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Thin nanostructured films are the state-of-the-art 
materials for detection of very low limits of toxic gases. The 
work presents a comparison between the properties of WO3 

thin films obtained by two different deposition techniques: 
Advanced Gas Deposition (AGD) and DC Reactive 
Sputtering. Films have been characterized by XRD, SEM and 
XPS. WO3-based sensors have selective sensitivity in H2S 
detection at operating temperature of 200°C and relative 
humidity specific to field applications. The potential 
interferences with CO2, SO2 and NH3 are negligible, 
highlighting the application potential of WO3. 

 
 

  
  Filmele subțiri nanostructurate sunt materiale de 

ultimă generație pentru detectarea concentrației foarte 
scăzute a gazelor toxice. Lucrarea prezintă o comparație 
între proprietățile filmelor subțiri de WO3 obținute prin două 
tehnici diferite de depunere: Depunere avansată de gaze 
(AGD) și DC Reactive Sputtering. Filmele subțiri au fost 
caracterizate prin XRD, SEM și XPS. Senzorii pe bază de WO3 

prezintă sensibilitate selectivă în detecția H2S la temperatura 
de operare de 200°C și umiditate relativă specific aplicațiilor 
din teren. Potențialele interferențe cu CO2, SO2 și NH3 sunt 
neglijabile, evidențiind potențialul aplicativ al WO3. 
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1. Introduction 

 
In the last decade, there has been an 

increase in industrialization and automation which 
have led to the emission of toxic gases such as CO, 
H2, NH3, NOX and SO2 compounds which causes 
serious impact on the environment and also on 
human health [1-2]. Therefore, gas 
detection/monitoring is essential for industrial 
process control, vehicle emission control, 
environmental monitoring as well as public and 
home security. Most of the studies are focused on 
detecting CO, CO2, O2, SO2, O3, H2, Ar, N2, NH3, 
VOCs, LPG, etc. because of their toxicity [3-6]. 

Sensors based on nanostructures play a 
significant role in the detection and monitoring of 
these toxic gases because of their high sensitivity, 
relatively low operating temperatures and a rapid 
response to the detected gas. Various materials 
such as metals, polymers, carbon-based materials 
and metal oxide semiconductors materials, etc. are 
widely used as sensing materials for sensors. 
Amongst all these materials, metal oxide 
semiconductors (MOS) such as zinc oxide (ZnO), 

 titanium dioxide (TiO2), tin oxide (SnO2), tungsten 
oxide (WO3), vanadium pentoxide (V2O5), and iron 
oxide (Fe2O3), cerium dioxide (CeO2), nickel oxide 
(NiO) etc. are used as sensor materials because of 
their high response, excellent selectivity, simple 
working principles, and good portability [7-12]. The 
major reason for their potential is the high active 
surface-to-volume ratio, which could increase the 
rates of the surface reactions by increasing the 
number of adsorption centers on the surface of the 
sensor layer [13]. Compared with other oxide 
materials, WO3 based sensors show remarkable 
performance because of their sensitivity in the 
detection of specific target gases such as O2, NO2, 
NH3, and H2S owing to their operability at elevated 
temperatures [14]. WO3 has a variety of oxidation 
states, electronic structure and microstructure 
morphology, so obtaining it has a rich physical and 
chemical performance advantages, and it is widely 
used in sensor parts [15-19]. This material is non-
stoichiometric. The crystal structure of WO3 is very 
complex, available in different phases (i.e. cubic, 
hexagonal, monoclinic and orthorhombic). It is an n-
type semiconductor material, having large band gap  
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(2.6–3.25 eV), however monoclinic (P21/n) are 
more studied for gas sensing. Its lattice parameter 
is a = 7.30 Å, b = 7.53 Å and c = 7.69 Å [4]. 
Searching appropriate techniques for fabricating the 
nanostructured coatings is one of the current 
research goals. 

Different deposition techniques have been 
used by researchers for the preparation of WO3 thin 
films, such as, spray pyrolysis, chemical 
precipitation, RF and DC magnetron sputtering, 
chemical vapor deposition, sol-gel methods, pulsed 
laser deposition (PLD), etc. [20-25]. 

However, some of these methods have 
certain limitations such as: high thermal budget, 
complicated processing technique, use of catalyst, 
long processing time, high cost, adaptability for 
mass production, unwanted byproducts, not being 
environment-friendly [26]. 

