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Abstract With the growing need for high performance gas
sensors, a variety of preparation methods have been
introduced and investigated. In the present contribution,
the focus is on novel means for preparing metal oxide gas
sensor devices. First, the key gas sensor concepts are
reviewed as well as the conventional deposition techniques
widely used for thick and thin film deposition of metal
oxides such as screen-printing and chemical and physical
vapour deposition. This is followed by a review and
examination of innovative deposition techniques developed
within the past several years, focusing on methods with
direct-write features as well as techniques offering precise
control of micro- and nano-structural features of the
deposited materials.
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1 Introduction

Due to increasingly stringent environmental and safety
regulations, reliable detection of hazardous, harmful, or toxic
gases has become ever more important. As a consequence, the
design of reproducible gas sensor devices with enhanced
features has become a highly active research field.

Besides exhibiting rapid, reversible, and reproducible
response, a gas sensor should meet the following requirements.

& High sensitivity, i.e., a pronounced signal even in the
presence of a small concentration of a specific target gas.

& High selectivity towards the target gas.
& Stability, both chemical and mechanical, for extended

periods, often in harsh environments such as an
automobile exhaust.

& Low cost to manufacture.

Metal oxide gas sensors offer the potential for accessing
applications where the use of conventional analytical systems
such as gas chromatography (GC) or optical detection (e.g. by
infrared radiation) is prohibitively expensive. The interaction
between the analyte in the surrounding gas phase and themetal
oxide is detected either as a change in electrical conductance,
capacitance, or potential of the active element. During the past
several decades, a multitude of simple, robust, solid-state
metal oxide sensors have been designed [1]. At the same time,
mechanistic models were developed to better understand the
processes involved in gas sensing, and to identify parameters
that offer means for optimizing sensor performance.

The development of models revealing the parameters
responsible for gas sensitivity provided an incentive for the
investigation of novel deposition methods, allowing for
precise nanoscale structuring of specimens. Novel nano-
structures such as nanofibers and nanorods, as well as films
with tailored porosity, have received particular attention. In
addition, progress in many direct-write technologies in-
cluding ink-jet printing, robocasting, microdispensing, and
laser assisted patterning offer opportunities for preparing
functional structures with controlled microstructure and the
advantage of direct patterning without need for masks.

This feature article is organized as follows. First, metal
oxide gas sensors are briefly reviewed with emphasis on the
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present understanding of the underlying operating mecha-
nisms and the need for films and other structures with well-
defined morphology. This section, with particular focus on
semiconducting sensors of the conductometric (or Taguchi)
type, is followed by an overview of the state-of-the-art of
deposition techniques utilized in sensor fabrication. Then,
Section 4 reviews recently reported deposition techniques
that show promise in gas sensor technology.

2 Metal oxide gas sensors

Figure 1 presents an overview of the 340 papers dealing
with metal oxide gas sensors published in sensor-related
journals (listed in the ISI Web of Science database) in 2007.
The large number of publications attests to the strong
continued interest in this technology. The review of metal
oxide gas sensors presented in this section focuses on the
four main groups identified in Fig. 1. These include
conductometric sensors relying on conductance or resis-
tance changes, potentiometric or amperometric devices
utilizing solid-state electrochemical cells, semiconducting
metal oxide field effect transistors (MOSFET), and mass
sensitive devices based on bulk or surface acoustic waves.
Other devices, such as thermoelectric sensors [2–4] or
optical evanescent field devices [5, 6] are beyond the scope
of this review and are not included here.

2.1 Resistive or conductometric type

Metal oxide semiconducting sensors of the resistive or
conductometric type have been investigated for decades.
This group can be divided into two major subgroups, i.e.,
“bulk” or “surface exchange” type, depending on where the
sensing effect occurs.

In the case of bulk type sensors, the internal defect
equilibrium within the metal oxide is affected by the
surrounding gas. The classic example is the bulk reduction/

oxidation reaction of n-type semiconducting metal oxides
with oxygen in the gas phase according to

1=2O2 þ V
��
o þ e' , Ox

o ð1Þ
during which doubly ionized oxygen vacancies V

��
o in the

oxygen ion sublattice Ox
o are filled with oxygen ions

stemming from the surrounding atmosphere with oxygen
partial pressure pO2. Since electrons e′ are either consumed
(oxidation) or generated (reduction) during the reaction, this
results in a corresponding decrease or increase in the
conductivity σ of the material.1 Relationships between σ
and pO2 of the form s ¼ s0pO

�1=n
2 are derived by

combining the appropriate defect mass action relations with
the electroneutrality condition and solving for n = [e′] and
noting that σ = nqμ with μ the electron mobility for an n-
type semiconductor [7, 8]. This has led to the development
of resistive oxygen sensors based on TiO2 [9 and references
therein] or SrTiO3 [10–12], which are operated at elevated
temperatures to ensure fast defect equilibration in the bulk.
Also for perovskite p-type materials at lower temperatures, a
corresponding mechanism was used to explain sensitivity to
reducing gases [13].

In the case of surface exchange sensors, the gas solid
interaction is limited to the surface of the device. In the
1950s and 1960s, various research groups reported that
metal oxides change their resistivity upon exposure to
reducing gases at temperatures of ∼400°C [14–16]. Shortly
after this discovery, the first sensor devices based on tin
oxide (SnO2) were commercialized, with research extended
to other metal oxide candidates. Numerous reviews on gas
sensor devices of the so-called Taguchi type are available
[10, 17, 18].

Soon after the discovery of the Taguchi type sensor, the
corresponding mechanistic effects were investigated in
more detail. The generally accepted model explains the
underlying sensing mechanism for n-type semiconductors
as described in the following [19].

On n-type semiconducting sensor surfaces, an oxygen
adsorption layer develops in oxygen containing atmos-
pheres [20]. The amount of adsorbed species is given by the
fractional oxygen surface coverage θ, commonly defined as

q ¼ occupied adsorption sites

total adsorption sites
ð2Þ

Gaseous oxygen may adsorb as neutral molecular O2

(physisorption) or atomic O (dissociative physisorption),
generally at reduced temperatures. Due to their high
electronegativity, the adsorbed oxygen molecules or atoms
may also act as electron acceptors and form charged oxygen
species by trapping electrons from the semiconductor, for
example O2

−, O2−, or O− (chemisorption). In the case of tin

FET, Schottky diode,
heterojunction (4 %)

potentionmetric, 
amperometric,
mixed potential
(11 %)

surface or bulk 
acoustic wave 
(SAW/BAW, 5 %)

optical (8 %)

else, including magnetic, 
thermoelectric, capacitive,
adsorption/combustion (5 %)

resistive and 
impedimetric

(67 %)

Fig. 1 Literature review: various types of metal oxide based gas
sensors discussed in 2007 (based on a total of 340 papers available via
Isi Web of Science). For details on the respective sensor mechanisms
see text 1 Assuming an n-type semiconductor
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oxide sensors at T>150°C, dissociative chemisorption of
oxygen was reported to be dominant [21, 22], although
some controversy on this subject still persists [23].
Sophisticated models and experimental studies analyzing
the nature and charge of adsorbed species on semiconductor
surfaces have been proposed in the literature [24–26].

As shown diagrammatically in Fig. 2 in the case of
oxygen adsorption on a n-type semiconductor, adsorbed
charged species create additional surface states (with either
acceptor or donor character) within the band gap of the
semiconductor. Electrons trapped at these surface states
induce a corresponding depletion of mobile charge carriers
in the near-surface regions of the semiconductor. In terms
of the band structure, adsorption of acceptor or donor like
molecules leads to surface band bending, i.e., a surface
potential Φs. This space-charge depletion layer, in turn,
creates an electrically resistive surface region which can be
readily detected experimentally.

