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Abstract

The great success that GaN-based structures have enjoyed in implementing efficient
opto-electronic devices has fostered a rapidly expanding interest amongst researchers
aimed at understanding their underlying physics. There has been an active debate on the
mechanisms that give rise to efficient luminescence in these materials. In this paper we
approach these questions through optical studies of single InGaN/GaN quantum dots in
the context of the available experimental and theoretical understanding of InGaN
structures in general, and of three-dimensional localization in this material in particular.
We will also show how it is possible to exploit the various unique properties that nitride-
based materials offer, such as the strong inbuilt electric field, in a controlled manner.
Such control may in the future prove essential for the implementation of single quantum
dot devices in applications such as quantum information processing. We also show how
non-linear spectroscopy provides an invaluable tool in suppressing background
luminescence effects inherent in this material.

Keywords: Quantum dots; InGaN; localized states ; Photoluminescence ; Quantum
confined Stark effect ; Biexcitons.
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1. Introduction

Nitride semiconductor structures have attracted much interest over the last decade
because of their unique properties, which make them promising candidates for opto-
electronic devices. Indeed, since the mid-1990s, InGaN quantum well (QW) structures
have proven successful as active layers in high efficiency light-emitting diodes (LEDs)
and laser diodes (LDs) [1] with the emission tuned from violet to green by changing the
alloy composition. However, given the poor crystalline quality and the high threading
dislocation density in these structures, such high quantum efficiency is surprising.

The origin of this bright luminescence has been generally attributed to the
existence of localization centres or even quantum-dot-like states responsible for the
suppression of the diffusion of carriers to the various non-radiative defects. The nature of
these centres is somewhat controversial; suggestions include In-rich clusters and
monolayer thickness fluctuations within the QW [2-4]. Since localization centres in
InGaN are believed to play an essential role in enhancing the properties of devices, a
great deal of work over the past decade has been devoted to the intentional fabrication
and control of the properties of InGaN quantum dots (QDs). In particular, such structures
could improve significantly the performance of optical devices such as lasers which are
expected to have lower and temperature-independent threshold currents and narrower
spectra when QDs are employed as the active medium [5].

One of the important properties that make GaN-based structures with wurtzite
symmetry different from other materials is the large in-built electric field (~ MVem™).
This field arises from both spontaneous polarization and piezoelectricity, with
piezoelectric constants of nitride semiconductors being up to ten times larger than those
of conventional III-V and II-VI compounds [6]. This field is believed to have a strong
impact on device functionality as it causes a luminescence wavelength shift [7,8] and a
reduction of the oscillator strength [9,10]. Furthermore, it has been predicted that this
property, together with the high electron and hole effective masses, would make GaN-
based QDs interesting candidates for quantum information processing (QIP) [11,12].

In this context we attempt in the present paper to review the advances in the
understanding of the optical properties of single InGaN/GaN QDs. We have performed
measurements on different InGaN QDs samples grown by various techniques. We relate
our findings to other reported studies of intentionally-grown InGaN and other GaN-based
QDs as well as measurements from localization centres in InGaN QWs.

2. Growth of InGaN/GaN QDs

Several techniques have been employed in the growth of InGaN/GaN QDs. Self-
assembled QDs were grown using metalorganic chemical vapour deposition (MOCVD)
[13,14] and molecular beam epitaxy (MBE) [15-17]. Whilst the mechanism of formation
of InGaN nanostructures using MBE growth is commonly attributed to a 2D-to-3D
transition in the well known Stranski-Krastanow mode, the mechanism associated with
the MOCVD growth seems to be more complex and may involve phase separation.
While great control can be achieved over the statistical properties of self-
assembled QDs, such as the areal density and the size, by a careful adjustment of the
growth conditions, very little control over the QD position is possible. However, such
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control is highly desirable for several applications involving QIP and QDs in high-Q
microcavities. One method which overcomes this problem is selective growth. Several
studies have reported the selective growth of site-controlled InGaN/GaN QDs [18-20]. In
this technique, GaN micro-pyramids are grown by MOCVD through an array of holes
lithographically patterned into a silica (SiO;) mask on a GaN-on-sapphire substrate.
Under appropriate conditions, due to the stability of the {10-10} planes in the wurtzite
GaN crystal structure, hexagonal-based pyramids may be grown, which are then topped
by InGaN/GaN QWs. Three-dimensional confinement is obtained at the apices of the
pyramids, and the QWs formed on the facets of the pyramid are referred to as side QWs.

