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Abstract. In this work, we studied the dependence of the oscillations of the
combined density of states on a strong magnetic field in heterostructures based on a
rectangular quantum well. The influence of a quantizing magnetic field on the temperature
dependence of the combined density of states in nanoscale direct-gap heterostructures has
been studied. A new numerical method has been developed for calculating the temperature
dependence of the two-dimensional combined density of states of a quantum well in
quantizing magnetic fields. The proposed model explains the experimental results in
nanoscale direct-gap semiconductors with a parabolic dispersion law.
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1. INTRODUCTION

As is known, the influence of external factors (temperature, magnetic field
and pressure) on quantum-dimensional heterostructures leads to a change in the
position of the energy levels of charge carriers and, consequently, to a shift of the
magneto-optical absorption edge [1-20]. The magneto-optical absorption spectrum
of nanoscale semiconductors is determined by the energy distance between different
minima of the sparse zone. Hence, the width of the forbidden zone of the quantum
well can either decrease or increase due to external influences. Thus, the study of the
magneto-optical absorption spectrum near the boundary of its absorption edge
provides information about the structure of the energy spectrum of charge carriers
near the lower edge of the conduction band and near the upper edge of the valence
band of the quantum well, which is essential for determining the magnetic, optical
and electrical properties of nanoscale semiconductors.

The combined densities of quantum well states play an important role in the
oscillation of interband magneto-optical absorption. Therefore, in many cases, the
matrix element (p,,) changes little within the Brillouin zone.

Consequently, the structure of the spectrum mainly determines the combined
density of states in quantum-dimensional heterostructures. In works [1-3], a method
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was developed for calculating the oscillation of the combined density of states in a
quantizing magnetic field with a non-quadratic law of dispersion under the influence
of temperature and hydrostatic pressure. This method is used in the study of magnetic
absorption in narrow-band semiconductors with a nonparabolic dispersion law.
A fan diagram of the magnetic absorption spectrum in narrow-band semiconductors
is constructed. However, these papers do not consider the temperature dependence
of the two-dimensional combined density of states in the allowed zone of a quantum
well with a parabolic law of dispersion. That is, the resulting method is applicable
only for bulk semiconductor materials.

In addition, in works [4, 5], the spectrum of InGaN/AlGaN/GaN heterostructures
with quantum wells is emitted by an LED and analyzed on the basis of a two-
dimensional combined density of states model. The considered model of approximation
of the luminescence spectra of LEDs in these works was developed for complex
heterostructures with multiple quantum wells. In work [6], a random walk in a two-
dimensional space consisting of an energy parameter of the order and an energy
correlation function was performed, and a two-dimensional combined density of
quantum well states was obtained. The order parameter, susceptibility and
correlation function are calculated from the two-dimensional combined density of
quantum well states. Numerical calculations of the author show that for the purposes
of determining the two-dimensional combined density of states in continuous
models, the Wang-Landau transition matrix method can be considered as an
alternative to the pure Wang-Landau method. In work [7], an exact mathematical
expression is proposed that directly combines the density functions of the states of
the resolved zone of a quantum well to create a two-dimensional combined density
of states for direct transitions. Using both expressions, the absorption coefficient of
the quantum well and the superlattice was calculated, which led to a positive
coincidence with the experimental data. In the above literature, the temperature
dependence of the oscillation of the two-dimensional combined density of quantum
well states in a quantizing magnetic field is not discussed. Also, the work determines
the oscillations of the combined density of quantum well states at constant
temperatures in the absence of a magnetic field.

The purpose of this work is to determine the effect of a strong magnetic field
on the combined density of states in heterostructures with quantum wells.

2. THEORETICAL PART

2.1. CALCULATION OF THE OSCILLATION OF THE COMBINED DENSITY
OF STATES IN HETEROSTRUCTURES WITH QUANTUM WELLS
IN THE PRESENCE OF A MAGNETIC FIELD

In the absence of a magnetic field, the dependence of the density of the energy
states of the conduction band and the valence band in the quantum well on the energy
spectrum of charge carriers are step functions (Fig.la) [21]:
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Here, m¢ and m!* are the effective masses of electrons and holes in the
dimensional quantization subband in a quantum well numbered » and m, and 0(£) —
Heaviside step function.

