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Quantum dots (QDs) formed in semiconductor nanowires (NWs) form a basis for studying interesting quantum
phenomena and provide an exciting platform for various device applications, where in-depth understanding
of the formation and electronic properties of such QDs is a requirement. In this work we present detailed
investigations of structural, electronic, and optical properties of nitrogen-induced self-assembled QDs in novel
Ga(N,As,P) NWs. We show that the three-dimensional quantum confinement of the excitons caused by short-
range fluctuations in the N content leads to single-photon emission. We demonstrate that valence band character
varies between the QD emitters and attribute it to a varying degree of hole localization within the QDs induced
by fluctuations in the As/P ratio. These fluctuations in the chemical compositions are also believed to be at least
partly responsible for the observed large variation in exciton lifetimes of the QDs, ranging between 0.5 and
10 ns. The rather long lifetimes demonstrate the resilience of the QDs to nonradiative recombination—a merit
for efficient single-photon emitters. Furthermore, we show that the principal axes of the formed QDs are oriented
radially, normal to the NW side facets, in contrast to the N-induced QDs in GaNAs NWs which are primarily
aligned along the NW axis. Our results, therefore, underline the impacts of the host alloy on the QD formation,
which could provide an additional degree of freedom for band structure engineering in nanowires.
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I. INTRODUCTION

The III-V semiconductor nanowires (NWs) show a great
promise for electronic and optoelectronic applications due to
their high electron mobility and highly tunable and mostly
direct band gap, in combination with the possibility of in-
tegration with Si and achieving waveguiding in NWs [1–7].
Additional advantages are provided by the possibility to em-
bed quantum dots (QDs) into NWs, as it allows attaining the
regime of full quantum confinement and thereby exploiting
quantum phenomena. Two approaches are currently pursued
for bottom-up fabrication of such hybrid QD-NW structures.
The first one is based on deliberate QD formation in axial
heterostructures formed by using different III-V materials
[8–12], or via crystal phase engineering [13,14]. This ap-
proach allows precise control of QD properties by varying al-
loy compositions and quantum confinement, and was success-
fully implemented using various III-V alloys, such as AlGaN
[8], AlGaAs [9], InAsP [10,11], and GaAsP [12]. Lateral sizes
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of the so-formed QDs and preferential orientation of their
quantization axes are usually fixed by the NW diameter and
its growth direction, respectively. The second approach relies
on spontaneous self-assembly. Examples of such QDs include
QDs formed on NW surfaces by Stranski-Krastanov growth
[15–17], at the core-shell interfaces [18–21], or due to alloy
fluctuations [22,23]. Self-assembled QDs are often smaller in
size and have multiple (sometimes random) orientations of
their principal (or high-symmetry) axes.

We have previously shown that the formation of self-
assembled QDs is very efficient in novel GaNAs NWs, adding
to numerous attractive properties of dilute nitride alloys
[24–28]. The formation of these QDs is caused by cluster-
ing of N atoms, which leads to strong electron confinement
facilitated by the giant bowing in the band-gap energy in
dilute nitrides [22,29]. In contrast to self-assembled QDs in
other material systems, spontaneously formed QDs in GaNAs
NWs were found to be oriented along one preferred direction
coinciding with the NW axis [29]. Their electronic structure
was concluded to be governed by the local strain within
the N clusters based on polarization-resolved magneto-optical
measurements.

Introducing phosphorus into the alloy, i.e., forming the
GaNAsP alloy, adds an additional degree of freedom for
band-gap tailoring and lattice matching, making this material
suitable for, e.g., intermediate band solar cell applications
[30,31]. In this work, we show that alloying with N also
causes formation of self-assembled QDs in GaNAsP NWs and
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investigate their structural, electronic, and optical properties.
We found that, in stark contrast with the N-induced QDs
in ternary GaNAs, the QDs formed in the GaNAsP NWs
have their high-symmetry axis (the axis normal to the high-
symmetry plane) aligned perpendicular to both the NW axis
and the side facets of the NW. Moreover, though the emission
energy of the QD emitters is determined by fluctuations in
the N composition, as in the case of GaNAs NWs [29], their
electronic structure is now controlled by local fluctuations
in the As/P ratio that changes quantum confinement of the
localized holes. The revealed QDs are also shown to act as
single-photon emitters.