The aim of the present paper is to compare 
the properties of WO3 thin films obtained by two 
different deposition techniques: Advanced gas 
deposition (AGD) and DC Reactive Sputtering. 
 
2. Experimental work 

 
2.1. Materials 

Two types of substrates were used initially 
for the thin film deposition to establish the optimal 
conditions. From tungsten pellets, purity 99,9% 
(Plasmaterials Inc., USA), WO3 was deposited on 
glass microscope slides (Menzel Gläser, 
ThermoScientific) and silicon wafers (1 cm2). 
DropSens Interdigitated Gold Electrodes IDEAU 
200 (bands/gaps dimension 200µm, ceramic 
substrate dimensions: L 22.8 mm x W 7.6 mm x H 1 
mm) were used as a substrate, at the end. 

 
2.2. Sample preparation 

a) Advanced Gas Deposition method 
Nanocrystalline-nanoporous WO3 thin-film 

samples were prepared by heating W pellets (purity 
99.95%), placed in a carbon crucible, via an RF coil. 
The evaporated species were oxidized in a laminar 
gas flow comprising 0.1 l/min of oxygen (purity 
99.998%) and 20 l/min of helium (purity 99.997%). 
The oxidized W nanoparticles thus formed were 
transported through the transfer pipe into the 
deposition chamber, where WO3 deposits where 
formed on substrates attached to a programmable 
X–Y-moving platform. Helium was chosen as carrier 
gas since it is known to yield especially small 
particles. 

b) DC Reactive Sputtering method 
Nanocrystalline-nanoporous WO3 thin-film 

samples were prepared by using a 2-inch tungsten 
sputtering target (purity 99.95%), commercially 
purchased from plasmaterials.com. The vacuum 
chamber was initially evacuated at a base pressure 
of 2.66·10-4 Pa to remove all gas impurities and then 
backfilled by introducing a laminar gas flow  

 comprising 50ml/min of argon (purity 99.99%) and 
8 ml/min of oxygen (purity 99.998%). Plasma was 
ignited at a partial pressure of 4 Pa and by applying 
a DC power of 240 W at the cathode (the W target). 
The ionized argon gas atoms are driven to the 
substrate which is the anode attracting gas ions, 
electrons and the vaporized target coating atoms 
which oxidize during transfer and condense to form 
the WO3 thin film coating. 

Preliminary tests were done on glass 
microscope slides and silicon wafers, and the 
optimum deposition parameter results were 
selected, after a close analysis of all the process 
conditions, so that the specific thickness of 
commercial sensors to be obtained. Later on, they 
were used on Interdigitated Gold Electrodes to 
obtain the sensors. 

For Advanced Gas Deposition (AGD) 
method, the varying process parameters were 
power and speed. The power is the parameter that 
has a major influence on the thickness and the 
porosity (in terms of adherence) of the film. After a 
close analysis of the data set obtained after 5 
attempts, the optimal values to obtain the proper 
thickness of the film, are 1.3 KW for power and 1000 
st/s for speed. 

For DC Reactive Sputtering (DC) method, 
the W target was of approximately 5 cm and the 
varying process parameter was the time - 
influencing the film thickness. After 2 attempts could 
be established that the optimum time was of 45 
minutes and the power of 227 W. 
 The two samples analyzed below were 
denoted S1 (for AGD) and S2 (for DC sputtering). 

 
2.3. Characterization 

The X-ray diffraction (XRD) for thin films 
data were taken using a Siemens 5000 
diffractometer with CuKα1 radiation, with a 2θ range 
from 20° to 80° and the incident angle was kept at 
1°. Film morphologies were determined by 
scanning electron microscopy (SEM) for silicon 
substrate on which WO3 was deposited, using a 
Zeiss LEO 1550 FEG instrument with in-lens 
detector. The film thickness was measured via 
VeecoDektak 150 surface profilometry instrument. 
The X-ray photoelectron spectroscopy (XPS) 
measurements were recorded within a PHI 
Quantum 2000 Scanning ESCA Microprobe with a 
monochromatic Al Kα1 radiation X-ray source, 
having a beam diameter of 200 µm. Survey scans 
were measured with a pass energy of 93.9 eV and 
resolution of 0.4 eV where high resolution scans 
were measured with a pass energy of 23.50 eV and 
0.025 eV resolution. Energy range of the survey 
scans were 1100-0 eV. To control charging of the 
samples, a neutralizer filament is used in all 
measurements. Adventitious carbon’s 1s peak at 
248.8 eV is used to calibrate spectra in order to 
correct peak shifts due to charging.  
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Fig. 1 - Experimental set-up used for evaluation of the sensing performances of WO3-DC and WO3-AGD based gas sensors.   

