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[l1-V semiconductor nanowires (NWs), such as those based on GaAs, are attractive for advanced opto-
electronic and nanophotonic applications. The addition of Bi into GaAs offers a new avenue to enhance
the near-infrared device performance and to add new functionalities, by utilizing the remarkable valence
band structure and the giant bowing in the bandgap energy. Here, we report that alloying with Bi also
induces the formation of optically-active self-assembled nanodisks caused by Bi segregation. They are
located in the vicinity to the (112) corners of the GaAsBi shell and are restricted to twin planes.
Furthermore, the Bi composition in the disks is found to correlate with their lateral thickness. The higher
Bi composition in the disks with respect to the surrounding matrix provides a strong confinement for exci-
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tons along the NW axis, giving rise to narrow emission lines (<450 peV) with the predominant emission
polarization orthogonal to the NW axis. Our findings, therefore, open a new possibility to fabricate self-
assembled quantum structures by combining advantages of dilute bismide alloys and lattice engineering
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MI-V semiconductor nanowires (NWs), e.g. those based on
GaAs, have been a central focus of research because of their
scientific importance and promising technological appli-
cations in the area of nanoelectronics and optoelectronics.
Indeed, the quasi one-dimensional (1D) architecture and a
small foot print allow NW growth on foreign substrates, which
can be utilized for integration of III-V NWs with excellent
optical and transport properties into Si-based microelectronic
circuits and devices.> The ability to grow NWs as ordered
arrays is crucial for boosting efficiency of optical absorption
and solar energy harvesting above that achievable in thin
films.> The nanowire itself also provides a naturally-formed
cavity/waveguide and an active gain medium, which favors
effective light extraction and is highly desirable for advanced
photonic devices, including next-generation lasers*® and
photodetectors."°

Currently, there is a considerable interest in extending the
bandgap of III-V-based NWs towards the infrared range of
1.3-1.55 pm required for fiber-optic communications. For
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these purposes, ternary GaAsBi NWs are considered to be
among the most promising materials owing to attractive
changes in the electronic structure upon Bi incorporation."*
The giant bandgap bowing and a strong perturbation of
valence band (VB) states in this highly mismatched semi-
conductor alloy'>"? lead to wide bandgap tunability via tuning
Bi content, so that a drastic reduction in the bandgap energy
(Eg) by ~90 meV can be achieved by adding only 1% Bi into
GaAs."*' Moreover, an enhanced spin-orbit splitting (4so)
enables realization of the condition E, < Ago with a sufficiently
high Bi concentration, which helps to restrain unwanted Auger
recombination.”® Recently, it has been demonstrated that
GaAsBi-based NWs can be synthesized as radial'®*° and
axial®! heterostructures and also with both zinc blende
(zB)?' and wurtzite crystal structures.”” These polytypes
were found to have significantly modified VB states,** which
provides a new avenue to modulate the electronic structure
and, therefore, renders the GaAsBi NW system as a novel
palette for the bandgap and photonic engineering.

The use of ternary compounds, however, is typically
accompanied by complicated alloy fluctuations®*** and even
self-induced compositional gradient along the growth direc-
tion due to phase separation.”” Local changes in the compo-
sition necessarily cause spatial variations in the electronic
structure and, therefore, the formation of a localization poten-
tial within nanowires. Though somewhat detrimental for trans-
port properties, the localization effects create new possibilities
for fabrication of self-assembled nanostructures. For example,
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the formation of embedded nanostructures because of alloy
phase segregation were commonly observed in ternary III-V
NWs, including AlGaAs,?°3° AlInP?*! and GaAsP.**>** Such self-
assembled nanostructures create an exciton confinement
potential and, therefore, act as optically-active quantum disks
and quantum dots.”**®3* This extends possible applications
of the NW structures to e.g. future quantum information
technologies.>®*® The alloy fluctuations are known to be
especially pronounced in highly-mismatched alloys (e.g.
GaAsBi and GaNAs), strongly magnified due to the giant
bowing in the bandgap energy. In GaNAs(P) NWs, short-range
fluctuations in the alloy composition act as embedded QDs
with a preferential direction of the high-symmetry axis defined
by the host matrix.*’*° In the case of GaBiAs NWs, Bi segre-
gation at the {112}B surface resulting in the formation of the
branched structure at azimuthal (112) direction was recently
reported.>® However, no information is available so far regard-
ing formation of optically-active self-assembled nanostructures
in GaAsBi NWs. If present, it would widen the range of poss-
ible applications of this novel material system in future nano-
photonic and optoelectronic devices.

