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Abstract 
The ability to produce metal oxides with nanometer grain size is of crucial importance 

not only from a fundamental approach, but also from an industrial point of view due to 
numerous applications of nanostructured metal oxides in many devices. For instance, in the 
field of gas sensors the high surface to volume ratio of nano-grain metal oxide has opened 
the possibility to enhance the sensing properties of these devices. Hence, a significant 
fraction of the overall research and development efforts in metal oxide based gas sensors is 
directed towards obtaining sensing films with smaller grain size. At present the 
investigation of new strategies to deposit sensing films with nano-grain size compatible 
with the micro-system fabrication has became imperative.  

This dissertation presents a summary of the author's work prepared in the last four 
years in developing two special regimes of metal oxide thin film deposition by rf 
sputtering for gas sensing applications. The first regime named as interruption (or 
interrupted) regime implies deposition of the film with one or several interruptions of the 
deposition process. The second regime named as floating regime consists of introducing 
“extra” interfaces into the body of the film by means of the interruptions and using two 
power densities of rf sputtering: the first one to deposit the initial interrupted layers within 
the bulk of the film and the second one to deposit the superficial layer. The work carried 
out for this dissertation was experimental in nature and it was complemented by means of 
different characterization techniques used in order to study physical and sensing properties 
of the films deposited.  

The results showed that the introduction of “extra” interfaces in the bulk of the 
tungsten trioxides (WO3) films influences on the morphological and structural properties of 
the deposited films. It was noticed that phase transformation of WO3 film structure from 
amorphous to crystalline has different activity in the films deposited with and without 
interruptions. Slower crystallization process was observed in the films deposited with 
interruptions. A reduction in grain size in WO3 thin films deposited using interrupted or 
floating regime was observed as well. It was determined that gas micro-sensors fabricated 
with the interrupted and floating regimes have promising sensing characteristics, since they 
showed better sensitivity and selectivity to low concentrations of oxidizing gases such as 
NO2 and O3, in comparison with the gas micro-sensors fabricated using standard sputtering 
regime. The advantages of the new gas micro-sensors allow suggesting them as good 
candidates to monitor air pollutant gases.  
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Resumen 

Hoy en día la habilidad de producir capas de óxidos metálicos compuestos por 
nanogranos es muy importante, no sólo como conocimiento fundamental, sino también 
desde un punto de vista industrial debido a las numerosas aplicaciones de los óxidos 
metálicos nanoesctructurados en varios dispositivos electrónicos. Por ejemplo, en el campo 
de los sensores de gas, la relación superficie-volumen de las capas basadas en nanogranos 
de óxidos metálicos, ofrece la posibilidad de mejorar las propiedades de detección de estos 
dispositivos. Por esta razón, una gran fracción del total de la investigación y desarrollo en 
el campo de los sensores de gas basados en óxidos metálicos está dirigida a obtener capas 
activas compuestas por nanogranos. En la actualidad el estudio de nuevas técnicas para el 
depósito de capas activas compuestas por nanogranos y además compatibles con la 
fabricación de microsistemas se ha convertido en una necesidad imperiosa.  

La presente tesis resume el trabajo del autor llevado a cabo en los últimos cuatro años y 
está relacionado con el desarrollo de dos regimenes especiales para depositar capas finas 
de óxido metálico por el método de pulverización catódica asistida por radio frecuencia 
para aplicaciones de sensores de gas. El primer régimen, nombrado régimen de 
interrupciones consiste en depositar la capa óxido metálico con una o varias interrupciones 
durante el proceso. El segundo régimen, nombrado régimen flotante consiste en introducir 
“extra” interfases dentro del volumen de la capa del óxido metálico por medio de 
interrupciones y empleando dos densidades de potencia durante el depósito (la primera 
para depositar el volumen de la capa y la segunda para depositar la capa superficial). El 
trabajo realizado en esta tesis fue de carácter experimental; además fue complementado 
por varios tipos de técnicas de caracterización que permitieron estudiar las propiedades 
físicas y las de detección de las capas depositadas. 

Los resultados mostraron que la introducción de “extra” interfases en el volumen de las 
capas de trióxido de tungsteno (WO3) influye en las propiedades morfológicas y 
estructurales de la capa obtenida. Se determinó que la transformación de fase del WO3, de 
amorfo a cristalino, tiene diferente tipo de actividad en las capas depositadas con 
interrupciones en comparación con las depositadas sin interrupciones. Así se observó que 
el proceso de cristalización es más lento cuando se depositan las capas de óxido metálico 
mediante el régimen de interrupciones. Por otro lado, se observó una reducción del tamaño 
de grano en las capas de WO3 depositadas tanto a través del régimen de interrupciones 
como del régimen flotante. También se determinó que los microsensores de gas fabricados 
empleando los dos regimenes estudiados tienen prometedoras características de detección, 
puesto que estos dispositivos mostraron mejor sensibilidad y selectividad a bajas 
concentraciones de gases oxidantes, tales como NO2 y O3, en comparación con los 
sensores de gas fabricados a través del régimen convencional de depósito por 
pulverización catódica. En conclusión, los sensores desarrollados en esta tesis podrían ser 
usados para monitorizar los principales contaminantes del aire. 
 
Palabras clave: Trióxido de tungsteno, RF sputtering, Nanogranos, Sensor de Gas  
 
Stella Vallejos Vargas, Department d’Enginyeria Electrònica Elèctrica i Automática, 
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Sensor technology shows itself as one of the most important technologies of the 
future with a huge variety of applications, which go from the industry sector to the 
private sector. At present, more and more gas sensors are used to detect and 
monitor an assortment of gases and vapours including toxic or explosive gases, 
humidity and odours. The most important field of application of gas sensors are 
related with the automotive, industrial, and aerospace sector (where gas sensors 
are needed to detect NOx, O2, NH3, SO2, O3, hydrocarbons, or CO2 in exhaust 
gases for environment protection), the food industries (where gas sensors are used 
for control of fermentation process), the domestic sector (where CO2, humidity 
and combustible gases have to be detected), the medical sector (where gas sensor 
are applied in diagnostic and patient monitoring) and the security sector (where 
gas sensor are required to detect traces of explosives). Although, conventional 
techniques such as mass spectrometry or gas chromatography can be used in some 
applications mentioned before with high selectivity and sensitivity, it is obvious 
that their use is limited by cost, instrumentation, complexity and size. Thus, solid 
state gas sensors, in particular those ones based on metal oxide films, are the most 
common alternatives due to their low cost, mobile applications as well as their 
compatibility with the microelectronic technologies. Unfortunately the lack of 
selectivity and long term stability represents a big challenge for this kind of 
devices. As a result, the development of high sensitive gas sensors with small 
cross sensitivity (high selectivity) and long term stability is the subject of intensive 
research.  

So far, several strategies based, for instance, on specific surface additive, 
catalyst and promoters, temperature controls and the use of filters have been 
studied in order to solve partially the problematic of metal oxide based gas sensor. 
Nevertheless the author believes that the initial fundamental step to improve the 
performance of these devices is connected with a recent strategy that attempts to 
find new methods to increase the surface area of the sensing active layer, since the 
sensor performance is mainly related to the surface-volume ratio of the sensing 
film.  

In essence, the research lines carried out to reach sensitive layers with high 
surface areas could be classified in two groups. The first one was founded on 
obtaining nano-particles based metal oxides via chemical or physical processes 
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and the second one was based on using special methods of preparation for the 
surface patterning of active layers (e.g. highly nano-porous alumina templates). 
Later option seems to be a good alternative to tackle this aim but, in our opinion, 
without methods to prepare nano-particles based sensing films this option will not 
be feasible. Hence, it is important to develop methods that allow obtaining metal 
oxide composed with nano-particles.  

Aim of the dissertation 

The aim of the dissertation is to develop sputtering techniques to deposit gas 
sensing films with nanometer grain size. 

Objectives of the work 

The overall objective of this work is to evaluate the structural and sensing 
properties of WO3 thin films deposited by the interruption and floating regimes. In 
this context, the specific goals associated with the overall objective are: 

- To deposit WO3 thin films by rf sputtering technique using the interruption 
and floating regimes. At the same time, to investigate the influence of 
various parameters of deposition (e.g. deposition time, sputtering power 
density, interruption time and number of interruptions) on the physical and 
sensing properties of the film by means of appropriate and available 
techniques of characterization. 

- To fabricated micro-machined gas sensor based on WO3 thin films prepared 
by the interruption and floating regimes, as well as, to characterize the 
micro-sensor response to various toxic gases by dc measurements. 

Scientific contribution  

This dissertation presents a summary of the author's work in the last four years 
in developing new technologies of metal oxide thin film deposition for gas sensing 
applications using rf sputtering technique. The work carried out for this 
dissertation was experimental in nature and it was complemented by means of 
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different characterization techniques used in order to study the physical and 
sensing properties of the films deposited. 

The novelty of the deposition method consists in the creation of metal oxide 
films with small grain size using two special regimes during sputtering deposition. 
The first one – interruption (or interrupted) regime – implies deposition of the 
film with one or several interruptions of the deposition process. In this case 
“extra” interfaces are introduced into the body of the film, where an equilibrium 
surface is formed due to the free surface bond saturation by the atoms from 
residual atmosphere and/or the structural relaxation of the interface during the 
interruption. The second one – floating regime – consists of introducing “extra” 
interfaces into the body of the film by means of the interruptions and the 
sputtering power density being changed during the film deposition. As a rule a low 
deposition rate is set during the initial stage of the film deposition and a high 
deposition rate is used during the final stage of the deposition.  

 Dissertation structure 

The dissertation is organised as follows: 

The first chapter presents an overview of the state-of-the-art where three 
sections are distinguished. The first section gives a general idea to create a solid 
state gas sensor, the most important characteristics of the gas interaction with the 
surface of the semiconductor and the working principles of solid state gas sensor. 
The attention is focussed on the sensing active layer, specifically, on its 
contribution to the performance of the whole sensor device. The theory and the 
experimental data reported until now are contrasted in this section. The second 
section provides a review of the metal oxide thin film deposition methods used for 
gas sensing applications given an emphasis on sputtering deposition process, since 
this technique is used in this work presented here. Finally, the third section 
summarizes the physical and electrical features of the tungsten trioxide (WO3) 
films which were chosen as sensing material due to its good sensitivity to nitrogen 
dioxide (one of the most important air pollutant gases). 
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The second chapter deals with the sensing layer deposition technology. The 
features and basic fundaments of the special deposition regimes used in this work 
are described there. On the other hand, a description of the equipment to deposit 
the films and to characterize the physical and sensing properties of the films is 
presented as well.  

The third chapter presents the results obtained by the structural and 
morphological characterizations of the sensing films. The influence of the 
deposition with the interruptions on the thin film properties is confirmed by X-Ray 
diffraction (XRD), Atomic Force Microscopy (AFM), ellipsometry and Auger 
spectroscopy. Basically, a decrease in WO3 grain size is connected with the 
application of the special deposition regimes. 

The fourth chapter summarizes the results obtained by the characterization of 
the WO3 based gas sensor to various oxidizing and reducing gases. The 
characterizations are based on the variations of the electrical conductance either in 
air or in air plus target gas. The analysis of experimental data shows that WO3 
sensing layer responses are enhanced by the use of the special deposition regimes.  

Finally, the conclusions of the thesis are presented. 
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1.1. Solid state gas sensors 

 

 

The semiconductor gas sensors are based on metal oxides with wide band gaps. 
These devices have the property to change the conductivity of the sensing material 
in the presence of the determinate gas. The working temperature at which these 
devices are more efficient can vary depending on the gas atmosphere and 
properties of the sensor material. As these temperatures range from 200ºC to 
800ºC [1, 2], it is necessary to install a heating system in the sensor device. Thus, 
a simple semiconductor gas sensor is composed by the electrodes to measure the 
conductivity changes, the heater to reach the optimum sensing temperatures and 
the substrate which provides the mechanical support and electrical contact to the 
electrodes, heater and sensing material. In recent years, the evolution of micro-
machining as a fabrication technology for gas sensor substrates has allowed 
miniaturization to progress toward a smaller scale with more convenient 
fabrication methods. The low thermal conductivity and low thermal mass of the 
membrane material in micro-machined sensors lead to very low power 
consumptions (30 - 50 mW) [3]. Although each sensor component plays an 
important role in the whole performance of a semiconductor gas sensor, the core 
of this device is placed at the active sensing element which, according to Yamazoe 
et. al. [4], possesses a receptor function and a transducer function (see Figure 1.1). 
The receptor is considered to be at the surface of the semiconductor where the 
chemical species undergo adsorption, reaction and desorption. On the other hand, 
the microstructure of the semiconductor film is seen as the transducer which 
converts the chemical signal produced by the gas-solid interaction into an output 
signal. The output is usually an electric signal, however, the measurement of the 
thermo-voltage or of the changes in the sensor temperature is also possible [3]. 
The overall response function of the sensor can be described as a superposition of 
the sensor’s transducer and receptor functions [5]. 
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a) b) c)  

1.1.1. Gas-solid interactions: receptor function 

As soon as a semiconductor is brought into contact with a gaseous medium its 
surface begins to be covered by the molecules of the gas, i.e. adsorption has set in. 
The process ceases when an equilibrium between the surface and gaseous phase is 
established, i.e. when the number of molecules passing from the gaseous phase to 
the surface per unit time is equal (on the average) to the number of molecules 
leaving the surface to the gas over the same interval. The presence of the 
molecules adsorbed by the semiconductor surface changes the properties of the 
later. Thus adsorption is the agent by which the ambient acts on the surface and, 
indirectly, on some of the bulk properties of the semiconductor.  

Two types of adsorption are distinguished, namely, physical adsorption 
(physisorption) and chemical adsorption (chemisorption). The difference between 
physisorption and chemisorption lies in the difference in the forces that retain the 
adsorbed molecules on the surface of the solid. Indeed, the forces that arise 
between a solid and a foreign molecule and produce adsorption can be of different 
nature. For instance, they may be of electrostatic origin, such as Van der Waals’ 
forces or electrostatic polarization forces. In this case we speak about physical 
adsorption which is associated with small adsorption energies, up to 0.01−0.1 eV 
[6]. But if the forces responsible for adsorption are of a chemical nature (forces of 
the exchange type), we are dealing with chemisorption. Here adsorption 
constitutes a chemical combination of the molecule with the solid. As in every 
chemical compound, the forces making up the bond are, in the given case, 
covalent forces, but ionic interaction may be involved to a certain extent. The 
adsorption energies, in this case, are about 1 eV [6]. Figure 1.2 depicts an 

Figure 1.1. Receptor and transducer functions of semiconductor gas sensor. 
a) surface: receptor function, b) microstructure: transducer function, c) element: 
output resistance change [4]. 
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adsorption curve that represents the energy E of the system as function of the 
distance r between the adsorbent surface and the particle being adsorbed.  

Solid Gas

Solid solution

Chemisorbed molecules

Free gas molecules
Physisorbed molecules

E

Solid Gas

Solid solution

Chemisorbed molecules

Free gas molecules
Physisorbed molecules

Solid Gas

Solid solution

Chemisorbed molecules

Free gas molecules
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Whereas physisorption is not an activated process, usually chemisorption is 
activated adsorption. However, the presence of activation energy is not necessarily 
a criterion of chemisorption, since there are cases where chemisorption proceeds 
without activation energy. Such is the case of the adsorption of common gases (H2, 
CO, O2 and N2) by transition metals where there is not activation energy or the 
difference Ed-Ea (see Figure 1.2) is negligibly small [7]. 

In fact, when chemisorption occurs the chemical interaction between the 
semiconductor and the ambient gas molecules leads to charge transfer between the 
semiconductor and chemisorbed species. Conventional models of gas adsorption 
on solid surface, such as Langmuir’s model [6], explain this interaction assuming 
that the binding energy between the adsorbate and adsorbent is constant. However, 
this assumption is inadequate due to in the case of chemisorption on 
semiconductors where charge transfer is involving the binding energy varies with 
the degree of coverage of chemisorbed species due to the strong electronic 
interaction between the adsorbate and adsorbent. The Wolkenstein’s model of 
chemisorption on semiconductors [6] takes into account these electronic 
interactions and their effect on the adsorptivity of the semiconductor. Thus, this 
model is widely accepted in the theory of heterogeneous catalysis and 
semiconductor surface physics and it is generally applicable to different kinds of 
semiconductor gas sensors [8, 9] 

Figure 1.2. Energy of a gas molecule at a solid gas interface. Ea: adsorption energy, 
Ed: desorption energy [7]. 



Solid state gas sensors 

 

 

5 

According to Wolkenstein [6], two forms of chemisorption may be 
distinguished: 

1. Weak chemisorption, in which the chemisorbed particle (considered together 
with its adsorption center) remains electrically neutral and the bond between 
the particle and crystal lattice is established without the participation of a free 
electron or hole from the crystal lattice. 

2. Strong chemisorption in which the chemisorbed particle retains in its 
neighbourhood a free electron or hole from the crystal lattice (and it is, thus, an 
electrically charged compound) and the free electron or hole plays a direct part 
in the chemisorption bond. In this context, it can be distinguished two types of 
strong bonds: n-bond (or acceptor bond) is one in which a free electron 
captured by the adsorbed particle participates, p-bond (or donor bond) is one in 
which a hole captured by adsorbed particle participates.  

In agreement with this model the localized electronic states are created by 
chemisorbed species. These states serve as traps for electrons or holes (acceptor-
like or donor-like states, respectively) depending on their nature. Figure 1.3 shows 
the energy-band diagram for the case of depletive chemisorption of an acceptor-
like univalent particle on an (non-degenerate) n-type semiconductor. Considering 
only one gas species and assuming that chemisorption is the only source for 
surface charging. Thus, at the beginning of chemisorption (i.e. at zero coverage) 
the energy bands are assumed to be flat, as shown in Figure 1.3(a). A free particle 

from the gas phase (designated by A∞) approaching the surface may become 

chemisorbed as a neutral adsorbate A0
chem. (weak chemisorption). In this process, 

the free energy of the system decreases by q0 (the binding energy of the neutral 
adsorbate, EB (A0

chem) = q0). If a free electron (designated by ● in Figure 1.3) is 
available for interaction with a chemisorbed species, the later may capture it and 
become chemisorbed as negatively charged adion A⎯chem (strong chemisorption). In 
this case the free energy of the system decreases even further by (EC

b
 –ESS), where 

EC
b is the energy level of conduction band electrons in the bulk of the 

semiconductor and ESS is the energy level of the chemisorption-induced surface 
state. Thus, the binding energy of the charged adion is EB (A⎯chem) = q0 + (EC

b
 –ESS). 

