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Abstract: GaAs nanowire arrays have been prepared by anodization of GaAs substrates. The
nanowires produced on (111)B GaAs substrates were found to be oriented predominantly perpendic-
ular to the substrate surface. The prepared nanowire arrays have been coated with thin ZnO or TiO2

layers by means of thermal atomic layer deposition (ALD), thus coaxial core–shell hybrid structures
are being fabricated. The hybrid structures have been characterized by scanning electron microscopy
(SEM) for the morphology investigations, by Energy Dispersive X-ray (EDX) and X-ray diffraction
(XRD) analysis for the composition and crystal structure assessment, and by photoluminescence (PL)
spectroscopy for obtaining an insight on emission polarization related to different recombination
channels in the prepared core–shell structures.

Keywords: nanowires; coaxial core–shell structures; anodization; atomic layer deposition; photolu-
minescence spectroscopy; emission polarization

1. Introduction

Semiconductor nanowires and core–shell structures prepared on their basis are impor-
tant building blocks for nano-electronic and micro-electronic devices. A large area of core–
shell applications are related to photodiodes and photovoltaics, demonstrating significant
advantages over planar structures and other device configurations in terms of radial charge
collection and cost reduction, reduced reflection of injected light, and improving efficiency
based on positional carrier separation [1–5]. Nanophotonics [6–10], non-linear optics and
plasmonics [11,12], thermoelectrics [13], recognition of biomolecules, and biosensing [14]
are among important applications of semiconductor quasi-one-dimensional core–shell
structures. Among many arrays of core–shell nanowires, those with ZnO and TiO2 shells
are widely explored for various applications [5,6,15,16].

Apart from wide band gap materials, relatively narrow band gap materials, such
as Si [2,7,17,18] and GaAs [19–22], were used as cores in core–shell structures. Enhanced
responsivity was demonstrated on n-ZnO/p-Si radial heterojunction nanowire photodiodes
in both ultraviolet (UV) and visible ranges, the photoresponsivity being larger than that
of a planar thin film diode (PD) due to the efficient carrier separation and collection with
improved light absorption [2,17,18]. In comparison with Si which has indirect band gap,
III–V materials, such as GaAs, InP, and InAs, exhibit a direct band gap, which offers them
some advantages for building optoelectronic devices. In general, III–V semiconductors
have higher electron mobility than Si. GaAs and related III–V materials offer the highest
energy conversion efficiency in photovoltaic devices.

In most of the prepared core–shell structures, the nanowire arrays are oriented per-
pendicularly to the substrate material. However, technological methods have been recently
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developed for the preparation of GaAs nanowires oriented either perpendicularly or paral-
lel to the initial GaAs substrate by a cost-effective electrochemical etching [23,24].

Core–shell structures with ferromagnetic shells have been prepared on the basis
of these nanowires by means of electrochemical deposition, and the anisotropy of their
magnetic properties has been investigated [23]. An infrared photodetector was also demon-
strated [24]. Preparation of core–shell arrays with both perpendicular and parallel orienta-
tions with respect to the wafer surface is expected to enlarge the possibilities for controlling
polarization of light detected or light emitted with such kind of structures. Spectacular
morphologies of porous semiconductor compounds obtained via anodization and use of
specific photolithographic masks to force the growth of pores parallel to the surface in self-
organization mode were reported in a recent review paper [25]. Moreover, electrochemistry
proved to be a cost-efficient and effective technology for the fabrication of core–shell arrays
composed from Pt nanotubes embedded in semiconductor matrices [26].

As concerns the deposition techniques, atomic layer deposition (ALD) is an extremely
valuable technique for growing with high accuracy conformal ultrathin films for planar
device structures, as well as for fabricating core–shell structures, since the excellent surface
conformation of ALD coatings makes it ideally suited for coating complex nanostruc-
tures [27]. ALD coatings provide high stability to complicated functional nanostructures
resulting in improved performance of devices in such applications as photovoltaics, elec-
trochemical energy storage, photo- and electrochemical devices, etc. [28]. Note that most of
the above cited core–shell structures have been produced with ALD technologies.

Previous investigations demonstrated a polarization-sensitive characteristic of the
photoluminescence recorded parallel and perpendicular to the long axis of semiconductor
nanowires and core–shell structures, including those with GaAs core, which, in many cases,
but not always, was explained in terms of large dielectric contrast between the free-standing
nanowires and surrounding environment [29–38].

