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Abstract: Gallium oxide nanowires (NWs) were synthetized using a vapor-liquid-solid route via
carbothermal reduction. These NWs were characterized using XRD, SEM and TEM as well as
photoluminescence spectroscopy, confirming their crystalline nature. Gas sensors, based on
individual NWs, deposited on suspended microhotplates, were tested towards several gases of
interest at different temperatures. The sensing towards relative humidity provided the best results,
with responses up to 20% at room temperature (~25 °C).
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1. Introduction

Chemoresistive gas sensors based on metal oxide nanostructures exhibit sensitivities up to parts
per billions (ppb) towards different gases [1]. The high surface to volume ratio exhibited in
nanostructured materials, and especially in the nanowire (NW) morphology, is a very interesting
property in the field of gas sensing. At low temperatures, the adsorption and desorption steady-state
of chemical species present in the ambient occurs mostly in the surface, inducing charge transfer and
conductance changes in the sensor material. So, the use of NWs instead of thin films as main element
of a gas sensor might enhance the sensitivity and selectivity of the final device. The metal oxide
studied here is, the monoclinic -Ga20s is a wide band gap material, chemically and thermally stable,
well-known for its sensing properties at high temperatures [2—4]. This work focuses in the synthesis,
physical and optical characterization of B-Ga20s NWs followed by the fabrication and
characterization of single NW-based gas sensors.

2. Materials and Methods

Using a CVD quartz tube furnace connected to a gas injection system, the Ga:0s NWs were
synthetized via vapor-liquid-solid (VLS) mechanism, first reported by Wagner et al [5]. To lower the
evaporating temperature of the precursor material, pure gallium (III) oxide (99.99%) nanopowder,
was mixed with graphite powder in a 2:3 weight proportion in an agate mortar for 20 min, to promote
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a carbothermal reduction during the VLS process. In each experiment 0.25 g of precursor material
was used. The substrates were square pieces of Si, with a 0.5 um-thick SiO: layer. These substrates
were Au sputter-covered for 20 s, giving rise to a thin and discontinuous Au layer. The first step in
the VLS mechanism is to evaporate the precursor material, up to 950 °C, and transport it to the
substrates, kept at temperatures ranging 800 to 950 °C. The gaseous precursor species interact with
the gold particles and recrystallize as NWs with a diameter determined by the initial droplet size.
The system was kept at atmospheric pressure during the whole experiment under a flow of 100
mL/min of argon gas with a 5 N purity quality.

The Ga203 NWs were structurally investigated by Scanning (SEM) and Transmission Electron
Microscopy (TEM) and Grazing Incidence X-Ray Diffraction (GIXRD). Photoluminescence (PL) has
been used to further investigate the NWs.

For the fabrication of gas nanosensors, the grown Ga20s NWs were transferred to microhotplates
with embedded heater and pre-patterned electrodes and the NWs were electrically contacted using
a using Focused Electron Beam Induced Deposition (FEBID), following a method explained in detail
elsewhere [6]. Gas sensing measurements were performed with a self-constructed stainless-steel gas
chamber, of 8.6 mL volume, connected to a self-made gas injection system with 4 Bronkhorst Mass-
Flow Controllers. Constant flow of 200 mL/min was kept for the gas measurements. A Keithley 2602A
dual Source Measure Unit allowed to control simultaneously the sensor’s resistance and the voltage
for heating the microhotplate, using a home-developed Labview software.

3. Results

3.1. Physical Characterization

In our experiments, NWs growth occurs at two different distances from the evaporating source:
2 and 30 cm. In each of them a gold tip at the end of the NWs can be identified, confirming the VLS
mechanism. Some nanoplateaux have also been formed, as seen in Figure 1 [7]. The lengths of the
NWs ranged 1 to 20 um of length, while diameters lied between 10 and 50 nm. The NWs grown at
different source distances showed different morphological features related to their structural and
optical properties, which are discussed later.

