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Abstract
We report on optimization of growth conditions of GaAs/GaNAs/GaAs core/shell/shell
nanowire (NW) structures emitting at ∼1 μm, aiming to increase their light emitting efficiency.
A slight change in growth temperature is found to critically affect optical quality of the active
GaNAs shell and is shown to result from suppressed formation of non-radiative recombination
(NRR) centers under the optimum growth temperature. By employing the optically detected
magnetic resonance spectroscopy, we identify gallium vacancies and gallium interstitials as
being among the dominant NRR defects. The radiative efficiency of the NWs can be further
improved by post-growth annealing at 680 °C, which removes the gallium interstitials.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconductor nanowires are considered as versatile and
functional building blocks for future nano-optoelectronic and
nano-electronic devices due to their unique physical proper-
ties [1–7]. Particularly, ternary group-III–V nanowires (NWs)
have attracted an increasing interest due to the possibility to
change their bandgap to desired energies by varying alloy
compositions [7–14]. Here, Ga(In)NAs nanowires are parti-
cularly appealing [15] due to their tunable bandgap ranging

from the near-infrared to infrared spectral region, which
makes them an ideal material system for applications in
numerous optoelectronic devices, such as light-emitting
diodes and nano-lasers [16, 17]. Such bandgap tunability can
be realized by minor changes in the N composition [N],
facilitated by the giant bowing in the bandgap energy char-
acteristic for these dilute nitrides [18–22]. For example, by
increasing [N] from 0% to 5%, the bandgap of GaNxAs1-x can
be lowered by 0.5 eV [20], i.e. towards the near-infrared
spectral range important for fiber-optic communications.

Due to the large miscibility gap between nitrides and
arsenides and low equilibrium solubility of N in bulk Ga(In)
As [23, 24], growth of the resulting dilute nitrides is known to
be challenging. Previous studies of the growth of GaNAs
epilayers have demonstrated that, in order to incorporate N in
GaAs while avoiding phase separation, the growth needs to be
performed at rather low temperatures [18–21]. This, however,
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leads to deterioration of optical quality of the forming alloy
due to increasing non-radiative recombination (NRR) via
point defects [25–29]. This sets strict requirements on the
growth temperature, which were found to be specific for the
utilized growth methods and alloy compositions [30–34]. For
example, in the case of GaInNAs epilayers Kondow et al [31]
concluded that the optimum growth temperature is around
460 °C, whereas it was found [30] to be much higher, around
580 °C, for the GaNAs epilayers. It was also shown that the
optical quality of the epilayers can be improved without
sacrificing their structural quality by post-growth annealing
[26, 27, 35–37]. As to GaNAs-based NWs, effects of growth
temperature and post-growth annealing on their structural and
optical quality are not known and will be addressed in this
paper by employing photoluminescence (PL) and optically
detected magnetic resonance (ODMR) spectroscopies.

2. Experimental details

The studied GaAs/GaN0.02As0.98/GaAs core/shell/shell
NWs, to be referred to as GaNAs NWs below for simplicity,
were grown by Ga-catalyzed molecular beam epitaxy (MBE)
on (111) Si substrates using nitrogen plasma as a nitrogen
source. The NW core was formed by vapor–liquid–solid
growth assisted by constituent Ga seed particles when Ga and
As flux were supplied on the Si substrate. The beam
equivalent pressure (BEP) of As was adjusted to 4×10−3 Pa
throughout the growth. The Ga supply was set to match a
planar growth rate of 1 ML s−1 for the core and 0.5ML s−1

for the shell layers on GaAs (001). The V/III BEP ratio was
37 during the growth of the GaAs core. By introducing a
growth interruption, the catalyst Ga became crystallized. The
Ga flux was reduced to 0.5 ML during the crystallization.
Subsequently, the lateral growth became dominant, enabling
the formation of the GaAs/GaNAs/GaAs core-multishell
structure. In order to optimize the wire nucleation, nitrogen
incorporation, and crystal and optical quality, two sets of
GaNAs NWs were grown under the identical growth condi-
tions except for the growth temperature Tg. In the first set the
GaAs cores were grown at 610 °C whereas Tg for the GaAs/
GaNAs multishell layers was reduced to 520 °C. We will refer
to this structure as high-temperature (HT) GaNAs NWs. For
the second set (to be referred to as low-temperature (LT)
GaNAs NWs), the growth temperature was lowered down to
580 °C and 500 °C for the GaAs core and GaAs/GaNAs
multishell layers, respectively. In both structures, the N
composition in the GaNAs shell was about 2%, i.e. represents
the highest N concentration achievable so far for the NW
structures with the high optical quality [38]. The N compo-
sition was estimated using the band anticrossing model
[15, 22] from the peak position of the free exciton/carrier
emission, based on temperature-dependent PL measurements.
As a reference, we also investigated pure GaAs NWs grown
under the identical conditions as the LT-GaNAs NWs but
without igniting the nitrogen plasma. A more detailed
description of the growth process can be found in [38]. After
the growth, some of the samples were annealed in the MBE

