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Magnetotransport properties of the nanoheterostructures based on InAs/GaSb composite quantum wells with

a semimetal band spectrum grown by metal organic vapor phase epitaxy on n-GaSb and n-InAs substrates

with different carrier concentrations are discussed. The experimental results were obtained by means of the

contactless technique of electron paramagnetic resonance at the study of temperature and angular dependences of

microwave radiation absorption and magnetoresistance oscillations in the wide range of temperature (2.7−270K)
and magnetic field (up to 1.4 T). The possibility of using electron paramagnetic resonance spectroscopy to study

spin-dependent phenomena in two-dimensional heterostructures with an inverted band spectrum in magnetic field

has been demonstrated. In particular, we discuss the magnetophonon oscillations of magnetoresistance caused by

resonant scattering of 2D-electrons on interface acoustic phonons in the quantizing magnetic field, which were

discovered and investigated in heterostructures with InAs/GaSb quantum wells grown on n0-InAs substrate.
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1. Introduction

The heterostructures based on the InAs/GaSb quantum

wells attract attention of the scientific community in relation

to studying their properties changing due to transformation

of the band structure in the electric and magnetic field,

observing band hybridization as well as studying a transition

from a semi-metal state of the system (an inverted band

order) to a topological isolator [1–6]. The appearance of

gybridization gap was investigated in the studies [7–10].
Prospects of the heterostructures with the InAs/GaSb com-

posite quantum wells (CQW) for such studies and creation

of new nanoelectronics and spintronics instruments were

first mentioned in the theoretical study [11]. Experimental

results of investigation of the quantum spin Hall effect

with the Fermi level within the hybridization gap of the

electron-hole states [1,2,12], as well as an edge trans-

port [2], magnetotransport and spin-dependent phenomena

are described in the studies [9,11,13–16]. The study [17]
mentions the possibility of creating hybrid structures with

superconducting layers.

The InAs, GaSb, AlSb compounds belong to a semi-

conductor family with similar values of the crystal lattice

parameter (6.1 Å) [13], thereby making it possible to grow

isoperiodic structures based thereon. A unique property

of the InAs/GaSb system is that the InAs conduction band

is located below the GaSb valence band by the value of

1 = 150meV [11,13], while the electron and hole subbands

are located in the different CQW layers. As a result, we

can observe mixing of the InAs conduction band states

with the GaSb valence band states and hybridization of

these states under the effect of the electric [9,11,13–15]
and magnetic [1,2,9,12,14–16,18] fields. The InAs-GaSb

system has another important advantage in a low value of

the effective mass of electrons in InAs and a high value

of the g-factor in GaSb. The transport and topological

properties as well as the Hall effect have been studied in

these systems at low temperatures on the structures grown

by molecular-beam epitaxy (MBE) [1,2].

In the present study, the AlSb/InAs/GaSb/AlSb CQWs

have been grown for the first time using the method of

metal-organic vapor phase epitaxy (MOVPE) on three types

of the isoperiodic substrates: n-GaSb, n-InAs and n0-InAs.

The technique of obtaining the InAs/GaSb composite

quantum wells with a type II broken-gap heterojunction

by the MOVPE method has been developed in an Infrared

optoelectronics laboratory of Ioffe Institute of the Russian

Academy of Sciences together with Institute of Physics

of Czech Academy of Sciences [19]. Previously, this

technique was successfully applied when growing the deep
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Al(As)Sb/InAs1−xSbx /Al(As)Sb quantum wells, which for

the first time exhibited intense superlinear electrolumines-

cence and increase in optical power due to an effect of im-

pact ionization within the temperature range 77−300K [20].
The studies [21–24] have represented a large cycle of

investigation of vertical transport and the resonance low-

temperature tunneling processes in the heterostructures with

the two-barrier InAs/GaSb/AlSb composite quantum wells

in the strong magnetic fields. However, the magnetotrans-

port properties of this type of the structures have not been

previously studied by the electron paramagnetic resonance

(EPR) method at absorption of microwave radiation.

Using the EPR method we have studied the magne-

totransport properties of the AlSb/InAs/GaSb/AlSb CQW-

based structures with an inverted band spectrum, which

were grown on the various types of the substrates. We have

shown applicability of the EPR spectroscopy as a tool for

investigating the two-dimensional structure in order to study

new spin-dependent physical phenomena that are related

to variability of the band structure under the effect of the

microwave radiation and the magnetic fields. The EPR

technique used by us does not require formation of electric

contacts and can record magnetoresistance within the wide

temperature range (2.7−300K) in the quantizing magnetic

fields up to 1.4 T. As a result, we have obtained and studied

field dependences of the frequency and amplitude of the

oscillations as well as temperature and angular dependences

of absorption of the microwave radiation in the magnetic

field.

