CCKI/IC Hayku. 2023. T. 16. Ne 1.3.
C. 112—116. DOI: https://doi.org/10.18721/ JPM.161.319

CraTbsl OTKPHITOTO AocCTyma, pacrmpoctpanseMas mo juneH3suu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The study considers atom-like single-particle quantum states of electrons (electron shells)
in two-dimensional quantum dots (QDs) with a Wigner localization regime, i.e., Wigner—Seitz
radius 7 > 1, where r = 1/[a" (m-n)*’] (n is the electron density and a", is the Bohr radius). These
states generate magnetic flux quanta (i.e., vortices), producing anyon (magneto-electron) states
that have a fractional charge of ~1/k (k is the number of vortices). The resulting built-in (B, )
magnetic field corresponds to the filling factor v = N/K, where N is the number of electrons in
the dot and K is the total number of vortexes. This is confirmed by measurements of magneto-
photoluminescence spectra (magneto-PL) of self-organized InP/GaInP2 QDs [1]. Molecular or
composite (‘puddle’) anyon state structures were observed in these measurements at 10 K with
the external magnetic field B_ ranging from 0 to 10 T for QDs with N> 5 and r ~ 2.3 and 1.3,
respectively, and v ~ 1/3 and 5/2 respectively. In this paper, we present the measurement results
for magneto-PL spectra of QDs for » ~ 3.4 and N = 4, allowing to observe the molecule-puddle
transition, i.e., suppression of the moiecular state corresponding to a change from v ~ 1/5 to 3/2.
The transition was observed at a temperature 7= 30 K, which indicates high temperature stability
of the anyon state in InP/GaIan.

Materials and Methods

We studied InP/GaInP2 QD samples grown on a GaAs [001] substrate by MOS-hydride
epitaxy at 725 °C. The QDs were formed by the Stranski—Krastanov mechanism by depositing 3
monolayers of InP on a GalnP, Ga In P (GalnP) layer, lattice-matched to the substrate and
covered with a 40 nm GalnP, layer

Magneto-PL spectra were measured using a near-field scanning optical microscope (NSOM)
in illumination-collection mode at a temperature of 30 K and an external magnetic field B_in the
range from 0 to 10 T. The NSOM probes were tapered Al-coated fiber with an aperture of 50 —
100 nm. The spectra were excited by an Ar laser line with a wavelength of 514.5 nm.

Considering the anti-Stokes components (ASCs) of the PL spectra at minimum pumping, we
determined that the QD has four electrons in the photo-excited state, i.e., three in the initial
state, (see Fig. 1, a) forming an anyon Wigner molecule in both states [2, 3, 4].

Experimental results of magneto-PL

Fig. 1, a shows the PL spectra using the Stokes shift energy scale, where the zero peak denoted
as the s- peak is e, (energy emission of the s-peak is 1.715 eV), w1th B_ increasing in the range
from 0 to 10 T. Fig. 1, b shows the Stokes region of the spectra, and F1g 1, ¢ shows the shift of
the Stokes component (SC) peak.

According to the experimental data, the magneto-PL spectra of the QD anyon state are divided
into 3 regions, denoted as I, II, I1I, differing in the fractional charge and the configuration of the
Wigner molecule.

© AdanacoeB K.M., Jleoenes /.B., Bmracos A.C., banynos I[1.A., MunTaupos A.M., 2023. U3narens: Cankr-IletepOyprekuit
rnosiTeXHnueckuit ynusepcuret [letpa Benukoro.
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Region I (B, = 0—3 T). The system was in the molecular state, this state in the PL spectrum
is characterized by the separation of ASCs peaks, which are anyons e, ¢, ¢,, e,, with the average
AE = 2.5 meV. The Wigner molecule configuration is determined by the SC emission of the
vibrational mode (®, = 3.75 meV) of the molecule (this issue is discussed in detail in [2]).

Region II (B =3-6 T). The molecular state is destroyed and passes into the puddle state. We
define the puddlee state by the characteristic blurring of the emission peaks (e, ¢,) and the jump-
like change in the emission energy of the Wigner molecule SC with Aw; = 0.7 meV. The size of
the Wigner molecule localization in this state is 110 nm, like in the I state.

Region III (B, = 6-10 T). The puddle state is rearranged into a different configuration with
mixing of ASCs emission peaks (e, e,) and (e,, e,) and a second jump in the emission energy of
the Wigner molecule SC (Aw, = 1.5 meV) with a decrease in the localization size from 110 nm
(States I, II) to 70 nm.
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Fig. 1. PL spectrum of a single QD measured at B_ in the range from 0 to 10 T (a) (the black lines

indicate the spectrum of State I, the blue lines that of State II, the red lines that of State I1I); PL

spectrum in the Wigner molecule SC (orange line) for B, = 0,6 and 9 T (b); position of the SC Wigner
molecule peaks in the entire Be range (c¢)
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Fock—Darwin spectrum

To analyze the shift of quantum levels of InP/GalnP, QDs in the magnetic field, we use the
single-particle Fock—Darwin (FD) theoretical spectrum of electrons in a parabolic potential
(ho,) [2, 5, 6] using adjustment of the cyclotron frequency to determine fractional charge, i.e.,
anyon state, for individual FD states, as described in [7,8].

In Fig.2, a on top of the experimental spectrum we plotted the FD spectrum calculated for
ho, = 2.5 meV and the s, p, d, and f levels. We can see that this fit poorly describes the
experimental shift of the QD levels in the magnetic field, and clearly there is a strong deviation
of the s and d peaks from the FD spectrum. The FD spectrum with a fit accounting for the
electrons in the QD as anyon states with a fractional charge is plotted in Fig. 2, b on top of the
experimental spectrum. Due to the built-in magnetic field (B, ), the total magnetic field of the
system (B, ) is characterized by the sum of the external field B and B_,ie.,B_ =B +B, .
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Fig.2. Contour maps of the ASC PL and FD spectrum (a) classical theory, with adjustment of the

confinement. In the interpretation of the anyon state in the fractional quantum Hall effect mode

with adjustment of the built-in magnetic field B, and fractional charge, where B, = B+ B, we

are showing range of change B, € [-3,0] like B . (=3) = 0T (b). We use an atom like formalism

to denote FD levels, in which quantlzatlon levels n = 0,1,2 is denoted as s(m,0), p(m,1), d(m,2),

respectively, where m is the magnetic number. To separate p levels with different magnetic number we
use indices — p = p(1,1) and r,= p(=1,1)

For fitting, we divided the spectrum into 3 regions as in Fig. 1, a, b, c:

Region I (B, = 0-3 T). This is the state of spontaneous anyon with B. =3 T, a quantum
confinement of 2.5 meV, and the fractional charge e' = e for each level. In this case, B varies
between —3 T and 0 T, i.e., the FD spectrum is reversed. The filling of the s, p, d and f levels with
single electrons is observed which can be attributed to the total spin polarization of the system
due to the high temperature of 30 K.

Region II (B, =3-6 T). There is a transition of spontaneous anyons to induced ones with a
quantum confinement of 2.5 meV and B. =0T, due to which a jump of B_to 3 T is observed.
In this state, the f peak disappears and only the s, p., and P, levels remain filled. For induced
anyons, each line is described by the1r own fractional charge for p_the fractional charge is
e" = ¢e?3, and for py the charge is ¢" = e'. The B, jump and redistribution of the fractional charge
leads to the destruction of the molecular state and rearrangement of the Wigner molecule.

Region I (B.=6-10T). The system remains in the state with induced anyons with fractional
charge " = ¢! for p, and charge e’ = e for P, We observe a jump in the ngner molecule SC,
which we interpret as a reverse rearrangement to the molecular state, which is accompanied by a
redistribution of the fractional charge and a change of Wigner molecule isomer. For FD fitting,
we describe this transition by changing the quantum confinement to 4.5 meV, which is interpreti
ed as a reduction of the Wigner molecule size to 70 nm.
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Conclusion

We used the magneto-PL method of a single InP/GaInP2 QD with 4 doped electrons to
demonstrate anyon state formation in a zero external magnetic field. We observed the molecular
state disintegration and the transition of the puddle state of the anyon state in a QD by the shift
of the Wigner molecule Stokes component. Analysis of the QD based on the theoretical spectrum
of one-electron Fock-Darwin points to the formation of induced and spontaneous anyon states
with different values of the fractional charge and the built-in magnetic field.
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Annotanusg. VMccnenoBaHa MarHuTHass (pOKyCHMpPOBKa 3JEKTPOHOB B IMOJYIIPOBOIHUKOBBIX
YCTpOMCTBax, cocTosiux W3 ABYyX oauHakoBbix KTK TpaHiueitHoro tuma (MHXEKTOp U
netektop). Habmropaercss muk B HampskeHUM AETEKTOpa, COOTBETCTBYIOLIMI ITOMagaHUIo
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OBITh OOBSICHEHO TEPEKIIOUCHUEM MEXIY MPOCTPAHCTBEHHO pa3leJICeHHBIMHU ITPOBOASIIUMU
kaHanamu B KTK mHxekTope.
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Introduction

The conductance quantization in units of 2e*/h [1, 2] is a hallmark of quasi-one-dimensional
electron transport inherent in quantum point contacts (QPC) — point microconstriction in a two-
dimensional electron gas (2DEG) with a width comparable to the Fermi wavelength of electrons.
Nowadays a number of conductance quantization features lying beyond a single particle model
remain unclear. In recent contributions a trenched-type QPC created by means of lithographic
trenches separating the conducting area from two side gates is shown to experience an unusual
effect of multichannelity [3—7]. The effect consists in the formation of several channels inside
the QPC, which conductances are separately quantized and add up. The effect observation is
promoted by the feature of a trenched-type QPC allowing to apply both positive and negative
potentials to the gates, as well as large voltage differences between the gates [8] and investigate
the QPC conductance in a wide range of the sum and difference of gate voltages.

The physical mechanism of multichannelity is supposed to be linked with a correlated
redistribution of charges in the heterostructure (electrons of 2DEG and positively charged donors)
caused by their Coulomb interaction leading to the formation of multi-well confining potential.
The self-consistent numerical calculation presented in [7] describes the formation conditions of a
multi-well confining potential. The creation of multi-well potential due to Coulomb interaction
is shown in simulations performed in other articles dealing with a split-gate QPC [9] and bilayer
graphene [10].

The conductance measurements described above allow obtaining only the implicit evidence
of multichannelity. Therefore, transverse magnetic focusing (TMF) [11, 12] was chosen to
investigate the multichannelity since it can be used to directly discern the channels existing in the
QPC through the separation of its contribution to the measured signal on a magnetic field scale
[13, 14].

In the present work we report on the investigation of the multichannel electron transport in
the trench-type QPC by means of the TMF experiments. The devices consisting of two trench-
type QPCs are created for this purpose. Each of the QPCs is supplied with two symmetric side
gates. In the experiment one QPC acts as a monochromatic injector of ballistic electrons, another
one plays a role of a point detector. The focusing peaks corresponding to the registration of
injected electrons emerge in the detector voltage as a function of magnetic field. The cyclotron
diameter of 4 "um" corresponding to the magnetic field of "70 mT" at the top of the peak is
shown to coincide with the injector-detector separation of 4 "um" . The application of gate
voltage difference between side gates is found out to shift the focusing peak. The peak was shifted
by 2 mT (by 3% of resonance magnetic field) which is the experimental evidence of conducting
channel displacement in the QPC-injector at about 100 nm. This value is comparable with the
characteristic distance between channels [4, 6]. Interestingly, the shift occurs abruptly, and that
can be interpreted as switching between conducting channels inside the QPC-injector, which
confining potential is multi-well.

© Capwimos I.U., TMoxa6os [I.A., ITorocoB A.l'., 2Knanos E.1O., Bakapos A.K., 2023. Uznatens: Cankr-IletepOyprckuit
rnosiTeXHnueckuit ynusepcuret [letpa Benukoro.
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Materials and Methods

Experimental samples are created from the GaAs/AlGaAs heterostructure grown by molecular
beam epitaxy on a GaAs substrate (Fig. 1, @). It has a short-periodical AlAs/GaAs superlattice and
a 13 nm GaAs layer located in the middle and acts as a symmetrical quantum well for electrons.
Doping the heterostructure with Si 6 -layers symmetrically relative to the quantum well allows
electrons to fill it and form a 2DEG. A feature of the heterostructure used is that it contains
low-mobility X-valley electrons localized on Si-donors, which characteristic concentration is
n,~ 10" em™. X-valley electrons do not give a contribution to the conductance but smooth
the fluctuations of electrostatic potential of random impurities thereby increasing the 2DEG
mobility [15]. The 2DEG density and mobility at 7= 4.2 K are =7 x 10" cm™ and
p =2 x 10° cm*(V-s), respectively. The presence of the Al Ga  As lzayer does not affect the
observation of multichannelity. This layer can be used to create suspended (separated from the
substrate) nanostructures [16, 17], but we study the non-suspended structure.

a) b)
GaAs cap layer ] ',=|
AlAs/GaAs superlattice L 4 y
E T G R ST A 4 pm 4 /
6-51 : < r—l"’—.l 4
GaAs 2DEG e ' o ' T
O Sl ----------------------------------- QPC 1 L "QPC‘?
Al Ga,,As _:.-f ‘
GaAs substrate ‘ )

Fig. 1. Schematic images of the heterostructure with the 2DEG doped with Si & -layers (a) and
the experimental sample for transverse magnetic focusing (b). The lithographic trenches separating
conducting area (lighter region) from the gates (darker regions) are marked in white

The devices for the TMF experiments consist of two parallel and similar trenched-type QPCs
(injector and detector) separated at the distance of 4 um (less than mean free path length
/=20 pum) from each other in the direction perpendicular to the channel direction (Fig. 1, b).
Both the QPC-injector and QPC-detector have adiabatic form optimal for the magnetic focusing
[18]. The injector and detector have individual sources and common drains. The lithographic
width of the QPC is about 900 nm and the curvature radius of side gates near the QPC is 500 nm.
The electron injection was carried out by the ac source-drain bias with the magnitude of 100 pV.
The detector voltage was measured by means of the lock-in technique as a function of transverse
magnetic field. All measurements were performed at 7= 1.6 K.

Results and Discussion

The relative detector voltage [V(B) — V(0)]/V(0) as a function of transverse magnetic field at
fixed injector and detector conductance (G, . = G, = 2e’/h) is shown in Fig. 2. The potentials
on the side gates remained symmetrical. The measurement configuration is shown in the inset to
Fig. 2. A distinct peak is seen at the field B* = —70 mT. The cyclotron diameter corresponding
to B” d, = 2h\/2nn /eB ~ 4 um turns out to be equal to the distance between the injector and
detector. Therefore geometrical resonance relating to the injected electron ingression into the
detector is observed at this field. The corresponding ballistic trajectory is shown with the arrow in
the inset to Fig. 2. A similar peak is not observed at B > ( since electrons at the positive magnetic
field move in the direction opposite to the detector. Further we will consider only the range of
the field containing the focusing peak. The inversion of the detector and the injector leads to the
similar picture due to their symmetry.

A series of the detector voltage dependences on the magnetic field shown in Fig. 3, a is obtained
by applying voltage difference AV to the injector gates. Each curve corresponds to the different
value of AV . The curves are Vertlcally shifted from each other for clarity. The voltage difference
AV, was changed in a w1de range of values from —20 to +20 V. The sum of gate voltages remained
constant and equal XV _ = — 12 V. Range of the field containing the focusing peak is shown in
Fig. 3, b where the detector voltage maxima are marked by circles. The peak position as a function
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Fig. 2. Relative detector voltage as a function of the transverse magnetic field at symmetrical potentials

on the side gates. The inset gives the measurement configuration. The trajectory at the resonance

magnetic field is shown with the arrow
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Fig. 3. Dependence of the detector voltage on the magnetic field at various AV, of the injector (applied
to dashed gates) changing from —20 to +20 V («); the lower curve corresponds to —20 V, upper curve
to +20 V. The sum of gate voltages was fixed (£V, =~ 12 V). Measurement configuration is shown
in the inset. The panel in (b) shows the dependence in (a) on an enlarged scale. The maxima of the
detector voltage are marked by circles. Peak position as function of AV (c). lllustration of shift of the
electron density in the injector when applying AV, (d). Fermi energy is marked by a dash-dotted line

of AV_ is shown in Fig. 3, c. It is seen that, at AV, < 0 the focusing peaks are observed near
B, =-70 mT, while at AV_> 0 they are concentrated near B, = —68 mT. Thus, we observe
a abrupt shift of the focusing peak by AB ~2 mT at AV, = 0. ZThis rapid shift corresponds to
the change of cyclotron diameter Ad ~ 100 nm (comparable with the characteristic distance
between the channels determined from the analysis of the experimentally measured capacitance
coefficients [4, 6]) that can be interpreted as an abrupt shift of the conducting channel inside
the QPC-injector when the AV sign changes. The abrupt shift can be evidence of the formation
of a double-well potential inside the QPC-injector. Applying the voltage difference to the gates
gives an addition to the confining potential AU(x) = ax, linearly dependent on the coordinate x
perpendicular to the channel in a 2DEG plane. If the potential was single-well, applying AV
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would only shift the position of potential minimum and thus the conducting channel position in
the lateral direction. Assuming the confinement has a conventional parabolic shape, we obtain
that:

U -2 gy MG m)

where x, = —o/m*® is the lateral shift. In this case in the experiment we would observe a smooth
shift of the focusing peak as the AV, changes. The case of double-well potential is qualitatively
different because applying AV, lowers one of the potential minima below the other one. At
the same time the electron density relocates to the lower energy minimum (Fig. 3, d), i.e., the
switching between two spatially separated conducting channels occurs. This shifting manifests
itself in the experiment as the abrupt shift of the focusing peak. Besides the peak shift the doublet
indicating the simultaneous filling of the both wells might have been expected. However, as seen
from Fig. 3, ¢, this regime corresponds to the narrow range of AV values, which is impossible to
analyze with the current accuracy.

