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lichte, diese Arbeit durchzuführen. Herr Prof. Dr.-Ing.Heinz Fissan gab mir
jederzeit große wissenschaftliche Freiheit und brachte mir sehr viel Vertrauen
entgegen.

Herzlich bedanke ich mich bei den ehemaligen Arbeitskollegen der AMT. Ins-
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Symbols

e 1.602·10−19 As Elementary charge

k 1.38066·10−23 J/K Boltzmann‘s constant

Evac eV Vacuum energy level

EC eV Energy level of conduction band

EV eV Energy level of valence band

EF eV Energy level of Fermi energy

Et eV Energy level of surface barrier

V s eV Schottky barrier height

χ eV Electron affinity

ϕ eV Electron work function

δ eV Dope parameter

LD m Debeye length

N s m−2 Number of occupied adsorbed places

Nd m−3 Donator density

ρ m−3 Charge carrier density

ε0 8.8·10−12As/Vm Permittivity of vacuum level

εr Permittivity of semiconductor

Dmi m Initial mobility diameter

Dms m Sintered mobility diameter

φ V Electrical potential



viii Symbols

ρ (Ωm)−1 Conductivity

µ m2/Vs Charge carrier mobility

n m−3 Charge carrier concentration

G Ω−1 Conductance

Hp eV Energy after physisorption

HC eV Energy after chemisorption

D m Crystallite size

V J Lennard-Jones potential

ε Depth of potential cavity

σ m Distance between interacting particles

r m Atomic distance

Θ Langmuir-Isotherm

N m−3 Particle number concentration

S Sensivity

U V Voltage

I A Electrical current

τ s Response time constant

R Ω Electrical resistance

DK m2/s Knudsen diffusion coefficient

T ◦C Temperature

M g/mol Molecular weight

rp m Pore radius

ẋ Neck growth rate

γ J/m2 Surface tension

a m Initial particle radius

dox m Silicon oxide thickness

t s Process duration



Chapter 1

Introduction

1.1 General

It has been known for a long time that the adsorption of gas molecules on
a metal-oxide semiconductor surface can cause a significant change in the
electrical resistance of the material [Weisz [88]]. Their surface properties are
sensitive to changes in the gas atmosphere, especially on small amounts of
hydrocarbons and hydrogen [Seiyama et al.[78]]. Tin oxide (SnO2), which
is an n-type semiconductor material, is one of the most investigated mate-
rials [McAleer et al. [59]]. The gas-sensing mechanism depends on chemical
and electronic properties and on the three-dimensional ordering of both the
bulk and the surface material, and is mainly influenced by the surface re-
gion of the grains/particles. Göpel et al. emphasised that the development
and improvement of a chemical sensor requires a balance between empirical
knowledge and systematic research as long as the basic processes involved
are unknown [Göpel [30]]. Accordingly, studying the structure as well as the
volume and surface chemical composition, is of great importance to better
understand the gas-sensing mechanism [Martinelli et al. [58]].

The gas-sensing mechanism is still not fully understood. It is described as
a chemical adsorption/desorption process of oxygen on the surface of sens-
ing materials [Ihokura et al. [40] and Wada et al., [87]], followed by a charge
transfer mechanism between the adsorbate and surface of the sensing mate-
rial, leading to a measurable change in the electrical resistance. During this
mechanism a space charge region with a thickness of ∼3 nm is built at the
surface leading to a decreased electrical conductance. If the sensing material
is exposed to a reducing atmosphere, such as air containing carbon monoxide,
ethanol, hydrogen or methane, surface reactions will result in a lower surface
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coverage of oxygen adsorbates and, therefore, in an increased conductance
[Shimizu et al. [81]]. Oxidising gases, such as ozone and nitrogen oxide, can
also be detected by metal-oxide gas sensors [Zampiceni et al. [93] and Dieguez
et al. [20]].

Regarding the chemical composition, it is of importance to know the sto-
ichiometry because this can have an effect on the gas-sensing properties of
metal-oxide materials [Martinelli et al. [58]]. The oxygen stoichiometry of
tin oxide can lie between SnO and SnO2. Additionally, different crystallo-
graphic phases of tin oxide exist. Generally, understoichiometric tin oxide
(SnO2−x) is used as sensing material because oxygen vacancies are necessary
for the gas-sensing mechanism. Consequently, the chemical composition dur-
ing synthesis needs to be optimised and a stable crystallographic structure
and stoichiometry must be formed for best sensor operations. In spite of
many studies concerning the oxidation of SnOx thin films prepared from Sn
or SnO2 precursors [Yoo et al. [92]], only a little amount of work on the oxi-
dation process of SnO nanoparticles can be found in literature. Nevertheless,
it is known that annealing treatments and structure influence the sensitivity
of SnO2 thin film gas sensors [Pan et al. [69]].

Nanostructured materials for gas-sensing applications are of great interest
due to their higher surface/volume ratio compared to that of bulk material
leading to a larger reactive surface. Additionally, microelectronic circuitry
provides the means of achieving low fabrication cost and ease of miniatur-
isation of nanostructured gas-sensing devices [Chung et al. [13]]. SnO2 gas
sensors are one of the examples of functional materials where the use of
nanoparticles was shown to lead to improved sensor properties due to the
higher surface to volume ratio [Baik et al. [3]]; nanoparticles build porous
films, thus increasing the reactive surface in relation to the whole material
volume of the dense film.

In 1982, the sensitivity of dense nanoparticle films was compared with that
of porous nanoparticle films with mean grain sizes in the order of 7-12 nm
[Ogawa et al. [67]]. The increased resistance change in the nanoparticle
porous layer in ethanol was explained by showing that the charge carrier
mobility is not a function of the concentration of one gas in the case of dense
films, but is strongly dependent on the gas concentration for the porous
nanocrystalline films; this resulted from the charge carrier mobility modula-
tion, caused by the gas adsorption leading to higher sensitivity values. Porous
layers have a higher reactive surface: this causes an increased gas adsorption
quantity. Consequently, the mobility is influenced by the morphology of the
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layer being changed.

Significant alterations in the resistance, due to the change of the gas am-
bient, are expected if a material is composed of very small SnO2 particles;
the particle size should be approximately twice the depth of the space charge
region. In particular, the use of grain sizes below 6 nm results in large in-
creases in sensitivity [Xu et al. [91]]. However, changing the grain size is
normally accompanied by a change in the material structure and chemical
composition.

Many different synthesis methods have been used to study the properties
of nanoparticle gas-sensing layers. The most popular methods, as indicated
in Table 1.1, are sol-gel and gas-phase condensation. The results of studies,
which determined both the SnO2 particle size and the sensitivity of the cor-
responding nanoparticle film gas sensor, are presented. Note that it is not
possible to correlate directly particle size with sensitivity from these stud-
ies because other parameters which influence the electrical properties of the
metal-oxide gas sensor are not shown.

Generally, sensitivity diminishes with a decreasing gas concentration. Other
important aspects are the operating temperature and gas type: these must
be taken into account in comparing gas-sensing measurements between the
various researchers. For instance, Barbi et al. made gas-sensing measure-
ments of particle layers with a mean particle size of 15.5 nm and a thickness
of 155 nm and obtained a sensitivity value of 90 at 191 ◦C and 500 at 300
◦C for 15 ppm NO2 [Barbi et al. [5]]. Baik et al. produced particle layers by
means of the sol-gel method and, subsequently, by a calcination process: a
sensitivity value of 1,700 was obtained for particle layers with a mean crys-
tallite size of 9 nm at 600 ◦C for 800 ppm H2 and a value of 250 for particle
layers with a mean diameter of 18 nm after calcination for the same gas con-
centration [Baik et al. [3]]; unfortunately, the work was done using a different
gas type and film thickness was not mentioned although this has a significant
influence on the sensitivity of different gas types. It was discovered in an-
other study that the sensitivity for H2 decreases as film thickness increases,
while the CO response was almost independent of the film thickness [Sakai
et al. [74]].

For an objective comparison between different sensor material structures,
particular attention must be given to the particle size as well as to the
nanoparticle film dimensions and chemical composition which have to be
identical. To illustrate this: the grain size was altered by changing the par-
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tial pressure of oxygen during the synthesis, so that the stoichiometry of
the films with different particle sizes varied [Ogawa et al. [65][66]]. For gas-
sensing measurements, it is important to have grain transitions which are
conducting, i.e. grains which are in the conducting state. Aging effects,
during the heating of the layer to reach a certain operating temperature,
can destroy the particle size distribution because small grains can sinter to
compact clusters and, thus, create larger grains. One very popular method
to obtain size-dependent gas-sensing properties is to calcinate the samples
at temperatures of 500-900 ◦C. It has been shown that a calcination process
changes the particle size distribution [Baik et al. [3]].

Another method used to vary the grain size is to add different metals to the
SnO2 before sintering the films at 700 ◦C, but then the effects of dopant
and grain size are difficult to distinguish [Xu et al. [91]]. Annealing temper-
atures higher than 600 ◦C are applied to stabilise the microstructure so that
no altering process during sensor operating occurs. However, almost no size-
dependent gas-sensing measurements have been achieved for monodisperse
particles without an additional treatment, such as calcination or doping.

Experiments up to now seem to indicate that the production of monodis-
perse SnO2 particles in the gas-phase with different sizes is the best method
to investigate their size-dependent characteristics. In this investigation, a
synthesis procedure was developed to obtain tailored nanoparticle films from
monosized tin oxide nanoparticles. Various particle and film characteristics
can be independently controlled. However, the production of nanostructured
devices also requires the development of specially configured substrates.

1.2 Structure of this investigation

The purpose of this investigation is to produce a gas-sensing device based on
monodisperse SnOx nanoparticles and to examine the particle size and chem-
ical composition dependent properties of nanoparticle films. Accordingly, a
thin film synthesis technique to generate monodisperse SnOx nanoparticles
with a defined chemical composition has been developed. This investigation
will show how the process parameters affect the gas-sensing properties of the
nanoparticle films generated and, consequently, will provide information to
enable the material dependent properties of defined SnOx gas sensors pro-
duced in the gas phase to be better understood. Furthermore, the production
of commercially available metal-oxide gas sensors can be improved by means
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6 Introduction

of using suitable nanoparticles.

Chapter 2 gives a basic overview of the basic gas-sensing mechanism and the
important parameters which influence the gas-sensing properties of nanopar-
ticle films and the thickness of the space charge region; it concentrates on the
physical effects on metal-oxide surfaces in different gas ambients and provides
information about possible changes in the sensing characteristics if either the
microstructure or the chemical composition is altered.

Details of the experimental method to produce monodisperse tin oxide nano-
particles are set out in Chapter 3. The important parameters are particle size,
film formation and chemical composition due to the in-situ and ex-situ treat-
ment of thin films. Additionally, the methods to characterise the material
and electrical properties of undoped as-deposited and annealed nanoparticles
and particle films are presented.

The material, electrical and gas-sensing characterisation results of as-deposited
and annealed SnOx nanoparticle films are described in Chapter 4. The in-
fluence of the in-situ and ex-situ process parameters on gas sensitivity and
response behaviour is discussed for ethanol (C2H5OH) and carbon monoxide
(CO) as reducing gases, and nitrogen oxide (NO) and oxygen (O2) as oxidis-
ing gases. The relationship between the material and gas-sensing properties
of SnO2 nanoparticle layers is of particular interest.

Chapter 5 contains concluding comments.



Chapter 2

Fundamentals of metal-oxide
gas sensors based on
nanoparticles

2.1 Metal-oxide semiconductor gas sensors

Metal-oxide semiconductor gas sensors are used to monitor the content of
oxidising and reducing gas molecules in a surrounding medium (usually air).
The operational principle of such a device is to transform, directly, the value
of adsorption and desorption of oxygen into an electrical signal. The electri-
cal signal is the conductivity of the sensing layer which changes due to the
attendance of different gas ambients.

