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Abstract
The positioning of quantum dots (QDs) in nanowires (NWs) on-axis has emerged as a
controllable method of QD fabrication that has given rise to structures with exciting potential in
novel applications in the field of Si photonics. In particular, III–V NWQDs attract a great deal
of interest owing to their vibrant optical properties, high carrier mobility, facilitation in
integration with Si and bandgap tunability, which render them highly versatile. Moreover, unlike
Stranski–Krastanov or self-assembled QDs, this configuration allows for deterministic position
and size of the dots, enhancing the sample uniformity and enabling beneficial functions. Among
these functions, single photon emission has presented significant interest due to its key role in
quantum information processing. This has led to efforts for the integration of ternary III–V
NWQD non-classical light emitters on-chip, which is promising for the commercial expansion
of quantum photonic circuits. In the current review, we will describe the recent progress in the
synthesis of ternary III–V NWQDs, including the growth methods and the material platforms in
the available literature. Furthermore, we will present the results related to single photon
emission and the integration of III–V NWQDs as single photon sources in quantum photonic
circuits, highlighting their promising potential in quantum information processing. Our work
demonstrates the up-to-date landscape in this field of research and pronounces the importance of
ternary III–V NWQDs in quantum information and optoelectronic applications.
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1. Introduction

The synthesis of III–V nanowires (NWs) has been a topic of
extensive research due to their potential for implementation in
devices with ultra-low volume, high efficiency and low power
consumption [1, 2]. Their morphological uniqueness allows
for efficient strain relaxation along their sidewalls, enabling
the monolithic integration of lattice-mismatched materials [3].
This has led to important achievements, including the mono-
lithic integration of optically active group III–V semiconduct-
ors with the mature Si platform, which is the foundation for
most optoelectronic circuits [4].

Moreover, a material platform that extends the versatility
of NW structures is ternary III–V alloys, which provide an
additional degree of freedom in the design, due to the bandgap
modulation via controlling the elemental composition [5]. The
successful fabrication of ternary III–V NWs is demanding
because of the sensitivity to the growth parameters, including
the V/III ratio, temperature, source fluxes and contamination
in the chamber. Despite these issues, a variety of III–V ternary
NWs have been realized over the past years [6–15]. Some of
themost notable examples includeGaAsP [6–9], GaAsSb [10–
13], and InGaAs [14, 15], which allowed for the investigation
of infrared emission and its applicability for telecommunica-
tion applications.

On the other hand, another type of nanostructures for wide-
scale implementation in Si photonics is quantum dots (QDs).
Due to their zero-dimensionality leading to strong quantum
confinement, QDs are ideal for use in novel applications such
as single photon generation, which is crucial for quantum
information processing [16, 17]. One common growth method
for QDs is the Stranski–Krastanov (SK) mode. It is a strain-
driven procedure, signifying that lattice-mismatched mater-
ials can be combined [18]. Despite their success, the ran-
dom nature of strain renders the control of the position and
dimensions of the dot challenging. Hence, another alternat-
ive was imperative to deterministically regulate these para-
meters. One important solution is the embedding of the QDs
in NWs by stacking a narrower bandgap material along the
NW axis, leading to the formation of nanowire quantum dots
(NWQDs). One prominent feature of NWQDs, compared to
other types of QDs, is that they are naturally confined in one
direction along the NW elongation axis, while further con-
finement occurs by the barrier material along the NW. This
can be accomplished by modulating the elemental supply dur-
ing growth, thus achieving a precisely controlled dot position
and size [19]. Ternary III–V NWQDs in particular present
increased interest due to the bandgap tunability, increasing
the range of emission that can be achieved [19]. Over the
recent years, the acquired structures have been implemented in
several applications including single photon sources [20–22]
and light-emitting diodes (LEDs) [23], while entangled photon
pair generation with potential use in quantum circuits has also
been reported [24]. In addition, NWQDs have been success-
fully implemented in laser fabrication [25–27].

Apart from their suitability for optoelectronic device
applications, NWQDs are promising for functionality in novel,
emerging quantum technologies, which, albeit immature, have

attracted a large amount of scientific research and commer-
cial attention over the past few years. An area of particu-
lar focus for NWQD research is quantum information pro-
cessing, which utilizes the superposition of photons to optic-
ally store and transmit data [28]. The elemental unit which
is called a ‘qubit’ is ideally comprised of a single photon.
Initially, regardless of the high interest, the intangible nature
of the superposition states rendered the subject an academic
topic of discussion rather than a pragmatic scientific ven-
ture. Nevertheless, the introduction of quantum algorithms in
1994 [29], and their predicted power in terms of data speed
and volume increased the practicality of quantum comput-
ing. In that regard, QDs are highly promising because their
strong carrier confinement enables the generation of single that
possess key properties for quantum computing such as high
brightness, interconnectivity and indistinguishability [30].
Over the past decade, quantum-controlled NOT gates based
on single photons have been realized; a giant step towards
quantum information processing [31–33]. Furthermore, mul-
tiqubit entanglement gates have been achieved, which is favor-
able towards scalable quantum computing [34]. Besides, on-
chip integration of single photon sources has been a subject
of scrutiny and study, with significant advancements having
been achieved [35–37]. Hence, the aforementioned progress
has rendered the analysis, research and commercialization of
quantum computing not only a topic of scientific curiosity but
a realistic, potential attainment of the near future. Considering
the role of single photons as carriers of quantum information
and the suitability of dot-in-wire structures as single photon
emitters, the described achievements constitute the study and
comprehension of NWQDs and their function imperative.

In this review, we will present the recent progress in the
growth and characterization of III–V NWQDs and demon-
strate their role in single photon generation. The investiga-
tion of the relevant literature allowed us to encapsulate the
material platforms, highlight the most important findings and
discuss the potential for device fabrication. Initially, we will
introduce the growth methods for NWQDs, namely the select-
ive area growth (SAG), vapor–liquid–solid (VLS) growth,
and catalyst-free techniques, and mention the peculiarities of
each of them. Furthermore, we will explore the various tern-
ary III–V NWQDs realized in the past, subcategorized into
two groups: those with GaAs QD as the active region and
those with ternary III–V material as the active region. Due
to their importance, we will also include works related to III-
nitride-based NWQDs, separately. Besides, we will address
the vibrant topic of quantum information processing and the
prominent role of ternary III–V NWQDs and eventually, we
will describe the integration of III–V NWQD single photon
sources in quantum photonic circuits, which is promising for
the large-scale, commercial application of these nanostruc-
tures in quantum computing and quantum networks.

2. Growth techniques

One of the primary points of focus in the design of efficient
and functioning nanostructures is the growth technique that
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Figure 1. (a) Schematic representation of a typical CVD system, where usually argon or nitrogen are used as carrier gases. (b) Basic
schematics of a typical MBE system, where the sample is loaded via the load lock module and is then transferred initially to the preparation
chamber for thermal annealing and eventually in the growth chamber, where adatoms are ballistically emitted towards a substrate from
effusion cells.

is adopted. The most prevalent method in silicon-based tech-
nology for a wide range of material systems including group
III–V, group IV semiconductors, nitrides and perovskites is
epitaxy. During epitaxial growth, material layers are formed
in well-defined orientations, while the initiation of the growth
stems from a seed layer. This technique is particularly import-
ant for compound semiconductor materials and ternary alloys,
as it allows for precise control over the dimensions and posi-
tion of the deposited layer, while technological advances have
enabled the acquisition of crystalline layers with exquisite
material quality.

Among the various epitaxial growth systems that have been
developed, molecular beam epitaxy (MBE) and metal-organic
vapor phase epitaxy (MOVPE), which is also known as metal-
organic chemical vapor deposition (MOCVD) are of high sig-
nificance due to their unique advantages. MOVPE is a material
deposition method where the substrate receives elemental pre-
cursors that react with each other, forming the material lay-
ers. This is highly important in thin film synthesis, with the
deposition of precursors occurring via the use of gas argon
or nitrogen acting as carrier gas. Hence, the main feature of
MOVPE is the material growth based on chemical reactions
under intermediate pressure. A schematic representation of a
typical MOVPE system is demonstrated in figure 1(a).

Opposite to MOVPE, MBE is a physical evaporation pro-
cedure that was invented in the 1960s [38], where adatoms are
transferred as beam flux on the surface of a substrate wafer.
The procedure is conducted under ultra-high vacuum (UHV),
signifying that no chemical interaction takes place among the
adatoms prior to their arrival on the substrate. Interestingly,
due to the UHV conditions, the deposition of atoms occurs
ballistically, ensuring high control over the material growth,
while the slow growth rate allows for high material quality and

purity without dopants or contaminants. Figure 1(b) includes
a schematic representation of a typical MBE system, which is
comprised of three chambers, the load-lock, the buffer cham-
ber and the growth chamber. The load-lock is the only part of
the reactor that comes in contact with atmospheric air and is
used to load and unload samples and wafers in the MBE sys-
tem via a trolley. The buffer chamber is used to store wafers or
samples and is also a space where the substrates are annealed,
mounted to a heater at the degas station for decontamination
prior to their introduction to the growth chamber. Finally, the
latter is the heart of the MBE system, where the material syn-
thesis occurs via the aforementioned technique. The substrate
is positioned facing the effusion cells, which are heated so that
solid elements begin to sublime. The precursors reach the sub-
strate ballistically. The substrate is heated via a heating station
and can be rotated via a manipulator in order for the mater-
ial deposition to be uniform. It is interesting to mention that
valves are used between the different MBE system compon-
ents to avoid contamination.

It is interesting to highlight that in the case of NWQDs
that are described in the current review, the two major growth
approaches are the top-down and the bottom-up approach.
During the former, the 1D structures are etched down from
bulk materials, after they are coated with a hard mask [39].
This is followed by the extensive use of lithography, most
commonly electron beam lithography (EBL) and dry or wet
etching. Sacrificial etching that can be adopted is a powerful
tool that is considered compatible with thin film fabrication
techniques which are widely popular in industrial applications.
Nevertheless, themost important challenge associatedwith the
top-down NW fabrication is the quality of the obtained materi-
als. The additional processing steps, most importantly etching,
lead to rougher surfaces, while, as the fabrication is conducted
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Figure 2. (a) The group III liquid droplet is deposited on the substrate. (b) The III–V elemental fluxes are introduced, and the NW starts to
grow. (c) The supply of one element is terminated, which leads to the QD segment formation. (d) The supply of the element is restored,
which causes the development of the top NW part. (e) The NWQD is fully grown.

in already-grown bulk materials, the acquired NWs present a
high density of crystal defects, including threading disloca-
tions that are degrading to the optical response of the struc-
tures. Due to these challenges, the reports on top-down fabric-
ation of III–V NWQDs are limited and only describe binary,
GaAs/InAs NWQDs [40–42].