Figure 1.3 shows that (EC
b
 – ESS) = (EC

S
 – ESS) + eVS, where EC

S is the conduction 
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band edge at the surface and eVS is the chemisorption-induced surface potential 
barrier which is associated with a space-charge region (SCR), e is (the absolute 
value) the electron charge and VS is the surface potential. The height of eVS and 
depth of SCR (WSCR) of the band bending depend on the surface charge which is 
determined by the amount and type of adsorbed oxygen. At the same time the SCR 
depends on the Debye length LD which is a characteristic of the semiconductor 
material for a particular donor concentration [10].  

d

B
D ne

TkL 2
0 εε

=  

where kB is Boltzmann’s constant, ε the dielectric constant, ε0 the permittivity 
of free space, T the operating temperature, e the electron charge, and nd the carrier 
concentration which corresponds to the donor concentration assuming full 
ionization. 

a)

b)

a)

b)

 

Eq. 1.1. Debye length 

Figure 1.3. Energy-band diagram for depletive chemisorption of an acceptor like 
adsorbate (e.g. oxygen) on an n-type semiconductor: a) at the beginning of 
chemisorption (zero coverage), b) at thermal equilibrium. A∞, A0

chem and A⎯chem 
designate a free particle in the gas phase, a neutral adsorbate, and a negatively 
charged adion, respectively. EC, EV, and EF are the conduction band, valence band, 
and Fermi level, respectively. The superscripts ‘‘b’’ and ‘‘s’’ denote bulk and surface 
properties, respectively [9]. 
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As mentioned above, when n-type semiconductor undergoes chemisorption, 
equilibrium SCR near to the surface is formed. The depth of this SCR (WSCR) may 
be increased by the adsorption of oxidizing gases such as NO2 or decreased by the 
adsorption of reducing gases such as CO [3, 11, 12] (see Figure 1.4) 

a) b) c)
WSCR

WSCR WSCR

a) b) c)
WSCR

WSCR WSCR

 

1.1.2. Grain size effects: transducer function  

So far in the literature, the effects of the microstructure on the sensitivity and 
specifically on the transducer function of the gas sensor have been formulated in 
two ways [13, 14]. The first one has been presented in terms of the relative 
dimension of crystallites or the neck between the crystallites and Debye length in 
the solid [1, 5, 10, 15-17]. On the other hand, the second one has used percolation 
theory described as network of barriers where their characteristics depend on the 
changes in the barrier heights due to gas interactions [13, 18] 

First formulation is widely used by the interpretation of grains size effects in 
metal oxide gas sensor. For this reason, here after, it is presented the basis of this 
semiquantitative model. According to this model the sensor consists of partially 
sintered crystallites that are connected to their neighbours by necks. Those 
interconnected grains form larger aggregates that are connected to the neighbours 
by grain boundaries (GB).   

Three cases can be distinguished according to the relationship between the 
grain size (D) and the wide of the depletion layer (WSCR), which is produced 
around the surface of the crystallite due to the chemisorbed adions (see section 
1.1.1). Figure 1.5 depicts these three cases.  

Figure 1.4. Schematic illustration of n-type semiconductor surface when it reacts 
under exposure to air (a), oxidizing gases (b) and reducing gases (c). WSCR denotes the 
thickness of the space charge region [3]. 
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1. Case (a) or GB control, i.e., when D>>2WSCR, most of the volume of the 
crystallite is unaffected by the surface interactions with the gas phase. In this 
case the predominant effect of the ambient gas atmosphere on the sensor 
conductivity is introduced via GB barriers for intercrystallite charge transport 
from one grain (agglomerate) to another. Therefore, the conductivity  depends 
exponentially on the barrier height eVB. 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
∝

Tk
eV

B

Bexpσ  

Here VB is the GB potential, kB is Boltzmann’s constant, and T is the operating 
temperature. In this context, for large grains D>>2WSCR the gas sensing 
mechanism is controlled by the GB barriers. Furthermore, the GB barriers are 
independent of the grain size and therefore the sensitivity is independent of D. 

2. Case (b) or neck control, i.e., when D≥2WSCR, as the grain size decreases the 
depletion region extends deeper into the grains and consequently the core 
region, which is relatively conductive with respect to the depletion region 
adjacent to the surface, becomes smaller. When D approaches but still larger 
than 2WSCR, the depletion region that surrounds each neck forms a constricted 
conduction channel within each aggregate. Consequently the conductivity 
depends not only on the GB barriers but also on the cross section area of those 
channels. This cross section area is proportional to (X - WSCR)2, where X is the 
neck diameter. In agreement with [10, 15],  X is roughly proportional to D, 
being well approximated by X≈0.8D. As a result, the conductivity is a function 
of the radio X/WSCR. In summary, the current constriction effect adds up to the 
effect of the GB barriers. Thus, the gas sensitivity is enhanced with respect to 
case (a). Moreover, the sensitivity to gases becomes grain size dependent from 
grain size and it increases when D decreases. 

3. Case (c) or grain control, i.e., when D<2WSCR, in this case the depletion region 
extends throughout the whole grain and the crystallites are almost fully 
depleted of mobile charge carries. As a result the conductivity decreases 
steeply since the conduction channels between the grains are vanished. The 
energy bands are nearly flat throughout the whole structure of the 
interconnected grains, and since there are no significant barriers for 

Eq. 1.2. Sensor conductivity 
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intercrystallite charge transport the conductivity is essentially controlled by the 
intercrystallite (grain controlled).  

 

1.1.3. Microstructure effects: utility factor 

Besides the particle size, the of the microstructure of the sensing layer is an 
important factor to obtain good response time and sensitivity of the gas sensors. 
Sensing layers are penetrated by oxygen and analyte molecules so that a 
concentration gradient is formed which depends on the equilibrium between the 
diffusion rates of the reactants and their surface reaction. This effect produces also 
a spatial variation of the conductivity through the structure of the sensing film [1, 
13]. For this reasons, the microstructure may have effects in both the receptor and 
transducer function.  

Recently, Yamazoe and co-workers investigated the gas-diffusion in thin film 
semiconductor gas sensor [19-22]. By the studies they found that a lower film 
thickness together with a higher porosity contributes to a higher sensitivity and 
faster response time of the sensor. Moreover, they concluded that the sensor 

Figure 1.5. Schematic model of the effect of the crystallite size on the sensitivity of 
metal-oxide gas sensor: a) GB control D>>2WSCR, b) neck control D≥2WSCR and c) 
grain control D<2WSCR. Adapted from [10]. 
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performance is strongly influenced by what they call utility factor which is linked 
with the microstructure of the sensing layer [23]. This factor concerns the 
accessibility of inner oxide grains to the target gas. The importance of this factor is 
obvious when one considers that the target gas reacts with the oxide surface on the 
way of diffusing into the bulk of device. If the rate of reaction is too large 
compared with that of diffusion, the gas molecules can not access the grain located 
at inner sites, leaving them un-utilized for gas sensing and thus resulting in a loss 
in sensor response. The existence of this factor was suspected a fairly long time 
ago from familiar volcano-shaped correlations between sensor response and 
operating temperature, but quantitative understanding of it was made possible only 
recently for thin film devices derived from SnO2 sols [20, 21]. When a thin film 
with pores of a uniform radius is exposed to a target gas at a concentration of CS, 
the relative concentration (C/CS) inside the film can be formulated by solving a 
simple diffusion-reaction equation under the steady state conditions as: 

m

mL
C
C

S cosh

1cosh ⎟
⎠
⎞⎜

⎝
⎛ −

=

χ
 

Here, C is the concentration of target gas in the film, CS the concentration of 
target gas at x=0, x the distance from the surface (see Figure 1.6.a), L the film 
thickness and m is a non-dimensitional quantity defined by m=L(k/Dk)1/2, where k 
is rate constant of a first order surface reaction and Dk the Knudsen diffusion 
coefficient. According with [20] (see Figure 1.6., b), for m<1, significant part of 
target gas can reach the bottom of the film. On the other hand, for m>3, most part 
of the gas is consumed before arriving at the bottom and at extremely large m only 
the surface region is accessible to the gas. When the increase of sheet conductance 
at given x is assumed to be proportional to the target gas concentration at that point 
as a first approximation, the sensor response of the film can be derived easily by 
integrating the sheet conductance over the film. On the base of these assumptions, 
Sakai et al. [20], found the following expression for the sensitivity: 

m
mCS S

tanh1+=  

Here, (tanh m)/m is defined as the utility factor. Thus, as m increases the utility 
factor decreases, therefore m should be kept small or, small L and small k/Dk ratio 

Eq. 1.3. Relative concentration of the 
gas inside a thin sensing film. 

Eq. 1.4. Sensitivity as function of the      
utility factor  
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should be combined to keep the utility factor close to unity. Since Dk is directly 
proportional to pore radius r. The pore radius should be r as large as possible and 
L as small as possible in order to obtain higher utility factor. The pore radius r is 
known empirically to be roughly comparable to the grain size (D) involved so that, 
the utility factor can also be controlled by the grain size. 

x=0

x=L

x/L

C
/C

S

m=0.3

m=1

m=3

m=10
m=30

a) b)

x=0

x=L

x/L

C
/C

S

m=0.3

m=1

m=3

m=10
m=30

x/L

C
/C

S

m=0.3

m=1

m=3

m=10
m=30

a) b)  

1.1.4. Grain size effects: experimental approach  

Since from a theoretical point of view the particle size is expected to have a 
substantial impact on sensor performance, much experimental work has been done 
to investigate this effect. Table 1.1 shows the correlation between sensor response 
and grain size effects reported in various studies.  

Deposition 
technique 

Material Grain size 
(nm) 

Sensor 
response  

Target 
Gas 

Concentration 
(ppm) 

Operating 
temperature 
(ºC) 

Ref 

Sol gel SnO2 27 – 5 45 – 170 H2 800 300 [10] 
Sol gel SnO2 27 – 5 10 – 60 CO 800 300 [10] 
Sol gel WO3 33 – 25 25 – 90 NO2 10 300 [24] 
Sol gel WO3 33 – 25 40 – 70 NO 200 300 [24] 
Sol gel  SnO2 2 – 300 10 – 110 CO 500 - [25] 
PVD WO3 21 – 10.2 14 – 32 NO2 0.2 150 [26] 
PVD WO3 10.2 – 9.1 32 – 233 NO2 0.2 150 [26] 
Sol gel InO3 50 – 5  1.5 – 40 NO2 1 250 [27] 

Figure 1.6. Illustration of a gas sensing film (a) and depth profiles of gas 
concentration inside a porous sensing film at various values m (b). Adapted from [20]. 

Table 1.1. Correlation between grain size and sensor response reported by various 
studies. 
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In the early 1990s Yamazoe and co-workers reported the dependence of gas 
sensor sensitivity on SnO2 grains size. They found that for H2 and CO the 
sensitivity increased steeply as the grain diameter decreased below 10 nm [10]. 
Some years later the same group investigated the sensitivityof WO3 nanoparticles 
ranged from 16 to 57 nm to 10 ppm of NO2 and 200 ppm of NO. The results 
showed that WO3 films composed by grains of D=25 nm present three or four 
times larger sensitivities than those ones composed by grains of D>33 nm [24]. 
Recently, Lu et al. described a comparable correlation for SnO2 nanoparticles in 
the range of 2-300 nm at 500 ppm CO. They observed that the sensor signal 
increased drastically if the particle diameter became smaller than 10 nm [25]. 
Cantalini et al. observed that the sensitivity of WO3 films to 0.2 ppm of NO2 was 7 
times better when the grain diameter was reduced from 10.2 to 9.1 nm [26]. In 
addition, Gurlo et al. concluded that nanocrystaline In2O3 with the particle size 
below 50 nm enhanced the sensor sensitivity to NO2 (1 ppm) [27].  

Most recently, Korontcenkov et al. reported that a decreasing grain size 
increases the sensitivity following the empirical scaling law S≈D-n, where n≈3-5. 
Simultaneously, they observed a decrease of the In2O3 response time to O3 and 
they proposed the following dependence ∆t90%(res) ≈D2 [28]. In contrast to these 
results, it has also been shown that the grain size is not crucial in In2O3 films for 
the detection of reducing gases [29]. This metal oxide is a highly deficient oxide. 
Oxygen is chemisorbed as O-2 ions on lattice sites oxidizing In2+ to In3+. This 
redox reaction is inverted upon exposure to reducing gases, from which the 
formation of a surface layer with higher conductance on the grains take place. As a 
consequence, a size-dependent sensitivity should be expected in In2O3 for the 
detection of oxidizing gases, which should again follow the same mechanism as 
described above. 

Although all these results are not directly comparable to each other, since 
different materials and different methods for the analysis of the particle size have 
been applied (X-ray diffraction, transmission electron microscopy, atomic force 
microscopy). They have demonstrated that, in general, reducing the particle size 
increases the sensitivity of metal oxide. 
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1.2. Metal oxide deposition techniques  

 

 

In section 1.1., it was pointed out the importance of the morphological and 
microstructural properties of the sensing active layer in metal oxide gas sensors. It 
was concluded that the performance of the active layer is directly related with its 
granular structure, which is actually controlled by grain size. At present a 
significant fraction of the overall research and development efforts in metal-oxide-
based gas sensors is directed toward sensor miniaturization which requires 
sensitive-layer deposition techniques that are compatible to the micro-fabrication 
processes. Therefore, it is evident the necessity to develop suitable deposition 
technologies to be able to create metal oxide films with smaller grain sizes and 
compatible to the micro-fabrication processes. Either traditional thin film 
deposition methods or modification of these methods have been studied with these 
purposes. However, the control of an idealized granular structure still represents a 
big challenge. 

In the state-of-the-art three main techniques for metal oxide sensing film 
deposition are distinguished [30, 31]: powder/slurry, chemical vapor deposition 
(CVD) and physical vapor deposition (PVD). As it will be noted in the following 
subsections, each of these techniques involves a different nature of the film 
formation. Therefore, this section pretends to describe the basic fundamentals of 
thin film deposition techniques as well as to summarize the progress of these 
techniques towards the formation of nano-particles metal oxide based-gas sensor 

1.2.1. Powder/slurry techniques 

Traditionally, powder/slurry techniques such as screen printing [32, 33] or sol-
gel based methods [32, 34] have been attributed to thick film technology (several 
microns of the film thickness). Nevertheless, it is known that some powder/slurry 
techniques based on sol-gel [34-36] allow to deposit thin metal oxide films as 
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well. That’s why these techniques are described here. In essence, a sol-gel 
represents the transition of a system from a liquid sol (colloidal suspension of 
miniature solid particles in the liquid) to a viscous gel where the suspended 
particles of metal oxide are organized in a loose [35]. Thus, the sol-gel based 
techniques take advantages of the specific properties of nano-crystalline particles 
to form stable dispersions and suspensions that are normally deposited by:  

Spray coating, which consists in the deposition of the sol-gel by spraying it 
onto the substrate, the layers formed by this technique are in most cases 
inhomogeneous [32], so that this deposition technique is unusual for gas sensing 
applications. 

Drop coating, with this technique a drop of the solution is placed on the 
substrate surface using a micro-pipette or micro-injector. For a satisfactory 
reproducibility of the formed layer, an extremely good control of the properties of 
the solution to be deposited is needed. Several works report the application of this 
technique for gas sensor fabrication [37-39], furthermore, it is known that this 
method is used in the industry for the deposition of metal oxide films on micro-
machined platforms [32]. 

Spin coating, with this technique the solution is poured onto the substrate 
surface and then spin-deposited. It is known that the thickness of the deposited 
layer can be controlled by varying the revolution rate and the sol viscosity [34].  It 
was reported that most of the sol-gel deposited sensing films could be used for gas 
sensing applications [19, 40-43].  

Recent developments of sol-gel based methods  

Recently, Wang et al. [41] reported a sol-gel technique employed to obtain 
WO3 thin films with thickness about 200 nm by spin coating. WO3 was produce 
from tungsten (VI) hexacloride dissolved into alcohol. It was shown that WO3 
nano-particles were obtained in the range of 18 nm and 69 nm. Moreover, they 
noted that particle size of the sol derived thin film seems to be controlled by the 
calcinations temperature, thus WO3 films calcined at higher temperature (650ºC) 
yielded large size particles. On the other hand, Epifani et al. [42] proposed the 
deposition of spin coated In2O3 thin films using the modified process that prevents 
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precipitation of the indium hydroxide by complexing the indium ions before 
adding the base. This modification of the process allowed to obtain In2O3 
nanoparticles ranged between 18 nm and 45 nm [43]. Finally, Choi, et al. [44] 
investigated a wet-process fabrication of WO3 thin films which consists of the 
preparation of WO3

.2H2O sol through a wet process starting from ion-exchange 
reaction of Na2WO4. This sol was then mixed with an organic binder 
(polyethylene glycol, PEG) in order to deposit uniform WO3 thin film with 
450 nm thickness by spin coating. The morphology analysis showed irregular 
packing of square plates of WO3 with 500-1000 nm in width and 200-500 nm in 
thickness. 

1.2.2. CVD techniques 

Generally speaking, chemical vapour deposition technique (CVD) is the 
formation of the thin films via chemical reactions from gaseous precursors. The 
activation of the chemical reaction is initiated by thermal or electric discharge 
plasma. Decomposition or reduction of compounds like fluorides, chlorides, 
bromides, organometallics, hydrocarbons, phosphorous trifluoride and ammonia 
complexes provides the deposition of the metallic component. After dissociation 
the elements or compound to be deposited condense (react) on the substrate 
surface and the volatile component leaves the reaction chamber. Chemical 
reactions already in the gas phase lead to particle generation (powder formation). 
The thin film quality depends on the reaction kinetics, temperature, surface 
preparation, purity of the precursor, gas flow and chamber conditions. To enhance 
the deposition rate the use of  low pressure and high temperature may be required. 
Plasma assisted CVD also allows to perform the deposition at lower temperature 
and higher deposition rate [34]. In general, the deposition process is reaction 
controlled. That means that the dependence of the film growth on the angle 
distribution of the incoming reactants is very low [45].  

Recent developments of CVD  

Several methods of chemical vapour deposition techniques have been used to 
prepare metal oxide sensing thin films. For instance, Liu et al. [46] fabricated 
nano-structured SnO2 thin film gas sensors deposited by combustion chemical 
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vapour deposition. The morphological characterizations of SnO2 showed the 
presence of agglomerates ranged between 1 µm and 3 µm in diameter. These 
agglomerates were composed by finer crystals less than 30 nm in diameter. 
Another studied carried out by Lee et al. [47] showed that SnO2 thin films 
deposited by inductively coupled plasma chemical vapour deposition (ICP-CVD) 
can represent an alternative approach for thin films gas sensor preparation. It was 
shown that SnO2 films with nano-size grains of 12 nm were obtained by applying 
this technique. Furthermore, Ashraf et al. [48] reported that the aerosol assisted 
CVD reactions of [W(CO)6] in oxygen and containing solvents resulted in the 
deposition of partially reduced WO3-x composed of small particles. They noticed 
that the size distribution of the particles varied greatly as function of the solvent. 
The films prepared using acetonitrile and acetone showed a similar mean particle 
size (~340 nm), whilst films deposited using 50:50 mixture of toluene and acetone 
showed a lower mean particle size (~270 nm). On the other hand, Panchapakesan 
et al. [49] proposed the use of metal nano-particles (e.g. Ni, Co, Fe, Cu, Ag) as 
seed layers for controlling the microstructure of SnO2 films deposited by CVD. 
They observed that significant control of SnO2 grain sizes between 20 nm and 
121 nm was obtained depending on the seed-layer type.  

1.2.3. PVD techniques 

The physical vapor deposition (PVD) techniques can be divided into two 
groups: evaporation and sputtering. 

Basically, in the evaporation process, a material vapor is produced in vacuum 
by heating the material to be deposited to a sufficiently high temperature. The 
temperature needed is a function of the vapor pressure of the material. The 
evaporation process has to be carried out in a high vacuum environment so, the 
transport from the evaporation point prior to the condensation area should occur 
without collisions between the vapor atoms and the molecules of the residual gas. 
The substrate is always located face down above the evaporation point at distances 
from few to some ten centimeters depending on the deposition area and the 
required film thickness homogeneity [45]. On contrary, the sputtering process 
itself uses the interaction of accelerated ions with atoms of a so-called target, 
containing the material to be deposited. The ions can be generated by a cold 
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plasma or an ion gun. The energy of the ions has to be high enough for multiple 
scattering in the surface region of the target. The energy and momentum transfer 
lead to structural changes in the near surface region of the target and to a partial 
emission of usually neutral atoms and/or clusters of atoms. Due to a considerable 
kinetic energy, more than 100 eV [50], the sputtered atoms and ions move from 
the target and condense on a substrate, located opposite to the target at distances 
between 50 and 500 mm. The target surface erodes in dependence on the ion 
energy, their density and the angle of incidence [45]. Sputtering is preferred over 
evaporation in many applications due to a wider choice of materials to work with, 
better step coverage, and better adhesion to the substrate. A comparison between 
evaporation and sputtering technique is presented in Table 1.2. 

