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Introduction

Strongly polarized quantum-dot-like light emitters
embedded in GaAs/GaNAs core/shell nanowires

S. Filippov,1® M. Jansson,$? J. E. Stehr,? J. Palisaitis,® P. O. A. Persson,® F. Ishikawa,”
W. M. Chen? and I. A. Buyanova*®

Recent developments in fabrication techniques and extensive investigations of the physical properties of
[11-V semiconductor nanowires (NWs), such as GaAs NWs, have demonstrated their potential for a multi-
tude of advanced electronic and photonics applications. Alloying of GaAs with nitrogen can further
enhance the performance and extend the device functionality via intentional defects and heterostructure
engineering in GaNAs and GaAs/GaNAs coaxial NWs. In this work, it is shown that incorporation of nitro-
gen in GaAs NWs leads to formation of three-dimensional confining potentials caused by short-range
fluctuations in the nitrogen composition, which are superimposed on long-range alloy disorder. The
resulting localized states exhibit a quantum-dot like electronic structure, forming optically active states in
the GaNAs shell. By directly correlating the structural and optical properties of individual NWs, it is also
shown that formation of the localized states is efficient in pure zinc-blende wires and is further facilitated
by structural polymorphism. The light emission from these localized states is found to be spectrally
narrow (~50-130 peV) and is highly polarized (up to 100%) with the preferable polarization direction
orthogonal to the NW axis, suggesting a preferential orientation of the localization potential. These pro-
perties of self-assembled nano-emitters embedded in the GaNAs-based nanowire structures may be
attractive for potential optoelectronic applications.

embedded 1D quantum wires or zero-dimensional (0D)
quantum dots (QDs).>"” Achieving the strong confinement

Group III-V semiconductor nanowires (NWs) have emerged
within recent years as promising building blocks for a wide
variety of advanced applications in electronics, sensing, opto-
electronics, etc."”* These structures combine all of the advan-
tages of III-V semiconductors, including a direct bandgap,
high carrier mobility, and advanced bandgap engineering,
with those offered by the one-dimensional (1D) geometry such
as efficient lateral strain relaxation, photonic confinement and
possible quantum confinement effects. The latter effects can
be utilized in sufficiently thin wires with diameters smaller
than the electron Bohr radius, which can be a challenging task
from growth perspectives and also because of surface recombi-
nation that is known to be particularly severe in III-V
materials. An attractive alternative fabrication approach
includes synthesis of multi-shell heterostructures with
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limit in such hybrid QD-NW systems can lead to substantial
performance improvements in the characteristics of advanced
nano-emitters and third-generation solar cells."™"> Ultimately,
it will allow realization of single photon emissions,*”"® single-
spin detection, single-shot electrical readout’® and generation
of entangled photon pairs,'® which can pave the way for inno-
vative applications of nanowires in quantum photonics and
quantum information technologies. So far the formation of
QDs embedded in NW structures has been investigated with
the focus on conventional III-V material systems of GaAs/
AlGaAs,”®  GaAs/GaAsP,%"” InAsP/InP®'* and In(Ga)As/
GaAs.”"" In addition to deliberate lateral confinement in axial
heterostructures,”'*** the QD formation was also found to
occur because of polymorphism in the axial direction,'®
random alloy fluctuations,” as well as formation of Al-rich
islands at the apex of GaAs/AlGaAs interfaces in <111>-grown
wires.”"

Among the promising material systems for optoelectronic
applications are Ga(In)NAs alloys, which belong to the so-
called dilute nitride semiconductor family.’® Substituting a
small fraction of As atoms with N has been shown to drasti-
cally change the electronic structure of the resulting alloys,
leading to the huge bandgap bowing®® and, thus, the possi-
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bility to tune the bandgap energy down to 1.3 and 1.55 pm
that are utilized for fiber-optic communications. The
N-induced splitting of conduction band (CB) states also pro-
vides the possibility to realize third-generation intermediate-
band solar cells with envisioned record efficiencies.*""** Fur-
thermore, by exploiting spin-dependent carrier recombination
processes in dilute nitrides, these materials have shown extra-
ordinary spin properties and great promise for room-tempera-
ture spin filters, spin detectors, spin amplifiers, and nuclear
spin polarization enablers, with record efficiencies* > that do
not require an application of an external magnetic field.
Additionally, doping of bulk GaAs and thin films by nitrogen
is known to lead to formation of strongly localized states that
can act as single photon emitters®® and exciton qubits.”” For
very low N compositions that are within the doping limit, the
localized states originate from N-related clusters.”®" With
increasing N compositions above the doping limit, on the
other hand, the localized states are caused by short- and long-
range potential fluctuations in the bandgap energy due to
alloy disorder®**? that is amplified in the N-containing alloys
because of the giant bandgap bowing effect.®

