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Nanowires (NWs) with embedded zero-dimensional (0D) quantum dots (QDs) have interesting fun-
damental properties attractive for a variety of applications. The properties of such embedded QDs can be
controlled by 0D quantum confinement and also via strain engineering in axial or radial heterostructures of
the nanowire system. We evaluate the electronic structure of QDs, which are formed in the Ga(N, As) shell
of the GaAs/Ga(N, As) core-shell NWs due to alloy fluctuations. It is found that the principal quantization
axis of the studied QDs is primarily oriented along the NW axis, based on the performed polarization-
resolved magneto-photoluminescence measurements. We also show that the QDs exhibit a large spectrally
dependent variation of the valence band character, which changes from pure heavy-hole states for the low-
energy QD emitters to the mixed light-hole heavy-hole states for the QDs emitting at high energies. We
ascribe these changes to combined effects of the uniaxial strain caused by the lattice mismatch between
the GaAs core and the Ga(N, As) shell, and the local strain/lattice distortion within the short-range fluctu-
ations in the N content. The obtained results underline the importance of the local strain for valence band
engineering in hybrid NW structures with embedded QDs.
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I. INTRODUCTION

III-V semiconductor nanowires (NWs) with embed-
ded zero-dimensional (0D) quantum dots (QDs) represent
promising building blocks for future electronic and opto-
electronic devices with advanced functionalities [1–10].
Utilizing the nanowire geometry relaxes lattice-matching
constraints on substrate materials, which makes it possi-
ble to fabricate NWs on cheap foreign substrates, such as
Si, advantageous for the integration of III-V optoelectronic
nanodevices with Si-based microelectronics [11,12]. The
NW architecture also provides freedom in heterostructure
engineering via radial and axial designs [13,14]. Incorpo-
rating quantum structures in the NWs, such as quantum
wells, quantum wires, and QDs, further extends flexibili-
ties in controlling the electronic properties of such systems
by utilizing quantum confinement effects. For example,
using QDs in NWs allows complete quantum confinement,
which is beneficial for realization of, e.g., nanolasers [10]
or single photon light sources [3,7], where the embedded
QD acts as a light emitter, whereas the NW provides an
efficient cavity/waveguide, facilitating light extraction.

Several approaches for fabrication of such hybrid
NW/QD structures have been exploited in the past.
These include QD formation via (i) polytypism that
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is characteristic for the III-V semiconductors in the
NW geometry [2,9] and (ii) deliberate lateral confine-
ment in axial heterostructures, i.e., by inserting a nar-
row layer of a low band gap semiconductor into a
wide band gap NW matrix. The latter was demon-
strated in, e.g., GaP/Ga(AsxP1-x) [1], In(Ga)As/GaAs
[10], In(AsxP1-x)/InP [3,7], and GaAs/(AlxGa1-x)As [8]
material systems. In addition, it was found that in
GaAs/(AlxGa1-x)As NWs the QDs can be formed in the
(AlxGa1-x)As region due to variations in the Al content
[6,15]. Independent of the specific mechanism for the
QD formation, the majority of such hybrid NW/QD sys-
tems utilize heterostructure design and, therefore, often
experience strain caused by lattice mismatch between the
involved materials. This strain further alters the electronic
properties of the embedded QDs providing a new degree
of freedom in their design. For example, uniaxial/biaxial
strain affects valence band (VB) states by modifying split-
ting between the light-hole (LH) and heavy-hole (HH)
sub-bands. This may prove useful in, e.g., quantum com-
puting applications, where the control of the hole states is
vital [16–18]. For instance, whereas the HH ground state
has been shown to have a longer spin coherence time, the
LH ground state is preferable for electron-spin initializa-
tion [17]. The biaxial strain in the QDs formed in axial NW
heterostructures ensures the HH character of the ground
state, similar to the case of planar self-assembled QDs.
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On the other hand, the ordering of the VB states may be
significantly altered and even reversed when the QDs are
embedded in the core/shell NW, where the strain that is
created due to the lattice mismatch between the core and
shell materials is uniaxial along the NW axis [19].

