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Abstract

A theoretical investigation of the optical properties of InxGa1−xN quantum dots in InyGa1−yN layers is presented. We
compute the single-particle energies and wave functions for di�erent dot dimension and indium composition in the alloys,
and use them to predict optical properties. The results allow us to identify signatures of quantum con�nement characterizing
the optical spectra. ? 2000 Elsevier Science B.V. All rights reserved.
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Wide band-gap group-III (Al, Ga, In) nitrides have
attracted a huge research interest in the last decade
because of their appealing optoelectronic properties.
By changing the concentration of the InGaAlN alloys,
it is possible to engineer the electronic band gap within
a large energy range between 1.9 eV (pure InN) and
6.2 eV (pure AlN). This allows light emission from
nitride-based solid-state devices (light-emitting diodes
and laser diodes) in a region of the electromagnetic
spectrum which was not accessible with conventional
III–V compounds (e.g., AlGaInAs, AlGaInP).
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Despite the successful fabrication of blue lasers
based on InGaN=GaN quantum wells [1], the material
properties of group-III nitrides and the physical origin
of light emission are still widely disputed. One of the
most puzzling issues is that these materials are very
e�cient emitters although being far from crystalline
perfection. It has been argued that the carriers in the
active regions of the nitride device heterostructures
are captured in con�ned levels, and this mechanism
inihibits trapping in defect states. The con�nement
could be associated to quantum dots (QDs) embedded
in a thin layer, which are possibly formed following
strain relaxation and uctuations in alloy composition
[2]. Indeed, such dot structures have been observed in
InxGa1−xN alloys of di�erent composition [2,3]. If, on
the other hand, these QDs are of central importance
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for the optical e�ciency of the devices, one expects a
number of clear-cut e�ects due to the strong quantum
con�nement and the resulting discrete energy spectra.
In the past, such e�ects have been studied extensively
in QDs of conventional semiconductor materials (e.g.,
InGaAs) [4] but, unfortunately, an accurate investiga-
tion for nitride alloys is missing. For this reason, in this
paper we present a theoretical study of optical proper-
ties of nitride QDs, and we identify typical signatures
of quantum con�nement in these novel materials.
In our calculations for QDs, the �rst step is the com-

putation of the single-particle properties, that are ob-
tained by solving the 3D Schr�odinger equation within
the envelope-function and e�ective-mass approxima-
tions [5,6]. The single-particle states are then used as
a basis to compute the optical matrix elements within
the usual dipole and rotating-wave approximations,
and the Coulomb matrix elements by neglecting inter-
band Auger-type processes. Our description of the op-
tical properties is based on the semiconductor Bloch
equations (SBEs) [7,8]. Within this framework, the
carrier dynamics is described in terms of distribution
functions and intraband polarizations for electrons and
holes, as well as interband polarizations which account
for the macroscopic phase coherence of electron–hole
pairs introduced by the coherent laser �eld. The op-
tical absorption spectra are obtained from the Fourier
transform of the total interband polarization, which is
computed from the solution of the SBEs [5,13].
We analyze the optical properties of InxGa1−xN

QDs embedded in InyGa1−yN layers for two dif-
ferent representative cases of indium compositions
(x; y) suggested on the basis of experimental analysis:
(x; y) = (1; 0) has been associated with complete In
segregation in the alloy grown for the active regions of
InGaN=GaN quantum wells [2]; (x; y) = (0:42; 0:10)
is a less extreme case reported when In segregation
takes place only after annealing at high temperature
[3]. We use Vegard’s law to compute the e�ective
masses of electrons (me) and holes (mh) from the
values of the pure compounds InN and GaN [9]: We
get (in units of m0) me = 0:127 and mh = 1:457 for
x = 1, and me = 0:139 and mh = 1:299 for x = 0:42;
a weighted average of the in-plane and out-of-plane
(with respect to the (0 0 0 1) wurtzite planes) e�ec-
tive masses has been used, and valence band mixing
has been neglected. A similar linear interpolation
is used to evaluate the dielectric constants: We get

�0 = 14:6 for x = 1, and �0 = 12:1 for x = 0:42 [10].
For the QD con�nement potentials, the valence and
conduction band o�sets (VBOs and CBOs) between
the QD and the wetting layer, as well as the elec-
tric �elds in the materials (due to spontaneous and
piezoelectric polarizations) are computed according
to Refs. [11–13]: For the dots with (x; y) = (1; 0),
we use a cylindrical con�nement potential with
VBO = 0:43 eV and CBO = 1:18 eV, and no electric
�eld (the piezoelectric polarization is neglected be-
cause the island material is relaxed due to the large
lattice mismatch, and the spontaneous polarization in
InN equals that in GaN [14,15]). For the dots with
(x; y) = (0:42; 0:10), we use a cylindrical con�nement
potential with VBO = 0:23 eV and CBO = 0:29 eV,
and an piezoelectric �eld of −0:15 V=nm inside the
dot (see also inset of Fig. 3) [14,15].
Fig. 1 shows the computed electron single-particle

energies for InN dots in a GaN wetting layer as a
function of the dot size. With decreasing dot size the
wave functions are quenched and the energy splitting
between bound states (i.e., states with energies below
the CBO) increases; only a few states remain bound
(note that the accuracy of the envelope-function ap-
proximation becomes questionable for the smallest dot
sizes – say below 15–20 �A, – given in Fig. 1 for com-
pleteness). The panel on the right-hand side shows
the square of the wave functions for a dot geometry
of 2 nm height. Note that in cylindrical coordinates
(r; �; z) the wave function factorizes, and is charac-
terized by the triplet of quantum numbers (nr; m; nz),
with twofold degenerate single-particle energies for
nonzero m. In Fig. 1, the state (a) corresponds to
m= 0, while the states (b; b′) and (c; c′) correspond
to m=±1 and ±2, respectively, and lowest quantum
numbers for nr and nz. The superposition of the de-
generate states m=±1 and m=±2 shown in Fig. 1
has Cartesian symmetry, reecting the periodicity box
used in the calculations [5,6].
Because of their much larger e�ective mass, the en-