Measurements from three InGaN/GaN QD samples grown by different techniques
are presented in this paper. Sample A contained self-assembled QDs and was grown by
Arakawa et al. using MOCVD [13]. The average dot height is 5 nm and the average
width is 23 nm. The areal density of QDs is ~10' cm™. Sample B was grown by Oliver et
al. [14] by MOCVD; in this case, QD growth involved a post-growth anneal of the
InGaN epilayer in molecular nitrogen prior to capping with GaN. The average
dimensions of the dots are estimated to be 0.9 nm in height and 22 nm in diameter with
an areal density of ~10" cm™. The QDs in these two samples are formed on top of a two-
dimensional (2D) QW commonly referred to as a wetting layer (WL). Sample C
consisted of arrays of selectively grown micro-pyramids topped by 5-periods of InGaN
QWs of 2.0 nm thickness and GaN barriers of 6.0 nm thickness fabricated by Watson et
al. [19]. The hexagonal-based pyramids were ~8 um in height with base edges of ~5 um
and an areal density of 2x10° cm™. Cathodoluminescence measurements from this sample
are reported in [19].

3. Single InGaN/GaN QD Spectroscopy

Spatially-resolved micro-photoluminescence (micro-PL) spectroscopy has proven to be a
powerful technique in the study of QDs. Early work on InGaN/GaN QWs employed
techniques such as scanning near-field optical microscopy (SNOM) [21,22],
cathodoluminescence [23,24] and PL using nanoapertures [25]. However, these studies
did not reveal the sharp spectral lines which are the signature of individual localisation
centres. Recently, narrow spectral lines were observed in an InGaN/GaN QW, and were
claimed to originate from single localized states [26]. Sharp spectral peaks were also
observed in emission from intentionally grown InGaN QDs [27], where the linewidth was
limited by the resolution of the experimental setup (170 peV); no sharp peaks were
observed from an InGaN QW excited under the same conditions. These findings were
qualitatively explained by the fact that the period of compositional fluctuations is
estimated to be 20 nm and hence for a resolution of 100 nm, a large number of states are
still probed. However, this explanation is in contrast with the results reported in [26]
where such resolution is used. These dissimilar results might be due to differences in
QW growth methodology, which could give rise to different distributions of localisation
centres.

We have carried out spatially-resolved micro-PL. measurements on the three
samples mentioned above at 4.2 K. The carriers were excited above the GaN bandgap by
either a HeCd laser (325 nm) or a frequency tripled 100-fs-pulsed Ti:sapphire laser (266
nm). The sample was mounted in a temperature-controlled cryostat and the laser was
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focused by a x36 microscope objective to a spot size of ~2 um. The PL was collected by
the same objective and directed to either a 0.3 m spectrograph with a 1200 grooves/mm
grating, giving a spectral resolution of ~650 pueV or a double-grating 0.85 m spectrograph
with a resolution ~100 peV. The spectrum was detected using a cooled CCD detector.
For samples A and B, the required spatial resolution was obtained by fabricating 200-
2000 nm square apertures (similar to the nanoapertures described in [25]) in a 100-nm-
thick Al layer deposited on the surface of the sample. As for sample C, it was possible to
resolve single QDs spatially due to the large separation between pyramids.

Figures 1(a)-(c) show typical micro-PL spectra from samples A-C, respectively.
Sharp narrow spectral lines are observed from the three samples which are clear evidence
of the existence of QDs. The QD emission is often observed to be superimposed onto a
strong background arising from the underlying wetting layer (WL) in samples A and B or
from the side QWs of the pyramids in sample C. Such strong background was also
observed in previous studies [27]. It should be mentioned that previous studies on
selectively-grown InGaN QDs did not report sharp peaks [18,20], but rather inferred the
existence of 3D-confinement in an indirect way. We observed significant variation of the
linewidth and the narrowest lines that we have measured are 290, 230 and 650 peV for
samples A, B and C, respectively. It is well known that the measurement of the linewidth
gives an indirect measurement of the dephasing time 7,; a quantity of particular
importance for QIP applications. In fact, for the pure radiative limit the full-width-at-half-
maximum (FWHM) of the emission is related to the dephasing time by the equation
FWHM = 24/ T, Therefore, the observed linewidths would correspond to dephasing
times of 4.5, 5.7 and 2.0 ps for the presented QDs. These values are more than one of
order of magnitude less than those measured from arsenide QDs [28]. However, as will
be shown in Section 3.2, other processes may be involved in the observed broadening and
hence, the mentioned dephasing times are only lower limits.