Parameters Evaporation Sputtering 
Rate Thousand atomic layers per 

second 
One atomic layer per second 

Choice of materials Limited Almost unlimited 
Purity Better (no gas inclusions, very 

high vacuum) 
Possibility of incorporating 
impurities (low-medium vacuum 
range) 

Substrate heating Very low Unless magnetron is used substrate 
heating can be substantial 

Surface damage Very low, with e-beam x-ray 
damage is possible  

Ionic bombardment damage 

In situ cleaning Not an option Easily done with a sputter etch 
Alloy compositions, 
stochiometry 

Little or no control Alloy composition can be tightly 
controlled 

X-ray damage Only with e-beam evaporation Radiation and particle damage is 
possible 

Changes in source 
material 

Easy Expensive 

Decomposition of 
material 

High Low 

Scaling-up Difficult Good 
Uniformity Difficult Easy over large areas 
Capital equipment Low cost More expensive 
Number of 
depositions 

Only one deposition per change Many depositions can be carried out 
per target 

Thickness control Not easy to control Several controls possible 
Adhesion Often poor Excellent 
Shadowing effect Large Small 
Film properties (e.g., 
grain size and step 
coverage) 

Difficult to control Control by bias, pressure, substrate 
heat 

 

Table 1.2. Comparison between evaporation and sputtering technology [51]. 
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Recent developments of PVD  

Early a lot of studies have been reported about the use of the evaporation [52-
56] and sputtering [52, 57-63] techniques for the gas sensor fabrication. One can 
see that standard deposition regimes of these techniques are used in the most 
cases. In the last two decades some novel techniques based on evaporation and 
sputtering were proposed in order to prepare nano-particle based metal oxide 
sensing films. For instance, in 1990 a new deposition technique named rheotaxial 
growth and thermal oxidation (RGTO) which can use either sputtering or 
evaporation was proposed by Sbervegliery et al. [64]. This technique was used to 
prepare SnO2 and mixed oxides like Snl-xFeOy or SnO2-Al2O3 [65], first growing 
the metallic alloy and transforming it into an oxide compound by a thermal cycle, 
that in the case of mixed oxides was set at a temperature higher than the alloy 
melting point. The experiments carried out by this group demonstrated that this 
technique is an effective tool for preparing thin films with high surface to volume 
ratio. Recently, Nicoletti et al. [52] applied this technique to deposit SnO2 based 
gas sensor. Their experiments showed that SnO2 deposited by RTGO has an 
excellent response to volatile organic compounds (VOC), but the mid-term test 
revealed that conductivity is affected by a significant drift.  

Another technique based on the evaporation was proposed in 1982 by Hara, et 
al. [65]. This technique is known as multilayer deposition and it allows either the 
modulation of the material structure or the modification of its catalytic activity. 
This technique was used to form mixed oxide compounds which are formed at the 
interface of each layer, thus compounds with low diffusion coefficient were 
chosen. In fact the gas-semiconductor interface was controlled by the outer layer. 
It was reported that CdO deposited onto SnO2 layer forms a multiplayer with 
stable structure [66]. A similar technique, where RTGO and multilayer deposition 
were combined, was proposed by Aste et al. in 1995 [53]. This technique consists 
in the preparation of double-layer granular SnO2 deposited by RGTO. The first 
layer is composed by single electrically non-contacted grains and the 
interconnection between grains is obtained by the deposition of a second layer. 
Aste et al noted that varying the amount of Sn deposited in the second layer could 
change the size of the necks between grains and could control the sensing 
properties of SnO2.  
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Most recently Ponzoni et al. [54] presented the method based on the modified 
thermal evaporation technique to obtain nano-structured WO3 thin films. This 
method consists in the sublimation from metallic tungsten wire followed by 
oxidation in low vacuum conditions and reactive atmosphere with the substrate 
heated at high temperature (600ºC). Morphological characterizations carried out 
by atomic force microscopy (AFM) showed that WO3 agglomerates are composed 
of particles less than 100 nm in size. 
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1.3. Tungsten trioxide (WO3) 
 

 

Tungsten trioxide (WO3) is a wide band gap (Eg ~ 2.6 eV [67]), n-type 
semiconductor that encloses interesting physical and chemical properties, that is 
why it is useful for a wide spectrum of technologies applications. For instance, 
tungsten trioxide is an important material for electrochromic [68] and 
photoelectrochemical devices [69], catalyst [70] and gas sensors [71, 72]. In the 
present work, WO3 is used for gas sensing applications. Therefore this section is 
focused on the sensing properties and structural characteristics of this metal oxide. 

As a sensing material, WO3 has demonstrated to be advantageous due to its 
quite good mobility (10 cm2/V·s) [4]. In addition, WO3 has shown good thermal 
stability and low humidity interferences [73]. The later characteristic is not 
common for SnO2-based gas sensors. It is important to mention that nowadays 
tungsten trioxide occupies up to 7% of the gas sensing applications in comparison 
with other metal oxides (see Figure 1.7). Although in the last 15 years the attention 
to WO3 as gas sensor has increased and many studies about its application have 
been published, WO3 sensing properties are not completely known and its 
potential is not fully exploited. 

1.3.1. Structural evaluations of WO3 thin films 

The crystal structure of WO3 is a distortion of the rhenium oxide (ReO3) cubic 
structure in which the tungsten atoms are located on the cube corners and the 
oxygen atoms are located along the cube edges. Each tungsten atom is surrounded 
by six oxygen atoms forming an octahedron. The slight rotation of these 
octahedrons with respect to each other, as well as unequal bond lengths in the 
octahedral coordination, causes lattice distortion and reduces the symmetry (see 
Figure 1.8). The displacement of the tungsten atom inside the octahedron is 
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stabilized by an increase in covalence between the tungsten and oxygen atoms 
[74].  

The distortion of WO3 from the ideal cubic perovskite results in a number of 
different phases, which are stable .depending on temperature. The phase 
transitions and structures are complex because they involve both tilting of WO3 
octahedral and displacement of tungsten atoms away from the centres of the 
octahedral. Thus, WO3 has been reported to be triclinic below 17°C, monoclinic 
from 17ºC to 320°C, orthorhombic from 320ºC to 720°C and tetragonal above 
720ºC [75]. The phases of WO3, lattice parameters and elemental cells angles are 
presented in Table 1.3. 

 

On the other hand, tungsten trioxide structure is likely to host several kinds of 
defects. One of the most elementary defects, as in most metal oxides with a ReO3-
type structure, is the lattice oxygen vacancy, where the oxygen atom is absent 
from a normal lattice site. Thus the octahedral changes from corner-sharing to 
edge-sharing lattices and it causes the formation of crystallographic shear planes 
into the crystal along the (1 m 0) direction. This leads to a family of WO3-x 

compounds which are presented in [30]. From an electronic point of view, an 

Figure 1.7. Relative comparison of different oxides used for gas- sensing application 
[71]. 
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oxygen vacancy causes the increase of the electronic states within the forbidden 
gap of the WO3, leading to the formation of donor-like states slightly below the 
edge of the conduction band of the oxide. It is known that tungsten trioxide films 
deposited by vacuum techniques showed better control of this defects. Besides, it 
was observed that these intrinsic defect depends on the annealing procedure, 
temperature and substrate type [74, 76-78]. 

W

O

W

O  

According with Kuzmin et. al. [79], who proposed a structural model of the 
WO3 grain surface, two different situations may be present in the surface of an 
idealized WO3 film due to the electrical neutrality condition (see Figure 1.9) 
Considering a surface along the (1 0 0) crystallographic plane. In the first, half of 
W atoms remain in the valence state 6+ and are connected to the terminal oxygen 
ions, which give one of their electrons to the nearest W ion, leading to a formation 
of a W5+ state. This situation occurs at the free surface of WO3 single crystals and 
was directly observed by STM technique [79-81]. In the second situation, all 
tungsten atoms at the surface change their valence state to 5+, and the surface is 
represented by W5+O2 terminal layer. In both cases, the surface W5+ sites react 
with the oxidising atmosphere of air, leading presumably to a formation of the 
W6+-OH bonds in a humid ambience. 

Structure Angstroms Degrees 
 a b c α β γ 

Stability  
Range (ºC) 

Triclinic 7.31 7.52 7.69 88.8 90.9 90.9 <17 
Monoclinic 7.30 7.54 7.69 90 90.9 90 17-320 
Orthorombic 7.34 7.57 7.75 - - - 320-720 
Tetragonal 5.25 5.25 3.92 - - - >720 

Figure 1.8. Structure of monoclinic WO3. Blue colour: oxygen atoms, red colour: 
tungsten atoms 

Table 1.3. Bulk equilibrium phases of WO3 [74]. 
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The formation of tungsten states on the film surface plays a strong role in the 
gas-solid interactions. So far, it was noted that tungsten states on the surface 
enhance the oxidation power of NOx  molecules [63], which could explain its good 
sensitivities not only to this family of gases but also to other gaseous species. 

1.3.2. WO3 – based gas sensors 

Certainly, the main asset of WO3-based gas sensors is connected with its 
sensitivity to atmosphere pollutants like NOx [26, 61, 63, 82-85], O3 [57, 60, 86] 
H2S [58, 87, 88], NH3 [58, 63, 89], SO2 [88], H2 [63] and C2H6O [89]. As other 
metal oxide based gas sensors, WO3 is mostly used in the air at atmospheric 
pressure. In these conditions, it is believed that most of the gaseous species are 
detected via their influence on the adsorbed oxygen. In particular, the 
investigations showed that the key reaction of the gaseous species detection 
involves oxygen ions adsorbed on the surface of the sensor [1]. Thus, at operating 
temperatures between 200ºC and 500ºC only O- species which are the most stable 

Figure 1.9. Structural model of the WO3 grain surface. In the left: idealized WO3 
structure with the (1 0 0) fracture plane shown. In the right: two possible states of the 
grain surface [79]. 
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reacts with the contaminant gases [90]. Below, it is presented a brief description of 
the target gases used in this work as well as the reactions produced by the 
adsorption of these gases on WO3. 

Nitrogen oxides (NOx: NO2 and NO) are produced during combustion. These 
gases are the most common atmospheric pollutants according to the Environment 
Protection Agency of the USA [91] and the European Environment Agency [92]. 
Nitrogen oxides are believed to cause lung irritations, decrease the fixation of 
oxygen molecules on red blood corpuscles, contribute to acid rains and generate 
the increase of ozone rate in the low atmosphere. The European air quality policies 
[93] reports that the limit concentration of nitrogen oxides in air should not be 
higher than 0.1 ppm. Adsorption of the NO2 on WO3 results in a decrease of the 
conductivity which may be explained by the reactions. 

(NO2)g + e- →(NO2
-)ads 

(NO2)g + e- →(NO)g + (O-)ads 

Both of these reactions require electrons from the conduction band of WO3 
which leads to a decrease of the conductivity [89, 94]. On the other hand, reactions 
with NO result in an increase in chemisorbed oxygen in the film decreasing the 
free carrier concentration, as follow: 

2(NO)g + 2e- →N2 + 2(O-)ads 

This decrease in the carrier concentration causes the film conductivity to fall 
[95]. 

Ozone (O3) is a strong oxidizing gas. It is naturally presented in our atmosphere 
due to the interaction of sunlight with certain chemicals emitted to the 
environment (e.g. automobile emissions and chemical emissions of industrial 
plants). Severe exposures to this gas may cause problems such as inflammation 
and congestion of the respiratory tract, besides it contributes to the green house 
effect and vegetation degradation [96]. The European air pollution policies [93] 
recommend that the average of O3 concentration in the air should not exceed 
values of 0.05 - 0.10 ppm. Basically, the response of a WO3-based gas sensor to 
O3 is interpreted by considering that the oxygen species interact with the surface 
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oxygen vacancies. Therefore, when WO3 is exposed to O3 the oxygen species 
given by the dissociative adsorption interact with the surface oxygen vacancies 
according to: 

(O3)g → 3Oads 

3Oads + 6e- + 3Vo2+→ 3Olat 

As a result, oxygen vacancies and the corresponding free electrons are 
annihilated and the conductance decreases [81]. 

Ammonia (NH3) is one the most abundant alkaline component in the 
atmosphere. It is known that a considerable amount of this gas comes from the 
natural breakdown of manure, dead plants and animals. According to the Agency 
for Toxic Substance and Disease [97], no health effects have been found in 
humans exposed to typical environmental concentrations of ammonia, however, it 
is reported that exposure to high levels of ammonia may cause irritation in the 
skin, eyes, throat and lungs. Ammonia acts as a reducing agent when it interacts 
with WO3. Therefore the carrier concentration in the sensing film rises as a result 
of a decrease in adsorbed surface oxygen, as follow: 

2NH3 + 3(O-)ads → N2 + 3H2O + 3e- 

The increment of the free electron concentration within the active film implies 
an increase in the conductivity [89, 95].  

Hydrogen sulphide (H2S) occurs naturally in crude petroleum, natural gas, 
volcanic gases, and hot springs. It can also result from bacterial breakdown of 
organic matter or produced by human and animal wastes. Other sources are 
industrial activities, such as food processing, coke ovens, craft paper mills, 
tanneries, and petroleum refineries. High concentrations of H2S may hurt the eyes, 
nervous system and respiratory system. At low temperatures, it has been suggested 
that resistance changes, due to H2S adsorption, occurs as a consequence of the 
reaction: 

2(H2S)g + (O2
-) ads → 2H2O + 2SO2 + 3e- 
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As H2S is adsorbed, electrons are released into the conduction band and the 
conductivity increases. In contrast, for high temperature operation, the reaction is: 

(H2S)ads + (O-)ads → 2H2O + S + e- 

Another mechanism, that can play a role in the gas sensing, is the formation of 
additional surface oxygen vacancies, created by the interaction of H2S with lattice 
oxygen according to: 

3WO3 + 7H2S → 3WS2 + SO2 + 7H2O 

This reaction takes place on the surface and involves a reduction of W6+ to W4+. 
Oxygen leaves the surface thereby releasing electrons into the grains so that the 
conductivity of the film is increased. However, re-oxidation of the vacancies by O2 
results in a competition with the formation of the oxygen vacancies by H2S [94]. 

Carbon monoxide (CO) is formed when carbon in fuel is not burned 
completely. In cities, 85 to 95 percent of all CO emissions may come from motor 
vehicle exhaust. Other sources of CO emissions include industrial processes (such 
as metals processing and chemical manufacturing). Carbon monoxide can cause 
harmful health effects by reducing oxygen delivery to the body's organs (like the 
heart and brain) and tissues. The limit concentrations of CO stipulated by the 
Europe commission [93] are between 9 and 35 ppm. When CO is detected by a 
metal oxide gas sensor,  it reacts with the adsorbed oxygen ions getting oxidized to 
CO2 and the released electrons return to the conduction band according to the 
reaction. Therefore, the conductivity increases [98]: 

(CO)g + (O-)ads → (CO2)g + e- 

Ethanol (C2H5OH or C2H6O) is produced both as a petrochemical, through the 
hydration of ethylene, and biologically, by the fermentation of sugars. It is best 
known as the alcohol found in alcoholic beverages. The adsorption of the C2H5OH 
on WO3 surface can take place by the following route: 

(C2H5OH)g + (O-)ads → CH3CHO + H2O + e- 

The electrons produced by this reaction are injected into the conduction band  
of WO3, which induces a increase of the conductance [90, 99]. 



Tungsten trioxide (WO3) 

 

 

27 

1.3.3. WO3 gas sensors based on PVD techniques 

Tungsten trioxide films for sensing applications have been deposited by many 
methods including sol gel, chemical vapour deposition and physical vapour 
deposition. It was noted that the sensitivity and selectivity of WO3 based sensors 
depend on many factors of design (e.g. substrate type, film thickness) and 
preparation (e.g. annealing temperature, annealing time, substrate temperature 
during deposition). Therefore, several investigations have been focus on the study 
of these factors and their influence on the sensing properties of WO3. Table 1.4 
considers the influence of several parameters of WO3 deposition on the structure 
and sensing properties of the films. 

Influence of film thickness  

According to Penza et al. [63], the response of WO3-based gas sensors to NH3, 
H2, NO2 and NO showed a film thickness dependence. In this work, several WO3 
films with thickness between 1600 Å and 4800 Å were studied. The results 
revealed that the sensitivity to NH3 and H2 increases with the thickness in the 
whole range, while the sensitivity to NO2 and NO increases with the thickness up 
to 4000 Å showing saturation over this value.  Moreover, Boulmani et. al. [86] 
noticed that the response of WO3 films to 0.8 ppm of O3 is higher when the 
sensing layer has a thickness less or equal to electrode thickness.  

Influence of substrate type  

Studies carried out by Lee et al. [82] demonstrated that the sensitivity of WO3 
is highly dependent on the roughness of substrate. They noted that the substrate 
roughness  modifies the surface morphology of the sensing film. Their studies 
included the characterization of various substrate types (unpolished alumina, 
polished alumina, and silicon). The results showed that WO3 thin film deposited 
on unpolished alumina substrates exhibits the highest sensitivity to NO2 than WO3 
films deposited onto polished alumina and silicon substrates. 

 

                                                                                                                        



 

Material Method Total 
pressure 
(mbar) 

Power 
(W) 

Substrate 
type 

TS (ºC) F-T  
(Å) 

Ta 
(ºC) 

ta 
(h) 

Application Top 
(ºC) 

Ref 

WO3 RFS 3-6 x 10-2 100 
300 

Glass 200-300 1600 
4800 

400 6 NO, NO2, NH3, 
H2 

250 [63] 

WO3 DCS 1.3 x 10-2  Al2O3 200-500 3000 600 4 NOx 200 [61] 

WO3 VTE 5 x 10-6  Si/Si3N4 RT 1500 300 
500 

24 
200 

NO2 150 [26] 

WO3 VTE   Al2O3        
Si/SiO2 

RT  600 2 NOx 300 [82] 

WO3 DCS 1Pa  Si/SiO2 RT    200  
300 

150 600 4 NO2 300 [84] 

WO3 VTE 5 x 10-6       Sapphire RT 1500 500 6       
12     
24 

NO2 250 [83] 

WO3       
WO3-Pd 
WO3-Pt 
WO3-Au 

RFS 6 x 10-2  Glass 300 3000 400 6 NO, NO2 250    
150    
150     
200  

[85] 

WO3 RFMS 3 60 Si/SiO2 RT 500 450  O3 250 [57] 

WO3 VTE  RFS 5 x 10-6     
2 x 10-3    

 Al2O3 300  
 

250 
600 

4  
30 

O3 400 [60] 

Table 1.4. Review of reports concerning to physical vacuum deposited-WO3 thin films used as gas sensing material.  



 

 

 

WO3 RFMS 3 x 10-3     Si/SiO2 300 300     
400     
900     
1160 

450 1 O3 250 [86] 

WO3 VTE   Al2O3   RT 1200 480 1 H2S RT [87] 

WO3      
WO3-Pt 

RFS 5 x 10-3      200 Si/SiO2 RT 2500 400 2 H2S, SO2 200 [88] 

WO3      
WO3-Pt      
WO3-Au 
WO3-Ag     
WO3-Ti 
WO3-SnO2 
WO3-ZnO 
WO3-ITO       

RFS 5 x 10-3      200 Si/SiO2 RT 2500 400 2 H2S, NO2, NH3   200 [58] 

WO3    RFS 5 x 10-3      200 Si/SiO2 RT 2500 350     
400     
450 

24  200 [89] 

 

. 

