PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 23, No. 4 (2022) pp. 686-692

Section: Physics

DOI: 10.15330/pcss.23.4.686-692

PACS: 73.21.La, 85.35.Be

Vasyl Stefanyk Precarpathian
National University

®I3UKA I XIMISI TBEPJIOT'O TLIA
T. 23, Ne 4 (2022) C. 686-692

Di3uKko-mamemamudti HayKu

ISSN 1729-4428

V.B Hols'kyi, R.Ya. Leshko

The influence of deformations on single electron states in a molecule
formed from three quantum dots of the heterosystem InAs/GaAs

Department of physics, Drohobych Ivan Franko State Pedagogical University
Stryiska 3 street, Drohobych 82100, Lviv region, Ukraine, hol.wit@gmail.com

A molecule consisting of three quantum dots, whose centers form a triangle of the InAs/GaAs heterosystem,
was studied. A numerical calculation of the energy spectrum of an electron in a molecule formed from three
spherical quantum dots was carried out. The influence of deformations on the electron energy depending on the
size of the nanocrystals, the distance between them, and the symmetry of the quantum molecule were investigated.
The case of symmetry of an equilateral and isosceles triangle is considered.
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Introduction

Deformation effects significantly impact the energy
states of particles in nanosystems. In particular, on the
baric coefficient value, the charge carriers' effective mass,
and degradation effects. Quantum dots (QDs) are formed
under the influence of the field of internal elastic
deformation. Therefore, deformation's influence must be
considered when determining the energy spectrum of
quasiparticles in nanosystems formed from several QDs.

Coherent electron tunneling transitions occur in
closely spaced nanocrystals. As a result, configurations
are formed that are connected by common electrons. They
were called artificial molecules. The simplest example of
an artificial molecule is a tunnel-bonded KT pair. It can be
used to implement a qubit. For this, you can use the spin
[1] or the charge [2] of quasiparticles of the nanosystem.

Nanosystems consisting of three tunnel-bonded
guantum dots or "triatomic" artificial molecules allow
studying interesting phenomena related to electrostatics
and molecular states of the triple quantum molecule (QM).
Experimentally, molecules from quantum dots were
intensively studied [3-8]. There may be two [3], three [4-
6], four [7], or more nanocrystals in the QM. If we
consider the geometry of the molecule, it can be linear [6-
7] or triangular [4-5]. In turn, the first can be symmetrical,
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when the distances between QDs are the same, and not
symmetrical.

The changes in the bottom of the conduction band (the
top of the valence band) at the quantum dot-matrix
heterojunction is due to the difference in the band gap
width of the QD and matrix materials. This forms a profile
of the quantization potential, which has the character of a
three-dimensional potential well. In works [9-11], the
profile of a three-dimensional potential well created by
QD was modeled as rectangular without taking into
account the deformation potential. The depth was
determined only due to the different widths of forbidden
bands of the material of the matrix and QD.

In the case of heterosystems with stressed QDs in the
presence of elastic stress fields around them, the depth of
the quantization potential is also determined by the nature
of the deformation of the matrix and QDs. In particular,
the stresses arising in the InAs/GaAs nanoheterosystem
with an array of InAs QDs significantly affect the structure
of the allowed zones and their discontinuity [12]. For an
isolated QD, deformations were taken into account in
works [13-14].

The proposed work is devoted to the study of the
influence of deformations on the electron energy in a
quantum molecule formed from three spherical quantum
dots of the InAs/GaAs heterosystem.
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I. Formulation and solution of the
problem

Consider a quantum molecule consisting of three
spherical InAs/GaAs QDs that are tunnel-connected to
each other. We will choose the coordinate system so that
the centers of two QDs lie on the OZ axis, and the point O
is in the middle between these QDs. The third QD is
placed on the OY axis at the distance d from the origin
(Fig. 1). In particular, the stresses arising in the InAs/GaAs
nanoheterosystem with an array of InAs QDs significantly
affect the structure of the allowed zones and their
discontinuity [7]. Since the lattice constant of indium
arsenide is amnas = 6.08 4, and that of gallium arsenide is
acaas = 5.65 A, it follows that the QD material is subjected
to all-round compression deformation, and the matrix is
tensile.

One QD can be considered as an elastic sphere of
radius R, which is placed in the spherical cavity of the
matrix. The difference between the volumes of the sphere
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and the cavity of the matrix is AV=4nR%, where
f = (@inas — 8caas)/ainas = 0.07 is the mismatch parameter of
the fixed lattices. This deformation leads to a change in
the relative depth of the potential well of one quantum dot:

AU = Jag”e®] + o],

where e =Spe®, @ =5pe@ g — is the strain
tensor defined in works [13-14]. a£1)=—5.08eB;

af) = —7.17eB — are constants of the hydrostatic
deformation potential of the conduction zone.

