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Abstract
Growth, structural and optical properties of GaN quantum dots are reviewed, with a special
emphasis on plasma-assisted molecular beam epitaxy. The versatility of this technique makes it
particularly adapted to growth of quantum dots, either polar (c-plane) or nonpolar (a-plane and
m-plane). After describing in detail the growth process and analyzing the morphology of the
dots, we review the optical properties of these nanostructures and discuss the properties of
single dots.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

It has now become almost unnecessary to justify the huge
interest in wide bandgap nitride semiconductors, namely InN,
GaN and AlN. As a matter of fact, due to the extended range
of their bandgap energy value (∼0.7 eV for InN, ∼3.5 eV
for GaN, ∼6.2 eV for AlN) these binary semiconductors and
their ternary or quaternary alloys present a widely recognized
potential for light emission/detection in a wavelength range
spanning from infrared (IR) to ultraviolet (UV).

On the other hand, there is no further need to justify
the interest in QDs from both fundamental and applied point
of view. Besides the well known consequences of three-
dimensional (3D) quantization, which provides new degrees
of freedom for the design of advanced devices allowing one
for instance to tailor emission/absorption energy, one practical
aspect of QDs is related to their relative insensitivity to the
structural defects in the surrounding matrix. In other words,
QDs can be considered as perfect objects in a defective matrix.
This remarkable property is of particular interest in the case
of nitride materials. As a matter of fact, the persisting lack
of low-cost homo-substrates and the wide use, by contrast, of
sapphire and SiC, results in material with a high density of
dislocations, typically 107–1010 dislocations cm−2, depending
on growth technique refinements.

In spite of this huge density of defects, the luminous
efficiency of InGaN-based light emitting diodes (LEDs) is
very high, a feature which has been assigned from the very
beginning of nitride investigations to the existence in InGaN
quantum wells (QWs) of localization centers acting as QDs and
making them to a large extent insensitive to the high density of
dislocations found in nitride material [1]. Although the nature
of these localization centers is still an open question [2], their
existence is undoubtedly crucial and has motivated the interest
in intentionally grown GaN and InGaN QDs.

The most thermodynamically-stable crystallographic phase
of nitride materials is the wurtzite one. This structure being
non-centrosymmetric, a spontaneous polarization, oriented
along the polar axis (c-axis), is present [3]. For polar
heterostructures, the sheet charge densities created by the
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polarization discontinuities form a ‘condenser-like’ structure
in which two charged planes face each other giving rise to a
quasi-uniform electric field inside the confined structure. In the
case of a lattice mismatch, a piezoelectric field is additionally
present. As a whole, the combination of spontaneous and
piezoelectric polarization results in a built-in electric field,
in the MV cm−1 range. Consequently, optical properties of
polar heterostructures are usually dominated by the quantum
confined Stark effect resulting from the internal field [3]. The
confined electrons and holes are spatially separated along the
growth axis, leading to a red shift of the luminescence as
well as to a reduced oscillator strength and eventually to a
reduced radiative recombination rate which may turn out to be
detrimental for LED applications [4].

The reduction/suppression of the built-in internal electric
field which governs optical properties of polar heterostructures
is the main motivation for growing and studying nonpolar
heterostructures. In the peculiar case of nonpolar QWs for
which the polarization is perpendicular to growth axis, the
c axis does not cross any polarization discontinuity between
the well and the barrier materials. As a consequence, there
is no internal electric field in such QWs as was demonstrated
in [5–7].

For nonpolar QDs, the situation is more complicated.
Indeed, the c axis does cross GaN/AlN interfaces at two of
the QD lateral facets so that a charge sheet density appears on
these facets, possibly leading to an internal electric field inside
the QD. However, the GaN/AlN spontaneous polarization
difference being opposite to the piezoelectric one, contrary to
the case of polar heterostructures, the internal electric field is
expected to be strongly reduced in nonpolar QDs [8].

Restricted to the case of GaN, it is the aim of this review
to address the issue of the growth of polar and nonpolar
QDs. First, it will be shown that, depending on experimental
parameters, the growth mode of GaN on AlN maybe of Frank–
Van der Merwe or of Stranski–Krastanow type. In other words,
the elastic strain stored when growing GaN on AlN may be
relaxed either plastically by dislocation formation or elastically
through 3D islanding.

Next, the structural properties of GaN QDs, the detailed
knowledge of which is particularly crucial if we aim to
calculate their optical properties, will be reviewed in detail.
Optical properties of GaN QDs will be next presented. It
is worth noting at this stage that due to the large bandgap
discontinuity between AlN (about 6.2 eV) and GaN (about
3.47 eV), GaN QDs are particularly attractive for optical
devices at high temperature. To illustrate the potential of
these nanostructures, it should be recalled that triggered
single-photon emission has been achieved from GaN QDs at
200 K [9], a much higher temperature than that required in
quantum-information-processing schemes based on other III–
V QDs which is easily reachable with thermo-electric cooling.

Last but not least, it will be shown that GaN QDs and
AlN barriers do not exhibit significant interdiffusion, making
GaN QDs a model system for studying growth and capping
mechanisms, without facing the complications encountered
when studying ternary InGaN QDs.

2. Epitaxial growth of nitrides

2.1. Generalities

The totality of commercial nitride-based LEDs is now
produced using metalorganic chemical vapor deposition
(MOCVD) technique. However, most of the results reviewed
in the present paper refer to molecular beam epitaxy (MBE).
The reason for that is familiar to growth physicists: MBE,
being a low pressure technique, allows one to use reflection
high energy electron diffraction (RHEED) in order to control
in situ the growth process at a fraction of the monolayer scale.
Such a tool is, of course, of particular interest for the growth
of QDs and has also been extensively used for studying the
specific GaN growth kinetics, as will be shown in section 2.2.