The amount of charged adsorbates determines the height
of the surface potential Φs, as well as the width ds of the
depletion layer (Fig. 2). Using Poisson’s equation known
from electrostatics, the following expressions can be
derived as shown for example in [27, 28]

ΦS ¼ q2

8e0"0"rnbulk
ð3Þ

dS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"0"rΦS

e0nbulk

r
¼ q

e0nbulk
ð4Þ

with e0: electron unit charge, ɛ0: permittivity of free space,
ɛr: relative permittivity of the semiconductor, and nbulk:

bulk electron concentration.2 Since the width ds of the
depletion layer depends strongly on the amount of charged
adsorbates, any process that changes this amount, for
example, a catalyzed oxidation reaction in the presence of
a combustible gas, will directly affect the near-surface
conductivity of the semiconductor. Various excellent
reviews [29–31] summarize the effects in more detail,
treating tin oxide as the model substance.

Given that the mechanistic sensor effect is limited to the
sensor surface, it is not surprising that sensor morphology
and microstructure have been demonstrated to have an
important impact on device performance [21, 30, 32–34].
While the quantitative influence of structural and textural
parameters on sensor performance, e.g., grain size, inter-
connectivity of grains, surface-to-volume ratio, porosity
and film thickness, is rather complex, it can be easily
understood in a qualitative manner as illustrated in Fig. 3.
Since the change in conductance of the sensing material is
limited to the exterior regions of the grains, with the interior
parts outside the depletion layer not contributing to the gas
response, it then becomes clear that sensor performance
must be, for example, substantially affected by grain size.
That is, the conductance of smaller grains will be
modulated more effectively than that of larger grains. This
has been verified experimentally for various metal oxides
(cf. Review [32] and references therein).

In the case of films with a given thickness, the presence of
pores enables ready gas access to a large effective semicon-
ductor surface. Mechanistic models therefore combine the
gas–semiconductor interactions with diffusion equations
depending essentially on microstructural parameters such
as film thickness, porosity, and pore size [13, 35, 36].

In particular, the above findings sparked the trend to the
nanoscale [18] and the need to precisely control film
microstructure, porosity, and accessible surface area. For
some years, research has focused on the preparation of the
finest possible nanoparticles, quasi-1D-structures and nano-
structured films to improve sensitivity. At the same time,
various methods allowing for microstructure tailoring have
also been proposed. As a consequence, novel deposition
techniques aimed at producing well-defined nanostructures
have been developed.

2.2 Potentiometric and amperometric devices

In addition to the use of semiconducting metal oxides for gas
sensing, solid metal oxide electrolytes also represent an
important category of attractive candidates for gas sensing.
Resulting from the migration of ions through point defect sites
in the lattice, these materials generally exhibit dominant ionic

Evalence

Econduction

EFermi

O-
ads

Φs

ds

Fig. 2 Oxygen adsorption on n-type semiconductors: acceptor states,
depletion layer, and band bending

2 More precisely, nbulk needs to be replaced by the effective bulk
concentration of ionized donors [D•]eff.
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conductivity with conductivity values σ≥10−5 S/cm and ionic
transference numbers tionic ¼ s ionic=s total > 0:99. Electro-
chemical cells based on such solid electrolytes may be
employed for sensing chemical species in a very selective
and accurate manner [37].Among these candidates is the
zirconia-based air-to-fuel (or lambda) sensor for automotive
applications and oxygen sensor used in steelmaking. The high
oxygen ion conductivity in zirconia (a 0.9 ZrO2–0.1 Y2O3

solid solution) is due to the large number of oxygen vacancies
created in the solid in order to charge compensate for the
lower valent Y3+ ion substituting on the Zr4+ lattice sites.

Three main types of electrochemical solid state sensors
are distinguished, i.e., potentiometric, amperometric, and
mixed potential devices. These concepts are discussed
briefly in the following. More detailed reviews on ceramic
electrochemical sensors, discussing the respective mecha-
nisms, are available for example in [37, 38].

In the exemplary case of oxygen sensing, the potentiometric
measurement based on an electrochemical concentration cell
with a solid metal oxide electrolyte. By preparing a gastight
oxygen ion conducting membrane or sintered body, the
atmosphere to be measured is separated from a reference gas
with fixed pO2, usually an internal air channel (pO2,reference=
0.21 bar). At the noble metal electrodes applied on either side
of the electrolyte, equilibrium of the redox reaction

1=2O2 þ 2e' , O2� ð5Þ
is established. According to the Nernst equation (Eq. 6), a
thermodynamically well defined potential drop or electro-

motive force develops across the cell, expressed as a function
of T, pO2,measure and pO2,reference by.

emf ¼ RT

4F
ln

pO2;measure

pO2;reference

� �
ð6Þ

In which R is the gas constant and F the Faraday constant.
By measuring emf and T with pO2,reference known,

pO2,measure can thus be calculated.
As a variation of the solid state potentiometric sensor,

amperometric oxygen sensor devices with a current read-
out have been developed [1, 37]. In this approach, which
requires no reference channel, a diffusion barrier is added
on top of the oxygen insertion electrode. A fixed voltage is
applied to the electrolyte to pump oxygen ions through the
electrolyte thereby drawing oxygen through the diffusion
barrier. At low voltages and high enough pO2, where there
is sufficient diffusion of oxygen through the barrier to
provide enough oxygen at the surface of the solid
electrolyte to satisfy the oxygen ion flux through the
electrolyte, the pumping current is a linear function of the
applied voltage according to Ohm’s law. At higher
voltage, however, the system becomes diffusion limited,
and any oxygen molecules arriving at the electrolyte
surface are pumped away immediately. The corresponding
limiting current is voltage independent and a function of
the oxygen partial pressure. Care must be taken in the
choice of applied voltage, which must be large enough to
establish limiting current conditions but should not exceed
the electrochemical potential required for the electroreduction
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(c) film thickness
(dense layers)

volume affected by surface charge

unaffected volume

substrate
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vs. thin layer (nm)
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easy  gas 
access

limited   gas 
access

Fig. 3 Impact of various micro-
structure parameters on gas
sensing performance in the case
of the Taguchi type conducto-
metric sensor
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of the electrolyte or, in the case of humid conditions, water
electrolysis.

In the electrochemical cells discussed till now, the mobile
ionic species in the electrolyte corresponds to the gaseous
species to be detected. However, such electrolytes are not
available for every analyte gas of interest. Therefore, another
potentiometric sensor configuration has been investigated
involving the use of an additional porous auxiliary phase
coated onto the measuring electrode. At the reference
electrode, the activity of the mobile ion is fixed. Suitable
materials for auxiliary phase fulfil two requirements, (a) they
interact with the analyte gas and (b) they contain the same
ion species as the electrolyte. For example, porous NaNO3 or
AgNO3 films are used for NOx detection in combination
with a sodium or silver ion conductor such as Nasicon (Na-
super ionic conductor, Na1+xZr2P3−xSixO12 with 0≤x≤3) or
Ag-β″-Al2O3. Similar concepts have been developed for
CO2 or Cl2 detection [39–41].

Mixed potential sensors form another subgroup of
potentiometric gas sensing devices. This type of sensor
features a solid electrolyte equipped with two electrodes
exhibiting different catalytic activities, e.g., Au and Pt. In
this case, the voltage read-out is generated from two or
more competing reactions occurring at each of the
electrodes. Since the catalytic performance of each of the
electrodes is different, a different mixed potential is
established at each electrode, and a voltage drop across
the device is detected.

In either case outlined above, the sensor is prepared
from multilayer structures combining different materials,
microstructures and functionalities. In general, the elec-
trolyte needs to be dense to provide good ionic
conductivity and/or to separate the reference and mea-
suring sides of the device. As to the electrodes and the
auxiliary phase, on the other hand, high porosity is
required. Hence, the choice of optimum deposition
techniques is crucial for the development of high-
performance electrochemical devices.

2.3 Field effect transistors

Capacitors, Schottky diodes, and field effect transistors are
widely used electronic devices. Chemical sensors based on
these devices have been under development for some years.
To enable high temperature applications, silicon carbide-
based diodes or FETs have been investigated. Silicon
carbide FETs function as chemical sensors when a catalytic
metal, e.g. Pt, Ir or Pd, is used as the gate electrode. Several
groups have contributed to the development of the SiC
field-effect or capacitive sensor devices [42–46].

