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The article presents a theoretical analysis of the splitting of the
energy levels of a charge (an electron, a hole) by group theory for
quantum dots of cubic, hexagonal, and tetrahedral shapes in the
cases where a particle spin equals 0 or 1/2. The energies and the
wave functions of states for quantum dots with different shapes
are evaluated by perturbation theory. As a basis, a quantum dot
with spherical symmetry is chosen, and an exact value of the
energy of a charge in it is found. The specific calculations are
performed for the GaAs/AlAs and InAs/GaSb heterostructures.

1. Introduction

Significant progress in nanotechnologies has stimulated
the beginning and intensive development of
nanoelectronics as a constituent part of the new field
of physical researches, namely the physics of low-
dimensional structures. Therefore, a great number
of reports focus in recent years on the growth and
investigation of nanoscale heterosystems of quantum
dots (QDs) and quantum wires (QWs) of different
shapes [1-10].

The attention was paid to QDs and QWs with
surfaces in the form of a sphere [4-6], cylinder [7,8], cube
[12], ellipsoid [13-15], regular six-facet prism [16,17], and
pyramid [18-21].

Experimental researches prove that the shape of a
quantum dot essentially influences the energy spectra
of an electron, hole, exciton, and phonon. In turn, the
optical and energetic properties of heterosystems depend
on the energy spectrum.

Theoretical studies which aim to treat the
experimental data consider real heterostructure models.
In the framework of these models, certain assumptions
were made concerning the shapes of QDs or QWs,
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their size distribution, and the interaction with
a matrix and with each other. Even within the
model of noninteracting identical quantum dots
(wires), complex numerical calculations are frequently
required, because an analytical solution of the
Schrédinger equation is not available or is critically
simplified. In addition, the fact that the above-
mentioned QDs and QWs are characterized by
a certain symmetry of the shape is left beyond
attention.

The objective of the present investigation is
to examine the influence of a QD shape on the
splitting of energy states of charged quasiparticles
by using group theory and to determine the value
of splitting of these states in QDs with different
shapes by perturbation theory. A quantum dot with
spherical symmetry is taken as a basis, for which
an exact value of the energy of an electron or
a hole is found as a solution of the Schrodinger
equation.

2. Analysis of the Schrédinger Equation of a
QD Charge by Group Theory

First, we consider a quantum dot located in the domain
G, whose sizes in various directions do not differ
essentially. The Hamiltonian of a particle is

H=H,+U(r). (1)

For an electron in the approximations of effective
mass and parabolic conduction band, we have

A h? 1
H, = _?VWV' (2)

ISSN 0503-1265. Ukr. J. Phys. 2008. V. 53, N 9



ENERGY SPECTRUM OF A CHARGE OF QUANTUM DOTS

For a hole, the form of ﬁp depends on the number
of considered bands [10, 22-24]. In the six-band

P+Q L M 0
L P-Q 0 M
gL M* 0 P-Q —L
P me 0 M* —L* P+Q
—iy/1/2L* iv2Q in/3/2L  iV2M
iV2M*  —i\/3/2LF  iv2Q i\/1/2L

The potential energy of a particle is

| =Uy, =z,y,2 €G
Ulr) = { 0, z,y,2z ¢ G. (4)

By introducing a virtual spherical QD with radius R of
the same “volume”, we can write Hamiltonian (1) as

I = Hy + Ui (r) + (U(7) — Uspia(r)) =

= Hy + Uspn(x) + W (x) = Ho(r) + W(r), (5)
where W (r) is the correction and

fU,
USPh(r) :{ 0 0

For the Hamiltonian H, o(r), the Schrédinger equation
Hy(r) ¥°(r) = E° ¥°(r) (6)

possesses the exact solution, and the wave functions of
states WY(r) are represented by products of the radial
and spherical functions R, ; (1) Yjm (9, ¢).