Most recently GaNAs alloys with superior optical quality
were grown in 1D geometry as a shell layer in GaAs/GaNAs
core/shell NWs,** 3 providing the opportunity to combine the
attractive physical properties of the GaNAs alloy with advan-
tages offered by the NW architecture. The presence of nitrogen
in such NW structures was shown to be advantageous for
improving their radiative efficiency as compared with N-free
GaAs wires, likely due to suppression of surface recombination
caused by N-assisted surface passivation.?” This behavior is in
stark contrast to bulk dilute nitrides, where alloying with nitro-
gen degrades the optical quality of the material due to the for-
mation of non-radiative recombination centers.**** In this
work we show that alloying with nitrogen can also lead to the
formation of self-assembled nano-emitters embedded in the
GaNAs-based nanowire structures. Specifically, it is found that
local fluctuations in the N composition inside such coaxial
GaAs/GaNAs NWs induces three-dimensional confining poten-
tials equivalent to that for QDs. This results in optically active
and highly localized states inside the GaNAs shell. By directly
correlating structural and optical properties of individual
NWs, we reveal that the formation of these states (referred to
below as QD-like states) is efficient in pure zinc-blende (ZB)
wires and is further facilitated by structural polymorphism.
The emission from these self-assembled QD-like states is
found to be spectrally narrow [with a full-width-at-half-
maximum (FWHM) ranging between 50 and 130 peV] and
highly polarized (up to 100%).

Results and discussion

The investigated GaAs and GaAs/GaNg oo5ASg.95 core/shell
NWs were grown by plasma-assisted molecular beam epitaxy
(MBE) on (111) Si substrates using Ga droplets as a catalyst
(see the Experimental section for a detailed description of the
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NW growth). As a reference, we also grew GaAs/GaAs NW struc-
tures (referred below as GaAs NWs) that were produced under
identical conditions as the GaAs/GaNAs NWs but without
N doping. All investigated NWs are on average ~4 pm long,
with a total diameter of 300 nm and a thickness of about
100 nm for the Ga(N)As shell layer.>* The structural properties
of these NWs were investigated by transmission electron
microscopy (TEM). Representative TEM images are shown in
Fig. 1, where Fig. 1a and e depict an overview of the TEM
images of a GaAs NW and a GaAs/GaNAs core/shell NW,
respectively. They predominantly crystalize in the ZB structure
and exhibit a few structural defects within the first 1-2 um,
where the density of randomly nucleated twin planes formed
perpendicular to the NW growth axis is below 5 twins per
micron. The corresponding areas are labelled as ZB in Fig. 1a
and e with the twin positions being marked by the arrows. The
twin density progressively increases towards the top part of the
NWs [labeled as the twinned ZB (tZB) in Fig. 1]. These poly-
morphic regions (referred to as the “mixed” regions, for
simplicity) may also contain wurtzite (WZ) segments, which
are usually rather short and do not exceed 200 nm in length.
The total contribution of the WZ phase is found to be below
5% of the NW volume. High resolution TEM (HR-TEM) images
of the pure ZB, WZ and twinned ZB areas are shown in
Fig. 1b-d and f-h for the GaAs and GaAs/GaNAs core/shell
NWs, respectively. From Fig. 1, we also note that the presence
of nitrogen does not affect the structural quality of the wires.