Let there is one electron in the heterosystem. Then the
Hamiltonian of this system in the effective mass
approximation has the form

ﬁ:—%v#v+U(r), 1)

m(r)

Where
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Fig. 1. Model of the studied nanosystem. The insets show the change in the parameters of the heterostructure (the
upper inset shows an equilateral triangle, and the lower one shows an isosceles triangle).
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Fig. 2. Electron energy in one isolated QD, taking into account deformations.
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Uy + AU, if rareinany QD

Ur) = { To solve the problem, we will use the approximation
~ 10, if r runs over the matrix’

of a linear combination of quantum well orbitals. For this,
the wave function is represented as a linear combination
Uy=x,—x1<0, y, =49eB; y, = 4.07¢B (Fig. 2.), of the electron wave functions of individual QDs:

m(r) is electron effective mass for the corresponding

@

region, Y(r) = Cp1(r) + G, (1) + C3p3(r), (3)
_(my, ifrareinanyQD, where 1;(r) is the wave function of the ground state of the
m(r) = {mz, if r are not in the QD, i-th QD, which in the Cartesian coordinate system has the
form:
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a is the distance between the centers of QDs lying on the OZ axis, d is the distance from another QD to the OZ axis, R;
is the radius of the i-th QD, and E,*™ is the electron energy in the i-th isolated QD.

Taking into account (3) and (4), the Schrédinger equation can be reduced to a system of three algebraic equations:

Ci(Hyy — E) + C;(Hyp — ESyp) + C3(Hyiz3 — ESy3) =0
C1(Hyy — ESy1) + Co(Hyy — E) + C3(Hpz — ESp3) = 0, (5)
Ci(H3y — ES31) + Cy(Hz, — ES3;) + C3(Hz3 — E) =0

where, H;; = [ @i (M He;(r)dr, S;; = [ @i()e;(r)dt
ij=123.

The system of homogeneous equations (5) has a 1. Analysis of the effect of deformation

nonzero solution when the determinant of this system is on the energy spectrum of an electron
equal to zero: in a molecule with three QDs
(Hi1 — E) (Hiz — ESyp) (Hiz — ESi3) Numerical calculations were performed for InAs QDs
(Hyy — ESz1) (Hpz —E) (Hpz —ESy3)| =0.  (6) placed in a GaAs matrix. The effective mass of an electron
(H3y —ES3y) (H3p — ES3;) (Hzz — E) in these materials is m; = myu, = 0,15m, and

m, = Mgaas = 0,063my, Mg is a free electron mass. The
Equation (6) is the dispersion equation for the electron band gap in the heterosystem, which determines the depth
in three QDs molecules. of the potential well, without taking into account
deformations, is equal to 830 meV. Let's consider QDs of
such sizes that there is one bound electronic state in them
(18 A <Ri <30 A). Modeling of CM from three quantum
dots was carried out for:
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a) symmetrical arrangement (QD centers were at the
vertices of an equilateral triangle);

b) unsymmetrical (QD centers were at the vertices of
an isosceles triangle).

In all these cases, the radii of the three CTs were
chosen to be the same R1=R,=R 3=R.

If we consider the symmetrical placement of three
QDs (option a) forming the QM (Fig. 3 and Fig. 4), then
the energy spectrum of the studied nanosystem is affected
by two parameters: the distance between the boundaries of
the single crystals a = 2R 4+ n, - agq4s and their size
R =ng - ajpyus. In fig. 3 shows the dependence of the
energy spectrum of the CM formed from three QDs on the
distance between the boundaries of the nanocrystals. As
can be seen from fig. 3, taking deformations into account
significantly changes the electron energy for all states.
Thus, with a distance between the boundaries equal to two
permanent GaAs lattices, the ground state increases by

84.2 meV, and the first excited state increases by 90 meV.
The size of the splitting also changes, for this distance, it
increases by 5.9 meV. This can be explained by the
reduction of the potential well, which is a consequence of
taking deformations into account. As a result, tunneling of
particles occurs at greater distances than without
considering deformations. For non-stressed QDs at a
distance between QD boundaries of six permanent GaAs
lattices, the splitting is about 2 meV, and taking into
account deformations at a distance of seven permanent
GaAs lattices — 2.2 meV.

When analyzing the influence of the QD size on the
electron energy in a QM of three nanocrystals located at
the vertices of an equilateral triangle (case a), it should be
noted that as the size of the nanocrystals increases, the
difference between the electronic states with strained and
unstrained QDs increases significantly. If R = 3 - ajp45,
then the difference between the energy levels of the
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Fig. 3. Electron energy in the QM as a function of the distance between the boundaries of the nanocrystals at the
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electron for the ground state is 46.4 meV, for the first
excited state - 59 meV, and the splitting value has
increased by 4 meV. If R = 5 - a;,45, then the difference
will be 104.5 meV for the ground state, 107.3 meV for the
first excited state, and the splitting value will increase by
only 2 meV.

The non-symmetric arrangement of QDs in the QM of
three nanocrystals (case b) removes the degeneracy of the
first excited state [11], so the heterosystem will be
characterized by three energy levels. Two options for

considered:

bl) the distance between the boundaries of two QDs
changes when the third one is at the same distance to the
axis passing through the centers of these QDs (Fig. 5);

b2) the centers of two QDs are fixed, and the third is
shifted relative to the axis on which the fixed nanocrystals
are located (Fig. 6).

