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Abstract: During the last two decades, II1I-nitride-based quantum dots (QDs) have attracted great attentions
for optoelectronic applications due to their unique electronic properties. In this paper, we first present an
overview on the techniques of fabrication for III-nitride-based QDs. Then various optoelectronic devices such
as QD lasers, QD light-emitting diodes (LEDs), QD infrared photodetectors (QDIPs) and QD intermediate
band (QDIB) solar cells (SCs) are discussed. Finally, we focus on the future research directions and how the
challenges can be overcome.
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Introduction

Investigations of IIl-nitride-based semiconductors
have been very extensive for applications not only on
light sources with short wavelength, but also on high-
speed /high-power electron devices, particularly over
the last decade. III-nitride with wurtzite crystal struc-
ture is a direct energy bandgap semiconductor and it
has many unique properties including wide bandgaps,
strong excitonic effects, high-saturation velocity, and
high absorption and radiation coefficients [1]. In par-
ticular, the bandgap energy of Al,In,Ga,N varies from
0.7 to 6.2 eV, depending on its composition [2,3]. In
other words, III-nitride optical devices can cover the
wide spectral range from ultraviolet (UV) to near in-
frared. To date, most research on optoelectronic de-
vices has focused on the development of quantum well
(QW) structures. However, devices incorporating In-
GaN/GaN QWs in the active region suffer from an
“efficiency droop” at high injection levels, which has
been attributed to alloy immiscibility and clustering
in the well [4], defect-related recombination [5], carrier

leakage [6], exciton dissociation [7] and Auger recombi-
nation [8,9]. Additionally, the existence of quantum-
confined Stark effect (QCSE) induced by the strong
built-in piezoelectric field in the highly strained high
In-content InGaN/GaN multi-QWs (MQWs) results in
a reduction in the carrier recombination rate by increas-
ing the spatial separation between the electron and hole
wave functions involved in the radiative recombination
process [10,11].

In order to improve the performance of nitride light-
emitting diodes (LEDs) and laser diodes (LDs), obtain-
ing a lower driving current density is essential for fu-
ture applications (especially for short wavelength LDs).
Some efforts have been shifted to the next generation
III-nitride-based quantum dot (QD) devices such as
QD lasers [12], QD LEDs [13], QD infrared photode-
tectors [14], and QD solar cells (SCs) [15]. Three di-
mensional quantum confinement of quantum dots gives
rise to complete localization of electrons and holes and
a discrete energy spectrum with J-function-like den-
sity of states, which increase the overlap of electron
and hole wave functions and improve the recombination
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rate of carriers. These in turn lead to higher bright-
ness, lower driving currents, better temperature stabil-
ity, and higher defect and radiation tolerance. As we
know, the formation of QD structures comes from the
strain relaxation of InGaN layer so that the piezoelec-
tric polarization effect will be weaker and the efficiency
droop will be much smaller than the QW structures
[16]. Furthermore, it is much easier to grow higher In
composition QDs and even 100% InN QD structures
can be grown [17]. This suggests that InGaN QDs are
promising candidates to achieve efficient optical recom-
bination at longer wavelength. Thus, QD devices have
become new focus in both scientific research and in-
dustrial investment for its wide applications in recent
years.

Growth of QDs

To obtain the QDs in nitride semiconductors, up to
now, both self-assembling growth and selective growth
techniques are well developed. For self-assembled QDs,
three growth methods have been demonstrated. One is
the Stranski-Krastanow (S-K) growth mode that is two-
dimensional (2D) growth of a few monolayers (MLs),
called wetting layer, followed by three-dimensional (3D)
island formation. Using the S-K mode, GaN dots have
been fabricated on an AIN layer by molecular-beam epi-
taxy (MBE) [18,19]. Alternatively, InGaN dots on a
GaN layer were also reported with MBE [20] and with
metalorganic chemical vapor deposition (MOCVD) [21-
23]. In the second method, “anti-surfactants” are intro-
duced. The antisurfactant, silicon, is believed to inhibit
the GaN film from wetting the AlGaN surface due to
the change in surface free energy. By this method, a
successful fabrication of nanoscale GaN QDs in AlGaN
confined layers has been first realized with MOCVD
[24] and later with gas-source MBE [25]. In addition,
InGaN dots on an AlGaN layer have been reported us-
ing low-pressure MOCVD [26]. The third method for
self-formation of InGaN QDs comes from the intrinsic
nature of InGaN ternary alloys since the compositional
modulation due to phase separation would be energet-
ically favored in this system [13,27,28]. Nistor et al.
demonstrated that a phase decomposition, in InGaN,
may lead to the formation of a nanostructure of nearly
pure InN QDs [29].

