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Abstract

This article gives an overview on recent developments in metal-oxide-based gas sensor systems, in particular
on nanocrystalline oxide materials deposited on modern, state-of-the-art sensor platforms fabricated in
microtechnology. First, metal-oxide-based gas sensors are introduced, and the underlying principles and
fundamentals of the gas sensing process are laid out. In the second part, the different deposition methods,
such as evaporation, sputtering, sol–gel techniques, aerosol methods, and screen-printing, and their
applicability to micro-scale substrates are discussed in terms of their deposition precision, the achievable
layer thickness, as well as with regard to the possibility to use pre-processed materials. In the third part,
microsensor platforms and, in particular, semiconductor- and microelectronics-based sensor platforms,
which have been fabricated in, e.g., standard CMOS-technology (CMOS: complementary metal-oxide
semiconductor), are briefly reviewed. The use of such microfabricated sensor platforms inevitably imposes
constraints, such as temperature limits, on the applied nanomaterial processing and deposition methods.
These limitations are discussed and work-arounds are described. Additionally, monolithic sensor systems
are presented that combine microtransducers or microhotplates, which are coated with nanomaterials, with
the necessary control and driving electronics on a single chip. The most advanced of such systems are
standalone units that can be directly connected to a computer via a digital interface.

Introduction

Since Heiland (Heiland, 1957), Bielanski (Bielanski
et al., 1957) and Seiyama (Seiyama et al., 1962)
discovered the gas sensing capabilities of metal
oxides, and since Taguchi developed metal-oxide-
based sensors into an early industrial product
(Taguchi-type sensors, Taguchi 1971), a lot of
work and efforts have been invested to further
develop those sensors, to optimize their sensing
performance, to bring down their costs, and to
simplify their use in a real-world environment.

There are currently several companies that market
metal-oxide-based gas sensors, for example Figaro
(www.figarosensor.com), FIS (www.fisinc.co.jp),
Microchemical Systems, MICS (www.microchem-
ical.com), City Technology (www.citytech.com),
AppliedSensor (www.appliedsensor.com), Umwelt
sensortechnik GmbH, UST (www.umweltsensor-
technik.de), and Paragon (www.paragon-
online1.de).
Metal-oxide-based gas sensors more and more

penetrate also mass-market applications, which
include, e.g., automotive applications (cabin air
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quality control) as well as more traditional fields
such as toxic- and explosive-gas alarms (Marek
et al., 2003). A lot of efforts are also invested in
developing new applications such as in-door air
quality monitoring in residential and office
buildings.
Though many different metal oxides have been

investigated as gas sensor materials, tin oxide
(SnO2) is still the most commonly used material
(Barsan et al., 1999). An overview over the gas
sensor properties of the many different metal oxi-
des and a wealth of additional examples of appli-
cations are also given in recently published reviews
(Eranna et al., 2004; Pierce et al., 2004).
These sensitive metal-oxide materials include

wide-bandgap semiconducting oxides such as tin
oxide, gallium oxide, indium oxide, or zinc oxide.
In general, gaseous electron donors or acceptors
adsorb on the metal oxides and form surface
states, which can exchange electrons with the
semiconductor metal oxide. An acceptor molecule
will extract electrons from the metal-oxide semi-
conductor and thus decrease its conductivity. The
opposite holds true for an electron-donating mol-
ecule. A space charge layer will thus be formed. By
changing the surface concentration of donors/ac-
ceptors, the conductivity of the space charge
region is modulated so that the conductivity of
metal-oxide semiconductor materials changes in
response to analyte gas concentration changes.
These chemically induced changes can then be
transduced into electrical signals by means of,
e.g., simple electrode structures (conductivity
measurements).
The overall conductivity in a metal-oxide-based

sensor is determined by the analyte gas surface
reactions, the subsequent charge transfer processes
between adsorbed gaseous species and the semi-
conductor oxide material, and the transport
mechanisms within the sensitive oxide layer. For
porous, polycrystalline metal oxides, the best way
to describe the conduction process is to consider
that the free charge carriers (electrons or holes)
must overcome the intergranular barriers (Fig-
ure 1a) that result from band bending at the
adjacent surfaces of neighboring grains (Williams,
1987; Madou & Morrison 1989; Bârsan &
Weimar, 2001). The barrier heights and the occu-
pancies of the surface states are altered by the
adsorption of analyte molecules from the gas
phase. The overall conductivity in polycrystalline

samples hence includes contributions from the
individual crystallites, the grain boundaries, insu-
lating components such as pores, and the contacts
(Figure 1b). Therefore, the conduction mechanism
in ceramic polycrystalline samples is difficult to
analyze, and a variety of data and models has been
published (Williams, 1987; Madou & Morrison,
1989; Bârsan & Weimar, 2001).
The most extensively investigated material, tin

oxide, is oxygen-deficient and, therefore, an n-type
semiconductor since oxygen vacancies act as elec-
tron donors. In clean air, oxygen, which traps free
electrons by its electron affinity, and water are
absorbed on the tin oxide particle surface forming a
potential barrier in the grain boundaries. This
potential barrier restricts the flow of electrons and
thus increases the resistance. When tin oxide is
exposed to reducing gases such as carbon monox-
ide, the surface adsorbs the gases, and some of the
oxygen is removed by reaction with water and
oxygen at the surface. This lowers the potential
barrier, thereby reducing the electric resistance. The
reaction between gases and surface oxygen depends
on the sensor temperature, the gas involved, and the
sensor material (Williams, 1987; Madou &
Morrison, 1989; Bârsan & Weimar, 2001).
Semiconductor metal-oxide sensors usually are