3.1. Time-resolved measurements

Several studies have examined recombination dynamics in ensembles of InGaN QDs
[2,29] and it was found that the decay traces exhibited non-exponential behaviour.
Several hypotheses were suggested to explain these results. It was proposed that this
would arise from recombination in heavily disordered material or simply from the
superposition of many exponential decays in the localization centres [29,30]. This was
also attributed to the existence of a fast process due to hopping of carriers between
different localized states and a slow process of recombination in those states [31]. Similar
behaviour was also found for ensembles of GaN/AIN QDs [32].

We have performed time-resolved measurements on single InGaN QDs using a
time-correlated single-photon-counting system based on a fast photomultiplier (PMT).
The PMT gave a time resolution of 150 ps. Figures 2(a) and 2(b) show time-integrated
spectra of QDs from samples A and B at 4.2 K. As mentioned previously, the QD
emission is superimposed on a strong background arising from the WL, hence the decay
trace recorded for a spectral window containing only the QD emission peak (traces
labelled QD+WL in figures 2(c) and 2(d)) would unavoidably have a contribution from
the emission of the WL. In order to extract the decay trace exclusively from the QD, we
measure that of the WL on both spectral sides of the QD emission and close to it, and
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then these two traces are averaged and subtracted from that recorded at the QD. The
resulting traces are shown in figures 2(e) and 2(f).

While the decay trace from the WL exhibits non-exponential behaviour, it can be

seen clearly that a single exponential decay is observed from the InGaN QD with
lifetimes of 1.07 and 2.59 ns for samples A and B, respectively. These findings suggest
that the previously observed non-exponential behaviour is likely to be due to the
combination of QD and WL contributions. The temperature dependence of the PL and the
lifetime was investigated [33]. Quenching and broadening of the QD emission together
with a monotonic decrease of the lifetime with increasing temperature were found. This
indicates that non-radiative processes and/or escape of carriers become more and more
dominant.
A single-exponential decay was also obtained from QDs in sample C following this
subtraction method (figure 3) with a lifetime of 500 ps. Further evidence of this single-
exponential behaviour will be presented in Section 4 when no subtraction is necessary as
the background is totally suppressed.

3.2. Spectral diffusion

The local semiconductor environment in the vicinity of a QD may strongly influence its
energy levels. In particular, fluctuations in the local charge distribution lead to randomly-
varying electric fields which cause a slight stochastic shift of the QD energy level
(usually called spectral diffusion) via the quantum-confined Stark effect (QCSE). The
source of the fluctuating charge is widely attributed to charging and discharging of
nearby defects or interface states [34-36]. This phenomenon is therefore expected to be
pronounced in InGaN QDs because of the large density of defects present in the structure.
It can also provide an explanation for the broad linewidth usually observed.

We have investigated the temporal behaviour of the PL from single InGaN QDs
from sample B. This was done by recording consecutive spectra over 3000 s with
individual integration times of 3 s. Figure 4(a) shows the time evolution of emission line
from a single QD over 42 s and figure 4(b) shows the time evolution of the same line
over a longer time-scale. Fluctuations of the peak energy up to 0.3 meV are observed
over the short time- scale. This was accompanied with fluctuations in the linewidth of
150 peV. Over the longer observation time, larger fluctuations of up to 1 meV in the peak
energy and 350 peV in line width are found. These fluctuations are seen more clearly in
figures 4(c) and 4(d) where the energy and the linewidth of the QD emission are plotted
against the time. From auto-correlation calculations, we did not find any periodic
behaviour in these fluctuations. This is in contrast with what was reported for CdSe QDs
[34]. It is nevertheless consistent with the fact that spectral diffusion caused by electric
fields from locally trapped carriers would be expected to vary randomly with time.