Recently, we have shown that the spontaneous QD for-
mation is facilitated in NW heterostructures based on
dilute nitride alloys, such as GaAs/Ga(N, As) core/shell
NWs [20]. Here, the QDs are formed in the active
Ga(N, As) shell due to short-range fluctuations in the N
composition that enable carrier confinement due to the
giant band gap bowing [21]: incorporation of only 1%
of nitrogen in GaAs reduces the band gap energy by
approximately 0.14 eV. This tunability of the band gap
energy combined with other N-induced modifications of
the electronic and material properties makes Ga(N, As)
promising for applications as light emitters within the near-
infrared spectral range [22,23], in third-generation pho-
tovoltaic devices [24,25], and also for room-temperature
spin-functional devices [26–28]. Implementation of this
material in NW/QD structures with high optical quality
allows to combine these useful properties with advan-
tages offered by the NW architecture. Dilute nitrides also
have a rare feature in that the reduction of the band gap
energy is accompanied with a decrease in their lattice con-
stant, which should reverse the direction of strain in the
formed QDs as compared with the conventional systems
and may affect the character of the electronic states. An
additional perturbation may be introduced because of local
strain induced by changes of the lattice constant and/or
local distortion within the QD regions. So far, however, the
electronic structure of QDs spontaneously formed in the
Ga(N, As)-based NWs is not understood. In this paper, we
address this important issue and show that the hole char-
acter of the QDs embedded in GaAs/Ga(N, As) core/shell
NWs is determined by combined effects of the strain due
to the core-shell lattice mismatch and local crystal field
within strongly localized states induced by local fluctua-
tions in the N composition. As the result, the hole character
in the formed QD emitters ranges from pure HH states
for the low-energy emitters to states with strong LH-HH
mixing for the high-energy ones.

II. EXPERIMENT

The studied GaAs/Ga(N, As) core/shell NW structures
are fabricated using plasma-assisted solid-source molecu-
lar beam epitaxy (MBE) on the (111) surface of silicon
substrates using Ga droplets as a catalyst. The GaAs core
is first grown using vapor-liquid-solid growth, on which
the Ga(N, As) shell is formed via step-mediated growth—
see Ref. [29] for a detailed description of the NW growth.
Nitrogen composition in the Ga(N, As) shell is controlled
by varying the N flux supplied from a N-plasma source
and is estimated [30] as being 0.1% and 0.5%, based on a

detailed analysis of the temperature-dependent PL results
within the framework of the band anticrossing model [31].
The performed scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) measurements
show that the NWs have a uniform diameter of approx-
imately 300 nm and are approximately 4-μm long, on
average. They have zincblende crystalline structure with
minor wurtzite inclusions.

The samples are inserted into a LHe-cooled cryostat
with a temperature range of 4–300 K, equipped with a
superconducting magnet providing magnetic fields up to
5 T. The cryostat is fitted with a window for optical
access, whereby μPL measurements can be performed in
the backscattering geometry. The geometry of the setup is
such that the excitation and detection paths always coin-
cide with the axis of the magnetic field, which is directed
perpendicular to the substrate. To perform magneto-μPL
spectroscopy on individual standing NWs, i.e., in the
standing geometry, areas with a low NW density are first
selected using SEM. Magneto-μPL measurements in the
lying geometry are done on NWs that are mechanically
transferred onto another Si substrate. The PL emission is
excited using a solid-state laser diode emitting at 660 nm.
The excitation light is focused onto the sample to a spot of
approximately 0.8–1 μm using a 50X microscope objec-
tive (NA = 0.5). The resulting PL is collected using the
same objective lens and is detected by a single-grating
monochromator combined with a Peltier-cooled Si-CCD
detector. For linear (circular-) polarization-resolved PL
measurements, a combination of a half-wave (quarter-
wave) plate and a linear polarizer is used in front of the
monochromator. All μPL measurements are performed at
5 K, unless otherwise stated.

III. POLARIZATION-RESOLVED
SPECTROSCOPY

Figures 1(a) and 1(b) provide an overview of μPL
spectra acquired from single lying (i.e., transferred)
GaAs/GaN0.001As0.999 and GaAs/GaN0.005As0.995 NWs,
respectively. In addition to a broad background emission
that stems [30] from radiative recombination of excitons
weakly localized within long-range potential fluctuations
in the Ga(N, As) shell, the spectra contain numerous sharp
PL lines. We have previously shown that these lines orig-
inate from strongly-localized QD-like emitters within the
Ga(N, As) shell with the principal quantization axis of
the QDs preferentially aligned along the NW growth axis
(z) [20]. The weak emission observed at energies exceed-
ing the Ga(N, As) band gap (approximately 1.4 eV for
[N] = 0.5%) stems from the GaAs core [32] and will not
be discussed further in this paper.