chamber under As2 overpressure. The annealing was per-
formed for 15 min at 680 °C. Representative scanning elec-
tron microscopy (SEM) images of the so-obtained as-grown
NW arrays are shown in figures 1(a)–(c). Independent of Tg,
all NWs are found to be uniform in size and have a length of
3–5 μm and a diameter of about 350 nm. They exhibit a
hexagonal shape in cross section, which indicates that they
were epitaxially grown following the Si [111] crystal orien-
tation. Seen from figure 1, some of the NWs are randomly
tilted from the [111] direction by up to 60°, which has
implications on the analysis of the spin-resonance signals as
will be discussed below. Figures 1(d)–(f) features SEM
images of the annealed samples. Structurally, the annealed
NW arrays have similar morphology as the as-grown struc-
tures though NW surface has deteriorated.

Micro-PL (μ-PL) measurements were performed on the
NW arrays in a variable-temperature He-flow cryostat. The
samples were excited in a backscattering geometry with the
660 nm line of a solid-state laser focused to a spot of
approximately 1 μm in diameter using a 50× optical objective
with a numerical aperture of 0.5. The collected PL signal
was detected using a grating monochromator coupled with a
liquid nitrogen-cooled linear array InGaAs photodetector. A
schematic drawing of the μ-PL setup is depicted in figure S1
of the supplementary material and available online at stacks.
iop.org/NANO/31/065702/mmedia. ODMR measurements
were conducted at 4 K at a microwave frequency of ∼34 GHz
(Q-band) with adjustable MW powers. ODMR signals were
measured as microwave-induced changes of the PL intensity

Figure 1. Representative SEM images of the as-grown GaAs NWs
(a), the HT-GaNAs NWs (b) and the LT-GaNAs NWs (c). (d)–(f) are
SEM images of the same structures after post-growth annealing.
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excited using the 532 nm line of a solid-state laser as an
excitation source and detected by a Ge detector. A schematic
drawing of the ODMR setup is shown in figure S2 of the
supplementary material.

3. Results and discussion

Figure 2 summarizes results of μ-PL measurements per-
formed at 6 K on the as-grown and annealed NW arrays. The
PL spectrum of the as-grown GaAs NWs contains a PL band
centered at 1.47 eV, typical for zinc-blende GaAs NWs with a
large degree of twinning and wurtzite WZ inclusions [39–44].
The emission shifts to lower energies in the GaNAs NWs,
which suggests that the optically active region in these
structures is the GaNAs shell with a lower bandgap. Changes
in the growth temperature have a profound effect on the PL
spectra of the GaNAs NWs. The HT-GaNAs structures
demonstrate a weak near-band-edge emission at 1.15 eV
overlapping with a broad defect-related PL band of a similar
intensity. The intensity of the near-band-edge emission is
dramatically enhanced, by about 25 times, in the LT-grown
structures. This is accompanied by a small blue shift of the
emission to 1.18 eV and a decrease in its linewidth. Accord-
ing to the previous studies, the near-band-edge emission in
GaNAs alloys observed at low measurement temperatures is
due to radiative recombination of excitons localized at band
tail states caused by alloy fluctuations [45]. Therefore, the
decrease in the PL linewidth likely reflects a decrease in the
localization potential and, hence, better alloy uniformity of
the GaNAs shell under the LT growth. The increase of the PL
intensity in these structures implies the reduced NRR. Both of
these findings clearly demonstrate that the optical quality of
the LT-GaNAs NWs is superior to the HT-grown structures.
We note that this behavior is opposite to that reported

previously for epitaxial GaNAs [30]. Radiative efficiency of
all structures can be improved by post-growth annealing—see
figure 1. For example, the near-band-edge emission increases
by approximately two times in the LT-GaNAs NWs, which
suggests a reduction in the concentrations of the NRR defects.
Its spectral position, however, is not affected by the anneal-
ing, which means that the GaNAs alloy remains chemically
stable under the utilized conditions and no out-diffusion of N
from the GaNAs shell occurs.