Statistical histograms of the occupancy of an energy interval by the QD emission
throughout the time evolution are plotted in figure 1(e) for three different power
densities. At the highest power, one primary and one secondary maximum with energy
separation of 0.45 meV are observed. The secondary maximum may be due to carrier
dynamics in a nearby defect. The proximity of such a site may induce a shift of this
magnitude and occurring more frequently than that induced by more distant defects. As
would be expected, the secondary maximum disappears when the power density is
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reduced since fewer carriers are excited and hence fewer trapping and un-trapping events
occur. These findings give further evidence of the important role played by defects and
localization centres even in intentionally grown InGaN QD structures.

3.3. Multi-excitonic complexes

The study of few-particle states in QDs is of particular importance, from a fundamental
physics point of view, as it involves an understanding of the interrelation between
Coulomb interactions and three-dimensional confinement. Moreover, the radiative decay
of biexcitons in a QD is predicted [37] and demonstrated experimentally [38] to be a
source of triggered polarization-entangled photon pairs.

Multi-excitonic complexes have been observed in micro-PL spectra from
GalN/AIN self-assembled QDs [39] and from localized states in InGaN quantum wells
[26, 40]. In these studies, the spectral lines arising from such complexes are identified
from the dependence of the emission lines on the excitation power. The fundamental
exciton peak (X) increases linearly while the biexciton peak (XX) exhibits a quadratic
increase with the excitation power [41]. The binding energy of biexcitons, which is
defined as the difference between the recombination energies of the exciton and the
biexciton (Ex — Exx), was reported to be ~ -5 meV [26], or even to vary between -3.4 and
16 meV [40]. Negative binding energies mean that the two excitons are in an anti-bound
state. Such a state is usually not stable in bulk materials and it is only because of the
effect of confinement in QDs that such a biexcitonic state can exist. In order to
understand these findings, theoretical calculations have been carried out, in particular for
nitride-based QDs [42]. In fact, the binding energy of biexcitons is given by:

Ex — Exx= -(2Jeph + Jee + Jhn )
where J¢, is the electron-hole coulomb interaction which is negative, J.. and Jy, are the
electron-electron (e-e) and hole-hole (h-h) interactions which are positive. In nitride-
based QDs, the strong inbuilt electric field leads to a spatial separation of the electron and
the hole and hence |/¢pl is expected to decrease significantly and the repulsive e-e and h-h
interactions become dominant and lead to negative binding energies.

The recombination dynamics of multi-excitonic states also reveal important
information on the quantum correlations among electrons and holes localized in the QD
[43]. This can be achieved through time-resolved measurements of the recombination
rates for the different states. From a simplistic point of view, the recombination rate of a
biexciton should be twice that of an exciton as there are two paths by which it can take
place. However, this seemingly intuitive picture neglects the interactions between the
carriers. Indeed, such measurements, which have been made on several QD structures
such as CdSe/ZnSe [44,45] and InGaAs QDs [46-49], revealed a ratio between the
biexciton and the exciton recombination rates I'xx /['x varying between 0.33 and 2.

We have studied the recombination dynamics of biexcitons in single InGaN QDs
from sample A [50]. Figures 5(a) and 5(b) show micro-PL spectra recorded at 4.2 K from
a single QD and the intensities of the two observed emission lines as a function of the
excitation power densities. The measured energy of the X line is 2.825 eV and the
binding energy of the XX line is observed to be -41 meV, indicating an anti-bound
biexciton. Theoretical calculations of the wavefunctions and energies of excitons and
biexcitons for QDs similar to those in our sample [42] resulted in an X energy of 2.819
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eV and a XX binding energy of -51 meV. Thus good agreement is found, with
discrepancies between the theoretical and experimental values likely to be due to
uncertainties in the measured indium composition and/or the QD size. The other peaks
observed in the spectra may originate from other QDs present in the aperture.

Time-resolved spectra of the X and XX lines are presented in figures 5(c) and
5(d) for an excitation power of 3x10* Wem™ using the background subtraction method
previously presented. It is observed that the onset of the X decay curve is delayed, which
is explained by the refilling of the X state after the radiative decay of XX [44]. With this
taken into account, we obtain from the fit of the experimental data the lifetimes
xx=14+0.1 ns and tx=1.0%£0.1 ns and hence the ratio between the two
recombination rates I'xx /I'x = 0.7. Therefore, the interaction between the two excitons,
or rather the four localized fermions from which the anti-bound biexciton is formed, is
likely to be important.