In the lying geometry, the majority of the sharp PL lines
are linearly polarized perpendicular to the NW axis. This
is demonstrated in the insets in Figs. 1(a) and 1(b), where
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FIG. 1. PL spectra measured at 5 K from single GaAs/
GaN0.001As0.999 (a) and GaAs/GaN0.005As0.995 (b) core/shell
NWs. The insets show polarization-resolved PL spectra from
representative type-A and type-B QDs emitting at low and high
energies, respectively. The emission from the type-A QDs is
comprised of a single line that is linearly polarized along the
NW axis, whereas the type-B QDs emit two bright, orthogo-
nally polarized lines and a much weaker line at the lower energy.
(c) and (e) are polar plots from the polarization-resolved PL
measurements from QD3 and QD4, respectively, where the red
circles (black squares) represent the PL intensities of the π z (π y)
polarized components. (d) defines the polarization angle, θ , with
respect to the NW axis.

polarization-resolved spectra representative for the high-
and low-energy QD lines are shown. From a close exami-
nation of the spectra, it is noticeable that the fine structure
of the QD emission varies significantly. The emission from
the low-energy emitters (labeled QD1 and QD3) consists
of a single line that is linearly polarized in the y direc-
tion, i.e., orthogonal to the NW axis. Such QDs will be

referred to below as type-A QDs. On the other hand, the
high-energy emission (QD2 and QD4) consists of three
components for each emitter: two bright, orthogonally
polarized lines and a much weaker line at the lower energy
(indicated by the arrows in the figures). We denote such
QDs as type-B QDs. The polarization-resolved PL inten-
sity of the two dominating lines of QD4 is displayed as
the polar plot in Fig. 1(e), while Fig. 1(c) shows the corre-
sponding polar plot of the single line from QD3. The angle
θ in the plots is 0 (90) degrees for detection of light linearly
polarized parallel (orthogonal) to the direction of the NW
axis (z)—see Fig. 1(d). All PL lines have a high degree of
polarization (>90%).

Due to the large NW diameter, contributions of the so-
called antenna effect due to dielectric mismatch between
the NW and its surroundings [33–35] can be neglected in
the studied wires. Therefore, the polarization properties of
the different states are governed by the hole character of the
exciton [36–42]. In the geometry of lying NWs, with exci-
tation and detection along the x direction, both the y and z
components of the emitted light are detectable. A pure HH
exciton has two bright |±1〉 states, which are degenerate
in a high-symmetry QD (C3v or higher) emitting circularly
polarized light—see also Supplemental Material [43], Sec.
S1 for an in-depth discussion of the exciton states. (The
notation is given in the |M 〉 basis, where M is the quantum
number representing the z projection of the total angular
momentum of the exciton.) For the QDs with their prin-
cipal quantization axes aligned along the z direction, light
with the electric-field vector in the x-y plane, which is cir-
cularly polarized along the z direction, will be detected
as being linearly π y polarized in the given measurement
geometry. This is seen for QD1 and QD3, implying that the
low-energy excitons are of pure HH character and the pref-
erential quantization axis of the QD is directed along the
NW axis. As the QD2 and QD4 spectra contain also a π z
polarized line, they clearly do not originate from pure HH
excitons. The appearance of this π z polarized line suggests
some degree of LH-HH mixing, resulting in the recombi-
nation from the |1,0〉 state. (To describe states with LH-HH
mixing, both the J and M quantum numbers are needed,
and the |J,M 〉 basis is used.) We note that the appearance
of both types of QDs does not correlate with the presence
of twins or wurtzite inclusions in the NWs, as shown in the
Supplemental Material [43], Sec. S3.

IV. MAGNETO-OPTICAL SPECTROSCOPY

To gain further understanding of the electronic structure
of the revealed QD emitters, magneto-optical spectroscopy
is performed on single NWs, either lying (i.e., for the
transferred NWs) or standing, as illustrated on the top of
Fig. 2. Due to restrictions in the geometry of the setup, it
is not possible to investigate the same NW in both geome-
tries. The data from the lying and standing NWs are thus
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FIG. 2. Polarization-resolved μPL spectra (the upper part) and color plots (the lower part) of the total PL intensity from the type-A
QDs embedded in a single GaN0.001As0.999 NW, measured under an applied magnetic field in the lying (a) and standing (c) geometries.
(b) and (d) show the corresponding simulated PL spectra and color plots, where the PL intensity scales with the calculated oscillator
strength and the line widths are taken from the measurement data. The dotted white lines in (a) and (c) represent the eigenvalues
deduced from the simulations. The spectra within the upper parts of the figure are vertically offset for clarity. B and k denote the
magnetic field and light propagation direction with respect to the coordinate frame of the NW.

acquired from different NWs and, therefore, from different
QDs. To allow a comparison between the two geometries,
the properties of the two QDs are assumed to be similar, as
supported by the fact that most of the studied QDs emit-
ting within the same energy range display similar Zeeman
patterns.