II. EXPERIMENTAL DETAILS

The studied GaNAsP NWs were fabricated by self-
catalyzed plasma-assisted molecular beam epitaxy (MBE).
The growth was performed on (111) Si substrates using
thermally cracked PH3 and AsH3 in combination with a solid
Ga source and a N plasma. The P and N content in the
group-V sublattice were estimated as 24% and 0.08%, respec-
tively [32]. The former was determined by energy dispersive
x-ray spectroscopy (EDXS), whereas the latter was deduced
by analyzing photoluminescence (PL) data using the band-
anticrossing model (BAC) [32]. The NWs have a length of
approximately 2 µm with a diameter of 100 nm [33]. Full
details about the NW growth can be found in Ref. [34].

For characterization of individual NWs, they were me-
chanically transferred onto either another Si substrate or a
carbon-copper transmission electron microscopy (TEM) grid.
Cathodoluminescence (CL) spectroscopy was performed at
an accelerating voltage of 5 keV using the Rosa microscope
from Attolight. Micro-PL (µ-PL) measurements were con-
ducted in a backscattering geometry in a LHe-cooled cold-
finger cryostat with a possibility to apply a magnetic field
parallel to the light excitation/collection axis. Continuous
wave (cw) excitation was performed using a 532-nm solid-
state laser, and the PL emission was dispersed by a single-
grating monochromator and detected by a charge-coupled
device (CCD). A pulsed Ti:sapphire laser with a repetition
rate of 76 MHz and a pulse width of 150 fs was used as an
excitation source in transient µ-PL experiments, where the
PL signal was detected by a streak camera coupled with a
single-grating monochromator. In both cases the PL excitation
and collection was performed using a 50× (0.5 NA) objective.
For linear polarization-resolved PL measurements, a linear-
polarization analyzer, which consisted of a rotatable half-wave
plate and a fixed linear polarizer, was placed in front of the
monochromator. The degree of linear PL polarization was
calculated by P = (Imax − Imin)/(Imax + Imin) × 100, where
Imax (Imin) is the maximum (minimum) PL intensity measured
during a full 360° rotation of the linear polarizer in the plane
orthogonal to the direction of excitation/detection. The PL
polarization was determined taking into account the dielectric
mismatch between the NW and the ambient, which enhances
the intensity of emitted light linearly polarized parallel to the
NW growth axis [35]. Time-correlated single-photon counting
(TCSPC) measurements were carried out in a Hanbury Brown
and Twiss setup [36] with cw excitation provided by the
532-nm solid-state laser. The PL signal was detected by using

two avalanche photodiodes in combination with two single-
grating spectrometers for signal filtering. All measurements
were performed at temperatures in the range of 4–8 K.

III. RESULTS AND DISCUSSION

A. Nitrogen-induced quantum-dot formation

Figure 1(a) shows a µ-PL spectrum acquired from a rep-
resentative GaNAsP NW (the red curve). For easy reference,
we also show the PL spectrum from a reference GaAsP NW
(the black curve) with the same P/As incorporation ratio. As
expected, alloying with nitrogen leads to a redshift of the
emission due to the giant bowing of the conduction band
in combination with exciton localization in the low-energy
localized tail states [37]. The tail-state localization also leads
to a spectral broadening [37]. Furthermore, numerous sharp
PL lines appear on top of the broad PL background in the
GaNAsP spectrum. The narrow linewidth (200–500 μeV) of
these transitions hints to three-dimensional (3D) exciton con-
finement, likely due to the formation of N-induced QD-like
states caused by short-range alloy fluctuations in GaNAsP. A
similar effect has previously been observed in ternary GaNAs
NWs [22,29].