3.4. Quantum-confined Stark effect (QCSE)

It was mentioned earlier that the QCSE modifies the energy of the optical transitions in a
QD, influencing the spatial separation between the localized electrons and holes. While
this effect exists intrinsically as a result of the inbuilt electric field and the charge
distribution in the vicinity of the QD, it can be exploited in a controlled manner by
applying external electric fields. This property can prove important for numerous
applications such as ultrafast electro-optical modulators. Indeed, QCSE applied to QWs
has been used to fabricate such devices [51]. However, QDs have the additional
advantage of tunability with ultra-narrow bandwidths. Such control is also highly
desirable for QIP-related applications [52].

From a fundamental physics point of view, study of the Stark effect provides
important information on the carrier wave functions. It has been shown [53] that if the
QD possesses a permanent dipole, the energy shift induced by the applied field has a
linear component as well as the usual quadratic component arising from the
polarizability. Such a permanent dipole is induced by the spatial separation between the
electron and hole wave functions. As explained previously, this is likely to be the case in
GaN-based QDs because of the inbuilt electric field.

The effects of both lateral and vertical applied electric fields with respect to the
QD plane have been studied in several QD structures [54-56]. However, only a few
recent studies have reported such measurements on GaN/AIN [57,58] and InGaN/GaN
QDs [59,60]. It was found that a vertical electric field can result in an almost linear blue
shift of the optical transition of up to 100 meV in GaN/AIN QDs [58] due to the partial
compensation of the in-built field and the dominant effect from the induced permanent
dipole. The accompanied increase of the overlap between the electron and hole wave
functions leads to an increase of the binding energy up to 1 meV.

We have investigated the effect of an applied lateral electric field on the optical
properties of single self-assembled InGaN/GaN QDs from a sample similar to B, which
consisted of dots formed on 10 monolayers of InGaN and capped by 7 nm of GaN. A
100-nm-thick pair of Al electrodes was fabricated on the surface of the sample with a
separation of 1 um. For a bias of 10 V between the two electrodes, the lateral component
of the field varies between a minimum of 0.065 MVcm™ and a maximum of 0.18
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MVem™. Micro-PL measurements were carried out using the same experimental
arrangement described previously.

Figure 6(a) shows micro-PL spectra from a spatially-resolved single dot, recorded
at 4.2 K as a function of the applied voltage. It is seen that the peak undergoes a red-shift,
reduction of the PL intensity and an increase in the linewidth with increasing bias. The
red-shift can be readily explained by the QCSE in the lateral direction and the decrease in
the PL intensity can be understood in terms of the reduction of oscillator strength due to
the enhanced spatial separation between the electron and the hole. However, the observed
broadening of the emission line suggests that field-induced carrier tunnelling is also
present. This process has been observed in other QD systems [61] and has been proposed
as an additional mechanism responsible for the decrease in the peak intensity.

In figure 6(b) the energy shift as obtained from a fit of the QD emission peak is
plotted as a function of the calculated field strength and this energy shift is reproduced in
the inset for low field strength. In the absence of a permanent dipole, the QCSE is
expected to result only in a red shift of the exciton energy. However, it is observed from
the inset of figure (b) that the QD energy undergoes a blue shift for applied fields up to
~0.04 MV/cm and a red shift for higher fields. This can only be explained by the
compensation of the internal lateral piezoelectric field by the external field and hence
reveals the existence of a lateral permanent dipole.

The experimental data are fitted with the equation

AE(F) = uF + oF’,

As mentioned above, the linear contribution is related to a permanent dipole with u being
its lateral component and the quadratic term is related to a lateral component of the
polarizability a. We obtain the values of u= -1.52 x102* Cm and hence a non-vanishing
lateral component of the dipole. This value would correspond to 0.95 nm in cgs units and
is slightly larger than the value of 0.23 nm obtained from a linear fit of the blue shift
presented in the inset. Such small separation between the electron and the hole in the
lateral direction would be expected as it would arise from asymmetries in the QD shape
and/or the alloy distribution. The fit gives a lateral component of the polarizability o = -
1.45x107 meV(l<V)'2c:m2 or 20.7 nm’ in cgs units. This value is of the same order as that
obtained for CdSe/ZnSe QDs [56]. It leads to a characteristic lateral dimension of the QD
of 2.7 nm which is consistent with the value inferred below from the analysis of the
linewidth broadening.