The most popular approach for NWs and NWQDs, includ-
ing III–V and nitrides is bottom-up. The structural synthesis is
accomplished via the aforementioned epitaxy, utilizing meth-
ods such as MBE or MOVPE. One particularly attractive
option for NW and NWQD formation is the VLS growth
mode, with two subcategories being identified, namely the
foreign-metal catalyzed growth and the self-catalyzed growth.
In both cases, a liquid catalyst seed acts as the collector
and absorbs the feeding material. The incorporation of the
elemental supply in the catalyst droplet eventually leads to
supersaturation, which causes the nucleation of a solid crys-
tal monolayer in the liquid/solid interface [43]. The continu-
ation of this mechanism leads to NW elongation, i.e. the NW
growth. QDs can be embedded axially via stacking a narrower
bandgap material within the NW, which is achieved by con-
trolling the material supply during growth. It is important to
mention that the sharpness of QD/NW interfaces should be
kept as abrupt as possible. The carriers are ideally confined in
the narrower bandgap region (the QD), resulting in radiative
recombination deriving from the QD region [44]. The emit-
ted photons are guided by the NW to the ending facets. From
there, they can be coupled with one of the fundamental modes
of free space and collected for further processing [45]. In III–
V NWQDs in particular, the dot formation can be achieved
via altering either a group III [46, 47] or a group V element
[48]. It is interesting to underline that apart from VLS mode,
SAG is also another subcategory of bottom-up NW synthesis.
According to this method, the substrate is patterned via the use
of a patterned hard mask, EBL and etching. This way an array
of meticulously regulated holes is presented on the substrate
wafer, where NWs preferentially elongate. Despite the benefit
of this method in terms of uniformity, the challenges related to
the additional fabrication steps and the lack of thorough under-
standing of the underlying mechanisms significantly limits the
use of SAG, especially in the case of NWQDs, where the exist-
ing literature is based on VLS, bottom-up growth. For the rest
of the article, we will focus on VLS-grown NWQDs, which
represent the cited literature to its entirety.

Ternary III–V NWQDs are obtained by foreign metal, most
usually Au, as catalyst droplet with excellent results. The
choice of Au is advantageous when compared with other
metals such as Ag or Ni owing to its properties including
thermal stability, chemical inertness, resistance to oxidation,
and solubility of group III–V semiconductors in Au [49, 50].
Despite the good results reported, the use of foreign metal
catalysts entails a risk of contamination via the formation
of Au clusters on the substrates, introducing mid-gap energy
states [51]. In addition, potential Au intermixing with the NW
material can cause deep-trap levels that pose challenges to
the compatibility with CMOS technology applications and
drive electronics [52]. For this reason, a suggested alternative
route for III–V NWQD synthesis has been the self-catalyzed
VLS growth, where the element of the liquid droplet is a
component of the NW itself. Besides this fundamental differ-
ence, the working principles are identical to the foreign-metal
catalyzed growth. The basic challenge of the self-catalyzed
growth mode is the sensitivity of the material to the growth
parameters, requiring highly careful design and calibration.
Nonetheless, the self-catalyzed technique has been employed
for QDs embedding in standing NWs [53–56]. A schematic
representation illustrating the growth mechanism is provided
in figure 2. The elemental fluxes are shown as arrows and the
corresponding atoms as spheres. The self-catalyzed growth
utilizes a group III element as the catalyst droplet, which could
compromise the chemical stability of the droplet itself, so that
the alteration of group III fluxes feeding the droplet is chal-
lenging. On the contrary, the alteration of group V fluxes does
not have a significant impact on the stability of the material
system due to their low solubility in the group III droplet.

After having introduced the growth mechanisms that are
employed, we will focus on the material platforms that have
been exploited for the realization of ternary III–V NWQDs. In
each case, the peculiarities in morphology, structure, optical
properties, and growth methods will be investigated.

3. Ternary III-V NWQDs

The past decade has been marked by an increased interest in
III–V NWQD structures due to their intense and spatially loc-
alized emission with a potential to be used as single photon
sources. Considering the aforementioned benefits of ternary
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III–V structures, particular attention has been paid to the
synthesis of ternary III–V NWQDs whose emission range can
be easily tuned by modulating the nominal composition of
the alloys. The two subcategories that we will examine are
NWQDs with binary QD segments (GaAs) and ternary QD
segments. Eventually, due to the significance of the material
platform, we find it important to introduce III-nitride-based
NWQDs in a separate subsection at the end of the current
chapter.

3.1. GaAs QDs in ternary III-V NWs

As one of the most widely explored and popular III–V alloys,
GaAs has been incorporated as the active region material in
ternary III–V NWQDs. The NW body, which is considered
the barrier material, is comprised of a wider bandgap ternary
alloy. The two most widely used alloys for such a purpose are
AlGaAs and GaAsP, which will be examined separately in the
current report.

AlGaAs has a bandgap ranging between 1.42 eV (GaAs)
and 2.16 eV (AlAs), rendering it an ideal platform for red
and near-infrared light emission. In addition, AlGaAs has
an almost identical lattice constant with GaAs, which leads
to its regular combination with the latter in NW core/shell
configuration [57–59], and thus results in advancements
in non-classical light sources with enhanced intensity and
polarization [60, 61] and lasers [57, 62].

Due to their lattice match, GaAs QDs have been success-
fully embedded in standing AlGaAs NWs in the past, with
optical emission occurring between 600 and 800 nm [63–68].
The QD segment manifests itself as an additional emission
peak, with higher intensity due to the enhanced quantum con-
finement effect in the GaAs QD region. It is noted that the
growth parameters are crucial for the applicability of the nano-
structures. For instance, it has been shown that in MBE-grown
AlGaAs/GaAs NWQDs, the intensity of the emission signal is
strongly dependent on the growth temperature. Specifically,
when the growth temperature is increased from 510 ◦C to
550 ◦C, the PL emission of both the dot and the wire is signi-
ficantly weakened, while there is also a blueshift of the peak
[67]. Moreover, Al content and its distribution in the NW body
have an impact on the QD size, since increased Al presence
at the QD/NW interface can alter the thickness of the bare
GaAs QD segment. Ergo, both NW-related and QD-related
emission peaks can be significantly influenced [67]. For this
reason, modulation of the QD size allows for the dot emission
to be kept at the same value even for samples with different Al
content in the AlGaAs barrier [67]. A schematic representa-
tion of a single GaAs QD embedded in the core of an AlGaAs
NW is exhibited in figure 3(a). The corresponding Ga and Al
maps are shown in figures 3(b) and (c), respectively, where
the red arrows mark a bright (dark) segment in the map of Ga
(Al) that represents the formed QD [68]. Finally, the energy
dispersive x-ray (EDX) measurements reveal the atomic con-
tent for Ga and Al at the scan positions of the NW, showing
the characteristic peak in Ga and dip in Al at the dot segment,

as presented in figure 3(d). It is noted that the percentage of
Al in the GaAs QD segment should be ideally maintained at
0. In experimental applications, this can never be the case as
Al residues can be presented in the GaAs segment as a result
of the widely non-uniform elemental distribution. As a result,
an important parameter that regulates the optical behavior of
the NWQDs is the sharpness of the NW/dot interfaces, with
efforts being made to keep elemental diffusion causing inter-
mixing minimal.

On the other hand, the GaAsP material platform has been
studied extensively over the past years, due to its wide bandgap
tunability between 1.42 eV (GaAs) and 2.24 eV (GaP). It is
noted that zinc-blende GaP has an indirect bandgap, whereas
GaAsP demonstrates an indirect-to-direct transition at 44%
P content [69]. The bandgap range of GaAsP-based nano-
structures makes them ideal for solar cells on Si [9] and pho-
tocathodes for water-splitting devices [8]. In addition, the nar-
row bandgap nature of GaAsP material platform has attrac-
ted attention for the realization of green LEDs, addressing the
well-known ‘green gap’ in such devices, deriving from the
lack of suitability of adequate materials. It is important to cla-
rify that despite their promising potential, the use of GaAsP
NW-based devices for solving the ‘green gap’ in LEDs is far
from being understood or fully implemented and research is
ongoing.

Embedding single GaAs QDs in GaAsP NWs has been
accomplished in the past, with intriguing optical features being
presented. The NWQD structures display an enhanced intens-
ity of the emission deriving from the QD segment. The QD
formation can be validated via transmission electron micro-
scopy (TEM) techniques, where it manifests itself as a brighter
region. This is because in dark-field TEM, bright fractions cor-
respond to abundance in the heavier element, which in this
case is Ga. This is demonstrated in figure 3(e), where the
dot segment is circled for clarity. Moreover, mapping of the
corresponding regions can reveal the formation of the nar-
rower bandgap segment via illustrating the elemental content.
In figure 3(f), the combined mapping along with the indi-
vidual maps for As, P and Ga show the lack of P in the dot
region, while EDX measurements also indicate the existence
of the GaAs QD. The scan along the NW axis (upper image,
figure 3(g)) presents a characteristic dip in P and a peak in As
at the high brightness region, which reveals the formation of
the GaAs QD (below image, figure 3(g)) [53].