Although the situation is likely to change in the future
due to the marked technological effort towards bulk GaN or
AlN homo-substrates, sapphire or SiC substrates are the most
commonly used. Until very recently, the lack of bulk nitride
substrates, which has often been invoked as a serious limitation
for the structural quality of the c-plane epilayers, was a
particularly relevant issue for the case of the a-plane ones. To
date, very few publications report the successful growth of bulk
a-plane nitride layers exhibiting reasonably good structural
quality. In a recent paper however, Paskova et al managed to
grow low-defect-density homoepitaxial a-plane GaN on bulk
a-plane GaN substrates, exhibiting a dislocation density in the
105 cm−2 range. These substrates, originating from Kyma
technologies, were obtained by slicing a c-plane HVPE-grown
GaN boule parallel to the (112̄0) plane [10]. Nevertheless,
this type of substrates, although already available to some
extent, are not yet widely used by the GaN community, and
the vast majority of groups are still using pseudosubstrates
i.e. substrates with a nature different from that of the epitaxial
layer, to perform growth.

Two types of pseudosubstrates are currently used for the
heteroepitaxial growth of a-plane GaN or AlN layers: (11̄02)
r -plane sapphire [11–17] and (112̄0) a-plane SiC [18–21].
This type of growth results in a high density of structural
defects such as stacking faults (∼105 cm−1) and dislocations
(∼109 cm−2) [10, 11, 21], an issue that has been partially
solved by lateral epitaxial growth techniques employing SiO2

stripe patterns [22]. To date, a-plane and m-plane GaN QDs
have been achieved only on a-plane and m-plane SiC, this is
why this review will be focused on the work carried out on this
type of substrates.

2.2. GaN growth kinetics

As a matter of fact, nitride growth mechanisms are
strongly dependent on experimental conditions, namely growth
temperature and metal/nitrogen ratio value, leading to rough
or smooth material surface, depending on adatom surface
diffusion. As concerns the widely studied case of the c-
plane, two different GaN growth regimes in MBE have been
identified: the N-rich regime (with an excess of N with respect
to Ga) and the Ga-rich regime (with an excess of Ga with
respect to N) [23]. In the latter, an auto-surfactant effect of Ga
(a segregation of Ga on the growing GaN surface leading to the
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formation of a 2 monolayer (ML) thick Ga layer) has been put
in evidence [24], and a coverage diagram, describing the Ga
surface coverage during growth as a function of Ga flux and
growth temperature, has been established [25] and is shown in
figure 1(a).

Importantly, it has to be emphasized that the nature of
the active N itself, i.e. ammonia or N plasma, drastically
influences growth kinetics. Actually, the above considerations
on the growth diagram, as well as most experimental results
reported in this review, refer to plasma-assisted molecular
beam epitaxy (PAMBE), active N being obtained by radio-
frequency cracking of N2 in a plasma cell.

It should be noted that the situation is different when active
nitrogen results from cracking of ammonia. To our knowledge,
no systematic study of Ga coverage has been performed in
such a case but it is expected that adatom kinetics would be
drastically influenced by residual H resulting from ammonia
decomposition.

As concerns the a-plane, it has been found that growth also
strongly depends on Ga/N flux ratio value. A growth diagram
has been established and is shown in figure 1(b). Contrary to
the case of c-plane GaN, no self-regulated Ga coverage has
been found in this case but three regimes can be identified,
namely a N-rich one, a regime characterized by a dynamical
Ga coverage between 0 and 1 ML and, finally, a regime
corresponding to Ga droplet accumulation. More precisely, it
has been found that GaN growth in Ga-rich conditions results
in a rough surface whereas growth in N-rich conditions leads
to a smooth surface [26]. It is worth emphasizing that this
situation is opposite to what is observed for polar nitrides.
It suggests that surface diffusion barriers are lower in N-rich
conditions than in Ga-rich conditions for (112̄0) GaN, which
again is the opposite of what is theoretically predicted [27]
and experimentally observed [28] in the case of (0001) GaN
growth.

As will be developed later, these kinetic considerations
play a major role in the case of heterostructure growth, which
may be of the Stranski–Krastanow (SK) or Frank–Van der
Merwe (F-VdM) type, allowing one to grow either GaN QDs
or quantum wells (QWs) depending on the value of the Ga/N
ratio [29, 30].

When using the SK growth mode, self-organized GaN
QDs have been obtained by taking advantage of the
compressive strain experienced by GaN deposited on AlN or
AlGaN, which is elastically relaxed through 3D islanding. As
will be shown further in this review, the compressive strain by
itself is insufficient and has to be combined with proper kinetic
conditions. In other words, GaN QDs growth by PAMBE
is performed in conditions leading to rough homoepitaxially
grown material, as described in section 2.1, i.e. N-rich in the
case of c-plane GaN QDs and Ga-rich in the case of a-plane
and m-plane GaN QDs. Typical conditions leading, for Ts in
the range from 740 to 750 ◦C, to growth of QDs or QWs for
the heteroepitaxy of GaN on AlN are shown in figure 1.

3. Growth of GaN QDs

Gallium nitride self-assembled quantum dots were grown for
the first time by Tanaka and co-workers [31, 32] via low

Figure 1. Ga flux dependence of the growth diagram for
homoepitaxy of GaN, as a function of substrate temperature. (a) For
[0001] GaN. The N flux is 0.35 ML s−1. Four regions are identified:
A: nitrogen-rich regime; B: dynamically-stable Ga coverage between
0 and 1 ML; C: self-regulated Ga bilayer regime; Ga accumulation
regime (b) for [112̄0] GaN. The N flux is 0.28 ML s−1. three regions
are identified: A′: nitrogen-rich regime; B′: dynamically-stable Ga
coverage between 0 and 1 ML; Ga accumulation regime. The frontier
line between A′ and B′ corresponds to the GaN growth rate at about
730 ◦C Typical conditions for growing QDs or QWs at Ts = 745 ◦C
in the case of heteroepitaxy of GaN on AlN are indicated.