In order to elucidate the impact of the crystal structure on
optical properties, we performed p-photoluminescence (p-PL)
measurements on the same wires as those characterized by
TEM. For each NW, the measurements were performed by
selectively exciting either the pure ZB or the mixed regions.
The corresponding results are summarized in Fig. 2, which
show typical p-PL spectra measured at 4.4 K from a single
GaAs NW (a) and a single GaAs/GaNAs NW (b), respectively.
The PL spectra of the reference GaAs NWs are consistent with
those previously reported in the literature.'®*'*° Within the
pure ZB part (i.e. the ZB region of the wire with only a few
twins), the PL emission is dominated by the free exciton (FX)
transition at 1.515 eV - see Fig. 2a. Besides the FX feature, the
PL spectra contain several PL lines peaking at around 1.494,
1.488 and 1.476 eV. The former two emissions likely originate
from impurities and could be attributed to conduction-band-
acceptor and donor-acceptor pair transitions involving
residual acceptor impurities.’*> The 1.476 eV line is related
to the presence of the twins within the ZB region,*® which is
enhanced in the mixed regions with a higher density of the
twins as seen from the TEM images shown in Fig. 1a and e.
Additionally, the PL spectra contain a series of lines within the
spectral range of 1.44-1.47 eV that were previously shown to
originate from type-II transitions at boundaries between the
WZ and ZB phases and at stacking faults.'$*'™*°

The presence of the GaNAs shell results in a significant
modification of the p-PL spectra — see Fig. 2b. The overall PL
spectra shift towards lower energies to a degree determined by
nitrogen compositions in the shell, whereas the core emissions

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 TEM images of the representative NWs. (a) and (e) are the overview images of a GaAs NW and a GaAs/GaNg 005AS0.095 NW, respectively. The
yellow, green and blue bars mark the nanowire segments with pure ZB, tZB and WZ lattice structures, respectively. (b—d) and (f-h) show HR-TEM
images of the specified areas of the GaAs NW and GaAs/GaNAs NW, respectively. The green horizontal arrows indicate the positions of the rotational
twin planes within the ZB regions. The twin positions are not marked in (a) and (e) within the tZB segments due to a high density, but are indicated in

the HR-TEM images shown in (c) and (g).
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Fig. 2 Representative PL spectra measured from the pure ZB and the
mixed regions of the GaAs (a) and GaAs/GaNg 0o5AS0.995 NWs (b) shown
in Fig. 1. The GaAs/GaNAs NW PL spectra contain numerous sharp lines
superimposed with a broad background due to the LE emission. The
inset in (b) shows a magnified part of the spectrum from the GaAs/
GaNp.005AS0.995 NW.

within the 1.44-1.52 eV spectral range are quenched. The
observed changes reflect the formation of the GaNAs alloy and
the fact that the monitored radiative recombination in the

This journal is © The Royal Society of Chemistry 2016

GaAs/GaNAs core/shell NWs predominantly occurs within the
GaNAs shell with a smaller bandgap.*® Trapping of the photo-
generated carriers within the GaNAs shell is facilitated by the
type-I band alignment between GaNAs and GaAs.'® The PL
spectra from both pure ZB and mixed regions of the wire
consist of a series of sharp lines superimposed on a broad PL
band. The origin of the latter was studied in detail in our pre-
vious work based on temperature-dependent, continuous-wave
and transient PL measurements.’® This emission, which exhi-
bits a gradual red shift with increasing nitrogen composition,
was shown to arise from the recombination of weakly localized
excitons (LE) trapped by potential fluctuations induced by
long-range fluctuations of the nitrogen composition in the
GaNAs shell. The spectral position of the LE band practically
remains constant throughout the wire, which implies a rather
uniform average nitrogen composition and alloy disorder
within the wire.>® On the other hand, the appearance of the
sharp lines is strongly spot-dependent (see the ESIf). Com-
bined with the extremely narrow linewidth of these transitions,
with a FWHM of 50-130 peV - see the inset in Fig. 2(b), these
sharp lines can be attributed to the optical transitions associ-
ated with strongly localized, e.g. QD-like, states that are ran-
domly but not uniformly distributed within the wire. The
observed large number (more than 100) of the sharp lines indi-
cates a large number of independent light emitters within the