Fig. 4, a describes a change of the focusing spectrum as the detector width changes by means
of different sums of the gate voltages XV (the lower the AV is, the narrower the detector is) at
AV, = 0. Each curve of the series corresponds to the different £V, value that changed from —18
to —12 V. The measurement scheme is the same (see inset to Fig. 2). The peak height dependence
on XV (Fig. 4, b) shows that widening the detector causes the focusing peak reduction. Indeed,
the wider detector is, the more trajectories of ballistic electrons connect the injector and the
detector, and a particular trajectory consequently becomes less resolvable.
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Fig. 4. Detector voltage dependence on the magnetic field at various detector XV, values changing
from —18 to —12 V (a). The lower curve corresponds to —18 V, and the upper curve to —12 V. The
difference of gate voltages is zero. The measurement configuration is shown in the inset. The vertical

arrow shows the focusing peak height. The focusing peak height as a function of the XV, value (b)

Conclusion

We study the ballistic electron magnetotransport in the devices consisting of two similar
trenched-type QPCs (injector and detector), located in the same plane and separated from each
other at the distance of 4 um. The detector voltage demonstrates the peak at the magnetic
field corresponding to the cyclotron diameter equal to the distance between the injector and
the detector, caused by the magnetic focusing. Increasing the detector width by means of gate
voltage is shown to lead to the focusing peak suppression. The best focusing peak observation
condition is found to be Ginj =G, ~ 2¢e*/h. Applying the in-plane electric field by the injector
gates asymmetrization causes the abrupt shift of the focusing peak by 2 mT. The corresponding
cyclotron diameter change is about 100 nm, which is comparable with the characteristic distance
between the conducting channels. The observed abrupt peak shift can be interpreted as the
switching between two spatially separated conducting channels inside the QPC-injector.
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Abstract. We investigate dispersion and amplification of plasmon eigen modes in graphene
with a direct electric current (DC-current) directed arbitrarily relative to the direction of plas-
mon propagation. Graphene is described by tensor conductivity obtained in the hydrodynamic
approximation. We detected the possibility of amplification of plasmons in graphene in a cer-
tain range of DC current directions at terahertz frequencies. The most effective amplification is
achieved when the drift of charge carriers and plasmons propagate co-directionally. This is due
to the most effective interaction of DC current with the electric field of plasmons.
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Annoranuga. B Hacrosiieit pabore mcciaegoBaHa MUCICPCHUST U YCWICHUE COOCTBEHHBIX
IUIa3MOHHBIX MOA B TIpadeHe ¢ MOCTOSHHBIM TOKOM, HaIlpaBJA€HHBIM IIPOU3BOJIBLHO
OTHOCHUTEJIbHO HaMpaBJIeHUs paclipoCTpaHEeHUs UIa3MOHOB. I'padeH onuchIBaeTCst TEH30PHOMI
MPOBOAMMOCTBIO, TTOJYYEHHON B paMKaxX THAPOIMHAMUYEeCKOro mpuommkeHus. ITokasaHa
BO3MOXKHOCTh YCWJICHUSI ITIJIa3MOHOB B rpadeHe B HEKOTOPOM AWaria3oHe HarpaBlIeHUI
MOCTOSIHHOI'O TOKa Ha TeparepieBbix yactotax. Hanbomnee appexkTuBHOE yeuaeHe 1OCTUTaeTcsl,
Korma apeii HocuTedel 3apsima M TUIa3MOHBI PACIIPOCTPAHSIIOTCS COHANpaBICHHO. 3DTO
CBsI3aHO ¢ Hambosiee 3(POEKTUBHBIM B3aUMOICUCTBUEM IIOCTOSIHHOIO TOKA C DJCKTPUYECKUM
MOJIEM TIJIA3MOHOB.
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Introduction

Graphene-based structures are currently being actively investigated to amplify and detect
terahertz (THz) radiation, in particular due to graphene plasmonic properties [1, 2]. The
amplification of THz plasmons in graphene with direct electric current (DC) has been studied
theoretically [3, 4], and also demonstrated experimentally [5]. The dispersion of plasmon modes
in graphene with a DC co-directed (oppositely directed) with the wave vector of plasmon was
investigated in [6], which also shows plasmon amplification at THz frequencies associated with
the Cherenkov effect.

Materials and Methods

In this paper, the dispersion and amplification of THz plasmons in graphene with a DC current
arbitrary directed relative to the direction of plasmon propagation is investigated. The structure
under study consists of a graphene layer located in the xoz-plane between two semi-infinite
dielectrics with dielectric constants €, and ¢, (Fig. 1). Graphene is described by the conductivity
obtained in tensor form in the hycfrodynamic approximation. The use of the hydrodynamic
approximation is justified in the case when the momentum scattering frequency in interparticle
collisions prevails over the collision frequency of charge carriers with inhomogeneities of the
graphene crystal lattice and the frequency of the acting field [7]. The hydrodynamic conductivity
of graphene is obtained as a result of solving the hydrodynamic equations for the momentum and
energy balance of charge carriers, as well as the continuity equation [7, 8]:

ON oY) _

— 0, 1

ot ox M

9 VT4 eEN +ETxB=—Sy. )
ot c

Z—Vf+VF2VS+eEJ=O 3)

where N is the number of particles, J is the current density, S is the macroscopic momentum, W
is macroscopic energy, II is the stress tensor, e is the electron charge, ¢ is the speed of light, £
and B electric and magnetic fields, respectively. Here y = 1/t, T is the momentum relaxation time
of charge carriers in graphene. The relations between the quantities entering Egs. (1)—(3) can be
written as [7]:

S=MV,I1=P+S®V, P=MV>-V?)/3, W=MV?-P, “4)

where M is the effective fluid mass density, P is the carrier pressure, V, is the Fermi velocity in
graphene. The energy relaxation time is much longer than the oscillation period and the energy
conversion process is adiabatic, which causes zero on the right side of Eq. (3). Hydrodynamic
Egs. (1)—(3) are solved using the perturbation approach by decomposing every variable over
degrees of the amplitude of the acting electric field and retaining only the linear terms of the
perturbation series. Taking into account the DC current in graphene, leads to the tensor form of

graphene conductivity:
GXX GXZ
o= .
5. © (5)

zz

The expressions for the elements of the graphene conductivity tensor obtained using the
analytical solution software package are too bulky, so they are not explicitly given in the article.
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As a result of solving Maxwell's equations with
electrodynamic boundary conditions, a dispersion
equation was obtained for surface modes propagating
along the ox-axis (the in-plane-of-graphene components
of the wave vector is k_= 0 and k_# 0) in studied structure
in the following form [8]: )

(6)

zeczxuoo‘) — 0
s
2 kyl cyzz}'lOO‘)

where k., =+Jo’%,/c’—k; are the out-of-plane-of-

graphene components of the wavevectors in different
media, o is the angular frequency, &, and &, are the dielectric constants of the media above and
below graphene respectively, and ¢ 1s the speed of light, g  and p are the electric and magnetic
constants, respectively. The signs of & are chosen from the condmon of exponential decay of
surface wave field away from the grapﬁene layer.

Fig. 1. Schematic view of structure

Results and Discussion

In the case of a directed DC current and a plasmon wave vector, the real part of graphene
conductivity can be negative at THz frequencies, which leads to an amplification of plasmons
in this frequency range due to the Cherenkov effect [6]. Let us consider how the dispersion and
amplification of surface plasmons in graphene with a DC current will change depending on its
direction. Fig. 2 shows the real part of the plasmon wave number as a function of frequency for
different directions of charge carriers drift, while the value of the drift velocity remains constant u
=0.5V,, where V, = 10° m/s is the Fermi velocity in graphene. The charge carriers drift velocity
along the ox-axis is defined as v, =./u’ —V,’. With increasing of the deviation of the charge
carriers drift direction from the direction of plasmon propagation, their localization increases at a
fixed frequency (Fig. 2), which is associated with a decrease in the projection of the drift velocity
of charge carriers on the ox-axis and a decrease influence of the Doppler shift on the dispersion
of plasmons. Despite the increasing localization of plasmons, the efficiency of their amplification
decreases (Fig. 3). This is due to a decrease of the interaction efficiency of drifting electrons with
the tangential electric field of plasmons.

2,0 2,0
V. =0
15 1 5] —V, =025V,
< b < V=035V,
= T V=045V
T 1,04 = 1,0
ol o
0,5 0,51
0,0 T T T T 1 0,0+— T T T T 1
0 5 10 15 20 25 -2 -1 0 1 2 3

Ref, um” lmk , pm”

Fig. 2. Plasmon dispersion for different directions
of charge carrier drift in graphene at the charge
carrier drift velocity u = 0.5V,. The direction of
drift of charge carriers is determined from the
expression V,, =./u’ —V,>. Graphene parameters:
momentum relaxation time of the charge carrier
is = 0.5 ps, the Fermi energy is £, = 200 meV.
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Fig. 3. Imaginary part of the plasmon wave
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directions of charge carrier drift in graphene at the

charge carrier drift velocity u = 0.5 V.. Graphene
parameters as in Fig. 2
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Conclusion

Thus, the dispersion and amplification of plasmon eigen mode in graphene with a DC current
directed arbitrarily relative to the direction of plasmon wave wector is investigated. The possibility
of amplification of plasmons in graphene in a certain range of DC current directions at THz
frequencies is shown. The most effective amplification is achieved when the charge carrier drift
and plasmons propagate co-directionally due to the most effective interaction of the terahertz
wave field with the drifting charge carriers.
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Abstract. In this study, we propose a method for creating a composite structure consisting
of an array of vertical silicon nanowires (SiNWSs) and silver nanoparticles (AgNPs). To obtain
SiNWs, the process of two-stage metal-assisted chemical etching of ¢c-Si was used, and to ob-
tain a uniform distribution of AgNPs in the SiNW array over their entire height, the atomic
layer deposition method was used. The structural and optical characteristics of the AgNPs/
SiNWs were studied by nondestructive spectroscopic ellipsometry and scanning electron mi-
croscopy before and after the preparation of the composite structure. The thickness (from 2.7
to 7.8 nm) of AgNPs layers deposited on a c-Si substrate and their complex dielectric func-
tions were determined within the framework of the Drude-Lorentz model, on which resonance
peaks of localized and bulk plasmons are observed. For an array of SINWs, using a multilayer
model and the effective Bruggeman medium approximation, the height of sublayers and the Si
fraction in them, as well as the Ag fraction in the Ag/SiNWs composite structure, are deter-
mined. The c-Si:Ag composite structure has been characterized by comparing the calculation
and experiment. The optical properties of Ag/SiNWs structures with complex spatial geometry
are modeled using the COMSOL Multiphysics software package. The expected localization of
the electric field is observed on the surface and near the AgNP as a result of the excitation
of localized plasmon resonance. The calculated enhanced factor reached 10'°, which suggests
that composite AgNPs/SiNWs structure is promising to use as a substrate for surface-enhanced
Raman scattering.
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AnHoranua. B maHHOI1 paboTe MBI IpemjiaraeéM METOJ CO3TaHMsS KOMIIO3UTHOM CTPYKTYPBI
Ag/Si, cocTosieil U3 MaccuBa BepTUKaJbHbIX KpeMHUeBbix HaHoHUTel (KHH), nexopupo-
BaHHOI'0 HaHoyacTuuamu cepedopa (Ag HY). s nmoaydyeHUsi KpeMHUEBBIX HAHOHUTEH MpuMe-
HEH IPOLIECC ABYXCTAAUMNHOIO MEeTa/lI-CTUMYJIMPOBAHHOIO XUMUYECKOTO TpaBaeHus Si, a 11s
nekopupoBanusi KHH Ag HY — mMeTonm aTOMHO-C/I0€BOTO OCaXIEHUS, C MTOMOIIbI0O KOTOPOTO
ObL10 ToJydyeHO paBHoMepHoe pacnipeneneHue Ag HY B maccuBe KHH no Bceii ux Boicore.

KioueBble cj10Ba: HAHOYACTUIIBI cepedpa, KpeMHUEBbIe HAHOHUTH, aTOMHO-CJIOEBOE OCaXK-
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Introduction

Localized plasmon resonance (LPR) in metal nanoparticles (NPs) is excited by the interaction
of incident light with their electrons [1]. The LPR parameters depend on the shape of the NPs,
the distance between them, and their size, as well as on the optical properties of the substrate
and the environment, which can be chosen to control the plasmon characteristics. As a rule,
metal NPs are deposited on flat substrates made of dielectrics or semiconductors, and air serves
as the environment. Of particular interest among semiconductors are Si substrates, which are
widely used in nanoelectronics [2] and optoelectronics [3]. Nowadays, high-aspect Si structures
can be obtained with a highly developed surface in the form of porous Si [4] or arrays of vertical
Si nanowires (SiNWs) [5] by anisotropic [6], electrochemical [4] or metal-assisted chemical
etching (MACE) [7] of a single-crystal (c-Si) substrate. The creation and study of the properties
of composite structures based on high-aspect Si structures decorated with noble metal NPs is a
promising direction in the creation of new functional structures.

A suitable method for the uniform deposition of NPs on such high-aspect Si structures is
atomic layer deposition (ALD) [8], which can be used to control the deposition thickness with
great accuracy, and without any special requirements on the surface topology compared to the
CVD method. In the ALD process, sequential chemisorption of reactant vapors on the substrate
surface occurs [9]. The cyclical nature of the ALD processes ensures precise thickness control
down to sub-nanometers. In addition, self-limiting surface reactions at the substrate-gas phase
interface provide layer-by-layer growth of films and allow conformal deposition of thin films on
complex three-dimensional and porous substrates.

The goal of this work was to create Ag/SiNWs composite structures in the form of an array of
SiNW decorated with AgNPs using ALD method, to study their structural and optical properties,
and to calculate an enhanced factor of a composite structure using the COMSOL Multiphysics
software.

Materials and Methods

To create an array of SiNW, we used p-type c-Si (100) with a resistivity of 10 Ohm-cm.
The two-stage MACE method was used to obtain SiNWs [7, 10]. Firstly, Ag island film was
deposited onto the surface of the ¢-Si substrate from a solution of 0.02M AgNO, + 5SM HF (1:1)

© bompimakoB B.O., Epmuna A.A., Tlpuroma K.B., MakcumoB M.1O., TonmaueB B.A., 2Kaposa l0.A., 2023. Usznarens:
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for 30 seconds (Fig. 1, 1% step). Then the c-Si substrate was placed in the electrolyte solution
5SM HF + H O, (10: 1) (Fig. 1, 2" step), where etching and formation of SiINWSs took place for
10 (sample 613 and 20 (sample 02) seconds to obtain structures of different heights. After the
removal of Ag in HNO, solution, the ALD process was carried out to decorate SINWs with
AgNPs (Fig. 1, 3 step)

The AgNPs were deposited by ALD with a Picosun R-150 setup as described in [9]. To
determine the optimal growth condition the reactor temperatures (142—184 °C), precursor
2,2- dimethyl 6,6,7,7,8,8,8-heptafluorooctane-3,5-dionato) silver(l) triethyl-phosphine (Ag(fod)
(PEt ),C. H AgF O,P) (98 %, Strem Chemlcals Newburyport, MA, USA), reagents pulse times
(2-4 sec) ané num{)er of pulses (1-11) in one ALD cycle were varied. The optimal conditions for
the growth of Ag on the surface of c-Si substrates were determined.

The JSM-7001F Scanning Electron Microscope (SEM) (JEOL, Japan) was used to study the
morphology of nanostructures. A statistical analysis of nanostructures was carried out (average
size, coverage factor) according to SEM-images and using open-source ImagelJ software.

The ellipsometric characteristics were studied using a Semilab SE2000 spectral ellipsometer
(Budapest, Hungary) in the wavelength range A from 400 to 1700 nm at an angle of incidence
¢ =70°.

Scheme of technological process

clean substrate

AgNPs

Ag laland

Deposition
0.02M AL,NO‘ +5M HF

15‘t step

ond step | Etching SM HF + H,0,
and Ag removal HNOy

31d step SiNWs
&
ALD
with precursor
Ag(fod)(PEt3)

Fig. 1. Schematic representation of the stages for obtaining a composite structure of Ag/SiNWs

The simulation of the electromagnetic field propagation was carried out using the COMSOL
Multiphysics software, which applied the 3D Finite Element Method (FEM).

Results and Discussion

At the first stage, to optimize the ALD regimes, AgNPs were deposited on flat c-Si substrates
(Fig. 2, a). As a result of the analysis of this SEM-image in ImagelJ software, the average diameter
of nanopamcles d, =22+ 3 nm was obtained with a filling factor of 18 % (Fig. 2, b).

The selection 0% optimal conditions is the most important criterion in the preparation of
coatings by the ALD method. Therefore, at the first stage of the search for optimal conditions for
the ALD method, the influence of the Ag(fod)(PEt3) evaporator temperature was studied. Next,
the dependence of the coating growth rate on the reactor temperature was studied and the optimal
reactor temperature range of 155—165 °C was established, at which the growth rate was increased
and a layer of AgNPs with a thickness of d ~ 8 nm was deposited at a number of 2300 cycles. As
a result, 3 samples of layers with different thickness were obtained, (d = 2.3, 3.5, and 7.8 nm
measured using ellipsometry). By measuring the ellipsometric angles v he and A for 3 samples
and using the Drude-Lorentz model with the calculated angles y and " A, thegf were in good
agreement with the experiment. As a result, the parameters of this model were extracted: real (g))
(Fig. 2, ¢) and imaginary (¢,) (Fig. 2, d) permittivities and Ag layer thicknesses.
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Analyzing the behavior of the function g, for all 3 samples, it can be seen that they are
located mainly in the negative region of energy E, which is typical for the structure of metals.
The imaginary part of the function & demonstrates a narrow volume plasmon resonance peak at

= 3.9 ¢V for all obtained AgNzPs structures on a Si substrate, and for a sample with

dAg =7.8 nm.

a)

. 600
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S00 nm

Fig. 2. Top view SEM image of AgNPs deposited by ALD on Si wafer () and their size distribution

(b). Spectral dependences of the real part &, (c) and imaginary part &, (d) of the complex permittivity

defined within the framework of the Drude—Lorentz model for three obtained layers of AgNPs with

d from 2.3 to 7.8 nm. Cross-section SEM images of the original arrays of SINW: O1 (e) and O2 (g).
® After the deposition of AgNPs by ALD method: Ag/SiNWs (O1) (f) and Ag/SiNWs (02) (h)
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The cross-sections SEM-images show the sample O1 (Fig. 2, e) with NWs height

sinws = 234 nm and the sample O2 (Fig. 2, g) with A . =469 nm before ALD process.

]\both initial samples of SiNWs (O1 and O2) were piaced in the same chamber during AgNPs
deposition with flat samples to control the thickness of the Ag layers. The cross-section SEM
images for these two samples of Ag/SiNWs are shown in Fig. 2, f, h. The average diameter of
AgNPs deposited on SiNWs using the ALD method was 12 £ 2 nm, which turned out to be
almost two times smaller than the AgNP diameter deposited on a flat Si substrate.

To interpret the ellipsometric data of SINW samples before AgNPs deposition, a model with
three-dimensional array of vertical rods of cylinders (Fig. 3, a) was chosen, structures located on
the substrate is divided into several conditional layers with boundaries parallel to the substrate
[10]. Thus, it is possible to model each of the layers with the appropriate height parameters. In
addition, since each of the layers is located in a certain array, it is separated by a certain medium
(in our case, air), such an array can be considered as a composite consisting of Si and air. For
such structures, the effective medium approximation (EMA) is usually used. In our case, a three-
layers model was used, in which the parameters of the thickness and Si fraction (4 and f ) of
each of the three sublayers were fitted. The value of the /.. and the fraction of voids f
dependent on it were determined in the framework of the Bruggeman EMA (B- EMYA(ﬁ [11] The
optical constants of c-Si were taken from the handbook [12].
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Fig. 3. Schematic model for the structure of SiNWs (sample O1 and O2) (a), model for the Ag/SiNW

structure with AgNPs layers on the entire surface of SINWs (b). Experimental (exp) and calculated (calc)

ellipsometric spectra of SiINWs before (green) and after (violet) AgNPs deposition for sample O1 (c).
Ellipsometric spectra of SiNWs before (gray) and after (red) AgNPs deposition for sample 02

132



4 Quantum wires, quantum dots, and other low-dimensional systems >

Calculated ellipsometric angles (¢ and A) after fitting for this model are shown in Fig. 3, ¢
(green). As a result f and &_ were determined for each of the three sublayers. When summing
h.. of all three sublayers the total height #_ =241 nm is obtained, which is close to the height of

§4 nm obtained from the SEM image in Sll:lg 2, e.

