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Abstract

We report on the successful growth of strained core-shell GaAs/InGaAs nanowires on Si (111) substrates by molecular
beam epitaxy. The as-grown nanowires have a density in the order of 108 cm−2, length between 3 and 3.5 μm, and
diameter between 60 and 160 nm, depending on the shell growth duration. By applying a range of characterization
techniques, we conclude that the In incorporation in the nanowires is on average significantly smaller than what is
nominally expected based on two-dimensional growth calibrations and exhibits a gradient along the nanowire axis.
On the other hand, the observation of sharp dot-like emission features in the micro-photoluminescence spectra of
single nanowires in the 900–1000-nm spectral range highlights the co-existence of In-rich enclosures with In content
locally exceeding 30 %.
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Background
Semiconductor nanowires (NWs) and NW-based het-
erostructures are currently under extensive research, due
to the unique properties and prominent quantum phe-
nomena emerging from them. For instance, there are
numerous reports of NW structures containing quantum
dots, which can act as efficient sources of single photons
or entangled photon pairs [1–5]. Another application
area where NW arrays attract wide interest is in next-
generation cost-effective and high-efficiency photovoltaic
(PV) devices, based on two main reasons: first, their re-
laxed lattice-matching requirements, due to easy strain
accommodation at the NW free surface, providing flexi-
bility in substrate selection and band-gap engineering.
Second, the possibility for lesser material utilization, due
to enhanced light absorption in NW arrays, based on
their inherent anti-reflecting properties [6], increased
light trapping within the array [7], and resonant wave-
guiding properties [8]. Recently, a single-junction solar
cell based on InP NWs [9] with an efficiency η ≈ 13.8 %
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and a single GaAs NW PV device [10] with η ≈ 40 %
have been reported, showing the real potential of NW
solar cells to compete directly with other thin-film solar
cell technologies. Another direction worth exploring for
NW solar cells is the possibility to utilize piezoelectric
(PZ) fields present in strained NW heterostructures, in
order to obtain enhanced NW-based PV devices. As first
estimated by Boxberg et al. [11], a significant axial PZ
field of 60–80 kV/cm can develop in InAs/InP core-shell
NWs, which can be used for efficient carrier sweeping
towards the device electrodes. As we have recently
shown in [12], axial PZ fields of the order of 7–8 kV/cm
may even exist in core-shell GaAs/AlGaAs NWs, having
a very small lattice mismatch of 0.05 %. Such fields are
already significant for the operation of a PV device and
should be taken into account in any related device work.
In this work, we report on the preliminary results of the
growth and characterization of strained core-shell GaAs/
InGaAs NWs, a NW heterostructure which is expected
to exhibit pronounced PZ effects.
Methods
GaAs/InGaAs core-shell NWs are grown in a VG
Semicon V80H III-As solid-source molecular beam epi-
taxy (MBE) system via the vapor liquid solid (VLS)
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mechanism on n+ Si (111) substrates (manufactured by
Siltronix). The native oxide-capped Si substrate is loaded
into the MBE growth chamber without prior chemical
treatment and is annealed in situ at 650 °C for 10 min in
order to create pinholes in the native oxide layer that act
as nucleation sites for GaAs NWs. The core-shell config-
uration is achieved by first growing GaAs NWs (“core”)
and then encapsulating the GaAs core by a two-
dimensional (2D) epitaxial growth of InGaAs shell. A
substrate temperature of 600 °C is used for the growth
of the GaAs core NWs. Ga droplets are deposited in situ
at a flux of 0.4 ML/s for 20 s to act as catalysts that initi-
ate the VLS growth of the GaAs core NWs. Note that
the Ga and As fluxes are quoted in terms of the equiva-
lent 2D growth rates estimated from RHEED oscillation
analysis during Ga- and As-limited GaAs growths on
GaAs (100) surfaces. Following Ga droplet deposition,
the shutter of the Ga Knudsen cell (K-cell) is closed for
20 s to allow Ga to relax on the substrate surface and
form droplets of uniform diameter. The growth of the
GaAs NWs is performed for 30 min using a Ga flux of
0.4 ML/s and an As/Ga flux ratio of ~2. These growth
parameters result in GaAs core NWs with a diameter
of ~60 nm, height of ~3 μm, and density of 2 × 108 cm−2.
Following the growth of the GaAs core NWs, the