Nanoscale, 2016, 8, 15939-15947 | 15941
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excitation volume, setting the upper bound of the size of the
confinement potentials to be much less than 60 nm. Their for-
mation seems to be more probable within the mixed regions,
as the number of the sharp lines in these areas is about 50%
higher than that in the pure ZB segments of the nanowires.
The localization cannot simply be caused by carrier confine-
ment in narrow WZ/ZB segments within the polymorphic
region of the GaNAs shell, however, as intense narrow lines
can also be detected from the pure ZB regions. On the other
hand, their appearance is undoubtedly related to the presence
of nitrogen, since they can only be detected in the GaAs/GaNAs
NWs with [N] = 0.5% and [N] = 0.1% (see the ESI}). None of
these lines could be detected from the pure GaAs NWs. More-
over, trapping of the photo-excited carriers to these highly
localized states primarily occurs via carrier/exciton supply
from extended states within the GaNAs shell. This can be
clearly seen from the results of performed PL excitation (PLE)
measurements when the PL intensity of individual sharp lines
is recorded while tuning the energy of the excitation laser —
see Fig. 3. The PLE spectra from all sharp lines with similar
photon energies are nearly identical, within the experimental
accuracy, and exhibit the same onset of the PLE spectra. Since
the same onset was also found in the PLE spectra of the LE
background emission from the weakly localized excitons, it
can be concluded that this onset corresponds to the GaNAs
bandgap energy.’® These facts suggest that the deeply localized
states are formed within the GaNAs shell layer.

Possible sources of the nanoscale confinement potentials
could be defects and true quantum confinement due to
bandgap modifications. For example, various N-related clus-
ters, which contain several nitrogen atoms, are known>*! to
introduce a range of deep levels within the GaNAs bandgap
(determined by the number and mutual arrangement of the
involved N atoms). We note, however, that the ultra-narrow PL
lines from the N cluster bound excitons in bulk GaAs were
so far detected only at substantially higher energies within the
range of 1.443-1.5 eV,”**" making this scenario somewhat less
likely. An alternative candidate arises from excitons trapped
within local potentials by random local fluctuations in the
nitrogen composition. In GaNAs, the conduction band edge
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PL intensity (a.u.)

Fig. 3 p-PL intensity as a function of both detection and excitation
energy from the GaAs/GaNAs core/shell NW structure. (b) p-PLE spectra
measured from several QD-like PL emission lines marked in (a).
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downshifts with increasing N content whereas the valence
band shifts upwards, leading to type-I band line-up between
the regions with a locally higher/lower N content.'®>*>* There-
fore, short-range fluctuations in the N content can create a 3D
confinement potential within some regions of the nanowires
and act as quantum dots. This model is consistent with our
results of PL transient measurements,”” which have shown
that the radiative lifetime of the strongly localized excitons in
GaNAs is comparable to that in GaAs and is temperature-
independent.

To gain insight into the spatial locations of these QD-like
emitters, PL measurements were performed with different exci-
tation wavelengths and, thus, different penetration depths of
the excitation light. The corresponding results acquired from
the same single NW with excitation photon wavelengths in the
range of 800-445 nm (1.55-2.79 eV) are shown in Fig. 4a. From
Fig. 3a and 4a it is apparent that the changes of the excitation
photon energy between 2.8 and 1.4 eV do not affect either the
number of the sharp lines or the relative intensity between
these sharp lines and the broad background LE emission. This
can also be seen from Fig. 4c, which exhibits a nearly constant
ratio R between integrated intensity from all sharp lines (fjines)
and the intensity of the broad background (Igg), R = Inines/Izg-
Since the penetration depths of the excitation light under such
conditions (indicated by the arrows in Fig. 4b) change from
~70 nm to more than 400 nm,>® the states giving rise to the
sharp lines are most likely located within the bulk regions of
the shell layer (i.e. not surface-related).