                    Instalația experimentală utilizată pentru evaluarea performanțelor de detectare a senzorilor de gaz WO3-DC și WO3-AGD. 
 

 
 

Fig. 2 -  XRD pattern of S1 sample (WO3 deposited by AGD) and S2 sample (WO3 deposited by DC reactive sputtering).   
Graficul DRX al probei S1 (WO3 depus prin AGD) și al probei S2 (WO3 depus prin DC reactive sputtering).  

 
The sensing properties have been 

evaluated by a fully computer-controlled gas mixing 
system (GMS) equipped with high grade certified 
test gases. The GSM unit consists in eleven gas 
channels each of them driven by Bronkhorst mass 
flow controllers and two solenoid electrovalves 
(Figure1).  

The electrical resistance measurements of 
the WO3 gas sensor structures have been done 
using a Keithley 6517 A electrometer and Keithely 
2000 A multimeter. 

 
3. Results and discussions 
 
3.1. X-ray Diffraction (XRD) 

Figure 2 presents the XRD spectra of the 
WO3 thin films deposited by AGD and DC reactive 
sputtering. The qualitative analysis of the spectra 
shows the formation of cubic WO3 phase. 

Even though the layer of WO3 was 
deposited onto a glass substrate and analyzed with 
X-ray diffraction (XRD), the pattern presented an 
amorphous type style, making the calculus of the 
crystallites size doubtful, since the representative 
peaks of WO3 are unclear. The peaks tend to  

 present a big broad size, indicating small crystallites 
size of around 28.9 nm. The size of the crystals was 
computed using Scherrer formula applied on 
integral breadth. The cell parameter presents a 
value between 3.71 nm and 3.77 nm. 

The XRD spectra belonging to sample S2 
deposited by sputtering do not show very clear 
peaks, indicating an amorphous structure. 
However, sample S1 have tetragonal ∝-phase 
structure with some high intensity peaks. The first 
broad peaks contain both (001) at 22.9° and (200) 
at 24.1°, due to small crystallite size.  

When comparing the results from X-ray 
diffraction patterns, the AGD technique yields more 
crystalline samples compared to the DC sputtering 
technique.  

 
3.2. Scanning electron microscopy (SEM) 
 A comparison between the results obtained 
through AGD and DC reactive Sputtering is 
presented in Figure 3.  

The SEM analysis showed that the WO3 
films deposited by AGD have a more porous 
structure than the films achieved by sputtering. In 
terms of sensing properties this characteristic is  
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Fig. 3 - SEM micrographs of a) and c) sample S1 (WO3 deposited by AGD); b) and d) sample S2 (WO3 deposited by DC Reactive 

Sputtering). / Micrografii SEM ale probei S1 (WO3 depus prin AGD) - (a) și (c); și a probei S2 (WO3 depus prin DC Reactive 
Sputtering) – (b) și (d). 

 

 
Fig. 4 - Cross section of SEM micrographs: a) sample S1 (WO3 deposited by AGD); b) sample S2 (WO3 deposited by DC Reactive 

Sputtering). / Secțiunea transversală a micrografiilor SEM: proba S1 (WO3 depus prin AGD) - (a); și proba S2 (WO3 depus prin 
DC Reactive Sputtering) – (b). 

 
   

important since the porosity tends to favor the 
passing of current more freely, thus improving the 
conductivity of the sensor. 

Typical columnar growth can be seen for 
the sputtered film with a particle size of 27nm. The 
film thickness for sample S1 determined by cross 
section in SEM is of 3400 nm, while for sample S2 
is of 1400 nm (Figure 4). 

 3.3. X-ray photoelectron spectroscopy (XPS) 
The surveys scans in the XPS spectra were 

used to determine the elemental concentrations. 
Carbon can be noticed in the samples, due to o 
possible contamination from the graphite crucible. 
The name of each peak, their relative sensitivity 
factors, area and corresponding atomic 
percentages were shown in Table 1. Survey scans  
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Table 1 
XPS survey scan results of the samples. / Rezultatele scanării probelor prin XPS 

Sample / Proba Name / Nume R.S.F. Area / Suprafata % Conc. 