To ascertain that the sharp PL lines stem from quantum
emitters, TCSPC was performed on representative emission
lines. Fig. 1(b) shows an autocorrelation histogram of the
normalized coincidence counts for the exciton line shown
in the inset. A clear antibunching dip is observed, with
a measured value of the second-order coherence function
at t = 0 [g2(0)] of 0.45. The detected PL emission (ITotal )
is, however, a combination of the QD emission (IQD) and
the uncorrelated background emission, with a ratio of ρ ≡
IQD/ITotal = 0.76. For a perfect single-photon emitter, g2(0) =
0, while the measured value g2

m(0) increases with decreasing
ρ following the relation g2

m(0) = 1 − ρ2. With ρ = 0.76 a
theoretical minimum value of g2

m(0) = 0.42 [the gray dotted
line in Fig. 1(b)] is found, which is very close to the measured
value of 0.45, meaning that within experimental error and
accounting for the uncorrelated background, the investigated
QD behaves as a single-photon emitter.

The localized nature of these emitters was further con-
firmed from CL measurements performed on individual
GaNAsP NWs. Figure 1(c) reports the SEM and CL images
of a single NW. The CL maps are energy filtered around 1.61,
1.69, and 1.72 eV with a bandwidth of approximately 5 meV.
Figure 1(d) reports selected CL spectra extracted from the CL
maps in Fig. 1(c) at the locations indicated by the dashed lines.
The data are displayed after subtracting the broad background
signal originating from the weakly localized excitons. Figure
1(d) shows that the sharp emission lines also present in the PL
spectrum in Fig. 1(a) can be detected throughout the NW, with
variable spectral positions along the NW. Consistently, the CL
images in Fig. 1(c) contain spatially localized bright spots,
roughly 70 ± 20 nm in full width at half maximum, whose
locations along the NW differ for different emission energies.
These results prove that the GaNAsP NWs contain QD-like
emitters that we ascribe to a spontaneous formation process
due to nitrogen incorporation.
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FIG. 1. (a) µ-PL spectra measured from a representative single GaNAsP (the red curve) and GaAsP (the black curve) nanowire.
(b) Normalized autocorrelation histogram (symbols) acquired from a single QD using TCSPC, together with a best fit using the function
f = 1 − Ce−|t |/τ (red line). The gray dotted line represents an expected g2(0) value, taking into account the ratio (ρ = 0.76) between the
QD emission and the total emission. The inset shows the corresponding µ-PL spectrum, containing the QD emission and an uncorrelated
background emission. (c) Monochromatic CL images detected at the specified emission energies together with a secondary electron (SE) SEM
micrograph of the NW (left). (d) CL spectra acquired from several locations of the same NW, as marked by the dashed lines. In (c,d), the broad
background emission was subtracted from the CL spectra, to better visualize the QD emission.

B. Electronic structure

The electronic structure of the QDs is analyzed using
polarization-resolved magneto-µPL measurements performed
in the backscattering geometry, with an applied magnetic field
aligned parallel to the light excitation/collection axis. The
measurements were performed on individual NWs lying on
a Si substrate. Similar to the case of the N-induced QDs in
GaNAs NWs [29], two types of QDs can be distinguished.

The first type exhibits spectral characteristics suggesting
that the hole participating in the monitored excitons is of
pure heavy-hole (HH) character. This implies a large HH-LH
(light-hole) splitting such that the LH states are not occupied
at low temperatures used in our experiments. The electronic
structure of such QDs, without the application of an external
magnetic field B, is shown schematically in Fig. 2(a). The
exciton states contain two bright states |M〉 =| ± 1〉 (the solid
lines), which are degenerate for QDs of high symmetry (C3v

or higher), but may experience a small fine-structure splitting
(�1) when the symmetry is lower than C3v . The | ± 2〉 states
(denoted by the dotted lines) are completely dark without an
external magnetic field and anisotropic exchange interaction.

