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I

In memory of Sophie Taeuber-Arp, artist, (*1889 Davos–†1943 Zürich)
who was found dead by CO poisoning.

Es war Sophie Taeuber, die mir durch das Beispiel ihrer klaren Arbeiten
und ihres klaren Lebens den rechten Weg, den Weg zur Schönheit, zeigte. In
dieser Welt bestehen Oben und Unten, Helligkeit und Dunkelheit, Ewigkeit und
Vergänglichkeit in vollendetem Gleichgewicht. So schloss sich der Kreis. Hans
Arp

...and experience can’t be replaced by anything... Raman Kashyap, Profes-
sor, Ecole Polytechnique de Montréal
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Kurzzusammenfassung

Gassensoren in Smartphones und anderen mobilen Geräten haben das Potential,
zukünftig Lebensqualität und Sicherheit zu verbessern. Dafür ist ein hoher Grad
an Miniaturisierung und die Reduzierung der Leistungsaufnahme notwendig.
In dieser Arbeit wurden verschiedene Aspekte miniaturisierter, resistiver CO-
Sensoren auf Basis von Metalloxiden (MOX) untersucht. Herstellung erfol-
gte mit gepulster Laserabscheidung (PLD) auf Platinstrukturen, die mit einem
Lift-Off-Prozess strukturiert wurden. Per Simulation und Experiment wurden
Einflüsse der Lackgeometrie auf die Metallstruktur aufgezeigt. Bei den unter-
suchten MOX-Dünnschichten lag der Fokus auf SnO2. Dessen elektrische und
gassensitive Eigenschaften hängen stark von denAbscheidungsbedingungen ab:
Höhere Abscheidungsdrücke (>10 Pa) führen zu höheren Grundwiderständen
sowie zu einem höheren Signal für CO in trockener Luft. Diese Eigenschaften
korrelieren mit der nanoporösen Morphologie des Materials. Bei Messungen
in feuchter Luft reduzierte sich das CO-Signal im Vergleich zu trockener Luft.
Durch den per Sputtern aufgebrachten Zusatz von Edelmetallen, insbesondere
von Palladium (Pd), konnten die Eigenschaften deutlich verbessert werden. CO-
Sensitivität in feuchter Luft konnte für hochporöses WO3 ebenfalls gezeigt wer-
den. In einer Parameterstudie wurde in Experiment und Simulation zudem der
Einfluss der geheizten Membrangeometrie auf die Leistungsaufnahme des Sen-
sors untersucht.
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Abstract

Gas sensors in smartphones and other mobile devices have the potential to con-
tribute to improving the quality of life and security. This calls for a high degree
of miniaturization and a reduction in power consumption. In this work, var-
ious aspects of miniaturized, resistive CO gas sensors based on metal oxides
(MOX) were investigated. Deposition took place through pulsed laser deposi-
tion (PLD) on structures of platinum that were patterned using a lift-off process.
The influence of the resist geometry on the metal structures was demonstrated
by experiment and simulation. With regard to the MOX thin films, the focus
was set on SnO2. Both its electrical and gas-sensing properties were highly
influenced by the deposition parameters: Higher deposition pressures (>10 Pa)
are leading to higher base resistances and to a higher sensor signal for CO in dry
air. These properties correlated with the nanoporous morphology of the mate-
rial. For measurements in humid air, the response to CO was reduced compared
to dry air. Different noble metal additives, in particular Pd, were introduced by
sputtering, thereby significantly improving properties. CO-sensitivity in humid
air was also demonstrated for highly porous WO3. In a parameter study, the im-
pact of the heated membrane geometry on the power consumption of the sensor
was further investigated in simulation and experiment.
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1. Introduc on

1.1. Mo va on

Devices based on modern electronics increasingly support our daily life.
Whether in the car, at the workplace or in the household—these devices are
equipped with numerous sensors and output options. They might either be opti-
cal in nature like (touch)-displays or acoustic like voice entry and output. Most
of the miniaturized sensors in such systems measure physical values. The sense
of smell is typically neither stimulated [1] nor can electronic devices such as
smartphones detect smells [2]. Gas sensors or chemical sensors in general can
measure with great precision, but the effort is usually high. Sensors with a high
selectivity—i.e. having a good ability to differ between different gases, for in-
stance spectroscopic sensors—are often large and difficult to handle. Compact
chemical sensors have great potential for use in future applications. In many
cases, it is not only practical but also necessary to detect certain gases, e.g. in
alarm systems for explosive and toxic gases. Here, the gas sensors used have a
small footprint, but they are also maintenance free and gas sensitive, though not
temperature sensitive. Quite often semiconducting metal oxide (MOX) sensors
are applied [3].

Carbon monoxide (CO) is an odorless, toxic gas that can cause headache,
dizziness, and fatigue even in very low concentrations. The legal airborne per-
missible exposure limit (PEL) is 50 ppm given by OSHA1 [4]. In Germany PEL,
is defined as Maximale Arbeitsplatzkonzentration (MAK), and only 30 ppm of
CO exposure is permitted [5]. The number of CO-induced fatalities in the US
and in Germany is in the range of several hundreds every year [6, 7]. CO is
found as a by-product of incomplete combustion, e.g. from oil and gas burn-
ers and combustion engines. Exemplary use cases of miniaturized CO sensors
are provided in Figure 1.1. These include home safety, city/parking, and early
fire detection. The sensor can be either integrated in a mobile device such as a
smartphone or in a local sensor node.

1Occupational Safety and Health Administration (OSHA); parts per million (ppm): A volume
concentration unit frequently used for gases, equal to ml/m3. The PEL is averaged over an
eight-hour work-shift.
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Figure 1.1. Illustration of exemplary use cases for miniaturized CO sensors; parts are adopted from
[8].

1.2. CO-Detec on Principles

Besides MOX, popular principles for CO-detectors include electrochemical
cells (ECs) and colorimetric devices. Metal oxides have a history of over 50
years in their application as resistive gas sensors. The effect of a change in con-
ductance on semiconductors was originally observed by Brattain and Bardeen
in 1952 while studying the surface potential in different atmospheres [9]. The
effect on MOX was studied by Seiyama and Kagawa [10], and the MOX gas
sensor was patented by Taguchi in 1962 [11]. Commercial devices were first
based on sintered pellets with painted contacts (Taguchi sensor), whereas today
they are usually screen-printed on ceramic substrates. The disadvantages of
conventional metal oxide sensors include the high power consumption in the
range of 1W, thus making battery operation impossible. Furthermore, they
have limited selectivity and medium long term stability. In recent products, the
power consumption is reduced by the reduction in size of the active part of the
devices, such as the Figaro TGS 3870 [12].

Electrochemical cells (ECs) are standard sensors for CO detection. Their
advantages include selectivity, the possibility of battery operation and relatively
low cost. The sensor principle is based on a potential change by an oxidation or
reduction reaction of the sensing electrode with the analyte gas. This leads to
an ionic conduction in the liquid electrolyte that introduces an electric current
in the external circuit. A sample product for an amperometric EC is the Figaro
TGS 5042 [13]. This product has cross-sensitivity to hydrogen dioxide (H2),
but the sensor signal to CO is higher than that for H2 for the same concentration
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range. In many cases, ECs require filters and their lifetime is limited especially
in high temperature environments.

In colorimetric gas sensors, a dye, in combination with a polymer, reacts
when it comes into contact with the target gas, resulting in a color change [14].
Advantages include low cost, simple application, and no need for a battery.
However, one great disadvantage is that there is no acoustic signal output. A
sample product is the sleep safe detector from Arctic Electric for applications
such as in camping [15]. A new concept combines the colorimetric principle
with electronic signal output via optical detection based on light-emitting diodes
[16].

1.3. Structure and Content of this Work

The present work evaluates several concepts of a miniaturized carbonmonoxide
sensor, thereby focussing on low-cost and mass-production possibilities. This
includes both the choice and the fabrication method of a gas sensitive film, as
well as the optimization of the whole sensor chip. In particular, large area pulsed
laser deposition (PLD) is used and investigated for the deposition of MOX thin
films. Special attention is given to tin dioxide (SnO2) as the most popular MOX
for sensing of reducing gases. Besides, alternative materials such as tungsten
trioxide (WO3) are studied for comparison.

Concerning the optimization of the whole chip fabrication process, the pos-
sibility of Pt structuring by a lift-off method is evaluated in detail. This method
is applied to get smooth metal profiles that can provide good electrical contacts
to the thin films. In the following, the power consumption of the silicon-based
chipwill be further optimized. Therefore, the possibilities of reducing the power
consumption by making an appropriate choice of the sensor geometry are eval-
uated. This was done by comparing electrical measurements and simulations
based on finite element method (FEM).





2. Fundamentals

2.1. Metal Oxides for Resis ve Gas Sensing

2.1.1. Semiconduc ng MOX

Metal oxides (MOX) are used in a wide range of applications as some of them
exhibit outstanding mechanical, electrical, dielectrical and chemical proper-
ties. The fields of application include abrasives (Al2O3), transparent electrodes
for photovoltaics and organic light-emitting diodes1 (doped In2O3), varistors
(ZnO), high-k-dielectrics (Al2O3), and catalysts (CuO).

Most metals (non-noble) react with oxygen at reasonable temperatures
to form oxides—or even at room temperature, in an electrochemical reaction.
MOX generally exhibit an ionic crystal structure, indicating strongly localized
electrons and ionic bonds. Many have a large band gap thus forming good in-
sulators, such as Al2O3. Others present a Fermi level that can be influenced by
dopants and thus show a semiconductor-like behavior. Examples of such oxides
under investigation in resistive gas sensing are summarized in Table 2.1, e.g.
the transition metal oxide ZnO and the post-transition metal oxide In2O3. As
transition metal oxides are characterized by multi-valency (different oxidation
states), they can form two or more different oxides. In contrast, non-transition
metal oxides generally have only one preferred oxidation state, an exception
being SnO2 [18]. Physical properties of exemplary semiconducting MOX are
summarized in Table 2.2. For materials with large band gaps, the intrinsic con-
ductivity is negligible at room temperature and the transparency in the visible
light range is high. However, when exposed to technical growth conditions,
these MOX often conduct well, with carrier concentrations of 1015–1019 cm−3

due to intrinsic defects. They exhibit an oxygen substoichiometry, so single or
double ionized oxygen vacancies are often reported to act as donors in TiO2,
WO3, ZnO, In2O3 and SnO2. These oxides can be additionally n-doped and
thus form stable transparent conducting oxides. Sn-doped In2O3 (indium tin
oxide (ITO)) is the most popular example. Furthermore, the conductivity of
ZnO and SnO2 can also be greatly enhanced by doping with aluminum and

1As they show improved stability compared to 10–20 nm thick metal films with the same degree
of transparency [17].



6 CO Gas Sensor for Consumer Electronic Applications

Table 2.1. Overview of semiconducting MOX.
Type Example

transition metal oxides TiO2, WO3, Cr2O3, Co3O4, NiO, CuO, ZnO
post-transition metal oxides Ga2O3, In2O3, SnO2

Table 2.2. Overview of physical properties of exemplary MOX [20].
MOX Conduction type Bandgap Crystal structure
SnO2 n 3.6 eV Rutile
ZnO n 3.4 eV Wurzite
In2O3 n 3.0 eV Bixbyite
WO3 n 3.0 eV Monoclinic
CuO p 1.4 eV Monoclinic
Co3O4 p 1.9 eV Spinel

antimony, respectively. P-conduction in MOX is also possible due to intrin-
sic defects, prominent examples being Co3O4 and CuO (see Table 2.2), which
exhibit a metal-substoichiometry [19].

2.1.2. Material proper es of the metal oxide SnO2

Tin dioxide is certainly themost widely investigated andmost widely usedmetal
oxide in commercial gas sensors [21]. Besides, it is also of interest as a transpar-
ent conducting oxide for applications such as displays and photovoltaics. There
are two different oxides of tin, namely tinmonoxide (SnO, tin-(II)-oxide) and tin
dioxide (SnO2, tin-(IV)-oxide), the monoxide being metastable and transform-
ing into tin dioxide and tin at more than 300 ◦C. This shows the dual-valency
of Sn, where both Sn2+ and Sn4+ are stable ions. The compound tin sesquiox-
ide (Sn2O3, tin-(II,IV)-oxide) is very rarely formed. SnO2 is naturally found to
crystallize in a tetragonal body-centered structure known as rutile, named after
the mineral of TiO2. The tin atom (cation) is surrounded by six oxygen atoms
(anions) that are located at the corners of an octahedron [17]. A schematics of
the unity cell is shown in Figure 2.1.

In experiments, SnO2 is found to have a deviation in stoichiometry with a
higher tin content. It is widely acknowledged and supported by spectroscopic
studies that this is due to the formation of oxygen vacancies and not to the for-
mation of tin interstitials [23, 24]. The double-ionized oxygen vacancies V••

O
are usually assumed to induce the characteristic n-conduction in non-ideal SnO2
[18, 25], as described by the following equations:
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a

c

Figure 2.1. Schematics of the unity cell of rutile SnO2. Oxygen atoms in white and tin atoms in
grey, after [22].

SnO2 −−⇀↽−− Sn 4+
Sn + O 2−

O + VO +
1
2
O2. (2.1)

VO −−⇀↽−− V••
O + 2e−. (2.2)

SnSn corresponds to the tin atom at a tin lattice place and OO to an oxygen
atom at an oxygen lattice place. Lower quantities of Sn interstitials can also
partly compensate for these defects [18]. However, the electronic structure of
SnO2 is still a matter of debate, because the dominant defects are still not well
modeled by density functional theory (DFT) studies. Some authors assume that
H impurities (interstitial and Sn substitutes) lead to the n-conduction [26]. There
is no experimental evidence for the presence of such defects in SnO2, though.
Lany and Zunger explained the discrepancy between the deep level of V••

O un-
der equilibrium conditions found by DFT calculations and the experimentally
high donor concentrations by metastable oxygen vacancy states due to persis-
tent photoconductivity [27]. In experiments, the donor levels are found to be
shallow with 30meV for single and 150meV for double ionization [28]. The
(110) coordinate surface is often taken as a model surface of SnO2. It contains
surface-bridging oxygen atoms (cf. Figure 2.2) arranged in rows in <110> di-
rection that can be removed (reduced) to form a stable, compact surface, e.g.
by heating up in UHV or sputtering [18, 23, 29, 30]. Bridging oxygen can be
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OSn Sn O Sn O Sn

O Sn O Sn O Sn O

OSn Sn O Sn O Sn

O O O

bridging
 in-plane

Figure 2.2. SnO2 (110) surface indicating surface and bridging oxygen atoms.

Figure 2.3. Schematics of the SnO2 (110) rutile surface, oxygen atoms in white and tin atoms in
grey. Two oxygen defects marked with crosses (surface (blue) and bulk (green)) are included, after
[18].

removed from the (110) surface [18, 30] without providing donors, in contrast
to the in-plane oxygen [29] and bulk oxygen defects, see Figure 2.3.

2.1.3. Material proper es of the metal oxide WO3

After SnO2, WO3 is the most widely used metal oxide in commercial applica-
tions. Tungsten-(VI)-oxide WO3 is a stable oxide of tungsten under normal
conditions. Like SnO2, WO3 is also n-conducting due to intrinsic defects. Its
crystal structure is triclinic (δ-phase) below 17 ◦C, monoclinic (γ-phase) be-
tween 17 ◦C and 320 ◦C, and changes to orthorhombic (β-phase) at higher tem-
peratures up to 720 ◦C [31]. Consequently, there might by a phase change of
the material in the application relevant temperature range for gas sensing of
200− 400 ◦C.
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2.1.4. Electrical proper es of semiconduc ng MOX

Undoped tin oxide features a high, direct band gap of 3.5 eV and carrier con-
centrations of up to 1020 cm−3 leading to resistivities in the range of 10−2–
10−4 Ohmcm [17, 28]—it is one of the most investigated materials for transpar-
ent semiconductors. The electrical properties of thin film SnO2 are influenced
by growth parameters such as substrate temperature, film thickness, and anneal-
ing [17]. Higher growth temperature is known to effect grain-boundary scatter-
ing, and the grain size increase leads to higher mobility [17]. Increased grain
size can also lead to higher carrier concentration, as the conduction in poly-
crystalline tin oxide films is mainly limited by the space charge regions due
to band bending on the surface of the grains. A model of the potential barrier-
based conduction was reported by Petritz [32]. This effect is primarily valid for
non-degenerated semiconductors, e.g. SnO2 with carrier concentrations below
1019 cm−3 [17]. It also represents the important conduction mechanism in the
operation mode of gas sensors, which is discussed in Section 2.1.6. SnO2 can
be n-doped by the addition of group-V elements, the most efficient dopants be-
ing Sb and F. P-doping of n-MOX is generally difficult, as newly created energy
levels close to the valance band tend to be intrinsically compensated for. Hence,
this then makes co-doping necessary [33].

2.1.5. Adsorp on of gases on MOX

There is a great variety of adsorption processes, each characterized by its typical
strength of interaction. Weak and strong interaction of the gas (or adsorbate) on
the solid state surface (or adsorbent) are known as physisorption and chemisorp-
tion processes. If the chemisorption process includes a direct electron transfer,
it is called an ionosorption process. Physisorption is characterized by Van der
Waals forces. All gases, even chemically inert noble gases, can be physisorbed
on surfaces. Physisorption is completely reversible and practically no energy
input is needed for desorption. The Van derWaals binding energies are typically
below 25 kJ/mol [34]. Chemisorption/ionosorption is characterized by stronger
(chemical) binding energies of at least about 50 kJ/mol [35]. The reversal of
adsorption requires an energy input, e.g. by heating or exposure to radiation
in the optical regime. Adsorbed atoms can also penetrate into the solid or ad-
sorbed molecules can dissociate and penetrate into the solid (absorption) [19].
Chemical bonds can form, to begin with, if the activation barrier is overcome.
When this happens, e.g. through dissociation of a molecule, the system can
reach a state of minimized energy. To dissociate a molecule on the surface of
an ionic crystal, the attracting force has to be large enough to both attract the
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positive and the negative ion [19]. A typical application of dissociative adsorp-
tion is heterogeneous catalysis. For ionosorption of a molecule on a surface (e.g.
O−
2 ), the electron of the ionic binding is not available to the adsorption process,

which is why a nearly free electron resulting from an oxygen dislocation in the
crystal is required. However, the distance between the surface acceptor and the
bulk dislocation can be quite large (range 100 nm) [19]. In chemical reaction
processes, a minimum of Gibbs free energy G, is reached by minimizing the
potential energy and maximizing entropy:

∆G = ∆H − T∆S (2.3)

where H is the enthalpy, T the temperature, and S the entropy [35]. For
∆G < 0 the reaction can occur spontaneously.

The different activation energies of physisorption and chemisorption are
represented in the temperature dependence of these processes. While physisorp-
tion already takes place at and below room temperature, the maximum of
chemisorption of oxygen on MOX is typically above 100 ◦C, see Figure 2.4
for the example of ZnO [36]. The adsorption of gases on surfaces is limited
by several factors. First of all, the number of the most attractive adsorption
places is limited. These places are surface irregularities such as dislocations
with dangling bonds. During the adsorption process, gas species also adsorb
on less attractive surface sites. The second limit is of electric nature. The
adsorption leads to a non negligible surface charge (electronic double layer)
which limits further adsorption accordingly [19]. Third, if the surface is cov-
ered by a complete monolayer, the adsorption may also be reduced because of
changing surface properties. In experiments, the dynamic adsorption process of
chemisorption is often found to be describable by a logarithmic time evolution.
However, a theoretical description is not as straightforward, but the decreasing
energy release with an increase in adsorption leads to a similar behavior to
that of the Langmuir isotherm, where adsorption is limited by the number of
adsorption sites [19].

2.1.6. Semiconduc ng view of surface adsorp on

In the usual operation range of MOX gas sensors between 200 ◦C and 400 ◦C,
the literature describes the conduction as primarily electric with ionic conduc-
tion being negligible. For a compact semiconductor surface, the model for elec-
tronic interaction in the case of surface ionosorption is fairly simple. If we take
the case of acceptor-type surface species such as oxygen adsorbed on the surface
of an n-type semiconductor, see Figure 2.5, this leads to a surface band bending
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Figure 2.4. Temperature-dependent adsorption and desorption processes, example of oxygen ad-
sorption on a ZnO (1010) surface. The results are based on the investigation of the temperature-
dependent pressure of thermally desorbed oxygen: (a) Adsorption at 100K, (b) adsorption at 300K,
(c) desorption at high temperatures for samples measured directly after preparation, hatched part
for repeated adsorption cycles. (d) Temperature range where monocrystalline ZnO is manufactured
and bulk defects are produced [35, 36].

of qVS (q elementary charge, VS surface potential) and the creation of a surface
depletion layer of the characteristic depth z0.

The surface depletion layer can be expressed by the Poisson equation:

∇2V = − ρ

ϵ0ϵr
. (2.4)

We assume that the charge ρ of the depletion layer is built up by the
donor impurities ND in the bulk and is constant over the whole depletion layer
(Schottky-approximation), with ϵ0 and ϵr being the vacuum and relative permit-
tivity, respectively. Consequently, the case of a surface inversion zone is not
regarded here. If we additionally expect a potential change only in z-direction
of the semiconductor, we get the following relation:

d2V
dz2

= −qND

ϵ0ϵr
. (2.5)

The following boundary conditions apply:

1. The potential is constant below the space charge region z = z0:

dV
dz

∣∣∣
z=z0

= 0. (2.6)

2. The potential is set to zero on the surface z = 0:
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EC
EF

EV

EVac

EC+qVS

EV+qVS

EO
-

qVS

X

z z0

E

Φ

Figure 2.5. Band bending qVS due to the surface interaction on an n-type MOX and ionosorbed
oxygen species at level E0 in the band gap between the valance band EV and the conduction band
EC. EVac is the vacuum level,EF the Fermi level, Φ the work function andX the electron affinity.
Surface dipoles that might cause a change in electron affinity are not included in this schematics.

V
∣∣
z=0

= 0. (2.7)

The differential equation can be solved by integration:

V (z) = z(2z0 − z)
qND

2ϵ0ϵr
. (2.8)

This results in the Schottky-relation:

VS = V (z = z0) = z20 · qND

2ϵ0ϵr
. (2.9)

The depth of the depletion layer z0 is given by:

z0 =

√
2ϵrϵ0VS
qND

. (2.10)

Consequently, the surface adsorption is limited by the surface band bending,
which is known as the Weisz limit [37]. The surface Fermi level drops until it
reaches the level of the surface adsorbates. This increases the energy for further
adsorbate molecules, and hence the Fermi level is pinned. At this point we do
not know how large the energetic surface band bending (qVS) is, so we cannot
calculate z0. With respect to the Weisz limit, we can estimate the energy for
bulk electrons reaching the surface to be qVS ≤ 1 eV [20], and consequently,
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we can estimate the maximum surface depletion for a known bulk donor con-
centration ND. It is typically in the range of 10–100 nm [38]. Very reactive
oxidizing agents are expected to create surface states closer to the valance band
than oxygen, thus increasing the width of the surface depletion layer. TheWeisz
limit sets an electronic limit to surface ionosorption, so that species like oxygen
can only be chemisorbed—if dominated by a depletion layer—up to 10−3 of a
monolayer.

The Debye length λD is an important characteristic length of doped semi-
conductors. It depends on the temperature T and on the doping level:

λD =

√
ϵrϵ0kBT

q2ND
. (2.11)

z0 can thus be expressed as a function of the Debye length, kB being the
Boltzmann constant [38]:

z0 = λD

√
2
qVS
kBT

. (2.12)

If qVS is in the same order of magnitude as kBT , λD is also in the same order
of magnitude as z0. We can conclude that the surface depletion is dependent,
on the one hand, on chemical adsorption expressed by qVS, and on intrinsic
material properties such as the doping level as (expressed by λD [39]) on the
other hand.

2.1.7. Ionosorp on model for the interac on with reducing gases

In the last decades, the scientific community was able to identify the signal-
building-mechanism in n-conducting MOX to reducing gases through interac-
tion with pre-adsorbed oxygen species [19, 20, 40]. This model is supported
by experiments that do not show a high change in the resistance of SnO2 if it
is exposed to the reducing gas CO in in a vacuum ambient [41]. Oxygen is
known to be adsorbed in the molecular form as O –

2 in the lower temperature
range, while at higher temperatures (above 150 ◦C), it is adsorbed in the atomic
form single and double ionized (O– and O2−) [42]. In this application-relevant
temperature range, only atomic adsorption has to be considered. O– has been
seen to be a lot more reactive than O –

2 . Changes in O– -signal in the electron
spin resonances spectra can be seen with the exposure to CO, H2 and CH4 [43].

The adsorption process can be expressed by the following equation:

1
2
O2(gas) + α · e− + Ss −−⇀↽−− O−α(ads), (2.13)
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where O2(gas) represents an oxygen molecule in the gaseous phase and
O–α(ads) an adsorbed oxygen species on the surface site Ss, with α=1, for
single-ionized, and α = 2 for double-ionized oxygen. Using the law of mass
action, we then get the following chemical rate equation [42]:

kads · [Ss] · nα
s · p1/2O2

= kdes · [O−α(ads)], (2.14)

where kads and kdes are constants of chemical ad- and desorption that depend
on their activation energies and nS is the concentration of surface electrons. The
surface coverage θ is defined as follows:

θ =
[O−α(ads)]

[St]
, (2.15)

where [St] is the maximum available number of surface sizes, which is
equal to the sum of the occupied surface sites and the remaining free surface
sites:

[Ss] + [Oα−(ads)] = [St]. (2.16)

Thus, we get the following relation:

(1− θ) · kads · nα
s · p1/2O2

= kdes · θ. (2.17)

This equation shows a relation between the concentration of ionosorbed
oxygen species and the concentrations of electrons that can reach the surface.
We can now build up a relation between surface ionosorption and the Debye
length by using the results from the consideration in Section 2.1.6. Here, small
and large grains can be distinguished: For large grains, the grain diameter is
larger than λD so the bulk is unaffected. For small grains, the crystallite size is
comparable to λD .

Large grains: For large grains we consider overall electroneutrality, and
thus the surface charge is equal to the space charge:

α · θ · [St] = ND · z0. (2.18)

If we assume that the electrons in the surface region are Boltzmann-
distributed (the Fermi level being far from the band edges) [20], we obtain
the following relation between donors and the concentration of surface elec-
trons ns:

ns = ND exp
(
− qVS
kBT

)
. (2.19)
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This, along with the Schottky-relation (Equation 2.9), leads to the follow-
ing relation between surface coverage, the oxygen partial pressure pO2 , and ns:

θ =

√
2 · ϵ · ϵ0 ·ND · kB · T

α2 · [St]2 · q2
· ln ND

ns
. (2.20)

Small grains: Two assumptions are made: First, small cylindrical grains
with a radius rgrain which is much smaller than their length so the Poisson equa-
tion is favorably expressed in cylindrical coordinates. Second, flat band case, so
the energy difference between the center and surface of the grains is in the range
of the thermal energy kBT . The following equation for the surface coverage can
be obtained (details can be found in [42, 44]):

θ =
ND · rgrain
2 · α · [St]

·
(
1− ns

ND

)
. (2.21)

This flat band case can be assumed for SnO2 grains below a diameter of
50 nm, according to experimental values [42, 44].

