
Calculation of near-field scanning optical images of exciton, charged-exciton, and multiexciton
wave functions in self-assembled InAs/GaAs quantum dots

Lixin He,1 Gabriel Bester,2 Zhiqiang Su,1 and Alex Zunger2

1Laboratory of Quantum Information, University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of China
2National Renewable Energy Laboratory, Golden, Colorado 80401, USA

�Received 26 February 2007; published 12 July 2007�

The near-field scanning optical microscopy images of excitonic wave functions in self-assembled
InAs/GaAs quantum dots are calculated using an empirical pseudopotential method, followed by the configu-
ration interaction treatment of many-particle effects. We show the wave functions of neutral exciton X0 of
different polarizations and compare them to those of the biexciton XX0 and the charged excitons X+ and X−. We
further show that the exciton X�Ph→Se� transition which is forbidden in the far-field photoluminescence has
intensities comparable to those of X�Sh→Se� transition in the near-field photoluminescence.
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I. INTRODUCTION

The three-dimensional confinement and nearly perfect
isolation from its environment given in self-assembled semi-
conductor quantum dots �QDs� lead to “atomlike” electronic
structure features manifested, among others, by �eV photo-
luminescence �PL� linewidths and a long coherence time.
Such narrow and isolated levels open the way for potential
applications using as single-photon emitters1 and quantum-
entangled sources.2 At the same time, this allows fundamen-
tal studies of �eV-scale fine-structure splitting3,4 of exciton
lines due to the electron-hole exchange interaction, spectral
shift due to charged excitons,5–7 as well as multiexciton for-
mation and decay. However, the spatial resolution of the tra-
ditional far-field spectroscopy is limited to � /2, where � is
the wavelength of the probing light,8 much larger than the
typical sizes of quantum dots �a few tens to about a hundred
nanometers�. Recently, it became possible to examine the
inner structures of an exciton in the QDs and map out its
spatial distribution using the near-field scanning optical mi-
croscopy �NSOM�.9,10 In the far-field measurement, the tran-
sition intensity �within single-particle approximation� is pro-
portional to �p�2= ���c�r��v��2, where �c and �v are the
conduction and valence band wave functions, respectively.
While in the far-field measurements, the extent of the inci-
dent electromagnetic wave is such that its magnitude over
the entire dot region can be safely taken as constant, in the
near field, the electromagnetic profile of the tip ��r−r0�, has
an extent comparable to the size of the nanostructure and
must be explicitly taken into account:

E�r� = ��r − r0�E0. �1�

In this case, the transition intensity is modulated by the shape
of the external field, i.e., proportional to �p�r0��2= ���c�r��r
−r0���v��2. The resolution of NSOM can thus be much higher
than9 � /2, providing details on how the carriers are distrib-
uted in the quantum dots.

In a QD, the electron and hole wave functions can be
approximated by products of envelope functions and Bloch
functions. In the far-field measurement, the interband transi-
tions obey two kinds of selection rules: one related to the
Bloch part of the wave functions and one to the envelope

component of the wave functions. For example, from the
four possible Sh→Se excitonic transitions, two are bright and
two are dark. The dark transitions are forbidden because the
total angular momentum from the electron and hole Bloch
functions parts is 2, and hence cannot be carried out by a
single photon. In contrast, all of the eight Ph→Se transitions
are forbidden because a photon does not couple effectively to
the envelope orbital angular momentum of the exciton. How-
ever, in NSOM, where the electromagnetic field is applied
inhomogeneously only to a part of the dot, the global spatial
symmetry is broken, thus altering the selection rules for the
envelope functions and allowing transitions that are forbid-
den in far-field measurement.11 We show here that the Ph
→Se transitions �which are far-field forbidden� have intensi-
ties in NSOM comparable to the Sh→Se transitions. Further-
more, NSOM provides additional far-field allowed informa-
tion about the Bloch part of the wave functions, which the
far-field spectroscopy is lacking. For example, by comparing
the transition intensities of different polarizations, one could
determine the relative phase between �X� and �Y� components
of the hole wave functions at each point. In contrast, in the
far-field measurements, only the total polarization is mea-
sured and the wave function phase information of the Bloch
part is lost.

Recently, Matsuda et al.10 have measured the near-field
PL image of naturally occurring GaAs QDs formed sponta-
neously in narrow quantum wells. The enhanced NSOM spa-
tial resolution is as high as 30 nm, much smaller than the
measured QD sizes of �200 nm. Unfortunately, the spatial
resolution is limited because of the capping layers and is still
too low for the self-assembled InAs/GaAs quantum dots.12

In this paper, we predict via atomistic pseudopotential
method the near-field PL images of the neutral exciton X0,
the biexciton XX0, and the charged excitons X+ and X− in the
much smaller self-assembled InAs/GaAs quantum dots, in
anticipating future NSOM measurements.

II. METHODS

A. Far-field vs NSOM transition elements

To obtain the NSOM images, one must first calculate the
single-particle wave functions for electrons and holes by
solving the Schrödinger equations,
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function for the mth band. The envelope functions are slow
varying functions, compared to the Bloch functions. We can
therefore separate the Bloch functions and envelope func-
tions by dividing the volume into small regions, e.g., the
eight-atom unit cells. In each unit cell, the envelope func-
tions fm�x� and ��r� can be treated as constants, i.e.,

p�r0� =� dr�v
*�r��c�r�r��r − r0�

� �
ri
� �
m,m�

fm
*�v��ri�fm�

�c��ri�dm,m����ri − r0� , �13�

where ri is the position of ith cell and

dm,m� =
1

V
� dru�,m

* �r�ru�,m��r� �14�

is the dipole matrix element between bulk bands. In a peri-
odic system, it is more convenient to use an alternative for-
mula to calculate the dipole,21

dm,m� =
1

im�m,m�
�u�,m�p̂�u�,m�� . �15�

If we assume high spatial NSOM resolution, i.e., ��ri−r0�
=�ri−r0�, Eq. �13� can be further simplified as

p�r0� � �
m,m�

fm
*�v��r0�fm�

�c��r0�dm,m�. �16�

Combining Eqs. �10� and �16�, we see that the shape of
NSOM transition is the sum of the �multiband� envelope
functions of the exciton weighted by the �single-particle� di-
pole matrix elements, i.e.,

M�	��r0� = �
v=1

Nv

�
c=1

Nc

Cv,c
�	�� �

m,m�

fm
*�v��r0�fm�

�c��r0�dm,m�� .
�17�

Previously, the NSOM images have been calculated via
single-band EMA.11,22,23 In this approximation, the dipole
moment d



whereas the two high energy states B1 and B2 are allowed by
the Bloch part. In the far-field measurement, the P