Although optical properties of core–shell nanowires with GaAs core [29,30], as well as
those of ZnO nanowires [33], including the polarization characteristics, have been studied
in previous papers, the polarization characteristics of ZnO shells on GaAs nanowires have
not been explored.

The goal of this paper is to prepare core–shell structure by means of ALD deposition
of ZnO and TiO2 shells on GaAs nanowire arrays fabricated by anodization of GaAs
substrates, to assess their optical quality be means of photoluminescence characterization,
and to investigate the polarization characteristics of the observed luminescence bands.

2. Materials and Methods

ZnO and TiO2 shells have been deposited by atomic layer deposition on GaAs nanowires.
GaAs nanowires oriented perpendicularly to the GaAs substrate were prepared by

anodization of n-type (111)B-oriented Si-doped GaAs wafers, acquired from Mateck GmbH
(Juelich, Germany), with a free electron concentration of 2 × 1018 cm−3. The samples were
cleaved into 1 × 1 cm2 parts and were sonicated in acetone for 10 min, rinsed in distilled
water and dried, before the anodization. They were also subjected to wet chemical etching
in HCl/H2O with a ratio of (1:3) for 2 min in order to remove the native oxide from the
surface. The follow-up anodization was carried out in 1 M HNO3 electrolyte at applied
anodic potential of 4 V in a cell with three electrodes configuration. The schematics of the
electrochemical setup was described in detail previously [39]. A piece of GaAs sample
with a surface of 1 cm2 served as working electrode, while a mesh from Pt wire with the
total surface of 6 cm2 was used as a counter electrode. A saturated Ag/AgCl was used as
a reference electrode. Etching for 15 min resulted in a 45 µm thick nanostructured layer
containing GaAs nanowires.

ZnO and TiO2 were deposited using a thermal ALD reactor Veeco Savannah S200 from
Veeco Instuments Inc. (Plainview, New York, USA) equipped with a disk-like chamber
(diameter = 300 mm, height = 7 mm). Diethylzinc (DEZ) was used as the Zn precursor,
TiCl4 was used as the Ti precursor and deionized water (H2O) was used as the oxygen
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source. High-purity N2 was used as the carrier gas and the chamber was kept at a flow
rate of 20 sccm during the ALD reaction process. The optimized pulse and purge times
were 0.03/60/0.03/60 s and 0.2/120/0.015/120 s for one ALD deposition cycle of ZnO
(DEZ/N2/H2O/N2) and TiO2 (TiCl4/N2/H2O/N2), respectively. Due to lower reactivity
of TiCl4 with H2O, an exposure time of 60 s with closed valve was added to fully allow the
precursors to react. The chamber temperature was 150 ◦C for both ZnO and TiO2 deposition.

It was found that 30 ms and 200 ms pulse time for DEZ and TiCl4, respectively, are
enough to saturate the surface [40]. In respect to the large surface area of the samples the
exposure times were kept low and the purge times high to ensure the self-limiting character
of the ALD-process. The growth rate of ZnO and TiO2 was determined to be around
0.16 nm/cycle by measuring the thickness of Si-wafers using a spectroscopic ellipsometer
(Ellipsometer, SENpro) as was reported elsewhere [41,42].

The morphology of the prepared samples was studied using a LEO-ZEISS Gemini
1530 (ZEISS, Jena, Germany) scanning electron microscope (SEM), equipped with EDX
detector-analyzer. X-ray diffraction analysis was performed with a Philips X-Pert MPD
System with Cu-Kα1 radiation.

The photoluminescence (PL) was excited by a 325 nm He-Cd laser, the samples being
mounted on the cold station of an LTS-22-C-330 optical cryogenic system. For unpolarized
measurements, the excitation laser beam at 30 mW power was focused on the frontal
surface of the sample with a nanowire array to a spot of about 2 mm in diameter, resulting
in the excitation power density of about 1 W/cm2. The emission was analyzed in a quasi-
backscattering geometry through a double SDL-1 spectrometer. The signal from a FEU-106
photomultiplier with SbKNaCs photocathode working in a photon counting mode when
measuring the emission in the UV and visible range and a FEU-62 photomultiplier with
silver-cesium-oxygen when measuring the emission in the near IR range was introduced in
an IBM computer. The spectral resolution was better than 1 meV. Apart from unpolarized
measurements, investigations with PL emission polarized along the nanowires or in the
radial direction, were performed by using Glan–Thompson analyzers, as schematically
illustrated in Figure 1a,b, respectively. In such a case, the GaAs substrate was masked with
a black foil to avoid its excitation. Apart from that, the power of the excitation beam was
reduced and it was focused with an objective lens on the nanowire array. The emission
comes from a large amount of nanowires in the array, both from the core and from the shell.
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Figure 1. Schematics of polarized PL measurement with polarization along the nanowires (a) and
polarization in the radial direction (b).