not very selective, but respond to almost any
analyte (carbon monoxide, nitrogen oxide,
hydrogen, hydrocarbons). One method to modify
the selectivity pattern includes surface doping of
the metal oxide with catalytic metals such as
platinum, palladium, gold, and iridium (Williams,
1987; Madou & Morrison, 1989; Bârsan et al.,
1999; Bârsan & Weimar, 2001). Surface doping
improves the sensitivity to reducing gases, reduces
the response time and operation temperature and
changes the selectivity pattern.
The conduction mechanism in polycrystalline

metal oxides strongly depends on the morphology
of the layer and the grain size of the metal oxides
(Bârsan & Weimar, 2001). Most modern sensors
operate in a regime, in which the overall conduc-
tivity is determined by nanocrystalline sensing
materials. Although the effect of the grain size on
the sensing performance is still under debate (Xu
et al., 1991; Rothschild & Komem, 2004), it has
been shown that a decreasing grain size enhances
the performance of the sensors, i.e., increases the
sensor signals and, correspondingly, the sensor
sensitivity. The reasons for this increase are most
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probably due to the enlarged overall active surface
area of the sensing layer as a consequence of the
small grain size (better surface to volume ratio) so
that the relative interactive surface area is larger,
and the density of charge carriers per volume is
higher. However, it has to be noted that the overall
picture is rather complex, and that the observed
effects do not only depend on the particle size but
also on the particle agglomeration into larger
grains, on the accessible surface area, on the
degree of agglomeration, the layer morphology
and porositiy. Several publications provide a good
overview on existing concepts and models in this
field (Bàrsan & Weimar, 2001; Rothschild &
Komem, 2004).
The most advanced and best-performing gas

sensors exhibit nanostructured materials deposited

as thick porous films on the transducer surface
carrying the electrodes. The sensors based on thin
sensing oxide films seem to have fundamental
sensitivity limitations regardless of the deposition
method (Bârsan & Weimar, 2001). State-of-the-art
sensors are based on pre-processed oxide powders
that have been previously stabilized by high-tem-
perature annealing. These pre-processed powders
can be obtained via different chemical routes and
they can be additionally functionalized by adding
small quantities of noble metals in the form of
surface additives (Bârsan et al., 1999; Graf et al.,
2004c).
A significant fraction of the overall research and

development efforts in metal-oxide-based gas sen-
sors is currently directed toward sensor miniatur-
ization (Simon et al., 2001; Hierlemann & Baltes,

Figure 1. (a) Schematic representation of a porous nanocrystalline sensitive metal-oxide layer and one-dimensional repre-
sentation of the electronic band structure. An inter-grain band bending (eVs) occurs as a consequence of surface contact
phenomena. A band-bending also occurs at the grain-electrode contact (eVc). EB denotes the lower conduction band limit in the
bulk tin oxide, and EF is the Fermi-level in the metal electrode. (b) Schematic representation of a metal-oxide-based sensor (tin
oxide as sensitive layer), of the different contributions (contacts, surface, bulk and grains) to the overall conductivity and of the
respective equivalent circuits.
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2003a; Hierlemann et al., 2003b), which requires
the development of sensitive-layer deposition
techniques with micrometer precision that are
compatible to the microfabrication processes
(Gardner et al., 1995; Cerdà et al., 2001; Heule &
Gauckler, 2001; Semancik, et al., 2001; Puigcorbe
et al., 2002; Aronova et al., 2003; Friedberger
et al., 2003; Heule & Gauckler, 2003; Riviere et al.
2003; Savage et al., 2003; Su et al., 2003;
Wöllenstein et al., 2003a). Another research thrust
is the full integration of microfabricated or
MEMS-type (MEMS: Micro Electro Mechanical
Systems) chemical sensors with the associated
driving and signal conditioning electronics on a
single chip, preferably in CMOS technology
(CMOS: complementary metal-oxide semicon-
ductor), as will be discussed in more detail below
(Barrettino et al., 2004; Graf et al., 2004a, b, c).
At present, one of the most common microma-

chined components of gas sensors is the so-called
microhotplate (lHP) (Semancik et al., 2001; Simon
et al., 2001). Such a lHP for metal-oxide-based gas
sensing consists of a thermally isolated stage, which
has been fabricated using microtechnological pro-
cesses. The integrated heating element helps to
achieve the typical sensor operation temperature
on the order of 300–400�C, and the temperature
sensor is used to monitor the microhotplate tem-
perature. In case of chemoresistive signal readout,
two or more electrodes are fabricated to enable
resistance or impedance measurements of the
sensing material. Microhotplates offer low power
consumption, the possibility to apply defined
temperature protocols owing to their little thermal
mass (Heilig et al., 1997; Ding et al., 2001), small
area, simple microelectronics-derived packaging,
and the possibility of low-price mass fabrication.
Most of those state-of-the-art metal-oxide-based

