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24th Russian Youth Conference on Physics of Semiconductors 
and Nanostructures, Opto- and Nanoelectronics (RYCPS-2022)/ 
24 Всероссийская молодежная конференция по физике  
полупроводников и наноструктур, полупроводниковой опто- 

и наноэлектронике

The 24th Russian Youth Conference on Physics of Semiconductors 
and Nanostructures, Opto- and Nanoelectronics (RYCPS-2022) 
was held in Saint Petersburg at Alferov University on November 
28 – December 2, 2022. It was organized by Peter the Great 
St. Petersburg Polytechnic University, Alferov University, St. 
Petersburg State University, Ioffe 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 Ioffe 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

2
Se

3
". 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
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D.A. Firsov
V.A. Shalygin
H.A. Sarkisyan
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Analytical and numerical calculations of the magnetic properties 
of a system of disordered spins in the Ising model

N.A. Bogoslovskiy ✉, P.V. Petrov, N.S. Averkiev

Ioffe Institute, St. Petersburg, Russia 
✉ nikitabogoslovskiy@gmail.com

Abstract. We consider a system of randomly distributed magnetic atoms and describe the ex-
change interaction in the Ising model with a hydrogen-like dependence of the exchange energy 
on distance. The density of states for such system was calculated using an advanced numerical 
algorithm. Furthermore, the density of states was calculated analytically. We established that 
finding the density of states allows calculating the dependence of magnetic susceptibility of the 
system on temperature and magnetic field.

Keywords: Ising model, Wang–Landau algorithm, magnetic susceptibility

Citation: Bogoslovskiy N.A., Petrov P.V., Averkiev N.S., Analytical and numerical calcula-
tions of the magnetic properties of a system of disordered spins in the Ising model, St. Peters-
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Материалы конференции
УДК 537.6
DOI: https://doi.org/10.18721/JPM.161.301

Аналитический и численный расчеты магнитных свойств 
системы неупорядоченных спинов в модели Изинга

Н.А. Богословский✉, П.В. Петров, Н.С. Аверкиев

Физико-технический институт им. А.Ф. Иоффе, Санкт-Петербург, Россия 
✉ nikitabogoslovskiy@gmail.com

Аннотация. Мы рассматриваем систему случайно распределенных магнитных атомов 
в модели Изинга с водородоподобной зависимостью обменной энергии от расстояния. 
Плотность состояний для такой системы посчитана численно и аналитически. 
Показано, что, зная плотность состояний, несложно рассчитать зависимость магнитной 
восприимчивости системы от температуры и магнитного поля.

Ключевые слова: модель Изинга, алгоритм Ванга-Ландау, магнитная восприимчивость

Ссылка при цитировании: Богословский Н.А., Петров П.В., Аверкиев Н.С. 
Аналитический и численный расчеты магнитных свойств системы неупорядоченных 
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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 r can be expressed as [8, 9]:

2.5

0

2
exp .

r r
J J

a a

   = −   
                                                                

 (1)

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 E 
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 = μmN. Here μ 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 2N. For example, 
the number of different states for a system of only 100 spins is more than 1030, 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 
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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 h(E, m).

At each step, we randomly select one spin and try to flip it. We calculate the energy E
1
 and 

the magnetic moment m
1
 before the spin flip, and the energy E

2
 and the magnetic moment m

2 

after the spin flip. The flip is accepted with probability ( ) ( )
( )

1 1

2 2

,
1 2 min ,1 .

,

g E m
p

g E m

 
→ =   

 
That is, 

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 h(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.

Fig. 1. Decimal logarithm of the density of states g(E, m), normalized to the maximum 
value. Calculation for a system of N = 512 spins and concentration na3 = 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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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.

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 na3 = 0.05

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 na3 = 0.05

Analytical model

The density of states g(E, m) can also be calculated analytically. The total exchange energy of 
the system of N interacting spins is the sum of N(N ‒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 

1J . The following expression [6] can be 
obtained for the exchange energy (1):

3
1 08

945
.

2 2
J na J

π π
=

                                                                  

 (2)
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Then, in a system of p “up” spins and q “down” spins, the average exchange energy is

2
1 1

1 1
.

2 2

p q q p
E p q J Nm J

p q p q

    − −
= + =    + +    

                          (3)

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 2

1 .J  Then the dispersion of the 

total exchange energy will be equal to 
2 2

1

1
.

2
N Jσ =

 

For the exchange energy (1), one can obtain

2 3 2 3 2
0 015 11

7! 315
.

2 2
na NJ na NJ

π π
σ = =                                     (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 2N, and the 

number of states with exactly p “up” spins is 
( )1

2 .
N m

p

N NC C

+

=  Thus the density of states can be 
expressed as

( )
( ) ( ) ( )

2

22
1 1 1

2 2
2 2

1

1 1 2
, exp exp .

2 22 2

N m N m

N N

E Nm JE E
g E m C C

+ +

  −    −     = − = −   σ σπσ πσ    
 

  (5)

Let us assume that the density of states g(E, 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 = µNmB. Then the probability density 
versus energy E and magnetic moment m will be described by the Gibbs distribution and will 

be proportional to ( ), exp .
E NmB

g E m
kT

+ µ ⋅ − 
   

Using this expression, we can calculate all the 

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

( ), exp ,
m

N E NmB
M dE mg E m

Z kT

µ + µ = − 
 

∑∫                          (6)

where Z is statistical weight.

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 102463. 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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Аннотация. Работа посвящена исследованию возможности увеличения интенсивно-

сти низкотемпературной терагерцовой люминесценции в полупроводниковых структу-
рах с объёмными эпитаксиальными слоями n-GaAs, легированными донорной примесью 
кремния, при межзонной оптической накачке. Такое увеличение может быть реализовано 
за счет ускоренного опустошения основного примесного уровня стимулированным из-
лучением ближнего инфракрасного диапазона, которое создается в той же самой струк-
туре. Для организации вынужденного межзонного излучения были изготовлены образ-
цы в геометрии оптического резонатора полного внутреннего отражения. Исследовалась  
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фотолюминесценция в ближнем инфракрасном и терагерцовом диапазонах при темпера-
туре жидкого гелия. Продемонстрирована спонтанная и стимулированная фотолюминес-
ценция с участием примесных состояний в ближнем инфракрасном диапазоне, измерена 
эволюция спектров от мощности оптической накачки. Наличие в структуре излучения 
терагерцового диапазона с участием донорных состояний позволит в дальнейшем иссле-
довать влияние на него стимулированного излучения ближнего инфракрасного диапазо-
на. Полученные результаты могут быть использованы при разработке новых полупрово-
дниковых источников терагерцового излучения.
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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

2
 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 [7–8]. 

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 µm thick GaAs layer doped with silicon to a concentration of  
1016 cm−3 and embedded into the waveguide. Symmetric waveguide for the NIR radiation was 
formed by Al

x
Ga1−x

As graded layers. Terahertz radiation was observed on samples 5×5 mm2 

in size. To obtain the stimulated NIR radiation, total internal reflection optical resonator was 
formed with dimensions of 0.6×0.6 mm2. To study photoluminescence in the substrate, the 
epitaxial layers were removed from one of the samples.
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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 
(λ = 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

g
 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-h arrow (optical transition 
from the ground donor state to the valence band), and E

g
 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-A 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-A 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/cm2, 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 
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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.
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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.
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Fig. 3. Terahertz photoluminescence spectra of a structure without a resonator 
and of a substrate measured at T = 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.

Keywords: nuclear spin system, optical cooling, absorption spectrum, nuclear spin correla-
tor, local field
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Изучение свойств ядерной спиновой системы объемных 
слоев n-GaAs методом спектроскопии отогрева
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Аннотация. В данной работе представлены возможности экспериментальной 
методики спектроскопии отогрева ядерных спинов. Данная методика основана на 
отогреве переменным магнитным полем оптически охлажденных ядерных спинов. Она 
позволяет изучать термодинамические характеристики охлажденной спиновой системы 
ядер объемных слоев n-GaAs. К таким характеристикам можно отнести спектры отогрева 
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и ядерного спинового коррелятора, а также ядерные локальные поля. Создание данной 
методики направлено на изучение и анализ ядерных спиновых флуктуаций с целью их 
дальнейшего контроля и подавления.
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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

D
 = 1015–1016 cm–3. 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 (NSS) 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 1015–1016 cm–3 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

Z
 = 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

Z
 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 µK. 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/Tω + 1/T

1
)−1, where 1/Tω is the heating rate due 

to the impact of OMF on the NSS at a frequency ω, 1/T
1
 is the relaxation rate of the NSS due 

to spin-lattice relaxation. The last step was measuring the nuclear field B
N
, which remain after 

OMF application. To do this, the pump and the transverse magnetic field B
X
 (measurement field) 

were switched on. Electron spins depolarized in the total field B
X
 + B

N
, and then during the whole 

measuring stage (about 200 s) the nuclear field B
N
 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
N
 remaining after 

the application of OMF at frequency ω by the following formula: 1/Tω = (1/t
OMF

)·ln[B
N
 (ω)/B

N0
], 

where B
N0

 is the value of the nuclear field in the case, when in the third stage the OMF was not 
applied. Ref. [9] describes in detail how to extract the absorption coefficient 1/Tω from the fitting 
of a multi-stage curve.

Spectral fluctuation density Gω (nuclear spin correlator) is related to the heating rate by the 
following formula: Gω = (1/Tω)·(4B

L

2/ω2B
1

2) [7], where B
L
 is the local field, B

1
 is the amplitude 

of OMF, ω is the frequency of OMF. Therefore, 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
L
, 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

X 

varied from 0.2 G to 7 G at a step from 0.1 to 1 G, depending on steepness of the dependence 
B

N
(B

X
). Further, from each measurement the nuclear field B

N
 was extracted, and compared with 

the theoretical dependence:
( ) 2

2 2

1
,

3
L

N N N X

B L X

I I B
B b B

k B B

+
= γ β

+
                               (1)

where b
N
 is the Overhauser field at full nuclear polarization, k

B
 is the Boltzmann constant,   is 

the Planck constant, 〈γ
N
〉 is the average gyromagnetic ratio of the NSS of GaAs, I = 3/2 is the 

nuclear spin, β is the inverse nuclear spin temperature. The obtained dependence B
N
(B

X
) was 

fitted by Eq. (1) with the value of B
L
 as a free parameter. In this way, the value of the local field 

was determined.
Results and Discussion

In this 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
D
 = 5·1015 cm–3 are shown 

in Fig. 1. These spectra were measured in three different points on the sample surface (Point 1, 
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 1 (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 75As and 69Ga together with 71Ga 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 

Fig. 1. Absorption spectra in three different points 
on the sample surface (Point 1, Point 2, Point 3) 

at zero external magnetic field

donor concentration n
D
 = 1.2·1016 cm−3, is 

shown in Figure 2 by dots. This spectrum 
corresponds to the nuclear spin temperature 
of about 50 μK (optical cooling stage time 
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 1015–1016 cm−3. 
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

N
 on the amplitude of the 

measuring field B
X
, 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
L
 as 

a fitting parameter. For the sample under study, the value of local field is equal to B
L
 = (1±0.1) 

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

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

L
 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 1015–1016 cm–3. 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
2
 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

2 

at temperatures from 4.2 to 150 K.
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Аннотация. Монокристалл WTe
2
 был выращен методом химического газового 

транспорта, и исследованы его электросопротивление и гальваномагнитные свойства. 
Применены однозонная и двухзонная модели для оценки концентрации и подвижности 
носителей заряда при температурах от 4,2 до 150 К.
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Introduction

In recent years, WTe
2
 has attracted great interest due to its extremely large magnetoresistance, 

which varies with the field 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

2 
is 

electron-hole compensation [1]. Theoretical calculations of the electronic structure of WTe
2
, 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
2
 is that it was predicted as a candidate type-II 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-I Weyl cone, the type-II 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 ~103−106 cm2/(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

2
 at T = 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

2
 in the temperature 

range from 4.2 K to 150 K.
Materials and Methods

WTe
2
 single crystals were grown by the chemical vapor transport method, which was described 

in detail in [13]. The crystal structure of the synthesized crystals was studied by X-ray diffraction 
using CrKα radiation. It was found that the single crystals under study have an orthorhombic 
structure (space group Pmn2

1
) with lattice parameters a = 3.435(8) Å, b = 6.312(7) Å, 

c = 14.070(4) Å. Using X-ray energy-dispersive microanalysis on a Quanta 200 Pegasus scanning 
electron microscope with an EDAX attachment, it was established that the chemical composition 
of the grown crystals corresponds to stoichiometric WTe

2
.

To measure the transport characteristics, a sample with dimensions of ~4 × 1 × 0.4 mm3 

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 c 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 
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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 ρ300 К/ρ4.2 К ≈ 50, which is comparable with the 
RRR in [14], but at the same time, it is less than in [1, 11].

Results and Discussion

Fig. 1, a shows the temperature dependence of the electrical resistivity ρ(T) of the WTe
2 
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 0.13·10−4 Ohm·cm to 5.7·10−4 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 ρ(T) at  
T ≈ 60 K. It is assumed that this minimum can be caused by the transition from effectively high 
(ω

c
τ >> 1, where ω

c
 is the cyclotron frequency, τ is the relaxation time) to weak (ω

c
τ << 1) 

magnetic 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 μ of charge carriers, 
a single-band model is often used for the analysis of data on the Hall effect, where n = 1/R

H
·e, 

μ = R
H
/ρ (here R

H
 is the Hall coefficient; e is the electron charge; ρ is the electrical resistivity in 

a zero magnetic field). Fig. 1, b shows the temperature dependence of the Hall coefficient R
H
 of 

WTe
2
 in a field B = 9 T. It can be seen that R

H
 has a negative sign, that is, electrons are the main 

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 µ of current carriers in WTe

2
, obtained using 

the single-band model. At T = 4.2 K, n and μ are 5·1019 cm–3 and 7·103 cm2/(V·s), respectively, 
where n increases and μ decreases with increasing temperature.

a) b)

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

H
 of WTe

2
 in a field B = 9 T (b)

The insets show the concentration n and mobility μ of current carriers versus temperature, obtained 
using a single-band model

At the same time, since it is known [1–4] that WTe
2
 is a compensated semimetal, it is of 

interest to estimate the concentrations and mobilities of separately electron and hole current 
carriers. In this case, a two-band model is used, where the resistivity ρ

xx
 and the Hall resistivity 

ρ
xy
 can be represented as [11]:

( ) ( )
( ) ( )

2

2 2 2 2 2

1
,h h e e h e e h h e

xx

h h e e h e h e

n n n n B

e n n n n B

µ + µ + µ + µ µ µ
ρ =

µ + µ + − µ µ
                                     

(1)
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( ) ( )
( ) ( )

2 2 2 2 2

2 2 2 2 2
.

h h e e h e h e

xy

h h e e h e h e

n n n n BB

e n n n n B

µ + µ − − µ µ
ρ =

µ + µ + − µ µ
                             (2)

Here n
e
 (n

h
) and μ

e
 (μ

h
) are the concentration and mobility of electrons (holes), respectively. 

From the simultaneous fitting of the experimental curves ρ
xx

(В) and ρ
xy
(В) 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 ρ

xx
(В) and ρ

xy
(В) dependences for WTe

2
. Open symbols correspond 

to experimental data, and solid lines correspond to curves obtained within 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 T = 4.2 K, concentrations of electrons and 
holes are 4·1019 cm–3 and 3.4·1019 cm–3, 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 T = 4.2 K, the mobilities of 
electrons and holes are 6.3·103 cm2/(V·s) and 3.7·103 cm2/(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

h
/n

e
 is close to 1 at temperatures below 50 K, 

which indicates a state close to electron-hole compensation in WTe
2
. It was also shown in [11] 

by analyzing data on the Hall effect and magnetoresistivity in WTe
2
 that the concentrations of 

electrons and holes are comparable at T < 50 K, which may be due to a change of the electron 
structure of this compound at low temperatures.