Consistently, such QDs are found to emit a single PL line or
a pair of orthogonally polarized PL components with a very
small splitting (�1 < 100 μeV) at B = 0 T. Typical spectra
of such HH excitons detected in linear polarization parallel
(I‖) and orthogonal (I⊥) to the NW axis are shown by the
solid lines in Fig. 2(b), whereas the transformation of the
PL spectra under an applied magnetic field is illustrated in
Figs. 2(c) and 2(d). At 0 T, only a single peak corresponding
to the degenerate | ± 1〉 doublet is observed. It is weakly
polarized parallel to the NW axis, due to a tilt of the QD
high-symmetry axis away from the light detection axis (to
be discussed below). With an applied magnetic field, the line
splits into two components with comparable intensities, as
expected for the | ± 1〉 states. A weak PL line, which becomes
visible at B > 0 on the low-energy side of the PL spectra,
stems from the | ± 2〉 states as the corresponding transitions
become partly allowed under an applied B. The data can be
modeled assuming that the monitored HH excitons stem from
a QD with the high-symmetry axis tilted 60° away from the di-
rection of the applied magnetic field in the plane perpendicular
to the NW axis; see below for a more detailed discussion. The
results of the modeling, using the spin Hamiltonian described
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FIG. 2. Energy levels of excitons with a pure HH (a) and mixed
LH-HH (e) character at B = 0. Bright and dark states are shown
by the solid and dotted lines, respectively. In (a) the LH states are
not shown, for simplicity, due to a large LH-HH splitting such that
they are not occupied at the measurement temperatures. In (e), only
the dark states which are expected to mix with the bright states
are included. The energy splitting �1 represents a splitting caused
by lowering of the QD symmetry below C3v . �2 is the energy
splitting between the |1, 0〉 and |1, ±1〉 states, which is present for
QDs with symmetry of C3v or lower. Measured (solid lines) and
simulated (dotted lines) µ-PL spectra at B = 0 T of a representative
pure HH (b) and mixed LH-HH (f) QD. The corresponding spectra at
B = 5 T are shown in (d,h). The black and red curves are the µ-PL
spectra detected with linear polarization parallel (I‖) and orthogonal
(I⊥) to the NW axis. (c,g) PL images of the total µ-PL intensity as
a function of magnetic field and emission energy. The dotted lines
represent the simulated energy of the exciton states.

in Ref. [29], are shown by the dotted lines in Figs. 2(b)–2(d),
and are in good agreement with the experimental data. The
linewidths of the simulated spectra are chosen to match those
of the measured spectra. The simulations yield the in-plane

(out-of-plane) exciton Landé g value of 1.2 (2.5) and the
diamagnetic coefficient (γ ) of 4 μeV/T2. We note that some
pure HH QD emitters do not exhibit linear polarization at B =
0 T. Their behavior under applied magnetic fields (not shown)
can be simulated assuming that the high-symmetry axis of the
corresponding QDs is parallel to the applied magnetic field.

The second type represents QDs of which the hole char-
acter is a mixture of LH and HH states. In this case, the
bright exciton states consist of the singlet |J, M〉 = |1, 0〉 and
the doublet |1,±1〉 states, that are split by a rather large
energy (�2) typically exceeding 100 μeV [29]—see Fig. 2(e).
Moreover, five dark states (J = 2) exist at lower energies. In
Fig. 2(e) only the |2,±1〉 states, which mix with the bright
states even without an external magnetic field, are shown. The
μ-PL spectra of such QDs contain a pair of orthogonally po-
larized lines corresponding to the bright |1,±1〉 doublet and
|1, 0〉 singlet states—see Fig. 2(f). A small feature observed
at the lower energies stems from the dark |2,±1〉 states. With
increasing B, the polarization of the |1,±1〉 peak decreases,
while the polarization of the |1, 0〉 peak remains almost un-
changed. Moreover, the exciton component originating from
the dark states increases in intensity and splits into two peaks.
These features are well reproduced by the simulation of a
mixed LH-HH QD with its high-symmetry axis tilted by
60° away from the axis of the applied magnetic field. The
simulation results are shown by the dotted lines in Figs. 2(f)–
2(h). The best fit to the experimental data is obtained assuming
γ = 3.5 μeV/T2, the electron g value ge = 1.4, and isotropic
(K) and anisotropic (L) Luttinger-Kohn parameters of −1.1
and 0.4, respectively. We note a discrepancy between the
simulated and measured peak intensity of one of one of the
“dark” states in Fig. 2(h), where the simulated oscillator
strength is underestimated. The reason for this discrepancy is
not well understood, but we speculate that a further reduction
of the QD symmetry, e.g., through shear strain, may further
mix the bright and dark states, thereby affecting the oscillator
strength.