As mentioned earlier, the pronounced quantum confine-
ment effect in the dot regions leads to distinctive features
of the dot-related emission. This emission can be controlled
via different techniques. The controllability is scrutinized in
figure 4(a) via PL measurements of different structures of
GaAs/AlGaAs dot-in-wires. The QDs are grown for differ-
ent times of 5 s, 7 s and 15 s, with longer growth duration
leading to lower emission energy (longer wavelength) of the
corresponding peaks, due to the varying size of the formed
GaAs QD [8]. In addition, the self-formation of an AlGaAs
shell exhibited in AlGaAs NW growth [70–72] affects emis-
sion as it increases the Al content of the QD. Nevertheless, it
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Figure 3. (a) Schematic representation of a single GaAs QD embedded in the axis of an AlGaAs core/shell NW. (b) and (c) Maps of Ga and
Al, respectively, where the formed QD is exhibited as a bright segment in the former and a dark segment in the latter. (d) PL spectrum of
three different structures where the dots were grown for varying times. Longer growth times signify higher dots and correspondingly lower
intensity of the emission (higher wavelength). (a)–(d): Reprinted with permission from [68]. Copyright (2018) American Chemical Society.
(e) EDX scan results for the NWQD in question at the dot region. The corresponding peak in Ga and dip in Al confirms the formation of the
GaAs segment. (e) Dark field TEM of a GaAs dot embedded in a GaAsP NW, with the high brightness region corresponding to the former.
(f) Elemental maps (combined, As, P and Ga, respectively) indicating the formation of the GaAs QD by the low P content. (g) Upper image:
TEM of the dot region used for scanning along the yellow line. Below image: results of the scan showing the atomic percentages as a
function of the position, revealing the peak in As and dip in P in the QD segment. (e)–(g): Reprinted with permission from [53]. Copyright
(2016) American Chemical Society.

is important to maintain this Al presence at the lowest level
possible to avoid increasingly shallow interfaces that would
eventually cause non-negligible shifting of the emission peaks.
Via adequate control of the parameters, ultra narrow emis-
sion peaks from GaAs QDs GaAs/AlGaAs core/shell NWs
have been reported [73]. The linewidth of the peak, deriv-
ing from excitonic transition, does not exceed 315 µeV, while
the biexciton-related peak at higher energies has a linewidth
of 458 µeV (figure 4(b)). Besides, the low energy peak
(X) presents a linear dependence with the excitation power,
before saturating at 0.4 µW, while the high energy peak (X∗)
emerges at the onset of the X-peak saturation and has a super-
linear dependence with the excitation power (figure 4(c)).
Furthermore, time-resolved PL for the two peaks reveals that
the decrease of the X∗ intensity corresponds to an increase of
X at 0.25 ns, signifying that X∗ decays into the lower state X-
peak (figure 4(d)). Based on the above, X∗ is assigned to higher
charge states of a trion or a biexciton, while X is ascribed to an
exciton transition. The reported values are compared to SKQD
results [74]. Such NWQDs can be exploited for the realiza-
tion of non-classical light sources with strong antibunching

behavior. This is confirmed by second-order correlation (g2)
measurements via the Hanbury-Brown-Twiss (HBT) experi-
ments, corroborating a g2 at zero-time delay of 51% [73]. This
is a key characteristic for quantum information processing
applications.

It is interesting to point out that the majority of the
AlGaAs/GaAs NWQDs are based on the Au-driven growth
method [8, 9, 66–69], due to the inherently sharper QD/NW
interface. Nevertheless, as mentioned earlier Au has the disad-
vantage of fast diffusion and the potential formation of deep
level traps [49, 50]. Hence, the self-catalyzed growth method
appears to be a suitable alternative. Despite its sensitivity in
terms of growth conditions and its challenges in sharp inter-
face formation, limiting the volume of the reportedworks, self-
catalyzed growth is still considered the best alternative to avoid
contamination and ensure compatibility with CMOS applic-
ations. This has been highlighted by recent achievements of
self-catalyzed AlGaAs/GaAs NWQDs with good morphology
and promising optical features [75, 76].

Considering that the GaAs QD segment remains the act-
ive region, similarly good optical response is observed in
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Figure 4. (a) PL spectrum of three different structures where the dots were grown for varying times. Longer growth times signify higher
dots and correspondingly lower intensity of the emission (higher wavelength). (a): Reprinted with permission from [68]. Copyright (2018)
American Chemical Society. (b) PL spectrum of GaAs QDs embedded in GaAs/AlGaAs core/shell NWs. Two peaks are presented ascribed
to exciton (X) and either biexciton or trion (X∗) transitions with linewidths of 315 µeV and 458 µeV, respectively. (c) PL intensity as a
function of the excitation power, showing linear dependence of X and superlinear dependence of X∗, further confirming excitonic transition
for the former and higher energy state-related transition for the latter. (d) Time-resolved PL of the two peaks (X and X∗), where the decay of
X∗ to the lower charge state X is conspicuous. (b) –(d): Reprinted with permission from [73]. Copyright (2015) American Chemical
Society. (e) and (f) Power-dependent and temperature-dependent PL spectra for a single GaAsP/GaAs NWQD, respectively, revealing a
dot-related peak at 1.66 eV with a narrow linewidth, which disappears above 60 K. (e) and (f): Reprinted with permission from [53].
Copyright (2016) American Chemical Society. (g) and (h) Polar plots for GaAsP/GaAs NWQD emission before and after surface treatment,
respectively, illustrating enhanced intensity and degree of polarization following the passivation techniques. (g) and (h): Reprinted with
permission from [21]. Copyright (2019) American Chemical Society.

the case of GaAsP/GaAs NWQDs. The power-dependent and
temperature-dependent PL spectra are shown in figures 4(e)
and (f), respectively, where a sharp dot emission is presen-
ted at 1.66 eV (746 nm) with a linewidth of 130 µeV. The
dot peak rapidly quenches with increasing temperature and
practically vanishes after 60 K [53]. It is noted that, as in
the case of AlGaAs NWs, the inhomogeneous elemental dis-
tribution and crystal defects allow for carriers to escape the
GaAs dot and recombine in the NW body, thus leading to
a GaAsP-related peak. However, this has a weaker intensity
than the predominant QD emission. Moreover, NWQDs with
good photon antibunching behavior up to 160 K and narrow
transitions up to 220 K have been reported [21]. These have a
much higher intensity and degree of polarization (DOP) fol-
lowing surface passivation, as illustrated in figures 4(g) and
(h), representing polar plots before and after surface treat-
ment, respectively. The highest DOP reaches 82.5%, which
is promising for the wide-scale use of phosphides in optical
communications [21].

It is worth noting that the spectral range of the emission for
AlGaAs/GaAs and GaAsP/GaAs NWQDs is similar, despite
the different materials used as barriers. This is obvious from
the emission wavelength of figures 4(a) and (e), (f) for the 5 s
grown QDs which is located around 750 nm roughly. On the
contrary, stark differences are observed between NWQDs of
the same material but with different growth times, as wider
QDs lead to a distinct redshift of the emission wavelength.
Moreover, the influence of post-growth surface treatment and

passivation can be deduced from figures 4(g) and (h), where
the optical response in terms of non-classical light emission is
highly improved in passivated structures, owing to the reduc-
tion of non-radiative recombination in the frequently dense
surface states. The above indicates that the growth parameters
and processing steps are of grave significance for the optical
response of the material system.

3.2. InAsP QDs in InP NWs

The second subcategory of our review is related to the growth
of ternary III–V QDs acting as the active region in III–V NWs.
Regarding that, one particularly interesting topic has been the
formation of InP/InAsP NWQDs on InP (111)B substrates
[77, 78]. InAsP has a bandgap between 0.36 eV (InAs) and
1.344 eV (InP), covering a wide range of the near- and mid-
infrared regions of the spectrum. Moreover, its high electron
mobility and large absorption coefficient are ideal properties
for electronic applications [79]. Hence, InP/InAsP NWQDs
are promising for bright and effective single photon emission.
For instance, two InAsP QDs with different geometry have
been embedded in InP NWs. The schematics are presented in
figures 5(a) and (c), while the corresponding TEM images are
shown in figures 5(b) and (d), respectively. The accomplished
peaks have an ultra narrow linewidth of less than 120 µeV and
are found at 1.401 and 1.412 µm, respectively (figure 5(e)).
The sharpness of the peaks and the narrow linewidth reveal
the QD-like behavior of InAsP insertions. Nevertheless, their
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Figure 5. (a) Schematic representation of an InAsP insertion in an InP NW. (b) TEM image showing the shape of the insertions depicted in
figure 4(a). (c) Schematic representation of a second InAsP insertion of a different shape in the same InP NW. (d) TEM showing the
geometry of the InAsP insertion depicted in figure 4(c). (e) µPL spectrum of the InP/InAsP NW heterostructure with two insertions of
different geometry. (a)–(e): Reprinted with permission from [77]. Copyright (2007) American Chemical Society.

Figure 6. (a) SEM images of an array that includes GaAs NWs with InGaAs/GaAs QDs embedded. (b) Representative TEM image of a
structure deriving from the array of (a), showing the existence of 75 QDs along the NW axis. (c) PL spectra of the structures in (a) and (b),
below (blue) and above (red) the threshold pump pulse fluence (250 µJ cm−2). The sharp peak at the latter indicates lasing. (d) Double
logarithmic plot of the intensities of the peaks and the corresponding FWHM as a function of the pump pulse fluence. The S-shape behavior
establishes a lasing trend. (a)–(d): Reprinted from [83], Copyright (2016), with permission from Elsevier.

shape is larger than conventional QDs, as their dimensions
exceed the Bohr exciton radius [77]. Ergo, further optimization
of the dimensions could lead to sharper peaks due to stronger
quantum confinement. Furthermore, this material platform has
shown tunability of the P content, varying between 20% and
100%. The insertion of InAsP QDs in InP NWs has been
modeled as well, with vanishing fine-structure splitting [80].
Hence, the aforementioned observations can pave the route for
the realization of entangled photon pair sources, which is a cru-
cial step towards achieving photons of high indistinguishabil-
ity and is therefore key to promoting the research related to
quantum computing [81, 82].

3.3. InGaAs QDs in GaAs NWs

It is interesting to observe that embedding multiple QDs along
the NW axis is of equal importance and has contributed to the
fabrication of lasers. Specifically, InGaAs QDs embedded in
standing NWs have shown remarkable results [25, 83–85]. For
instance, the insertion of 75 InGaAs QDs in GaAs NWs has
achieved laser oscillations at 1.43 eVwith a threshold pump of

250 µJ cm−2 [83]. Typical SEM images of the aforementioned
NWQDs are presented in figure 6(a), while the corresponding
TEM is introduced in figure 6(b). Moreover, the PL spectra at
7 K of a single structure with stacked In0.2Ga0.8As/GaAs QDs
below and above the threshold are shown in figure 6(c), where
the sharp peak above the threshold indicates lasing. Besides,
the logarithmic integrated output power intensities of the laser
peak and the linewidth as a function of the pump pulse fluence
exhibit the characteristic S-shape behavior that confirms laser
realization (figure 6(d)) [83].

