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Abstract

While gallium oxide Ga>Os3 has recently shown promise as a new ultra-wide bandgap
semiconductor in the form of thin films and nanowires (NWs), its widespread applicability is
limited due to lack of native p-type conductivity, thus requiring fabrication of heterojunctions.
A potential matching material is spinel zinc gallate ZnGaOa. In this work we demonstrated
and compared two novel approaches of one-dimensional Ga>03-ZnGa,O4 core-shell NW
heterostructure preparation: (a) a direct deposition of a ZnGa»O4 coating using a reactive
magnetron co-sputtering; (b) annealing of a sacrificial few-nm-thick ZnO coating, deposited
via atomic layer deposition, at high temperature to enable solid state reaction between ZnO and
Ga>03. The as-grown nanostructures were characterized via scanning and transmission electron
microscopies, X-ray diffraction and X-ray photoelectron spectroscopy. Room temperature
optical features were disclosed using photoluminescence and optical absorption. While both
methods are viable for production of the heterostructures, smoother and more uniform ZnGa;O4
coating around Ga2O3 NWs was obtained via sacrificial layer conversion in comparison to the
sputter-deposited one. These heterostructures could potentially be used for photocatalysis and
nanoscale ultra-wide bandgap electronics.
Keywords: Al. Characterization; A3. Chemical vapor deposition processes; A3. Physical
vapor deposition processes; B1l. Gallium compounds; Bl. Oxides; B2. Semiconducting

materials.



1. Introduction

Nanowires (NW) are one-dimensional nanostructures, which exhibit promising
properties and new functionalities due to their large surface-to-volume ratio [1,2]. During the
last two decades NWSs have been extensively studied for applications in next-generation
nanoscale electronic and photonic devices [2,3], sensors [4,5], energy storage and conversion
[6-8]. Through further modification of their surface one can enhance or tune the nanostructure
properties for the desired application, as well as NW surface can exhibit smaller lattice
mismatch constraint for heterostructure preparation in comparison to thin films growth [9-13].
Such radial 1D-1D core-shell NW heterostructures can be used in efficient electronic and
optoelectronic devices [11,14,15].

Gallium oxide (Ga203) has recently shown promise as a new ultra-wide bandgap
(around 4.9 eV) semiconductor [16,17], thus the material has been mainly studied for
applications in power electronics [18,19] and ultraviolet (UV) optoelectronics [20]. Alongside
thin films, potential of Ga>Oz has also been demonstrated in form of NWs for solar-blind deep-
UV photodetection [21-23], electronics [24] and sensing [25,26]. One of the main limiting
factors for more ubiquitous use of Ga20s in electronics is the lack of p-type conductivity in the
material [27]. While n-type conductivity is easily obtainable by doping with Si or Sn [27,28],
p-type conductivity in Ga»Oz is practically unattainable due to deep acceptor levels, relatively
high effective masses of holes and formation of trapping centres [29]. Therefore, the lack of a
native p-type conductivity promotes the search for a matching material for heterojunction
fabrication [30,31].

Spinel zinc gallate (ZnGa>Os4) has recently emerged as a potential bipolar material for
ultra-wide bandgap electronics [32,33]. It has 4.6 — 5.2 eV wide bandgap, p-type conductivity,
high chemical and thermal stability, hence the promising applicability in power electronics and

elsewhere [34-36]. Spinels obey different doping rules (‘self-doping’) from traditional binary



semiconductor oxides because of their multivalent elements and various possible sites, such as
the antisite defects, due to the inverted distribution of cations; therefore, making n- and p-type
conductivity possible. An acceptor level can be achieved by promoting antisites (Znga) defects,
while high donor concentration can be obtained due to the hybridization of the Zn-O orbitals
in material grown in Zn-rich conditions [33]. ZnGa>O4 has been studied not only in the form
of thin films but NWs as well [37,38]. It can be epitaxially grown on B-Ga>03 [39], and this
heterostructure have been demonstrated in efficient photocatalysis due to its favourable type-
Il band alignment [40,41]. Despite the promise in heterojunction fabrication for electronics and
photocatalysis applications, this material combination has been little studied.