pressure metalorganic chemical vapor deposition (MOCVD).
Si atoms were spread over the AlGaN surface leading to a
SiNx nanomasking of the surface and to formation of GaN
QDs, approximately 20 nm in lateral size and 5 nm in height.
The growth mode was likely of the Volmer–Weber type, with
the absence of a wetting layer. A modification of Tanaka’s
antisurfactant method [31] has been recently proposed by
Pakula et al [33, 34], consisting of producing a roughness in the
AlGaN surface by means of a continuous flow of silane at very
high temperatures, which led to a reduced dot density. Also
using the MOCVD technique, Miyamura et al [35] obtained
GaN/AlN QDs in the Stranski–Krastanow (SK) mode. An AlN
layer of approx 100 nm was grown on a (0001)-oriented 6H-
SiC substrate at elevated temperatures. The temperature was
slightly reduced to grow GaN QDs. The diameter and height
of the QDs are of the order of 20 and 2 nm, respectively, and
the density could be varied between 109 and 1010 cm−2. The
size of the QDs was controlled to some extent by changing the
growth temperature and V/III ratio during growth.
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As concerns the MBE technique, it was demonstrated
in 1997 by Daudin and co-workers that GaN dots can also
be grown by PAMBE in the SK mode, starting from an
AlN buffer layer [36]. Beyond a critical thickness of about
2.5 MLs, the initial bidimensional (2D) growth of GaN on
AlN buffer layer on sapphire was followed by 3D islanding.
After the formation of the dots, their capping by AlN led to
recovery of a smooth AlN surface, allowing one to repeat
the operation. Several stacks of quantum dots were actually
grown with an AlN spacer of a few nanometers [37]. It
was shown that below a given spacer thickness there is a
vertical correlation mechanism [38], which will be described
extensively in section 4. Along the views developed in
section 2.2, it was further shown that GaN growth in Ga-
rich conditions was of the F-VdM type, with elastic strain
relaxation eventually occurring through dislocation formation
rather than by 3D islanding. However, growth interruption
followed by evaporation of Ga film in excess led to an
instability of the 2D layer and to a spontaneous rearrangement
of GaN into QDs. A better control of the dot density
was achieved by using this so-called modified-SK growth
mode [30].

Using ammonia-MBE, GaN/AlN QDs have also been
fabricated on a Si(111) substrate [39]. A fully relaxed
AlN layer was first grown. Interestingly, growth without
interruption was found to lead to GaN plastic strain relaxation,
starting at a thickness of approximately 3 nm, without 3D
islanding. Introducing a growth interruption, an elastic strain
relaxation was observed, resulting from the formation of 3D
islands. The interruption had to be performed for a GaN
thickness greater than 3 ML, which may be interpreted as a
critical thickness for SK mode. The dot density is around
3 × 1011 cm−2 and the lateral and vertical size around 5 and
20 nm, respectively, similar to what is obtained in the case of
PAMBE.

To conclude this section, it has to be stressed that GaN
growth in ammonia-MBE is phenomenologically similar to
GaN growth in PAMBE, when a Ga self-regulated bilayer is
present. In both cases, growth occurs according to the F-
VdM mode and growth interruption is necessary to induce 3D
island formation, as an illustration that Ga bilayer on one hand,
and H or N–H radicals adsorbed on the GaN surface on the
other hand, can change the surface energy, eventually making
free-surface formation energetically unfavorable with respect
to dislocation formation.

3.1. Structural properties of GaN QDs

3.1.1. c-plane GaN QDs. Figure 2 shows a high resolution
transmission electron microscopy (HRTEM) image of c-plane
GaN QDs embedded in AlN. Based on a combination of
HRTEM, AFM and reflection high energy electron diffraction
(RHEED), the 3D shape of such QDs, namely an hexagonal
truncated pyramid, has been determined and is shown as an
inset in figure 2 [37]. At this stage, it is worth stressing
that the wurtzite symmetry of nitrides is non-centrosymmetric.
As a consequence the atomic stacking is not symmetric
along some crystallographic directions, for instance along

Figure 2. HRTEM image of GaN QDs embedded in AlN (JEOL
400 kV, courtesy of Dr J L Rouvière).

[0001], resulting in a charge separation which may lead
to the existence of an electric field. This is particularly
important for III-nitride semiconductors where the internal
electric field is large [40] and where epitaxial layers are
generally grown along the polar direction [0001]. Different
tools have been used to determine the polarity of layers and
surfaces, i.e. to discriminate between +c and −c. Surface
termination-sensitive chemical etching [41], high energy ion
channeling [42], hemispherically scanned x-ray photoelectron
diffraction [41] and convergent beam electron diffraction [43]
(CBED) have been used. Recently, using HRTEM in the Z -
contrast imaging mode with a probe-Cs-corrector, the local
lattice polarity in AlN has been determined directly without
any image simulation, by contrast to what is necessary when
using CBED technique [44].

Using Z -contrast imaging, it is possible, as illustrated in
figure 3, to establish that the polarity of [0001] GaN QDs is
the same as that of surrounding AlN matrix., i.e +c in the case
under consideration [45].

However, it should be mentioned that −c polarity GaN
QDs have been grown on −c polarity AlN deposited on C-
terminated SiC [46]. The formation phenomenology of −c
polarity GaN QDs according to the SK growth mode as well
as their structural and optical properties have been found to be
similar to those of their +c polarity counterpart.

3.1.2. a-plane GaN QDs. Growth of a-plane GaN QDs
has been performed, using the growth conditions mentioned
in section 2.2. As illustrated in figure 4, an alignment of
the dots in rows along [11̄00] is observed, which has been
assigned to the anisotropic morphology of the a-plane AlN
buffer layer [20].

Morphology of a-plane GaN QDs in (112̄0) plane is
markedly anisotropic [47]. Figure 5 shows HRTEM images
of a stacking of a-plane GaN QDs. Viewed along the [0001]
zone axis, they appear symmetric (see figure 4(a)) whereas a
view along [11̄00] reveals a shape asymmetry which has been
correlated to the polarity of the c-axis. As shown in figure 5,
the low angle facet of dots corresponds to the +c direction.