A. Electronic structure of type-A low-energy emitters

We first discuss results from the magneto-optical mea-
surements of the low-energy emitters. Figures 2(a) and 2(c)
show the corresponding polarization-resolved μPL spec-
tra and color plots of the total PL intensity acquired in the
geometries of lying and standing NWs, respectively, taking
as an example the GaAs/GaN0.001As0.999 NW structure.
(The experimental data from the GaAs/GaN0.005As0.995
NWs can be found in the Supplemental Material [43],
Sec. S4.) In both geometries, the zero-field spectra con-
tain a single line. In the lying geometry (B‖k‖x), this
line shows no splitting in applied magnetic fields B, but
a weak low-energy component appears at around B = 4 T.
In the standing geometry (B‖k‖z), splitting into two circu-
larly polarized components is observed. This behavior of
the type-A QDs supports our assumption that the detected
PL emission is due to recombination of the HH exciton.
In the standing geometry, the splitting between the bright

|±1〉 states gives rise to the two circularly polarized PL
components. Since the PL linewidth is very similar at 0
and 5 T, the two bright states should be nearly degener-
ate at zero field, which implies C3v or higher symmetry of
the QDs. The higher intensity of the low-energy PL com-
ponent with σ− polarization is attributed to thermalization
between the two |±1〉 sublevels, which should favor the
low-energy |−1〉 one. With the magnetic field directed
along the x axis in the lying geometry, we expect symmetry
lowering and thereby admixing of the bright |±1〉 states,
resulting in the |1x〉 and |1y〉 states that emit light linearly
polarized in the corresponding directions. (Here, |Mx/y〉 is
defined as |M 〉 ∓ |−M 〉.) Consequently, only the |1y〉 state
should be visible in the experimental geometry at a given
magnetic field. The dark |±2〉 states are expected to be
mixed even at zero field in symmetries lower than C3v. In
applied magnetic fields along the x axis, they also acquire
a projection on the bright |1x〉 and |1y〉 states, making
them partially bright. The emission from these states will
also be polarized in the x and y directions, respectively,
making only one of the lines detectable in the measure-
ment geometry. The lower-energy component in Fig. 2(a)
is thus ascribed to one of the dark |±2〉 states. This quali-
tative analysis is confirmed by our simulations performed
for the HH exciton using the spin Hamiltonian that takes
into account the exchange interaction between the electron
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and hole, as well as strain and an applied magnetic field,
as described in Supplemental Material [43], Sec. S1. The
corresponding results are shown in Figs. 2(b) and 2(d) for
the lying and standing geometries, respectively, and are in
agreement with the experimental data. The eigenenergies
of the bright and partially bright states that are found from
the best fit of the spin Hamiltonian to the experimental data
are shown by the white dotted lines in Figs. 2(a) and 2(c).
From the results acquired in the two measurement geome-
tries, we can determine δ0 = 130 μeV and δ1 ∼ 10 μeV,
where δ0 and δ1 are the zero-field splitting between the
bright and dark states and the anisotropic exchange split-
ting between the bright states, respectively. The electronic
structure of the exciton in the QDs is schematically illus-
trated in Fig. S1 of Supplemental Material [43]. Since we
can only detect one of the two |±2〉 states, the δ2 parameter
that characterizes their zero-field splitting cannot be deter-
mined. The analysis also yields values of the diamagnetic
shift (γ ) and the exciton Landé g-factors: γ x = 4.5 μeV/T2,
γ z = 5.8 μeV/T2, gx

X = 0.4, and gz
X = 2.9.

The results obtained from different type-A emitters are
summarized in Table I. δ0 is found to be generally larger
than δ1, which is characteristic for the HH exciton in QDs
[44–47]. The results also indicate that δ1 is typically small
for GaN0.001As0.999 NWs, i.e., of the order of 10–100 μeV,
which implies a rather high symmetry of the formed dots.
This is because for the ideal QDs grown on (111) or (001)
planes with the symmetry of C3v or D2d, respectively, no
anisotropic exchange splitting is expected, i.e., δ1 = 0. In

practice, however, even for self-assembled QDs grown on
(001) substrates, a large variation of δ1 is reported, with δ1
being as large as 1 meV in In(Ga)As- and (AlxGa1-x)As-
based QDs [46–52]. This is usually attributed to a lowering
of the QD symmetry due to shape/strain anisotropy or in-
plane piezoelectric fields. It has, however, been predicted
[53] and experimentally shown [54–56] that such effects
are reduced for QDs grown on the (111) surface, lead-
ing to a significantly smaller or even vanishing δ1. The
same seems to be true for the studied QDs embedded in
the NWs of which the principal quantization axis is along
the NW axis (i.e., 〈111〉). We note that the QD anisotropy
seems to be slightly more pronounced when the nitrogen
composition is increased to 0.5%—see Table I.

B. Electronic structure of type-B high-energy emitters

Let us now discuss the electronic structure of the high-
energy QDs, referred to below as type-B QDs. Figure 3
shows evolution of the PL spectra from representative
type-B emitters measured in the lying (a) and standing (c)
geometries. The zero-field PL spectrum in the lying geom-
etry [Fig. 3(a)] contains a pair of lines that are separated by
130 μeV and have strong π z and π y polarization, respec-
tively, accompanied by a weak feature at the lower energy.
(The weak lines above 1.4375 eV are believed to originate
from a different emitter and are not included in the analy-
sis.) In an applied magnetic field, the bright pair of lines
shows a strong Zeeman splitting and depolarization, which

TABLE I. Exchange and magnetic field fitting parameters for the type-A QDs. Due to the selection rules for optical transitions, the
δ0 (δ1) parameters can be deduced only in the lying (standing) geometry.