The reducing gas CO is expected to react with pre-adsorbed or lattice oxy-
gen [18] with release of CO2. If we assume a reaction with ionosorbed oxygen
the reaction is expressed by adjusting Equation 2.13:

CO(gas) + O−α(ads) −−⇀↽−− CO2(gas) + α · e− + Ss. (2.22)

The following rate equation is obtained [42]:

kads · (1− θ) · nα
s · p1/2O2

= (kdes + kreact · pCO) · θ. (2.23)

Barsan and Weimar [42] found that this leads to the following relation for
the surface carrier density of large grains:

ns ∝ p
1

α+δ

CO , (2.24)

and for small grains:

ns ∝ p
1

α+1

CO , (2.25)

where δ results from an approximation and has typically positive values
smaller than 0.2 [42]. These relations show a power-law dependence and are im-
portant for the signal-forming mechanism in porous MOX. Here, grain bound-
aries play a significant role and the conductance is mostly controlled by the
depleted regions with the electron concentration ns, see Section 2.1.4. Consid-
ering the grain shape, correction factors can be introduced [45].
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Hydrogen is expected to show a similar reaction route as carbon monoxide,
interacting with pre-adsorbed oxygen species under formation of H2O [46]. For
other reducing gases like hydrocarbons, the simplest representative being CH4,
the reaction mechanism might differ; an overview can be found in e.g. [18, 47,
48]. Methane is supposed to dissociate under formation of amethyl group (CH3)
and hydrogen. Thismethyl groupmay take part in further reactions. Dissociated
hydrogen was assumed to build surface acceptors in the moderate temperature
range of less than 150 ◦C and to react with lattice oxygen at higher temperatures
[47]. For propylene, a dissociative reaction under formation of a hydrogen atom
and an allyl radical was proposed [34] . Both can then take part in further re-
actions with oxygen atoms or ions, for example. Ammonia, which is a Lewis
base, is expected to not get dissociated on the SnO2 surface [49]. It was found
to form a weak hydrogen bond to an oxygen atom on the SnO2 surface and to
interact with surface OH-groups [47].

Other cases that are not regarded in detail here:

• P-type MOX: For p-type MOX, a similar model can be established, see
[46, 50]. Since an accumulation layer builds up under the oxygen back-
ground, the sensor signal is less dominated by inter-granular barriers.
This leads to a less-elevated concentration-dependent sensor signal that
is approximately the square root of the sensor signal of an n-type MOX
[46, 51].

• Depletion transfer to accumulation layer: Exposure to a very strong
reducing agent on an n-type MOX or very strong oxidizing agent on a
p-type MOX can lead to formation of an accumulation layer (n-type) or a
depletion layer (p-type) on the surface [20]. Recent studies show that this
can occur under realistic operation conditions for CO-sensing in humid
air [52].

• Inversion: switch between n-type and p-type: It is possible that a ma-
terial changes its dominating conduction mechanism from n- to p-type
through an extended depletion layer on the surface [20]. If the band bend-
ing becomes large enough, e.g. due to interaction with high oxygen con-
centrations, the hole conduction can be dominant on the surface. Switch
from n- to p-type was, for example, detected for α-Fe2O3 [53]. This can
lead to an inversion of the sensing behavior, hence a decrease in conduc-
tion when interacting with reducing gases. A switch from p-type to n-type
by an extended accumulation layer is also possible.
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2.1.8. Oxida on-reduc on model for the interac on with reducing gases

In the last years a discussion of the validation of the former model started as
Barsan et al. published results of measurements in an atmosphere of reduced
oxygen content [51, 54]. Surprisingly, it was discovered that there was a re-
sponse of pure SnO2 to reducing gases even in pure nitrogen ambient and it was
even higher than the one found under ambient conditions. For this reason, the
oxidation-reduction model or oxygen vacancy model [55]—which was already
proposed in early gas sensor models—has gained popularity again and was in-
troduced in density-functional-theory (DFT) calculations [56]. A mechanism
of adsorption of CO is suggested, where CO reduces the surface creating an
oxygen vacancy and freeing CO2, followed by a reduction of SnO2.

This can be expressed by the following quasi-chemical equations:

O(l) + CO(ads) → CO2(ads) + VO, (2.26)

O2(gas) + VO → O2(ads), (2.27)

CO(ads) + O2(ads) → CO2(ads) + O(l). (2.28)

Here, O(l) represents a lattice oxygen atom at a surface-bridging place. In
this reaction, one oxygen vacancy is created per adsorbed CO molecule and
SnO2 is reduced, transferring a charge of approx. 1 e [56, 57]. This mechanism
is known as Mars-van Krevelen mechanism [49, 55, 57]. In a following reac-
tion, the oxygen vacancy is consumed by an adsorbed oxygen species (Equation
2.27). All other involved reactions take place without significant charge trans-
fer. Adsorbed CO can also react with this adsorbed oxygen ion and form CO2
and a lattice oxygen atom (Equation 2.28). In a pure nitrogen background, these
last steps of reoxidation are limited, resulting in a higher response [57].

This model has been partly supported by dispersive infrared spectroscopy
studies [57]. However, there remains a certain gap between calculation and ex-
perimental electrical characterization. On the one hand, the assumption of a
charge transfer to a stoichiometric tin dioxide material is only partly realistic as
it is widely accepted that n-type MOX exhibit semiconducting behavior due to
oxygen non-stoichiometry. This is considered in the more recent DFT study of
the SnO2 (110) surface byWang et al. [58]. Here, realistic reaction paths of CO
with pre-adsorbed oxygen on an oxygen-deficient surface in high oxygen back-
ground were found. It was further found that a direct reduction of SnO2 can take
place in a low-oxygen environment. On the other hand, it is still unclear to what
extent the CO signal is determined by direct reduction and by interaction with
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pre-adsorbed oxygen species in real operation conditions. To date, no existing
signal-building model includes the direct reduction process.

No CO2 was measured in the case of the exposure of tin oxide to CO in N2
[51, 59]—most likely due to a very limited surface reduction [57, 58]. However,
in the case of WO3 CO2 was measured even in the absence of oxygen [60]. As
a result, the surface reaction of CO is assumed to differ in the case of WO3
compared to SnO2.

2.1.9. Interac on with water

Water is always present under realistic sensing conditions. Its concentration in
the ambient can change in a wide range, depending on both relative humidity
and temperature. For instance, the concentration can be especially high on a
hot and humid summer day and low on a cold winter day. It is only adsorbed in
the molecular form below 200 ◦C, whereas OH is still present at higher temper-
atures above 400 ◦C [29]. In experiments, water was found to act as a reducing
gas with n-conducting MOX such as SnO2, and thus reducing its resistivity by
forming donors. However, it is still not clear, which reaction principle is valid.
Some principles already introduced in the 1980s and 1990s are presented here
[42]:

First mechanism: Presented by Heiland and Kohl [61]:

H2O(gas) + SnSn + OO → (Sn +
Sn − OH−) + (OH)+O + e−. (2.29)

In this case, the H2O molecule is dissociated into two radicals OH and H.
OH reacts with a surface tin atom SnSn and creates an isolated OH-group. The
neutral H atom reacts with a lattice oxygen atom, forming a rooted OH-group
[42]. The OH-group has a lower electron affinity than the oxygen atom and is
ionized. An electron is injected into the conduction band.

Second mechanism: Presented by Heiland and Kohl [61]:

H2O(gas) + 2 SnSn + OO → 2 (Sn +
Sn − OH−) + V ••

O + 2 e−. (2.30)

In this reaction, no rooted OH-groups are formed. However, oxygen va-
cancies V ••

O are formed, as one lattice oxygen atom reacts with hydrogen to
form a surface OH-group bound to a Sn atom. Isolated and rooted hydroxyl
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groups can be differentiated by spectroscopic techniques such as diffusive in-
frared spectroscopy [57]. If water adsorption is assumed to take place mainly
due to the second mechanism, the change of surface states and charge transfer
can be considered in the ionosorption model of Barsan and Weimar [42]. If we
assume oxygen vacancies as preferred adsorption sites of oxygen, this mech-
anism would enhance the CO sensing with the presence of humidity. This is
usually not seen experimentally for pure (non-doped) SnO2.

Third mechanism: Presented by Henrich, Cox and Morrison [18, 20]:

Sn+ + H2O(gas)→(Sn : OH) + H +
S . (2.31)

In this case, the water molecule reacts with a surface Lewis site Sn+ that
is represented by a cation on the surface. The remaining proton stays adsorbed
and can take part in further chemical reactions as a Bronsted acid site. This is
a more indirect effect of an interaction of the hydrogen atom and the hydroxyl
group interacting with an acid or basic group on the surface. There might also
be an interaction with surface species already adsorbed, so pre-adsorbed oxygen
could be displaced by water adsorption [62, 63].

At more than 100 ◦C, hydroxyl groups form in interaction with pre-
adsorbed oxygen:

H2O(gas) + O −
O (ads) → (OH)−S + (OH)−O + e−. (2.32)

Consequently, CO and water compete for pre-adsorbed oxygen species,
leading to a reduction in the CO signal in humid background.

2.1.10. Interac on with oxidizing gases

From an empirical point of view, oxidizing gases have the effect of an increas-
ing resistance of n-type metal oxides. One of the most prominent examples is
the oxidizing gas NO2, which is present in ambient air due to pollution through
combustion processes. The interaction is effectively a chemisorption on the
MOX (e.g. adsorbed as NO –

2 [36, 64, 65]), which is taking place already at
temperatures below 200 ◦C on SnO2. This is described by the following equa-
tion:

NO2(gas) + e− → NO −
2 . (2.33)

This reaction might not be reversed; instead, gaseous NO is produced in a
further reaction step [65]:
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NO −
2 → NO(gas) + O−. (2.34)

Several mechanisms were suggested:

1. Adsorption on oxygen vacancies leading to a recombination [36].

2. Creation of additional surface states that are closer to the conduction band
than the states of pre-adsorbed oxygen ions [64, 65].

In addition, an interaction of NO2 with pre-adsorbed oxygen species is pos-
sible [66]:

NO2(gas) + O− → NO2
+ + 2O−, (2.35)

NO2(gas) + O −
2 + 2 e− → NO −

2 + 2O−. (2.36)

Leblanc et al. [67] investigated the surface species forming by NO2 ex-
posure to SnO2. Different nitrato groups (NO

–
3 ) were found by infrared spec-

troscopy for dry (dehydroxylated) samples in different temperature regimes. In
the low temperature range between room temperature and 100 ◦C, the uniden-
date groups dominate. These are converted into bidentate complexes in the tem-
perature range of 100–300 ◦C. For even higher temperature the bridging biden-
tate groups remain, as they are the most stable surface species. They decompose
at 500 ◦C. For wet (hydroxylated) surface, additional hydrogeno nitrate com-
plexes are formed. The adsorption process of NO2 is thus strongly dependent
on the surface properties and temperature. Adsorption already takes place at
temperatures below 100 ◦C, and consequently, sensor response is already mea-
sured at low temperatures. However, the sensor recovery time is very long in
this temperature regime as the desorption process is slow. As a result, the ideal
temperature range for NO2 sensing is in the medium range of 50–300 ◦C [65,
67].

2.1.11. The concentra on-dependent sensor signal

Modeling the absolute resistance of a MOX gas sensor is quite challenging, as
it represents a complex, potentially porous solid with a high number of inter-
faces being not experimentally accessible. Figure 2.6 illustrates the difference
between compact and porous layers. Curves illustrate band bending in the di-
rection of the current flow for porous layers and orthogonally on the surface for
compact films. This can be viewed in a simplified picture as a high resistance ei-
ther in series or in parallel to the low resistance of the bulk. The degree of poros-
ity can be estimated by nitrogen physisorption and the granularity by methods
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Figure 2.6. Simplified schema of compact (a) and porous (b) n-type metal oxide films. The highly
resistive depletion layer is illustrated in white. For the sake of simplicity the contacts are not in-
cluded. For details, see text.

Figure 2.7. Schema of electric contacts at necks between grains, after [42]. Upper example illus-
trates a conducting grain-grain-boundary, lower example a completely depleted neck.

such as scanning electronmicroscopy (SEM), transmission electronmicroscopy
(TEM), atomic force microscopy (AFM), or X-ray diffraction (XRD). All these
methods are rather complex so that the electric interface cannot be characterized
easily. Grain-grain boundaries can be either of gas-accessible (isolating) or of
conducting (neck) nature, as illustrated in Figure 2.7. The possibility of com-
pletely depleted (isolating) necks is therein also illustrated. These effects may
be investigated by percolation theory. The maximum surface depletion mostly
depends on the donor concentration and can be estimated as shown at the end
of Section 2.1.6. Based on this calculation, we can estimate the maximum to-
tal change in a compact layer of an n-type MOX with the depletion layer only
at the surface and a thickness much higher than the Debye length, where the
conduction is assumed to take place only in the non-depleted region.

For a porous layer with multiple gas-accessible grain-grain boundaries, the
conduction is mainly dominated by the grain boundaries. A power-law depen-
dence of the gas signal as a function of concentration can be derived from ns.
A similar case is that of a very thin MOX film completely depleted of electrons.
Different exponents are found for different conditions, e.g. for porous layers
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Figure 2.8. Overview of chemical and electrical influences on the gas sensor signal [42, 68, 69].

with not completely depleted grains the conductance 1/R is 1/R ∝ p
γ1/(α+δ)
CO ,

with γ1 being a value in the range 0.8 to 1.2. Detailed results can be found in
[42].

To date, there is still no complete model of the detection mechanism. This
is due to the simple measurement principle based on a resistance change on the
one hand and the complex signal building mechanism on the other. The func-
tion of the gas sensor is influenced by chemical properties (adsorption) of the
material and electrical properties that lead to a resistance change (transduction).
Moreover, these are no isolated properties, as theWeisz limit (Equation 2.10) ex-
presses a link between adsorption and surface depletion. These properties are
illustrated in Figure 2.8. They cannot be distinguished by a simple black-box
measurement of the resistance change under the gas atmosphere of the sensor.
However, there are numerous characterization techniques that can be applied
to get further insight into the mechanisms behind the signal. These are summa-
rized in Table 2.3.

The normalized sensor signal Sred for n-type MOX is defined as the relative
resistance change, when exposed to a reducing gas such as CO:

Sred = (R0 −Rgas)/Rgas, (2.37)

whereR0 is the initial resistance prior to gas exposure andRgas is the resis-
tance under gas exposure. For the case of oxidizing gases, where the resistance
is increased under gas exposure, the following definition is taken:

Soxid = (Rgas −R0)/R0. (2.38)
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Table 2.3. Examples of characterization methods for the investigation of electrical and chemical
properties of gas sensors, XPS stands for X-ray photoelectron spectroscopy.

Chemical Effects Analytical Methods
stoichiometry: - XPS
surface state

(reduced/oxidized)
available surface -XRD
adsorption sites - humidity cross-sensitivity

catalytical properties -catalytic conversion

Electrical Effects Analytical Methods
morphology: dense vs - SEM, TEM, AFM

porous - N2 physisorption
stoichiometry: donor -Hall effect measurement

concentration -charge carrier relaxation
initial band bending -Kelvin probe

These different definitions ensure a positive sensor signal and possible val-
ues larger than one in both cases.

2.2. Noble Metal Addi ves and Heterojunc ons

Noble metal additives such as gold (Au), silver (Ag), palladium (Pd), and plat-
inum (Pt) were found to enhance the properties of semiconducting MOX like
response and recovery time, sensor signal and stability [39, 70]. Furthermore,
they are proved to minimize cross-sensitivity, especially to humidity. They also
show catalytic activity to gases; however, the interaction in the sensor is com-
plex and can be of diverse nature, as a plain catalytic effect alone would not
enhance the gas-sensing properties. In addition, the additives may also influ-
ence the morphology of the material [71]. Two mechanisms are reported to
take place in the application of noble metal additives to semiconducting MOX
sensors, also illustrated in Figure 2.9 [39, 70]:

1. The spill-over effect is a chemical effect that is based on the catalytic
activity of the metal additives. The gas reacts with a noble metal cluster
on the surface through reduction in its energy barrier. This yields a dis-
sociation of the gas molecules, and the more reactive radicals react with
the surface of the MOX: they are spilled over the surface.

2. Fermi-level control is an electronic effect, that is based on the higher
work function of noble metal oxides (e.g. palladium oxide (PdO)) that
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Figure 2.9. Illustration of sensitization interaction of noble metal additives in the surface reaction
with gases. (a) Spill-over and (b) Fermi-level control [68].

are formed by interaction with the gases. This increases the extent of the
depletion zone.

The addition of noble metals is often referred to as doping, although the
distribution might not be on an atomic level. It is widely accepted in the liter-
ature that, in the case of Pd doping, a Fermi-level control takes place, as Pd is
easily oxidized and forms PdO in the same manner as for Ag [39, 70]. The elec-
tronic interaction leads to a rise in resistance when metal sensitizers are added
[34]. However, a change in the Fermi level measured through Kelvin probe, is a
more suitable indicator than a pure resistance measurement [72]. The spill-over
mechanism is reported to be dominant for Au-doped films [39, 70], especially
in the interaction with hydrogen, but possibly also with CO and oxygen [34,
72]. For Pt-doped films, both Fermi-level control and spill-over are reported
[70, 73].

In all cases, the dispersion of the metal additive in the MOX plays a sig-
nificant role. For a spill-over, small particles are ideal, so that the dissociated
species can directly react with the surface of the metal clusters. For gold ad-
dition, it was seen that clusters are occurring at low concentrations and spec-
troscopic studies under sensor operation conditions (operando studies) support
the hypothesis of oxygen spill-over in this case [72]. In the case of the Fermi-
level control, a wide dispersion on the surface or even an atomic dispersion
in the lattice is beneficial to the sensing properties [73]. Here it is still a mat-
ter of debate, if the electronic sensitization of atomically distributed metals is
the same as Fermi-level control [68]. However, through conventional spectro-
scopic techniques, small clusters and distributions on an atomic level can hardly
be distinguished, e.g. with XPS. Thus, advanced techniques such as X-ray ab-
sorption spectroscopy have to be applied [72, 74]. In the case of conventional
thick film sensors, usually impregnation of the powder is used, either before or
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after stabilization of the base material [34, 75]. For thin films, often a subse-
quent deposition of a metal layer is conducted, thereby segregating or diffusing
in a subsequent thermal treatment step [75–77]. Another possibility is ion im-
plantation [78].

Pure metal oxides often show high catalytic activity. Examples are the
p-type oxides CuO and Co3O4. CuO has been reported to enhance the CO-
selectivity compared to H2 of SnO2 [79], SnO2-ZnO [80, 81], ZnO [82] and
In2O3 [79]. Here, both a spill-over [82] and a Fermi-level control mechanism
are suggested [79, 80]. The literature examples for materials reported for CO
detection are summarized in Table 2.4.

Table 2.4. Overview: Metal oxide materials of CO sensors reported in the literature. References in
bold indicate that the gas sensitive layers were deposited by PLD.
Additive/
Material SnO2 In2O3 WO3 ZnO CuO CrOx

- [41, 80, 83–85] [86] [87] [80, 88, 89] [46] -
Pd [90, 91] - - - - -
Pt [90], [92, 93], [78, 94] - - - - -
Au [90, 95] [86] [95] - - [95]
Ni [78] [86] - [89] - -
Al - - - [96] - -
W - [86] - - - -
Ti - [86] - - - [95]
Co - [86] [97] - - -
Sn - [86] [97] [80] - -
Cr - [86] - - - -
Zn [80, 81] [86] - - - -
V [78] [86] - - - -
Mn [86] - - - -
Cu [79–81] [86] - [80, 82] - -
Y - [86] - - - -
Zr - [86] - - - -
Mo [86] - - - - -
Rb [86] - - - - -
Ga - - - [98] - -
In [78] - - - - -
Sb [78, 94] - - - - -

2.3. Thin Film Gas Sensors

Conventional metal oxide gas sensors are constructed by sintering pellets or by
deposition of thick film slurry, using methods such as screen printing or drop
coating. In the following, we refer to thin films having a thickness below 5µm
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and if they are created through thin film depositionmethods. These can be either
physical vapor deposition (PVD), chemical vapor deposition (CVD) or liquid-
based such as spray pyrolysis. Examples of thin film methods are described in
the following [17, 99, 100]:

• Thermal and e-beam evaporation: Historically, one of the first meth-
ods used to deposit MOX thin films for gas sensing, see e.g. Ref. [101–
104]. The oxygen stoichiometry control is more difficult than in sputter-
ing because of the low ambient pressure.

• Sputtering: A PVD technique that is among the most used for the prepa-
ration of thin film MOX. Consequently the literature on sputtered MOX
thin films for gas sensing is reviewed in the following section.

• Ion-beam assisted deposition: Good adhesion to the substrate is often
reported for this PVD method [105].

• Rheotaxial growth and thermal oxidation (RGTO): This is a PVD
technique used to prepare porous thin films of SnO2 [99, 106]. A thin tin
film is deposited, e.g. by sputtering or thermal evaporation at a temper-
ature above the melting point of tin. The tin metal forms liquid droplets
by dewetting and is subsequently transferred to tin oxide by thermal treat-
ment in an oxygen ambient [107, 108].

• Pulsed laser deposition (PLD): This is another PVD technique with
which highly oriented films can be created at a low temperature [17].
Using this method, a large range of deposition parameters is available,
enabling the deposition of dense to porous films. PLD for gas sensing is
reviewed more intensively in Section 2.4 as it is the method used in this
work.

• Spray pyrolysis: In spray pyrolysis, a metallic compound dissolved in a
liquid is decomposed in a pyrolytic process [17]. By control of the process
parameters, dense-to-porous films can be produced [109]. Flame-spray
pyrolysis (FSP) is an advanced spray technique where nanoparticles are
formed in a flame and suitable to deposit layers with a high degree of
porosity [70].

• CVD: This technique requires high temperature of at least 400 ◦C. Here,
organometallic compounds are oxidized in situ with oxygen, water, and
hydrogen peroxide.
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• Atomic layer deposition (ALD):A characteristic of this CVD technique
is, that it is self-limiting. Thus, controlled deposition of single monolay-
ers is possible. This technique is used to grow thin, homogeneous films
with a thickness of less than 100 nm [110–112].

Sberveglieri et al. reviewed thin film gas sensors in the early 1990s [106,
113]. Amore recent review focusing on the structural modification inMOX gas
sensing, also including those deposited by thin film methods, was published by
Korotcenkov in 2005 [109]. In the following, both older and more recent results
are reviewed. Several tables are included where reported thin film gas sensors
are compared, including film thickness, target gas, and sensor signals as defined
by Equations 2.37 and 2.38. Publications on gas sensing are generally difficult
to compare because often only a small number of gases is measured, and both
humidity and operation temperature vary. Additionally, the high non-linearity
of the gas response (see Chapter 2.1.7) leads to difficulties in the comparison of
signals measured in different concentration regimes, and the reproducibility of
materials is also often limited.

Historically, thin films have been investigated from the beginning of MOX
sensor development and are among the first published studies on this topic, e.g.
by Seiyama et al. [10, 101]. They were less sensitive when compared to later
reports in Taguchi’s patent [11]. After that, research and development focused
on the development of sintered ceramic sensors. However, several studies were
performed in the 1970s on MOX thin film sensors [41, 114]. In the 1990s,
research on thin film gas sensors gained increased popularity, because of the
upcoming possibilities of micromachining and miniaturization of sensors.
High response of thin film gas sensors to reducing gases, such as CO or H2 at
low concentrations, is rarely found in the literature, when compared to state-of-
the-art thick film sensors. Simon et al. [115] concluded that the response of thin
film sensors to oxidizing gases is comparable with classical sensors, while the
response to reducing gases is lower. Promising results of thin film sensors for
oxidizing gases are reported e.g. for In2O3-based films by Gurlo et al. [64]. A
thin film sensor on In2O3 basis was developed by the company FIS for sensing
of ozone [116]. Besides their often limited sensitivity, another drawback of thin
film MOX sensors is that they are often reported to show limited long-term
stability. This was attributed to the limitations of thermal treatment for the thin
film materials on devices with metal electrodes [102], resulting in insufficient
oxygen stoichiometry.
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2.3.1. Thin film gas sensors prepared by spu ering

Thin films for gas sensing prepared by sputtering (a PVD method) are very of-
ten studied in the literature. Table 2.5 represents an overview of reports, exem-
plary for the case of SnO2. Sputtered thin films are generally showing superior
quality. They grow densely on the surface and show mostly compact columnar
structure. Crystalline metal films can already be achieved by room temperature
deposition. However, this is not reported for MOX films in most cases. They
are generally amorphous when deposited at low temperatures, e.g. less than
200 ◦C for SnO2, and can be crystallized during a subsequent annealing step
[17]. These films can be deposited by reactive sputtering, using metal targets in
an atmosphere containing oxygen, or otherwise by radio frequency sputtering
of ceramic targets. Also in the latter case, oxygen might be necessary in the
sputtering atmosphere to improve the stoichiometry of the deposited layer. The
morphology of the thin films is typically different compared to conventional
screen-printed and fired MOX films which show a high degree of porosity.

Chang et al. [114] investigated sputtered thin films for nitrogen oxide
(NOx) gas detection and found a relatively high resistive response to 50 ppm
NOx, compared to the cross-sensitivity to CO and other investigated gases
in the same concentration range. This high response for SnO2 thin films to
oxidizing gases was later on reported in many studies [78, 102]. The main
reason for this is most likely the high concentration of oxygen defects and the
high conductivity, compared to thick film sensors, along with a compact film
structure that reduces the impact of the depletion zone on the signal (Equation
2.10). Hence, it is often found that the signal increases with decreasing film
thickness [102, 117]. One explanation is given by Schierbaum et al.: The signal
to NO2 could be more surface (chemisorption) dominated, whereas the signal
to CO is more inter-grain dominated [117]. Oxidizing gases often show high
surface reactivity which limits the use of diffusion-dominated porous materials.
Studies on donor-doped conducting MOX thin films such as vanadium-doped
SnO2 [78] or tin doped indium oxide (ITO) [99, 118, 119] further support this
hypothesis. In these studies a selective response to oxidizing gases was seen.

In contrast, only a few exceptions of sputter-deposited thin film sensors
with good response to reducing gases have been reported (see Table 2.6 for
SnO2, Table 2.7 for other oxides). Demarne et al. [123] found signals Sred of up
to 200 for 100 ppm H2 at an operating temperature of 400 ◦C for a special type
of sputtered layer with nanosized crystallites. In this case, this morphology was
reached by deposition of an amorphous film and subsequent crystallization by
thermal annealing in nitrogen. Steffes et al. [124, 125] investigated nanocrys-
talline gas-sensitive thin films, that were produced by introducing N2 in the
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Table 2.5. Examples for sputtered SnO2 thin films for sensing oxidizing gases, as reported in the
literature; n.s. stands for not specified.