To further evaluate the role of the NRR defects, we have
performed temperature-dependent PL measurements on the
optimized LT-GaNAs NWs. In the inset of figure 2, we show
Arrhenius plots of the integrated PL intensity measured from
the as-grown and annealed structures. Despite of the growth
optimization, we still observe strong thermal quenching of the
PL intensity with increasing temperature (T), which becomes
somewhat suppressed after annealing. The obtained depen-
dences can be fitted using the following bi-exponential
function
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Here I(T) is the PL intensity at a given temperature T, I0 is the
PL intensity at 4 K, kB is the Boltzmann constant, E1 and E2

are the activation energies for the two thermally activated
processes, C1 and C2 are the weighing coefficients for these
processes. The best fit to the experimental data before and
after annealing is achieved assuming the same energies
E1=12 meV and E2=63 meV and with almost no change
in C1 with annealing. At the same time the weighing coeffi-
cient C2 for the dominant thermally activated process
decreases by 40% after annealing (from 16 500 to 9700),
which reflects the annealing-induced decrease in the number
of the NRR defects responsible for the thermal quenching of
the PL intensity.

To identify the defect origin, we performed detailed
ODMR experiments, since the ODMR spectroscopy is cap-
able of revealing chemical identity of a defect involved in the
monitored recombination process based on resolved hyperfine
interactions of defect electrons with their own nuclear core
and/or the nuclei of neighboring atoms [46]. Figure 3 depicts
typical ODMR spectra (the solid curves) of the investigated
GaAs, HT-GaNAs and LT-GaNAs NWs obtained by mon-
itoring the PL emissions shown in figure 2. The GaAs NWs
exhibit a rather broad ODMR signal with a linewidth of
approximately 100 mT, whereas ODMR spectra of the
GaNAs NWs contain several overlapping peaks. To analyze
the ODMR spectra and identify the involved defects, we used
the following spin-Hamiltonian:

m= + BgS SAI. 2B ( )

It consists of two terms: (1) the Zeeman interaction term with
the Bohr magneton μB, an external magnetic field B, the
effective electron spin operator S, and the electron g-tensor g.
(2) The hyperfine interaction term, with the nuclear spin
operator I and the hyperfine tensor A. Modeling of the
ODMR spectra was performed using the Easyspin software

Figure 2. PL spectra from the as-grown (the left panel) and annealed
(the right panel) GaAs (the black curve), HT-GaNAs (the red curve)
and LT-GaNAs (the blue curve) NWs measured at 6 K. The inset
displays Arrhenius plots of the integrated PL intensity (open
symbols) for the as-grown and annealed LT-GaNAs NWs. The solid
lines in the inset represent the best fit to the experimental data using
equation (1).
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package [47] and taking into account random orientations of
some of the NWs with tilting angles up to 60° from the
vertical [111] direction, as revealed by SEM (see figure 1).
This was done by averaging the ODMR spectra over all
orientations corresponding to the orientation of the NWs,
which caused an overall broadening and merging of aniso-
tropic ODMR signals. Isotropic ODMR signals were of
course not affected by this. The simulated ODMR spectra of
the revealed defects are depicted by the dotted lines in
figure 3, whereas the dashed lines labeled as ‘total’ represent
the simulated spectra that include contributions from all
defects.

The ODMR signal in the GaAs NWs (figure 3(a)) can be
simulated assuming the following spin Hamiltonian parameters:
S=1/2, I=3/2, g|| = 1.98, g⊥=2.08, A|| = 722MHz and
A⊥ = 335MHz. (The orientations marked as parallel and
perpendicular are with respect to the crystallographic [111]
axis). From these spin-Hamiltonian parameters the ODMR

signal can be assigned to a gallium vacancy (VGa) with a
hyperfine interaction of an unpaired electron spin S=1/2 and
an 75As nucleus (100% natural abundance) with a nuclear spin
I=3/2. This defect was also observed previously in electron
irradiated GaAs bulk crystals [48] and GaNAs NWs with low N
compositions below 0.6% [49].

