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A variational method is used to study the ground state of a bound polaron in a weakly oblate wurtzite
GaN/AlyGaj_xN ellipsoidal quantum dot. The binding energy of the bound polaron is calculated by taking
the electron couples with both branches of LO-like and TO-like phonons due to the anisotropic effect into
account. The interaction between impurity and phonons has also been considered to obtain the binding
energy of a bound polaron. The results show that the binding energy of bound polaron reaches a peak

value as the quantum dot radius increases and then diminishes for the finite potential well. We found
PACS: that the binding energy of bound polaron is reduced by the phonons effect on the impurity states, the
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contribution of LO-like phonon to the binding energy is dominant, the anisotropic angle and ellipticity
influence on the binding energy are small.
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1. Introduction

In recent years, the experimental techniques such as the molec-
ular beam epitaxy (MBE) and metal-organic chemical vapor de-
position (MOCVD) have led to the fabrication of many low di-
mensions semiconductor structures. One of the most significant
achievements is the fabrication of zero-dimensional quantum dots
(QDs) with well-controlled shape and size, and there has been
much interest in investigating QDs both theoretically and experi-
mentally due to their distinctive electronic and optical properties,
which show a potential application in the electronic and optoelec-
tronic devices [1,2]. Due to size quantization the physical prop-
erties of carriers in semiconductors QDs strictly depend on ex-
ternal shape of the object under investigation, the small change
in external shape of quantum dot (QD) strongly influences energy
spectrum and other physical properties. In the theoretical works, it
is customary to assume a spherical shape for the QD [3,4]. Since
deformation of spherical shape during QD growth is unavoidable,
ellipsoidal shape represents a better approach to the actual prob-
lems [5-7], therefore theoretical studies on the ellipsoidal QD are
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needed. In most of the investigations, the height of the confine-
ment potential of QD is infinite, to bring the problem closer to
real situation, the finiteness of difference between potentials inside
and outside the QD should be taken into account. Dvoyan [5] and
Barati [8] made a research into the QD with ellipsoidal symme-
try, they found that the binding energy of impurity state decreases
with increasing ellipticity, but they have not considered the effects
of optical phonons. Whereas the electron-phonon (e-p) interaction
plays an important role in determining the physical properties of
quantum dots (QDs) consisting of polar materials. The influence of
e-p interaction could be enhanced due to the confinement of elec-
tron states [9].

Very recently, IlI-nitride (III-N) semiconductors have become
important materials for the fabrication of optoelectronic devices
operating in the green, blue, and ultraviolet spectral region [10-
12]. In comparison to zinc-blende structure, the III-N semiconduc-
tors have the hexagonal wurtzite structure as their natural crys-
talline structure. As is well known, there are many more distinct
phonon branches, and the phonon modes are not purely longi-
tudinal or transverse except for the [0001] direction [13,14]. In
bulk crystal the optical phonons are classified into the so-called
ordinary and extraordinary modes, and all of them have been in-
cluded in the study of e-p interaction [15]. A new Fréhlich e-p
interaction Hamiltonian was put forward for the bulk case [16],
within the non-retarded dielectric continuum model considering
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only the three optical-phonon branches which are infrared active
in this crystal structure. For wurtzite nitrides the dependence of
the extraordinary optical phonon frequencies upon the phonon
wave-vector ¢ is not a function of the wave-vector magnitude but
of the angle 6 between ¢ and the c-axis of the structure (referred
as the z direction in the following). In a view of above-mentioned,
it is very important and timely to investigate the influence of op-
tical phonon in wurtzite nitride finite-potential QDs.

In the present Letter, taking the e-p and impurity-phonon
(i-p) interactions into account, including both LO-like and TO-like
phonon modes, we investigate the influences of phonons on an
on-center hydrogenic impurity states in GaN/Al,Ga;_xN ellipsoidal
QD by using a variational theory. The electronic confinement was
modeled by a finite potential well. Our result seems to be more re-
liable than that obtained by other authors since the finite potential
well and the interaction between the impurity and phonons have
been taken into account.

This Letter is organized as follows: In Section 2, the binding
energy of bound polaron and the polaronic shift for the binding
energy in an ellipsoidal QD have been investigated by using Lee,
Low and Pines (LLP)-like variational method [17]. Section 3 con-
tains the numerical results and a detailed discussion. Finally, the
conclusions are presented in Section 4.

2. Theory

Let us consider a semiconductor GaN ellipsoidal QD embedded
in material AlyGa;_xN. The equation of the QD surface is
X2+v? 72
a%+c—2:1 (a<o), (1)
where a and c are the semi-axes of the ellipsoid. The hydrogenic
donor impurity is located at the center of the QD (0,0, 0). For
wurtzite nitride semiconductor materials, we use Loudon model
[14], take the c-axis along the z direction and denote it's perpen-
dicular direction as L. The Hamiltonian of the electron-impurity
system including the extraordinary LO-like and TO-like phonons
and both the e-p and i-p coupling can be written as

H = He + Hph + He j—ph. (2)
The first term in Eq. (2) is electronic Hamiltonian and is written
as
2 2 2
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where m_ (m;) is the effective mass perpendicular to (along) the
c-axis, U(F) is the confinement potential of ellipsoidal QD and r
is the electron distance from the center, £ is the effective high-

frequency dielectric constant and takes the form [18]
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where « is the angle between 7 and the c-axis, el (&3°) is
the high-frequency dielectric constant perpendicular to (along) the
c-axis.

The second term in Eq. (2) is phonon Hamiltonian and is writ-
ten as

+
Hpp = Zha)jajaa i (5)
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where j(=L,T) is the mode-index of the phonon characteristic
frequencies. j = L stands for the LO-like phonon, j = T stands

for the TO-like phonon. The characteristic phonon frequencies of
wurtzite structures satisfy the following conditions [15,16]:
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where 6 is the angle between the phonon wave-vector g and the
c-axis.

The third term is the e-p and i-p interactions Hamiltonian and
is written as

Hejiph = » [Gjg(e'"" —1)aj3 +hcl]. (8)
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where “—1” term comes from the impurity localized at the origin,

i.e. rion =0 [19], and
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We first carry out a unitary transformation to displace the equi-
librium position of the ion

UO = exp [Z(Gj‘aaﬁj —

Gﬁaj;])/hwj]. (11)
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The Hamiltonian (2) can be transformed into the following form

H*=U;"HU,
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For convenience, we have dropped the infinite self-energy of a
static point charge — Zja_|cja|2/ﬁ0)j: o

For the sake of convenience, we give a further approximation of
H* by carrying out two unitary transformations as follows:

Uy =exp[—i2a},a,-a(m-ﬁ+q22)} (14a)
Jja
Uz =exp{2[a]§fj(?1) —ajaf}‘(?i)]}, (14b)

jq
where fj(q) and fj?‘(?]) are the variational functions and will be
determined by minimizing the expectation value of the bound po-
laron energy. As a first approximation, we confined our discussion
in the low-temperature limit, i.e., the phonon vacuum state |0)
({0]0) = 1). After the two transformations the effective Hamilto-
nian for the bound polaron can be derived as
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