2. Technique for measurements based
on the spectroscopy of electron
paramagnetic resonance

The EPR effect is resonance absorption of electromag-

netic radiation by paramagnetic centers in the constant

magnetic field. This phenomenon is caused by transitions

between energy sublevels of unpaired electrons at Zeeman

level splitting.

The EPR-spectroscopy method is widely applied for

studying the free and bonded electrons in the two-

dimensional and bulk (3D) semiconductors, the paramag-

netic centers in dilute semiconductors, and for investigating

the electron structure of the atoms, magnetic ordering

and superconductivity [25–27]. Absorption of the mi-

crowave radiation in moderate magnetic fields also enables

obtaining information about impurities of interacting and

non-interacting ions [28,29]. This peculiarity of the EPR

technique means that it is possible to study both the

electron shells of the impurity atoms and the kinetics of

the electron gas in bulk and low-dimensional materials [30].
A separate experimental field is based on using the EPR

spectroscopy for investigating the spin-orbit interaction and

the mechanisms of spin relaxation [25].
The microwave radiation can be absorbed in the magnetic

field not only as result of interaction with the unpaired

electrons, but due to change of the sample resistance as

well (the magnetoresistance effect, the Shubnikov-de Haase

effect). For this reason, the EPR method has proven

to be a multi-function and sensitive tool for studying the

magnetoresistance effects [30,31]. At the same time, a task

of measuring the spin concentration is solved by comparing

a studied and a reference sample.

In the EPR spectrometer the studied sample in a thin-wall

cryostat is placed in antinode of the microwave magnetic

field of the cavity resonator. Owing to this arrangement, the

conducting sample does not distort the microwave field and

the resonator keeps a high Q factor. The electromagnetic

radiation of the microwave range is generated by a klystron

to be passed via a waveguide to the sample, where it is

partially absorbed, while unabsorbed radiation is recorded

by a detector. The magnetic field is swept at the constant

frequency of the microwave radiation. Power of radiation

reflected by the resonant cavity is determined by a ratio of

impedances of the waveguide and the resonant cavity. In a

classic scheme of the EPR measurements, power drop due

to sample absorption has a resonance maximum, wherein

there is a spin-flip transition between the energy levels

under the effect of the electromagnetic wave. As a result,

the spin transition takes away standing-wave energy of the

magnetic component in the resonant cavity to pass it to

the lattice. The modern EPR systems have the detector

signal modulated by the weak high-frequency magnetic

field. Owing to it, we can record not microwave radiation

power absorbed in the sample P, but rather its magnetic

field derivative dP/dH , thereby improving sensitivity of the

technique and separating magnetic absorption from a part

that does not depend on the magnetic field.

As said above, along with EPR, the semiconductors and

the heterostructures exhibit non-resonance change of mi-

crowave absorption in the magnetic field [31–34], wherein

a non-contact technique of the EPR spectrometry makes

it possible to study both the types of the said effects [31].
The main phenomenon responsible for change of microwave

absorption in the semiconductor is a classic magnetore-

sistance effect, wherein resistivity of a non-degenerate

semiconductor increases in proportion to a square of the

applied magnetic field. The power losses during the

magnetotransport measurements are caused by spending

the energy of the electromagnetic wave to acceleration

of the conductivity electrons. The dependence of the

absorbed power of microwave radiation on the strength of

the magnetic field has a resonance nature. This peculiarity

underlies investigation of the magnetoresistance effect using

the EPR method.

In most cases, the transport parameters of the system

can be determined from the Hall measurements and the

Shubnikov-de Haase (SdH) oscillations in the samples with

the contacts at direct current conditions. If there is no

such possibility, the measurements can be carried out

using a non-contact technique of microwave detection of

the SdH oscillations in the EPR setup. In doing so,

the magnetotransport parameters measured using the EPR
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technique well agree with the data obtained by applying

other methods [30,31,35]. At the same time, experimental

use of the microwave field results in some peculiarities in

comparison with the direct current measurements. One of

them is related to existence of a skin effect that results

in penetration of the microwave field only into the sub-

surface area of the studied sample to a skin-layer depth,

and in determination of magnetic conductivity by resistance

of this area. The skin-layer thickness of our samples is

several micrometers. Another peculiarity in using the EPR

spectroscopy for such measurements is that accuracy of

measurement for absolute values of magnetoresistance is

not high (∼ 20%) [36].
The study of magnetotransport properties of the semi-

conductors and the semimetals by the EPR method based

on investigation of the SdH effect. This effect consists

in oscillating behavior of conductivity depending on the

magnetic field when crossing the Fermi with the Landau

levels provided that the conditions of quantization of current

carriers are met [37]. With the constant value of the

frequency of the microwave radiation, the magnetic field

is swept, thereby resulting in the oscillating behavior of

magnetoresistance (conductivity), which can be recorded

as change in absorption of the microwave radiation. The

alternating electromagnetic radiation of the microwave range

generates dissipative currents in the sub-surface layer of the

sample. At the same time, the constant magnetic field

enables distinguishing contribution of the two-dimensional

carriers to the conductivity through the spectra of the SdH

oscillations, as the signal of the EPR detector is directly

proportional to the first derivative of resistance with respect

to the magnetic field.