For direct interband transitions, the combined densities of states are a
convolution in energy, which also has a step function in energy [21]:

.
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Here, myy,,, is the reduced effective mass of charge carriers for the subzones
of dimensional quantization n and m, which is calculated by the ratio:

(i) = (o) ()
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Fig. 1 — The energy distribution of the density of electronic states in quantum-dimensional
GeSi/Si structures [21]: a — quantum well, b — quantum dot.

If the electronic and hole states in GeSi structures turn out to be size-quantized
in all three quasi-momentum components, that is, they represent a quantum dot for
charge carriers, then in this case the combined density of states in the allowed band
of such a structure is a Gaussian function (Fig. 1b). Then, in the allowed zone there
is a zero-dimensional combined density of states, which is a discrete non-decreasing
function. In this case, the combined density of states is described using the so-called
Dirac delta function 6 (E):
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The combined density of states is a collection of infinitely narrow and high
peaks (Fig.1b). All the results obtained above are valid for cases without the
influence of quantization of the magnetic field, temperature and pressure. Specific
questions arise: how to determine the combined density of states in quantum-
dimensional direct transitions of heterostructures in the presence of a strong
magnetic field? How does the dynamics of temperature rise affect this process?

Let us calculate the dependence of the combined density of states on the
quantizing magnetic field in two-dimensional semiconductor materials with direct
allowed transitions. In a quantizing magnetic field, the combined density of states is
defined as an integral over all states in the conduction band with energies Ec and in
the valence band with energies Ey of the quantum well, which satisfy the law of
conservation of energy during the magneto-optical transition. Let us analyze the
simplest model of a band structure near the edge of the band gap of a straight-band
heterostructure with a quantum well under the influence of a strong magnetic field.
That is, the valence band of the quantum well is completely filled with charge carriers,
and the conduction band is empty. Here, the filling functions of the corresponding
states are equal to fy=1, fc=0. In addition, in this model, the dependence of
impurity levels on the combined density of quantum well states with the parabolic
law of dispersion can be neglected. The magnetic field inductions are directed across
(along the Z axis) and will be perpendicular to the XY plane. This is called a
transverse quantum magnetic field.

Hence, in the presence of a strong magnetic field, the laws of dispersion energy
are used to calculate the combined density of quantum well states, which can be
written as follows:

2_2
EX (B,d,n )= (NZ +%jha)f +;’;—7;2an +mig u,H
nr’ | @

B2 (B ) =—{ N3 ol =, e g H - B2 (0)
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Here, Nf, N is the number of Landau levels of charge carriers in the allowed
zone of the quantum well; w¢, w? is the cyclotron frequency of the magnetic field
in the conduction band and valence band of the quantum well; d is the thickness of
the quantum well; n2;,n2, is the number of the dimensional quantization subzone
in the conduction band and in the valence band of the quantum well; n,,, n,; is the
ordinal number of the quantization levels of electrons and holes along the Z axis,
respectively.

Imagine that the electron and valence bands are symmetric, then the condition
Nez = N,y = nyis fulfilled. m{g.ugH, m¥g,ugH is the spin energy in the
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allowed zone; Ejd(O) is the width of the forbidden zone of the quantum well at
absolute zero temperature; B is the induction of the magnetic field.

For E2%(B,d,ny) and E2%(B,d,n;), without taking into account spin,
magneto-optical transitions will correspond to the law of conservation of energy

EX(B,d,n,)=EX(B,d,n,)—E} (B,d,n,)

.1 . .1 . R
Efvd (B,d,nz)z E;d (0)+(NL +Ejha)c +(NL +5jhwc +Wn§ (5)
hv > EX (B.d,n,),
where hv is the absorbed photon energy, v is the frequency of light, L = 1* 1*
Mey me My

is the combined (reduced) effective mass.