Sample Measurement geometry Emission energy (eV) δ0 (μeV) δ1 (μeV) gx
X gz

X γ (μeV/T2)

GaN0.001As0.999 Lying 1.395 277 0.2 6.9
GaN0.001As0.999 Lying 1.410 No new line with B 5.6
GaN0.001As0.999 Lying 1.410 130 0.4 4.5
GaN0.001As0.999 Lying 1.427 No new line with B 6.4
GaN0.001As0.999 Standing 1.363 7 2.9 5.8
GaN0.001As0.999 Standing 1.365 96 1.7 4.9
GaN0.001As0.999 Standing 1.367 10 2.3 2.9
GaN0.001As0.999 Standing 1.374 1 1.5 4.0
GaN0.001As0.999 Standing 1.416 71 0.7 5.6
GaN0.005As0.995 Lying 1.272 No new line with B 4.1
GaN0.005As0.995 Lying 1.278 No new line with B 4.3
GaN0.005As0.995 Lying 1.302 406 0.3 3.0
GaN0.005As0.995 Lying 1.314 No new line with B 4.3
GaN0.005As0.995 Lying 1.368 No new line with B 2.9
GaN0.005As0.995 Standing 1.333 11 0.5 2.0
GaN0.005As0.995 Standing 1.336 26 0.5 3.8
GaN0.005As0.995 Standing 1.337 5 0.7 3.8
GaN0.005As0.995 Standing 1.343 11 0.4 3.5
GaN0.005As0.995 Standing 1.347 18 0.5 3.4
GaN0.005As0.995 Standing 1.349 0 0.4 3.3
GaN0.005As0.995 Standing 1.363 36 2.2 2.6
GaN0.005As0.995 Standing 1.380 116 1.2 3.9
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FIG. 3. Polarization-resolved μPL spectra (the upper part) and color plots (the lower part) of the total PL intensity from the type-B
QDs embedded in a single GaN0.001As0.999 NW, measured under an applied magnetic field in the lying (a) and standing (c) geometries.
(b) and (d) show the corresponding simulated PL spectra and color plots, where the PL intensity scales with the calculated oscillator
strength and the line width are taken from the measurement data. The dotted white lines in (a) and (c) represent the eigenvalues deduced
from the simulations. The spectra within the upper parts of the figure are vertically offset for clarity. B and k denote the magnetic field
and light propagation direction with respect to the coordinate frame of the NW.

is more severe for the π z polarized line that completely
loses its polarization at 5 T. The weak low-energy line
dramatically increases in intensity with increasing mag-
netic field and acquires strong π z polarization at 5 T. In
the standing geometry, the zero-field PL spectrum contains
two lines with the higher-energy one dominating in inten-
sity. Upon applying a magnetic field, each of the two lines
shows a weak Zeeman splitting into two circularly polar-
ized components. The observed behavior of the type-B
emitter is inconsistent with the pure HH transition dis-
cussed above and can only be explained if the valence band
states have some admixture of the LH character. When the
strain-induced LH-HH splitting is reduced, the electronic
structure of the exciton will be dominated by the exchange
interaction, which separates the bright triplet from the dark
quintet states and also partially lifts the degeneracy of the
states, as shown in Fig. S1 in the Supplemental Material
[43]. If the exchange interaction is small enough, however,
there will be some mixing of the bright and dark states
even for QDs with high symmetry, such as C3v, and the
following two dark states will become partially allowed:
ψ1 = a|2,1〉 − b|1,1〉 and ψ2 = a|2,−1〉 + b|1,−1〉. Here,
the normalization factors obey a> b. As these “partially
bright” states are formed from the “dark” quintuplet, they
will appear at lower energies than the bright triplet states.
In the standing geometry, an applied magnetic field will

lift the remaining degeneracy but preserve the charac-
ter of the states. In the geometry of the experiment, one
would, therefore, expect two sets of circularly polarized
components with the higher (lower) energy set origi-
nating from the bright (partially bright) states. In the
lying geometry, an applied magnetic field will break the
isotropy between the x and y directions and mix the
states as: ψ1 = a(|2,−1〉 + |2,1〉) + b(|1,−1〉 − |1,1〉) and
ψ2 = a(|2,−1〉 − |2,1〉) + b(|1,−1〉 + |1,1〉), leading to lin-
ear polarization of the light. The ψ1 (ψ2) state may further
obtain a projection along the |2,0〉 (|1,0〉) state, leading to
π z polarized emission from ψ2. The initially dark states at
low energy are thus attributed to the ψ2 and the degener-
ate ψ1 and ψ2 states in the lying and standing geometries,
respectively.