 

 

RFS: RF sputtering, RFMS: RF magnetron sputtering, VTE : vapour thermal evaporation, DCS: DC sputtering, RT: room 
temperature, F-T: film thickness, Ta: temperature annealing, ta: annealing time, Top: operating temperature. 
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Influence of substrate temperature during deposition 

It was noted that the sensitivity of WO3 has a strong dependence on the 
substrate temperature set up during deposition. Kim et al. [61] reported that the 
sensitivity to NO and NO2 shows an increase from 60 to 180 time for the films 
deposited at 200ºC and 500ºC respectively. They concluded that the quality of the 
final crystalline phase of WO3 (post annealing at 600ºC) depends on the initial 
formation of the phase during deposition. Similar results were published by He et 
al. [84] which observed that the sensitivity to NO2 increases from 0.78 to 22 for 
the films deposited at room temperature and 300ºC respectively. In this case the 
SEM photographs revealed that the specific surface area is increased (decrease in 
grain size) when WO3 is deposited at 300 ºC. 

Influence of O2/Ar ratio during sputtering deposition 

Bendahan et al [57, 86] reported that changes of oxygen percentage in the 
sputtering gas lead to changes in the conductance of WO3 based sensors. Thus, 
they noted that the sensitivity to ozone increases with O2 content in the sputtering 
gas. The sensors fabricated with 50% of O2 showed the highest responses. AFM 
analysis of WO3 films deposited with 50 % of O2 revealed a decrease in grain size 
and an increase in roughness in comparison with films deposited with 18 % and 
65% of O2. 

Influence of annealing temperature and annealing time  

Cantalini et al. [26, 83] observed that improved sensitivities of WO3 are 
achieved when it is annealed near its crystallization temperature (e.g. 300 ºC). 
These annealing conditions prevent crystal growth and enhance the concentration 
of possible surface defects. Moreover they noted that improved long term 
stabilities are achieved when WO3 is annealed for longer times (e.g. 200 h) due to 
the stabilization of the surface defects at their equilibrium values. The 
experimental results presented in these studies showed that after one year of the 
use, WO3 films annealed at 300ºC for 24 h had a sharply decrease of sensitivity to 
NO2 in comparison with WO3 films annealed at 300ºC for 200h. In the same way 
Stankova et al. [89] found that the annealing temperature, rather that the operating 
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temperature, is the most important parameter that affect the sensitivity of sputtered 
WO3 thin films.   

Influence of dopant addition  

It was demonstrate that the sensitivity and selectivity of WO3 films deposited 
by physical methods can be improved by addition of thin layers of noble metals 
onto its surface. Penza et al. [85] noted that the addition of Pd, Pt, and Au films 
enhance the selectivity towards NOx with respect to some reducing gases (CO, 
CH4, H2, SO2, NH3). Moreover, Stankova et al. [58] observed that the addition of 
Ag and Au becomes WO3 suitable for the detection of H2S and NH3 at moderates 
temperatures (i.e. 110ºC). Another study showed that sulphur compounds (H2S 
and SO2) can be controlled in CO2 stream with promising results by combining 
WO3 and WO3/Pt based sensors [88]. 
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1.4. Summary and outlook 

This chapter presented a general overview of the metal oxide based gas 
sensors. Three main points were discussed focussing in the recent developments of 
these devices: the  working principles of metal oxide based gas sensors, the most 
common deposition techniques used to form the sensing layer and the metal oxides 
employed to fabricate this devices. In particular, it was paid attention to tungsten 
trioxide (WO3) based gas sensors developed by PVD techniques.  

Several theoretical and experimental evidences showed that the performance of 
the metal oxide gas sensors is significantly related with the granular structure of 
the sensing layer, which was demonstrated to be controlled by decreasing the 
metal oxide grain size to nanometric scale. Therefore, at present a significant 
fraction of the overall research and development efforts in metal-oxide-based gas 
sensors is directed toward sensor miniaturization. Although, PVD techniques have 
shown to be advantageous due to their compatibility with the micro-fabrication 
processes, their feasibility in the industry and their vacuum conditions. The 
formation of idealized metal oxide structures (with nanometric grain size) for gas 
sensing applications is not fully achieved by these techniques. Hence, the 
importance to develop new strategies based on PVD to obtain sensing films with 
small grain size is very relevant.  

Currently, a big amount of metal oxides are studied for gas sensing 
applications, among them the most popular is tin oxide. However, during the last 
years other metal oxides, such as WO3, have called the attention due to their 
possibility to use in urban air quality monitoring. It becomes WO3 very attracting 
to develop new deposition technologies. That is why the preparation of the pure or 
doped WO3 thin film sensors with the ability to detect O3 and/or NOx compounds 
with highly selectivity represents a big challenge. 
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2.1. Sensor technology 

 
 

The experiments included gas sensor micro-system fabrication and sensing 
layer characterization. The micro-system fabrication consisted of two steps: (1) 
preparation of the micro-machined substrate arrays and (2) WO3 thin film 
deposition by r.f. sputtering.  

2.1.1. Micro-machined substrate technology 

The sensor substrate employed to fabricate the WO3 based-gas sensors consists 
of four-element micro-hotplates array mounted on a TO-8 package (Figure 2.1, 
left). This integrated sensor substrate (chip) was developed at the National Center 
of Microelectronics (CNM, Bellaterra, Barcelona, Spain) using micro-systems 
technology [1-4]. The design was carried out by finite-element analysis in order to 
achieve a low power consumption which was demonstrate to be about 30 mW in 
air for an average temperature over the heater resistor of 350 ºC [1, 2]. The chips 
were fabricated on double-side polished p-type <100> Si substrates with 300 µm 
thickness. Each chip had four Si3N4 membranes, of 1 mm × 1 mm and 0.3 µm of 
thickness, grown by LPCVD. Boron was implanted in order to reduce the stress. 
Onto each membrane was deposited: 

- a heater which consists of a POCl3-doped polysilicon meander shaped resistor 

of 16 Ω/sq with a thickness of 0.47 µm and a temperature coefficient of 

resistance (TCR) of 6.79×10-4/ºC; 

- a SiO2 layer in order to insulate the heater from the electrodes and the sensing 

film. It has a thickness of 0.8 µm; 

- an interdigitated electrode which consists of Pt deposited by sputtering. The 

electrode area and the electrode thickness are 400 µm x 400 µm and 0.2 µm, 

respectively. Two types of interdigitated electrode configurations were 
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included in the chip, one with 100 µm gap and another with 50 µm gap (Figure 

2.1, right). 

- a sensing layer which consists of WO3 thin films deposited by rf sputtering.  

 

After deposition of the sensing layer, a back side anisotropic etch process using 
KOH at 75ºC and 40% wt. was performed. Etching was automatically stopped on 
the interface between the dielectric membrane and the edge of the highly boron 
doped silicon plug. A schematic picture of the micro-machined sensor after 
etching is presented in Figure 2.2. The technology of the micro-machined WO3-
based sensor fabrication included next steps as well: photolithography, lift-off 
operation, annealing of WO3 sensing layer, cutting of silicon wafer, bonding and 
capsulation of the chips in the TO-8 package. The deposition technology and 
annealed process are described in next section. 

 

Figure 2.1. On the left: view of the micro-array mounted on standard TO-8. On the 
right: detailed views of the micro-machined sensor membranes with interdigitated 
electrodes. 100 µm gap (a) and 50 µm gap (b). 

Figure 2.2. Schematic picture of the micro-sensor section. 
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2.1.2. WO3 thin film deposition  

Previously it was shown that the sensing properties of metal oxides depend 
strongly on the methods and conditions used during sensing layer formation. 
Furthermore, grain size reduction in metal oxide films is one of the key factors to 
enhance the gas sensing properties of semiconductor layers [5, 6]. In this work the 
idea to create metal-oxide films with small grain size consists in the use of special 
regimes of thin film deposition by r.f. sputtering of pure metal target. These 
regimens were named as interruption (or interrupted) regime and floating regime. 
Next two subsections will present the physical essence of these sputtering 
techniques and their effects, from the theoretical point of view, on the properties of 
the deposited thin films. 

2.1.2.1. Interruption regime 

Basically, the interruption regime implies the deposition of the thin films with 
one or several interruptions during the thin film formation [7-9]. The interruptions 
of the deposition process are carried out by closing the shutter placed between the 
target and the substrate. This technique was used in some previous investigations 
about the influence of the interruptions on the thin film formation of pure metals 
[10-12] and double-layer granular SnO2 [13]. Figure 2.3 shows a schematic 
illustration of the metal oxide thin film deposited by applying interruption regime 
(e.g: with three interruptions). 

 

Early, systematic investigations of the growth kinetics of pure metals 
evaporated on amorphous carbon substrates have revealed that, after interrupting a 
continuous vapour deposition period by closing the beam shutter, the metal 
particles continued to grow for up to several minutes with decreasing speed [10-
12]. At constant temperature, after re-opening the shutter, particle growth resumed 

Figure 2.3. Schematic illustration of thin film deposited with three interruptions. 
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with a delay being similar to that of particle nucleation. It was shown that there are 
at least two different mechanisms of adatom diffusion. There exist at least two 
binding states for the metal atoms with energies of about 1 eV for regular states 
and in the range from 1.5 to 1.7 eV with abundance of 1013 to 1014 cm−2 [10, 12]. 
The occurrence of growth transients after closing the beam shutter requires re-
emission of adatoms from the sites with higher energy in an activated process of 
particle growth. Porosities in the substrate surface could be responsible for 
temporarily trapping of adatoms in states with higher energy. The detailed 
evolution of stress in thin films that grow by the Volmer–Weber (VW) mechanism 
during ultra-high vacuum deposition and growth interrupts was explored using 
real-time wafer curvature measurements [14-16]. It was shown that reversible 
stress changes during the interruption of thin film growth are phenomenologically 
similar in the pre-coalescence and post-coalescence growth regimes. It was 
suggested that the reversible stress changes are associated with changes in the 
concentration of atomic defects on the substrate and film surface [16]. At the pre-
coalescence stages of growth initiation, the dominant defects are isolated adatoms. 
At the post-coalescence stages, film surface is likely to be atomically rough, with 
excess adatoms, ledges and other defects. When film growth is interrupted, the 
defect population decays to the equilibrium value as excess adatoms diffuse to 
incorporation sites and excess defects are eliminated [16].  

During the interruption of the deposition process at the post-coalescence stages 
of film growth, an equilibrium film surface can be formed due to the free surface 
bond saturation by the atoms from the residual atmosphere and/or the structural 
relaxation of the interface [17]. Figure 2.4 illustrates, for the two possible cases, 
the way in which the equilibrium surface is formed during an interruption process. 
The saturation of metal films by oxygen atoms from the residual atmosphere has 
been shown earlier by the investigation of sputtering-deposited molybdenum films 
[18]. It could be realized by the formation of bonds between metal atoms and O-
ions accelerated from the target (Figure 2.4.b). It is known that a deposited thin 
film tries to minimize its total energy by keeping its surface area as small as 
possible to obtain an ideally flat surface. Surface diffusion of the adatoms makes 
possible the occupancy of empty sites in the film lattice and can lead to less 
surface area by filling in the valleys and leveling the atom peaks to give a lower 
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surface energy [16, 19, 20]  (Figure 2.4.c). Thus, the surface diffusion of adatoms 
during interruption of the deposition could promote both film growth continuation 
[10-12] and structure relaxation of the film surface [16, 19, 20]. 

 

For the subsequent prolongation of the deposition process, film growth begins 
over again on the new “extra” equilibrium surface (relaxed surface) and the 
average grain size of the film at the surface could be smaller than in the original 
film. The equilibrium surface is sufficiently rough and there can be coalescence 
between both new islands and a new island and an existing film grain [20]. Figure 
2.5 shows a qualitative representation of the influence of the deposition 
interruptions on thin film thickness and grain size growth [17]. The qualitative 
views of the dependencies of film thickness and grain size on deposition time were 
built on the base of theoretical and experimental data presented in Ref.[19]. So, 
Figure 2.5,a sketches out the change in film thickness after each interruption. 
Lines 0, 1 and 2 present the change in film thickness as a function of deposition 
time for the film deposited without interruptions (line 0) and with one (line 1) and 
two (line 2) interruptions, respectively. Lines 1 and 2 show the time delay 
necessary for the nucleation of new particles [10]. The points 0, 1 and 2 define the 
film thickness after the end of the deposition process. Figure 2.5,b shows a 

Figure 2.4. Schematic illustrations of the manner of a film growth (a) and an 
equilibrium surface formation during interruption processes (b, c). Subplots b and c 
show the saturation of surface free bonds by oxygen atoms (b) and the structural 
relaxation of the surface (c). 
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reiteration of the nucleation of grains on each new “extra” equilibrium surface 
formed after the interruption of the deposition process. Lines 0′, 1′ and 2′ present 
grain growth in the film as a function of deposition time for the film deposited 
without interruption (line 0′) and with one (line 1′) and two (line 2′) interruptions, 
respectively. The points 0′, 1′ and 2′ define grain size in the films after the end of 
the deposition process. The differences in grain size after the first and second 
interruption are related to the coalescence between both new islands and a new 
island and an existing grain in the film [10, 20]. 

 

2.1.2.2. Floating regime 

Actually, floating regime implies the deposition of the film with one or several 
interruptions (as in the interruption regime) with the peculiarity that two power 
densities are used: the first one to deposit the first interrupted layers within the 
bulk of the film and the second one to deposit the superficial layer. Figure 2.6 

Figure 2.5. Qualitative views of the dependencies of film thickness (a) and grain size 
(b) on deposition time. Labels 0, 1 and 2 correspond to deposition processes without 
and with one and two interruptions, respectively. 
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shows a schematic illustration of the metal oxide thin film deposited using floating 
regime (e.g: three interruptions). 

 

The idea consists in the use of low deposition rate during the initial stage of 
film formation and high deposition rate during the final stage of the deposition. So 
that the grain size in the surface of the film could become smaller. The decrement 
of the grain size (due to the increment of deposition rate) is related with the fact 
that film atoms just impinged on the surface (although they may possess a large 
surface mobility) rather penetrate into the superficial layers at high deposition 
rates than diffuse along the surface [19]. This effect takes place only after a 
minimal deposition rate has been exceeded (see Figure 2.7). Before this value the 
grain size in the film is limited by the temperature. On the other hand, the 
increment of deposition rate during the final stage of film formation may also lead 
to the film surface with higher purity. Several studies demonstrated that at higher 
deposition rates most impurities should be preferentially removed (during 
resputtering) relative to the atoms of the main film [21].  

 

Figure 2.6. Schematic illustrations of thin film deposited using floating regime 

Figure 2.7. Dependence of grain size on deposition rate [19]. 
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2.1.2.3. Sensing layer formation 

Tungsten trioxide thin films were deposited by r.f. magnetron sputtering on 
boron-doped Si (100) wafers and silicon micro-machined substrates. The WO3 
films deposited on silicon wafers were employed as test structure to carry out the 
morphological and structural investigations of WO3 thin films. The deposition of 
WO3 films on silicon micro-machined substrates allowed studying their sensing 
properties. During scientific work two sets of the sensing layer formation on 
silicon micro-machined substrates were done. Throughout the second set of the 
sensing layer formation on silicon micro-machined substrates the operations of 
film deposition, annealing of thin film deposited and lift-off were optimized. 

The depositions were performed using an ESM100 Edwards sputtering system. 
WO3 thin films were deposited using a tungsten target of 99.95% purity with a 
diameter of 100 mm and a thickness of 3.175 mm. The target to substrate distance 
was set to 70 mm. The substrate temperature was kept constant during films 
deposition at room temperature. The base pressure in the sputtering chamber was 
6×10-3 mbar. The sputtering atmosphere consisted of Ar-O2 mixed gas and its flow 
rate was controlled by separated gas flow-meters to provide Ar:O2 flow ratio of 
1:1. The pressure in the deposition chamber during sputtering was 5×10-3 mbar. 
The sensing films were deposited using two sputtering regimes. First one included 
three interruptions of the deposition process. The rf sputtering power was 100 W 
and the interruption time was changed from 0.5 min to 5.0 min. Second one 
comprised a deposition by using floating regime. The thin film was deposited with 
three interruptions. In the first two interruptions the sputtering power was 100 W 
and in last one the sputtering power was set to 280 W. Table 2.1 presents the 
parameters of the WO3 film deposition with the interruption and floating regimes 
and the conditions used for each regime. 

The active layer thickness was up to 0.09 µm for silicon wafers, 0.25 - 0.27 µm 
for the first set of deposition on silicon micro-machined substrates (with 
interruptions only), 0.2 µm for the second set of deposition on silicon micro-
machined substrates (with interruption and floating regimes). After deposition the 
thin films were annealed at 400 ºC during 2 h.  
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Substrate Interruption regime Floating regime 
 Ni ti (min) Ni ti (min) 
Test structure  
(Si wafer) 

0 
1 
2 
3 

- 
0.5 
0.5 
0.5; 1.5; 3; 5 
 

3 1.5 

Si micro-machined  
(1st set of samples) 

0 
3 

- 
1.5 
 

  

Si micro-machined  
(2nd set of samples) 

3 1.5 3 1.5 

Table 2.1. Interruption and floating regime conditions during WO3 thin film 
deposition. The total deposition time was 40 min for samples deposited onto Si wafers 
and 120 min for samples deposited on Si micro-machined substrates. 

Ni and ti represent the number of interruptions and the time of interruptions, 
respectively.  
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2.2. Characterization techniques 

 
 

2.2.1 Morphological characterization 

The study of the surface morphology of the WO3 thin film samples deposited 
using the interruption and floating regimes was performed under ambient 
conditions on an Atomic Force Microscope (AFM) from Molecular Imagining 
Corp. (PicoScan controller). AFM is a powerful microscope technique with high 
spatial resolution that is used to study the morphology of a surface by scanning it 
with a special tip (needle). The working fundaments of the AFM technique are 
described in detail in [22].   

The instrument used for the experiments was operated in dynamic (ac) mode, 
also known as tapping mode, in order to reduce surface distortions during imaging 
[23]. During the first experiments carried out for WO3 thin films deposited with 
interruptions the surface was scanned by a silicon tip (from Micromash Inc.) with 
a nominal radius of curvature up to 10 nm and a frequency up to 300KHz. Later, a 
new tip (from BudgetSensors) with the same parameters was used in the 
experiments. The estimation of the mean grain size and image processing were 
achieved using MetaMorph 6.1 and WSxM 4.0 software respectively. The mean 
diameter of grains was calculated for a population of one hundred elements in all 
cases, and the standard error of the mean diameter of grains (SEM) was calculated 
with the following expression:  

n
SDSEM =  

Where SD is the standard deviation and n the number of elements. 

Eq. 2.1. Standard error of the mean. 
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2.2.2 Film thickness measurements 

The WO3 film thickness and refractive index were measured by ellipsometry 
[24]. The measurements were performed at 50º and 60º of incidence angle with a 
Plasmos 2000 ellipsometer. As-deposited and annealed tungsten oxide films had 
refractive index of 2.08 - 2.13 that corresponded those obtained in Ref.[25]. In 
order to check the film thickness the samples were measured by stylus 
profilomentry [24]. The instrument used for this purpose was a Dektak 3030 with 
a 2.5 micron diamond stylus.  

2.2.3 Structural characterization 

The structural features of the WO3 thin films samples were studied by X-ray 
diffraction (XRD). This technique is ideally suited for the characterization and 
identification of polycrystalline phases. Basically, it is based on the interaction of 
the X-rays with the sample in order to obtain a diffraction pattern, which acts like 
a fingerprint of the material. The working fundaments of X-ray diffraction are well 
explained in [26]. 