The functions Yj,, (¥, ) can be chosen as the basis
of a spherical symmetry group representation [25]. Since
the characters of irreducible representations of elements
of the same class are identical, it is sufficient to consider
a rotation around one of the axes, the z-axis. With a
turn around the z-axis by an angle ¢, the wave functions
Y;m are multiplied by €%, and the matrix of the
representation looks as

22 +9y2+22 < R,
?+9y*+22> R.

ety 0 0 .. 0
0 etU—De 0
D](W) B (7)
0 0 0 ety

It is seen from (7) that the character x;(y) of the
representation D; is defined as

J

= > e

m=—j

. . 1
e sinG D)
sin £ '

X3 ((P) = ZDj,mm((p)

ISSN 0503-1265. Ukr. J. Phys. 2008. V. 53, N 9

approximation, provided one neglects the corrugation of
the energy surface,

—ivVoM
—i\/3/2L

in/1/2L
—iv2Q
~i\/32L"

—iV2Q
—i/2M*  i\/1/2L*
P-A 0

0 P—-A

For small angles of rotation ¢, the character x; =2j+1
is equal to the dimension number of the representation
D;.

First, we neglect a particle spin, which is completely
justified in a number of cases. If a particle spin is
zero, then 7 = [, I = 01,23 ... We perform
the symmetry analysis of the Schrédinger equation for
the Hamiltonians with different symmetries. First, we
consider a QD with cubic shape. If one compares the
characters of representations of spherical and cubic
symmetry groups, it is seen that the states with [ =0,1
(s- and p-states) of the Hamiltonian Ho(r) with regard
for a perturbation W do not split. The account for
the cubic symmetry of a quantum dot changes only
the energy value of every state under consideration.
For states with [ > 1, we observe the splitting
of levels, because the corresponding representations
become reducible if one takes into account the
cubic symmetry correction (W). By expanding each
representation D; into irreducible parts, one can define
the required splitting.

The calculations show that Dy = Ay, Dy = Fi,
D2 = E+F27 D3 = A2+F1 —‘r—.Fg7 where Al, AQ, E, Fl,FQ
are the representations of the cube group.

Thus, in a cubic QD, d-states are split into two ones:
one twofold and one threefold degenerate, and f-states
are split into three ones: one twofold and two threefold
degenerate.

Consider the quantum dots with surfaces in the
form of a regular six-facet prism. Let the QD sizes
differ slightly in different directions. In this case, the
Hamiltonian of an electron can again be chosen in form
(5), where Hy(r) is characterized by spherical symmetry.

The whole Hamiltonian of the system is characterized
with Dg, whose symmetry is set by six irreducible
representations (four one-dimensional and two two-
dimensional ones).
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The calculation of the splitting of states for a QD
under consideration shows that Dy = Ay + Eo, Dy =
Ar+E1+ B, D3 = Ay + As + Ay + By + Es.

The consideration of the hexagonal lattice structure
of a quantum dot leads to the splitting of p-
states into two ones: one non-degenerate and one
twofold degenerate. States with [ = 2 are also
split, but into three states: two twofold degenerate
and one non-degenerate. Meanwhile, f-states are split
into five ones: three non-degenerate and two twofold
degenerate.

As is known, heterosystems of quantum dots can
be obtained by different technologies. In particular, in
the heterosystems fabricated by the Stranski-Krastanow
technique, QD are assumed to have the form of a
pyramid or a truncated pyramid [18-21]. Consider the
transformation of spherical symmetry group states at the
transition to the tetrahedron symmetry group.

The calculations carried out for a QD of the
considered shape show that D = F, Dy = Fy + F,
D3 = A+ 2F. Therefore, the “inclusion” of a tetragonal
symmetry perturbation does not split degenerate p-
states; d-states are split into two non-degenerate states
and one threefold degenerate, and f-states are split
into one non-degenerate and two threefold degenerate
ones.

We now study how the splitting of energy levels in
QDs with different shapes changes under the condition
that a particle spin is s = 1/2. The characters x; (¢) of
the corresponding representations D;(j = + s, |l — s|)
are also defined by (8).