To interpret the ellipsometric data for an array of SINW with AgNPs, the same model was
used as for SiNWSs, but with the addition of an AgNPs layer that was deposited on the surface
of the NWs (Fig. 3 b). According to this model, the AgNPs layer fills a certain volume f
which somewhat reduces the foiae While the £ should remain unchanged. As a result of ﬁttmg
these parameters in Fig. 3, c, tldqe convergence of the experimental and calculated spectra for
the O1 sample with AgNPs \|1(7c) and A(L) (red), respectively, was obtained. It was found that

= 0.03 for the Ist sublayer, f, =0.04—0.02 for layers 2—4, and f, = 0.12 for the Sth sublayer.
K similar approach in mterpretmg the ellipsometry data was used t%r another sample (O2) with
a SiNWs height approximately 2 times higher than that of the previous sample. Fig. 3, ¢ show
the measured spectra of the ellipsometric angles y__and A_ , as well as the calculated spectra
V. .and A_ before (gray) and after (red) the deposmon ol‘pAgNPs The total height of each
layer in the orlglnal SiNWs structure was estimated as h =471 nm. This value is close to
the value obtained from the cross-section SEM image of this sample from Fig. 2, g with the

hgwe = 469 nm. As in the previous example, a f is added to each wall of the SINWS in the
llivl\/IA model, assuming some Ag in the sublayers including the upper and lower sublayers.
Flttmg the calculated ellipsometric angles (y_ and A_ ) for this model, the convergence to the
experiment was obtained. It was found that f’g = 0.3"or the Ist sublayer f = 0.08—0.02 for
sublayers 2—4 and f = (.22 for the 5th sublayer

On the example of two SiNWs samples, after the deposition of AgNPs on them, a shift of
the experimental spectra y(A) to the long wavelength region is observed (Fig. 3, ¢), Wthh can
be considered a qualitative confirmation of the appearance of an additional component in the
structure. And the interpretation of this effect using a multilayer model and of the B-EMA makes
it possible to obtain optical data indicating the presence of AgNPs in the Ag/SiNWs composite
structure. SEM and non-destructive ellipsometry are complementary techniques for studying
arrays of complex high-aspect composite structures.

To numerically calculate the enhanced factor (EF) from the structures under study, we used
the model representing a Si substrate on which a cylindrical SiNWs with spheroid AgNPs on its
surface were located. A periodic boundary conditions were set on the side faces of the model.
The light source is located on the top face of the model. Under the substrate there is a perfectly
matched layer that absorbs the radiation falling into it, which makes it possible to reduce the
thickness of the simulated substrate. Geometrical parameters (the length of the NW: 250 nm,; its
diameter: 50 nm; the diameter of the AgNPs: 12 nm and distance between them of 20 nm) were
estimated from the SEM image of the experimental sample. As a result, the maximum values of
EF =2-10° at A =366 nm and 4.9-10'° at A = 780 nm were obtained for the structure.

Conclusion

SiNWs samples with heights of 234 and 469 nm were obtained by two-stage MACE method.
AgNPs were deposited in the high-aspect SiINWs structure by ALD method with the Ag(fod)
(PEt,) precursor.

lle fabricated SiNW array and AgNPs layers were studied before and after the preparation
of the Ag/SiNWs composite structure using spectroscopic ellipsometry and SEM. From the
measured ellipsometric characteristics, the structure of SINWs was determined using a multilayer
model and the B-EMA. The height of the SiNW arrays was determined using spectroscopic
ellipsometry, which is in good agreement with the cross-sectional SEM images.

The use of a non-destructive ellipsometric technique made it possible to study the optical
characteristics of the Ag/SiNWs structure, as well as their morphological features, which ensured
the obtaining of setted thickness and properties of AgNPs when implementing precision ALD
technology. The parameters of the experimentally obtained samples were used for further modeling.
The expected localization of the electric field on the surface and near the AgNP as a result of the
excitation of LPR is observed, and the calculated EF reaches 10'.

133



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023 Vol. 16. No. 1.3

REFERENCES

1. Maier S.A., Plasmonics: Fundamentals and Applications, Springer New York, New York 2007.

2. Schmidt V., Riel H., Senz S., Karg S., Riess W., Gusele U., Realization of a silicon nanowire
vertical surround-gate field-effect transistor, Small. 2 (2006) 85—88.

3. Priolo F., Gregorkiewicz T., Galli M., Krauss T.F., Silicon nanostructures for photonics and
photovoltaics, Nat. Nanotechnol. 9 (2014) 19—32.

4. Canham L., Handbook of Porous Silicon, first ed., Springer Cham, Cham, 2014.

5. Hsu S.H., Liu E.S., Chang Y.C., Hilfiker J.N., Kim Y.D., Kim T.J., Lin C.J., Lin G.R.,
Characterization of Si nanorods by spectroscopic ellipsometry with efficient theoretical modeling,
Phys. Status Solidi A. 205 (2008) 876—879.

6. Tolmachev V.A., Astrova E.V., Pilyugina J.A., Perova T.S., Moore R.A., Vij J.K., 1D photonic
crystal fabricated by wet etching of silicon, Opt. Mater. 27(5) (2005) 831-835.

7. Huang Z., Geyer N., Werner P., de Boor J., Gisele U., Metal-assisted chemical etching of
silicon: A review, Adv. Mater. 23 (2011) 285—308.

8. Miikkulainen V., Leskeli M., Ritala M., Puurunen R.L., Crystallinity of inorganic films grown
by atomic layer deposition: Overview and general trends, J. Appl. Phys. 113 (2013) 021301.

9. Nazarov D., Ezhov I., Yudintceva N., Shevtsov M., Rudakova A., Kalganov V., Tolmachev V.,
Zharova Y., Lutakov O., Kraeva L., Rogacheva E., Maximov M., Antibacterial and Osteogenic
Properties of Ag Nanoparticles and Ag/TiO2 Nanostructures Prepared by Atomic Layer Deposition. J.
Funct. Biomater. 13(2) (2022) 62.

10. Zharova Y., Ermina A., Pavlov S., Koshtyal Y., Tolmachev V., Spectroscopic Characterization
of Silicon Wire-Like and Porous Nanolayers in the Process of Metal-Assisted Chemical Etching of
Single-Crystal Silicon. Phys. Status Solidi A. 216 (2019) 1900318.

11. Bruggeman D.A.G., Berechnung verschiedener physikalischer Konstanten von heterogenen
Substanzen. 1. Dielektrizitatskonstanten und Leitfnhigkeiten der Mischkiirper aus isotropen Substanzen,
Ann Phys. 416 (1935) 636—664.

12. Palik E. D., Handbook of optical constants of solids, first ed., Academic Press, Orlando, 1985.

THE AUTHORS

BOLSHAKOY Vladimir O. MAXIMOYV Maxim Yu.
lion080895@gmail.com maximspbstu@mail.ru

ORCID: 0000-0001-7870-4751
ERMINA Anna A.
annaermina97@gmail.com TOLMACHEY Vladimir A.
ORCID: 0000-0001-9010-7482 tva@mail.ioffe.ru

ORCID: 0000-0002-4387-9655
PRIGODA Kristina V.
kristina_prigoda@mail.ru ZHAROVA Yauliya A.
ORCID: 0000-0002-9728-1982 piliouguina@mail.ioffe.ru

ORCID: 0000-0001-7002-5084

Received 14.12.2022. Approved after reviewing 23.01.2023. Accepted 31.01.2023.

© Ppeter the Great St. Petersburg Polytechnic University, 2023

134



A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2023 Vol. 16. No. 1.3
HayuyHo-TexHuyeckne sBegomoctu CM6Irmy. ®dusmnko-matematmyeckme Hayku. 16 (1.3) 2023

Conference materials
UDC 535-4
DOI: https://doi.org/10.18721/IJPM.161.323

Enhancing single-photon emission of silicon-vacancy
centers in nanodiamonds by a gold film

A.M. Romshin' 2, AV. Gritsienko?, A.S. llin3, R.K. Bagramov *
V.P. Filonenko 4, A.G. Vitukhnovsky?, I.I. Vlasov'

! Prokhorov General Physics Institute, RAS, Moscow, Russia;

2Moscow Institute of Physics and Technology (National Research
University), Dolgoprudny, Moscow region, Russia;

3 Kotel'nikov Institute of Radioengineering and Electronics, Fryazino, Moscow region, Russia;
*Vereshchagin Institute of High Pressure Physics RAS, Moscow, Russia
Halex_31r@mail.ru

Abstract. In this work, the single-photon emission of SiV-centers in HPHT-nanodiamonds
positioned on the surface of silicon plate and gold film was investigated. Fluorescence spectra,
saturation curves and fluorescence decay curves were measured for a number of SiV-emitters. A
reduction in the fluorescence lifetime by ~20%, as well as a spectral shift and a decrease in the
width of the zero-phonon line of SiV fluorescence were observed for most emitters. Analysis of
the saturation curves revealed an increase in the emission rates by an average of 3 times, and
up to 13 times for some particles. The wide variation is primarily associated with the orientation
of the dipole moment of the SiV centers and the size of diamond particles, which are the key
parameters regulating the coupling of the emitter with surface plasmons in the gold film.

Keywords: nanodiamonds, color centers, single photon, fluorescence, plasmonics
Funding: The study was supported by the Russian Science Foundation grant 22-19-00324.

Citation: Romshin A.M., Gritsienko A.V., Ilin A.S., Bagramov R.K., Filonenko V.P.,
Vitukhnovsky A.G., Vlasov I.I., Enhancing single-photon emission of silicon-vacancy centers
in nanodiamonds by a gold film, St. Petersburg State Polytechnical University Journal. Physics
and Mathematics. 16 (1.3) (2023) 135—139. DOI: https://doi.org/10.18721/JPM.161.323

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

MaTepuanbl KoHdepeHUMn
YK 535-4
DOI: https://doi.org/10.18721/IJPM.161.323

YcuneHme ogHOMPOTOHHOM DMUCCUU KPEMHUH-BAKAHCUOHHDIX
LEeHTPOB B HAHOA/ZIMa3axX C NOMOLbIO 30J/I0TOM MJIEHKH

A.M. Pomwmu 1 &, A.B. Mpuumerko 2, A.C. UnbuH 3, P.X. Barpamos ¥,
B.M. ®unoHeHko 4, A.I'. BuTyxHoBckuin 2, N.1. BnacoB !
LMHCTUTYT obuieit dusukn uM. A.M. Mpoxoposa, PAH, MockBa, Poccus;

2 MOCKOBCKUI (DU3NKO-TEXHUYECKUIA UHCTUTYT (HaLMOHasbHbIA UCCEeA0BaTENbCKUN
yHuUBepcuTeT), 1. [JonronpyaHblii, MockoBckasi 061acTb, Poccus;

3 VIHCTUTYT paiMOTEXHMKM U 3NTEKTPOHUKM MM. B.A. KoTenbHrKoBa
PAH, r. ®psiauHo, MockoBckas obnactb, Poccusi;

*UHCTUTYT DM3MKM BbICOKUX AaBneHuit um. J1.®. BepelwaruHa PAH, Mocksa, Poccus
Halex_31r@mail.ru

Annoramusa. B nHacrosiieit paborte ucciemoBasach OAHOGOTOHHAST dMUCCHUST KPEeMHUI-
BaKaHCUOHHBIX LIeHTpoB B HPHT-HaHoanMa3ax, pacnosoXeHHbBIX HA MOBEPXHOCTU KPEMHUS
U 30JI0TOW TUIeHKHU. JIJIsT KaXIoW M3 4YacTUl] 3aluChIBAIUCH CIEKTPbI JIIOMUHECLICHIIUH,

© Romshin A.M., Gritsienko A.V., Ilin A.S., Bagramov R.K., Filonenko V.P., Vitukhnovsky A.G., Vlasov L.1., 2023. Published
by Peter the Great St. Petersburg Polytechnic University.

135



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023 Vol. 16. No. 1.3

U3MEPSUINCh KPUBBIC HACHIILICHWSI M KPUBBIC 3aTyxaHMs (uryopecueHuu. s OONbIIMHCTBA
SMUTTEPOB OBLIO OOHAPYXKEHO COKpallleHHWe BpeMeHU KU3HU duyopecueHuu Ha ~20%, a
TakkKe 3a(MKCUPOBAH CIIEKTPAJbHbBII CIABUT M YMEHBIIEHUE IIMPUHBI 0eC(POHOHHOM JIMHUU
dayopeceHIMM KpPeMHUI-BAKAHCMOHHBIX LIEHTPOB. AHAJIN3 KPUBBIX HACHIIIEHUST TTO3BOJIVI
O00HApYyXXUTh yBEJIMUYEHNE CKOPOCTH OMHO(MOTOHHOW 3MUCCMM B CpeHeM B 3 pasa, a Juisd
HEKOTOPBIX yacTull — no 13 pas. Llmpokuii pa3dpoc CBsI3aH ¢ OpHUEHTAIMeil ITUITOJBHOTO
MOMEHTa KPEeMHUIi-BaKAHCUOHHBIX LIEHTPOB U pa3MepoM aJIMa3HbIX YACTHII, SIBISIOIIMMUCS
KJIIOYEBBIMU ITapaMeTpaMu, PeryJIupyloLIMMI B3aUMOIECUCTBIE IMUTTEPA C ITOBEPXHOCTHBIMU
IUIa3MOHAMHU B 30JIOTOM ILJIEHKE.
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Introduction

In recent decades, optical quantum networks rapidly progress in the direction of information
processing and transmission [1, 2]. An indispensable building brick for realization of such
devices is single photon emitter (SPE) that should meet the requirements of high spectral purity,
unprecedented brightness and directivity of radiation. One of the most promising solid-state
SPE is the silicon-vacancy (SiV) diamond color center, which has an intense and narrow zero-
phonon line (ZPL) at ~738 nm, as well as high spectral and temporal stability [3, 4]. This
center possesses near nanosecond fluorescent lifetime resulting in high emission rates with low
phonon-mediated acts of emission — more than 70% of total emission is concentrated in ZPL. To
improve optical properties and primarily detected count rates the emitters are typically coupled to
different microcavities which are aimed to increase local density of optical states and modify the
directivity of emission. Many approaches are used for these purposes, including dielectric Fabry-
Perot microcavity [5, 6], photonic crystals [7], metasurfaces [8], plasmonic nanoantennas and
microstructures [9, 10]. However, despite numerous studies of complex structures, the behavior
of single photon emitters even in simple diamond-on-metal systems is still not entirely unclear.

In this paper, we comprehensively study the single photon emission of SiV-centers in HPHT-
produced nanodiamonds positioned on the silicon and gold surfaces. By means of confocal
spectroscopy and Hanbury-Brown-Twiss interferometry, the fluorescence spectra, saturation curves
and decay times of SPE were measured for ten different NDs and the results were quantitively
compared for those two surfaces. Such a plain “diamond-on-metal”-structure revealed more than
order enhancement of fluorescent signal.

Materials and Methods

The NDs under study were synthesized by high-pressure high-temperature (HPHT) method
from a mixture of adamantane (C H,,) and detonation nanodiamonds at a pressure ~7.5 GPa,
temperatures 1600—1700 °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 final mixture with the
ratio ~Si/(Si+C) = 0.0001%. The 0.1 mg of output 6D—powder was diluted in 2 ml of ethanol
and then sonicated in ultrasonic bath during 30 min to form homogeneous suspension of NDs.
Eventually, 2 ul of the resulting suspension was applied to both silicon and gold surfaces. Pre-
characterization in scanning electron microscope (SEM) revealed the size distribution of NDs
between 150 nm and 500 nm.

© Powmuun A.M., I'putinenko A.B., Unbun A.C., barpamo P.X., ®unonenko B.I1., Buryxnosckuii A.I'., Bracos U.U.,
2023. Uznatenn: Cankr-IleTepOyprckuii moantexHmueckuii yaupepcutet [letpa Bemmkoro.
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Optical properties of NDs were studied in a home-built confocal microscope equipped with
two laser sources, continuous at 660 nm and pulsed at 630 nm (t_, ~ 80 ps). To prove the single
photon nature of color centers, an emission Hanbury—Brown—priss (HBT) interferometer with
two avalanche photodiodes (APDs, Excelitas SPCM-AQRH-14-FC) was used. The fluorescence
spectra were recorded with an Ocean Insight QEPro spectrometer, and for saturation measurements
the APDs with a band pass filter (728—749) were employed. Notice that a long-distance objective
Mitutoyo x100, NA = 0.7 was used in all these measurements. The fluorescence decay rates were
analyzed with a Picoquant MicroTime 200 time-correlated single photon counting (TC SPC)
module and Olympus lens (X100, NA = 0.95).

Results and Discussion

First, we chose ten random NDs emitters on each of the two substrates — silicon and gold —
whose emission is satisfied to criteria of the single photon statistics. An identification of such
sources was carried out by measuring the second order autocorrelation function g@(t) for SiV
emission. Fig. 1, a demonstrates an example of g?(t)-functions for NDs on silicon (ND-S) and
gold (ND-G). The dip at zero time-delay (t = 0) is less than 0.5 indicating a subpoissonian sta-
tistics of light and consequently its single photon nature.

Next, the fluorescence spectra were recorded for selected NDs (Fig. 1, b). The narrow
line near 738 nm corresponds to the ZPL of the SiV-fluorescence. For each emitter the spec-
tral position (A ) and full width at half maximum (FWHM) of the ZPL were determined
(Fig. 1, ¢). The set of red dots (ND-Ss) is concentrated primarily in short-wavelength range with
(S ) =738.7 nm and (AA%) = 3.9 nm. However, some points are far away from mean values
(e.g., ~741 nm) which may be explained by the local intrinsic stress in diamond lattice [4]. In
contrast, the ZPLs for ND-Gs (blue dots) are narrower on average by factor of 1.7 and red-shifted
with (kSicemer) =739.1 nm. Although the distribution spread is wider for ND-Gs, we believe some
of them could be effectively coupled with surface plasmon in gold film resulting in ZPL shift and
narrowing.
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Fig. 1. Optical properties of the emitters in NDs placed on silicon substrate (red) and surface of
gold film (blue): a second order autocorrelation function g®(t) for two NDs (a); an instance of
fluorescence spectra for two distinct NDs (b); post-processing of ZPL Xce . and FWHM for ten
points for NDs on silicon and gold (c¢).
All data were obtained at 3 mW (before objective) power of continuous 660 nm laser source

nte

To quantify the comparison between ND-Gs and ND-Ss the saturation measurements were
performed. For clarity, saturation curves for three NDs on each substrate are demonstrated in
(Fig. 2, b). The dependences can be described as I(P) = I”-P/(P + P*), where [” is the peak
count rate in the limit of large P, P is the saturation power. The values /” and P** obtained for
different NDs on the silicon and gold are presented in (Fig. 2, ¢). One can see the superiority
of the emission rate for ND-Gs in high power limit by an enhancement factor (EF) of 3.1 while
the EF for distinct emitters reaches the value of EF = 13. The saturation power on average
decreases from (P ) = 46.1 mW to (P, ) = 23.9 mW reflecting an increased extinction of
excitation power for ND-Gs.
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We also performed time-resolved fluorescence intensity measurements for the NDs
(Fig. 2, a). The fluorescence decays for ND-Ss demonstrate mono-exponential behavior. In
contrast, for ND-Gs deeply sub-ns component was revealed which we believe is not related to
SiV-fluorescence, but rather to a diamond-enhanced background from the gold surface [11]. The
SiV-fluorescence decay times extracted from the decay curves were averaged over ten NDs and
compared between each other. The relaxation time reduces by ~20% on average for emitters on
gold surface.

0 T T

10°F (Taw) = 111 ns o) EF =13

> 1
£ _
5
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N ]
E o £-1-1
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2 e} oo 1
Z 10 o

I i L I 0 Aai—_ 5 - - - = i =

1 2 3 4 0 10 20 30 On Au On Si

Time, ns Laser Power, mW
—— NDs on Au —— NDs on Au

Fig. 2. Decay curves measurements for NDs on silicon (red) and gold surfaces (blue) (a). The insets
show the decay times averaged over ten NDs on both silicon and gold. Excitation power dependences
of the ZPL intensity for three random NDs on different substrates (b). The shadow regions illustrate
typical scopes for the rest NDs not presented on the graph. Extracted /* and P for ten NDs on both
silicon and gold surfaces (c). Light blue bars indicate the averaged over ten emitters values

The wide spread of the EF obtained for ND-Gs could be explained by analyzing the major
mechanisms affecting the EF. First, observed changes in fluorescence lifetime do not cover the
gap for bright emitters (e.g., EF > 5), therefore the Purcell enhancement of spontaneous emis-
sion is only minor contributing factor. Second, the P* reduction hints on increased extinction of
excitation power resulting in more effective (by a factor of ~2) photoexcitation of the SiV-centers.
The possible reason for this behavior is the size distribution of the NDs which covers a part of
the range where Mie-resonances take place. Finally, we believe the dipole orientation relative to
the surface normal plays a crucial role in the pronounced enhancement leading to more efficient
extraction of the fluorescence signal and resonant interaction with surface plasmon mode in gold
film which is partially confirmed by alterations of ZPL spectral characteristics.

