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Simulation of the temperature dependence on the microwave magnetoabsorption oscillations in elec-
tronic semiconductors is conducted using the Gaussian function and derivative of the Fermi-Dirac function
by energy. Gaussian distribution function and derivative of the Fermi-Dirac function by energy are com-
pared at different temperatures. It is shown that the distribution of the Gauss function is much more effi-
cient and more rapidly tends to an ideal Dirac §-function than the derivative of the Fermi-Dirac function
by energy. The temperature dependence of the spectral density of states in semiconductors is calculated at
quantizing magnetic fields. An analytical expression is obtained for the density of states in a quantizing
magnetic field for narrow-gap semiconductors. Graphs of the temperature dependence of the density of
states for InAs are constructed in a quantizing magnetic field. Oscillations of the absorption of microwave
radiation in semiconductors are considered at different temperatures. A new mathematical model has been
created for microwave absorption oscillations in narrow-band semiconductors. Using this model, the de-
pendence of quantum oscillation phenomena on microwave absorption and temperature is calculated in
electron gases. Graphs of oscillations of the derivative of the absorbed power by the magnetic field strength
are obtained for InAs. A three-dimensional image of the absorption of microwave radiation for semiconduc-
tors has been constructed with the Kane dispersion law. The microwave magnetoabsorption oscillation was
calculated in narrow-gap electronic semiconductors at different temperatures using the Gauss function.
Formula for the dependence of the microwave magnetoabsorption oscillations on the electric field strength
of an electromagnetic wave and temperature is obtained with the parabolic and Kane dispersion law. The
calculation results are compared with experimental data. The proposed model explains the experimental
results in HgSe at different temperatures.
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1. INTRODUCTION

Quantum oscillation phenomena in external fields
in semiconductor structures are an interesting area of
research and the basis for the establishment of optoe-
lectronic and electronic devices. In particular, in works
[1, 2] dependence of the derivative of power of micro-
wave-radiation absorption with respect to magnetic

field strength H [:—EJ was investigated in narrow-gap

electronic semiconductors. In works [3, 4], for a quan-
tizing magnetic field, the microwave magneto-
absorption oscillations were determined in narrow-gap
semiconductors. In this case, the experimental investi-
gation was carried at low temperatures and at constant
electromagnetic fields.

In recent years, Shubnikov-de Haas and de Haas-
van Alphen oscillations were considered in electronic
and nanoscale semiconductors at different tempera-
tures and at different pressures [5, 6]. For example, in
[6, 7], the method of determining the thermodynamic
density of states at different temperatures was devel-
oped in a quantizing magnetic field. Using these meth-
ods, quantum oscillation phenomena in semiconductors
are investigated at different temperatures [7, 8]. How-
ever, in well-known works, the influence of a strong
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electromagnetic field on the temperature dependence of
quantum oscillation phenomena in narrow-gap elec-
tronic semiconductors was not investigated using the
Gauss function and the derivative of the Fermi-Dirac
function with respect to energy.

The aim of this work is to simulate the influence of
a strong electromagnetic field on the temperature de-
pendence of Shubnikov-de Haas oscillations in narrow-
gap electronic semiconductors and investigate with the
help of this model the experimental data processing.

2. MODEL

2.1 Comparison of the Gaussian Distribution
Function and the Derivative of the Fermi-
Dirac Function with Respect to Energy at
Different Temperatures

Let us consider the dependence of the distribution of
the static function on energy at different temperatures.
Gaussian distribution function and the derivative of the
Fermi-Dirac function with respect to energy are defined
for energy levels E; by the following expression [9]:

F{(EE)] W

Gauss(E,T)=i~ex (kT)z

KT
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Here, Gauss(E,T) is the Gaussian distribution func-

tion, dfo(E)/OE is the the derivative of the Fermi-Dirac
function with respect to energy.

We now consider the temperature dependence of the
Gaussian distribution function and the derivative of
the Fermi-Dirac function with respect to energy. In
Fig. 1, the dependences of the derivative of the Fermi-
Dirac function with respect to energy and distribution
Gauss functions on energy are compared at a tempera-
ture of T'=300 K. As can be seen from this figure, at
high temperature, the height of the Gaussian distribu-
tion function is higher than the height of the derivative
of the Fermi-Dirac function with respect to energy. At
low temperatures, too, the peak height of the Gauss
function is greater than the height of the derivative of
the Fermi-Dirac function with respect to energy.

01 0z
E

Gausgs function

d(Fermi-Dirac) /dE

Fig. 1-View of the Gaussian distribution function and the
derivative of the Fermi-Dirac function with respect to energy
at a temperature of 7= 300 K

This is an important result, indicating that the
Gaussian distribution function much more effectively
and more rapidly tends to the ideal Dirac &-function
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than the derivative of the Fermi-Dirac function with
respect to energy.