In case of the two-dimensional heterostructures, the an-

gular dependences of the spectra of the SdH oscillations in

the magnetic field can be analyzed to separate contributions

of the charge carriers in the quantum well and in the

substrate, while studying the temperature dependences of

absorption of the microwave radiation can help determine

the corresponding values of the concentration of the charge

carriers [38,39].
In our experiments, we have used the EPR spectro-

meter E-112 (produced by
”
VARIAN“) with a continuous-

flow helium cryostat
”
Oxford Instruments ESR-910“ that

maintained the sample temperature with a high accuracy

within a wide range of the values (2−270K). The constant

magnet solenoids provided sweeping of the magnetic field

with the strength up to 14 kOe (1.4 T). The microwave

radiation was sourced by the klystron that is designed to

operate at the frequency of 9.35GHz, which corresponds

to the quantum energy of ~ω ≈ 0.04meV. The power of

generated radiation was ∼ 1mW. The experiments were

made on the setup designed to study the change of

magnetoresistance in the two-dimensional structures [30]
in addition to the classic technique for investigating the

spin ordering and interaction of the paramagnetic centers

in the bulk samples [31,34]. In order to obtain the angular

dependences of magnetoresistance that correspond to a

H H

α = 0 α = 90°

Figure 1. Diagram for recording the angular dependences of

absorption of the microwave radiation and the oscillations of

magnetoresistance of the two-dimensional heterostructures by the

EPR spectroscopy method (α — the angle between the vector H

and the structure growth direction).

different orientation of the vector H in relation to the

epitaxial layers of the heterostructure, the studied samples

were rotated in the magnetic field as shown in Figure 1.

3. Technique of heterostructure
manufacturing

The AlSb/InAs/GaSb/AlSb CQWs were grown by the

MOVPE method in the AIXTRON 200 machine in a

horizontal quartz reactor with a non-rotating RF heated

graphite holder [19]. The machine included a temperature

monitoring system and a system Laytec EPIRAS 200TT

designed to control the growth process in situ by the

anisotropic reflection spectroscopy method (RAS) [40–43].

As the precursors for the grown compounds tri-

ethylgallium TEGa, tri(tertiarybutyl)aluminum TtBAl,

trimethylindium TMIn, triethylstibine TESb or trimethyl-

stibine TMSb and tertiarybutylarsine TBAs were used. The

heterostructures were grown in the hydrogen atmosphere

at the temperature of 560◦C and under the pressure of

150 hPa. Before the epitaxial growth, the oxide film was

removed from the substrate surface by means of the HCl

water solution to be subsequently flushed by water and

isopropyl alcohol. The substrates prepared for epitaxy were

loaded into the reactor and subjected to thermal deoxidation

at the temperature of 560◦C.

The structures for study (QW2505A, QW2505B and

QW2550C, as shown in Figure 2) were grown on the

three types of the substrates with low concentrations of

the charge carriers: n-GaSb: Te (100) (n = 3 · 1017 cm−3),
n-InAs: Mn (100) (n = 1.1 · 1017 cm−3) and undoped

n-InAs (100) (n ≈ 1016 cm−3), respectively. The n-InAs
substrate was doped by a Mn impurity in order to change

the electron concentration. The magnetic nature of the

impurity did not affect the results that we obtained in the

experiments by means of the EPR non-contact technique.
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After etching and deoxidation, a buffer layer was de-

posited on the substrate to smooth surface irregularities

before growing the active area. The GaSb buffer layer

of the thickness of 100 nm was grown in the QW2505A

and QW2505B heterostructures. In case of the QW2550C

heterostructure, the buffer was a 30 nm InAs layer. The

InAs/GaSb CQW included two single quantum wells, such

as InAs of the width of d = 12.5 nm and GaSb of d = 8 nm

and on both sides it was restricted by the AlSb barriers

(30 nm each). The quantum wells, the barrier and buffer

layers were intentionally undoped. The thin covering

GaSb layer (3−6 nm) was used to protect the upper

AlSb barrier against oxidation. The parameters of the

AlSb/InAs/GaSb/AlSb CQWs (the materials, the thickness

values of the layers and the barriers as well as their

sequence) were the same for all the structures.

Perfection of the grown heterostructures was checked

using transmission electron microscopy (TEM). Based on

the obtained results, structures were selected for further ex-

periments. Dispersion of the width of the AlSb/InAs/GaSb

quantum wells in the nanoheterostructures that were studied

later by the EPR method can be evaluated as a value of

about several angstroms. The measurement samples were

shaped as parallelepipeds with the sizes 6× 3× 0.35mm.