ρ x
y,

ρ x
x
,

μ
e

μ
h

a) b)

Fig. 2. Field dependences of the resistivity ρ
xx
 and Hall resistivity ρ

xy
 for WTe

2
 at temperatures from 

4.2 K to 150 K (a): open symbols are experimental data; solid lines are fitting 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

h
/n

e

μ,
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According to Eq. (1), the magnetoresistivity (MR) Δρ/ρ can be expressed by the formula:

( ) ( )( )
( ) ( )

2 2

2 2 2 2 2
1.h h e e h h e e h e e h h exx

h h e e h e h e

n n n n n n B

n n n n B

µ + µ + µ + µ µ + µ µ µρ − ρ∆ρ
= = −

ρ ρ µ + µ + − µ µ
            

 
(3)

Thus, if the compensation condition is satisfied, n
e
 = n

h
, the MR can be represented as 

Δρ/ρ = μ
e
μ

h
B2, 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
2
 at T = 4.2 K. The MR reaches 1750% in a field of 

9 T, which is less than the MR in [1, 11], which 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 Δρ/ρ ~ B1.87, 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

e
 = n

h
, where the values of µ

e
 and μ

h
 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

2
 single crystal under study.

Δρ
/ρ

, 1
03 

%

Fig. 3. Field dependence of the magnetoresistivity (MR) of WTe
2
 at T = 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
2
 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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Abstract. In this paper, we present the results of the calculated and experimental dependence 
of photoluminescence on the excitation power density for GaN:Si layers grown by molecular 
beam epitaxy. A model was constructed for transitions in a compensated semiconductor upon 
interband generation of electron-hole pairs. It is shown that the dependence of the photolumi-
nescence intensity on the excitation power density can be used to determine the recombination 
mechanism and concentrations of donors and acceptors in semiconductor.
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Аннотация. В настоящей работе представлены результаты расчетной и 
экспериментальной зависимости интенсивности фотолюминесценции от плотности 
мощности возбуждения для легированных кремнием слоев GaN, выращенных методом 
молекулярно-лучевой эпитаксии. Показано, что анализ зависимости интенсивности 
фотолюминесценции от плотности мощности возбуждения с помощью модели элек-
тронных переходов в GaN при межзонной генерации электрон-дырочных пар позволяет 
определить механизм рекомбинации и концентрации доноров и акцепторов в полупро-
воднике.

Ключевые слова: GaN, аммиачная МЛЭ, фотолюминесценция, гетероструктуры, то-
чечные дефекты
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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 (E

g
) 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 
1020 cm–3. 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

Ga
-O

N
 complex [4–6] and C

N-
O

N
 complex or 

isolated C
N
 impurity [7–9]. The yellow band provides 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 I(J) ~ ln(1 + J/J

1
) in [10] allows to determine the acceptor concentration 

from the magnitude J
1
. 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-µm-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 μm 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 
8×1018 cm–3. 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 3×1017 cm–3. The 
PL spectra were measured at room temperature. The 4th harmonic of the stationary YAG laser 
(λ

las
 = 266 nm) with a maximum radiation power density of 12.6 W/cm2 was used to measure the 

PL over a wide range of excitation power.
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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, b). 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 γ = 1.17. The yellow band intensity increases 
linearly up to J ~ 1 W/cm2, at higher values the dependence becomes sublinear, approximation 
by the exponential function gives a power index γ = 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

0
 ~ 4.5 W/cm2. The approximation of the yellow band intensity by a function of 

the form I(J) ~ ln(1 + J/J
1
) [10] gives the value J

1
 ~ 3.4 W/cm2, which depends on N

A
 as follows:

1 / / ,las AJ E N= ατη                                              (1)

here τ = (n
0
W

eA
)–1 is the lifetime and η is the external quantum efficiency of the yellow band, 

respectively. Substituting the value η = 0.06, typical for the yellow band [10, 13], into relation (1) 
gives the estimation N

A
 = 2×1018 cm–3.

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)

a) b)

Within the framework of the above model, the influence of competing recombination 
channels is taken into account by the value of η. This model does not allow us to calculate the 

Fig. 2. Scheme of transitions in 
a compensated semiconductor at 
band-band generation of charge 

carriers

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 
electroneutrality equation. The dependence of intensity 
of various PL channels in a compensated semiconductor 
on the excitation power was calculated for the interband 
mechanism of electron-hole pair generation, Fig. 2 shows 
a scheme of electronic transitions. The semiconductor 
contains donors (D), acceptors (A), and non-radiative 
recombination (NR) centers. Within the model there are 
three channels of radiative recombination – band-band 
(BB), band-acceptor (eA) and donor-acceptor (DA) with 
participation of one type of acceptors and one channel of 
non-radiative recombination (NR).

Following the transition scheme, we can write a system 
of continuity equations for free electrons n, free holes p, 
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neutral donors N
D

0, neutral acceptors N
A

0 and neutral non-radiative centers N
T

0 together with 
the electroneutrality equation. 

0 0 0 0

0 0

0 0 0 0

0 0 0 0

0 0 0
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0 ( )

0 ( )
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= ⋅ ⋅ − − ⋅ ⋅

= ⋅ ⋅ − − ⋅ ⋅ − ⋅ ⋅
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+ − = + − + −

           (2)

here N
D
, N

A
 and N

T
 are total concentrations of donors, acceptors, and non-radiative centers, 

α = 1.8×105 cm–1 is absorption coefficient at the laser wavelength [14], W
f
 =1.1×10–8 cm–3×c–1 

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

,
dE

kT
t eD effW W N e

−
= ⋅ ⋅                                            (3)

here Neff is the effective density of states in the band, k is the Boltzmann constant, T is 
temperature, E

d
 = 26 meV is the ionization energy of the donor [15]. W

eD
, W

eA
 and W

eT
 are 

probabilities of electron capture to the donor, to the acceptor and to the non-radiative center, 
W

hA
 and W

hT
 are probabilities of hole capture to the acceptor and to the non-radiative center 

[16]. Since the recombination probability in DA pairs depends on the distance between the 
donor and acceptor in the pair (r), it is impossible to describe the DA-channel by a simple 
expression for the transition rate with a fixed value of the transition probability W

DA
. To avoid 

complicating the calculation scheme, we introduced an average value of the recombination 
probability showing the most possible value of this value:

2 3

0

2

0

4
2 3

1

( ) ( ) ,

( ) ,
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DA

r
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e Nr

rkT

W W r f r dr
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−

π
− −

ε

=

=

=

∫

                                          (4)

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 r. Here W

0
 is a constant indicating recombination probability at r = 0, a is the Bohr 

radius of the electron on the donor, N is the concentration of the dominant impurity (donors 
in this case), ε is the dielectric permittivity, e is the elementary electric charge, C

1
 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.

0

0 0

0

( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ( ).

BB f

eA eA A

DA DA D A

NR eT T

I J W n J p J

I J W n J N J

I J W N J N J

I J W n J N J

= ⋅ ⋅

= ⋅ ⋅

= ⋅ ⋅

= ⋅ ⋅

                                     (5)

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

D
 = 8×1018 cm–3, 

N
A
 = 2×1018 cm–3, N

T
 = 3.5×1018 cm–3 and n

0
 = 3×1017 cm–3. The calculated dependences of 

the rates of BB and DA 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

0
, at which the intensities (or recombination rates) of BB and DA channels are 

equal, which depends on the selected concentrations. Donor concentration N
D
 = 8×1018 cm–3 

which corresponds to J
0
 = 4.5 W/cm2 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.

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

D
 = 8×1018 cm–3, n

0
 = 3×1017 cm–3, N

A
 = 2×1018 cm–3, N

T
 = 3.5×1018 cm–3

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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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 Å) and Si (5.43 Å). 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 μm-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 T = 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 T = 1700–1800 °C in vacuum of (4–5) × 10−6 

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 μm in diameter using 
Olympus confocal microscope.
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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)

Fig. 1. Scheme of bonding process (left) and the corresponding photographs (right) of experimental 
samples: before annealing (a), 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

3
) 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 T = 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; (II) 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)

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 (×500) (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–1 and the 
longitudinal optical mode (LO) at a frequency of 972.7 cm–1 [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.

a) b)

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 (b)

Both spectra contain narrow peaks of TO and LO phonon modes at frequencies ~794 cm–1 

and ~968 cm–1, 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–1 

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

2
 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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Повышение эффективности удаления остаточного полимера после 
переноса графена для повышения чувствительности сенсоров
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Аннотация. При переносе графена с использованием полиметилметакрилата удается 
формировать высокочувствительные сенсоры на основе графена с высокой воспроизво-
димостью геометрических параметров канала на микроуровне и малой дефектностью. 
Однако, удаление остаточного полимера остаётся актуальной проблемой. Было осу-
ществлен перенос графена с использованием ПММА с различной молекулярной мас-
сой на Si/SiO

2
 подложки. Для удаления слоя ПММА сравнивались различные методи-

ки с применением широко используемых растворителей. При использовании наиболее  
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эффективной методики очистки, толщина перенесённого графена с остаточным ПММА 
составила менее 1 нм, а соотношение 2D/G составило ~5. С помощью разработанных 
методик удаления остаточного ПММА может быть обеспечено увеличение чувствитель-
ности для недорогих многоразовых сенсоров на основе графена.

Ключевые слова: перенос графена, сенсор, удаление полимера, полиметилметакрилат
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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

2
 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).
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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, c). 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

2
O [3], to the THF:H

2
O.

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

a) b)

c) 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, c, d). Both 495 kDa PMMA with 2PE additive and 
350 kDa 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, c, 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

2
O formation [11]. Cu oxidation is 

characterized by Raman peaks in the spectra (from 534 to 540 nm, Fig 2, a, b). Oxidation has 
affected the reduction of the fluorescence suppression characteristic of the original metal surface.

a) b)

c) d)

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−1 [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)

a) b) 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 III-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 III-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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Аннотация. В настоящей работе проведено экспериментальное исследование дина-
мики кривизны и остаточного прогиба III-N HEMT структур во время и после эпи-
таксии для подложек Si(111) диаметром 100 мм различной толщины; была определена 
динамика кривизны от толщины структуры во время роста, что позволяет определить 
параметры эпитаксии для получения необходимого прогиба структур после остывания.

Ключевые слова: ГФЭ МОС, полевые транзисторы, упругие напряжения, кремний
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Introduction

High Electron Mobility Transistor (HEMT) heterostructures based on III-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 III-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 III-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.

a) b)

d)

c)

e)

Fig. 1. Order of growing HEMT structures: flat silicon substrate (a); first AlN 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 AlN 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 (T = 1130 ℃; p = 100 mbar) to get rid of 
silicon oxide covering the substrate (Fig. 1, a). After that an AlN layer is deposited (T = 1100 
℃ [10]; p = 110 mbar; growth rate ≈ 0.5 µm/h) to prevent etching of Si by Ga melt (Fig. 1,b). 
Then a set of AlGaN layers (T = 1050 ℃; 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 (T = 1050–1100 ℃; p = 100–400 mbar) with doped with Fe and C and 
undoped GaN layers, AlN spacer (f = 1 nm), Al

0.23
Ga

0.77
N barrier layer (f = 23 nm) and in-

situ deposited SiN (f = 5 nm) (Fig. 1,d). At the end of epitaxy grown structure is cooled down 
(t ≈ 30 min) to the room temperature (Fig. 1, e).

Geometry of the structures. The curvature coefficient, 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:

2

1
,

f
k

R H
=                                                    (1)

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

Based on geometric considerations (Fig. 2) and the smallness of bow h in relation to the 
curvature R and substrate diameter d, we can obtain expression (2) for calculating h.

Fig. 2. Relation between curvature R and substrate 
diameter d and bow h

2 2

.
8 8

d kd
h

R
= =

                    
(2)

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 µm, which 
corresponds to a curvature of 40 km−1 for a 
100 mm substrate.

Results and Discussion

The curvature of the grown structure, as 
well as the growth rate of each layer, was 
determined from data in-situ measured 
during growth for each layer. The structure 
layers thicknesses were calculated based on 
the known growth times and corresponding 
for each layer rates, and the bow was 
calculated based on the curvatures and 
structure geometric dimensions.

Dependence on substrate thickness. Fig. 3 
shows the curvature and bow dependence on 
thickness of the growing structure at different 
thicknesses of substrate. It is clearly seen that 
the thinner substrate is contorting more than 
thick one.

Dependence on structure thickness. Fig. 4 
shows the curvature and bow dependence 
on thickness of the growing structure for 
different thicknesses of final films. Substrate 
thicknesses were equal. It is seen that 
controlling compositions and thicknesses 
of the buffer layers allow to control the 

Fig. 3. Graph of the curvature k and bow h vs 
thickness of the growing structure f at different 

thicknesses of substrate H 
(given in brackets for each sample)
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Fig. 4. Graph of the curvature k and bow h vs thickness of the growing structure f at different total 
thicknesses of structure (given in brackets for each sample)

Sample 1 2 3 4 5 6 7

h, μm 2.5 18.8 60.0 47.5 23.8 20.0 42.5

Tab l e  1 

Final bow of heterostructures after cooling

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 (II.C).

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 Å 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

3
Si silicide obtained at room temperature 

for the first time and three stable non-magnetic cobalt silicides: Co
2
Si, CoSi and CoSi

2
. It is 

shown that solid-phase reactions start at ~250 °С and ~320 °С in Co/Si(100) and Co/Si(111) 
systems respectively.
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Аннотация. Начальные стадии формирования и ферромагнитное упорядочение ин-
терфейсов Co/Si(100) и Co/Si(111) были исследованы с помощью фотоэлектронной 
спектроскопии высокого разрешения с использованием синхротронного излучения и 
магнитного линейного дихроизма в фотоэмиссии Co 3p остовных уровней. Показано, 
что ферромагнитное упорядочение носит пороговый характер и возникает после на-
пыления 6 Å Со в обеих системах. Отжиг образцов приводит к образованию четырех 
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силицидных фаз: метастабильного ферромагнитного силицида Co
3
Si, впервые получен-

ного при комнатной температуре, и трех стабильных немагнитных силицидов кобальта: 
Co

2
Si, CoSi и CoSi

2
.
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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

2
 films. Low resistivity, high thermal 

stability and small lattice mismatch with silicon allow the 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)2×1 and Co/Si(111)7×7 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)2×1 and Si(111)7×7 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 



57

Structure growth, surface, and interfaces

bombardment. The Co flux was 0.3 Å/min in the standard operation mode. The film thickness 
was varied up to 20 Å. 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 °С. All the photoelectron spectra were measured at room temperature in vacuum less than 
1.5×10−10 mbar.

Results and Discussion

The typical Si 2p spectra taken during the deposition of Co on Si(100)2×1 and Si(111)7×7 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 2p3/2− 

and 
2p

1/2− sublevels equal to 0.61 eV. The line intensity ratio for these sublevels with the account of 
their 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)2×1 
surface includes a bulk mode (B), two modes (S

u
 and S

d
) for the top and bottom dimer atoms, and 

the modes for the first (S
1
) and the second (S

1
' and S

1
'') silicon monolayers. The initial spectrum 

of the Si(111)7×7 surface consists of bulk mode B and four surface modes of S
A
, S

R
, S

P
, and SD 

that can be assigned to adatoms, rest atoms, pedestal atoms, and dimers, respectively. 
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: I, 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.

a) c)b)

d) e) f)

Fig. 1. Si 2p core-level spectra taken from Si(100)2×1 and Si(111)7×7 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 Å 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 °С. 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 °С and 420 °С. According to Ref. [9], they correspond to the stable 
monosilicide ε-CoSi. Finally, the spectrum taken after the annealing at 600 °С demonstrates the 
characteristic features of CoSi

2
 silicide [10].

a) b) c)

d) e)

Fig. 2. Valence band and Si 2p spectra taken from the Si(100)2×1 surface with 16 Å 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 Å 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 °С consists of several modes (A, 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 Å 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 °С and the corresponding valence band is typical of CoSi. The E 
mode corresponds to Co

2
Si silicide (we obtained the value of binding energy for this mode after 

annealing of Si(110) sample at 360 °С 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

3
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

2
Si mode intensity. The shape of the spectrum line completely changes after 
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annealing at 420 °C: Co
3
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

2
 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 Со 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 (М

up
) and 

down (М
down

). In order to show the possible spectral differences between the curves more clearly 
we plotted the appropriate difference curves. The effect was detected after the deposition of 6 Å 
of Co. Maxima and minima appear on the difference curves, corresponding, according to [11], to 
the sublevels m

j
 = ±3/2 of the Co 3p multiplet.

a) b)

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(Е) = [I
up

(Е) - I
down

(Е)]/[I
up

(Е) + I
down

(Е)].

