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A microscopic theory for the optical absorption and gain spectra of InN quantum-dot systems is used
to study the combined influence of material properties and interaction-induced effects. Atomistic
tight-binding calculations for the single-particle properties of the self-assembled quantum-dot and
wetting-layer system are used in conjunction with a many-body description of Coulomb interaction
and carrier phonon interaction. We analyze the carrier-density and temperature dependence of strong
excitation-induced energy shifts of the dipole-allowed quantum-dot transitions. © 2009 American
Institute of Physics. 关DOI: 10.1063/1.3213543兴
Semiconductor quantum dots 共QDs兲 with carrier confinement in all spatial dimensions are regarded as promising
candidates for the active material in next generation lightemitting devices. A substantial application potential is
found in laser systems1,2 and for quantum information
technologies.3 Record low threshold current densities, temperature insensitivity, and short pulse capability have been
demonstrated for QD lasers.4–6 For many applications it is
beneficial to couple the QD emission to microcavity modes.
A three-dimensional confinement of the electromagnetic field
can be used to modify the QD emission properties. This has
been utilized in structured vertical cavity surface emitting
lasers,7–9 photonic crystals,10,11 or microdisks.12
When QDs are used as active material in optical microresonators, a large spectral overlap between QD emission
and cavity modes is required. Especially for laser applications, excitation-induced energy shifts of the optical QD
transitions can lower the device efficiency. In this letter, we
combine the task to quantify excitation-induced shifts of QD
emitters with the more general goal to investigate the combined influence of material properties and interaction effects
on optical properties. The predictive power of a microscopic
theory improves strongly when the interaction matrix elements are determined from the atomistic structure of the QD
emitters. We demonstrate the feasibility of this approach for
the InN material system, in which the lattice structure together with the quantum confinement leads to modified optical transitions.
For optoelectronic applications, the group-III nitride material system is of current interest, e.g., due to its wide range
of possible emission frequencies. Nitride-based heterostructures are mostly grown on the c-plane and predominantly
show a wurtzite crystal symmetry. In such devices strong
intrinsic electrostatic fields due to spontaneous polarization
and piezoelectric effects lead to a reduced efficiency of optical interband transitions.13,14 Detailed theoretical studies on
the influence of such material properties on the electronic
structure of QD and quantum-well systems are based on ab
initio, tight-binding 共TB兲, and kជ · pជ calculations.15–17 However, these investigations mostly focus on the single-particle
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properties of nanostructures. From GaAs-based systems it
is known that the optical properties are also strongly influenced by many-body effects. Especially in the high carrierdensity regime, the interaction with carriers in the energetically nearby continuum of wetting-layer 共WL兲 states is
significant.18–20
For the description of the single-particle properties of
our system a TB model is used. Calculations of bound states
are performed for a lens-shaped InN QD grown in the
共0001兲-direction that is located on top of a InN WL and
embedded in a GaN matrix. For the QD-WL structure a diameter of 4.5 nm, a height of 1.6 nm, and a WL thickness of
0.6 nm are considered. The QD structure itself is modeled on
a wurtzite lattice of atomic sites. At each lattice site a
sp3-basis is used and the TB parameters are chosen according to the species of the occupying atom 共In, Ga, and N兲. The
calculations include the intrinsic electrostatic fields due to
spontaneous and strain-induced polarizations. As this work
focuses on excitation induced effects in this system, we neglect additional electrostatic fields, that could stem e.g., from
bias voltages in electrically pumped devices. Details on the
TB model and the resulting QD wave functions are presented
in Refs. 16 and 21.
To characterize the delocalized WL states, a separate TB
calculation is performed for the WL without QDs, yielding
the TB analogs to two-dimensional plane-wave states of a
continuum model. The influence of QDs on delocalized WL
states is then included via the TB analog of the orthogonalized plane waves scheme, applied in Ref. 22. Within this
procedure we are able to account for the random distribution
of the QD ensemble on the WL plane. In the following, we
consider a QD density of 1010 cm−2.
The resulting nonparabolic energy dispersion for WL
carriers is presented in Fig. 1. A specific feature of InN is the
weak spin-orbit coupling.23 This, together with the wurtzite
symmetry of the crystal lattice, leads to a valence-band structure in which the upper two subbands are nearly degenerate,
indicating strong subband mixing.24,25 Consequently, both
subbands of the valence band contribute to the optical properties. For example, the distribution of holes, that strongly
influences excitation-induced effects, differs substantially
from the one-subband case due to the higher density of states
at the band edge. The QD confinement energies are indicated
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FIG. 1. 共Color online兲 Nonparabolic energy dispersion of the InN WL for
the conduction band 共a兲 and the valence band 共b兲 as well as QD energies for
electrons and holes 共red and blue dots, respectively兲 obtained from the atomistic TB calculation.