microsensors rely on nanocrystalline materials
deposited as thick porous films so that suitable
metal-oxide synthesis and deposition methods had
to be developed (Simon et al., 2001). The nano-
particle production methods for sensor materials
have to satisfy various requirements. The grain or
particle size and crystallinity have to be carefully
controlled, and the possibility to add noble metal
dopants already during the nanoparticle processing
should be considered.
Various synthesis methods of metal-oxide

nanoparticles of different shapes (e.g., spherical or
rod-like) and morphology have been developed for

gas-sensing applications. Many different metal
oxides are nowadays available in unprecedented
small particle sizes – down to 2 nm – and high
crystallite quality (Pinna et al., 2004). Moreover,
most of the metal oxides that are used for gas
sensing (i.e., SnO2, WO3, In2O3) are commercially
available as nanopowders from large and small
companies that supply chemicals (www.sigma-
aldrich.com, www.alfa.com, www.remy-ham-
burg.de). Synthesis methods of submicrometer
metal-oxide particles for gas sensing applications
have been summarized (Kennedy et al., 2003;
Sahm et al., 2004; Shimizu, et al., 2004 and refer-
ences therein) and reviewed in several publications
(Eranna et al., 2004). For example, nano-size
SnO2 particles have been synthesized by sol–gel
methods, precipitation from solutions, gas-phase
condensation, decomposition of organometallic
precursors, oxidation of metallic tin, hydrothermal
treatment of colloidal solutions, hydrothermal
synthesis (Pinna et al., 2004), laser ablation,
(Kennedy et al., 2003), mechano-chemical pro-
cessing, template synthesis (mesoporous struc-
tures; (Shimizu et al., 2004), thermal
decomposition (Guidi et al., 2002), and flame
spray pyrolysis (Sahm et al., 2004).
However, sensor miniaturization does not only

benefit from the synthesis of nano-size metal-oxide
particles but, in turn, requires the development of
high-performance deposition methods and tech-
niques that are compatible with the transducer
fabrication technology (micromachining, etc). In
most cases, a locally defined patterning of the
sensitive layer with a spot size of 100 lm and at
micrometer precision is necessary. Temperature
restrictions for the deposition as well as the post-
treatment/annealing may result from the use of
microelectronic transducers and substrates; an
upper temperature limit of approximately 400�C
holds, e.g., for using CMOS substrates with inte-
grated electronics. The small film thickness and the
small lateral spot size are a consequence of using
an as small as possible quantity of the sensing
material, since the deposited material affects the
thermal homogeneity of the microhotplate, and
increases both, its thermal time constant and its
power consumption (Puigcorbe et al., 2002; Graf
et al., 2005a).
New developments in deposition methods that

are compatible with micromachined substrates are
briefly discussed in the next section (‘Recent
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developments in the deposition methods’) and are
summarized in Tables 1–4. The most recent
developments in gas sensor microsystems that
make use of nanocrystalline metal-oxide materials
are then described in the section ‘Gas sensor mi-
crosystems and CMOS-based gas sensor micro-
systems’.

Recent developments in the deposition methods

The techniques currently used for the deposition of
metal oxides sensing films on micromachined
substrates (Figure 2) can be categorized into (I)
sputtering/evaporation methods (e.g. magnetron
sputtering, e-beam evaporation, rheotaxial growth
and oxidation – RGTO) (Table 1), (II) aerosol
methods (chemical vapor deposition, CVD, flame-
spray pyrolysis, FSP) (Table 2), (III) methods
based on the sol–gel technique (spin-coating, drop-
coating, spray-coating, micromolding in capillar-
ies, dip-pen nanolithography, DPN) (Table 3) and
(IV) ‘classical’ methods for thick-film deposition
(screen-printing and drop deposition) (Table 4).
Categories (I) and (II) will be treated jointly in the
section ‘Evaporation, sputtering and flame-spray
methods’, (III) in ‘Sol–gel-based methods’, and
(IV) in ‘Classical thick-film deposition technol-
ogy’. More details can be found in monographs
(Reed, 1986; Brinker & Scherer, 1990; Kodas &
Hampden-Smith, 1999).
Most of the above-mentioned methods either

rely on masking processes (shadow mask for
evaporation/sputtering and aerosol deposition,
screen for screen-printing, photoresist mask for all
lift-off-based processes, patterned PDMS mold for
micromolding) or on suitable ‘functionalization’
or activation of the substrate (‘site-selective’
methods) to achieve a locally defined deposition of
a sensitive material on the substrate.
Classical microtechnological approaches include

the use of masks (shadow masks as well as pho-
toresist masks) combined either with classical
physical deposition (sputtering, evaporation)
(Demarne & Grisel, 1993; Wöllenstein et al.,
2003a; Stankova et al., 2004) or with liquid-based
deposition, i.e. spray deposition (‘pulverization’)
(Jimenez et al., 2001, 2002) or spin-coating (Chung
et al., 2000).
In the so-called ‘lift-off’ process a photoresist is