In this work we demonstrated and compared two novel approaches of one-dimensional
Ga203-ZnGaz04 core-shell NW heterostructure preparation: (a) a direct deposition of a
ZnGax04 coating using a reactive magnetron co-sputtering of zinc and gallium targets in
oxygen background gas; (b) annealing of a sacrificial few-nm-thick ZnO coating, deposited via
atomic layer deposition (ALD), at high temperature to enable solid state reaction between ZnO
and Ga»0s. Such heterostructures could potentially be used for photocatalysis and nanoscale

ultra-wide bandgap electronics.

2. Experimental details

Pure Ga>03 NWSs were synthesized via atmospheric pressure chemical vapour transport
method in a horizontal quartz tube reactor using vapour-liquid-solid mechanism and gold
nanoparticles as a catalyst. The procedure and characterization of the as-grown NWs has been
reported in our previous work [31]. The ZnGa2O4 shell was grown around the Ga,O3z NWs
using two different approaches: (a) direct deposition of a ZnGa;O4 coating using a reactive

magnetron co-sputtering of zinc and gallium targets in oxygen background gas; (b) annealing



of a pre-deposited few-nm-thick ZnO coating at high temperature to enable solid state reaction
between ZnO and Ga;0s3 [39,42].

A 50 nm thick ZnGazO4 film was deposited on Ga,0O3z NWs at 600°C by reactive direct
current (DC) magnetron co-sputtering from metallic Zn (American Elements, 99.95%) and Ga
(PI-KEM, 99.999%) targets in an Ar(99.9999%)/02(99.999%) atmosphere. The deposition was
performed using a G500M.2 PVD coater (Sidrabe Vacuum, Ltd.) equipped with planar
balanced magnetrons (150 mm x 75 mm). The Ga target was in a liquid state during sputtering
and placed under the substrate holder parallel to the ground at a distance of 11 cm. The Zn
target was placed next to the Ga target and turned towards the substrate. The base pressure was
<7x10* Pa in a turbomolecular pumped chamber. The sputtering pressure was set to 0.50 Pa
by feeding 30 sccm (standard cubic centimetres per minute) of Ar, 11 sccm of Oz, and partly
closing the throttle valve between the chamber and the pump. Simultaneous sputtering of both
targets in DC mode was carried out by a two-channel power supply (Melec, SIP2000USB-10-
500-D). The Ga target was sputtered at a constant power of 100 W. Control of the sputtering
process was achieved by optical emission spectroscopy (OES), i.e., the sputtering power of Zn
was controlled by keeping the ratio lca/lzn cOnstant at 2.5, where lgaand Izn are the intensities
of the excited Ga (417 nm) and Zn (481 nm) emission lines, respectively. In the particular case,
the average Zn sputtering power was 145 W. X-ray diffraction (XRD) pattern, scanning
electron microscope (SEM) surface image, and UV-Vis-NIR spectroscopy measurements of a
290 nm thick film on a fused quartz deposited at the same conditions is shown in Fig. S1 for
reference.

Amorphous ZnO coating was deposited on the Ga;Osz NWSs using atomic layer
deposition (ALD, Veeco, Savannah S100). 90 cycles of H.O and diethylzinc (DEZn) injection
pulses at 150°C temperature led to growth of a 15 nm thick film. Afterwards, the as-prepared

Ga203-Zn0 core-shell NWs were annealed in air for 20 minutes at various temperatures. 850°C



was found to be the optimal temperature for obtaining few-nm thick ZnGazOa shell. All the
results below are given for the sample prepared at these parameters unless noted otherwise.

As-grown core-shell NW morphology was characterized using a SEM (Lyra, Tescan)
together with energy-dispersive X-ray spectroscopy (EDX) elemental mapping. The NW
crystalline structure was studied using a transmission electron microscope (TEM, Tecnai
GF20, FEI) operated at a 200 kV accelerating voltage. The phase composition was determined
by XRD using Rigaku MiniFlex 600 X-ray powder diffractometer with Bragg-Brentano 6-20
geometry and 600W Cu anode (Cu Ka radiation, A = 1.5406 A) X-ray tube. The chemical
composition of the NW samples was confirmed with X-ray photoelectron spectroscopy (XPS)
measurements performed using an X-ray photoelectron spectrometer ESCALAB Xi
(ThermoFisher). Al Ko X-ray tube with the energy of 1486 eV was used as an excitation source,
the size of the analysed sample area was 650 um x 100 um and the angle between the analyser
and the sample surface was 90°. An electron gun was used to perform charge compensation.
The base pressure during the spectra acquisition was better than 107 Pa.