as dots in Fig. 1. The InN QD under consideration exhibits
deeply confined shells, especially for electrons. The confinement energy for the lowest QD states are ⫺575.4 and
⫺345.3 meV for electrons, and ⫺49.6 and ⫺39.8 meV for
holes, relative to the respective WL bandedges.
The coherent optical response of the QD-WL system can
be calculated from kinetic equations for the interband transition amplitudes ␣␤ = 具v␤† c␣典 with the valence electron creation and conduction electron annihilation operators of the
states ␣ and ␤, respectively. The macroscopic optical polarization follows from
ⴱ
␣␤
P = 兺 d␣␤
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FIG. 2. 共Color online兲 Optical absorption spectra for the InN QD-WL system for a temperature of 300 K and various carrier densities. The spectra are
vertically displaced for better visibility. The vertical lines indicate the positions of the skew free-carrier transitions, illustrated in the inset.
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共1兲

with the dipole coupling d␣␤ and determines the linear optical susceptibility 共兲 = 关P共兲兴 / 关E共兲兴. The kinetic equation
for the interband transition amplitudes has the form
iប

10

p+
e

d
␣␤ = 共˜⑀␣e + ˜⑀␤h 兲␣␤ + 共1 − f ␣e − f ␤h 兲⍀̃␣␤共t兲 + S␣␤共t兲.
dt
共2兲

Coulomb effects can be classified into Hartree, exchange
and correlation contributions. Different electron and hole
populations of the QD states lead to charging effects. The
corresponding electrostatic interaction results in Hartree contributions to energy shifts. These Hartree shifts strongly
dominate in comparison to the exchange and correlation contributions to the energy shifts. Therefore the latter are included in screened exchange–Coulomb hole 共SX-CH兲 approximation, leading to renormalized single-particle energies
˜⑀␣. On the same level, renormalized Rabi energies ⍀̃␣␤ are
determined.26 As an approximation to the excitation-induced
dephasing we include effects due to carrier interaction with

LO-phonons in the polaron picture as described in Ref. 19
via scattering integrals S␣␤共t兲.
The matrix elements for the Coulomb interaction and the
polar coupling of carriers to LO-phonons as well as the selection rules for dipole transitions are evaluated using the
wave functions obtained from the atomistic TB calculation,
see Refs. 16 and 27. In case of QD-QD interband transitions,
we find modified selection rules for the particular QD geometry under consideration. Direct transitions s → s and p → p
contribute only weakly in comparison to the off-diagonal
transitions s → p and p → s, see inset of Fig. 2. These “skew”
transition rules have been confirmed by a group theoretical
analysis and their role in multiexciton spectra of InN QDs
has been demonstrated in Ref. 27.
Absorption spectra obtained from Eqs. 共1兲 and 共2兲 are
shown in Fig. 2 for a successively increasing quasiequilibrium population of electrons and holes. The confinement energies of the QD states in conjunction with the “skew” dipole
selection rules correspond to free-carrier transition energies
of ⫺615.2 and ⫺394.9 meV relative to the WL bandgap EG.
With increasing carrier density, the energies of the QD absorption lines exhibit a strong blue shift accompanied by
bleaching and a transition to optical gain. As can be seen in
Fig. 3, the changes of the QD interband transition energies
follow mainly the Hartree shifts, which are slightly reduced
by the SX terms, while the CH terms do not influence interband transition energies. The Hartree shifts grow with increasing population of the QD states. The population of WL
states with electrons and holes leads as a net result to a
screening of the QD Hartree interaction.28 This reduces the
Hartree shifts for larger carrier densities so that the net Hartree shift starts do decrease for carrier densities exceeding
5 ⫻ 1010 cm−2. The very different confinement potentials for
electrons and holes in the considered example result in a
population situation, where significantly more electrons than
holes are found in the QD states.
In Fig. 4 the peak positions are displayed for two different carrier densities as a function of the temperature. Note
that the plots do not include the temperature dependence of
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body calculations of the optical properties. The charging of
QDs leads to pronounced shifts of the QD resonances in
optical absorption spectra due to the interplay of Hartree and
exchange interaction. Depending on the carrier density, energy shifts exceeding 200 meV are observed.
This work was supported by the Deutsche Forschungsgemeinschaft under Grant No. FOR506 and for CPU time at
the NIC, Forschungszentrum Jülich. S.S. acknowledges support from the Humboldt Stiftung and the IRCSET Embark
Initiative.
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FIG. 3. 共Color online兲 Spectral positions of the QD transitions of Fig. 2
共solid lines兲 as well as modifications of the single-particle transition energies
due to Hartree 共dashed line兲 and screened exchange 共dotted line兲 interaction
as a function of the carrier density.

the bandgap EG to emphasize the energy shifts due to excited
carriers. We can infer a drastic increase of the Hartree contributions for decreasing temperature. This behavior can be
directly traced back to the QD population. The deep QD
confinement potential for the electrons ensures a large quasiequilibrium occupation probability of the QD states already
at elevated temperatures and low carrier densities, which
does not change for decreasing temperature. In contrast, the
shallow hole confinement leads to a strong temperature dependence of the QD population for the hole states. The electrostatic interaction of the increasing hole population with
decreasing temperature is responsible for the larger line
shifts.
In summary, we investigated the excitation induced
shifts of QD transitions in the InN material system. The atomistic TB description of the QD geometry was not only used
to determine confinement levels and dipole transitions.
Moreover, Coulomb and carrier-phonon interaction matrix
elements have been determined from the wave functions of
the combined QD and WL system, and used within many-

FIG. 4. 共Color online兲 Spectral positions of the QD transitions relative to the
WL band edge as a function of temperature for carrier densities of 共a兲 1.2
⫻ 1010 cm−2 and 共b兲 2.0⫻ 1011 cm−2.
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