Originally, gas sensors were available in the form of pellistors, whereby en-
ergy was liberated in the oxidation process of a combustible gas at operating
temperatures of about 500 ◦C. Nowadays, chemical sensors are used in thick
film or bulk form. They have migrated to thin films where they can, in
principle, be combined with silicon circuitry to form an integrated system of
the sensor itself, along with the electronics necessary to measure the sensor
response and to provide the appropriate signal; this device is called a ‘trans-
ducer‘. A schematic of a measurement chain to detect gases by means of
metal-oxides is shown in Figure 2.1. The chemisorption mechanism describes
the reaction process resulting in a resistance change. A transducer, which
consists of the gas-sensing film and the substrate including electrodes and
heating elements, converts a chemical quantity into an electrical quantity for
purposes of a measurement. The display shows the resistance change, i.e.
the sensitivity of a given gas-sensing device. The principle gases for which
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c h e m i s o r p t i o n
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Figure 2.1: Schematic of the measurement chain for gas-sensing applica-
tions by means of metal-oxides.

this type of sensor has found most widespread application are the lower hy-
drocarbons. However CO, H2, NOx and other gases have also been measured
using this technique.

The principle manner in which these sensors operate can be summarised as
follows: there is a finite density of electron donors (e.g. adsorbed hydrogen)
and/or electron acceptors (e.g. adsorbed oxygen) bound to the surface of a
wide bandgap semiconducting oxide, such as tin oxide (SnO2, band gab: 3.6
eV). The electron donors or acceptors cause the formation of surface states
followed by an exchange of electrons within the interior of the semiconduc-
tor, thus forming a space charge layer close to the surface. By changing the
surface concentration of the donors/acceptors, the conductivity of the space
charge region is modulated. Göpel et al. showed a schematic representation
of elementary steps in chemical sensors and catalysts with charge-transfer
reactions at interfaces by using bulk oxides charge carriers [Göpel et al. [32]].

In comparison to other sensor types, e.g. electrochemical gas sensors, the
production of metal-oxide gas-sensing materials is very cheap and their life-
time is longer. SnO2, an n-type metal-oxide semiconducting material which
is usually oxygen-deficient as-deposited, is one of the most investigated ma-
terials. The charge carrier transport for SnO2 is described by means of free
electrons [Zemel [94]]. Zemel demonstrated the first step in determining ex-
perimentally whether the interaction of oxygen with a film containing oxygen
vacancies is fully equivalent to that arising from a classical charge-exchange-
adsorption model [Weisz [88]]. Weisz assumed that a depletion region is built
due to the difference between the bulk and adsorbed surface oxygen Schottky
defects.

SnO2 gas sensors can, to some extent, differentiate various gases, but are
much more successful in determining the concentration of known gases. The
tin oxide gas sensor does so by undergoing a resistance change which can be
easily detected and either monitored or applied to actuate a gas alarm or
controller for domestic, commercial and industrial use [Figaro Eng. Inc.[27]
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and Ihokura et al. [39]].

The gas-sensing mechanism having SnO2 can be described in detail via a
chemisorption process combined with a charge transfer process at the n-
semiconductor surface at temperatures above 100 ◦C. This process makes it
possible to use semiconducting gas sensors having a fast and appreciable
interaction of the surrounding gas molecules with the surface. At temper-
atures below 100 ◦C, the oxygen molecules are adsorbed by a physisorption
process. At room temperature, the coverage of physisorbed molecules is less
than one monolayer. This process is accomplished by weak van der Waals
forces. The binding forces are very small (20 kJ/mol∼ 0.2 eV per molecule)
and the molecules are mobile on the surface of the semiconductor without
changing their electrical properties. The low value of the physisorption en-
thalpy of about 20 kJ/mol causes physisorption to disappear almost totally
at higher temperatures. The activation energy for diffusion jumps of physi-
sorbed molecules is smaller than the adsorption energy. Consequently, the
probability that a molecule jumps to a neighbouring site is greater than in
the desorption process [Fromm [28]].

Where a metal-oxide semiconducting gas sensor is used at temperatures be-
low 100 ◦C, additional equipment is required. It has been demonstrated that
UV light illumination can be used to enhance the sensitivity of SnO2 thin film
gas sensors to nitrogen dioxide (NO2) [Comini et al. [15]]. Photoexcitation
can effect the charge carrier transport across grain boundaries by increasing
the density of free carriers throughout the material and decreasing the inter-
grain barrier height. Nevertheless, this method is suitable only if a heating
device cannot be integrated into the gas sensor because higher operating tem-
peratures lead to higher sensitivity values. The dynamic behaviour is also
more unfavourable using this method instead of the conventional gas-sensing
device with an integrated heating system.

At higher temperatures (> 100 ◦C), oxygen molecules are dissociated via a
chemisorption process. Firstly, oxygen is connected via dipole bonding to the
semiconductor surface atoms. Under this condition, electrons are removed
from the semiconductor surface via a charge transfer mechanism; this is fol-
lowed by the formation of chemical bonds with the semiconductor surface
atoms. The bond and activation energy of the surface reaction depends on
the lattice and defect structure of the surface. Active sites for a chemisorp-
tion reaction can be normal sites, adatoms, dislocation cores or impurity
atoms. The reactants can be impinging gas molecules, electrons, and atoms
or defects on the regular charge or on specific sites of the substrate. The
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Figure 2.2: Schematic view of the formation of oxygen adsorbates on the
surface of a metal-oxide semiconductor, based on monodis-
perse metal-oxide nanoparticles, resulting in an charge deple-
tion region determined by LSC at temperatures above 100 ◦C.

chemisorption species can have an electrical charge and consist of one or
more atoms. In the case of tin oxide, which is the material used in this inves-
tigation, it is assumed that oxygen vacancies are primarily responsible for the
chemisorption reaction. Typical chemisorption species on the surface of tin
oxide are O2

− and O− [Chang [8]]. The formation of these species leads to an
increased resistance. A space charge region on the surface of the metal-oxide
nanoparticles is built, resulting in an electron-depleted surface layer due to
the electron transfer from the semiconductor surface to oxygen (Figure 2.2).
The Debeye length LD was calculated to be 3 nm at 250 ◦C [Ogawa et al. [67]].
Accordingly, the conductivity of the semiconductor changes inversely to the
density of the chemisorbed oxygen atoms on the semiconductor surface and
decreases as the oxygen partial pressure increases [Herrmann et al. [37]]. For
bulk SnO2, the thermodynamic equilibrium is generally achieved between the
oxygen partial pressure and the oxygen deficiency in the SnO2 crystal lat-
tice at operating temperatures above 250 ◦C. Reducing gases (R), i.e. gases
which cause a reduction of the chemisorbed oxygen on the surface of the
metal-oxide, react as expressed as follows:

R + O− → RO + e− (2.1)

As an example, the reaction of ethanol with the surface of tin oxide is shown
thus:

C2H5OH + O− → CH3CHO + H2O + e− (2.2)

Due to the reaction with a reducing gas, free charge carriers are replaced
within the conduction band, whereas the reaction product desorbs thermally
from the semiconductor surface. A lower surface coverage of the oxygen
adsorbates is obtained, leading to a drop in resistance (Figure 2.3). As long as
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Figure 2.3: Schematic view of the sensing layer after exposure to a re-
ducing atmosphere. The oxygen adsorbates are consumed by
subsequent reactions so that a lower surface coverage of oxy-
gen adsorbates is obtained.

the oxygen partial pressure is constant, the conductivity of the semiconductor
is proportional to the concentration of the reducing gas in the atmosphere,
and the gas sensor can be used for detection. SnO2 can also react with so-
called oxidising gases such as ozone (O3), NO and NO2. It is assumed that
NO gas in the presence of oxygen in air tends to oxidise into NO2 which
can be adsorbed or can interact with the oxygen adsorbed on to the sensor
surface as expressed hereunder [Capone et al. [6]]:

NO2g + e− → NO−
2 (2.3)

NO2g + O−
2 + 2e− → NO−

2 + 2O− (2.4)

The NO gas molecules that have not reacted with the oxygen in air can, at
the same time, be adsorbed on to the oxide surface; they then react with the
adsorbed oxygen. In this case, the reaction will be:

NOg + O−
2 + e− → NO−

2 + O− (2.5)

These reactions reduce the electron concentration and, therefore, an increase
in the electrical resistance occurs.

In general, the donation of adsorbates will continue until the resulting charge
transfer has raised the Fermi level of the solid to coincide with that of the
adsorbate so that an equilibrium state is reached. This phenomenon will be
described in more detail in Section 2.1.1.

As the processes mentioned above are mainly on the surface of a semiconduc-
tor and scarcely influence the deeper areas, semiconductor gas sensors are,
nowadays, produced either out of porous sintered material or via thin film
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techniques in order to achieve the highest possible ratio between depleted
and undepleted areas in the sensing material after adsorption of oxygen.

2.1.1 Physical effects on the crystal surface of metal-
oxide materials

As described in Section 2.1, the surface conditions for the chemisorption of
oxygen lead to charged oxygen species inducing band bending in the semi-
conductor. The value of the surface charge changes due to a localisation of
free electrons on the adsorption-related surface states. Creation of or change
in the value of the charge on the surface leads to a change in the bending at
the bottom of the conductivity band and at the ceiling of the valence band
(Figure 2.4).

Figure 2.4(a) shows the initially neutral surface and 2.4(b) the equilibrium
occupation of surface states corresponding to the chemisorbed oxygen. Evac

is the vacuum level; EC and ECS are the positions at the bottom of the
conductivity band with respect to the vacuum level in volume and on the
surface of the semiconductor; EV and EVS are the ceiling of the valence band
in volume and on the surface; EF is the Fermi level; Et is the energy po-
sition of the surface level corresponding to the chemisorbed oxygen; eV s is
the value of the surface barrier caused by surface charging; χ is the value of
the affinity to the electron of the semiconductor surface; eϕ is the electron
work function; δ is the dope parameter which influences the position of the
Fermi inside the semiconductor; and LSC is the thickness of the space charge
region controlling the degree of penetration of the field of surface charges
into the semiconductor. In more general cases, the surface is characterised
by a specific charge situated on well known surface states, resulting in the
existence of an a priori surface band bending [Kupriyanov [49]]. If an equi-
librium state has been reached, a surface charge eN s is generated, whereby e
is the elementary charge and N s is the number of occupied adsorbed places
on the surface. Accordingly, a charge depletion layer is built directly below
the surface, the so-called space charge region. The band bending referred to
above can be described by means of the Poisson equation in 1-dimensional
form:

∂2φ

∂x2
= − ρ

εrε0

(2.6)

ρ represents the charge carrier density in the bulk; x the distance to the
surface; εr the permittivity of the semiconductor; ε0 the permittivity of the
vacuum (8.8x10−12 As/Vm); and φ the electrical potential. The position of
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Figure 2.4: Energy bands of a semiconductor (a) before and (b) after ad-
sorption of an electron acceptor, such as oxygen at an elevated
temperature. LSC denotes the thickness of the charge deple-
tion layer at the surface.

the surface state relative to the Fermi level of the semiconductor depends
on its affinity to the electrons; in this case, its affinity is high and is termed
an acceptor. Accordingly, it will be positioned above the Fermi level and
extract electrons (oxidising agents) from the space charge region. This band
bending leads to a limitation of oxygen adsorption on the surface. As soon
as the level of the surface acceptors (oxygen) reaches the electrochemical
potential of the bulk, no further chemisorption processes are possible. This
equilibrium process is called ”Fermi level-pinning” when the resulting charge
transfer has decreased the Fermi level of the solid to coincide with that of the
adsorbate. Thus, the energy level of the surface state Et defines the Fermi
energy of the system and limits the value of eϕ to approximately 0.5-1.0 eV.