Besides, modulation of the emission energy of each QD
in NWs via tailoring the size of the dot can be used to
avoid inhomogeneous broadening, as it has been estab-
lished that progressively shorter growth duration can lead
to peaks as narrow as 9.3 me [84]. It has also been shown
that the amount of QDs in a single NW could potentially
reach 200 [84, 85]. One of the most important accom-
plishments of multiple QDs in NWs is the RT operating
laser based on 50 In0.22Ga0.78As/GaAs QDs embedded in
GaAs/Al0.1Ga0.9As/GaAs core/shell/cap NWs [25]. The QDs
are separated by GaAs spacer layers. At low power densities,
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Figure 7. (a) Schematics of a GaN NW array with InGaN quantum disks that function as QDs embedded in their axis. (b) SEM image of the
GaN/InGaN NWQD array, revealing a high density. (c) Photocurrent spectra of the fabricated photodetector exposing three different peaks.
(d)–(e) Photocurrent spectra at varying bias voltage (d) and temperature (e) marking the strong dependence of the peak intensity on these
two factors. (a)–(e): Reprinted with permission from [91]. Copyright (2019) American Chemical Society.

the emission is manifested as a broad peak due to the high
density of the dots. Nevertheless, increasing power densities
lead to another peak at 1.4 eV, with the threshold for lasing
being at 25 µJ cm−2 after which a sudden jump in the peak
intensity appears at 1.43 eV, indicative of stimulated emission.
The transition from broad spontaneous emission to amplified
spontaneous emission and eventually lasing is clearly exhib-
ited in the L–L curve which presents a conspicuous S-shaped
behavior [25]. Despite the fact that lasing at elevated temperat-
ures is challenging due to the enhanced mobility of the carriers
and the inhomogeneous broadening as a result of the enhanced
thermal energy, clear stimulated emission is produced even at
300 K in the current example, which is ideal for fully operating
lasers in real-time applications [25].

3.4. III-nitride NWQDs

Following the description of III–V material platforms for
NWQD synthesis, the reported results on ternary III-nitride
(III-N)NWQDs have drawnmuch attention. Group III-nitrides
have emerged as a promising platform in NW growth due
to their unique properties that are challenging to address by
means of other semiconductor platforms, most notably their
bandgap tunability from the infrared to the deep ultraviolet
region of the spectrum [86]. Moreover, their high dielec-
tric breakdown voltage, high thermal conductivity and high
thermal and chemical stability have led to their implementa-
tion in a wide range of electronic applications including high-
frequency transistors, wireless communications and switch-
ing systems [86]. Nonetheless, their most notable use is in
solid-state lighting sources such as UV lasers and LEDs [87,

88]. Moreover, GaN QDs have exhibited one of the highest
single photon purities recorded [89]. Due to their interest
in nanotechnology applications, we will examine this unique
type of semiconductor materials in NWQD synthesis in this
separate section.

The main focus of existing literature is InGaN/GaN
NWQDs [90–93]. A characteristic example of the progress
related to this topic is the InGaN quantum disks in GaN NWs
monolithically integrated on Si. The study reveals that the
InGaN region acting as QD produces sharp excitonic trans-
itions due to the pronounced quantum confinement effect,
implying a high probability of single photon emission [90].
Moreover, the insertion of InGaN QDs in an array of GaN
NWs has been used for photodetector fabrication with excep-
tionally high gain [91]. A schematic representation of the
above is elucidated in figure 7(a), while the SEM image of
the highly dense NW ensemble is provided in figure 7(b) [91].
After fabrication, the photocurrent spectra at RT and a bias
of −3 V (figure 7(c)) demonstrate three distinct peaks, attrib-
uted to interband absorption [91]. In addition, the intensity is
dependent on the bias and the temperature. Specifically, the
varying bias of −2 V and −3 V at RT (figure 7(d)) shows
that the intensity of the peaks is largely reduced at −2 V.
Moreover, the spectra at 289 K and 318 K with −3 V bias
reveal that the intensity is improved with increasing temper-
ature, highlighting the suitability of the photodetectors for
RT functionality [91]. On the other hand, single InGaN QDs
of 2 nm width embedded in GaN NWs with a p-n junc-
tion have presented good optical properties, with the intens-
ity of the dot-related peak being very high and being main-
tained even up to room temperature (RT), while the µPL
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Figure 8. (a) Outset: SEM of an individual GaN/AlGaN core/shell
NW with a GaN QD embedded close to the tip. Inset: SEM of a
wider area of the sample. (b) TEM image of the tip of the NWQD
presented in (a). The bright region reveals the QD formation and is
marked by the red arrow. (c) Schematics of the intricate
nanostructure of (a) and (b). (a)–(c): Reprinted with permission
from [94]. Copyright (2014) American Chemical Society. (d)
Calculated absorption spectrum for s-, p-, d- and f-states of the shell
of a GaN/AlGaN core/shell NW with a GaN QD embedded at the
tip. The QD width is 13 nm. (e) Calculated absorption spectra of the
same structure with varying dimensions of the QD. (d) and (e):
Reprinted with permission from [95]. Copyright (2015) American
Chemical Society.

of an individual NWQD reveals an exciton and a biexciton
transition [93].

Moreover, III-nitride material platform has been used for
the realization of more complex systems and structural mor-
phologies. One example of an intricate structure that is formed
is an embedded GaN QD in the tip of the AlGaN shell
surrounding a pyramidal GaN [94]. A representative SEM
image is provided in figure 8(a), with an individual struc-
ture shown in the outset and a wider area of the sample in
the inset, while the corresponding TEM and schematics are
illustrated in figures 8(b) and (c), respectively. The bright
region in the pyramidal tip (figure 8(b)) signifies the GaN QD
[94]. Furthermore, the excited states of individual QDs were
probed by photoluminescence excitation (PLE) spectroscopy
at 4 K. The continuum of states was centered at 4.42 eV [95].
However, the spectrum was comprised of several individual
transitions at various energy levels above the ground state,
which correspond to the different excited energy states [95].
For several different samples, it has been concluded that the
ground state energy is located at 4.4 eV, while the excited
state-related emission begins at 70 meV above the ground
state energy. Apart from the aforementioned experimental
procedure, nextnano simulations also unveiled details of the

electronic structure of the GaNQDs embedded in GaN/AlGaN
NWs. The shell structure has been identified, with s-, p-, d-
and f-states-related peaks being displayed in the calculated
absorption spectra of figure 8(d) [95]. The sharp lines suggest
individual transitions, while the energetic bunching of elec-
tron states is shown by the calculated energies of each shell
state. Moreover, spectra for assorted sizes of QDs are shown
in figure 8(e), where it can be observed that modifications in
the dot size cause severe shifts in the excited-state separations,
establishing that excited and ground state energies can be effi-
ciently modulated via altering the QD dimensions [95].

Finally, InGaNQDswith 20% In content have been embed-
ded in AlGaN NWs, leading to single photon emission in the
blue region of the spectrum and a noticeably short radiative
lifetime of 0.7 ns and highly polarized emission [96].

3.5. Role of modeling in ternary III-V NWQDs

Based on the analysis conducted in the previous sections of
the current review, it has been demonstrated that the design of
nanostructures is vital for their successful optical response and
their potential for wide-scale implementation in novel devices.
For instance, in the case of NWs, the morphology and struc-
tural properties of the core and the shell along with the com-
positional variations and control of the elemental distribution
are some of the most important factors in terms of the NW
functionality. Moreover, one of the most interesting features of
NWs, hence of NWQDs as well, is the polytypic nature, mean-
ing that unlike bulk materials NWs can be crystallized into
either the cubic ZB or the hexagonal WZ phase. In addition,
interestingly, a combination of the two phases can co-exist
within the crystal leading to mixed-phase NWs, an example
typically observed in the majority of ternary NWQDs. Due
to the importance in the design of the structures and the sub-
sequent determination of growth parameters to achieve them,
theoretical modeling and simulations have played an import-
ant role. Therefore, even though an extended analysis of the
theory and the principles behind it is outside the scope of the
current review, it is important to introduce the significance of
simulations in the regulation of the optoelectronic properties
of ternary III–V NWs and NWQDs [97–102].

As mentioned earlier, controlling or predicting the prop-
erties of NWs based on the phase they are crystallized into,
has been the main focal point of research in theoretical model
development. Using density functional theory (DFT) and the
GW approximation has been the most popular tool in numer-
ical calculations that allowed for the determination of elec-
tronic and optical properties of NWQDs in either theWZor the
ZB phase. For instance, numerical modeling of AlGaAs/GaAs
NWQDs utilizing the aforementioned approximations enabled
the study of polymorph WZ/ZB cylindrical shape AlGaAs
NWs with single GaAs QDs embedded [97]. The results
showed small but non-negligible strain field generated in the
WZ/ZB interfaces within the AlGaAs crystal, as anticipated
[97]. Moreover, the analysis of the confined energy levels
showed clear signs of blueshift of the emission in WZ regions
as opposed to ZB regions, actively showing that the syn-
thesis ofWZAlGaAs NWs exhibits distinct interest in reaping
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novel AlGaAs-related optical properties [97]. What is more,
band-structure calculations in AlGaAs NWs performed with
a multiband k p model [98], have strongly suggested that WZ
AlGaAs is direct bandgap material for high Al concentrations
[99]. It is reminded that ZB AlGaAs remains direct bandgap
only for Al contents up to 60%. The bandgap of WZ AlAs
(2.232 eV) has also been numerically calculated. Moreover,
the comparison between PL experimental data and theoretical,
numerical simulations confirm the validity of the aforemen-
tioned method.

The above demonstrate the importance ofWZAlGaAs syn-
thesis, as higher Al content while maintaining optically active
properties can allow for stronger barrier layers, hence higher
quantum confinement and sharper interfaces in AlGaAs/GaAs
NWQDs. This can circumvent one of the main obstacles of
RT operation which is carrier escape, as will be analyzed later
on in the current review. The above have been recently con-
firmed via direct numerical calculations using the same model
in AlGaAs/GaAs single NWQDs. It has been shown that the
level of quantum confinementwhen usingWZAl-richAlGaAs
layers is strong [100]. Specifically, the quantum confined Stark
effect observed in the case of WZ AlGaAs has a dramatic
impact on the optical properties of the dot itself, via modify-
ing the quantum confinement level, the carrier escape and via
drastically reducing wavefunction overlap [100].