X-ray diffraction (XRD) measurements were made using a Siemens D5000 
diffractometer (Bragg-Brentano parafocusing geometry and vertical θ-θ 
goniometer) fitted with a curved graphite diffracted-beam monochromator and 
Soller slit, 0.2 mm receiving slit and scintillation counter as detector. The angular 
range was between 19º and 70º for 2θ. Data were collected with an angular step of 
0.02º and 6 s per step and sample rotation. CuK∀ radiation was obtained from a Cu 
X-ray tube operated at 40 kV and 30 mA.  

To run XRD measurements at high temperature, an Anton–Paar HTK10 
temperature chamber with a platinum ribbon as a heating stage was attached to the 
diffractometer. The patterns were collected at ∆T=100ºC after 300 s of delay time 
at heating/cooling rate of 0.17 ºC/s. Temperature range used for the analysis was 
set to 23-800 ºC. A static air atmosphere was introduced in the chamber 
throughout the measurement. X-ray diffractograms were analyzed using a 
Fundamental Parameters Approach convolution algorithm implemented in the 
TOPAS programme. TOPAS was necessary to configure previously to fit 
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diffractograms obtained in grazing incidence geometry. It was used the profile 
fitting procedure of TOPAS for all diffractograms measured for WO3 samples at 
various temperatures. 

2.2.4 Gas sensing characterization 

The WO3 micro sensors were characterized towards various oxidizing (nitrogen 
dioxide NO2, ozone O3, nitrogen oxide NO) and reducing (ammonia NH3, sulfur 
hydrogen H2S, carbon monoxide CO, ethanol C2H6O) target gases. Most of these 
gases, at relative low concentrations, are considered very harmful not only to our 
health but also to the environment in which we live. For these reason monitoring 
these contaminants represents a very important task. The WO3-sensor responses 
were measured to various gas concentrations and various sensor operating 
temperatures (between 250ºC and 450ºC). All gases were diluted in synthetic air in 
order to obtain the desire concentration. For most of the experiments the total flow 
was adjusted at 100 cm3/min, some experiments were carried out with a total flow 
of 200 cm3/min. Table 2.2 presents a list of the measured target gases and their 
concentrations. 

Target gases  Concentrations, ppm 
Nitrogen dioxide, NO2 0.5, 1, 2 
Ozone, O3 0.2, 0.4, 0.8 
Nitrogen monoxide, NO 1, 2, 3 
Ammonia, NH3 1, 2, 3, 20 
Sulfur hidrogen H2S 3, 5  
Carbon monoxide, CO 10, 20, 30 
Ethanol, C2H6O 10, 25, 50, 100 

The sensitivity was defined as:  

gas

air

R
RS =  

air

gas

R
R

S =  

Table 2.2. Target gases and their concentrations. 

Eq. 2.2. Sensitivity to oxidizing gases. 

Eq. 2.3. Sensitivity to reducing gases. 
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Where, Rair is the air sensor resistance at the stationary conditions and Rgas 
represents the resistance after the exposure of the sensor in the toxic gas 
atmosphere during definite time.  

In order to investigate the gas sensing properties of the WO3 active layers, the 
response of the sensors to various target gases was measured using a continuous 
flow system to control the gaseous species tested and a measurement electronic 
system to acquire the output resistance changes of the sensor. A schematic 
illustration of the experimental set-up is presented in Figure 2.8. 

 

The continuous flow system was consisted of: 

- 3 mass flow (MF) devices which were used to study the sensor response to 

target gases from commercial available bottles (NO2, NO, NH3, CO). The MF 

devices had different maximum flow levels (MF1: 400 sccm, MF2: 100 sccm, 

MF3: 15 sccm) that were calibrated with synthetic air (this did not lead to 

Figure 2.8. Experimental set-up. The measurement electronic system is described for 
one micro-sensor. MF: mass flow, VH: heater voltage, RH: heater resistance, RE: 
electrode resistances. 
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significant errors since in the experiments the measured analytes measured 

were highly diluted in air). These devices were controlled by a desktop PC that 

worked as a mass flow controller (Bronkhorst hi-tech 7.03.241). Furthermore, 

behind the mass flow system there was a sensor which controlled the 

temperature and humidity of the gas mixture. Thus, in the experiments the 

temperature and relative humidity (R.H). of the gases were kept at 30 ºC and 

10 % respectively. More details about the mass flow system are described in 

[27]. 

- An ozone generator which was used to study the sensor response to O3. The 

sensor characterization to ozone was carried out at the Laboratory of Materials 

and Microelectronics of Provence (L2MP) in Marseille, France. The generator 

was made by UPV, Inc. and it consists of a stable source of 185 nm radiation, a 

quartz reduction duct and radiation housing. This system produce a stable 

source of ozone for 100 h of operation, moreover the ozone concentrations can 

be obtained in the range of 0.1-0.8 ppm by adjusting the system in accordance 

with the calibration curves of the generator [28]. More details about flow 

system to measure ozone are described in [29]. 

- A test chamber, where two micro-systems with four micro-sensors each one 

were placed. The volume of the test chamber was up to 36 cm3. 

The measuring electronic system consisted of: 

- An electrometer (from Keithley Instruments Inc., model 6517A) that measured 

the sensor resistance output. This electrometer had a current measurement 

range of 10–16 – 2·10–2 A, with an error of 1–0.1% in accordance with the range. 

Besides, it included a scanner card: model 6522 voltage/current made by the 

same company that provided up to ten channels with 3-lug triax input 

connectors.  

- A power supply (FAC 363B 30V/2A) to obtain the required heater voltage (VH) 

by the operation. 
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2.3. Summary and outlook 

In this chapter, it was presented and discussed two ideas to obtain metal-oxide 
films with small grain size that are based on the use of special regimes of thin film 
deposition by r.f. sputtering of pure metal target. The first idea included the 
deposition of thin films with one or several interruptions during the deposition 
process (interruption regime). The second idea included the deposition of thin film 
using two rates of sputtering deposition, one to form the bulk of the film and the 
other to form the superficial layer of the film (floating regime). Although some 
studies about the influence of these regimes on the film properties are found in the 
state-of-the-art, their application in gas sensor devices have not been investigated. 
That is why these regimes are considered as a novel strategy to deposit sensing 
films. The theoretical background of these regimes suggests that it is possible to 
obtain metal oxide films with better surface characteristics for gas sensing 
application. In this context, the study of the surface, structural and sensing features 
of the films deposited using these regimes is essential.    

This chapter includes the description of the micro-machined substrates, the 
experimental set-up and the equipments employed to study the physical and 
sensing characteristics of the films deposited using the interruption and floating 
regimes.  
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3.1. Physical characterization 

 
 

In this chapter some physical properties of WO3 thin films deposited using 
interruption and floating regimes will be presented. Film thickness, structural 
features and morphology of WO3 thin films are investigated as a function of the 
number of the interruptions (interrupted regime) and the sputtering power (floating 
regime). The WO3 films deposited on silicon wafers were employed for the 
investigation of their film thickness, phase composition and morphology. One part 
of the silicon wafers used was oxidized in dry oxygen at 1100° C. The thickness of 
the SiO2 films was about 150 nm. 

3.1.1. WO3 thin films deposited using interruption regime 

Four types of tungsten oxide films were prepared. The first type a non-
interrupted sputtered process was used. In the deposition of films type 2, 3 and 4, 
the sputtering process was interrupted once, two and three times, respectively. A 
shutter was used to interrupt the deposition process. As a rule, the actual 
deposition time without interruption was 40 min. Nevertheless, for several 
tungsten oxide films deposited with interruptions on silicon wafers, the deposition 
time was up to 2 hours. The interruption time changed from 0.5 min to 5.0 min for 
the different samples. 

3.1.1.1. Film thickness 

Figure 3.1 shows the relative change of the metal oxide film thickness (dint/do) 
as a function of the number of interruptions (Figure 3.1,a) and interruption time 
(Figure 3.1,b) [1]. Here, dint and do are the thickness of WO3 thin films deposited 
with a definite number of interruptions (int = 1, …, 3) and without interruptions 
(int = 0), respectively. For comparison, the experimental data obtained at the r.f. 
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sputtering power of 200 W taken from previous study [2] is presented in Figure 
3.1,a as well. 

 

It can be seen that the total thickness (dint) of WO3 thin films deposited with 
interruptions decreases when the number of interruptions during the deposition 
process increases (Figure 3.1,a). This result is verified for the different total 
thickness of WO3 thin films and the different r.f. sputtering power of the 
deposition process. The relative change in the metal oxide film thickness decreases 
when the total thickness of WO3 thin films and r.f. sputtering power increases. In 
the latter case, the use of higher sputtering power (200 W) has an extremely strong 
influence on the properties and total thickness of the WO3 thin films [2]. There is a 

Figure 3.1. Relative change of WO3 film thickness (dint / do) as function of the 
number of interruptions (a) and interruption time (b). Full (▲) (●)  and open (○) (∆) 
scatters represents thin films deposited with sputtering power of 100 W and 200 W 
respectively. 
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difference in the thickness measured by profilometry and ellipsometry for the 
tungsten oxide thin films deposited with interruptions during the deposition 
process. For example, the relative changes in the thickness of the films deposited 
with two interruptions have values of 0.89 and 0.68 measured by profilometry and 
ellipsometry, respectively (Figure 3.1,a). This result shows that “extra” interfaces 
are introduced into the body of a thin film during each interruption of the 
deposition process. At this point we can conclude that the features of the surface 
relaxation process influence on the formation of “extra” interfaces. 

This is confirmed by a stress relaxation study [3-5] and the experimental data 
presented in Figure 3.1,b. It can be seen that the duration of interruption influences 
on the total thickness and the relative change of the metal oxide film thickness. For 
explaining this functional dependence we will use the experimental data obtained 
in [6] and [7]. It can be assumed that there is some relation between the time in 
which a film continues to grow after the shutter has been closed and the time delay 
for the film to resume its growth after re-opening the shutter. Increasing the time 
in which the film continues to grow could decrease the time delay before resuming 
its growth. In this case, the relative change of the metal oxide film thickness can 
have a minimum at a definite value of the interruption time, just as Figure 3.1,b 
shows. We can conclude that the process of film surface relaxation has a definite 
time (the time for the connection of all free bonds). 

3.1.1.2. Structural features  

Figure 3.2 shows the X-ray diffractograms of WO3 thin films deposited onto a 
silicon substrate from 2θ = 23.0° to 35°. XRD data showed that the structure of as 
deposited WO3 films is amorphous [1, 8]. After annealing at 400 °C one 
monoclinic phase is present in the thin film that is described with the space groups 
Pc (ICDD card no. 87-2386, cell parameters: a = 5.277 Å, b = 5.156 Å, c = 7.666 
Å, β = 91.742°). XRD patterns contain (110), (200) and (112) reflections from the 
monoclinic phase (Pc). 
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It can be seen that the process of thin film crystallization has a different activity 
for both types of WO3 thin films. The crystallization in the thin film prepared with 
three interruptions during its deposition (Figure 3.2,b) is slower than in the films 
prepared without interruptions (Figure 3.2,a). This can be derived by comparing 
the intensities of (110) peaks and their full widths at half maximum (see Figure 
3.3). WO3 thin films prepared without interruptions have maximum intensity of 
(110) peak and full width at half maximum of this peak is minimal. It is worth 
noting that the low-temperature monoclinic phase in WO3 thin films was stable in 
a temperature range from 400°C to 800°C. WO3 thin films were sublimated at 
900°C. The same result was obtained for WO3 thin films deposited onto non 
oxidized silicon wafers. 

Figure 3.2. X-ray diffractograms of WO3 thin films deposited without (a) and with 
three interruptions (b). The corresponding temperatures of the XRD measurements are 
indicated in the plot. 
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The fact that the monoclinic phase with Pc symmetry exists in WO3 thin film 
deserves some comments. The existence of low-temperature Pc phases has been 
reported in gas-evaporated WO3 microcrystals analyzed by Raman spectroscopy 
[9, 10]. The reason for the existence of Pc phase in these microcrystals could be 
either high compression stresses or surface effects on the grains or interfaces [11]. 
In our case the basic reason for the existence of a Pc phase in WO3 thin films 
could be compressive stresses into the layers. 

3.1.1.3. Morphology of the WO3 films 

Atomic force microscopy (AFM) analysis was performed to find a 
confirmation that the “extra” interfaces built in the film body at the interruption 
time influence on the morphology, roughness and mean grain size of the WO3 
surface layer formed during thin film growth. Therefore, Si–SiO2–WO3 structures 
as deposited and annealed at 400 °C and 450 °C were studied by AFM (this 
structures are used in the micro-machined substrates). The results obtained were 
compared with the experimental data obtained for Si–WO3 structures annealed at 
400 °C. The films analysed in this section correspond to the films obtained in the 
first set of the sensing layer formation.  

Figure 3.3. Comparison of the intensity and full wide at half medium (FWHM) of the 
(110) peak for the WO3 thin films deposited without (──) and with three interruptions 
(…..). 
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Figure 3.4 and Figure 3.5 show the surface morphology and roughness profiles 
of the WO3 films as deposited and annealed. It can be seen that tungsten oxide 
grains in the films deposited without interruptions try to reach an ordered 
distribution after annealing. That is not so clear for all of the films with three 
interruptions. The occurrence of an ordered distribution is correlated to the results 
obtained by XRD. The crystalline structure in the films prepared with three 
interruptions is not fully ordered as in the films prepared without interruptions. On 
the other hand, the roughness profile analysis along the horizontal lines of the 
AFM pictures shows that the samples deposited with three interruptions are 
smoother than those ones deposited without interruptions.  

 

Figure 3.4. AFM surface morphology and roughness profile of WO3 thin films 
deposited without interruptions and with one interruption. As deposited (a), annealed 
at 400ºC (b), annealed at 450ºC (c). 
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Figure 3.5. AFM surface morphology and roughness profile of WO3 thin films 
deposited with three interruptions and interruption time of 0.5 min, 1.5 min and 5 min. 
As deposited (a), annealed at 400ºC (b), annealed at 450ºC (c). 



Physical charcterization 

 65 

Figure 3.6 shows the mean diameter of grains in WO3 films as a function of the 
number of interruptions and their duration. It can be seen that grain diameter 
decreases from 20.5 nm down to 17.0 nm in as deposited Si–SiO2–WO3 structures 
without and with three interruptions respectively. Increasing the interruption time 
from 0.5 min up to 5 min results in a further reduction of grain size from 17 nm 
down to 14 nm. When annealing at 400 °C, the process of WO3 film crystallization 
results in a slight increase in the diameter of the grains. There is a tendency 
showing that the higher the number of interruptions is, the lower the increase in 
grain size during the annealing process is. 

 

Figure 3.6. Mean diameter of grains in WO3 films ─ as deposited (○), annealed at 
400ºC (x) and annealed at 450ºC (■) ─ as a function of the number of interruptions (a) 
and interruption time (b). Continuous line (──) and dashed line (---) represent Si-
SiO2-WO3 and Si-WO3 samples respectively. The standard error of the mean is 
presented in the plot. 
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3.1.1.4. Discussion 

On the base of the experimental results obtained we can summarize that the 
introduction of the “extra” interfaces during the deposition interruptions influences 
the process of WO3 film crystallization retarding it. 

Figure 3.7 shows Auger profiles for two types of as-deposited WO3 thin films 
on silicon wafers. It can be seen that the chemical element composition on the 
surface of tungsten oxide film corresponds to stoichiometric WO3. The change in 
the ratio of tungsten to oxygen atoms observed after argon ion etching of the film 
surface is due to the difference in the scattering coefficient of oxygen and tungsten 
[12]. The existence of a narrow area (up to 20 nm) close to the film-substrate 
interface containing a high amount of tungsten atoms could be explained by the 
formation of WO3-x (Magneli phases) [13]. Nevertheless WO3-x phases were not 
detected by the XRD method.  

The basic conclusion from Figure 3.7 is that there is no heterogeneity at the 
profiles of tungsten and oxygen atoms. The absence of any segregation of oxygen 
or tungsten atoms into the thin film body evidences that the process of free bond 
saturation by the atoms from residual atmosphere on the “extra” interface is not 
clearly realized or can not be detected by Auger spectroscopy. This result is 
similar the one presented in Ref. [3] where oxide layers were not observed in Al 
films deposited with two interruptions. The tendency to obtain smoother surfaces 
in WO3 films deposited with several interruptions shows that the process of 
minimization of film surface energy was repeated several times during 
interruptions. It could be suggested that the “extra” interface is formed due to the 
structural relaxation of the additional interface during the interruption time. 

3.1.2. WO3 thin films deposited using floating regime 

3.1.2.1. Structural features  

Figure 3.8 shows the X-ray diffractograms of WO3 thin films deposited on 
silicon substrate using interruption and floating regime. The XRD data of the WO3 

films deposited by floating regime shows that the structure of the as deposited 
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films is amorphous as well. After annealing at 400 °C a monoclinic phase is 
present in both samples prepared using interruption and floating regimes. This 
phase is described with the space groups Pc (ICDD card no. 87-2386, cell 
parameters: a = 5.277 Å, b = 5.156 Å, c = 7.666 Å, β = 91.742°). XRD patterns 
contain (110), (200) and (112) reflections from the monoclinic phase (Pc). 

 

Figure 3.7. Auger profile of chemical elements into WO3 thin films prepared without 
(a) and with three interruption (b) during the deposition process. A.C. stands for 
atomic concentration in %. 
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3.1.2.2. Morphology of the WO3 films  

Figure 3.9 shows the AFM topography images of the WO3 thin films deposited 
on silicon wafers using either interruption or floating regime after an annealing at 
400ºC (these films correspond to the second set of the sensing layer formation). 
The AFM analysis did not shown any substantial difference in the grain size and 
roughness of these samples. It was determined that in both cases the grain size and 
roughness is approximately 11 nm and 0.30 nm, respectively. 

Figure 3.8. X-ray diffractograms of WO3 thin films deposited with interuptions (a) 
and with floating regime (b). The corresponding temperatures of the XRD 
measurements are indicated in the plot. 
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3.1.2.3. Discussion  

The structural and morphological results obtained by XRD and AFM for two 
types of WO3 thin films do not show any differences in the crystallization and 
grain size growth. This result was not expected since according to Ref. [14], the 
grain size in the sputtered-deposited films has to decrease when the sputtering 
power increases (i.e. the films deposited using floating regime have to have 
smaller grains). It could be possible if the grain size was determined by the 
diameter of the AFM tip which is around 10 nm, that the grain size decreases in a 
range less that the diameter of the tip. Therefore it is not possible to determinate 
the size of the WO3 grains.  

 

 

Figure 3.9. AFM surface morphology and roughness profile of WO3 thin films 
deposited with interruptions and floating regime. Ni=3 and ti=1.5 min 
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3.2. Summary and outlook 

On the base of the reference analysis and experimental data obtained it could 
be suggested that “extra” interface is formed into the body of the film due to the 
surface relaxation during its interrupted growth. At the same time, the 
experimental data obtained by Auger spectrometry did not show any segregation 
of oxygen or tungsten atoms into the WO3 film body.  

The introduction of “extra” interfaces in the bulk of the film revealed the 
possibility to influence on the morphological and structural properties of the 
deposited films. It was noticed that WO3 films deposited with interruptions present 
a retard in the crystallization as well as a decrement in the grain size growth. WO3 
films deposited by floating regime showed similar characteristics. On the base of 
these results it is possible to conclude that promising WO3 surface characteristics 
for the gas sensing applications could be obtained using the interruption and 
floating regimes during WO3 sensing layer deposition. 
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4.1. Gas sensing characterization  
 

 

In this dissertation, gas sensor characterizations were carried out by dc 
measurements and they were mainly addressed to analyse the three well known S: 
sensitivity, selectivity and stability. This chapter consists of two basic sections.  