The room-temperature photoluminescence (PL) measurements were recorded using a
custom-made setup. PL was excited using a pulsed solid-state 266 nm laser (4-th harmonic
Nd:YAG; > 0.5 pJ). The laser beam was unfocused to avoid damaging the sample. The power
density was controlled between 90-650 kW/cm? with fused-silica gradient filter. PL was
dispersed by using the 500 mm focal length monochromator (Andor SR-500i; UV-VIS
gratings: 1200 g/mm blazing at 300 nm; 600 g/mm blazing at 1000 nm) and focused into
photomultiplier tube (PMT) (ACC-SR-ASM-0047; Oxford instruments). The conventional
lock-in detection system (SR830; Stanford Research Systems) was used to extract the emission
signal. Further experimental details can be found in ref. [43]. Diffusive reflectance spectra were
measured in the Shimadzu UV-3600 two beam spectrometer, equipped with a multi-purpose

compartment MPC-3100 by means of an integrating sphere (of the 60 mm diameter) coated by



barium sulphate. All spectra were measured relatively in respect of UV-Enhanced aluminium

(Al mirror and corrected by a known absolute reflectance spectrum of the mirror.

3. Results and discussion

The morphology of the as-grown NWs was studied using SEM. Pure Ga,O3 NWs (see
Fig.1(a)) were typically straight, exhibited smooth surface and uniform diameter along their
length. When ZnGa,O4 film was deposited on top of the NWs via reactive magnetron sputtering
(see Fig.1(c)), the NW surface roughness visibly increased, as well as some curvature appeared
for a large portion of NWs possibly due to non-uniform deposition of the film leading to
epitaxial strain bending. On the other hand, when ZnGa,O4 coating was obtained on the Ga;03
NWs via conversion of a pre-deposited ZnO ALD coating, the NWs still appeared smooth,
straight and with a uniform diameter (see Fig.1(e)). EDX mapping was performed in SEM in
order to confirm the homogenous distribution of the chemical elements along the length of the

as-prepared NWs (Fig.1(b,d,f)). In the both core-shell NW cases, Zn was present all along the

7’ : Ga,0,-ZnGa,05 NWs
via reactive sputtering

Zn-La 0-Ka

Figure 1. SEM images and EDX elemental mapping of (a,b) pure Ga.O3 NWSs, Ga;03-ZnGa>04

core-shell NWs prepared via (c,d) reactive magnetron sputtering and (e,f) conversion of a pre-
deposited ZnO ALD coating. The EDX mapping shows the uniform distribution of the ZnGa>0O4

shell along the nanowire; the scalebar corresponds to 2 pum.
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NW axis, indicating uniform ZnGazOs shell growth. The same was observed for Ga and O,
however, the main contribution of the signal here most probably is from the Ga,Os core.
High-resolution TEM was used to reveal the inner structure of the core-shell NWs. The
core and the few-nanometre shell can be distinguished in the lower magnification images (see
Fig.2(a,c)) due to the contrast difference. In the case of the NWs prepared via Ga;03-ZnO
conversion the thin shell was uniformly grown around the NW, while the sputter-deposited
ZnGaz04 coating typically had a significant thickness difference between the opposite sides of
NWs. Since ALD is not a line-of-sight method, the sacrificial ZnO atomic layers were initially
deposited homogenously across the whole NW array, therefore a uniform ZnGa;O4 coating
forms after the high-temperature annealing. Around 4 nm thick ZnGa,QO4 shell was obtained

from a 15 nm thick ZnO coating, which indicates probable ZnO evaporation alongside the
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Figure 2. TEM images at different magnifications and corresponding SAED patterns of Ga>Oz-
ZnGaz04 core-shell NWs prepared via (a,b) reactive magnetron sputtering and (c,d) conversion of

a pre-deposited ZnO ALD coating; the insets show the measured d-spacings.



diffusion into the Ga>Os core and the subsequent solid-state reaction. On the other hand,
magnetron sputtering is generally considered as a line-of-sight deposition method, therefore,
the “shadow” effect leads to a thickness non-uniformity of the coating on the variously oriented
NWs. Selected-area electron diffraction (SAED) analysis confirmed the monoclinic phase of
Ga203 core; however, no diffraction signal was obtained from the few-nm thick shell. The
crystalline structure of the core-shell NWs can be seen in the higher magnification images (see
Fig.2(b,d)). For both preparation methods, the interplanar distance values (d-spacings) in the
shell were measured to be around 2.9-3.0 A, which matches well the interatomic distances for
(220) planes seen in (111) projection of spinel ZnGa04 crystal (ICDD-PDF #38-1240; see
Fig.S2 in Supporting information file) [38]. Similarly, the interplanar distance values for the
core was also measured to be around 2.8-2.9 A [44,45], being in a good agreement with the
monoclinic Ga;03 phase (ICDD-PDF #41-1103).