ergy splitting of hole states is much smaller than for
electrons. For a given dot geometry the con�nement
potential for electrons and holes is almost identical
and, thus, also the corresponding wave functions. This
similarity of electron and hole wave functions imposes
severe restrictions on the optically allowed dipole tran-
sitions: within the envelope-function approximation,
the optical interband matrix elements are of the form
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Fig. 1. Electron single-particle energies (left panel) for InN dots in a GaN wetting [(x; y) = (1; 0)] as a function of the dot size (the 60
lowest energy levels are shown); a cylindrical con�nement potential is assumed with a height=diameter ratio of 1 : 2:5. The panel on the
right-hand side shows the square of the wave functions; state (f ) is resonant with the continuum while the lower states are bound.

˙
∫
dr ��hh (r)�

�e
e (r) [5,6], with �
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h ) the wave

function for electrons (holes) with quantum number
�. Owing to wave function orthogonality, the optical
transitions are thus allowed only between electron and
hole states of opposite angular-momentum quantum
number m. The optical absorption spectrum is shown
in Fig. 2a: indeed, the energy splitting between di�er-
ent peaks is of the order of the splitting of the corre-
sponding electron single-particle levels in Fig. 1 (the
additional splitting due to hole con�nement is one or-
der of magnitude smaller). For example, the spectrum
of Fig. 2a shows that, in a cylindrical InN=GaN dot
of 2 nm height and 5 nm diameter, the two lowest ab-
sorption peaks are split by ∼300 meV.
Recently, in the optical spectra of single QDs of

conventional semiconductor materials strong nonlin-
earities have been reported: additional emission peaks
appear with increasing photo-excitation intensity at
both higher and lower energies, which then super-
sede the original lines at even higher intensities (see
Ref. [16] and references therein). These e�ects are
due to an enhancement of exciton–exciton interactions
in strongly quantum con�ned systems, and cannot be
described within the usual mean-�eld SBE approach.
Using a recently developed density-matrix approach

Fig. 2. Optical absorption spectra for a dot height of 2 nm (same
QD geometry as in Fig. 1): (a) linear absorption spectrum; solid
(dashed) line: electron–hole interaction included (neglected); (b)
nonlinear absorption spectrum; the dot is initially populated with
one exciton X1 [X2 in Fig. 2c].

at the level of two-particle correlations [16], which
explicitly accounts for exciton–exciton correlations
beyond mean �eld, we compute optical absorption
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Fig. 3. Optical absorption spectra for a strained QD [(x; y) =
(0:42; 0:10)] with 4 nm height as a function of the mean number
of excitons inside the QD, NX. The inset sketches the con�nement
potential along the z-direction (shaded areas: square of the electron
and hole wave functions); the smallest band o�sets are according to
the calculated CBO and VBO. The concentration of photogenerated
electron–hole pairs NX is shown on the left-hand side.

spectra for an InN dot in a GaN wetting layer: Fig. 2b
(Fig. 2c) shows the absorption spectrum for a QD
which is initially populated with an exciton at the spec-
tral position X1 (X2). One clearly observes that also
for these materials with increasing photoexcitation in-
tensity additional peaks appear in the optical spectra.
We �nally turn to the case of strained dots with an

alloy composition of (x; y) = (0:42; 0:10). In small
dots of this kind, the e�ect of piezoelectric polariza-
tion [14,15] is expected to play an important role.
The main e�ect of an internal �eld is that elec-
trons and holes are spatially separated (see inset of
Fig. 3). Thus, the optical matrix elements for the
energetically lowest transitions dramatically decrease
and the selection rules no longer apply. From the
analysis of nitride quantum wells it is known that
the piezoelectric �eld becomes screened in the pres-
ence of photogenerated carriers in the QD. To inquire
into the consequences of such screening for nitride
QDs, we self-consistently compute the Hartree–Fock

groundstate for a given concentration of electron–hole
pairs, and we then obtain the optical absorption spec-
tra through the diagonalization procedure described
in Refs. [5–7]. Fig. 3 shows the optical absorption
spectra of an In0:42Ga0:58N QD of 4 nm height and 10
nm diameter embedded in In0:10Ga0:90N wetting lay-
ers, for di�erent carrier concentrations. State �lling
changes the character of the lowest transition (peak
A) from absorption to gain [5–7]. 1 In the optical
spectra of Fig. 3, the screening of the piezoelectric
�eld has the following consequences: �rst, with in-
creasing NX the overlap of the electron and hole wave
functions increases, which leads, e.g., to an increase
of peak B. Second, the orthogonality relations are par-
tially recovered, which results in the disappearance
of additional peaks (e.g., peak C). The observation
that some of the optical transitions are quenched
when the photoexcitation intensity increases while
others are una�ected (due to screening of the piezo-
electric �elds and recovery of selection rules) can
therefore be taken as a clear signature of quantum
con�nement.
In conclusion, we have investigated optical proper-

ties of nitride-based QDs. We have shown that the op-
tical spectra of these dots exhibit a number of e�ects
that can be relevant to get insight into their con�ne-
ment properties, and that Coulomb e�ects are essential
for their quantitative description. We have shown that
in strained nitride QDs strong additional signatures of
quantum con�nement must arise in the nonlinear op-
tical spectra due to piezoelectric-�eld e�ects.
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