InGaAs shell growth is initiated by exposing the sample
to As flux for 10 min to remove the Ga droplets, while
the As K-cell temperature is raised to increase the As/
Ga flux ratio to ~5. The substrate temperature is de-
creased to 500 °C, which is optimal for 2D InGaAs
growth. The InGaAs shell growth duration and In flux
are varied for each sample in order to achieve NWs with
different shell thicknesses and In to Ga stoichiometry. In
total, three sets of samples have been grown in different
days. Each set comprises three GaAs/InGaAs core-shell
NW samples and one GaAs core NW reference sample.
In the first set of samples, the InGaAs shell growth dur-
ation is fixed at 40 min, while the In flux is varied to
produce nominal In shell contents of 2, 5, and 9.5 %,
based on 2D InGaAs thin-film calibrations. In the sec-
ond and third sets of samples, the In flux is fixed with a
beam equivalent pressure of 4.55 × 10−8 mbar, corre-
sponding to a nominal In content of 9.5 %, while the
InGaAs shell growth duration is varied, as summarized
in Table 1. Finally, the InGaAs shell is passivated (from
Table 1 InGaAs shell growth duration and nominal In content
of the samples grown for this study

Set of samples InGaAs shell growth
duration (min)

Nominal In content (%)

1 40 for all 3 samples 2, 5, 9.5

2 1, 2, 4 9.5 for all 3 samples

3 5, 10, 20 9.5 for all 3 samples
oxidation when exposed to the air) by a 3-min growth of
a thin GaAs cap layer, having an estimated thickness of
about 3 nm.
The surface morphology and the structural character-

istics of the NWs are investigated by performing field
emission-scanning electron microscopy (FE-SEM) on the
as-grown samples. The optical properties of the samples
are studied by performing macro-PL measurements
using a 325-nm He-Cd Kimmon laser. The macro-PL
experimental setup consists of a closed circuit liquid He-
cooled cryostat in which the sample is mounted and
excited by a laser beam focused using a 10-cm quartz
lens. The excitation power used for PL is limited to
0.23 mW because of photo-bleaching effects due to the
activation of surface-related non-radiative channels [13],
which are especially pronounced in the GaAs core NW
reference samples. The PL signal is analyzed by a 0.5-m
spectrograph with a 600 gr/mm grating and is recorded
by a liquid nitrogen (LN)-cooled charge-coupled device
(CCD) camera.
In addition, micro-Raman, cathodoluminescence (CL)

and micro-PL measurements have been performed on
individual GaAs/InGaAs core-shell NWs dispersed on Si
substrate with gold metal grid to assist with the identifi-
cation and tracking of individual NWs of interest. A
Nicolet Almega XR micro-Raman setup is used for the
micro-Raman measurements, which consists of a
473-nm diode laser with the beam focused to a spot size
of 0.5 μm using a ×100 microscope objective with 1.25 nu-
merical aperture (NA). The Raman spectra are analyzed
by a 2400-gr/mm grating and are recorded by a CCD
camera. For the micro-PL measurements, the sample
(with NWs dispersed on grid) is mounted on a LN flow
cryostat and excited using the 750-nm cw line of a tunable
Ti:Sapphire laser, with the beam focused to a spot
size of ~1 μm using a ×40 microscope objective with
0.65 NA. The micro-PL signal is analyzed by a 0.75-m
spectrograph utilizing a 600-gr/mm grating and is re-
corded by a back-thinned LN-cooled CCD camera with
high quantum efficiency. CL measurements at 5 K are car-
ried out in a FEI Inspect F50 FE-SEM system, which is
equipped with a Gatan cryogenic stage and a custom in-
house-made light collection system. The CL mappings are
recorded over a ±3-nm spectral window using a Horiba
IHR 550 spectrometer equipped with a photomultiplier.