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)]}×100%,

where the values of MAX[S(E)] and MIN[S(E)] correspond to the above sublevels m
±3/2

. The 
parameter A characterizes its remanent magnetization. The ferromagnetic ordering of the interface 
has a threshold nature and arises after the deposition of ~ 6 Å 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 Å 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.

Fig. 4. Dependence of magnetic asymmetry amplitude А 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

3
Si silicide in the analyzed 

surface layer. MLD effect remains after the disappearance of metal Co film but vanishes after the 
disappearance of Co

3
Si silicide during the sample annealing at 360 °С.

Conclusion

In this paper, we established the correlations between the phase composition and magnetic 
properties of ultrathin films formed on the Si(100)2×1 and Si(111)7×7 surfaces upon Co 
deposition at room temperature and subsequent annealing of the samples to 600 °С. 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 Ǻ for both systems corresponding to 
solid-solution phase. After the samples annealing, the first synthesized phases are the metastable 
ferromagnetic Co

3
Si and non-magnetic Co

2
Si silicides. They transform to CoSi and CoSi

2
 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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Аннотация. В данной работе была исследована кинетика трансформации псевдо-
морфного слоя GaN и изучена эволюция постоянной решетки слоя GaN при перио-
дическом выключении/включении потока аммиака при ростовой температуре 740 °C. 
По кинетике преобразования слоя GaN было показано, что термическое разложение 
практически отсутствует и не влияет на изменение морфологии слоя GaN. Экспери-
ментально было обнаружено, что образующийся с каждым циклом 2D "замороженный" 
слой GaN является частично релаксированным. Частичная релаксация объясняется в 
рамках модели равновесия Mariette, и связана с незавершенностью обратного перехода 
3D островков в 2D слой. 
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Introduction

Group III nitrides such as InN, GaN and AlN, combined with solid solutions, can extend 
the spectral range of optoelectronic devices from infrared to ultraviolet, thus attracting significant 
research interest. A problem in III-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 AlN 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. 
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The growth experiments were as follows. An AlN 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

2
, 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.

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 T = 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 AlN layer (equal to about 3.12 Å 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.e., 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 Å). 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.

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 
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Аннотация. В работе приводятся результаты исследования магнето-межподзонных 
осцилляций сопротивления в одномерной латеральной сверхрешетке, изготовленной 
на основе одиночной GaAs квантовой ямы c двумя заполненными энергетическими 
подзонами. Обнаружена сильная модификация магнето-межподзонных осцилляций по 
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Introduction

Landau quantization in quasi-two-dimensional electronic systems in which several  
size-quantization subbands E

j
 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 ρ

xx
 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]:

( ) ( )MISO
MISO 0 MISO 12/ exp 2 / cos 2 / ,c q cA∆ρ ρ = − π ω τ π∆ ω                     (1)

where ρ
0
 = ρ

xx
(B = 0), A

MISO
 = 2τ

tr
/τ

12
, τ

tr
 is the transport scattering time, τ

12
 is the intersubband 

scattering time, τ
q

MISO = 2τ
q1

τ
q2

/(τ
q1

 + τ
q2

), τ
qj
 is the quantum lifetime, Δ

12
 is the intersubband 

splitting, ω
c
 = eB/m* is the cyclotron frequency, 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

0
cos(2πx/a), where V

0
 is the potential amplitude and a is the modulation period. The 

most striking 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
cj
/a = (i + 1/4),                                             (2)

2R
cj
/a = (i ‒1/4),                                              (3)

where R
cj
 is the cyclotron radius and i is a positive integer. Within the framework of the classical 

model, COs arise due to the commensurability between R
cj
 and a [5], and within the framework 

of the quantum mechanical model they result from a periodic 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

0
, which leads to the formation of 

Landau bands. Under the conditions V
0
 << E

F
 ‒ E

j
 = ε

Fj
 (E

F
 is the position of the Fermi level), 

the dependence of the Landau level E
Nj
 with N

j
 >> 1 on x

0
 is given by the expression [6]:

( ) ( ) ( )0 01/ 2 cos 2 / ,Nj j j c BjE x E N V x a≈ + + ω + π                         (4)

( )0 0 2 / .Bj cjV V J R a= π                                            (5)

For 2πR
cj
/a ≥ 1 the width of the Landau bands Γ

Bj
 = 2V

Bj
 reaches maximum if Eq. (2) holds 

true and is equal to zero if Eq. (3) is satisfied.
The density of states D

j
 under the conditions V

0
 << ε

Fj
, N

j
 >> 1 and 1/τ

qj
 ~ ω

c
 is given by the 

following relationship [7]:

( ) ( ) ( )0 0/ 1 2 2 / exp / cos 2 / ,j Bj c c qj Fj cD D J V≈ − π ω −π ω τ πε ω                  (6)

where D
0
 = m*/π2. Using relations (1) and (6), the behavior of MISO in a two-subband ULSL 

can be described by formula [8]:

( ) ( ) ( ) ( )MISO
MISO 0 MISO 0 1 0 2 12/ 2 / 2 / exp 2 / cos 2 / .B c B c c q cA J V J V∆ρ ρ = π ω π ω − π ω τ π∆ ω  

 
(7)

In this formula, the role of V(x) is taken into account by the factors J
0
(2πV

Bj
/ω

c
), which are 

absent in Eq. (1).
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a) b)

Fig. 1. Dependences Γ
B1

(1/B) calculated by Eq. (5) for two different values of V
0
: 0.2 (1), 

0.65 meV (2), dependence ω
c
(1/B) (3), the arrow indicates the maximum position for i = 4 (a); 

dependences of D
1
/D

0
 on 1/B, calculated by Eq. (6) (b)

Figure 1, a shows the dependences Γ
B1
(1/B) for weak (1) and strong (2) modulation of the 

potential V(x) with respect to ω
c
. In the strong modulation regime, there are intervals of 1/B 

where Γ
B1
(1/B) ~ ω

c
. Fig. 1, b shows the dependences of D

1
/D

0
 on 1/B, calculated by Eq. 

(6) for a fixed ε
F1

 and for two different values of V
0
. It can be seen that the dependences of 

D
1
/D

0
 on 1/B for weak and strong potential modulation are out of phase in the regions where 

Γ
B1
(1/B) ~ ω

c
. This behavior is due to the role of Van Hove singularities in the spectrum of 

states at the edges of the Landau bands. Eqs. (6) and (7) predict a significant transformation of 
the MISO when Γ

B1
(1/B) ~ ω

c
. 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 δ doping. Single Si δ-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 µm long and 50 µm 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 T = 4.2 K in fields  
B < 2 T. The resistance of the samples ρ

xx
 and ρ

xy
 was measured at an alternating current not ex-

ceeding 1 μA with a frequency of ~ 1 kHz. In the control bridge, the electron concentration and 
mobility were: n

H
 ≈ 8.2×1015 m‒2; μ ≈ 115 m2/Vs. The presence of superlattice slightly reduces 

n
H
 and μ. In the ULSLs under study, the modulating potential arises without applying voltage 

V
g
 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 ρ
xx

/ρ
0
 versus B measurements in the control bridge and in the ULSL are shown 

in Fig. 2, a. The MISO with frequency f
12

 ≈ 8.8 T are detected in the control bridge. The in-
tersubband splitting determined from the frequency f

12
 is Δ

12
 ≈ 15 meV. In the ULSL the more 

pronounced are the oscillations whose maxima and minima positions are given by Eqs. (2) and 
(3), which allows us to consider them commensurate. The Fourier analysis of CO shows two 
frequencies (f

CO1
 = 0.64 T and f

CO2
 = 0.36 T) in good agreement with their expected values. Fig-

ure 2, b shows the dependences of ρ
xx

/ρ
0
 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 Δρ

MISO
/ρ

0
 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 ρ
xx

/ρ
0
 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 ρ
xx

/ρ
0
 on 1/B in the region of the 

MISO phase flip (b)

a) b)

bridge. The dependences of Δρ
MISO

/ρ
0
 on 1/B for the control bridge and the ULSL calculated 

from Eq. (7) are shown in Fig. 3, b. Good agreement between the experimental dependenc-
es and those calculated is observed for V

0
 = 0 and τ

q

MISO = 8 ps for the control bridge, and for  
V

0 
= 0.65 meV and τ

q

MISO = 6 ps for the ULSL. A decrease in τ
q

MISO 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)

Fig. 3. Dependences of Δρ
MISO

/ρ
0
 versus 1/B for the control bridge and the ULSL (a); dependences 

of Δρ
MISO

/ρ
0
 versus 1/B, calculated by Eq. (7): n

1
 = 6×1015 m‒2, n

2
 = 1.9×1015 m‒2, A

MISO
 = 0.4, for the 

control bridge τ
q

MISO = 8 ps, for the ULSL τ
q

MISO = 6 ps (b)

Fig. 4, a shows Δρ
MISO

/ρ
0
 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 Γ
Bj
 on 1/B calculated for V

0
 = 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: Γ

Bj
 < ω

c
/2. In region 2: Γ

B1
 < ω

c
/2, 

and Γ
B2

 ~ ω
c
. In region 1, the oscillations of D

1
/D

0
 and D

2
/D

0
 versus 1/B for the control bridge 

and for the ULSL are in phase under condition that 1/τ
qj
 ~ ω

c
. In this case, V(x) leads only to a 

decrease in the amplitude of MISO, but does not change their phase. In region 2, the oscillations 
D

1
/D

0
 and D

2
/D

0
 are out of phase. In this situation, V(x) leads not only to a suppression of the 

MISO amplitude, but also to a change in their phase. Thus, the "reversal" of MISO is due to the 
fact that in region 2: Γ

B1
 < ω

c
/2, and Γ

B2
 ~ ω

c
.

The observed flip of the MISO is fundamentally 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

j
. When ω

c
 changes, the regions with a 

higher D
j
 cross E

F
 periodically in 1/B, which leads to SdH oscillations. The one-dimensional 

potential leads to Van Hove singularities in the dependence of D
j
 on energy ε. The density of 

states at the edges of the Landau bands has a maximum, while in the center it has a minimum. 
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a) b)

Fig. 4. Dependences of Δρ
MISO

/ρ
0
 versus 1/B in two narrow intervals (a); dependences of Γ

Bj
 on 1/B, 

calculated by Eq. (5): n
1
 = 6×1015 m‒2, n

2
 = 1.9×1015 m‒2, a = 400 nm, V

0
 = 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
j
(ε) leads, under the conditions Γ

Bj
 ~ ω

c
 and 1/τ

qj
 ~ ω

c
, to a flip of the 

SdH oscillations [12].
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

F
, 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

j
(ε) 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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Аннотация. Исследованы вольт-амперные характеристики и спектральные зависимо-
сти фототока p-i-n структур, включающих множественные квантовые ямы GeSiSn/Si с 
содержанием Sn вплоть до 15%. Показано, что увеличение содержания олова от 4.5 до 
15% приводит к увеличению плотности темнового тока с 6×10−6 А/см2 до 5×10−4 А/см2 

при обратном смещении 1 В. Продемонстрировано, что увеличение содержания олова в 
гетероструктурах приводит к увеличению длинноволновой границы фотоответа вплоть 
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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 µm [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 µm, 3–5 µm and 8–14 µm. 
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 II-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 6×10‒3 A/cm2 

was achieved for Ge
0.964

Sn
0.036

-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 6×10‒6 A/cm2. 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

0.3
Si0.7‒y

Sn
y
 quantum wells of the 2 nm thickness, which 

were separated by 7 nm thick Si layers. The Sn 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 (I–V) characteristics of devices were 
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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/Ge1‒x‒y
Si

x
Sn

y
/Si heterocomposition, 

including a pseudomorphic Ge1‒x‒y
Si

x
Sn

y
 layer, was carried out using 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:

( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( )

1

SiGe GeSn SiSn

Ge Si Sn Ge 1 Si Sn

1 1 ,

x y x yE E x y E x E y

b x y x b x y y b x y

ξ ξ ξ ξ
− −

ξ ξ ξ

= ⋅ − − + ⋅ + ⋅ −

− ⋅ − − ⋅ − ⋅ − − ⋅ − ⋅ ⋅
          (1)

where, Eξ(Ge), Eξ(Si) and Eξ(Sn) are Ge, Si and Sn band gaps, respectively; SiGebξ , GeSnbξ  and 
 

SiSnbξ

 
correspond to the bowing parameters; index ξ = Γ, 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.

Results and Discussion

A series of p-i-n diodes including Ge
0.3

Si0.7‒y
Sn

y
/Si MQWs was obtained. The pseudomorphic 

state of Ge
0.3

Si0.7‒y
Sn

y
 layers was confirmed by the presence of diffraction peaks on the diffraction 

reflection curves (Fig. 1, b). Diffraction peaks are marked with integers from –3 to +1.

a) b)

Fig. 1. Schematic cross section of a p-i-n diode with the Ge
0.3

Si
0.7−y

Sn
y
/Si MQWs (a) and the 

(004) diffraction reflection curves from the MQWs containing 10 periods with the pseudomorphic  
Ge

0.3
Si0.7−y

Sn
y
 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 Ge

0.3
Si0.7‒y

Sn
y 

layers. The modeling curve for the Sn content of 3.5% is shown as the example. It is in good 
agreement with the experimental dependence for the same composition.
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a) b)

Fig. 2. Dark current-voltage (I–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 I–V characteristics and photocurrent spectra the photoelectric 
properties of p-i-n diodes obtained were studied. The I–V characteristics for samples containing 
up to 15% tin in quantum wells are shown in Fig. 2, a. All devices had diode I–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 6×10–6 A/cm2 to 5×10–5 A/cm2 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 5×10‒4 А/cm2. 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 (4×1) 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) c)

Fig. 3. Band diagrams for Si/Ge
0.3

Si0.7−y
Sn

y
/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 µm is 
observed with the tin content increase from 3.5 to 15% in the Ge

0.3
Si0.7‒y

Sn
y
 layers. According 

to band diagram calculations for Si/Ge
0.3

Si0.7‒y
Sn

y
/Si heterostructures (Fig. 3), the contribution 

to the photocurrent can occur from interband optical transitions between the valence band 
and X-valley in silicon, as well as transitions between subbands of heavy or light holes in the  
Ge

0.3
Si0.7‒y

Sn
y
 solid solution layer and the X-valley in silicon or the Δ

4
 subband in the Ge

0.3
Si0.7‒y

Sn
y
 

layer. The optical transitions with minimum energy are indicated by arrows in Fig. 3. However, 
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 6×10–6 A/cm2 to 5×10–5 A/cm2 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 5×10–4 A/cm2. 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 µm. 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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Моделирование когерентной динамики экситонов в квантовой яме 
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Аннотация. В данной работе рассмотрены поляризационно-зависимые квантовые 

биения экситонов с лёгкой и тяжёлой дыркой, наблюдаемые в эксперименте «накач-
ка-зондирование». Экспериментально обнаружены осцилляции энергии экситонных 
резонансов при одновременном возбуждении экситонных уровней. Для объяснения 
этого эффекта сформулирована теоретическая модель, основанная на рассмотрении пя-
тиуровневой схемы с введённой нелинейностью в виде обменного экситон-экситонного 
взаимодействия. Обнаружено, что сдвиг энергетических линий удается описать только 
при учете обменного экситон-экситонного взаимодействия. Результат теоретических 
расчетов когерентной динамики экситонов в данной модели находятся в согласии с 
экспериментальными данными.
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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]:
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Here, rQW(ω) describes the amplitude reflection from the exciton resonance, Γ
R
 and Γ

NR 
are 

the rates of radiative and nonradiative decay of the exciton polarization, ω
x
 is the frequency of 

the exciton transition, ϕ is the phase shift of the light from the sample surface to the center of 
the quantum well, r

s
 is the amplitude reflection from the sample surface, R is the intensity of the 

reflection from the sample.