It is interesting to mention that a change in the size of the
dot has also been predicted to significantly shift the emission
energy via modifying the quantum confinement levels in the
dot region. This has been experimentally applied as well via
modifying the growth time of the GaAs segment [68]. A com-
parison of the simulated transition peaks and the PL experi-
mental data are shown in figure 9. Despite the difference in the
intensities, which derive from competing charging mechan-
isms under non-resonant excitation in experimental PL [100],
there is an excellent agreement in the spatial localization of the
peaks, confirming the validity of the mechanism.

After having analyzed the experimental data and briefly
showed the role of numerical calculations in NWQD design,
it is important to proceed in the next section in the analysis
and measurements of ternary III–V NWQDs acting as single
photon sources, with the aim to be used in novel quantum
information processing applications.

4. Ternary III–V NWQDs as single photon sources
for quantum information processing applications

4.1. Single photon emission in NWQDs

One of the unique features of QDs is single photon generation
stemming from the strong carrier confinement. Single photon
sources are vital for the development of quantum computing
because the emitted photons play the role of single qubits,
as the carriers of quantum information. As mentioned in the
introduction, single photon generation offers the advantages
of high brightness and interconnectivity [30]. What is more, a
high level of indistinguishability is essential for quantum com-
puting applications [31, 32]. Among the achievements of the

Figure 9. Experimental (EXP) PL under different growth times of
the dot, compared to simulated, numerical data (SIM) under
different dot sizes. The good agreement of the position of the peaks
confirm the validity of the proposed model. Reproduced from [100].
CC BY 4.0.

past decade on quantum information processing, the realiza-
tion of quantum-controlled NOT gates [32, 33] and multiqubit
entanglement gates [34] exhibit the scalability and practic-
ality of quantum computing as an emerging technological
advancement.

To ascertain single photon emission, the most popular and
reliable technique is theHBT experiment, which is fundament-
ally comprised of a coherent light source, a beam splitter and
two photodetectors. The main aim of the experiment is the
measurement of the correlation of the two photons that are
detected by the two individual photodetectors. This is accom-
plished via measuring the second-order correlation function
(g2(τ )), where τ is the time delay between the two detected
photons. More specifically, g2(τ ) provides the degree of cor-
relation between the photon detected at the initial time t and
the delayed time t + τ . The most important value for single
photon generation is g2(0), which essentially defines the pos-
sibility of two photons being detected (thus emitted) simul-
taneously. In principle, this value needs to be maintained at
low levels, ideally 0 [103]. Practically, the threshold to cor-
roborate single photon emission is g2(0) to be less than 0.5.
This is a property exhibited in QDs in the past, with an ultra-
low possibility of the second photon being emitted at the same
time [89, 104]. For example, high purity has been accom-
plished in GaN QDs, with ultralow g2(0) of 0.02 [89]. A
schematic representation of a typical HBT setup is presented in
figure 10.

Nevertheless, the difficulties related to the complexity of
QD formation along with the increasing need for versatile
structures led to the quest for an alternative route in single
photon generation. On that regard, NWs can play a pivotal role.
It is important to clarify that NWs do not inherently function
as single photon emitters, as NW emission is frequently char-
acterized by inhomogeneous broadening due to alloy fluctu-
ations, while the peak intensity does not reach the high values
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Figure 10. Schematic diagram of a typical HBT setup consisting of a light source, a beam splitter, two detectors and a correlator for the
measurements of g2.

of QD emission often, due to the less accentuated quantum
confinement. In addition, the high surface-to-volume ratio of
NWs leads to a profound impact of highly dense surface states
that function as scattering centers for carriers and compromise
the intensity of the NW emission.

Opposite to this, axially embeddedQDs inNWs exhibit sig-
nificant advantages. First and foremost, the narrower bandgap
material stacked on-axis demonstrates 3D carrier confinement
resulting in sharper peaks. Furthermore, the 0D nature of the
QD allows for narrow linewidth, thus enabling single photon
generation. It is interesting to underline that the above are fea-
tures of conventional QDs in terms of single photon emission.
Nevertheless, the advantages of NWQDs are mostly related
to the nature of the NW structures. The large strain tolerance
allows for the combination of materials without the need of
intricate buffer design and fabrication, facilitating the growth
process. Simultaneously, the high density of surface states
can be addressed by adequate passivation. Besides, QDs are
deterministically positioned in the NW, as opposed to strain-
driven SK QDs, which allows for a high-level controllability
in the structural design. Most importantly, NWs inherently act
as waveguides for the emission that derives from the QD seg-
ment, which is of foremost importance for the efficient collec-
tion and manipulation of the emission from the ending facets.
Hence, QDs embedded in NWs are considered beneficial as
single photon sources.

4.2. Ternary III–V NWQD-based single photon emitters

One of the main platforms for successful single photon emis-
sion has been ternary III–V NWQDs, due to the optically act-
ive properties that were analyzed earlier in the current review.
Among the many material systems GaAs/AlGaAs manifests
itself as an ideal combination, as both GaAs and AlGaAs have
near-identical lattice constants, signifying that minimal strain
is introduced in the interfaces. This is important owing to
the resulting reduction of intermixing and necessary interface
sharpness. Despite the importance of GaAs/AlGaAs material
platform, it is important to underline that successful res-
ults on single photon generation from NWQD-based systems

are quite limited for the aforementioned alloy combination.
This is potentially due to the complexities associated with
Al distribution. Specifically, Al tends to incorporate at the
bottom facets of the NW leading to wide variations of
the compositional distribution along the NW axis. In addi-
tion, the mixed crystal phase of AlGaAs-based NWs further
increases the intricacy of the nanostructures. Hence, achieving
an adequately low g2(0) has been challenging. Nevertheless,
single crystal phase GaAs QDs embedded in GaAs/AlGaAs
NWs have exhibited a g2(0) of 51% [70]. Even though this
value can only indicate marginal single photon generation, it
strongly suggests photon antibunching.

Based on the above, it is suspected that crystal qual-
ity optimization and reduction of alloy fluctuations can lead
to lower g2(0) and allow us to reap the benefits of the
AlGaAs/GaAs material system in terms of non-classical light
generation. Specifically, using higher Al content can increases
thermal stability which in turn widens the frame of growth
temperature optimization. Moreover, stability that can be
obtained ex-situ via other tools can support the extensive
use of AlGaAs/GaAs NWQDs as single photon sources. For
example, single GaAs QDs in Au-catalyzed AlGaAs NWs,
whose emission has been tuned ex-situ to atomic resonances
under the influence of Rubidium, have shown excellent photon
antibunching [68]. This is achieved by directing the emission
deriving from the QD to a Rb vapor cell and applying a vary-
ing magnetic field through which the frequency of the emit-
ted photons is changed. Consequently, the photons propagate
through the Rb cell, and they get absorbed or scattered [68].
This greatly lowered g2(0) down to 19%, which demonstrates
single photon generation. It is important to underline that nar-
row linewidth in the PL spectrum is a strong first indication
of photon antibunching. In [68] the exciton linewidth is main-
tained at 30 µeV, as illustrated in the spectrum of figure 11(a).
The final confirmation of single photon emission derives from
the aforementioned g2(0) whose low value validates the purity
of single photons (figure 11(b)) [68].

Furthermore, reliable results have been observed in
GaAsP/GaAs NWQDs [21]. Figure 11(c) demonstrates the g2

measurements on bare NWQDs before any surface passivation
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Figure 11. (a) PL spectrum of an exciton transition from a single AlGaAs/GaAs NWQD. The linewidth is narrow at only 30 µeV. (b)
Second-order correlation function measurements from the same AlGaAs/GaAs NWQD. The large dip at zero-time delay with a value of
barely 19% establishes single photon emission. (a) and (b): Reprinted with permission from [68]. Copyright (2018) American Chemical
Society. (c) and (d) Second-order correlation function measurements from a single GaAsP/GaAs NWQD before and after surface treatment,
respectively. The dip at zero-time delay, below 50%, corroborates single photon emission. Before surface treatment, the phenomenon is
quenched at 60 K, while after surface treatment improved thermal stability is displayed with g2(0) being maintained at the relatively low
value of 32% even at 110 K. (c) and (d): Reprinted with permission from [21]. Copyright (2019) American Chemical Society.

is performed. The results show a large dip at zero-time delay
at 10 K (lower panel) and 60 K (upper panel). The value is
below 50% in both cases, confirming single photon emission.
However, the possibility of a second photon being emitted
simultaneously is largely enhanced with increasing temperat-
ure due to the increased carrier mobility. After surface treat-
ment is applied (figure 11(d)), the thermal stability is highly
improved, with the dip being much more pronounced at 10 K
(lower panel) and 60 K (middle panel), while signs of single
photon emission are shown even at the elevated temperature of
110K (upper panel). The values of g2(0) are 5%, 19% and 32%
for 10 K, 60 K and 110 K, respectively. It is noted that a g2(0)
of 48% was observed at even 160 K (not shown here), which
is still below the critical value of single photon generation
[21]. The above are important steps towards obtaining single
photon sources, thus functional quantum computing at higher
temperatures.

4.3. Ternary III-nitride NWQD-based single photon emitters

Significant results of single photon emission have been
observed in ternary III-nitride NWQDs. The interesting prop-
erties of nitride material platform, combined with the NWQD
architecture and the described features that they possess has
allowed for the circumvention of two major obstacles that are
exhibited in NWQD-based technology in terms of quantum
light emission, namely RT operation and electrical pump-
ing of the structures. In terms of the former, maintaining an
adequately low g2(0) at increasing temperature has been the
subject of intense scrutiny and is considered a key challenge in

the wide-scale implementation of such structures. The deteri-
oration of g2(0) measurements at RT operation has been the
case in several NWQD reports on different material systems
[105–107]. Nevertheless, the use of a wide bandgap system
such as GaN/AlGaN with site-controlled dots [94] has led to
important results in single photon emission, with the g2(0)
remaining at a level of 33% even at 300 K operation [94].
The schematic representation of the structure with the site-
controlled GaN QD in the AlGaN shell of a NW was already
demonstrated in figure 8(c). In figures 12(a)–(c) below, we
present the exhibited g2(0) graphs at different temperatures
starting at 3.9 K (figure 12(a)) and being increased to 150 K
(figure 12(b)) and 300 K (figure 12(c)) with the characteristic
zero-time delay showing clear signs of single photon genera-
tion and antibunching behavior, as g2(0) remains at a low level
of 12%, 14% and 13%, respectively. The non-zero value can
be attributed to fast carrier repopulation and emission from the
dot region [94].