Additive Thick. Gas Gas Signal Oper. Ref.
range/ conc./ relative temp./
nm ppm ◦C

- 100 NOx 20 21 250 [114]
In, Bi2O3 300 NOx 100 200 280 [99]

Ni, In, Sb, V, Pt 60–100 NO2 12.5 44 200 [78]
- 290–500 NO2 0.1 29 n.s. [120]
- 430 NO2 50 29000 100 [121]

various 430 NO2 10 5000 100 [122]

Table 2.6. Examples for sputtered SnO2 thin films for sensing of reducing gases reported in the
literature; n.s. stands for not specified. LPG: liquified petroleum gas.

Additive Thick. Gas Gas Signal Oper. Ref.
range/ conc./ relative temp./
nm ppm ◦C

- 50–300 CO 36 1.5 300 [41]
Sb2O3, Au 600 H2 100 6.5 327 [76]

- 10–400 H2 100 200 400 [123]
SiO2-filters n.s. CO 2000 148 450 [126]

- 1000-5000 ethanol 5 1 320 [127]
Pt 60 CO 100 1 360 [128]

Pt, Pd 300 CO 1000 8 300 [129]
various 90 LPG 50 741 280 [130]
Pd 90 methane 200 200 200 [131]

sputtering atmosphere of the In2O3 deposition. By additional Ta-doping, good
sensing behavior was also found for reducing gases [124, 125]. However, the
influence of the nitrogen input into the films on their long-term stability is not
yet fully investigated and understood.

2.3.2. Thin film gas sensors prepared by other deposi on techniques

Porous RGTO films have been shown to detect high concentrations of H2
(1000 ppm) [99] and NOx (100 ppm) [106], compare Table 2.8. They can
be doped with Pd or Au and integrated in microelectromechanical systems
(MEMS)-type hotplate devices and used for the detection of low CO concentra-
tions (25 ppm) [107]. Films deposited by spray pyrolysis (undoped SnO2) have
been shown to detect low CO concentrations in dry synthetic air [142]. The
adaptation of the pyrolysis temperature leads to a wide range of film morpholo-
gies achievable with this technique [109]. Korotcenkov et al. found a strong
correlation between electrical resistance and gas response for films deposited
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Table 2.7. Examples for sputteredMOX (non-SnO2) thin films for gas sensing reported in literature,
n.s. stands for not specified. LPG: liquified petroleum gas.

Material Additive Thick. Gas Gas Signal Oper. Ref.
range/ conc./ relative temp./
nm ppm ◦C

Co3O4 - 380 CO 50 0.24 240 [132]
CuO - 48–93 O3 0.3 3.4 200 [133]

CuAlO2 - 200 O3 0.07 100 300 [134]
LaFeO3 - 150–1600 NO2 10 34 400 [135]
MoO3 - 300 CO 100 3 400 [136]
ITO - n.s. NO 10 59 300 [99]
In2O3 various n.s. CO 2000 79 450 [126]
InxOyNz - 150 NO2 10 400 200 [124]
InxOyNz Ta2O5 120 CO 60 1 450 [125]
In2O3 Ga2O3 60–250 LPG 5000 7 250 [137]
In2O3 - 240 O3 0.1 0.36 25 [138]
WO3 - n.s. NO2 1 1.3 200 [139]
WO3 TiO2 100 H2 300 29 150 [140]
ZnO Al 65–390 CO 1000 0.6 400 [96]
ZnO - 300 NO2 5 3 280 [141]
ZnO Cu 260 CO 40 2 350 [82]

by spray pyrolysis with higher response for films with higher resistivity [143].
Flame spray pyrolysis was successfully employed to deposit nanoparticles of
Pt-doped SnO2 for sensing of CO in dry and humid atmosphere [144]. This
technique can also be used to directly deposit highly porous layers on substrates.
However, these are more likely thick films than thin films [145].

ALD films are referred to as models for compact films with thicknesses in
the range of the Debye length due to the well-controllable self-limited layer-by-
layer growth of films. As reported in a review by Choi and Park [89], ALD-
grown SnO2 films can show high conductivity. This results from the incorpora-
tion of oxygen defects during growth, thereby limiting their response to reduc-
ing gases. For crystalline SnO2, an increase in the sensor signal with a decrease
in film thickness was reported [111] when the thickness reaches the range of
the depletion zone. It has to be kept in mind that this is an interplay between
electrical conductivity and film thickness, both of which are not always inde-
pendent parameters, as the stoichiometry might change during deposition [111].
Thin films prepared by ALD or by CVD have also been used for the sensing
at room temperature by using ultraviolet light desorption [146]. For this appli-
cation, due to the interaction of ultraviolet light with the surface, the compact
structure of the films is beneficial. However, as of today, the use of ALD for
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Table 2.8. Examples for non-sputter-deposited/PLD SnO2 thin films for gas sensing, as reported in
the literature; n.s. stands for not specified.
Additive Deposition Thick. Gas Gas Signal Oper. Ref.

method range/ conc./ relative temp./
nm ppm °C

Pd vacuum depos. 300–350 CO 1000 0.2 250 [147]
- e-beam evap. 10–100 NO2 5 3.5 200 [102]

Pt, Pd e-beam evap. 50 CO 100 5 250 [104]
Pt evapor. + oxid. 270 butane 250 0.5 400 [148]
Cu thermal evapor. 320 H2S 20 106 140 [149]
Pd RGTO 300 H2 1000 350 220 [99]
Au RGTO 350 CO 250 3 400 [107]
- RGTO 40–300 CO 100 0.3 400 [108]
- sol-gel 10–150 H2S 1.5 300 200 [150]
- sol-gel 100–480 C2H6O 700 245 220 [151]

various sol-gel 100 CO 100 1 300 [152]
Pd spray pyrol. 80–100 H2O n.s. n.s. n.s. [153]
- spray pyrol. 5–100 H2 20000 200 400 [143]
- spray pyrol. 50–100 CO 4 0.1 350 [142]
- spray pyrol. 40–340 O3 1 104 230 [154]
Co spray pyrol. 25–400 O3 1 104 250 [155]

Pd,F, Pd-F spray pyrol. - CO2 5000 0.2 100 [156]
- MOCVD 500 H2 1000 19 450 [157]
- ALD 10–200 CO 5000 5 300 [158]
- ALD 2–100 CO 10000 19 450 [111]
- ALD 1.6–5.3 CO 10000+ 5 325 [112]

the preparation of semiconducting MOX is not yet well established, with the
exception of ZnO [110].

2.4. Pulsed Laser Deposi on

Pulsed laser deposition, or PLD, was originally developed in the 1980s to grow
complex oxides for application as high temperature superconductors [159, 160].
It was discovered that those oxides could be stoichiometrically transferred and
the growth was highly ordered. Hence, an epitaxial or quasi-epitaxial growth
can be reached at relatively low temperatures compared to other PVD methods
[161, 162]. The limitation of the deposition to the lateral extent of the plume and
resulting difficulties in uniform deposition on large areas are often described as
drawbacks of PLD. The formation of micron-sized particles that are deposited
as droplets on the substrate are a further disadvantage.
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2.4.1. The basic concept of PLD deposi on

Material ablation is possible with both continuous-wave and pulsed lasers.
Pulsed lasers are used primarily to realize high peak powers above the thresh-
olds for material ablation. These are reached with relatively low average power.
However, pulse length and emitting wavelengths λ can significantly impact
the material interaction process. Different kinds of lasers are reported in the
literature for use in pulsed laser ablation, e.g. CO2 lasers (λ = 10.6µm) and
solid-state lasers such as Nd:YAG (λ = 1064 nm) [163, 164], both emitting in
the infrared. Excimer lasers are popular in PLD applications. They emit in the
ultraviolet and have pulse length up to 100 ns (e.g. ArF λ = 193 nm [165], KrF
λ = 248 nm [166, 167], XeCl λ = 308 nm [168]). Here, the photon energy is
larger than the band gaps of the oxides, so the absorption of the laser light is
strongly enhanced. Another feature of excimer lasers is their high peak power.

Excimer lasers can be easily pumped by electric discharges, making a so-
phisticated pumping by another laser unnecessary. The term excimer originates
from the words excited dimer. Noble gases or nitrogen that form the dimer
molecules in an excited state with a short lifetime were used in the first excimer
lasers. Today, combinations of noble gases and halogens are used in practical
applications. If the gas mixture is electrically pumped, the energy level of the
gas species increases and the noble gas atoms are ionized, forming e.g. Kr+ in
the case of a KrF lasers [169]. At the same time, the halogen molecules are
dissociated, forming F atoms. Collisions form complex molecules, e.g. KrF*,
with the asterisk indicating an excited state. The excited complexes decay to
KrF by emission of radiation. As they are not stable in the ground state, they
rapidly dissociate, yielding a perfect population inversion.

The PLD process can be divided into four sub-processes:

1. Absorption of the laser radiation by the target

2. Melting and subsequent evaporation of the target material, ablation

3. Plasma expansion into the surrounding media

4. Deposition on the substrate

In sub-process 1, the incident laser radiation interacts with both the nearly
free electrons and the lattice of the target. The interaction with the electrons
is faster due to their lower inertness. The following relations are found for the
typical relaxation time constants of electrons τe and lattice τl:

τe =
Ce

γel
, τl =

Cl

γel
, (2.39)



Chapter 2. Fundamentals 33

where γel is the coupling-constant of the electron and the lattice, andCe and
Cl are the heat capacities of electrons and the lattice respectively. τe is typically
on the order of a few ps and τl on the order of a few ns. Therefore, the interaction
of lasers of different pulse lengths τ have different effects on the material. For
ns lasers, there is τ ≫ τl ≫ τe. The laser pulse interacts both with the electrons
and the lattice, so the interaction takes place in the thermal regime [170, 171].
Thus, the material is first melted, then evaporated and heat transfer takes place
by conduction into the target [172]. Consequently, a large heat-affected zone
occurs around the laser-irradiation spot. For ps lasers, we find τl ≫ τ ≫ τe,
so the interaction with the electrons and thus the heat-conduction through the
electrons is important. However, compared to a ns laser, the heat-affected zone
is reduced in its lateral dimensions.

The ablation threshold of the material—in sub-process 2—depends on the
fluence (energy per area) of the laser pulse. The erosion threshold fluence Fth
in turn depends on the density ρ, the reflectivity Rr, the sublimation enthalpy
∆Hs, the absorption coefficient αabs, and the molar massM :

Fth ∼=
∆Hs · ρ

(1−Rr) · αabs ·M
. (2.40)

This threshold value depends both on the material of the ablated target
and the wavelength of the incident radiation. Also, at high energies non-linear
effects might occur. In PLD, typical fluences in the range of 1–10 J/cm2 are
used [170].

The third sub-process of PLD deposition is of even greater relevance for
the morphology of the growing films. For low laser fluences, the laser light is
hardly attenuated by the plume of the evaporated material [172]. The plasma
formation in PLD, in a plume orthogonal to the surface, occurs already during
the evaporation process, if a certain threshold for plasma formation is reached.
The high surface temperature results in vaporized material that is already partly
ionized, the so-called thermionic emission [170]. Further ionization occurs due
to the interaction of the evaporated material with the incident laser light. Here,
a complex interaction between the plasma and the laser radiation occurs. An
inverse bremsstrahlung (the absorption of light by free electrons) is the main
absorption process in the plasma [170, 172]. It accelerates the electrons that
contribute to the further ionization of neutral species by subsequent collisions.
Additionally, radiation is absorbed by neutral species in the plume, thus leading
to further generation of charged species by photoionization. Due to the high
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concentration of neutral species in the plasma plume [170], this process is im-
portant for the absorption energy.

The interaction between plasma plume and laser irradiation represents a typ-
ical feature of the PLD process. It leads to an acceleration of the plasma vapor
species and results in high energy deposition on the substrate with increased
surface mobility [173]. The process equilibrium of the plasma is maintained by
the increased light absorption of a high-energetic plasma, leading to a decrease
in vapor generation [170].

For deposition of thin films, often background gases such as oxygen and
nitrogen are applied, which reduce the plasma energy by collisions with the
surrounding gas (thermalization of the plasma). This improves incorporation of
light elements into the layer or may even be necessary to allow the deposition
of oxides from metal targets in reactive PLD. Sub-process 4 (deposition on the
substrate) is discussed in the following chapter.

2.4.2. Growth kine cs and morphology control in PLD

For PL-deposited thin films, the growth model established by Thornton in 1974
for sputter-deposited films is also generally valid [174, 175]. In this model,
different growth zones are introduced depending on the substrate temperature
T . They are referred to as a value Tr relative to the melting temperature Tm
(Tr = T/Tm), see illustration in Figure 2.10:

• Zone 1: Shadowing: At very low Tr= T/Tm < 0.3, the crystallites
are columnar with domed tops. The crystallites show a high number of
voids and defects. This is due to low thermal energy of the reactants, thus
inducing low surface diffusion [174, 176].

• Zone 2: 0.3 < Tr < 0.5, surface diffusion: leads to dense, columnar
polycrystalline structure, and a smooth surface. Defects appear mainly in
the boundary regions between the grains.

• Zone 3: Tr > 0.5, bulk diffusion: Columnar growth of larger grains,
with grain diameter increasing with the temperature. Crystalline quality
is enhanced with a small number of defects.

Thornton [175] found that, in addition to the substrate temperature, the am-
bient pressure is of importance, as it decreases the kinetic energy of the species
and their mobility. Elevated gas pressure results in a more porous microstruc-
ture of films [176]. Thornton also introduced an additional transition zone T
between zone 1 and 2, see Figure 2.11. Here, fibrous grains are created and no
voids are formed between them. This is due to decreased energy of the particles
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Figure 2.10. Illustration of the dominant effects on thin-film growth according to the models of
Thornton and Movchan-Demchishin. For annotation, see text.

Figure 2.11. Thornton: Zone model for growth of sputtered films [175].

when their interaction with the surrounding gas is enhanced. The actual values
of the zone borders are strongly depending on the deposited material.

The morphology of PL-deposited films follows this model. In the medium
pressure range at higher temperature, films of good crystalline quality can be
prepared by PLD.More generally, one can assume that the same growth regimes
are found in the case of PLD. The difference is in higher pressures compared
to sputtering in comparable zones, because the kinetic energy of the PL-ablated
species is higher. However, for very low-pressure and high-pressure growth,
this model has to be extended, as PLD can be conducted in a quasi-vacuum
and at high pressures such as 50 Pa. Figure 2.12 illustrates the extended growth
regimes for PLD. The high pressure regime, with values higher than that of
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Figure 2.12. Schematics of PLD morphology dependent on growth temperature and pressure, after
Infortuna et al. [174]. Here the growth regime of porous films due to nanocluster formation in the
plasma is also illustrated in the right part of the graph.

most other physical vapor deposition processes, can be accessed, as plasma dis-
charge is realized without electrodes [173]. If high deposition pressures are em-
ployed, nanoclusters are already formed in the plasma plume and subsequently
deposited on the substrate [160, 174]. These clusters, with typical sizes in the
range of 1–50 nm, are formed due to more frequent collisions in the gas phase,
while at very low pressures, the ions are not scattered. Particle nucleation occurs
due to supersaturation of the plasma. The ambient gas limits its expansion and
increases the probability of collisions between the ablated particles. Droplets
and particles that are directly ejected from the target are a lot larger (0.1−10µm)
than clusters. Being more an agglomeration of particles than a dense film, the
highly porous films formed by these clusters have rather poor adhesion to the
substrate. The adhesion can be increased by increased deposition temperatures
[174]. At higher temperatures, the particles dissolve into columnar grains, build-
ing a highly porous columnar structure.

2.4.3. PLD of n oxide

The first studies on SnO2 films found in the literature were aimed at creating
compact films of good quality at low temperature. In 1990, Dai et al. [177]
reported on transparent conducting tin oxide films by PLD using ceramic oxide
targets and a Nd:glass laser at 1.06µm. The layers showed a good orientation
along the (200)-plane despite their deposition at room temperature. This was
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Figure 2.13. Literature overview showing the resulting grain size as a function of deposition
pressure for nanocrystalline SnO2 thin films prepared by PLD. References: Hu1996 [178], Nico-
letti1999 [179], Dolbec2001-2007 [92, 93, 166, 183, 187], Chen2004-2005 [167, 186, 188],
Pereira2006 [168], Khandelwal2009 [181], Fazio2011 [185], Sinha2011 [189], Mehraj2015 [190]

explained by the high energy in the plasma plume. In later studies, it was in-
vestigated, how the film properties are influenced by the deposition conditions.
In most cases, KrF excimer lasers were used, see Table 2.9. Hu et al. [178]
found that the grain size increased with higher deposition temperature for post-
annealed films prepared from either metallic or ceramic targets. Different re-
search groups prepared nanocrystalline tin oxide films by PLD. Using a KrF
laser, films were prepared by a ceramic target at an oxygen pressure of 30 Pa
[179]. A XeCl excimer laser was used to prepare films reactively using a metal-
lic target and a background oxygen pressure of 0.21 Pa [180]. PLD was later
used to deposit films for transparent conductors [181] or thin film gas sensing.
It was seen that nanocrystalline SnO2 could be prepared by deposition at higher
pressure in the range of more than 10 Pa [92, 166, 168, 182–185]. However, as
already stated in the previous chapter, the nanocrystalline grain growth is also
possible in PLD in the low-pressure range of quasi-vacuum, as seen for SnO2
[167, 185, 186]. The deposition conditions are illustrated in Figure 2.13.

SnO2 can be deposited almost stoichiometrically and with larger grain sizes
[185, 191] in the medium pressure range. This is consistent with the film growth
dynamics presented in the preceding chapter. Details of deposition pressures
and temperature are summarized in Table 2.9. In most cases, the deposition
pressure is either higher than 300°C [184] or the film was annealed after depo-
sition to reach a high degree of crystallinity [167].
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Table 2.9. Overview of SnO2 thin films prepared by PLD reported in literature, n.s. stands for not
specified.
Year Gas Laser Max. Max. Min. Max. Ref.

sensor fluence/ dep.temp./ dep.press./ dep.press./
(J/cm2) ° C Pa Pa

1990 No Nd:glass 150 25 5 · 10−5 5 · 10−5 [177]
1991 Yes KrF 2 500 20 20 [192]
1996 Yes KrF 2.5 500 20 20 [178]
1999 Yes XeCl 10.8 25 0.2 10 [180]
1999 Yes KrF 0.9 550 30 30 [179]
2001 Yes KrF 6 600 10−4 15 [93]
2001 Yes Nd:YAG 0.25 375 0.02 0.02 [163]
2002 No KrF 4.6 600 10−4 15 [183]
2003 Yes KrF 6 300 0.1 20 [92]
2003 No KrF 6 600 15 15 [187]
2003 No KrF n.s. 900 1 1 [193]
2003 Yes Nd:YAG 3.8 500 10 10 [77]
2004 No KrF 5 25 2 · 10−4 2 · 10−4 [186]
2005 No KrF 1.6 25 2 · 10−4 2 · 10−4 [167]
2005 No XeCl 12 25 10−5 100 [182]
2006 No XeCl 10 25 0.01 100 [168]
2007 Yes KrF 4.6 300 10 10 [166]
2008 No KrF 3 800 50 50 [184]
2009 No XeCl 10 400 10 10 [181]
2010 Yes Nd:YAG n.s. 700 1000 1000 [164]
2010 No KrF 1 500 2 · 10−4 67 [191]
2011 No KrF 1 127 10−4 67 [185]
2011 No KrF n.s. 600 11 11 [189]
2013 No KrF n.s. 800 5 5 [194]
2015 No KrF n.s. 25 2 · 10−4 2 · 10−4 [190]
2016 No KrF 2.2 700 0.1 30 [195]

2.4.4. PLD of n oxide for gas sensing

PLDwas used in earlier publications to prepare SnO2 for gas sensing [164, 180].
Deposition conditions are summarized in Table 2.10. It was also shown to be
compatible with micromachined hotplates [163, 179]. Noble metals were intro-
duced into the PLD layers by subsequent ablation of a metal target [179] or by
ablating a Pt wire positioned on the target [92]. It was found that these layers
have a good response to 50 ppm CO in dry air with a relative resistance change
of up to a factor of four [92]. DC sputtering of Pd after the PLD process led to an
increased response to H2 [77]. In more recent studies, highly porous vanadium
oxide was prepared by PLD for gas-sensing applications [196, 197].
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Table 2.10. Examples for PLD SnO2 thin films for gas sensing reported in the literature; n.s. stands
for not specified.
Year Additive Thick. Gas Gas Relative Oper. Other Ref.

range/ conc./ signal temp./ inves.
nm ppm °C gases

1999 Au, Pt, Pd 380 benzene 1 3 400 CO [179]
1999 - - ethanol 60 7 450 - [180]
2001 Pt 250 CO 50 2.7 200 - [93]
2001 - 1000 H2 1000 0.1 n.s. - [163]
2003 Pt 450–600 CO 50 4.5 250 - [92]
2003 Pd 500 H2 3100 16 500 - [77]
2007 Pt 10–1200 CO 50 10 200 - [166]
2010 - 40–400 NO2 1000 65 350 H2 [164]

2.4.5. Concepts of commercial and large area PLD

In order to apply PLD to commercial production, two drawbacks have to be
overcome—limited deposition homogeneity and droplet formation. To reach
a high surface homogeneity, various concepts have been presented, including
target and substrate rotation, lateral movements, and scanning of the laser over
the target.

For droplet formation or splashing, several reasons are reported in the liter-
ature. One is the so-called subsurface boiling. The time to convert laser energy
into heat is shorter than the time to evaporate the surface layer. Thus, the tem-
perature of the subsurface rises fast and particles are expelled from the target.
This phenomenon most likely occurs at high fluences in metal targets with low
melting points [170]. More relevant for ceramic targets are the recoil ejection
and the exfoliation [198]. In the former process, the droplet is ejected by the
recoil of the plasma shock wave expanding into the bulk. In the latter process,
arbitrarily shaped particles appear if the target surface is repeatedly molten by
the laser pulses and particles are generated by the exfoliation of surface struc-
tures [170]. To avoid having deposits on the substrate, various routes are fol-
lowed: A decrease in laser power at least reduces the importance of the first
two phenomena. The target can be pre-treated, smoothing the surface, to avoid
the droplet generation by exfoliation. Another concept is the use of a second
laser, resulting in an additional momentum to the particles [199]. Mechanical
principles such as a velocity filter to reduce the rate of the particle deposits on
the surface are used in commercial PLD systems.
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Figure 2.14. Schematic setup of a thick film sensor on a ceramic substrate.

2.5. Micromachined Hotplates for Gas Sensing

The heater provides an operation temperature for the sensor in a good range
for adsorption/desorption, cf. Section 2.1.5. The screen-printed sensor’s sub-
strate has to be thermally conductive as the heater and the gas sensitive layer are
printed on opposite sides of the substrate, see Figure 2.14. The most common
substrate material is alumina. A meander-shaped heater is used to make sure
a homogeneous heating of the active area where the heat is additionally spread
by the substrate. The material of choice is usually platinum due to its high ther-
mal stability [200] and high temperature coefficient of resistance (TCR) [201].
The linear temperature-resistance behavior gives a good possibility to control
the heating without additional temperature-sensing devices. Platinum is con-
ventionally also used for the front-side electrodes, which are printed as interdig-
itated electrode (IDE) structures to reduce the overall resistance of the device.
These electrodes provide contact to the chemical-sensing material. The screen-
printed MOX layer is structured in the active area of the sensor, determined by
the heater and the IDE. It consists of metal oxides and additives. Two contacts
are foreseen to apply the heater voltage and two for the resistance measurement.

With the introduction of silicon micromachining for physical sensors in the
1980s, such as pressure sensors and later accelerometers the idea of integrated
resistive gas sensors was born [202, 203]. The miniaturization was not only
promising to reduce the footprint, but, more importantly, it gave the possibility
to reduce the high power consumption of conventional sensors, which is in the
range of severalWatts and makes battery operation impractical. A good thermal
insulation of the heated sensitive layer on a hotplate structure as well as a mini-
mized heated area dramatically reduces power consumption2. Additionally, the
low thermal mass of the devices ensures a fast heat-up and cool-down time. The
resistive principle of the MOX gas sensor—in contrast to e.g. electrochemical
cells or optical principles—has the advantage of no correlation between size

2Hotplate-type structures are also used in miniaturized mass flow sensors.
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Figure 2.15. Schema of hotplate-type gas sensors membrane-type (left) and suspended (right). Up-
per images show cross-cut side views, lower images top views.

and sensitivity. However, the first devices with thin films showed the general
drawbacks of sensitivity and stability. Micromachined substrates for MOX gas
sensors gained increasing popularity after they were shown to be compatible
with thick film metal oxide processes [204]. The topic of miniaturized resistive
gas sensors was reviewed by researchers such as Sberveglieri et al. in 1997
[205], Simon et al. in 2001 [115], and Bhattacharyya in 2014 [206]. A number
of PhD theses starting in the 2000’s also discussed this topic, e.g. Refs. [100,
207–209].

2.5.1. Design of miniaturized hotplates

There exist two popular designs for hotplate-type gas sensors, namelymembrane-
type and suspended, both possible to fabricate with micro-machining, as illus-
trated in Figure 2.15. In the first case, the membrane is solid without voids,
which leads to good mechanical stability on the one hand and quite important
heat conduction over the membrane, on the other. For the suspended-type
hotplate, the thermal insulation is improved as heat conduction can take place
only over the supporting stripe-structures; however, structures like that are less
mechanically stable.

To estimate the important heat-loss paths, an analytical model can be used.
We have a closer look at the membrane-type hotplate design for which the rele-
vant heat fluxes are illustrated in Figure 2.16. The first path is heat conduction
through the membrane, the second path the conduction through the surrounding
air; one part on the upper side of the membrane, the other part on the downside
of the membrane toward the package. Third, there exists a thermal conduction
path also through the cavity back to the substrate which is not considered in the
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analytical model. Additionally, heat is dissipated by natural and forced convec-
tion as well as radiation.

The membrane is usually rectangular in shape due to crystallographic rea-
sons. For an estimation of the heat-loss through thermal conduction over the
membrane Qmembrane with the thermal conductivity λm, it can be approximated
as a round membrane, so the problem can be easily solved in cylindrical coor-
dinates [115]:

Qmembrane =
2πλmd(Thot − Tamb)

ln(rmembrane/rheater)
, (2.41)

where rheater and rmembrane are the radii of the heated and the membrane
areas respectively, Thot the heater temperature and Tamb the ambient temperature.
The dependence of the heat loss on the radius of the membrane and heater is
logarithmic. This means that there is a saturation behavior of the heat loss over
the membrane if a certain aspect ratio between the heater and membrane size of
around rmembrane/rheater ≈ 3 is reached [115].