First, we examine a QD with cubic shape. Similarly
to the case where s = 0, we get that the states with
j = 1/27 3/2 are not Spht D1/2 = Ei, D3/2 = G/.
For the states with j = 5/2, 7/2, we get the following
splitting of levels: Dy o = E54+G', D7j9 = E1+ E5+G'.
Thus, if a particle spin s = 1/2, then the states with
j = T7/2 are split into two ones: twofold degenerate and
fourfold degenerate; whereas the states with j = 1/2 are
split into three ones: two twofold degenerate and one
fourfold degenerate.

Consider a QD with its surface in the form of a
regular six-facet prism. We obtain that, in the QD under
study, the state with j = 1/2 is not split: Dy, = E,
i.e., taking the hexagonal lattice structure into account
changes only the energy of the state. For the states with
J > 1/2, the following splitting is observed: D3/, =
El + B}, D5 = By + Ey + B, D7) = By + 2E5 + E3.
Thus, the states with j = 3/2 are split into two twofold
degenerate; the states with j = 5/2 are split into three
twofold degenerate, and the states with j = 7/2 in a
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hexagonal QD are split into four twofold degenerate
states.

For a pyramidal QD, the analysis of the splitting
of states by group theory results in the following: the
state Dj /o is not split (D, = Ej), the states with
j = 3/2 are split into two twofold degenerate states
(D32 = G + GY), the states with j = 5/2 are split into
three twofold degenerate ones (D5,o = E' + G + GY);
and the states with j = 7/2 are split into four twofold
degenerate states (D7), = 2E' + G + GY).

3. Energy of Electron States in QDs with
Different Shapes

The present general analysis can be specified by
calculating the charged particle state energies in QDs
of different surfaces. With regard for the above
consideration concerning the “potential” W, it is possible
to use perturbation theory. In order to specify further
calculations, we will consider the electron energy
spectrum.

We calculate the electron state energy in QDs of
different shapes for two heterosystems: GaAs/AlAs and
InAs/GaSb. The Hamiltonian of the problem is given by
(5), and Hy has form (2). In this case, we can neglect
the electron spin. The solution of Eq.(6) is a function

\Ijo(r) - Rnl(r) )/lm(ﬂ7 50) (9)

The radial wave function is written differently depending
on the region: r < R,r > R. For the bound states, if
E° <0, we have

Ri(r) = Aji(kr), r< R,

Ri(r) = Bhl(l)(xr), r> R,

2 (EO+Vp), o = /2 E0, B0 < 0,
gi(x), hl(l)(z) are Bessel and Hankel functions [26].

The energy of quantum states is found from the
matching conditions for the wave function

(10)

where k =

Aji(kR) = Bh{"(z R),

1 1 /
— Aj(kR)= —BhDY (2 R). 11
- Ji(k R) o~ (7 R) (11)

To determine the electron energy, we use perturba-
tion theory. We define the value of the first correction to
the energy caused by a perturbation W for QDs of cubic,
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tetrahedral, and hexagonal shapes. The formation of the
correction value is based on two competitive factors.
First, as the analysis shows, the function W = W (x, y, 2)
is a complicated function of coordinates which takes both
positive and negative values in a small region at the
interface of the media. Outside this interval, W = 0.
A reduction of the QD volume leads to the effective
increase in the “capacity” of the potential W. Second,
the volume reduction is accompanied by an increase in
the energy of a charge and, hence, by a decrease of the
particle location probability density in the actual region
of space where W # 0.

Consider first a QD with cubic shape. Note that
states with [ =1,2 (p- and d-states) are degenerate.
Therefore, in order to calculate the first correction to the
energy AFE), it is necessary to find the matrix elements
of (W — AE]) on the corresponding wave functions of
the Hamiltonian I% and to equate the determinant of
the matrix obtained to zero.