Sample S1 / 
Proba S1 

C 1s 1 118.96 27.3 

O 1s 2.93 582.45 45.61 

W 4f 9.8 1156.95 27.09 

     

Sample S2 / 
Proba S2 

C 1s 1 143.16 31.45 

O 1s 2.93 567.84 42.58 

W 4f 9.8 1158.35 25.97 
 

 

 
 

Fig. 5 - XPS survey scan of sample S1 (WO3 deposited by AGD) 
with corresponding regions. / Rezultatele scanării prin 
XPS a probei S1 (WO3 depus prin AGD) cu regiunile 
corespunzătoare. 

 

 

 
 
Fig. 6 - XPS survey scan of sample S2 (WO3 deposited by DC 

reactive sputtering) with corresponding regions. / 
Rezultatele scanării prin XPS a probei S2 (WO3 depus 
prin DC reactive sputtering) cu regiunile 
corespunzătoare. 

 

were shown with their regions corresponding to core 
levels at their binding energies in Figure 5 and 
Figure 6. 

In Figure 7, the W 4f5/2 and W 4f7/2 peak 
doublet has been analyzed for chemical 
identification. The small peak around 42 eV is a 
characteristic loss feature for WO3. The area ratios 
of 4f5/2 and 4f7/2 peaks are 3:4. With the constraint 
of ratios, after fitting the peaks to Gaussian-
Lorentzian peaks, it turns out that there is a tiny 
contribution from WO2 components as well. The 
amount of WO2 to WO3 ratios are 3% and 6%, in 
sample 2 and sample 1, respectively. 
 
3.4. Sensing properties 

Figure 8 illustrates the sensing properties of 
the WO3 structures to different test gases (H2S, 
CO2, SO2 and NH3) with respect to the operating 
temperature. The sensor signals were calculated 
according to the following relation:  

 

𝑆ௗ =
𝑅

𝑅௦
൘ , 

 

 where 𝑅  is the electrical resistance 
under reference atmosphere (synthetic air 5.0 with 
50% relative humidity as in the field conditions) and 
𝑅௦  is the electrical resistance under specific 
detection limit for each test gas.  

The highest response (S>400) was 
obtained with WO3-DC sensor for 20 ppm H2S, 
when operated at 200°C (Figure 8 a). Potential 
interferences with CO2 (S=4), SO2 (S=2) and NH3 

(S=1.5) are negligible (Figure 8 b-d). Even for the 
WO3-AGD sensor which is less sensitive to H2S 
(S>100), the selectivity is pronounced. Obviously, 
the sensing response has a strong correlation with 
the thickness of the sensitive layer, respectively 
with the deposition technique. 

The sensitivity of the WO3 sensors upon 
H2S exposure can be explained by the physical-
chemical mechanism (Figure 9) based on H2S 
interaction with the pre-adsorbed oxygen ( 𝑂ଶ

ି) 
which results in an increase in the number of free 
carriers in the conduction band. 

Such description is in good agreement with 
specific literature for this domain [28-29]. 
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Fig. 7 -  XPS W4f core-level spectra of samples S1 (WO3 deposited by AGD) and S2 (WO3 deposited by DC reactive sputtering) are shown 

with corresponding fits. / Spectrele XPS W4f ale probelor S1 (WO3 depus prin AGD) și S2 (WO3 depus prin DC reactive sputtering) 
sunt prezentate cu fitările corespunzătoare. 

 

 
 

Fig. 8 - Sensing properties modulated by the operating temperature. / Proprietăți de detectare modulate de temperatura de funcționare. 
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2𝐻ଶ𝑆௦ + 3𝑂ଶ

ି        → 2𝑆𝑂ଶ
௦

+ 2𝐻ଶ𝑂 + 3𝑒ି 
 

Fig. 9. - The physical-chemical mechanism of WO3 sensitivity to H2S. /  Mecanismul fizico-chimic de sensibilitate a WO3 la H2S. 
 

4. Conclusions 
The present paper considered different 

deposition techniques to obtain WO3 thin films. 
 A comparison between the sputtering and 
advanced gas deposition was performed, through a 
detailed structural and morphological 
characterization of WO3 thin films. It has been 
observed that the films produced via AGD are more 
porous, thus making the AGD technique more 
accurate in obtaining a better film on the sensor, 
which offers a better conductivity. 

The WO3 - DC and WO3 - AGD sensors 
have been investigated towards different test gases 
(NH3, CO2, SO2 and H2S) under real operating 
conditions. The highlighted selective sensitivity to 
H2S suggests the applicative potential of WO3 thin 
layers. 
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