In the Z direction, a strong magnetic field does not change the relationship between
the energy and the wave vector for the movement of charge carriers. However, for
the movement of charge carriers in the direction of perpendicular magnetic induction
(in the XY plane), the former quasi-continuous series of energy levels is replaced by
a system of discrete Landau levels. Since the effective mass of electrons and holes
is assumed to be constant, the distance between the Landau levels does not depend
on the quantum number, which is hw.. Hence, in the conduction band and the
valence band of the quantum well, the movement of free electrons and holes in all
three directions is limited. When exposed to a quantizing magnetic field, a quantum
well becomes an analogue of a quantum dot. And also, the energy spectrum of charge
carriers will be entirely discrete. According to equation (3), when replacing £ with
hv and E}p,,, with E23(B,d, ny) in the argument § (E — Ejpny), We have:

N2 (v, B2 (B.d,N]\m, ) _B > o(hv-EX(B.d,N;n,)). (6)

¢ A
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Thus, under the influence of a quantizing magnetic field, the equation (6) can
be used to determine the combined density of quantum well states. However, such
equations do not take into account the influence of temperature and pressure on the
discrete Landau levels of electrons and holes for straight-band quantum wells.

2.2. EFFECTS OF THE QUANTIZING MAGNETIC FIELD ON THE TEMPERATURE
DEPENDENCE OF THE COMBINED DENSITY OF STATES IN NANOSCALE STRAIGHT-
BAND HETEROSTRUCTURES

The magneto-optical assimilation range could be a key prerequisite for many
volumetric and low-dimensional optoelectronic devices. The method of magneto-optical
retention in straight-band heterostructures with quantum wells and a2%(hv, B, d)
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can be communicated as a function of the combined thickness of states. When
uncovered to a quantizing attractive field, the combined thickness of states gives a
degree of the number of permitted magneto-optical moves between the electronic
states of the filled valence band and the vacant electronic states of the conduction
band isolated by the photon vitality Av. In well-known logical writing, a few
endeavors have been detailed to relate the densities of the vitality states of the
allowed zone with the combined thickness of states within the nonattendance and
nearness of a attractive field [4-7]. Be that as it may, all the experimental and
rearranged expressions of the combined thickness of states gotten were restricted by
the nonappearance of weight and at low temperatures.

From equation (6) it is clear that for hv > E2%3(B,d, Nf¥,ny), the form of the
combined density of states as a function of energies reflects the nature of deltoidness.
When exposed to a quantizing magnetic field, the two-dimensional combined

density of states I\Iﬁfé (hv, E24(B,d,NfY, nz)) it is determined by the energy

spectrum of charge carriers in the allowed zone of the quantum well. Experiments
show that the density of states of electrons and holes depends on temperature. The
temperature dependence of the density of states of electrons and holes in a quantum
well is explained by the thermal blurring of discrete Landau levels [22-25]. As
shown in works [23, 24], the density of electron states in the conduction band of a
quantum well at sufficiently high temperatures transforms from discrete Landau
levels into a continuous energy spectrum. And at low temperatures, the quantizing
magnetic field strongly affects the densities of states in the resolved zone of the
quantum well, whereas the continuous energy spectrum decomposes into discrete
Landau levels. In this case, as the temperature increases, collisions of charge carriers
and thermal motions lubricate the discrete Landau levels, turning it into a continuous
spectrum of the density of quantum well states. Hence, the temperature dependence
of discrete Landau levels of charge carriers can be described by decomposing the
combined density of quantum well states into a series of delta-shaped functions. The
temperature dependence of the oscillation of the interband magneto-optical
absorption in heterostructures with quantum wells was explained by a study using
the delta-shaped functions of two-dimensional combined densities of states. The
temperature dependence of the two-dimensional combined density of states is
determined by thermal broadening of discrete Landau levels of charge carriers in the
allowed zone of the quantum well.