' rv
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Fig. 1
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This work demonstrates spontaneous formation of opti-
cally-active Bi-rich quantum disks in GaAs/GaAsBi/GaAs core—
multishell NWs. Through detailed cross-sectional structural
and compositional characterization, we show that the nano-
disks are formed due to Bi segregation in twin planes near six
(112) corners of the GaAsBi shell, which is likely driven by
favorable strain relaxation. The formed nanostructures induce
a strong confinement potential, giving rise to sharp emission
lines with a preferential polarization. A strong correlation
between lateral confinement and Bi composition is also
revealed by magneto-photoluminescence (PL) measurements
and an analysis of a temperature-dependent PL linewidth.

Fig. 1 overviews structural properties of the studied ZB
GaAs/GaAsBi/GaAs core-multishell NWs that were grown by
Ga-catalyzed molecular beam epitaxy (MBE) on phosphorus-
doped n-type Si (111) substrates (see Methods for a more
detailed description of the NW growth). The NWs have corru-
gated surface morphology induced by the presence of Bi,'**°
as can be seen from representative scanning electron
microscopy (SEM) and scanning transmission electron
microscopy (STEM) images shown in Fig. 1(a). The wires

(a) 45°-Tilted SEM image of the NW array (left) and a radial cross-sectional HAADF-STEM image of a single NW (right). (b) The upper panel:

enlarged radial cross-sectional BF-STEM images taken in the (112) cross-section of the middle part of the NW that is delimited by the dashed rec-
tangle shown in the right panel of (a); the lower panel: high-magnification radial cross-sectional BF-STEM image of the area marked by the solid rec-
tangle in the upper panel. (c) Radial cross-sectional HAADF-STEM and EDS elemental mapping of Bi, As, Ga, and O performed within the same area
of the NW as shown in the upper panel of (b). (d) HAADF-STEM images taken in the (110) cross-section. The enlarged part of the left panel, displayed
in the central part of (d), shows that the light stripe due to Bi segregation corresponds to the twin defect. The atomically resolved image of this twin

defect delimited by red dashed rectangle is shown on the right panel.
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appear to be straight, which suggests that the surface modu-
lation occurred at the shell layer, and the inside core was
formed with a straight structure. The upper part of Fig. 1(b)
shows a zoomed-in radial cross-sectional bright field (BF)
STEM image of the wire observed from the [112] direction, con-
firming the intended GaAs/GaAsBi/GaAs core/shell/shell
heterostructure, where the inner GaAsBi shell can be recog-
nized by its darker contrast. (The GaAs/GaAsBi/GaAs core/
shell/shell regions are demarcated by vertical dashed lines for
easier visualization.) All the layers are found to be approxi-
mately 70 nm wide, which is further confirmed by the micro-
scopic studies of the NW axial cross-section to be discussed
below. In addition to the multishell structure, we also observe
dark radial bands that propagate through the GaAsBi shell.
From the radial cross-sectional BF-STEM images (Fig. 1(b)),
these dark structures are elongated in the horizontal direction
with a length of ~70 nm and a width varying between one and
several tens of nanometers. This can also be seen from the
lower part of Fig. 1(b), where the magnified BF-STEM image of
the delimited area in the upper part of Fig. 1(b) is shown.

To gain further information on a chemical composition of
the revealed nanostructures, radial cross-sectional high-angle
annular dark-field STEM (HAADF-STEM) and energy disperse
spectroscopy (EDS) measurements in the middle of the NW
were carried out. The corresponding results are summarized in
Fig. 1(c). As the intensity of STEM images acquired in the
HAADF mode is proportional to Z" (Z-contrast, here Z is the
atomic number and 7 is typically between 1 and 2),>° the atom
with a higher atomic number will exhibit brighter contrast. In
our case, a Bi atom is much heavier than both Ga and As
atoms. Hence the light stripes shown in Fig. 1(c) indicate
accumulation of the heavy Bi atoms within the nanostructures
revealed by BF-STEM (Fig. 1(b)). These results are further sup-
ported by the EDS elemental mapping. Careful inspection
shows that these nanostructures are defined by thin rotational
twin planes that also extend into the ZB GaAs core region, as
verified by our high resolution (HR) HAADF results (see
Fig. 1(d)). The twin formation is not surprising, since it requires
very little energy and occurs frequently in GaAs NWs. %