It is interesting to underline that this sustainability of RT
function is characteristic of III-nitride QDs [107] and can be
attributed to the nitride inherent properties such as the strong
built-in electric field that pushes the electrons at the top of the
pyramidal QDs while holes remain at the bottom. This com-
binedwith the strain-induced piezoelectric field leads to strong
carrier confinement that allows sustainability of RT opera-
tion even in challenging applications such as single photon
emission [107]. Hence, the first fundamental reason of solving
the RT associated issues is the material platform, which due
to the wide bandgap and aforementioned properties enables
exciton confinement at elevated temperatures. Moreover, it is
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Figure 12. (a)–(c) Second order correlation function at zero-time
delay for GaN/InGaN NWQDs at 3.9 K, 150 K and 300 K,
respectively. Reprinted with permission from [94]. Copyright (2014)
American Chemical Society.

interesting to point out that in the described report they used
very small and site-controlled dots, which has a twofold con-
sequence. First, it eliminates emission overlap from neigh-
boring QDs and second, it enhances energy separation of the
excited states, hindering spectral contamination from excited
states of the same dot [95].

Apart from RT functionality, another important challenge
that has been addressed with the use of III-nitride material sys-
tem in NWQD single photon sources is the electrical injection,
which essentially involves the formation of a p-n junction in
the NW region. Similar to RT operation, electrically driven
applications are key for practical wide-scale implementation
of the structures and their integration into a large network,
which is the final aim of scientific research [108]. Hence,
scalability is a prerequisite and is challenging to achieve in
bulk optical systems, where usually there is the need for a high
power laser as an excitation source and many various com-
ponents. Moreover, electrically driven structures and devices
allow for highly precise control of the emission, rendering
the structures suitable for practical implementation in indus-
trial demands [108]. Nonetheless, electrically driven single
photon sources suffer from major challenges. First, the QDs
are embedded in a planar matrix signifying that light extrac-
tion efficiency is poorer at higher temperature, where carriers
thermally escape the dot region. In addition to this, the large
built-in electric field can have a strong impact in the radiative
recombination process [109].

On that regard, III-nitrides exhibit distinct advantages such
as the low surface recombination velocity [110], lack of strain
and high material quality associated with the epitaxial nature
of the growth. Hence, advancements have been made in the
synthesis of electrically injected single photon sources based
on GaN/InGaN material platform [93, 109]. For example in
the investigated case of InGaN QD embedded in GaN NW,
the top region is p-type and the bottom region n-type after Mg
and Si doping, respectively [93]. The structure was subjected
to I–V characterization, showing an ultrasmall reverse current
of 1 pA and no breakdown up to a reverse bias of 20 V [93].
Electroluminescence measurements were conducted, showing
sharp resonances and a distinct peak at 2.84 eV. At higher
injection currents a second peak arises at 2.85 eV, increas-
ing quadratically with the injection current, strongly indicat-
ing that the two resonances derive from single exciton and
biexciton transitions, respectively [93]. Eventually, confirm-
ation of single photon generation is the direct result of HBT
experiment, as discussed earlier. The g2(0) for the two afore-
mentioned transitions are 16% and 25% for exciton and biex-
citon transitions. These values clearly confirm photon purity
and single photon generation, under electrical injection, which
is an important step for industrial applications. Nevertheless,
it is important to underline that the above experiments were
conducted at 10 K, due to the previously described limitations
of RT operation.

After having described the details on the material systems
for the synthesis of NWQDs and their role in single photon
generation in the previous chapters, it is important to present
a table encapsulating the results and providing with a sum-
mary of the material systems and their basic characteristics as
described earlier. The table 1 can be found below.

5. Ternary III–V NWQD single photon sources in
quantum photonic circuits

Apart from their role in single photon emission, QD-based
structures have shown wide potential for the realization of
novel application related to quantum computing such as
quantum key distribution [98] and 3D quantum networks
[110]. For these reasons, it is equally important to investig-
ate the functionality of our examined NWQD structures in
quantum photonic circuits, which demand scalability and on-
chip integration of non-classical light sources. Nevertheless,
there are profound obstacles posing limitations to the wide-
scale, commercialization of such compounds. The challenges
lie in three fundamental aspects, namely generation, detec-
tion, and transmission. For instance, achieving an adequately
high single photon brightness is a major focal point in terms
of quantum light generation. On the other hand, the inevit-
able waveguide losses can render both detection and transmis-
sion challenging [111]. The above pronounces the need for
effective coupling of the generated light to adequate wave-
guides with minimal losses to improve the aforementioned
figures of merit. Accordingly, a significant amount of atten-
tion has been devoted to single photon generation, detection,
and transmission, as well as effective coupling in quantum
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Table 1. Encapsulation of the cited material combinations, the emission wavelength, second order correlation function and basic features.

Nanowire alloy Quantum dot alloy Emission wavelength g2(0) Features

AlGaAs GaAs 750–780 nm 19% at low temperature Tunable emission, narrow exciton
transition of 30 µeV

GaAsP GaAs ∼750 nm 5% at low temperature Polarized emission, sustained up to
220 K, narrow linewidth of 130 µeV

GaAs InGaAs 870 nm N/A (laser function) 75 QDs for lasing, threshold pump at
250 µJ cm−2, room temperature
operation

InP InAsP ∼1.4 µm 13% Fabrication of on-chip devices in
quantum photonic circuits

GaN InGaN 435–440 nm 16% Room temperature operation, electrically
driven devices

photonic circuits, with the results being milestones in up-to-
date research.

Before analysing the parameters and architectures of the
on-chip ternary III–V NWQD-based single photon sources
and their role in quantum photonic circuits, it is interesting
to describe some fundamental means of fabrication and pro-
cessing steps that are essential. The basic principle lies on the
transfer of a preselected NW to the waveguide, which hap-
pens using a nanomanipulator tool [112–116]. This tool usu-
ally consists of a tungsten tip mounted on a movable stage,
while a high resolution optical microscope is used to visualize
the stage and the sample. The van der Waals forces allow for
the selected NW to adhere to the tungsten tip and to be trans-
ferred on the fabricated Si chip [112]. Interestingly, the level of
accuracy in the positioning is high signifying that this method
serves the purpose of the carefully deterministic positioning
of the NWQD in the waveguide system. As far as the latter is
concerned, the usual choice of material is SiNx, while the chip
usually consists of a SiOx layer between the Si substrate and
the waveguide, acting as buffer [112, 115, 116]. Widely used
EBL, metal evaporation and lift-off serve as the means to cre-
ate metallic structures such as heaters and marker fields on the
oxide to complete the chip fabrication [116]. An additional,
important processing step is the encapsulation of the active
material, which in this case is the NWQD structure, in the SiN
waveguide, which occurs via SiNx deposition usually under
plasma-enhanced chemical vapor deposition. Eventually, after
transferring the features to the SiNx, the SiNx layer is etched,
followed by a thorough cleaning process [115, 116]. The last
step is the full coverage of the devices with a thick (1 µm)
PMMA layer, which ensures symmetric mode confinement
[112, 116]. It is interesting to underline that in several cases the
fabrication occurs directly on piezoelectric crystal substrates
(such as lead magnesium niobate-lead titanate crystals) which
ensures strain tuning, allowing modulation of the QD spectral
emission [115].

One of the most fundamental aspects in terms of quantum
photonic circuit function is the coupling of the emitted light
to the waveguide to minimize losses. This has been demon-
strated by the remarkable coupling efficiency of high-purity
single photon emission deriving from III–V NWQDs to SiN

waveguides [112]. The most prevailing method that has been
adopted for coupling of the photonic crystal waveguide single
photon source is evanescent coupling. Specifically, the care-
ful positioning of a tapered III–V NWQD on top of a wave-
guide has been proven to enable the effective transfer of the
QD emission to the waveguide. This has been exploited for the
coupling of InP/InAsP NWQDs to a SiN ridge waveguide with
74% efficiency [113]. Notably, the deterministic nature of the
QD and the position of the NW on the waveguide allows for
the fabrication of intricate quantum photonic circuits [113]. A
schematic representation of the above is shown in figure 13(a).
The same material platform has been used in the fabrication of
highly uniform NW arrays, with a fabrication yield of 100%
and a collection efficiency of 83% [114]. In the aforemen-
tioned cases, single photon purity was maintained, with very
low g2(0), as presented in the example of figure 13(b) [114].

In terms of single photon sources, the optically active nature
of III–V semiconductors along with the 1D nature of NWQD
configuration and the impact of waveguide effect as described
in the previous sections of the current article, allow for the
employment of III–V NWQDs as single photon emitters in
quantum photonic circuits with high purity and high bright-
ness having been observed. The two most basic fundamental
aspects for the choice of the aforementioned structures are the
deterministic positioning of QDs in the NW acting as a wave-
guide and the high coupling efficiency of the dot-related emis-
sion to the waveguide that is attributed to the geometrical char-
acteristics of the NW. Indeed, the propagation of carriers along
the NW axis enables for the coupling of the NWQD emission
to one of the fundamental modes of free space, which in turn
makes measurements and manipulation of the emission less
complex and more effective [39].

Besides, it is important to mention that apart from single
photon generation and transmission via coupling with the
selected waveguide, another integral function of quantum
photonic circuits is the system’s capability of on-chip detec-
tion of single photons. In that regard, it is essential to separate
individual QD transitions via on-chip spectral filtering [116].
Specifically, it is key for the realization of intricate and multi-
functioning quantum photonic circuits to selectively sequester
optically active QD transitions deriving from multiple single
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Figure 13. (a) Schematic representation of the InAsP/InP dot-in-wire structure integrated with the SiN waveguide, in a horizontal layout.
[114] John Wiley & Sons. [© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (b) Second-order correlation function graph. The
dip at zero-time delay confirms high single photon purity. Reproduced from [115]. CC BY 4.0. (c) Schematic representation of a photonic
circuit with the InAsP/InP dot-in-wire playing the role of quantum light emitter. (d) Steps of the fabrication, including the pick of a single
nanowire containing the dot, its horizontal deterministic positioning and the subsequent fabrication of the SiNx waveguide and the rest of the
quantum photonic circuit. Reproduced from [117]. CC BY 4.0.

photon sources on-chip and deterministically filter the trans-
itions of a specific individual source. One of the most import-
ant tools for filtering in such a configuration is the monochro-
mator. The most fundamental function of a monochromator
is the transmission of a narrow range of wavelengths, which
is selected from a wider band of emitted light. This can be
achieved via dispersion in a prism or via the use of a diffrac-
tion grating to separate light of different wavelength ranges.
The selected light can then be transmitted towards an ava-
lanche photodiode (APD) for on-chip detection. Apart from
the monochromator, an intriguing alternative is the use of
ring resonators to achieve filtering. Optical ring resonators are
essentially a series of waveguides with one or more of them
forming a closed loop. The light that resonates with the latter
is increased in intensity via following multiple routes around
the closed loop based on the principle of constructive inter-
ference. Hence, ring resonators can be used as both amplifiers
and filters, since only the selected light that resonates with the
setup will build up in intensity.