2.2 Dependence of the Spectral Density of
States on Tmperature in Electronic Semi-
conductor at a Quantizing Magnetic Field

We now consider the dependence of the spectral
density of states on temperature in a quantizing mag-
netic field using the Gaussian distribution function and
the derivative of the Fermi-Dirac function with respect
to energy. In work [8], spectral densities of state of os-
cillations are studied and the analytical expression for
the density of states in narrow-gap semiconductors is
obtained:

2E

fieH E
N(E,H)=K 22 d .®)
2me & [g2 1, heH
—+E-(N+2)—
E, 2" mc
Kzi(m)% .
Q)22

Here, N(E,H) is the spectral density of states for

the zone with the Kane dispersion law, H is the mag-
netic field strength, E is the energy of a free electron
and a hole in a quantizing magnetic field, N is the
number of Landau levels, Eg is the band gap width of
the semiconductor.

If the energy spectrum of electrons is discrete, then
the density of energy states is equal to the sum of &-
functions [10]:

N(E)=Y N, 8(E~E). (4

In the general case, the energy density of states is a
set of 6-functional peaks located at hw. from each other
in a quantizing magnetic field [11].

If, T—>0 and kiTaoo, then that functions and

ofo(E)/0 are the Dirac delta-functions (Dirac §-function).

Energy spectrum of charge carriers in the conduc-
tion band and in the valence band are quantized at low
temperatures and at quantizing magnetic fields.

From here, using (3) and substituting (1) and (2) in
(4), we obtain the analytical expression for the density
of energy states in a quantizing magnetic field for nar-
row-gap semiconductors:

N[E,Ey HT]=K-—>

heH "

NJE.E . HT]=K-—>"

E—E+l
g Gauss(E,E,,T), ®)
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Fig. 2 — The dependence of the spectral density of states on
the energy and temperature in InAs calculated using formula

®)

Using formulas (5) and (6), we consider the graphs
of the spectral density of states. For example, Fig. 2
shows the spectral density of energy states of oscilla-
tions in a three-dimensional space for InAs
(E,(0)=0.414eV) [12] at the magnetic field of

H=40kOe (or B=4 T). This figure presents the de-
pendences of the spectral density of states of oscilla-
tions on temperature and energy for InAs narrow-gap
semiconductor. The graph in Fig. 2 was constructed
using formula (5). As can be seen from this figure, at
low temperatures (7 < 5 K), the discrete Landau levels
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of 1 K< T < 4 K. When the energy spectrum is calculat-
ed by formula (4) (Fig. 2) in the temperature range of
50 K< T'< 60 K, oscillations of the spectral density of
states can be observed.

Thus, some experimental results for quantum oscil-
lation phenomena can be explained using the Gaussian
distribution function.

2.3 Simulation of Quantum Oscillation Phenom-
ena in Narrow-gap Semiconductors in the
Presence of a Strong Electromagnetic Field
and Temperature

As known, spectral density of states of oscillations
plays an important role in determining the Shubnikov-
de Haas, de Haas-van Alphen and quantum Hall effect
oscillations in massive and nanoscale semiconductors.
Therefore, using formula (5), the quantum oscillation
phenomena in narrow-gap semiconductors can be in-
vestigated. Now, we consider the quantum oscillation
phenomena in narrow-gap semiconductors in the pres-
ence of a strong electromagnetic field and temperature.
The power of microwave-radiation absorption is deter-
mined in a unit volume by the following expression
[13]:

P=oc-EZ @]

Here, ois the semiconductor conductivity, Ef is the
electric field strength of the electromagnetic wave.

In a quantizing magnetic field, the longitudinal
conductivity o, depends on the spectral density of

states of oscillations and the relaxation time <(E).
Then, according to [7], the expression of the longitudi-

appear sharply. In addition, the height of discrete Lan- nal magnetic conductivity  is as follows:
dau levels is almost the same in the temperature range
1
2a2 9
aZZ(E,EN,H,T):_(ZmZ) L [ D r(E)N,(E,Ey H.T)dE. ®)
7°h hayi2 N
Here, z(E) is the transport relaxation time. The P(E,EN,H,T,EE):O' (E,E,,H,T)-EZ. )
transport relaxation time is taken as follows: . .. .
Diff tiat 9 b H, that
7=1,E"[7]. The exponent r has different values for d1P (e ;er_lr IE IEg E )( ) Y 2 18
s Ly b=y b

different scattering mechanisms. For example, in the
case of scattering by acoustic vibrations and impurity
ions, the exponent is —1/2 and 3/2 [7]. 7, does not

depend on the electron energy.
Substituting the expressions (5) and (8) into (7),
we obtain the following expression:

|1+

, we obtained the expressions

dH
for the dependence of the Shubnikov-de Haas oscilla-
tions on the microwave-radiation absorption and
temperature in  narrow-band semiconductors:

2E
. —+1
dpP (H,T,E,EN,EE) _Cﬁi E,
dH n-o |E? 1
—+E-|N+= |AH
E, 2
e | (m)’2
A=—; C=—5—.
mc (2)47[2;13

Here, P is the microwave field power for the Kane
model. Thus, we have the opportunity to calculate the

AH (N +%)
- -Gauss(E, Ey,T)-7(E)-EZ;
E 1
2l —+E-(N+>)AH
(Eg (N+2) J (10)
dP(H,T,E,E,,E
oscillations ( v Ee) at a strong electromag-

dH
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netic field and at different temperatures with the help
of formula (10).

Thus, a new mathematical model has been created
to determine the microwave-radiation absorption of
oscillations in narrow-gap semiconductors. Based on
the proposed model, it is possible to calculate the exper-
imental oscillations at different temperatures.

Let us consider the analysis of quantum oscillation
phenomena in semiconductors with the help of reduced
model. In particular, we obtained the graph

of expansion in a series of the Gaussian functions.
Then, the temperature dependence of microwave-
radiation absorption of oscillations in semiconductors
can be explained at the constant electromagnetic field
strength. As can be seen from this figure, at T=4 K,
oscillation amplitude of the microwave-radiation ab-
sorption increases with increasing magnetic field.
Therefore, in this case, thermal broadening is very
weak, that is KT <<%®, (w, is the cyclotron frequency).

Every peak of oscillations corresponds to one discrete

5

dP/dH ., arb units

JJ. NANO- ELECTRON. PHYS. 11, 01020 (2019)

dP(H,T,E E,.)
dH

la (10). In Fig. 3 we show microwave-radiation absorp-

tion of oscillations in InAs (Eg(0)=0.414eV) [12] at

of oscillations for InAs, using the formu-

T=4K and E, ~15.10°_ . In this case, E. =const.
sm

Thermal broadening of oscillations will be taken into
account using the Gaussian distribution function. We
investigated the spectral density of states with the help
Landau level. With increasing temperature, the ampli-
tude oscillation decreases, at sufficiently high tempera-
tures the discrete energy spectrum of the zone turns to
continuous (Fig. 4). This leads to the smoothing of oscil-

lations — .

dH
In Fig. 4 we present the dependence of microwave-
radiation absorption oscillations on the temperature
and magnetic field. This three-dimensional image is

1 2 3

5 B 7 ]
H.10-kOe

Fig.3 — Microwave-radiation absorption oscillations (dP/dH) in InAs at the temperature of 7= 4 K and the electromagnetic field

v
strength of Eg =1.5-10° p calculated with the help of formula (10)
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Fig.4 — Microwave-radiation absorption oscillations dependence on the magnetic field and temperature in InAs semiconductor

\Y
with the Kane dispersion law. Electromagnetic field strength Eg =1.5- 10° s_m , was calculated with the help of formula (10)
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obtained in semiconductors with the Kane dispersion
law. Using formula (10), we can obtain the same three-
dimensional graphics for the narrow band gap semi-
conductors. As can be seen from these figures, with
increasing temperature, the oscillation amplitude is
gradually smoothed. At a temperature of T'= 77 K, the
microwave-radiation absorption oscillation amplitudes
are virtually invisible and coincide with oscillations in
the absence of a magnetic field in the interval of
H =10-25 kOe.

3. COMPARISON OF THEORY WITH
EXPERIMENTAL RESULTS

Let us analyze the microwave-radiation absorption
oscillations in semiconductors at the temperature and
external fields. In work [1], microwave magnetoabsorp-
tion oscillations in semiconductors are observed. In
Fig. 5, theory and experimental results were compared
at a temperature of 7=2.7 K and constant power of
electromagnetic wave over the entire measurement

range for HgSe samples. Here, the dependences of Z—E

oscillations on the inverse magnetic field at low tem-
peratures are shown. In work [1], oscillations were ob-
tained for a narrow-gap semiconductor. From here,

using formula (10), we determined Z—E oscillations at

a temperature of T=2.7 K (Fig. 5). In this case, quan-
tum oscillation amplitude begins abruptly. Using for-
mula (10), experimental results can be explained at
different temperatures.

In this case, Landau levels appear sharply. With in-
creasing temperature, sudden bursts begin to smooth
out. At high temperatures, the density of states turns
into a continuous spectrum and the influence of a mag-
netic field will not be felt. This allows us to obtain the
density of states, which depends on temperature. With

. . oy .. dP .
increasing temperature, the oscillation Y amplitudes

decrease and at values of H of a magnetic field are not felt.

dP R
At room temperature, Y oscillations are smoothed out.
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4. CONCLUSIONS

Based on the study, the following conclusion can be
made: the model of determination of microwave magne-
toabsorption oscillations in semiconductors is developed
at different electromagnetic fields and temperatures.