The formation of Bi-rich nanostructures is further con-
firmed from the performed axial cross-sectional BF- and
HAADF-STEM measurements. The corresponding results are
shown in Fig. 2(a) and (b), respectively, where the GaBiAs shell
can be easily distinguished by the bright contrast in the
HAADF image in Fig. 2(b). The diffraction pattern in Fig. 2(e)
taken from the core along the [111] direction clearly shows
that the investigated NW has a hexagonal cross-section with
{110} sidewall facets. Moreover, a variation of bright contrast
within the GaBiAs shell is observed (Fig. 2(b)). This implies
that Bi composition is higher within the corner regions of the
GaBiAs shell and also differs between the adjacent (112)
corners alternating between more and less elongated, as
shown by the dashed contours in Fig. 2(b). This is also con-
firmed by the EDS elemental mapping, which is shown in
Fig. 2(c) and is superimposed on the HAADF-STEM image in
Fig. 2(d). In our recent study (ref. 20) we have shown that Bi

This journal is © The Royal Society of Chemistry 2020
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preferentially incorporates along (112)B directions. This could
be caused by the surface configuration at the growth front,
where As-rich {112}B surfaces with a higher surface energy are
exposed, promoting Bi incorporation into the layer.*™*®
Hence, we suggest that larger Bi accumulation occurs at the
(112)B corners of the GaBiAs shell.

Considering that Bi predominantly segregates within the
(112) corners of the GaAsBi shell and the segregation occurs at
the rotational twin planes, we conclude that the Bi-rich nano-
disks with their normal vector directed along the NWs axis are
formed in the GaAsBi shell region. Segregation of Bi is known
in GaAsBi alloys®>*®™*® and occurs to minimize the strain
energy caused by the large difference in atomic size between
Bi and host atoms. We suggest that in the studied NWs the for-
mation of the Birich regions in the vicinity of the (112)
corners is likely favorable for misfit strain relaxation.*>** Such
segregation was previously found to be responsible for branch-
ing of GaAsBi NWs.”® Differences in the Bi distribution
between two alternating (112) corners also implies that crystal
polarity may play a role in such phase segregation process.**”
Furthermore, our results suggest that the segregation of Bi is
promoted at twin planes. Similar tendencies of metal impuri-
ties have been reported previously. For example, preferential
accumulation of Zn at twin plane boundaries was previously
demonstrated in GaAs NWs.>” It was also shown that in Si
NWs metal impurity atoms first uniformly incorporate into the
NWs and then redistribute and segregate at nearby defect
sites, such as twin planes and stacking faults.>®

To understand how the Bi segregation affects the electronic
structure and optical properties of the NWs, low-temperature p-
PL measurements were performed on individual NWs trans-
ferred onto a gold-coated silica substrate. As can be seen from
Fig. 3(a), the PL signal at T = 5 K is distributed within a large
energy range of 1.15 to 1.32 eV and includes a series of sharp
lines with a full width at half maximum (FWHM) ranging
between 150 and 450 peV. The exact spectral positions of these
lines vary among different NWs and also between different
spatial regions of the same NW. Their energies are much lower
than those of reported emissions in GaAs NWs*”>*7® and also
of PL emissions in our reference GaAs NWs, suggesting that
the sharp PL lines stem from the GaAsBi shell. Taking into
account a large number of the detected emissions and their
narrow linewidth, we suggest that these sharp PL lines stem
from the Bi-rich nanodisks revealed by TEM, where combined
effects of a strong upward movement of the VB maximum and
a slight downward shift of the conduction band minimum
create a confinement potential for excitons. The evolution of
the PL spectra with increasing excitation power (Pe.) provides
additional information on their origin. As an example, Fig. 3(b)
shows a series of the PL spectra taken from a representative
emission line of 1.2441 eV under various Pe,.. With increasing
excitation power, the emission intensity of the 1.2441 eV line
varies nearly linearly before approaching a saturation plateau,
characteristic for neutral exciton (X) recombination. An
additional low-energy emission line located at 1.2410 eV
appears when the excitation power exceeds P = 14P, (P, = 50

Nanoscale, 2020, 12, 20849-20858 | 20851
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<112>B