Figure 1. Gallium Oxide nanowires grown at 30 cm from evaporating source (left) and a detail of a
nanoplateaux (right).

3.2. Structural Characterization

GIXRD measurements were performed at small angle (0 = 0.5°) to increase the interaction
volume of the thin Ga:0s grown NW layer with the incident X-rays. Figure 2 shows two spectra
corresponding to the samples grown at 2 and 30 cm from the evaporating source. These spectra
perfectly match the standard pattern of monoclinic $-Ga:0s (JCPDS card 43-1012), with lattice
parameters a = 1.2227 nm, b = 0.30389 nm, c = 0.58079 nm, ot =y = 90° and 3 = 103.82°, in agreement
with similar works [8-10]. Some additional peaks can be observed, corresponding to the gold catalyst.
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High resolution transmission electron microscopy (HRTEM) analysis of the NWs grown at 30
cm from the evaporating source confirms the monocrystallinity of the Ga:0s NWs, which grew
predominately along the (102) planes, as showed in Figure 3. Herein spots labeled as 1, 2 and 3
correspond to (112), (204) and (112) indexes respectively and the diffraction pattern is in
agreement with the [201] zone axis of monoclinic 3-Ga20s planes of the crystalline structure.
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Figure 2. X-ray diffraction spectra obtained from gallium oxide nanowires grown at 2 and 30 cm from

the evaporating source.
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Figure 3. Gallium Oxide nanowire (down) and its selected area electron diffraction with spots labeled
as 1, 2 and 3 corresponding to (112), (204) and (112) respectively (up).

3.3. Photoluminiscence Characterization

In each spectrum of the two samples with NWs, two different bands can be observed. A strongest
one, centered at about 580 nm (yellow) with quite uniform intensity along the whole sample’s surface.
And a weaker band, centered at about 430 nm (blue) that appears only in the areas with a high NW
density. In both cases showing Gaussian fitting curves, whose width is compatible with other
reported experiments [6], where these bands have been assigned to exciton recombination at defects
sites, such as oxygen vacancies or Ga-O vacancies. The sample at 30 cm from the precursor source
exhibits a stronger overall PL intensity, and a higher intensity of the blue component, that becomes
comparable to the yellow one [8-10]. This is shown in Figure 4.
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Figure 4. Photoluminescence spectra obtained from gallium oxide nanowires grown at 2 and 30 cm
of the evaporating source.

3.4. Gas Response of Single NW-Based Sensor

The resistance evolution of the contacted single Ga203 NWs were studied between room
temperature (~25 °C) and 250 °C towards different concentrations of oxygen (Oz), carbon monoxide
(CO), nitrogen dioxide (NO), relative humidity (RH) and ethanol (EtOH), all diluted in dry synthetic
air. In this work we only focused on the response towards relative humidity and oxygen, because
their effect can be clearly monitored at this relatively low temperatures, as Ga20s usually is operated
at temperatures above of 500 °C [11]. In the presence of oxygen, the response traces show an apparent
decrease in the resistance. The highest and fastest responses were measured at 250 and 150 °C,
respectively, and are presented in Figure 5. On the other hand, the response to relative humidity is
considerably high, even at room temperature, with changes up to 20%, with response times below 30
min and recovery times of 1 h, approximately.
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Figure 5. Resistance evolution of a single gallium oxide nanowire-based sensor towards different
pulses of oxygen in a synthetic air ambient at 150 and 250 °C
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4. Conclusions

In this work, gallium oxide NWs were synthetized via vapor-liquid-solid mechanism and their
crystalline nature was demonstrated using different techniques. Gas sensors, based on individual
NWs, deposited on suspended microhotplates, were fabricated and tested towards several gases of
interest at different temperatures. The best sensor response was provided towards relative humidity,
reaching values up to 20% at room temperature, and towards oxygen with values up to 8 to 90% at
150 and 250 °C, respectively.
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