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Abstract
Combining defect semiconductors Ga2S3 and Ga2Se3 in Ga2O3-based
heterostructured nanowires (NWs) have potential in photonics and optoelectronics
applications due to the materials appealing optical properties. In this work, we have
developed and studied Ga2O3-Ga2S3 and, for the first time, Ga2O3-Ga2Se3 core-shell
NWs. Ga2S3 and Ga2Se3 shell was obtained during high-temperature sulfurization and
selenization process of pure Ga2O3 NWs, respectively, in a chemical vapour transport
reactor. As-grown nanostructures were characterized with scanning and transmission
electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy and
photoluminescence measurements. Single-nanowire photodetector devices were
fabricated in order to demonstrate their electric and photoconductive properties. Such
novel core-shell NW heterostructures could potentially be used in next-generation
nanoscale electronic and optoelectronic devices.
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1. Introduction
One-dimensional (1D) nanostructures – nanowires (NWs) – have been actively
investigated for different applications in nanoelectronics and optoelectronics [1], for
example, photodetectors, transistors, LEDs [2–4], sensors [5,6], energy storage and
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conversion [7,8] due to their unique physical characteristics, which arise from the high
surface-to-volume ratio and the size confinement effects. Modification of NW surface
is a promising approach how to tune their properties [9]. Compared to the conventional
thin films growth, NWs surface can exhibit a considerably lessened constraint for the
lattice mismatch during heterostructure preparation [10–12], therefore, making NWs as
a potential template for growth of high-quality films and introducing new possibilities
to engineer novel nanostructures in core-shell configuration [9,13].
Gallium oxide (Ga2O3) has recently attracted a lot of scientific attention as a
prospective ultra-wide bandgap semiconductor in a form of thin films and NWs [14,15].
Ga2O3 has five different polymorphs among which the most stable one is monoclinic
β-Ga2O3 with a bandgap value of around 4.9 eV [16]. While Ga2O3-based thin films,
NWs and heterostructures have been researched extensively in the last few years mainly
for applications in power electronics [17,18] and UV photodetectors [19–21], as well
as there are reports on NW sensing [22] and memory [23] devices have been
demonstrated, Ga2O3-based hybrid NW materials still lack the variety of studies,
especially in the core-shell configuration. There have been only few reports over the
years on Ga2O3-TiO2 [24], Ga2O3-ZnO [25], Ga2O3-WO3 [26] and Ga2O3-Ga2S3 [27]
core-shell NWs demonstrating the materials potential in various applications.
Gallium chalcogenide compounds can be divided in two groups based on their
stoichiometry: GaX compounds, such as GaS and GaSe, are layered van der Waals
materials, which have been very actively studied in the 2D form for the last decade [28–
30]; and Ga2X3 compounds like Ga2S3 and Ga2Se3. Ga2S3 and Ga2Se3 are commonly
called ‘defect semiconductors’, since their β (monoclinic) and γ (orthorhombic) phases
can be built with the cubic α-Ga2X3 fundamental unit, which is basically a defect
zincblende structure with the Ga/X stoichiometry ratio of only 2:3. Ordered or

2

randomly oriented structural Ga vacancies in the lattice result in the β- or α-phase,
respectively [31–34]. Ga2S3 is a p-type semiconductor with a direct bandgap of 3.0-3.4
eV [31,35] and has shown promise in photonics and optoelectronics [36–38], mainly
due to its intriguing optical properties, as well as in sensing [39] and possibly sodium
ion batteries [40]. In comparison, Ga2Se3 is a slightly less studied semiconductor with
the direct bandgap measured from 1.8 eV to 2.4 eV [32], which has potential
applications in optoelectronic devices [31,32] and lithium ion batteries [41].
Ga2O3, especially in the form of NWs, is a convenient template for Ga2S3 and
Ga2Se3 growth, since synthesis of 1D Ga2S3 and Ga2Se3 nanostructures is complicated
– only Ga2Se3 NWs growth from GaAs has been recently demonstrated [34]. It has been
previously shown that Ga2O3 exposure to H2S gas at elevated temperature leads to
formation of either GaS or Ga2S3 phase [27,42] and vice versa – Ga2O3 was obtained
via gallium sulfide annealing in an oxygen containing atmosphere [43,44]. On the other
hand, to the best of our knowledge, no Ga2O3-Ga2Se3 1D heterostructures have been
previously demonstrated. Ga2S3 and Ga2Se3 are semiconductors with a narrower
bandgap than Ga2O3, thus giving the freedom to tune the optical properties in the visible
range, especially if control over their defects could be achieved during the synthesis.
Furthermore, electrical and optical properties of such heterostructures could be tuned
even further through doping of the Ga2O3 core, either with Si or Sn to increase the
electrical conductivity [16] or with rare earth elements for light emission applications
[45].
In this work, we demonstrated growth of Ga2O3-Ga2S3 and Ga2O3-Ga2Se3 coreshell NWs through sulfurization and selenization, respectively, of pure Ga2O3 NWs at
elevated temperatures. Phase composition and structural evolution was studied for
samples