(a, b) Axial cross-sectional BF- and HAADF-STEM images of the GaAs/GaBiAs/GaAs core/shell/shell NW. (c) EDS elemental mapping of Bi per-

formed within the same area of NW as shown in (a, b). (d) Axial cross-sectional HAADF image superimposed with Bi elemental mapping. The dashed
contours in (b) and (d) highlight differences in the Bi distribution between the (112) A and (112) B corners of the GaBiAs shell. (e) Diffraction pattern

taken from the core in the axial cross-section.

nW pm~> denotes the minimal excitation power density used
during the measurements), and its intensity increases quadrati-
cally with P... (see also the inset of Fig. 3(b)). Consequently,
this emission line dominates the PL spectra under the high
excitation powers exceeding 95P,. This behavior is typical for
biexcitons (XX). The corresponding binding energy can then be
estimated as E, = 3.078 meV, which is similar to the reported
values in GaAs-based QDs.””*® (Weak shoulders on the high-
and low-energy sides of the exciton and biexciton lines, respect-
ively, are believed to originate from another nanostructure.)
The values of the confinement potential can be estimated from
temperature-dependent PL measurements. All PL lines are
found to quench with increasing temperature (7') and can no
longer be detected when T > 45 K. The activation (ionization)
energy for individual lines was determined by fitting their PL
intensity using the Arrhenius equation, as shown in the inset
in Fig. 3(c). The obtained activation energies range between 2
and 30 meV, which is consistent with the values of spon-
taneously formed QDs in GaAsN>® and AlGaAs®® NWs due to
short-range alloy fluctuations.

20852 | Nanoscale, 2020, 12, 20849-20858

As seen from Fig. 1(b-d), the Bi-rich nanostructures likely
experience a strong confinement potential in the direction
along the NWs axis, which can affect the electronic structure
of excitons and, therefore, their optical emission properties.
To gain more insight into the electronic structure of the self-
assembled nanostructures, polarization-resolved PL measure-
ments were carried out on a single NW. The used excitation
power was low enough to ensure that all sharp emission
lines arise from recombination of neutral
Representative PL spectra detected at various azimuthal
angle ¢ are shown in Fig. 4(a), whereas polar plots of these
emissions are shown in Fig. 4(b). ¢ is defined as the azi-
muthal angle of linear polarization analyzer with respect to
the NW axis (see also Fig. 4(c)). The emission intensity of an
individual line as a function of ¢ can be fitted by the follow-
ing relation:

excitons.

I = Iax c08*(@ — 0) + Iin sin*(p — 6). (1)

Here 6 denotes the azimuthal angle at which the PL inten-
sity reaches its maximum (to be referred to below as the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Representative p-PL spectra acquired at T = 5 K from three single GaAsBi NWs. (b) Evolution of the PL spectra with increasing excitation

power density (P), where Py = 50 nW pm~2. The inset shows integrated intensities (I) of the exciton (X) and biexciton (XX) lines as a function of P
(symbols). The solid lines are the best fit to the data using the power function / « P5. (c) Activation energies of the PL thermal quenching for a series
of emission lines with various energies. The inset depicts temperature-dependent PL intensity from a typical line (symbols). The solid line is the best

fit to the experimental data by the Arrhenius equation.

polarization angle). The corresponding polarization degree
can be calculated by P = (Imax — Imin)/(Imax + Imin) X 100%. A
statistical analysis of the polarization angle and the polariz-
ation degree from a series of sharp lines are shown in
Fig. 4(d) and (e) respectively. From Fig. 4(d), the statistical
distribution has a clear maximum at 6 = 80-90 deg. Such pre-
ferred polarization direction is typical for an exciton with a
predominantly heavy-hole character that is confined in the
potential with the principal quantization direction along the
NW axis,*® corresponding to the orientation of the nanodisks
seen in Fig. 1. Besides this set of orthogonally polarized emis-
sion lines, a wide spread of the polarization angles for other

This journal is © The Royal Society of Chemistry 2020

emission lines is also apparent from Fig. 4(d). This obser-
vation indicates tilting of the principal quantization axis away
from the NW axis for these nanodisks due to other factors,
e.g. local strain of a random orientation, consistent with the
previous findings for self-assembled quantum structures in
I11-V nanowires.>®?*

In order to evaluate an extent of exciton localization within
the revealed nanostructures, we have performed magneto-PL
measurements. For the vast majority of the lines, though no
splitting in applied magnetic fields could be resolved, the
lines are found to shift to higher energies to a variable extent.
In the weak-field limit, the energy variation of a confined