Having established the coexistence of the two types of QDs
with pure HH and mixed LH-HH character, it is important
to understand the cause for the difference in their electronic
structure. Both types show comparable distributions within PL
energies—see Figs. 3(a) and 3(b). This means that the local
nitrogen concentration within the QDs, which is likely the
primary cause of the large variation in the emission energy,
is not the main factor determining the hole character. This
is somewhat surprising considering that in ternary GaNAs
NWs the LH-HH splitting and the hole character of the N-
induced QDs are largely determined by the local nitrogen
concentration, due to an increased tensile strain within the
QDs emitting at lower energies (and, therefore, with a higher
local N concentration) [29]. The current GaNAsP NWs have,
however, a significantly (by about one order of magnitude)
lower N composition so that the local strain may not be the
dominant factor. Moreover, we have previously shown that in
the quaternary GaNAsP NWs, nitrogen incorporates mainly
in As-rich regions [32]. This will cause compensation of the
nitrogen-induced local strain, effectively reducing the strain-
induced spectral dependence of the hole character. To account
for the variation of the LH-HH splitting in the investigated
GaNAsP alloy we recall that, though fluctuations in the N
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FIG. 3. istograms showing spectral distributions of QDs with
pure HH (a) and mixed LH-HH (b) hole character, respectively.

content do not significantly affect the valence band (VB) edge
of the alloy, fluctuations in the P/As ratio may lead to quantum

confinement of holes in As-rich regions due to the type-I band
alignment between GaAs and GaP [38].

The LH-HH splitting within these regions and the hole
character of the excitons will then depend on the local P/As
ratio and the extent of spatial localization. Following this
reasoning, we suggest that, while in ternary GaNAs alloys
the electronic structure of QDs is strongly dependent on the
local nitrogen concentration, in quaternary GaNAsP alloys the
electronic structure is dependent on the local concentrations of
all group-V elements.

C. Orientation of the QDs

In some material systems, self-assembled QDs in NWs
may be directly observed by, e.g., scanning transmission
electron microscopy, allowing a straightforward investigation
of their lateral position and orientation [18,23,39,40]. For
the presently studied N-induced QDs, however, such electron
microscopy studies have not been successful due to the very
low concentration of nitrogen. Instead, the orientation of QDs
can be deduced by investigating polarization characteristics
of the QD emission, by measuring the PL intensity as a
function of the angular position of the linear polarization
analyzer relative to the NW axis. This is possible because the
polarization direction of the light emitted from recombination