3.1.3. m-plane GaN QDs. m-plane GaN QDs have been
grown in a Ga-rich regime on an m-plane AlN buffer layer
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Figure 3. Polarity determination of c-plane GaN QDs embedded in c-plane AlN. (a) High resolution Z -contrast scanning transmission
electron microscopy image. Inset: enlargement allowing one to identify Z -contrasted atomic columns. (b) Intensity profile along the white
line in the inset and its assignment to asymmetrically stacked atomic columns along the c-direction.

Figure 4. (1 × 1) μm2 AFM micrographs of a-plane GaN QDs at
the surface of a-plane AlN grown on a-plane SiC.

grown on an m-plane SiC. It has been seen that, depending
on the strain state of the AlN buffer layer, GaN could relax its
elastic energy by forming either QDs or QWires [48, 49]. This
is illustrated in figure 6. It was found that a relaxed AlN buffer
on SiC led to the formation of QDs whereas an unrelaxed AlN
buffer layer exhibited an anisotropic strain state leading to the
formation of QWires.

However, it was further established that even in the
case of a relaxed AlN buffer favorable to the formation
of QDs, increasing the amount of GaN deposited led to a
shape transition from QDs to QWires. Such a behavior,
restricted for GaN nanostructures to the case of m-plane
orientation, has been observed in other material families and is
consistent with theoretical predictions by Tersoff and Tromp,
who have established that a transition shape from dot to wire
may be observed as a function of the amount of material
deposited [50]. In the present case, such a morphology
transition is made possible by easy adatom diffusion along
[112̄0] in the (11̄00) plane [51].

HRTEM analysis of m-plane GaN QDs and QWires has
been performed [48]. As shown in figure 7, both nanostructures
present a similar aspect when viewed along the [112̄0] zone
axis. As illustrated in figure 8, their asymmetric shape has been
correlated to the polar orientation of the c-axis, the low angle
facet corresponding to the +c direction and the high angle facet
to the −c direction [45]. Then the shape asymmetry has been
assigned to faster growth along the +c direction than along −c.

The strain state of nanostructures similar to those shown
in figures 6 and 7 has been studied by a combination of grazing
incidence x-ray diffraction, diffraction absorption fine structure
(DAFS) and HRTEM [49]. It has been found that [11̄00] GaN
QDs and QWires exhibit an asymmetric strain state, being
markedly more relaxed along the c-axis than along [112̄0].
The large density of stacking faults in the c-plane has been
identified as providing an efficient mechanism for easy elastic
strain relaxation along the c-direction through the formation of
partial dislocation terminating stacking faults at the AlN/GaN
interface. Figure 9 is a HRTEM image of m-plane GaN QDs
viewed along the [112̄0] zone axis, with the presence of misfit
dislocations at GaN/AlN interface.

4. Capping and vertical correlation of GaN QDs

4.1. Capping phenomenology

It has been found that capping of [0001] GaN QDs by AlN
is associated to a homogeneous decrease in size of about one
monolayer (see figure 10), on both the upper (0001) and the
inclined (11̄03) facets. Interestingly, this size reduction is
not due to dot-barrier interdiffusion but most likely results
from vertical exchange between Ga and Al, due to the higher
stability of AlN at temperatures used for QD growth [52].

Next, following an initial wetting of dots with AlN up
to 4 ML, further AlN growth proceeds in between dots up to
14 MLs which corresponds to AlN smoothing, according to
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Figure 5. HRTEM images of a-plane GaN QDs viewed: (a) along the [0001] zone axis and (b) along the [11̄00] zone axis. The asymmetry of
the dots is correlated to a c-direction polarity, as indicated (reproduced from [47], copyright 2007 American Institute of Physics).

Figure 6. (a) GaN m-plane QDs and (b) QWires (after [49]).

Figure 7. GaN m-plane nanostructures viewed along the [112̄0] zone axis: (a) QWires (b) QDs. The wetting layer, 2MLs thick is visible.
Note the direction of the polar c-axis (reproduced from [48], copyright 2007 American Institute of Physics).

the schematic picture shown in figure 11 [53]. No change in
dot shape and no noticeable interdiffusion are associated with
capping.

As a consequence of capping, the strain state of
GaN QDs changes as a function of AlN thickness. This

evolution has been studied by a combination of x-
ray techniques (multiwavelength anomalous diffraction and
diffraction anomalous fine structure) using grazing incidence
geometry and Raman spectroscopy. Actually, it is possible
to probe selectively the phonon modes of QDs of various
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Figure 8. Determination of the c-axis polarity for m-plane GaN QDs embedded in an m-plane AlN. (a) High resolution Z -contrast scanning
transmission electron microscopy image. Inset: enlargement allowing one to identify Z -contrasted atomic columns. (b) Intensity profile along
the dotted line in the inset and its assignment to asymmetrically stacked atomic columns along the c-direction.

Figure 9. HRTEM image of m-plane GaN QDs viewed along the
[112̄0] zone axis, with the presence of misfit partial dislocations at
the GaN/AlN interface, associated to stacking faults (after [49]).

sizes in single layers of GaN QDs by means of Raman
scattering at various excitation energies in the UV [54]. By
taking advantage of the resonance enhancement of the Raman
signal, Cros et al [55, 56] have quantitatively studied the
variation of εxx and εzz strain components in only one layer
of GaN/AlN quantum dots as a function of AlN coverage.
The QDs studied in this work were grown on 6H-SiC. The
thickness of the AlN capping layer was varied from sample
to sample, ranging from 0 to 14 ML. The resonance energy of
the QDs was investigated by excitation with various UV laser
lines. The comparison of the lattice parameters obtained by
x-rays (triangles) and resonant Raman scattering (dots) as a
function of coverage is shown in figure 12 [55]. It can be
seen from the figure that the in-plane compression and axial
expansion increase monotonically with capping thickness. It
was found that the values of the in-plane lattice parameter

Figure 10. HRTEM image of [0001] GaN QDs on the surface and
embedded in AlN. The embedded dot has lost about 1 ML following
its capping by AlN (reproduced from [52], copyright 2004 American
Institute of Physics).

obtained by both methods compares very well over the whole
range of AlN capping investigated, in spite of the use of the
biaxial approximation for the interpretation of the Raman data.
Regarding the c parameter, the agreement was found to be good
for small coverage (less than 4 ML). For thicker coverage the
interpretation of the Raman results by means of the biaxial
approximation underestimates the value of c by 0.4 %.