Nanoscale, 2020, 12, 20849-20858 | 20853
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exciton in an applied magnetic field is dominated by the quad-
ratic diamagnetic shift, defined as:*°

2
e
AEq =y, B = 5 <PL2>BZ' (2)

Here y, is the diamagnetic coefficient, whereas u and (p,*)
denote the exciton reduced mass and the extension of exciton
wavefunction (thus lateral confinement) in the plane perpen-
dicular to the magnetic field (B), respectively. Typical
magneto-PL spectra acquired at various applied fields are
shown in Fig. 5(a), with B||[110] parallel to the optical exci-
tation and detection direction. Evidently, the peak energy of
the emission line shifts to higher energies with increasing B.
For all the monitored PL lines, no apparent Zeeman splitting
was observed. This is expected for the nanodisks with their
principal quantization axis along the NW axis, because only
one of the two Zeeman components of the bright heavy-hole
exciton could be detected in the measurement geometry.*®
For the nanodisks with tilting quantization axes, on the other
hand, both Zeeman components are expected to be observa-
ble. The absence of a Zeeman splitting thus implies that it is
below our instrumental resolution. Regardless of the orien-
tations of the nanodisks, the field dependence of their PL

20854 | Nanoscale, 2020, 12, 20849-20858

peak energies can be well traced by using eqn (2), as shown
by the solid line in Fig. 5(b). Fig. 5(c) shows the diamagnetic
coefficient extracted from a series of sharp lines at various
energy. We note that, for the nanodisks with their quantiza-
tion axes along the NW axis, this simple estimate without
taking into account the Zeeman splitting could introduce an
error bar of about 2 pevV T™? in the determined y, values, esti-
mated under the assumption that Bi incorporation does not
significantly affect the electron g-value. From Fig. 5(c), the
diamagnetic coefficient, albeit scattered, seems to exhibit a
trend of increasing with increasing exciton energy. According
to eqn (2), the diamagnetic coefficient is determined by both
the exciton effective mass and the extension of its exciton
wavefunction. Previous studies of planar GaAsBi films have
shown that within the relevant range of Bi compositions [Bi]
= 1.3-5.6%, the exciton reduced mass is independent of [Bi]
and is ~0.078m,, higher than 0.058m, in GaAs.®® Assuming
that the same is true for the studied Bi-induced nanodisks,
the exciton effective diameter (d, =2./(p,?)) can be esti-
mated as being ~13 + 2 nm and ~5 + 2 nm for the high- and
low-energy excitons, respectively. This finding implies that
the smaller nanodisks have a higher Bi composition, to
account for the red shift of the emission.

This journal is © The Royal Society of Chemistry 2020
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The interaction of excitons with acoustic phonons also
corroborates this picture. Fig. 6(a) presents the temperature
dependent linewidth of the PL lines at various emission ener-
gies. At low temperatures (T < 45 K), the emission linewidth is
found to increase monotonically following a nearly linear
temperature dependence. The strength of exciton coupling
with optical phonons is expected to be negligible within this
temperature range,’ considering the large LO phonon energy
of ~36 meV. Therefore, the linewidth broadening is predomi-
nantly caused by the exciton scattering with acoustic phonons
via acoustic deformation potential, described by Al'(T) ~ hl'y +
hl,.T. Here hl'y denotes the emission linewidth at 0 K and I,
is the exciton-acoustic phonon scattering rate. The slope Al
can be determined from the best fit to the experimental data,
as shown by the solid lines in Fig. 6(a). We found that Al
increases from ~2 peV K ' for the line at 1.2446 eV to
~51.2 peV K™' for the low energy line at 1.1538 eV - see also
Fig. 6(b). To understand this dependence, we note that in
quantum well-like structures (e.g. nanodisks) the coupling
strength between an exciton and acoustic phonon can be
expressed by:**®!

kD> M

Al pe = C—.
TRk L

3)

Here, D, v, p,, are the inter-band hydrostatic deformation
potential, longitudinal-acoustic phonon velocity and mass
density, respectively. The in-plane exciton mass M is approxi-
mately a constant as discussed before. L, is the effective disk
thickness. Therefore, the increase of exciton-acoustic phonon
coupling for the low-energy emission lines can be ascribed to
confinement, in agreement with the
magneto-PL results. This suggests that Bi composition in

enhanced lateral
thinner nanodisks is much higher than in the thicker ones.