As in the case of a symmetric QD arrangement (option
a), taking into account the deformations increases all
electron energy levels in a given CM and the case of an
asymmetric arrangement (option b). In the case of bl)

changing the geometry of the heterosystem are
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Fig. 5. Electron energy in the QM as a function of the distance between the boundaries of two QDs when the third
one is at the same distance to the axis passing through the centers of these QDs with the symmetry of an isosceles

d

triangle taking into account (E¢ , E, ES and Ej ) and without taking into account deformations (E;,, E, , E,

and E3 ) (the distance of the third QD to the axis is 4 permanent GaAs lattices, and the radii of all are equal to 4

permanent InAs lattices). Eis , Eg is the energy of one isolated QD without deformation and with deformation,
respectively.
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Fig. 6. The energy of an electron in a QM as a function of the distance between the boundaries of one QD and two
others whose centers are fixed, with the symmetry of an isosceles triangle taking into account (Eitsj , Eld , Eg and

E;’ ) and without taking into account deformations ( E
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equal to 4 constant GaAs lattices, and the radii of all are equal to 4 constant InAs lattices). E;, Ei'i is the energy
of one isolated QD without deformation and with deformation, respectively.
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arrangement of nanocrystals in the CM, at a distance
between the boundaries of two QDs, three stable GaAs
lattices, the ground state becomes higher by 87 meV, the
first excited by 89.4 meV, and the second excited by 89.7
meV. The difference between the levels increases, and
between the main and the second excited becomes larger
by 2.4 meV. Between the excited states, the electron
energy differences for stressed and strained QDs are
almost the same. In case b2), when the distance from the
boundary of the third QD to the boundaries of two fixed
ones is three constant GaAs lattices, the ground state
differs by 85.8 meV, the first excited state by 90.1 meV,
and the second excited state by 89.8 meV. The difference
between the ground and the second excited state increases
by 4 meV.

Conclusions

A molecule of three quantum dots, whose centers
formatriangle of the InAs/GaAs heterosystem, taking into
account deformation effects, was studied. It is shown that
in the case of QDs located at the vertices of an equilateral
triangle, uniform convergence of QDs causes splitting of
energy levels with the formation of two (one non-

degenerate and one doubly degenerate). This result was
obtained both with and without deformation. However,
taking the strain into account increases the splitting
energy. A similar result was obtained for the case of a QM
consisting of QDs located at the vertices of an isosceles
triangle. However, in this case, the number of levels is
three (all non-degenerate). This is explained by the lower
symmetry of an isosceles triangle compared to an
equilateral triangle.

Therefore, taking into account the deformation of the
QD matrix in the QM causes a change in the value of the
energy level splitting. These results should be taken into
account when analyzing the interlevel and interband
absorption of electromagnetic waves of different ranges,
as well as the luminescence of heterosystems with
quantum molecules. Also, the proposed model can be
expanded to multilayer QDs in applied fields[15] which
form the QM. These studies will be implemented in our
next works.

Hols'kyi V.B. — candidate of physical and mathematical
sciences, associate professor of the department of physics;
Leshko R.Ya. — candidate of physical and mathematical
sciences, associate professor of the department of physics.
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B.b. 'onscekuit, P 5. Jleniko

Bruius nedgopmaniii Ha 0JHOEJTEKTPOHHI CTAHM B MOJIEKYJIi, YTBOPEHiH i3
TPbOX KBAHTOBHX TOYOK rerepocucreMu InAs/GaAs

JIpoeobuyvkuti depoicasnuil nedazoziunuil ynigepcumem imeni leana @panxa,
eyn. Cmpuiicoka, 3, m. [pozobuy 82100, Jlvsiecvra obnacme, Yrpaina, hol.wit@gmail.com

JIOCIIIPKEHO MOJIEKYJly 3 TpPbOX KBAaHTOBMX TOYOK, LIO CBOIMM LIEHTPaMH YTBOPIOIOTH TPHUKYTHHK
rerepocucremu InAs/GaAs. [IpoBeneHo YrcenbHUI PO3paxyHOK €HEPreTHYHOTrO CIEKTpa eJIeKTPOHA B MOJIEKYIT,
II0 yTBOpEHa 3 TPbOX KBAaHTOBMUX TOYOK cepmuHoi dopmu. JocmimkeHo BIMB aedopMaiiii Ha eHepriro
CIIEKTPOHA B 3aJIGKHOCTI BiJl BEIMYMHN HAHOKPHCTAIIB, BIICTaHI MK HUMH Ta CUMETPii KBAHTOBOI MOJCKYJIH.
Po3risiHyTO BHITaIOK CUMETPIi pIBHOCTOPOHHBOT'O Ta PiBHOOEIPEHOT0 TPUKYTHHKA.

Ku1r04oBi ci10Ba: Tpu KBaHTOBI TOUKH, KBAHTOBA MOJIEKYJIa, TeOpMAITis.
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