If the Poission equation is integrated twice, it is possible to calculate the
Schottky-barrier height by taking the following boundary conditions into ac-
count, where at x=LSC, V =V n and dV /dx=0:

VB =
eNdL

2
SC

2εrε0

(2.7)

Nd represents the donator density and LSC the thickness of the charge de-
pletion layer. If the Poisson equation is solved by replacing NdLSC by Ns, the
Schottky approximation of the surface potential is obtained thus:

VB =
eN2

s L2
SC

2εrε0Nd

= Vs (2.8)
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The Schottky-barrier V s describes the potential which has to be reached to
have a charge transfer of an electron from the surface to the adsorbed ox-
gyen. As a result, the limitation of eV s leads to a limitation of N s, i.e.
to a surface coverage limitation. Oxygen creates a maximum surface po-
tential of eϕ∼ 1 eV; its maximum surface coverage is Nd=1012 to 1013 cm−2

(Weisz-limit) to be formed in one second, depending on the initial impurity
concentration and the temperature [Weisz [88]]]. If the impurity concentra-
tion increases, the activation energy for the maximum surface coverage rate
also increases.

The space charge region thickness is, typically, 10-100 nm, depending on the
doping and the temperature. For SnO2 it was determined to be in the range
of 10-30 nm [Zemel [94] and Ogawa et al. [67]]. Applying equation 2.8, the
thickness can be calculated as follows:

LD =

√
2εrε0NdVs

eN2
s

(2.9)

The above equation demonstrates clearly that the thickness of the space
charge region increases if the number concentration of the donator density
increases. This occurss if a charge transfer takes place at the surface of the
metal-oxide; this means that the charge carrier concentration at the surface
and, therefore, the stoichimetry can influence the thickness of the depleted
zone when the stoichiometry value indicates Nd qualitatively.

In an n-type semiconductor such as SnO2 the majority carriers are electrons
so that the change in surface conductivity ∆σs is given in the form of

∆σs = eµs∆ns (2.10)

where e is the elementary charge and µs is the electron mobility at the surface.

The excess density ∆ns of the charge carriers in the space charge region
of thickness d is obtained by integrating the difference between the electron
density in the space charge region and the bulk (nb) over the thickness d:

∆ns =

∫ d

o

[n(z)− nb]dz (2.11)

The change in surface conductance ∆Gs is then:

∆Gs = ∆σs
W

L
(2.12)
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where W is the width and L the length of the sample.

The bulk conductance which is not modulated by the surface reactions can
be represented by a parallel conductor:

∆Gb = nbµb
Wd

L
(2.13)

Subscript b refers to the bulk quantities while d is the total thickness of the
oxide layer. Since the overall conductance is measured, it is advantageous to
have the films as thin as possible.

The relative change in the conductance of the whole device is obtained from
equations (2.10), (2.12) and (2.13) and by assuming that µb∼µs. Hence:

∆Gb

Gb

=
∆ns

nbd
(2.14)

For a high value of the relative conductance change (high sensitivity), it is
necessary to have a low density of bulk carriers and a thin film [Williams
et al. [89]]. As an example, one can consider a typical value of the excess
surface-state density ns=1012 electrons cm−2 and the bulk density nb=1017

electrons cm−3. This leads, for a 100µm thick film, to the relative conduc-
tance change ∆Gs/Gb = 10−3. However, if d=100 Å, the change is 10; and for
thin films (< 100 Å) the space charge region extends throughout the whole
film thickness.

The first experiments which assumed fully depleted nanostructured sensing
layers were carried out by Xu et al., who have shown that the resistance of
SnO2 in dry air at 300 ◦C increases steeply for crystallite sizes below 10 nm
[Xu et al. [91]], particularly those with diameters below 6 nm. From these
investigations, LD was estimated to be ∼3 nm: this accords with the results
calculated by means of Hall measurements [Ogawa et al. [67]]. Nevertheless,
the developement of the crystallite size distribution during calcination to
vary the grain size has not been demonstrated.

With respect to practical sensors, these devices are prepared by techniques
which yield polycrystalline layers. For the dimensions of the film at which
the surface conductance begins to dominate the overall conductance, the film
morphology becomes the most important parameter. A schematic represen-
tation of three types of intergranular connection and their corresponding
types is shown in Figure 2.5.
The conductivity of the different connection types is modulated by the den-
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Figure 2.5: Effect of the morphology of a semiconductor oxide on conduc-
tivity. The depth of the space charge region is indicated by a
dashed line. The Schottky barrier model assumes a tunnelling
mechanism for the electrons.

sity of the surface states [McAleer et al. [59]]. All types assume that a sensor
consists of a chain of uniform crystallites of size D connected in three different
ways [Shimizu et al. [81]]. When D is less than 2LD, the grain resistance dom-
inates the resistance of the whole chain and, in turn, the sensor resistance,
so that the sensitivity is controlled by the grains themselves (open neck).
The other two types do not allow a grain-controlled sensing mechanism; they
allow only a neck-controlled or a Schottky barrier controlled mechanism. In
this investigation, measurements have been carried out taking only the open
neck type of connection of tin oxide nanoparticles into account.

2.1.2 The physisorption and chemisorption mechanisms

Physisorption describes an adsorption process without any change in the
geometric structure and in the electrical properties of free particles or free
surfaces. This process is driven by electrostatic dipole (van der Waals) forces.
The physisorption potential can be characterised by a two-particle model
applying of the Lennard-Jones potential which describes the attractive and
repulsive forces between two particles as follows [Atkins [2]]:

V = Eattr + Erep ∝ 4ε
[
−(

σ

r
)6 + (

σ

r
)12

]
(2.15)

where σ is the distance between the interacting particles, r is the atomic
distance and ε is the depth of the potential cavity. If the binding energy
exceeds 0.5 eV, a chemisorption process takes place.

Basically, two different chemisorption mechanisms exist [Hagen [34]]:

- molecular and associative chemisorption, where all atomic bondings are
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Figure 2.6: Potential energy and atomic distance at the adsorption of
oxygen on tin oxide.

kept in the adsorbed molecule; and

- dissociative chemisorption, where the bonding of the adsorbed molecule
is decomposed and individual molecule fragments are bonded on the metal-
oxide surface.

If molecules have free electrons or multiple bonding, molecular chemisorption
is then, in most cases, obtained, while molecules with single bonding react
via a dissociative chemisorption. Figure 2.6 shows the potential diagram of a
dissociative chemisorption of oxygen on tin dioxide [Hagen [34]]. It consists
of two overlapping curves. The flat curve corresponds to the physisorption
of the molecular oxygen. The molecular oxygen runs along curve 1 over the
physisorption status to intercept at point A with curve 2 of the atomic oxy-
gen, where the dissociation of oxygen starts. The chemisorption status is
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separated from the physisorbed status by an activation barrier. It is possible
to distinguish between both types of status via the bonding energy between
the adsorbent and the surface. If the energy is above 0.5 eV per particle,
it is a chemisorption; this effect is normally thermally activated. After a
transition state the O-O bonding becomes weaker and a new Sn-O bonding
is formed. Both atoms are bonded at a defined distance from the surface.
∆Hp is the free energy after physisorption and ∆HC after chemisorption;
ED is the dissociation energy for the oxygen molecule and EA the activation
energy for the adsorption. The chemisorbed oxygen has the lowest potential
energy and is located closest to the metal-oxide surface at B. It should be
emphasised that two Sn-O bondings are developed from one chemical bond-
ing in the oxygen molecule on the surface. The dissociative chemisorption
always increases the amount of chemical bonding so that the overall process
becomes exothermic.
The total process is shown schematically in Figure 2.7.

S n S n S n

O O
O O

O O

P h y s i s o r p t i o n T r a n s i t i o n  s t a t e C h e m i s o r p t i o n

Figure 2.7: Adsorption process of oxygen on a SnO2 surface. Two Sn-
O bondings are developed from one chemical bonding in the
oxygen molecule on the surface.

The desorption mechanism

Desorption is the opposite to adsorption, i.e. the chemical bonds break fol-
lowed by the removal of the adsorbed atoms from the surface. This can be
achieved either by thermal stimulation up to a desorption temperature or by
stimulation of a specific electronic status.

If desorption is isothermal, the adsorbates solubilise on the surface at a
constant temperature, due to a gradient of the chemical potential between
adsorbates in the gas phase and in the adsorbed particles. For instance, it
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appears that after the formation of oxygen adsorbates, the sensing layer is
exposed to a reducing gas. Oxygen is consumed (desorbed) by a subsequent
reaction so that a lower surface coverage of adsorbates is obtained.

2.1.3 Calculation of the surface coverage degree by the
Langmuir-Isotherm

Probably the most simple model for describing the adsorption of gases on
the surface of a solid material is to use the Langmuir-Isotherm which allows
the calculation of the surface coverage degree Θ that depends on the partial
pressure of the gas at a constant temperature (Figure 2.8). The surface cov-
erage degree is defined by the ratio of occupied adsorbed places to available
adsorbed places. The Langmuir-Isotherm assumes the following:

- the surface of the solid material has a certain number of indistinguish-
able adsorbed places, i.e. the adsorption takes place homogeneously without
any island formation;

- the possibility of the adsorption at an adsorption place is independent
of the surface coverage degree Θ; and

- the maximum coverage degree is 1, equal to one monolayer.

In an equilibrium state, identical adsorption and desorption rates are
assumed; these depend on the surface coverage degree and the temperature-
dependent adsorption and desorption constants kads and kdes. The adsorption
also depends on the partial pressure p of the gas type:

kads = (1−Θ)p = kdesΘ (2.16)

If 2.16 is solved, the Langmuir-Isotherm can be calculated thus:

Θ =
kadsp

kadsp + kdes

=
Kp

1 + Kp
(2.17)

where

K =
kads

kdes

(2.18)

At first the surface coverage increases linearly with the partial pressure of the
adsorbate, then flattens and moves asymptotically to a value of 1. In the case
of chemical sensors, the linear range is most important because the measured
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Figure 2.8: The Langmuir-Isotherm for different values of K.

effect should be linear to the gas concentration. The surface reaction process
is therefore controlled by the specific surface, i.e. the contact area between
each nanoparticle, and the diffusion properties of the gas molecules; this
increases as the particle size decreases.

2.2 Overview of commercially available SnO2

gas sensors

Although measurement of the change in electrical resistance during gas-
sensing measurements is straightforward, there are only a few sensor fab-
ricators. One main reason is that metal-oxide gas sensing materials do not
offer sufficient long term stability. Figaro is the best known company [Figaro
Eng. Inc.[27]]. In Germany, Umweltsensortechnik (UST) is a well known
metal-oxide gas-sensing fabricator [Umweltsensortechnik [85]].

Figure 2.9 shows a typical basic measuring circuit for commercially available
metal-oxide gas sensors. The sensor generally requires two voltage inputs:
heater voltage (V H) and circuit voltage (V C). The heater voltage V H is ap-
plied to the integrated heater in order to maintain the sensing element at
a specific temperature optimal for sensing. Circuit voltage V C is applied to
allow measurement of voltage VRL across a load resistor RL which is con-
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Figure 2.9: Basic circuit diagram of commercially available SnO2 gas sen-
sors.

nected in series to the sensor. A common power supply circuit can be used
for both V C and V H to fulfil the electrical requirements of the sensor. The
value of the load resistor RL should be chosen to optimise the alarm threshold
value, keeping power consumption (P S) of the semiconductor below a limit
of 15mW. Power consumption will be highest when the value of RS is equal
to RL on exposure to gas [Figaro Eng. Inc.[27]]. Contacts 1 and 4 are for
heating and contacts 2 and 3 are the sensor electrodes.

Usually the size of the gas-sensing elements is approximately 4x4x1mm
and the elements are bonded into a TO-5 metal can. A typical detection
range for ethanol is 50-5,000 ppm, the heater and circuit voltage is ∼5V and
the power consumption is ∼0.3W. The sensor resistance RS is calculated
with a measured value of VRL by using the following equation:

RS =
VC − VRL

VRL

·RL (2.19)

The fabricators‘s objective is to miniaturise the gas-sensing device. Many
different approaches have been tried up to now (Chapter 1.1) but, in most
cases, the miniaturised devices did not fulfil the requirements for the re-
producibilty and stability of the gas-sensing film. One reason is that the
correlation between process parameters during synthesis, leading to certain
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material structures and gas-sensing properties, is not properly understood.