At the InAs/GaSb heterointerface, both the atoms

groups III and V are interchangeable. Then, the interface

can be grown both as InSb-like and as AlAs-like. The

interface type substantially affects the band structure of

the quantum wells, since the band gap widths of the said

materials are quite different (at T = 300K Eg = 0.18 and

2.16 eV for InSb and AlAs, respectively). As shown in

the study [44], in the semiconductor heterostructures III−V,

the band overlapping substantially depends on the type and

quality of the interface monolayer. In our case, the InSb-like

interface is the only possible option in terms of creating

the InAs/GaSb CQW with the inverted band spectrum.

Besides, this interface provides for higher values of mobility

of the charge carriers [45,46]. It should be noted that

the heterointerfaces also can have the InSb-like or AlSb-

like interfaces formed between the AlSb barriers and the

InAs/GaSb CQWs. In accordance with the experimental

results, realization of the InSb-like interfaces at the said

heteroboundaries turned out to be more preferable, since

it can reduce the strains in the heterostructure [19]. The

interfaces with a higher Sb content were obtained by

using a special sequence of deposition of the metal-organic

compounds during growing [47].
The thicknesses in the InAs/GaSb layers were selected

on a condition of obtaining the semimetal (inverted) band

structure [13]. Previously, the studies [1,11,18,48] have

calculated the energy band diagrams of the respective

heterostructures. It is shown that in the InAs narrow well

of the width of d < 8.5 nm the ground level of the quantum

states of the electrons Ee1 is above the ground level of the

heavy holes Eh1 in GaSb, which corresponds to the classic

semiconductor structure. In case of the wider InAs quantum

wells, the structures gets the inverted order of the energy

GaSb – 3 nm

GaSb – 100 nm

n-GaSb :Te
17 –3(n = 3 ·10  cm )

AlSb – 30 nm

GaSb – 8 nm

InAs – 12.5 nm

AlSb – 30 nm

QW2505A

GaSb – 3 nm

GaSb – 100 nm

n-InAs :Mn
17 –3(n = 1.1 ·10  cm )

AlSb – 30 nm

GaSb – 8 nm

InAs – 12.5 nm

AlSb – 30 nm

QW2505B

GaSb – 6 nm

InAs – 30 nm

n- InAs
16 –3(n = 10  cm )

AlSb – 30 nm

GaSb – 8 nm

InAs – 12.5 nm

AlSb – 30 nm

QW2550C

Figure 2. Schematic diagrams of the heterostructures with the

InAs/GaSb composite quantum wells with the semimetal band

spectrum, which are grown by metalorganic vapour phase epitaxy

on the substrates GaSb and InAs.

bands, i. e. the magnitude (Ee1 − Eh1) becomes negative. It

is assumed that the carriers are spatially separated, but due

to Coulomb interaction the electrons flow from the InAs

valence band, forming a band bend at the heterojunction

(see below in Figure 5).

4. Experimental results

4.1. AlSb/InAs/GaSb/AlSb structure

on the n-GaSb substrate

For the QW2505A heterostructure (Figure 2) with the

InAs/GaSb CQW grown on the n-GaSb substrate: Te (100)
with the carrier concentration n = 3 · 1017 cm−3, it has

studied the spectra of absorption of the microwave radiation

depending on the direction of the magnetic field using the

EPR technique. The spectra have exhibited the clearly

distinguished SdH oscillations within the range of the fields

from 0.4 T to 1.4 T, which disappear at the temperature

above 20K [49,50]. No spin splitting of the Landau

levels was detected in the heterostructure under study.

This result requires additional investigation, since in case

of the two-dimensional structures the spin effects in the

Shubnikov-de Haase oscillations in certain conditions can

be manifested even at the moderate magnetic fields in

comparison with the bulk materials [51].

The temperature dependence of the amplitude of the SdH

oscillations as shown in Figure 3 was analyzed to determine

a value of the effective mass of the charge carriers. Using

the formula proposed in the study [52], we have obtained

the value of the effective mass m∗ = 0.027m0, where m0 —
the electron mass. The value of mobility of the 2D-carriers

in the InAs quantum well as determined from the respective

experimental data was µe = 70900 cm2/V · s.

Rotation of the heterostructure in the magnetic field has

revealed an unusual angular dependence of the amplitude

of the SdH oscillations that was different from the expected
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Figure 3. Temperature dependence of the amplitude of the

Shubnikov-de Haase oscillations in the magnetic field of 1.4 T

for the QW2505A heterostructure with the InAs/GaSb composite

quantum well grown on the n-GaSb: Te substrate.
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Figure 4. Angular dependence of the amplitude of the Shubnikov-

de Haase oscillations for the QW2505A heterostructure in the

magnetic field of 1.4 T at the temperature of T = 2.7K.

function H cosα, which is typical for a gas of the two-

dimensional carriers [30]. The studied samples was rotated

around the axis [001]. Accordingly, the values of the angle

α = 0 and 90◦ (see Figure 1) correspond to the orientation

when the vector H is parallel to the directions [100]
and [010].