To gain further information on the electronic structure of
these states, we performed a series of detailed polarization-
resolved p-PL studies of individual lines. Since the broad PL
background from the LE may mask the actual polarization
degrees of the sharp lines, it was first subtracted from the PL
spectra. Representative dependences of the PL intensity as a
function of the detection energy and the angle, and the corres-
ponding angular plots are shown in Fig. 5a-c and d-f, respect-

(a)
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Fig. 4 (a) PL spectra measured from the same single NW with the exci-
tation wavelengths as specified in the figure. (b) The penetration depth
of the laser light estimated using the absorption coefficient from ref. 55.
(c) The ratio R of the integrated intensity of the sharp PL lines and the
broad background LE emission.
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(a)—(c) 2D color plots of the PL intensity as a function of the detection energy and the angle ¢ for several representative PL lines. (d)-(f) The

corresponding polar plots of the PL intensity. The solid lines are the simulated curves obtained by eqn (1). The angles are measured relatively to the
NW axis. (g) Schematic illustrating the measurement geometry used for polarization resolved p-PL measurements. E is the polarization direction of
the analyzer rotated by the angle ¢ relative to the nanowire axis. Its components, which are parallel and perpendicular to the NW axis, are given by

Ejand E,, respectively.

ively. The angular variation of the PL intensity from each indi-
vidual line can be fitted with the expression

I = IinSin®(¢ — 0) + Inaxcos®(¢ — 6) (1)

where Inax (Imin) is the maximum (minimum) PL intensity and
¢ is the angular position of the linear polarization analyzer —
see Fig. 5g. 0 is the angle at which the PL intensity reaches its
maximum value and corresponds to the angle between the
optical polarization axis and the [111] growth axis of the nano-
wire. Overall, three types of lines are observed: (1) the lines
polarized orthogonally to the NW growth axis (Fig. 5a and d);
(2) the lines with arbitrary polarization angles (Fig. 5b and e);
and (3) the lines that are preferentially polarized along the NW
(Fig. 5c and f). Their polarization degrees defined as P = (Iax
— Inin)/(Imax + Imin) X 100% varies between 10 and 100%. The
same polarization behavior was also observed for the GaAs/
GaNj 001ASp 000 NWs (see the ESIT for more details). We note
that due to the relatively large diameter of the wires, their
optical properties are not expected>® to be affected by dielectric
mismatch with its surrounding. Therefore, the observed polari-
zation should reflect preferential quantization directions of
the corresponding QD-like localization potential and the elec-
tronic structure of the trapped excitons. The most probable
direction of the quantization axis can be determined from a
statistical analysis of the angle 6. The corresponding results
from both pure ZB and the mixed part of the nanowires are

This journal is © The Royal Society of Chemistry 2016

shown in Fig. 6a, whereas Fig. 6b depicts the obtained statisti-
cal distributions of the polarization degree P. It is found that
the distribution of the polarization angles is practically
bimodal within the ZB part with the maxima at around 90 and
0 degrees, with a majority of lines (around 55%) being polar-
ized orthogonally to the nanowire axis, i.e. with € = 90° + 10°.
Such preferential polarization direction is also found within
the mixed regions, though the number of randomly oriented
lines becomes larger. On average, randomly oriented lines
seem to have a smaller polarization degree (around 30-40%),
as can be seen from Fig. 6¢ and d, which show the distri-
butions in the measured polarization degree and polarization
angle 0 within the ZB and the mixed regions, respectively. The
polarization degree does not show any spectral dependence
suggesting that it is not affected by the exciton localization
energy. We note that the measured polarization values are on
average higher than those often seen in self-assembled
quantum dots embedded in conventional III-V nanowires.">>’

The observed preferentially orthogonal polarization of the
QD-like emissions can only be explained by assuming that the
main quantization direction of the excitons giving rise to the
emissions coincides with the [111] NW axis. Indeed, the elec-
tronic structure of a neutral exciton confined in QDs that
consist of an s-electron (S, = 1/2) and a p-hole (J,, = 3/2) is
determined by a combined effect of exchange interaction and
heave-hole-light-hole (hh-1h) splitting driven by a local strain
field or/and directional quantum confinement that reduces

