Nano-sculptured vanadium oxide thin films for benzene detection
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Abstract: DC magnetron sputtering was used to prepare nano-sculptured vanadium oxide thin films and
their gas sensing properties were investigated for the detection of benzene traces in the air. Oblique nano-
structures showed excellent responses to benzene, as well as good repeatability and stability, which makes
it a very reliable sensor for the detection of very low concentrations of benzene (a few ten ppbs) in air and

under realistic conditions of humidity, as high as 60% RH at 25°C.

Keywords: GLAD sputtering, benzene, vanadium oxide, gas sensor

1. Introduction

Prolonged inhalation of benzene, even at minimal concentrations, can gradually contribute to the
development of various diseases such as aplastic anemia, leukemia, and multiple myeloma, both in the
short and long term [1]. The major sources of benzene exposure are automobile service stations, tobacco
smoke, exhaust from motor vehicles, and industrial emissions. Real time and in situ identification of this
toxic compound in the air is challenging and today the only devices available for monitoring benzene
including gas chromatography-mass spectroscopy systems [2], Fourier transform infrared (FTIR) single-
beam spectrophotometer [3] or photoionization detectors [4] are very expensive and deployment for in
situ analysis is an issue. Metal oxide semiconductors (MOS) gas sensors are very promising for this
particular application as they are sensitive to a wide range of chemical species, small in size, easy to use
and highly flexible in the manufacturing process. Among the most studied metal oxides, tin and tungsten
oxides have shown their ability to detect toxic compounds including benzene [5]. Besides its chemical and
thermal stability, vanadium pentoxide (V20s) exhibits very interesting electronic and optical properties.
This compound has already been extensively studied for the development of photodetectors [6], UV
sensors [7], gasochromic sensors [8] and so on. It is only in recent years that vanadium oxides have

attracted the attention of researchers for gas sensing application [9]. Regarding benzene detection,



existing literature only notes the use of V20s as a dopant in SnO2-based gas sensors [10]. The present work
focuses on the elaboration of miniaturized gas sensors based on pure V:0s using conventional and
GlLancing Angle Deposition (GLAD) sputtering methods for the detection of benzene in the air. Research
has already demonstrated that GLAD method is a highly promising technique for the development of MOS
gas sensors. This is due to its ability to precisely control the growth and architecture of the film, even at
the nanoscale [11, 12]. Here, we compare and discuss the sensing performances of both sensors tested in

the same conditions and under realistic relative humidity.

2. Experimental section

DC magnetron sputtering was used to deposit vanadium oxide thin films. Vanadium metallic target (purity
of 99.9 %, 51 mm diameter) was dc sputtered using a current | = 200 mA. Oxygen to argon flow rate ratio
was fixed at 0.6, leading to a total sputtering pressure of 0.3 Pa. Vanadium oxide films were simultaneously
deposited onto (100) silicon substrates and interdigitated electrodes equipped with micro-hotplate at two
different deposition angles (a = 0° and 80° for conventional and GLAD films, respectively). The deposition
time was adjusted to get a film thickness close to 200 nm. Films produced on silicon were used for
physicochemical characterization (XRD, XPS) while those elaborated onto interdigitated micro-electrodes
were used for examining morphology of films and sensing tests. A specially designed shadow mask was
employed to selectively deposit materials onto interdigitated micro-electrodes, resulting in a sensitive
area of approximately 0.02 mm?2. Sensing tests were performed under various concentrations of benzene
in nearly dry air (8% RH at 25°C) and under realistic conditions of relative humidity, as high as 60% RH at

25°C. Further details on the deposition and sensing procedure are in [12].

3. Results and discussion

Fig. 1 reveals the top view morphology of vanadium oxide films sputtered onto interdigitated electrodes
with two distinct angles, as-deposited and after the annealing treatment at 500°C for 24 hours. For film
prepared with conventional sputtering method (o = 0°), we observe well-defined individual rounded
nanostructures (size < 500 nm) with vertical orientation. After annealing treatment, the morphology is
preserved with an increase in size (~1 um). By depositing at an oblique angle (o = 80°), individual striated

and more regular nanostructures appear in the direction of the incoming atomic flux.
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Fig. 1: miniaturized vanadium oxide-based gas sensor and micrographs of sensitive films for conventional

and GLAD method. Arrows indicate the incoming flux of particles.

The morphology significantly changes with the annealing treatment, where nanostructures coalesce to

form a highly porous and inhomogeneous film

with some oriented structures. We have already

demonstrated that high porosity will likely result in outstanding LOD [12]. To further understand the

influence of annealing treatment on the crystallographic properties of vanadium oxide films, XRD was

performed on as deposited materials and after a thermal treatment of 250°C and 500°C in air.
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Fig. 2: (a) XRD patterns and (b) XPS high resolution spectra of V2p and O1s for conventional (o = 0°)

vanadium oxide thin film annealed at 500°C.