The first one presents the experimental data obtained by the investigation of the 
sensing properties of the test sensing structures and sensing layers deposited on the 
silicon micro-machined substrates during first set of experiments. The sensing 
structures were prepared by the deposition of the WO3 thin films on the top of the 
silicon wafers oxidised in dry oxygen. The top contacts to the sensing layers were 
formed using air dry silver paste (Heraeus AD1688-06) and annealed at 400 ºC 
during 2 h for the contact formation. The diameter of both point contacts was up to 
1 mm and the distance between their centrums was up to 3 mm. Using this paste, 
the test samples were fixed on a ceramic heater prepared according to the method 
reported in [1]. The WO3 thin films were deposited using the basic regime 
(without interruptions) and interrupted regime with different times of the 
interruptions. During the first set of experiments with CNM wafers the WO3 

sensing layers were deposited on the silicon micro-machined substrates using the 
basic and interrupted regimes. 

The second section of this chapter presents the experimental data obtained by 
the investigation of the sensing properties of the sensing layers deposited on the 
silicon micro-machined substrates during second set of experiments. In this case 
the WO3 sensing layers were deposited using the interrupted and floating regimes. 

4.1.1. WO3 thin films deposited using interrupted regime 

4.1.1.1. Sensitivity 

Initially the sensing properties of WO3 test sensing structures deposited using 
the basic regime and interrupted regime with different times of the interruption 
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(0.5 min. 1.5 min and 5 min) were analysed [2, 3]. The sensor response of the test 
sensing structure to nitrogen dioxide (NO2), ethanol (C2H6O) and ammonia (NH3) 
was investigated. The test structures were placed in moisture controlled test 
chamber and their operating temperatures were adjusted in the range from 150ºC 
to 300ºC. Figure 4.1 shows the transient responses (resistance change as function 
of the time) of the WO3 thin films to NO2, NH3 and C2H 6O. Figure 4.2 shows the 
average sensor responses to these gases. It can be seen that WO3 thin films 
deposited with three interruptions and interruption duration of more than 1.5 min 
have the best responses to ammonia, nitrogen dioxide and ethanol. It is important 
to remark that these results were based on five different deposition batches, which 
resulted in 80 samples being produced and analysed. Thus, it can be concluded 
that the deposition method led to reproducible results. 

On the base of this preliminary study both interrupted and floating regimes 
were developed for the sensing layer deposition on the micro-machined substrates 
Three interruptions and interruption time of 1.5 min were selected for the sensing 
layer formation. 

Table 4.1 shows the mean responses of the WO3 sensors fabricated using the  
basic and interruption regimes towards various ozone concentrations [4, 5]. The 
micro-sensors were operated at different temperatures (250ºC, 350ºC and 450ºC). 
The responses of four different types of sensors are presented in this table, which 
correspond to the films prepared with interruptions (Si) or without them (Sb) and 
deposited on narrow gap (50 µm) or wide gap (100 µm) electrodes. The sensing 
response was calculated by using the relationship: Rgas/Rair. The sensor response 
measurements for each ozone concentration and operating temperature were 
carried out eight times. The standard errors (S.E.) of the mean response for the 
WO3 sensors deposited with interruptions were below ±0.054 and ±0.771 in the 
case of the sensors with the electrode gap of 50 µm and 100 µm, respectively. 
These values were calculated over 8 sensor responses obtained through each pair 
of two different sensors on the chip. 

From Table 4.1, it can be noted that two types of active layers and electrode 
configurations present the higher responses at the operating temperature of 350 ºC. 
On the other hand, it is possible to see that the response of the sensors deposited 
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with interruption (Si) is higher than that of the sensors deposited without 
interruptions (Sb).  

 

Figure 4.1. Sensor responses of WO3 thin films to C2H6O, NO2 and NH3. 1, 2 and 3 
are thin films prepared without (1) and with three interruptions (2, 3) of the deposition 
process and interruption time of 0.5 min (2) and 5 min (3). Top is the operating 
temperature. 
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T(ºC) Interruption regime Si Basic regime Sb 
Electrode gap : 100 µm     
 0.1 0.2 0.4 0.6 0.8 0.1 0.2 0.4 0.6 0.8 
450 1.22 1.69 2.81 4.10 4.26 1.01 1.03 1.07 1.08 1.18 
350 1.34 1.85 3.01 4.21 4.48 1.10 1.24 1.49 1.73 1.84 
250 1.03 1.08 1.12 1.17 1.39 1.05 1.09 1.19 1.27 1.35 
Electrode gap : 50 µm      
 0.1 0.2 0.4 0.6 0.8 0.1 0.2 0.4 0.6 0.8 
450 1.05 1.15 1.33 1.50 1.75 1.03 1.05 1.10 1.14 1.19 
350 1.16 1.36 1.76 2.15 2.39 1.08 1.17 1.35 1.48 1.52 
250 1.05 1.14 1.21 1.25 1.41 1.04 1.09 1.18 1.28 1.32 

Figure 4.2. Sensor responses in presence of NO2 (at 250ºC), C2H6O (at 200ºC) and 
NH3 (at 200ºC) as a function of interruption time.  

Table 4.1. Mean responses of the WO3 micro-sensors to ozone as a function of the 
operating temperature. 

0.1, 0.2, 0.4, 0.6, 0.8 denote the ozone concentration (ppm). Si and Sb represent the 
sensors deposited with interruption and basic regimes, respectively. T (ºC) is the 
operating temperature of the sensor. 
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Figure 4.3 presents the isothermal responses of the micro-machined sensors to 
ozone at 350 ºC, where the sensor response is the maximum for all ozone 
concentrations measured and two types of electrode configurations used. It can be 
seen that the response of the micro-machined sensors to ozone is completely 
reversible for the four types of sensors, as it was observed in previous studies for 
WO3 sensing films [6]. 

 

Figure 4.3. Isothermal responses of two types of the sensing layers and electrode 
configuration to a series of ozone exposures at 350 ºC. Si – 50 µm and Si – 100 µm 
represent the response of the WO3 sensors deposited with interruptions (a). Sb – 50 
µm and Sb – 100 µm represent the response of the WO3 sensors deposited with basic 
technology (b). The constant total flow during the measurements was 200 cm3/min. 
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A comparison of the sensor response trends obtained for the different types of 
electrodes and deposition technologies is represented in Figure 4.4. The results 
show that the response of the films deposited both with and without interruptions 
is higher in the sensors with a 100 µm electrode gap. The difference in the 
responses of the micro-sensors with two different electrode configurations is not 
very high for the sensing films that were deposited using standard technology in 
comparison with the films deposited with interruptions. The standard error (S.E.) 
for each type of sensor, the S.E. for each pair of the similar sensors presented on 
one micro-system chip and the S.E. for the four similar sensors from two different 
chips was calculated using eight measurements. The measurements performed at 
the same flow rates and exposure time at the operating temperature of 350 ºC were 
employed in these calculations. Figure 4.5 presents a comparison of these S.E. It 
can be noticed that the sensors with a narrow electrode gap (50 µm) have better 
reproducibility than the sensors with a wide electrode gap (100 µm). 

 

Figure 4.4. Responses of the sensors as a function of ozone concentration. Standard 
errors of the measurements are presented. 
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Figure 4.6 shows the baseline normalized responses of WO3 micro-sensors with 
two different electrode geometries to various oxidizing (ozone O3. nitrogen 
dioxide NO2, nitrogen oxide NOx) and reducing (ammonia NH3, carbon monoxide 
CO, ethanol C2H6O) target gases [7]. The responses of the sensors to reducing 
gases were not as high as the one observed for oxidizing gases. Table 4.2 shows 
the maximum sensor responses of the WO3 sensors to O3, NO2, NOx, NH3, CO and 
C2H6O at various operating temperatures and gas concentrations. Our results show 
that the optimal operating temperature changes as a function of the target gas used 
and its concentration. It can be seen that the higher sensor responses to O3, NOx 
and C2H6O were obtained at 250 ºC. In the case of high NO2 concentrations, WO3 
sensors showed higher responses at 450ºC. The maximal values of the responses to 
NH3 and CO were obtained at 350ºC. The results presented in Figure 4.6 and 
Table 4.2 show that the response of the films deposited both with and without 
interruptions is higher in the sensors with a 100 µm electrode gap. 

Figure 4.5. Standard errors of the measurements for the WO3 sensors deposited with 
interruptions. The constant total flow was 200 cm3/min. The filled triangles represent 
the S.E. of one micro-sensor from the sensor array. The empty triangles represent the 
S.E. estimated for two micro-sensors with the same electrode geometry from the 
sensor array. The stars represent the S.E. estimated for four micro-sensors with the 
same electrode geometry from two sensor arrays. 



 

Figure 4.6. Baseline normalized WO3-sensor responses to various oxidizing (O3, NO2, NOx) and reducing (NH3, C2H6O, CO) 
gases. The sensors operated at 350 ºC. Responses acquire with electrodes of 100 µm (∆) and 50 µm (▲) gap. The constant total 
flow during the measurements was 100 cm3/min. 
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Gas C (ppm) 250 350 450 250 350 450 
  Electrode gap : 100 µm Electrode gap : 50 µm 
O3 0.2 

0.4 
0.8 

2.8 
4.5 
6.8 

2.3 
3.1 
4.2 

1.9 
2.6 
3.5 

1.7 
2.3 
2.8 

1.4 
1.8 
2.1 

1.3 
1.5 
1.8 

NO2 0.5 
1 
2 

2.9 
4.0 
6.4 

3.8 
5.7 
10.7 

3.5 
4.8 
20.6 

2.3 
3.1 
4.1 

3.5 
4.8 
6.9 

3.3 
5.6 
18.4 

NOx 1 
2 
3 

6.7 
9.0 
11.5 

5.9 
7.7 
10.7 

2.7 
4.5 
6.8 

3.0 
4.2 
5.6 

3.2 
3.8 
4.9 

2.0 
2.3 
2.9 

NH3 1 
2 
3 

1.0 
1.0 
1.0 

1.3 
1.3 
1.4 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

1.6 
1.6 
1.8 

1.0 
1.0 
1.0 

H2S 3 
5 

1.0 
1.0 

1.1 
1.1 

1.0 
1.0 

1.0 
1.0 

1.1 
1.1 

1.0 
1.0 

CO 10 
20 
30 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

1.1 
1.1 
1.2 

1.0 
1.0 
1.0 

C2H6O 10 
25 
50 
100 

1.5 
2.5 
8.3 
15.2 

1.4 
2.5 
4.3 
9.6 

1.2 
2.0 
3.4 
6.2 

1.6 
2.9 
9.4 
16.7 

1.3 
2.5 
4.3 
9.5 

1.2 
2.0 
3.4 
6.1 

Figure 4.7. shows the response time of micro-sensors for three oxidizing gases 
(O3, NO2 and NOx). The response time was defined as the time elapsed from 10% 
to 90% of the response measured from the baseline resistance. It can be seen that 
the response to O3, NO2 and NOx is faster at the temperature ranged from 350 ºC 
to 450ºC.  

4.1.1.2. Selectivity  

Figure 4.8 shows the sensor response spaces obtained combining the response 
of two micro-sensors with wide and narrow gap electrode configurations. X-axis 
and y-axis of the sensor response space represent the response for the micro-
sensors with wide and narrow electrode configurations, respectively.  The sensor 
response spaces contain the sensor responses to various target gases at different 
gas concentrations (each measurement was replicated 5 times). The responses 

Table 4.2. Maximun responses of the WO3 micro-sensors to ozone (O3), nitrogen 
dioxide (NO2), nitrogen oxide (NOx), hydrogen sulphide (H2S), ammonia (NH3), 
carbon monoxide (CO) and ethanol (C2H6O).  

250, 350, 450 denote the sensor operating temperature (ºC). C(ppm) represents the 
target gas concentration.  
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were obtained at operating temperatures 250ºC (Figure 4.8,a). 350ºC (Figure 
4.8,b) and 450ºC (Figure 4.8,c). It can be noted that the repeatability of the micro-
sensors with a narrow electrode gap is higher (S.E. up to 1.8 %) than the one 
achieved by the micro-sensors with a wide electrode gap (S.E. up to 14 %). 
Moreover, in the sensor space it can be seen that measurements show a tendency 
to cluster together according to the target gas and its concentration. This behaviour 
is clearer at the operating temperature of 350 ºC where a minimal dispersion of the 
responses to O3 (0.2 ppm, 0.4 ppm, 0.8 ppm). NO2 (0.5 ppm, 1 ppm, 2 ppm) and 
NOx (1 ppm, 2 ppm, 3 ppm) is observed. On the contrary, the dispersions of the 
responses to the gases are worse at the other temperatures. At 450 ºC the 
dispersions are higher, especially for NOx and O3.  

 

 

4.1.1.3. Stability 

Figure 4.9 shows the sensing layer resistance in air for the micro-sensors 
fabricated using interrupted regime over nine months approximately. The 
resistance was measured for the micro-sensors with wide (100 µm gap) and 
narrow (50 µm) gap electrode configurations. Basically the resistance measured 

Figure 4.7. Response time of the micro-sensors to various oxidizing gases: O3 
(0.2 ppm), NO2 (0.5 ppm) and NOx (1 ppm). Response obtained with wide (empty 
scatters) and narrow (full scatters) interdigitated gap electrodes.  
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with the first set of micro-sensors was kept at 600 MΩ for the sensors with 100 µm 
electrode gap and 200 MΩ for the sensors with 50 µm electrode gap.  

Figure 4.10 presents a comparison of the normalized sensor responses to NO2 
after eight months of the sensor use. It can be seen that over this period the sensor 
responses decreased about 37% and 33% for the sensors with electrode 
configuration of 100 µm and 50 µm gap, respectively. 

 

Figure 4.8. Sensor response spaces obtained for wide electrode gap and narrow 
electrode gap at various operating temperatures (a) 250 ºC, (b) 350 ºC, (c) 450ºC. Half 
full scatters belong to ozone, empty scatters to nitrogen oxide and full scatters to 
nitrogen dioxide. Corresponding concentrations to each gas are presented in the 
graphic label. 
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4.1.1.4. Discussion 

The results of this study show the role of interruptions in the enhancement of 
the sensitivity mainly to oxidizing gases such as O3 and NO2. The sensitivity of the 
micro-sensors fabricated with interruptions to NO2 and O3 is higher than the one 
obtained for the sensors prepared using the basic regime (Figure 4.11). 
Furthermore, it is observed a low cross-sensitivity of the micro-sensors to reducing 
gases. This effect is related to the grain size decrease in the metal oxide films and 

Figure 4.9. Resistance in air for the micro-sensors fabricated using interrupted regime 
over nine months. Sensors with electrode gap of 100 µm (○) and 50 µm (●). 

Figure 4.10. Comparison of the normalized sensor responses to 0.5 ppm of NO2 in 
February 2006 and October 2006. Response acquired with electrodes of 100 µm (a) 
and 50 µm (a) gap. 
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the increment of the number of free bonds on the sensing layer surface. Earlier it 
was shown that decreasing of grain size from 100 nm to 60 nm raised the sensor 
response to O3 by a factor of 5 [6]. Similar results were presented in Ref. [8] 
where decreasing of grain size from 33 nm to 25 nm increased the sensor response 
to NO2 by a factor of 3 approximately. In this dissertation, it is show that reducing 
grain size from 24 nm to 17 nm (see Chapter 3) promotes an increase of the sensor 
response to 0.8 ppm O3 by a factor of 2.43. In the case of 1 ppm NO2 decreasing of 
grain size promotes an increase in the sensor response more than 4 times.  

 

In general the higher responses were observed for the micro-sensors with the 
electrode configuration of 100 µm. This behaviour was identical for the sensors 
fabricated with interrupted and basic regimes. Basically, the electrode geometry 
produces a different sensor signal depending on how the electrodes are positioned 
within the porous sensor body. If the electrode geometry implies that a narrow gap 
exists between the fingers, the resistance change of the sensing layer in the 
presence of oxidizing gases involves the volume of sensing film that lies between 
two interdigited electrode fingers only. In the case of wide gap electrode 
geometry, the resistance changes involve the whole sensing film [10, 11]. Figure 

Figure 4.11. Sensor responses to various O3 ( ) and NO2 ( ) concentrations. WO3 
deposited without interruptions (──) and with interruptions (---). Top is operation 
temperature. EG is electrode gap. The results (*) were adapted from Ref. [9]. 
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4.12 shows a schematic illustration of this effect. This effect can explain the 
differences in the responses of the micro-sensors with two types of the electrode 
configuration. 

 

The effect of the operating temperature on the sensor response reveals to be 
dependent on the nature of the gaseous species and their concentrations. For 
instance, in the case of ozone (from 0.2 ppm to 0.8 ppm) the highest sensor 
response is observed at the operating temperature of 350 ºC. In the case of NO2 the 
highest sensor response is shifted depending on the operating temperature and gas 
concentration. For 0.5 ppm and 1 ppm of NO2 the highest sensor response is 
observed at 350 ºC, while for 2 ppm of NO2 the highest sensor response is 
observed at 450ºC.  

Other studies showed that the optimal operating temperature for 0.8 ppm  of O3 
[12, 13] and 5 ppm of NO2 [14] is 250ºC. These studies remarked a similar 
behaviour of the sensor response respect to the operating temperature and gaseous 
species. The discrepancy in the optimal operating temperature obtained in this 
dissertation and in Ref. [12-14] could be linked with the differences in the grain 
size and geometry of the sensing layers deposited. The operating temperature 
dependency of the sensor response can be explained with the model of resistivity 
based on the existence of an accumulation or depletion layer induced by the 
surrounded atmosphere. In accordance with this model there is an optimal sensor 
operating temperature which provides the highest sensor response. This optimal 
operating temperature is linked to the temperature of the adsorption efficiency 
[15].  

Figure 4.12. Schematic illustrations of a cross section of the micro-sensor membrane 
for two fingers of the electrode. The current flow through the active layer is 
represented in dashed lines for the electrodes with narrow (a) and wide gap (b). 
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The characterizations carried out towards oxidizing (NOx, NO2 and O3) and 
reducing gases (NH3, CO, H2S and C2H6O) gases show an evidence of the low 
cross sensitivity of the micro-sensors fabricated with interruptions to oxidizing 
gases. According to several reports the non-doped WO3 films are sensitive to NO2, 
O3 and H2S having high cross sensitivity of H2S with NO2 or O3.  However, in this 
study this behaviour was not observed. The gas micro-sensors fabricated with 
interruptions show negligible responses to H2S. This result may be related with the 
fact that at high operating temperatures, like the ones used in this study, a layer 
containing W=S bonds could be formed on the sensing layer surface. This 
superficial layer decreases the amount of surface-adsorbed oxygen [14]. As a 
result the sensor response to H2S is very low. 

Finally, the sensor responses spaces built through the correlation of the 
responses obtained for the sensors with 100 µm and 50 µm electrode gap show that 
the micro-sensors fabricated with the interruptions could be used to monitor air 
pollutant gases. However, it is remarked that in order to improve the 
discrimination of the sensor response to the air pollutant gases some additives in 
the sensing layers could be used. 