Nanoscale, 2016, 8, 15939-15947 | 15943
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Fig. 6 Statistical distributions of the angle 0 of the polarization axis (a) and the polarization degree P (b) measured from the ZB (red) and the mixed
(green) regions of the studied GaAs/GaNAs NW structures. (c) and (d) show the number of PL lines as a function of both angle 6 and polarization
degree P measured from the ZB and mixed regions, respectively. The total numbers of the QD-like emission lines used in the statistical distributions

are 274 and 442 for the ZB and the mixed regions, respectively.

symmetry. The exchange interaction promoted by a strong
overlap between electron and hole wavefunctions in QDs will
cause splitting of the excitonic state (I's x I's in ZB) into the
bright (J = 1 triplet) and dark (J = 2 quintet) states. An an-
isotropy in the strain field and QD shape (and the crystal field
in the WZ regions) will further lift their degeneracy between
the hh and lh exciton states and will mix the bright and dark
states, increasing the number of optically allowed transitions
to a degree determined by the overall symmetry of the confine-
ment potential. The optical polarization directions of these
excitons are determined by the principal axes of the confine-
ment potential as a result of the combined effect of the strain
field and the QD shape.

The observed orthogonal polarization of light emission (i.e.
6 around 90°) in our NWs implies that the predominant
quantization axis of the QDs coincides with the NW axis. This
preferential alignment can be caused by shear strain in the
GaNAs shell created due to the lattice mismatch with the GaAs
core layer that has a larger lattice constant. Indeed, as it was
demonstrated in previous studies,’®®® overall uniaxial an-
isotropy of nanowires has significant effects on strain in coher-
core/shell from lattice mismatched
semiconductors. In addition to the hydrostatic component,

ent structures

the predominant strain contribution was found to arise from

the axial ¢,, component. This will elongate the exciton confine-
ment potential along the NW axis and will cause splitting

15944 | Nanoscale, 2016, 8, 15939-15947

between hh and lh valence band states at the I" point with hh
states being the ground state, due to a predominantly uniaxial
tensile strain field in the GaNAs shell. This splitting will be
further increased due to quantum confinement effects (and
the crystal field in the WZ regions) along the same direction.
The expected values of the PL polarization would then range
between 100% (if the monitored emission is due to the re-
combination of hh excitons alone and the hh states retain a pure
character) and 33% (if both hh and 1h states are equally popu-
lated or the hh-lh splitting is smaller than the PL linewidth).
As can be seen from Fig. 6, the majority of the monitored
sharp lines have P > 33%, which means that the hh-states are
preferentially populated. Fluctuations in the nitrogen compo-
sition will likely affect the strain distribution causing some
tilting of the local strain field away from the NW axis. This will
cause mixing between the hh and lh states, to a degree deter-
mined by the electronic structure of a particular dot, which
will decrease the measured values of P from 100%. If the split-
ting between the hh and lh states exceeds the PL linewidth,
the population of 1h states will lead to the appearance of the
emission lines that are polarized along the nanowire (i.e. with
0 close to 0°), as is indeed observed experimentally. From
Fig. 6a, some of the QDs have their principal axis also oriented
in random directions. A similar behavior was also observed in
self-assembled QDs embedded in GaAs/AlGaAs core/shell
NWs>"® and was attributed to surface effects. We note that the

This journal is © The Royal Society of Chemistry 2016
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suggested exciton localization within the QD states is also con-
sistent with the results of the performed power-dependent PL
measurements (see the ESIT), which imply formation of biexci-
tons at a high excitation power level that is typical of QD

systems.®' %3

Conclusions

In conclusion, we have performed correlative studies by
spatially resolved structural TEM and p-PL to elucidate the
effects of crystal structure and alloying with nitrogen on the
optical properties of GaAs/GaNAs core/shell NWs grown by
MBE on Si substrates. We showed that N incorporation leads
to the appearance of numerous sharp emission lines with
FWHM ranging between 50 peV and 130 peV, indicative for
strong exciton confinement. The confining potential was
suggested to be caused by local variations in the N compo-
sition [N] that are superimposed on long-range alloy disorder
within the GaNAs shell. These local variations in [N] were pro-
moted in the polymorphic areas with the mixed WZ/ZB crystal
structure and a high density of rotational twins. Based on the
performed detailed polarization resolved p-PL studies, the
most probable orientation of the principal quantization axis of
these localized QD-like states is found to coincide with the
direction of the NW axis. This gives rise to strong orthogonal
polarization of the monitored PL lines, due to a predominantly
uniaxial tensile strain field in the GaNAs shell, which is
50-60% on average but can reach up to 100%. Our results,
therefore, show that alloying of GaAs with nitrogen is an
efficient way to fabricate hybrid QD-NW structures with high
crystalline and optical quality. The excitons confined in such
novel hybrid structures may be found attractive for future
applications as efficient nanoscale polarized-light sources that
emit light within the near-infrared spectral range relevant to
fiber-optic communications. Efforts aiming at designing strat-
egies for deliberate formation of such QD emitters during the
growth, such as those reported for the Ga(Al)As QDs,">®* are
currently under way.