As part of the scalability of NWQD single photon sources
in quantum photonic circuits, on-chip filtering has been a
great challenge to accomplish the isolation of the individual
quantum states of the single photon source. A crucial step

has been achieved via the successful on-chip single photon
filtering, using InAsP single QDs in InP NWs encapsulated
by the photonic channel [117]. The latter is comprised of a
SiN cladding layer with polymethyl methacrylate (PMMA).
The circuit consists of a tunable ring resonator acting as a fil-
ter of the quantum states via the principles that were analyzed
above. The schematics are shown in figure 13(c) [117]. It is
important to underline that the NWQD was positioned hori-
zontally, while the waveguide and circuit were fabricated later.
This ensured the deterministic positioning of the single photon
source. The procedure is depicted in figure 13(d) [117]. A sig-
nificant feature of this circuit is the tuning of the wavelengths
that are filtered by the ring resonator. This can be achieved by
altering the voltage. More specifically, higher voltage has the
ability to shift the resonating light to lower wavelengths.

It is interesting to observe the different performances of
the aforementioned ring resonator setup and the commercial
monochromator in terms of on-chip light filtering. For this
reason, a circuit including two monochromators, and a cor-
relator was employed and is illustrated in figure 14(a) [117].
The NWQD was excited by a 532 nm green laser and two
cases were examined. In case 1, the generated single photon is
directed towards a beam splitter and the two resulting beams
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Figure 14. (a) Schematic representation of the setup for the on-chip excitation of the single photon source, using a monochromator as a
filter. It is noted that the monochromator can be replaced by a ring resonator filter. (b)–(d) Second-order correlation function at various time
delays, for monochromator, ring resonator and unfiltered emission, respectively. The value of the function at zero-time delay is 13%, 40%
and 100% for (b)–(d), respectively. Reproduced from [117]. CC BY 4.0.

are guided to two monochromators followed by their detec-
tion using two APDs, before eventually being correlated. In
case 2, the procedure was the same, but the monochromator
branches were circumvented. Hence, the photons were detec-
ted by the APDs directly, without prior filtering. Consequently,
the three examined scenarios were namely (a) filtering via
monochromators, (b) filtering via a ring resonator and (c)
emission without filtering. The g2(0) measurements via the
HBT experiment revealed high single photon purity for scen-
arios a and b, while no quantum light was detected in scenario
c. The measurements are presented in figures 14(b)–(d), show-
ing g2(0) of 13% and 40% for the monochromator and ring
resonator, respectively, while no single photon emission was
evidenced in the case of unfiltered photons [117]. It is noted
that despite the importance of APD as a filter, its non-linear
function renders the investigation of other alternatives imper-
ative. Hence, the ring resonator operating at low voltage has
been proven a viable and controllable option in terms of on-
chip non-classical light emission filtering.

Besides, another challenge has been the multiplexing and
demultiplexing of on-chip quantum light deriving from dif-
ferent emitters. This, albeit crucial in the scalability of
quantum photonic circuits and the on-chip qubit rate, is
demanding in terms of architecture complexity. One solu-
tion suggests the use of the tunable ring resonator filter.
Two NWQDs are excited separately, leading to the forma-
tion of a quantum multiwavelength integrated channel [117].
Initially, the collected spectrum from the through-port of the

waveguide is comprised of a multiplexed ensemble of two
transitions, spatially separated by 10 nm. This is shown in
figure 15(a). Following emission, the photons are decoupled
from the main transmission waveguide with the wavelength
being the criterion of decoupling. The tunable ring reson-
ator filter is used for the demultiplexing of the emission.
Specifically, it couples the resonant optical modes to the drop-
port of the photonic circuit, exclusively. This is fully control-
lable by the filter tuning voltage (V rr) that is applied to the
ring resonator [117]. The relevant schematic representation is
exhibited in figure 15(b). Furthermore, the PL spectra of the
QDs vs the applied voltage are presented in figure 15(c), where
an increase inV rr leads to decoupling of theQD1 peak from the
drop-port and correspondingly to coupling of the QD2 peak
[117]. The above strongly suggests multiplexing and demulti-
plexing of entangled photon pairs on-chip.

It is interesting to observe that due to the aforementioned
progress, novel platforms in terms of device fabrication have
been proposed. A prototypical example is the hybrid SiN/III–
V system on a piezoelectric crystal, which facilitates strain
tuning [118]. The voltage is tuned between−600 V and 600 V
in integrals of 5 V and is applied on the piezoelectric substrate,
which generates strain. This strain that is formed on the piezo-
electric crystal is then transferred initially to the surface oxide
via the deposited layers and eventually reaches the QD embed-
ded in theNWas a result of theNW/oxide van derWaals forces
[119]. It is noted that negative voltage leads to compression
of the photonic substrate, while positive voltages causes its
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Figure 15. (a) PL spectrum comprised of two individual transitions indicating signal multiplexing. (b) Schematic representation of the
demultiplexing function, where the tunable ring resonator couples the resonant optical modes to the drop-port, as a function of the applied
voltage (V rr). (c) PL spectra as a function of the V rr. At low voltages, peak 1 at 880 nm is dominant, while increasing voltage leads to the
decoupling of peak 1 from the drop-port and the coupling of peak 2, spatially located at 890 nm. Reproduced from [117]. CC BY 4.0.

expansion. After the application of this strain on the InP/InAsP
NWQD, the spectra are simultaneously recorded and it can be
shown that QD emission is blueshifted (redshifted) for neg-
ative (positive) voltages [118]. The relationship between the
wavelength and the voltage is linear and the tuning range
reaches 39 nm. In addition, an increase in the strain transfer
efficiency from the substrate to the NWQD can be achieved
by encapsulating the NW with 20 nm of SiN and 200 nm of
SiOx. The tuning range is increased to 1.6 nm, which is more
than the quadruple value of the non-encapsulated NWQDs,
where the strain transfer was deriving from the van der Waals
forces generated at the NW/substrate interface [118]. These
suggest a method to achieve a strain-tunable platform with
the higher rigidness of the NW/substrate interface and a wider
wavelength tuning range.

Despite the importance and the progress in the field of III–
V NWQDs, there are important challenges that need to be
addressed. Primarily, as mentioned in the review, the interfaces
between the NW material (acting as barrier) and the QD (act-
ive region) need to be atomically sharp with minimal inter-
mixing. It is interesting to clarify that unavoidable intermix-
ing especially in the case of self-catalyzed NWs has resulted
in dot-in-wires not reaching the ultrahigh single photon pur-
ity observed in QDs. Nevertheless, the careful optimization of
growth parameters such as V/III ratio and temperature have
allowed researchers to obtain adequately abrupt interfaces thus
achieving low g2(0) values. Another challenge that arises is
the existence of polytypism, as observed by a mixture of ZB
and WZ crystal phases in NW structures, which can directly
influence the optical properties of the NWQDs, due to altera-
tions in the bandgap energy. Moreover, high density of rota-
tional twins and stacking faults can lead to band bending and
carrier scattering jeopardizing the NWQD emission. However,
the careful design of the structures such as adequate choice of
material combination withminimal strain and the optimization
of growth conditions have partially addressed the aforemen-
tioned issues with high crystal quality having been obtained.

Apart from the structural aspect of single photon purity
from NWQDs, their integration on-chip in quantum photonic
circuits has been the topic of extensive scrutiny. Factors that
have proven to be challenging are related to the intricacy of
the device architecture and the combination of scalability, high
efficiency, low cost, and isolation of individual quantum states

on the same chip. The results of our review demonstrate the
potential and properties of the fabricated quantum photonic
circuits in terms of on-chip light generation, voltage-tunable
wavelength, filtering and (de)multiplexing, which are major
steps towards quantum computing.

6. Discussions and conclusions

6.1. Summary and discussion of the described results

The results that are described in the current review cover the
entirety, up to our knowledge, of the existing literature on the
rich and vibrant topic of single dot-in-wire structures and their
role in single photon generation. As thoroughly discussed in
the report, the basic advantage of the formation of the narrower
bandgap material, dot-like structure in the NW is the determ-
inistic and controllable positioning, which is challenging in
conventional and popular SK growth mode, along with the
benefits of the NW geometry. More specifically, these benefits
include the inherent waveguide nature of the NW, the lack of
threading dislocations, the large strain tolerance and the facil-
itation of emission collection and coupling with fundamental
modes of free space, especially via tapered morphologies
[44, 45].

Semiconductors group III–V are an advantageous mater-
ial platform for the aforementioned structures owing to the
high carrier mobility, the optically active nature and the nar-
row bandgap, while ternary alloys are particularly attractive
due to the bandgap tunability, offering an enhanced degree of
freedom in the structural design [5]. For those reasons, tern-
ary III–V alloys have been selected as the focus of the current
review. In addition, ternary III-nitrides are of equal signific-
ance and were included in the report because of their wider
bandgap nature and their promising potential for RT operation
[94] and electrically driven applications [93]. It is interesting
to point out that the acquisition of NWQDs occurs via two
main approaches, the top-down fabrication and the bottom-
up growth. In the former, the NWs are etched down from
as-grown bulk material, which, albeit straightforward, entails
a series of disadvantages, such as the additional processing
steps, the rough surface and the inclusion of potentially detri-
mental threading dislocations [39–42]. For these reasons, the
majority of the works are focusing on the latter, where the
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NWQDs are synthesized epitaxially following theVLS growth
mode, where a liquid droplet (either foreignmetal or a material
of the NWQD) drives the layer-by-layer synthesis of the NWs.
The collection of incoming elemental fluxes which dissolve
in the liquid droplet leads to supersaturation, which in turn
causes the nucleation of a material layer at the liquid/solid
interface. The continuation of this procedure signifies the NW
elongation [43]. As for the QD, the narrower bandgap material
is introduced in ternary NWQDs via the introduction (as is the
case in GaAs/InGaAs [25, 82–84]) or cessation (for example
in AlGaAs/GaAs [62–67] or GaAsP/GaAs [52, 57, 72]) of the
supply of an elemental for a few seconds, allowing for the dot
to be formed and embedded axially in the NW.