Conclusion

In summary, the fluorescent properties of the single SiV-centers in HPHT nanodiamonds on
silicon and gold surfaces were studied. Such simple system diamond-on-metal demonstrates an
enhancement of SiV-fluorescence by more than an order of magnitude. Relying on the spectral
and fluorescent decay measurements we relate the major contribution to the enhancement to the
orientation of dipole moment and its coupling to the surface plasmon in gold film. The results
obtained serve as a good starting point for the development gold nanocavities and antennas with
consequent nanodiamonds integration for the state-of-the-art nanophotonic applications.
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Abstract. The effect of the waveguide and the quantum well-dot active region on polariza-
tion of transmitted light in laser-like heterostructures was studied with the polarimetry tech-
nique. The waveguide structures with quantum well-dots were demonstrated to have almost no
effect on the transmitted radiation polarization when it is parallel or perpendicular to active
region layers. However, in the case of intermediate angle of linear polarization, the transmitted
radiation represents a mixture of elliptically polarized and unpolarized light. The largest degree
of depolarization found was at 45° of linear polarization angle of the input radiation. Depolar-

ization was found to increase with decreasing of number of QWD layers and reaches 23% for
a single layer.
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AnHOTanmug. MeTomoM MOMSIpUMETPUN MCCIACI0BAHO BIMSHUE BOJHOBOIA M aKTUBHOM 00-
JIACTU JIa3€pHBIX TETEPOCTPYKTYP HA OCHOBE KBAHTOBBIX SIMA-TOUYEK Ha MOJSIPU3ALUIO TTPOXO-
JSIIEr0 U3TyYeHUsl. Y CTaHOBJIEHO, YTO BOJTHOBOMHBIE CTPYKTYPhl C KBAHTOBBIMU SIMa-TOUKaMU
MPAKTUYECKU HE OKa3bIBAIOT BIMAHUA Ha IMPOXOIMLIEe U3JIYyYEHUE C MOJApU3aLueii, napai-
JIETBHOUM MJTW TIEPTIEHAMKYJISIPHOM CJIOSIM aKTWUBHOM o6actu. OmHaKo, TP BBOME M3TYYCHUS
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C IIPOMEXYTOUHBIM YIJIOM JIMHEMHOM IOJISIpPU3aLMU, BBIXOASIIEe W3JydeHUE IIPeICTaBIsieT
co00#1 cMech AIUNTUYECKU TMOJSIPU30BAHHOTO M HEToJSIpU30BaHHOTO cBeTa. OOHaApyXKeHO,
YTO JCTOJISIpU3aLMs U3JIyYeHUs] MaKCUMaJlbHA MPU yIJIe MOJISPU3aluy BXOASIIEro U3IyIeHUs
45°, mpu 3TOM OHa OOpaTHO MPOIMOPLUMOHATBHO 3aBUCUT OT KOJMYECTBA CJI0EB KBAHTOBBIX
sIMa-TOYEK B aKTUBHOM o0JyiacTu, mocturas 23% 11 OMHOCIOMHOM CTPYKTYPHI.
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Introduction

At present time, there is a great interest in studies of quantum heterostructures with an
intermediate properties between quantum wells and quantum dots [1], for example such as a
quantum wires [2], well-island [3], wire-on-well [4], etc. Quantum well-dots (QWDs) are one of
such type of structures, which can be described as InGaAs/GaAs quantum well (QW) modulated
in thickness and composition or a superdense array of small InGaAs quantum dots (QDs).
QWDs are free of some of the drawbacks of both QWs and QDs but keeps their key features.
For example, QWDs have a significantly higher gain (absorption) compared to InAs/GaAs QDs,
and moreover allow growing more than 15 stacked dislocation-free layers, which is hard to
realize in case of InGaAs/GaAs QWs [5, 6]. QWDs have been intensively studied over the past
decade. Recently, it was found that planar waveguides with QWDs demonstrate TE-selective
ground state absorption [7]. The selectivity of absorption was found to strongly decrease with
an increase in either the waveguide length or the number of QWDs layers. This behavior is
highly likely due to a depolarization of radiation in the waveguide. In this work, the influence
of a waveguide and the QWD active region on transmitted radiation polarization is studied by
polarimetry technique. At the present time a lot of experimental studies of emission polarization
of nanostructures have been published, but they dealt mainly with spontaneous or stimulated
emission of the structures themselves [8, 9]. Transmitted light polarimetry has been investigated
for passive optical waveguides [10]. To the best of our knowledge this is the first study of the of
transmitted light polarimetry of waveguides with a nanostructure active region.

Materials and Methods

The samples based on AlGaAs p-i-n-structures, similar in design to typical edge-emitting
lasers, were grown by metalorganic vapor-phase epitaxy (MOVPE) on a vicinal GaAs(100).
The active region located in the center of the 800 nm thick GaAs waveguide layer contains 1,
2, 5, or 10 QWD layers separated with 40 nm thick GaAs spacers. Each QWD layer, in turn,
is formed by deposition of 8 monolayers of In, ,Ga  As. Broad-area (50 pm and 100 um wide)
stripe waveguide samples of 2-mm length were studied in the experiment. Facet coatings were not
used. The details of growth and processing can be found in other sources [1]. The scheme of the
experimental setup is shown in Fig. 1.

A tunable laser (Sacher Lasertechnik) was set at wavelength 1050 nm corresponding to the
QWD ground state absorption maximum [7]. A half-wave plate in combination with a Glan-
Taylor prism was used as a rotator of linear polarization (LP). Then the radiation was focused on
the front waveguide facet by the microlens. The sample was operated in the short circuit mode.
The light focusing was monitored by a photocurrent level. The output radiation after passing
through the combination of a quarter-wave plate and a linear analyzer was detected by a Si

© Xapuenko A.A., Hamroumit A.M., MunraupoB C.A., Kamoxusiii H.A., Makcumos M.B., 2023. Usnmarens: CaHKT-
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Fig. 1. Schematic representation of experimental setup

photodiode using a lock-in amplifier. To minimize a detection of radiation crosstalk, we used a
diaphragm. Thus, we were able to define the Stokes parameters of radiation passed through the
sample by caring out the six measurements of the flux P (table. 1) [11].

Table 1
Measuring of Stokes parameters
Measured flux Experimental setup configuration
Linear polarizer is set to 0° (i.e., polarizer is set to TE-transmis-
P . .
H sion). Quarter-wave plate is not used.
P Linear polarizer is set to 90° (i.e., polarizer is set to TM-transmis-
v sion). Quarter-wave plate is not used.
P, Linear polarizer is set to 45°. Quarter-wave plate is not used.
13 Linear polarizer is set to 135°. Quarter-wave plate is not used.
P Linear polarizer is set to 45° and quarter-wave plate is set to 0°
r (by fast axe).
P, Linear polarizer is set to 135° and quarter-wave plate is set to 0°.

Results and Discussion
The obtained data were used to calculate the Stokes vector:

So P, +F,
S P,—P
so|5 | BB (1)
S Fys —Fss
S3 P, —F,

These parameters allow us to separate the depolarized part of radiation and to plot polarization
ellipses, which represent the trajectory of the electric field vector E. For instance, these ellipses
are shown in Fig. 2 for single QWD layer sample and different initial LP. The unpolarized part
of the radiation is schematically shown as a dash circle and input LP radiation is also marked as
red dotted line.

Polarization parameters such as the degree of polarization (DOP), ellipticity, azimuth of
ellipse orientation (major axis) have been calculated as described in insets of Fig. 3 and plotted
as functions of the angle of the LP of input radiation, o (Fig. 3) for the given structures 2 mm in
length with a different number of QWD layers (1, 2, 5, 10).
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Fig. 2. Polarization ellipses of output radiation from single QWD layer sample. Unpolarized part of
the radiation is schematically shown as a dash line circle. The angle of LP of input radiation is marked
with red dotted line
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Fig. 3 Degree of polarization (DOP), ellipticity e and angle of ellipse orientation (azimuth) as functions
of angle of LP of input radiation a for samples 2 mm in length with different number of QWD layers

In terms of polarization one can separate two different cases. In the first one, TE- or TM-
polarization of the input radiation remains practically unchanged except of slightly increased
ellipticity. Also, there are some differences in the amplitude of transmitted TE- and TM-polarized
radiation arising from TE-selectivity of absorption of QWDs [7] which is out of the scope of the
paper. In the second case, namely intermediate polarization angle a of the input radiation (not
pure TE or TM) the transmitted radiation represents a mixture of depolarized and elliptically
polarized light. The azimuth of the ellipse of the transmitted radiation follows, in general, the
angle of LP of the input radiation o being slightly shifting towards the TM component. This
shift occurrs due to anisotropy of QWDs absorption, which is to say that absorption of the TE
component during transmission of the radiation in the waveguide results in TM dominance at the
end and, therefore, in a small rotation of the ellipse.
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Dependences of ellipticity of the transmitted radiation on o are complicated. However, the
tendency of increase of ellipticity with the number of QWD layers is clearly seen. We attribute
this behavior to the presence of birefringence of the investigated samples due to both difference
of effective index between TE and TM optical modes in the waveguide of the structures and
birefringence of the QWDs themselves because of their dichroism. Therefore, for LP light with
intermediate polarization angles, such waveguides represent a waveplate meaning that ellipticity
of transmitted light may increase or decrease depending on the waveguide length and a. The
experimental point for the 10xQWDs sample at o, = 30° seems like an outlier which however does
not affect the above tendency.

It is of the greatest interest to analyze the dependences of DOP. As discussed in [7], depolarization
results in conversion of the TM-polarized light to TE-polarized one inside waveguides with QWDs.
This effect causes strong absorption of TM-polarized radiation in long waveguide structures with
QWDs, which is unexpected because QWDs active region predominantly absorb TE-polarized
emission. It is the polarization conversion that is responsible for this phenomenon. As evident
from Fig. 3, DOP is minimal at o = 45 degrees and is as small as 0.77 (i.e., depolarization, (1-
DOP) reaches 23%) in case of single QWD layer. Moreover, depolarization is tending to decrease
with an increase in the number of QWD Ilayers. This observation is contradicting to that reported
earlier data [7], in which the larger QWD layer quantity resulted in the higher degree of the
depolarization. We suggest that the increase in the number QWD layers leads to an increase in
TE-absorption countervailing the effect of TM to TE conversion due to the depolarization. We
are carrying out additional investigations to prove this suggestion.

Conclusion

Laser-like waveguide structures with different number of QWD layers were studied with
polarimetry technique. Transmission of TE- or TM- polarized radiation through the waveguides
was found to occur without significant change of polarization state, whereas transmission of
linearly polarized light with intermediate polarization angle results in an output of elliptically
polarized light with an addition of depolarized one. The depolarization reached 23% at 45° LP
angle for single QWD layer structure, and is found to decrease with the number of QWD layers in
the waveguide. The results obtained may be useful for engineering waveguide-based devices with
a QWD-based active medium.
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Abstract. This study considers the optical modulation parameters of THz radiation generat-
ed via optical-pump terahertz probe spectroscopy, passing through thin films of single-walled
carbon nanotubes (SWCNT), attached onto the stretchable substrate. We investigated the de-
pendence of photoconductivity of the stretched film on the elongation and orientation of its
direction towards THz beam polarization. We interpreted the changes observed, establishing
the key factors affecting the photoconductive pathways. The obtained modulators were charac-
terized practically: the wide range of modulation depths (MD) (up to 100%) and fast lifetimes
of photoinduced charge carriers (5 ps) were marked. This research guides the way to construct

the devices of switchable optoelectronics, which are of a perspective in the THz data transfer
systems.
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IIPOBOAMMOCTH B 3aBUCHMMOCTH OT psifia ITIapaMeTPOB: OTHOCUTEILHOIO YIJMHEHMSI U CXKaTUsI
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Introduction

Terahertz radiation has found application in many spheres of life, from detection of exploding
weapons to tumor diagnostics. Thanks to wide bandwidth and relatively small attenuation, THz
waves may come into practice for secure connections, which makes them promising candidates
for high-speed wireless data transfer. Modulation of a signal is an important feature which should
be taken into account in design of these communications. It is determined by the conductivity
of the medium through which THz radiation is passing. This makes it possible to control the
modulation parameters optically, thermally and electrically.

Traditional bulk semiconductors like GaAs, Ge and Si, being modulated electrically or
optically, have only one high parameter, either modulation depth or modulation speed (order of
hundreds of GHz) [1—3]. At the same time, low dimensional structures like graphene, carbon
nanotubes and 2D transition metal dichalcogenides demonstrate both high MD and modulation
speed (MS).

However, no stretchable modulators with such parameters are found. In this paper, the
parameters of opto-mechanical THz modulation for the samples of carbon nanotube films, applied
onto stretchable substrate, are studied by means of OPTP spectroscopy. The given modulators
are characterized from practical view. High modulation depth (approximately 100%) and small
relaxation time of photoinduced charge carriers (5 ps) have been reported. This study allows
to construct switchable devices for optoelectronics, promising for THz-range systems for data
transfer.

Materials and Methods

SWCNTs were synthesized by the aerosol chemical vapor deposition (CVD) method and then
transferred on a 0.2 mm thick elastomer [4, 5]. The SWCNT film with thicknesses of 106 nm,
corresponding to optical transmittance of 60% at 550 nm wavelength, consisted of one-third
metallic and two-thirds semiconducting SWCNTs, which were initially randomly aligned. SWCNT
film on the elastomer was placed into the home-made mechanical stretcher. The film holder was
placed into the spectrometer so that the probe THz beam polarization was perpendicular and
parallel according to the stretching direction.
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The pump beam was generated by an optical parametric amplifier, seeded by a 1 kHz, 40 fs,
800 nm pulse. The average pump power was estimated as 3.92 mW, the and the width of the
pump beam on the sample was 0.9 mm. Here, a wavelength of 600 nm for pump was used (above
the EI1 and E | excitonic transitions of the CNTs). The probe beam was generated using home-
made conventional THz-TDS setup as described in [6], allowing us to measure both equilibrium
conductivity and photoconductivity. The extraction of the photoconductivity was implemented

according to our previous study [7].

Results and Discussion

104 60% film LEqy, Studying the dynamics of photoinduced charged car-

ol Lal ) (::f:j\:dvd riers for differen.t stretching parameters, we discovergd

= N St fed that the modulation depth, defined at the peak (see Fig.
s ! 30% fwd 1), decreases with growing elongation and becomes irre-
w24 40% fwd versible when compressed. It is observed that CNTs pos-
2 ' . 30% bwd sess high modulation depth of approximately 100% at the
26 i *ia;;,;:; - 10% bwd start, which was seldom reported for any other materials.

""*-m......,f,’__,ﬂ_ﬁ In addition, CNTs demonstrate high modulation speed

60% film || Eqry (MS), which is a frequency of relaxation and defined as

0% fwd the inverted lifetime of the photoexcited charge carriers.

10% fwd The latter was estimated from the exponential decay as

i the time, when the amplitude of the detected THz radi-

jg t:j ation is reduced by e times with respect to its maximum.

s bwd Since the relaxation time is approximately estimated as

10% bwd 5 ps, MS is 210—250 GHz (it is different due to the
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- = and MS include alignment of the SWNTs in the direction
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Fig. 1. Modulation depth in transmission of the electrostatic interaction between nanotubes. These

as a function of pump-probe delay time contributions influence the photoconductivity pathways

when the elongation is perpendicular and, hence, the aforementioned quantities. However,

(top) and parallel (bottom) to the these changes should be analyzed separately for clearer
polarization of the THz probe beam.  understanding.
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Fig. 2. Transmission-mode MD («) and MS (b) for sample with transmission 60% at 600 nm
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40 to 0 % (‘bwd’ in the graph). The arrows indicate the direction of stretching and the following
compression.
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Conclusion

In this work, we showed the influence of stretching on optically controlled SWCNT modula-
tors for the first time. They show almost 100% modulation depth and relatively high modulation
speed of almost 250 GHz. At the same time, it was shown that the simultaneous optical modula-
tion and stretching make modulators more tunable. This information can be used to predict the
performance of stretchable modulators based on SWCNT. The backward contraction reveals that
modulation depth before and after stretching is different, which reflects irreversible properties of
SWCNTs photoconductivity. However, once the mechanical modulation is performed, then it
can be corrected via the change of the optical pump.
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Abstract. We report on the fabrication and investigation of prototype optically controlled
memristors based on ZrO_(Y) (12% mol. Y203) with Au nanoparticles (NPs) of 2—3 nm in
diameter formed by layer-by-layer magnetron deposition of ZrO,(Y)/Au/ZrO,(Y) stacks fol-
lowed by annealing. The upper contacts of the memristor stacks were made from indium-tin
oxide (ITO) to provide the access of photoexcitation to the active Au NP array. The cross-
point memristor devices with the active region sizes of 2020 um? were defined by standard
photolithography with wet etching. A shift of the switching voltages from the high resistance
state into the low resistance one and back has been observed under the photoexcitation at the
wavelength of 650 nm corresponding to the collective plasmon resonance in the dense Au NP
array. The effect was related to the charging of the Au NPs due to the internal photoemission
of the electrons from the Au NPs into the ZrO_(Y) matrix enhanced by the plasmon resonance.
It leads to the redistribution of the electric ﬁeid near the Au NPs that, in turn, stimulates the
switching process. The optically-controlled memristors investigated are promising for applica-
tion in various fields of memristive photonics.
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OnTHUuecKkM ynpaBsisieMblii MEMPUCTOP HA OCHOBe
nneHkun ZrO,(Y) c HaHouacTMuamu Au
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Annoramusa. [ToaydeHbl M MccaeAOBaHbBl J1abOpaTOpPHbIE MaKeThl ONTUYECKU TepeKIiroyae-
MBIX MEMPHUCTOPOB Ha ocHOBe MIEHOK ZrO,(Y) ( 12% mout. Y203) ToJMHOK 20 HM ¢ Maccu-
Bamu HaHouyactul (HY) Au nuametpom 2—3 HM, cOpMUPOBAHHBIMU METOAOM ITOCIOWHOTO
MarHeTPOHHOTO OCAXICHUS C TIOCIEAYIONMM OTXHUToM. OOHapyXeHO CMellleHNe HampsoKeHUH
MEePEeKIIOUCHUST MEMPHCTOPA MEXIY BHICOKOOMHBIM M HU3KOOMHBIM COCTOSTHUSIMU TIpH (POTO-
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BO30YKI€HUU Ha JUIMHE BOJHBI 650 HM, COOTBETCTBYIOLLEH IIa3MOHHOMY pe3oHaHcy B HY Au.
OOHapyxXeHHBbII 2 PeKT cBs3aH ¢ 3apsikeHrneM HY Au BcaeacTBue BHYTpeHHeEH (poToaMUCCUn
anektpoHoB U3 HY B matpuiy ZrO,(Y), yCHIeHHO¥ MIa3MOHHBIM PE30HAHCOM, YTO TPUBOAUT
K mepepacripe/ieJIeHUIo 2JIeKTpruueckoro noJjist Bomsun HY u, Kak cliecTBUE, CTUMYIUPYET T1e-
PEKIIIOUEHUE MEMPUCTOpa.