4.2. Vertical correlation of stacked QDs

The elastic interaction between GaN QDs and AlN barriers
has been studied by electron microscopy [57, 58], x-rays
diffraction [59, 60], Raman spectroscopy [61, 62] and
theoretically [4, 62, 63].

As shown in figure 13, the elastic interaction between dots
and barrier strongly depends on AlN spacer thickness, d , as
shown by the corresponding Raman shift of AlN and GaN
peaks: as seen by comparison to the position of the two arrows
indicating the position of relaxed GaN and AlN in the bottom

7
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Figure 11. Schematic view of c-plane GaN dot capping by AlN.
(a)–(c). Wetting of GaN by AlN up to 4 MLs coverage. (d)–(e)
further growth of AlN in between dots until smoothing (reproduced
from [53], copyright 2006 the American Physical Society).

Figure 12. Comparison of a and c lattice parameters of GaN QDs
obtained by x-ray measurements (triangles) and micro-Raman
scattering (dots). The dashed lines are guides to the eyes (reproduced
from [55], copyright 2008 Wiley).

part of the figure, it is concluded that the thinner the barrier,
the more relaxed the dots and the more strained the barrier
whereas, conversely, the thicker the barrier, the more strained
the dots and the more relaxed the barrier.

An advantage has been taken of these features to study the
vertical correlation of stacked GaN QD planes, as illustrated in
figure 14 in the case of c-plane GaN dots grown by PAMBE.

It has been found that vertical correlation results in an
increase of the lateral size of the dots with increased number
of layers and a decreasing of the density with the number of

Figure 13. Raman shift of E2h GaN and AlN modes as a function of
AlN spacer thickness, d . Note the arrow in lower left (respectively
lower right) showing the position of relaxed GaN (respectively AlN)
(reproduced from [61], copyright 2006 Wiley).

Figure 14. High resolution Z -contrast scanning transmission
electron microscopy image of stacked c-plane GaN QDs (courtesy of
Dr J L Rouvière).

periods [64]. A vertical correlation has also been observed in
the case of dots grown by MOCVD [65]. As expected, the
vertical correlation depends on the thickness of the AlN spacer.
As a matter of fact, correlation effects were found for an AlN
spacer thickness as large as 8 nm [64], no correlation was found
for an AlN spacer thickness of 20 nm [36]. In the case of
(MOCVD dots) [65], the AlN spacer separating the dot layers
was of 20 nm. The observed vertical correlation, in apparent
contradiction with the results of [64], has been assigned to the
fact that MOCVD dots [65] are three times larger in diameter
as compared to the dots of [64].

It should be mentioned at this stage that the key
phenomena associated with vertical correlation of GaN dots,
i.e. their volume increase and density decrease, are similar
to what has been observed in other semiconductor families,
namely in the case of InAs and SiGe QDs. However, a
remarkable specificity of the GaN/AlN system is the absence
of interdiffusion which makes it a model one to study the
barrier/dot elastic interplay.

8



J. Phys.: Condens. Matter 20 (2008) 473201 Topical Review

1

0.1

0.01

0.0010 50 100 150 200 250 300
Temperature (K)

P
ho

to
lu

m
in

es
ce

nc
e 

In
te

ns
ity

 (
a.

u)

Figure 15. Comparison of PL intensity of p-GaN, GaN quantum
well and a stack of 20 planes of GaN QDs as a function of
temperature (reproduced from [68], copyright 1999 Elsevier).

5. Optical properties

5.1. Emission of an ensemble of GaN QDs

5.1.1. c-plane QDs. As recalled above, optical properties of
polar heterostructures are usually dominated by the quantum
confined Stark effect resulting from the internal field [3]. As
a consequence of spatial separation of confined electrons and
holes along the growth axis, the photoluminescence spectrum
of GaN QDs is observed to be red-shifted below the bulk
GaN bandgap energy for a dot height larger than about
2.5 nm [66]. As a further consequence, the reduction in spatial
overlap of the electron and hole wavefunctions induced by the
internal electric field has a dramatic effect on the radiative
recombination rate [66, 67]. For three-dimensionally confined
wavefunctions with negligible excitonic effect the radiative
decay rate is proportional to the electron–hole wavefunction
overlap. This leads to very long decay times ranging from 5 ns
to 200 μs for polar GaN/AlN QDs with sizes ranging from
1.5 to 3.5 nm [67]. From these experimental results, it was
deduced that the electric field can be as high as 9 MV cm−1 for
the GaN/AlN system.

In the same way as in other self-assembled systems, GaN
QDs also present a large inhomogeneity in QD sizes resulting
in large inhomogeneous broadening. However, in GaN QDs
embedded in AlN, it has been established that the effect of dot
height distribution is amplified by the presence of an internal
electric field, leading to photoluminescence (PL) peaks which
are several hundreds of meV wide [37]. Nevertheless, the
integrated intensity of the GaN QD PL is found to be constant
from 4 K up to room temperature, as can be seen in figure 15,
as carrier migration to nonradiative centers is hindered by
strong confinement. By contrast, a marked quenching in
the PL intensity of GaN bulk and quantum well systems is
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Figure 16. Energy shift of QD emission with respect to the GaN
bandgap energy as a function of the QD height. ZB QD refers to
cubic phase [001] GaN QDs, with no electric field. WZ QD refers to
the wurtzite phase c-plane GaN QDs. For a height of about 2.5 nm,
emission is observed at the GaN gap (reproduced from [70],
copyright 2003 the American Physical Society).

observed for increasing temperature, due to the high density of
threading dislocations and other defects that act as nonradiative
traps [68].

