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ABSTRACT

The article is devoted to semiconductors with low-dimensional systems, which
are actively developing and are a relatively new direction. The concept of quantum
wells, quantum threads, and quantum dots is revealed in the paper. The concept of
Quantum States is important for active device technology, for example the behavior
Quantum well lasers, Photo detectors, Resonant Tunneling Diodes etc. can be
explained by means of this concept.

Keywords: Molecular beam epitaxy, Quantum wells, effective mass, potential
well, Schrodinger equation, finite barrier.

AHHOTALUSA
Cmamuws noceAduiena I’lOJZ)H’lpO@O@HuKaM C HU3KOPpA3MEPHbIMU CUCMEMAMU,

KOmMopble aKmusHO Pa3euearomcsi U s8isiomcst OMHOCUMENbHO HOBbIM HANPABICHUEM.
B cmamuve packpvieaemcs nonsimue K6aHmMoBwuIX SIM, KEAHMOBIX HUMell U K8AHMOBbLIX
mouek. Konyenyus Keanmoswix COCMOSHUL BaAXCHA ONs MEXHOLO2UU AKMUBHBIX
Yempoucms, Hanpumep, ¢ NOMOULbIO IMOU KOHYENYUU MONCHO 00BbSCHUMb NOBEOCHUE
J1a3epo8 ¢ KE8AHMOBLIMU AMAMU, (HOMOOemeKmopos, PEe30HAHCHBLIX MYHHEIbHbIX
ouooos u m. J[.

Kntouesvie cnoea: MmonekynisipHo-iyuesas dNUMAKCUS, KBAHMOBble SMbl,
appexmuenas macca, nomenyuanvbHas sma, ypaswenue ILllpeduncepa, KoneuHuvlil
bapvep.

INTRODUCTION

Molecular beam epitaxy allows routine production of heterostructures where
composition changes over atomic length scales. The interface of a heterostructure
may serve as a barrier to electrons and/or holes because of the change in band gap
and the nature of the band alignments. Semiconductor alloys can have band gaps and
alignments spanning their constituent semiconductor components. The band gap, £,

Is plotted against the lattice parameter for several semiconductors and their alloys in
Fig. 1. The data is taken from reference [1].
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Figure 1: Band gap and lattice constants of several compound semiconductors
and their ternary alloys. Band parameters were taken from Vurgaftman et al. [1].

The functional dependence of band parameters on chemical composition is not
necessarily linear as suggested by Vegard’s law. Bowing of band parameters is
accounted for in the curves representing the band gaps of semiconductor alloys.

When a thin narrow band gap material is sandwiched between wider band gap
materials electrons or holes may be confined within the narrow gap material if the
alignment of conduction or valence bands produce a potential well [16]. The carriers
become trapped in the confining potential; their motion along the growth direction is
restricted and the continuous band is quantized into sub-bands. Their motion in the
plane of the well is unrestricted, and they behave two-dimensionally. Quantum wells
(QWs) are critical structures in many electronic and opto-electronic devices. They are
also important in the field of condensed matter research, where they provide a system
in which carrier density, density of states, confinement energy, band structure and

spin-orbit coupling can be controlled and modified.
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Figure 2: (a) An AISb/InAs/AISb heterostructure viewed along the [2-30]

crystal-lographic direction. (b) The band structure along the [001] growth axis of

the het-erostructure shown in (a), the bound state energy levels and wavefunctions.

(c) The electronic subband dispersion of the bound states (d) The two-dimensional
density of states.

DISCUSSION
Quantum mechanics predicts the properties of particles confined to quantum

heterostructures. Solving the Schrodinger equation for a one-dimensional particle in
an infinitely deep well of width @ produces energy eigenvalues,

E =L (ﬁﬂ)z (1)

21 W &

where =", , and m is the effective mass. In reality confinement
potentials have finite barrier heights, as in the case of an AISb/InAs/AlISb
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heterostructure, Fig. 2a. The confinement potential for electrons is the conduction
band offset between InAs and AlSb. The bound-state electron wavefunctions are able
to penetrate the finite potential barriers and a change in the energy levels with respect
to the infinitely deep well of the same width is observed. The energy levels and
wavefunctions are determined numerically by a self-consistent solution of the
Schrodinger-Poisson equations [17]. The band edges and wavefunctions are shown in
Fig. 2b. The conduction sub-band dispersion relation, Fig. 2c, describes the allowed
quantum mechanical states as a function of in-plane wavenumber (momentum), &, .,
E(k) = E, + CUvS) @)
2m

for electrons confined in the growth direction but free in the plane of the
guantum well.

Confinement alters the density of states from the parabolic form for three
dimensional electrons to a step-like density of electronic states of the form m/m#*,
starting at £,,, shown in 2d. The number of occupied subbands depends of the density
of electrons and the temperature.

The ability to control the carrier density, density of states, confinement energy,
band structure and spin-orbit coupling in heterostructures are critical reasons for their
use in creating topologically protected states. Controlling these parameters reduces to
controlling the energy level of quantized states and the chemical potential of charge
carriers with respect to the energy levels of those states. An example follows
illustrating this process.

Heterostructures of InAs, GaSb and an electrically insulating barrier, for
example AlSh, are predicted to form a two-dimensional topological insulator phase (a
quantum spin Hall phase), when the electronic conduction sub-bands in InAs form
below the electron valence sub-bands in GaSb. Quantum mechanical coupling
between these states result in a hybridization gap in the dispersion, which is spanned
by spin-polarized counter-propogating edge states [18]. When the InAs/GaSh
heterostructure is made the conduction channel of a dual-gated Hall bar, as shown in
Fig. 3 (a), the sub-band structure and Fermi-level can be independently tuned by the
action of the two gates, on which electrostatic potentials are applied relative to the
conduction channel.

A measurement of the longitudinal resistance in an InAs/GaSb heterostructure
under an applied bias that approximately keeps the sub-band structure constant while
changing the Fermi level is shown in Fig. 3(b). This structure and additional transport
measurements were discussed in [4]. A calculated in-plane two-dimensional
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dispersion and schematic helical edge-states are shown in Fig. 3(c). The
corresponding two-dimensional density of states are shown in Fig. 3(d). The colored
bars track the approximate position of the Fermi level under applied bias and along
the dispersion and density of states.
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Figure 3: (a) The dual-gated Hall bar structure discussed in the text. (b) The
channel resistance measured in an InAs/GaSb heterostructure along a line of
applied bias by the front a back gate that maintains an approximately constant
electric field over the heterostructure but varies the Fermi level. (c) A calculated
two-dimensional dispersion of an InAs/GaSb bilayer structure with schematic
spin-polarized edge states. (d) The calculated two-dimensional density of states.
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CONCLUSION

Electronic structure of the heterostructures is discussed, as well as the impact of
defects on electronic properties and the application of these heterostructions for their
use in different area.
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