Fig. 1. Reflection spectrum of the GaAs/AlGaAs quantum well studied in the experiment (a). X
hh

 and 
X

lh
 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 (b)

a) b)

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 µeV). 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

† ,tot i i i int

i

c c HH = ω +∑                                            (3)

where H
int

 is the exciton-exciton interaction Hamiltonian.
The interaction with light is described in the dipole approximation. The wavefunction of the 

exciton created by the pump pulse is
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id
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            (4)

where E
pump

 is the strength of the electric field of the pump pulse, d
i
 and ω

0i
 are the dipole mo-

ments and frequencies of exciton optical transitions, c
i

+ are creation operators. Likewise, the 
probe exciton wavefunction is
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Assuming that only identical excitons interact, the interaction Hamiltonian takes the form of 
the exchange interaction

† † .int ex i i i i

i

H c c c c′ ′= ω ∑                                            (6)

Here c
i
 and c

i
’ (c

i

+ and c
i

’+) are the annihilation (creation) operators for the pump and probe 
exciton, respectively. 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 linear transform of the 
complex amplitudes and the field operators

,,j jk k j jk k

k k

m c m c′γ = α =∑ ∑                                        (7)

where m
jk
 is the transform matrix.

Applying the field operators to the pump and probe wavefunction, we can write down the 
Schrödinger equations for the complex amplitudes
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Integrating (8), we can obtain the reflectance of the quantum well

0

( ) ( ) .i t

QW j j

j

d tr e dt

∞
ωω = γ∑∫

                                                  

 (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

QW
 (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.

a) b)

Fig. 2. Modelled reflectance spectrum of heavy hole exciton in dependence on delay between the 
pump and the probe pulses (a). 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 Ω = 5.47 ps−1) and 
the values of radiative and nonradiative broadenings Γ

R
 = 0.02Ω and Γ

NR
 = 0.04Ω 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 ω

ex0
 = 0.0175Ω. 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, b. 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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Abstract. A prominent source of charge carrier losses due to non-radiative recombination 
in AlGaN QWs, caused by the presence of charged centers localized at disordered hetero in-
terfaces, has been experimentally revealed. It was found out that the spectral density of current 
low-frequency noise, which carries integral information about single defects and a defect sys-
tem, is an order of magnitude higher in AlGaN QWs than in effective blue InGaN/GaN QWs. 
Thus, non-radiative recombination losses are still the source responsible for the low quantum 
efficiency of ultraviolet LEDs. 
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Аннотация. Экспериментально выявлен значительный источник потерь носителей 
заряда на безызлучательную рекомбинацию в AlGaN QWs, вызванный присутствием за-
ряженных центров, локализованных на разупорядоченных гетеро границах. Выяснено, 
что спектральная плотность токового низкочастотного шума, несущая интегральную 
информацию о единичных дефектах и дефектной системе, на порядок выше в AlGaN 
QWs, чем в эффективных голубых InGaN/GaN QWs. Таким образом, потери на без-
ызлучательную рекомбинацию по-прежнему являются источником, ответственным за 
низкую квантовую эффективность ультрафиолетовых светодиодов. 
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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 (EQE) < 10% and life time 
< 1500 hours [1–3]. The efficiency of AlGaN-based DUV LEDs is found to decrease drastically 
with decreasing emission wavelength. There are several factors that limit EQE 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 AlN [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 EQE at the maximum of DUV 
LEDs.

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 EQE 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 μs 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 Ω to 13.8 kΩ, depending on the 
current passing through the LEDs. The voltage fluctuations S

U
 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/√Hz at 1 
kHz, which is approximately equivalent to the Johnson-Nyquist noise of a 1000-Ω resistance.

Results and Discussion

The maximum IQE in LEDs based on nitrides is determined by tunneling radiative recombination 
in MQW, located in the space charge region (SCR) around p-n 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

th
). The U

th
 values were derived from forward I-U characteristics in DUV AlGaN and blue 

InGaN/GaN LEDs (Fig. 1).
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Currents I < 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

I
 versus frequency) 

in this current range for the same LEDs. The shape of the noise spectra is observed to be  
S

I
(f) ~ 1/f in the entire frequency range, which means the 1/f noise dominates at all currents  

(Fig. 2, a).

Fig. 1. Linear I–U characteristics of InGaN/GaN (curve 1) and AlGaN (curve 2) LEDs

a) b)

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
I
 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 2 at high frequencies. The contribution of GR noise to the spectra is shown in a deviation from 
the shape of 1/f noise at f > 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

U
) on the current deviates remarkably from the classic shape characterized by  

S
U
(j) ~ I−1 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 I–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 
of charged centers in abrupt p-n junction. In 
our case, the presence of charged centers in 
SCR around p-n junction can be associated with 
imperfect hetero interfaces caused by random 
fluctuations in the AlGaN alloy composition, 
small thickness, less than 3 nm quantum wells, 
and Ga segregation.

The disordered hetero interface is indicated 
by the large difference (1.3 V) between  
U

th
 = 5.8 V (Fig. 1, curve 2) and the voltage 

of 4.46 V corresponding to the emission 
wavelength of 280 nm. A similar difference 
in voltage values is observed in green 
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]. 

Fig. 3. Dependences of the spectral density 
of voltage fluctuations (S

U
) on the current in 

InGaN/GaN (curve 1) and AlGaN/GaN 
(curve 2) LEDs

a) b)

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 1). As a result, the charged centers localized at disordered hetero interfaces 
take part in NR and reduce EQE values at maximum in AlGaN 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 I–U characteristics in AlGaN 
and efficient blue InGaN QWs in commercially-available LEDs shows that the loss of charge 

Fig. 4. I–U characteristics of blue (1) and DUV (2) LEDs (a); change in I‒U characteristics of DUV 
LED over the temperature range (b): 1 – 200 K, 2 – 300 K, 3 – 350 K
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carriers in non-radiative recombination is much more prominent in AlGaN 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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Abstract. Plasma-enhanced atomic layer deposition is an attractive method for produc-
ing n-GaP layers at low temperatures on p-Si wafers for further photovoltaic application of  
n-GaP/p-Si heterostructures. In this study, we explore the influence of growth conditions 
on the electrophysical quality of thin n-GaP layers. It was established from admittance spec-
troscopy and current-voltage characteristics that the activation energy of conductivity in GaP 
decreases from 0.08 eV to 0.04 eV, with an increase in phosphine flow during the phospho-
rous step, and a subsequent drop to an extremely low value (< 0.02 eV) when additional 
flow of silane was added. This leads to extreme improve photovoltaic performance of the  
ITO/n-GaP/p-Si sample due to suppression of inflection on the I–V curve leading to an in-
crease in the short-circuit current and the fill factor. Fruthermore, a deep level with the acti-
vation energies ranging from 0.50 to 0.55 eV and the capture cross-section σ

T
 = (1–10)·10–16 cm2 

was detected in all layers.

Keywords: solar cell, GaP/Si heterojunction, admittance spectroscopy, atomic-layer depo-
sition

Funding: The reported study was supported by the Russian Science Foundation under the 
grant number 21-79-10413, https://rscf.ru/project/21-79-10413/

Citation: Kiianitsyn K.S., Gudovskikh A.S., Uvarov A.V., Maksimova A.A., Vyacheslavova 
E.A., Baranov A.I., Study of photoconvertion heterojunction n-GaP/p-Si obtained by PE-ALD, 
St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 16 (1.3) (2023) 
90–95. DOI: https://doi.org/10.18721/JPM.161.315

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

Материалы конференции
УДК 621.383
DOI: https://doi.org/10.18721/JPM.161.315

Исследование фотопреобразовательных гетеропереходов 
n-GaP/p-Si, полученных методом PE-ALD

С.Ю. Кияницын 1,2, А.И. Баранов 2✉, А.В. Уваров 2, 

А.А. Максимова 2, Е.А. Вячеславова 2, А.С. Гудовских 2

1 Санкт-Петербургский электротехнический университет «ЛЭТИ", Санкт-Петербург, Россия;
2 Академический университет им. Ж.И. Алфёрова, Санкт-Петербург, Россия

✉ baranov_art@spbau.ru

Аннотация. Атомно-слоевое плазменно-стимулированное осаждение является одним 
из перспективных методов для формирование n-GaP слоев при низких температурах 
на подложках p-Si для последующего использования в качестве фотопреобразователь-
ных структур гетероперехода n-GaP/p-Si. В данной работе, было исследовано влияние 
остовых параметров на электрофизические свойства n-GaP. Согласно измерениям  
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спектроскопии полной проводимости и вольт-амперных характеристик показано, что 
энергия активации проводимости в GaP слое уменьшается с 0.08 эВ до 0.04 эВ с уве-
личением потока фосфина и времени его взаимодействия с подложкой во время шага 
осаждения фосфора, а при добавлении дополнительного потока силана на шаге осажде-
ния фосфора она значительно уменьшается и становится меньше 0.02 эВ. Это приводит 
к значительному улучшению производительности солнечного элемента ITO/n-GaP/p-Si 
вследствие уменьшения перегиба на ВАХ, что приводит к увеличению тока короткого 
замыкания и фактора заполнения. Кроме того, во всех образцах был обнаружен глу-
бокий дефектный уровень с энергией активации E

a
 = 0.50–0.55 eV и сечением захвата  

σ
T 
= (1–10)·10−16 cm2.

Ключевые слова: солнечный элемент, GaP/Si гетеропереход, спектроскопия полной 
проводимости, атомно-слоевое осаждение
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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 eV to 2.1 eV 
[2]. Recently, an interesting method of plasma-enhanced atomic-layer deposition (PE-ALD) at 
temperatures below 400 ℃ 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 PlasmaLab System 100 PECVD (13.56 MHz) setup on boron-doped silicon 
(100) wafers (p = 1·1016 cm–3) in PE-ALD mode. The main parameters were the same as in [7] 
except for the steps described in Table 1: lower PH

3
 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

2
SO

4
:H

2
O

2
 = 3:1 down to silicon wafer: in result, GaP/Si heterojunction 
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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.

Sample
Pre-PH

3
 step PH

3
 step

t, s
PH

3
, 

sccm
Ar, 

sccm
H, 

sccm
SiH

4
, 

sccm
t, s

PH
3
, 

sccm
H, 

sccm

OX856 3 30

50 200

0

3

10

200OX860 4 40 0 20

OX858 4 40 10 20

Tab l e  1
Different parameters of PE-ALD processes of GaP layers

Results and Discussion

Current-voltage characteristics of ITO/n-GaP/p-Si samples under AM1.5G illumination are 
presented in Fig. 1.
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Fig. 1. Current-voltage characteristics of 
ITO/n-GaP/p-Si samples under 

AM1.5G illumination

All I–V curves exhibit a knee near the open circuit 
voltage, which leads to significant decrease of fill 
factor (FF) and even short circuit current (I

sc
). The 

most pronounced drop of FF is observed for OX856, a 
medium one for OX860, and the weakest is for OX858. 
A possible reason explaining such behavior lies in the 
differences in conductivity of the GaP layer due to the 
growth parameters. A similar knee in the I–V curve 
could be observed for non-sufficient HIT solar cells 
based on a p-a-Si:H/i-a-Si:H/n-c-Si heterojunction 
when p-layer is not enough doped leading to parasitic 
barrier in structure and decrease of FF. Here, the shape 
of the I–V curve is dramatically improved when PH

3 
flow increases for OX860 in both stages (Table 1), 
and silane flow also reduces the inflection of the I-V 
curve leading to a greatly increasing Isc. Therefore, 
the parameters of the PH

3
 step in PE-ALD mode have 

a critical influence on the quality of conductivity in 
n-GaP.

Initially, gold was evaporated to these GaP layers 
grown on n-Si (n = 1·1016 cm–3) 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/C2 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

DC 
= 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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A similar behavior of the curves is observed for all samples at V
DC

 = 0 V (left panels in Fig. 2). 
A first step on the C–f curve can be seen at low temperatures of 80–240 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 E

a
 and the capture cross section σ

T
. 

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

a
 = 0.50–0.55 eV and σ

T
 = (1–10)·10–16 cm2. The parameters do not depend on the process 

conditions so the differences in the I–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 σ

T
 (1·10–20 cm2) and E

a
 being equal to 

0.08 eV and 0.04 eV for OX856 and OX860, respectively. For OX858 E
a
 is too low to be estimated 

(E
a
 < 0.02 eV). Thus, the highest value of E

a
 is observed in OX856, then increasing of phosphine 

flow leading to decreasing 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

DC
 = +0.8 V (Fig. 2, b, d, f) to prove the difference 

in E
a
 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 E

a
. In fact, if we consider the equivalent circuit the space charge capacitance is connect in 

parallel 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 E

a
 on deposition conditions. Also it is 

in good correlation with our suggestion from I–V curves: lower E
a
 leads to better conductivity in 

GaP with silane flow. Therefore, detected response is related to conductivity 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 E

a
 = 0.50–0.55 eV and σ

T
 = (1–10)·10–16 cm2 was detected in all layers.
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Abstract. We describe the formation of axial GaAs/AlAs heterostructured nanowires grown 
via the vapor-liquid-solid method. The calculations are based on the combination of mass 
balance of atoms in the droplet and the nucleation-limited composition of ternary Al

x
Ga

1-x
As 

nanowires. We examine the influence of growth temperature, atomic Al flux and the Au con-
centration in the liquid on the interfacial abruptness. In particular, we compare the composi-
tional profiles of heterostructures in Au-catalyzed and self-catalyzed nanowires. The obtained 
results might be useful for growth of GaAs/AlAs heterostructured nanowires.
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Аннотация. Проведено теоретическое исследование формирования осевой гете-
роструктуры GaAs/AlAs в нитевидных нанокристаллах, выращенных по механизму 
пар-жидкость-кристалл. В основе модели лежит материальный баланс в капле, где 
встраивание атомов в нитевидный нанокристалл лимитировано нуклеацией. Изучено 
влияние температуры роста, потока алюминия и концентрации золота в капле на рез-
кость гетероперехода. В частности, мы сравниваем профили состава гетерострутурных 
авто-каталитических и Au-каталитических нитевидных нанокристаллов. Полученные 
результаты могут быть полезны при росте осевых гетеростуктур GaAs/AlAs в нитевид-
ных нанокристаллах.

Ключевые слова: профиль состава, осевые гетероструктуры, AlGaAs, нитевидные на-
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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

x
Ga

1-x
As ternary solid solution forms. It has 

been shown [6] that the compositional profile across an axial heterostructure can be found from 

1 1
.tot

d dy
c

dx g a x dx

ξ
=

−                                              
(1)

Here ξ is the axial coordinate across the heterointerface, x is the content of AlAs pairs in the 
solid, g is the geometrical coefficient, c

tot
 ≈ 1 – c

Au
 is the total concentration of group III elements, 

a is the dimensionless influx of Al, y = c
Al

 / (c
Al

 + c
Ga

) is the liquid composition, c
Al
, c

Ga
, c

As
 and 

c
Au

 are the concentrations of Al, Ga, As and Au in the droplet, respectively. Eq. (1) is solved by 
introducing 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]

AlAs-GaAs2 ( 1/2)

1
.

1
1 x b

y
x

e
x

ω − +
=

−
+

                                         (2)

Here ω
AlAs-GaAs

 is 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].
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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(ξ) 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 c

Au
 = 0 (self-catalyzed growth),  

a = 2, g = 0.001 and c
As

 = 0.01. Within the nucleation-limited regime, the compositional control 
of Al

x
Ga

1-x
As nanowires 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(ξ) 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.