At T'= 0, the Gaussian distribution function is delta-shaped and is defined by
the following expression [26]:

Gauss (E.T) =$'exp[—%} (7)

In addition, to describe the interband magneto-optical absorption, it is usually
assumed that each energy spectrum of a quantum well is blurred according to the
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Gaussian law with a blurring parameter. This approach can be described by the
temperature dependence of the two-dimensional combined density of states in a
quantum well. Hence, the deep filled discrete Landau levels of charge carriers in a
quantum well depend exponentially on the two-dimensional combined density of states.
To calculate the temperature dependence of the two-dimensional combined density
of states Nt (hv, EZ}(B,d,nz) ) we assume that N/ (hv, EA!(B,d, Nf’,nz) ) for
T =0 equal to the known energy functions E2¢(B, d, NF¥,n,). For a heterostructure
with quantum wells, in a strong magnetic field, the two-dimensional combined
density of states is calculated by the equation (6). With increasing temperature, each
combined density of states in the allowed zone of the quantum well with the energy
of the conduction band and the valence band E2Z(B,d, Nf¥,ny) is eroded. Thermal
blur I\Ijzd‘é(hv, EZY(B,d,Nf’,nz) ) with energy E2}(B,d, Nf¥,ny) is calculated by
the Shockley-Reed-Hall statistics [27]. Thus, under the influence of a quantizing
magnetic field, in the permitted zone of the quantum well, the resulting two-dimensional
combined density of states, taking into account the contribution of thermal blurring of
all states, will be determined by the sum of all blurring. Hence, at a finite temperature 7,
this reduces to the decomposition into a series 1\/1-32 (hv, EZ}(B,d,Nf’,nz) ) by
Gaussian functions, for nanoscale semiconductor structures.

The equation (6) does not take into account thermal blurring of the two-dimensional
combined density of states. If we decompose I\Ijzd‘i (hv, E24(B,d,Nf',nz) ) in arow

according to equations (7), then it is possible to take into account the temperature
dependence of the two-dimensional combined density of states in the allowed zone
of the quantum well. In a strong magnetic field, temperature blurring of the
combined density of quantum well states leads to smoothing of discrete Landau
levels of charge carriers, and thermal blurring is calculated using the equation (7).
At T'= 0, the equation (7) turns into a delta-like function of the form:

Gauss (E,E,T)—>6(E-E,). (®)

-0

Thus, it follows from equations (5), (6) and (7) that under the influence of a
quantizing magnetic field, the temperature dependence of the combined density of
quantum well states is reduced to the following analytical expression:

_eB 1
zh kT

2
2d c 1 c v 1 v hzﬂ-z 2
5 [hv—[Eg (0)+(NL +2]ha)(, +(NL +2jha{, + ' n 9)
. exp |-
NS NG oy (kT)2

N2d

Jds

(.2 (B.T.d.N; .n,))
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where I\Ij%f; (hv, Ecz,fl (B,T,d,Nf",ny) ) — temperature dependence of the oscillation

of the combined density of states in the allowed zone of the quantum well in the
presence of a strong magnetic field and B is the induction of a transverse quantizing
magnetic field.

This new analytical equation expresses the effect of the quantizing magnetic
field on the temperature dependence of the two-dimensional combined density of
states in heterostructures with quantum wells. The obtained expression is convenient
for processing experimental data on the oscillation of interband magneto-optical
absorption in quantum wells at various magnetic fields and temperatures. Thus, a
mathematical model describing the effects of external factors (temperature and
magnetic field) on the two-dimensional combined density of states in nanoscale
semiconductor structures has been obtained.

3. RESULTS AND DISCUSSIONS

3.1. THE RESULTS OBTAINED ON THE NEW REDUCED MODEL
AND ITS DISCUSSION

Now, for specific straight-band heterostructures based on quantum wells, we
consider the temperature dependence of the two-dimensional combined density of
states in a quantizing magnetic field. In work [28], a high-quality heterostructure
with a GaAs/AlGaAs quantum well with a width of 14 nm with a small concentration
of aluminum (3%) in the barrier layers was investigated. Heterostructures with a
GaAs/AlGaAs quantum well were studied at a temperature of 4 K. In the absence of
a magnetic field, the band gap of the GaAs quantum well is equal to 1.464 eV
(Fig. 2). Figure 2 shows the dependence of the two-dimensional combined density
of states on the absorbing photon energy for a GaAs quantum well d = 14 nm (n, = 1)
at a temperature 7=4 K and a quantizing magnetic field B =9 T. This graph was
created by numerical calculation based on equation (9). In Fig. 2, the number of
discrete Landau levels of charge carriers is fourteen. These peaks (discrete Landau
levels of charge carriers (Nf¥ = 14)) are observed in the allowed band of the GaAs
quantum well. It shows the two-dimensional combined density of states in a quantizing