KnoueBbie coBa: MeMpUCTOpP, HAHOYACTULILI AU, TJIa3MOHHBIN pe30HaHC
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Introduction

A memristor is a solid state electronic device based on a capacitor-like stack with the insulator
capable of changing its resistance reversibly between two (or more) metastable states under a
voltage applied to the plates (so called resistance switching (RS) effect) [1]. Memristors are
promising for applications in non-volatile computer memory [2], novel (non-von Neumann)
computer architectures allowing in-memory computing [3], neuromorphic electronics [4], etc.

Most works published to date were dedicated to studying so-called filamentary RS mechanism
based on formation of conductive filaments (CFs) inside the memristor stack insulator during
so-called forming process, which is a controlled incomplete reversible local breakdown of the
insulator. The CFs in memristors based on oxides consist of oxygen vacancies (VOs) [5]. The CFs
can be destroyed by a voltage pulse of appropriate polarity. As a result, the memristor switches
from low-resistance state (ON) into high resistance state (OFF). In turn, the CF can be restored
by a voltage pulse of the opposite polarity, and so forth.

Recently, photosensitive memristors attracted the attention of researchers in the scope of
potential applications in active image sensors for internet of things, security systems, environment
monitoring, etc. [6]. Such devices enable built-in image preprocessing using the neural network
algorithms (for example, image recognition, etc.). In particular, the effect of light on the RS in
Au/ZrO(Y)/n-Si MOS stacks was reported [7]. The effect was attributed to the surface photovoltage
at the ZZrOz(Y)/Si interface due to intrinsic optical absorption in the Si substrate that leads to
the enhancement of the electric field in the ZrO (Y) layer stimulating the RS. Furthermore,
the light-activated RS in ITO/SiO /p-Si MOS stacks was reported [8]. The effect was related to
injection of photoexcited electrons from the Si substrate into the SiOx layer that stimulates the
formation of VOs constituting the CFs. The effect of infrared radiation (with the wavelength
A = 1550 nm) on the Ag/a-Si0O,/Pt point contact memristor junctions was observed [9]. The
optical excitation of plasmons in the Ag nanotips led to the thermally activated redistribution
of the Ag atoms inside the a-SiO2 layer that, in turn, resulted in a digital change of the contact
resistance. An enhancement of RS in a ZrO(Y) film with embedded Au nanoparticles (NPs)
of ~2 nm in diameter by illumination at A = 650 nm corresponding to the plasmon resonance
(PR) in the Au NPs was reported [10]. The effect was related to the charging of the Au NPs due
to the PR-enhanced internal photoemission of electrons from the NPs into the ZrO (Y) matrix
[11]. It leads to the local enhancement of the electric field strength /' near the NPs promoting the
growth of CFs. The light-induced charging of the Au NPs in the ZrO,(Y) films was confirmed
experimentally by Kelvin Probe Force Microscopy.

In the present paper, we report on the fabrication and investigation of prototype photosensitive
memristors based on ZrO,(Y) films with Au NP arrays.

Materials and Methods
The ZrO,(Y) films with embedded Au NPs were prepared using layer-by-layer magnetron
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deposition of ZrO,(Y)/Au/ZrO,(Y) stacks followed by annealing. Torr International® MSS-3GS
vacuum setup for deposrtron of2 thin films was employed.

a) b)

illumination

L4 A

4—TEITO

| YSZ memristive
tayer

LA N W J
Au nanoparticles
metal BE Pt

Fig. 1. Schematic representations of the structure of the active region (cross-section, a) and of the
topology of the prototype memristor (top view, b)

contact area to BE metallization Al contact area to TE metallization Al

The ZrO(Y) films were deposited by radio-frequency (rf) magnetron sputtering from
pressed powéer Zr0,~Y,0, (=12% mol.) targets in Ar-O, (50 50% mol.) ambient at a pressure
of = 1.7-10 Torr and at tfle substrate temperature T 250 °C. The metal films were deposited
by direct current (dc) magnetron sputtering in Ar ambient at T =200 °C. The cross-section
of the memristor stack is shown in Fig. 1, a. First, the bottom electrodes (BEs) from Pt of
10 nm in thickness with the 10-nm Ti adhesion sublayers were deposited onto the n*-Si(100)
substrates (the specific resistivity p = 0.005 Q-cm). Then, the underlying ZrO(Y) layers of
~10 nm in thickness were deposited onto the Pt BEs. Next the Au films w1th an average
thickness ~1 nm were deposited and capped with 10 nm thick claddrng ZrO,(Y) layers. Finally,
the stacks were annealed at ~450 °C in Ar ambient for = 2 min. The structure and optical
properties of the ZrO,(Y):NP-Au films prepared using the procedure described above were studied
earlier [12]. Cross- sectional transmission electron microscopy has shown the Au films in the
ZrO,(Y)/Au/ZrO(Y) stacks prepared in the same regime to transform into dense arrays of nearly
spherrcal Au NPs of 2—3 nm in diameter arranged almost in a single sheet inside the ZrO,(Y)
films. The surface density of the Au NPs was ~10'> cm™. The optical transmission spectra
(300 K) manifested the absorption peaks at A = 630—650 nm attributed to the collective PR in
the dense Au NP arrays.

The cross-point prototype memrisor devices were fabricated from the ZrO (Y):NP-Au films
using standard photolithography with wet etching using Planar® lithographic line (Belarus). The
topology of the devices is shown in Fig. 1, . The top electrodes (TEs) were made from conductive
transparent ITO films of 200 nm in thickness deposited by Electron Beam Evaporation followed
by annealing in air to complete the oxidation. The motivation for the choice of ITO as the TE
material was to provide the access of the photoexcitation to the active ZrO_(Y):NP-Au layers.
The metal contacts to TEs and BEs with the contact pads were made from Af The whole device
structures were protected by SiO, coating.

The electrical parameters of ti”re prototype memristors were examined with Agilent® B1500A
semiconductor device analyzer. The electrical contacts to the contact pads were provided using
EverBeing® EB-6 probe station. The current compliance during the electroforming and measuring
the cyclic /—V curves was set to +0.5 mA. The devices were illuminated with a continuous wave
laser diode (LD) with the emission wavelength A = 650 nm, ouput power ~1 W and the beam
diameter ~1 mm. The photoexcitation intensity was attenuated by a set of glass light filters.

Results and Discussion

Fig. 2, a shows the cyclic /—V curves of the memristor measured in the dark and under
illumination by the LD at A = 650 nm. The illumination resulted in a decrease in the voltage
of switching from the high resistance (OFF) state into the low resistance (ON) one U,.. Also,
the absolute value of the voltage of switching back from the ON state into the OFF one URESET|
increased. The effect can be explained as follows [11]. The plasmonic absorption of the light in
the Au NPs results into the internal photoemission of the electors from the Fermi level in the
Au NPs into the conduction band of ZrO(Y) (Fig. 2, b). The Plasmon resonance enhances the

interaction of the incident light with the electrons confined in the Au NPs [13] that, in turn,
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increases the photoemission current [14]. As a result, the Au NPs become charged positively.
Fig.2, b presents the calculated band pictures of the ITO/ZrO,(Y):NP-Au/Pt stack when the
positive voltage U =1 V is applied to the ITO TE relative to the Pt BE for the cases when the
Au NP is charged with different numbers of the elementary charges e: from Oe to +5e. The
calculation procedure was described in details elsewhere [11]. The charging of the Au NP results
in a local enhancement of the electric field strength F" at the NP surface (at the side closest to the
Pt BE). Correspondingly, /' decreases (or even changes its sign) at the opposite side of the NP
(directed towards the I'TO TE biased positively).

As it has been already mentioned above (see Introduction), in the memristors based on oxides,
the CFs consist of the positively-charged VOs [5].

a) b
0 — = ; i
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] ; ‘ - I
10 F A I
= o = o
|
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Fig. 2. Effect of illumination with the LD emission (A = 650 nm) on the cyclic /—V curves of the
memristor (a); calculated band diagram of the memristor stack for 6 different values of the Au NP
charge (from Oe to +5¢), U =1V (b)

When a positive bias is applied to the TE, the VOs are attracted to the negaievely-biased BE
where the vacancy clusters nucleate. Once a cluster has nucleated, the local electric field strength
at its top increases accelerating further growth until the cluster reaches the TE thus forming a CF.
On the other hand, a metal sphere (or ball) placed inside an insulator of a flat capacitor is known
to concentrate the electric field strength near the sphere even if this one remains neutral as a
whole. Consequently, if an array of the metal NPs is embedded into the insulator of a memristor,
the CFs grow preferably through the NPs acting as the local electric field concentrators [15].
The charging of Au NPs due to the internal photoemission of electrons enhances this effect even
more. As a result, the restoration of the CFs (taking place near the NP surface) during switching
from the OFF state into the ON one (so-called SET process) takes place at smaller values of Uy,
as compared to the switching in the dark.

The rupture of the CFs during switching from the ON state into the OFF one (so-called
RESET process) goes preferentially via the diffusion of the VOs out of the CFs enhanced by Joule
heating of the CFs by the reverse electric current flowing through the CFs when a reverse bias is
applied [2]. In this case, the charging reduces F at the NP surface directed towards the BE thus
preventing the rupture of the CF. As a result, greater absolute values of U, .. are necessary to
switch the memristor from the ON state into the OFF one.

It is worth noting that due to small NP size, its potential changes considerably (as
compared to the thermal energy A7 = 26 meV at the room temperature 7 = 300 K, k being the
Boltzmann constant) in a digital manner with the emission of every next electron from the NP
(see Fig. 2, b) that is a clear manifestation of the single electron charging effect [11].

Moreover, it can be observed that the electric current still flows through the device in the OFF
state at U = 0 (see Fig. 2, b). This can be attributed to the ion migration polarization effect in
ZrO (Y) [16].

ing. 3, a shows a waveform of the current flowing through the memristor /(#) recorded when
illuminating with a 0.5 s light pulse. Initially, the memristor was set to the OFF state in the
dark, and a constant voltage U = +2.0 V (slightly below U, ) was applied to the memristor.
Next, the illumination of the memristor with the LD was switched on at =0 for ~ 0.5 s. Under
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Fig. 3. Waveform of the current flowing through
the memristor /(¢) when illuminating with a 0.5 s
light pulse (0<¢<0.5s, A= 650 nm), U=+2.0V

the illumination, the memristor switched to
the ON state and remained in this state after
switching the illumination off. The instability
and partial quenching of / during illumination
was attributed to the photoinjection of the
electrons into the VO-related electron traps in
ZrO,(Y) [11] leading to the screening of the
electric field inside the ZrO,(Y):NP-Au active
layer.

Conclusions

The prototype optically  controlled
memristors based on the ZrO,(Y):NP-Au
films were obtained. The functioning of the
devices is based on the PR enhanced internal
photoemission of the electrons from the Au

NPs. The shift of the cyclic I—V curves of
the memristor under illumination as well as the optically-induced switching of the memristor
were demonstrated. The results show the investigated devices to be promising for application in
memristor photonics.
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observed in the spontaneous electroluminescence spectra. We investigated two-level lasing via
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MHoroypoBHeBas Jla3epHas reHepauusa B MUKPOAUCKOBDbIX
nasepax ¢ InAs/GaAs KBAaHTOBbIMMX TOUKAMHM
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AnHoranusa. B naHHoii paboTte ucciienoBaHbl 0COOEHHOCTU pean3alluy ABYXyPOBHEBOM Ja-
3€PHOI TeHepaly B MHXEKIIMOHHBIX MUKpOJa3epax ¢ aKTUBHOM 00J1acThbl0O HA OCHOBE CaMoO-
oprann3oBaHHBIX InAs/GaAs KBaHTOBBIX TOYEK. B criekTpax CIIOHTaHHOM 3JIEKTPOJIOMUHEC-
LEHLMU OOHAPYXKEHBI MOJOCHI U3TYYEHMUSI, CBSI3aHHBIE C ONTUUYECKUMMU JIEKTPOH-IbIPOYHBIMU
rmepexojaMy 4epe3 OCHOBHOE M BO30YKIEHHBIE COCTOSIHMSI KBAHTOBBIX Touek. OOHapyxkeH
crajl MOpOroBbIX TOKOB JJISI JIa3€pPHOM TeHepaluMyd 4Yepe3 OCHOBHOE M MEepBOE BO30OYXKIEH-
HOE COCTOSTHMSI KBAaHTOBBIX TOUEK MPU YMEHbBIICHUM IHaMeTpa MUKPOAMCKOBOro jasepa. Mc-
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cJeJoBaHHbIE TeMITepaTypHbIe 3aBUCUMOCTH MOPOTOBBIX TOKOB JIBYXYPOBHEBOI reHepaluu B
MHUKpOJIazepax IEeMOHCTPUPYIOT BO3MOXHOCTb peajM3allii JBYXypPOBHEBOIW TeHepalluu B
InAs/GaAs kKBaHTOBBIX TouKax BIIOTh 10 90—100 °C.
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Introduction

In the past decades, substantial progress has been achieved in the field of injection lasers with
a quantum-dot (QD) active region. Self-organized InAs/GaAs quantum dots emitting in the
spectral range of 1—1.3 um allow to achieve low threshold current densities and sufficiently high
temperature stability of laser characteristics [1], showing promise for applications in various fields
including data transmission. Depending on the type of cavity, structures with the same active
region may have different purposes and advantages. In particular, microdisk cavities supporting
the propagation of whispering gallery modes also allow to reduce threshold currents, achieve
small lateral sizes and reach high O compared to Fabry—Perot cavities [2,3]. Vertical-cavity sur-
face-emitting lasers have the same advantages as microdisks, however, the ease of manufacture
and the possibility of radiation output in the lateral direction make microdisk lasers promising
radiation sources for use in photonic integrated circuits [4].

The effect of two-level lasing has been previously observed in lasers with an active region with
quantum dots [5]. Lasing at relatively low pumping currents occurs upon the ground state (GS)
transition of quantum dots, while lasing at high pumping levels occurs at a different wavelength,
corresponding to the first excited-state (ES) transition of quantum dots. This effect can be used to
increase the data transmission rate by introducing spectral coding. However, the implementation
of two-level generation in injection microdisk lasers has not been studied to date. For this reason,
this work considers the effect of two-level lasing in microdisk lasers with quantum dots.

Materials and Methods

The heterostructure for microlasers was grown by molecular beam epitaxy on an n-GaAs sub-
strate with a 500 nm thick GaAs buffer layer doped with donors with a concentration of 3-10'®
cm. Then an n-emitter of n-Al Ga,_ As was grown with a thickness of about 2500 nm. An active
region of the heterostructure was represented with 10 layers of self-assembled InAs quantum dots
separated from each other with 35 nm thick GaAs layers. Finally, a p-emitter of a 2200 nm thick
p-Al Ga_ Aslayer and a p-GaAs of 200 nm thick contact layer were grown over the active region.

Microdisk cavities with diameters of 12, 16, 20, 24, 28 and 32 uym were formed from the grown
heterostructure using a photolithography and plasma chemical etching processes. Multilayered
metallic contacts were also deposited on both sides of the heterostructure.

Electroluminescence spectra of the microlasers were obtained in pulsed-current mode (300 ns,
4 kHz). Individual electric contact to each microlaser was achieved with a conductive micropro-
be. The radiation of microlasers was collected by a 50x objective supplemented with an optical
fiber, the output of which was located in front of the entrance slit of the Andor Shamrock 500i
grating monochromator. Detection of radiation was carried out by a TE-cooled InGaAs array.

© KapabopueB A.A., Maxos W.C., MakcumoB M.B., Kpeokanosckas H.B., XKykoB A.E., 2023. Uznatenp: CaHKT-
[leTepOyprckuii monuTexHuueckuii yausepcuteT [leTpa Benumkoro.

158



\
|

Temperature measurements were carried out with a PID-controlled heater built-in into the meas-
uring table.

Optoelectronic and nanoelectronic devices

Results and Discussion

For the initial analysis of the structures, the spectra of spontaneous electroluminescence in
the structure without a cavity were measured. The emission spectrum measured at a high current
density of about 23 kA/cm? is shown in Fig. 1. It is seen that the spectrum can be well approxi-
mated by 4 Gaussian functions, which correspond to the ground (GS in Fig. 1) and first, second
and third excited (ES1, ES2, ES3 in Fig. 1, respectively) state optical transitions in quantum dots.
In addition, radiation from the wetting layer (WL in Fig. 1) of the structure is observed in the
short-wavelength region of the luminescence spectrum. The obtained spectral positions of emission
bands are in good agreement with studies of similar QD structures made by other scientific groups,
however the designation of these excited optical transitions in different articles varies slightly
(1%, 27 ..., or GS, ESI ..., or s-, p-, d- etc.) [6-8]. This characterization of the active region
makes it possible to determine the spectral range where two-level lasing can be observed in the
studied QDs.

Typical electroluminescence spectra measured at different injection currents for a microdisk
laser with a diameter of 28 um are shown in Fig. 2, a.
Spontaneous electroluminescence is only observed at
the lowest injection current. An increase in the current
above 3 mA leads to the appearance of lasing lines
(at 1160 and 1183 nm), that corresponds to the GS
transition. These lasing lines correspond to different
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1. Spontaneous electroluminescence
spectrum from the active region of the
structure, measured at the injection current
density of about 23 kA/cm? and the room

whispering gallery modes propagating in the micro-
cavity. It is worth mentioning that the intensity of the
spontaneous emission remains practically unchanged
beyond the lasing threshold, which reflects the Fermi
level pinning. With the further increase of the injection
current up to 13 mA, lasing also occurs via the first ES
transition of quantum dots at the wavelength of about
1099 nm. This corresponds to the beginning of two-
state lasing. For microdisk lasers of other diameters, a
similar behavior is observed, but with different thresh-
old currents for the onset of GS and ESI lasing. The
lasing wavelength corresponded to the ESI transitions
in microdisks of other diameters lies in the range of

temperature 1090—1110 nm.
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diameters of about 28 and 12 um (b)
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Fig. 2, b shows the dependences of the integrated emission intensity for the laser modes in-
volving the ground and first excited states of quantum dots on the current density in microlasers
with cavity diameter of 28 and 12 um, obtained from the analysis of electroluminescence spectra,
measured at the different injection currents. According to the Fig. 2, b and the abovementioned
discussion, laser generation occurs at first for the ground-state optical transitions leading to the
increase in its integrated intensity with the current density. At relatively high injection currents,
lasing occurs for the optical transitions via the first excited state of quantum dots corresponding
to the two-state lasing regime. At the same time, as certain current densities above the ES1 lasing
threshold are reached, this results in saturation and subsequent decrease in the integrated stimulat-
ed emission intensity for the GS-induced optical transition for both 12 and 28 um microdisk lasers.
The observed decline of the GS lasing intensity is related to the effective depopulation of hole
states in quantum dots due to the ESI induced optical transitions. The energy distance between
the lower hole states in the studied QDs is much lower than thermal energy at room temperature.
In this case, the competition between electrons from the ground and first excited states of QDs for
common holes is observed. However, due to the greater degeneration factor for the first excited
state than for the ground state ones, ES1 induced optical transitions starts to dominate resulting in
the decrease of the GS lasing intensity [9].

The dependences of threshold currents for the GS and ESI lasing on the diameter of the mi-
crodisk cavities were investigated at room temperature. For each diameter, several microdisks were
investigated. The obtained dependences of threshold currents for the ES1 and GS lasing on the
diameter of microdisk lasers are shown in Fig. 3, a. As can be seen from the experimental data,
a decrease in the diameter of the microdisk laser leads to a decrease in the threshold current for
lasing at both ground and first excited optical transitions of quantum dots. Such a decrease in the
threshold current for the GS lasing was already observed in Ref. [10]. In our case, the dependences
of the threshold currents for GS and ES1 lasing on the microcavity diameter are almost quadratic
leading to slight dependence of the threshold current densities on the microdisk diameter.
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Fig. 3. Dependences of threshold currents for the ground and first excited induced optical transitions on
the diameter of the microdisk lasers (a) and on the temperature for microdisks of different diameters ().
Solid lines in the left panel are guides for the eye

It is worth noting that a deviation of the threshold currents from the approximation curve based
on the data for microdisks of other diameters is observed for microdisks with diameters of 16 and
20 um. This spike is probably related to the deviation of the parameters of microlasers with cavity
diameters of 16 and 20 um from the technological parameters of microlasers of other sizes, arising
at the stages of cavity formation by photolithography and plasma chemical etching.