The strength of the built-in electric field in self-
assembled GaN/AlN QDs has been estimated/calculated both
experimentally and theoretically [67, 69–73]. The values
exhibit a considerable dispersion, ranging from 3.8 to
9 MeV cm−1. One possible reason for this dispersion can
be attributed to the uncertainty in dot height determination by
atomic force microscopy. In addition residual doping partially
screening the electric field may be invoked. Furthermore,
there is an ongoing controversy about the magnitude of
the difference in the spontaneous polarization between AlN
and GaN that may seriously affect the value of the internal
fields [74, 75].

The variation of PL emission as a function of QD height
is shown in figure 16. Remarkably, dots in the 4–5 nm
height range exhibit a luminescence more than 1 eV below
GaN gap [70], as a consequence of the quantum confined
Stark effect (QCSE) induced by the internal electric field. It
has been eventually shown that by tuning the height of GaN
QDs embedded in AlN, PL can be varied between blue and
orange [76].

Another case of the QCSE is observed when studying the
dependence of the emission upon excitation power [69, 77, 78].
In this case an increasing blue shift of the emission energy
is observed as a function of increasing excitation density,
resulting from the partial screening of the internal electric
field by the field induced by the photogenerated electron–hole
dipoles.

In the case of a pulsed excitation, a strongly blue-
shifted emission with respect to the low power continuous
excitation regime is observed, followed by a progressive shift
of the PL peak to the red as a function of the delay with
respect to the pulse (see figure 17) [79]. This effect has
been assigned to progressive recombination of photogenerated
carriers associated to a recovery of the internal electric field.

9
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Figure 17. PL shift as a function of time delay after the excitation
pulse. Reprinted with permission from [79]. Copyright 2003 by the
American Physical Society.

It has been calculated that the blue shift of the emission
energy with increasing electron–hole pair density should be
linear [72]. It should be noted that cathodoluminescence
experiments performed on GaN QDs have exhibited a blue shift
of the luminescence peak with respect to photoluminescence.
This has been assigned to the somewhat higher excitation
density obtained in this technique, resulting in a larger
screening of the electric field which may lead to a
blue shift appreciably higher than in photoluminescence
experiments [80, 81].

The spatial separation of electrons and holes inside GaN
QDs reduces the overlap between the electron and hole
wavefunctions and the magnitude of the exciton oscillator
strength [73]. Hence, the presence of strong built-in electric
fields should slow down the exciton radiative recombination.
Consistent with this statement, time-resolved PL experiments
have revealed that the decay time of the emission, τD, can be as
long as tens of microseconds and presents a strong dependence
on the QD height [67, 70, 79, 82], as shown in figure 18.
Such a variation of τD is characteristic of the QCSE, with
lower emission energies correspond to higher QDs where the
separation of electrons and holes is more pronounced and τD

is longer, whereas for smaller dots the emission energy is
higher, with a higher overlap between the electron and hole
wavefunctions leading to shorter τD. A simple theoretical
model, based on the effective mass and envelope function
approximations, that assumes a constant effective electric field
inside the QD was used to analyze the results and is shown as
solid lines in figure 18 [67].

To conclude this section, it should be mentioned at
this stage that the functioning of GaN QDs by doping
with rare earth ions has been examined, in view of visible
light emission applications. The idea of combining the RE
luminescence with a semiconductor host arose from using Er
and Yb (infrared) in GaAs, GaP, Si and SiC. In particular
Er doped Si structures have been well investigated since the
research was driven by the appeal of integration with Si
microelectronics. For intense and thermally-stable visible light
emission from electroluminescence devices, wide bandgap

Figure 18. PL decay time as a function of the energy of the PL
maximum /QD height for different GaN/AlN QDs. Inset: schematic
representation of band diagram and electron and hole wavefunction
overlap depending on the height of the dots. The upper right
(respectively lower left) case corresponds to small (respectively big)
dots. Reprinted with permission from [67]. Copyright 2006 by the
American Physical Society.

semiconductors are required since efficient energy transfers
can only occur if the bandgap of the host is wider than the
energy difference between RE3+ ground states and excited
state. The choice of GaN as a semiconductor host is
particularly appropriate because of its direct bandgap, required
for a good semiconductor host-RE3+ ion energy transfer
probability and because it is a III–V semiconductor so that
RE ions occupy metal sites with 3+ charge. Actually, it has
been shown that the carrier confinement properties of GaN
QDs could be successfully associated to the RE3+ visible
light emission properties, i.e. red (Eu), blue (Tm) or green
(Tb). Consistently, almost no quenching of luminescence was
observed up to room temperature, as an evidence of an efficient
energy transfer to RE3+ ions [83–86].

5.1.2. a-plane and m-plane QDs. The recent interest in
nonpolar QDs, namely a-plane [47] and m-plane [48] is
motivated by the expectation of a reduced internal electric field
and an increased radiative recombination efficiency. However,
the overall optical properties of nonpolar QDs are not obvious
to forecast. Indeed, in that case, the polar axis (c axis) is
in the plane of the layers. In the case of nonpolar quantum
wells, the situation is quite simple: the polar axis is parallel
to the GaN/AlN interfaces. There is thus no discontinuity
of the polarization perpendicular to the interfaces so that
there is no internal electric field. In spite of exhibiting a
wurtzite structure, a nonpolar quantum well thus behaves like
a ‘standard’ quantum well for which only confinement effects
are present. As concerns a-plane quantum wells, this was
confirmed experimentally in several publications [87, 88].