As-deposited thin films remain amorphous without crystallinity (Fig. S1 (a)). By increasing the annealing
treatment up to 500 °C (Fig. 2 (a) and S1 (a)), XRD pattern reveals several diffraction peaks between 10°
and 70° which are assigned to the a-V20s phase (orthorhombic, JCPDS Card no.41-1426, space group
Pmmn (59)). The average crystallite size is estimated at 15045 nm and the significant relative peak
intensities suggest a strong preferential orientation. The effect of the annealing treatment on the chemical
bonding states of both materials was also investigated using XPS technique (Fig. 2 (b) and S1 (b)). All films
exhibited similar surface chemistry, with no contamination. The decomposition of V2ps/2 and V2pi/2 peaks
indicates that thin films are essentially built-up of V20s and VO but the contribution of vanadium dioxide
decreases drastically when increasing temperature. The O1ls spectrum shows that lattice oxygen species
(Ou) corresponding to 0% ions connected to metal cations are dominant compared to the chemisorbed
oxygen species (Oc). It is well established that these chemisorbed species contribute to the overall
detection mechanism, and thus their quantity is directly linked to the gas sensor's detection performance
[12]. Figure S1 demonstrates that the annealing treatment increases the amount of Oc, indicating
enhanced sensing capabilities. The electrical response of MOS-based gas sensors is significantly affected
by their operating temperature. Fig. 3 (a) plots the variation of the normalized conductance of both
sensors for different sensing temperatures and under 313+4 ppb of benzene for 3 min in nearly dry air
(8% RH at 25°C). The optimized temperatures are 400 and 450°C for conventional and GLAD sensors,
respectively. The GLAD sensor shows much higher response compared to the conventional one. Fig. 3 (b)
depicts a sequence of real time responses of both sensors at their respective operating temperature and
under various benzene concentrations, randomly selected. Each concentration was replicated at least
three times. For both sensors, the limit of detection (LOD) was estimated to 28+4 ppb, which is two order
of magnitude lower than the occupational standards for benzene air concentrations (~ 1 ppm) [13]. For
both sensors, the normalized conductance gradually increases with the benzene concentration (Fig. 3 (c)).
Nevertheless, it is important to highlight that the conventional sensor reaches a smooth plateau for
concentrations above 100 ppb more quickly than the GLAD sensor. This is attributed to the rapid saturation
of the less porous sensitive layer obtained by conventional sputtering when increasing benzene
concentrations. To complete sensing tests, influence of relative humidity was also studied. Figure 3 (d)
illustrates the real-time normalized conductance of conventional and GLAD sensors to different benzene

concentrations under 30% and 60% RH at 25°C, which reflects typical indoor air humidity levels.
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Fig.3: (a) Evolution of the normalized response as a function of the sensitive surface temperature. (b) Real-

time response for various benzene concentrations. (c) Normalized response as a function of the benzene

concentration. (d) Real-time response for various benzene concentrations under 30% and 60% RH at 25°C.

It is noteworthy that the presence of humidity slightly affects the sensing response of both sensors, with
much noise for the conventional sensor although electric signals are still repeatable. The LOD is now

estimated to 364 ppb for both sensors.

Table 1: Non-exhaustive list of various types of metal oxide-based sensors for the detection of benzene.

Material Sensing LOD of benzene (ppm) / Refs.
temperature (°C) (tres/trec) (S)

Nano-sculptured V205 450 0.028 (75/115) This work

Ordered SnO2 nanorods arrays | 450 10 (1.5/-) [5]

Raisin(Pd-Co30a)-bread(Sn02) 325 5(-/-) [14]

structure

Pd-SnO2 NPs 400 1(15/15) [15]

WO:s nanosheets 320 50 (36/38) [16]



For the sake of comparison, Table 1 reports on the most relevant metal oxide-based gas sensors for the
detection of benzene. We notice that nano-sculptured vanadium oxide sensors exhibit better LOD than

previously reported MOS gas sensors, even under realistic conditions of humidity.

4, Conclusion

DC magnetron sputtering followed with an annealing treatment produced nano-sculptured vanadium
oxide thin films for the detection of benzene traces. Both deposition methods conduct to benzene sensors
with high sensitivity, stability and repeatability, but the well-developed porosity associated to the GLAD
method allows enhanced sensing performances of V.0s thin films, even with high level of relative

humidity.
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