Another important heat-loss mechanism is the one through the air via heat
conduction and convection. Previous studies showed that, due to the small di-
mensions of the chip design, convection can be neglected [205]. For a simplified
analytical model, heat conduction through the air Qconduction (thermal conduc-
tivity λair) is modeled by concentric spheres of radii rheater and ra (atmospheric)
[205]:

Qconduction =
4πλair(Thot − Tamb)

1/rheater − 1/ra
≈ 4πrheaterλair(Thot − Tamb). (2.42)

In this consideration, the main difficulty to obtain realistic values for both
parameters rheater and ra. For rheater, the hot area, we can use a characteristic
length of the heater dimension; for ra this is more complex. For an estimation,
the distance between the hot area and the cold housing can be utilized.

As for MOX, the operation temperature is in the range of approx. 300 ◦C;
heat loss due to radiation Qradiation is less relevant. The following equation de-
scribes the strong temperature dependence of radiation losses:

Qradiation = πr2heaterσϵT
4
hot, (2.43)

where σ is the Stefan-Boltzmann constant and ϵ is the emissivity.
For the realization of a resistive sensor, the thermal distribution in the active

area is crucial to ensure that the MOX material is heated homogeneously. Here,
the design of the meander and the width of the conductive path can be adjusted.
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Figure 2.16. Schematic of the heat fluxes Q of a membrane-type gas sensor. The heat conduction
path through the cavity to the substrate is not included in the analytic model.

Different meander-shaped heaters have been reported, with both heater and IDE
being on the same level (heater around the active area) [210, 211] or with the
heater underneath the active area [107, 203, 204, 212–215]. The first possi-
bility is easier regarding processing because only one metallization is needed.
However, to have a homogeneous heat distribution, the membrane should be
thermally conductive at least in the active area, which has negative impact on
the overall heat dissipation of the sensor. If both heater and IDE are stacked,
the design of the heater for homogeneous heating is easier. Two metal layers
have to be deposited and structured separately, as they are separated by a thin
electric insulating layer, though. For this separating layer, good thermal con-
duction properties are less important, as the thickness of the layer is typically
three orders of magnitudes lower than the lateral dimensions of the membrane.
Possible designs are summarized in [206]. The design of the heater and hot-
plate dimensions can be further optimized by using electro-thermal simulations
of FEM tools such as COMSOL or ANSYS.

2.5.2. Materials and processes

Hotplate structures are usually manufactured by etching of the silicon substrate
itself (bulk-micro-machining) to realize large cavities. For membrane-type sen-
sors, the membrane can be released by etching from the backside in a dry or
wet etching process. For wet etching, potassium hydroxide (KOH) or tetram-
ethylammonium hydroxide (TMAH) etchants are suitable, which etch silicon
anisotropically, stopping at the {111}-planes [202–204, 216, 217]. Here, the
resulting slope of the membrane results in larger spare areas. With anisotropic
dry etching processes, by the deep reactive ion etching (DRIE) such as the Bosch
process [218, 219], nearly 90-degree edges are possible. The main drawbacks
of the process are the costs and the difficulties of through-wafer etching. For
suspended membrane-type sensors, the membrane can be also released from
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the front side by either KOH or isotropic wet etching. Else, a sacrificial layer
technology can be utilized [207].

For the membrane, silicon oxide, silicon nitride [207], or a stress optimized
stack of both can be used [100]. Both materials provide good thermal insula-
tion, with nitride being the better thermal conductor (λth=1–30W/mK) [206].
However, it should be kept in mind that the thermal conductivity of the ma-
terials is both process and temperature dependent [200]. The heater material
should be of good conductivity, thermally stable, show low tendency to elec-
tromigration, and be compatible with the other MEMS processes in production.
Polysilicon [217] has the benefit of being resilient to hot spots because of its
negative temperature coefficient of resistance, but it shows limited long-term
stability at elevated temperatures. Metals such as gold [202, 203] and tungsten
[219] have been used. For process compatibility, aluminum is interesting be-
cause it is the standard integrated circuit (IC) metallization [100] and shows
good compatibility with back-end silicon processes. Platinum is used in most
studies due to its high temperature stability and high TCR, which supports the
temperature control of the hotplate [100, 204, 207, 209].



3. Experimental

3.1. Process Technology

In this work, a process technology for resistive thin film gas sensors based on
pulsed-laser deposited (PLD) metal oxide was developed. The focus was on the
electrode contact structure and the gas sensitive films. Membranes for thermal
isolation were not coated with sensitive material, but investigated for their ther-
mal properties. Resistive platinum contact structures were prepared using thin
film processes in a clean room. Metal oxides were deposited through a shadow
mask by means of large area PLD on silicon chips with the Pt contact structures.
After deposition, the structures were thermally annealed in an oven to stabilize
the films. Then, the resulting chemiresistors were either directly measured by
placing them on a heated chuck or mounted on a ceramic heater. Finally the con-
tacted and structured thin films were characterized by measuring the resistance
and resistance change in a constant flow of test gases.

3.1.1. Metal electrode structuring by li -off

Design of interdigitated electrodes

Platinum as a noble metal has the advantage of being highly stable for thermally
and chemically harsh environments [220]. It was used to prepare the contacts of
the thin film gas sensors with a thin titanium film used as an adhesion promoter.
Platinum can be etched by wet-chemistries in some hot acids such as aqua regia
[221], by physical processes such as sputter etching and ion beam etching [222],
or by combined physical-chemical dry etching processes such as reactive ion
etching [223]. In this work, a lift-off process for pattering of the platinum films
was used so as to avoid problems of physical etching such as the formation of
fences. Structures with very smooth edge profiles could be achieved, which are
beneficial for the formation of good contacts to the deposited thin film [224].
Hence, cracks close to the steps could be avoided [225]. These smooth edges
result from shadowing effects during deposition of the metal films on top of
the structured resists. Besides applications in gas sensing [226], layers with
defined smooth edge structures are reported for realization of microlenses [227]
and optical waveguides [228].
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aspect ratio:

5 12 28 119 334

structure #:

1 4 6 26 20

Figure 3.1. Examples of interdigitated electrode layouts with structure numbers and aspect ratio of
the IDEs.

As the electric properties of metal oxides are strongly dependent on the
preparation conditions, see Section 2.1.4, interdigitated electrode structures
were designed with various aspect ratios (length overlap / gap width) ranging
from 5 to 334. Additionally, the lateral dimensions of the IDEs were varied
to identify size influences with respective size range from 100 to 300µm. Ex-
amples of these are provided in Figure 3.1. A table with the aspect ratio of all
platinum test structures can be found in AppendixA. The width of the finger
structures was chosen to be 10µm in most cases, for some smaller structures
5µm. The lift-off process limits the minimum feature size of Pt structures to
5µm in the mask layout.

Prepara on of bi-layer li -off resist structures

Lift-off processes are usually conducted using either a negative resist or a
double-layer resist. This should avoid deposition of the metal on the edges of
the resist as a compact layer, which would hinder the lift-off developer to come
into contact with the resist for dissolving it and thus need additional care. As
sputter processes are less directional compared to evaporation processes [224],
this step is more critical. In the case of negative resist, negative sidewall shapes
can be achieved due to the light absorption in the resist, resulting in a higher
dissolution rate in the bottom part of the resist. This effect is dependent on
the resist thickness. Alternatively, an image reversal resist can be used [119,
229, 230]. In this case, the positive flanks of the positive resist are inversed
by a subsequent flood exposure step. This approach has been selected for this
work. To improve the undercut and to optimize the profile of the structured
metal layer, a non-photosensitive lift-off resist is spun additionally below the
photoresist, in order to get a stacked structure for bi-layer resist lift-off, as
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Figure 3.2. Schema of the lift-off process using (a) negative and (b) double resist. After Ref. [234].

depicted schematically in Figure 3.2. The non-photostructurable lift-off resist
is dissolved during development and results in a defined undercut. Lift-off
resists (LOR, Microchem) were chosen which are based on a polymethylglu-
tarimide platform [231] and were reported to be able to produce high-resolution
[231] and high-aspect ratio structures [232]. The double-resist structures were
fabricated on 150mm p-type silicon wafers for lift-off tests and on oxidized
150mm p-type wafers for the gas-sensing structures. The process flow of the
lift-off process using LOR and AZ5214E image reversal resist is illustrated in
Figure 3.3. A hexamethyldisilazane (HMDS) coating in an oven was applied
in order to improve resist adhesion. To test the resulting lift-off profiles, LOR
were prepared in various thicknesses (300 nm, 500 nm, 900 nm, and 1500 nm
[233]). The prebake temperature was kept at 190◦ C for 3min. The exposure
dose for the image reversal resist was optimized by a first exposure series. Five
different first exposure doses were used (7.5–37.5mJ/cm2). The intensity of
the mask aligner was 15 mW/cm2 and the development time 40 s. The up-
per images of Figure 3.3 show optical micrographs of the lithographic results
after exposure and development. The geometric dimensions of the mask are
indicated in the first image. Interference effects at the corners increase with
exposure doses. The lower images show the corresponding profiles of the resist
edges in a cross-cut (wafer was cleaved) at the respective exposure doses. The
profile is very stable for doses higher than 22.5mJ/cm2. A first exposure of
7.5 mJ/cm2 is not sufficient to stabilize the image reversal resist. It results in
ripples as can be seen in the top view as well as in the profile of the structured
resist. Consequently, a dose of 22.5mJ/cm2 was found to be suitable for an
accurate geometric transfer of the mask structure to the resist, and this exposure
dose was kept constant for all samples. After the first exposure, a reversal bake
was performed at 120 ◦C and a flood exposure of 300mJ/cm2 followed.

The development was done using AZ726 MIF developer (TMAH 2.38%,
AZ Electronic Materials Corp.) under manual agitation until the windows in
the resist were optically clear. An over-development phase followed; the time
was varied to achieve different undercut lengths of the LOR. The dependence
of the undercut on the dissolution time of the double layer resist was investi-
gated. It was found that the dissolution time of the LOR, which is seen by the
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Figure 3.3. Process flow of lift-off structuring: (1) Applying HMDS as an adhesion promoter (2)
Spin-on LOR resist + bake (3) Spin-on photostructurable resist + bake (4) UV exposure + reversal
bake + flood exposure + development (5) Ti-Pt sputtering (6) Resist lift-off in ultrasonic bath. After
Ref. [234].

Figure 3.4. Exposure dose test results for AZ5214E image reversal resist variation of the first ex-
posure. Five different first exposure doses were used as specified in the images. For details, see
text.

undercut length that can be determined by optical microscopy, is independent of
the resist thickness, as seen in Figure 3.4. A constant dissolution rate of approx.
190 nm/min was found, which is partly contradictory to studies using thinner
resists [231, 235]. In these studies, an influence of the LOR film thickness on
the lateral dissolution rate was seen. The lift-off was done after metal deposition
(see next section) by first soaking the sputtered wafers in dimethyl sulfoxide at
40 ◦C for one hour, followed by an ultrasonic bath at the same temperature for
an interval between five minutes and one hour, until the metal layer was lifted
off. Due to the high undercut of the bi-layer process, good lift-off results could
be achieved.

Spu ering of metal thin films

Platinum thin films with titanium adhesion promoter were deposited using sput-
ter deposition. A schema of the sputtering tool is depicted in Figure 3.6. Sput-
tering is a physical vapor deposition process that enables large-scale deposition
of metals and insulators [236]. Metal deposition sputtering tools are usually op-
erated in direct current (DC). A discharge plasma is formed between the target
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Figure 3.5. Undercut length v and its dependency on the dissolution time for different LOR resist
thicknesses (type 3B & 10B) determined by optical microscopy. The width of the line structure was
12µm, the exposure dose was 22.5mJ/cm2. After Ref. [234].

and the substrate. Species of the background gas in the sputtering chamber, usu-
ally argon as noble gas, are ionized and accelerated to the target. They vaporize
atoms from the target. Subsequently, the atoms are deposited on the substrate.
The deposition rate can be increased by installation of permanent magnets (mag-
netron sputtering), which force the electrons to describe a cycloid course and
thus increase the ionization rate of argon [237]. For insulating materials, a radio
frequency (RF) discharge plasma can be applied to avoid the electrical charging
of the target. Reactive sputtering in an atmosphere containing e.g. oxygen or
nitrogen, can also be applied for deposition of oxides and nitrides. In this work,
for the deposition of titanium (Ti) and platinum (Pt), DC magnetron sputtering
is applied (Leybold Z590 sputtering tool), and the substrate carousel is rotated
under the target during deposition. Thus, four wafers can be deposited simulta-
neously with a good thickness homogeneity. The sputtering time was adjusted
to control the thickness of the titanium layer to 30 nm and the platinum layer to
160 nm, with a standard deviation of the thickness of about 12% over the wafer.

The target-to-substrate distance was set to 60mm. When the distance was
extended to 90mm, a decrease in the deposition rate of about 10%was seen. For
the sputtering process, the duration was 17min during which substrate cooling
was applied. For larger undercuts, the upper part of the resist bent down due
to heating during the sputtering process, see Figure 3.7. Consequently, the lift-
off result was not ideal. For larger undercuts, four breaks of 5 min each were
introduced into the deposition process to counteract the resist bending.
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Figure 3.6. Schematics of working principle of the sputtering tool.

Figure 3.7. SEM images of sputtered samples coated with Ti-Pt (a) sputtering without pauses and
bending of the photoresist layers and (b) after introducing pauses.

Thin nickel, platinum, and palladium films as metal additives were de-
posited on the MOX layers by DC magnetron sputtering using a Von Ardenne
CS730S tool. Here, the silicon pieces with several chips—the so-called reti-
cles—were put into the sputtering chamber and the substrate holders were ro-
tated at constant speed in order to deposit very thin films homogeneously onto
the substrates.

3.1.2. Deposi on of metal oxide films by pulsed laser deposi on

For deposition of MOX thin films with specific properties, PLD was used. The
Piezoflare 800 from Solmates B.V. enables large-area deposition on 150mm
and 200mm substrates [238, 239]. A picture of the tool is depicted in Figure 3.8.
The wafers can be introduced by a load-lock in the tool and up to four targets can
be mounted in the target carousel, providing the possibility to deposit layered
films of different materials without breaking the vacuum. Figure 3.9 illustrates
the schematic set-up of the tool. Here, the substrate is placed on top and in par-
allel to the target, the distance between target and substrate being several cen-
timeters. The silicon wafer is installed upside down on a quartz chuck, which
is rotated during deposition. The deposition is conducted using the automated
software of the Piezoflare tool, which controls all deposition parameters such
as process times, temperature, deposition pressure, heater voltage, rotations and
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Figure 3.8. Picture of the Piezoflare 800 tool from Solmates including loadlock.

Figure 3.9. Schematic working principle of the PLD-tool.

laser parameters. Prior to deposition, the chamber is evacuated to a base pres-
sure of about 0.05 Pa and the wafer is heated to the desired deposition temper-
ature by an infrared heating source from the backside. The temperature can be
controlled from close to room temperature up to 800 ◦C. Then the process gas,
which is in most cases oxygen, is introduced into the deposition chamber and
the pressure is controlled to the specified value in the range of pO2=0.5–20 Pa.
It is also possible to conduct the deposition in nitrogen or argon. In order to
achieve a homogeneous thickness distribution over the wafer, the target is ro-
tated and the laser beam is scanned over the target at variable speed. A KrF ns
excimer laser with a central wavelength of λ = 248 nm (Coherent Inc., pulse du-
ration approx. 25 ns, power 80W) is used. Repeated depositions—the so called
traces—enable the thickness control, where one trace represents one scan to and
from the center of the target. For influencing the deposition rate per trace, the
pulse repetition rate can be adjusted in the range of 10–100Hz, yielding a lower
deposition rate for lower repetition rates.



52 CO Gas Sensor for Consumer Electronic Applications

Figure 3.10. Exemplary pictures of as-received PLD targets (a) SnO2 (b) In2O3. The diameter of
the targets is 178mm, the thickness 6mm.

The target consists out of a sintered disk of the material to be deposited
and is introduced into the chamber in a stainless-steel holder to provide a good
backside heat sink. Targets and substrates used are roughly of the same size.
Commercial targets of 178mm diameter and 6mm thickness were purchased;
pictures of the tin oxide and indium oxide targets are shown in Figure 3.10. A
crucial factor for the quality of PLD targets is their relative density which is
calculated from the dimensions and the theoretical crystal density. A relative
density of at least 80% is expected to ensure a low deposition of macroscopic
particles on the substrates. In Table 3.1, the properties of the targets used in this
work are summarized. In some cases, the relative density was lower than 80%.
Here ablation tests were conducted to make sure that the PLD tool is not contam-
inated by particles. Optical micrographs of those tests are shown in Figure 3.11.
It is seen that the roughness of the target is increased by application of ten laser
pulses and the color is darkened due to a change in stoichiometry on the surface
to a metal-rich phase [240]. However, no indication for exfoliation was found,
which would lead to droplet formation. Prior to deposition, a preablation step
was conducted to reach a steady-state of the target surface morphology, as the
surface is altered by each deposition step [240]. An aperture (mask) was used
to form a controlled deposition spot on the substrate with an approximate size
of 2× 4mm2.

3.1.3. Post-deposi on heat treatment

For stabilization of the MOX films, they were annealed in humid synthetic air
prior to the gas measurements, in order to simulate utilization conditions. This
heat treatment was done over four hours in a high temperature furnace (Linn
High-Term GmbH), where the samples were placed on quartz holders. In this
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Table 3.1. Physical properties of the metal oxide targets used in this work. All targets except for
ZnO (Praxair) and ITO (Unicore) were ordered by Evochem, first (f.d.) and second delivery (s.d.).
The density is the relative density compared to the theoretical density of the bulk materia.

Material Composition Diameter/ Thickness/ Density/
mm mm %

tin oxide (f.d.) SnO2 178 6.1 37.3
tin oxide (s.d.) SnO2 178 6.0 83.6

tin oxide-palladium SnO2, 5%Pd 178 5.9 84.3
copper oxide CuO 178 6.1 77.1
tungsten oxide WO3 178 6.1 77.6

indium oxide (f.d.) In2O3 178 6.0 73.0
indium oxide (s.d.) In2O3 178 6.2 61.6

zinc oxide ZnO 178 6.3 98.1

furnace the temperature is controlled by Eurotherm controllers and the tempera-
ture measurement is done by two thermocouples which are installed in the oven
center and the inner backside of the oven. Thermal treatments in this work were
done in the temperature range between 400 ◦C and 600 ◦C. The ramp-up time to
reach 400 ◦C was about 20min and the cool-down time to < 100 ◦C was about
4 h. A constant flow of synthetic air (400 sccm) was supplied by an attached
gas bottle and controlled by a MKS control unit. Humidity could be introduced
into the annealing atmosphere by an evaporator (Bronkhorst High-Tech B.V.),
applying 1 g/h H2O. This flow rate was converted to the absolute humidity by
the gas equation and converting volume flow of synthetic air Fvolume to mass
flow Fmass:

Fmass = ρair · Fvolume, (3.1)

ρair =
p

Rs · T
, (3.2)

where ρair the gas density, the ambient pressure being p= 101.3 kPa, the
gas constant for air Rs= 287 J

kgK and T the absolute temperature.

3.1.4. MOX structuring using silicon shadow masking

In the following to different shadow mask processes are described for shadow
mask deposition 1) the Solmates PLD tool in this section and 2) the PLD tool
at the Picodeon company in the following section. For the Solmates PLD tool
a special silicon shadow mask process had to be developed.
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(a) (b)

Figure 3.11. Micrographs (optical profiler Zeta-200, Zeta Instruments) of ablation tests on as-
ordered CuO (a) and WO3 (b) low-density PLD targets to determine the ablation behavior.

A shadow mask deposition process was developed in order to get a tool to
structure various metal oxides without paying attention to their specific etch-
ing properties in e.g. halogen acids, which differ substantially from each other
[241]. There were several challenges for the shadow mask processing: 1) the
substrate is placed upside down in the chamber 2) the quartz wafer holder has a
notch in the range of the wafer thickness and a conical shape 3) the wafer holder
containing the substrate is rotated during deposition and 4) the substrate should
be reliably and completely separated from the zone with the infrared lamps to
avoid deposition of material on the lamps. To account for these issues, a silicon
shadow mask was developed, which at the same time holds reticles from the
wafer to be coated.

The shadow mask fabrication process flow is depicted in Figure 3.12. As a
basis, 375µm thick double side polished 150mmwafers were used, which were
thermally oxidized in order to get a total oxide thickness of 2.5µm. Both sides
were sequentially processed to obtain a structured silicon dioxide hard mask on
both sides. They were coated with a positive photoresist with a thickness of
about 7µm and structured by using standard lithography. In the next step, the
oxide was etched using a dry etch process. The photoresist was stripped in an
oxygen plasma and the front side was trenched 150µm deep using the Bosch
deep reactive ion etching process [218]. The process wafer was bonded with
the trenched side facing down to a carrier wafer of 375µm thickness using a
thin resist and a subsequent baking process on a hotplate. The back side was
then trenched to a depth of 225µm, resulting in through-holes in the shadow
mask wafer. The wafer stack was separated, using acetone in an ultrasonic bath.
The shadow masks have square cavities of 1.5 cm side length with recesses in
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(1)

(2)

(3)

(4)

Figure 3.12. Schematics of shadow mask fabrication process: (1) Si-wafer with thermal oxide, dry
etching of oxide on both sides. (2) Si-trench front side (approx. 150µm) (3)Wafer bonded to carrier
(4) Si-backside trench (approx. 225µm) and separation of the two wafers. After Ref. [233].

(a) (b)

15 mm

(c)

Figure 3.13. (a) Picture of shadow mask (b) picture of reticle (c) optical micrograph of resulting
MOX film structured by shadow masking, inset shows magnified view of the central part.

the corners. A typical through-hole to the front of the wafer opening is a square
with 1500µm side length, a picture is shown in Figure 3.13 a.

To deposit structured MOX films by shadow masking, silicon reticles with
Pt structures with lateral dimensions 1.5× 1.5 cm2 are inserted into the shadow
mask with the Pt structures facing the through-holes and the through-holes fit-
ting the reticle structures, as seen in Figure 3.13 b. The resulting structured
MOX layer is larger than the interdigitated electrodes, but smaller than the con-
tact area. This allows for contacting by either needle probes or wire bondings.
An optical micrograph of a finished chip is depicted in Figure 3.13 c.

3.1.5. Structuring of Picodeon WO3 films by shadow masking

The deposition of the WO3 films took place at Picodeon company (Picodeon
Ltd Oy, Finland). A picosecond (ps) laser PLD tool and a different kind of
shadow mask setup was used. It comprises a steel shadow mask (thickness
50µm) which is placed in an aluminum holder. An overview of the setup is
shown in Figure 3.14 a and a picture of the holder in part b. The openings are
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Figure 3.14. (a) Schematic shadow mask assembly. (b) Photo of shadow mask assembly without
Si reticle and shadow mask. (c) Optical micrograph of Picodeon PLD WO3 layer deposited on a
silicon chip. After Ref. [242].

1500× 1500µm2 in size. The resulting chip with a WO3 layer is shown in Fig-
ure 3.14 c. The Picodeon WO3 films deposited at above pO2 = 5Pa were very
fragile. In consequence, a stealth dicing process was applied (DISCO Europe).

3.2. Electrical and Gas Characteriza on Techniques

3.2.1. Electrical measurements

Electrical characterization of the metal oxide thin films was done using elec-
trical measurements on wafer level on the one hand and measurements of con-
tacted structures on the other.

The wafer-level resistance measurements of MOX films were conducted
using the four-point method. This method has the advantage of enabling mea-
surements of the sheet resistance without structuring of the film [243]. Here,
four probe tips are set with constant spacing on the substrate, as illustrated in
Figure 3.15. Between the outer two contacts a constant current is applied and
the voltage between the inner two is measured. Due to the separation of feeding
andmeasurement contacts, the contact resistance is not influencing the measure-
ment results. The sheet resistance R□ can be extracted from the measured volt-
age U and applied current I by the following equation for samples with large
lateral dimensions in comparison to the distance between the probes:

R□ =
π

ln (2)
· U
I

(3.3)

The resistivity ρr can be calculated from the sheet resistance, if the layer
thickness d is known, by using the equation ρr = R□ · d. In this work, a Keith-
ley current source and a nanovoltmeter were used for the four-point characteri-
zation at room temperature in a controlled environment (20 ◦C, 50% r.h.) under
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(a) (b)

Figure 3.15. Schematics of (a) four-point-probe measurement (b) a linear TLM layout.

clean room conditions. The four-point probe was automatically positioned and
scanned by using a custom-built system to measure up to 81 points over the
wafer.

Samples with Pt interdigitated electrode structures were characterized by
current-voltage (IV) measurements. These were conducted using a Keithley
sourcemeter. For pre-characterization of metal oxides prior to gas measure-
ments, the resistance of the MOX films contacted by Pt IDEs was measured at
room temperature. The measurement range was set to ±1V and steps of 0.1V
were applied. The measurements were repeated five times in order to improve
the measurement accuracy and check for drift effects. Interdigitated electrode
structures of different aspect ratios were measured for the same MOX films to
reveal an influence of the contacts to the resistance.

For investigation of the contact resistance, transmission line measurements
(TLMs) can be employed. Typical geometries are either linear or circular TLM
structures [244]. In this work, linear TLM structures were used for estimation
of the relevance of the contact resistance [245, 246]. They can be fabricated—
in contrast to circular TLM structures—without the deposition of contacts on
top of the investigated material. However, for those structures the MOX layer
has to be patterned to generate a defined geometry. This is illustrated in Fig-
ure 3.15 b and was done by shadow masking. The following formula describes
the relationship between the total resistance Rtotal, the sheet resistance R□ and
the contact resistance Rcontact:

Rtotal = 2Rcontact +
b

w
·R□, (3.4)

w being the width and b the distance between the stripes. If the resistance
values are plotted versus the gap of the contact stripes and a linear fit is ap-
plied, the contact resistance can be estimated from the intercept and the sheet
resistance from the slope of the resulting straight line.
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Figure 3.16. Microscope images of a TLM structure patterned by shadow masking. The left part
shows an overview of the structure, the right part a detailed view of the Pt contact stripes.

The TLM structures were designed on the same chips as the interdigitated
electrode structures, having the same Ti-Pt layers of 190 nm (total thickness)
on 2.5µm thermally grown silicon dioxide as an insulation layer on the sili-
con substrate. The MOX thin films were structured by slit-like openings in
the shadow mask of approximately 200µm and 400µm width, see Figure 3.16.
The distances between the 10µmwide platinum contact stripes vary from 5µm
to 10µm, 50µm and 100µm. Here, the sheet resistance cannot be determined
precisely due to the shadowing effects of the shadow mask that lead to a tran-
sition zone at the edge. This transition zone was found to be about 150µm; so
the maximum thickness was not reached for the test stripes of 200µm width.
However, the results give a good indication about the importance of the contact
resistance.