exposed to UV-light through a mask. The mask T
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defines adhesive (light exposure) and nonadhesive
(no light exposure) areas for the subsequent sen-
sitive-layer deposition step. After developing the
photoresist, it can be dissolved in the exposed area,
whereas the nonirradiated (positive) photoresist
remains intact. The sensitive layer is then applied
to the substrate and adheres to the substrate sur-
face in the exposed area or sits on top of the
photoresist in the area that has not been exposed
to light during the photolithography step. By
applying an organic solvent to the substrate, the
photoresist is dissolved and removed along with
the sensitive material, which is on top of the
photoresist. The sensitive material hence sticks
only to the area, which has been exposed to light
during the first masking step. The metal oxide
layers must then survive the post-lift-off processing
steps, such as etching or annealing, and should
also not be contaminated during any of the
post-processing steps.
Alternative approaches include so-called ‘site-

selective’ methods (a brief summary of site-selec-
tive techniques is given in an overview on the use
of microhotplate platforms for chemical sensor
research by Semancik et al., 2001). They are
based on micropatterning of a substrate, which
can be achieved either by modification of the
wetting properties of the substrate (Shirahata &
Hozumi, 2005) or by utilizing local heating for
site-selective deposition (Cavicchi et al., 1995;
Semancik et al., 1996; Semancik & Cavicchi,
1998; Sheng et al., 1998; Cavicchi et al., 2001;
Savage et al., 2003). The latter can be done either
maskless (‘self-lithographic approach’) or by using
conventional thermal resists (thermal lithography
– thermal resists are removed by heating). In both
cases, the deposition process can be electronically
controlled in-situ owing to the electrical conduc-
tivity of the growing films of semiconducting
metal oxides.
Only drop-coating-based methods (drop-coat-

ing, microdropping, drop deposition, and dip-pen
nanolithography) do not require any additional
patterning and masking and can be used to achieve
a locally defined deposition of the sensing film
exclusively in the active area of the transducer. The
different drop-coating-based methods differ either
in the liquid matrix that is used for the deposition
(colloidal dispersions in ‘classical’ drop-coating
methods, viscous suspensions in drop-deposition
methods), or in the deposition tools (microinjectorT
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for microdropping, AFM tip in dip-pen nanoli-
thography).
For satisfactory reproducibility, an extremely

good control of the properties of the pastes or
suspensions that are used for the deposition is
mandatory. Drop-coating methods are used in
industry for the deposition of metal-oxide films on
micromachined platforms. They encompass, e.g.,
drop-coating using a suspension of a pre-pro-
cessed oxide (see www.appliedsensor.com), or
drop-coating from a colloidal solution (see
www.microchemical.com).
Only few of the methods, namely spin-coating,

drop-coating and drop-deposition, spray-coating,
screen-printing, micromolding in capillaries, and
dip-pen nanolithography enable the deposition of
pre-processed oxide powders, i.e., powders that
have been stabilized by high-temperature anneal-
ing and/or functionalized by adding, e.g., small
quantities of noble metals. These methods allow
for the deposition of the sensitive material in lat-
eral dimensions down to several microns and at
thicknesses down to several tens of nanometers
(DPN). All of them are wet-chemistry-based
methods and require a suitable formulation of the

suspensions/dipersions as well as of the pastes
(e.g., solid loading, viscosity) used for the deposi-
tion. Furthermore, the mean grain size (and grain
size distribution) of the metal-oxide powder must
be in the nanometer range for the deposition of
such small-spot layers. The nanocrystalline nature
of the oxide materials leads to a drastic increase in
the specific surface area of the powder and sig-
nificantly changes the surface properties of the
material such as the point of zero charge (PZC),
the wettability, and the reactivity. This entails
additional challenges to find suitable layer and
layer precursor formulation technologies.

Evaporation, sputtering and flame-spray methods

Combinations of the physical deposition methods
(sputtering as well as evaporation techniques) with
photolithographic technologies belong to the classi-
cal microtechnological approaches (Table 1). One
example of the so-called ‘self-lithographic’ approa-
ches include the thermally-activated chemical vapor
deposition (CVD) and radiofrequency (rf) sputter-
ing, which lead to locally defined layer deposition
only in the heated areas of the substrate (Cavicchi

Figure 2. Overview over deposition techniques. (a) Wet chemistry methods (precipitation and sol–gel method) are shown as an
example for synthesis of nanocrystalline metal oxide. (b) Classical sol–gel-based deposition. (c) Methods for the deposition of
pre-processed metal oxides. (d) Evaporation, sputtering and gas-phase-transport-based techniques (CVD and FSP). For
details, see text.
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et al., 1995). However, these methods have several
limitations related to the deposition temperature, the
achievable thickness of the deposited sensing layers
(less than 1 lm), and the stoichiometry of the
deposited materials (Table 1). The latter is related to
the post-deposition annealing temperature, which is
limited to 400–600�C, and is not high enough to
obtain fully stable oxides. The functionalization of
the sensing materials by adding either dopants or
catalyticmaterials is difficult and, inmost cases, even
impossible. Another issue is the precise patterning of
the sensitive material at micrometer resolution.
Moreover, sputtering and evaporation are not suit-
able for the deposition of pre-processed oxides.
Some of these issues can be addressed by the use

of sol–gel and CVD techniques. Limitations of
chemical methods (CVD) include the availability
of suitable precursor chemistry, the reagent gas
composition, and the precursor partial pressure to
control the composition and microstructure of the
deposited films (Taylor & Semancik, 2002).
Recently, an advancement in the fabrication of