prepared

at

different

temperatures.
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Furthermore,

single-nanowire

photodetector devices were fabricated in order to demonstrate their electric and
photoconductive properties, which show promise for the nanostructure application in
next-generation nanoscale electronic and optoelectronic devices.

2. Experimental details
Pure Ga2O3 NWs were grown in a horizontal quartz tube (18 mm inner
diameter) reactor via atmospheric pressure chemical vapour transport (see Fig.1(a)). A
ceramic boat was filled with 0.15g g Ga2O3 powder (99.99%, Alfa Aesar) and loaded
in the centre of the quartz tube, oxidized silicon wafers SiO2/Si(100) (Semiconductor
Wafer, Inc.) coated with Au nanoparticles (NPs, Alfa Aesar, water suspension, 100 nm
diameter) were placed downstream in a lower temperature (T) region 10 cm away from
the centre of the furnace. Au NPs were used as a catalyst for the vapour-liquid-solid
(VLS) growth. The reactor was heated up to 1010°C (high T zone) under a flow of
carrier gas mixture Ar/H2 5%, the temperature and flow was then maintained for 30
minutes for the NWs to grow, followed by natural cooling to the room temperature.
Typically, up to 100 μm long Ga2O3 NWs were synthesised on the SiO2/Si substrates,
the temperature at the low T zone being around 850-900°C. Characterization data for
the as-grown pure Ga2O3 NWs is shown in Fig. S1.
In order to grow either Ga2S3 or Ga2Se3 shell around Ga2O3 NWs, the horizontal
quartz tube (18 mm inner diameter) reactor, containing Ga2O3 NWs in the centre (high
T zone) and sulfur (99%, Enola) or selenium (99+%, Alfa Aesar) powder, respectively,
upstream in the low T zone 12 cm from the centre, was heated up to the required
temperature (temperatures mentioned further are in high T zone) under Ar/H2 5%
carrier gas flow, kept for 15 minutes and then cooled naturally (see Fig.1(b)). An
excessive amount of sulfur and selenium powders were placed in the reactor in order to
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Figure 1. (a) A schematic diagram of the reactor setup used for pure Ga2O3 NWs
growth. (b) A schematic diagram of the reactor setup used for the sulfurization and
selenization of the Ga2O3 NWs. Sulfur and selenium powders were used as
precursors for sulfurization and selenization process, respectively. The high T zone
temperature corresponds to the ones used throughout the article.
maintain chalcogen-vapour-rich atmosphere. The temperature for sulfurization or
selenization of Ga2O3 to start to occur significantly enough was found to be 400°C and
500°C, respectively. The synthesis procedures were performed at various temperatures
in order to study its impact on the shell formation (growth rate, morphology, phase
composition).
As-grown NW morphology was studied using a scanning electron microscope
(SEM, Lyra, Tescan) together with energy dispersive X-ray (EDX) elemental analysis,
while their inner crystalline structure was characterized using a transmission electron
microscope (TEM, Tecnai GF20, FEI) operated at a 200 kV accelerating voltage. NW
phase composition was examined by X-ray diffraction (XRD) using Rigaku MiniFlex
600 powder diffractometer with Bragg-Brentano θ-2θ geometry and a 600W Cu anode
X-ray tube (Cu Kα line, λ = 1.5406 Å). Micro-Raman spectroscopy measurements were
performed using a TriVista 777 confocal Raman system (Princeton Instruments, 750
mm focal length, 1800 lines/mm grating) equipped with an upright Olympus
microscope with UIS2 MPlanN 100x/0.90 objective, a continuous-wave singlefrequency diode-pumped laser Cobolt Samba 150 (λ=532 nm) and Andor iDus
DV420A-OE CCD camera. X-ray photoelectron spectroscopy (XPS) spectra were
5