Results and Discussion
As a further motivation for studying the GaAs/InGaAs
NW heterostructure in view of PV applications, we plot
in Fig. 1 the calculated PZ potential profile over a cross
section of a core-shell NW with a 70-nm-wide GaAs
core and a 40-nm-thick In0.05Ga0.95As shell. In this cal-
culation, the structure is relaxed with Keating’s valence
force field [14]. Then, the PZ polarization density is



Fig. 1 Piezoelectric potential profile for an electron in a cross section
of a core-shell nanowire with 70-nm-wide GaAs core and 40-nm-thick
In0.05Ga0.95As shell
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computed from the strain tensor εij and Poisson’s equa-
tion is solved for the PZ potential. A virtual alloy is as-
sumed in the InGaAs shell (averaging the elastic and
piezoelectric constants of InAs and GaAs). Details can
be found in [14]. Aside from the axial component of the
PZ polarization which can generate significant axial PZ
fields, as mentioned above, we show in Fig. 1 that the
lateral components of the PZ polarization give rise to
the formation of periodic maxima and minima in the
potential profile with a clear triangular symmetry. The
potential difference between the maxima and minima is
already ~100 mV in the given heterostructure, which is
substantial enough to ensure that the photo-generated
charge carriers will be efficiently separated in different
parts of the NW, thus minimizing the carrier recombin-
ation losses—a very important parameter in optimizing
PV devices.
Typical FE-SEM images of core-shell GaAs/InGaAs

NWs are shown in Fig. 2, where we observe that over
60 % of the NWs are grown along the [111] direction
Fig. 2 a Top view FE-SEM image of core-shell GaAs/InGaAs nanowires with
with {110} facets. b Side view of the same sample. c Close-up view illustrat
perpendicular to the substrate, while the rest grow along
inclined {111} crystallographic orientations, consistent
with results reported previously for similar growth con-
ditions [15, 16]. By closer inspection of the SEM images,
most of the core-shell NWs display characteristic hex-
agonal morphology with {110} lateral facets (cf. inset of
Fig. 2a), as well as a small tapering effect with the NW
diameter increasing by 5–10 % along the NW growth
axis (cf. Fig. 2c). Among the SEM images of the three
GaAs core NW reference samples, no significant vari-
ation in the NW density and dimensions is observed
from sample to sample, signifying a good control of the
VLS growth conditions. The average diameter of the
GaAs core NWs is 58 nm, the average length is 3 μm,
and the density is in the order of 108 nanowires per cm2.
In the case of GaAs/InGaAs core-shell NWs, an InGaAs
shell growth duration between 1 and 40 min results in
average InGaAs shell thickness between 1 and 50 nm.
On the other hand, the average NW length only in-
creases gradually from 3 to 3.5 μm for InGaAs shell
growth duration between 0 (i.e., without shell) and
40 min. This suggests that the growth rates at the NW
tips are 5–10 times higher than at the lateral facets.
Consequently, an InGaAs region forms around the tip,
with a length about 5–10 times the InGaAs shell thick-
ness. The higher growth rates at the NW tip can be
attributed to “shadowing” effect and to varying growth
rates at the different crystallographic planes of the tip
and lateral facets.
Next, we attempt to characterize the actual incorpor-

ation and distribution of In in the core-shell NWs.
Energy-dispersive X-ray (EDX) analysis on a range of
relatively large areas (1–105 μm2) of the as-grown sam-
ples reveal In contents that are in good agreement with
the nominal values. For instance, EDX gives an In con-
tent of 7.5 % for the sample of Fig. 2, compared with the
9.5 % nominal concentration. However, due to the rela-
tively low NW density, most of the In signal in such
EDX scans originates from the polycrystalline InGaAs
≈50-nm shell thickness. The inset shows the hexagonal morphology
ing small tapering effect of the core-shell nanowires
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2D layer formed at the interface with the Si substrate in
between the NWs. In other words, the EDX results may
not necessarily represent the true level of In incorpor-
ation in the InGaAs NW shell. EDX measurements on
single NWs were not conclusive because the In signal
was below the detection limit of the system.
To further investigate the question of In incorporation