3.2.2. Electrical characteriza on of miniaturized hotplates

In addition to the thin film gas sensor chips comprising IDEs and sensitive films,
miniaturized gas sensor chips featuring heated membranes, but having no gas
sensitive layers were characterized. The aim was to investigate further minia-
turization and reduction in the power consumption of the chips. Detailed results
are provided in Ref. [247]. Test structures were analyzed to investigate the ba-
sic properties of the metallization of both heater and contact structure. These
structures consisted out of stripes of a known length and width, and were de-
posited and structured in the same process step as the heaters and contact struc-
tures. Hence, they had the same film thickness as the metallization layers of the
heater and the contact structure respectively. The chips were bonded to ceramic
carriers and the resistance was measured by four-wire-sensing while heated to
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temperatures in the range of 20–420 ◦C in steps of 50K. The measurement cur-
rent was of 0.1mA to avoid self-heating. To characterize the relation between
the temperature of the active area and power consumption, four-wire-sensing
was applied to the membrane chips. The chips were, therefore, put on a chuck
with a controlled temperature of 25 ◦C. Two needle probes were positioned on
each contact of the miniaturized heater. A current of 0.1mA was applied to
determine the RT resistance, avoiding self-heating. In the following, 1mA was
applied and it was raised in steps of 1mA up to a resulting voltage drop of 1.5V.
This was the case, dependent on the membrane size, between 14mA and 20mA.
The values of the voltage were recorded for each current step. At higher values
of the applied current, the voltage drop increased along with the temperature of
the heater due to Joule heating.

3.2.3. Characteriza on of gas-sensing proper es

The gas measurements were conducted using two different gas measurement
systems and setups. One was installed at Bosch at location Schillerhöhe and
later moved to the new location of research facilities in Renningen, while the
other system used was situated at the University of Tübingen.

Bosch gas measurement system

For gas measurements at Bosch, an automatic gas-mixing system was used. A
schema of the system is shown in Figure 3.17. The system was controlled by
a LabVIEW software. Nitrogen was humidified by a bubbler containing deion-
ized water. Dry nitrogen and oxygenwere added to set a defined level of relative
humidity in synthetic air (20% oxygen, 80% nitrogen). Gas bottles with differ-
ent test gases such as nitrogen dioxide, carbon monoxide, ammonia, propylene,
methane, hydrogen and carbon dioxide dissolved in nitrogen in various con-
centrations were dosed by mass flow controller (MFC) of the MKS-systems.
The concentration range of the system was adjusted to typical test cases in con-
sumer applications. The bottle concentration and the MFC sizes are shown in
the schema of the setup. The total flow of the system is set to 1000 sccm. For
measurements of two samples at the same time, the flow for each sample was
adjusted to 500 sccm by separation valves and an additional mass flow meter
(MFM). For carbon monoxide a concentration range of 5–50 ppmwas used. For
contacting the singulated or reticle chips, a simple setup was used without the
need for mounting the substrates on heaters or headers. Therefore, the samples
were placed as chips or reticles on an automatically controlled heated chuck
of 8 cm in diameter and contacted by a probe head with needles. The gas was
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Figure 3.17. Schema of the MKS gas measurement set-up including a MFM. The electrical mea-
surement system is not depicted in this schema.

Figure 3.18. Picture of measurement setup using needle probes and gas nozzle to contact to a chip
on a silicon reticle placed on a heated chuck. Inset shows top view of the central part.

dosed through a nozzle; a picture of the set-up is shown in Figure 3.17. A con-
stant voltage in the range of 1–5V was applied and the current was measured
using a Keithley sourcemeter.

Sensor moun ng

Formeasurements at the University of Tübingen, the sensor chips weremounted
in TO-8 sockets. Commercial ceramic heaters (Pt-6.8, Delta-R GmbH) were
bonded to the chips and fixed on heat-insulating elements consisting of struc-
tured glass on the sockets. The singulated chips were glued on the heaters and
wire bonded. A computer-aided design drawing of the setup is shown in Fig-
ure 3.19 a. The dicing of the float glass into heat insulator sockets of 4.2×2mm2
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footprint was done by WG Dicing GmbH & Co KG. These heat insulator sock-
ets feature six columnar-shaped extensions of 0.5 × 0.5mm2 base area and
1mm height. The glass socket was bonded to the TO-8 socket using a high-
temperature die attach (MCT 136-VHT, MicroCoat Technologies). The same
die attach was used to bond the heater to the glass socket and the chip to the
heater. Curing was done in an oven for two hours at 150 ◦C. The silicon chips
with the gas sensitive thin film were connected to the sockets by wire bond-
ing (Au wire diameter 50µm), and soldering was used to realize the electrical
connection of the heater to pins of the socket.

For gas measurements, a gas-tight test chamber was constructed [248]. It
comprised two pieces of polytetrafluorethylene (PTFE) (trade name Teflon by
DuPont) and is shown in Figure 3.19 b. This synthetic material is especially
suitable for gas measurement applications as it is chemically inert, shows a low
permeability, and is stable at elevated temperatures. A disadvantage of the ma-
terial is its low hardness compared to metals, which is why screw threads might
wear out after frequent usage. To solve this problem the plastic parts were placed
on a stainless-steel base plate and fixed on top by a stainless-steel cap. In the
picture, the test chamber is opened so that the setting of three sensors inside can
be seen. The chamber lid is tightly sealed by an O-ring and electrical connec-
tions to the outside are done by IC socket pins fitted in the chamber lid. The pins
are connected to the voltage supply and measurement instruments by custom-
made cables. Up to eight sensors can be placed in the chamber and measured
at the same time. The chamber is connected to the gas feedthrough and the ex-
haust by plastic tubes, which are connected tightly to the chamber by Swagelok
connectors.

Gas measurement system at the University of Tübingen

The measurements at the University of Tübingen at the Institute of Physical
and Theoretical Chemistry, AGWeimar, were also conducted using a computer-
controlled automated gas measurement system. Here test gas bottles of CO and
NO2 in synthetic air were used and mixed with humidified synthetic air. The
degree of humidity is controlled by dosing of 100% r.h. synthetic air which was
humidified by a bubbler. Automatic valves were installed to prevent gas flow
back to the system. Details of the measurement systems can be found in recent
publications of the Weimar group, e.g. [249].
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(a) (b)

Figure 3.19. (a) Schematic of the sensor mounting on a TO-8 socket for measurement in a gas-tight
chamber, inset shows photo of glass heat insulator elements. (b) Picture of measurement chamber
set-up including mounted test chip and reference sensors. The part containing the sensors is placed
upside down on the measurement chamber and fixed using screws.

3.3. Physical and Chemical Characteriza on

Morphological properties of the deposited metal oxide thin films were revealed
by structural characterization on as-deposited and heat-treated samples. For this
purpose, wafer-level-deposited metal oxide films were characterized. Optical
microscopy, a Hitachi tabletop scanning electron microscope and surface pro-
filometry (Tencor and Dektak) were used for process control inside the clean
room. For the investigation of the metal-electrode structures and metal oxide
films, scanning electron microscopy and optical microscopy were used.

3.3.1. Scanning electron microscopy

Scanning electron microscopy (SEM) is an established characterization tech-
nique for topographic investigation of micron- and submicron-sized features. It
is based on the deflection of a collimated electron beam that is scanned over
the sample placed in an evacuated test chamber. Different signals from back-
scattered and secondary electrons can be recorded and give insights into the
morphology of the samples. Additionally, the characteristic X-rays emitted by
the electron excitation can be analyzed in order to get information about the ma-
terial composition. For the characterization by SEM, the silicon wafers were
cleaved to small pieces of maximum 1×1 cm2 and placed into the sample hold-
ers, either horizontally for top view, or vertically for cross-sectional SEMs. In
order to minimize the surface charging of the layers, a few nanometer thin Pt-Pd
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film was sputtered on top. For most of the measurements, a Leo Gemini 1630
SEM at 3 kV operation voltage in the secondary-electron-mode was used.

3.3.2. Transmission electron microscopy

As the topographic features of the thin film morphology were at the resolution
limit of the SEM, transmission electron microscopic (TEM) investigations were
conducted additionally at the Technical University of Ilmenau [250]. The sam-
ples for TEM investigation were prepared by a focused ion beam using a Zeiss
FIB Auriga 60. The TEM analysis was done using a FEI TEMTecnai 20S-Twin.

3.3.3. X-Ray diffrac on

X-ray diffraction (XRD) is a non-destructive technique enabling the determina-
tion of material properties such as crystal structure, orientation, microstress and
material composition [251]. The measurement principle is based on Bragg’s
law, which describes the case of constructive interference of radiation reflected
in a crystal:

2dlat sin θinc = nλ, (3.5)

where dlat is the distance of the crystalline planes, θinc the angle of incidence
of the applied radiation, and n is an integer. If X-ray radiation is applied, the
wavelength λ is in the same order of magnitude as dlat.

Both crystallinity and crystal orientation of the metal oxide materials were
studied by XRD using a Bruker D8 Advance DAVINCI diffractometer. Cu-
Kα-rays were applied and measured using Bragg-Brentano optics. The data
were evaluated using the JCPDS database. In this setup, it was not possible to
determine the crystallite size due to low signals of the thin films and anisotropic
peak broadening. Additionally, the disturbance by the background from the
siliconwafer substrate was high. Therefore, the crystalline structure of themetal
oxide thin films was studied in more detail by gracing incidence XRD at the
Technical University of Ilmenau [250].

3.3.4. X-Ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a highly surface-sensitive spectro-
scopic technique that gives information about e.g. chemical binding states and
the composition of materials. It is based on the photoelectric effect: Bound
electrons are excited by the incident electromagnetic radiation and the emitted
electrons are analyzed energetically. XPS was used in order to get insights
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into the surface properties of metal oxide films by means of a Quantera SXN
X-ray photoelectrometer from Physical Electronics GmbH. The electron spec-
troscopy for chemical analysis of this system detects information of the upper
5 nm of the sample. Monochromatic Al Kα-rays were used and the diameter
of the analyzed area was 200µm. Furthermore, the samples were electrically
connected within the spectrometer to create a defined potential, which enables
the determination of the work function of the investigated material [252]. Depth
profiles were created by sequential material removal usingAr sputtering in steps
of about 8 nm. The XPS method was also used to investigate the diffusion of
the Pd surface additive into the SnO2 sensing layer.



4. Li -Off of IDEs with Defined Edge Angles

In this chapter, the interdigitated electrode structures for contacting the thin-
film MOX are investigated. The resist structure plays a significant role in the
resulting geometry of the metal edges. The process is simulated by iterative
calculations, and the results are compared with those of the experimental mea-
surements. Large parts of this chapter were published in [234].

4.1. Simula on and Modeling

For bottom contacts with the thin films, the interdigitated electrodes (IDEs),
consisting out of platinum with titanium adhesion promoter, were structured by
bi-layer lift-off, as described in Section 3.1.1. In order to obtain design rules for
the fabrication of IDEs with smoothly tapered edges, a process simulation was
conducted. Herein, iterative calculations were performed, following the model
reported by Tisone and Bindell [253] for calculation of the step coverage of met-
allization over structured films. This is based on a simple geometric model and
models the sputtering rate by means of the effective solid angle of the aperture,
assuming linear trajectories of sputtered particles. This geometric assumption
is frequently used for calculating film thicknesses in deposition processes and
it was found to be in good agreement with the experimental results [228, 254,
255]. As the mean free path in the applied pressure range is much higher than
the resist thickness, collisions of sputtered atoms among each other and within
the holes can be neglected. As the substrate is cooled during the deposition, we
assume surface diffusion to be negligible in our model, so the sticking coeffi-
cient of the surface is set equal to one. For the deposition geometry, we assume
a parallel geometry of substrate and target. The source is supposed to have a
cosine distribution with the angle with respect to the surface normal. Therefore,
the intensity of emission in a given direction is proportional to the projected
area of the source in this direction [256–258]. This should be a valid approx-
imation in our case of low pressure sputtering [253]. We additionally assume
a homogeneous source without a radial distribution of the emission. The flux
from the target at point P is described by the following equation:

J(α1) =

∫
AS

k
r
|r|

cosα1/R
2dAS, (4.1)



66 CO Gas Sensor for Consumer Electronic Applications

where J is the atomic flux in the direction of r, k is a scaling factor depen-
dent on the sputtering rate, α1 is the angle of the deposition flux seen by the
surface and R is the distance to the source element. For deposition into a resist
profile there is an effective source surface seen by the point P named AS. This
surface is determined by the following limits [225, 253]:

1. geometry - limited by the lateral dimensions of the target

2. slope shadowing - limited by the aperture of the resist structure

3. self-shadowing - limited by the growing layer

Cartesian coordinates are used to model the growth of the films, and the
edge of the step is set parallel to the y-axis. The resulting surface of the de-
posited film on the resist structure is expressed by paired coordinates Pi(xi, zi).
The calculated thickness change of the layer ti (Figure 4.1 a) is expressed as
changes of∆x and∆z, which result from the following equations [259]:

∆x = k∗
∫
AS

D(x− xi)

R4
dx dy, (4.2)

∆z = k∗
∫
AS

D2

R4
dx dy, (4.3)

whereD is the target-to-substrate distance and cosα1 is substituted byD/R
and k∗ is a scaling factor. ∆y is not considered as it is not influenced by shad-
owing. As in the case of micrometer scale features, there is |xi| ≪ T , where
T is the radius of the target, and as only structures in the center are investi-
gated, P is considered centered. For calculation of Equation 4.2 and 4.3, we
set R2 = (x − xi)

2 + y2 + D2 assuming z ≪ D. The integration limits are
calculated iteratively considering the effective surface change of the target, ex-
pressed by the limits of the surface angles β as shown in Figure 4.1 b. These
angles have values in the range of the geometric limitsβgeo1 = arctan(D/T ) and
βgeo2 = π− arctan (D/T ). The angular limits of the aperture are then found by
numerically calculating the maximum slope to all points to the left and the min-
imum slope to all points on the right of point P . If these values are smaller than
βgeo1 or larger than βgeo2, they are substituted by the geometric limits. For Equa-
tions 4.2 and 4.3 the limits are seen as effective target dimensions in x-direction
xlimit = −D/ tanβ for β < 90◦ and xlimit = D tan(β − π/2) for β > 90◦. The
limits in y-direction are found by the target radius T as ylimit = ±

√
T 2 − x2.

After adding a certain layer thickness ti (x′
i = xi + ∆x, z′i = zi + ∆z) the

integration limits are recalculated, considering the changes in the surface incli-
nation γ and the aperture (Figure 4.1 a).
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(a) (b)

Figure 4.1. Schematic drawing of (a) the inclination of the surface of the growing layer and (b) the
substrate and target geometry. The integration limits βlimit1 and βlimit2, and the sputter angle β are
marked. The edge of the step in the resist is parallel to the y-axis. After Ref. [234].

Smooth edge structures were found in the case of high resist thicknesses.
An exemplary result is shown in Figure 4.2. For all simulations, negative flanks
for the LOR are assumed (38◦ with respect to the perpendicular), which was
found as an experimental result from the image reversal negative resist struc-
ture. In contrast, the lower LOR flank was set as perpendicular to the surface in
the simulations. If we calculate the profile for a substrate without rotation and
with the resist opening placed laterally close to the edge of the target, we get
a very asymmetric profile result, due to the different effective source areas of
the target to the left and to the right side of the profile, see Figure 4.3 a. Addi-
tionally, the deposition rate is lower at the edge. Substrates are rotated during
the deposition process in the experimental setup to avoid this nonuniformity of
the metal thickness. Rotation of the substrate is simulated by changing the xi

value of the points Pi from −T to +T , adding 2T/nI , if nI is the number of
iterations. The resulting deposition profile is shown in Figure 4.3 b for 100 iter-
ation steps. In the following, the target rotation is not further considered, as the
resulting thickness profile of the layer is very similar to the simulation result of
a resist structure at the center of a static substrate [259].

4.2. Experimental Results and Discussion

In order to determine the influence of the resist profile on the resulting metal-
lization profile, three parameters of the bi-layer resist structure were varied:

1. the thickness of the LOR h1
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Figure 4.2. (a) Example of a sputtering simulation after 26 iteration steps using a bi-layer resist
with LOR thickness of 1.5 µm. (b) resist structure depicted as SEM image. After Ref. [234].
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Figure 4.3. (a) Calculation of the deposited layer profile if the resist structure is placed in x-direction
close to the edge of the source. The center is on the left side of the graph. (b) Comparison of
calculated deposition for a centered position of the resist structure if the substrate is placed centered
(solid) or substrate rotation is activated (dashed). After Ref. [234].

2. the undercut length v

3. the target-to-substrate distance D

The thickness of the upper resist layer was designated h2. To determine
the thickness profiles, both the lithography width w1 and the width of the metal
line after lift-off w2 were measured. The parameter definitions are shown in
Figure 4.4. From these figures, the under-sputtering lengths u was calculated
as u = 1

2 · (w2 −w1). Here lines with mask-openings of 10µm, 12µm, 20µm
were used for the investigation.
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Figure 4.4. Illustration of lithographic parameters of the as-sputtered lift-off structure, SEM image.
After Ref. [234].
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Figure 4.5. Comparison of metal structure thickness profiles for two undercut lengths 1.6µm and
3.0µm. A LOR of h1=500 nm thickness was used. Upper image shows measurement and lower
image contains simulation results. After Ref. [234].

4.2.1. Varia on of the undercut length

Variation of the development time resulted in different undercut lengths, as dis-
cussed in Section 3.1.1. To balance small variations of the sputtering rate over
the wafer, the maximum thickness of the metal structure was always normalized
to 190 nm, when comparing the metallization profiles. This also allowed for a
better comparison of experimental and simulation results. Both profilometer
and SEM measurements confirmed that the full layer thickness was reached in
the center of the lift-off structures in all investigated cases. Figure 4.5 compares
simulations and experiments for two different undercut lengths. Both experi-
mental and simulation results showed that thin LORs with thicknesses below
500 nm do not allow changing the metal deposition profile by a variation of the
undercut length for metal lift-off structures.
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Figure 4.6. (a) Dependence of the under-sputtering length u and the metal line width after lift-off
w2 on the LOR thickness for two different undercut lengths. Two different mask opening were
investigated: 12µm (a and b) and 20µm (c and d). After Ref. [234].

4.2.2. Varia on of the resist thickness

The thickness of the LOR was varied by changing the spin-on speed and by
choosing resists with different viscosities, while the thickness of the photostruc-
turable resist was kept constant at 1.3µm. The effect of the under-sputtering of
the upper resist and the tapering of the metal layer was investigated. Two dif-
ferent undercut lengths were chosen for this investigation, namely 1.8µm and
3.4µm. Thicker LORs led to higher metal line width because of higher under-
sputtering of the resist, see Figure 4.6. If we compare both lines in each graph,
it also becomes clear that the metal line widths do not depend on the undercut
length for thin LORs, as stated in the previous paragraph. This is due to the
limited geometric range of sputtering angles that affect the layer deposition.

The profile of the metal edges was investigated by SEM images after the
cleaving of the samples, see Figure 4.7. Different LOR thicknesses were used
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(a) (b)

Figure 4.7. SEM images after wafer cleaving of Ti-Pt structure after lift-off. Different LOR thick-
nesses were used as indicated in the images, see text. After Ref [234].

(300 nm, 500 nm, 900 nm, 1500 nm), and the undercut length was kept constant
at about 3.4µm. The green and red lines indicate the undercut length v and the
lithographic line width w1, as determined by optical microscopy. (b) Shows a
magnified view of the left part of (a). These results reveal that the profile edges
are smoother for thicker LORs, so these are more appropriate for applications
such as fabrication of thin-film IDEs.

Profilometer measurements of the metal layer thickness showed the same
trends and very similar quantitative results. Higher LOR thicknesses were
proven to result in higher under-sputtering lengths and smoother profiles. The
simulated metal profiles correspond well with the measured profile as can be
seen from Figure 4.8. The under-sputtering lengths were calculated and com-
pareded with the values measured by optical microscopy, see Figure 4.9. The
undercut lengths were thus determined by optical microscopy and these individ-
ual values were used for the simulation of each sample. The under-sputtering
length u was extracted for the simulations between the maximum thickness of
the metal line and the position where the thickness was 10% of the maximum
thickness. A clear trend is seen, showing an increase in u with increased resist
thickness in both experimental and simulation results. For the structures with
v ≈ 1.8µm we see the same trend as for v ≈ 3.4µm for the lower resist
thicknesses. In the case of h1 ≤ 900 nm, under-sputtering is limited by the
undercut length and no influence of the resist thickness on the under-sputtering
is seen for the lower undercut lengths. We also find some deviation between the
measured and the calculated values. The experimental method of determining
the under-sputtering length by optical microscopy limits the achievable preci-
sion. The visibility of tapered edges depends on illumination and is not clearly
defined. This leads to a small variation between measurements, which cannot
be easily given or calculated. However, simulation and experiment show the
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Figure 4.8. Profilometer measurements (left part of both graphs) and simulations (right part of both
graphs) of the thickness profile of a structure of 10µm in resist opening width. Graphs showing the
experimental results were subsequently smoothened by Savitzky-Golay algorithm to reduce noise
from the profilometer. Two undercut lengths were investigated, which were about 1.8µm (a) and
about 3.4µm (b). After Ref. [234].

same trends. Within the given deviations in the measurements, the simulations
allow a good estimation of the under-sputtering length for a given parameter
set.

4.2.3. Varia on of the target-to-substrate distance

In order to investigate the influence of the deposition geometry on the result of
the metallization profile, the distance between the target and the substrate was
varied. Hence, two different distances were used, namely 60mm and 90mm.
Simulations resulted in a rather large decrease in the deposition rate (25%), if
the target-to-substrate distance is increased. The actual deposition rate change
measured was of only 10%. This discrepancy is most likely due to the simula-
tion model, which does not consider changes and the resulting effects in the tar-
get ablation geometry due to different electrode configuration. The model does
only account for geometrical effects of the deposition. Figure 4.10 illustrates
the thickness profile according to experimental and simulation results. The sim-
ulation values were normalized to a total thickness of 190 nm. An increased
target-to-substrate distance decreases the angular range for possible shadowing.
The edges for 90mm distance are not as smoothly tapered as for 60mm. Com-
pared to the results achieved with different resist profiles, this effect is not very
pronounced. Consequently, as a process design rule, if different metal geome-
tries can be reached by the resist profile, there is no necessity to change the
deposition geometry.
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Figure 4.9. Comparison of under-sputtering length u for measurements and simulations. Two dif-
ferent undercut lengths were used, about 1.8µm (a) and about 3.4µm (b). After Ref. [234].
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Figure 4.10. Measurement (left) and simulation (right) of the edge profiles for two different target-
to-substrate distances (60mm and 90mm), lower resist thickness h1 = 900 nm, undercut length
v = 1.8µm. After Ref. [234].

The model can be further improved if a radial dependence of the target
erosion rate caused by the magnetron sputtering source is considered [255, 260].
In the present case, we could not investigate the target erosion groove which
appears after prolonged deposition. Additionally the applicability of the cosine
distribution should be proven. Different studies found a more complex function
cosb α1, with the parameter b being determined empirically. These show better
consistence with experimental results [255, 257, 259].

4.2.4. Deposi on of addi onal thin films on structured electrodes

As a first proof of concept, SiO2 was deposited on a substrate with smooth
electrode edges. A well-known material was chosen as a reference, deposited
by a plasma enhanced chemical vapor deposition (PECVD) process. The layer
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Figure 4.11. SEM images showing a 220 nm thick PECVD oxide deposited on an approx. 190 nm
thick metal layer that was structured by lift-off. The lower image is a magnification of the left part
of the upper image. After Ref. [234].

showed good adhesion on themetal film at the edges of the metal structures with
neither cracks nor film tear-off (see Figure 4.11). In the following 30–300 nm
thick metal oxide layers were deposited as sensitive layers. The as-described
structured metal electrodes were used as electrical contacts to the semiconduct-
ing layers.

4.3. Conclusions

Amethod to fabricate platinum structures with ultra-smooth edges and a respec-
tive simulation tool were demonstrated. The lift-off process uses a bi-layer re-
sist. Parameters of the lift-off resist at the bottom were varied, and the resulting
structured Ti-Pt thin films were analyzed. DC magnetron sputtered metal films
patterned by this process showed ultra-smooth edges, and were good candidates
for creating contacts to thin film metal oxide layers for miniaturized gas sensors.
The profiles of the processed structures were investigated by SEM and surface
profilometry. The thickness profile and structure width could be adjusted by us-
ing different resist thicknesses and undercut lengths. Important parameters such
as the line width of the deposited metal layer and inclination of the edges of the
metal lines could be modeled using iterative calculations based on a geometric
shadowing model. The consistency between experiment and simulation could
be shown for a variation of several parameters. The model used for calculation
is versatile and can be applied for step coverage or shadow mask deposition
process simulations. First experiments for a multi-layer arrangement showed a
very high conformity of a PECVD oxide coating. Thin films deposited on the
interdigitated electrode structures using this process show good adhesion. Thus,
metallization structured by this process seemed applicable as bottom contacts
to metal oxide thin films and was further used in this thesis.



5. SnO2 Films Prepared by PLD

As SnO2 is the most important MOX in commercial CO sensors, a special fo-
cus is set on this material in this work. Here, thin films prepared by PLD are
evaluated. WO3 as an alternative material is discussed in the following chap-
ter. Results of other alternative materials prepared by PLD can be found in
Appendix B. First, electrical and morphological properties of SnO2-based PLD
thin films are evaluated. As-deposited and annealed, as well as samples with
Pt contacts, are investigated by wafer-level measurements. Moreover, the gas-
sensing properties of the chips and mounted samples are discussed. Parts of this
chapter were published in [261].

5.1. Electrical Proper es

Electrical properties are a good measure for the film quality, as the resistivity
depends on both the stoichiometry and the crystallinity of the thin films [233].
Four-point-probe measurements were conducted and additional measurements
were done using contacted samples in order to determine the influence of the
contact resistance.

5.1.1. Influence of the deposi on temperature

PLD films were prepared with a variation of the deposition temperature Tdep
from room temperature (RT) to 600 ◦C. All films were deposited at 10 Pa oxy-
gen background pressure for this investigation. The resistance was character-
ized by four-point-probe measurements under clean room conditions at RT, and
I-V -curves of contacted samples were recorded.

In Figure 5.1, the resistivity of the films as a function of deposition temper-
ature is depicted, as calculated from film thickness and sheet resistance mea-
surements. Mean values of 81 measurement points are shown. The error bars
represent the standard deviations over the 150mmwafer. The resistivity clearly
decreases with increasing substrate temperatures up to 300 ◦C. This tendency
can most likely be explained by an increasing crystallinity of the films [181]
due to higher surface mobility at higher temperatures. For even higher temper-
atures above 300 ◦C, a decrease in sheet resistance can be observed. Here, we
expect that this effect bis due to a better stoichiometry because of increased
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Figure 5.1. Resistivity versus temperature, determined by four-point-probe measurements at RT.
The deposition pressure was kept constant at 10 Pa. The line serves as a guide to the eyes only.
After Ref. [261].

oxygen incorporation in the layer. As oxygen vacancies represent donors in
tin dioxide [21, 27, 28, 91], this results in n-type conduction as the main con-
duction mechanism in the medium temperature range below 400 ◦C [21]. Thus,
the resistivity of SnO2 is highly influenced by the oxygen content in the layer.
Changes in resistivity over several orders of magnitude are reported [28]. How-
ever, temperature-induced stress resulting in defects might also contribute to
the higher resistance of the films for the high-temperature deposition. In the
following, 300 ◦C was chosen as deposition temperature in order to get SnO2
films of a good quality.