obtained using an ESCALAB Xi (ThermoFisher) spectrometer. Photoluminescence
(PL) spectra and its dependence on the temperature was recorded using Andor
Shamrock B303–I spectrometer coupled with Andor DU401A-BV CCD camera.
Sample temperature was controlled in a vacuum chamber with Sumitomo HC-4 closedcycle helium cryostat operating within temperature range ~9–325 K. For temperature
control, LakeShore 331 Temperature controller was used. Excitation of PL was
performed with a 266 nm excitation wavelength - fourth harmonic of CryLas FQSS266Q Q-switched Nd:YAG laser, with pulse energy 0.3 µJ at 15kHz. All PL spectra were
not corrected to compensate for the sensitivity changes of experimental setup as only
the qualitative comparison is performed.
Two-terminal individual NW photoconductor devices were fabricated via
conventional photolithography process. First, NWs were mechanically transferred to an
oxidized silicon wafer chip (300 nm thick SiO2), followed by spin-coating it with
AZ1518 photoresist. The optical mask with the microelectrode pattern (5 µm gap
between the electrodes) was aligned on top of a single NW and exposed using SUSS
MicroTec MA/BA6 Gen4 mask aligner. A 10/90/20 nm thick Cr/Ag/Al electrodes,
respectively, were deposited via thermal evaporation method followed by a lift-off
procedure. At least five devices for each material were fabricated in order to make
consistent conclusions. Current−voltage (I−V) characteristics and photoresponse of the
fabricated single-NW photodetector devices were measured with a two-contact
microprobe station connected to a low-noise current preamplifier (SR570, Stanford
Research Systems) and oscilloscope (TDS2004B, Tektronix). A 405 nm wavelength
semiconductor diode laser (CNI Laser) with 0.5 W/cm2 power was the illumination
source for the photoresponse measurements. All the measurements were performed at
room temperature and in air.
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3. Results and discussion
As-grown core-shell NW morphology and the inner structure was characterized
using TEM (see Fig. 2). In the case of sulfurized Ga2O3 NWs, it was possible to obtain
a continuous, few nanometres thick Ga2S3 shell around NWs at 600°C (Fig. 2(a)). A
uniform shell is a prerequisite for good electrical properties of the nanostructure. On
the other hand, protruding GaS crystals start to form at such temperature as has been
shown at a higher resolution in Fig. 2(c). Similarly, a continuous Ga2Se3 shell was
obtained after selenization of Ga2O3 NWs at 600°C (see Fig.2 (e)). Here, the shell is
smoother in comparison to the sulfurized NWs, since only one new phase forms. The
NWs maintain their length after sulfurization/selenization and the formed shell is