The relationship between sensor resistance and concentration of the deox-
idising gas can be expressed by the following equation over a certain range
of gas concentration including the sensor aging or the effect of humidity.

RS = A[C]−α (2.20)

whereas RS is the electrical resistance of the sensor; A is a constant, [C] is the
gas concentration and α is the slope of the RS curve [Figaro Eng. Inc.[27]].

2.3 Basic gas-sensing characteristics

In order to evaluate the quality of a sensor, sensitivity S and dynamic be-
haviour τ of a gas sensor are of predominant importance. Nevertheless, it
is necessary to mention that these values always have to be determined in
combination with the material and operating parameters, such as crystallite
size, doping concentration, film thickness, operating temperature, gas type
and gas concentration.

Different calculation methods have been used to determine the sensitivity
and, thus, the quality of metal-oxide semiconductor gas sensors. For instance,
Choi et al. [Choi et al. [12]] determined the H2 gas-sensing characteristics of
his samples by

S(%) = (
Rair −Rhydrogen

Rair

) · 100 (2.21)

Others defined sensitivity as the conductivity value in different atmospheres.

Another calculation method has been presented by Faglia et al. [Faglia et
al. [25]], who calculated sensitivity towards NO2 of SnO2 thin films by

S =
RNO2 −Rair

Rair

(2.22)

However, every calculation includes the electrical resistance value in different
atmospheres. The most used method for determining sensitivity S is by
calculating the ratio of the resistance of the metal oxide in air (Ra) to the
resistance in a reducing atmosphere (Rg):

S =
Ra

Rg

(2.23)
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This method is used in this investigation.

The response time τ of a gas sensor is also described in manifold ways. One
possibility is to define the response time as the time needed to reach 70%
of the final current value after gas introduction. The recovery time can be
defined as the time needed to return to 70% of the initial current value after
recovering to a dry air flow as opposed to the operating temperature [Faglia
et al. [25]]. Onother possibility is to use a 90% response and 90% recovery
time at the time of switching the detectable gas on and off [Cukrov et al. [16],
Baik et al. [3]].

In this investigation, time constant τ is determined from the measured dy-
namic behaviour by establishing the time at which the sensor attains 63%
of the stabilised final value of the electrical resistance after changing the
concentration of the detectable gas type. This calculation is used due to an
approximation of the slope of the response transients to a measuring system
which has a single energy storage characterised by a differential equation of
first order.

One tendency in current research in this field is to increase the sensitivity and
selectivity of the surface reaction by introducing an additional catalytic con-
trol, e.g. by the incorporation of catalytic metals, metal clusters and other
surface modifiers. However, for gas-sensing measurements the electrode ma-
terial can affect the chemical reaction between the SnO2 semiconductor and
the sensing gas by catalytic reaction. It has been found that the electrodes
may have a strong effect on the total resistance and also on the gas-sensing
properties of the sensor [Lantto [50]].

In this investigation, the measurements concentrate on the influence of size
and chemical composition on the gas-sensing characteristics.

2.4 Nanoparticle gas sensor characteristics

Different phenomena have been investigated to find out the reasons for size-
dependent gas-sensing properties. As the gas-sensing mechanism takes place
predominantly at the surface of the sensing material, the primary reasons
have to be related to the surface. The first phenomenon is a geometric effect:
if the particle size of the gas-sensing layer decreases, the surface to volume ra-
tio increases; this causes an increase in the reactive surface and, accordingly,
an increase in the sensitivity if the total particle layer volume is constant.
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Physical effects have also a significant influence (Section 2.1). The improved
sensitivity of a nanostructured gas sensor cannot be explained only by refer-
ence to the increase in the specific reactive surface; the full depletion of the
metal-oxide semiconductor as the nanoparticle size approaches the thickness
of the space charge region is also important [Ogawa et al. [67]]. This effect has
been demonstrated experimentally by Xu et al. who found size-dependent
gas-sensing properties for SnO2 thin layers in the range of 5-35 nm [Xu et
al. [91]]. Nevertheless, as already mentioned, the explanation of Xu‘s results
cannot be carried out only by taking size-dependent causes into account be-
cause Xu et al. changed the particle size by means of changing the chemical
composition (doping and calcination).

Chemisorbed oxygen species from air act as electron acceptors and lead to
the formation of a depletion layer extending to the SnO2 particles. The oxy-
gen species also act as a surface barrier. This surface barrier is caused by the
charge transfer between oxygen species and SnO2 and also, in part, by the
formation of surface states induced by the oxygen. Malagu et al. developed
a model for Schottky contacts, based on the Poisson equation, for applica-
tion to nanocrystalline n-type semiconductor materials [Malagu et al. [57]].
The Schottky barrier height can be established through the determination
of surface states as a function of the mean grain size. At grain size values
below 50 nm, the surface state density starts decreasing, and decreases fur-
ther at grain sizes below 30 nm. Malagu et al. assumed that size-dependent
gas-sensing properties are linked to the density of surface states induced
by the chemisorbed oxygen species which leads to a lower degree of Fermi
level-pinning. Less Fermi level-pinning means that the surface barrier and,
accordingly, the overall resistance, can undergo large variations [Stiles et
al. [82]]. This accounts partly for the increased sensitivity of SnO2 sensing
devices fabricated from nanosized particles.

2.4.1 Geometric effects: contacts and crystallinity

SnO2 gas sensors operate generally under conditions where the overall con-
ductivity is determined mainly by nanocrystals with a crystallite radius larger
than the Debeye length LD [Schierbaum et al. [76]]. Göpel et al. emphasised
that, for practical applications, it is of great importance that SnO2 nanocrys-
talline samples with crystallite diameters are smaller than the Debeye length
[Göpel et al. [33]]. In particular, emphasis should be placed on preparing
thin films of SnO2 with homogeneous particle sizes in the nanometre range.
There should be evidence that an atomistic understanding of conductivity
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includes the description of the conduction path across grain boundaries of
well controlled geometry [Göpel [31]]. Initial research has been carried out
to obtain a percolation model of nanocrystalline gas sensitive layers [Ulrich
et al. [86]]. As discussed in Section 2.1.1, the height of an energy barrier to
an electron transport between neighbouring grains in SnO2 is a significant
factor which determines the sensitivity of the material.

The temperature dependence of the conductivity of a semiconductor can
be approximated by the Arrhenius equation [Lantto et al. [51]]:

σ = σ0exp(
−eVs

kBT
) (2.24)

where σ0 is a factor that includes the bulk intragranular conductance; kB

the Boltzmann constant; T the absolute temperature; and eV s the poten-
tial energy barrier at the interface between two neighbouring particles. The
potential energy barrier is expressed via (2.8) to be

eV s =
e2N2

s

2εrε0Nd

(2.25)

where N s is the surface density of adsorbed oxygen ions (O2
− or O−).

The energy barrier is a function of the temperature and atmosphere (oxygen
partial pressure). Each of these parameters influences the energy barrier,
the conductivity and, thus, the sensitivity. Furthermore, eV s depends on
the particle size, especially if the particle size is reduced to nanometres or
to the thickness of the space charge region. Different particle sizes corre-
spond to the different ratios of LD compared to the radius of the particles.
If the particle size is much larger than LD the charge depletion occurs in a
relatively small surface region of the particle. However, if the particle size
is reduced to nanometres, the properties of all particles change dramatically
due to solid-gas interactions, leading to a substantial improvement in sensor
response. Thus, sensitivity depends critically on particle size. It is to be
expected that both surface area and the ratio of the charge depletion region
to the radius of the particle will influence sensor responses. The dependence
of the energy barrier on particle size has been studied as follows [Zhang et
al. [95]]: the conductivities of SnO2 samples with different particle sizes were
measured in pure argon at temperatures from 150 to 250 ◦C. It was found
that the energy barrier decreases as particle size increases: this implies that
the sensitivity of SnO2 increases as the particle size decreases. In this investi-
gation, sensitivity is measured directly for different particle sizes of undoped
SnO2 to demonstrate size-dependent gas-sensing properties.
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2.4.2 Nanoparticle gas-sensitive porous media

Gas-sensing layers built out of nanoparticles have stimulated renewed inter-
est during the past ten years in the gas-sensing properties of metal oxide
semiconductors. One of the great advantages of nanoparticle gas sensors is
that these devices are used to differentiate gases. Typical examples for SnO2

include the detection of the refrigerant R134a (Forane) in the presence of
H2O [Delpha et al. [18]]. In work done up to now, differentiation has relied
on the chemical properties of the target gas. Typical results use an array
of sensors with a variety of gas-sensing materials and/or dopants [Delpha et
al. [19] and Joo et al. [43]]. Cavicchi et al. have studied a selective sensor via
an array of microhotplates. Using a linear ramp of temperature pulses, it was
possible to identify three gases in the same measurement volume [Cavicchi
et al. [7]]. First efforts to detect the gas type by means of different diffusion
coefficients for different gas molecules have been carried out [Sakai et al. [74]].
It is assumed that the sensor is made from hollow cylinders of radius r and
length L, where r is assumed to be much less than LD. Using the diffusion
equation of first order, together with the Knudsen diffusion coefficient, the
sensing behaviour becomes dependent on the molecular mass of the target
gas and, thus, can be detected selectively. The Knudsen diffusion coefficient
(DK) is expressed as follows for a straight round pore [Satterfield [75]]:

DK = 9700rp ·
√

T

M
(2.26)

where rp is the pore radius (cm); T the temperature (K); and M the molec-
ular weight of the target gas (g/mol). The Knudsen diffusion can be applied
if the mean free path of the gas molecule is smaller than the pore size. DK

is determined by the molecular weight when the pore size and temperature
are fixed.

Nevertheless, most approaches still have a number of limitations, including
an inability to detect gases that have not been programmed into the device.

2.4.3 Preparation of nanoparticle porous media for an
integrated gas sensor

For thin film and nanoparticle film development, the preparation of gas sen-
sors is combined with silicon circuitry to establish a system for the sensor
itself along with the electronics necessary to measure the sensor response
and provide the appropriate signal. In micro gas sensors, passivated silicon
is used as a substrate on which a heater layer, an insulation layer, a pair
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of electrodes, and a gas-sensing layer are stacked successively. Often the
electrodes are interdigitately patterned to decrease the effective resistance of
thin layers to measurable values. Park et al. developed a highly sensitive
and mechanically stable microhotplate gas sensor using microfabrication and
micromachining techniques [Park et al. [71]]; almost five masks were needed
to produce the microhotplate gas sensor. This method could be optimised by
using only three masks for the photolithographic process, combined with re-
moving the underside of the wafer. Finally, a 95 nm thick square diaphragm
was obtained [Chung et al. [13]]. Using such a thin membrane, achieved by
the use of a double layer structure of 0.2µm thick silicon nitride and a 1.4µm
thick phosphorsilicate glass (PSG), the power consumption was reduced from
55mW to approximately 25mW. However, a single chemical metal-oxide sen-
sor device could not be used, up to now, to distinguish between similar gases.