and distribution in the NWs, micro-Raman measure-
ments were performed on single NWs dispersed on a
grid (Fig. 3). In Fig. 3a, typical micro-Raman spectra
from a single GaAs/InGaAs core-shell NW are depicted
and compared with a GaAs (111)B substrate. The NW
spectra are obtained from three different points along
the NW axis, as indicated in the optical microscope im-
ages of Fig. 3b. Considering the small tapering of the
NW, better distinguished in the SEM image of Fig. 3c,
point 1 corresponds to the bottom part of the NW, and
point 3 to the top part of the NW (“tip”). The In content
can be estimated by comparing the positions of the pho-
non peaks with the relations found in the literature [17]
for the GaAs-like longitudinal optical (LO) and trans-
verse optical (TO) phonon modes of InxGa1−xAs. In
Fig. 3a, both phonon modes seem to shift to lower wave
numbers as the NW is scanned from the bottom to the
top, suggesting that the In incorporation increases along
the growth axis towards the NW tip. For the particular
NW in Fig. 3, the In contents deduced from the LO
phonon peaks are 1.7, 1.7, and 3 % for points p1, p2, and
p3, respectively, while the corresponding values from the
TO phonon peaks are 2.7, 4.7, and 6.7 %, respectively.
This highlights the fact that the In contents determined
by the Raman shifts of the LO phonons are systema-
tically lower than the values obtained from the TO pho-
nons. We interpret this as an effect of strain in the
InGaAs shells affecting the TO and LO phonons in op-
posite directions [18]. To take into account this strain
effect, we employ the average value of the In contents,
Fig. 3 (color online) (a) Micro-Raman spectra obtained from three different
shell thickness. The Raman spectrum of a GaAs (111)B substrate is also plot
points on the nanowire from which the Raman spectra are obtained. c SEM
determined by the two phonon modes. Hence, the aver-
age In content for the specific NW of Fig. 3 would be
2.2 % at the bottom, 3.2 % in the middle, and 4.8 % to-
wards the top. Similar findings have been found in at
least another 15 NWs studied, allowing us to conclude
that the In incorporation in the core-shell structure ex-
hibits gradients along the NW axis and is on average sig-
nificantly smaller than what is nominally expected,
which can be attributed to different In incorporation in
the various crystallographic planes of the NW structure.
The above finding of smaller In incorporation in the

NWs appears to agree with the emission properties of
the as-grown samples. In Fig. 4a, we show a typical low-
temperature PL spectrum from a core-shell NW sample
with ≈50-nm shell thickness. Focusing first on the high
energy side, we distinguish two GaAs core-related peaks
at 1.509 and 1.500 eV, which are assigned as emission
from GaAs-free-like excitons (FX) and excitons bound
to neutral acceptors (A0X), respectively [19]. This assign-
ment is justified by their temperature dependence, as
shown in Fig. 4b, where we observe a rapid ionization of
the A0X peak with temperature, while the FX line per-
sists and dominates the whole spectrum. In Fig. 4c, we
compare the FX emission peaks of the core-shell NWs
with ≈50-nm shell thickness, an undoped GaAs bulk
sample, and the reference GaAs NWs. A first observa-
tion is that the FX peak of the reference GaAs NWs, sit-
uated at 1.520 eV, is blueshifted by as much as 4.5 meV
with respect to the FX position of bulk GaAs. This blue-
shift is attributed to quantum confinement effects as the
NW diameter decreases [20]. On the other hand, the FX
peak of the core-shell NW sample is characteristically
redshifted with respect to the reference GaAs NWs, and
as shown in Fig. 4d, the redshift increases with the
InGaAs shell thickness, clearly suggesting that it is
caused by the strain imposed to the core by the shell
layer. Similar redshifts have been observed previously in
points along a single GaAs/InGaAs core-shell nanowire with ≈50-nm
ted as reference. b Optical microscope images indicating the three
image showing details of the same nanowire in higher resolution



Fig. 4 (color online) (a) PL spectrum at 12 K from a core-shell NW sample with ≈50-nm shell thickness. b Temperature-dependent PL measurements
from the same core-shell NW sample with ≈50-nm shell thickness. c Comparison of low-temperature PL spectra at the GaAs band edge between the
core-shell NW sample with ≈50-nm shell thickness, an undoped GaAs bulk sample, and reference GaAs NWs. d GaAs core free exciton energy position
at 12 K as a function of InGaAs shell thickness. e Comparison of low-temperature PL spectra for core-shell NW samples with varying shell thicknesses
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other systems including GaAs/AlGaAs NWs [12]. It can
be shown [21] that the strain-induced variation of the
gap in the core layer can be written as

EX ¼ E0
X− ac þ aυð Þ⋅ c11−c12 þ 6c44

c11 þ c12 þ 2c44
⋅f 1−ηð Þ

−
d
ffiffiffi

3
p ⋅

c11 þ 2c12
c11 þ c12 þ 2c44

⋅f 1−ηð Þ

where, aside from the elastic constants and deformation
potentials of the core material, f is the lattice mismatch
between GaAs and InGaAs and (1 − η) is the cross-
sectional area ratio between the InGaAs shell and the
full core-shell structure, including the GaAs cap layer.
The dependence on the shell thickness is contained in
this area ratio. Using GaAs parameters [22], the average
core and core-shell NW diameters and a 3-nm GaAs
cap layer thickness, we can reproduce the data as repre-
sented by the solid line in Fig. 4d, assuming a lattice
mismatch of ~0.1 %. This value corresponds to an aver-
age In concentration in the shell layer of merely ~1.5 %,
in good agreement with the micro-Raman results.
Returning to the full PL spectrum of the core-shell