Besides the self-assembled QDs, other approaches
such as selective area growth have also been proposed.
InGaN QDs fabricated by self-assembling are difficult
to control the position and size while the shape and size
of each QD can be artificially designed and controlled
using lithographic techniques. Wang et al. has re-
ported the fabrication of InGaN QDs by using a focused
ion beam etching technique and selective area MOCVD
growth [30]. However, it suffers from inevitable process-
induced damage for QDs fabricated in this way [31].
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IT1I-Nitride-Based QD Devices

Nitride QDs are being used in lasers, LEDs, infrared
photodetectors, SCs, single photon sources (SPSs), in-
tersubband light sources and other optoelectronic de-
vices.

QD Lasers

The concept of the QDs was proposed as artificial
atoms for semiconductor laser applications by Arakawa
and Sakaki for the first time in 1982 [32]. According to
two different types of effects [33]: quantum effects and
non-quantum effect, QD are considered to play an im-
portant role for achieving lower threshold current, en-
hanced differential gain, no chirping and high spectral
purity. The quantum effect here is the effect result-
ing from the three-dimensional quantum confinement
of electrons while the non-quantum effect includes the
volume effect and the carrier localization effect.

Exciton-related lasing mechanisms are believed to be
effective for achieving low threshold III-nitride LDs [34].
Biexcitons (exciton molecule) have also been theoreti-
cally demonstrated to play a significant role in further
improving the LD performance [35]. Moreover, it has
been shown both theoretically [36,37] and experimen-
tally [16] that the piezoelectric field and resulting QCSE
are significantly lower in InGaN/GaN QDs than in In-
GaN/GaN MQWs.

In 1997 Tanaka et al. demonstrated the stimulated
emission from GaN dots [38]. Two years later, lasing
oscillation of InGaN dots was observed by optically
pumped excitation with a threshold energy of 6.0 nJ
and a linewidth below 0.1 nm above the threshold at
room temperature (RT) [12]. Although growth and op-
tical properties of InGaN QDs are intensively studied
currently [22,39,40], there has been only very few re-
ports on lasing from InGaN-based QDs, especially un-
der an electrical injection. Nevertheless, an electrically
injected InGaN/GaN QD laser has been reported re-
cently [41]. As shown in Fig. 1, the laser exhibits a
threshold current density of J;,=1.2 kA /cm?, which is
lower than those reported for QW lasers. Its smaller
blueshift of 5 nm with increase of injection current could
be due to a lower polarization field in the QDs compared
with InGaN/GaN MQWs.

QD LEDs

Although high brightness nitride-based MQW LEDs
are already commercially available, efforts are still nec-
essary to enhance the LED output intensity. Using QDs
instead of MQW is considered to be an effective ap-
proach. It is clear that phase separation induced InN-
like QDs in InGaN active layers [13] is responsible for
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(a) Light-current-voltage characteristics of Ing.27Gao.73N/GaN QD laser measured in the pulsed bias mode at T =

278 K; (b) electroluminescence spectra of QD laser below (with dc bias) and above (with pulsed bias) threshold. Inset shows
measured variation in spectral output peak wavelength with injection current (from Ref. [41]).

the hight brightness of LEDs. Blue-light emission has
been reported from such QD structure fabricated by
MBE [42]. Moreover, Damilano et al. [19] has demon-
strated that intense RT visible luminescence can be ob-
tained on Si(111) substrate and the emission energy
can be continuously tuned from blue to orange by sim-
ply controlling the QD size. It has been shown that
stacking of QD planes with properly chosen dot sizes
gives rise to white light emission (see Fig. 2). As dis-
cussed in Section II, nitride QDs can be self-organized
using growth interruption during the MOCVD growth
[22,23]. By this method, L. W. Ji and Y. K. Su et al.
[43,44] have successfully fabricated blue LEDs with In-
GaN/GaN multiple quantum dot (MQD) structure, as
is shown in Fig. 3(a). With a 20-mA DC injection cur-
rent, the forward voltage was 3.1 and 3.5 V for MQD
LED and conventional nitride-based MQW LED with
the same structure, respectively. However, it was also
found that EL peak position of the MQD LED is more
sensitive to the amount of injection current, as com-
pared to the conventional MQW LED, which disagrees
with the theory prediction [36,37] and the experimen-
tal result [16] that have been reported. They believe
that the strain-induced QDs with deep localization of
exitons (or carriers) can strengthen band-filling effect
as the injection current increase. It has also been re-
ported that the relative large size of QDs will lead to a
stronger QCSE [17], because the smaller QDs have bet-
ter overlap of electrons and holes wave functions. As the
related mechanism is still not so clear in nitride QDs,
more theoretical and experimental studies are needed.