Annealing of the deposited nanoparticles is essential to form conducting necks
between individual particles while retaining the initial particle size. The neck
growth rate ẋ is a function of material constants, such as surface tension γ,
solid-state diffusion coefficient D, initial particle radius a, and are expressed
as follows [Coblenz [14]]:

ẋ

a
=

CDγ

RTam
= (

x

a
)−n (2.27)

where C is a constant, the exponent m is 3 for lattice diffusion and 4 for sur-
face diffusion and the exponent n is 3.78 and 5 respectively. The neck growth
rate is thus a function of the primary particle size. The use of particles of
equal size ensures that the necks between the particles will be of comparable
size. The extent of necking can be controlled through the annealing time and
temperature. The annealing temperature in this investigation can be rela-
tively low in comparison to that for other methods where the crystallite size
is increased by annealing. This is advantageous when, as in this investigation,
prefabricated microelectronic structures, such as interdigitated structures or
heating circuits combined with thin films based on monodisperse tin oxide
nanoparticles are used. Furthermore, changes, such as in the rate of grain
growth during the gas-sensing process, can be prevented if the annealing
temperature is the same or more than the maximum operating temperature.
In most cases, the annealing temperature is approximately 100-200 ◦C above
the operating temperature.
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2.4.4 Requirements for optimisation of nanoparticle
gas sensors

In general, a semiconducting metal-oxide gas sensor has to meet certain cri-
teria: high sensitivity, good selectivity, stability and a fast response. In ad-
dition, a large measurement range (four decades) and a low detection limit
(nowadays ∼ 1 ppm) are required. The sensing layer should be in the form
of a porous media so that as many reactive zones as possible can be reached
by the gas molecules for adsorption and desorption of the oxygen adsorbates.
Current research has not produced a sensing material which fulfils all re-
quirements. One of the reasons for this is that the sensing mechanism is
still not fully understood and the optimum material configuration has not
yet been found. Nanoparticle thin layers offer a solution for the optimisation
and understanding of the sensing mechanism of gas-sensing materials.

Size-dependent gas-sensing properties need to be properly understood. The
morphology of nanostructured layers must be optimised. This can be done
by providing a thin layer made out of metal-oxide nanoparticles with a very
small standard deviation of the particle size distribution, i.e. monodisperse
nanoparticles. A layer comprising particles of the same size would provide
optimum conditions. The use of particles of equal size ensures that the necks
between the particles and, consequently, the pores will be of comparable size
after annealing. The annealing temperature can be relatively low in com-
parison to that for other methods where the crystallite size increases due
to annealing. A further control and, therefore, a possible interpretation of
the gas-sensing properties can be obtained if the stoichiometry and crystal-
lographic structure (chemical composition) of the nanoparticle layer are ad-
justable. This means that if the morphology of the sensing film is optimised
by means of having monodisperse nanoparticles, it is possible to control and
to explain the gas-sensing properties of a specific material. This investigation
has concentrated on monodisperse tin oxide (SnO2) nanoparticle films as the
gas-sensing material with particle sizes in the range of 10-35 nm and different
chemical compositions, but keeping the film thickness constant.



Chapter 3

Fabrication and
characterisation of nanoparticle
gas-sensing devices

This chapter provides an overview of the synthesis and the material and
gas-sensing characterisation methods for processing and investigation of thin
layers based on monodisperse SnOx (1< x< 2) nanoparticles. The processing
steps applied are thermal evaporation and recondensation, size fractionation
and in-flight oxidation combined with crystallisation and layer formation.

Various existing SnO2 nanoparticle synthesis methods, together with their
gas-sensing characteristics, have been presented and compared in Section 1.1.
In order to achieve size-dependent gas-sensing results without changing the
material properties before and during the measurement, well defined and
stable sensing layers are needed. For this reason, a synthesis technique used
in this investigation and fulfilling these requirements has been developed.
It applies aerosol technology to produce monodisperse particle size fractions
of furnace-generated SnO nanoparticles using a Nano Differential Mobility
Analyser (NDMA).

Before measuring the gas-sensing properties of SnO2 particle layers of dif-
ferent particle sizes and different chemical compositions, it is important to
characterise in detail the particle layers generated. The following material
characterisation methods and their achievable nanoparticle layer information
are used in this investigation (Table 3.1): a Differential Mobility Nano Parti-
cle Sizer (DMNPS), Scanning Tunnelling Microsope (STM) and Transmission
Electron Microscope (TEM) are used predominately to monitor particle size
distributions of as-deposited SnOx nanoparticles.
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Material characterisation method Achievable information
Differential Mobility Nano Particle Particle size; particle size
Sizer (DMNPS) distribution
Scanning Tunnelling Microsope (STM) Particle size; particle size

distribution
Transmission Electron Microscope (TEM) Particle size; morphology;

crystallographic structure
Scanning Electron Microscope (SEM) Particle size; morphology;
X-ray diffraction (XRD) Mean crystallite size;

crystallographic structure
Auger Electron Spectroscope (AES) Stoichiometry of particle

layer surface
Rutherford Backscattering Spectroscope Stoichiometry of particle
(RBS) layer volume

Table 3.1: Material characterisation methods for SnOx

particles and achievable information.

Scanning electron microscope (SEM) is used mainly to show the morphol-
ogy of as-deposited and annealed nanoparticle layers and provides informa-
tion about the design of the microhotplates used for gas-sensing measure-
ments. Electron diffraction using TEM together with X-ray radiation from
synchrotron sources, gives information about the crystallographic structure
of the particles and particle layers. XRD enables also the investigation of the
crystallite size and is used to characterise as-deposited and annealed SnOx

nanoparticle layers.

The stoichiometry of the particles generated is an important parameter for
gas-sensing characteristics. Therefore, Rutherford Backscattering Spectros-
cope (RBS) was used to monitor the film stoichiometry of as-deposited SnOx

nanoparticles and Auger Electron Spectroscopy (AES) to monitor surface
stoichiometry of as-deposited and annealed SnOx nanoparticle layers; this
is crucial because the main sensing mechanism occurs at the surface of the
sensing material, as discussed in Section 2.1. All material characterisation
methods are described in more detail in Section 3.3

The preparation of gas-sensing devices requires sufficient number of micro-
hotplates to ensure that electrical measurements at different operating tem-
peratures can be obtained. A detailed description of the microhotplate and
microhotplate holder used is presented in Section 3.1.
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In order to obtain information about the gas-sensing properties of SnO2 parti-
cle layers and compare them with material characteristics, a gas-sensing mea-
surement system was established. Electrical characterisation and achievable
information are shown in Table 3.2. The I-V characteristic curve is used to

Electrical characterisation Achievable information
I-V characteristic curve Characterisation of electrical

contact type
Resistance vs temperature Oxygen adsorption and

desorption temperature
Resistance vs time in different Sensitivity and dynamic
atmospheres behaviour

Table 3.2: Electrical characterization for SnO2 particle
layers and achievable information.

obtain information about the electrical contact type between deposited par-
ticles. The objective is to achieve an ohmic contact between the particles
so that the contact type (see Section 2.1.1) will not influence the gas-sensing
properties. Subsequently, the adsorption and desorption process of oxygen
at the surface of the particles has to be investigated (see Section 2.1.2). This
is done by measuring the resistance as a function of the temperature; the
temperature at which the chemisorption mechanism appears can then be de-
tected for different sensing layers and for different gas ambients. Finally,
the principal sensor characteristics, sensitivity and dynamic behaviour, are
investigated to understand and to improve SnO2 gas sensors by recording the
resistance change in the gas-sensing layer as a function of time in different
gas atmospheres.

3.1 Microhotplate configurations for electri-

cal and gas-sensing measurements

Certain microhotplates were designed to measure the electrical properties
of SnO2 nanoparticle layers at different temperatures. A distance of 2µm
between the embedded electrodes (electrode width=2µm) is chosen for the
measurement of the electrical resistance of nanoparticle SnOx films. The mi-
crohotplates in this investigation have an embedded layer for heating which,
together with a temperature sensitive resistance (TSR), enables the tempera-
ture to be controlled. The uniformity of the particle layer is significant; thus,
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the electrodes are buried. The design of the microhotplates is described in
detail below.

3.1.1 Design of suitable microhotplates

The electrical characterisation of nanoparticle layers requires microhotplates
with special electrode configurations. A miniaturised electrode area can help
to decrease the effective resistance of the nanoparticle layer, and an embed-
ded heating layer can reduce power consumption to reach different operat-
ing temperatures. A microhotplate with interdigitately patterned electrodes
was developed in cooperation with the Fraunhofer Institut, IMS in Duis-
burg/Germany. The schematic diagram showing the electrode structure of
these microhotplates is presented in Figure 3.1. In order to be able to make
electrical measurements of SnOx nanoparticle films up to resistance values
of 1GΩ, a 1mm2 structure, consisting of 160 interdigitated fingers with a
width of 2µm and identical separations, is fabricated on a chip of 3x3mm2.
The electrodes are buried in phosphor-doped silicate glass (PSG) having a
resistance much higher than that of the nanoparticle sample and viscous be-
haviour required for processing. The buried electrode structure is especially
designed to eliminate the influence of electrode walls on the particle deposi-
tion. It has been observed that during nanoparticle deposition from the gas
phase a region of low particle concentration is obtained close to the electrodes
[Prost et al. [72]]. This would have an adverse affect on the electrical contact
between the nanoparticle layer and the electrode materials and also destroy
the uniformity of the nanoparticle layer.

A poly-silicon layer is embedded in the structure and serves as a heating
element allowing a maximum operating temperature of 300 ◦C. Each contact
window has an area of 4x4µm2, a distance of 2µm to the next window and
allows a maximum current of ∼5mA. Altogether, each microhotplate has 32
contact windows for passing the current through the poly-silicon layer.

A TSR close to the interdigitated electrodes allows measurement of the mi-
crohotplate surface temperature. The microhotplate fabrication process and
a detailed description of the different layers and their functions are presented
in Appendix A.

To ensure reliable measurement results, the electrical resistance between
the microhotplate electrodes must be a at least one order higher than the
resistance of the particle layer. Consequently, the electrical resistance was
measured at the maximum operating temperature of 300 ◦C. The resistance
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Figure 3.1: Microhotplate for gas-sensing measurements.

of the microhotplate used without deposited layer could not be measured at
room temperature, thus indicating a high resistance (> 10GΩ). Figure 3.2
shows a measurement, taken over a long period, of the electrical resistance of
the microhotplate without the presence of any particles. The mean resistance
of the sample is about 1GΩ with a minimum value of ∼ 200MΩ at 300 ◦C
during a measurement time lasting nearly 120 hours. Thus, the microhot-
plates are suitable for the investigation of high resistance nanoparticle layers
below 100 MΩ at 300 ◦C.

Figure 3.3(a) shows an SEM micrograph of the microhotplate used, after
the deposition of monodisperse SnOx nanoparticles. The contacts for the
heating layer and the TSR are shown on the micrograph. The width of the
thermo channel is 2µm and the meandering distance is 4µm as depicted in
Figure 3.3(b), including the contact windows to the heating layer. The struc-
tures are bonded to a DIL8 chip carrier in order to connect the sample to the
measurement devices. The DIL8 chip carrier connector and the connection
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Figure 3.2: Measurement over a long period of a microhotplate without
a particle layer used for gas-sensing measurement at 300 ◦C.

inside the measurement chamber are described in Section 3.4.2.

3.1.2 Temperature calibration of microhotplates

Operating temperature is one of the most significant parameters because both
the gas-sensing characteristics and the basic electrical parameters of a given
gas-sensing material depend on it. In fact, the complete gas sensor operation
is based on the cyclic variation of the sensor temperature in a defined gas
ambient. The temperature dependence of basic electrical parameters gives
information about, for instance, the activation energy of conduction. This
can be helpful in understanding the size-dependence of the electrical charac-
teristics of the SnOx nanoparticle samples. Thus, an accurate and reliable
control of the microhotplate temperature is the key to the reliability of the
gas sensor and electronic parameter measurements.