Figure 6(c) shows the dependence of the FWHM of the QD emission as a function of the
applied field. Tunnelling-induced broadening of the QD spectral line under an electric

field F can be modelled by [61]:
i’ 42m'V,"?
=5 ©Xp| —
3heF

2m a
where a is the characteristic dimension of the QD, Vj is the energy offset between the
ground state of the electron and the lateral barrier, and m’ is the effective electron mass,
which is estimated assuming 20% indium composition and averaging between the value
of m” for GaN (0.2 m,) and for InN (0.042 m,). Tunnelling of holes can be neglected due
to their large effective mass. A fit to the experimental data gives the diameter of the QD
as 2.1 nm, which is in fair agreement with AFM measurements, although rather on the

FWHM =
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small side, and an energy offset of 9.51 meV. This shallow confinement potential can be
explained by the nature of the QDs in this sample as indium-rich InGaN islands on a
damaged WL.

4. Nonlinear excitation of single InGaN/GaN QDs

Nonlinear spectroscopy has been employed in the study of low-dimensional
semiconductor structures. For example, two-photon absorption (TPA) has been
investigated in QWs [62], quantum wires [63] and ensembles of semiconductor
nanocrystals in a glass matrix [64]. In fact, this technique provides the possibility of
exciting transitions that are forbidden for one-photon excitation (OPE). It is also useful
from a practical point of view as it enables a wide separation between the excitation and
detection wavelengths. In the present study, the term “nonlinear excitation” (NE) is used
for the process whereby the excitation energy falls in the bandgap of the structure, and
hence only transitions by multiple-photon absorption are possible. In our experiments,
this is achieved using 1-ps pulses from a tuneable Ti:sapphire laser with tuning resolution
of ~1.5 meV and employing the same micro-PL setup described previously.

First, we present in figures 7(a) and 7(b) micro-PL spectra under OPE obtained by
frequency-doubling the laser at excitation energy of 3.37 and 3.15 eV for samples B and
C, respectively. It should be noted that this energy is below the bandgap of GaN and
hence carriers should be excited directly into the QW to which the QDs are coupled. In
fact, it can be argued that the previously observed strong background might be due to the
large number of excited carriers which can diffuse to different lower-lying states in the
WL or side QWs under above-GaN-bandgap excitation. However, it is clear from the
spectra that a strong background is still observed.

In figures 7(c) and 7(d), micro-PL spectra under NE at an excitation energy of
1.55 eV are shown. A total suppression of the background emission from the QW is
observed in both cases and yet relatively strong QD emission is still seen. The line
present at 3.1 eV in figure 7(d) originates from the second-harmonic of the laser
generated inside the sample. Previous studies suggested that second-harmonic generation
(SHG) can be an additional absorption mechanism [63, 65]. However, if this mechanism
had an important role, it would have lead to similar results to those seen under OPE, i.e.
the observation of emission from the QW. Furthermore, we have carried out the same
measurements on a sample with only a planar InGaN/GaN QW, similar to the WL of
sample B, but no emission was observed under NE for the same range of intensities.
These findings can be explained qualitatively by the enhancement of the nonlinear
absorption cross-section in QDs due to the zero-dimensional confinement of carriers
compared to that of QWs. Time-resolved decay traces from the measured QDs are
presented in figures 7(e) and 7(f) without any subtraction procedure. They fit very well
with a single-exponential equation. This confirms unambiguously the mono-exponential
behaviour found previously by subtracting the WL contribution.