5.1.2. Influence of the deposi on pressure

For studying the influence of the deposition oxygen pressure to the electrical
properties, PLD films deposited at 300 ◦C were investigated. Therefore, the
deposition pressure was varied in the range of 1–20 Pa, and the resistance was
characterized by four-point-probe measurements under clean room conditions
and I–V -curves of contacted samples. The resistivity was calculated from the
sheet resistance and thickness of the layers.

Results from the wafer-level electrical characterization of depositions con-
ducted at 300 ◦C are depicted in Figure 5.2 a. Here, the wafer-level results of
81 measurement points are summarized. The error bars indicate the standard
deviation over a single wafer. From the results, a clear tendency was seen that
the resistivity increases with increasing deposition pressure. This can be ex-
plained by increased oxygen incorporation in the layer. Higher background
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Figure 5.2. (a) Resistivity determined by four-point-probe measurements versus deposition pres-
sure, all depositions were conducted at 300 ◦C. Measurements took place at RT. (b) I–V -curves
measured at RT are shown for different thicknesses of the PLD layers and two different deposition
pressures. After Ref. [261].

pressure also leads to a larger interaction of the ambient gas with the plasma
plume, which can result in a change in the layer morphology. This morpholog-
ical change, which is discussed in the following section, might also introduce
changes in the electrical properties.

Additionally, I–V -curves of samples deposited at 15 Pa and 20 Pa with Pt-
contacts were investigated. The I–V -plots exhibit linear characteristics in the
range of±1V, indicating ohmic contacts. This measurement range was chosen
as the measurement voltage was not set above 1V in the application. The same
tendency is seen here, showing a higher resistance of the samples prepared at
higher pressure (15 Pa vs. 20 Pa), see Figure 5.2 b. Furthermore the investiga-
tion of films with different thicknesses (55 nm, 110 nm, 230 nm) shows that the
resistance directly increases for thinner films, which is another indication for
ohmic contacts.

5.1.3. Conclusions

It has been demonstrated that SnO2 thin films can be prepared with good wafer-
level homogeneity regarding the resistance measured at RT. The room tempera-
ture resistivity increases with increasing deposition pressure. This is most likely
due to a better stoichiometry of the layers due to increased oxygen input during
deposition and an increase in grain-grain contact barriers. To distinguish be-
tween those two effects, physical and chemical investigations of the materials
are helpful. Hall measurements would also help to better distinguish between
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influence of the stoichiometry and morphology [262]. However, Hall measure-
ments were prepared, but could not be conducted in the frame of this thesis.

5.2. Morphological Proper es

The gas-sensing behavior of MOX films does not only depend on the kind of
material used. The design of the morphology is a key parameter for high re-
sponse [263] as it affects the importance of the depletion-dominated region at
the grain boundaries that is accessible to gases, as discussed in Section 2.1.11.
For compact films, where the gas interaction takes place only on the surface, a
lower response is expected than for porous films with gas-accessible grain-grain
contacts. In contrast to wet chemically processedMOX films, thin films usually
show a rather dense morphology. In the following section, the morphological
properties of PL-deposited SnO2 films are investigated.

5.2.1. Influence of the deposi on temperature

To investigate the influence of the deposition temperature on the morphological
properties, SEM images of cross-cut wafers with PLD thin films were investi-
gated. All of them were deposited at 10Pa oxygen background pressure and
without post-deposition heat treatment. In addition, GIXRD was done on the
samples at TU Ilmenau to determine the crystallite size.

For preparations at a deposition temperature of 250 ◦C, the microstructure
is fibrous and no crystallites can be distinguished in the SEM, see Figure 5.3
on the very left. Possibly the layer is not fully crystalline but partly amorphous.
For the deposition at 300 ◦C, a denser morphology is achieved, showing first
indications of columnar growth. For the deposition at 400 ◦C, the columnar
structure becomes clearer from the SEM image. The lateral size of the grains
is in the range of 10 nm. A dense structure is finally formed for the case of
the 500 ◦C-deposition with columnar grains of lateral sizes in the range of 10–
20 nm. The grains do not extend through the whole thickness of the layer. Con-
sidering the crystallite size determined by GIXRD (see Table 5.1), it is seen that
the as-deposited films are nanocrystalline for the deposition temperature range
of 250–500 ◦C. There is a tendency to larger grain sizes for the higher deposi-
tion temperatures. At 500 ◦C, a crystallite size of 20 nm is found, whereas for
the deposition at 250 ◦C, the crystallite size is 12 nm. Annealed films deposited
at RT have a grain size of 9 nm.

The growth behavior is partly explained by the Thornton model, which was
introduced in Section 2.4.2. In Figure 5.3, an illustration of this model has been
added. As themelting temperature of SnO2 is Tm = 1630 ◦C = 1903K, we find
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Figure 5.3. Application of the Thornton model on SnO2 PLD layers. All depositions took place at
10 Pa oxygen pressure, deposition temperature as indicated in the image.

Table 5.1. Crystallite size determined by GIXRD at TU Ilmenau. Deposition took place at 10 Pa
oxygen pressure. Annealing was done at 400 ◦C for four hours in humid air.

DepositionT/ Anneal Crystallite size/
◦C nm
RT yes 8.5
250 no 11.6
300 yes 7.2
400 no 11.6
400 yes 13.8
500 no 20.4

the boundary line between zone 1 and zone 2 at 0.3Tm = 300 ◦C. In this range,
the microstructure changes from highly defective to columnar and dense. When
we compare the SEM images with the illustration, it becomes clear that the
pressure-dependent morphology is obviously close to the one of sputtered films
with an equivalent pressure of 0.13 Pa. The high energy of the PLD process
leads to a deposition of dense films at higher pressures than expected for sputter
deposition in argon background, according to the Thornton model. This is in
line with the results of previous studies, e.g. [92], compare Section 2.4.3.

5.2.2. Influence of the deposi on pressure

For the investigation of the influence of the deposition pressure to the morpho-
logical properties of the PLD thin films, films with thicknesses in the range of
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about 120 nm were prepared at various pressures in the range of 1–20 Pa. The
morphological investigation was conducted by SEM, TEM, and XRD.

As demonstrated in Figure 5.4 a the morphological appearance of the thin
films clearly changes with the applied oxygen pressure during deposition. For
the deposition at the lowest possible pressure of our tool, being 1 Pa, the film
appears dense and no crystallites can be defined. For the deposition at 5 Pa the
film appears compact and dense. A brittle structure with apparent crystallites is
found for the case of the deposition at 10 Pa. For even higher deposition pres-
sures, namely 15 Pa and 20 Pa, the morphology appears fibrous. SEM images of
the annealed films are depicted in Figure 5.4 b. Here, a clear change is seen for
all investigated deposition pressures, although the temperature treatment was
conducted at only 100K above the deposition temperature. The films in the de-
position range of 1–10 Pa show a dense, brittle structure. For 15 Pa and 20 Pa,
the layers seem to be consisting out of nanocrystallites in a porous structure. The
XRD results are depicted in Figure 5.5. As a Bragg-Brentano setup was used,
part of the signal represents the background of the amorphous oxide layer and
the crystalline peaks of the silicon substrate. Nearly no crystalline peaks for the
as-deposited films are seen. After annealing, broad crystalline peaks of rutile
SnO2 appear in the XRD results. It becomes clear that the crystallinity of the
layers is enhanced by the anneal and that the structure is nanocrystalline in all
cases, with arbitrary distribution of crystallites. Due to strong anisotropic peak
broadening, the crystallite size could not be determined using the Rietveld re-
finement method. However, peaks broaden with deposition pressure, indicating
smaller crystallite size for higher deposition pressure. Similar sizes are found
for the deposition at 15 Pa and 20 Pa in line with the SEM results. An exception
is found for the case of the deposition at 5 Pa. Here, the XRD results show a
tendency of textured growth. The SEM results suggest a columnar growth in
(200)-direction.

TEM investigations were conducted in order to have a closer look at the
crystalline structure. The results of the annealed samples are shown in Fig-
ure 5.6. In the upper images, cross-sectional TEMs are depicted. For a depo-
sition at 10 Pa, it can clearly be seen that the PLD layer comprises multiple
sub-layers, as the laser is scanned over the target during the deposition process.
At the boundary of the traces, boundary layers are visible, consisting out of
non-crystalline amorphous or porous material. In the case of the deposition at
higher pressures, such layers cannot be seen so clearly. The as-deposited SnO2
under these conditions was most likely amorphous, cf. Section 5.2.1, and sub-
sequently crystallized during the annealing step. The grain size was determined
by high resolution TEMs (HRTEMs), which are depicted in the middle images.
For 10 Pa, a grain size of 10–20 nm was found. For the depositions at 15 Pa
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Figure 5.4. Cross-cut SEMmicrographs of as-deposited (a) and post-annealed (b) tin dioxide layers
deposited at different oxygen background pressures as indicated in the images. After Ref. [261].

and 20 Pa, the grain size is in the range of 3–10 nm. The distance of the lattice
planes was determined by fast Fourier transformation (FFT), as the lower im-
ages show. The material composition can be determined from FFTs. The film
consists mostly of (101) and (110)-oriented SnO2. As a result, the material was
found to be crystalline SnO2. The layer deposited at the lowest pressure appears
to have a dense structure. For the layers deposited at 15 Pa and 20 Pa, porous
parts can be seen between the crystallites.

The morphology of the PL-deposited tin dioxide layers is strongly influ-
enced by the deposition pressure. It was seen that the layers deposited at 10 Pa
or lower appear to be completely dense with a layered structure from the depo-
sition process. For the deposition at 15 Pa and 20 Pa a nanocrystalline porous
structure is found. In addition, the grain size is slightly decreasing with increas-
ing deposition pressure.

5.2.3. Conclusions

Both deposition temperature and pressure were seen to impact the morphology
of the SnO2 thin films. Porous, nanocrystalline material can be prepared at
oxygen pressures at or above 15 Pa and subsequent temperature treatment. This
material is expected to have appropriate properties for applications in resistive
gas sensing.

5.3. CO-Sensing Proper es

In this section, the influence of the deposition conditions on the CO sensing
properties is investigated. To this end, samples of SnO2 thin films were pre-
pared on Ti-Pt IDEs. Deposition temperature, deposition pressure, and film
thickness of the SnO2 films were varied. Temperature treatment was conducted



82 CO Gas Sensor for Consumer Electronic Applications

2 0 4 0 6 0 8 0 1 0 00

2 0 0 0

4 0 0 0

6 0 0 0

Si (40
0)Si (20

0) 2 0  P a

1 5  P a

1 0  P a

5  P a

 

 

co
un

ts 
/ (a

.u.
)

2 - Θ / ( d e g r e e s )

 

1  P a

 

(21
1)(10

1)(11
0)

(20
0)

(a)

2 0 4 0 6 0 8 0 1 0 00

2 0 0 0

4 0 0 0

6 0 0 0

Si (40
0)Si (20

0)

 

 

co
un

ts 
/ (a

.u.
)

2 - Θ /  ( d e g r e e s )

2 0  P a

1 5  P a

1 0  P a

5  P a

 

1  P a

 

(21
1)(10

1)(11
0)

(20
0)

 

(b)

Figure 5.5. Bragg-Brentano XRD graphs of as-deposited (a) and post-annealed (b) tin dioxide thin
films. Bar charts represent rutile SnO2 powder diffractograms [264]. As-deposited films show crys-
talline peaks only for low deposition pressures. Post-annealed films show broad peaks indicating
nanocrystalline structure. After Ref. [261].

in humid synthetic air for 4 h under constant flow at 400 ◦C. The gas response
was detected via a measurement of the resistance change, in which a constant
voltage is applied and the current is measured, as described in the experimental
part in Section 3.2.3. As SnO2 is a n-conducting MOX, the resistance decreases
under exposure to reducing gases. The normalized sensor signal when exposed
to CO is defined as in Equation 2.37.

5.3.1. Influence of the deposi on pressure

As the deposition pressure has a high impact on the morphological properties of
the PL-deposited films (cf. Section 5.2), the influence of the deposition pressure
on the gas signal was investigated in detail. The dynamic sensor response to CO
concentrations in the range of 5–50 ppm is depicted in Figure 5.7 a. The oper-
ation temperature of the sensor was 300◦ C. This temperature was chosen as
it represented a medium temperature in the standard operation range for MOX
CO sensors, which is 200–400 ◦C. [3]. Here, oxygen species are expected to be
present on the surface as O− or O2− and represent possible reaction partners for
carbon monoxide. The baseline resistance under operation conditions strongly
increases with increasing deposition pressure, similar to the results found at
room temperature in Section 5.1. For 1 Pa, the baseline resistance is approx.
1 kOhm, for 10 Pa, 7 kOhm, and 6MOhm for the depositions at 15 Pa and 20 Pa.
The initial dip of the resistance of the sensor with the deposition at 10 Pa de-
position is due to the heat-up of the layer during the measurement and under
gas flow. The sensor response to CO exposure also increased significantly with
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Figure 5.6. Upper row shows transmission electron micrographs, middle row HRTEMs and lower
row FFTs of HRTEMs of post-annealed tin dioxide layers prepared at (a) 10 Pa (b) 15 Pa and (c)
20 Pa oxygen pressure. In the TEMs an overview of the complete PLD-layer cross-section is seen.
In the HRTEM, single grains can clearly be distinguished. The lattice-plane distances are indicated
in the FFTs.
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increasing oxygen deposition pressure. Therefore, the relative sensor signal
was calculated from Equation 2.37 and plotted in Figure 5.7 b. It is seen that
Sred increases by several orders of magnitude for depositions above 10 Pa. The
double-logarithmic plot shows a power-law relation without saturation, which
is described by the following equation:

Sred = A · cκ, (5.1)

where A is a constant, specific for the sensor signal (absolute response), c
is the gas concentration (here: CO), and κ a parameter specific for the sensor
sensitivity (relative change). Here, we find κ ≈ 0.35 for pO2 = 1 Pa and κ ≈
0.6 for pO2 ≥ 10Pa. This behavior is typical for depletion-dominated n-type
metal oxides under exposure to reducing gases. Considering the different values
of κ we can expect a difference in the gas-accessible grain structure, due to
changedmorphology, according to Barsan et al. [42]. The varied grain structure
leads to a differing importance of the Schottky barriers at the grain contacts and
thus a changed sensitivity. A relatively low value of κ, such as 0.35, indicates
a compact film structure, whereas high values such as 0.6 are an indicator for
porous layers.

In summary, there is a clear coherence between gas signal and deposition
pressure. An increase in deposition pressure up to 15 Pa leads to higher response
to CO [92]. This is most likely due to the increased porosity of the material
resulting in a higher number of grain-grain contacts, thus increasing the relative
resistance change.

5.3.2. Influence of the deposi on temperature

Starting from results found in the literature (e.g. Ref. [166]), a temperature of
300 ◦Cwas chosen for standard depositions. At this value, a stable baseline and
good CO response can be achieved. For comparison, a PL deposition at room
temperature without backside heating was also tested. The results are summa-
rized in Figure 5.8. The response Sred to CO in dry air is higher for deposition at
room temperature, especially in the low concentration range below 20 ppm CO.
Different slopes are observed in the double-logarithmic plot, leading to different
exponents κ [29, 42]. This is most likely due to a slightly differing morphology,
cf. Appendix C.1. During gas test, it was seen that the resistance baseline was
a lot more stable in the case of the deposition at 300 ◦C. Therefore, such layers
were taken as standard material for real applications.
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5.3.3. Influence of the film thickness

Film thickness is one of themajor influence factors reported in the literaturewith
respect to the gas sensing properties in the case of thin film sensors, see e.g. [41,
112, 166]. Within the scope of this work, the influence of the film thickness on
the gas response was thus investigated in two cases: 1) in pO2= 10 Pa, where
we expect a dense film and 2) in pO2 = 20 Pa, where we expect a porous film,
according to the previous sections. Therefore, films of different thicknesses
were prepared.

For the deposition at relatively low oxygen pressure (pO2 = 10 Pa), the
film thickness was reduced to half the standard thickness of 140 nm by using
only one trace of PL deposition. The sensor response to CO in dry air was then
compared to the film of standard thickness, where the operation temperature
was kept at 300 ◦C. The results presented in Figure 5.9 a show, that the sensor
signal is in the same order of magnitude in both cases. However, for the thinner
film, the baseline resistance is higher (see Table 5.2) and the sensor signal also
has a slightly higher value. This behavior is explained by the model of the
semiconducting MOX gas sensor, compare Figure 2.6 in Section 2.1.11. Here,
the depletion zone is only established on the surface of the film. The reaction
with the gas takes place on the surface of the compact film. In consequence,
the gas signal is dependent on the film thickness, with increasing response for
thinner films. It is well known, that this effect is especially pronounced if the
thickness of the film and the extent of the depletion zone are of comparable size
[42, 112].

At a deposition pressure of pO2 = 20Pa, the extracted gas signal is shown
in Figure 5.9 b, for four different film thicknesses. The results show that the sen-
sor signal is higher than for the case of the deposition at pO2 = 10 Pa, but also
comparable for all film thicknesses. In addition, the baseline resistance summa-
rized in Table 5.2 is also similar in all cases. As the morphology of the annealed
films deposited at pO2 = 20 Pa is nanocrystalline and porous, we expect here
the conduction to be dominated by the grain-grain contacts. In consequence,
in a first approximation, the sensor signal is expected to be independent of the
film thickness. However and in contrast to the results obtained for pO2 = 10 Pa,
we do see a somewhat higher response for the thicker films. This result is also
supported by additional samples with a thickness of less than 100 nm which are
not shown here. This behavior might be either due to a higher stability of the
morphology of the material if the film thickness is increased or a reduced in-
fluence of the contact resistance which may also contribute significantly to the
resistance and resistance change under gas exposure for non-ideal samples [3].
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Table 5.2. Basic parameters of SnO2 samples for investigation of thickness influence on gas signal.
pO2 / Traces/ Thickness/ Baseline resistance/
Pa # nm Ohm
10 1 70 1.7 · 104
10 2 140 4.3 · 103
20 1 55 7.6 · 106
20 2 110 3.7 · 106
20 4 230 4.2 · 106
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Figure 5.9. (a) Normalized sensor signal of SnO2 thin films deposited at pO2 = 10 Pa for two
different thicknesses, obtained with one trace or with two traces. Data extracted from FigureC.3.
(b) Normalized sensor signal of SnO2 thin films (pO2 = 20 Pa), data extracted from Figure C.4.
Thickness as indicated in the legend. Solid lines represent power-law fit. After Ref. [261].
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The investigation of film thickness gave an insight into the working princi-
ple of the PLD SnO2 thin film gas sensors. In the case of the low-pressure de-
position, the layer most likely consists out of a compact film structure with gas
interaction only on the surface. In consequence, the gas signal increases with de-
creasing film thickness. In the case of deposition oxygen pressure higher than
10 Pa, the film has a porous morphology leading to gas-accessible grain con-
tacts. In consequence, the CO gas signal does not increase with decreasing film
thickness. As a design rule, the SnO2 films should be prepared with a minimum
thickness of 100 nm to ensure a stable operation.

5.4. Metal Addi ves

Metal additives are often reported in the literature to enhance the gas-sensing
properties [39, 70, 73, 75]. In most cases, noble metals such as Au, Pt, and Pd
are used. Ni is a transition (non-noble) metal that is known to increase the resis-
tance of SnO2 [265, 266]. It is also widely accepted that not only the material
but also the preparation technique highly influences the effect of the additive
[74, 266, 267]. In this work, various kinds of metal additives and preparation
techniques were investigated to enhance the CO-sensing properties.

5.4.1. Impact of metal addi ves on electrical and gas-sensing proper es

Pd, Pt, and Ni were investigated as additives and added to the base material
by thin film deposition after the MOX deposition and prior to anneal. Here,
the film thickness variation was controlled to reach a value below 5 nm over the
wafer. In the case of Pd also direct deposition from a composite target out of base
material SnO2 and Pd particles was conducted. In all cases, the aimwas to reach
a dopant concentration of about 5%. A temperature treatment was conducted at
400–800 ◦C in humid air. The features of the films with noble metal addition
are summarized in Table 5.3. For Pt and Pd added by sputtering, the sensor
response to CO increased, whereas the addition of Ni resulted in a very high
baseline resistance but not in an increase in the CO response. In the case of AL-
deposited Pt, the resistance only slightly increased due to metal addition and
temperature treatment. However, the addition had a negative impact on the CO
response.

The increase in resistance for the metal additives may be due to two differ-
ent effects [74, 265, 266]:

1. If the metal is atomically distributed in the material it occupies acceptor
levels.
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Table 5.3. Effect of metal additives investigated in this work and qualitative results. R represents
the baseline resistance.
Material Deposition Impact on the CO-response Impact on R

dry air humid air
Pt sputtering unchanged increase increase
Pt ALD decrease decrease increase
Pd sputtering unchanged increase slight increase
Pd PLD unchanged increase slight increase
Ni sputtering unchanged not investigated strong increase

(a) (b)

Figure 5.10. Top-view SEM of SnO2 thin films with noble metal additives (a) ALD-Pt and (b)
sputtered Pd (Tdep =300°C, pO2 = 10 Pa).

2. If the metal is present as small clusters, it increases the extent of the de-
pletion zone (Fermi-level control).

Within the frame of this work, the root mechanism of additives to gas-
sensing properties could not be investigated in detail. However, in the case
of AL-deposited Pt, Pt clusters could be detected on the surface in SEM (see
Figure 5.10 a). In consequence, the reduction in the response might be due to a
rejection process on the surface, followed by a lower concentration of reacting
CO at the SnO2 surface. This was not the case for the sputter deposited and
annealed, as well as the films deposited using a Pd-SnO2 composite target (see
Figure 5.10 b). Therefore, in those cases we expected the surface reaction to
be small. Among the additives under investigation, Pd was chosen as the most
promising additive for the application in CO sensing, as samples with Pd ad-
ditive showed the best stability of baseline resistance and gas response under
realistic operation conditions. In this context, the influence of humidity is an
important parameter, as discussed in the Section 5.5.
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Table 5.4. Overview of SnO2 samples analyzed using XPS. pO2 is the background deposition pres-
sure.

Additive pO2 / Anneal Position
Pa

Pd-sputtering 15 no center
- 15 no center
- 10 yes center

Pd-sputtering 15 yes center
- 20 yes center

Pd-PLD 10 no center
Pd-PLD 10 no edge

5.4.2. Chemical inves ga on of Pd-doped SnO2

XPS investigations were performed to determine, on the one hand, the basic
composition of the thin films and the Pd distribution throughout the layer thick-
ness on the other. In particular the influence of the preparation technique of
the Pd-doped layer was investigated. Binding energies were analyzed using the
O1s and the Sn3d5 peaks.

For this investigation, different samples were prepared, the properties of
which are summarized in Table 5.4. A notable similarity of the binding energies
was found for all samples, with the O1s peakmaximum at 531 eV and the Sn3d5
peak maximum at 487 eV, typical for n-conducting SnO2. The position of the
Fermi level was determined by electrical contact to the layers. It was found that
the Fermi level position was≥ 3.5 eV above the valence band maximum. With
a band gap of 3.5 eV, the Fermi level was at the edge or inside the conduction
band. The latter case would refer to a degenerate semiconductor. However,
water adsorbed on the surface might also influence the Fermi level position, as
it is only determined at the surface and without cleaning. The fact that samples
annealed in humid air feature a higher Fermi level position (3.8 eV compared
to 3.5 eV for non-annealed) supports this assumption.

The composition of elements found on the surface of the SnO2 thin films
were quantified in an in-depth profile via XPS and sequential layer abrasion
using argon sputtering. The results are shown in Figure 5.11 in the case of the
non-annealed sample. It is seen that Pd is mostly present on the surface of the
thin film. However, it can be detected throughout half of the film thickness,
due to the porosity of the material. Quantitatively, the Pd concentration de-
tected was around 0.3–0.45 at.%, which is one order of magnitude lower than
the expected 5 at.%, as can be estimated by the sputtering rate. The reason for
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Figure 5.11. Element concentration determined by XPS of a Pd surface-doped SnO2 film before
annealing (a); (b) zoom of (a) to better visualize the Pd distribution.

this might be a lateral non-homogeneity in the case of the sputtering of such a
thin film, so that the real sputtering rate on the investigated wafer was lower
than the mean sputtering rate. For the annealed film with sputtered Pd, the addi-
tive was found to be distributed through the whole layer thickness. Accordingly,
the detected Pd concentration was in the range of 0.1–0.2 at.%, see Figure 5.12.
For the case of the deposition using the composite PLD target, the additive is
also homogeneously distributed in the layer as seen from Figure 5.13. The Pd
concentration is higher here, being about 0.5 at.%. However, it is lower than ex-
pected from the target concentration of 5 at.%. The reason for this could be the
non-homogeneous distribution of the Pd additive in the commercially ordered
Pd-SnO2 target. Pd precipitation could be distinguished on the surface of the
target. Both effects might be due to insufficient mixing of Pd and SnO2 pow-
ders or a non-optimized sintering process. The Pd precipitates are not ablated in
the PLD process due to the relatively low applied laser fluence. Consequently,
the Pd content in the layer is lower than in the target.

In summary, there was an elemental analysis of the Pd-doped thin films.
As expected, it was found that, for doping via thin film sputtering, the Pd was
concentrated mainly on the surface for non-annealed samples. After heat treat-
ment, Pd was equally distributed throughout the whole layer thickness. When
the Pd-SnO2 composite target was used, the metal was equally distributed in the
layer from the beginning. The Pd-content was in the range of 0.2% for the sput-
tered Pd, which was considerably lower than expected from the layer thickness.
In the case of the composite target, the Pd content was in the range of 0.5%,
again much lower than the concentration in the target. This was primarily due
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Figure 5.12. Element concentration determined by XPS of a Pd surface-doped SnO2 film after
annealing (a); (b) zoom of (a) to better visualize the Pd distribution. After Ref. [261].
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Figure 5.13. Element concentration determined by XPS of a Pd-SnO2 film deposited using a Pd-
SnO2 composite target (a); (b) zoom of (a) to better see the Pd distribution.
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to a non-homogeneous target composition. Pd was most likely present in the
oxidized form as PdO.

5.4.3. Conclusions

Palladium was found to be the most promising metal additive to SnO2 for im-
proving the CO-sensing properties, particularly with respect to stability. XPS in-
vestigations showed that the metal was equally distributed throughout the whole
layer thickness even if the metal was applied as a thin film after MOX deposi-
tion. However, the sample-to-sample variation of sputtered thin films was high.
For application, a direct deposition of Pd-SnO2 films using a composited target
is expected to be most promising.