3. Results

The SEM image of a GaAs nanowire array fabricated by anodizing (111)B substrates in
1 M HNO3 electrolyte for 15 min, is presented in Figure 2a. One can see that the nanowires
with the length of 45 µm are oriented predominantly perpendicularly to the substrate
surface [37]. The XRD pattern (Figure 2b) was measured frontally from the nanowire array
produced on the substrate, it being collected both from the nanowire array and from the
substrate, since the nanostructured layer containing GaAs nanowires is 45 µm thick, while
the penetration of the Cu-Kα1 radiation in the sample is of several hundreds of micrometers.
The pattern is compared to a database XRD fingerprint obtained from a GaAs powder [43].
The predominance of (111) and (333) reflexes in the XRD pattern is indicative of the (111)B
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crystallographic orientation of the sample. No reflexes from other phases, except the zinc
blende GaAs are observed in the pattern, which suggests that the GaAs wires are of high
crystalline quality similar to the substrate.
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Figure 2. (a) Cross-section SEM image of a GaAs nanowire array produced by anodizing a GaAs
substrate with (111)B crystallographic orientation; (b) XRD analysis of a GaAs nanowire array (upper
part), compared to a database XRD fingerprint (lower part).

The morphology of TiO2 and ZnO coatings on GaAs nanowires is shown in Figure 3.
The thickness of coatings is estimated to be around 50 nm with a growth rate of 0.16 nm/cycle
for a number of 310 cycles. It is supposed that the deposition starts with growing islands
which are closing to conformal film with increasing cycle number. However, such kind of
growth is also influenced by the roughness of the GaAs nanowires surface, which is not
perfectly cylindrical along the nanowire axis, due to some current oscillations occurring
during the anodization process. As a result, the morphology of coatings is bumpy. Apart
from that, due to the high aspect ratio of nanowires they exhibit a tendency to agglomerate
in bundles. Several effects may be influencing this behavior, such as electrostatic interac-
tion between nanowires, non-uniform distribution of germination centers for initiation of
anodization on the initial surface of the substrate, and stirring of the electrolyte during
anodization. These effects may be even more pronounced during the ALD coating.
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Figure 3. (a) SEM image of a GaAs nanowire array coated with a TiO2 layer; (b) SEM image of a
GaAs nanowire bundle coated with a ZnO layer.

The results of EDX analysis of an array of GaAs nanowires coated with TiO2 by ALD
measured in the direction parallel to the substrate, i.e., perpendicular to the nanowires,
are presented in Figure 4. The carbon impurity was excluded from calculations, since
its concentration is determined with large errors due to its low atomic number (6) in the
periodic table. On the other hand, this leads to increasing errors in the determination of
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other elements up to several at%. Anyway, the results show a nearly equal concentration of
Ga and As, and a ratio of the atomic percentage of oxygen to titanium around 2.
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Figure 4. EDX analysis of a GaAs nanowire array coated with TiO2 by ALD.

Further investigations are focused on the photoluminescence spectra of ZnO coatings
on GaAs nanowires (Figure 5). The emission in the UV spectral range comes from the ZnO
shell, while that in the IR range is from the GaAs core. The PL spectrum of the GaAs core
of nanowires consists of three PL bands centered at 1.486 eV, 1.360 eV, and 1.310 eV, as
deduced from Figure 5a. It was previously suggested that the high energy band at 1.486 eV
is related either to donor–acceptor pair (DA) recombination [44–46], or to conduction band
to SiAs acceptor transition [47,48], i.e., with shallow recombination centers, while the band
at 1.360 eV was attributed either to arsenic-vacancy related complex [45], or to a gallium-
vacancy related complex [47], or to CuGa centers [46]. The full width at half maximum
(FWHM) of the bands at 1.486 eV and 1.360 eV is 70 meV and 85 meV, respectively. Such a
width is usual for donor–acceptor pair recombination involving distant pairs. The FWHM
of the weak intensity band at 1.310 eV is much larger (220 meV). It could be related to some
structural defects, such as dislocations. However, the nature of this band remains unclear,
additional investigations being needed to through light on this issue.
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Figure 5. Unpolarized PL spectra of a GaAs nanowire array coated with a thin ZnO layer measured
at 10 K in the IR spectral range (a), and in the UV range (b).