Analyte molecules such as hydrogen or hydrocarbons
are detected following adsorption in pores close to the gate–
channel interface or following dissociation on the surface of

the catalytic metal with the resulting hydrogen atoms
diffusing through the gate material to the insulator surface.
This creates a polarized layer on the surface of the
insulating layer [47], which in turn induces a change in
the number of mobile charge carriers in the channel
resulting in a change in e.g. the threshold voltage of a
FET or the flat band voltage of a capacitor.

For both the Schottky diode and the MOSFET gas sensor
device, it is desirable that the deposition techniques used be
compatible with standard FET processing and ideally
provide direct-write features for patterning the gate directly
rather than using complex photolithographic methods.

2.4 Surface and bulk acoustic waves (SAW and BAW)

The presence of analyte gases is detected via changes in
resonant frequency, acoustic wave velocity or loss in
surface and bulk acoustic wave devices. A common bulk
acoustic wave (BAW) device is the piezoelectric quartz
crystal micro-balance (QCM), which is commonly used for
the detection of mass changes via a shift in the resonant
frequency of the piezoelectric material. For sensor purpo-
ses, the QCM transducer is coated with a gas sensitive
layer. Any mass change Δm of the coating, induced by
adsorption or reaction with the target analyte, is directly
translated into a measurable shift in resonant frequency Δf
according to the Sauerbrey equation [48]

Δf ¼ � f 2q Δm

NrqS
ð7Þ

where fq is the fundamental resonant frequency of the
device, N the frequency constant of the specific crystal cut
NAT ¼ 1:67� 105 Hz cmð Þ, ρq=2.65 g/cm3 the quartz
density and S is the surface area covered by the mass-
sensitive film.

Surface acoustic wave (SAW) devices have shown
promising characteristics as chemical gas sensors due to
their small size, low cost, fast response and high
sensitivity. As in BAW devices, a coating interacting with
the analyte gas is deposited on the device surface. The
analyte is reversibly adsorbed on the coating resulting in a
mass increase. This mass change modifies the SAW
velocity in the device, which is measured indirectly using
the device as a resonant element in a delay line (DL)
oscillator circuit and measuring the frequency shift due to
the gas adsorption.

In either the SAWor the BAW devices, organic materials
are commonly used as gas sensitive coatings. Some metal
oxides have been applied as well. Next generation deposition
techniques for this transducer type should yield thin films
with well-defined porosity and ideally provide direct-
patterning options to precisely position the functional layer.
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In conclusion, future deposition techniques for the
various types of metal oxide sensors discussed above
should meet the following requirements.

& Allow precise control of film microstructural features.
& Readily integrate with microelectronic and/or micro-

machined structures.
& Offer direct write capability to ensure precise position-

ing of functional films.
& Provide inexpensive and easy to handle process steps.

3 Traditional deposition techniques

This section describes deposition techniques commonly
used in sensor device fabrication, e.g. screen-printing,
physical and chemical vapour deposition (PVD and
CVD) and sol–gel based methods. Review [49] assesses
the use of these techniques for micromachined conduc-
tometric sensors. A simplified, but instructive link
between these deposition techniques and the microstruc-
tural features (cf. Section 2.1) is provided. While both
CVD and PVD methods mostly result in compact layers
comparable to Fig. 3(c), porous films (Fig. 3(a) and (b))
are generally obtained by traditional thick-film techniques,
e.g. screen-printing.

Although well-established, these methods present two
crucial limitations. First, the microstructure control
achievable via these processes is limited and in most
cases insufficient. In addition, their direct-write ability is
extremely poor. In general, time-consuming post-process-
ing techniques, for example photolithographic structur-
ing, are required. The use of masks or screens with a
fixed pattern also limits versatility of these traditional
processes.

3.1 Screen-printing

Screen-printing is a low-cost, simple and highly popular
manufacturing technique, appropriate for mass production.
A thixotropic paste prepared from the precursor material
and organic vehicles is applied on top of the screen, a finely
woven mesh of either stainless steel wires or polymer fibers
mounted under tension on a metal frame. The backside is
covered with a photosensitive emulsion upon which the
desired screen pattern is formed by photolithography. A
squeegee traverses the screen under pressure and forces the
paste to flow through the mesh. The pattern is thus
transferred onto the substrate.

Typical film thicknesses achievable by this 2D technique
range from 5 to 50 μm. The lateral resolution, which is a
function of mesh size and ceramic paste properties, is
limited to about 75 μm.

3.2 Sputtering

Sputtering is a convenient technique for depositing metallic
and inorganic thin films. The sputtering process consists of
a target, i.e., a plate of a stoichiometric mixture of the
material of interest, and a substrate placed on a grounded
sample holder positioned at some distance from the target.
By applying power to the target in a controlled gas
atmosphere, a glow discharge, i.e., a partially ionized gas
of ions, electrons, and neutral species, is initiated in the
target vicinity. Due to collisions between the ionized gas
and target, material is ejected and travels to and nucleates
onto the substrate. The thin film thickness is a function of
the duration of this process with typical values ranging
from 0.1 to 0.8 μm [50]. The sputtering gas can be chosen
inert or reactive (e.g., Ar-oxygen mixtures) to promote
additional chemical reactions during deposition.

The use of a radio frequency (RF) generator is essential
to maintain the discharge and to avoid charge build-up
when sputtering insulating metal oxides. In addition,
magnets are used in magnetron sputtering to enhance the
sputtering rate. The magnetic field traps electrons in the
vicinity of the target and thus increases the ionization. Since
the trapping effect at the target does not only affect
electrons, but also charged gas ions, this prevents impurities
from reaching the substrate, and film quality may be
improved.

One limitation of the sputtering process is the so-called
shadow effect due to the line of sight nature of the
trajectories followed by the emitted target particles. Parts
of the substrate that are, for example, hidden by gratings or
undercuts cannot be covered.

3.3 Thermal evaporation and pulsed laser deposition

Thermal evaporation is a high vacuum technique (p<
10−4 mbar) suitable for the deposition of optical films as
well as thin films needed in integrated circuits and
electronic devices. Thermal energy is provided to the target
material either by irradiation or by resistive or inductive
heating. The target material evaporates, diffuses, and
eventually crystallizes on the substrate placed close to the
target. The main limitation of the evaporation process is
that the vapor composition depends largely on the individ-
ual vapor pressures of the elements in the target material.
Hence, the deposition of multi-component materials, with
well-defined stoichiometry, becomes very difficult.

Pulsed-laser deposition (PLD) was first used to deposit
high-temperature superconducting thin films based on
YBa2 Cu3 O7�d, a metal oxide of complex stoichiometry.
Since then, many materials that are normally difficult to
deposit by other methods, in particular multi-element
oxides, have been successfully deposited by PLD. This

182 J Electroceram (2010) 24:177–199



feature derives from the laser material removal mechanism,
which relies on a photon interaction with the target. A vapour
plume of material is created and collected on a substrate
placed a short distance from the target. Though the actual
physical processes of material removal are quite complex, one
can consider the ejection of material to occur due to a rapid
explosion of the target surface due to superheating. Unlike
thermal evaporation discussed above, the laser-induced
expulsion produces a plume of material with stoichiometry
similar to the target. As a consequence, it is generally easier to
obtain the desired film stoichiometry for multi-component
materials using PLD than with other deposition technologies.
Depending on the optics used, features can be achieved with a
resolution between 30 and 200 μm.