The situation is indeed more complicated in the case
of nonpolar QDs as the polarization vector does have a
component along the normal to the quantum dot lateral facets.
Therefore a sheet charge density due to this polarization charge
density appears on the QDs lateral facets. This charge density
is thus likely to generate an internal electric field that will
induce a quantum confined Stark effect. The geometry of the
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Figure 19. Photoluminescence spectrum at 5 K for various excitation
power densities (at λ = 244 nm). The luminescence is above the
GaN bandgap, and no screening effect is observed in this excitation
power range (reproduced from [90], copyright 2005 American
Institute of Physics).

situation is however very different from the situation of polar
QDs and QWs.

For polar heterostructures, the sheet charge densities
created by the polarization discontinuities form a ‘condenser-
like’ structure in which two charged planes face each other
giving rise to a quasi-uniform electric field inside the confined
structure (even for quantum dots). For nonpolar quantum dots,
the geometry is quite different because only the two side facets
of the QDs that are crossed by the c-axis carry a charge [89].
This is thus a three-dimensional electrostatic problem, and the
precise determination of the internal electric field requires a
knowledge of the dot geometry, the strain distribution and the
residual doping of the samples. Concerning this last issue, it
can be shown that each lateral facet of a nonpolar dot carries
the equivalent of between one and two elementary charges, so
that the presence of a few electrons in each dot can drastically
screen the internal electric field.

A photoluminescence experiment on an ensemble of a-
plane GaN QDs, as a function of excitation power density is
shown in figure 19. Clearly, the photoluminescence occurs
above the GaN bandgap, so that the confinement effects
dominate over the quantum confined Stark effect [90]. This
is markedly different from the case of polar quantum dots of
similar sizes described in section 5.1.1, for which the quantum
confined Stark effect leads to a spectacular red shift of the
luminescence of the QDs. Moreover, there is no indication
of screening over the range of excitation densities that was
probed. Again this is unlike polar GaN QDs for which the
screening of the internal field by the photogenerated carriers is
observable over a wide excitation density range, as evoked in
section 5.1.1.

Figure 20. Time-resolved photoluminescence at various emission
wavelengths. The decay curves are independent of emission
wavelength (reproduced from [91], copyright 2007 American
Physical Society).

As previously shown, the radiative lifetime of the confined
excitons is very sensitive to the spatial separation of electrons
and holes induced by the QCSE. This is especially true for
nonpolar structures as the two charged planes are spatially
well separated (by one QD diameter): in that case even a
small internal electric field will separate the electron and
hole wavefunctions and thus drastically reduce the transition
oscillator strength, while the energy of the transition would be
little affected.

Experiments of time-resolved PL are shown in figure 20.
The first striking feature is the fact that the photoluminescence
decay curves are independent of the emission energy [91].
This means that the oscillator strength does not depend on the
QD size. This differs appreciably from the behavior of polar
QDs, for which the oscillator strength decreases exponentially
with QD size [66, 67]. The second striking feature in the
photoluminescence decay curves is that the decay is very fast
as compared to the decay of polar GaN QDs (see section 5.1.1).
Although the decay is not monoexponential, an average decay
time of around 280 ps can be extracted. This is to be compared
with lifetimes ranging between a few ns and several 100s μs
for polar QDs [66, 67].

These experiments, in particular the fact that the radiative
decay curves do not depend at all on QD size, are experimental
evidence that no effect of an internal electric field on the optical
properties of an ensemble of nonpolar QDs can be supported.
This conclusion also holds for m-plane GaN QDs which have
been recently grown [48]. Also for these dots, PL has been
observed above the energy of GaN bandgap and the PL decay
time was found to be in the range of 250 ps, as a clue that QCSE
does not affect the optical properties of these nanostructures.

5.2. Emission of polar single QDs

The large inhomogeneous broadening of the spectral lines
in the case of an assembly of QDs makes impossible the
detailed study of the exciton fine structure, the homogeneous
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broadening of the emission lines and other fundamental
properties of the emission process. Such information is
accessible by performing single dot spectroscopy, a task
particularly delicate in the case of GaN QDs due to the high
dot density generally obtained, related to the high density of
defect-related nucleation centers [92] (see section 3).

MicroPL experiments have been reported on single GaN
QDs grown by MOCVD [93] as well as cathodoluminescence
of uncapped GaN dots grown on AlGaN [94]. In both cases, the
density of dots was small enough to make experiments possible
without using specific isolation techniques. Alternatively,
microPL was achieved on processed samples obtained by
etching submicron mesa patterns [94] or opening submicron
holes in an opaque metallic mask [95] on a sample containing
a low density of QDs (<1010 cm−2).

For low excitation powers, authors of [93] have observed a
single emission peak which has been attributed to the confined
exciton. With increasing power, a second peak, attributed to the
biexciton, appears on the high energy side. The identification
of both peaks was supported by the fact that the intensity varied
linearly and quadratically, respectively, with excitation power.
According to this assignment, the biexciton binding energy was
found to be negative and of the order of 30 meV. This feature,
namely negative binding energies observed in GaN QDs, is a
consequence of the spatial separation of electrons and holes
which simultaneously leads to a reduction of the electron–hole
binding energy and to an increase of the electron–electron and
hole–hole binding energies [96].

Remarkably, it was recently shown that binding energy
could actually be tuned from negative, for high dots, to
positive, for smaller ones, directly related to the dominant
effect of QCSE for large dots [97]. This effect is specific to
nitrides. In addition, in the case of small dots where the effect
of QCSE can be neglected, a decrease of the exciton binding
energy was found for increasing lateral confinement, an effect
usually observed in InAs/GaAs QDs [98].