Formula for the dependence (;% of oscillations on the

electric field strength of an electromagnetic wave and
temperatures is obtained with the Kane dispersion law.
Using the proposed model, the experimental results for
HgSe were investigated. Using formula (10), experi-

e dP . .
mental oscillations prvy in HgSe narrow-gap semicon-

ductor are explained at different temperatures.
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MonemoBarnsa TemiepaTypHoi 3aseskrocti HBY MarHiTomoranHaHHA B €JIeKTPOHHUX HAITIBIIPOBLIHU-
KaxX IPOBOIMUTELCA 3a JoroMoroio dyukirii ['ayca i moxiguol dpyukiii Oepmi-Iipara. Oyuxiria posmomiy [ay-
ca 1 moxigua dyukiii @epmi-Jlipaka 3a eHeprieio MOPIBHIOITELCS IIPU PisHUX TemIiieparypax. [lokasamo, 1o
poamomia gpyukiii ['ayca HabaraTo edeKTUBHIIINIA 1 MIBUAIIE OPAMYye 10 imeanbHol 6 dyHrmii ipaka, His
noxigHa dyskii @epwmi-Jlipaka 3a eHeprieo. PospaxoBaHo TeMmepaTypHy 3aJI€KHICTD CIIEKTPAJIBHOL IIMiIb-
HOCTI1 CTAHIB y HAMIBIPOBIIHUKAX P KBAHTYBAHHI MArHITHUX MM0iB. OTPUMAHO aHAITUYHUA BUPA3 IJI
TYCTHUHU CTAHIB y KBAHTOBAHOMY MAaTrHITHOMY IIOJI1 JJIs BY3bKO30HHHUX HamiBnpoBinHuUKIB. [lobymoBano rpa-
ixu TemIepaTypHOI 3aJI€KHOCT] IILIHHOCTI cTaHIB Jya InAs Bif MaruiTHOTO 10Js. Po3ryissmamThes Koiu-
BaHHs nornuHanHsg HBY-BunpoMiHIOBAHHS B HAIBIPOBLIHUKAX IPH PidHUX Temieparypax. CTBopeHo Ho-
By MaTreMaTH4Hy Monesb qis norianHanas HBY konuBaHes y By3bKOCMYroBUX HAIIBIPOBLAHUKAX. Bukopn-
CTOBYIOUH ITI0 MOJEJIb, PO3PAXOBAHA 3aJI€IKHICTh KBAHTOBUX KOJIMBAHB BiJ[ MOTJIMHAHHSA MIKPOXBHUJIb 1 TE€M-
mepaTypu esieKTporHoro raay. Jisa InAs orpumani rpadiku KoIMBaHb IMOXITHOI HOTVIMHEHO ITOTYKHOCTI B
HAIPY:KeHOCT1 MaTHITHOrO 110Jis1. TpuBuMipHe 300paskeHHs IIOIVIMHAHHS MIKPOXBUJIFOBOIO BHUIIPOMIHIOBAH-
H IS HAIIBIIPOBITHUKIB 0yJI0 OOYZ0BAHO 3a IOIOMOIrOI0 3akoHy mucaepcii Kexma. Y By3bKO30HHUX €JIEKT-
POHHMX HAITIBIIPOBITHUKAX IIPHA PISHUX TeMIlepaTypax 3 BHKopucTaHHAM QyHEKINI ['ayca pospaxoByBaym
HBY maruitonorsmmaanasa. Qopmyary miis sanesxnocri HBY-maruiToamcopOIiiHuX KoJIMBAaHb BiJ HAIPyYKe-
HOCTI eJIEKTPUYHOTO II0JISI €JIEKTPOMATHITHOI XBUJIL Ta TEMIIEPATYPH OTPUMAHO 32 JOIIOMOIOI0 apabosiaHo-
ro Ta nucrnepciiiHoro 3akoHiB Kena. Pesysnbratu po3paxyHKIB HOPIBHSIHO 3 €KCIIEPUMEHTAIIBHUMU TaHUMUA.
3anporoHoBaHa Mo/IeJIb IIOSICHIOE pe3yJIbTaTu exkcrepuMenty B HgSe nipu pisHux Temmneparypax.

Knrouori ciopa: HBY marnitonorsmuaroyl xonuBauHs, [laycoBa dyHKIs Ta moximHa ¢yrkmil Oepmi-
Jipaka 3a eHeprieo, ['a3 BIIIbHUX €JIEKTPOHIB.
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