The experimentally-recorded angular dependence of Fi-

gure 4 is a specific feature of bulk inversion asymmetry

(BIA) and caused by absorption of microwave radiation by

the charge carriers in the n-GaSb substrate [53,54]. The BIA
effect is typically present in the semiconductors III−V with

a zinc blende structure without the inversion center [45,46].

The inversion asymmetry in the bulk semiconductors

and the heterostructures results in spin splitting of the

conduction band [55]. The study [39] has theoretically

and experimentally investigated this phenomenon (caused
by the BIA effect) in the material n-GaSb: Te. For the

samples with the carrier concentration n > 1018 cm−3 and

the Fermi energy EF = 0.096 eV it have been obtained

a value of maximum spin splitting on the Fermi surface

(C2 EF) = 0.005 eV, where C2 = 0.05 — the parameter of

spin splitting, which was introduced by the authors of the

quoted article. In our case, the carrier concentration in the

n-GaSb substrate is n = 3 · 1017 cm−3, and the Fermi energy

EF = 125meV. Thus, using the results of the study [39],
the maximum spin splitting of the conduction band in the

n-GaSb substrate related to bulk inversion asymmetry can

be determined as 1BIA ∼ C2 EF ≈ 0.006 eV.

It should be noted that the Dresselhaus parameter for

gallium antimonide is γD ≈ 187 eV · Å3 [56,57]. Hence, by

means of the expression

kF = (2m∗EF)
1/2/~, (1)

where kF — the value of the Fermi wave vector,

m∗ = 0.041m0 [58], we obtain the following evaluation:

kF ≈ 3.7 · 108 m−1, 1BIA ∼ γDk3
F ≈ 0.009 eV. The latter re-

sult quite well agrees with the above-found value 1BIA for

the n-GaSb substrate.

Together with the BIA effect, in the semiconductor hete-

rostructures the spin splitting of the conduction band is also

caused by structural inversion asymmetry (SIA) [53,55,59].
Generally, the spin splitting is anisotropic and is a result

of complex interaction of the components 1BIA = 2kβD
and 1SIA = 2kαR, where βD — the k-linear Dresselhaus

parameter, αR — the Rashba parameter [55,60].
Influence of the BIA and SIA effects on the phenomena

of the spin conduction band splitting for the heterostructures

with the 50 nm-AlSb/12 nm-InAs/10 nm-GaSb/50 nm-AlSb

CQWs was experimentally investigated in the study [61].
The following values of the Rashba and Dresselhaus pa-

rameters were obtained, in particular, from analysis of the

SdH oscillation: αR ≈ (0.77−2.0) · 10−11 eV ·m (depend-
ing on the gate voltage Vg , which varied within the range

from 0.2V to −1V) and βD ≈ 0.2 · 10−11 eV·m (regardless
of the magnitude Vg).

4.2. AlSb/InAs/GaSb/AlSb structure
on the n-InAs: Mn substrate

It has also investigated absorption of microwave radia-

tion and the SdH oscillations in the QW2505B structure

(see Figure 2) with the InAs/GaSb CQW grown on the

n-InAs: Mn (100) substrate with the carrier concentration

n = 1.1 · 1017 cm−3. The measurements were performed

within the temperature range 2.7−20K. The energy band

diagram of this structure as shown in Figure 5 was

calculated based on a three-band Kane model taking into

account band nonparabolicity [24].
For the InAs quantum well of the width of 12.5 nm

that contains the electrons with the effective mass

Physics of the Solid State, 2024, Vol. 66, No. 3
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Figure 5. Energy band diagram of the QW2505B heterostructure

with the InAs/GaSb composite quantum well grown on the n-InAs
substrate: Mn (n = 1.1 · 1017 cm−3).

me = 0.023m0, the energy of the two first quantum levels

counted from a middle of the InAs band gap takes the values

Ee1 = 46 and Ee2 = 156meV. Hence, the second energy

level is above the top of GaSb valence band and therefore it

is not inside an area of overlapping of the InAs conduction

band and the GaSb valence band at the interface (this area
has the width of 1 = 150meV).
It should be noted that the value of the parameter 1

can vary depending on the temperature [62]. With

increase in the temperature, the band gap of the bulk

semiconductor III−V decreases in accordance with the

Varshni dependence [58]. A value of deformation potential

makes it possible to calculate a shift of the energy levels in

relation to the fixed potential value due to the change of the

crystal volume. In accordance with these evaluations, with

the temperature increasing from 4 to 300K, an increase in

the width of the overlapping area of the InAs conduction

band and the GaSb valence band is ∼ 25meV.