The presence of the respective crystalline phases in the NW arrays on Si(100)/SiO2
substrates was confirmed using XRD measurements (see Fig.3(a)). All the patterns contained
Bragg peaks from the monoclinic Ga2Os NWs (ICDD-PDF #41-1103). Relatively weaker
Bragg peaks of spinel ZnGa>04 phase (ICDD-PDF #38-1240) can be identified in both core-
shell NW samples despite the small thickness (few nm) of the coating. Bragg peak at around
33° was attributed to the Si (100) substrate (forbidden Si (200) reflection). XRD patterns for
core-shell NWs prepared via conversion of a pre-deposited 15 nm thick ZnO at different
temperatures are shown in Fig.3(b). 850°C was found to be the optimal temperature for
obtaining few-nm thick ZnGa,O4 shell, while lower temperature did not enable the solid-state
reaction between Ga»;Os and ZnO, and a higher temperature led to an extensive evaporation of
the ZnO film. The evolution of the phase composition for core-shell NWs with different
sacrificial ZnO coating thicknesses can be seen in Fig.3(c). No detectable spinel ZnGa>O4

phase was observed for 5 nm thick sacrificial coating, while the optimal thickness for a few-



nm thick ZnGaz04 shell formation was found to be 15 nm. Thicker ZnO coatings (e.g., 30 nm)
led to a significant XRD signal reduction for Ga;Os and increase for ZnGa,O4 phases,
respectively, a drastically increased NW surface roughness due to a formation of large
ZnGaz04 crystallites (see TEM images in Fig.S3 in Supporting information file), and

emergence of a small amount of left-over crystalline ZnO.
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Figure 3. (a) X-ray diffraction (XRD) patterns of pure Ga,O3 NW and Ga>03-ZnGa»04 core-shell
NW arrays on Si(100)/SiO> substrates prepared via reactive magnetron sputtering and conversion of
a pre-deposited ZnO ALD coating. Spinel ZnGa204 (111) peaks at 18.4 deg are shown in insets for
better clarity. The respective ICDD patterns for each phase are provided for reference. XRD patterns
of Gax03-ZnGay04 core-shell NW arrays prepared via conversion of a pre-deposited ZnO ALD
coating (b) at different annealing temperatures (15 nm thick sacrificial ZnO coating) and (c) different
ZnO sacrificial coating thickness (annealed at 850°C). The orange XRD pattern in (a-c) is for the

same sample prepared at 850°C from a 15 nm thick ZnO coating.



An XPS analysis was performed in order the verify the chemical composition of the
prepared Ga;03-ZnGa,0s4 NWs. High-resolution spectra of Zn 2p, Ga 3d and O 1s were
acquired and calibrated relative to adventitious C 1s peak at 285 eV binding energy.
Qualitatively similar results were acquired for both synthesis methods (see Fig.4). Zn 2pasn
peak was located at 1022.0 eV (spin-orbit splitting Asp-12 = 23 eV), Ga 3d peak at 20.0 eV,
and O 1s at 530.4 eV, which matches the binding energies of constituent elements in ZnGa;O4
compound [33,46]. Worth noting that O 1s peak also contains a contribution at around 532—
533 eV from organic surface contaminants (C-O chemical state) and can be seen as a minor
shoulder. No significant chemical shift was observed in comparison to pure Ga.O3 NWs and
ZnO-coated Ga,0O3 NWs (see Fig.S4 in Supporting information file).