Figure 2. Transmission electron microscope images at different magnifications of
(a-d) Ga2O3-Ga2S3 core-shell NWs prepared at 600°C and (e,f) Ga2O3-Ga2Se3 coreshell NWs prepared at 500°C. Note that Ga2O3 NWs sulfurized at higher
temperatures also contain crystals of GaS phase. The insets show the measured
atomic interlayer distances in the formed phases.
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uniformly distributed along the NWs, as was confirmed by SEM and EDX
measurements (see Fig. S2), however, the surface roughness of the core-shell NWs
increases at higher temperatures (see Fig. S3) because of the more active reaction
between Ga2O3 and the chalcogenide vapour. In order to control the shell thickness,
process time can be used with some limitations. At higher TEM resolution (Fig.
2(b,d,f)) the inner crystalline structure of the formed phases is revealed and interplanar
distance values measured. Interplanar distance in the Ga2S3 shell was determined to be
3.0 Å, which is in a good agreement with the lattice parameter c=6.031Å in ICDD-PDF
#48-1434. The protruding GaS crystals exhibit interplanar distance of 6.2 Å, which
corresponds to lattice spacing between (101) planes in GaS [46]. As for the Ga2Se3
shell, interplanar distance was measured to be 3.2-3.3Å, closely matching the lattice
parameter c=6.6491Å in ICDD-PDF #44-1012. The TEM measurements show the high
crystalline quality of the prepared core-shell NWs. The processed NWs preserve their
length, inner composition and crystalline structure in comparison to pure Ga2O3 NWs,
since the reaction with chalcogenide vapour occurs close to the surface, mainly leading
to morphological changes.
To confirm the presence of the phases in the as-grown core-shell NW samples,
XRD measurements were performed on the NW arrays on the Si(100)/SiO2 substrates,
prepared at various temperatures (see Fig. 3). Worth noting that all the unmarked peaks
belong to the monoclinic Ga2O3 core (ICDD-PDF #41-1103) and are interpreted in Fig.
S1(a). In the case of the sulfurized Ga2O3 NWs (Fig. 2(a)), formation of monoclinic
Ga2S3 phase (ICDD-PDF #48-1434) takes place in the whole tested temperature range
from 400°C to 600°C. On the other hand, hexagonal GaS phase (ICDD-PDF #48-1435)
start to appear at 520°C and above. As for the selenized Ga2O3 NWs (Fig. 3(b)),
monoclinic Ga2Se3 phase (ICDD-PDF #44-1012) is present in the samples prepared at
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Figure 3. X-ray diffraction patterns of (a) Ga2O3-Ga2S3 and (b) Ga2O3-Ga2Se3 coreshell NW arrays on Si(100)/SiO2 substrates, prepared at various temperatures. The
respective ICDD patterns for each phase are provided for reference.
temperatures starting from 500°C and above. The intensity of the Ga2Se2 peaks in
relation to the Ga2O3 ones increases significantly with rising temperature, indicating
that selenium vapour reacts more aggressively with Ga2O3 NWs. This is accompanied
by significant increase of surface roughness, as can be seen in Fig.S3. Bragg peak at 2θ
≈ 33° can be attributed to the Si(100) substrate (forbidden Si(200) reflection). XRD
results match well with the visual observations made by TEM – the samples with the
9

visible protruding crystals correspond to the ones containing GaS phase. The formation
of the hexagonal phase during the sulfurization and not during selenization could occur
because sulfur and H2S vapour are not as reactive as the selenium counterparts, which
might lead to anion deficiency and preferable formation of GaS phase alongside Ga2S3
in our tested synthesis parameter range. On the other hand, the chemically more active
selenium and H2Se vapour leads to the cation deficient Ga2Se3 phase [47]. GaSe can be
produced from Ga2Se3 at higher temperatures (960°C) and lower pressure (330 Pa) as
it was shown by Wu et al. [48]. In our case the synthesis was carried out at atmospheric
pressure in a temperature range 500-700°C resulting in pure Ga2Se3 shell formation.
Furthermore, since GaS hexagonal layered crystal structure does not match the Ga2S3
monoclinic structure, GaS crystals grow outwards due to the large lattice mismatch.
Room-temperature micro-Raman spectroscopy was used to confirm the
presence of the respective compounds in the as-prepared core-shell NWs. Raman