Before carrying out electrical measurements, the temperature control unit
of the microhotplate is calibrated in two steps. The chip carrier, includ-
ing the bonded microhotplate, is fixed together with a thermocouple on a
heating plate. During annealing, the temperature of the heating plate and
the resistance of the TSR are recorded simultaneously. After this external
calibration, the internal heating is calibrated by recording the current flow
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Figure 3.3: SEM micrograph of (a) the microhotplate device after depo-
sition of monodisperse SnOx nanoparticles and (b) the con-
tact windows for passing the current through the embedded
poly-silicon layer for heating and the temperature sensitive
resistance (TSR).
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through the heating layer and the temperature (resistance) of the TSR. In
order to eliminate any error arising from convection cooling resulting from
the gas flow, the calibration is carried out in the presence of the gas flow to
be used during the measurements (150ml/min). The resistance of the TSR
as a function of the temperature shows a linear dependency in the range of
25-300 ◦C. Additionally, the microhotplate is heated up in a tube furnace.
During heating the resistance value of the TSR is also recorded simultane-
ously. The maximum resistance difference between both methods is 3% at
the maximum operating temperature of 300 ◦C, so that the temperature mea-
surement using the TSR can be regarded as reliable.

The microhotplate can be heated up to a particular temperature by flow-
ing the pre-calibrated current through the heating element. To illustrate: a
current flow of ∼ 80mA through the heating layer of the microhotplates used
in this investigation is required for an operating temperature of 300 ◦C. This
is equal to a maximum power consumption of 4.5W. This value is higher than
the power consumption of commercial gas sensor devices due to the relatively
high resistance of the poly-Si (∼550Ω) used as a heating layer (Section 2.2).
The temperature of all samples can be controlled during the measurement
to an accuracy of under 1%. The typical time required for changing the
temperature by 50K is of the order of 5 minutes and the control unit waits,
during this time interval, before carrying out further measurements.

3.2 Preparation of monodisperse SnOx nano-

particle layers

The use of metal-oxide layers having well defined and stable nanoparticle
sizes is a primary requirement for the fabrication of nanoparticle-based gas
sensors having superior characteristics, and for understanding the size depen-
dence of the gas-sensing mechanism. Several methods have been introduced
to prepare SnO2 nanoparticle layers (Section 1.1) and size-dependent mea-
surements have also been done. However, no experimental investigations
have been carried out up to now on size-dependent measurements without
changing the microstructure of the sensing layer. Usually a calcination pro-
cess is used to vary the grain size of a given layer but, as the annealing
temperatures (usually 500-800 ◦C) change the microstructure and, therefore,
the size distribution, such size-dependent gas-sensing measurements are not
reliable within small size ranges. This section describes the process param-
eters to produce SnOx nanoparticles with a small standard deviation of the
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particle size distribution, different chemical composition and post-treatment
to avoid grain growth, in the range of 10-35 nm.

The gas-phase synthesis method seems to be the most promising technique
for the preparation of monodisperse tailored SnO2 nanoparticles with differ-
ent particle diameters using a NDMA (Model 3080N, TSI, Minnesota/USA).
Therefore, it is possible to investigate size-dependent gas-sensing properties
without any additional treatment such as calcination or doping. Adachi et al.
developed an evaporation-reaction type aerosol generator for SnO2 particles
[Adachi et al. [1]]. It was found that the mean particle size can be varied by
changing the evaporation temperature, but for the preparation of monodis-
perse nanoparticles the standard deviation values were too high (σ =1.6). An
effective method to provide well defined SnOx particle layers is the fraction-
ation of nanoparticles in the gas-phase using a Nano-DMA [Chen et al. [9]],
as applied in this investigation [Kennedy et al. [44]]. A low pressure im-
pactor or an electrostatic precipitator is used to deposit the size-fractionated
nanoparticles.

3.2.1 Gas-phase synthesis of SnOx nanoparticles

SnO is used as the evaporation material for the synthesis of SnOx as it has
significant advantages over Sn or SnO2. If SnO2 is used, large particles are
formed above 1,650 ◦C. Below this temperature, SnO is formed by a dispro-
portionation reaction 2SnO2(s) −→ 2SnO(g) + O2(g) which is unwanted in
this investigation [Thiel et al. [84]]. Evaporation of Sn is only feasible at high
evaporation temperatures due to the low vapour pressure of Sn. Also, this
requires costly high-vacuum equipment because traces of oxygen will lead
to the formation of SnO or SnO2. The change in the composition of the
evaporant, both with SnO2 and Sn, leads to unreproducible and unstable
results. Alternatively, since SnO has a higher vapour pressure than either Sn
or SnO2, a lower evaporation temperature can be used. This is advantageous
because less impurities in the furnace walls will be incorporated in the con-
densed phase. It, however, necessitates, a subsequent oxidation step to SnO2.

A gas-phase synthesis method, originally devised for the synthesis of PbS
nanoparticles, was modified for the preparation of crystalline, quasi-spherical,
monodisperse SnOx particles by introducing an additional oxidation step
[Kruis et al. [48]]. This method is based on particle formation by homoge-
neous nucleation induced by the cooling-down of the SnO vapour and subse-
quent aggregation by Brownian motion, followed by a size-fractionation step
and a sintering/crystallisation step. The experimental set-up is presented
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Figure 3.4: Schematic of the experimental set-up for the synthesis of
monodisperse tin oxide nanoparticle films.

schematically in Figure 3.4. It contains six elements: a nanocrystal source in
the form of a evaporation furnace; a radioactive β-source (Kr85) which acts
as a bipolar aerosol charger; the DMA used as a size-classifier; a second tube
furnace for the sintering and crystallisation of the SnO aggregates; a deposi-
tion chamber; and a particle size measurement system consisting of a DMA
and a condensation nucleus counter (Model 3025, TSI, Minneapolis/USA),
the so-called DMNPS measurement system. The nanoparticles need to be
charged as the fractionation inside the DMA is due to the existence of an
electrical field [Chen et al. [9]]. As the sintered particles are still charged, a
second DMA together with the nucleus counter, allows the online detection
of the change in the mobility diameter arising from the passage through the
second furnace. In a DMA, the charged particles are size-selected on the ba-
sis of their electrical mobility: this is a function of their charge level, size and
shape. The DMA is capable of delivering monodisperse aerosols with sizes
adjustable between Dms=2 and 50 nm and geometric standard deviations as
small as σg=1.05, depending on the flow conditions in the apparatus [Chen
et al. [9]].

Nitrogen obtained from evaporating liquid nitrogen, purified by passing it
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through a getter (MonoTorr PS4-MT3-N2, SAES Getters, Cologne/Germany),
is used as a carrier gas. The total gas flow is kept at 1.6 l/min, the sheath air
at 16 l/min by means of mass flow controllers (MFC) and the system is oper-
ated at atmospheric pressure. In the second half of the sintering/crystallisation
furnace, a flow of pure oxygen is added in order to oxidise the SnO nanopar-
ticles to SnOx nanoparticles of 1< x≤ 2.

An overall view of the synthesis set-up, indicating tube furnace 1, the bipolar
charger, the DMA, tube furnace 2 and the deposition chamber is shown in
Figure 3.5.

Figure 3.5: Overall view of the synthesis set-up for monodisperse
nanoparticle films: (1) shows the evaporation furnace (2) the
bipolar charger (3) the DMA (4) the sintering furnace and (5)
the deposition chamber.

3.2.2 Deposition of SnOx nanoparticles

For layer deposition, two methods are used: the first method requires an
electrostatic precipitator having an electrical force directed mainly to the
nanoparticles; the second requires a low pressure impactor increasing the ve-
locity of the nanoparticles resulting in an inertial force.

An electrostatic precipitator enables the aerosol to be deposited with nearly
100% efficiency on a substrate placed in a high-voltage field [Dixkens et
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al. [23]]. The distance between the nanoparticle inlet and the substrate
placed on the electrode at ∼ 5 kV, is 4 cm and the area for uniform depo-
sition is 1 cm2. This method is used to deposit layers for characterisation
requiring larger areas, such as XRD and RBS, and for depositing nanoparti-
cles in submonolayer thicknesses for TEM analysis. For the measurement of
gas-sensitive properties, interdigitated electrode structures, having an active
area of 1mm2, are used (Section 3.1). For this purpose, the existing deposi-
tion method was improved for a more localised deposition than is otherwise
possible in order to accelerate the deposition process. The electrostatic pre-
cipitator is, therefore, changed into a low-pressure impactor (LPI) by adding
a nozzle with an inner diameter between 0.5mm and 2mm which is posi-
tioned 2mm above the substrate, a critical nozzle placed above the inlet and
evacuating the deposition chamber down to 1mbar (Figure 3.6). The maxi-
mum pressure in the LPI during the deposition is 2.7mbar.

The inertial focusing of the nanoparticle aerosol results in a deposition spot
with a diameter of 500µm when using an 0.5mm nozzle so that a deposition
area of 2x10−7m2 can be assumed as a mean value. Consequently, layers
with a thickness of more than 100 nm can be formed rapidly. Two window
caps, together with a movable table, are necessary to control the position
of the substrate below the nozzle. If a SnO2 nanoparticle film with a parti-
cle diameter of 20 nm and a layer thickness of 1µm is to be generated, this
would need approximately 4 hours for a particle number concentration of
1010 particles/cm3. Figure 3.7 shows an overall view of the deposition cham-
ber and the window caps.

3.3 Material characterisation of SnO2 nanopar-

ticle layers

Material characterisation is carried out to obtain detailed information about
the nanoparticles and nanoparticle layers and interpret the resultant gas-
sensing characteristics. It is, thus, critical to have knowledge about the basic
properties, such as the particle size distribution and morphology, the amount
of deposited particles and the particle film formation, as well as the particle
stoichiometry and crystallographic structure, i.e. the chemical composition.
An overview of the methods used in this investigation to characterise the
material properties of SnOx nanoparticles and nanoparticle layers is provided
below.
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Figure 3.6: Schematic of the advanced electrostatic precipitator for a
more localised deposition of nanoparticles. The window caps
and movable table are needed to adjust the position of the
substrate accurately.



42
Fabrication and characterisation of nanoparticle gas-sensing

devices

Figure 3.7: Overall view of the deposition chamber with two window caps.

3.3.1 Characterisation methods for particle size distri-
bution

Different methods can be used to measure particle size and particle size dis-
tribution. So far, mainly Atomic Force Microscopy (AFM) work has been
reported [Zhu et al. [96]]. The disadvantage of AFM is the small sampling
statistic because this makes the study of size distribution difficult. In this
section, four methods for analysing the particle size and size distribution used
in this investigation are presented: DMNPS, TEM, STM and XRD from syn-
chrotron sources. Electron diffraction by means of the TEM apparatus and
XRD also give information about the crystallographic structure.

DMNPS can be used to measure the particle size distribution during the
synthesis process. A DMNPS consists of a DMA combined with a condensa-
tion nucleus counter; the nucleus counter measures the amount of particles
leaving the DMA. The advantage of DMNPS is that the particle size distribu-
tion can be obtained quasi online during the synthesis. For instance, Maisels
et al. applied this method to monitor tailored nanoparticle aggregates of
two components in the gas phase [Maisels et al. [56]]. Together with TEM
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measurements for off-line analysis, it is possible to determine the optimum
synthesis conditions for tailored nanoparticles and particle layers.

TEM investigations use electrons to measure the size, crystallographic struc-
ture and crystallinity of individual particles. TEM is used - similarly to a
light microscope - to illustrate a sample. Magnetic lenses focus the electron
beam arising from the Lorentz force. Electrons can irradiate through a thin
layer with a thickness of less than 100 nm. Those electrons which have been
Bragg reflected at the lattice planes are collected and illustrated. Usually the
energy of the electrons is of the order of 100 keV. Accordingly, the deBroglie
wavelength is ∼ 3.4 pm. This makes very large amplification possible (factor
5x105). The resolution of a conventional TEM is ∼ 0.5 nm because the re-
solution depends on the quality of the magnetic and collection lenses. TEM
measurements have become a powerful tool for describing the geometric and
structural properties of nanoparticles for the development of new types of
gas sensors [Jiménez et al. [41] and Diéguez et al. [21]].

In this investigation, a Philips CM12 scanning transmission electron micro-
scope with an LaB6 cathode was used. The acceleration voltage was adjusted
to 120 kV. The samples were supported on conventional carbon coated cop-
per TEM grids. The electron diffraction results were compared to a gold
reference substrate to determine the crystallographic structure.