Although the line width of the exciton peak can
be as small as 700 μeV [97], this is still considerably
wider that usually observed in InAs QDs. Such a large
inhomogeneous broadening has been assigned to spectral
diffusion, i.e. fluctuations in the exciton energy produced by
the variations in the strength of the internal field caused by
charge fluctuations in the vicinity of the QDs [99, 100]. This
effect has been experimentally quantified by measuring the
time evolution of the continuous wave microPL spectrum of
single GaN QDs over a long timescale [95], allowing one to
identify two types of spectral diffusion: a discrete one where
the emission peak jumps abruptly in an energy range of the
order of 10 meV, and a continuous shift of the transitions
producing an inhomogeneous broadening of the spectral lines.
Both effects were assigned to charges trapped in the vicinity of
dots, either close, allowing one to observe a discrete energy
jump, or at a longer distance, giving rise to a continuous
shift [95].

5.3. Emission of nonpolar single QDs

The microPL of single a-plane GaN QDs has been performed
on small mesas allowing one to isolate a few tens of dots [91].

Figure 21. Energy position and full width at half maximum of a
single dot emission. Each spectrum is integrated over one second
(reproduced from [91], copyright 2007 the American Physical
Society).

Single lines were better isolated on the high energy side of
the QD distribution due to the lower spectral density of QD
emission. It was checked that their intensity varied linearly
with excitation power at low power, consistent with their
assignment to the recombination of a single electron–hole pair
and not to excited states recombination.

The measured linewidths of single dot lines ranged from
0.5 to 2 meV. Similar to the case of polar QDs examined
in section 5.2, this broadening was attributed to spectral
diffusion [99, 100], i.e. loosely bound charges around a given
dot are trapped and detrapped as a function of time, leading
to a time-dependent potential variation in the quantum dot that
shifts the discrete transitions of the QD.

This phenomenon can actually be observed on the typical
integration time (1 s) used in these experiments, as shown
in figure 21. Both discrete changes in peak position and
in linewidth were observed as a function of time, consistent
with the presence of mobile charges trapped in the vicinity
of dots. It is worth noting that the linewidth is smaller than
for polar QDs, where it can be as wide as 20 meV [93].
It has to be pointed out that spectral diffusion depends to a
large extent on the sample quality and excitation conditions.
However, the relatively small linewidths observed for nonpolar
QDs are consistent with the fact that the internal field—which
enhances spectral diffusion—is much lower in nonpolar QDs.
As a consequence of these relatively narrow linewidths, the
study of single dot PL lines as a function of temperature was
made possible, revealing a temperature-dependent broadening
which is shown in figure 22. This broadening of the line
at high temperature is characteristic of coupling to acoustic
phonons [91].

It has been shown that the lineshape becomes asymmetric
when raising the temperature, which is characteristic of
the appearance of acoustic phonon emission and absorption
events [101–104]. When increasing the temperature, the
acoustic phonon population builds up, thus increasing the
probability of absorbing or emitting acoustic phonons when
an electron–hole pair radiatively recombines. The asymmetry
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Figure 22. Evolution of the emission lineshape of a single QD
(reproduced from [91], copyright 2007 the American Physical
Society).

of the line, more marked on the red side, results from the
fact that emission events are more probable than absorption
events. The experimental observation of this coupling to
acoustic phonons allows one to probe the spatial extent of the
confined wavefunctions [101]. The detailed analysis has been
performed in [91] and led to the conclusion that the full width
at half maximum extent for the center of mass is 2ξ = 4.2 nm.
The key point is that this value is much smaller than the typical
quantum dot diameter, as an indication that a supplemental
localization inside the quantum dots occurs.

Such an hypothesis is further supported by time-resolved
experiments on single PL lines. Contrary to the case of a
collection of dots examined in section 5.1.2, the decay time
of each line was found to be monoexponential. Surprisingly, it
was found in addition that different single dots lines exhibited
different decay times, with no apparent correlation to emission
energy. This feature supports the interpretation that the decay
time is dominated by the localization length inside the QD, and
not by the actual QD size [91].

6. Conclusion

As a conclusion, it appears that GaN presents unique
characteristics, compared to QD-forming materials pertaining
to other semiconductor families. The ability of GaN to form
polar and nonpolar QDs, the presence of a huge electric field in
polar QDs, the lack of interdiffusion between dots and barrier,
including during the capping process make this system rather
unique. Optical properties of polar dots are dominated by the
quantum confined Stark effect. By contrast, no effect assigned

to the presence of an electric field has been observed in the
case of nonpolar ones. However, in both cases, an in depth
understanding of optical properties is far from being reached,
due to a lack of control of residual doping level in both dots
and barriers. Detailed optical studies on single a-plane GaN
QDs have shown a reduced spectral diffusion compared to the
case of polar dots, consistent with the reduction in internal
electric field intensity. Analyzing the temperature dependence
of the PL linewidth of a-plane QDs led to the conclusion that
excitons are laterally localized at a length scale smaller than
the dot size. Furthermore, no direct correlation was found
between monoexponential decay time constants and dot size.
Thus it can be concluded that the localization of the exciton
itself does not simply depend on dot size, making the nature of
localization in these nonpolar QDs an issue which still remains
open.

Although this review was limited to GaN QDs, we hope
that we have made clear that the concept of QDs, principally
of InGaN QDs, has been associated from the very beginning
of the research of nitrides. On the one hand, the exact nature
of localization centers behaving as QDs in the InGaN active
region of GaN-based light emitting diodes is as far from
the scope of the present review as the issue of InGaN QDs
themselves, so that neither have been evoked. On the other
hand, the concept of QDs behaving as perfect crystallographic
nano-objects embedded in a defective matrix is certainly
of general interest as cheap, abundant and reliable homo-
substrates are not available. In view of this, we believe
that polar and nonpolar GaN QDs may be used in the future
as the active region of UV LEDs. In addition, the large
energy bandgap difference between AlN and GaN makes GaN
QDs promising candidates for room temperature optoelectrical
applications such as single-photon emission. Finally, it was
also one aim of this review to show that the GaN/AlN system,
being free of interdiffusion, may be considered as a model
system to study basic properties of QDs.
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