Figure 4. Micro-Raman spectra of (a) Ga2O3-Ga2S3 and (e) Ga2O3-Ga2Se3 coreshell NWs, both prepared at 600°C. XPS spectra of the same (b-d) Ga2O3-Ga2S3 and
(f-h) Ga2O3-Ga2Se3 NWs, showing the peak scans of the detected elements.
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spectra of Ga2O3-Ga2S3 NWs (Fig. 4(a)) contains several peaks: the ones at 186, 284
and 352 cm-1 can be attributed to GaS A11g, E12g and A12g modes, respectively [49],
while the 240 and a weaker 384 cm-1 peak belong to Ga2S3 A1g and F2g modes,
respectively [37]. As for Ga2O3-Ga2Se3 core-shell NWs (see Fig. 4(e)), Raman peak
features measured at 156, 195, 245 and 284 cm-1 can be indexed to A1, A1, A′ and F2
vibration modes in Ga2Se3, respectively [32]. Furthermore, an XPS analysis was
performed in order to verify the chemical composition of the core-shell NW arrays on
the Si(100)/SiO2 substrates. Survey spectra are depicted in Fig. S4(a,b) and did not
contain any peaks of possible contaminant elements. High-resolution spectra of Ga3d,
O1s, S2p and Se3d were acquired (see Fig. 4(b-d) and (f-h) for sulfurized and selenized
Ga2O3 NWs, respectively) and calibrated relative to adventitious C 1s peak at 285 eV
binding energy. None of the peaks exhibited any observable shift in binding energy due
to the change of the chemical states after sulfurization or selenization, as well as no
distinction between Ga2S3 and GaS chemical states was possible to be made. The
characteristic Ga3d peak is located at 20.2 eV binding energy, while the O1s peak at
around 530.4 eV. After sulfurization of Ga2O3 NWs, S2p peak, characteristic for metal
sulfides, emerged at 161.3 eV. Worth noting that S2p peak in gallium sulfide
compounds also contains contribution of Ga2s peak, as shown in the fitted scan in Fig.
S4(c). Lastly, Ga2O3-Ga2Se3 core-shell NW samples exhibited Se3d peak at 54.8 eV,
thus confirming the formation of a selenide compound in the nanostructures.
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PL spectra, measured at room and 30K temperature, for Ga2O3-Ga2S3 and
Ga2O3-Ga2Se3 core-shell NWs and pure Ga2O3 NWs are depicted in Fig. 5. The PL
intensity is depicted in arbitrary units and does not contain information about relative
intensities between the measured spectra. PL of all samples consists of many
overlapping peaks and thus analysis is challenging; however, some features can be
identified. Pure Ga2O3 (see Fig.5(a)) commonly exhibits a wide blue-green PL defect
band ranging from around 380 to 650 nm, which is well studied and consists of various
overlapping contributions of recombination between donor and acceptor bands, formed
by oxygen vacancy / Ga2+ and gallium vacancy / gallium-oxygen vacancy pairs,
respectively [50,51]. This blue-green Ga2O3 defect band is present in all the measured
spectra for the sulfurized and selenized samples. The PL spectrum of the Ga2O3-Ga2S3
NWs (see Fig.5(b)) contains another defect band centred at around 680 nm, which is
attributed to transition between two deep acceptor and donor levels in Ga2S3, located at
0.4 eV above the valence band and 1.1 eV below the conduction band, respectively
[27,35]. Some contribution to the PL spectrum might also come from GaS [52]. As for
the Ga2O3-Ga2Se3 core-shell NW PL spectrum (see Fig.5(c)), two peaks can be
resolved at 645 and 695 nm while measuring at 30K, matching free exciton and bound