5.5. Influence of Humidity

The influence of ambient humidity on the gas sensor’s baseline resistance and
response to test gases is one of the most important issues concerning MOX
sensors. Humidity is always present under realistic operation conditions in rel-
atively high concentrations, 50% r.h. at 20 ◦C is equal to an absolute concentra-
tion of 1.15% or 11 500 ppm. This topic is discussed in the following.

Three different levels of humidity were chosen for investigating its influ-
ence on the CO response: 0% r.h. (dry air), 20% r.h., and 40% r.h. Figure 5.14 a
shows the calculated response for a SnO2 PLD thin-film-based sensor [261].
The graph shows that the sensor response has diminished in humid air, as re-
ported similarly for pure tin dioxide [72]. It was also seen that the baseline re-
sistance strongly decreased with an increasing level of humidity. This decrease
is in the same order of magnitude as the response to 50 ppm CO in dry air. In
Figure 5.15 a, a measurement of the dynamic response in humid air (20% r.h.)
is shown. The resistance baseline tends to drift to lower values over time. SnO2
thin films with Pd additive show a different behavior in their response to CO at
different levels of humidity, as seen in Figure 5.14 b. The sensor with Pd (by
sputtering) has a similar response to CO in dry synthetic air compared to the
sensor without Pd-additive. It also shows a gas reaction that is comparable to
the signal of SnO2 in dry air. The dynamic response of the Pd-SnO2 film, has a
behavior similar to the pure SnO2 thin film. However, the response to gases in
humid air and the baseline stability is improved by the Pd addition, as shown in
Figure 5.15 b.

The different gas-sensing behavior of both sensor types can be explained
by the different surface chemistry. Under humid conditions, the signal of the
tin dioxide material is reduced due to the competition between CO and OH
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Figure 5.14. Normalized sensor signal for CO exposure at different levels of humidity as indicated
in the legend. (a) pure SnO2 and (b) Pd-doped SnO2 obtained by sputtering. Operation temperature
Top = 300 ◦C, deposition background pO2 = 20 Pa. After Ref. [261].
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Figure 5.15. Dynamic response to CO at 20% r.h. for the case of (a) pure SnO2 and (b) Pd-
doped SnO2 by sputtering. Top = 300 ◦C, deposition background pO2 = 20 Pa, film thickness
dfilm =110 nm. After Ref. [261].

on adsorption sites. For Pd-doped materials, the situation is changed and the
competition is reduced. Now either a direct reaction of CO with OH-groups is
possible if Pd is present [268] or fewer surface hydroxyl groups are formed [42,
269]; a recent study shows that the latter theory is more likely [74]. Here, the
oxidation state of Pd also plays a certain role. Disperse Pd is likely to be present
as PdO. The effect of Pd or PdO is not a direct chemical catalytic effect as it
was found for Au, but an electronic effect by forming a strongly depleted surface
layer that results in a shift of the Fermi level [39, 267, 270]. In dry conditions,
the signals of Pd-doped and non-doped layers were found to be similar, which
is in agreement with the results of Koziej et al. [269].
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5.5.1. Conclusions

The strong impact of the humidity sensitivity and the high impact of the humid
background on the CO response for the pure SnO2 films are major drawbacks
for gas sensors. However, if Pd is introduced into the thin film, the sensor
response to CO in humid air is enhanced, the baseline stability is improved, and
the impact of humidity on the baseline resistance is also reduced. The use of
an additional humidity sensor might not compensate for the remaining effects
due to its slow response. Further optimized Pd content or additional additives
might improve the situation here in the future.

5.6. Cross-Sensi vity to NO2 and Other Interfering Gases

In this section, the cross-sensitivity to interfering gases is discussed. In gen-
eral, MOX sensors have the drawback of being rather non-selective. Therefore,
the sensor response to sub-ppm concentrations of nitrogen dioxide (NO2) was
investigated. NO2 is an oxidizing gas and an indicator for outdoor air pollu-
tion. In addition, the response to several other reducing gases was measured
and compared.

5.6.1. Cross-sensi vity to NO2

The sensing properties of Pd-SnO2 (by sputtering) thin films with respect to CO
and NO2 were investigated at different operation temperatures (200–375 ◦C)
and at different levels of relative humidity (0% r.h., 20% r.h., 40% r.h.). The
films were exposed to five concentrations of CO (5–50 ppm) and two concen-
trations of NO2 (0.5 ppm and 1 ppm). Dynamic responses were measured, an
example can be found in Ref. [261]. The sensor resistance under NO2 exposure
is increased because NO2 is an oxidizing gas. Hence, the normalized sensor sig-
nal is defined as in Equation 2.38. The responses at different temperatures are
evaluated and are plotted in Figure 5.16. It clearly shows that the CO response
increased in humid synthetic air with increasing temperature. For dry air, there
is a peak in the response around 300 ◦C, and the sensor signal is lower than un-
der humid conditions. In general, the response to CO (20 ppm) is in the range
of Sred =2–3. However, for NO2 very high responses (Soxid>100 for 0.5 ppm
NO2) were obtained in relatively dry air at low temperatures. At 40% r.h. and at
higher temperatures, the sensor signal was found to decrease. The differences
in the temperature-dependent behavior of the sensor signal are most likely due
to the reaction with the surface adsorbates. While CO reacts with pre-adsorbed
oxygen species, NO2 is expected to be ionosorbed as a reactive oxidizing gas at
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Figure 5.16. Temperature-dependent sensor signal for 20 ppm CO (a) and 0.5 ppm NO2 (b) at dif-
ferent levels of humidity of Pd-SnO2 films. Lines serve as guides to the eyes only. After Ref. [261].

the tin dioxide surface. This reaction takes place at lower temperatures all the
way down to room temperature. The settling time for NO2 was comparable with
the time for CO, but the recovery time was very long with more than 10min at
temperatures below 300 ◦C.

5.6.2. Cross-sensi vity to other interfering gases

The resistive response was investigated for H2, CH4, C3H6, and NH3 for the
SnO2 and Pd-SnO2 (by sputtering) sensitive layers in dry conditions and at
30% r.h., see Figure 5.17. It was seen that the sensor has high cross-sensitivity
to most of the investigated reducing gases.

When exposed to 5 ppm H2, the sensor signal was higher than the one of
20 ppm CO, which is explained by a larger number of possible surface reaction
partners in the case of hydrogen interaction [271] and by a higher reduction
potential of hydrogen [267]. However, in the case of humid air, the response
to hydrogen was lower for both sensor types. The response to 10 ppm methane
is lower than the response to CO for both the doped and the undoped sensor.
Especially under humid conditions, the response to methane was negligible. For
propylene a high response in dry conditionswas seen for both sensors alongwith
a long recovery time. Also, here the signal is significantly reduced in humid air.
The response for the doped sensor is significantly larger than for the non-doped
one. There was also a high response to ammonia in humid air, which is similar
for both sensors and higher than in dry air. Response and recovery times for
the different gases are similar for both sensors. In humid air the baseline for the
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Figure 5.17. Dynamic response of SnO2 and Pd-SnO2 films exposed to various concentrations
of oxidizing and reducing gases (carbon monoxide, nitrogen dioxide, carbon dioxide, hydrogen,
methane, propylene, ammonia) at Top = 300 ◦C. The concentration of NO2 was 0.5 ppm. After
Ref. [261].

doped sensor was more stable, whereas in dry air the undoped sensor was more
stable.

In summary, sensor response when exposed to various reducing gases in
low concentrations was investigated. It was seen that SnO2 shows high cross-
sensitivity especially to propylene in dry synthetic air and ammonia in humid
air. Although the cross-sensitivity to humidity was greatly reduced due to the
Pd additive, the cross-sensitivity remained mainly unchanged. To deal with this
issue, filters can be applied. Furthermore, the use of other MOX as alternative
materials might enhance the selectivity of a gas sensor. WO3 as an example is
discussed in the following chapter.

5.7. Stability

In order to investigate stability and baseline drift, the chipsweremounted on TO-
8 sockets. The long-term measurements took place at the University of Tübin-
gen. The CO measurements were repeated and showed good reproducibility
(230 nm thick film with pO2 = 20 Pa). Here CO concentrations in the range of
5–200 ppm were applied repeatedly at four different levels of relative humidity
(0%, 10%, 20%, 50%). The full cycle was again repeated four times. In Fig-
ure 5.18, the determination of R0 and Rgas is illustrated. The values of R0 are
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Figure 5.18. Baseline measurement with repeated CO- and humidity-exposure of a mounted sensor.
Shown is the 3rd and the 4th measurement cycle. The relevant measurement points are highlighted
by arrows. The time offset from the beginning of the first measurement is 38 h.

picked prior to the gas change. The signals extracted from cycle 3 and 4 can be
found in the AppendixC.3. The 24h-baseline drift was defined asRn/Rn+1−1,
where n is the number of measurements. This value for the third and the fourth
measurements was in the range of 0.05–0.15 in humid conditions. When we
compare this value to the response to 50 ppm CO (R0/Rgas − 1), which is in
the range of 3.6–4.8 in the investigated case, we find that this sensor signal is
approx. a factor of 10 higher than the 24h-baseline drift in humid atmosphere.

5.8. Conclusions

In this chapter, the influence of the deposition parameters and additives to the
properties of SnO2 thin films prepared by large area PLD were discussed. Spe-
cial attention was paid to the gas-sensing properties with respect to CO. It was
seen that sensors based on SnO2 thin films prepared at pO2 ≥ 15Pa show promis-
ing response in the relevant concentration range for consumer electronic appli-
cations. Cross-sensitivity to humidity can be reduced by introducing Pd in the
layer by sputtering or direct deposition of a composite target. The Pd content in
the layer has to be further optimized in order to reduce the cross-sensitivity to
other reducing gases, and for dedicated applications filters might be necessary.



6. Tungsten Oxide for Gas Sensing

In this chapter, the gas-sensing properties of WO3 as an alternative material to
SnO2 were investigated. Besides SnO2 it is the only metal oxide that is success-
fully used in commercial thick film gas sensors. WO3 was reported to detect
various reducing gases such as ethanol [272] and was found to be promising
in sensing nitrogen oxides [273, 274]. Thin-film PLD WO3 was found to be
suitable for the detection of NOx [275–277]. The investigated PLD films were
not prepared with the Solmates tool—they were prepared using a specific ps-
PLD tool at the Finnish company Picodeon Ltd Oy [242], the details of which
can be found in. Ref. [278]. The infrared wavelength for the ablation laser was
1030 nm and the deposition pressure pO2 was in the range of 5–20 Pa. The depo-
sition took place in a pure oxygen atmosphere. All depositions were conducted
without substrate heating. The thickness of the samples was controlled by the de-
position time. It was in the range of 1.4–5.4µm; thickness measurements were
done by SEM. For each deposition pressure, layers of two different thicknesses
were prepared. The process parameters are summarized in Table 6.1. After the
deposition a heat treatment of two hours at 450 ◦C was applied for subsequent
stabilization of the thin films. As can be seen from this table, the deposition rate
depends on pO2 . Higher deposition rates correspond with higher porosities of
the layers and, thus, to higher thicknesses for the same deposition time. Large
parts of this chapter were published in Ref. [242].

Table 6.1. Overview of Picodeon process parameters. Sample 9 has an additional dense bottom
layer. After Ref. [242].

Sample # pO2 / Dep. time / Thickness/
Pa min µm

1 5 5 3.6
2 5 2 1.4
3 7 3 4
4 7 1.3 1.9
5 10 2 4.7
6 10 0.8 2
7 20 1 4.8
8 20 0.5 2.1
9* 10 2 5.4
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6.1. Morphological Proper es

Themorphological properties of theWO3 films were characterized by Picodeon
using SEM. The results are shown in Figure 6.1. The porosity increases with
increasing oxygen deposition pressure [278, 279]. The soft and brittle structure
of the deposited samples makes them very difficult to handle as the adhesion to
the substrate is limited. Good adhesion was only found for the pO2 = 5 Pa depo-
sition and the dense bottom layer (see Figure 6.2). The film adhesion is better
for the deposition at lower pressures, where the particles show a higher energy
when impinging on the substrate surface. The as-deposited layers are generally
amorphous and turn crystalline during heat treatment, as seen from both XRD
and Raman results [278]. After temperature treatment the layers were found
to comprise crystalline WO3 with mainly γ-phase as analyzed by XRD [278,
279]. The columnar growth process leads to tree-like structures with branches
[278]. With higher pressures the films show a highly-porous sponge-like struc-
ture. The high resolution SEM images allow for an estimation of the size of the
nanoparticles, which are about 15–30 nm in diameter, see Figure 6.1 b. In the
lower pressure range, the particles are more densely packed. This is illustrated
in Figure 6.3, which shows schematic layer cross sections. The nanoparticles
are formed in the plasma plume and are then deposited on the substrate. This
regime is stated by Infortuna et al. [174] as having no coherence with direct
deposition of clusters. In the case of the Picodeon tool, a porous microstructure
appears already at very low pressures such as pO2 = 5 Pa. This behavior is due
to the specific non-equilibrium process of ps-PLD. Other PL deposition meth-
ods (ns deposition) [279] and depositions at higher temperatures [261] with the
Solmates tool do not show a comparable effect. Another property that possibly
plays a role is the different ablation process of the target. In the picosecond
ablation the wavelength used is in the infrared. Consequently, the energy is
lower than the band gap of WO3. Generally, a denser microstructure at compa-
rable deposition pressures can be achieved by applying substrate heating during
deposition [174].

6.2. Electrical Proper es

I-V -curves were measured at RT in order to characterize the electrical properties
of theWO3 films. Figure 6.4 shows exemplary results of three different interdig-
itated electrode structures for sample 1. Each measurement was repeated five
times. The linear characteristic proves the ohmic behavior of the contacts. The
contact resistance was estimated from transmission-line measurements (TLM)
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(a) (b)

Figure 6.1. Cross-sectional SEMmicrographs of PicodeonWO3 layers deposited in parallel to sam-
ples 1–8. From the upper to the lower images, pO2 is increased. The films shown on the right have
lower film thickness. Part (b) shows higher magnification of layers shown in (a). After Ref. [242].

at RT, see Figure 6.5. The linear fit included in the diagram is described by the
following equation:

Rtotal = Rcontact +R(b) · b = 7.9 · 104 Ohm+ 1.8 · 104 Ohm/µm · b, (6.1)

with R being the resistance and b the distance between the contacts in µm.
The contact resistance is thus found negligible in the case of sample 1.

In Figure 6.6 the resistance values for the different depositions are summa-
rized. The resistance increases for increasing pO2 during deposition, with very
high values of resistance at pressures above 7 Pa. It is expected that this in-
creased resistance is due to the increased porosity of the layer, resulting in a
reduction of contacts between the grains and reduced percolation paths. It was
observed that the film thickness has only minor influence on the resistance. The
upper layers do not seem to contribute to the electrical conduction. The mea-
sured resistance can be reduced using higher aspect-ratio structures. The IDE
designs S01/S02 have an aspect ratio of 5, S20 has an aspect ratio of 333, and
S26 of 119.
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Figure 6.2. SEM-micrograph deposition in parallel to sample 9 showing the dense bottom layer and
porous surface. After Ref. [242].

a b c

Figure 6.3. Schematic of layers consisting of equally-sized grains from dense (a) to porous (c).
After Ref. [242].

As evident from the previous section, the resistive properties of the layers
with higher porosity obtained with increasing deposition pressure are limited
by a reduced number of grain-grain contacts with increasing deposition pres-
sure. The different oxygen pressure during deposition can also influence the
stoichiometry of the layers. This is expected to be of rather minor relevance for
the electrical resistance in this study, as the strong effect of deposition pressure
on the porosity is obvious.

6.3. CO Sensing Proper es

WO3 is not known as a standard material for sensing of CO. Nevertheless, in
this work a CO sensitivity in dry synthetic air was found. The sensing mecha-
nism of the resistive response of WO3 to CO was investigated by Huebner et al.
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Figure 6.4. Exemplary I-V -curves measured at RT for three different interdigitated electrode struc-
tures for sample 1. Insets shows the geometry of the IDE contacts; the aspect ratios are 5 (S01), 12
(S04) and 28 (S09). After Ref. [242].

[60]. The results of the spectroscopic study using operando diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) indicated that the surface re-
actions for WO3 differ from those of SnO2 [60, 280]. The CO gas is expected
to directly reduce the surface of WO3. In consequence a response to CO is seen,
even if it is dosed in pure nitrogen. This can be described by the following
equation [60]:

CO(gas) + OO → CO2(gas) + V••
O + 2e−, (6.2)

where OO stands for an oxygen atom at an oxygen lattice place and V••
O

represents an oxygen vacancy. The resistive gas response on samples 1–9 was
measured. Exemplary time-dependent response of the gas characterization in
synthetic air is presented in AppendixD, which shows the resistive response to
10–200 ppm CO. The measurement took place at about 320° C sensor tempera-
ture, and IDE structures with an aspect ratio of 12 were used as substrates. The
stabilization time of the sensors is quite short, and a stable baseline is reached
already after 30min for the first operation. The baseline resistance is higher
for sample 2 , which has a lower film thickness than sample 1. Sample 3 also
shows an increased resistance compared to sample 1. It is assumed that this is
due to the higher porosity of the layer deposited at higher pressures as already
seen for the RT resistance discussed in Section 6.2. In dry synthetic air, a direct
and fast response to CO is seen, with the resistance decreasing with increasing
CO concentration. The sensor signal to the reducing gas CO Sred is calculated
as for SnO2 in Equation 2.37, Section 2.1.11.
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Figure 6.5. Transmission line measurement results for sample 1, which was used to determine the
contact resistance. After Ref. [242].

The response can be described by a power-law function. A linear behav-
ior in the double-logarithmic plot is seen in Figure 6.7. The power-law fit is
described by Equation 5.1 in Section 5.3. Here, for all three sensors it is found
that κ ≈ 0.4 in dry air and κ ≈ 0.5 in the case of 50% r.h., which is typical
for porous grain-grain barrier controlled sensor response to reducing gases [42].
The response of the two films deposited at 5 Pa is similar. Thus, the influence
of the film thickness is low. The response is not increased for the more porous
layer deposited at 7 Pa. Measurement under humid conditions show a slower
gas response but still a clear response to CO. If the sensor drift is subtracted
using an exponential decay function, it is seen that the response to CO is not
reduced in humid air, but on the contrary, it is clearly enhanced. This is also
clearly seen in Figure 6.8 where the response to 200 ppm CO of different sam-
ples is summarized. This result is in line with a recent spectroscopic study [280]
that shows that water has an oxidizing effect when adsorbed on the surface of
tungsten trioxide.

6.4. NO2-Sensing Proper es

Previous studies showed a high response of PL-deposited WO3 to nitrogen
monoxide [278, 279, 281]. However, nitrogen dioxide was not investigated.
In order to find the reaction mechanism of the actual materials and to compare
gas reaction to different gases, the NO2 sensing properties of these materials
were also investigated.

A recent operando DRIFTS study by Staerz et al. hypothesizes that oxygen
vacancies play a dominant role for WO3 also in the interaction with oxidizing
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gases and that in consequencemechanism (1) in Section 2.1.10 is best describing
the interaction with NO2, which can be expressed by the following equation:

NO2(gas) + V••
O + 2e− → OO + NO(gas). (6.3)

Nitrogen monoxide gas (NO) is a reaction product in this process. For hu-
midity, a similar mechanism was found, with water filling the oxygen vacancies
[280]. On the surface of WO3, nitrogen oxide and oxygen compete for adsorp-
tion places in humid air. Exemplary dynamic response to NO2 is shown in the
AppendixD. All sensors show a strong response to low ppb concentrations of
NO2 in dry air at 300 ◦C. It is seen that the response to NO2 is slower than the
response to CO with t90 up to 30min. However, the recovery time is quite fast
with t90 of only about 10min. In Figure 6.9, the sensor signal to NO2 Soxid for
samples 1–3 is shown, which is calculated according to Equation 2.38, Chap-
ter 2.1.11. A saturation behavior can be observed for the concentrations above
1000 ppb. The reason for this effect is still unclear. In the case of humid air,
the sensor signal to NO2 is reduced due to a concurrence of reaction partners
between water and nitrogen dioxide. This is also clearly seen in Figure 6.10,
where the sensor response to 300 ppb NO2 is summarized for various deposi-
tion pressures for 0%, 20% and 50% of relative humidity. The samples were
prepared at various deposition pressures, as indicated in the diagram. While
samples 1–6 show a relatively high NO2 response, this response becomes much
smaller for samples deposited at a background pressure of 20 Pa. In the case
of sample 9 with a dense bottom layer, it is seen that the sensor resistance is
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Figure 6.7. Sensor signal Sred for samples 1–3, part (a) shows relative sensor signal to CO in dry
synthetic air and (b) at 50% r.h. Lines indicate a power-law fit. After Ref. [242].
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Figure 6.8. Resistive response to 200 ppm CO at different levels of humidity. After Ref. [242].

controlled by the low resistance of the bottom layer, strongly diminishing the
response to CO and NO2.

Gas response - cross sensi vity to other interfering gases

Cross-sensitivity to other gases (500 ppm CO2, 5 ppm H2, 5 ppm propylene,
10 ppm ammonia) was investigated at 300 ◦C, for two levels of relative humid-
ity, namely dry synthetic air and 30% r.h. on a hotplate-based gas measurement
system. The results are presented in Figure 6.11. It is seen that for prolonged
exposure to humid air, a stable baseline is reached and the influence of the hu-
midity on the baseline resistance is low. Exemplary sensors 1 and 2 deposited
at pO2 = 5 Pa were chosen for this study. Both sensors tested (same material,
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Figure 6.9. Sensor signal Soxid for samples 1–3, part (a) shows relative sensor signal to NO2 in dry
synthetic air and (b) at 50% r.h. After Ref. [242].
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Figure 6.10. Resistive response to 300 ppb NO2 at different levels of humidity.

different thickness) show a similar behavior with no response to 500 ppm CO2.
The response for hydrogen was moderate with a sensor signal of Sred = 2 in
dry air and Sred = 0.8 in humid air. The response of the sensors to the reduc-
ing gases C3H6 and NH3 is high in both dry and humid air. A sensor signal of
Sred = 41 for 5 ppm propylene and Sred = 6 for 10 ppm ammonia in dry air is
found. However, in the case of humid air, it is a bit reduced with Sred= 36 at
30% r.h. in the case of propylene, and Sred = 4 for ammonia. In summary, there
is a certain cross-sensitivity to other reducing gases that should be addressed in
future studies on this material.
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Ref. [242].

6.5. Conclusions

It was found that highly porous gas-sensitiveWO3 thin films can be prepared by
ps-PLD. The porosity of the layers is controlled by the deposition parameters.
Porosity strongly increases with increasing oxygen pressure during deposition
while the adhesion of the films decreases with increasing deposition pressure.
The high porosity at rather low deposition pressure obtained with the ps depo-
sition tool is attributed to its infrared laser ablation regime and its ultrashort
pulses. The resistance of the layers both at room temperature and under opera-
tion conditions increases with deposition pressure. Good sensor signals to CO
and NO2 are already achieved at deposition pressures of 5 Pa. For very porous
samples and very dense layers, the response to CO and NO2 becomes smaller.



7. Miniaturiza on Strategies

Besides choosing the appropriate gas sensitive material, the layout of the whole
sensor chip provides further potential for optimization. The main goal is the re-
duction in power consumption for future battery-powered applications. In this
chapter, a parameter study of the hotplate design is carried out in order to in-
vestigate its influence on the power consumption. On the one hand, electrical
characterization was carried out via four-terminal sensing. On the other hand,
finite element method (FEM) simulations were conducted and the results were
compared with reality, thus gaining insights into relevant heat-loss paths. Previ-
ous calculations showed clear deviations to measurements on initial membranes
of a standard size. It is thus clear that a dedicated study is necessary to reveal
these open points. Measurements and FEM simulations of this chapter were
performed within the frame of a master’s thesis by Ramona Zeisluft [247].

7.1. Overview of Miniaturiza on Study

This section gives a brief description of the strategy of the parameter study. Mi-
cromachined hotplate gas sensor chips fabricated in the Bosch Wafer Fab in
Reutlingen were investigated in detail. A systematic variation of the membrane
size was done. The aimwas to find effects of the geometric design of the chip on
the power consumption of the sensor. The chips investigated were not coated
with any gas-sensitive film. They comprised a Pt-based heater and contacts
on a stress-optimized silicon oxide-silicon nitride membrane. This membrane
ensures a thermal insulation of the meander-shaped heater that is optimized to
reach a target temperature homogeneously in the central part of the chip by
Joule heating. In order to reduce the power consumption, the relation between
the size of the meander and the membrane has to be optimized. The size of
the membrane—not the size of the heating meander—was varied due to higher
simplicity and easier processing.

Based on previous studies, it was expected that for minimizing power con-
sumption the most decisive parameter would not be the total membrane size but
rather the ratio between the heated area or meander area AM and the reduced
membrane area Areduced, see Figure 7.1. With the membrane edge length a, we
get the following relation for the reduced membrane size:
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Figure 7.1. Optical micrograph of a test chip. a is the edge length of the membrane that is high-
lighted in blue;AM is the meander area being equal to the active area of the MOX sensor. Adopted
from Ref. [247].

Areduced = a2 −AM. (7.1)

For the parameter variation, in this work nine different square membrane
sizes were chosen, ranging from 100 × 100µm2 to 450 × 450µm2 in side
length. The initial and standard membrane size was 300 × 300µm2. Optical
micrographs of exemplary chips are shown in Figure 7.2.

7.2. Electrical Characteriza on of Miniaturized Hotplates

The electrical characterization of the miniaturized hotplates was done by four-
terminal measurements. Thus, two needle probes were placed on each contact
pad. A current in the range of 1–20mA was applied and the voltage drop was
measured. The correlation between resistanceR and temperature T is given by:

R(T ) = R0 · (1 + αT · T ), (7.2)

where R0 represents the resistance at a temperature of T0=25 ◦C and αT is
the temperature coefficient. For platinum thin films, this coefficient was deter-
mined by test structures to be αheater = 0.00297K−1 for the resistive heater and
αIDE = 0.00218K−1 for the interdigitated electrode (IDE) which represents the
contact structure to the sensitive layer [247]. Using αheater, the temperature Tx

can be determined from the measured resistance Rx by the following relation:

Tx(Rx) = T0 +
Rx −R0

αTR0
. (7.3)
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100 x 100 µm² 150 x 150 µm² 200 x 200 µm²

250 x 250 µm² 300 x 300 µm² 320 x 320 µm²

350 x 350 µm² 400 x 400 µm² 450 x 450 µm²

Figure 7.2. Optical micrographs of nine square membranes. Membrane side lengths are indicated
in the images. Adopted from Ref. [247].