We have examined the dependence of the QD emission on the NE wavelength at a
fixed power in order to probe the existence of excited states. In fact, it would be expected
that when the energy of multiple photons correspond to the energy of an excited state, an
enhancement of the nonlinear absorption should occur. Figure 8 presents the results
obtained from the two QDs shown in figure 7. First, a broad absorption is observed 302
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meV and 274 meV above the QD energy in samples B and C, respectively. This peak is
observed for several QDs in both samples and is attributed to absorption of continuum
states. Moreover, a resonance peak is observed for sample B at 149 meV above the QD
and several resonance peaks are observed for sample C at energy separation from the QD
of 73, 27 and -18 meV. Previous theoretical studies on hexagonal InGaN QDs report a
separation between the first excited states and the ground state of 122 meV [66]. The
modelled dot was bigger than those in sample B and smaller than those in sample C.
Therefore, it is consistent to assign the peak at 149 meV for sample B and that at 73 meV
for sample C to excited states. In this discussion, we have omitted the role of selection
rules in this absorption. In fact, it should be mentioned that, due to valence-band mixing
and the asymmetry of the QDs, the polarization states of the different energy levels in the
QDs can differ from the two circularly-polarized states which are the eigenstates of the
total angular momentum in a structure with rotational symmetry [67], and hence the
selection rules become more complex. Future experiments to further understand these
findings are under consideration.

When analysing the order of the non-linearity, it is important to investigate the
intensity dependence of the QD emission on the NE power. This dependence is presented
in figures 9(a) and 9(b) for the QDs presented in figure 7 from samples B and C,
respectively. For sample B, only non-resonant excitation at 1.55 eV is examined. For
sample C, two excitation energies are examined: at 1.55 eV (non-resonant excitation) and
at 1.39 eV (resonant excitation corresponding to the state 73 meV above the dot). All the
experimental data are fitted with the law:

IQD = Isatll_expl_(P/Psat)d”

which corresponds to a multiple-order Poissonian absorption process. The best fit to the
experimental data with the above law gives the following values: for sample B, 4.51 +
0.58 and for sample C 4.40 + 0.58 under non-resonant excitation and 2.96 + 0.21 under
resonant excitation. In order to eliminate the possibility that these indices arose from
some artifact in the system, the intensity of the SHG line as a function of the excitation
power was measured. The inset in figure 9(b) shows, on a logarithmic scale, a linear
function corresponding to a power law Isyg=AP* fitted to the second harmonic intensity.
The fit gives d= 2.06 = 0.13, and hence the expected quadratic behaviour. It was
previously found for quantum wells and quantum wires that the PL followed a quadratic
dependence on the excitation power under NE [63,64] suggesting a two-photon
absorption process. These findings indicate that higher order processes are involved in
the NE in these dots. The slightly lower order under resonant excitation in Sample C is
consistent with the assignment of this state as a p-state of the same QD. However, further
experimental and theoretical work is needed in order to understand these findings fully.

5. Conclusion

In this study, we presented a review of the various optical properties of single
InGaN/GaN quantum dots grown by different techniques. We have observed sharp
spectral peaks which are clear evidence of the intentional three-dimensional confinement
in this material. However, we showed that the particular environment of the InGaN
structures leads to the observation of a strong background emission and to the broadening
of the dot emission. This indicates stronger interaction between the confined carriers in
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InGaN QDs and their local environment when compared to quantum dot structures in
other materials systems. We have also revealed the existence of multi-excitonic states in
InGaN dots and presented their related dynamics. Measurements under applied lateral
electric fields revealed evidence of a lateral permanent dipole moment, probably due to
the spatial separation between the electron and the hole in the dot. This field also enabled
the exciton energy to be tuned. Non-linear spectroscopy was undertaken and resulted in
total suppression of the strong background arising from the underlying quantum well.
This enabled an initial observation of p-states. It is clear that further experimental work
and theoretical modeling is still required to completely understand these findings with the
aim of exploiting fully the rich possibilities that nitride-based structures may offer. In
particular, the observed mono-exponential decay indicates that nitride QDs may have
potential to act as blue single photon sources. Furthermore, the sharp QD emission
observed from site-controlled QDs is promising as vertically-stacked QDs can be easily
achieved in such structures. This may lead to systematic interactions between QDs
possibly via the inbuilt electric field, which might prove interesting for QIP-related
applications.
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Figure Captions:

Figure 1. Micro-PL spectra from (a) sample A (b) sample B and (c) sample C under excitation above the
bandgap of GaN. The spectra reveal narrow sharp lines originating from the recombination in QDs. The
spectra are recorded at 4.2 K.