3.4 Chemical vapour deposition (CVD)

Chemical vapour deposition, a process used to produce
high-purity, high-performance solid thin films, is widely
used in the semiconductor industry as part of the
semiconductor device fabrication process. A number of
forms of CVD are in wide use, which essentially differ
in process conditions and in the means by which
chemical reactions are initiated (e.g., activation process).
In a typical CVD process, the substrate is exposed to a
gas stream containing one or more volatile precursors.
These react and/or decompose on the substrate surface to
produce the desired film material. In contrast to physical
vapour deposition, there is no shadow effect, and even
complex shapes are coated uniformly. Film thicknesses
range from one monolayer to 100 μm, and by optimizing
the deposition conditions, nanocrystalline films can be
prepared. While the CVD process offers significant
advantages for film deposition including spatial control
and excellent reproducibility, it presents limitations with
respect to porous and multi-dimensional structures, since
there is little flexibility for tailoring the structure beyond
control of the nanoparticle size [51].

3.5 Sol–gel based: dip and spin coating

The spin-coating technique utilized in various industrial
applications such as photo-resist coating, in microfabrica-
tion, or in the fabrication of nanoparticle assemblies, is one
of the most established wet coating methods. As the
precursor, the target material is mixed with a volatile
solvent, which evaporates during the spinning process.
After placing this precursor on the substrate, the substrate is
then rotated at high speed in order to spread the fluid by
centrifugal force. Film thickness depends on the applied
angular spinning speed as well as on the concentration of
the solution and the solvent. Thin films with thicknesses
below 10 nm can be achieved.

In dip coating, a substrate is immersed in a coating bath
usually consisting of a polymeric or particulate sol. Upon
withdrawal from the bath, the substrate retains a boundary
layer. At the same time, the solvent begins to evaporate.
The rate of evaporation, which depends on withdrawal
velocity and drying conditions, is reported to have an
impact on the microstructure of dip-coated particle-assem-
bly structures. When the drying front recedes into the pores
of the particulate network, capillary pressures—depending
on pore size—may occur, thus compacting the structure.
This drying step, i.e., the evaporation of the solvent, is a
major challenge in both wet-phase coating techniques.
During this stage, cracks are difficult to avoid, and film
quality depends strongly on the precise control of drying
conditions.

4 Novel methods: beyond CVD, PVD,
and screen-printing

Numerous novel deposition techniques have been devel-
oped to improve the performance of functional layers and to
facilitate their integration into real-world, mass-market
applications. In the case of conductometric sensors, it is
of great interest to precisely control the micro- or even
nanostructure of the metal oxide films in order to improve
sensor performance. In Reference [50], for example, the
above-mentioned classical techniques as well as several novel
methods are evaluated for the preparation of nanocrystalline,
semiconducting films and their integration with microelec-
tronic platforms. At the same time, direct-write features are
required for integration of metal oxide films onto sensor
platforms based on micromachined FET or SAW devices. In
addition, direct write techniques have the potential to simplify
the fabrication of miniaturized sensor arrays.

This section focuses on novel deposition methods that have
been reported in the literature for metal oxide gas sensor
fabrication. They are grouped in the following six subsections:

& soft lithography: microcontact printing, micromolding
in capillaries (MIMIC)

& direct writing: matrix assisted pulsed laser evaporation
(MAPLE), ink-jet, 3D-printing/micropen

& Films: flame spray pyrolysis, thermal spray direct
writing

& Structure replication: templating and use of rigid
matrices

& nanofibers: vapor–liquid–solid (VLS), vapor solid (VS),
nano-carving

& electric-field assisted: electrospinning/-spraying

The first two groups aim at facilitating patterning and/or
direct writing. The methods in the third group provide
simple, inexpensive tools for preparation of well-controlled
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multilayered structures. Finally, the last three subgroups
emphasize the trend for precise tailoring of the micro- and
even nano-features of gas sensitive devices.

4.1 Soft lithography

The term “soft lithography”, a low cost alternative to
traditional photolithography, describes a patterning tech-
nology that allows the shaping of colloidal suspensions on a
μm scale. The core element of the process is an
elastomeric mold of the desired micropattern which is
prepared by polymerizing an appropriate organic precursor
around a positive master mold [52]. In most cases, poly
dimethylsiloxane (PDMS) is the polymer of choice. The
present subsection focuses on two examples of this
technique, micro contact printing and micromolding in
capillaries (MIMIC), both of which have been used for the
preparation of gas sensor devices [53]. A schematic of both
processes is depicted in Fig. 4.

Inmicro contact printing, the patterned PDMSmold is used
as a stamp to transfer an appropriate organic solution onto the
substrate to be patterned (cf. Fig. 4(a)). Hydrophobic and
hydrophilic regions are created on the substrate, which is
then dipped into a colloidal suspension of the coating

material. During the dip coating process, the suspension
wets the substrate selectively, and the desired micropattern is
replicated with a resolution of 5 μm [53, 54], well below the
typical resolution limit of screen-printed patterns. Heule et al.
successfully prepared tin oxide patterns with this technique,
using powder suspensions with 1/3 solid content (primary
particle size d50: 220 nm). A final line width of 20 μm was
obtained [54]. Lim et al. [55] investigated ZnO thin films
prepared by microcontact printing for gas sensor applica-
tions. The devices were exposed to CO, NO, and propane at
elevated temperatures in the range from 200°C to 400°C and
showed a sharp resistance change.

In the case of the MIMIC process presented in Fig. 4(b),
the PDMS mold is placed on top of the substrate. Due to the
particular elastomeric properties of PDMS, a very tight but
reversible contact is established. The suspension to be
deposited is then drawn into the channels of the stamp due
to capillary forces [56] or by the application of a vacuum
[57]. Heule and Gauckler used the MIMIC process to create
microlines of gas sensitive SnO2 [56] or In2O3 [53], with
typical width of 3 μm. In this manner, arrays of nano-
structured sensor elements, each covering an area of 10×
30 μm, on a single microhotplate were successfully prepared
(cf. Fig. 5). Initial device performance tests towards CO

Fig. 4 Soft lithography—scheme of micro contact printing (a) and micromolding in capillaries (b)
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pulses yielded promising results. The detection limit of
undoped tin oxide lines was estimated to be 600 ppm while
in the case of In2O3, 30 ppb of ozone could be detected.

4.2 Direct writing: ink-jet, 3D-printing/micropen, MAPLE

In recent years, the potential of direct-write technologies,
which allows the direct patterning of structures without use of
masks, has been investigated. These techniques include plasma
spray, laser particle guidance, matrix-assisted pulsed-laser
evaporation (MAPLE), micropen, ink jet, e-beam, focused
ion beam, and several novel liquid or droplet micro-dispensing
approaches [58]. Since both materials and processing require-
ments are being met with increasing success, these techniques
are now finding themselves in a growing range of applications
including printed circuit boards, passive electronic compo-
nents, tissue engineering, and biosensor arrays [58]. In the
field of chemical gas sensing, few references have been
reported in the literature to date.

In general, direct-write techniques require trade-offs
between increased particle bonding, resolution, or speed.
Nowadays, speeds greater than 200 mm/s and line resolutions
on the micrometer scale are feasible while maintaining
material properties comparable to those of conventional
screen-printed materials [58]. Thus, lower prototyping and
production costs and time, increased manufacturing flexibility,
and higher manufacturing yields are envisioned.

4.2.1 MAPLE (matrix assisted pulsed laser evaporation)

MAPLE is a technique based on pulsed laser deposition,
which provides a gentle mechanism to transfer small and

large molecular weight species from the condensed phase
into the vapor phase. It is of particular interest for
polymer and biomaterial thin film deposition, but it has
also been applied to metal oxides and nanocomposite
materials [58–60]. The smallest feature resolution that
may be achieved with this 2D method is in the range of
10 μm. The material to be deposited is diluted in a
volatile organic binder or matrix with a concentration of
a few percent by weight. For MAPLE direct write, the
resulting composite is applied as a uniform coating on a
transparent carrier placed at some distance from the
substrate as shown in Fig. 6. The film is then irradiated
from the backside with a laser beam following the desired
pattern. The laser energy is principally dissipated by the
matrix and converted into thermal energy, thus vaporizing
the organic binder. With the evaporating matrix, also
molecules of the material of interest are transferred to the
gas phase and are transported to the substrate placed some
distance from the target. There, the target material is
deposited. While in some cases, the sticking coefficient of
the binder vapor can be considered nil, other applications
require high-temperature annealing steps to remove the
remaining binder.