It was also important to obtain the temperature dependences of the threshold current, which
makes it possible to determine the optimal operating temperatures for different diameters of mi-
crodisks. The resulting dependences are shown in Fig. 3, b for the microdisks of different cavity
diameters. The temperature increase leads to the increase in the threshold current density for
both ground and first excited state transitions in all investigated microdisks. Such increase in the
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threshold current is associated with several factors. First, the increase in temperature results in the
thermal broadening of the charge carrier distribution function and the corresponding redistribution
of charge carriers between the states of quantum dots. Second, an increase in temperature leads
to the increase in the equilibrium concentration of charge carriers in the waveguide layers of the
structure, which leads to an increase in free carrier absorption and a corresponding increase in
internal loss in microlasers.

It is worth noting that two-level lasing up to 90—100 °C is observed for all studied microlasers
of different diameters. With a decrease in the size of microdisks the characteristic temperature re-
mains constant for the GS lasing and is about 44 K. The decline of the characteristic temperature
was observed for the excited state lasing with the cavity diameter decrease. We associate it with a
greater influence microlaser self-heating in microdisks of smaller diameters at high injection cur-
rents corresponded to the ES1 lasing conditions. In addition to the above-mentioned effects, as
the temperature increases, the probability of charge carriers escape from quantum dots is essential
for the excited states of quantum dots, which also affects the growth of the threshold current with
temperature.

Conclusion

We considered two-level lasing in injection microdisks with InAs quantum dots grown in the
GaAs matrix. The two-level lasing emission involving ground and first excited states of quantum
dots was detected in microlasers with cavity diameters of 12—32 pum. The dependences of inte-
grated intensity of laser lines on the injection current for ground and first excited induced optical
transition in quantum dots were studied. The emergence of the first excited state lasing leads to
the decrease of the ground state lasing with the injection current increase. We have observed a
decrease in the GS and ESI1 threshold currents with a decrease in the microlaser cavity diameter.
The temperature dependences of the current thresholds suggest that two-state lasing does not dis-
appear with an increase in temperature up to 100 °C, however, there is an increase in the current
density values.
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AnHotanua. B pabore ObUIM McclIemOBaHbI CTATUYCCKHIEC M TMHAMUUYECKUE XapaKTePUCTUKU
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Introduction

The demands for the traffic-carrying capacity are constantly growing, which increases the
requirements for the data rate of near-IR vertical cavity surface emitting lasers (VCSELSs) used
in optical interconnects based on multimode fiber [1], but stimulates interest in the search for
new optical interconnects based on long-wavelength VCSELs for use in large data centers [2].
The manufacturing of VCSELs based on monolithic InAlGaAsP/InP heterostructures (created
in a single epitaxial process) is associated with poor thermal conductivity and low contrast in
the refractive indices of ternary and quaternary solutions, which negatively affects both the op-
tical output power of the laser and its high-speed performance [3]. The most promising way for
VCSEL manufacturing in the 1.3/1.55 um spectral range is the hybrid integration of an active
region based on InAlGaAs/InP materials either with high-contrast dielectric mirrors based on
CaF (AIF,)/ZnS materials [4—6], or with distributed Bragg reflectors (DBR) based on AlGaAs/
GaAs materials using wafer-fusion technology (WF-VSCEL) [7—10]. In terms of the active region
used, two main approaches can be distinguished: thick InAlGaAs quantum wells [4—6, 10] or thin
strained InGaAs quantum wells [8, 9].

In this paper, we present the results of studies of an optical-fiber transmitter based on 1.55
um WF-VCSEL with strained InGaAs quantum wells used as active region. An evaluation of the
maximum bit rate and range of data transmission over single-mode fiber with different lengths
has also been carried out.

Device Structure and Fabrication

The main element of studied optical-fiber transmitter (VCSEL-based transmit-
ter) was VCSEL with current injection implemented by n-InP intracavity contacts and
n-InAlGaAs/p*-InAlGaAs tunnel junction (TJ). Active area of VCSEL contained seven
strained quantum wells InGaAs with InAlGaAs barrier layers. The optical cavity with the to-
tal length 3A confined by top and bottom DBR based on 35 and 22 quarter-wave pairs of
AlGaAs/GaAs layers. Current and optical confinements were implemented within the concept
of a buried tunnel junction (BTJ). Due to partial planarization of surface relief in TJ layers, sin-
gle-mode lasing was feasible at large BTJ mesa diameters.

© Kosgau f.H., broxun C.A., babuues A.B., boopoB M.A., brnoxun A.A., ['magemies A.T'., Hosukos W.U., Kapaunnckuii JI.41.,
Bopomaes K.O., Eropos A.1O., 2023. Uznarens: Cankr-IleTepOyprekuii moamTexHuueckuii yauBepcuteT Iletpa Beaukoro.
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A detailed description of the VCSEL hybrid heterostructure and VCSEL chip manufacturing is
presented in [11] and [12]. A single VCSEL chip with 7 um BTJ mesa diameter was mounted in
an HF-case with a SMA-connector and an optical FC/APC connector. The VCSEL was optically
coupled into a SMF-28 fiber by conical microlens formed on the fiber end.

Device Characterizations and Discussions

Fig. 1 shows the basic static and spectral characteristics of the VCSEL-based transmitter. The
efficiency of optical coupling into a single-mode fiber was about 45 %, which ultimately limited
the maximum output optical power to 2.5 mW (Fig. 1, a). At the same time the value of threshold
current did not exceed 1.4 mA. The studied optical-fiber transmitter showed single-mode lasing
with side mode suppression ratio (SMSR) more than 30 dB in the wide range of operating current
(Fig. 1, b).

The frequency splitting of the fundamental mode is associated with the degeneracy removal
of the two orthogonal polarized modes (birefringence) [13], which was caused by transverse an-
isotropy of the cavity resulted from the asymmetric form of the re-grown BTJ mesa [7] and/or
the elasto-optic effect induced by the mechanical strain after the double wafer-fusion [14]. An
analysis of frequency splitting mechanisms is beyond the scope of this paper.
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Fig. 1. Light output power and voltage as function of the current («) and the typical optical spectra
obtained at 20 °C (b)

Fig. 2 shows the results of small-signal modulation analysis of the VCSEL-based transmitter
using a Rodhe & Schwarz ZVA 40 network analyzer and a New Focus 1434 photodetector at
25 GHz. Above the threshold current the —3 dB modulation bandwidth gradually increased with
modulation current efficiency factor ~3.8 GHz/mA’> and reached saturation at the values of
11.5-12 GHz under the current over 10 mA. The rate of resonance frequency increment with
current above threshold (D-factor) reached 2.7 GHz/mA’> and showed tendency to saturate at
higher injection current. In addition, resonant frequency is below the -3 dB modulation band-
width in the entire range of operating currents. The K-factor estimated from the dependence of
the intrinsic damping factor on the square of the resonant frequency was 0.35 ns at moderate pho-
ton densities. The achieved modulation bandwidth of the optical-fiber transmitter was higher in
comparison with unmounted VCSEL chip [9], which can be explained by the improvement of the
electrical matching between the mounted VCSEL chip and a microwave signal source in the fre-
quency range of 6-10 GHz. The high-speed performance of direct modulated laser is determined
by the damping of the relaxation oscillation, the thermal effect and the cut-off frequency of the
electrical parasitic [15]. The maximum theoretical bandwidth limited by damping was estimated
to be 25 GHz, however the effects of self-heating and gain saturation at large currents enhanced
the damping. The maximum theoretical bandwidth limited by the electrical parasitics was more
than 20 GHz, while the maximum theoretical bandwidth limited by the thermal effects was about
16 GHz. Thus, the high-speed performance of the VCSEL-based transmitter was limited by a
combination of thermal effects with damping of relaxation oscillations.
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To evaluate the data transmission capacity under on-off keying modulation the optical-fiber
transmitter was modulated by a large non-return-to-zero (NRZ) signal. A Keysight M8195A
arbitrary waveform generator was used to form a pseudorandom binary sequence (PRBS) with
the length of (27—1) bit. Eye diagrams were registered by a Keysight UXR0204A real-time oscil-
loscope with a Keysight N7004A optical-electrical converter. Fig. 3, a shows the measured eye
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Fig. 2. Measured small signal modulation response S, at the different currents (a); parasitic cut-off

frequency f, resonance frequency f, and —3dB modulation bandwidth /', . as function of the squared

root of the current above threshold (b). The inset shows the dependence of the intrinsic damping
factor y on the square of the resonant frequency /.. The temperature of measurements was 20 °C
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Fig. 3. Optical eye diagrams at different bit rates across a 1 m SMF-28 fiber (a); optical eye diagrams
at 10 Gbps for different lengths of SMF-28 fiber (b). The operating current was 10 mA, the modulating
voltage was 0.5 V. The measurement temperature was 20 °C
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diagrams of optical-fiber transmitted at different data rates for short transmission line (back-to-
back, BTB). At the bit rates higher than 10 Gbps, enhancement of inter-symbol interference can
be seen, which leads to increase in jitter and decrease in eye height, despite the relatively high
optical modulation amplitude. It should be mentioned that high rise and fall times (~25 ps) of
input electrical signal, which is formed by PRBS-generator, also negatively affect the shape of
the decision area (eye width and height). Influence of SMF transmission on the shape of the eye
diagrams was also studied at bit rate of 10 Gbps (Fig. 3, b). As the fiber length increases, the
rise/fall time firstly increases from ~40 to ~100 ps, and the pulse splits within the clock interval
into separate groups of lines with different signal rise/fall times (after 7 km SMF transmission).

Fig. 4, a shows the optical spectra of the VCSEL-based transmitter at different bit rates of
PRBS (2’—1) NRZ modulation. Compared to CW operation, a decrease in the bit rate leads to
the greater red shift of the lasing spectrum, while an increase in the bit rate leads to a significant
spectrum broadening (positive chirp). A wider spectrum of the optical signal leads to an increase
in the rise and fall edges of the signal due to the chromatic dispersion of the optical fiber, which
correlates with the experimental eye diagrams (Fig. 3, b).

In order to clarify the influence of individual bit sequences on the lasing spectrum of a
fiber-optic transmitter, the spectra were studied under amplitude modulation by rectangular
pulses of various durations with a repetition rate of 500 MHz, simulating a sequence of n bits
“1” at bit rate of 10 Gbit/s. As shown in Fig. 4, b, as the pulse duration increases (the sequence
of bits “1”), a red shift of the emission spectrum is observed, which is due to fluctuations in
the material parameters of the laser cavity and the active region caused by the modulation of
the charge carrier density. Therefore, it can be assumed that the faster components of the eye
diagram, corresponding to the bit sequence 01010, are blue shifted compared to the slower
components of the eye diagram, corresponding to sequences of identical bits. Thus, the combi-
nation of positive chirp of optical pulses and positive chromatic dispersion of the SMF-28 fiber
leads to an increase in the rise/fall time of the slower components of the eye diagram compared
to the faster components, which ultimately leads to distortion of the shape of the eye diagram
for a fiber length more than 7 km.

a) b)
04 0
1 _ H
i 5, ligs = 10 MA !
! —_— 1
i ew | 1y, = 10 A
=10 4 l‘ 1 I.Dc.\'ss -10 1 |I = = O
- : 1 Gbps '_ :
——— 10 Gbps = [
Jus} i @ f e @ SO0MHzZ
= 201 rl —— 25 Gbps T 30 | p O -
2 i g ——300 ps
2] ! =]
[a o —700 ps
=301 -30 4
-40 -40
1661.8 156;2,0 156|2.2 156|2,4 156|2,6 156|2.8 15618 15G|2.0 1SG|2.2 158|2.4 1§G|2.B '155|2.8
Wavelength, nm Wawvelength, nm

Fig. 4. Optical spectra of the VCSEL-based transmitter modulated at different bit rates (a);
optical spectra of the VCSEL-based transmitter modulated at 500 MHz frequency with different
pulse time (b)

Conclusion

The static and dynamic characteristics of a 1.55 pym VCSEL-based transmitter were stud-
ied. The device demonstrates single-mode generation with SMSR >30 dB over a wide range
of currents, and the maximum optical power at the fiber end exceeds 2.5 mW. According to
small-signal modulation experiments the -3 dB modulation bandwidth exceeded 11 GHz. The
high-speed performance of the device is limited by thermal effects and damping of relaxation
oscillations.
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The analysis of the maximum bit rate and fiber length was carried out. The maximum bit rate
exceeded 25 Gbps and was limited by the characteristics of the PRBS generator. With an in-
crease of the fiber length, an increase of the rise and fall times was observed, which was caused
by the dynamic broadening of the spectrum (chirping). According to the analysis of the emis-
sion spectra for various modulations, the slower components were red shifted compared to the
fast components. As a result, the chromatic dispersion of the fiber led to increased inter-symbol
interference and limited the length of the fiber for data transmission.
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Current and temperature dependences of optical characteristics
of powerful deep UV AlGaN LED (A = 270 nm)
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Abstract. The main goal of this work was to study the energy characteristics of deep ultravi-
olet light-emitting diodes and to establish the physical reasons for the limiting of output optical
power and conversion efficiency of such devices. The voltage-current, light-current and spec-
tral characteristics of the AIGaN multiquantum wells flip-chip light-emitting diodes emitting
at a wavelength of 270 nm were experimentally studied in a wide range of operating current
densities of 0.01—2.5 kA/cm? and ambient temperatures of 200—350 K. Using the ABC-model,
it was found that at a relatively high internal quantum efficiency of radiation of ~70—90% and
a quite acceptable value of series resistance of ~1 Q. The main factor (key obstacle) limiting
the energy possibilities of devices is low light extraction efficiency. The latter is due to the
strong absorption of the generated light in the chip volume and on the contacts, as well as total
internal reflection on the AlGaN/sapphire and sapphire/air interfaces.

Keywords: AlGaN, deep UV, light-emitting diodes, internal quantum efficiency, light-ex-
traction efficiency, ABC-model, light-current characteristic
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Annoranug. llenpio gaHHON pabOTHI OBUIO M3YYEHHE SHEPreTUUSCKUX XapaKTePUCTUK CBeE-
TOAUOJOB IIYOOKOTO YJIbTPachMOJETOBOIO M3JIYyUEHUSI U YCTAHOBJICHUE (PU3MUYECKUX MPUUMH
OrpaHUYEHUS BBIXOAHOU ONTUYECKON MOLIHOCTU U 3(P(PEeKTUBHOCTU IMpeodpa3oBaHUs dHEP-
TMU B TaKWX yCTpolcTBaX. B Xxome pabOTHI OBLIM 3KCMEPUMEHTAIBHO MCCIEIOBAHBI 3JIEK-
TpoonThyeckue xapakrepucTuku MourHbiXx AlGaN flip-chip cBeTonnomnoB rirydokoro yibTpa-
(uonerosoro amamasona (A = 270 HM) B IIMPOKOM IMAaria3oHEe TOKOB M Temrieparyp. Ha
OCHOBE aHaJin3a TOJIyYeHHBIX 3aBUcuUMOCTell B pamKax ABC-mopenu crnenaHbl BBIBOABI, YTO
IIPY OTHOCUTEJBHO BBICOKOII BHYTPEHHEW KBAaHTOBOI 3ddekTuBHOCTU M3aydeHus ~70—90%
Y 3HAYEHWU IOCIEI0BATEIBHOIO COMPOTUBACHUS ~1 (2, OCHOBHBIM (haKTOPOM, OrpaHUYU-
BaIOIIM 2HEPreTUYeCKrMe BO3MOXHOCTU YCTPOWCTB, sIBIsIeTCS HM3Kass 3(DHEKTMBHOCTH
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aKcTpakuuu cBeta. ITociaenHee 00YCIOBICHO CUIbHBIM IOIJIOLIEHUEM F€HEpUPYEMOIO CBETa
B 00beMe UMIla M Ha KOHTAKTax, a TakxKe ITOJIHBIM BHYTPEHHUM OTpaXkKeHHMEeM Ha IpaHuLax
AlGaN/candup u candup/Bo3nyXx.

KmoueBbie cioBa: AlGaN, rinyGokuit yabTpaduoneT, CBeTOANOA, BHYTPEHHUT KBAHTOBBIN
BBIXOJ, KO3(ulMeHT BuiBoga m3nydeHusi, ABC-momenb, BaTT-aMmnepHasi XapaKTepuCTUKA,
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Introduction

Over the past decade, significant efforts have been directed to improving epitaxial technologies
and designs of deep ultraviolet (DUYV) light-emitting diodes (LEDs) based on AlGaN quantum-
well heterostructures emitting in UV-C spectral region that spans from 100 nm to 280 nm [, 2].
UV-C radiation covers wide range of applications including polymer curing, biochemistry and
analytical systems using fluorescence, spectrometry, military fields, etc. But the main interest is
attracted by the bactericidal effect of UV-C radiation, which can be used to deactivate pathogens
(e.g., bacteria, spores and viruses), air and water purifiers, disinfection and sterilization of various
items. Currently, one of the most effective methods for disinfecting is the use of discharge mercury
lamps, for example, type DB 75. However, they have a number of well-known disadvantages,
including size, power systems, insufficient service life and mercury disposal. With the replacement
of lamps with LEDs, great prospects are associated, but today they are hampered by low energy
parameters of DUV LEDS output optical power (P ), external quantum efficiency (1) and,
respectively, wall-plug efficiency (WPE). So, for similar in design flip-chip blue (A = 4Q"/DO nm)
LEDs based on AllInGaN multiquantum wells (MQWs) heterostructures a peak Neoe of more than

80% has been attained [3]. This allows, at sufficiently high operating currents, to get P up to
tens of watts at the WPE > 40% [4, 5]. At the same time, for DUV LED Neop ~ 20% has been
achieved for record laboratory LEDs [6], while for commer01al devices it is only a few percent
and P, <100 mW [7].

Experimental details

We studied a high-power AlGaN multiquantum well DUV LEDs with a wavelength
Xpeak~ 270 nm. Emitting chips have “flip-chip” design with a multilevel distributed system of
p- and n-contacts on the back side [9]. As is known, such LED design is the most efficient in
terms of radiation output, current distribution and heat removal [10, 11]. The dimensions of the
emitting chip are 1280 x 1160 pm?, so the total area is S = 1.4 mm? and the active area under
the p-contact is § = 0.75 mm? (used to calculate the current density .JJ). The chip for contacts
with additional metallization is mounted by soldering on the AIN electrode and heat-removing
carrier-board.

The power and spectral characteristics of DUV LEDs at room temperature and moderate
currents (up to 350 mA) were measured in continuous mode using a 6-inch integrating sphere of
the OL770-LEDUV/VIS (200—780 nm) High-speed LED Test and Measurement System [12].

At high currents (units - tens of amperes), a pulsed operation mode was used, excluding
self-heating (t = 100-300 ns, 7= 100 Hz). The power supply current pulses were provided by
an Agillent 8114A generator with a PicoLAS LDP-V 80—100 V3.3 amplifier, the optical signal
was recorded by a remote high-speed photodetector THORLABS DET02AFC and a Tektronix
TDS3044B oscilloscope in relative units. The conversion to the absolute values was carried out
according to the calibration obtained in the OL770-LED. The emission spectrum was recorded
with an Avantes AvaSpec-2048 spectrometer. The investigated temperature range 200—350 K was
set by a cryostat with an optical window CCS-450 (Janis Research Company Inc.).