Experimental details

The investigated GaAs and GaAs/GaNAs core/shell NWs were
grown by plasma-assisted MBE on (111) Si substrates using Ga
droplets as a catalyst. The nitrogen composition in the shell
layer was varied between 0.1 and 0.5%. The substrate was pre-
heated to 570 °C under an As, beam at an equivalent pressure
of 1 x 107> Torr. The formation of the GaAs nanowire core was
first achieved via constituent Ga-induced vapor-liquid-solid
growth. The Ga supply was set to match a planar growth rate
of 1.0 ML per s on (001) GaAs. The GaAs core was grown for
15 min at the requisite temperature to initiate longitudinal
wire growth. Next, the growth was interrupted for 15 min and
the equivalent pressure of the As, beam was increased to 5 x
107" Torr to induce crystallization of the Ga catalyst on the tip
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of the NWs. After crystallization of the catalyst the lateral
growth became dominant, which allowed formation of core-
shell ~ structures  with  precisely  controlled  shell
diameters.>**>%7%” The Ga flux was further supplied for
15 min to continue the radial growth of the GaAs core to the
total thickness of 100 nm as was cross-checked from TEM
measurements. During this time the substrate temperature
was lowered down to 430 °C, to improve efficiency of the
N incorporation during the subsequent growth of a GaNAs
shell.*® The latter was performed for 30 min with an N plasma
ignited and having flux of active nitrogen set to 3.5 x 107> ML
per s. The so-produced GaNAs shell has a thickness of
100 nm.*® Cross-sectional TEM images of the GaAs/GaNAs
core/shell NWs can be found in ref. 34. As a reference, we also
grew GaAs/GaAs NW structures that were produced under the
identical conditions as the GaAs/GaNAs NWs but without
N flux irradiation.

In order to conduct correlative structural and optical
characterization, the NWs were mechanically transferred onto
a carbon/copper TEM grid. The crystal structure of the NWs
was analysed by recording high-resolution TEM images using
a FEI Tecnai G* TF 20 UT and the double-corrected Linkoping
FEI Titan® 60-300 (operated at 300 keV) microscopes. During p-
PL measurements, the same transferred NWs were loaded into
a cold-finger Oxford cryostat mounted on a custom-made X-Y
stage. The measurements were performed at 4.4 K under the
659.32 nm excitation of a solid state laser in a backscattering
geometry. The excitation and detection beams were focused
and collected by a 50x Olympus objective lens with a numeri-
cal aperture NA = 0.5, resulting in a laser spot of
~800-1000 nm in diameter. The excitation beam was focused
close to the NW ends (within 0.5 um) to ensure preferential
excitation of either ZB or mixed regions. The excitation power
was kept in the order of several tens of nW, to avoid sample
heating and state filling effects. For optical polarization
studies, a linear-polarization analyzer, consisting of a rotatable
half-wave-plate in conjunction with a fixed Glan-Thompson
linear polarizer, was placed in the detection path before the
entrance slit of the spectrometer. The polarization optics was
achromatic in the measurement range. The p-PLE measure-
ments were conducted with a tunable Ti:sapphire laser. The
PL signal was dispersed by a high-resolution spectrometer,
with a spectral resolution of about 5 peV, and detected by a
Peltier-cooled Si charge-coupled-device (CCD) detector. The
polarization studies were performed on 5 nanowires that were
characterized by TEM.
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