thick porous sensing films through direct deposition
of nanoparticles onto sensor substrates in a single
process step (<5 min) has been presented (Mädler
et al., 2005). A flame spray pyrolysis (FSP) reactor
was used to produce monodisperse SnO2 particles,
which were either pure or functionalized with plat-
inum (0.2–2 wt%). Upon formation in the flame,
the particles are directly (in situ) deposited/sprayed
onto sensor substrates. The functionalization of
SnO2 nanoparticles with platinum was also per-
formed in the same single step during the deposition
of the sensing films.
The synthesis and deposition of the sensing layer

material in all above-mentioned methods (sput-
tering, evaporation, CVD and FSP) is done in one
step, i.e., the particles are immediately deposited
onto the sensor substrates upon formation (‘syn-
thesis’), which renders these methods unsuitable
for the deposition of pre-processed oxides.

Sol–gel-based methods

Sol–gel techniques that capitalize on the specific
properties of nanocrystalline particles to form
stable dispersions and suspensions can be applied
in different ways:

(i) Spray-coating: The colloidal dispersion of a
pre-processed metal oxide (or a sequence of

precursor solutions) is sprayed onto the
substrate. In most cases, a sol is sprayed on
the substrate surface using a spray gun, which
is usually moved across the substrate;

(ii) Drop-coating: Dropping the colloidal disper-
sion of the pre-processed metal oxide (or a
sequence of precursor solutions) onto the
substrate. A drop is placed on the substrate
surface using a micropipette or microinjector;

(iii) Spin-coating: Spin-deposition of the colloidal
dispersion of the pre-processed metal oxide
(or a sequence of precursor solutions) onto
the substrate, whereby the thickness of the
deposited gel layer can be controlled by
varying the revolution rate.

The final coating thickness is, in any event, a
function of the liquid matrix viscosity, i.e., the
chemical composition of the sol, the time and
temperature, at which the sol is prepared, and
some technical parameters, such as the substrate
revolution rate or movement speed. The spin-
coating technique requires even substrates in order
to achieve a constant layer thickness over the
whole substrate. In contrast, spray- as well as
drop-coating methods do not require any defined
substrate geometry/morphology. During spray
coating, the formed droplets have to wet the sub-
strate, then spread out and form a smooth layer of
constant thickness. However, one of the problems
associated with the spray-coating procedure is that
the solvent is evaporating from the droplets
already on the way to the substrate during spray-
ing. Owing to a usually broad droplet size distri-
bution, chemically different compositions of the
droplets may occur so that the wetting of the
substrate may vary, and inhomogeneous layers of
high surface roughness may be formed.
Spin-coating techniques can be used in combi-

nation with thermal lithography (Savage et al.,
2003) for site-selective deposition. Oxide layers
deposited from colloidal solutions attach only to
heated areas through controlled-rate drying and
subsequent evaporation of the solvent or through
a sol/gel phase transition.
Another development of thermal lithography in

combination with a spin-coating technique uses
the wetting properties of the substrate to achieve
local deposition. To pattern the substrate (i.e., to
make it hydrophobic), thin films of (tridecafluoro-
1,1,2,2-tetrahydro-octyl)trichlorosilane (TFS) or
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hexyltrichlorosilane (HTS) on surfaces serve as
thermal resists so that heating of specific structures
removes the organosilane films from the heated
areas (regions heated above 400�C) generating
hydrophilic surfaces, while TFS films in unheated
areas were unaffected and remained hydrophobic.
Tin dioxide spin-coated on the thermally patterned
arrays then adheres only to the hydrophilic regions
and is repelled from the hydrophobic areas cov-
ered with the TFS films (Savage et al., 2003). This
method offers a straightforward possibility for the
deposition of pre-processed metal oxides. How-
ever, limitations include the film thickness (less
than 1 lm) and the crystallinity of the final
material. A modification of this methodology
includes a fabrication of metal oxide, e.g., SnOx,
microstructures on a flexible polymer substrate
(polyimide) through controlled monolayer tem-
plate micropatterning of the substrate with self-
assembled monolayers followed by immersion in
an aqueous solution of tin chloride (Shirahata &
Hozumi, 2005).
The fabrication of miniaturized tin oxide arrays

based on a micromolding technology has been
presented by Heule and Gauckler (2001, 2003).
This method is pushing the limits of miniaturiza-
tion for metal-oxide-based gas sensors by, e.g.,
reducing the sensing layer area to 10�30 lm2. This
drastic area reduction was made possible by using
a micromolding technique with capillaries, which
belongs to the soft-lithography methods. For mi-
cromolding in capillaries, a patterned (410 lm-
wide channels) polydimethylsiloxane (PDMS)
mold is placed upside down on a substrate. The
stamp is opened along the side, where a droplet of
the colloidal dispersion can be applied, which then
spontaneously fills the capillaries as a consequence
of capillary forces.
An efficient approach to further downsize

chemical sensors that explores the limits of
miniaturization for metal-oxide-based gas sensors
has been described by Su et al. (2003). This
method is exploiting the capabilities of dip-pen
nanolithography (DPN) for site-specific and
multiple ink patterning, and capitalizes on the
versatility of sol–gel synthesis to prepare suitable
sol inks. Dip-pen nanolithography is based on
the controlled transfer of ink molecules from an
ink-coated tip of an atomic-force microscope to
a substrate. Moreover, a refined ink-coating and
patterning method has been developed, which

combines micro-pen patterning and DPN and
provides more control and flexibility in com-
parison to the previously described methods: 5 ll
droplets of sol inks are deposited on a substrate
to form millimeter-scale ink reservoirs. An AFM
tip controlled by a motor touches the surface of
the reservoir. The quantity of adsorbed ink can
be varied by controlling the tip contact time and
the immersion depth. The quantity of ink
adhering to the tip can also be modified by
lowering the coated tip onto an ink-free area on
the substrate. The ink-coated tip is used to cre-
ate DPN patterns on a substrate carrying pre-
fabricated electrodes (Su et al., 2003).