STM images the surfaces of materials with a very high magnification so
that individual atoms become visible. The principle of STM is remarkably
simple: the instrument uses a sharp needle, referred to as a ”tip”, to inter-
rogate the shape of the surface. The STM tip does not touch the surface.
A voltage, which lies, typically, between a few millivolts and a few Volts, is
applied between the metallic tip and the specimen. When the tip touches
the surface of the specimen, the voltage will result in a current; if the tip
is far away from the surface, the current will be zero. STM operates in the
regime of extremely small distances of only 0.5 to 1.0 nm, i.e. 2 to 4 atomic
diameters, between the tip and the surface. At these distances, the electrons
can tunnel from the tip to the surface or vice versa.

SEM is used to study the microhotplates prepared and the particle film
morphology of as-deposited and annealed tin oxide nanoparticle films. The
electron beam generates different signals; these can be used for the analysis
of thicker samples than those used applying the TEM method. Secondary
electrons (SE) arise from the inelastic interaction near the surface; they are
used to illustrate the surface topography.
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Figure 3.8: Schematic of a scattering X-ray which fulfils the Bragg con-
dition.

3.3.2 Analysis of the nanoparticle film crystallographic
structure

An alternative to the diffraction of electrons by TEM is to use X-rays to ana-
lyse crystallographic phases in layers or powders. Basically, X-ray diffraction
measurements are carried out in the following way: when an X-ray beam falls
on an atomic layer, two processes may occur: the beam may be absorbed
with an ejection of electrons from the atoms or the beam may be scattered.
The primary incident X-ray beam is scattered at parallel lattice planes at a
distance d (Figure 3.8). This scattered X-ray beam can be detected. A con-
structive interference appears at an angle Θ if the path difference is exactly
a multiple n of the incident wavelength λ. The scattering angle 2Θ is set
to fulfil a Bragg condition of the lattice and the position sensitive detector
(PSD) is rotated along the diffraction angles:

nλ = 2d · sinΘ (3.1)

By applying the Bragg principle, a diffraction in terms of a set of crystallo-
graphic planes hkl is taken into account. Strains, defects, finite size effects
and instrumental resolution cause a broadening of the diffraction peaks. The
width of the X-ray reflection peaks is determined by the number of the re-
flecting lattice planes and increases as the crystallite size decreases. The
mean crystallite size is calculated by the Scherrer equation using the Bragg
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peak broadening effect:

d =
K · λ

β · cosΘ
(3.2)

where d is the mean crystallite size; K is a grain shape dependent constant
(here assumed to be 1); λ is the wavelength of the incident beam; Θ the
Bragg reflection peak; and β the full width of half maximum. The measured
Bragg peak width value consists of the full width of half maximum β and a
value b given by the resolution of the diffractometer. b is determined by a
diffraction phenomenon at the aperture:

β =
√

(b2 + β2
real) (3.3)

It has been demonstrated that the strain and shape of quantum dots can
be separated by means of grazing incidence X-ray scattering. In this case,
the intensity along the angular direction at different positions is analysed
[Metzger et al. [61]]. If the diffraction peak broadening has a Lorentz pro-
file, this is caused mainly by crystallite size effects. A Gauß profile would
indicate microstrains inside the crystal lattice [de Keijser et al. [17]]. X-rays
from synchrotron sources have the advantage that the incoming beam has
such a high energy that the measurements can be done on small amounts of
nanoparticle layers.

In this investigation, Θ/2Θ-scans of gas phase synthesised monodisperse
SnOx nanoparticle films on silicon substrates are measured under a gracing
incidence angle of 1◦. X-ray diffraction from synchrotron sources at the Eu-
ropean Synchrotron Radiation Facility (ESRF) in Grenoble/Switzerland was
carried out (incoming beam energy 8 keV) with different mobility-equivalent
diameters in the range of Dms =8-25 nm after in-flight sintering. As-deposited
nanoparticles as well as annealed nanoparticle layer were investigated. The
mean crystallite size was compared with the TEM, STM and DMNPS results.

3.3.3 Study of nanoparticle volume and surface chem-
ical composition

The chemical composition of tin oxide nanoparticle samples is investigated
to obtain information about the chemical and structural evolution of the
synthesised particles. This information can be used to explain the effects of
the in-situ and ex-situ treatment of the gas-sensing properties of tin oxide
nanoparticle thin films.

In this section, two different methods are introduced: AES to measure the
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chemical composition on the surface of the nanoparticle films and RBS to ob-
tain information about the volume stoichiometry. The surface stoichiometry,
in particular, is a significant parameter because the ratio of oxygen atoms
to tin atoms gives information about the number of oxygen vacancies, i.e.
the amount of reactive zones, if the crystallographic structure is known. The
chemisorption process was mentioned in Section 2.1.2. If the oxygen con-
tent of a metal-oxide semiconductor decreases, where there is a stable lattice
structure, the number of reactive places increases.

Analysis of the surface stoichiometry

AES is a powerful tool to identify the elements present and the concentration
on the surface of conducting and semiconducting solid samples. AES charac-
terises the top 10-50 Å of the material with detection limits of 0.25 atomic%.
The Auger process is a multi-electron process which involves transition be-
tween the core and valence energy states. It can be summarised in the fol-
lowing manner: a focused beam of electrons (2-25 keV in energy) is used
to excite atoms on a solid surface, generating an initial core hole (K or L
shell). Both primary and core electrons leave the system with well defined
energy, whereby the escaping primary electron loses its memory due to the
complexity of the scattering process. The electronic structure of the ionised
atom rearranges itself so that the initial hole in the core level is filled by
an electron from a higher-energy shell. The relaxation process of this atom
can be accomplished either by the emission of a characteristic X-ray photon
(X-ray fluorescence) or through a radiationless Auger transition in which the
energy gained by the electron that ”falls” into a deeper level is transferred to
an electron in the same or different shell. The later electron is then emitted
with a characteristic Auger energy, leaving the atom in a double ionised state
(two holes at different or the same core levels). This electron carries a well
defined energy used to identify that atom. All elements, except hydrogen
and helium, can emit an Auger electron.

To determine the surface stoichiometry, the samples are transferred under
ambient atmosphere to an ultra high vacuum chamber for electron-induced
AES. The base pressure in the analysis chamber is below 1·10−9 hPa. AES
spectra are recorded in the first derivative mode and the energy of the primary
electron beam is adjusted to 3 keV. The oxygen stoichiometry is estimated
from the ratio of the Auger peak-to-peak heights of the O(KLL) line at a
kinetic energy of 510 eV and the low-energy feature of the Sn(MNN) doublet
at 421 eV. An AES spectrum of sintered SnO2 powder is used as a calibration
reference for determining the SnOx nanoparticles oxygen content.
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For in-flight oxidation of SnO particles, oxygen is supplied to the carrier
gas flow at concentrations of 10, 20 and 35 vol% at the sintering stage. The
SnO particles are then collected on to a small spot of 1-2mm in diameter
on a Si(111) substrate in the deposition chamber at room temperature ap-
plying the LPI method. The Si substrate is etched with hydrofluoric acid to
remove the native oxide (Section 3.2.2). However, a small amount of oxygen
contamination is still observed.

Post-annealing of the samples occurs at 300 ◦C for 1 hour in a continuous
flow of synthetic air (20 vol% oxygen; 80 vol% nitrogen). After the annealed
samples are measured by AES, they are once again annealed under the same
conditions to study the variation of the oxygen stoichiometry resulting from
the multiple heat treatment. The post-annealing parameters are selected to
match the working conditions of typical SnO2 gas sensors.

Analysis of layer stoichiometry

The stoichiometry of SnOx nanoparticle films is detected by means of RBS.
It is a non-destructive method where irradiation of the sample with light
ions (projectiles, H+ or He+) and detection of the elastically backscattered
projectiles at large angles take place. RBS gives information about the depth
profile and density of thin films [Nagel et al. [62]]. The mass identification of
the target atoms in the sample results from the energy of the backscattered
projectiles, typically measured by means of a surface-barrier detector. The
thickness of the layer and concentration profile are determined from the en-
ergy difference between the backscattered projectiles and the corresponding
maximum energy for the scattering of surface atoms given by the kinematical
factor kp:

E1 = kpE0 (3.4)

where E1 is the energy of the backscattered ion and E0 is the energy of the
accelerated projectiles. The kinematical factor can be calculated thus:

kp =
[Mp/Mrcos(θ) +

√
1− (Mp/Mr)2sin2θ

1 + Mp/Mr

]2

(3.5)

where Mp is the mass of the projectile (in this work H+-ions); M r the mass
of the corresponding element; and θ the backscattering angle.

In this investigation, RBS measurements were carried out using He-ions
with an energy of 3.05MeV. Glassy carbon was used as the substrate ma-
terial. The investigations were done with as-deposited unoxidised and with
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10 vol% oxygen in-situ oxidised SnOx nanoparticles with a mean particle size
of Dms=20nm. An element depth profile of the atoms was determined by
means of the fit program ”Rump” [http://www.genplot.com/]. This program
is an RBS plotting, analysis and simulation package.

3.4 Basic electrical parameter and gas-sensing

characterisation of SnO2 nanoparticle lay-

ers

Measurement of the gas-sensing and electrical properties of nanoparticle lay-
ers produced in the gas phase, requires a porous media with measurable
resistance values. Therefore, the nanoparticles are deposited by means of a
low pressure impactor (Section 3.2.2). This method ensures a relatively short
preparation time. Furthermore, special microhotplates with an interdigitated
electrode pattern area in the size range of the particle deposition spot, are
designed (Section 3.1.1). The gas-sensing mechanism occurs predominantly
at temperatures above 150 ◦C (Section 2.1). With the aid of a TSR, the
temperature can be controlled by a personal computer on the microhotplate
itself. The gas-sensing device is put in a measurement chamber to achieve a
well defined atmosphere.

Different kinds of gas sensor testing systems with different degrees of com-
plexity have been reported [Endres et al. [24] and Harvey et al. [36]]. In this
investigation a measurement system, to be used for measuring both the pa-
rameters for gas sensor evaluation and the basic parameters for understanding
the gas-sensing mechanism, has been designed and fabricated. Gas-sensing
measurements are carried out time-dependent in different gas atmospheres
(all gases are humidity-free and diluted in synthetic air) and at different op-
erating temperatures.

Prior to gas-sensing measurements, the SnOx nanoparticle films are annealed
at a temperature of 300 ◦C for about 2 hours in 1,000 ppm ethanol in syn-
thetic air. The annealing results in the formation of well defined sintering
necks so that the nanoparticle structure does not alter during the measure-
ment cycles if the operating temperature is below or equal to the annealing
temperature (Section 2.4.2).

In order to obtain information about the chemisorption process, SnO2 par-
ticle layers with different particle sizes are heated at 150-300 ◦C in atmo-
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spheres with various oxygen partial pressures (95mbar-490mbar) analogue to
Herrmann et al. [Herrmann et al. [37]]. The measurements are carried out to
study the semiconducting behaviour of the nanoparticulate sample exposed
to the oxygen ambient. For this, the resistance of the sample is recorded as
a function of time at a particular temperature. Once the resistance value
stabilises, the temperature is decreased by 25 ◦C and the measurements are
repeated in the same manner. These precautions are essential to ensure that
the resistance variation represented the semiconductor nature of the sample
and the adsorption of the gas molecules. The exponential variation of 1/R
with the temperature provides evidence of the semiconductor character of
the SnO2 nanoparticle film. The next step is to determine at which tempera-
ture the chemisorption mechanism takes place. The samples are, accordingly,
annealed at constant heating rates of 6 ◦C/min in different gas atmospheres
(synthetic air, ethanol and NO) and their resistance behaviour as a function
of the temperature is compared. Finally, sensitivity and dynamic behaviour
are compared for different particle size, stoichiometry, crystallographic struc-
ture, operating temperature, gas type and gas concentration to investigate
the influence of the changes in the process parameters leading to different
material properties. One of the main aims of the set-up used is to achieve a
maximum automation of the measurement facility.