Fig. 1. Contour plot of the GaAs content x in the GaAs/AlAs NW heterostructure NW versus distance 
ξ and temperature T (a); composition profiles x(ξ) across the GaAs/AlAs NW heterostructures at 

different temperatures T (b).
The temperatures T are given in the inset to Fig. 1, b. 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 ξ with AlAs 
content x and Au concentration c

Au
 in the GaAs/AlAs nanowire heterostructure and the x(ξ) 

dependence calculated for different Au concentrations at a fixed c
As

 = 0.01, T = 610 °C, a = 2 
and g = 0.001 are presented in Fig. 2. Such high temperature might be relevant for GaAs/AlAs 
heterostructured nanowires [8]. Within the considered range of Au concentrations (0 < c

Au
 < 

0.4), increasing the Au concentration broadens the heterointerface. However, a heterointerface 
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 ξ with AlAs content x and dimensionless atomic flux a in the GaAs/AlAs nanowire 
heterostructure and the x(ξ) dependence calculated for different dimensionless atomic fluxes 
at fixed c

As
 = 0.01, T = 610 °C, c

Au
 = 0 and g = 0.001. Lower atomic fluxes a result in broader 

GaAs/AlAs heterointerfaces. This effect is especially crucial when a tends to 1.

a) b)
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Fig. 2. Contour plot of the GaAs content x in the GaAs/AlAs NW heterostructure NW versus distance 
ξ and Au concentration c

Au
 (a);composition profiles x(ξ) across the GaAs/AlAs NW heterostructures 

at different Au concentrations c
Au

 in the droplet (b). 
The concentrations c

Au
 are given in the inset to Fig. 2, b

a) b)

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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Fig. 3. Contour plot of the GaAs content x in the InAs/GaAs NW heterostructure NW versus 
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The dimensionless atomic fluxes a are given in the inset to Fig. 3, b
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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

2
 and InAs/InP 

nanowires on silicon were studied in the near infrared spectral range at various levels 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

2
-coated InAs nanowires demonstrated that surface passivation with CaF

2
 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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Аннотация. Нитевидные полупроводниковые нанокристаллы имеют ряд преимуществ 
по сравнению с пленками и объемными полупроводниковыми материалами, которые 
позволяют использовать их для создания эффективных детекторов и источников 
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излучения. В настоящей работе были получены спектры фотолюминесценции радиально 
гетероструктурированных нитевидных нанокристаллов InAs, InAs/CaF

2
 и InAs/InP (ядро/

оболочка) в ближнем инфракрасном диапазоне при различных уровнях оптической 
накачки и различных температурах при помощи вакуумного фурье-спектрометра, 
работающего в пошаговом режиме. Обнаруженные в спектрах пики объяснены 
межзонными переходами носителей заряда в InAs разной кристаллической модификации: 
сфалерит и вюрцит. Из спектров нитевидных нанокристаллов, покрытых CaF

2
, видно, 

что в этом случае пассивация поверхности не изменяет спектральные особенности 
люминесценции. В то же время интенсивность фотолюминесценции нитевидных 
нанокристаллов InAs/InP больше, чем у чистых нитевидных нанокристаллов InAs. 
Таким образом, поверхностная пассивация может уменьшить влияние поверхностных 
состояний на оптические свойства нитевидных нанокристаллов.

Ключевые слова: нитевидные нанокристаллы, пассивация поверхности, 
фотолюминесценция, нитевидные нанокристаллы ядро/оболочка
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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 NWs is limited by 3 µm wave-
length, which is noticeably shorter than the experimentally observed cutoff wavelengths for InAs 
thin-film photodetectors (~3.8 µm). 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/cm2 [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.
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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

x
/Si(111) substrates within the self-induced approach. Boron-doped, vicinal p-type 

Si wafers were used (misorientation 4°, 0.3–0.5 Ohm×cm). 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

4
OH:H

2
O

2
:H

2
O with a volume ratio of 1:1:3). Indium, As

4
 and P

2
 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 8×10−8 Torr, which corresponds to 
a growth rate of approximately 150 nm/h. The InAs NWs were formed at the growth temperature 
T

gr
 of 460 °C and a high incident As

4
/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

gr
 of 400 °C and P

2
/In BEP flux ratio of 32 promoting radial growth. Uniform deposition 

of amorphous CaF
2
 was obtained at the T

gr
 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 µm–2), 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 µm, 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 µm. We also fabricated a number of samples with 
surface passivation having the structure of InAs-core/InP-shell and InAs-core/CaF

2
-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 µm.

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

a) 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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a)

b) c)

Fig. 2. TEM image of InAs-core / InP-shell NWs (a). Selected-area (electron) diffraction image along 
(a) <11 2̅0> 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 
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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
2
-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

2
 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 Eg. 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 NW 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. 
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Fig. 4. PL spectra of InAs-core / InP-shell NWs with thick (a) and thin (b) shell at different pumping 
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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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Аннотация. Мы экспериментально исследовали ТГц-пропускание одностенных угле-
родных нанотрубок (ОУНТ) в широком диапазоне частот от 0,2 до 2,5 ТГц при раз-
личных мощностях TГц поля. Для исследования влияния геометрии наноматериала на 
поглощение терагерцового излучения были изготовлены два вида пленок, содержащих 
ОУНТ разного диаметра и длины. Измеренная проводимость для двух образцов можно 
объяснить изменением Друде-части проводимости. Это увеличение на более низкой 
частоте можно объяснить либо увеличением числа, либо уменьшением эффективных 
масс свободных носителей заряда, различных для двух образцов. Наше исследование 
предполагает, что в сильных терагерцовых полях проводимость ОСНТ увеличивается 
за счет создания сильной нелинейной динамики электронов в результате нескольких 
конкурирующих процессов. Результаты этой работы могут быть использованы для про-
гнозирования поведения устройств на основе УНТ (модуляторов, поляризаторов, линз 
и т. д.) в высоких терагерцовых полях.
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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 MWNTs. 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 SWCNTs, 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.
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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 µm, 
and 1.6-2 nm with the corresponding lengths from 1 to 5 µm 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 µm 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 1mm 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, Neff/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, c). 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 Neff/m as follows the increase of 
the carrier density will result in the increase of Neff/m, while the subband scatterings give rise 
to a higher effective mass for the carriers Neff/m. Therefore, we calculated the ratio Neff/m to 
evaluate this observation. In our experiments, both samples showed the increase of Neff/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.

a) b) c)

Fig. 1. Sheet conductivity of SWCNTs at different field strength (a); 
ratio of effective density of electrons to effective mass, Neff/m, versus field strength (b); 

change in the conductivity ratio σ/σ
0
 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 Neff/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 Neff/m. However, we can’t independently treat whether Neff 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/GaInP
2
 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.

Keywords: single quantum dots, anyon, Wigner localization, Fock–Darwin spectrum,  
magneto-photoluminescence
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спектрах магнито-фотолюминесценции квантовых 

точeк InP/GaInP
2
 при температуре 30 К

К.М. Афанасьев 1, 2✉, Д.В. Лебедев 1, А.С. Власов 1,

П.А. Балунов 1, 2, А.М. Минтаиров 1, 3

1 ФТИ им. А.Ф. Иоффе, Санкт-Петербург, Россия;
2 Санкт-Петербургский политехнический университет Петра Великого, Санкт-Петербург, Россия;

3 Университет Нотр-Дам, Нотр-Дам, США
✉ gruzaa01@gmail.com

Аннотация. Спектры фотолюминесценции легированной 4 электронами одиночной 
квантовой точки InP/GaInP

2
 с радиусом Вигнера – Зейтца около 3,4 использовались в ра-

боте для измерения дисперсии одиночных квантовых состояний в диапазоне магнитного 
поля в 0–10 Т при температуре 30 K. Результаты измерений указывают на формирование 
молекулярной структуры при высокой температуре с переходом в «лужную» структуру 
при уменьшении размера локализации с 110 нм до 70 нм во внешнем магнитном поле. 
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В результате подгонки спектра Фока-Дарвина обнаружено уменьшение циклотронной 
частоты и сдвиг магнитного поля, что может быть связано с формированием в квантовой 
точке энионной структуры с дробным зарядом 1/5, 2/3, 1/2 и встроенным магнитным 
полем величиной в −3Т.

Ключевые слова: одиночные квантовые точки, энионы, вигнеровская локализация, 
спектр Фока – Дарвина, магнето-фотолюминесценция
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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 r

s
 > 1, where r

s
 = 1/[a*

B
(π·n)0.5] (n is the electron density and a*

B
 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

in
) 

magnetic field corresponds to the filling factor ν = 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/GaInP

2
 QDs [1]. Molecular or 

composite (‘puddle’) anyon state structures were observed in these measurements at 10 K with 
the external magnetic field B

e
 ranging from 0 to 10 T for QDs with N > 5 and r

s
 ~ 2.3 and 1.3, 

respectively, and ν ~ 1/3 and 5/2, respectively. In this paper, we present the measurement results 
for magneto-PL spectra of QDs for r

s
 ~ 3.4 and N = 4, allowing to observe the molecule-puddle 

transition, i.e., suppression of the molecular state corresponding to a change from ν ~ 1/5 to 3/2. 
The transition was observed at a temperature T = 30 K, which indicates high temperature stability 
of the anyon state in InP/GaInP

2
. 

Materials and Methods

We studied InP/GaInP
2
 QD samples grown on a GaAs [001] substrate by MOS-hydride 

epitaxy at 725 ℃. The QDs were formed by the Stranski–Krastanov mechanism by depositing 3 
monolayers of InP on a GaInP

2
 Ga

0.48
In

0.52
P (GaInP

2
) layer, lattice-matched to the substrate and 

covered with a 40 nm GaInP
2
 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

e
 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

0
 (energy emission of the s-peak is 1.715 eV), with B

e
 increasing in the range 

from 0 to 10 T. Fig. 1, b shows the Stokes region of the spectra, and Fig. 1, c 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, III, differing in the fractional charge and the configuration of the 
Wigner molecule.
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Region I (B
e
 = 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
0
, e

1
, e

2
, e

3
, with the average 

ΔE ≈ 2.5 meV. The Wigner molecule configuration is determined by the SC emission of the 
vibrational mode (ω

0
 = 3.75 meV) of the molecule (this issue is discussed in detail in [2]). 

Region II (B
e
 = 3–6 T). The molecular state is destroyed and passes into the puddle state. We 

define the puddle state by the characteristic blurring of the emission peaks (e
0
, e

1
) and the jump-

like change in the emission energy of the Wigner molecule SC with Δω
0
 = 0.7 meV. The size of 

the Wigner molecule localization in this state is 110 nm, like in the I state. 
Region III (B

e
 = 6–10 T). The puddle state is rearranged into a different configuration with 

mixing of ASCs emission peaks (e
0
, e

1
) and (e

2
, e

3
) and a second jump in the emission energy of 

the Wigner molecule SC (Δω
0
 = 1.5 meV) with a decrease in the localization size from 110 nm 

(States I, II) to 70 nm.

a)

b)

c)

Fig. 1. PL spectrum of a single QD measured at B
e
 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 III); PL 
spectrum in the Wigner molecule SC (orange line) for B

e
 = 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/GaInP
2
 QDs in the magnetic field, we use the 

single-particle Fock–Darwin (FD) theoretical spectrum of electrons in a parabolic potential 
(ħω

0
) [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  

ħω
0
 = 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

in
), the total magnetic field of the 

system (B
tot

) is characterized by the sum of the external field B
e
 and B

in
, i.e., B

tot
 = B

e
 + B

in
.

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

in
 and fractional charge, where B

tot
 = B

e
 + B

in
 we 

are showing range of change B
tot

 ∈ [-3,0] like B
tot

 (−3) → 0 T (b). We use an atom-like formalism 
to denote FD levels, in which quantization 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
x
 = p(1,1) and p

y
 = p(−1,1)

a) b)

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

e
 = 0–3 T). This is the state of spontaneous anyon with B

in
 = −3 T, a quantum 

confinement of 2.5 meV, and the fractional charge e* = e1/5 for each level. In this case, B
tot

 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
e
 = 3–6 T). There is a transition of spontaneous anyons to induced ones with a 

quantum confinement of 2.5 meV and B
in
 = 0 T, due to which a jump of B

e
 to 3 T is observed. 

In this state, the f peak disappears and only the s, p
x
, and p

y
 levels remain filled. For induced 

anyons, each line is described by their own fractional charge, for p
x
 the fractional charge is  

e* = e2/3, and for py the charge is e* = e1. The B
tot

 jump and redistribution of the fractional charge 
leads to the destruction of the molecular state and rearrangement of the Wigner molecule. 

Region III (B
e
 = 6–10 T). The system remains in the state with induced anyons with fractional 

charge e* = e1/2 for p
x
 and charge e* = e1 for p

y
. We observe a jump in the Wigner 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/GaInP
2
 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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Abstract. We demonstrate transverse magnetic focusing of electrons in semiconductor de-
vices consisting of two trenched-type quantum point contacts (QPC) acting as an injector and 
a detector. The peak in the detector voltage, corresponding to the penetration of injected elec-
trons into the detector, is observed. Applying the voltage difference between injector side gates 
is found to cause an abrupt shift of the peak position on the magnetic field scale. This shift can 
be explained by switching between spatially separated channels inside the multi-well potential 
formed inside a QPC-injector.
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Аннотация. Исследована магнитная фокусировка электронов в полупроводниковых 
устройствах, состоящих из двух одинаковых КТК траншейного типа (инжектор и 
детектор). Наблюдается пик в напряжении детектора, соответствующий попаданию 
инжектированных электронов в детектор. Приложение разности напряжений между 
затворами инжектора приводит к резкому смещению фокусировочного пика, что может 
быть объяснено переключением между пространственно разделенными проводящими 
каналами в КТК инжекторе.
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Introduction

The conductance quantization in units of 2e2/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 "µm"  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 "µm" . 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. 
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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, a). 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 δ -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

X 
~ 1010 cm–2. 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 T = 4.2 K are n

2D
 = 7 × 1011 cm–2 and  

μ = 2 × 106 cm2/(V·s), respectively. The presence of the Al
0.8

Ga
0.2

As layer 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)

Fig. 1. Schematic images of the heterostructure with the 2DEG doped with Si δ -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 μm (less than mean free path length  
l ≈ 20 μm) 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 μV. 
The detector voltage was measured by means of the lock-in technique as a function of transverse 
magnetic field. All measurements were performed at T = 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

inj
 = G

det
 = 2e2/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

c
 = 2ℏ√2πn

2D
/eB* ≈ 4 μm 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 > 0 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 ΔV

G
 to the injector gates. Each curve corresponds to the different 

value of ΔV
G
. The curves are vertically shifted from each other for clarity. The voltage difference 

ΔV
G
 was changed in a wide range of values from –20 to +20 V. The sum of gate voltages remained 

constant and equal ΣV
G
 = – 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

a) b)

c) d)

Fig. 3. Dependence of the detector voltage on the magnetic field at various ΔV
G
 of the injector (applied 

to dashed gates) changing from –20 to +20 V (a); the lower curve corresponds to –20 V, upper curve 
to +20 V. The sum of gate voltages was fixed (ΣV

G
 = – 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 ΔV

G
 (c). Illustration of shift of the 

electron density in the injector when applying ΔV
G
 (d). Fermi energy is marked by a dash-dotted line

of ΔV
G
 is shown in Fig. 3, c. It is seen that, at ΔV

G
 < 0 the focusing peaks are observed near  

B
1
 = –70 mT, while at ΔV

G
 > 0 they are concentrated near B

2
 = –68 mT. Thus, we observe 

a abrupt shift of the focusing peak by ΔB ~ 2 mT at ΔV
G
 ≈ 0. This rapid shift corresponds to 

the change of cyclotron diameter Δd
c
 ~ 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 ΔV

G
 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 ΔU(x) = αx, linearly dependent on the coordinate x 
perpendicular to the channel in a 2DEG plane. If the potential was single-well, applying ΔV

G 
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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:

* 2 2* 2 2
0( )

( ) ,
2 2

m x xm x
U x x

ω −ω
= + α =  

where x
0
 = –α/m*ω is the lateral shift. In this case in the experiment we would observe a smooth 

shift of the focusing peak as the ΔV
G
 changes. The case of double-well potential is qualitatively 

different because applying ΔV
G
 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, c, this regime corresponds to the narrow range of ΔV

G
 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 ΣV
G
 (the lower the ΔV

G
 is, the narrower the detector is) at 

ΔV
G
 = 0. Each curve of the series corresponds to the different ΣV

G
 value that changed from –18 

to –12 V. The measurement scheme is the same (see inset to Fig. 2). The peak height dependence 
on ΣV

G
 (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.

Fig. 4. Detector voltage dependence on the magnetic field at various detector ΣV
G
 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 ΣV

G
 value (b)

a) 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 µm. 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 G

inj
 = G

det
 ~ 2e2/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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Аннотация. В настоящей работе исследована дисперсия и усиление собственных 
плазмонных мод в графене с постоянным током, направленным произвольно 
относительно направления распространения плазмонов. Графен описывается тензорной 
проводимостью, полученной в рамках гидродинамического приближения. Показана 
возможность усиления плазмонов в графене в некотором диапазоне направлений 
постоянного тока на терагерцевых частотах. Наиболее эффективное усиление достигается, 
когда дрейф носителей заряда и плазмоны распространяются сонаправленно. Это 
связано с наиболее эффективным взаимодействием постоянного тока с электрическим 
полем плазмонов.