Classical thick-film deposition technology

Screen printing belongs to the most established
methods of thick–film deposition. For screen-
printing of a continuous homogeneous sensitive
layer, the pre-processed metal-oxide powder has
to be mixed into a homogeneous paste with an
appropriate organic carrier until the desired con-
sistency and viscosity of the paste is achieved. In a
next step, a rubber squeegee is used to press the
paste through a screen, which works as a mask for
the paste transfer onto the substrate. Finally, the
organic binders of the film are removed during the
annealing (‘firing’) procedure, which renders the
sensitive layer mechanically stable and provides
strong material adhesion to the substrate.
The combination of new types of screens,

computer-based alignment facilities and custom-
designed stencils enables high-resolution and low-
force depositions so that screen-printing can be
used for material deposition onto fragile mi-
cromachined substrates (Vincenzi et al., 2001a,
2001b). Riviere et al. (2003) describe a method of
forming sensitive layers on microhotplates using
screen-printing and novel ink formulations. The
inorganic precipitable component and the inor-
ganic binders of the ink have been substituted with
a tin oxide gel. The gel facilitates the control of the
rheological properties and the control of the
mechanical adhesion.
As already mentioned, drop deposition from

viscous suspensions does not require any addi-
tional patterning and masking of the substrate and
allows for a locally defined deposition of sensing
layers so that micromachined silicon-based trans-
ducer can also be coated using pre-processed metal-
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oxide powders. An extremely good control of the
properties of the paste or suspension used for the
deposition process is mandatory to ensure good
reproducibility. The drop-deposition method is
industrially used for the deposition of metal-oxide
films on micromachined platforms (www.applied-
sensor.com). The applicability of the drop-deposi-
tion method to CMOS-based gas-sensor systems
will be demonstrated in the next section.

Gas sensor microsystems and CMOS-based gas

sensor microsystems

A new generation of miniaturized metal-oxide
based sensors has been realized by combining mi-
cromachined sensor platforms, electronics and
smart features, as well as nanotechnologically
fabricated sensitive layers on a single chip. A brief
description of this monolithic sensor realization
and associated issues and limitations is given,
whilst the key technologies used for sensitive layer
preparation and deposition have been discussed in
the previous sections.
A monolithic microhotplate-based sensor sys-

tem generally consists of the microhotplate itself
and dedicated sensor and control electronics on
the same chip. (see cross-sectional schematic in
Figure 3b). The electronics include, e.g., a tem-
perature controller, driving and read-out circuitry
for the different sensor components (temperature
sensor and control, resistance measurement of the
sensitive layer), signal-conditioning units, and, in
some cases, a first-stage data processing module or
an embedded data transmission interface (Graf
et al., 2004b).
The currently dominant and well-established

technology to fabricate integrated circuits is the
CMOS technology. The integration of microhot-
plates with electronics in CMOS technology is
particularly challenging, since the metal-oxide
operating temperatures of 250–400�C are much
higher than the temperature specifications for
common integrated circuits (between )20 and
150�C). In a monolithic system transducer and
circuitry are integrated on a single chip, whereas in
a hybrid system, there are separate circuitry and
sensor chips. The advantages and drawbacks of
hybrid versus monolithic systems have been dis-
cussed in detail in literature (Hierlemann & Baltes,
2003a), so that only a few key points shall be

mentioned here. The main disadvantage of
monolithic systems is their limitation to available
process-specific materials and microtechnological
process steps, since the transducer fabrication has
to be compatible with the microelectronics fabri-
cation. In most cases, the transducer fabrication is
realized in post-processing steps after, e.g., the
CMOS microelectronics fabrication process.
Interdisciplinary expertise (e.g., physics, material
science, electrical engineering, chemistry) is
required for the system development, which is
rather complex.
Monolithic sensor systems offer advantages such

as good signal fidelity due to on-chip signal pro-
cessing, low power consumption as a consequence
of the overall system miniaturization, and reduced
packaging efforts since only one chip has to be
packaged. Integration of an on-chip serial data
transmission interface further reduces the number
of bonding wires, especially in the case of an inte-
grated multi-sensor array. Taking into account the
mass-production facilities with established micro-
electronic and microtechnological processes, com-
mercialization of monolithic systems appears to be
straightforward and cost-effective. With regard to
the sensor performance, on-chip amplification and
conditioning of small sensor signals are important
advantages. The degree of miniaturization that can
be achieved in monolithic implementations leads to
very small overall sensor system dimensions, which
entails small gas volumes, i.e., short gas sensor
response and recovery times. In most publications
to date, however, microhotplates are still realized
as discrete sensors and are read out by conven-
tional measurement equipment or by means of
separate dedicated electronics.
Many microhotplate devices have been denoted