According to group theory [25], the spherical
functions are transformed as partners in the bases
of irreducible representations of the cube group O.
In particular, the functions Y7, _1,Y7 9, —Y1,1 form the
basis of the representation Fi; the representation E is
attributed to the basis: %(Ygg +Y3,_2), Y2 o, and the
functions %(}/22 —Y5,_2), Ya.1, Yo _; form the basis of
the representation Fs.

The calculation of matrix elements made for the
heterostructures GaAs/AlAs and InAs/GaSb has shown
that, according to group theory, only the diagonal
matrix elements differ from zero on the considered
functions. This result shows that the numerical
calculations of integrals are performed with a necessary
degree of accuracy.

In case | = 2 , the matrix 5 x 5, as one would
expect, is also diagonal and contains two elements of
one magnitude (FE-state) and three elements of other
magnitude (Fh-state). Thus, we obtain two energy
correction values, and the difference between them
defines the splitting of d-states in a cubic QD.

Figure 1 illustrates the results of calculations of
the dependence AFE; on the volume of a QD for
both heterostructures and for the states with [ =
0,1,2. The calculations show that the corrections are
small in comparison with the energy level values and
the difference between energy levels of the initial
(“zero”) problem. In particular, for the heterostructures
InAs/GaSb, we have E%, _¢,—0 = -0.5 eV,
Eon,‘:O,lzl = —0.176 eV, AElzl = 0.04 eV, AEl:O =
0.035 eV if V =600 nm* E°, _¢ ;=0 = —0.66 eV,
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Fig. 1. Dependence AE; = AE;(V) for a QD with cubic shape.
Solid curves stand for the InAs/GaSb heterosystem, and dashed
curves correspond to GaAs/AlAs

Eonrzo’lzl = —0.49 eV, AE1:1 = 0.05 eV, AEl:() =
0.033 eV if V = 2050 nm?®. For the heterostructures

GaAs/AlAs, we obtain E°, _¢ ;=0 = -0.188 eV,
Eom=0,l=1 = —0.083 eV, AE;—, = 0.017 eV, AE|_o =
0.015 eV if V = 600 nm® E°, _o,_ = —0.23 eV,

EOnT:0,1:1 = —0.178 (3\/7 AElzl = 0.022 eV, AEl:O =
0.014 eV if V = 2050 nm3. It is seen that, in the case
of large sizes of a QD, the corrections to the energy of
both s- and p-states are small. A reduction in the volume
leads to an increase in AE; (I = 0,1), which is caused
by increase in W. The value of AE; decreases slightly
with the further reduction of the volume because the
matrix element given by corrections decreases due to the
electron tunneling. The energies AEl:g,(l), AEl:g,(Q) not
only essentially differ in value (at V = 7 x 103 nm3
of a QD of the heterosystem InAs/GaSb AE[Z?,(Z) -
AE,_;M = 110 meV), but change differently with
change in the volume. The reduction of V leads to an
increase of the splitting of the d-level, but, at V < 1}
(Vo for the present heterostructures is different), the
splitting decreases with V. If we compare the values of
the splitting of the d-level for two different types of QDs,
it is seen that the splitting is smaller in the GaAs/AlAs
system than that in InAs/GaSb. This effect, as well as
the correction values for s- and p-states, is explained by
the difference of electron masses in QDs of the respective
nanoheterosystems. For the InAs/GaSb heterostructure,
the mass of a particle inside a QD is smaller than that
in the GaAs/AlAs structure.

Analogous calculations were done for a QD with
surface in the form of a tetrahedron. For the states
with [ = 0,1,2, the first correction to the energy AE;
is calculated for the heterostructures InAs/GaSb and
GaAs/AlAs. The states with | = 1,2 are degenerate like
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2000 3000 VY, nm®
Fig. 2. Dependence AE; = AEFE;(V)) for the GaAs/AlAs
heterosystem (solid curves) and the InAs/GaSb heterosystem

(dashed curves) for a QD with pyramidal shape

the case of a cubic QD. Therefore, in order to calculate
the correction to the energy, the matrix elements of
(W — AE]) have been found on the corresponding wave
functions of the Hamiltonian lflo.