As shown by the subsequent calculation, the GaSb

quantum well of the width of 8 nm contains four levels of

the heavy holes with the effective mass of mhh = 0.4m0:

Eh1 = 12meV, Eh2 = 46meV, Eh3 = 103meV and

Eh4 = 181meV. The last level is beyond the overlapping

area of the InAs conduction band and the GaSb valence

band. As a result, the effective overlapping of the main elec-

tron and hole sub-levels is 10 = (1− Ee1 − Eh1) = 92meV,

and the band arrangement is determined by the electrical

neutrality relationship n2D = p2D, where n2D and p2D —
the two-dimensional concentration of electrons and holes in

the InAs and GaSb quantum wells, respectively.

The position of the Fermi level EF in relation to the levels

Ee1 and Eh1, and the carrier concentration in the quantum

well can be found by means of the expression [63,64]:

(EF − Ee1)me = (1− EF − Eh1)mhh. (2)

At the same time, it is assumed that presence of a high

potential AlSb barrier makes it possible to neglect a flow

of electrons from the substrate into the InAs quantum

well. Thus, the semimetal state of the InAs/GaSb CQW

is described by position of the Fermi level in relation

to the energy levels of the two-dimensional electrons and

holes: EF − Ee1 = 86meV and Eh1 − EF = 6meV. Hence,

we can find the value of the hole concentration in the GaSb

quantum well p2D = 1.07 · 1012 cm−2.

For the studied heterostructure, the spectra of absorption

of microwave radiation from the magnetic field have

demonstrated the presence of SdH oscillations at the low

temperatures (T < 10K) [49]. The angular dependences

of the amplitude of these oscillations in the magnetic field

(Figure 6) had two sets of the frequencies corresponding to

the 2D-electrons in the InAs nanolayer and the bulk carriers

in the substrate.

Since the Fermi surface in indium arsenide is isotropic,

we have proposed a method of analysis of these oscillations

to distinguish the contribution of the two-dimensional

carriers in the InAs quantum well. First, we have subtracted

the oscillations corresponding to the angle α = 90◦, i. e. the

oscillations from the conduction electrons in the n-InAs:
Mn substrate, from the main set of the experimental

results. Then, the obtained dependences were processed

by a method of spline interpolation (the Savitsky−Golay

method) for the various values of the angles [50].

As can be seen from Figure 6, which shows both the

initial and the smoothed curves, with increase in the angle α

the spectrum minimum is shifted towards the higher values

of the strength of the magnetic field in accordance with the

dependence H cosα, which is typical for the 2D-carriers.
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Figure 6. Angular dependences of the amplitude of the

Shubnikov-de Haase oscillations on the reverse magnetic field for

the QW2505B heterostructure at the temperature of T = 2.7K

(the oscillating curves) and the results of their processing by the

method of spline interpolation (the curves without the oscillations).
For the smoothed dependences, the arrows show the minimum

positions, and the respective values of the strength of the magnetic

field Hmin are given in kOe.
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Figure 7. Energy band diagram of the QW2550C heterostructure

with the InAs/GaSb composite quantum well grown on the

undoped n-InAs substrate (n ≈ 1016 cm−3). The width of the area

of overlapping of the InAs conduction band and the GaSb valence

band is 150meV.

The value of the oscillation period was used for calculating

the electron concentration in the InAs quantum well. It

resulted in obtaining the value n2D = 3 · 1011 cm−2.

4.3. AlSb/InAs/GaSb/AlSb structure
on the undoped n-InAs substrate

Within the wide temperature range from 2.7 to 270K

the method of EPR spectroscopy was used to study the

QW2550C heterostructure (Figure 2) with the InAs/GaSb

CQW grown on the n-InAs (100) substrate with the carrier

concentration near the intrinsic one (n ≈ 1016 cm−3).
The energy band diagram for this structure (Figure 7)

shows that the area of overlapping of the InAs conduction

band and the GaSb valence band includes one energy level

of electrons and three levels of heavy holes: Ee1 = 46meV

and Eh1 = 12meV, Eh2 = 46meV, Eh3 = 103meV. Pecu-

liarity of the heterostructure grown on the undoped InAs

substrate is an excessive concentration of holes in the

GaSb two-dimensional layer due to their diffusion from the

substrate. It results in violation of electrostatic equilibrium

between the electrons and the holes in the CQW within the

area of overlapping and the concentration of electrons at the

level Ee1 decreases.

Figure 8 shows the spectra of the first derivative of

absorption of microwave radiation in the magnetic field

dP/dH for the two temperatures depending on orientation

of the magnetic field in relation to the direction of growth

of the two-dimensional layers of the heterostructure. At

T = 2.7K and the value of the angle α = 90◦ it has

exhibited only the SdH oscillations from the 3D-electrons

in the substrate, whose amplitude exponentially decreased

with increase in the temperature. The value of the

period of the said oscillations could make it possible to

determine the concentration of the charge carriers in the

substrate n3D ≈ 1016 cm−3. The effective mass of electrons

at the Fermi level, which was found from the temperature

dependence of the amplitude of the SdH oscillations at

α = 90◦ was m∗ = 0.026m0 [65].
As can be seen from Figure 8, with increase in the tem-