FIG. 4. (a) Statistical distributions of the angle of the maximum PL polarization, α, for pure HH (red) and mixed LH-HH (blue) QDs, where
α = 0◦ corresponds to light polarized parallel to the NW axis. (b) A histogram showing the degree of PL polarization for the investigated QDs,
taking as an example pure HH QDs. Polar plots of the measured (symbols) and simulated (solid lines) PL intensity for a pure HH QD with the
dominant quantization axis directed orthogonally to the NW facet with ϕ = 0◦ (c) and ϕ = 60◦ (d). The data were obtained by rotating a linear
polarizer by the angle θ from the NW axis. (e) Schematic illustration of the definitions of the angles θ and ϕ with respect to the NW, where the
two arrows show the directions of the dominant quantization axes for the QDs with ϕ = 0◦ and ϕ = 60◦.
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of QD excitons is dictated by the QD high-symmetry axis. A
statistical analysis of angle α at which the PL intensity reaches
its maximum value is shown in Fig. 4(a), for the pure HH (red)
and mixed LH-HH (blue) QDs, where they are distinguished
on the basis of observation of two orthogonally polarized lines
in the PL spectrum of the latter type. The two orthogonally
polarized emission peaks from mixed LH-HH QDs (blue)
are primarily polarized parallel and perpendicular to the NW
axis, i.e., with α = 0◦, 90°, and 180°. This distribution is
consistent with two possible QD orientations: with the high-
symmetry axis either (i) along or (ii) perpendicular to the NW
growth axis. We note that for mixed LH-HH emitters with the
high-symmetry axis along the experimental light collection
(backscatter) axis, unpolarized light is expected from the
|1,±1〉 transitions while light from the |1, 0〉 transition will
not be detectable. Therefore, such emitters do not show the
two orthogonally polarized lines and cannot be distinguished
as mixed LH-HH QDs using the polarization-resolved data.
They are thus excluded from the present analysis. For the
pure HH QDs (red), while the preference of α = 0◦ and 180°
is seen, QDs polarized at all angles are observed. Moreover,
some of the HH lines are not polarized in the measurement
geometry (not included in the statistical analysis). This is
inconsistent with the case (i), where we would rather expect
light polarized perpendicular to the NW axis (α = 90◦). On
the other hand, the finding is in good agreement with the
model (ii) that the QD principal axes are aligned radially.
In this case, light emitted parallel to the detection path in
the backscattering geometry would be completely circularly
polarized, or with a small polarization in a random direction
due, e.g., to sheer strain. Light emitted radially in other direc-
tions would be detected as polarized parallel to the NW, with
varying polarization degree depending on the radial angle ϕ

[Fig. 4(e)], as indeed observed experimentally. Assuming that
both types of the QDs have the same orientation, we therefore
conclude that the QDs are aligned with the high-symmetry
axis directed radially in the plane perpendicular to the NW
axis.

To investigate whether the QDs are formed with some
preference in the radial angle ϕ, we analyze the degree of
polarization P of the pure HH QDs. A histogram of the
measured P values is shown in Fig. 4(b) and exhibits two
maxima corresponding to P = 0% and 55%. Polar plots of the
PL intensity for the corresponding QD emitters are shown by
the open circles in Figs. 4(c) and 4(d), respectively. Knowing
that for pure HH QDs of high symmetry the emitted light
is circularly polarized with the electric-field vector lying in
the high-symmetry plane of the QD, these polar plots can
be simulated assuming that ϕ = 0◦ and 60°, respectively,
i.e., assuming that the high-symmetry QD axis is aligned
orthogonally to the NW facets—see Fig. 4(e) for a schematic
illustration. The same conclusion follows from the expected
distribution of the polarization degree of the HH QD emit-
ters simulated for possible radial orientations of their high-
symmetry axis: (i) a uniform distribution over all angles ϕ—
shown by the green dashed line in Fig. 4(b); (ii) aligned
through the intersections of the NW side facets—the blue
dotted line in Fig. 4(b); and (iii) aligned orthogonally to the
NW facets—the red solid line in Fig. 4(b). Clearly, a good
agreement with the experimental data is found only in the last

FIG. 5. (a) Representative PL decays of two QD emitters. (b)
Exciton lifetimes of the QD emitters, as deduced from single-
exponential fitting of the corresponding PL transients.

case, which suggests that the formed QD have the quantization
axes oriented perpendicularly to the NW side facets. This
conclusion is also supported by the magneto-PL data. It is
interesting to note that this direction of the QD high-symmetry
axis in the studied GaNAsP NWs essentially differs from the
N-induced QDs in GaNAs NWs, where the high-symmetry
axis is aligned primarily along the NW axis. Obviously, the
host alloy has a strong effect on the QD properties. Though the
exact physical mechanism responsible for this effect requires
further studies, we speculate that the change in QD orientation
upon P incorporation may be related to variations in the
P/As ratio, e.g., to a spontaneous radial gradient in the P/As
ratio often observed in vapor-liquid-solid grown ternary III-V
semiconductor NWs [41–44], such as GaAsP [41].