Figure 2. (a) and (b) are micro-PL spectra from single QDs in samples A and B, respectively. The QD is
observed to be superimposed onto a strong background originating from the WL. (c¢) and (d) are time-
resolved spectra plotted on a logarithmic scale corresponding to the QDs shown in (a) and (b), respectively.
The spectrum labelled QD+WL is recorded for a spectral window containing only the QD line, while the
spectrum labelled WL is the average of two spectra recorded on both spectral sides of the QD emission and
close to it. (e) and (f) are the result of subtraction of the two spectra in (c) and in (d) in order to extract the
decay trace exclusively from the QDs. A mono-exponential decay trace is obtained with lifetimes of 1.07
and 2.59 ns for samples A and B, respectively. These measurements are made at 4.2 K.

Figure 3. Time-integrated and time-resolved (on a logarithmic scale) spectra from single site-controlled QD
at 4.2 K. The decay trace is obtained by applying the subtraction method mentioned in the text. In this case
also, the decay is well described by a single exponential behaviour with lifetime of 500 ps.

Figure 4. Series of consecutively recorded micro-PL spectra from single QD in sample B at (a) 3s intervals
and (b) 60s intervals. The time evolution of (c) the relative peak energy and (d) the linewidth of the QD
emission line. It is observed that the QD emission undergoes spectral diffusion characterized by random
fluctuations of the measured quantities. (e) Statistical histogram plots of the occupancy of each energy
interval by the QD emission line, at three different power densities. A secondary maximum is observed for
the highest power at -0.45meV from

the main peak and gradually disappears for lower power densities.

Figure 5. (a) Micro-PL spectra recorded at 4.2K as a function of the power density. X line corresponds to
single exciton and the XX lines to a biexciton. (b) A plot of the intensity of the X and XX lines as a
function of the power density on a log-log scale. The fit reveals a linear increase of the X intensity and a
quadratic dependence of the XX line on the power density as expected. (c) Decay trace of the X line whose
life time is observed to be ~1 ns. (d) Decay trace of the XX line with lifetime of ~1.4 ns. Both are taken for
a power density of 300 Wem™. A significant rise time is observed for the X decay which is due to the
filling from the XX state.

Figure 6. (a) A series of sequential mico-PL spectra from single QD recorded at 4.2 K with increasing
voltage from O to 10 V. The integration time is 10 s for each spectrum. (b) Plot of the energy of the QD
emission as a function of field strength. The data were fitted by a second order polynomial revealing the
existence of lateral dipole moment. The inset shows a close look at the energy shift for low field strength. A
clear blue shift is observed for applied fields up to 0.04 MV/cm which can only be explained by the
existence of a lateral permanent dipole. (¢) The linewidth of the QD emission as a function of the field. The
broadening is fitted an electric field-induced tunnelling model.

Figure 7. Micro-PL spectra under OPE for several excitation powers for (a) sample B and (b) sample C.
The excitation energies are 3.37 and 3.15 eV for sample B and C, respectively. Micro-PL spectra under NE
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as a function of the excitation power for (c) sample B and (d) sample C. The excitation energy is 1.55 eV
for both samples. The spectra have been offset for clarity. Time-resolved decay curves for for (e) the QD in
sample B at energy 2.86eV and (f) for the QD in sample C at 2.71 eV. The excitation powers were 20 and
56 mW, respectively. Both decay curves fit very well with single exponential giving lifetimes of 1.79 +
0.03 ns and 947 +4 ps for samples B and C, respectively.

Figure 8. Non-linear PL excitation (PLE) spectra from the same QDs presented in figure 7. Each point
corresponds to the intensity of the QD emission at excitation energy of two-photons. The zero of the energy
scale is the energy of the corresponding QD. The excitation power is kept constant (20 mW and 50 mW for
sample B and C, respectively). The PL spectra from figure 7 are also shown for comparison (at 20 and 56
mW for B and C, respectively).

Figure 9. The intensity dependence of the QD emission on the excitation power (log-log scale). Sample B:
the excitation energy is 1.55 eV. Sample C: the square symbols correspond to excitation energy of 1.55 eV
and the triangular symbols to 1.39 eV. The continuous lines are the best fit of the experimental data with
the law Igp=Is[1- exp[-(P/Psat)d]] . The inset shows the intensity dependence of the second-harmonic
generated wave on the excitation power.
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Figure 6
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Figure 8
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