For type-B QDs with LH-HH mixing, we cannot assign
a single exciton g value to describe the behavior in applied
magnetic fields. Instead we must use the full 8 × 8 spin
Hamiltonian (see Supplemental Material [43], Sec. S1).
In the Zeeman term of the spin Hamiltonian, the parame-
ters K and L are now assumed to be different from those
described by Luttinger [57] for free excitons due to the
confinement potential of the QD, and are used as fitting
parameters. The best fit to the experimental data shown in
Fig. 3a (3c) in the lying (standing) geometries is obtained
when ge = 0.7 (1.0), K =−0.1 (−0.5), and L = 0.6 (0.4),
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TABLE II. Exchange and magnetic field fitting parameters for the type-B QDs. Due to the selection rules for optical transitions,
the complete set of exchange parameters can be deduced only in the lying geometry. In the standing geometry, the ax and ay
parameters are arbitrarily set to zero, letting the az parameter fully account for the splitting between the bright and partially bright
states.

Sample Measurement geometry Emission energy (eV) az(μeV) ax = ay (μeV) ge K L γ (μeV/T2)

GaN0.001As0.999 Lying 1.437 330 30 0.7 −0.1 0.6 2.0
GaN0.001As0.999 Lying 1.469 200 −50 1.9 −0.2 0.3 7.9
GaN0.001As0.999 Standing 1.423 290 1.0 −0.5 0.4 2.5
GaN0.001As0.999 Standing 1.434 240 1.2 −0.4 0.4 2.4
GaN0.001As0.999 Standing 1.435 260 0.5 −0.5 0.3 8.1
GaN0.005As0.995 Lying 1.382 250 −40 0.6 −1.2 0.9 1.9
GaN0.005As0.995 Lying 1.381 340 −70 1.5 −0.9 0.4 1.0
GaN0.005As0.995 Standing 1.382 195 1.1 −1.1 0.6 2.0
GaN0.005As0.995 Standing 1.387 290 0.7 −1.0 0.5 1.2

where ge is the electron g value. The zero-field exchange
splitting between the bright states is found to be very close
to zero, again confirming the high symmetry of the dots.
The corresponding simulated PL spectra are displayed in
Figs. 3(b) and 3(d), and the eigenenergies of the opti-
cally active states are shown by the white dotted lines in
Figs. 3(a) and 3(c). The agreement between the experi-
ment and simulation is observed, justifying the validity
of the model. We note that ideally, the K and L parame-
ters should be identical in the two geometries, but as the
data in the two geometries are acquired from two different
QDs, some variation is expected. The deduced parame-
ters for different type-B QDs are summarized in Table
II. First, we notice that the isotropic exchange interaction
dominates along the z direction, which suggests that the
main quantization axis of the formed QDs is directed along
the NW axis. Secondly, the K parameter ranging from
−0.5 to −0.1 in the QDs embedded in the GaN0.001As0.999
NWs is quite close to that for the free exciton in GaAs
(−0.5). In the GaN0.005As0.995 NWs, on the other hand,
the K parameter covers the range from −1.5 to −0.9.
The latter implies that the hole becomes more localized
with increasing N composition in Ga(N, As). Since the
QDs are formed due to local fluctuations of the nitrogen
composition, the confining potential should be primarily
imposed on the electron, as N incorporation causes a dra-
matic down-shift of the conduction band (CB) edge [21].
In contrast, the VB states experience only a weak bowing
in energy, which makes hole confinement probable only in
the QDs with a relatively high N composition. Finally, the
electron g factor is found to be isotropic, as the best fits to
the data in both geometries yield very similar values (see
also Table II). The determined electron g values (0.5–1.5)
are similar to those reported previously in Ga(N, As) alloys
with comparable N compositions [58].

C. Exciton confinement

We now compare diamagnetic coefficients, γ , deter-
mined for the QDs emitting at various energies—see

Figs. 4(a) and 4(b). The corresponding values in the x and z
directions are shown by the red filled circles and the orange
open circles, respectively, for the QDs embedded in the
GaN0.001As0.999 (a) and GaN0.005As0.995 (b) NW structures.
From Fig. 4, the following trends can be distinguished.
First, the average longitudinal values, γ z, are found to be
slightly smaller than the transverse ones, γ x. For a strongly
confined exciton, the diamagnetic coefficient is known to
depend on the effective masses and localization of the
wavefunction for the electron and hole, according to the
equation [59]

γ = e2

8

( 〈r2
e〉

me
+ 〈r2

h〉
mh

)
. (1)