magnetic field 7w, =0,02eVatT=4K, kT=4- 10, ho,
kT

=50, kT << ha,. In this

case, the thermal smearing of the Landau levels of charge carriers is very weak and
the two-dimensional combined density of states does not feel any deviation from the
ideal shape. In this plot, the valence band and conduction band are chosen as
symmetrical energy spectra. Then, from the first discrete Landau level of holes
(NLevy = 0) to Nivy = 6, they are located higher from the beginning of the ceiling of
the valence band of the quantum well. As well as other discrete Landau levels of
electrons are located above the bottom of the conduction band of the quantum well.
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Fig. 2 — Dependence of the two-dimensional combined density of states on the absorbing photon
energy in direct-gap heterostructures with GaAs/AlGaAs quantum wells (d = 14 nm)
at a temperature 7 =4 K and a quantizing magnetic field B=9 T.

Figure 3 appears the impact of temperature on the reliance of the two-
dimensional combined thickness of states on the retaining photon vitality in direct-
gap heterostructures with GaAs/AlGaAs quantum wells (d = 14 nm) beneath the
activity of a quantizing attractive field. Here, the sum of acceptance of the quantizing
attractive field is 9 T and plots of I\Ij%f; (hv, Ecz,ﬁi (B,T,d,Nf’,ny) ) are made for
temperatures of 4 K, 20 K, 40 K, 60 K, 77 K. It can be seen from Fig. 3 that with
expanding temperature, the sharp crests of the Landau levels start to smooth out,
and at adequately tall temperatures the discrete vitality densities of states turn
into nonstop vitality spectra. These comes about were gotten for a steady
quantum well thickness and attractive field. With expanding temperature, the
sharp crests of the Landau levels of charge carriers start to smooth out (Fig. 3) and at
kT =~ hwgVsteadily vanish. Additionally, at adequately tall temperatures kT > AwS®
I\Ijzd‘i(hv, E2(B,T,d,Nf¥,nz) ) they turn into a persistent combined thickness of
states of the quantum well and there will be no feel the impact of a quantizing
attractive field. In expansion, as the temperature increments, the sharp crests within
the Landau levels of charge carriers, due to the quantization of the energy levels of
electrons and gaps within the permitted quantum well, steadily smooth out. This
leads to the reality that at the temperature 7=40 K, kT=3,5-10"3, kT ~ hw’®
discrete Landau levels of quantum well charge carriers gotten to be invisible. At a
temperature of 77 K, the discrete Landau levels within the permitted band of the
GaAs/AlGaAs quantum well are nearly imperceptible and coincide with the two-
dimensional combined thickness of states within the nonappearance of a magnetic
field. Consequently, the two-dimensional combined thickness of states within
the conduction band and within the valence band of the quantum well are watched
at temperatures kT < hwS”. Beginning from temperatures of the arrange of
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0.5 kT ~ hwf’, the two-dimensional combined densities of states due to Landau
quantization within the permitted band of the quantum well are not watched.
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Fig. 3 — Effects of temperature on the dependence of the two-dimensional combined density of states
on the absorbing photon energy in direct-gap heterostructures with GaAs/AlGaAs quantum wells
(d = 14 nm) under the influence of a quantizing magnetic field B=9 T.

In this case, the measurements give a continuous spectrum of the two-
dimensional combined density of states. Changing the cyclotron frequency of the
magnetic field wS? changes the energy distance between discrete Landau levels of
charge carriers in the quantum well (Fig. 4). On Fig. 4 shows graphs of the two-
dimensional combined density of states in direct-gap heterostructures with
GaAs/AlGaAs quantum wells (d = 14 nm) at various magnetic fields B=9 T and 12 T.
As can be seen from these figures, with an increase in the induction of the quantizing
magnetic field, we obtain a change in the discrete peaks of the Landau levels of
charge carriers.