Ключевые слова: гидродинамический графен, терагерцевое излучение, усиление 
поверхностных плазмонов
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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 ε

1
 and ε

2
 (Fig. 1). Graphene is described by the conductivity 

obtained in tensor form in the hydrodynamic 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]:
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where N is the number of particles, J is the current density, S is the macroscopic momentum, W 
is macroscopic energy, Π is the stress tensor, e is the electron charge, c is the speed of light, E 
and B electric and magnetic fields, respectively. Here γ = 1/τ, τ is the momentum relaxation time 
of charge carriers in graphene. The relations between the quantities entering Eqs. (1)–(3) can be 
written as [7]:

2 2
F F

ˆ,  ,  3,  ,2S = MV P S V P M(V V ) / W = MV PΠ = + ⊗ = − −                              
(4)

where M is the effective fluid mass density, P is the carrier pressure, V
F
 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 
Eqs. (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:

.xx xz

zx zz

σ σ 
σ =  σ σ 

                                                                        

(5)

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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Fig. 1. Schematic view of structure

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

z
 = 0 and k

x
 ≠ 0) in studied structure 

in the following form [8]:

01 2
0

1 2 2 1 0

0,xz zx
xx

y y y y zzk k k k

  σ σ µ ωε ε
ωε − + σ + =   − − σ µ ω           

(6)

where 2 2 2
1,2 1,2 /y xk c k= ± ω ε −  are the out-of-plane-of-

graphene components of the wavevectors in different 
media, ω is the angular frequency, ε

1
 and ε

2
 are the dielectric constants of the media above and 

below graphene, respectively, and c is the speed of light, ε
0
 and μ

0
 are the electric and magnetic 

constants, respectively. The signs of k
y1,2

 are chosen from the condition of exponential decay of 
surface wave field away from the graphene layer.

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

F
, where V

F
 = 106 m/s is the Fermi velocity in graphene. The charge carriers drift velocity 

along the ox-axis is defined as 2 2
0 0 .x zV 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.

Fig. 2. Plasmon dispersion for different directions 
of charge carrier drift in graphene at the charge 
carrier drift velocity u = 0.5V

F
. The direction of 

drift of charge carriers is determined from the 
expression 2 2

0 0 .x zV u V= −  Graphene parameters: 
momentum relaxation time of the charge carrier 
is τ = 0.5 ps, the Fermi energy is ε

F
 = 200 meV.

Fig. 3. Imaginary part of the plasmon wave 
number as a function of frequency for different 
directions of charge carrier drift in graphene at the 
charge carrier drift velocity u = 0.5V

F
. 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 (SiNWs) 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 1010, which suggests 
that composite AgNPs/SiNWs structure is promising to use as a substrate for surface-enhanced 
Raman scattering.
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Аннотация. В данной работе мы предлагаем метод создания композитной структуры 
Ag/Si, состоящей из массива вертикальных кремниевых нанонитей (КНН), декориро-
ванного наночастицами серебра (Ag НЧ). Для получения кремниевых нанонитей приме-
нен процесс двухстадийного металл-стимулированного химического травления Si, а для 
декорирования КНН Ag НЧ − метод атомно-слоевого осаждения, с помощью которого 
было получено равномерное распределение Ag НЧ в массиве КНН по всей их высоте.

Ключевые слова: наночастицы серебра, кремниевые нанонити, атомно-слоевое осаж-
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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 c-Si substrate from a solution of 0.02M AgNO

3
 + 5M HF (1:1) 
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for 30 seconds (Fig. 1, 1st step). Then the c-Si substrate was placed in the electrolyte solution 
5M HF + H

2
O

2
 (10:1) (Fig. 1, 2nd step), where etching and formation of SiNWs took place for 

10 (sample O1) and 20 (sample O2) seconds to obtain structures of different heights. After the 
removal of Ag in HNO

3
 solution, the ALD process was carried out to decorate SiNWs with 

AgNPs (Fig. 1, 3rd 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(I) triethyl-phosphine (Ag(fod)
(PEt

3
), C

16
H

25
AgF

7
O

2
P) (98 %, Strem Chemicals, Newburyport, MA, USA), reagents pulse times 

(2-4 sec) and number 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 ImageJ software.

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

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 ImageJ software, the average diameter 
of nanoparticles d

Ag
 = 22 ± 3 nm was obtained with a filling factor of 18 % (Fig. 2, b).

The selection of 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)(PEt

3
) 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

Ag
 = 2.3, 3.5, and 7.8 nm 

measured using ellipsometry). By measuring the ellipsometric angles ψ
exp

 and Δ
exp

 for 3 samples 
and using the Drude-Lorentz model with the calculated angles ψ

calc
 and Δ

calc
, they were in good 

agreement with the experiment. As a result, the parameters of this model were extracted: real (ε
1
) 

(Fig. 2, c) and imaginary (ε
2
) (Fig. 2, d) permittivities and Ag layer thicknesses.



131

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

Analyzing the behavior of the function ε
1
 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 ε

2
 demonstrates a narrow volume plasmon resonance peak at  

E = 3.9 eV for all obtained AgNPs structures on a Si substrate, and for a sample with  
d

Ag
 = 7.8 nm.

Fig. 2. Top view SEM image of AgNPs deposited by ALD on Si wafer (a) and their size distribution 
(b). Spectral dependences of the real part ε

1
 (c) and imaginary part ε

2
 (d) of the complex permittivity 

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

Ag
 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 (O2) (h)

a) b)

c) d)

e) f)

g) h)
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The cross-sections SEM-images show the sample O1 (Fig. 2, e) with NWs height  
h

SiNWs
 = 234 nm and the sample O2 (Fig. 2, g) with h

SiNWs
 = 469 nm before ALD process.

Both initial samples of SiNWs (O1 and O2) were placed 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 (h

Si
 and f

Si
) of 

each of the three sublayers were fitted. The value of the f
Si
 and the fraction of voids f

voids
 = (1 – f

Si
) 

dependent on it were determined in the framework of the Bruggeman EMA (B-EMA) [11]. The 
optical constants of c-Si were taken from the handbook [12].

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 SiNWs before (green) and after (violet) AgNPs deposition for sample O1 (c). 

Ellipsometric spectra of SiNWs before (gray) and after (red) AgNPs deposition for sample O2

a) b)

c)
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Calculated ellipsometric angles (ψ and Δ) after fitting for this model are shown in Fig. 3, c 
(green). As a result, f

Si
 and h

Si
 were determined for each of the three sublayers. When summing 

h
Si
 of all three sublayers, the total height h

Si
 = 241 nm is obtained, which is close to the height of 

234 nm obtained from the SEM image in Fig. 2, e.
To interpret the ellipsometric data for an array of SiNW with AgNPs, the same model was 

used as for SiNWs, 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

Ag
, 

which somewhat reduces the f
voids

, while the f
Si
 should remain unchanged. As a result of fitting 

these parameters in Fig. 3, c, the convergence of the experimental and calculated spectra for 
the O1 sample with AgNPs ψ(λ) and Δ(λ) (red), respectively, was obtained. It was found that  
f
Ag

 = 0.03 for the 1st sublayer, f
Ag

 = 0.04 – 0.02 for layers 2–4, and f
Ag

 = 0.12 for the 5th sublayer. 
A similar approach in interpreting the ellipsometry data was used for another sample (O2) with 
a SiNWs height approximately 2 times higher than that of the previous sample. Fig. 3, c show 
the measured spectra of the ellipsometric angles ψ

exp
 and Δ

exp
, as well as the calculated spectra 

ψ
calc 

and Δ
calc

 before (gray) and after (red) the deposition of AgNPs. The total height of each 
layer in the original SiNWs structure was estimated as h

SiNWs
 = 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  
h

SiNWs
 = 469 nm. As in the previous example, a f

Ag
 is added to each wall of the SiNWs in the 

B-EMA model, assuming some Ag in the sublayers, including the upper and lower sublayers. 
Fitting the calculated ellipsometric angles (ψ

calc
 and Δ

calc
) for this model, the convergence to the 

experiment was obtained. It was found that f
Ag

 = 0.3 for the 1st sublayer, f
Ag

 = 0.08−0.02 for 
sublayers 2–4 and f

Ag
 = 0.22 for the 5th sublayer.

On the example of two SiNWs samples, after the deposition of AgNPs on them, a shift of 
the experimental spectra ψ(λ) to the long wavelength region is observed (Fig. 3, c), which 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 = 2·106 at λ = 366 nm and 4.9·1010 at λ = 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 SiNWs structure by ALD method with the Ag(fod)
(PEt

3
) precursor. 

The 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 1010.
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Аннотация. В настоящей работе исследовалась однофотонная эмиссия кремний-
вакансионных центров в HPHT-наноалмазах, расположенных на поверхности кремния 
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измерялись кривые насыщения и кривые затухания флуоресценции. Для большинства 
эмиттеров было обнаружено сокращение времени жизни флуоресценции на ~20%, а 
также зафиксирован спектральный сдвиг и уменьшение ширины бесфононной линии 
флуоресценции кремний-вакансионных центров. Анализ кривых насыщения позволил 
обнаружить увеличение скорости однофотонной эмиссии в среднем в 3 раза, а для 
некоторых частиц – до 13 раз. Широкий разброс связан с ориентацией дипольного 
момента кремний-вакансионных центров и размером алмазных частиц, являющимися 
ключевыми параметрами, регулирующими взаимодействие эмиттера с поверхностными 
плазмонами в золотой пленке.
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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

10
H

16
) 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 (С

12
H

36
Si

5
) was added to final mixture with the 

ratio ~Si/(Si+C) = 0.0001%. The 0.1 mg of output ND-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 µl 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.
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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 (τ

pulse
 ~ 80 ps). To prove the single 

photon nature of color centers, an emission Hanbury-Brown-Twiss (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 ×100, 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 (×100, 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(2)(τ) for SiV 
emission. Fig. 1, a demonstrates an example of g(2)(τ)-functions for NDs on silicon (ND-S) and 
gold (ND-G). The dip at zero time-delay (τ = 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 (λ

center
) and full width at half maximum (FWHM) of the ZPL were determined  

(Fig. 1, c). The set of red dots (ND-Ss) is concentrated primarily in short-wavelength range with  ⟨λSi
center

⟩ = 738.7 nm and ⟨ΔλSi⟩ = 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 ⟨λSi

center
⟩ = 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.

Diamond

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(2)(τ) for two NDs (a); an instance of 
fluorescence spectra for two distinct NDs (b); post-processing of ZPL λ

center
 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

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 + Psat), where I∞ is the peak 
count rate in the limit of large P, Psat is the saturation power. The values I∞ and Psat obtained for 
different NDs on the silicon and gold are presented in (Fig. 2, c). 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

max
 = 13. The saturation power on average 

decreases from ⟨Psat
Si
⟩ = 46.1 mW to ⟨Psat

Au
⟩ = 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.

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 I∞ and Psat 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

max
 > 5), therefore the Purcell enhancement of spontaneous emis-

sion is only minor contributing factor. Second, the Psat 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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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 
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Аннотация. Методом поляриметрии исследовано влияние волновода и активной об-
ласти лазерных гетероструктур на основе квантовых яма-точек на поляризацию прохо-
дящего излучения. Установлено, что волноводные структуры с квантовыми яма-точками 
практически не оказывают влияния на проходящее излучение с поляризацией, парал-
лельной или перпендикулярной слоям активной области. Однако, при вводе излучения 
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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

0.4
Ga

0.6
As. Broad-area (50 µm and 100 µm 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 
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Sample

Polarizer

Quarter-wave plate

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].

Tab l e  1

Measuring of Stokes parameters

Measured flux Experimental setup configuration 

P
H

Linear polarizer is set to 0° (i.e., polarizer is set to TE-transmis-
sion). Quarter-wave plate is not used.

P
v

Linear polarizer is set to 90° (i.e., polarizer is set to TM-transmis-
sion). Quarter-wave plate is not used.

P
45

Linear polarizer is set to 45°. Quarter-wave plate is not used.

P
135

Linear polarizer is set to 135°. Quarter-wave plate is not used.

P
r

Linear polarizer is set to 45° and quarter-wave plate is set to 0°  
(by fast axe).

P
L

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:

0

1

2 45 135

3

 .

H V

H V

R L

s P P

s P P

s P P

s P P

+   
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S

                                                                

(1)

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, α (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

Fig. 3 Degree of polarization (DOP), ellipticity e and angle of ellipse orientation (azimuth) as functions 
of angle of LP of input radiation α 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 α 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 α 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 α 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 α. The 
experimental point for the 10xQWDs sample at α = 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 α ≈ 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 layers. 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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Аннотация. В данной работе изучались параметры оптической модуляции терагерцо-
вого сигнала при прохождении через тонкие плёнки одностенных углеродных нанотру-
бок УНТ, нанесённых на растягиваемую подложку, методом спектроскопии оптической 
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накачки терагерцового зондирования. Было проведено исследование поведения фото-
проводимости в зависимости от ряда параметров: относительного удлинения и сжатия 
плёнки, расположения по отношению к поляризации терагерцового излучения. Мы 
представили интерпретацию изменения параметров фотопроводимости в зависимости 
от растяжения, отметив факторы, влияющие на изменение фотопроводящих путей. 
Полученные модуляторы также были охарактеризованы с практической точки зрения: 
были отмечены широкий диапазон глубины модуляции (от 5 до 100%) и малое время 
релаксации фотовозбуждённых носителей зарядов (порядка 5 пс), Данное исследование 
позволяет создавать устройства перестраиваемой оптоэлектроники перспективные в те-
рагерцовых системах передачи информации.

Ключевые слова: Терагерцовый модулятор, углеродные нанотрубки, терагерцовая 
спектроскопия во временной области, спектроскопия оптической накачки терагерцо-
вой пробы, ультрабыстрые устройства
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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 E11 and E

22
 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].

Fig. 1. Modulation depth in transmission 
as a function of pump-probe delay time 
when the elongation is perpendicular 
(top) and parallel (bottom) to the 
polarization of the THz probe beam.

Results and Discussion

Studying the dynamics of photoinduced charged car-
riers for different stretching parameters, we discovered 
that the modulation depth, defined at the peak (see Fig. 
1), decreases with growing elongation and becomes irre-
versible when compressed. It is observed that CNTs pos-
sess high modulation depth of approximately 100% at the 
start, which was seldom reported for any other materials. 
In addition, CNTs demonstrate high modulation speed 
(MS), which is a frequency of relaxation and defined as 
the inverted lifetime of the photoexcited charge carriers. 
The latter was estimated from the exponential decay as 
the time, when the amplitude of the detected THz radi-
ation is reduced by e times with respect to its maximum. 
Since the relaxation time is approximately estimated as 
5 ps, MS is 210–250 GHz (it is different due to the 
stretching). Particular factors that may affect the behav-
ior of photoconductivity and the defined parameters MD 
and MS include alignment of the SWNTs in the direction 
of stretching and their tendency to form bundles because 
of the electrostatic interaction between nanotubes. These 
contributions influence the photoconductivity pathways 
and, hence, the aforementioned quantities. However, 
these changes should be analyzed separately for clearer 
understanding.

Fig. 2. Transmission-mode MD (a) and MS (b) for sample with transmission 60% at 600 nm  
(60% film in Fig. 1) at stretching varying from 0 to 40 % (‘fwd’ in the graph) and compression from 
40 to 0 % (‘bwd’ in the graph). The arrows indicate the direction of stretching and the following 

compression.

a) b)



149

Optoelectronic and nanoelectronic devices

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

2
(Y) (12% mol. Y

2
O

3
) with Au nanoparticles (NPs) of 2–3 nm in 

diameter formed by layer-by-layer magnetron deposition of ZrO
2
(Y)/Au/ZrO

2
(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 µm2 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

2
(Y) matrix enhanced by the plasmon resonance. 

It leads to the redistribution of the electric field 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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Аннотация. Получены и исследованы лабораторные макеты оптически переключае-
мых мемристоров на основе плёнок ZrO

2
(Y) (12% мол. Y

2
O

3
) толщиной 20 нм с масси-

вами наночастиц (НЧ) Au диаметром 2–3 нм, сформированными методом послойного 
магнетронного осаждения с последующим отжигом. Обнаружено смещение напряжений 
переключения мемристора между высокоомным и низкоомным состояниями при фото-
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возбуждении на длине волны 650 нм, соответствующей плазмонному резонансу в НЧ Au. 
Обнаруженный эффект связан с заряжением НЧ Au вследствие внутренней фотоэмиссии 
электронов из НЧ в матрицу ZrO

2
(Y), усиленной плазмонным резонансом, что приводит 

к перераспределению электрического поля вблизи НЧ и, как следствие, стимулирует пе-
реключение мемристора.

