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Abstract

The problem of excitonic and biexcitonic binding is studied in the system of parabolic coordinates for a lens-shaped quantum
box. The exciton wavefunction is expanded in terms of electron–hole configurations made from electron and hole single-particle
states. Configuration interaction method and perturbative calculations are used to study the competition between confinement
and correlation effects. Biexcitonic binding energy is calculated in the strong confinement regime and a comparison to the
case of a spherical box is made. Absorption spectra with and without correlation effects are computed for InAs/InP quantum
dots. Excitonic binding energy and enhancement factor are estimated to be equal to about 20 meV and 1.5, respectively. The
excitonic absorption is finally studied in the presence of a uniform vertical electric field. A weak vertical Stark effect is predicted
for lens-shaped quantum box described within this model.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recent research developments were devoted to
nano-structured semiconductor materials. Quantum
dots (QDs) may improve properties as compared to
semiconductor quantum wells (QWs) for high perfor-
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mance optoelectronic devices[1–4]. Most of the the-
oretically predicted properties of the QDs have been
experimentally demonstrated in the InAs/GaAs sys-
tem[5–7]. In order to reach 1.55 µm wavelength used
in optical telecommunications, growth of InAs QDs
on InP substrate has been investigated in our labo-
ratory [8–10]. Using simple one-band effective mass
models, we have succeeded in obtaining a first descrip-
tion of the electronic properties of these QDs[11].
More accurate theoretical study of the electronic prop-
erties of QDs may be performed with various theo-
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retical schemes providing that precise descriptions of
the size, shape and composition are given as input
[12–14]. In the case of InAs/InP QDs however, data
from characterization experiments are scarce. In such
a case effective mass calculations for highly symmet-
ric shapes (two-dimensional boxes[15], spherical QDs
[2,16], ellipsoidal QDs[17]) may give indications
about the influence of quantum confinement and corre-
lation effects. These approaches are based on the fact
that analytical expressions are known for the single-
particle states wavefunctions. We recently proposed to
use parabolic coordinates to obtain analytical solutions
for the single-particle states in perfectly asymmetric
lens-shaped QDs[18]. This work was extended to de-
scribe quantum wires and quantum rings within the
same formalism[19]. In this work, we will focus on
the calculation of excitonic and biexcitonic binding in
lens-shaped QDs. The single-particle analytical wave-
functions will be used both for a perturbative approach
and the configuration interaction (CI) method. The
linear absorption spectra for InAs/InP QDs with and
without Coulomb interaction will be compared. Fi-
nally, the excitonic absorption will be studied in the
presence of a uniform vertical electric field.

2. Single-particle states

In the presence of an infinite potential barrier, the
Schrödinger equation is equivalent to the Helmholtz
equation[18]. The parabolic set of coordinate sets
may be used to reach separable solutions described
in Helmholtz equations. The parabolic set of unitless
coordinates(u, v,ϑ) is defined by a transformation
of Cartesian coordinates (0� u � ∞, 0 � v � ∞
and 0� θ � 2π ): x = auv cos(ϑ), y = auv sin(ϑ)

andz = a(u2 − v2)/2 (a is the parameter of the par-
abolic metric). Then, for an infinite potential barrier
the Hamiltonian is

H = −h̄2
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In that case, the Hamiltonian is separable inu,
v and ϑ coordinates and the single-particle wave-
function appears a product of functions of indepen-
dent variablesΞ(u,v, θ) = f (u)g(v)einθ . Thef and
g functions are solutions of two coupled differential
equations with a separation constantC
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whereE = Er/E∞P a dimensionless energy,Er the

actual energy andE∞P = h̄2

2ma2 a unit energy adapted
to the parabolic system of coordinates. Solutions of
these equations[18], include confluent hypergeomet-
ric functions of first kindφ
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and

g(v) = F(v,−C,E,n) (λf is a constant).

A symmetric disk shape may be defined by the in-
tersections of the two parabolas (u = u0 = 1 and
v = v0 = 1) and rotated around thez axis (Fig. 1a).
The height to diameter ratio (HDR) and volumeV
are equal respectively to 0.5 andV = πa3/2. A re-
lation betweenE and C is defined by the boundary
conditions:F(1,C,E,n) = 0 [18]. If C = 0, the so-
lutions of the problem contain simpleJn/2(

√
E u2/2)

Bessel functions. This is in particular the case for the
1S ground state withn = 0 andE = 23.1. The solu-
tions with C �= 0 are twice degenerated:χ(u, v) =
F(u,C,E,0)∗F(v,−C,E,0) and χ(u, v) = F(u,

−C,E,0)∗F(v,C,E,0) with E = 62.0 and C =
13.5 correspond to the 2S state. Single-particle elec-
tronic states of a quantum box with flat bases (lens
shape with HDR= 0.25 andV = πa3/4) are read-
ily obtained by keeping only odd solutions of the
symmetric disk case withC �= 0 [18]: χ(u, v) =
F(u,C,E,0)∗F(v,−C,E,0)−F(u,−C,E,0)∗F(v,

C,E,0). The 1S ground state of the lens-shaped QD
corresponds to the 2Su state of the disk-shaped QD
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