The emission from the ZnO shell consists of a 3.360 eV band and a series of lower
energy bands at 3.328 eV, 3.310 eV, 3.278 eV, and 3.235 eV (Figure 5b). The most intense PL
band at 3.360 eV is the most common band observed in high-quality ZnO material [49–51].
It comes from the recombination of excitons bound to neutral donor impurities (D0X), most
probably related to diffusion of the Ga impurity from the GaAs core into the ZnO shell
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during the ALD process in the investigated samples. The second band at 3.328 eV is also
frequently observed in ZnO materials, and it was associated with excitonic recombination
emission, which is, however, bound to structural defects, in contrast to higher energy
PL bands associated either with excitons bound to shallow impurity centers, or to free
excitons [49]. The third PL band at 3.310 eV was previously associated with donor-acceptor
pairs (DAP) recombination [51,52]. The other lower energy PL bands are related to deeper,
unidentified, point defects and complexes in the ZnO shell. One should note that the
increase in the ZnO layer thickness with increasing the number of ALD cycles leads to the
overall enhancement of the intensity of emission coming from ZnO as compared to that
coming from the GaAs core, while it does not significantly influence on the ratios of PL
bands intensity, when they are analyzed for the ZnO shell and the GaAs core separately,
including those of polarized emission.

The measurements of the polarized luminescence revealed that the excitonic emission
from the ZnO shell related to neutral donor bound excitons is polarized preponderantly
in the radial direction of core–shell structure, while the emission associated with excitons
bound to structural defects, as well as the other lower energy PL band, are polarized pre-
ponderantly along the nanowires (Figure 6b). Similarly, the high energy emission associated
with shallow impurities in the GaAs core is polarized preponderantly in the radial direction
of the core–shell structure, while the emission related to deeper recombination centers is
polarized preponderantly along the nanowires (Figure 6a).
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Figure 6. PL spectra of the GaAs core (a) and ZnO shell (b) measured at 10 K with the emission
polarized along the nanowire axis (curve 1), and polarized in the radial direction (curve 2).

According to literature data, in most cases, the polarization anisotropy of the emission
from semiconductor nanowires is related to their elongated geometry, and it is polarized
along the axis direction [29,32]. According to the classical electromagnetic theory, this
effect is considered to result from the large contrast in dielectric constants between the
semiconductor nanowires and their surroundings.

However, the contribution from the symmetry of the crystal structure cannot be
neglected since the polarized light emission is closely related to the symmetry of the wave
functions. As a result, the polarizations of the excitonic emission from GaAs and InP
nanowires with wurtzite (WZ) and zincblende (ZB) structures were found to be different.
Although ZB nanowires exhibit strong polarization parallel to the nanowire axis, the WZ
nanowires exhibit emission polarized perpendicular to the nanowire axis [30,31]. This
behavior was interpreted in terms of the different selection rules for WZ and ZB crystal
structures since they exhibit completely different symmetries. Similarly, the polarization
of the near-band-edge photoluminescence in ZnO strain-free nanowires was found to
be polarized predominantly perpendicular to the nanowire axis, and such a polarization
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dependence was explained in terms of selection rules for excitonic transitions derived from
the k·p theory for WZ ZnO [33].

In addition to the effects of contrast in dielectric constants and those of symmetry of
the wave functions, strain also may have a significant effect on the emission polarization,
especially on that related to defects or clusters. For instance, in contrast to the expected
behavior of the near-band-edge emission polarization in ZB GaP, the luminescence related
to the recombination of excitons bound at N-related clusters in coaxial GaNP nanowires
with diameters ranging from 100 to 350 nm, as well as in core/shell GaP/GaNP struc-
tures was found to be strongly polarized in the direction perpendicular to the nanowire
axis [34,35]. The effect was explained assuming that the N-related centers participating in
emission experience tensile local strain. A similar effect was observed in coaxial GaAsN
nanowires [36,37].