D. Exciton lifetimes

The lifetimes of various QDs were investigated using time-
resolved µ-PL. Figure 5(a) shows examples of PL decay
curves measured from representative QDs, after subtraction
of the broad background component. By fitting them with
a single exponential function, the exciton lifetimes can be
deduced and are given by the symbols in Fig. 5(b). It is
evident that the lifetimes exhibit a substantial variation and are
rather long, significantly longer than what is usually observed
for self-assembled QDs in, e.g., the GaAs/AlAs [45,46] or
the InAs/GaAs [47–49] material systems where the exciton
lifetime is found to be below 1 ns. Three effects can account
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for this behavior. Firstly, it could be caused by differences in
spatial confinements of the electron and hole within the QD,
reducing overlap of their wave functions. Indeed, since the
giant bowing in the band-gap energy in dilute nitrides mainly
occurs due to the downshift of the conduction band edge,
fluctuations in the N composition will cause strong electron
confinement. On the other hand, the hole within the exciton
is either bound to the electron by Coulomb interaction or is
confined due to fluctuations in the P/As ratio. The fact that
the measured longest lifetime is close to the radiative lifetime
of excitons in bulk GaNAs [50] supports this scenario. It can
also account for the lack of the spectral dependence and a
large scatter between the measured values, as the hole local-
ization, which determines the overlap of e/h wave functions
and exciton lifetime, is not the decisive factor that governs
the emission energy. Secondly, for mixed LH-HH QDs the
oscillator strength of the QD emitters can also be reduced due
to mixing between the bright (J = 1) and dark (J = 2) states.
This effect is expected to be important if the QD symmetry
is lower than Td , and the degree of mixing will be strongly
dependent on the strength and anisotropy of the exchange
interaction, as well as on the local strain and crystal field the
QD experiences. Thirdly, there could be a variation between
QDs in the influence of nonradiative recombination processes
via defects or surface states that shorten exciton lifetimes. At
present, it remains unclear which of the aforementioned three
mechanisms is dominating and is mainly responsible for the
lifetime variation, which requires further in-depth studies.

IV. CONCLUSIONS

In summary, we have shown that nitrogen incorporation
in GaNAsP NWs causes the formation of QDs, due to the
short-range fluctuations in the N composition that leads to
large fluctuations in the conduction band edge. The localized

origin of the formed QD emitters is independently confirmed
from spatially resolved CL measurements. According to the
time correlation measurements, the QDs act as single-photon
emitters. This is evidence of single-photon emission from the
N-induced self-assembled QDs in dilute nitride NWs. The
electronic structure of the formed QDs was investigated by
employing polarization-resolved (magneto-) µ-PL measure-
ments. The hole in the QD excitons is found to have either
pure HH or mixed LH-HH character, which is attributed
to a varying degree of hole localization due to fluctuations
in the As/P incorporation ratio. Changes in the hole local-
ization combined with a varying degree of mixing between
the dark and bright exciton states, apart from nonradiative
recombination, are suggested to cause a large variation in the
exciton lifetimes deduced from µ-PL transient measurements.
Remarkably, we find that the high-symmetry axis of the QDs
is directed in the radial direction, normal to the NW side
facets, which is in stark contrast to the previously studied QDs
in ternary GaNAs NWs. Our results, therefore, underline an
important role of the host alloys in the QD formation, possibly
providing an additional degree of freedom in engineering of
self-assembled QDs embedded in NWs.
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