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Exciton energies and probability of their radiative decay in GaN/AIN
quantum structures
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Exciton energies and probabilities of radiative transition from exciton state are calculated in GaN/AIN quantum dots. Elec-
tric field conditioned by strain induced and spontaneous polarization is considered by means of tight bind approximation,
electron-hole Coulomb interaction is calculated by means of perturbation theory. Despite the presence of an electrical field,
the calculated Coulomb energy is significantly increased with respect to bulk material. In large dots, the Coulomb term as
well as probability of radiation transition for higher energetic excitons was strongly increased.
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1. Introduction

Semiconductor quantum dots (QDs) are of interest both
from fundamental and practical points of view because
they on the one hand enable us to study zero-dimensional
objects, so-called artificant atoms, and on the other hand
have attractive perspectives for device application. Recent
years QD structures of high quality have been successfully
grown and investigated using wide range of semiconductor
compounds: GaAs based III-V QDs [1-3], ZnSe based
II-VI QDs [4-6] as well as InP, GaSb, PbS based IV-VI,
and nitride structures [7-9]. Among these structures
nitride-based quantum dots take special place, which is
conditioned by the fact that wurtzite III-nitrides, because
of noncentrosymmetry, exhibit large effect of spontaneous
and strain induced polarization. The piezoelectric coeffi-
cients are almost an order of magnitude larger than in other
III-V compounds. Large amount of polarization charge ap-
pears at the heterointerface even in the absence of strain
due to the difference in the spontaneous polarization across
the interface. The very strong internal electric field induced
by the polarization charge has a dramatic effect on the
properties of nitride QDs.

In this paper, we studied the influence of the built-in
electrostatic field on the energies of excitons and probabili-
ties of their radiative decay. Energy levels of electrons and
holes are calculated using a single-particle model in a sin-
gle band effective mass approximation. Electrostatic poten-
tial is considered in a tight bind approximation. Elec-
tron-hole Coulomb interaction is accounted in the frame-
work of perturbation theory.
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2. Calculations and results

The effects of quantum confinement strain and polarization
including strain induced and spontaneous polarization de-
termine the energies of excitons in quantum dots.

GaN QDs are fully strained in the AIN matrix and ex-
hibit almost no interdiffusion [9], so the model of a particle
in a rectangular potential well with finite barriers satisfac-
torily describes the confinement potential. At the GaN/AIN
interface, the barrier height is 2.1 eV for electrons and
0.7 eV for holes.

For GaN QDs grown on AIN, the strain is commonly
compressive which induces a blue shift in the band gap.
This shift is proportional to the strain. In the case of vanish-
ing shear strain for fully strained GaN on AIN ~0.25 eV
blue shift of band gap is obtained [10]. This value is taken
into account when calculating exciton energies.

In contrast to the effects of confinement and strain, the
polarization effect induces a red shift of exciton energies.
Both spontaneous polarization and strain induced polariza-
tion (piezoelectric effect) produce large electric field. Elec-
tric field has arisen because of spontaneous polarization is
proportional to the difference of spontaneous polarization
at the GaN/AIN interface; additional polarization induced
by strain can be calculated from the elastic and piezoelec-
tric constants: P, = 2e3,€,, + €33€... Experimental and theo-
retical estimations define total electric field between
3.8-5.5 MV/cm [9,11,12]. This huge field drives electrons
in the GaN towards the top interface and holes towards the
bottom interface. As a result, the electron-hole transition
energy is strongly reduced and their recombination proba-
bility decreases. In the following calculations, the lowest
value of built-in electrical field is taken.
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The self-assembled GaN QDs have a disk-like shape
with a base diameter a few times larger than height; the di-
ameter was observed to depend approximately linearly on a
dot height [8]. Therefore lateral effects of confinement
must be less pronounced than vertical conferment effect.
That is why we consider only z coordinate dependent prob-
lem.

First, non-interacting particles are considered in the po-
tential well asimmetrized by an electrical field (Fig. 1) cor-
responding inside the dots to the following Schrodinger
equation

A P(Z 1)

2
. N n’le(h) (E Ue(h) ¢E,. Ze(h)) =0, (1)

dz e(h)
where me( py are the electron (hole) effective masses, U, e(h)
is the potential barrier for electrons (holes) equal to ~75%
conductive (valence) band offsets at the GaN/AIN inter-
face, and E,, is the electrostatic field. Outside the dots an
electric field is assumed to have the same absolute value as
inside the dots.

To solve the problem of motion of particles in such a
potential, their wave functions are presented as a sum of
eigenfunctions of a particle in the rectangular well with a
finite potential barrier

Wi o) = 2 C“’” ;" ooy )
k=1

where q)e(h) are the eigenfunctions of electrons (holes) in

rectangular well with finite barrier [12], n and m are the

numbers of bound states of electrons and holes in a rectan-
gular well.

The eigenvalues E U and the corresponding set C;;

of coefficients are found by matrix diagonalization method
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Fig. 1. Variation of conduction and valence band edges in
GaN/AIN quantum dots along the growth direction. Band-edge
profiles without electrostatic field is also presented.
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Electron-hole Coulomb interaction is accounted by
means of perturbation theory. The Coulomb correction to a
state with electrons and holes in i and j state respectively
are given in terms of single particle wave functions ex-
pressed by Eq. (2)

"P (z,)
J. dzedzh,
sw/p +(z, —zh)

where ¢ is the dielectrical constant of the quantum dot,
and p is in-plane electron-hole distance. As lateral confine-
ment is neglected it is taken equal to that of bulk material.
Finally, the energies of excitons are calculated by the for-
mula

3

Ej=E{ +E} +E, +Eg I, 4)

where E{ and E]h are accounted from the bottom of con-
ductive and top of valence, band for bulk GaN, respec-
tively, E, is the band gap, and E|,, is the strain induced blue
shift.

Existence of electrostatic field should strongly influ-
ence probability of radiation decay of excitons. The proba-
bility P of radiative transition from the exciton state de-
scribed by the wave function @(z,,z;,) is proportional to the
integral

- Udzedzhtp(ze,zh)&ze _z) (5)

The calculations showed that ground state wave func-
tions of electrons and holes are significantly shifted to the
opposite edges of QDs. Consequently, the probability of ra-
diative transition is close to zero. The probability of radia-
tion decay significantly increases for higher energetic
excitons, because wave functions of electrons and holes of
higher levels are shifted to the area of higher potential that
is, to the centre of dots, which increases their overlapping.

In Fig. 2(a), the probability of radiative transition ver-
sus exciton energy is presented for 4.8 nm dot vertical size.
The exciton energies are between 2.8 eV and 6.5 eV. The
highest exciton “density” is in 4-5 eV energy range. In the
same area, the probability of radiative decay has the maxi-
mum value. Electron-hole Coulomb attraction energy ex-
hibits the same behaviour, it ranges between 40-68 meV
and has the maximum in the same energy range. The pic-
ture is less pronounced for smaller QDs (2.4 nm height)
where polarization effects are not so significant as in large
QDs [Fig. 2(b)]. For smaller QDs, the probabilities of radi-
ative transition of ground state excitons are not very low
and Coulomb interaction is almost the same (~65 meV) for
ground state and excited state excitons. As it can be seen,
despite the presence of electrical field, the exciton binding
energy in GaN QDs significantly exceeds that for bulk ma-
terial indicating strong carrier confinement. This in its turn
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2. Probability of radiation transition of excitons versus energy:

dot height is 4.8 nm (a) and dot height 2.4 nm (b).

is conditioned by high potential barrier for electrons and
large effective mass of holes.
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