4.1.2. WO3 thin films deposited using floating regime 

4.1.2.1. Sensitivity 

This section presents the results of the sensing characterization of the micro-
sensors fabricated during the second set of experiments with micro-machined 
silicon substrates. In this case the WO3 sensing layers were deposited using the 
interrupted and floating regimes. Table 4.3 shows the sensor response to NO2 for 
the micro-sensors prepared with interrupted and floating regimes. As in previous 
study (section 4.1.1) two types of electrodes configurations were used for the 
micro-sensors. Consequently, four types of micro-sensors were studied. The 
maximum sensor responses for each operating temperature and concentration were 
chosen over four measured responses. Four chips containing eight types of the 
micro-sensors were used for the characterizations. The standard errors (S.E.) for 
each type of sensor are between ±1.638 and ±3.905. In general, higher responses 
were obtained by the WO3 micro-sensors deposited with the floating regime in 
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comparison with the sensors fabricated with the interrupted regime. All types of 
sensors showed higher sensor responses at the operating temperature of 400 ºC. 

 

T(ºC) Interruption regime Si Floating regime Sf 
Electrode gap: 100 µm 
 1 2 3 1 2 3 
450 7.83 58.54 133.15 39.96 202.86 335.76 
400 59.85 293.54 530.28 114.29 617.44 1213.27 
350 44.88 148.64 244.07 47.80 160.01 283.93 
300 19.32 49.89 67.72 34.26 78.19 116.61 
250 8.39 16.97 23.71 13.34 24.90 32.91 
Electrode gap: 50 µm 
 1 2 3 1 2 3 
450 58.38 272.85 507.60 41.03 329.66 773.56 
400 67.58 655.90 1293.74 59.68 583.44 1106.95 
350 40.07 135.20 247.66 33.54 178.66 406.47 
300 17.12 46.89 63.81 43.40 131.01 215.83 
250 8.00 15.28 19.77 22.97 58.43 89.54 

Figure 4.13 shows the isothermal responses of the micro-sensors fabricated 
with the interruption and floating regimes to various NO2 concentrations, ranged 
from 1 ppm to 5 ppm at the operating temperature of 400 ºC. The WO3-sensor 
responses displayed a sharp increase (response time ts~30 s) of the resistance to 
NO2 concentrations between 2 ppm and 5 ppm. At 1 ppm of NO2 the response 
time was slower (ts~200 s). 

 Figure 4.14 presents the dependence of the sensor response on the operating 
temperature for each type of micro-sensors and NO2 concentrations. The sensor 
response profiles reveal a bell-shaped variation with sensor operating temperature. 
It is noticed that the sensor response increases slowly below 300 ºC. Then a fast 
increment of the response is observed to reach a maximum value at the operating 
temperature of 400 ºC. Above 400 ºC the sensor response drops off again.  

Table 4.3. Maximum responses of the WO3 micro-sensors to NO2 as function of the 
operating temperature and concentration.  

1, 2, 3 denote NO2 concentrations (ppm). Si and Sf represent the sensors deposited 
with interrupted and floating regimes. T(ºC) is the operating temperature of the 
sensor. 
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The results presented in Table 4.3 and Figure 4.14 show that the influence of 
the electrode configuration on the sensor response is opposite to the one observed 
in the first set of experiments with micro-machined substrates. The sensors 
constituted by narrow (50 µm) electrode gap present higher responses than the 
sensors with wide (100 µm) electrode gap.  

Figure 4.13. Isothermal responses of four types of the micro-sensors to NO2 at 400 
ºC. Si – 50 µm and Si – 100 µm represent the response of the sensors deposited with 
interruptions regime. Sf – 50 µm and Sf – 100 µm represent the response of the WO3 
sensors deposited with floating regime. The constant total flow during the 
measurements was 100 cm3/min. 
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4.1.2.2. Selectivity  

The baseline normalized sensor responses to NO2 (oxidizing gas) and some 
reducing gases (NH3, CO, H2S and C2H6O) at 400 ºC are presented in Figure 4.15. 
It is noticed that the micro-sensors fabricated both with interrupted and floating 
regimes have negligible responses to reducing gases in comparison with the ones 
achieved to NO2. It is important to remark that the characterizations carried out at 
250ºC and 350ºC reveal a similar behaviour. The results presented in Figure 4.15 
show the low cross sensitivity of the micro-sensors at operating temperatures 
between 250ºC and 450ºC. 

Figure 4.14. Sensor responses to various NO2 concentrations as function of the 
operating temperature and regimen of fabrication. (a,b – interrupted regime; c,d –
 floating regime) 50 µm and 100 µm represent the electrode gap for each sensor.  



 

Figure 4.15. Baseline normalized sensor responses to NO2 (oxidizing gas). NH3. C2H6O. CO and H2S (reducing gases) at 
400ºC. Circle scatters: floating regime. Triangle scatters: interrupted regime. Full scatters (●)(▲) and empty scatters (○)(∆) 
represent the response acquired with 100 µm and 50 µm electrode gap, respectively. The constant total flow during the 
measurements was 100 cm3/min 
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4.1.2.3. Stability 

Figure 4.16 shows the sensor resistances change in air over nine months. 
Similar resistance values are observed for the WO3 films deposited with 
interrupted and floating regimes. These values were found to be ~ 200 MΩ for the 
sensors with 100 µm electrode gap and ~ 30 MΩ for the sensors with 50 µm 
electrode gap (slight changes are noticed over nine months). On the other hand 
Figure 4.17 presents a comparison of the sensor responses to 1 ppm of NO2 after 
three months of the sensor use. It can be seen that for two types of the sensing 
layer deposition the decrement of the sensor response averages up to 15% and 8% 
for the sensors with 100 µm gap 50 µm electrode gap, respectively. 

 

 
 
 

Figure 4.16. Resistance of the sensing layer in air over nine month. Sensors with 
electrode gap of 100 µm (○) and 50 µm (●).  
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4.1.2.4. Discussion 

The results of this study show the effect of the sensing layer deposition with 
floating regime on the sensing properties of WO3 thin films. The sensitivity of the 
WO3 micro-sensors fabricated using floating regime to NO2 is enhanced in 
comparison with the sensors fabricated with interruptions. Moreover, the gas 
sensor characterizations demonstrate that WO3 films deposited using floating 
regime are selective to oxidizing gases as well. In this case the enhancement of the 
sensor sensitivity could not be related only to the grain size, since morphological 
and structural characterizations presented in Section 3.1.2.2 of Chapter 3 reveals 
similar grain size in WO3 thin films deposited both with the interrupted and 
floating regimes. The enhancement of he sensor sensitivity could be  related to the 
level of cleanness on the sensing layer surface which should be better in the films 
deposited using floating regime due to the higher rate of the superficial layer 
deposition. Basically, the films deposited by sputtering may trap some impurities 
or sputtered particles from the residual atmosphere. However, as the deposition 
rate increases the level of impurities in the film decreases because of resputtering 
most impurities that preferentially remove relative to the atoms of the main film 
[16].  

Figure 4.17. Comparison of the normalized sensor response to 0.5 ppm of NO2 
obtained in March 2007 and September 2007. Response obtained with electrodes of 
100 µm (a) and 50 µm (a) gap. 



Gas sensing characterization 

 95 

Finally, the gas sensing characterizations at various operating temperatures 
reveal a maximum sensor response at 400 ºC. The results obtained by the first set 
of micro-sensor fabrication did not shown clear this behaviour since three 
operating temperatures were only characterized. On the base of the results 
obtained by the second set of micro-sensor fabrication we can conclude that the 
sensor response have a bell-shaped function with respect to the operating 
temperature. This behaviour shows correlation with the results obtained in Ref 
[15], where it was noted that such bell-shaped variations are the result of the 
cooperation of two opposite effects: an increasing probability of activated 
detection reactions when the operating temperature raises  (in this case from 250ºC 
to 400ºC) and an increasing probability of adsorbed gas molecules to desorb when 
the sensor operating temperature increases (in this case over 400ºC).  

Second set of micro-sensor fabrication showed higher sensor responses by the 
use of sensors composed with 50 µm electrode gap. On contrary, the first set of 
sensors showed an opposite behaviour. Analysing the sensor responses to NO2 at 
350ºC presented in Table 4.2, it is possible to observe that the responses of the 
sensors with 100 µm electrode gap are rather higher than the response of the 
sensors 50 µm electrode gap. The same is noted for the second set of micro-sensor 
fabrication (see Table 4.3, temperature at 350ºC). The characterizations carried out 
for the second set of micro-sensor fabrication at 250ºC, 300ºC, 350ºC, 400ºC, 
450ºC give a better vision of the electrode dependency of the sensor response and 
reveals that the sensors with narrow (50 µm) electrode gap have better responses. 
It seems that the effect illustrated in Figure 4.12,b does not take place in the 
second set of micro-sensor fabrication due to the similar thickness of the 
electrodes (0.2 µm) and the sensing layer (0.2 µm). So that, both wide and narrow 
electrodes measure the resistance change in the whole sensing film.  

 The results of this study show an evident difference of the sensor responses 
obtained by the first and second set of micro-sensors fabrication. For instance, at 
350ºC the first set of micro-sensors showed that the resistance of the film increases 
approximately 6 times by the action of 1 ppm of NO2. At the same time for the 
same conditions the second set of micro-sensors showed that the change in the 
resistance of the film is approximately 40 times. These differences in the sensor 
response seem to be linked with the change in the baseline resistance (see Figure 
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4.9 and Figure 4.16). According to Ref [17], the electrical equivalent circuit of the 
sensing layer could be regarded as a parallel circuit of the surface resistance and 
the bulk resistances. Thus, when the surface resistance is changed by the charges 
adsorbed onto the surface, if the reference bulk resistance is high, the relative 
change of the resistance is covered and poor sensor responses are observed. On the 
contrary when the reference bulk resistance is low, high relative change of the 
resistance is observed. The change in the baseline resistance of the sensors is part 
of a technological problem presented during the fabrication of the first set of 
micro-sensors (the photoresist was not removed properly afterwards the deposition 
of WO3 sensing layers). 
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4.2. Summary and outlook  

On the base of the experimental results, it is concluded that gas micro-sensors 
fabricated with the interrupted and floating regimes have promising sensing 
characteristics. They show better sensitivity and selectivity to low concentrations 
of oxidizing gases such as NO2 and O3, in comparison to the gas micro-sensors 
fabricated using standard sputtering regime. These characteristics of the new gas 
micro-sensors allow suggesting them as good candidates to monitor air pollutant 
gases. Nevertheless, some typical problems of metal oxide based gas sensors such 
as the high operating temperature and the long term stability have to be 
investigated more thoroughly. 
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In this dissertation, two special regimes of thin film deposition by rf sputtering 
were developed to deposit WO3 gas sensing layers with nanometer size. The first 
regime consisted of a series of interruptions during the sputtering process – 
interruption regime, and the second regime consisted of a series of interruptions 
using two power densities of rf sputtering: the first one to deposit the initial 
interrupted layer within the bulk and the second one to deposit the superficial layer 
– floating regime. 

The application of interruption regime during the thin film formation allowed 
depositing WO3 sensing layers with nanometer grain size. The morphological 
characterizations of the samples deposited using this regime gave evidence of a 
reduction in WO3 grain size comparing with the samples deposited using basic 
regime. The reduction in grain size from 24 nm to 17 nm was determined by AFM 
technique. On the other hand, the WO3 thin films deposited with interruptions 
regime revealed a monoclinic structure with Pc symmetry. It was shown that the 
phase transformation of WO3 structure from amorphous to crystalline has different 
activity in the films deposited with and without interruptions. Slower 
crystallization process was observed in films deposited with interruptions.  

The sensing characterizations performed with the gas micro-sensors fabricated 
using interruption regime demonstrated enhancement of the sensitivity and 
selectivity to oxidizing gases such as nitrogen dioxide (NO2) and ozone (O3). On 
the base of this results it was noticed a good potential of this type of micro-sensors 
to monitor air pollutant gases. The enhancement of the sensitivity was determined 
to be connected with the decrease in grain size.  

WO3 sensing layers deposited using the floating regime did not show any 
differences in the phase composition or in the grain size in comparison with the 
films deposited using interruption regime. In this case the WO3 films had a 
monoclinic phase with Pc symmetry and grain size of 11 nm. 

WO3 micro-sensors fabricated using floating regime showed higher 
sensitivities to NO2. The enhancement of the sensitivity for this type of micro-
sensors is not related only with decreasing in WO3 grain size. The enhancement of 
the sensor sensitivity could be related with the level of cleanness on the sensing 
layer surface that is better in the films deposited at higher power density of rf 
sputtering. 
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Abstract

WO3 thin films were deposited by reactive radio frequency (rf) sputtering from a pure tungsten target. The deposition process was conducted
with three interruptions and the interruption time was 30, 90 and 300 s. On the basis of these films, sensing layers were prepared and their responses
to NO2, ammonia and ethanol were investigated. It was found that the sensing layers prepared with an interruption time of more than 90 s showed
the best sensing properties.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Among metal oxide semiconductors, tungsten oxide is a
promising material for gas sensing. Several studies have shown
that it can be used for the detection of nitrogen oxide (NO and
NO2) [1,2], ozone [3,4], and other toxic gases [5,6]. Tungsten
oxide films can be deposited by reactive radio frequency (rf)
sputtering, thermal evaporation and other methods. The results
obtained until the moment with tungsten oxide indicate that the
characteristics of the sensor strongly depend on the conditions
and methods used in their deposition.

Grain size reduction in metal oxide films is one of the key
factors to enhance the gas sensing properties of semiconductor
layers [7,8]. A way to create metal-oxide thin films with small
grain size is to use a special regime of thin film deposition by
the dc magnetron, ion-beam or rf sputtering of pure metal or
metal oxide targets. This regime implies the deposition of the
thin film with one or several interruptions during the deposition
process [9–11]. In these articles the deposition process of WO3
thin films was conducted without interruption and with one, two
and three interruptions. Interruption time was always constant
and set to 30 s. It was shown that the sensing layers prepared with

∗ Corresponding author. Tel.: +34 977558653; fax: +34 977559605.
E-mail address: vkhatko@urv.cat (V. Khatko).

the maximum number of interruptions showed the best sensing
properties.

Earlier systematic investigations on growth kinetics of pure
metals on amorphous carbon substrates have revealed that after
interrupting a continuous deposition period by closing the beam
shutter during vapour deposition, metal particles continued to
grow for up to several minutes with decreasing speed [12–14].
At a constant temperature, after an interruption of deposition,
particle growth resumed with a delay being similar to that dur-
ing particle nucleation. On the basis of these results we can
suggest that delayed resumption of particle growth after an inter-
ruption of the deposition could depend on the interruption time
as well.

The aim of this work is to study the influence of interruption
time on the morphology and gas sensing properties of WO3 thin
films deposited with three interruptions.

2. Experimental

WO3 thin films were deposited on top of silicon wafers oxi-
dised in dry oxygen by reactive rf magnetron sputtering using
an ESM100 Edwards sputtering system. A tungsten target of
99.95% purity was used. The sputtering atmosphere consisted
of Ar–O2 mixed gas and its flow rate was controlled by sep-
arate gas flow-meters to provide an Ar:O2 flow ratio of 1:1.
The pressure in the deposition chamber during sputtering was

0925-4005/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2007.03.031
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5 × 10−3 mbar. The rf sputtering power was 100 W. The film
thickness was controlled by ellipsometry (PLASMOS 2000) at
50◦ and 60◦ of incidence angle. According to the results reported
in [10], WO3 thin films with three interruptions during the depo-
sition process were prepared. A shutter was used to interrupt the
deposition process. Unlike in [10], where the interruption time
was constant (30 s), in the research reported in this article, the
interruption time changed. The actual deposition time was up
to 40 min for all thin films. These parameters of deposition pro-
cess led to a total thickness of the WO3 films in the range from
80 to 90 nm. Five sets of depositions were carried out. Each set
included four depositions: without interruption and three-time
interrupted depositions with interruption times of 30, 90, and
300 s. Four samples were simultaneously deposited at each depo-
sition step. Therefore, the total number of silicon wafers with
WO3 films (i.e. samples) was 80. This allowed for estimating
the reproducibility of the deposition method with interruptions.
During each deposition the reproducibility of film thickness was
better than ±1.0 nm.

The top contacts to the sensing layers were formed using air-
dry silver paste (Heraeus AD1688-06) and annealing at 400 ◦C
during 2 h for contact formation. The diameter of both point con-
tacts was up to 1 mm and the distance between their centrums
was up to 3 mm. Using this paste, the test samples were fixed
on a ceramic heater prepared according to the method reported
in [10]. The responses of the different films to nitrogen diox-
ide, ethanol and ammonia were investigated. The sensors (four
replicate sensors were studied per sensing film) were kept in a
temperature and moisture controlled test chamber. The sensors
were operated in the temperature range from 150 to 300 ◦C to
analyze the effect of working temperature on their response. The
resistance of the sensing layers in the presence of either pure air
(Rair) or different pollutants (Rgas) of different concentrations
was monitored and stored in a PC.

XRD measurements were made using a Siemens D5000
diffractometer (Bragg-Brentano parafocusing geometry and
vertical θ–θ goniometer) fitted with a curved graphite diffracted-
beam monochromator, a Soller slit, a 0.2 mm receiving slit
and a scintillation counter as a detector. The angular range
was between 19◦ and 70◦ for 2θ. Data were collected with an
angular step of 0.02◦ and 6 s per step and sample rotation. Cu
K� radiation was obtained from a Cu X-ray tube operated at
40 kV and 30 mA. To run XRD measurements at high tempera-
ture, an Anton-Paar HTK10 temperature chamber was attached
to the diffractometer. Temperature patterns were collected at
�T = 100 ◦C. The time for X-ray pattern recording was up to
60 min at each definite temperature. A static air-atmosphere was
used throughout the measurements.

Morphology of the WO3 thin films was determined by atomic
force microscopy from Molecular Imaging (PicoScan con-
troller) in tapping mode. The estimation of grain size and image
processing were achieved using MetaMorph 6.1 and WSxM 4.0
software, respectively. The mean grain diameter was calculated
for population up to 100 elements. The standard error of the
mean grain diameter (SEM) was calculated with the following
expression: SEM = SD/

√
n, where SD is the standard deviation

and n the number of elements.

Fig. 1. Sensor response of WO3 thin films to ethanol at 200 ◦C. 1, 2 and 3 are thin
films prepared without (1) and with three interruptions (2, 3) of the deposition
process and interruption time of 30 s (2) and 300 s (3).

3. Results and discussion

3.1. Gas sensitivity studies

The responses of the films with the interruption time up to
30, 90 and 300 s to nitrogen dioxide, ammonia and ethanol were
analyzed at operating temperatures of 150, 200, 250 and 300 ◦C.
Fig. 1 shows the response of the tungsten oxide thin films to
ethanol at 200 ◦C. In this figure, the sensor response of the
WO3 thin film deposited without interruptions is presented as
well. Table 1 shows the average responsiveness of the sensors
to ethanol, calculated using the relation S = |Rgas − Rair|/Rair. It
can be seen that the sensing layers prepared with an interruption
time of at least 90 s show the best sensing properties. We can
note that the differences in the sensor response of WO3 thin films
deposited with and without interruptions at a sputtering power
of 200 W are higher [10].

Figs. 2 and 3 show the responses of WO3 thin films deposited
with interruptions to ammonia and nitrogen dioxide, respec-
tively. Table 2 shows the average sensor responsiveness to these
gases. It can be seen that WO3 thin films deposited with interrup-
tion times equal or higher than 90 s have the best responsiveness
both to ammonia and nitrogen dioxide.

Table 1
Sensor responsiveness (S) in the presence of ethanol as a function of interruption
time and working temperature

Interruption time (s) Concentration (ppm) Working temperature
(◦C)

200 250

0 100 0.31 0.18
500 0.48 0.31

30 100 0.32 0.21
500 0.54 0.42

90 100 0.43 0.26
500 0.55 0.44

300 100 0.44 0.28
500 0.60 0.47
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Fig. 2. Sensor response of WO3 thin films to ammonia at 200 ◦C. 1 and 2 are thin
films prepared with three interruptions of the deposition process and interruption
time of 30 s (1) and 300 s (2).