© UsanoB A.E., Tampnumranx H.A., Yepnskos A.E., 3akreiim AJL., 2023. U3natens: CankT-[leTepOyprekuii OJUTEXHUUECKUT
yHuBepcuret I[lerpa Benaukoro.

171



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023 Vol. 16. No. 1.3

Results and discussion

Fig. 1, a shows typical room temperature electroluminescent (EL) spectra of the
DUV LED in a wide range of currents (/ = 0.001-20 A), respectively, current densities
(/=0.0001-2.6 kA/cm?). Calculated on the basis of Fig. 1, a, the current dependences of the
peak wavelength 7e . and full width at half maximum (FWHM) are presented in Fig. 1, b. For
comparison, similar typ1ca1 dependences for blue (A ~460 nm) flip-chip AllnGaN LED are
shown by dashed curves. As can be seen from Fig. 1, a, the emission spectra of DUV LEDs
are distinguished by a very high current stability, in comparison with similar blue LEDs. The
short-wavelength shift AA__ with a change in current density by 3 orders for DUV LED is
only ~ 1—1.5 nm, while theeﬁWHM remains within ~10—11 nm. For blue LEDs, the short-wave-
length shift with current change within the same limits is ~25 nm, and F WHM increases from
21 nm to 32 nm. Such a difference in the spectral behavior of DUV LEDs and blue LEDs is
explained by the fact that for highly polar “blue” structures containing In in the quantum well
(In, Ga (,N), the short-wavelength current shift A and the expansion FWHM are mainly
affected by screening injected carriers of the internafl ﬁeld which causes the quantum confined
Stark effect (QCSE). In DUV LEDs, the Al  ,Ga N active quantum well does not contain In
and is not strongly spontaneously polarlzed A small change in the spectrum with current is
associated with an increase in the carrier concentration and their energy distribution.
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Fig. 1. Spectra of DUV LED emission at different current, 7 = 293 K, curve / corresponds to
J =0.05 kA/cm?, curve 2 to J = 0.5 kA/cm?, curve 3 to J = 2.5 kA/cm? (a);
current dependence of Axpeak and FWHM. For comparison, the same dependences for blue LED are
shown by the dashed line (b)

Fig. 2, a shows the emission spectra of the DUV LED at an average current value
1=0.5A (U ~70 A/ecm?) in the temperature range 7' = 200—350 K. It is clearly observed
from Fig. 2, a that the changes in k o and FWHM for DUV LEDs with temperature are
within 2.0— 3 0 nm, i.e., the temperature coefficient TCA_ < 0.02 nm/K (for blue LEDs
TCh  ~0.1 nm/K) Thus both in terms of current and ter{ﬁperature stability of the spectrum,
puV iEDs are notlceably better than blue LEDs. Fig. 2, a also shows on a semi-logarithmic
scale the view of the short wavelength shoulder of the emission spectrum as a function of energy
(hv [eV] = 1239.6/A [nm]), which makes it possible to estimate the carrier temperature 7 from
the slop of shoulder (based on their Boltzmann distribution) [13].

o(InP)__
7 =k, 2D (M)
’ o(hv)
As follows from Fig. 2, a, there is a good correlation of the carrier temperature with the
temperature of the LED package, which indicates the absence of noticeable self-heating in the

pulsed operating mode. Therefore, the energy current dependences considered below have a

purely electronic character.

Fig. 2, b shows the main energy characteristics of the DUV LED: the dependences of the
external quantum efficiency Ngop ON the current density. As can be seen from Fig. 2, b, the
maximum value of mgj; was 3. éf%, at current density J = 5 A/cm?. For comparison, the val-
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ue of nga; of the blue LED of similar design approaches to ~ 70%, and at high current Neor
remains at the level of ~30%. [4] at low current densities. With such a cardinal difference in
energy efficiency, it is of undoubted interest for research and applications to find out which of
the factors, i.e., transport and injection of carriers, internal quantum efficiency or efficiency of
radiation extraction, plays a major role in limiting possibilities of DUV LEDs.

To answer this question, in addition to the temperature dependences of emission spectra
already described above, we consider the temperature dependences of Nk . Fig. 2, b shows the
dependences of the n_,. on the current on an enlarged scale in the mo erate current range for
temperatures set from %OO K to 350 K with a step of 10 K. Two important consequences follow
from Fig. 2, b. First, the values of Ngop &radually increase with decreasing temperature, since
reducing the rate of nonradiative Shockley-Reed-Hall recombination. And, secondly, for the
same reason, the current density decreases, where the value r]ma" is reached. It is important
that at low temperatures 223—233 K, the possrbrhty of a clear 1dent1ﬁcat10n of the position of
the r]ma" on the current dependences Neoe = f(J) opens up. The form of the dependence, for
example at T = 223 K, with a pronounced maximum mp,; on the curve, allows us to apply
ABC-model for estimating the internal quantum efficiency Niog [14].

a) b)
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Fig. 2. Normalized DUV LED emission spectra as a function of temperature at a current density of
13 A/cm? and the short-wavelength shoulder of the same spectra recalculated in energy coordinates (a).
Dependence of Nggp ON the current at three temperatures 223 K (7), 298 K (2); 353 K (3).
Experimental and calculated data according to the ABC-model (dotted line) (b)

In the ABC-model, Nioe is determined by the competition of three recombination mecha-

nisms in the active regron R
Bn

An+Bn> +Cn’’ )

MNege = Nev> Mige = Newr

where 4, B, C are the coefficients corresponding to the mechanisms of nonradiative
Shockley-Read—Hall recombination, radiative bimolecular recombination and nonradiative
Auger recombination, n is the concentration of injected carriers in the active region. Deter-
mining the parameters 4, B, C separately is an experimentally difficult task, which, as a rule,
gives only approximate estimates. However, using the well-known transformations [15] when
plotting the experimental dependences of the nma" /nEQE on the sum of the roots of the powers
(p"? + p'?), where p=P~, /P " and P "is the power at a current corresponding to Mgy »
we obtain an expression {6 determrne the ‘main parameters of radiative recombination:

1"IEQE _ T]max + pl/z + p_l/z
Mee 0+2 A3)

where the invariant Q = B/(A-C)"* — “quality factor” is a fundamental characteristic of the
LED: nmé" 0/(0+2). Considering the graph based on expression (3) with the extrapolated
(p"*+p~"*) — 0, we can determine nyg; , and Q from the slope of the curve. Taking into account
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Neoe = MoyMNiok knowing Mo and experimentally measured Neop> it is possible to determine
m, that is, all the main parameters of the LED. The results of corresponding calculations
based on the 5th experimental dependence 1. = =f (J) in the region of moderate currents
(0.01-0.1 A) at T = 223 K gave the following va ues: Mioe = 0.87, Mge = 0.042, = 0.048.
As the temperature rises to room 7' = 293 K, assuming reasonably that next does not depend
on temperature, it follows from Fig. 2, b that n;‘gg , drops to 0.68 due to an increase in nonra-
diative recombination.
Conclusion

The experimental dependences n, = =f(J) for DUV LED (A =270 nm) are well described
by the ABC-model, which made it possible to estimate 1, E which has a rather acceptable value
of 70—90% in the temperature range 7" = 200—350 K. ’IIIQ”IG low value of n .. ~3-4 % is due to
the smallness of 1. The latter is due to the absence of the effect of ‘multi—passage’ of light in
UV-C emitting chips because of absorption at the contacts, which occupy a large area. This
is the main difference from blue LEDs, where the contacts have sufficient reflectivity. Further
efforts to improve the energy parameters of DUV LEDs are primarily related to improving the
design of the emitting chip: Bragg reflectors, micro mesa-reflectors etc., increasing the chance
of light output.
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E.A. Vyacheslavova " 2®, A.V. Uvarov', A.A. Maksimova?,
A.l. Baranov', A.S. Gudovskikh 2

! Alferov University, St. Petersburg, Russia;
2 Saint Petersburg Electrotechnical University "LETI", St. Petersburg, Russia
H cate.viacheslavova@yandex.ru

Abstract. The influence of silicon nanowire (SiNWs) geometry on the efficiency of radial
p-i-n junction solar cell is studied using experimental measurements. Solar cells based on ver-
tically aligned structures with the SINWSs less than 10 um in height are practically on par with
the planar element in terms of the open-circuit voltage, exceeding it in terms of short-circuit
current density by up to 1.5 times (3.9—4.9 mA/cm?). The increase in the short-circuit current
density is associated with the broadening of the quantum efficiency (EQE) spectrum. There is
a significant broadening of the EQE boundary to the short-wavelength region with a decrease
in the diameter of the SINWs (from 1.8 to 0.7 um). A decrease in the open-circuit voltage and
a decrease in the absolute value of EQE are observed for structures with SINWs more than 10
um in height.
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nokoH (KH) Ha mnOpou3BOIWTENBHOCTh COJHEYHBIX 3JIEMEHTOB Ha OCHOBE paaudalib-
HBIX p-i-n a-Si:H crpykryp, ocaxaeHHblx Ha KHH. CosHeuyHble 37€eMEHTBI Ha OCHOBE
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BEepPTUKAIbHO-OPUEHTUPOBAHHBIX CTPYKTYyp ¢ BhicoToit KH menee 10 MKM 1o 3HayeHUSIM Ha-
MPSDKEHUsI XOJIOCTOIO XOJa IPAaKTUYECKM HE YCTYHAaloT IIaHAPHOMY 3JIEMEHTY, a 10 3Haye-
HUSAM TUIOTHOCTM TOKA KOPOTKOTO 3aMbIKAHMA NMPEBOCXOmAT €ro no 1.5 pas (3.9—4.9 MA/cM?).
VBenmueHre 3HAUYECHUST TOKA KOPOTKOTO 3aMBIKAHUS CBSI3aHO C pacCIIMpEHUEM CIIEKTpa KBaH-
TOBOM 3(MGEKTUBHOCTH, IIPUYEM C YMEHBIICHWEM IMaMeTpa KPEMHUEBBIX HAHOBOJIOKOH
(c 1.8 mo 0.7 MKM) HaOIIODACTCS CYIIECTBCHHOE PACIIMPEHME TPAHUIIBI CIIEKTPa KBAaHTOBOM 3(h-
(peKTUBHOCTU B KOPOTKOBOJIHOBYIO 00JIaCTh. [IJisI CTPYKTYP C BBICOTOI KPEMHMEBBIX HAHOBOJIO-
KOH Oojyiee 10 MKM OTMeuaeTcsl CHIDKEHUE 3HAUYEHUs HAIPsDKeHUs XOJOCTOro Xoia M YMEHbIIe-
Hue abcomoTHoro 3HaueHus1 EQE.
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Introduction

The terrestrial photovoltaic industry is still dominated by crystalline silicon (c-Si) solar cells
due to their stability, relatively low cost and abundance of silicon [1, 2]. The record efficiency of
silicon solar cells based on a-Si:H/c-Si heterojunction is currently 26.7% [3] and is approaching the
29.4% [4] Auger-recombination-constrained Shockley—Queisser limit. The use of multijunction
solar cell was one of the ways to overcome theoretical limit and increase the total energy generated
by the modules. A new design of a multijunction Si solar cell was proposed [5], where the bottom
junction is based on a-Si:H/c-Si heterojunction, and the top junction is based on SiNWs coated
with p-i-n structures of a-Si:H. The radial design of top p-i-n junction is a way to enhance
absorption in undoped (i)a-Si:H layer without increasing its thickness and therefore can provide
an increase in the short-circuit current density J .. Thus, it is possible to solve major problem
of a classic planar a-Si:H/c-Si solar cell, which consists in current matching with the bottom
junction. In addition, the use of SINWSs is a promising way to fabrication flexible solar cells. The
SiNWs solar cell embedded in a polymer matrix have enhanced mechanical stability compared
to conventional planar element.

The influence of SiINWs radius on the efficiency of a-Si:H/c-Si solar cells was experimentally
studied [6]. It is reported that in order to reduce recombination losses, it is necessary to use
SiNWs with a radius exceeding the space charge region in Si.

The computer simulation of multijunction solar cells based on p-i-n structures and SiNWs
was carried out [7]. The dependence of the solar cell characteristics on the SINWs geometry was
calculated. It is shown that an increase in wire length leads to a decrease in the open-circuit
voltage V. and saturation of J .. At the same time, the value of 10 um is the critical length of
the wire.

In this article, we study the influence of the SINWs geometry on the efficiency of the top radial
p-i-n junction using experimental measurements.

Experimental section

Double-sided polished n-type antimony doped Si (100) wafers (0.008 Q-cm) were used for
solar cell fabrication. A planar p-i-n structure was fabricated as a reference solar cell.

© Bsuecnasona E.A., YBapos A.B., Makcumona A.A., bapanos A.U., I'ynosckux A.C., 2023. U3narens: Cankr-IletepOyprekuit
rnosiTeXHnueckuit ynusepcuret [letpa Benukoro.
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Vertically aligned structures were obtained using latex sphere lithography and dry etching in a
SF,/O, gas mixture at cryogenic temperatures (—120 °C). Plasma etching processes were carried
out using Oxford Plasmalab System 100 ICP380 setup. In general, the formation of SiNWs
includes three subsequent dry etching steps. First, the reducing of the latex spheres diameter
in O, plasma. Secondly, etching of SiO, layer in CHF, plasma via latex spheres. Thirdly, deep
cryogenic etching of Si via the formed hard SiO, mask. 3We varied the etching time in O, plasma
and the etching time in the cryogenic process to obtain SiNWs of different geometries. More
details about the formation of SINWs can be found in our previously published articles [8, 9]. The
structure parameters of the obtained vertically aligned structures are shown in Table 1.

Table 1

Parameters of vertically aligned silicon structures

Etching time, sec Structure parameter
O, plasma | Cryoprocess height, pm diameter, pm

260 53 1.6
170

220 5.3 1.8

260 7 0.7
300

220 8.5 1.3

260 450 12 1.4

A p-i-n a-Si:H structure on SiNWs was deposited via plasma-enhanced chemical vapor
deposition (PECVD) at a temperature of 250 °C using the Oxford instruments Plasmalab 100
PECVD setup. Undoped (i)a-Si:H layer was deposited from a gas mixture of silane (SiH,)
and hydrogen (H,); n-type phosphorus doped a-Si:H layer was deposited by adding phosphine
(PH,) to the gas mixture. P-type boron doped a-Si:H layer was formed due to the addition of
trimethylboron (TMB) to SiH, gas, respectively.

A 10 nm thick (n)a-Si:H 1ayer was deposited on the back side of the substrates to obtain
ohmic contact. Vacuum evaporated silver (Ag) layer was used for the bottom contact. Further, a
layer of a transparent conductive electrode based on indium tin oxide (ITO) was sputtered on the
front side. On the front side, point contacts were formed using Ag paste, followed by drying at
170 °C for 10 min. In the future, it is planned to optimize the front contact and form an Ag grid.
Figure 1 shows a schematic of the radial p-i-n solar cell design.

The I—V curves under AM1.5G simulator (Abet Technology SunLite) were measured using a
Keithley 2400 electrometer with software control in a LabVIEW environment. The EQE spectra
were carried out using an SLS M266 monochromator, a
halogen lamp and a reference solar cell based on c-Si. The total
reflection spectra were measured using an integrating sphere
and an AvaSpec SensLine spectrometer.

Results and Discussion

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to study the morphology
and structural properties of the obtained p-i-n structures. The
elemental composition was carried out directly in the TEM
setup by the EDX studies.

Fig. 2, a shows a TEM image of a section on the SINW
covered with ITO. According to the TEM image, the ITO layer
thickness is about 80 nm.

The elemental composition a section of the side SiNW
Fig. 1. Solar cell based on radial surface is presented in Fig. 2, b. The spectral distribution of

p-i-n junction the EDX signal shows the components of the ITO layer on
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Fig. 2. TEM image of wire covered with ITO (a) and EDX spectrum from a section of the side SINW
surface (b); the scale bar is 500 nm

wire. The presence of copper and carbon in the EDX spectrum could be due to the experimental
procedure of the analyses. Furthermore, the elemental mapping analysis was performed on the
SiNW covered with ITO (Fig. 3).

The elemental mapping analysis indicated
the uniform distribution of Si, In and O on the
wire. Thus, the ITO layer completely covers
vertically aligned structures.

The J—V curves and the photovoltaic
parameters of the radial p-i-n solar cell are
shown in Fig. 4, a and in Table 2, respectively.
Photovoltaic parameterssuchas V., J. . and fill
factor (FF) were calculated from illuminated
1=V curves. To study the efficiency of the
solar cells based on the p-i-n structure, EQE
curves were measured and are demonstrated

in Fig. 4, b.
Fig. 3. HAADF STEM image and EDX-elemental The characteristics of the solar cells based
mapping analysis on the wire surface on radial p-i-n structures with a SiINWs height

of less than 10 um demonstrate a definite
advantage compared to the planar p-i-n structure. In terms of V. radial p-i-n structures are
practically not inferior to the planar element, and in terms of J_. they are exceeding it. The
increase in J_. is associated with the broadening of the EQE spectra, which are shown in
Fig. 4, b. For solar cell based on the radial p-i-n junction, a broadening of the boundary of
the EQE spectrum is observed both in the long-wavelength region, but mainly in the short-
wavelength region. Moreover, there is a definite dependence of the broadening of the EQE

a) b)
Or - 50
e 5 planar planar
|l——d=1.6pm I d=1.6 ym
Hl—ad=18um 40} ——d=18um
——d=0.7 um u’j 0.7 pum
-2 f d=13um | - Lsiiowes / j;'; :z t:l .

'
2

]
=

Current density, mA/cm

0 100 200 300 400 500 600 700 400 500 600 700 800
Voltage, mV Wavelength, nm

Fig. 4. J—V characteristics (a) and EQE spectra () of solar cells based on p-i-n structure;
the scale bar is 0.2 um
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Table 2

Photovoltaic characteristics of the radial p-i-n solar cells

p-i-n structure
SiNWs Vo mV | J, mA/em* | FF, %
height, pum | diameter, pm
1.6 660 3.9 60
~5.3-7 1.8 660 4.07 60
0.7 660 4.9 61
1.3 640 4.52 63
~8.5-12
1.4 620 3.97 52
planar 680 3.22 57

boundary to the short-wavelength region with a decrease in the SiNWs diameter. It is worth
noting that for SINWs with a height of more than 10 pm, there is a decrease in V. and a de-
crease in the absolute value of EQE. This is due to the fact that with such a long wire length at
its base, light absorption will decrease. This leads to an uneven distribution of charge carriers.
This effect was predicted during the computer simulation of the dependence of the solar cell
characteristics on the geometry of SiINWs [7]. It has been shown that an increase in wire length
leads to a decrease in V. and saturation of J .. At the same time, similarly, the critical wires
length was about 10 um, above which the efficiency of solar cells did not increase.

To analysis the causes for the detected dependence of the broadening of the short-wavelength
boundary with a decrease in the SiNWs diameter, measurements of the optical properties of the
studied structures were mainly carried out. Fig. 5 shows the total reflection spectra of the solar
cells based on radial p-i-n structures. The dependence of EQE and total reflection on the wires
diameter at a wavelength of 400 nm also is presented in right-upper corner. It can be seen that
the total reflection in the short-wavelength region of the spectrum almost does not depend on
the SiNWs diameter. Therefore, does not affect the position of the short-wavelength boundary.
SEM images analysis for p-i-n structures deposited on SiNWs with different diameters showed
that for them the thicknesses of the a-Si:H and ITO layers practically do not differ. It is possible
that the expansion is related to optical phenomena, in particular the waveguide phenomenon
on vertically aligned structures [10].