In summary, we have investigated the formation of self-
assembled nanodisks in GaAs/GaAsBi core-multishell NWs.
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(a) Temperature dependence of FWHM for several emission lines. The solid lines are the best fits by eqn (3), allowing to extract the exciton—

acoustic phonon scattering rate I',. (b) The exciton—acoustic phonon coupling strength hl',c as a function of the emission energy.
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Through detailed cross-sectional HRTEM and EDS characteriz-
ation, we found that Bi favorably segregates within twin planes
near the six (112) side corners, forming the nanodisks. Their
formation is suggested to be strain driven and may also be
affected by crystal polarity. The nanodisks induce exciton con-
finement, giving rise to a series of sharp emission lines with a
linewidth below 450 peV and energies ranging between 1.15 to
1.32 eV. Moreover, the observed increase of the exciton-acous-
tic phonon coupling for the low-energy emission lines
deduced from the analysis of the temperature-dependent PL
linewidth suggests that accumulation of Bi atoms is facilitated
in thinner nanodisks. This conclusion is consistent with our
magneto-PL data, which show that thin nanodisks are respon-
sible for low-energy emissions and, therefore, have a higher Bi
content. Our results, therefore, show that in addition to band
structure engineering via bandgap bowing in GaAsBi alloys,
the tendency of Bi to segregate within the spatial regions with
well-defined crystallographic structure can be used for the fab-
rication of self-assembled quantum emitters embedded in
GaAsBi NWs. This can be promising for future applications of
this material system in advanced nanophotonic and quantum
information devices based on single photon emitters.

Experimental details

The investigated GaAs/GaAsBi core-multishell nanowires were
grown by Ga-catalyzed molecular beam epitaxy on phosphorus-
doped n-type Si (111) substrates. The details of the growth
process can be found elsewhere.'®° To initiate the constituent
Ga-induced vapor-liquid-solid growth, the inner GaAs core
was grown for 15 min at 580 °C under As, overpressure.
During the growth, the As, beam equivalent pressure was ~1 x
10~° mbar and the Ga beam flux was set to match the planar
growth rate of 1.0 ML s™* on a GaAs (001) substrate. Next, the
growth was interrupted for 10 min to induce crystallization of
the Ga catalyst on the tip of NWs. After the crystallization of
the catalyst, lateral growth on the NWs sidewall became domi-
nant, which enabled the formation of shell layers with pre-
cisely controlled thicknesses.'*?%%>%  Following the first
growth interruption, the Ga flux was supplied for 15 min to
finalize the formation of the 70 nm-wide GaAs core. The
second growth interruption was introduced by reducing the
substrate temperature to 350 °C, as required to achieve Bi
incorporation. The beam equivalent pressure of Bi was
adjusted to 5 x 107 mbar to obtain a GaAsBi shell with the tar-
geted Bi concentration of 2%.'%?° The structure was then
capped with the outer GaAs shell grown for 15 min at 350 °C.
The NWs have ZB crystal structure as confirmed from
HR-HAADF and electron diffraction measurements shown in
Fig. 1 and 2, respectively.

Morphological, structural and compositional analyses were
performed by using SEM and cross-sectional STEM microsco-
pies. STEM measurements were carried out on a TEM system
(JEM-ARM200F Dual-X, JEOL) operating at 200 kv with EDS
employing a 100 mm? silicon drift detector (JED-2300, JEOL).

20856 | Nanoscale, 2020, 12, 20849-20858
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STEM images were obtained in both bright-field BF and
HAADF modes. Axially and radially sliced single NW samples
were prepared by focused ion beam processing (Helios660,
FEI). The details regarding the fabrication process for the
radial and axial cross-sectional STEM investigations can be
found in the ESI.T For optical characterization, nanowires were
mechanically transferred onto gold-coated silica substrates,
and then the samples were loaded into a variable-temperature
cryostat equipped with a superconducting solenoid magnet
(up to 5 T). All p-PL measurements were performed on single
NWs using a confocal Horiba Jobin-Yvon HR800 system,
where the excitation light was produced by a solid-state
660 nm laser. The polarization-resolved PL signal was collected
by a microscope objective (50, NA = 0.5) in a backscattering
geometry and analyzed with a rotatable half-wave plate
together with a fixed linear polarizer.
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