The effect of strain on the emission polarization was also demonstrated in GaN/AlGaN
core/shell nanowires [38]. The emission of the uncoated strain-free GaN nanowires was
found to be polarized perpendicular to the c-axis, as expected according to the crystal
structure symmetry of the WZ GaN, while the GaN core compressively strained by the
AlGaN shell exhibited a polarization parallel to the NW c-axis. This phenomenon was
explained by the crossover of the valence sub-bands induced by strong strain, which
resulted in the change of symmetry of the uppermost valence sub-band.

As concerns the emission polarization from the investigated coaxial GaAs/ZnO
core/shell structures, the GaAs core is of ZB structure, according to data of Figure 2b,
while the ZnO shell is of WZ structure, according to the position of the D0X emission in
Figure 5b. It is well documented that the PL spectrum of high-quality WZ ZnO crystals
in the near-bandgap spectral range is always dominated by D0X emission lines, each of
them being attributed with a precision better than 1 meV to specific donor impurities to
which excitons are bound (see for instance ref. [47]). These emission lines are fingerprints
of the respective impurities. The I8 line at 3.360 eV is related to the excitons bound to
the Ga impurity [47]. The domination of the PL band at 3.360 eV in the shell grown by
ALD is indicative of the WZ structure of ZnO. This band would not be observed in the
PL spectrum of ZB ZnO. It is also known that the ZB phase of ZnO is much less stable at
normal conditions than the WZ phase. On the other hand, the larger FWHM of the 3.360 eV
band in the ZnO shell indicates that its quality is not as high as the quality of crystals
produced by hydrothermal or vapor phase growth.

Therefore, the predominant polarization of the excitonic D0X band in the WZ ZnO
shell perpendicular to the nanowire axis suggests that the c-axis of the shell is oriented
parallel with the nanowire axis, and the main effect in the polarization of this PL band
comes from the ZnO WZ crystal structure symmetry, rather than from the contrast in
dielectric constants. On the other hand, the predominant polarization of the lower energy
PL bands, related to impurities or defects, along the nanowire axis may be governed by the
contrast in dielectric constants.

Regarding the polarization of PL bands in the GaAs core, the polarization of the lower
energy PL band at 1.360 eV along the nanowire axis may again be governed by the contrast
in dielectric constants. The situation seems to be more complicated with the PL band at
1.486 eV. If an emission band associated with the recombination of excitons in the ZB GaAs
would be observed in the spectrum, it would be polarized along the nanowire axis both
from the point of view of excitonic emission selection rules and from the point on view of
the contrast in dielectric constants. However, no excitonic emission was observed from the
GaAs nanowire in the near-band-edge spectral region. On the other hand, the predominant
polarization of the PL band at 1.486 eV perpendicularly to the nanowire axis may come
from the specific microscopic structure of the defects involved in DA pair recombination
or in the free-to-bound transitions, which may experience tensile local strain, similarly
to the effects observed in coaxial GaNP and GaAsN nanowires, as well as in GaP/GaNP
core/shell structures, as discussed above [34–37].
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4. Conclusions

ZnO and TiO2 coatings have been deposited by thermal atomic layer deposition on
GaAs nanowires produced by anodization of (111)B GaAs substrates. The EDX analysis
demonstrated the right proportions of the constituent elements in the composition of
ZnO and TiO2 coatings. The XRD analysis revealed the zinc–blende structure of the
GaAs nanowires.

The PL emission from the GaAs core of coaxial core–shell structures was found to
be dominated by a PL band related to carrier recombination via shallow donors and
acceptors and a lower energy PL band associated with deeper recombination centers. The
emission from the ZnO shell was dominated by a near band edge PL band coming from
recombination of excitons bound to neutral donors D0X and a lower energy band associated
with recombination of excitons bound to structural defects. A series of lower energy PL
band related to deeper recombination centers was also observed in the ZnO shell.

The analysis of polarized luminescence demonstrated that the D0X emission from the
ZnO shell is polarized predominantly perpendicular to the nanowire axis, while the lower
energy PL band is polarized predominantly along the nanowire axis. The emission from the
GaAs core associated with shallow impurities in the GaAs core was found to be polarized
preponderantly in the radial direction of the core–shell structure, while the emission
related to deeper recombination centers proved to be polarized preponderantly along
the nanowires. The polarization of the observed PL bands was explained in terms of the
contrast in dielectric constants, selection rules associated with crystal structure symmetry,
and local strain related to specific microscopic structure of recombination centers involved
in electronic transitions responsible for specific PL bands.
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