NWs in Fig. 4a, the InGaAs shell gives rise to a broad
emission spectrum from about 1.48 eV down to 1.23 eV.
The intense PL peak around 1.46–1.47 eV, which is
present in all core-shell NW samples with shell thick-
nesses above 10 nm, cannot be attributed to donor-
acceptor-type recombination [23] in the GaAs core for
two reasons: firstly, because it dramatically acquires
strength as the shell thickness increases, as visible in
Fig. 4e, and secondly, based on the CL measurements



Fig. 6 (color online) Power-dependent micro-PL spectra at 80 K from
a single nanowire, where a quantum dot-like emission signature
becomes evident at low excitation powers
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that will be discussed next. In Fig. 5, typical CL
mappings spectrally filtered at two different energies
are shown from an ensemble of dispersed core-shell
NWs on a grid. While the GaAs core emission at
1.508 ± 0.005 eV (top) seems to originate from nearly the
whole length of the NW, the emission at 1.475 ± 0.005 eV
(bottom) is localized on one end of the NW which, based
on the slight tapering effect, corresponds systematically to
the NW tip. As explained above, the NW tip consists of
an InGaAs region of several hundreds of nanometers in
length, without the GaAs core; based on its emission
energy [24] and neglecting any confinement effect, the In
content at the NW tip can be estimated around 4 %, again
in good agreement with the micro-Raman results.
To understand the nature of the InGaAs-related emis-

sion at energies below 1.4 eV, micro-PL measurements
are performed on single NWs. Typical micro-PL spectra
at 80 K as a function of power are shown in Fig. 6,
where at low powers “sharp” dot-like emission features
are observed at energies as low as 1.25 eV, strongly sug-
gesting the existence of In-rich enclosures. From the en-
ergy position, we can estimate that the local In content
should be larger than 30 %. With increasing excitation
power, a spectacular power-dependent evolution of the
Fig. 5 (color online) Typical CL mappings at T = 5 K from a bundle of
dispersed nanowires on Si, spectrally filtered at the indicated energies of
(a) 1.508 ± 0.005 eV (top), where a relatively uniform emission attributed
to the GaAs core is observed along the nanowire, and (b) 1.475 ±
0.005 eV (bottom) where strong emission from InGaAs is obtained at the
nanowire tip. The scale bar is 1 μm
spectra is observed, with the emission spectra blueshift-
ing due to successive state filling effects. The micro-PL
signature differs not only from one NW to another but
also between different parts of the same NW, suggesting
the formation of In-rich enclosures in various parts of
the NW. At this stage, it is not possible to distinguish
whether the In-rich enclosures are in the form of chan-
nels along the <112> direction [25, 26], or in the form of
In shell aggregates in a quantum dot-like structure [27].
Ongoing high-resolution TEM measurements and time-
resolved micro-PL will shed more light on the structural
properties of the InGaAs shell and the morphology of
the presumed In-rich enclosures mentioned above.

Conclusions
Strained core-shell GaAs/InxGa1−xAs nanowires with
nominal In content between 2 and 9.5 % have been suc-
cessfully grown on Si (111) substrates, with the majority
of the nanowires growing vertical to the substrate. The
as-grown nanowires are 3–3.5 μm long, have a density
of about 108 cm−2, a core diameter of ~60 nm, and an
InGaAs shell thickness ranging from 1 to 50 nm,
depending on the shell growth duration. By applying a
range of optical and structural characterization tech-
niques, we conclude that the In incorporation in the
nanowires is on average significantly smaller than the
nominal In content estimated from 2D InGaAs growth
calibrations. The In content also exhibits a gradient
along the nanowire axis, with higher In content at the
tip compared with the lateral facets, which can possibly
be attributed to different In incorporation rates in the
various crystallographic planes of the nanowire surface.
Moreover, the dot-like emission spectra of single nano-
wires show evidence of the formation of In-rich enclo-
sures with an In content higher than 30 %.
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