Fig. 2 Photographs of the light emitted at RT from
GaN/AIN QDs on Si(111) excited by a 10 mW unfocused
HeCd laser (~0.3 W/cm?) (from Ref. [19]).

High-brightness UV LEDs have great advantages in
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full-color displays and solid state lighting [45-47]. How-
ever, nitride-based UV LEDs suffer from a low efficiency
and the small band offset between the InGaN well and
the GaN barrier results in the weak thermal stability
of electrical carriers in shallow InGaN QWs [46]. To
improve the emission efficiency of an UV LED, an al-
ternate active layer with QDs has been used due to its
enhanced exciton binding energy and carrier localiza-
tion effect [48]. Recently, UV LEDs with self-assembled
InGaN QDs grown in a strain-induced S-K mode have
been reported for the first time by I. K. Park et al.
[49]. And in the same year, they demonstrated green
LEDs with phase-separated In-rich InGaN QDs embed-
ded in the InGaN active layer [50]. More recently, high
efficiency green, yellow, and amber emission from In-
GaN/GaN dot-in-a-wire heterostructures has been ob-
served [51]. Soon after that, InGaN/GaN LEDs with
reduced efficiency droop have been demonstrated by M.
Zhang et al. [16] and P. Bhattacharya et al. [52] based
on QDs.

QD Infrared Photodetectors

Due to their large conduction-band offset (about 1.75
eV for GaN/AIN [53]), semiconductor heterostructures
based on I1l-nitrides are attracting new attention for in-
tersubband (ISB) devices operating in the near-infrared
spectral range and in particular in the 1.3~1.55 um
wavelength window used for optical fiber communica-
tions. On the other hand, in the last few years, III-
nitrides devices based on ISB transitions in QDs are po-
tentially interesting especially for quantum-dot infrared
photodetectors (QDIPs). The advantages of QDIPs,
can mainly categorize in three parts [54]: (a) the 3D
quantum confinement of the carriers, which results in
the J-function-like density of states, and high sensitiv-
ity to the normal incident radiation without the use of
a grating or corrugations as is often done in QWIPs
[55-57], (b) reduced electron-phonon scattering, which
elongates the carrier lifetime, and high current gain [58-
60], (c) high-temperature operations [61,62].

The fabrication and characterization of a GaN/AIN
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(a) Schematic structure for the blue LED with InGaN/GaN MQDs; (b) I-V characteristics of the MQD LED. the

forward voltage is 3.1 V at 20 mA injection current; (c) Dominated wavelength of EL spectra as a function of injection
current for the MQD LED and conventional MQW LED (see Ref. [43,44] for details).

QDIP has been reported for the first time by Doyen-
nette et al. [63]. The photocurrent spectrum is peaked
at A=1.38 um at a temperature of 77 K and it is p-
polarized. Then GaN/AIN QD photodetectors have
been successfully demonstrated at RT in the fiber-
optics spectral range [64,65]. Moreover, strong absorp-
tion at telecommunication wavelengths in heavily Si-
doped GaN/AIN QD superlattices has been observed
[66,67]. Recently, a novel long wavelength infrared QD
photodetector has been presented [54]. The structure is
shown in Fig. 4. The proposed device has demonstrated

GaN

Alg2GagsN  AlgsGagoN

Fig. 4 The proposed cubic shaped GaN QD within a large
Alp.2Gao.sN QD (from Ref. [54]).
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exceptionally low dark current, low noise, and high de-
tectivity.

QD Solar Cell

Third-generation photovoltaics with an intermediate-
band (IB) has been proposed in order to increase the ef-
ficiency of SCs [68,69]. Theoretical models predict that
the maximum solar energy conversion is up to 63.2%
[70] for this type of SC, which represents a higher fig-
ure than the one predicted for a tandem two cell device
(55.4%) and a single cell device (40.7%).