Figure 5. Photoluminescence spectra of (a) pure Ga2O3, (b) sulfurized and (c)
selenized (both at 600°C) NW array. Spectra were measured at 30K and room
temperature with 266 nm excitation wavelength.
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exciton emissions in Ga2Se3, respectively [32]. At room measurement temperature only
one peak can be distinguished at 680 nm, which consists of contributions from the bandedge free exciton combined with the bound exciton and defect emissions, as previously
shown by Ho [32].
Two-terminal single-nanowire photodetectors were fabricated from the asprepared core-shell NWs, as well as from the pure Ga2O3 NWs. Ga2O3 NWs exhibited
very low conductivity (see Fig.S5) and no response to visible light. Fig. 6(a) and (c)
shows the measured dark state current-voltage (I-V) characteristics for Ga2O3-Ga2S3
(prepared at 600°C) and Ga2O3-Ga2Se3 (prepared at 500°C) core-shell NWs,
respectively. The insets show optical microscope images of typical single-nanowire
two-terminal photodetector devices for each material. I-V curve for Ga2O3-Ga2S3 NWs
shows linear behaviour, indicating that ohmic contacts formed between Cr layers in
electrodes and Ga2S3 as has been demonstrated previously [39]. In contrast, the I-V
curve for Ga2O3-Ga2Se3 NWs exhibits asymmetric Schottky behaviour in pA range
[33]. The strong current saturation at higher positive bias voltages could be explained
by contribution of space-charge limited current (SCLC), which is often observed in
nanoscale devices when charge carriers are forced into small volume and start screening
each other [53]. Since the pure Ga2O3 NWs demonstrated very poor conductivity, most
probably the current in the prepared core-shell NWs mainly flows through the few
nanometres thick shell. The devices were periodically illuminated with 405 nm
wavelength light in order to study their photoresponse properties as shown in Fig. 6(b)
and (d) for Ga2O3-Ga2S3 and Ga2O3-Ga2Se3 core-shell NWs, respectively. The devices
were also tested for 532 nm and 660 nm laser light; however, no response was observed.
On-off measurements demonstrate a steady, rapid and repeatable increase and decrease
of the current when the illumination of Ga2O3-Ga2S3 NWs is turned on or off,
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respectively; therefore, showing good stability and reversibility of the devices. Rise and
decay time of the devices, defined as the required time for the photocurrent to increase
or decrease to 90% or 10%, was determined to be around 30 ms. Important to note that
the role of the GaS phase, present in the Ga2O3-Ga2S3 core-shell NWs, on device
performance is still unclear and should be elucidated – presumably the mixture of two
semiconductors introduces structural defects, which degrade the electrical properties of
the shell. Similar results were obtained for Ga2O3-Ga2Se3 core-shell NW devices,
however, the dark current (around 1 nA) and the generated photocurrent (3-4 nA) was
more than a magnitude higher (tens of pA in Ga2S3), meaning higher responsivity, and
the rise and decay time was measured to be around 40 and 900 ms, respectively. The
longer decay time is typically associated with charge carrier trapping centres [54]. The
current enhancement ratios (Ion/Ioff) for the both prepared materials nanostructures were

Figure 6. Ga2O3-Ga2S3 single nanowire, prepared at 600°C, (a) dark state I-V
characteristics, (b) on-off photoresponse at different bias voltages. Ga2O3-Ga2Se3
single nanowire, prepared at 500°C, (c) dark state I-V characteristics, (d) on-off
photoresponse at different bias voltages. 405 nm wavelength light with 0.5 W/cm2
intensity was used for illumination in the photoresponse measurements. The insets
show optical microscope images of typical single-nanowire two-terminal
photodetector devices for each material. Scale bars correspond to 10 μm.
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measured to be at around 4-5. Ultimately, Ga2O3 NWs show promise as a convenient
template for Ga2S3 and Ga2Se3 semiconductor growth, which could enable the materials
applicability in

next-generation nanoscale

optoelectronic devices,

such as

photodetectors.

5. Conclusions
In this work, we demonstrated growth of Ga2O3-Ga2S3 and Ga2O3-Ga2Se3 coreshell NWs, in which the shell was obtained during high-temperature sulfurization and
selenization process of pure Ga2O3 NWs, respectively, in a chemical vapour transport
reactor. Synthesis of pure Ga2S3 and Ga2Se3 1D nanostructures is complicated,
however, Ga2O3 is a convenient template for Ga2S3 and Ga2Se3 growth due to the simple
synthesis process and the similar crystal structures. In the case of sulfurization, Ga2S3
shell formation was observed above 400°C, however, GaS phase also forms as
protruding crystallites at temperatures higher than 520°C. As for Ga2Se3, formation of
other phases was not observed at 500-700°C. Generally, at lower reaction temperatures
continuous, few nanometres thick shells grow, while higher process temperature leads
to increase of nanostructure surface roughness. Furthermore, single-nanowire
photodetector devices were fabricated in order to demonstrate their electric and
photoconductive properties, which show promise for the nanostructure application in
next-generation nanoscale electronic and optoelectronic devices.
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