In terms of sensor applications, this technique was
initially employed with focus on thin organic layers of
metal acetylacetonates for solid-state gas sensors [61]. Rella
et al. [59] then transferred this approach for the purpose of
uniformly depositing titania nanoparticles onto alumina
substrates. A uniform coverage of the substrates was
obtained. When exposed to ethanol and acetone in ppm
concentrations, the devices yielded promising results at
operating temperatures from 350°C to 400°C.

Fig. 5 Tin oxide microlines by
MIMIC on sensor platform.
Reprinted from [56], with per-
mission from Elsevier
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4.2.2 Ink jet

Due to its unique advantages, including direct patterning,
low cost, potential for high throughput combinatorial
chemistry, and low materials waste, ink-jet printing has
received much attention in materials science and device
preparation [62, 63]. Besides organic films for organic
LEDs [64] or metal electrodes for thin film transistors [65],
particle suspensions [66] and complex oxide compounds
[67–70] have been successfully deposited. In terms of
sensors, inkjet printing is ideal for directly preparing thin-
film sensor arrays that require multiple depositions,
lithography, and etch processes.

Similar to devices used for home desktop publishing, the
printer propels well-dispersed colloids of ceramic powder
in the form of drops of ink from the print-head to create
multiple layers of images, each controlled by digital data
from a computer. For ceramic processing, low viscosity
inks (4–20 mPa s) consisting of solvent, powder, binder,
and dispersants are typically used [66]. In these cases,
feature sizes in the range of 70 μm are achievable.

Shen et al. [71] prepared ZnO based gas-sensing thin
films by ink-jet printing using a commercial printer. Sol–gel
ZnO inks with appropriate viscosity and surface tension
were prepared as precursors. The range of achievable film
thicknesses and the possibility of integrating dopants were
investigated. Film functionality as acetone sensors was
studied with R0/R response towards 180 ppm acetone
yielding maximum values of 8–9 depending on doping
and operating temperature. Lee et al. [72] used inkjet-
printing to prepare tin oxide channel layers for a metal
insulator semiconductor field-effect transistor (MISFET).
They reported the films to be porous with a graded pore
structure after annealing in air at 500°C (cf. Fig. 7).

The versatility of ink-jet printing is also of interest for
multi-component inks. One example is the use of polymer

microbead templates that have been used to enhance the
surface area of functional ceramic films [51, 73, 74].
Conventionally, a suspension containing the ceramic pre-
cursor plus polymer (poly-styrene or poly-methylmetacry-
late) beads with well-defined, homogeneous diameter is
prepared. During heat treatment following deposition, the
polymer decomposes, resulting in a highly porous ceramic
scaffold with exceptionally large surface area. For example,
this method was investigated in [73] for the preparation of
QCM-based mass sensitive NOx sensors with BaCO3 as the
gas sensitive coating. The films were deposited by simple
drop casting, resulting in ill-defined film thicknesses and
poor adhesion. Sahner et al. then transferred the templating
method to ink jet printing using heterogeneous inks contain-
ing both polymer templates and BaCO3 precursors (Sahner et
al., in preparation). The inks were prepared using barium
acetate and poly-methylmethacrylate microspheres with
800 nm diameter as precursors. Commercial 5 MHz AT-cut
quartz crystal microbalances equipped with Au electrodes
served as the resonant platform. A semi-automated thermal
ink-jet printer was used in this study. For layer deposition,
the substrates were positioned on a computer-controlled
automated x–y-stage under the static printhead, and patterns
were deposited pixelwise. Figure 8 presents a sample of the
complex patterns achieved with this set-up.

4.2.3 3D-printing

Besides widespread technological applications in tissue
engineering, advanced functional ceramics and composites,
three-dimensional periodic structures prepared from colloids
may be useful for gas sensor devices [75]. Robo-casting,
automated direct-ink writing, three-dimensional printing
(3DP), or micro-pen writing offer a powerful route for
producing complex periodic 3-D structures at length scales
from micrometers to millimetres [76–78]. According to the

Laser beam 

following the desired

pattern

substrate

transparent 

carrier

matrix + 

material

(a) (b) (c) (d)

Fig. 6 Scheme of MAPLE-direct write. The laser path writes the
desired pattern. For each pixel, the laser irradiates the matrix/material
film deposited on the transparent carrier substrate (a). The laser energy

is dissipated, and a fraction of the matrix evaporates (b). The vapor,
which also contains the material of interest, is transferred to the
substrate (c), where it eventually forms one pixel of the pattern (d)
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scheme depicted in Fig. 9, a computer-controlled writing
nozzle moves over the substrate. As precursors, highly
concentrated colloidal suspensions are used that solidify either
by liquid evaporation or a temperature-induced phase change.
The preparation of well-defined periodic structures including
unsupported elements spanning gaps places high demands on
suspension design, which must satisfy a number of criteria.
First, it must exhibit a well controlled viscoelastic response to
flow through the nozzle. Second, upon contacting the
substrate, it must solidify nearly immediately. Third, a high

colloid volume fraction is required to minimize shrinkage
[75, 80]. With this technique, minimum line widths tend to
be in the range of 200 μm.

Smay, Lewis, and coworkers studied three-dimensional
printing (3DP) techniques to prepare well-defined BaTiO3

ceramics [79], Pb(Zr,Ti)O3 piezoelectrics [81] and photonic
crystals [82] (cf. sample patterns shown in Fig. 9). As to
gas sensor applications of 3D-printed structures, initial
studies were conducted which utilized titania grids prepared
by 3DP [83] for NOx sensing (Rothschild, in preparation).

Fig. 7 SEM micrographs of
ink-jet printed SnO2 films. Top
row: as deposited film, top view
(a) and cross section (b). Bottom
row: after thermal treatment at
500°C in air, top view (c) and
cross section (d), showing the
graded pore structure [72].
Reproduced by permission of
ECS—The Electrochemical
Society

Ink-jet printed 
polymer beads

Post -
treatment: 

porous 
network

4 mm

printed MIT seal 
& logo

Fig. 8 Example of ink-jet
printed patterns using the
microsphere templating tech-
nique gas sensitive material
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4.3 Film deposition by in-situ flame spray pyrolysis
and direct write thermal spray

Suspension-free spray deposition techniques from the gas
phase present a mayor advantage over the wet sol-gel based
coating methods, since no solvent need evaporate. Hence,
the films are less prone to cracking, and are more
homogeneous, reproducible and comparable to films pro-
duced by CVD or PVD [84]. Depending on the deposition
conditions (gas flow rate, distance between substrate and
source) and substrate temperature, dense layers, preferable
for protective coatings or porous films for sensing and
catalysis applications, may be obtained.

Flame spray pyrolysis (sometimes denoted as combustion
CVD [84, 85]) is a versatile and effective technique to
produce metal oxide powders and to deposit thin films for
various industrial applications, for example the commercial
fabrication of optical fibers for telecommunications and
deposition of doped-silica particles having closely controlled
refractive indices for light transmission [84]. Many different
materials, including various metal oxides, have already been
deposited using this technique, which offers the possibility to
control film morphology and powder particle size in the nm
range [84]. After formation in the flame by nucleation,
coagulation, and coalescence, nanoparticles undergo direct
(in situ) deposition onto suitable sensor substrates. A very
fast and clean single step process for sensor preparation is
thereby obtained. The resulting thick films are highly porous
and present a large accessible surface, which makes flame
spray pyrolysis a promising candidate for rapid and low cost
sensor production. The quality and properties of the films
and powders depend on the process parameters.