to be ‘CMOS-compatible’, this term, however, is
not clearly defined. In most cases ‘CMOS-com-
patible’ means, that CMOS materials have been
used, or the design can be used within a modified
CMOS process. As modifications in industrial
CMOS processes are difficult to implement, two
main approaches have been pursued so far. One
approach relies on an open process window for the
sensor fabrication, so that the post-CMOS forma-
tion of the microhotplate is as much as possible
decoupled from the CMOS-process. CMOS-com-
patible in this case means, that the CMOS post-
processing steps do not require temperature steps
at temperatures higher than 400�C, since the
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CMOS metallization might otherwise degrade, and
the electronics characteristics may be altered.
Therefore, LPCVD (low-pressure chemical vapor
deposition) oxides and nitrides with typical depo-
sition temperatures of 700–800�C are not applica-
ble. The sensor development is mostly independent
of the complex CMOS-process. Several groups
pursued such an approach proposed, e.g., by
Müller et al. (2003). A bridge-like hotplate struc-

ture has been fabricated using SOI (SOI: silicon on
insulator) silicon wafers (Friedberger et al., 2003).
The sensitive layer has been produced by a RGTO
(RGTO: rheotaxial growth and oxidation) method,
where metallic tin is deposited and subsequently
oxidized at 600�C to form nanogranular SnO2

(Friedberger et al., 2003; Müller et al., 2003).
Another sensor system featuring four different
sensitive layers on a single microhotplate was pre-

Figure 3. Monolithic metal-oxide-based gas sensor system in CMOS technology: (a) Close-up of the microhotplate (left side)
and SEM-micrograph of a microhotplate with a drop-coated nanocrystalline thick-film layer (right side). (b) Cross-sectional
schematic of the heated area of the sensor chip (c) Micrograph of the CMOS-based overall sensor system chip featuring
microhotplates and circuitry (Graf et al., 2004b).
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sented recently (Wöllenstein et al., 2003a; Bota
et al., 2004). In both cases, full monolithic
integration of transducer or sensor structures and
electronics has not been demonstrated.
The other method includes the pre-definition of

the microhotplate in the CMOS-process. The
microhotplate is then finalized by additional post-
processing steps after the CMOS process. Exam-
ples include a spider-like microhotplate structure
(Suehle et al., 1993) and a membrane-type micro-
hotplate developed (Graf et al., 2004a; see
Figure 3). A microhotplate fabricated in silicon-
on-insulator (SOI)-CMOS technology with a
transistor instead of a resistor as heating element
has been presented (Udrea et al., 2001; Covington
et al., 2002). A microhotplate featuring a transis-
tor heater was also realized in conventional CMOS
technology (Graf et al., 2005b). These transistor-
heated devices potentially can also be monolithi-
cally integrated with the necessary associated
circuitry (Graf et al., 2004c).
The temperature limit of approximately 400�C

as a consequence of using CMOS technology
limits the number of suitable sensitive materials
and imposes constraints on the deposition meth-
ods. However, this temperature limit can be cir-
cumvented by locally heating the microhotplate
instead of processing the whole chip or wafer in an
oven. The temperature limit holds for the circuitry
part, so that heating of the microhotplate only
allows for applying higher temperatures to sensi-
tive-layer processing and annealing (Wöllenstein
et al., 2003a; Barrettino et al., 2004). It has to be
noted, however, that this local heating method
requires establishing electrical connections to the
hotplate heaters of each individual sensor device
so that batch fabrication is not that easy to realize.
As already mentioned, most microhotplate-

based gas sensors have been realized as multi-chip
solutions with separate transducer and electronics
chips. The multi-chip approach offers the possi-
bility to develop microhotplates independently
from the CMOS process and to use a wide variety
of materials and structures. An example of a
hybrid sensor system comprising a tin-oxide-
coated microhotplate, an alcohol sensor, a
humidity sensor and an associated ASIC chip
(Application-specific Integrated Circuit) has been
presented (Cardinali et al., 1997). More recent
developments include an interface-circuitry chip
for metal-oxide gas sensors and an architecture of

an on-chip driving circuitry for a gas sensor array
(Ruedi et al., 2001; Mo et al., 2002).
First monolithic devices have been also pre-

sented recently. A chip developed at the National
Institute of Standards (NIST), USA hosts an array
of microhotplates integrated with transistor
switches and a readout amplifier for the gas-sensor
signal (Afridi et al., 2002). The first monolithic
realization of a microhotplate and electronics in a
system architecture contains an analog tempera-
ture controller and a logarithmic converter for the
readout of the sensor values (Graf et al., 2004a).
An example for a more advanced analog/digital