100 — :
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“6‘3 80_._'0’:0.7“.]11 N
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8 |——d=16um 3| R e
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Fig. 5. Total reflection spectra of solar cells based on p-i-n structure

Conclusion

In this article, we investigated the influence of the SiNWs geometry on the efficiency of
radial p-i-n junction solar cell. Solar cell based on vertically aligned structures with a wire
height of less than 10 um are practically not inferior to the planar element in terms of the V.
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and in terms of J . exceed it up to 1.5 times (3.9-4.9 mA/cm?®). The increase in J_. is associ-
ated with the broadening of the EQE spectrum. There is a significant broadening of the EQE
boundary to the short-wavelength region with a decrease in the wires diameter. This may be due
to the waveguide phenomenon on SiNWs. For solar cells based on vertically aligned structures
with a SiNWs height of more than 10 um, a decrease in the V_ . and a decrease in the absolute
value of EQE are observed, which is associated with low absorption at the base of the wires.
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Abstract. The paper describes the results of optimizing rapid thermal annealing (RTA) of
ohmic contacts to AlGaN:Si layers with a high aluminum content (70 mol%) and various
electron concentration. The contact characteristics were measured using the transmission line
method (TLM). It has been found that for highly doped Al ,Ga ,N:Si layers (>10"%cm™), the
RTA annealing of T1(25nm)/A1(80nm)/T1/Au contact at a temperature 900 °C for 60 s makes
it possible to obtain the minimum contact resistance of 8 Qxmm and specific contact resistivity
of 9x10* Q-cm? with high uniformity over the surface of a 2-inch substrate. For lightly doped
Al, Gao 3N:Si layers (<10 cm™), almost the same contact characteristics can be achieved at
a higher RTA temperature of about 1000C and an increase in the thickness of the Al contact
layer to 250 nm.
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Annotanusg. CTaTbsl ONUCHIBACT Pe3yJbTaThl ONTUMU3ALIUU OBICTPOTO TEPMUUECKOTO OTKHMTra
(RTA) omuueckux KoHTakToB K cjiossM AlGaN:Si ¢ BBICOKMM coAepKaHUEeM aTIOMUHUS
(70 M0a1.%) M pa3NIMUYHOI KOHLEeHTpaluei 37JeKTpoHOB. KOHTaKTHBIE XapaKTepUCTUKU ObLIU
M3MEpPEHBI ¢ HcIoJb3oBaHMeM Metona TLM. YcraHOBIeHO, YTO IJI CUJBbHOJETUPOBAHHBIX
cioes Al Ga ,N:Si (>10"cm °) omxur koHrakra Ti(25HM)/Al(80HM)/Ti/Au ipn temmneparype
900 °C B TeuyeHue 60 C IO3BOJISIET IIOJYYUTH Ml/IHl/IMaJIbHOC KOHTaKTHOE COIIPOTHUBJICHUE
8 OMXMM 1 yI€eTbHOE KOHTAKTHOE conpoTuBieHne 9x107* OM-cM? py BLICOKO# OIHOPOLHOCTH
MO TMOBEPXHOCTU 2-MIOMMOBON MOMIOXKHU. I c1ab0oJerupoBaHHbBIX CJIOEB Al Ga N Si
(<10" cM3) TIpaKTUYECKM TaKMe K€ KOHTAKTHBIE XapaKTEPUCTUKHN MOTYT OBITh z[ocmrHyTH npu
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6osee Beicokoi Temmnepatype RTA-otxkura (~1000 °C) u yBeIMYeHUM TOIIIUHBI KOHTAKTHOTO
ciost Al 1o 250 um.
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Introduction

Photodetectors operating in the solar-blind ultraviolet (UV) wavelength range of less than
290 nm, are typically based on diode structures containing Al Ga,_ N layers with a high content
of Al (x > 0.5) [1, 2]. Due to the difficulty of p-type doping such layers in p-i-n photodiodes,
Schottky photodiodes with only n-type AlGaN:Si layers are an attractive alternative [3]. How-
ever, the performance of these devices deteriorates greatly with an increase in both the resistiv-
ity of bulk layers and the resistivity of ohmic contacts to them. In AlGaN alloys with x > 0.6,
the former effect is due to an increase in the donor activation energy and enhanced generation
of compensating defects in the layer [4—5]. Titanium and aluminum with low work functions
(~4.3 eV) are commonly used to make ohmic contacts to III-N compounds. The difficulties in
obtaining low contact resistance with increasing Al content in the AlGaN:Si layers are associated
with a decrease in their electron affinity to values much lower than the work function of titanium
contact layer. This leads to the formation of a potential barrier for electrons, which determines
the non-ohmic behavior of the standard multi-layer contact Ti/Al/Au/Ti. Only rapid thermal
annealing (RTA) of this metal stack at temperatures above 700 °C allows to achieve low-resistive
ohmic contacts even for Al Ga,_ N layers with x > 0.6. This occurs due to reaction of Ti with
nitrogen in the AlGaN layers, resulting in a formation of Ti-N and Ti-Al-N layers, which in-
creases the electron concentration at the interface [5—7]. However, both titanium and aluminum
are highly reactive and tend to oxidize even at room temperature. To solve this problem, a thin
layer of Au is usually used to prevent oxidation [5]. To prevent the Au diffusion and the forma-
tion of the Al Au, a barrier layer is added, which is most often one of these metals: Ti, Ni, Mo,
or Pt. [5, 8].

Studies of the above processes have shown that the contact resistance most significantly de-
pends on the Ti/Al thickness ratio and its optimal value for GaN layers and AlGaN layers with
a low Al-content is ~1/2.5 [8]. Since there is no general theory of contact to ternary AlGaN,
especially for layers with a high Al-content (x > 0.6), there is an urgent need for experimental
studies of contact resistance in this material.

This paper describes the formation of ohmic contacts to Al _Ga ,N:Si layers with different
electron concentration using the standard metallization T1/A1/T01/Au with different Al thickness
and parameters of rapid thermal annealing (RTA) varied to minimize the contact resistance.

Materials and Methods

Si-doped Al Ga N layers with a thickness of about 600 nm were grown by plasma-assisted
molecular beam epltaxy on AIN/c-Al O, templates with a threading dislocation density of less
than 5-10° cm™2, as described in [9]. The fayers were grown at metal-rich conditions with periodic
growth interruptions to achieve an atomically smooth droplet-free surface of AlGaN layers [10].
The temperatures 1240 and 1290 °C of a solid-state Si effusion cell were used to change the elec-
tron concentration in the layers.

© CemenoB A.H., Heuaes /I.B., bepesuna [I.C., I'yceBa 10.A., Kymaruna M.M., Cmupnosa W.I1., 3agupanos FO.M.,
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Mesa-structures for measuring contact resistance by Transmission Line Method (TLM)
were fabricated using contact photolithography and reactive ion-plasma etching in an in-
ductively coupled plasma reactor with a high concentration of reactive ions and BCI, radi-
cals. The structures were metallized using explosive (reverse) photolithography. Metal stacks
Ti(25 nm)/Al(80—250 nm)/Ti(60 nm)/Au(100 nm) were deposited by a vacuum thermoresis-
tive sputtering setup. The deposited metal stacks were annealed using STE RTA 100 setup with
the annealing temperature varied within 700—1000 °C and the duration 30—180 s. The electron
concentrations (n) in the AlGaN:Si layers were determined from CV measurements. For meas-
urements of the resistances by TLM, a Keysight B2901A was used. Fig. 1, a) shows identical
rectangular pads with the same length d = 100 um, width W = 300 pum, and different distances
between the contact pads L, = 100, 80, 40 and 20 pm.

a)

R x!
R, (h=2R+ W

_2RxL; _2(Rxp.)"’
T W T W
L, i /48 /

Fig. 1. Schematic illustration of TLM and optical microscope image of the contact pads used in this
method (a); the dependence of the measured resistances on the distance between the pads (b)

I

Fig. 1, b shows the measured total resistance as a function of inter-contact distance
R/ R(L, . . . .
R, (f ) =2R. +7, where R, = 7 is the measured contact resistance, R is the sheet resist-

ance of the AlGaN layer, and L . is the so-called “transfer length” measured from the intersections
of interpolation line of R (5) with abscissa axis [11]. The assumptions of a uniform distribution
of R_over the measurement area and the validity of the 1nequaht1es 2L _<d, W>>d enabled the
relationship for the specific contact resistance p, = Ry L Ohm-cm? to be invoked. The value
r.= R_W Ohm-mm was also used to characterize the contact resistance.

Result and discussion

The Al ,Ga,,N:Si layers grown at the highest temperature of Si-cell of 1290 °C demonstrated
electron coneentratlons above 10'® cm. Initially, we studied the layers with the contacts hav-
ing a standard Ti/Al thickness ratio of 1 /2 5. The unannealed layers did not demonstrate ohmic
contact characteristics. Fig. 2, a, b show the dependences of r.and p_of these layers on the RTA
temperatures and duration, respectlvely, which indicate an appearance of ohmic contact at T
above 700 °C and a minimum specific contact resistivity below 10 Ohm-cm? in the layers an-
nealed at a temperature of 900 °C for 60 seconds. A further increase in the temperature did not
lead to a significant decrease in the contact resistance, but the surface morphology of the contact
pads deteriorated (see Fig. 2, ¢). The optimal RTA duration of 60 s was chosen due to enormous
inhomogeneity of the contact resistance over the sample surface at shorter durations of RTA and
its increase at longer durations, as shown in Fig. 2, d).

In addition, we compared the obtained results with the contact characteristics for the
GaN Si layer with n > 10" cm® and the same contacts annealed at the optimal RTA regimes
(¢, = 60 sec and T, = 900 °C). The binary layers showed significantly lower values of
r=0.1 Ohmxmm ancirp = 5-10° Ohm-cm?.

These results are consistent with the general view on the formation of ohmic contacts in AlGaN
layers with a high aluminum content, where this process is hindered by lower electron affinity of
ternary alloys compared to work function of titanium, while this problem is completely absent
in binary GaN. Moreover, the appearance of an ohmic contact, according to the literature data
[4,5], is associated with the diffusion of nitrogen atoms from AlGaN into Ti layer. The contact
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Fig. 2. Dependences of the contact resistance (., Ohm'mm) and specific contact resistivity

(p,, Ohm'cm?®) on RTA temperature (a) and duration of RTA at 900 °C (). SEM images of the

contact surface (c). Distributions of contact resistances over the areas of the two-inch substrates (d).
The dots are the experimental results, the lines are the approximations

improvement is associated with the appearance of nitrogen vacancies near the metal interface.
These vacancies create donor states, pinning the Fermi level and thus creating a tunnel junction,
which reduces the contact resistance. The described diffusion is able due to the higher enthalpy
of formation of TiN compared to GaN (-265.5 and —110.9 kJ/mol, respectively), but it must be
considered that the higher enthalpy of formation of AIN (-318.8 kJ/mol) restricts the extraction
of N from AlGaN layers compared to GaN ones. These values explain the fact that even under
optimal conditions for RTA of the Ti/Al/Ti/Au contact stacks, the difference between contact
resistances of the Al Ga ,N:Si and GaN:Si layers exceeds three orders, and further process op-
timization is requlred

Next, we investigated Al  Ga ,N:Si layers doped using a low Sl cell temperature of 1240 °C,
which resulted in an electron concentratlon lower than 107 ¢cm™. Figure 3, a shows the strong
dependences of 7 and p_ on the Al thickness in the Ti(25 nm)/Al/Tl/Au contact stacks deposited
on these layers. They demonstrate a decrease in contact resistance by more than 5 times with an
increase in Al thickness from the standard value of 80 nm to 240 nm with Ti/Al thickness ratios
of 2.5 and 10, respectively.

On the other hand, too strong interaction of Ti with AlGaN at high T/ can result in local
transformation of the AlGaN ternary alloy into the highly defected Al + Ti +'N phase, increasing
the contact resistance. Therefore, a way must be found to decrease the high reactivity of Ti, and
its reaction with the upper Al in the metallization stack can play this role. Indeed, Al in metalli-
zation schemes can alloy with Ti layer below, leading to reducing its reactivity. This mechanism
explains the influence Al thickness on contact resistance in Al  Ga ,N:Si/Ti/Al/Ti/Au contacts
with a relatively low electron concentration below 107 cm™.

The proposed model is confirmed by comparative measurements of the temperature depend-
ences of the contact resistances of heavily (> 10" ¢cm™) and lightly (< 10" cm™) Si-doped
Al _Ga N layers with the same Ti(20 nm)/Al(250 nm)/Ti/Au contacts. Fig. 3, b) shows that
only the latter layer shows a clear temperature dependence in the 7, =900-1000 °C range, while
its counterpart doesn’t reveal such dependence.

It should be noted that Al Ga,_ N:Si layers with x > 0.7 used in sub-250 nm UVC- LED and
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Fig. 3. Dependence of contact and specific resistance on the thickness of the aluminum (a).
Dependence of Al ,Ga N contact and specific resistance on the RTA temperature for:
I1—n>108cm?3; 2 — n < 107 cm™ (b)

photodetectors usually have an electron concentration below 10'7 cm™ due to high activation
energy of Si-dopant in such layers. Therefore, the results obtained in this work for lightly doped
AlGaN layers will be useful for designing of these devices.

Conclusion

The technologies of the forming T1/A1/T1/Au ohmic contacts to Al  Ga ,N:Si layers with
electron concentration from below 107 cm™ to higher than 10" cm™ have been optimized. The
best results were obtained for Ti(25 nm)/Al(80 nm)/Ti/Au contacts annealed by RTA at a tem-
perature of 900 °C for 60 sec. These conditions provided minimum values of a contact resistance
of 8 Ohm'mm and a specific contact resistivity of 9x10™% Ohm-cm? with a reasonable uniform-
ity over a 2-inch substrate. It has been established that increasing the RTA temperature up to
1000 °C and Al thickness in metallization stack up to 250 nm improve contact characteristics in
lightly doped Al ,Ga ,N:Si layers.
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Introduction

The problem of electromagnetic waves confinement in small volume has a great applied poten-
tial for creating sensors, lasers, modulators, and other nonlinear devices. The study of high-quality
(Q) resonance modes provides an opportunity to find a solution.

Recently, considerable attention has been paid to research of bound states in the continuum
(BIC), which appeared to be perfect resonances with no radiation losses into free space [1]. It
was established theoretically that no perfect resonances can exist in finite structures given that
permittivity does not take extremal values. However, practical systems still allow for BIC-related
supercavity modes with a high-Q factor limited by saturation due to size.

Metasurfaces made of high-index materials were reported to support BIC caused by Mie res-
onances arising in individual structural elements [2]. Many promising photonic devises require
elements with switchable optical properties [3]. Composite phase transition materials based on the
Ge-Sb-Te (GST) compound attract significant interest because of high modulation of dielectric
index with non-volatile transition between crystalline and metastable amorphous phases. The
most studied compound, Ge_ Sb Te_, exhibits a change in dielectric permittivity from 15 (amor-
phous phase) to 35 (crystalline) in the infrared range [3]. Metamaterial properties are known to
emerge in periodic systems when the dielectric index of structural elements reaches a certain crit-
ical value [4]. Thus, a GST-based structure might become a metasurface supporting BIC under
the transition in the phase change material.

Results

We have previously studied metasurface-supported supercavity modes. The metasurface consists
of silicon cylinders with a circular profile [5]. In this work, we consider a metasurface containing
parallel composed of GST microblocks which have the width w = 300 um, the height 2 = 300
pm and the lattice constant @ = 750 um (Fig. 1). The metasurface is shown in Fig. 1. We study
TE polarized waves, that is, the electric field oscillates along the axis z. In contrast to cylindrical
structural elements, allowing to describe the system analytically, metasurfaces made of Ge,Sb,Te,
composite microblocks with a square profile represent a system with a more technologically acces-
sible configuration for lithographic methods.

Here we consider a dipole-type mode

3 supported by the structure. Fig. 2 compares
Eesr p magnetic field distribution for crystalline
3 and amorphous GST microblocks which
were simulated with COMSOL Multiphys-
o " ics software. We assume that GST permit-
x tivity in the terahertz spectral range has no

losses, € = 35 in the crystalline phase and

Fig. 1. Schematic view of GST metasurface composed € = 15 in the amorphous phase with no fre-
of microblocks with rectangular profile quency dispersion. The block with a higher

index exhibits stronger field localization,

a) b) since the mode frequency is lower and
near-field penetration into the outer space
is linear to the wavelength in vacuum.

We analyze the reflection spectra of
the metasurface whose properties are re-
lated to the dipole resonance sustained by
each structural element, which is a GST
microblock. Since the modes lie under the
light cone, we shift half of the blocks by
a/20 along the x direction. The spectra
Fig. 2. Magnetic field distribution of the dipole type = were simulated by means of rigorous cou-
mode for amorphous GST phase (@) and crystalline  pled wave analysis (RCWA) involving over

GST phase (b). TE polarization, a = 1.75 mm, 100 plane waves in the x direction, which is
h =500 um, w = 500 um sufficient for reliable convergence.
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Fig. 3. Reflection spectra of GST-based metasurfaces as a function of lattice spacing:
amorphous phase of GST (a) and crystalline phase of GST (b). The spectra are shifted along the
vertical axis for convenience. The horizontal axis is the frequency detuning. The additional reflection
spectra of the structure with @ = 1.75 mm are shown in panel (b) at 50x magnification (dashed curve)

Fig. 3 shows the reflection spectra around the resonance depending on the lattice spacing
a, while the sizes of microblocks are kept unchanged. The resonance position shifts to lower
frequencies with an increase in lattice spacing (Fig. 4). For the case of crystalline GST, the
dipole peak in reflection is clearly seen in the entire range of the lattice spacing from 1.25
to 2.25 mm. The quality factor of the mode decreases with a. The amorphous GST structure
exhibits a different dependence. The dipole peak is observed in the structures with a < 1.75 mm
and disappears for greater lattice spacings. At @ = 1.75 mm, the resonance can be recognized
with a 50x magnification. Thus, the structure ceases to be a metasurface operating due to dipole
resonance.

When the distance between neighboring microblocks
is small, a collective mode is formed and the structure acts

0.20 {1 as a metasurface. For large distances, the microblocks
o5 . | scatter the electromagnetic waves almost independently,

N ) a-GST so they cannot be regarded as a single system. Studies
= 0164 1 of a dimer [7] and especially photonic phase transitions
g to a metamaterial regime [4, 6] reveal that there exists
= " 1 a critical distance between the structural elements for
& g4 c-GST 1 2 colleptive_ mode to form. F1g 3, b shows that the
—— collective dipole mode responsible for the metasurface

0.10- . 1 regime exhibits rapid degradation when the distance
s LT L T approaches the critical distance about a_ ~ 1.75 mm.

In our structure, the critical distance increases with the

dielectric permittivity of the scatterer similar to other

Fig. 4. Shift of the dipole resonance with systems [4, 6, 7] in spite of stronger localization of

a change in the lattice period for both the electromagnetic fields in the structural elements.

amorphous and crystalline phases. The It is therefore possible to switch the system between

data was calculated with RCWA solver metasurface and independent scatterer regimes by
means of nonreversible transition of GST.

1, mmm

Conclusion

To summarize, we have demonstrated on/off switching for the metasurface regime. The
switching is conditioned by amorphous-to-crystalline phase transition of Ge Sb,Te.. It is important
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for applications that this transition occurs fast and is nonreversible: that is, the structure does
not return to its previous state for arbitrary time after switching. We have found that the chain of
amorphous GST microblocks ceases to be a metasurface when the lattice spacing exceeds a = 1.75
mm, while crystalline GST microblocks allow for the metasurface regime at least for the lattice
spacing a = 2.5 mm and larger.
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