Here, 〈re/h〉 denotes the distribution of the electron/hole
wavefunction, whereas me (mh) is the electron (hole) effec-
tive mass. Different diamagnetic shifts in the x and z direc-
tions thus imply that the exciton confinement is slightly
stronger in the z direction than in the x direction, which
supports the preferential alignment of the QD quantization
axis along the NW axis. Second, the diamagnetic coeffi-
cients for the QDs embedded in the GaN0.001As0.999 NWs
are significantly larger than those in the GaN0.005As0.995
NWs. This can be well accounted for by the drastic change
in the electron effective mass upon alloying GaAs with
nitrogen. Indeed, previous studies of Ga(N, As) epilayers
have shown that me increases from approximately 0.09 m0
to 0.15 m0 when the nitrogen content changes from 0.1%
to 0.5% [60]. Using these values of electron effective mass
and assuming that the hole effective mass does not change
upon nitrogen incorporation, we can compute an approx-
imate size of the QD confinement potential. The values
are obtained under a further simplified assumption that
〈r2

e〉 ≈ 〈r2
h〉 ≡ 〈r2〉, and taking mh = 0.51 m0 for the type-

A QDs with the pure HH character and 0.30 m0 (which is
the average of the LH and HH effective masses in GaAs)
for the type-B QDs with the mixed LH-HH character. The
QD radius, r, is estimated using Eq. (1) as r = 2

√
〈r2〉
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(a) (b)

(c)

FIG. 4. Diamagnetic shift coefficients for various QDs embed-
ded in the GaN0.001As0.999 (a) and GaN0.005As0.995 (b) NW struc-
tures. The red dots (orange open circles) show the diamagnetic
coefficients in the y (z) direction. For easy reference, typical PL
spectra from the corresponding NWs are shown. We note that the
shown parameters are the summary from several individual NWs
of the same structure. (c) Thermal activation energies deduced
from PL intensity quenching from several QDs embedded in the
GaN0.005As0.995 NW structure.

[61,62]. For the GaN0.001As0.999 sample, such an estimate
yields the out-of-plane radius ryz = 8.7 ± 1.4 (9.3 ± 0.7)
nm for the type-A (type-B) QDs, while the in-plane radius
is rxy = 7.9 ± 0.9 (7.8 ± 1.8) nm. The corresponding radii
for the type-A (type-B) QDs in the GaN0.005As0.995 sam-
ple are ryz = 8.5 ± 0.8 (6.2 ± 1.5) nm and rxy = 7.1 ± 1.2
(6.5 ± 1.4) nm. These values are comparable to those
reported for the QDs formed in Ga(N, As) epilayers due
to alloy fluctuations, i.e., 6–8 nm for Ga(N, As) with
[N] = 1% [63,64].

Further information regarding the exciton confinement
within the revealed QDs is obtained from temperature-
dependent μPL spectroscopy. It is found that the QD
emissions experience quenching in intensity at elevated
temperatures. Figure 4(c) shows thermal activation ener-
gies obtained for individual QD emissions from Arrhenius
plots of their intensities, as also described in Supplemen-
tal Material [43], Sec. S5. The solid line in Fig. 4(c)
represents a linear fit to the data (dots). On average, the
activation energy is found to be higher for the low-energy
emitters, though the deduced values scatter significantly
between different QDs even with similar exciton ener-
gies. The observed trend is consistent with our suggestion
that the low-energy emitters have, on average, a higher
nitrogen composition and a larger size, since the former
increases the depth of the confining potential while the

(a)

(b)

y x

z

FIG. 5. (a) A schematic illustration of the energy diagrams of
the investigated QDs, where the energies of the LH (HH) VB
states are shown by the orange dotted (black solid) lines. The
confinement energy is exaggerated relative to the total emission
energy for easy viewing. The QD size is reflected by the width
of the confinement potential. The strain acting within the QD,
which is primarily responsible for the LH-HH splitting seen in
(a), is represented by the arrows in (b). As the strain is thought
to be dominated by a uniaxial component along the NW axis, the
other components (e.g., the hydrostatic strain) are neglected in
the figure.

latter decreases the QD confinement energy relative to the
band gap.

V. MECHANISM FOR THE QUANTUM DOT
FORMATION

The suggested mechanism for the QD formation is illus-
trated in Fig. 5(a). The short-range potential fluctuations
in the N content induce a 3D-confining potential for elec-
trons, forming the QD states. The type-A QDs have, on
average, a higher N composition and a weaker degree
of the exciton confinement. They also experience a large
splitting between the HH and LH VB states, which dimin-
ishes for the high-energy type-B emitters, to account for
the magneto-PL data (Figs. 2 and 3). Because of the weak
perturbation of the VB states upon N incorporation, the
substantial LH-HH splitting for the low-energy emitters
cannot be explained merely through a stronger confine-
ment of the hole. Instead, we need to consider the effects
of N-induced strain on the VB states, as the lattice constant
of Ga(N, As) decreases with increasing [N].