In [86], Mädler et al. prepared highly porous pure or Pt-
doped SnO2 powders by direct flame spray synthesis.
Subsequently, the powders were screen-printed and annealed
at temperatures up to 500°C. A detection limit for CO well

below 10 ppm was observed. Using a similar set-up, Liu et
al. conducted deposition at higher temperatures (up to 850°C)
[85]. These as-deposited films were directly functional as gas
sensor layers exhibiting very good ethanol sensing behaviour.
Sahm et al. investigated this approach to synthesize SnO2 and
Al2O3 nanoparticles, with and without Pd doping, directly
deposited from the aerosol phase by thermophoresis onto
standard sensor substrates forming highly porous films [87].
Metal organic precursor solutions were used [88, 89]. By
repeating layer deposition, multilayer sensors as shown in
Fig. 10 were prepared consisting of doped and undoped gas
sensitive SnO2 and Al2O3 as a filter layer.

The operation principle of thermal spray direct write is
similar to flame spray pyrolysis discussed above. During
thermal spraying, the material to be deposited is melted by
a high temperature torch. The molten particles are acceler-
ated and reach the substrate, where they rapidly solidify
forming thick films [90]. Since the substrate itself is not
heated, the technique enables deposition of most materials
onto low temperature substrates, such as plastics [91]. The
main applications of this directed melt spray process have
been protective coatings against wear, heat, corrosion, and
oxidation. Since the potential advantages of thermal spray
include high speed direct writing capability, cost effective-
ness, and useful materials properties in the as-deposited
state, it has recently been developed as a direct writing
technique for electronic devices. Ahn et al. prepared
impedancemetric ceramic humidity sensors consisting of a
spinel (MgAl2O4) dielectric layer equipped with Ni-Al
electrodes by direct-write plasma spraying [92].

4.4 Structure replication

To create ordered mesoporous metal oxide networks, two
different approaches, nanocasting and the utilization of
amphiphilic templates, have been reported in the literature [93].

Fig. 9 Left: Principle of the direct assembly of nanoparticle inks via
3DP. A syringe containing the ink is mounted on a z-axis motion stage
with the ink deposited through a nozzle onto a substrate placed onto a
moving x–y stage. Stage movement is controlled using a CAD file of

the desired 3-dimensional pattern. Right: Examples of 3DP structures
assembled from BaTiO3 nanoparticle inks [79]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission
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Templating has become a standard procedure to synthe-
size mesoporous inorganic structures, mainly based on
silica building blocks or zeolites (aluminosilicates). In
general, the structure-directing templates are amphiphilic
species such as block co-polymers or surfactants. As shown
in Fig. 11, these are dispersed in a solution of the inorganic
precursor, where they self-assemble spontaneously as micells.
During synthesis, a solid network crystallizes around the self-
assembled units and replicates the periodic structure following
which the organic templates are removed.

Although the process has been used primarily for
silicates and related structures, mesoporous products of
two important gas sensor materials, SnO2 and WO3, have
also been prepared by the templating technique. Li and

Kawi [94] synthesized stable mesoporous SnO2 materials,
using sodium stannate as the starting precursor and cationic
surfactant as the synthetic template. In their study, they
systematically evaluated the effect of sensor surface area on
sensor sensitivity and reported a linear dependency. The
Egashira group prepared large mesoporous SnO2 powders
by employing SnCl2 H2O as the tin source and the self-
assembly of a triblock copolymer as a surfactant. The
powders exhibited very large surface areas up to 253 m2/g
and a stong response towards hydrogen [95].

Nanocasting relies on the use of a mesoporous, rigid
silica matrix as a “mold”. The molds are prepared by the
templating method described above and then filled with a
precursor solution of the target metal oxide. As an

Fig. 10 SEM cross section of
various multilayer structures
prepared by in-situ flame spray
pyrolysis. Reprinted from [87],
with permission from Elsevier

inorganic 
precursors

structure 
directing 
templates

(a) solution (b) self-assembly, 
gel formation

(c) solidified gel (d) template removal

templating

Fig. 11 Scheme of the templating method. First, a solution containing
both organic amphiphilic templates and inorganic precursors is
prepared (a). The organic species spontaneously self-assemble into
periodically arranged micelles (b). These are surrounded by the
remaining solution containing an increasing concentration of the

inorganic species. Eventually, the crystallization limit of the inorganic
precursor is reached, and a solid network is formed (c). In a final step
(d), the organic template is removed [93]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission
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advantage over conventional sol–gel templating routes,
which in general require aqueous reaction media and are
hence limited to T<200°C, the rigid matrix withstands the
high temperatures that are needed for formation of the target
oxide. Thus, higher degrees of crystallinity are obtained
without loss in the periodic structure. After the thermal
conversion step, the matrix is etched away either with
hydrofluoric acid or concentrated sodium hydroxide. Hence,
the metal oxide forms the negative replica of the initial
porous network as depicted in Fig. 12.

The Morante group investigated multiple mesoporous
metal oxides obtained by the nanocasting technique [96–98].
In the case of WO3 based NO2 sensors [97, 98], they
compared two different crystalline mesoporous replicas (2D
hexagonal structure vs. 3D cubic structure) obtained by
using different silica materials as templates. Compared to
the 2D replicas, the 3D structures presented a stronger
response to NO2 as well as a shorter response time. This
was attributed to the higher surface area of the 3D replica,
as verified by Brunauer–Emmett–Teller (BET) analysis.

While useful for a great variety of gas sensitive metal
oxides such as Fe2O3, WO3, Cr2O3 and In2O3 [93 and
references therein], this method is not suitable for amphoteric
oxides such as ZnO due to the chemically harsh etching step.
This has been solved by the development of a double
replication process. First, a mesoporous carbon matrix is
prepared within the initial silica structure. In a second step,
the carbon matrix is then used as a mold for the metal oxide
precursor and removed by pyrolysis, thus allowing the
synthesis of mesoporous ZrO2, ZnO, or TiO2 [93].

In addition to silica, aluminium metal is known to grow
nanoporous oxides when anodized in acidic conditions and
thus serve as a mold platform. As described in [99], highly
ordered porous alumina is obtained by anodizing Al sheets
in acidic conditions, typically using H3PO4 and H2C2O4.
By varying the anodizing conditions, the electrolyte
temperature, the anodizing voltage, and/or the nano-texture
of the aluminium substrate, the diameter, length, and the
density of the parallel nanopores can be tuned in the ranges,
respectively, ∼10–300 nm, ∼300 nm to 100 μm, and ∼5×
109 to 1011 pores/cm2 [100].

4.5 Bottom-up and top-down synthesis
of quasi-1D-structures

Inspired by the rapidly growing field of carbon nanotubes
(CNT) with their exceptional properties, synthesis methods
to prepare quasi-1D metal oxide nanostructrures have been
investigated in the literature [101]. In contrast to CNT,
whose properties strongly depend on chirality (difficult to
control during synthesis), the composition and electronic
properties of these structures can be controlled during the
growth process [102]. During the past decade, numerous
quasi-one-dimensional oxide nanostructures with useful func-
tionalities, compositions, and morphologies have been pre-
pared (cf. [100, 103, 104] and references therein). Figure 13
diagrammatically summarizes some of these novel nano-
geometries including nanofibers, wires, belts, tubes, and
heterostructures.

Several research groups have directed their attention to the
preparation and characterization of metal oxide nanofibers for
gas sensing [104–108], with some authors predicting gas
sensing to be one of the first commercial application for 1D
nanosystems [103]. Due to their large surface-to-volume
ratio, such nanostructures offer excellent potential for
conductometric gas sensors, since the sensing effect in these
devices is largely attributed to heterogeneous catalytic
reactions or adsorption processes at the sensor surface and
space charge generation extending from the surface inwards
as explained in Sec. 1. In addition, nanowires are easily
configurable as field-effect transistors (FETs) with the
position of the Fermi level within the nanowire varied to
electronically control surface processes [100].