3.2. COMPARISON OF THEORY WITH EXPERIMENTAL RESULTS IN THE ABSENCE
AND PRESENCE OF A QUANTIZING MAGNETIC FIELD

As is shown from work [29], the impact of a quantizing magnetic field on two-
dimensional electron systems will illustrate exceptionally curiously physical properties
emerging from the quantum imprisonment of charge carriers in a quantum well.
Since of this quantum imperative, the 2D combined thickness of states of charge
carriers in a quantum well shows Van Hove singularities, where within the case of
an perfect unbounded zero-dimensional cross section (quantum dab), the combined
thickness of states tends to boundlessness for well-defined vitality values. Restricting
a expansive number of 2D combined densities of states to a single vitality esteem
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leads to striking physical properties such as greatly tall magneto-optical assimilation,
expanded thermoelectric control, quantized electronic conductivity, etc. Applications
based on these properties seem lead to imperative unused nanotechnological gadgets
and optoelectronic devices.
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Fig. 4 — Influence of a quantizing magnetic field on the dependence of the two-dimensional combined
density of states upon absorption of photon energy in direct-gap heterostructures with GaAs/AlGaAs
(d = 14 nm) quantum wells at a temperature of 7=4 K.

In particular, in work [30], two-dimensional combined densities of states of
heterostructures based on an InGaN/GaN quantum well with different radiation
wavelengths (violet, blue, and green) operating at different currents were studied.
The results show that the blue shift of the emission with increasing current is
associated with a change in the two-dimensional combined density of states. In this
work, the dependence of the two-dimensional combined density of states of the
InGaN/GaN quantum well on the absorbing photon energy in the absence of a
magnetic field (B = 0) and at temperatures 7= 300 K (Fig. 5) was obtained. Here,
the band gap of the InGaN/GaN quantum well is E¢(0) = 3.2 eV, and the thickness
of the quantum well is d = 10 nm.

Now, let's apply the proposed model to the InGaN/GaN material. Figure 6
shows the influence of the quantizing magnetic field on the dependence of the two-
dimensional combined density of states of the InGaN/GaN quantum well on the
energy-absorbing photon at different temperatures. Here, B=10T, T=300K, 77 K
and 5 K. Figures 5 and 6 show similar results with and without a magnetic field at
room temperature. At room temperature, the influence of the magnetic field is not
felt when the photon energy of the two-dimensional combined density of states is
absorbed, since kT > hw,.. The combined density of states behaves as if there is no
magnetic field.
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It follows from this that the proposed model obeys certain laws, and this
indicates the correctness of the model.

Using equation (9), one can observe oscillations of the two-dimensional
combined density of states (6) at different low temperatures. Also, a new analytical
expression (the proposed new model) allows one to obtain the results of changes in
the thickness of the quantum well associated with the combined density of states.
This leads to a theoretical analysis of a number of experimental data.

p(hv) (arb. units)

22 24 26 2.8 3.0 3.2 34
PHOTON ENERGY (eV)

Fig. 5 — Dependence of the two-dimensional combined density of states on the energy-absorbing
photon in direct-gap heterostructures based on an InGaN/GaN quantum well in the presence
of a magnetic field and at room temperature [30].
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Fig. 6 — Influence of temperature and quantizing magnetic field on the two-dimensional combined
density of states in direct-gap heterostructures based on the InGaN/GaN quantum well.
Calculated using the model.
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4. CONCLUSIONS

Based on the work carried out, the following conclusions can be drawn: An
analytical expression is obtained for the oscillations of the two-dimensional
combined density of states in the allowed band of a quantum well under the action
of a quantizing magnetic field. A new model has been developed for calculating the
effect of a quantizing magnetic field on the temperature dependence of the two-
dimensional combined density of states in direct-gap heterostructures with quantum
wells. The temperature dependence of the oscillations of the two-dimensional
combined density of states of the quantum well is explained by the thermal smearing
of the Gaussian distribution function in a strong magnetic field. Based on the
proposed new models, the Landau levels of charge carriers in a direct-gap quantum
well are determined in a wide temperature range. The experimental results were
interpreted using the oscillations of the combined density of states of the quantum
well in a quantizing magnetic field. The calculation results were compared with
experimental results obtained for heterostructures based on an InGaN/GaN quantum
well in a quantizing magnetic field at various temperatures.
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