Figure 2 presents the dependence of the first
correction to the energy on the volume of a QD with the
surface in the form of a regular triangular pyramid. The
qualitative dependences are analogs to the corresponding
data on a QD with cubic shape. The obtained splitting of
energy levels completely agrees with the results obtained
within group theory. Thus, a change of the QD shape in
this case leads only to a change of the value of respective
corrections to the energy AE;.

A slightly different picture is got for a QD with the
surface in the form of a regular six-facet prism. For the
present quantum dot, the splitting of energy levels begins
with the state [ = 1, which is split into two energy levels
(Eq and F-state). In both heterosystems, the level with
I = 2 is split into three levels (A-state and two F-states),
which perfectly agrees with group theory.

The results of calculations of the dependence of the
correction to the energy AE] on the volume of a QD
under consideration are given in Fig. 3. Since, in this
case, there are a lot of energy levels and they are located
close to one another, the state with [ = 0 for both
heterostructures is not presented. The figure shows that,
for a hexagonal quantum dot, the correction value also
increases with decrease in the QD volume. It is worth
to note that, for the heterostructure InAs/GaSb, the
corrections for the states with [ = 1 and [ = 2 at large
QD volumes are close. At V = 2.1 x 103 nm?, the values
of AE] for these states practically coincide.

The higher the energy state, the larger the energy
correction for each heterostructure, the splitting of both
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Fig. 3. Dependence AE; = AFE;(V)) for the GaAs/AlAs

heterosystem (solid curves) and the InAs/GaSb heterosystem

(dashed curves) for a QD with hexagonal form

p- and d-levels in the GaAs/AlAs heterosystem being
smaller than that in InAs/GaSb, which was discussed
above.

Thus, we have investigated the influence of the
symmetry of a QD shape on the splitting of energy states
of charges, by using group theory. In particular, the
splitting of states for cubic, hexagonal and tetrahedral
QDs is analyzed in the cases where a particle spin is zero
or different from zero.

By perturbation theory, the energies and the wave
functions of states for QDs with surfaces in the form
of a cube, pyramid, and six-facet prism are determined.
By using perturbation theory and symmetry analysis,
the charge energy corrections have been calculated for
the s-, p-, and d-states. The specific calculations have
been performed for the GaAs/AlAs and InAs/GaSb
heterostructures.
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EHEPTETUYHUI CIIEKTP 3APAIY KBAHTOBUX
TOYOK PI3ZHOI ®OPMU

B.1. Botuyxk, 1.B. Biauncvrut, 1.0. Hlaxaeina
PeszmowMme

3acobamu Teopil Irpyn AeTaJbHO MPOAHAJI30BAHO PO3IIEIIEHHS
€HEepPreTUYHUX PIBHIB 3apsizy (eJeKTpoHa, JIPKM) JJisi KBAHTOBOL
roukn (KT) Ky6iuHOI, reKCaroHaJbHOI Ta TeTpaeIpaabHOl hOPM.
ITpoBeieno anaJi3 posuienieHHs PiBHIB JIjIsl BUMIAIKIB, KOJIU CIiH
YaCTUHKHU AOPiBHIOE HyJI0 Ta 1/2. Ba Jonomoroio Teopil 36ypeHnb
3HaiigeHo eHepril Ta xBuiboBi dyukil cranis KT pisuol dpopmu.
3a OCHOBY B3fTO KBAHTOBY TOUYKY CHEPHUIHOI CUMETPil, JJIst siKOl
€HepTist 3apsily 3HAXOAUTHC TOYHO. KOHKpeTHI 06YnCIeHHs IPO-
BeJieHo i rerepocTpykTyp GaAs/AlAs Ta InAs/GaSh.
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