In general, one-dimensional nanostructures are synthe-
sized by promoting the crystallization of solid-state struc-
tures along one direction, achievable by various techniques.
These include the use of templates or capping agents, self-
assembly, or growth of intrinsically anisotropic structures.
To date, a great number of papers have been published in
the active field of nanowire growth. Many excellent
reviews are available summarizing the various manufactur-
ing methods for nanowires and other quasi-1D structures
[101, 103, 109]. In the following, we focus on bottom-up

(a) mesoporous silica  
template (negative)

(c) target metal oxide
(positive)

(b) replica technique

nanocasting

Fig. 12 Schematic representation of nanocasting with rigid matrices. For details see text
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gas-phase synthesis, i.e., the vapor–liquid–solid (VLS) and
vapor–solid (VS) processes, with which most high-quality
one-dimensional structures and ordered arrays are now
grown. As novel top-down techniques, nano-carving and
anodization of titania, which have been explicitly investi-
gated for gas sensing, are also discussed.

4.5.1 Bottom-up: gas phase synthesis

The vapor–liquid–solid (VLS) mechanism, first reported in
1964 [110] and later rediscovered by various research
groups [111–113], was shown to generate nanowires and
nanorods from a rich variety of materials. In VLS growth,
nanosized liquid metal droplets serve as seeds and
templates for the one-dimensional growth from the gas
phase containing the precursor reactant for wire formation.
This reactant dissolves into the liquid droplet up to the
saturation limit, nucleates, and eventually grows in the
direction dictated by the droplets, which remain on top of
the growing nanostructure. While the preparation of gas
phase precursors is similar to the techniques used for thin-
film growth (e.g., chemical vapor deposition, sputtering, or
molecular beam epitaxy), the concentration of gaseous
reactants, pressure, temperature, and flow rate must be
carefully controlled to ensure homogeneous nanowire
growth and to prevent secondary nucleation. A diagram of
the VLS synthesis is shown in Fig. 14.

A crucial parameter in VLS growth is the choice of an
appropriate metal catalyst which must be able to dissolve
the target material and form a liquid alloy. Since the size
of the catalyst droplets remains essentially unchanged
during the entire growth process, lateral growth of an
individual wire does not occur. Hence, the resulting
nanowires are typically single crystalline with remarkable
uniformity in diameter, usually on the order of 10 nm, over
a length scale of >1 μm [103]. In general, the final fiber
length can be modified via the growth time.

The VLS method is also the basis for synthesizing either
longitudinal (Fig. 13(c)) or coaxial (Fig. 13(d)) nanowire
heterostructures, which are useful both from a technical and
a theoretical point of view. The first structure group

involves switching between different vapor precursor
supplies in mid-growth. Coaxial heterostructures, on the
other hand, are obtained by coating a finalized array of
nanowires with a uniform layer of a second material.

An alternative growth mechanism from the vapor phase
has been reported for metal oxides, e.g., SnO2, In2O3, or
ZnO [113–116]. In this case, nano-ribbons with homoge-
neous cross sections ranging from 30 nm to 300 nm were
grown by evaporating metal oxide powders without the
presence of a liquid metal catalyst. Hence, this synthesis
approach is called vapor–solid (VS) growth. While the
actual growth mechanism is not yet fully understood, either
intrinsically anisotropic or defect assisted directed growth
are likely explanations. In 2002, Comini et al. reported
conductometric SnO2 nano-belt gas sensors prepared by
vapor phase synthesis [117]. For electrical measurements,
the nanobelts were transferred onto transducers equipped
with sputtered platinum interdigitated electrodes. The
analyte gases were CO, NO2, and ethanol. Typical n-type
semiconductor response was observed, i.e. an increase in
conductivity upon CO and ethanol exposure and the
opposite behaviour for NO2. The same group also investi-
gated the impact of fiber mesh density on sensitivity [118]
and showed that the conductance of the layers, as well as
the CO and NO2 responses, increased with the density of
the nano-belts.

Law et al. [106, 119] prepared SnO2 nano-ribbons for
photochemical, UV assisted NOx sensing. Yu and cow-
orkers successfully integrated tin oxide nano-belts with
low-power microheaters for detecting dimethyl methyl-
phosphonate (DMMP). They used an electric field-
directed assembly method to trap and align the belts from
a solution on top of electrode structures [120]. In this
method, known as positive dielectrophoresis, microdevices
equipped with two Pt electrodes were connected to an ac
voltage source. After dispersing a solution containing the
nanobelts on the device surface, the frequency of the ac
field was adjusted to polarize the nanobelts, thus generating
an attractive force. In an alternative approach adopted by
Meier et al. [121], individual SnO2 nanowires were
electrostatically picked up with a dielectric microfiber, then

(a)

(b)

(c)

(d)

(e)

Fig. 13 Various types of quasi-
1D nanostructures: Nanowires
or -fibers (a), nanotapes or -belts
(b), longitudinal heterostructures
(c), coaxial heterostructures (d),
and nanotubes (e)
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transferred to the microdevices, and oriented to make contact
with the contact pads.

In [122], Zhang and coworkers reported the detection of
NO2 with In2O3 nanowire transistors operating at room
temperature and achieved excellent performance with a
detection limit as low as 20 ppb. Sysoev et al. [123]
discussed initial steps towards a nanoscopic electronic nose
based on the integration of a variety of oxide nanofibers in
a single device. They combined SnO2, TiO2, and In2O3

nanowires on a commercial Si:SiO2 wafer. By examining
the responses from the three types of nanowires, they were
able to discriminate between H2 and CO.

4.5.2 Top-down

In addition to the bottom-up nanofiber synthesis discussed
above, top-down approaches for the preparation of metal
oxide quasi-1D structures have also been developed. As a
simple, highly scalable, and low-cost technique to produce
metal oxide nanofibers devices by a one-step gas phase
reaction, a selective anisotropic etching process called
nanocarving has been developed by Akbar and coworkers
[124]. In this method, dense bulk metal oxide specimens
are first produced by a conventional sintering step. The
compacts are then exposed to flowing H2/N2 mixtures at
elevated temperatures, yielding aligned fiber arrays with 15
to 50 nm diameters (cf. Fig. 15). The process was first
developed for titania and later transferred to SnO2-TiO2

composites [125]. According to [126], the anisotropic
etching proceeds with a parabolic rate law according to

the following chemical reaction between hydrogen and
TiO2

TiO2 þ xH2 ! TiO2�x þ xH2 O : ð8Þ
In addition to treatment with H2/N2 mixtures, the use of

CO/CO2 mixtures was also investigated for MoO3 films
[126]. By texturing the films in CO/CO2 atmospheres, a
porous microstucture with sub-micron pore diameters was
obtained, attributed to phase changes and corresponding
volume changes during treatment. The thus prepared films
exhibited improved sensitivity and reduced response times
compared with the untreated films.

As in the case of anodized aluminum foils, discussed as
a potential mold for structure replication in Section 3.2,
titanium metal is also known to grow well-defined porous
structures when anodized in acidic media. In contrast to the
porous alumina bodies, these structures may serve directly
as gas sensitive devices. The Egashira group investigated
planar array sensors based on titania nanotubules [127].
Arrays of parallel titania nanotubules with diameters in the
range 20–100 nm were obtained by anodizing Ti foil in a
hydrofluoric acid solution. Similar growth techniques were
also investigated by Grimes and coworkers [128, 129].
Figure 16 presents corresponding structures and results of
gas response measurements. The nanotube sensors
exhibited a resistance change over several orders of
magnitude in the presence of 100 ppm hydrogen at room
temperature while demonstrating complete reversibility,
repeatability, high selectivity, negligible drift and wide
dynamic range.

metal 

catalysts

liquid catalyst

droplet

precursor

vapor

growing

nanowire

(a) (b) (c) (d)

substrate

Fig. 14 VLS growth: After depositing a metal catalyst seed (a), the
substrate is heated to high temperatures above the liquidus tempera-
ture of the metal (b). As described in the text, the target precursor is

provided in form of a vapor. It dissolves into the liquid metal,
nucleates, and grows to form a nanowire (c and d)
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4.6 Electric field assisted methods

Electric field assisted methods such as electrospinning or
electrospraying rely on electric forces for film deposition.
The operational principles of each of these methodsare
similar. A high voltage, in the kV range, is applied between
a substrate and the needle of a syringe, which contains the
precursor solution and is operated at a constant delivery
rate, e.g., by a programmable syringe pump. When the
electric field is sufficient to overcome the surface tension of
the fluid, a jet forms, and a thin film is deposited on the
substrate. Its morphology is governed by several parameters
such as deposition rate, voltage, and distance between
substrate and needle. After drying, the deposited film is
heat-treated. As an alternative, in-situ deposition on a
heated substrate can be conducted.