Strain in lattice-mismatched core/shell NWs has been
thoroughly studied both theoretically [65] and experimen-
tally [66,67], with the general conclusion that the induced
strain can be decomposed into hydrostatic and uniaxial
parts, where the uniaxial component (εzz) is along the NW
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axis. The reduction of the lattice constant in the Ga(N, As)
shell will induce a uniaxial tensile strain in this region, lift-
ing the LH-HH degeneracy and leaving the HH states as
the ground state. The hydrostatic part does not influence
the state ordering. The uniaxial component of the strain
can be calculated from the lattice mismatch of the core
and shell materials of the NW using the Lamé-Clapeyron-
Navier equation while accounting for the symmetry of a
[111]-grown zincblende NW, following formalism devel-
oped in Ref. [65]. Assuming that the stiffness is uniform
in the core and shell regions (i.e., that the effect of nitro-
gen incorporation on the elastic constants is negligible),
the longitudinal (uniaxial) strain component in the shell is
simply given by

εzz = −η f , (2)

where η is the ratio between the core and full NW
cross-section areas, while f is the lattice mismatch,
f = (as − ac)/ac, between the core (c) and shell (s). The
in-plane strain components are given in cylindrical coordi-
nates by

εθθ − εrr

2
= Bs

r2
c

r2

εθθ + εrr

2
= −η(f − Bs), (3)

where Bs is given by the elastic constants

Bs = −f
c11 + 2c12

c11 + c12 + 2c44
. (4)

The in-plane warping term introduced in zincblende
NWs grown in the [111] direction is ignored, as it is much
smaller than the other in-plane strain components men-
tioned above [65]. The ratio η is estimated to be η= 0.11
for the investigated structures, while the lattice mismatch,
f, is composition-dependent and is computed using the fol-
lowing expressions for the core (c) and shell (s) lattice
constants

ac = aGaAs

as = (1 − x)aGaAs + xaGaN. (5)

Here, Vegard’s rule is used to compute the shell lattice con-
stant as a function of the [N]/([As] + [N]) fraction, x. By
using the elastic constants for GaAs [68], the strain com-
ponents in the core and shell can be calculated as a function
of x. It is found that the shell strain is tensile, and the
longitudinal component dominates over the in-plane one
by approximately five times. For [N] = 0.1%, the longitu-
dinal strain component is computed to 0.002%, whereas
for [N] = 0.5% nitrogen, the strain component increases to
0.011%. This leads to a HH-LH splitting, which in magni-
tude is comparable to the exchange interaction and is, thus,

too small to ensure the pure HH character of the ground
state. (See also Supplemental Material [43], Sec. S2.)

Therefore, to account for the observed pure HH char-
acter of the low-energy type-A QDs, we must also con-
sider the local strain within the N-rich regions arising
from short-range variations of the lattice constant and/or
local distortion. This local strain is mainly uniaxial along
the growth direction, judging from the results from the
polarization-resolved PL measurements, and is likely to be
higher in the areas with higher [N]. Therefore, it should be
more important for the low-energy QDs, where combined
contributions of the local and global core/shell components
give rise to a large LH-HH splitting—see Fig. 5(b), where
the total strain in the QDs is shown by the arrows. On the
other hand, the contribution of the local strain diminishes
in the type-B QDs leading to the observed HH-LH mixing
of the VB states.

VI. CONCLUSIONS

In summary, we employ polarization-resolved and
magneto-μPL spectroscopy to investigate the electronic
structure of the QD states that are formed in the Ga(N, As)
shell of GaAs/Ga(N, As) core/shell NWs due to short-
range fluctuations in the N composition. Based on the low
values of the determined zero-field splitting between the
bright states of the confined excitons, the formed QDs are
concluded to be of rather high symmetry, though the QD
anisotropy seems to be slightly more pronounced for the
QDs embedded in the GaN0.005As0.995 shell than in the
GaN0.001As0.999 shell. It is also found that the character
of the VB states in the QDs differ for the low- and high-
energy emitters, changing from the pure HH character for
the former to the mixed LH-HH one for the latter. The
observed changes are attributed to the combined effects
of the global strain created because of the lattice mis-
match between the core and shell materials, and the local
strain/lattice distortion within the short-range alloy fluctua-
tions. The resulting strain is concluded to be predominantly
uniaxial along the NW axis, to account for the preferential
alignment of the quantization axis of the studied QD along
the NW growth direction. Our results, therefore, underline
the importance of local strain in valence band engineering,
which may be utilized for designing hybrid NW structures
with embedder QDs for future optoelectronic applications.
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