Fig. 3. Sensor response of WO3 thin films to NO2 at 250 ◦C. 1 and 2 are thin
films prepared with three interruptions of the deposition process and interruption
time of 30 s (1) and 300 s (2).

3.2. Structure of the WO3 films

Fig. 4 shows the X-ray diffractograms of WO3 thin films
from 2θ = 23.0◦ to 35◦. The XRD data shows that the structure
of as-deposited WO3 films is amorphous. After annealing at
400 ◦C one monoclinic phase is present in the thin film that is
described with the space group Pc (ICDD card no. 87-2386, cell
parameters: a = 5.277 Å, b = 5.156 Å, c = 7.666 Å, β = 91.742◦).
The XRD patterns contain (1 1 0), (2 0 0) and (1 1 2) reflections
from the monoclinic phase (Pc).

Table 2
Sensor responsiveness (S) in the presence of NH3 (at 200 ◦C) or NO2 (at 250 ◦C)
as a function of interruption time

Interruption time (s)

30 90 300

NH3, 100 ppm 0.315 0.61 0.68
NH3, 500 ppm 0.47 0.81 0.815
NO2, 1 ppm 0.78 0.85 0.86
NO2, 2 ppm 1.47 1.74 1.8

Fig. 4. X-ray diffractograms of WO3 thin films deposited without (a) and with
three interruptions (b). 1, 2 and 3 are the temperatures during XRD measurement.

It can be seen that the process of thin film crystallization has
a different activity for both types of WO3 thin films. The crys-
tallization in the thin film prepared with three interruptions of
deposition (Fig. 4b) is slower than in the films prepared without
interruptions (Fig. 4a). This can be derived by comparing the
intensities of (1 1 0) peaks and their full widths at half maxi-
mum. WO3 thin films prepared without interruptions have the
maximum intensity of (1 1 0) peak and minimal width at its half
maximum. It is worth noting that the low-temperature mono-
clinic phase in WO3 thin films was stable in a temperature range
from 400 to 800 ◦C. The WO3 thin films were sublimated at
900 ◦C.

3.3. Morphology of the WO3 films

In this study we attempted to find a confirmation that interrup-
tion time influenced the morphology, roughness and mean grain
size of the WO3 surface layers during thin film growth. We
analyzed Si–SiO2–WO3 structures as-deposited and annealed
at 400 and 450 ◦C. Fig. 5 shows the surface morphology and
roughness profiles of the WO3 films as-deposited and annealed.
It can be seen that tungsten oxide grains deposited without inter-
ruptions tend to reach an ordered distribution after annealing.
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Fig. 5. AFM surface morphology and roughness profile of WO3 thin films without interruptions and with three interruptions as deposited (a) and annealed at 400 ◦C
(b) and 450 ◦C (c).

This is not clear for all the films deposited with three interrup-
tions. The occurrence of an ordered distribution is correlated to
the results obtained by XRD. The crystalline structure in the
films prepared with three interruptions is not fully ordered as in

the films prepared without interruptions. On the other hand, the
roughness profile analysis along the horizontal lines of the AFM
pictures shows that the sample deposited with three interruptions
is smoother than the one deposited without interruption.
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Fig. 6. Mean diameter of grains in WO3 films as a function of the number of
interruptions (a) and interruption time (b). 1, 2 and 3 are Si–SiO2–WO3 structures
as deposited and annealed at 400 ◦C and 450 ◦C, respectively.

Fig. 6 shows the mean diameter of grains in the WO3 films as
a function of the number of interruptions and interruption dura-
tion. It can be seen the grain diameter decreases from 20.5 to
14.0 nm in as-deposited Si–SiO2–WO3 structures without inter-
ruptions and with three interruptions and interruption duration
up to 300 s, respectively. When annealing at 400 ◦C the process
of WO3 film crystallization results in a slight increase in grain
diameter.

3.4. Discussion

Analysis of the experimental data shows that the enhance-
ment of the sensing properties observed for the WO3 films
deposited with three interruptions and interruption duration of
more than 90 s is due to the decrease in grain size in the result-
ing metal oxide films. The decrease in grain size is the result of
the features of thin film formation. The introduction of “extra”
interfaces during interruptions influences the process of WO3
crystallization and its surface morphology [10,11]. The prolon-
gation of film growth on the “extra” interface involves a new

nucleation of the metal oxide film that is the formation and
growth of the metal oxide film with smaller grain size. Our
experimental data shows that the duration of the interruptions
influences the nucleation and growth of the film on the “extra”
interface. We can conclude that the “extra” interface is formed
as a result of the structural relaxation of the film surface during
the interruption time.

4. Conclusions

WO3 thin films were deposited by reactive rf sputtering from
a pure tungsten target. The deposition process was conducted
with three interruptions and the interruption time was 30, 90
and 300 s. On the basis of these films, sensing layers were pre-
pared and their responses to NO2, ammonia and ethanol were
investigated. It was found that the sensing layers prepared with
three interruptions and interruption duration of more than 90 s
showed the best sensing properties. The increase in sensitivity
is related to the decrease of grain size in the WO3 thin films
observed as the number of interruptions and interruption time
were increased. These results are based on five different depo-
sition batches, which resulted in 80 samples being produced
and analyzed. It can be concluded that the reported deposition
method leads to reproducible results.
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Abstract

The idea to obtain metal-oxide films with small grain size is to use a special regime of thin film deposition by r.f. sputtering of pure metal or
metal oxide targets. This regime includes the deposition of thin films with one or several interruptions during the deposition process. WO3 films
were r.f. sputtered onto pure and oxidized silicon wafers. Four types of films were prepared, i.e. using continual deposition, one, two and three
interrupted depositions with an actual deposition time of 40 min. The interruption time changed from 0.5 min to 5.0 min for the different samples.
It was found that the total thickness of WO3 films decreased with the increase of the number of interruptions and the increase in interruption time.
Phase composition and features of surface morphology of the films deposited and annealed in the temperature range from room temperature to
900 °C have been investigated by XRD and AFM, respectively. It is shown that grain size in the metal oxide films decreased essentially with the
increase of the number of interruption during the deposition process.
© 2007 Elsevier B.V. All rights reserved.

PACS: 81.15.Cd; 68.55.Jk
Keywords: R.f. sputtering; Deposition with interruptions; Tungsten trioxide thin films properties

1. Introduction

Tungsten trioxide (WO3) has interesting physical and chemical
properties, which make it useful for a wide spectrum of
technological applications. For example, tungsten trioxide is an
important material for electrochromic [1] and photoelectrochem-
ical devices [2], catalysts [3] and gas sensors [4,5]. Nowadays,
WO3-based films are considered as one of the most interesting
materials for detecting nitrogen oxides and other species such as
NH3, CH4 and CO [4-9]. Reducing the grain size of active layers
is one of the key factors to enhance the gas sensing properties of
semiconductor metal oxide sensors [10,11].

The idea to create metal-oxide films with small grain size
consists of using a special regime of thin film deposition by the dc
magnetron, ion-beamor r.f. sputtering of puremetal ormetal oxide
targets. This regime includes the deposition of thin films with one
or several interruptions of the deposition process [12,13].

Early systematic investigations of the growth kinetics of pure
metals evaporated on amorphous carbon substrates have revealed
that, after interrupting a continuous vapour deposition period by
closing the beam shutter, the metal particles continued to grow for
up to several minutes with decreasing speed [14-16]. At constant
temperature, after re-opening the shutter, particle growth resumed
with a delay being similar to that of particle nucleation. It was
shown that there are at least two different mechanisms of adatom
diffusion. There exist at least two binding states for the metal
atoms with energies of about 1 eV for regular states and in the
range from 1.5 to 1.7 eV with abundance of 1013 to 1014 cm−2

[14,16]. The occurrence of growth transients after closing the
beam shutter requires re-emission of adatoms from the sites with
higher energy in an activated process of particle growth.
Porosities in the substrate surface could be responsible for
temporarily trapping of adatoms in states with higher energy.

The detailed evolution of stress in thin films that grow by the
Volmer–Weber (VW) mechanism during ultra-high vacuum
deposition and growth interrupts was explored using real-time
wafer curvature measurements [17–19]. It was shown that
reversible stress changes during the interruption of thin film
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growth are phenomenologically similar in the pre-coalescence and
post-coalescence growth regimes. It was suggested that the
reversible stress changes are associated with changes in the
concentration of atomic defects on the substrate and film surface
[19]. At the pre-coalescence stages of growth initiation, the
dominant defects are isolated adatoms. At the post-coalescence
stages, film surface is likely to be atomically rough, with excess
adatoms, ledges and other defects.When film growth is interrupted,
the defect population decays to the equilibrium value as excess
adatoms diffuse to incorporation sites and excess defects are
eliminated [19].

During the interruption of the deposition process at the post-
coalescence stages of film growth, an equilibrium film surface
can be formed due to the free surface bond saturation by the
atoms from the residual atmosphere and/or the structural
relaxation of the interface. Fig. 1 illustrates, for the two possible
cases, the way in which the equilibrium surface is formed
during an interruption process. The saturation of metal films by
oxygen atoms from the residual atmosphere has been shown
earlier by the investigation of sputtering-deposited molybde-
num films [20]. It could be realized by the formation of bonds
between metal atoms and O-ions accelerated from the target
(Fig. 1b). It is known that a deposited thin film tries to minimize
its total energy by keeping its surface area as small as possible to
obtain an ideally flat surface. Surface diffusion of the adatoms
makes possible the occupancy of empty sites in the film lattice
and can lead to less surface area by filling in the valleys and
leveling the atom peaks to give a lower surface energy
[19,21,22] (Fig. 1,c).

Thus, the surface diffusion of adatoms during interruption of
the deposition could promote both film growth continuation
[14-16] and structure relaxation of the film surface [19,21,22].

For the subsequent prolongation of the deposition process,
film growth begins over again on the new “extra” equilibrium
surface (relaxed surface) and the average grain size of the film at
the surface could be smaller than in the original film. The
equilibrium surface is sufficiently rough and there can be
coalescence between both new islands and a new island and an
existing film grain [22]. Fig. 2 shows a qualitative representation
of the influence of the deposition interruptions on thin film
thickness and grain size growth. The qualitative views of the
dependencies of film thickness and grain size on deposition time
were built on the base of theoretical and experimental data
presented in Ref. [21]. So, Fig. 2,a sketches out the change in film
thickness after each interruption. Lines 0, 1 and 2 present the
change in film thickness as a function of deposition time for the
film deposited without interruptions (line 0) and with one (line 1)
and two (line 2)interruptions, respectively. Lines 1 and 2 show the
time delay necessary for the nucleation of new particles [14]. The
points 0, 1 and 2 define the film thickness after the end of the
deposition process. Fig. 2,b shows a reiteration of the nucleation
of grains on each new “extra” equilibrium surface formed after the
interruption of the deposition process. Lines 0′, 1′ and 2′ present
grain growth in the film as a function of deposition time for the
film deposited without interruption (line 0′) and with one (line 1′)
and two (line 2′) interruptions, respectively. The points 0′, 1′ and
2′ define grain size in the films after the end of the deposition
process. The differences in grain size after the first and second
interruption are related to the coalescence between both new
islands and a new island and an existing grain in the film [14,22].

Fig. 1. Schematic illustrations of the manner of a film growth (a) and an
equilibrium surface formation during interruption processes (b,c). Subplots b
and c show the saturation of surface free bonds by oxygen atoms (b) and the
structural relaxation of the surface (c).

Fig. 2. Qualitative views of the dependencies of film thickness (a) and grain size
(b) on deposition time. Labels 0, 1 and 2 correspond to deposition processes
without and with one and two interruptions, respectively.
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In previous studies it has been shown that using a deposition
process with interruptions leads to WO3 films with a decreased
average grain size and better sensitivity to toxic gases [12,13]. The
aim of this paper is to study the influences of interrupting the
deposition process and interruption time on the changes in film
thickness, chemical composition, structure and surface morphol-
ogy of WO3 thin films.

2. Experimental

Tungsten oxide films were deposited onto boron-doped (1-
10 Ω cm) Si(100) wafers by reactive r.f. magnetron sputtering
using an ESM100 Edwards sputtering system. A metal target of
99.95% purity with a diameter of 100 mm and thickness of
3.175 mm was used. The target to substrate distance was set to
70 mm [13]. One part of the silicon wafers used was oxidized in
dry oxygen at 1100 °C. The thickness of the SiO2 films was
about 150 nm. All wafers were held in thermal contact with a
holder during the deposition process. The substrate temperature
was kept constant during film deposition at room temperature.
The base pressure in the sputtering chamber was 6×10−3 mbar.

The sputtering atmosphere consisted of Ar–O2 mixed gas and its
flow rate was controlled by separate gas flow-meters to provide
an Ar:O2 flow ratio of 1:1. The pressure in the deposition
chamber during sputtering was 5×10−3 mbar. The r.f. sputtering
power was 100 W.

Four types of tungsten oxide films were prepared. For the first
type a non-interrupted sputtering process was used. In the
deposition of films type 2, 3 and 4, the sputtering process was
interrupted once, two and three times, respectively. A shutter was
used to interrupt the deposition process. As a rule, the actual
deposition time without interruption was 40 min. Nevertheless,
for several tungsten oxide films deposited with interruptions, the
deposition timewas up to 2 h. The interruption time changed from
0.5 min to 5.0 min for the different samples. The film thickness
and refractive index were measured by ellipsometry (PLASMOS
2000) at 50° and 60° of incidence angle. As-deposited and
annealed tungsten oxide films had refractive index of 2.08–2.13
that corresponded to those obtained in Ref.[23].

X-ray diffraction (XRD) measurements were made using a
Siemens D5000 diffractometer (Bragg–Brentano parafocusing
geometry and vertical θ–θ goniometer) fitted with a curved
graphite diffracted-beam monochromator and Soller slit, 0.2 mm

Fig. 3. Relative change of the metal oxide film thickness (dint/d0) as a function of
the number of interruptions (a) and interruption time (b). For reference, the
experimental data obtained at the sputtering power of 200 W [Ref. [13]] are
presented as well.

Fig. 4. X-ray diffractograms of WO3 thin films deposited without (a) and with
three interruptions (b). 1, 2 and 3 correspond to the temperature of the XRD
measurement.
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receiving slit and scintillation counter as detector. The angular
range was between 19° and 70° for 2θ. Data were collected with
an angular step of 0.02° and 6 s per step and sample rotation.
CuKα radiation was obtained from a Cu X-ray tube operated at
40 kV and 30 mA. To run XRD measurements at high
temperature, an Anton-Paar HTK10 temperature chamber was
attached to the diffractometer. Temperature patterns were
collected at ▵T=100 °C. The time for X-ray pattern recording
was up to 60 min at each definite temperature. A static air-
atmosphere was used throughout the measurements.

As-deposited tungsten oxide films were studied by Auger
spectrometry to investigate oxygen segregation on the equilibrium
surface built up during deposition interruption. The tungsten oxide
layer surface and the chemical element distribution in the samples
were examined with a PHI-660 Auger spectrometer operating at
3 kV and using a probe diameter up to 1 μm. Auger electron
collection depth was up to 2.0 nm. The layer thickness removed
during each step of argon ion etching was up to 0.9–1.0 nm.

The morphology of the WO3 thin films was determined by
Atomic Force Microscopy (AFM) from Molecular Imaging

Fig. 5. AFM surface morphology and roughness profile of WO3 thin films without interruptions and with three interruptions. (a) as deposited, (b) annealed at 400 °C
and (c) annealed at 450 °C.
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(PicoScan controller) in tapping mode. The estimation of grain
size and image processing were achieved using MetaMorph 6.1
and WSxM 4.0 software respectively. The mean diameter of
grains was calculated for a population of one hundred elements.
The standard error of the mean diameter of grains (SEM) was
calculatedwith the following expression: SEM ¼ SD

ffiffi

n
p , where SD is

the standard deviation and n the number of elements. The
standard error of the mean diameter of grains was between
±0.14-±0.52 nm in each case.

3. Results and discussion

3.1. Measurement of film thickness

Fig. 3 shows the relative change of the metal oxide film
thickness (dint/d0) as a function of the number of interruptions
(Fig. 3,a) and interruption time (Fig. 3,b). Here, dint and d0 are
the thickness of WO3 thin films deposited with a definite
number of interruptions (int=0, …, 3) and without interruptions
(int=0), respectively. For comparison, the experimental data
obtained at the r.f. sputtering power of 200 W taken from Ref.
[13] is presented in Fig. 3,a as well.

It can be seen that the total thickness (dint) of WO3 thin films
deposited with interruptions decreases when the number of
interruptions during the deposition process increases (Fig. 3,a).
This result is verified for the different total thickness of WO3 thin
films and the different r.f. sputtering power of the deposition
process. The relative change in the metal oxide film thickness
decreases when the total thickness of WO3 thin films and r.f.
sputtering power are increased. In the latter case, using higher
sputtering power (200 W) has an extremely strong influence on
the properties and total thickness of the WO3 thin films [13].
There is a difference in the thickness measured by profilometry
and ellipsometry for the tungsten oxide thin films deposited with
interruptions during the deposition process. For examples, the
relative changes in the thickness of the films deposited with two
interruptions have values of 0.89 and 0.68 measured by
profilometry and ellipsometry, respectively (Fig. 3,a). This result
shows that “extra” interfaces are introduced into the body of a thin
film during each interruption of the deposition process. At this
point we can conclude that the features of the surface relaxation
process influence on the formation of “extra” interfaces.

This is confirmed by a stress relaxation study [17–19] and the
experimental data presented in Fig. 3, b. It can be seen that the
duration of interruption influences on the total thickness and the
relative change of the metal oxide film thickness. For explaining
this functional dependence we will use the experimental data
obtained in [14,15] and presented above. It can be assumed that
there is some relation between the time in which a film continues
to grow after the shutter has been closed and the time delay for the
film to resume its growth after re-opening the shutter. Increasing
the time in which the film continues to grow could decrease the
time delay before resuming its growth. In this case, the relative
change of the metal oxide film thickness can have a minimum at a
definite value of the interruption time, just as Fig. 3,b shows. We
can conclude that the process of film surface relaxation has a
definite time (the time for the connection of all free bonds).

3.2. Structure of the WO3 films

Fig. 4 shows the X-ray diffractograms of WO3 thin films
deposited onto a silicon substrate from 2θ=23.0° to 35°. XRD
data showed that the structure of as deposited WO3 films is
amorphous. After annealing at 400 °C one monoclinic phase is
present in the thin film that is described with the space groups Pc
(ICDD card no. 87-2386, cell parameters: a=5.277 Å,
b=5.156 Å, c=7.666 Å, β=91.742°). XRD patterns contain
(110), (200) and (112) reflections from themonoclinic phase (Pc).

It can be seen that the process of thin film crystallization has
a different activity for the different types of WO3 thin films. The
crystallization in the thin film prepared with three interruptions
during its deposition (Fig. 4b) is slower than in films prepared
without interruptions (Fig. 4a). This can be derived by
comparing the intensities of (110) peaks and their full widths
at half maximum. WO3 thin films prepared without interrup-
tions have maximum intensity of (110) peak and full width at
half maximum of this peak is minimal. It its worth noting that
the low-temperature monoclinic phase in WO3 thin films was

Fig. 6. Mean diameter of grains in WO3 films as a function of the number of
interruptions (a) and interruption time (b). 1, 2 and 3 are labels for Si–SiO2–

WO3 structures as-deposited and annealed at 400 °C and 450 °C, respectively. 2′
and 3′ are labels for Si–WO3 structures annealed at 400 °C and 450 °C,
respectively.
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