The optical properties of Ga>03-ZnGa»04 core-shell NWSs prepared via conversion of a
pre-deposited ZnO ALD coating were investigated and compared to pure Ga;Os NWSs. The

complex optical characterization approach, including the emission- and absorption-type optical
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Figure 4. XPS spectra of Ga,03-ZnGa;04 core-shell NW arrays on Si(100)/SiO2 substrates
prepared via (a-c) reactive magnetron sputtering and (d-f) conversion of a pre-deposited ZnO

ALD coating, showing the peak scans of the detected elements.

10



spectroscopy allows obtaining the important Stokes shift energy parameter Es. By comparing
the photoluminescence (see Fig.5(a)) and optical absorption (see Fig.5(b)) data, the Stokes
shift energy of Es > 1.1 eV is established, considering the very start of the absorption onset. A
simple analysis suggests that such a high Es value should indicate the abundance of deep-defect
states in the studied NW samples, with the dominant defect-related optical transitions in the
emission spectra. Indeed, UV and blue luminescence are closely related to the concentration of
02 vacancies, also the role of surface states in NW structures cannot be neglected. Room
temperature normalized PL spectra for pure Ga203 and Ga203-ZnGa204 core-shell NWs is
shown in Fig. 5(a). Evidently, the high energy PL features of pure Ga,O3 and Ga,03-ZnGaz04
NWs match around 3.4 eV. It has been established that PL feature at 3.444 eV (360 nm) should
be attributed to self-trapped excitons [47]. However, at lower energies the asymmetric PL shape
of pure Ga;0O3 sample indicate a broad blue-band centred at 3.016 eV (411 nm), as deduced
from Gaussian decomposition of PL spectrum (see Fig.S5(a)). The latter PL feature is
associated with the recombination of a trapped electron in a donor with a trapped hole in an
acceptor [47]. While for the Ga203-ZnGaz04 core-shell NWs sample a prominent low energy
PL feature was established at 2.806 eV (442 nm; Fig.S5(b)), which is related to the self-
activation centre of the octahedral Ga-O group in the spinel ZnGa,Os-shell lattices [48,49]. The
diffuse reflectance R~ was measured using an integrating sphere. Absorption spectra was
analysed using the Kubelka-Munk approach, taking into account the pseudo-absorption
function and considering absorption coefficient under sigmoid-Boltzmann approach [50,51].
The technical details on the method are given in Supporting information file. Experimentally-
derived Kubelka-Munk absorption ax-m spectra for the pure Ga,Oz NWs along with Ga>Os-
ZnGa>04 NWs are shown as symbols in Fig.5(b), and sigmoid-Boltzmann function fit, giving
reasonable results of the bandgap energy, shown as solid grey lines. For pure Ga;0Os NW

sample the estimated Eq = 4.821 eV show good agreement with the established direct energy
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bandgap value for B-Ga>03 (Eq = 4.9 eV). Whilst for Ga,03-ZnGa>04 core-shell NW sample,
the absorption onset of «(E) spectrum is clearly composed of two different slopes (see Fig.

5(b)), owing to the absorption in Ga;03 (Eq = 4.674 eV) and ZnGa204 (Eg = 5.013 eV) parts of

the NWs - ensemble, respectively.
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5. Conclusions

Two novel approaches of one-dimensional Ga03-ZnGa,Os core-shell NW
heterostructure preparation have been demonstrated: (a) a direct deposition of a ZnGazO4
coating using a reactive magnetron co-sputtering of zinc and gallium targets in oxygen
background gas; (b) annealing of a sacrificial few-nm-thick ALD ZnO coating to enable solid
state reaction between ZnO and Ga2Os. 850°C was found to be the optimal annealing
temperature for obtaining ZnGa>0O4 shell, whilst a lower temperature did not enable the solid-
state reaction between Ga>Os and ZnO, and a higher temperature led to evaporation of the ZnO
film. The as-grown nanostructures were characterized by SEM-EDX, TEM, XRD and XPS.
Structural findings were corroborated with room temperature PL and optical absorption
spectroscopy, establishing the optical bandgap values and emission features associated with
Ga203 and ZnGa204. While both methods are viable for production of such heterostructures,
smoother and more uniform ZnGa2O4 coating around Ga,O3 NWs was obtained via conversion
of a pre-deposited ZnO ALD layer in comparison to the sputter-deposited one, if the sacrificial
layer thickness is selected in the optimal range. Such one-dimensional Ga>03-ZnGazO4 core-
shell heterostructures could potentially be used for photocatalysis and nanoscale ultra-wide

bandgap electronics.
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