monolithic system is shown in Figure 3 (for details
see Graf et al., 2004b). The figure has three com-
ponents: Figure 3(a) shows a close-up of the mi-
crohotplate featuring the typical functional
elements. The heater has a circular-shape that
matches the droplet shape of the sensitive layer. On
the right-hand side of Figure 3a, a SEM micro-
graph of a drop-coated microhotplate is depicted.
Figure 3b shows a cross-sectional schematic of the
monolithic sensor system. Its fabrication relies on
an industrial CMOS process with subsequent mi-
cromachining steps. Divers thin-film layers, which
can be used for electrical insulation and passiv-
ation, are available in the CMOS process. They are
denoted as ‘dielectric layers’ and include several
silicon-oxide layers such as the thermal field oxide,
contact oxide, and the intermetal oxide, as well as a
silicon-nitride layer that serves as passivation. All
these materials exhibit characteristically low ther-
mal conductivities, so that a membrane, which
consists of only the dielectric layers, provides
excellent thermal insulation between the bulk chip
and a heated membrane area. The heated area
features a resistive heater, a temperature sensor,
and electrodes to contact the deposited sensitive
metal oxide. An additional temperature sensor is
integrated close to the circuitry on the bulk chip to
monitor the overall chip temperature. The mem-
brane is released by etching away the silicon
underneath the dielectric layers. Depending on the
micromachining procedure, it is possible to leave a
silicon island underneath the heated area. Such an
island can serve as a heat spreader and also
mechanically stabilizes the membrane.
Figure 3c shows a micrograph of the overall

chip. Three main parts are distinguishable: (i) the
microhotplate, (ii) analog circuitry including the
analog-to-digital and digital-to-analog converters
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and (iii) digital circuitry. The latter includes a
programmable digital temperature controller and
a digital interface. This interface enables the set-
ting of the hotplate temperatures and the readout
of all relevant signals such as the gas sensor signal,
the microhotplate temperature, and the chip tem-
perature. The integrated logarithmic converter
that is connected to the resistance readout of the
sensitive layer provides a first-order signal linear-
ization. Furthermore, the converter helps to deal
with the potentially large metal-oxide resistance
range from 1 kX up to 100 MX.
The most recent devices (Graf et al., 2004c) have

been developed with the aim to take full advantage
of combining electronics and transducers on a
single chip using the CMOS-MEMS approach. The
chip features three transistor-heated microhot-
plates (Graf et al., 2005b) and fully digital tem-
perature controllers as well as a digital interface.
The chip is a standalone sensor system so that no
external equipment is needed for operation. The
system can be directly connected to an USB inter-
face, which then provides the 5 V power supply and
represents the communication interface between
chip and, e.g., a laptop or palmtop computer. The
microhotplates of this digital sensor array are
covered with three nanocrystalline tin-oxide thick
films that are doped to a different extent with Pd
(undoped, 0.2, and 3 wt% Pd). The layers have
been deposited again by a drop-deposition method
as has been described previously (see also Briand
et al., 2000). The microsystem shows large
responses upon exposure to environmentally rele-
vant gases such as CO, CH4, and NO2. The chip
also represents a micro-platform for investigating
the sensing characteristics of new materials, since
arbitrary temperature profiles can be applied and
their effect on analyte discrimination can be
evaluated.

Conclusions and outlook

In the near future, high-performance metal-oxide-
based gas sensor systems will be developed that
will be miniaturized to an even larger degree and
that will feature complex on-chip electronics and,
possibly, additional data processing features.
Within these research and development efforts
three main thrusts have been identified:

(1) The development of microhotplates that can
provide higher temperatures, that feature
longer lifetime and offer less power consump-
tion. These microhotplates also will be used as
a research tool in material science (Barrettino
et al., 2004), and for extended characteriza-
tions of gas-sensitive layers (Panchapakesan
et al., 2001; Semancik et al., 2001).

(2) The development of complex on-chip sensor
electronics and system architectures that in-
clude sensor control, sensor readout, signal
conditioning and self-calibration features as
well as signal processing and signal evaluation
units. The electronics development will benefit
both, monolithic and hybrid sensor systems.

(3) The development of nanoparticle-based
sensitive layers that feature high sensitivity
and sufficient long-term stability. The produc-
tion of such nanoparticles for sensing appli-
cations and the development of suitable
deposition methods for micromachined sub-
strates remain challenging, in particular for
monolithic devices, as a consequence of the
requirements and limitations imposed by the
adopted microsensor/microelectronics tech-
nology and the respective fabrication steps.

Future research will also include the synthesis of
nanoparticles with various compositions and
shapes, the modification of the sensor response
behavior by using catalytic additives, and the fab-
rication of stable nanoporous layers. A solution to
the well-documented problem of low selectivity of
metal oxides is the application of sensor arrays, i.e.,
the simultaneous use of different sensing materials
and a subsequent mathematical treatment of the
recorded data set (multi-component analysis or
pattern recognition algorithms). The use of sensor
arrays entails the deposition of different materials
on a single microchip, which is even more difficult
to realize. Therefore, new ideas for the deposition
and structuring of metal-oxide sensitive layers have
to be developed in order to realize highly integrated
and miniaturized sensor systems.
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Clerc, A. Hierlemann & W. Göpel, 1995. Integrated array

sensor for detecting organic solvents. Sens. Actuat. B: Chem.

26(1–3), 135–139.

Gong J., Q. Chen, W. Fei & S. Seal, 2004. Micromachined

nanocrystalline SnO2 chemical gas sensors for electronic

nose. Sens. Actuat. B: Chem. B102(1), 117–125.

Graf M., D. Barrettino, M. Zimmermann, A. Hierlemann, H.
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