perature the SdH oscillations from the bulk electrons quickly

decrease in the amplitude. The angular dependence of

absorption of microwave radiation unambiguously indicates

the 2D-nature of the detected peculiarities of the spectra

dP/dH and can relate them to the two-dimensional charge

carriers in the quantum well. A possibility of considering

and separating the contributions of two-dimensional and

bulk carriers to the magnetoresistence during the non-

contact measurements of the derivative dP/dH is demon-

strated by us in the study [50]. However, in this case it

is difficult to analyze the SdH oscillations from the two-

dimensional carriers in the quantum well at T = 2.7K

(thereby obtaining the data on the position of the Fermi

level and the effective mass of the carriers) due to heavy

overlapping of the two sets of the frequencies of the SdH

oscillations from the 2D- and 3D-carriers. Computer pro-

cessing of the results could qualitatively confirm existence

of the SdH oscillations from the two-dimensional electrons

in the quantum well, whose amplitude drops with the

temperature faster than in the case of the oscillations from

the bulk carriers in the substrate.

The value of the period of the 2D-SdH oscillations, which

is obtained from analysis of the experimental data, has been

used for calculating the two-dimensional concentration of

the electrons in the InAs nanolayer n2D = 4 · 1010 cm−2. It

could determine the position of the Fermi level in relation

to the main energy levels of the electrons and holes in

the CQW: EF − Ee1 = 3.3 meV, Eh1 − EF = 89meV. Then,

based on these values, we have found the concentration of

holes in the GaSb nanolayer p2D = 1.5 · 1013 cm−2.

At the low temperatures, due to modulation of the

density of states at the Fermi level under effect of the

magnetic field, the degenerate two-dimensional electron gas

exhibits not only the SdH oscillations in magnetoresistance,

but also magnetophonon oscillations [66] due to resonance

scattering of electrons on the optical [67] and the acoustical

phonons [68–70].
The magnetophonon oscillations in the semiconductors

are studied for quite a long time [67,71], wherein several

types of these oscillations that are different in their nature

have been discovered [60]. Of particular interest are the

magnetoresistance oscillations due to resonance scattering

of the electrons located at the Landau levels on the acous-

tic phonons, i. e. phonon induced resistance oscillations

(PIRO). This effect is most pronounced in the 2D-structures

with high mobility of the charge carriers in the moderate

magnetic fields [68,70]. The role of the interface and bulk

acoustic phonons in appearance of the magnetoresistance

oscillations was previously discussed in the review [66]. In
our experiments, within the temperature range 2.7−270K

we have found the magnetoresistance oscillations, which can

be explained by resonance scattering of the two-dimensional

electrons on the acoustic phonons — PIRO [65].
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magnetophonon oscillations j = 1 and 2, which are recorded for the QW2550C heterostructure.

The model of interaction of the degenerate two-

dimensional electron gas with the phonons having the

angular frequency ωS, the wave vector q and the velocity

vS = ωS/q is considered in the study [68–70]. It has been

shown that as moving in a quantizing magnetic field, the

electron with the Fermi wave vector kF performs indirect

transitions between the Landau levels due to inelastic

interaction with the phonon that is characterized by the

wave vector q = 2kF. The position of the maximums of the

magnetophonon magnetoresistance oscillations of the two-

dimensional electron gas is expressed as follows

2kFvS = jωC, (3)

where ωC = eH/(cm∗) — the cyclotron frequency,

j = 1, 2, 3, . . . — the integer number.

It should be noted that the bulk phonons are not involved

in interaction with the 2D-electrons, as their frequency

depends on a component of the wave vector qz (where

z — the direction of growth of the heterostructure), and the

selection rules define only those components of the wave

vector that are in the quantum well plane. In our case,

the two-dimensional electrons are scattered on the interface

phonons propagating along the InAs/GaSb heterointerface.

It is difficult to determine the value of the Fermi

wave vector from the spectra of the two-dimensional

SdH oscillations due to their complex overlapping with

the three-dimensional SdH and with the magnetophonon

oscillations as well. However, using the distinguished

2D-SdH oscillations, we can evaluate the value of kF by

means of the formula (1). From the condition of electrical
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neutrality at n2D ≈ 1011 cm−2 we determine a value of

EF ≈ 10meV, which corresponds to the experimental data

for the undoped InAs/GaSb CQWs with the inverted band

spectrum [48,72]. Then, using the previously found value of

the effective mass m∗ = 0.026m0, we obtain kF ∼ 108 m−1.

Figure 9 shows the temperature dependences of the

magnetophonon oscillations for the two PIRO peaks. The

amplitude of the said oscillations (Figure 9, a) has a

maximum near the temperature Tmax ≈ 120K. At the same

time, for each PIRO peak, a relative amplitude increment

observed as the temperature increases within the range

2.7−120K, is ∼ 2.5 times. Further increase in the tempera-

ture (at T > Tmax) results in decrease in the amplitude of the

PIRO oscillations in proportion to T−3/2. As can be seen

from Figure 9, b, the position of the resonance peaks of

magnetoresistance changes together with the temperature,

but the peaks are asymmetrically shifted, thereby indicating

the change of the oscillation period after passing over the

maximum. This peculiarity is related to the temperature

change of mobility of the two-dimensional charge carriers.