In the case of electrospraying, the liquid precursor
contains unreacted solvated components of the metal oxide
film. For electrospinning, however, an appropriate polymer
solution is added. An important feature is the choice of an
effective, highly volatile solvent, which evaporates in-situ.

Appropriate systems are polyvinylpyrollidone (PVP) in
ethanol or cellulose acetate (CA) in acetone. Under the
action of the electric field, a fine polymer fiber network
forms, which encapsulates the metal oxide precursor. This
polymer matrix is removed subsequently during an appro-
priate thermal treatment. Ceramic nano-wires remain on the
substrate.

Fig. 15 Nanocarved TiO2 structures: SEM micrographs after sintering
at 1200°C in air (a) and after exposure to H2/N2 mixtures at 700°C
(b). Reprinted from [124], with permission from Elsevier

Fig. 16 TiO2 nanotubules. Left: SEM images showing the topology of
anodized Ti samples. Reprinted from [129], with permission from
Elsevier. Right: corresponding planar sensor set-up and sensing
performance towards hydrogen at 290°C. Reprinted from [130], with
permission from Elsevier
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The main advantage of electrospraying is that the particle
size of a film is reduced to a nanometer-scale due to the fact that
the film is deposited from a precursor in an aerosol form. This
is of great interest in the case of conductometric sensors where
small particle sizes are required. In addition, electrospraying

presents a simple set-up, high-deposition efficiency, ambient-
atmosphere operation, large choice of precursors, and ready
control of surface morphology and film composition [131].

Matsushima et al. [132] investigated electrosprayed tin
oxide thin films. The films were characterized by SE and

Fig. 17 Electrospinning and
hot-pressing of metal oxide
materials. Reprinted with per-
mission from [135]. Copyright
(2006) American Chemical So-
ciety. (a) SEM image of the
as-spun metal oxide-polymer
composite, (b) composite after
hot-pressing at 120°C, (c) un-
pressed fibers after calcinations
at 450°C, (d) hot-pressed fibers
after calcinations. For details see
text

Table 1 Summary of the advantages and limitations of the novel deposition methods with respect to potential applications in metal oxide gas
sensing.

Method Advantages Limitations

Soft lithography Feature resolutions down to 1 μm Drying conditions need to be carefully controlled
Simple and versatile patterning of molds Complex optimization of the precursor systems required

Direct writing
MAPLE Direct patterning with feature resolution down to 10 μm Limited to 2D, low aspect ratios

Suitable for a broad variety of materials
including nanosized precursors

Ink-jet Versatile direct patterning tool Limited to 2D
Potential for use in high throughput materials discovery Ink optimization is complex

3D-printing Versatile tool to access 3D-patterns Ink optimization is complex
Line widths <1 μm can be achieved Not yet available for many materials systems

In-situ spraying Simple, inexpensive multilayer deposition Limited to films (no direct patterning)
Homogeneous films

Structure replication Synthesis of high surface area materials For many metal oxides: two-step process
(template of silica matrix + nanocasting) required

Nanofiber growth Very high surface-to-volume ratio Single nanofibers: limited reproducibility
Difficult to assemble into real-world devices

Nanocarving Well-defined nanostructured devices with high surface area Available only for a limited number of materials
Electric field assisted methods
Electrospinning Simple set-up operating under ambient-atmosphere Without additional treatment: poor adhesion to substrate

Unoriented, porous fiber mats with high surface areas
Electrospraying Simple set-up operating under ambient-atmosphere Deposition parameters need to be carefully controlled

Preparation of films with nanoscaled features
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found to be composed of particles in the range from 100 to
200 nm. The layer thickness increased linearly with spray
time. In hydrogen response tests, a notable response towards
the analyte was observed, although not as responsive as thin
films prepared by the ion-beam sputtering method. Ghimbeu
et al. [133] studied the use of electrospraying tungsten oxide
with particular focus on the effect of deposition temperature
on film morphology, microstructure and electrical proper-
ties. The films deposited at low substrate temperatures
(200°C to 300°C) were dense and exhibited good adhesion.
At higher substrate temperatures (400°C), however, porous
films with poor adhesion were obtained. This was attributed
to complete solvent evaporation at high temperature before
arriving at the substrate surface.

The use of electrospinning to deposit nanomaterials was
reported by Reneker in 1996 and first applied to form
polymeric nanofibers [134]. On the substrate, unoriented
fiber mats as shown exemplarily in Fig. 17(a) are obtained.
Later, the method was transferred to prepare oxide nano-
fibers, which are either formed directly as discussed above
by spinning a suitable sol–gel precursor [107, 136], or by
coating polymer fiber networks [137].

While the quasi-1D structures presented in the previous
section show excellent potential as gas sensors due to their
high surface-to-volume ratio, reproducibility of the single
fiber arrays is very difficult to achieve. In this regard, the
application of unoriented fiber mats, instead of individual
fibers, may enhance device performance. To solve the
problem of poor adhesion between fiber mats and the
substrate, Kim et al. introduced an additional hot-pressing
step after titania fiber deposition [135]. Besides improving
adhesion, this treatment was found to have an impact on the
microstructure of the fibers as shown in Fig. 17. The as-spun
metal oxide-polymer composite fibers exhibit a range of
diameters from 200 to 500 nm (Fig. 17(a)). When calcined
without hot-pressing to remove the organic vehicle, a bundle
structure composed of sheaths of 200–500 nm diameters was
obtained. In some cases, the outer sheaths were broken
revealing cores filled with ∼10 nm thick fibrils as shown in
Fig. 17(c). By introducing the hot-pressing step prior to
calcination, an interconnected morphology of the TiO2/
polymer composite fibers was obtained, as illustrated in
Fig. 17(b), due to the partial melting of the polymer vehicle.
Subsequent calcination resulted in the exceptionally high
surface area structures shown in Fig. 17(d). The mechanical
pressure applied during the hot pressing served to break the
outer sheaths thereby exposing the fibrils and leading to an
exceptionally high surface-to-volume ratio. The hot-pressed
TiO2 fiber sensors exhibited improved NOx characteristics
with detection limits down to the ppb range [135]. The
combined hot-pressing/electrospinning technique was suc-
cessfully transferred to SnO2 and SnO2-TiO2 composites
(Kim, in preparation).

While mainly used for “simple” oxides such as WO3,
SnO2, or TiO2 [107, 135, 138] electrospinning was also
applied to more complex compounds. By side-by-side
electrospinning, Liu et al. [139] prepared SnO2/TiO2 com-
posite nanofibers, a materials system which is also of interest
for gas sensing [125, 140]. Sahner et al. reported hydrocar-
bon sensors of electrospun ternary SrTi0:8 Fe0:2 O3�d per-
ovskites with improved sensor characteristics compared to
conventional devices obtained by screen-printing of micro-
scaled powders [141].

5 Conclusion

The development of novel deposition techniques is an
extremely active research field. In the scope of metal oxide
gas sensors, a large variety of promising methods has been
introduced within the past decade. Table 1 summarizes the
potential advantages and current limitations of these
techniques with respect to their potential application in the
preparation of metal oxide-based gas sensors.

Compared to the well-established deposition tools,
namely screen-printing, PVD, CVD, or sol–gel deposition,
these novel approaches are designed either to improve
micro- and nanostructure control of the films, or to
introduce direct-patterning features to reduce the need for
cost- and time-intensive post processing. Both advantages
are crucial for further optimization of gas sensitive devices
and eventually to meet the requirements of high sensitivity,
selectivity, and stability at low manufacturing costs.
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