Ключевые слова: мемристор, наночастицы Au, плазмонный резонанс

Финансирование: Работа выполнена при поддержке Министерства высшего образо-
вания и науки РФ (проектная часть государственного задания № 0729-2020-0058).

Ссылка при цитировании: Рябова М.А. и др. Оптически управляемый мемристор 
на основе пленки ZrO2(Y) с наночастицами Au // Научно-технические ведомости 
СПбГПУ. Физико-математические науки. 2023. Т. 16. № 1.3. С. 151–156. DOI: https://
doi.org/10.18721/ JPM.161.326

Статья открытого доступа, распространяемая по лицензии CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

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

2
(Y)/n-Si MOS stacks was reported [7]. The effect was attributed to the surface photovoltage 

at the ZrO
2
(Y)/Si interface due to intrinsic optical absorption in the Si substrate that leads to 

the enhancement of the electric field in the ZrO
2
(Y) layer stimulating the RS. Furthermore, 

the light-activated RS in ITO/SiO
x
/p-Si MOS stacks was reported [8]. The effect was related to 

injection of photoexcited electrons from the Si substrate into the SiO
x
 layer that stimulates the 

formation of VOs constituting the CFs. The effect of infrared radiation (with the wavelength  
λ ≈ 1550 nm) on the Ag/a-SiO

2
/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-SiO

2
 layer that, in turn, resulted in a digital change of the contact 

resistance. An enhancement of RS in a ZrO
2
(Y) film with embedded Au nanoparticles (NPs)  

of ~2 nm in diameter by illumination at λ ≈ 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

2
(Y) matrix 

[11]. It leads to the local enhancement of the electric field strength F near the NPs promoting the 
growth of CFs. The light-induced charging of the Au NPs in the ZrO

2
(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
2
(Y) films with Au NP arrays.

Materials and Methods

The ZrO
2
(Y) films with embedded Au NPs were prepared using layer-by-layer magnetron 
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deposition of ZrO
2
(Y)/Au/ZrO

2
(Y) stacks followed by annealing. Torr International MSS-3GS 

vacuum setup for deposition of thin films was employed.

a) b)

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)

The ZrO
2
(Y) films were deposited by radio-frequency (rf) magnetron sputtering from 

pressed powder ZrO
2
–Y

2
O

3
 (≈12% mol.) targets in Ar–O

2
 (50:50% mol.) ambient at a pressure  

of ≈ 1.7∙10–2 Torr and at the substrate temperature T
g
 = 250 °C. The metal films were deposited 

by direct current (dc) magnetron sputtering in Ar ambient at T
g
 = 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 ρ ≈ 0.005 Ω·cm). Then, the underlying ZrO

2
(Y) layers of 

~10 nm in thickness were deposited onto the Pt BEs. Next, the Au films with an average 
thickness ~1 nm were deposited and capped with 10 nm thick cladding ZrO

2
(Y) layers. Finally, 

the stacks were annealed at ~450 °C in Ar ambient for ≈ 2 min. The structure and optical 
properties of the ZrO

2
(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

2
(Y)/Au/ZrO

2
(Y) stacks prepared in the same regime to transform into dense arrays of nearly 

spherical Au NPs of 2–3 nm in diameter arranged almost in a single sheet inside the ZrO
2
(Y) 

films. The surface density of the Au NPs was ~1012 cm–2. The optical transmission spectra  
(300 K) manifested the absorption peaks at λ = 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
2
(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, b. 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

2
(Y):NP-Au layers. 

The metal contacts to TEs and BEs with the contact pads were made from Al. The whole device 
structures were protected by SiO

2
 coating.

The electrical parameters of the 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 I–V curves was set to +0.5 mA. The devices were illuminated with a continuous wave 
laser diode (LD) with the emission wavelength λ = 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 I–V curves of the memristor measured in the dark and under 
illumination by the LD at λ = 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

SET
. Also, 

the absolute value of the voltage of switching back from the ON state into the OFF one |U
RESET

| 
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

2
(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

2
(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 0e 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, F decreases (or even changes its sign) at the opposite side of the NP 
(directed towards the ITO 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)

Fig. 2. Effect of illumination with the LD emission (λ ≈ 650 nm) on the cyclic I–V curves of the 
memristor (a); calculated band diagram of the memristor stack for 6 different values of the Au NP 

charge (from 0e to +5e), U = 1 V (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 U

SET 
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

RESET
 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 kT ≈ 26 meV at the room temperature T = 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

2
(Y) [16]. 

Fig. 3, a shows a waveform of the current flowing through the memristor I(t) 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

SET
) was applied to the memristor. 

Next, the illumination of the memristor with the LD was switched on at t = 0 for ~ 0.5 s. Under 
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Fig. 3. Waveform of the current flowing through 
the memristor I(t) when illuminating with a 0.5 s 
light pulse (0 < t < 0.5 s, λ ≈ 650 nm), U = +2.0 V

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 I during illumination 
was attributed to the photoinjection of the 
electrons into the VO-related electron traps in 
ZrO

2
(Y) [11] leading to the screening of the 

electric field inside the ZrO
2
(Y):NP-Au active 

layer.

Conclusions

The prototype optically controlled 
memristors based on the ZrO

2
(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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Abstract. The paper reports on the implementation of two-level lasing in injection micro-
lasers with self-organized InAs/GaAs quantum dots. Emission bands related to the radiative 
electron-hole recombination involving ground and several excited states of quantum dots are 
observed in the spontaneous electroluminescence spectra. We investigated two-level lasing via 
the ground and first excited states of quantum dots in microdisks with different cavity diame-
ters. A decrease in the threshold currents is observed for both ground and first excited transi-
tions in quantum dots with a decrease in the microdisk diameter. The temperature dependences 
of the threshold current density for microdisks of various diameters suggest that two-level lasing 
is observed up to 90–100 °C.

Keywords: Two-state lasing, quantum dots, microdisks, electroluminescence

Funding: This study was supported by Russian Science Foundation grant 22-72-00028 
(https://rscf.ru/project/22-72-00028/). Support of optical measurements was implemented in 
the framework of the Basic Research Program at the National Research University Higher 
School of Economics (HSE University).

Citation: Karaborchev A.A., Makhov I.S., Maximov M.V., Kryzhanovskaya N.V., Zhukov 
A.E., Multi-state lasing in microdisk lasers with InAs/ GaAs quantum dots, St. Petersburg State 
Polytechnical University Journal. Physics and Mathematics. 16 (1.3) (2023) 157–162. DOI: 
https://doi.org/10.18721/JPM.161.327

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

Материалы конференции
УДК 538.958, 535.37
DOI: https://doi.org/10.18721/JPM.161.327

Многоуровневая лазерная генерация в микродисковых 
лазерах с InAs/GaAs квантовыми точками

А.А. Караборчев 1 ✉, И.С. Махов 1, М.В. Максимов 2, 

Н.В. Крыжановская 1, А.Е. Жуков 1 

1 Национальный исследовательский университет "Высшая школа экономики", 
Санкт-Петербургский филиал, Санкт-Петербург, Россия;

2 Академический университет им. Ж.И. Алфёрова РАН, Санкт-Петербург, Россия
✉ alex_karaborchev@mail.ru

Аннотация. В данной работе исследованы особенности реализации двухуровневой ла-
зерной генерации в инжекционных микролазерах с активной областью на основе само-
организованных InAs/GaAs квантовых точек. В спектрах спонтанной электролюминес-
ценции обнаружены полосы излучения, связанные с оптическими электрон-дырочными 
переходами через основное и возбужденные состояния квантовых точек. Обнаружен 
спад пороговых токов для лазерной генерации через основное и первое возбужден-
ное состояния квантовых точек при уменьшении диаметра микродискового лазера. Ис-
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следованные температурные зависимости пороговых токов двухуровневой генерации в  
микролазерах демонстрируют возможность реализации двухуровневой генерации в 
InAs/GaAs квантовых точках вплоть до 90–100 °С.
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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 µm 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 Q 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 3·1018 
cm–3. Then an n-emitter of n-Al

x
Ga1−x

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

x
Ga1−x

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

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/cm2 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  
(1st, 2nd …, or GS, ES1 …., 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 

Fig. 1. Spontaneous electroluminescence 
spectrum from the active region of the 
structure, measured at the injection current 
density of about 23 kA/cm2 and the room 

temperature

laser with a diameter of 28 µm 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 
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 ES1 lasing. The 
lasing wavelength corresponded to the ES1 transitions 
in microdisks of other diameters lies in the range of 
1090–1110 nm.

Fig. 2. Electroluminescence spectra of the microlaser with cavity diameter of 28 µm, measured at 
different pumping currents at the room temperature (a) and dependences of the integrated intensity 
of lasing modes for the GS and ES1 transitions on the current density for microlasers with cavity 

diameters of about 28 and 12 µm (b)

a) 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 µm, 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 µm 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 ES1 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 ES1 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.

a) b)

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 (b). 

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 µm. This spike is probably related to the deviation of the parameters of microlasers with cavity 
diameters of 16 and 20 µm 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 µm. 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 ES1 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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Аннотация. В работе были исследованы статические и динамические характеристики 
оптоволоконного передатчика на основе ВИЛ спектрального диапазона 1.55 мкм, по-
лученного технологией спекания пластин. Прибор демонстрирует одномодовую генера-
цию с SMSR >30 дБ в широком диапазоне рабочих токов, а максимальная оптическая 
мощность на выходе волокна превышает 2.5 мВт. Измеренная эффективная частота 
модуляции превышает 11 ГГц, а максимальная достигнутая скорость передачи данных 
составила 25 Гбит/с. Был проведен анализ спектров излучения при различной ампли-
тудной модуляции. Положительный чирпинг-эффект (уширение спектра) и хроматиче-
ская дисперсия волокна лимитируют дальность передачи данных.
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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 (VCSELs) 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 µm spectral range is the hybrid integration of an active 
region based on InAlGaAs/InP materials either with high-contrast dielectric mirrors based on 
CaF

2
(AlF

3
)/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 
µm 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 3λ 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.
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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 µm 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.

a) b)

Fig. 1. Light output power and voltage as function of the current (a) 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/mA0.5 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/mA0.5 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 

Fig. 2. Measured small signal modulation response S
21

 at the different currents (а); parasitic cut-off 
frequency f

p
, resonance frequency f

R
 and –3dB modulation bandwidth f

–3dB
 as function of the squared 

root of the current above threshold (b). The inset shows the dependence of the intrinsic damping 
factor γ on the square of the resonant frequency f

R
2. The temperature of measurements was 20 ºС

a) b)

5 Gbps, BTB BTB, 10 Gbps

10 Gbps, BTB 3 km, 10 Gbps

20 Gbps, BTB 5 km, 10 Gbps

25 Gbps, BTB 10 km, 10 Gbps

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 ºС

a) b)
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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 (27–1) 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)

Fig. 4. Optical spectra of the VCSEL-based transmitter modulated at different bit rates (а); 
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 µm 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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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 AlGaN 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/cm2 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 Ω. 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.
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Аннотация. Целью данной работы было изучение энергетических характеристик све-
тодиодов глубокого ультрафиолетового излучения и установление физических причин 
ограничения выходной оптической мощности и эффективности преобразования энер-
гии в таких устройствах. В ходе работы были экспериментально исследованы элек-
трооптические характеристики мощных AlGaN flip-chip светодиодов глубокого ультра-
фиолетового диапазона (λ = 270 нм) в широком диапазоне токов и температур. На 
основе анализа полученных зависимостей в рамках ABC-модели сделаны выводы, что 
при относительно высокой внутренней квантовой эффективности излучения ~70–90% 
и значении последовательного сопротивления ~1 Ω, основным фактором, ограничи-
вающим энергетические возможности устройств, является низкая эффективность  
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экстракции света. Последнее обусловлено сильным поглощением генерируемого света 
в объеме чипа и на контактах, а также полным внутренним отражением на границах 
AlGaN/сапфир и сапфир/воздух.

Ключевые слова: AlGaN, глубокий ультрафиолет, светодиод, внутренний квантовый 
выход, коэффициент вывода излучения, ABC-модель, ватт-амперная характеристика, 
ультрафиолетовый светодиод

Ссылка при цитировании: Иванов А.Е., Тальнишних Н.А., Черняков А.Е.,  
Закгейм А.Л. Токовые и температурные зависимости оптических характеристик мощ-
ного AlGaN светодиода глубокого УФ диапазона (λ = 270 nm) // Научно-технические 
ведомости СПбГПУ. Физико-математические науки. 2023. Т. 16. № 1.3. С. 170–175. 
DOI: https://doi.org/10.18721/ JPM.161.329

Статья открытого доступа, распространяемая по лицензии CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Over the past decade, significant efforts have been directed to improving epitaxial technologies 
and designs of deep ultraviolet (DUV) light-emitting diodes (LEDs) based on AlGaN quantum-
well heterostructures emitting in UV-C spectral region that spans from 100 nm to 280 nm [1, 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

out
), external quantum efficiency (η

EQE
) and, 

respectively, wall-plug efficiency (WPE). So, for similar in design flip-chip blue (λ = 470 nm) 
LEDs based on AlInGaN multiquantum wells (MQWs) heterostructures a peak η

EQE
 of more than 

80% has been attained [3]. This allows, at sufficiently high operating currents, to get P
out 

up to 
tens of watts at the WPE > 40% [4, 5]. At the same time, for DUV LED η

EQE
 ~ 20% has been 

achieved for record laboratory LEDs [6], while for commercial devices it is only a few percent 
and P

out
 < 100 mW [7].

Experimental details

We studied a high-power AlGaN multiquantum well DUV LEDs with a wavelength  
λ

peak 
~ 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 × 1160 μm2, so the total area is S = 1.4 mm2 and the active area under 
the p-contact is S

act 
 = 0.75 mm2 (used to calculate the current density J). The chip for contacts 

with additional metallization is mounted by soldering on the AlN 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 (τ = 100–300 ns, F = 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.).



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

172

Results and discussion

Fig. 1, a shows typical room temperature electroluminescent (EL) spectra of the 
DUV LED in a wide range of currents (I = 0.001–20 A), respectively, current densities  
(J = 0.0001–2.6 kA/cm2). Calculated on the basis of Fig. 1, a, the current dependences of the 
peak wavelength λ

peak
 and full width at half maximum (FWHM) are presented in Fig. 1, b. For 

comparison, similar typical dependences for blue (λ ~460 nm) flip-chip AlInGaN 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 Δλ

peak
 with a change in current density by 3 orders for DUV LED is  

only ~ 1–1.5 nm, while the FWHM remains within ~10–11 nm. For blue LEDs, the short-wave-
length shift with current change within the same limits is ~25 nm, and FWHM 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

0.16
Ga

0.84
N), the short-wavelength current shift λ

peak
 and the expansion FWHM are mainly 

affected by screening injected carriers of the internal field, which causes the quantum confined 
Stark effect (QCSE). In DUV LEDs, the Al

0.4
Ga

0.6
N active quantum well does not contain In 

and is not strongly spontaneously polarized. A small change in the spectrum with current is 
associated with an increase in the carrier concentration and their energy distribution.

Fig. 1. Spectra of DUV LED emission at different current, T = 293 K, curve 1 corresponds to  
J = 0.05 kA/cm2, curve 2 to J = 0.5 kA/cm2, curve 3 to J = 2.5 kA/cm2 (a); 

current dependence of ∆λ
peak 

and FWHM. For comparison, the same dependences for blue LED are 
shown by the dashed line (b)

a) b)

Fig. 2, a shows the emission spectra of the DUV LED at an average current value 
I = 0.5 A (J ~ 70 A/cm2) in the temperature range T = 200−350 K. It is clearly observed 
from Fig. 2, a that the changes in λ

peak
 and FWHM for DUV LEDs with temperature are 

within 2.0−3.0 nm, i.e., the temperature coefficient TCλ
peak

 < 0.02 nm/K (for blue LEDs  
TCλ

peak 
~ 0.1 nm/K ). Thus, both in terms of current and temperature stability of the spectrum, 

DUV LEDs are noticeably 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 
(hν [eV] = 1239.6/λ [nm]), which makes it possible to estimate the carrier temperature T

c
 from 

the slop of shoulder (based on their Boltzmann distribution) [13].