The results have been interesting in terms of single photon
emission deriving from the structures. Each of the plat-
forms employed has shown unique characteristics and advant-
ages but also considerable challenges. In the widely popu-
lar AlGaAs/GaAs platform, the benefits include the lack of
strain due to the identical lattice constants, the coverage of
the important red to near-infrared region of the spectrum and
the good barrier properties of AlGaAs, which facilitates car-
rier confinement in the dot region. For this reason, several
works have focused on the synthesis of single GaAs QDs in
AlGaAs NWs, with antibunching phenomena being observed
[62–67]. Nevertheless, the inhomogeneous nature of Al dis-
tribution, which tends to adhere to the bottom sidewall facets
due to its low diffusivity, along with the spontaneous form-
ation of an Al-rich AlGaAs shell [72], renders the structure
challenging in maintaining high single photon purity as a res-
ult of intermixing and less sharp interfaces. In addition, the
self-formation of branches further enhances the intricacy of
the aforementioned material platform by altering the 1D con-
figuration of NWQDs [75, 76]. Despite these difficulties, there
have been promising signs of photon antibunching behavior,
albeit marginal at 51% [72].

Another intriguing combination is GaAsP/GaAs, as the
wider bandgap of GaAsP renders it a good candidate as a
barrier for quantum confinement in the dot region. The res-
ults indicate strong exciton and biexciton transitions, with the
sharp QD related peak located at 1.66 eV [52]. Even though
this peak vanishes at higher temperatures above 60 K, which is
a major limitation in industrial applications, the good optical
properties and promising potential constitute GaAsP/GaAs
an interesting material platform for further investigation.
Operation at higher temperatures of 160 K has also been repor-
ted in the past. Interestingly, good photon antibunching and
strong peaks were sustained up to this temperature, while a
high DOP was also measured at 82.5% [21]. This function is
crucial for entangled photon pair generation. The main chal-
lenge in the case of GaAsP is the direct-to-indirect bandgap
transition at high P contents, which limits the window of com-
positional modifications that can be applied without rendering
the structures optically inactive. In addition, P-related growth
remains a substantial hazard due to the toxicity of white P, sig-
nifying that additional components and precautions should be
taken into consideration upon designing the nanostructures.

Apart from binary QDs in ternary NWs, III–V platform can
be used vice versa, as is the case for InGaAs QDs embedded
in GaAs NWs. The insertion of multiple InGaAs segments on-
axis of an GaAs NWs has led to the acquisition of lasers, with
a threshold pump of 250 µJ cm−2 [82]. Moreover, tailoring of
the emission energy of the dot-in-wires can occur via modi-
fications in the size of the InGaAs QD. This has achieved cir-
cumvention of inhomogeneous broadening and narrow peaks
of 9.3 meV [83]. Among the various accomplishments of this
material platform, particular significance has been paid to the
realization of a room-temperature operating laser, where 50
InGaAs dots were inserted in GaAs/AlGaAs/GaAs core/shell/-
cap [25]. The thresholdwas low at 25µJ cm−2, while the trans-
ition from broad spontaneous emission to amplified emission
is observed at 1.43 eV. The stimulated emission is exhibited
even at RT, which is a major step towards NWQD applic-
ability in on-chip devices. Nevertheless, it is interesting to
underline, that there are no reports of single photon emission
based on InGaAs/GaAs NWQDs, potentially due to intermix-
ing and lack of sharp interfaces that are key for reliable photon
antibunching.

A final interesting platform that has been investigated and
reported in the frame of the current review is III-nitrides. The
wide bandgap of InGaN/GaN or AlGaN/GaN combination
along with the thermal stability are excellent features promot-
ing a high level of quantum confinement in dot-in-wire struc-
tures, with the carrier leakage being negligible. This signifies
that room-temperature functionality can be demonstrated, as
lack of carrier escape is crucial for maintaining low g2(0) even
at elevated temperatures, which is a major obstacle in III–
V semiconductor materials. Hence, RT single photon sources
have been obtained in crystal phase GaNQDs in AlGaNNWs,
with a low g2(0) of 33% even at 300 K [94]. In addition, the
strong built-in electric field of III-nitrides enables carrier sep-
aration at the twoNW ends, which is promising for electrically
driven devices. Such steps have been achieved in InGaN/GaN
NWQDs, where Mg and Si doping led to p-n junction forma-
tion with the dot being the active region. Single photon emis-
sion was observed at low temperatures, while highly polarized
emission was also noticed, promising for entangled photon
pair generation [93].

As established previously in the current review, the most
important challenges associated with NWQD single photon
emitters are the carrier escape, the shallow interfaces and lim-
itations in terms of electrical injection. Despite the geometrical
uniqueness of NWQDs and the exploitation of the NW wave-
guide effect, the size of the dot which laterally expands in the
scale of several nm, inherently poses obstacles in achieving a
g2(0) as low as in the case of conventional QDs. However, it
has been shown that crystal phase GaN QDs have maintained
an adequately low g2(0) up to 300 K. This is indicative of the
fact that with appropriate and meticulous design of the struc-
tures, their architecture and tailored properties, single photon
emitters based on NWQDs can be achieved and the advantages
of the geometrical features of NWs can be exploited towards
on-chip functional devices.
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One interesting point is the tailoring of the dot size, which
can have a direct influence on the wavelength of the emission.
The dependence of the spectral emission to the dimensions of
the QD has been well-established, with larger dots emitting at
substantially high wavelengths, whereas smaller dots tend to
emit towards the low wavelength region of the spectrum. The
modulation of the emission energy via modification of the dot
size has been demonstrated in NWQDs as well with promising
results having been reported. First, the progressively shorter
growth duration has led to narrow peaks of 9.3 meV [83],
while narrower GaAs QDs in AlGaAs NWs allowed for the
GaAs emission to be kept at a particular wavelength regard-
less of the impact of the Al content in the barrier material
[66]. The above exhibits the importance of structural design in
the optical response of the NWQDs and show their potential
in implementation in various devices including lasers, single
photon sources and photodetectors.

6.2. Discussion of our original work

The synthesis of single dots in NWs with the aim to serve as
high-quality single photon sources has attracted attention and
has been the focal point of investigations in our research group.
AlGaAs/GaAs, in particular, has been considered exception-
ally vibrant owing to the large strain accommodation and the
potential to emit in the important near-infrared region of the
spectrum. Ergo, we have focused on synthesizing single GaAs
QDs in AlGaAs NWs over the past years, with good results
having been reached.

Specifically, bare AlGaAs NWs grown on GaAs stems
were first extensively scrutinized. We synthesized AlGaAs
NWs with nominal Al contents of 10%, 20%, 30% and 40%
[75]. The morphological and structural features of the NWs
were closely inspected via SEM and TEM and was observed
that frequent variations included kinking, bending and most
importantly spontaneous branching. The branching events
increased dramatically with Al composition, while composi-
tional analysis allowed us to conclude that the external NW
regions are Al-rich [75]. This confirmed the self-formation
of an AlGaAs shell, with enhanced surface roughness. The
concavities of the shell act as accumulation regions for Ga,
due to its higher diffusion length, where the accumulated Ga
adatoms nucleate eventually causing the branch elongation
[75]. Interestingly, the NWs exhibited a unique feature, where
Ga accumulation in the branch itself led to the formation of
a checked pattern, with stripes of Ga segregation along and
across the branch axial direction intersecting, causing the syn-
thesis of Ga-rich boxes, which is promising for self-assembly
of non-classical light emitters [76].

Besides, the NW optical response was also investigated.
Fully tunable emission was observed in the red and near-
infrared region of the spectrum depending on Al composi-
tion. The NWs acted as hosts for the embedding of a single
GaAs dot, whose optical properties were also studied [75]. It
was found that the dot related emission shows a clear spatially

localized nature in the near-infrared region, as anticipated,
with strong excitonic and biexcitonic transitions [75]. The
linewidth remains low at 490 µeV, strongly suggesting purity
of the emission. Furthermore, the NWQDs were based on the
self-catalyzed, bottom-up approach, signifying circumvention
of Au-associated challenges.

Apart from the aforementioned material platform, works in
our group also approached the vibrant yet challenging topic of
GaAsP/GaAs single NWQDs, with good results having been
reported [53]. Specifically, the structures exhibit good mor-
phological, standing characteristics and uniform morphology.
No kinking is observed, which is indicative of the good main-
tenance of interfacial energetics during the brief cessation of
P supply for the dot to be formed [53]. The NWs have no vis-
ible defects that could be detrimental to the optical quality of
potential devices, while good emission properties are demon-
strated, with the GaAs peak showing high level of localization
and high brightness, suggestive of good radiative efficiency
even at low excitation power. At elevated power of excitation,
sharp transitions occur, suggesting charged excitonic or multi-
excitonic transitions. This is attributed to strong confinement
of the Coulomb-shifted carriers [53]. The limitations that have
been analyzed related to temperature and relevant thermal
excitation of carriers, which leads to their escape from the con-
finement region are presented in the current work as well, with
the dot-related peak rapidly quenching with increasing tem-
peratures. Eventually, it is worth mentioning that the enhanced
optical properties can be partially also ascribed to the form-
ation of a thin passivation shell, which neutralized surface
states and circumvented the frequently observed phenomenon
of non-radiative recombination following carrier trapping at
the highly dense NW surface states [53].

To summarize, in the current report we presented the liter-
ature regarding the growth of ternary III–V NWQDs, by ini-
tially highlighting their importance in optoelectronic applica-
tions followed by the analysis of the growth techniques. Next,
we focused on the material platforms that have been used for
acquisition of III–V NWQDs divided into two subcategor-
ies, namely the ones using GaAs QDs and the ones using
ternary QDs, while also referring to the interesting topic of
III-N structures. Besides, we underlined the importance of
NWQDs towards quantum information processing applica-
tions, by including recent works exhibiting high single photon
purity. Eventually, we briefly described quantum photonic cir-
cuits usingNWQDs as single photon sources. Ourwork encap-
sulates the progress made on the vibrant topic of ternary III–
V NWQDs and their link to quantum information processing
and can assist in a comprehensive study of these structures and
their future wide-scale implementation in the field of quantum
photonics.
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