The ODMR spectrum of the HT-GaNAs NWs sample
(figure 3(b)) consists of two overlapping signals. The first one
is again the VGa signal, while the second one has several peaks
and involves a gallium interstitial (Gai) atom based on the
resolved hyperfine structure with two groups of four lines each
(due to a nuclear spin I =3/2) with a characteristic ratio of
60%–40% related to the natural abundance of the 69Ga (60.1%
natural abundance) and 71Ga (39.9% natural abundance).
The spectrum of this particular Gai can be fitted by using the
following spin-Hamiltonian parameters: S=1/2, I=3/2,
g=2.0, A(69Ga)=3430MHz and A(71Ga)=4440MHz.
These parameters are similar to those reported for Gai-B in
GaNAs thin-films [50].

In the ODMR spectrum of the LT-GaNAs NWs (the
curve 1 in figure 3(c)), one can again detect the VGa signal.
The spectrum also contains a Gai-related signal, which has,
however, a different set of spin-Hamiltonian parameters:
S=1/2, I=3/2, g=2.0, A(69Ga)=1550MHz and
A(71Ga)=2330MHz. These parameters are different from
the spin Hamiltonian parameters of other Gai-related defects
reported in the literature [29] and we label this new defect as
Gai-Y. This indicates that the growth conditions have a strong
influence on the formation of Gai-related defects in GaNAs
NWs. Optical excitation by 2.33 eV photons utilized during
the ODMR measurements creates non-equilibrium carriers in
all spatial regions of the core/multishell NW structure,
including the GaAs core and the outer-shell layer as well as
the active GaNAs inner-shell. In order to single out the exact
spatial location of the revealed defects within the structure,
we have also measured ODMR spectra under the optical
excitation with photon energy of 1.4 eV that is below the
GaAs bandgap. Within the experimental error, the spectrum
(the curve (2) in figure 3(c)) is found to be identical to the one
measured under the excitation with energies above the GaAs
bandgap (the curve (1) in figure 3(c)), proving that the
majority of the defects are located in the optically-active
GaNAs inner shell.

All of the detected ODMR signals are negative in sign,
which means that they correspond to a microwave-induced
decrease in the PL intensity and that the revealed defects act
as NRR centers competing with the monitored PL. A com-
parison between the ODMR signal intensities between the
HT-GaNAs NWs and the LT-GaNAs NWs shows that
decreasing Tg leads to a decreased formation of the NRR
centers which in turn results in the observed increase of the
PL intensity. This behavior is opposite to that reported pre-
viously in GaNAs epilayers [30] suggesting that the defect
formation is critically affected by the growth process. In all
structures, post-growth thermal annealing leads to a sig-
nificant decrease of the VGa ODMR intensity. Furthermore,
the observed disappearance of the Gai-related ODMR signals
in the GaNAs NWs after annealing, see figures 3(b), (c),

Figure 3. ODMR spectra from the GaAs (a), the HT-GaNAs (b) and
the LT-GaNAs (c) NWs, measured under photo-excitation at
2.33 eV (above the GaAs bandgap). The left and right panel in (a)–
(c) correspond to the results from the as-grown and annealed NWs,
respectively. The solid curves represent the experimental data, while
the dotted lines are simulated spectra of different defects using
equation (2) and the spin-Hamiltonian parameters given in the text.
The dashed lines labeled as ‘total’ represent the simulated spectra
that include contributions from all defects. The ODMR spectrum
from the as-grown LT-GaNAs NWs measured under photo-
excitation of 1.4 eV is shown by the curve (2) in figure 3(c).
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indicates that both types of the Gai-related defects can be
annealed out at 680 °C. The decrease in the ODMR signal
intensity qualitatively correlates with an increase of the PL
intensities after annealing, confirming that the revealed NRR
centers limit radiative recombination. We note that the
improvement of the PL intensity after annealing may be
restricted, at least to some extent, by deteriorating surface
conditions, which will likely enhance surface recombination.

4. Conclusions

In summary, we have identified optimal conditions of growth
temperature and post-growth thermal annealing for the GaAs/
GaNAs/GaAs core–shell–shell NWs with superior optical
quality owing to suppression of NRR. Ga interstitials and
gallium vacancies have been found to be the dominant NRR
centers in the as-grown NWs. In addition, we show that the
structure of the formed Gai-related defects depends on the
growth conditions and that a new type of Gai defects can be
formed during the NW growth. The Gai-related defects are
found to be thermally unstable and can be annealed out at
680 °C. The overall decrease in the number of non-radiative
defects after annealing is found to result in an increase in the
PL intensity and less pronounced PL thermal quenching. Such
improvements are, however, likely undermined by the dete-
rioration of the NW surface, which calls for future research
effort in improving the optical quality by simultaneously
suppressing the harmful NRR via both point defects and
surface states.
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