For the determination of the relation between power consumption and tem-
perature of the active area, the temperature of the meander is set to 320 ◦C target
operation temperature and the one of the electrical connections to 25 ◦C .

Figure 7.3 shows that for the membrane areas below 0.07mm2 there is a
strong increase in power consumption equal to the relation of Areduced to AM of
5:1 or below. This can be understood by a simple geometrical consideration,
presented in the work of Simon et al. [100, 115]. If we consider the heat which
is transferred by heat conduction, Equation 2.42 in Section 2.5.1, and make the
approximation of a round membrane with the radius rmembrane, we find that the
heat conduction through the membrane is proportional to 1/ln(rmembrane/rheater),
with rheater being the radius of the meander area. As a result, there is a satura-
tion behavior of the heat loss through thermal conduction through the mem-
brane, for larger membrane radii. From the analytical model, it is expected that
there should be no significant reduction of the power consumption if a ratio of
rmembrane/rheater in the range of 3–5 is reached [115]. In reality, however, further
important heat-loss paths occur, as presented in Section 2.5.1, e.g. heat conduc-
tion through the air to the chip and to themounting substrate and heat conduction
through the air to the surroundings. Moreover, heat conduction takes place in
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Figure 7.3. Required heating power needed for reaching the target temperature of 320 ◦C as a
function of membrane area. Results are obtained from four-terminal resistance measurements. The
standard deviation of the power consumption was found to be below 1% and the standard deviation
of the membrane size was below 5% for all membrane variants.

the membrane through the metal connections. The analytical model can hardly
predict other heat-loss paths, as presented in Section 2.5.1, without additional
information, for example heat loss through thermal conduction of the air. Here,
we need as boundary condition the temperature distribution over the heater and
the range of air that is relevant for heat conduction. These conditions are not
known from the beginning. Therefore, FEM simulations help to better under-
stand the connection between heat loss and chip design.

7.3. FEM Simula on of Thermal Characteris cs

FEM simulations were carried out in order to get a better understanding of
the heat-loss mechanisms in the miniaturized gas sensor chips. The simula-
tion software tool ANSYS was used and the simulation was conducted using a
three dimensional model in a steady-state [247]. Thus, only heat loss by heat
conduction is taken into account. By an analytical estimate, the heat loss by
radiation and convection was found to be insignificant in the considered tem-
perature range up to 320 ◦C [247]. The convective heat loss is small due to
the low dimensions of the device, which do not allow for significant fluid mo-
tion [282]. It was estimated to be of 0.3mW for the standard membrane and
0.6mW for the largest membrane [247]. The heat loss by radiation Qradiation is
strongly correlated to the temperature as described in the Stefan-Boltzmann law
(Qradiation ∝ T 4), see Equation 2.43 in Section 2.5.1, so heat loss becomes only
significant at temperatures higher than 400 ◦C [282]. At lower temperatures its
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Figure 7.4. Temperature distribution in cross-section of the micro-hotplate for membranes with
dimensions of 450× 450µm2, 300× 300µm2 and 100× 100µm2 (from left to right). The outer
boarders of the cavity and chip are framed in black.

contribution to the total heat loss is a few percent or less as has been shown
both analytically and experimentally in previous studies [205, 206]. A value
of 0.1mW of heat loss by radiation for both the standard membrane size and
the largest membrane size was found [247]. In Figure 7.4, the temperature dis-
tribution in the x-z-plane of the chips due to FEM simulation is illustrated. In
addition, the heat loss paths by thermal conduction are illustrated in Figure 7.5
for clarity. In Figure 7.4 exemplary three sample geometries were chosen, a
large (lateral dimensions 450 × 450µm2), a standard (300 × 300µm2), and a
small membrane (100 × 100µm2). More precisely, mainly the heat conduc-
tion through air is depicted. The heat source being the heated meander, it can
hardly be distinguished in the image due to its low thickness of a few hundred
nanometers compared to the thickness of the chip, which is 375µm. Figure 7.4
shows that the heat distribution is not symmetrical in z-direction orthogonal to
the virtual plane presented by the membrane1. This is due to the low thermal re-
sistance of the cavity compared to the open space in air. The small gap between
the membrane and the substrate/cavity edge increases the thermal heat flow in
the case of the smaller membrane. The hemisphere of heated air on the surface
has a lower volume for the two larger membrane variants. This is due to lower
thermal resistances in the cavity in these geometries. Although the thermal con-
ductivity λth of the air is significantly lower than that of the membrane due to
its low density (exemplary λth,SiO2 = 1.51 W

mK and λth,air = 0.037 W
mK ), there is

a significant heat loss through the air due to the small dimensions of the device
and respective scaling factors.

In Figure 7.6 the results of electrical measurements and the results of the
FEM simulations are compared. The same trend is seen for both the simulation

1The slight asymmetry in x-direction is explained by the plane cut of the image. The heat con-
duction represented by the Pt connections is non-symmetrical in every cutting plane, cf. optical
micrographs (top view) in Figure 7.2.
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1

2

3

Figure 7.5. Illustration of the distribution of the heat loss through heat conduction to the silicon
chip, (1) through the membrane, (2) through the air (top side), and (3) through the air in the cavity.
The heater presenting a thermal source is highlighted in red.

and the measurements concerning the power consumption. It is reduced for in-
creasing membrane areas approaching a value of about 10mW for the larger
membrane variants. Measured results and simulations are in very good agree-
ment. However, for the smallest membrane a quite large discrepancy between
the electrical and simulation results was found. Two kinds of simplifications
are assumed to be responsible for this discrepancy: In FEM simulation, the root
cause for errors is the meshing of the finite elements, which are of limited size.
For the electrical measurements the assumption is that, the temperature of the
meander is homogeneous and equal to 320 ◦C, and that the temperature of the
chip is equal to room temperature. This assumption works better for the larger
membranes. For the smallest membrane, simulation results of the lateral heat
distribution of the membrane show, that only a part of the meander reaches the
target temperature of 320 ◦C. Thus, for the smaller membranes, this results in
an underestimation of the power consumption by the simulation. If the whole
meander should reach at least the target temperature, this would lead to a higher
power consumption. Consequently, for the smaller membranes a larger diver-
gence between measurement results and simulation is found, as seen from the
left part of Figure 7.6.

For a better understanding of the heat losses of the chip, stationary-thermal
simulations were conducted in the FEMmodel. Thus, the heat conduction to the
chip which is illustrated in Figure 7.5 represents the largest part of the heat loss
for all membrane variants, with 85% for the standard membrane [247]. The heat
loss to the surrounding air and directly to the sensor mounting substrate below
the cavity is less significant. In Table 7.1 the results of the FEM simulations of
different heat-loss paths through heat conduction to the chip are summarized for
a large, a medium, and a small membrane. This more differentiated considera-
tion was reached by turning on and off of parts of the heat loss through the air in
the simulation model and recalculation. It is seen that different dominant heat-
loss paths exist for different membrane geometries. For all membrane types,
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Figure 7.6. Comparison of thermoelectrical FEM simulation and four-terminal resistance measure-
ments. Power consumption is shown for a target temperature of 320 ◦C in relation to the membrane
area. Line serves as a guide to the eyes only.

Table 7.1. Heat-loss paths for three different membrane sizes as parts of total heat loss.
heat loss path 450× 450µm2 300× 300µm2 100× 100µm2

0.2mm2 0.09mm2 0.01mm2

1) membrane to chip 49% 55% 87%
2) air (top side) to chip ≈0% 3% 6%

3) air in the cavity to chip 29% 26% ≈0%

the part of the heat that is transferred through the air on the top side to the chip
is significantly smaller than the other parts. It is seen that this part approaches
zero for increasing membrane size. In the case of the smallest membrane, most
of the heat (87%) is transferred through the membrane directly into the solid
chip. This is due to the small thermal resistance of the membrane, as the me-
ander (heater) edge is placed very close to the edge of the membrane. More
precisely, the part of the membrane that is not covered by the meander is only
3% of the total membrane area. For the larger membranes the thermal shielding
is significantly better. The fraction of heat, that is transferred through the cavity
air to the chip increases with increasing membrane size. The transducer with
the standard membrane shows the largest fraction of heat loss through the mem-
brane but also an important part is represented by the loss through the air in the
cavity to the chip (26%). Similar results are found for the case of the largest
membrane, whereas for the smallest membrane this heat-loss path is insignifi-
cant and most heat is transferred through the membrane and the air of the top
side.
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7.4. Conclusions

In this chapter, the power consumption of micro-hotplates for miniaturized re-
sistive gas sensors was analyzed in order to get a better understanding of the
relationship between design and electrical properties. The aim is to find possi-
bilities to further reduce the power consumption. Therefore, the results of four-
terminal sensing of the Pt resistances are compared to three-dimensional thermo-
electrical FEM simulations for nine different membranes with sizes ranging
from 100 × 100µm2 to 450 × 450µm2. The overall measurements and sim-
ulations are in good agreement. What is most important about the connection
between power consumption and temperature is not the total membrane size but
the ratio betweenmembrane size and the size of themeander-shaped heater. The
required power consumption for an operation temperature of 320 ◦C approaches
10mW for increased membrane sizes. If the relation of free membrane area to
heater area is 5:1 or above, almost no further reduction in power consumption
can be achieved. This result has been verified by both measurements and FEM
simulations. In addition, it is seen by FEM simulations, that for different mem-
brane geometries there are different dominant heat-loss paths. To begin with
heat is transferred through the solid membrane, with a share of up to 87% for
the smallest membrane. The heat loss by thermal conduction through the air in
the cavity represents also an important part for larger membranes with a value
of 26% for the standard-sized membrane of 300 × 300µm2. The results of
this work can be used as a guideline for future design of miniaturized hotplate
geometries and multi-pixel gas sensors.



8. Conclusions and Outlook

In this work, several aspects of miniaturization of a chip-based gas sensor for
sensing of the toxic and odorless gas COwere investigated. The main focus was
on reducing the power consumption to a value of a fewmWand onminiaturizing
the chip size, thus opening up the prospect of mass market applications and
mass production. With respect to sensitivity, the goal was to ensure a detection
of CO in the concentration range of 5–50 ppm, which is relevant to consumer
electronics (CE). The gas sensor is based on a metal oxide (MOX) thin film
that changes its resistance when heated and exposed to the reducing gas CO.
Therefore, novel materials and processes were developed.

8.1. Conclusions

MOX sensors based on thin films require very good (and reliable) contacts to
the electrodes that serve as lines to external connections, e.g. bondpads, and
as contact to the sensitive material. In the first part of this thesis, Pt contact
structures with Ti adhesion promotor were designed in order to fulfill both tasks.
A bi-layer lift-off process was established and optimized, and lift-off resists
(LOR) of various thicknesses were used. Thus, due to the isotropic sputtering
source, shadowing occurred during the deposition, resulting in different edge
geometries for different resist geometries. It was seen that, for a certain resist
thickness, ideal smoothly tapered edges were formed. The experimental results
are in line with the results from iterative calculations. The smoothly tapered
edges promote good contact with the thin sensing films of the devices based on
MOX layers.

The second step was to improve the gas-sensitive material. In conventional
resistive CO sensors, a thick film MOX material is applied. In this work, the
aim was to create gas-sensitive thin films, as these do not have principle limita-
tions for further miniaturization. The large-area pulsed laser deposition (PLD)
technique was established in order to deposit the MOX films on wafer level.
Therefore, a Solmates ns-PLD tool was utilized. Four-point probe measure-
ments gave a good measure of the layer quality as the resistivity is dependent
on both the stoichiometry and themorphology of the layers. RT resistivity of the
MOX films was found to depend on the oxygen pressure during deposition. Re-
sistivity of the films increases with increasing oxygen pressure for n-typeMOX,
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which can be explained by a higher oxygen ratio in the layer material, and con-
sequently a lower carrier concentration. As evident from SEM, the deposition
conditions also highly impact the morphology of the films. The layers were
deposited on Pt interdigitated electrode contact structures with different aspect
ratios for applications in gas tests. Specially designed two-side trenched silicon
shadow masks were used to pattern the MOX films directly during deposition.

The SnO2 films were investigated in further detail as they exhibited a good
and stable gas response to CO, superior to that obtained with ZnO, CuO, In2O3,
andWO3. Depositions were conducted at 300 ◦C and had a subsequent tempera-
ture treatment at 400 ◦C in humid air. Sufficiently stable materials for the appli-
cation in gas sensing were found. Depositions in the upper deposition pressure
range (>10 Pa) resulted in porous films. TEM and XRD investigations showed
that these layers consist out of nanoparticles in the size range of 3–10 nm. The
high oxygen content in these layers and high number of grain-grain contacts
resulted in a high baseline resistance at both room temperature and under oper-
ation conditions (300 ◦C). Excellent response to CO was found for the porous
samples. Denser layers from deposition under lower oxygen pressure showed
a weak response.

Various metal additives such as Ni, Pt, and Pd - were introduced into the
SnO2 film to improve the performance in humid air. Both the resistance baseline
of the layer and the sensor signal was influenced by humidity for the undoped
layers with the sensor signal to CO being diminished in humid air. Pd was found
to show the best improvement to the gas-sensing properties. It was introduced
by sputtering and a subsequent temperature treatment. Thereafter it was present
throughout the whole layer thickness, as seen from XPS investigations. The
sensor baseline was more stable for undoped layers and the gas signal was in-
creased in the case of humid air. This is most likely due to a Fermi-level control
mechanism in the interaction of the Pd-PdO-SnO2 three phase boundary. How-
ever, for a sensor signal independent of the humid conditions, the Pd content in
the layer has to be further optimized. In order to gain information about sensor
cross-sensitivities to other gases, the temperature-dependent sensor response to
NO2 was investigated. It was seen that the sensor has a high response to NO2 at
low operation temperatures (200 ◦C), which stood in contrast to the sensing of
CO for which the sensor should be operated at temperatures above 300 ◦C. In
addition, the cross-sensitivity to hydrogen, methane, ammonia and propylene
was investigated and it was found quite high for all gases except methane.

Furthermore, ps-PL-depositedWO3 was investigated, showing less densely
packed crystallites than in the case of the ns-PL-deposited SnO2. The porous
samples showed a good response to CO. Despite their even higher porosity, the
WO3 layers deposited in the upper pressure range of the ps-PLD tool did not
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show a further improvement in the sensor signal. The layers were highly resis-
tive, very fragile, and difficult to handle. The sensor response to CO was high
both for dry and humid air, whereas the response to NO2 was decreased under
humid conditions. As in the case of SnO2, there was certain cross-sensitivity to
the reducing gases, namely hydrogen, ammonia, and propylene in both dry and
humid atmosphere.

Finally, a parameter study was conducted on the sensor chip and its heated
membrane. The aim of this was to get insights into further miniaturization
options. For this purpose the behavior of sensors with nine differently sized
membranes was studied. All other dimensions, as well as the heater, were
not changed. Experimental studies were carried out using four-terminal mea-
surements of resistance. Hence, the temperature-dependent resistance of the Pt
heater was used for the estimation of the temperature of the active area on the
chip. When comparing thermo-electric FEM simulations and experimental re-
sults, it was seen that there is a strong correlation of membrane size and total
power consumption beneath a membrane size of 300× 300µm2. For this size,
the power consumption for heating the active area to 320 ◦C was found to be
10mW. Larger membrane sizes only led to a small further reduction in power
consumption. The dominant heat-loss paths of the sensor were different for the
different membrane sizes. In all cases, the most important heat transfer was via
thermal conduction in the membrane. Another important heat-loss path was—
especially for larger membranes—through the heat conduction through the air
inside the cavity. The results found in this parameter study can be used as design
rules for further miniaturized and design of multi-pixel gas sensor chips.

8.2. Outlook

Interesting paths for further research on miniaturized, low power, and selective
CO gas sensor chips are summarized in the following:

• Hallmeasurements should be conducted on the thin films in order to gain
a better understanding of the interplay between the layer morphology and
electrical properties. The impact of the grain-boundary scattering, which
results in a change in electrical mobility, can be separated from the impact
of the stoichiometry that leads to a change in carrier density.

• The Pd content in the layer should be optimized in order to further reduce
the humidity cross-sensitivity. For the Pd-SnO2 material developed in
this work, the response in the presence of humidity is increased. However,
both the baseline resistance and the sensor signal are dependent on the
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level of relative humidity. Layers of the best properties are expected to
be achieved by deposition from a Pd-SnO2 composite target.

• Alternative additives and filters should be introduced in order to further
reduce the cross-sensitivity to other reducing gases. Charcoal-based fil-
ters are already successfully used against hydrocarbons and other volatile
organic compounds [283]. Material combinations of different MOX such
as CuO and SnO2 are under investigation for a more selective response
to CO. Despite their improved selectivity, they often show deficits with
respect to sensor response and stability. A sensor chip with different sens-
ingmaterials—amulti-pixel sensor—is expected to substantially improve
the selectivity.

• Structuring of the thin films by wet or dry etching methods could not
sufficiently be addressed within this work. The shadow mask deposition
process, results in relatively large patterned areas. A sacrificial layer tech-
nique might be a good option to structure multiple MOX thin films on a
common sensor chip [284].

• MOX deposition on miniaturized heated membranes should be tested
in order to obtain complete miniaturized CO gas sensor chips. For this
purpose various topics have consequently to be addressed such as the com-
patibility of the patterning process with the hotplate and stress introduced
by the thin film to the membrane.

• Temperature modulation can be applied in order to reduce the cross-
sensitivity of the gas sensor chip without the need for an additional mate-
rial. As it was seen that the response to CO and NO2 is high in different
temperature regimes, the use of temperature modulation for the increase
in selectivity is expected to be promising.

• Reliability testing of the thin-film-based gas sensors should be further ex-
tended to gain experience and to define requirements for a CE sensor. So
far, onlymeasurements over relatively short periods of time (several days)
have been carried out. There should be long-term testing over weeks and
months under more realistic working conditions. Ambient air, air with
contaminating substances e.g. sulfurous compounds or siloxanes, and air
with different pollution levels should be used for such tests.



A. Experimental

Table A.1. Basic parameters and aspect ratio of the used Ti-Pt IDE structures.
Structure Finger length / Finger gap / # Finger Aspect ratio
number µm µm

1 62 25 3 5.44
2 62 25 3 5.44
3 62 25 3 5.44
4 37.5 12.5 4 11.8
5 37.5 12.5 4 11.8
6 75 25 4 11.8
7 75 25 4 11.8
8 75 12.5 6 28.2
14 75 12.5 6 28.2
13 75 12.5 6 28.2
15 150 25 6 28.2
9 150 25 6 28.2
10 300 50 6 28.2
22 75 12.5 6 28.2
21 75 12.5 6 28.2
26 300 25 10 119.2
20 300 12.5 14 333.6





B. Alterna ve Materials

In this section, various metal oxides that were prepared by PLD are compared.
First, the morphological properties, then the electrical and the gas-sensing prop-
erties are presented. The morphological properties are investigated by SEM.

B.1. Morphological Proper es

Various metal oxides thin films were prepared on the wafer level, and the mor-
phological properties were investigated by SEM. The morphological properties
of ZnO, CuO, andWO3 were comparedwith SnO2. The results are shown in Fig-
ure B.1 for the pressure regime of 1–10 Pa. It was seen that, in the same pressure
regime, different structural properties for different materials appear. All mate-
rials showed a rather amorphous structure at 1 Pa deposition pressure. For the
deposition at 5 Pa, all layers were quite dense, and for 10 Pa a more open mor-
phology appears for all materials except WO3, which still appeared quite dense.
For the case of ZnO, the material showed a strong columnar growth especially
in the low-pressure regime of 1 and 5 Pa. This result was stressed by the XRD
results, which showed a preferential growth in (002)-direction. For the case of
CuO also a columnar growth structure appeared. In the case of SnO2, the grains
were randomly orientated.

B.2. Electrical proper es

The electrical properties of the MOX thin films were investigated by four-point-
probe measurements. This was done to pre-characterize the layers prior to gas
measurements. The sheet resistance of the MOX layers depends on both its
crystallinity and stoichiometry. The carrier concentration is a function of the
oxygen content in the layers. ZnO, WO3 and In2O3 are n-type oxides, in conse-
quence oxygen vacancies represent donors, whereas metal ion vacancies repre-
sent acceptors in p-type oxides such as CuO. The carrier mobility is a function
of the crystallinity and crystal size of the polycrystalline thin film. Thus the
measurement of the sheet resistance is a sensitive instrument for the character-
ization of MOX films on the wafer level. The measurements were conducted
at room temperature in a controlled environment (20 ◦C, 50% r.h.) using an au-
tomatic four-point-probe measurement system which measured 81 points over
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Figure B.1. Cross-sectional SEM micrographs of various MOX thin films

the wafer. From these results the mean values were taken. The results depicted
in Figure B.2 show that the conductivity of the various metal oxide layers can
be controlled by adjusting the oxygen pressure in the deposition chamber, as
already seen for SnO2 in Chapter 5. ZnO was seen to be especially highly re-
sistive at deposition pressures and had resistances too high to be measurable
with the four-point-probe system. The same layers deposited on structures with
Ti-Pt-contacts led to an estimation in the range of 104 Ohm cm. Additional
depositions of ZnO were conducted in an argon atmosphere. They showed a
significantly lower resistivity due to less oxygen input during deposition. How-
ever, layers grown in argon atmosphere also appeared denser in the SEM images
than layers deposited at same pressure in oxygen.

B.3. Gas-sensing proper es

Prior to gas measurements, the samples were annealed in humid synthetic air at
400 ◦C for 4 hours for stabilization. This led to an increase in the sheet resistance
most probably due to further oxygen input in the layers. For SnO2 and CuO the
resistance increased less than factor 10, WO3 showed an increase of less than
factor 100 whereas the low resistive ZnO, prepare at 1 Pa oxygen background
pressure showed a resistance increase as high as factor 104.

Gas measurements were conducted on a heated chuck using a total flow of
1000 sccm of dry synthetic air. Measurement results from ppm concentrations
of different PLD-deposited layers are shown in Figure B.3. The normalized
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Figure B.2. Resistivity range for different MOX films deposited at various oxygen pressures and
300 ◦C. For ZnO films both argon and oxygen were used as background gases (see legend).

sensor response is defined as in Equation 2.37 for n-type oxides and for CuO
(p-type) as

Sred,p = (Rgas −R0)/R0. (B.1)

Here, the resistance increases under CO-exposure. The PL-deposited WO3
did not show a measurable response to CO. SnO2 and In2O3 showed the highest
response under these conditions, where the SnO2 baselinewasmore stable. CuO
showed a quite linear response to different concentrations of CO. However, the
signal did not reach the equilibrium in a measurement time of 5min. ZnO films
showed high resistance and low response to concentrations higher than 20 ppm,
where the sensor signal almost reached saturation.

B.4. Conclusions

The resistance of thin films of different metal oxides prepared by large area
PLD on silicon substrates could be controlled by changing the oxygen pressure
in the deposition chamber. All oxides except WO3 prepared with the Solmates
deposition tool showed resistive response to 5-50 ppm concentrations of car-
bon monoxide. The sensor response was compared to SnO2 which showed the
highest and most stable response to CO.
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Figure B.3. Measurement temperature and deposition pressure as indicated in legend, sensor signal
S = (R0 −Rgas)/Rgas for n-MOX and S = (Rgas −R0)/R0 for CuO.



C. SnO2

C.1. SnO2 morphology of RT deposi on

(a) (b)

Figure C.1. SEM results of as-deposited (a) and post-annealed (b) SnO2 films deposited at room
temperature, pO2 = 10 Pa.

(a) (b)

Figure C.2. SEM results of as-deposited (a) and post-annealed (b) SnO2 films deposited at room
temperature, pO2 = 15 Pa.
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Figure C.3. Dynamic response of SnO2 thin films (pO2 = 10 Pa), different thicknesses were used
(one trace and two traces), as indicated in the legend.

C.2. Dynamic response for SnO2 films of different thickness.

C.3. Stability

Figure C.5. Extracted CO response for repeated measurements.
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Figure C.4. Dynamic response of SnO2 thin films (pO2 = 20 Pa), different thicknesses were used
(one trace, two traces, and four traces), as indicated in the legend.

Figure C.6. Extracted sensor baseline for repeated measurements.

Table C.1. Baseline drift after repeated operation (measurement duration: measurement 1: 16 h,
measurement 2–4: 23.5 h): Rn/Rn+1 − 1. Operation was conducted at different levels of humid-
ity.

Measurement 0%r.h. 10%r.h. 30%r.h. 50%r.h.
First-Second -0.19 -0.2 -0.26 -0.32
Second-Third -0.18 -0.29 -0.2 -0.08
Third-Forth 0.35 0.15 0.24 -0.05
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Table C.2. Baseline drift after repeated operation (measurement duration: measurement 1: 16 h,
measurement 2–4: 23.5 h): Rn/Rn+1 − 1. Operation was conducted at different levels of humid-
ity.

Measurement 0%r.h. 10%r.h. 30%r.h. 50%r.h.
1 -0.01 1.91 2.51 2.91
2 0.15 2.97 3.88 4.48
3 0.35 3.97 4.62 4.78
4 0.42 3.62 3.98 4.87
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Dissertationen aus der Naturwissenschaftlich-Technischen
Fakultät der Universität des Saarlandes

CO Gas Sensor for
Consumer Electronic Applications

Elisabeth Margarethe Preiß

Gassensoren in Smartphones und anderen mobilen Geräten
haben das Potential, zukünftig Lebensqualität und Sicherheit
zu verbessern. Dafür ist ein hoher Grad an Miniaturisierung
und die Reduzierung der Leistungsaufnahme notwendig. In
dieser Arbeit wurden verschiedene Aspekte miniaturisierter,
resistiver COSensoren auf Basis von Metalloxiden (MOX) un-
tersucht. Herstellung erfolgte mit gepulster Laserabscheidung
(PLD) auf Platinstrukturen, die mit einem Lift-Off-Prozess
strukturiert wurden. Per Simulation und Experiment wurden
Einflüsse der Lackgeometrie auf die Metallstruktur aufgezeigt.
Bei den untersuchten MOX-Dünnschichten lag der Fokus auf
SnO2. Dessen elektrische und gassensitive Eigenschaften hän-
gen stark von den Abscheidungsbedingungen ab: Höhere 
Abscheidungsdrücke (>10 Pa) führen zu höheren Grundwider-
ständen sowie zu einem höheren Signal für CO in trockener
Luft. Diese Eigenschaften korrelieren mit der nanoporösen
Morphologie des Materials. Bei Messungen in feuchter Luft re-
duzierte sich das CO-Signal im Vergleich zu trockener Luft.
Durch den per Sputtern aufgebrachten Zusatz von Edelmetal-
len, insbesondere von Palladium (Pd), konnten die Eigenschaf-
ten deutlich verbessert werden. COSensitivität in feuchter Luft
konnte für hochporöses WO3 ebenfalls gezeigt werden. In einer
Parameterstudie wurde in Experiment und Simulation zudem
der Einfluss der geheizten Membrangeometrie auf die Lei-
stungsaufnahme des Sensors untersucht.
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