The IIl-nitride quantum dots intermediate band
(QDIB) SCs have been theoretically studied in recent
years. Cénovas et al. [15] have calculated the optimum
nitrogen content in order to obtain the maximum ideal
efficiency in selected I1I-Ny-V;_y highly mismatched al-
loys (HMAs) according to the ideal IB SC theory. Effi-
ciency over 60% is predicted with a comparatively lower
nitrogen content of 1%~3.5% in the HMAs. In addi-
tion, the band gap of InyGa;_xN varies from 0.77 to
3.44 eV depending on x, which corresponds very closely
to the solar spectrum (0.5~3.5 eV). It has been shown
that InyGaj;_xN dots can be formed on GaN layer per-
fectly even when x = 1 [17], despite the large lattice
mismatch (11%) between GaN and InN. Thus, a multi-
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stacked structure of different-sized InGaN QDs in i-
region of a p-i-n SC structure, called “rainbow” SC,
has been proposed for maximum solar conversion effi-
ciency [71-73]. As shown in Fig. 5(a), the InyGa;_xN
QD layers are placed in the i-region which is further
sandwiched by GaN barrier layers. Each layer of the
same sized QDs supports only one confined state of elec-
tron. Different-sized QDs in different layers of SC effi-
ciently overlap with the large part of the sunlight spec-
tra. The corresponding energy-band diagram is shown
in Fig. 5(b). Theoretical study on InyGa;_xN/GaN
QDIB SC by solving the Schrédinger-equation in light
of the Kronig-Penney model has also been reported [74].
However, there is no report on nitride-based QDIB SC
in experiment.

QDs layer

/

i-region >

n-type
GaN

p-type
GaN

Fig. 5 (a) The p-i-n QD SC structure with different sized
QDs in each layer; (b) Energy-band diagram of p-i-n QD SC
and generation-recombination processes in QDs for one type

of carriers. Depletion layers in p and n layers are neglected
(from Ref. [71]).

More optoelectronics applications of ITI-nitride-based
QDs have been proposed in these years such as SPSs
[75-77] and intersubband light sources [78]. A triggered
single-photon emission, which is a key requirement for
the development of quantum key distribution systems
[79] and for quantum computing schemes based on lin-
ear optics [80], from GaN QDs at temperature up to
200 K has been reported recently [75]. It is a promis-
ing step towards realizing practical higher-operation-
temperature single photon sources in the short wave-
length region.

Challenges and Perspectives

Currently InGaN-based LDs are suffering from a
high threshold current density, a few orders of mag-
nitude higher than that for GaAs-based LDs [81-83].
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It is essential to continuously improve the performance
of InGaN-based LDs. For ISB light-emitting devices,
one major difficulty is the expected weak luminescence
efficiency resulting from the ultra-short electron-LO
phonon scattering times (0.15~0.4 ps) in these highly-
ionic semiconductors [84].

For further progress in the development of III-nitride
materials and devices, many challenges still remain.
These include difficulties in the growth of InGaN across
the full alloy range [85], the high dislocation density
of typically 10'°/cm? [86], the lack of suitable sub-
strates [87] and the huge built-in electric field of sev-
eral MV /cm originating from both spontaneous and
piezoelectric polarizations [88]. As a consequence, a
giant QCSE takes place, which induces a large dipole
due to electron and hole spatial separation. Conse-
quently, the efficiency of nitride-based optoelectronic
devices is presently affected by these limitations. More-
over, for nitride QDs, there are several extra problems
that should be resolved [89]. Firstly, it is still difficult
to fabricate a uniform QD structure with high density.
Secondly, the understanding of the growth mechanism
of InGaN QDs by the extensively used metal-organic
chemical vapor deposition MOCVD is very limited. Fi-
nally, for growth of electrical injection LDs, the high
growth temperature for the layers such as p-type layers
(or even GaN barrier for InGaN QDs) that have to be
deposited after InGaN QDs is another important issue.
And one of the obstacles in the completion of devices
is the difficulty of accessing the dots electrically.

Nevertheless, due to the rapid progress in QD growth
technology and the continuing challenges in develop-
ment of III-nitride materials, both theoretically and ex-
perimentally, the physical and optical properties of ITI-
nitride QDs will be understood better. Consequently,
novel applications are believed to emerge. Apart from
the optoelectronic devices discussed here, III-nitride
QDs will certainly be used for other optoelectronic de-
vices such as optical amplifiers and vertical cavity sur-
face emitting lasers (VCSELS) in the near future.

Summary

We have reviewed the recent progress of III-nitride-
based QDs and their optoelectronic applications such
as lasers, LEDs, infrared photodetectors, and SCs. As
discussed in Section II, both self-assembling growth
and selective growth techniques are well developed to
obtain QDs of nitride semiconductors. Recently, an
electrically injected InGaN/GaN QD green (A = 524
nm) laser has been reported for the first time. Addi-
tionally, many efforts have been made to obtain high-
performance LEDs by adopting dot structures. Thanks
to the large conduction-band offset for GaN/AIN, the
QDIPs based on ISB transitions have been successfully
demonstrated at RT in the fiber-optics spectral range.
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Moreover, the I1I-nitrides QDIB SCs or “rainbow” SCs
are expected to increase the solar energy conversion ef-
ficiency over 63%. Finally, we point out the possible
difficulties and perspectives associated with growth and
applications of III-nitride QDs.
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