The experimental dependences of Figure 9, a well agree

with the model of thermally activated phonon scattering.

At the low temperature, the number of the phonons is

small, but they have energy that enables the 2D-electrons

passing to the higher Landau levels. With increase in the

temperature, the number of the thermally activated phonons

increases, thereby resulting in increase of the amplitude of

the oscillations. As in the case of the SdH oscillations, here

it is required the compliance of the value of mobility of

the 2D-electrons to the condition (µeH) > 1, which enables

the electron to make several revolutions along the cyclotron

orbit.

At the same time, the increase in the temperature is

accompanied by spreading of the Landau levels due to

the scattering and spreading of the Fermi level of the

two-dimensional electrons as well (2kF spreading). As

a result, when achieving the value Tmax, the subsequent

increase in the temperature leads to the drop of the

oscillation amplitude. Moreover, due to a difference in

the dependences Eg(T ) for the materials making up the

CQWs [58] the width of the overlapping area of the InAs

conduction band and the GaSb valence band is varied with

increase in the temperature, thereby resulting, in turn, in

the change of the position of the Fermi level. In addition, it

should be taken into account that filling of the dimensional

quantization levels in CQW depends on the temperature as

well. These phenomena explain the temperature shift of

the PIRO peaks (Figure 9, b), which was observed in our

experiments.

5. Conclusion

Thus, the method of electron paramagnetic resonance

spectroscopy was used to investigate the magnetotransport

properties of the two-dimensional heterostructures based on

the InAs/GaSb composite quantum wells with the type II

broken-gap heterojunction and the semimetal band structure

within the temperature range 2.7−270K in the quantizing

magnetic field up to 1.4 T.

The studied structures were grown by metal-organic

vapor phase epitaxy on three types of the isoperiodic struc-

tures with the different carrier concentration: n-GaSb: Te
(n = 3 · 1017 cm−3), n-InAs: Mn (n = 1.1 · 1017 cm−3) and

n0-InAs (n ≈ 1016 cm−3). The InAs/GaSb compos-

ite quantum wells with the inverted band spectrum

were characterized by high mobility of the 2D-electrons

µe ≈ 7 · 104 cm2/V · s.

The magnetoresistance oscillations and the Shubnikov-

de Haase oscillations were studied by means of the electron

paramagnetic resonance non-contact technique. We have

studied the field dependences of the frequency and ampli-

tude of the oscillations as well as temperature and angular

dependences of absorption of the microwave radiation in

the magnetic field.

For the heterostructure with the composite quantum

well grown on the n-GaSb: Te substrate, we have found

the unusual angular dependence of the amplitude of the

Shubnikov-de Haase oscillations, which is different from the

function H cosα. This effect results from bulk inversion

asymmetry (BIA) due to absorption of microwave radiation

by the bulk carriers in the n-GaSb substrate.

In the AlSb/InAs/GaSb/AlSb heterostructures grown on

the n-InAs: Mn substrate, in the spectra of absorption

of microwave radiation from the magnetic field, we have

recorded the Shubnikov-de Haase oscillations, which are

characterized by the angular dependence of the amplitude

with the two sets of the frequencies corresponding to the

2D-electrons in the InAs quantum well and the 3D-carriers

in the substrate. For the first time we have proposed a

method of analyzing these oscillations, which is designed to

distinguish the contribution of the two-dimensional carriers

to the total conductivity in order to determine their role in

the quantum kinetics in the magnetic field.

The two-dimensional structures with the InAs/GaSb com-

posite quantum well, which were grown on the undoped

n-InAs substrates, have exhibited the magnetophonon oscil-

lations of magnetoresistance of the two-dimensional electron

gas in the temperature range 2.7−270K. It is shown that the

said oscillations are caused by resonance scattering of the

two-dimensional electrons on the interface acoustic phonons

propagating along the InAs/GaSb heterointerface — phonon

induced resistance oscillations (PIRO). The amplitude of the

magnetophonon oscillations of magnetoresistance reaches

the maximum values at the temperature of ∼ 120K, while

the position of the PIRO peaks depends on localization of

the Fermi level within the area of overlapping of the InAs

and GaSb bands at the interface of the composite quantum

well with taking into account filling of the dimensional

quantization levels.

The obtained results show that the spectroscopy of

electron paramagnetic resonance can be used as an effective

tool for studying the properties of the two-dimensional
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heterostructures. Thus, it is possible to obtain impor-

tant information about the resonance and spin-dependent

phenomena at absorption of microwave radiation in the

quantizing magnetic field within the wide temperature

range.
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