1(ln )[ ] .
( )

c B

P
T k

h

−∂
= −

∂ ν
                                                                 

(1)

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 η

EQE
 on the current density. As can be seen from Fig. 2, b, the 

maximum value of max
EQEη  was 3.4%, at current density J = 5 A/cm2. For comparison, the val-



173

Optoelectronic and nanoelectronic devices

ue of max
EQEη  of the blue LED of similar design approaches to ~ 70%, and at high current η

EQE 
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 η

EQE 
. Fig. 2, b shows the 

dependences of the η
EQE 

 on the current on an enlarged scale in the moderate current range for 
temperatures set from 200 K to 350 K with a step of 10 K. Two important consequences follow 
from Fig. 2, b. First, the values of η

EQE 
 gradually 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 max

EQEη  is reached. It is important 
that at low temperatures 223–233 K, the possibility of a clear identification of the position of 
the max

EQEη  on the current dependences η
EQE 

 = f(J) opens up. The form of the dependence, for 
example, at Т = 223 K, with a pronounced maximum max

EQEη  on the curve, allows us to apply 
ABC-model for estimating the internal quantum efficiency η

IQE
 [14].

a) b)

Fig. 2. Normalized DUV LED emission spectra as a function of temperature at a current density of  
13 A/cm2 and the short-wavelength shoulder of the same spectra recalculated in energy coordinates (a). 

Dependence of η
EQE

 on the current at three temperatures 223 K (1), 298 K (2); 353 K (3). 
Experimental and calculated data according to the ABC-model (dotted line) (b)

In the ABC-model, η
IQE

 is determined by the competition of three recombination mecha-
nisms in the active region:

2

EQE IQE 2 3
,  ,ext ext

Bn

An Bn Cn
η = η η = η

+ +
                                             

(2)

where A, 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 A, 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 max

EQEη /η
EQE

 on the sum of the roots of the powers  
(p1/2 + p−1/2), where p = P

out
/P

out

max, and P
out

max is the power at a current corresponding to max
EQEη , 

we obtain an expression to determine the main parameters of radiative recombination:

max 1/2 1/2
EQE max

IQE

EQE

,
2

p p

Q

−η +
= η +

η +
                                                             

(3)

where the invariant Q = B/(A∙C)1/2 – “quality factor” is a fundamental characteristic of the 
LED: max

EQEη  = Q/(Q+2). Considering the graph based on expression (3) with the extrapolated  
(p1/2 + p−1/2) → 0, we can determine max

EQEη , and Q from the slope of the curve. Taking into account  



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

174

η
EQE

 = η
ext

η
IQE

 knowing η
IQE

, and experimentally measured η
EQE

, it is possible to determine 
η

ext
, that is, all the main parameters of the LED. The results of corresponding calculations 

based on the 5th experimental dependence η
EQE

 = f (J) in the region of moderate currents  
(0.01-0.1 A) at T = 223 K gave the following values: max

IQEη  = 0.87, max
EQEη  = 0.042, η

ext
 = 0.048. 

As the temperature rises to room T = 293 K, assuming reasonably that ηext does not depend 
on temperature, it follows from Fig. 2, b that max

IQEη , drops to 0.68 due to an increase in nonra-
diative recombination.

Conclusion

The experimental dependences η
EQE

 = f (J) for DUV LED (λ = 270 nm) are well described 
by the ABC-model, which made it possible to estimate η

IQ
E which has a rather acceptable value 

of 70–90% in the temperature range T = 200–350 K. The low value of η
EQE

 ~3–4 % is due to 
the smallness of η

ext
. 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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Аннотация. В работе исследуется влияние геометрии кремниевых наново-
локон (КН) на производительность солнечных элементов на основе радиаль-
ных p-i-n a-Si:H структур, осажденных на КНН. Солнечные элементы на основе  

© Vyacheslavova E.A., Uvarov A.V., Maksimova A.A., Baranov A.I., Gudovskikh A.S., 2023. Published by Peter the Great St. 

Petersburg Polytechnic University.



177

Optoelectronic and nanoelectronic devices

© Вячеславова Е.А., Уваров А.В., Максимова А.А., Баранов А.И., Гудовских А.С., 2023. Издатель: Санкт-Петербургский 

политехнический университет Петра Великого.

вертикально-ориентированных структур с высотой КН менее 10 мкм по значениям на-
пряжения холостого хода практически не уступают планарному элементу, а по значе-
ниям плотности тока короткого замыкания превосходят его до 1.5 раз (3.9–4.9 мА/ см2). 
Увеличение значения тока короткого замыкания связано с расширением спектра кван-
товой эффективности, причем с уменьшением диаметра кремниевых нановолокон  
(с 1.8 до 0.7 мкм) наблюдается существенное расширение границы спектра квантовой эф-
фективности в коротковолновую область. Для структур c высотой кремниевых нановоло-
кон более 10 мкм отмечается снижение значения напряжения холостого хода и уменьше-
ние абсолютного значения EQE.

Ключевые слова: радиальный p-i-n переход, аморфный кремний, кремниевые нано-
волокна, солнечный элемент
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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

SC
. 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 SiNWs 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 SiNWs 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

OC
 and saturation of J

SC
. At the same time, the value of 10 µm 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 Ω·cm) were used for 
solar cell fabrication. A planar p-i-n structure was fabricated as a reference solar cell.
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Vertically aligned structures were obtained using latex sphere lithography and dry etching in a 
SF

6
/O

2
 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

2
 plasma. Secondly, etching of SiO

2
 layer in CHF

3
 plasma via latex spheres. Thirdly, deep 

cryogenic etching of Si via the formed hard SiO
2
 mask. We varied the etching time in O

2
 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.

Tab l e  1

Parameters of vertically aligned silicon structures

Etching time, sec Structure parameter

O
2
 plasma Cryoprocess height, µm diameter, µm

260
170

5.3 1.6

220 5.3 1.8

260
300

7 0.7

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

4
) 

and hydrogen (H
2
); n-type phosphorus doped a-Si:H layer was deposited by adding phosphine 

(PH
3
) to the gas mixture. P-type boron doped a-Si:H layer was formed due to the addition of 

trimethylboron (TMB) to SiH
4
 gas, respectively.

A 10 nm thick (n)a-Si:H layer 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 

Fig. 1. Solar cell based on radial 
p-i-n junction

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 
surface is presented in Fig. 2, b. The spectral distribution of 
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

a) b)

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).

Fig. 3. HAADF STEM image and EDX-elemental 
mapping analysis on the wire surface

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 parameters such as V

OC
, J

SC
 and fill 

factor (FF) were calculated from illuminated 
I–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.

The characteristics of the solar cells based 
on radial p-i-n structures with a SiNWs height 
of less than 10 µm demonstrate a definite 

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

a) b)

advantage compared to the planar p-i-n structure. In terms of V
OC

 radial p-i-n structures are 
practically not inferior to the planar element, and in terms of J

SC
 they are exceeding it. The 

increase in J
SC

 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 
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Tab l e  2 

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

p-i-n structure
V

OC
, mV J

SC
, mA/cm2 FF, %SiNWs

height, µm diameter, µm

~5.3–7

1.6 660 3.9 60

1.8 660 4.07 60

0.7 660 4.9 61

~8.5–12
1.3 640 4.52 63

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 µm, there is a decrease in V

OC
 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 SiNWs [7]. It has been shown that an increase in wire length 
leads to a decrease in V

OC
 and saturation of J

SC
. At the same time, similarly, the critical wires 

length was about 10 µm, 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].

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 µm are practically not inferior to the planar element in terms of the V

OC
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and in terms of J
SC

 exceed it up to 1.5 times (3.9-4.9 mA/cm2). The increase in J
SC

 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 µm, a decrease in the V

OC
 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

0.7
Ga

0.3
N:Si layers (>1018cm−3), the 

RTA annealing of Ti(25nm)/Al(80nm)/Ti/Au contact at a temperature 900 °C for 60 s makes 
it possible to obtain the minimum contact resistance of 8 Ω×mm and specific contact resistivity 
of 9×10−4 Ω·cm2 with high uniformity over the surface of a 2-inch substrate. For lightly doped 
Al

0.7
Ga

0.3
N:Si layers (<1017 cm−3), 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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Аннотация. Статья описывает результаты оптимизации быстрого термического отжига 
(RTA) омических контактов к слоям AlGaN:Si с высоким содержанием алюминия  
(70 мол.%) и различной концентрацией электронов. Контактные характеристики были 
измерены с использованием метода TLM. Установлено, что для сильнолегированных 
слоев Al

0.7
Ga

0.3
N:Si (>1018см−3) отжиг контакта Ti(25нм)/Al(80нм)/Ti/Au при температуре 

900 °С в течение 60 с позволяет получить минимальное контактное сопротивление 
8 Ом×мм и удельное контактное сопротивление 9×10−4 Ом·см2 при высокой однородности 
по поверхности 2-дюймовой подложки. Для слаболегированных слоев Al

0.7
Ga

0.3
N:Si 

(<1017 см−3) практически такие же контактные характеристики могут быть достигнуты при 
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более высокой температуре RTA-отжига (~1000 °С) и увеличении толщины контактного 
слоя Al до 250 нм.
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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

x
Ga1−x

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

x
Ga1−x

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

2
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
0.7

Ga
0.3

N:Si layers with different 
electron concentration using the standard metallization Ti/Al/Ti/Au with different Al thickness 
and parameters of rapid thermal annealing (RTA) varied to minimize the contact resistance.

Materials and Methods

Si-doped Al
0.7

Ga
0.3

N layers with a thickness of about 600 nm were grown by plasma-assisted 
molecular beam epitaxy on AlN/c-Al

2
O

3
 templates with a threading dislocation density of less 

than 5·109 cm−2, as described in [9]. The layers 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. 
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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 BCl

3
 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 µm, width W = 300 µm, and different distances 
between the contact pads L

i
 = 100, 80, 40 and 20 µm.

a) b)

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)

Fig. 1, b shows the measured total resistance as a function of inter-contact distance 

( ) 2 ,S
T C

R
R R

W
= +

  where S T
C

R L
R

W
=  is the measured contact resistance, R

S
 is the sheet resist-

ance of the AlGaN layer, and L
T
 is the so-called “transfer length” measured from the intersections 

of interpolation line of R
T
(ℓ) with abscissa axis [11]. The assumptions of a uniform distribution 

of R
S
 over the measurement area and the validity of the inequalities 2L

T
 < d, W >> d enabled the 

relationship for the specific contact resistance 2  c S TR Lρ = ⋅  Ohm·cm2 to be invoked. The value  
r

c 
= R

C
W Ohm·mm was also used to characterize the contact resistance.

Result and discussion

The Al
0.7

Ga
0.3

N:Si layers grown at the highest temperature of Si-cell of 1290 °С demonstrated 
electron concentrations above 1018 cm−3. 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

c
 and ρ

c
 of these layers on the RTA 

temperatures and duration, respectively, which indicate an appearance of ohmic contact at T
an
 

above 700 °C and a minimum specific contact resistivity below 10−3 Ohm·cm2 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, c). 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 > 1018 cm3 and the same contacts annealed at the optimal RTA regimes  
(t

an 
= 60 sec and T

RTA
 = 900 °C). The binary layers showed significantly lower values of  

r
c
 = 0.1 Ohm×mm and ρ

c
 = 5·10−6 Ohm·cm2.

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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a) b)

c) d)

Fig. 2. Dependences of the contact resistance (r
c
, Ohm·mm) and specific contact resistivity  

(ρ
c
, Ohm·cm2) on RTA temperature (a) and duration of RTA at 900 °C (b). 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 AlN (−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

0.7
Ga

0.3
N:Si and GaN:Si layers exceeds three orders, and further process op-

timization is required.
Next, we investigated Al

0.7
Ga

0.3
N:Si layers doped using a low Si-cell temperature of 1240 °C, 

which resulted in an electron concentration lower than 1017 cm−3. Figure 3, a shows the strong 
dependences of r

c
 and ρ

c
 on the Al thickness in the Ti(25 nm)/Al/Ti/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
an
 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

0.7
Ga

0.3
N:Si/Ti/Al/Ti/Au contacts 

with a relatively low electron concentration below 1017 cm‒3. 
The proposed model is confirmed by comparative measurements of the temperature depend-

ences of the contact resistances of heavily (> 1018 cm‒3) and lightly (< 1017 cm‒3) Si-doped  
Al

0.7
Ga

0.3
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 T
an

 = 900‒1000 °C range, while 
its counterpart doesn’t reveal such dependence.

It should be noted that Al
x
Ga1−x

N:Si layers with x > 0.7 used in sub-250 nm UVC- LED and 
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a) b)

Fig. 3. Dependence of contact and specific resistance on the thickness of the aluminum (a). 
Dependence of Al

0.7
Ga

0.3
N contact and specific resistance on the RTA temperature for:

 1 – n > 1018 cm‒3; 2 – n < 1017 cm‒3 (b)

photodetectors usually have an electron concentration below 1017 cm−3 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 Ti/Al/Ti/Au ohmic contacts to Al
0.7

Ga
0.3

N:Si layers with 
electron concentration from below 1017 cm−3 to higher than 1018 cm−3 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 9×10−4 Ohm·cm2 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

0.7
Ga

0.3
N:Si layers.
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Аннотация. Мы исследуем переключаемуя высокоиндекснуя метаповерхность на 
основе соединения Ge

2
Sb

2
Te

5
. Мы изменяем параметр решетки между рассеивателями и 

исследуем основную моду дипольного типа, определяющую метаматериальные свойства 
структуры. При определенном периоде решетки система поддерживает резонансное 
состояние для случая кристаллической фазы Ge

2
Sb

2
Te

5
, тогда как в случае аморфной 

фазы резонанс полностью деградирует.
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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

2
Sb

2
Te

5
, 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 µm, the height h = 300 
µm and the lattice constant a = 750 µm (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

2
Sb

2
Te

5
 

composite microblocks with a square profile represent a system with a more technologically acces-
sible configuration for lithographic methods.

Fig. 1. Schematic view of GST metasurface composed 
of microblocks with rectangular profile

Here we consider a dipole-type mode 
supported by the structure. Fig. 2 compares 
magnetic field distribution for crystalline 
and amorphous GST microblocks which 
were simulated with COMSOL Multiphys-
ics software. We assume that GST permit-
tivity in the terahertz spectral range has no 
losses, ε = 35 in the crystalline phase and  
ε = 15 in the amorphous phase with no fre-
quency dispersion. The block with a higher 
index exhibits stronger field localization, 
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 
were simulated by means of rigorous cou-
pled wave analysis (RCWA) involving over 
100 plane waves in the x direction, which is 
sufficient for reliable convergence.

a) b)

Fig. 2. Magnetic field distribution of the dipole type 
mode for amorphous GST phase (a) and crystalline 

GST phase (b). TE polarization, a = 1.75 mm, 
h = 500 µm, w = 500 µm
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a) b)

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 a = 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 a = 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.

Fig. 4. Shift of the dipole resonance with 
a change in the lattice period for both 
amorphous and crystalline phases. The 

data was calculated with RCWA solver  

When the distance between neighboring microblocks 
is small, a collective mode is formed and the structure acts 
as a metasurface. For large distances, the microblocks 
scatter the electromagnetic waves almost independently, 
so they cannot be regarded as a single system. Studies 
of a dimer [7] and especially photonic phase transitions 
to a metamaterial regime [4, 6] reveal that there exists 
a critical distance between the structural elements for 
a collective mode to form. Fig. 3, b shows that the 
collective dipole mode responsible for the metasurface 
regime exhibits rapid degradation when the distance 
approaches the critical distance about a

cr
 ~ 1.75 mm. 

In our structure, the critical distance increases with the 
dielectric permittivity of the scatterer similar to other 
systems [4, 6, 7] in spite of stronger localization of 
the electromagnetic fields in the structural elements. 
It is therefore possible to switch the system between 
metasurface and independent scatterer regimes by 
means of nonreversible transition of GST.

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

2
Sb

2
Te

5
. 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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