3.4.1 Measurement set-up for electrical and gas-sensing
characterisation

A block diagram of the complete instrumental configuration with the switch-
ing device and the interconnections is shown in Figure 3.9. For measurements
concerning the I-V , sensitivity and dynamic behaviour of a gas sensor, a pi-
coammeter (model 487, Keithley Instr./Germany) with an internal voltage
source is used. The instruments are connected via an IEEE-488 bus to the
computer. The set-up can be used to measure gas-sensing characteristics
in well defined temperature cycles and gas concentration levels [Kennedy et
al. [45]]. Figure 3.10 shows an overall view of the gas-sensing measurement
system. The important features, such as the measurement chamber, gas
delivery system and picoammeter are indicated in the picture.

Gas delivery system

The schematic details of the gas delivery system, including the magnetic
valves (MV), three mass flow controllers (MFC) (maximum flow rate: 10,
100 and 500ml/min) for the analysing gas and one MFC for dry synthetic
air (500ml/min), is presented in Figure 3.11. This MFC is used either for
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Figure 3.9: Schematic diagram of the I-V and gas-sensing measurement
system.

the regeneration reaction process or to dilute the detectable gas. The unit
controls the MFCs and magnetic valves; the gas concentration can be ad-
justed within the range of 10 to 1,0000 ppm depending on the initial gas
concentration supplied.

Gas-sensing measurement chamber

Gas-sensing measurements require defined atmospheres. Consequently, the
gas must be introduced into a defined reaction volume. This volume is as-
sured by a closed measurement chamber. Figure 3.12 shows the measurement
chamber with separate feedthroughs for preparing the electrical connections
for resistance measurement and for heating and temperature control. All the
connections to the measurement chamber, except the wires used for the heat-
ing control, are made from shielded triax cables; shields are earthed. The
feedthroughs allow the measurement of resistivity values up to 1010 Ωcm.
The measurement chamber, with a diameter of 100mm and a reaction vol-
ume of 120 cm3, is fabricated out of aluminium. The chip carrier is inserted
into a chip socket, as indicated in Figure 3.13. Below the circuit board are
conductor paths which are soldered to the heating control and picoammeter.
During the measurement a constant gas flow of 150ml/min is maintained in
the chamber.

Automation of gas-sensing measurements

One of the main aims of this project is to achieve a maximum automation
of the measurement facilities. Gas-sensing measurements normally require
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Figure 3.10: Overall view of the measurement set-up for the electrical and
gas-sensing characterisation of SnO2 nanoparticle layers: (1)
shows the measurement chamber (2) the gas delivery system
and (3) the picoammeter.
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Figure 3.11: Schematic presentation of the gas delivery system. All gases
are diluted in synthetic air.
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Figure 3.12: Schematic diagram of the measurement chamber.
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Figure 3.13: Overall view of the measurement chamber. The chip carrier is
inserted into a socket. Below the circuit board are conductor
paths.

long time (several days); by using the set-up described in this investigation,
the measurements are carried out in a pre-set gas ambient and temperature
cycles without the need of an operator. A measurement control program
was implemented using the LabVIEWTM 5.1 software (National Instruments,
Austin,Texas/USA). A virtual instrument, having data acquisition, process-
ing and storage capability for the semiconductor gas sensor data, was de-
veloped. It allows an easy control of the different experimental conditions
used in gas sensor characterisation such as the I-V characteristic, sensitivity
and response time measurements. A dedicated user-friendly front panel was
developed.

An interface to follow the measurement is depicted in Figure 3.14. Indi-
cation of the status of the measurement and the real time display of the gas
flow, temperature and current on an Excel file format-save option are some
of the facilities. Similar graphical interfaces are also included in the software
to control the calibration of the heating and measurement routines. To run
the measurement, the user has to follow several options in the program:
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Figure 3.14: Graphical user interface of the instrument. The depicted in-
terfaces show the voltage, current and resistance as functions
of the time. Gas flow and operating temperature during the
measurement are also shown.

1. Entering the measurement parameters
1.1 Set gas type, gas concentration and gas flow
1.2 Set operating temperature
1.3 Set measurement type (I-V , sensitivity, response behaviour)
1.4 Set current and voltage
1.5 Set number of cycles
2. Measurement runs
2.1 Online operating temperature, gas type, concentration and

flow indicator
2.2 Online indicator for voltage and measured current
2.3 Online measurement type indicator
3. Data processing
4. Finish
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All of these options are included in one program. Before an option is ex-
ercised, the measurement program asks what the laboratory temperature is
in order to adapt the resistance of the TSR to the ambient temperature. Op-
tions 1.1 - 1.5 have to be entered in an extra window; options 2.1 - 2.3 can be
followed on the screen. At the beginning of the process, the user is prompted
for a file name, comments concerning the sample and any instructions as to
the location to which stored data is to be sent. Upon selecting the options,
the user must enter a new test sequence manually at every new measurement
fraction. The operator is prompted to enter the required temperature and
atmospheric conditions and ranges of each cycle. The total number of cycles
is unlimited. For illustration purposes, a typical sequence for a gas-sensing
measurements is shown in Table 3.3. It is essential to purge the tubes and

Type U T Gas Conc. Flow Meas. Meas.
(V) (◦C) (ppm) (ml/min) (No.) time (ms)

response 0.1 300 air 0 150 500 [5,000]
response 0.1 300 ethanol 1,000 150 250 [5,000]
response 0.1 300 air 0 150 500 [5,000]
response 0.1 300 ethanol 1,000 150 250 [5,000]
response 0.1 300 air 0 150 500 [5,000]
response 0.1 300 ethanol 1,000 150 250 [5,000]

Table 3.3: Typical measurement sheet for the investigation of gas-sensing
properties.

the measurement chamber volume before its commencement to ensure stable
experimental conditions; adequate purging of the system is achieved by al-
lowing nitrogen or synthetic air without any humidity to flow for a minimum
period of 30min. The resistance measurements are carried out on highly
resistive SnO2 nanoparticle films grown via the LPI method.

3.4.2 Typical gas-sensing measurement analysis

A typical analysis for determining the gas-sensing properties of a metal-oxide
material is achieved by recording the electrical resistance versus time after
changing the gas ambient. The resulting response transient is used to obtain
sensitivity S and response time τ of the gas-sensing layer. The definition of
sensitivity S is described in equation (2.23) and the analysis of the dynamic
behaviour is discussed in Section 2.3. For the sensor characteristic both, the
response time after changing the gas ambient and the response time for re-
covery, are of importance.
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For illustration purposes, Figure 3.15 shows a response transient where sensi-
tivity and dynamic behaviour are indicated. If different sensors are compared,

Figure 3.15: Typical response transient to characterise the sensing prop-
erties of a metal-oxide gas sensor. The important analysing
parameters, sensitivity S and time constant τ , are indicated.

additional information, as discussed hereunder, is required. To investigate
the gas-sensing properties of a specific gas sensor, the response transients
are measured at different operating temperatures to find the optimum work-
ing temperature in a specific atmosphere for a specific material. Further-
more, gas-sensing investigations can be carried out for different gas types and
material properties, such as particle size, layer thickness, crystallographic
structure and stoichiometry. The compound of all measurements provides
information which is necessary for the understanding of material structure
dependent gas-sensing properties under different circumstances and for the
optimisation of gas-sensing characteristics. Tin oxide nanoparticle layers,
with a small standard deviation of the particle size distribution in the range
of 10-35 nm, are used. The nanoparticles are treated in-situ during synthesis
and ex-situ after deposition to increase knowledge about the influence of the
material properties referred to this section.



Chapter 4

Material and gas-sensing
properties of SnOx nanoparticle
films

In this Chapter, the results concerning the investigation of the SnO2 nanopar-
ticle and nanoparticle film structure depending on the process parameters
using the synthesis method described in Section 3.2.1 are shown. Electri-
cal parameters as well as gas-sensing properties of tin oxide layers based on
monodisperse nanoparticles are presented and discussed. Combining knowl-
edge of material characteristics and gas-sensing properties makes it possible
to fabricate tailored gas sensors.

4.1 Influence of the process parameters on

SnOx nanoparticle formation

DMNPS and TEM measurements are used to study size-fractionation and
the effect of in-flight sintering on particle size and morphology. The particle
layer formation is studied by means of STM and SEM. The investigation of
the chemical composition of SnOx nanoparticle volume and surface due to
in-situ and ex-situ processes is carried out by means of TEM, RBS and X-ray
diffraction using synchrotron sources. Of particular interest is the variation
of the surface stoichiometry using different process parameters. Accordingly,
AES measurements are carried out. Furthermore, the change in the chemical
composition, due to a post-heating treatment in synthetic air, is investigated.
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4.1.1 Analysis of the SnOx nanoparticle and nanopar-
ticle film formation in the gas phase

The evaporation-condensation mechanism for the synthesis of SnOx nanopar-
ticles is tested with respect to its stability as a function of time. It is found
that the number concentration of particles produced remains stable, within
a 10% variation for several consecutive days. The evaporation material in
the evaporation boat can be used for weeks without replacement because of
the small evaporation rate required to produce particles in the nanometer
size range. The evaporation temperatures which are found to be necessary
for obtaining aggregates in the desired size are achieved at 700-900 ◦C. The
in-flight sintering temperature varies between 645-670 ◦C, depending on the
selected particle size because larger particles require higher furnace temper-
atures for the same conditions. The influence due the introduction of oxygen
into the sintering furnace needs to be examined with particular care.

Control of the particle size distribution

In Figure 4.1, the yield of nanoparticles, measured using the DMA, is shown
as a function of the initial mobility-equivalent diameter Dmi of unsintered
particles at different temperatures in the evaporation furnace. The synthesis
set-up was shown in Figure 3.4. Note that these curves are not equivalent
to particle size distributions as the efficiency of the radioactive charger, the
transfer function of the DMA and the particle losses are all included. How-
ever, for the purposes of this investigation, only the yield of size-fractionated
particles is relevant. The mobility diameter Dmi with the largest yield
shifts to larger values as the temperature in the first tube furnace rises as a
result of higher vapour pressure. It is also apparent that there is a specific
temperature which maximises the yield for individual particle sizes. For this
reason, the maximum particle number concentration for each particle size
can be found applying the DMNPS method to each particle size at different
temperatures.

The effect of the sintering and crystallisation of SnO particles in-flight in
the second furnace is shown in Figure 4.2 which illustrates the yield of size-
fractionated particles having an initial mobility-equivalent diameter of Dmi=
25nm at various temperatures, measured by means of DMNPS (Section 3.2.1).
The mean fractionated and sintered particle size is defined as Dms. It can
be seen that the width of the size distribution is very narrow; in reality, it is
even narrower, due to the convolution of the two DMA transfer functions. As
the sintering temperature rises, the mobility-equivalent diameter decreases
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Figure 4.1: Yield of SnO nanoparticles as a function of the mobility-
equivalent particle diameter selected by the DMA at different
temperatures in the evaporation furnace.

Figure 4.2: Yield of size-fractionated SnO particles having an initial
mobility-equivalent diameter of Dmi=25nm after in-flight sin-
tering and crystallisation at different temperatures.
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because of the compaction caused by the sintering of several primary parti-
cles in the aggregates [Kruis et al. [48]] The model for solid-state sintering
may be applicable to nanoparticles. The development of a bimodal distribu-
tion at 690 ◦C and above arises from the partial evaporation and subsequent
secondary nucleation of the SnO nanoparticles. The sintering temperature
of 650 ◦C was chosen for the subsequent synthesis of nanoparticles for this
size as it maintains monodispersity. The reduction in the yield of particles
at this temperature, compared to room temperature, is brought about by
the heating and cooling cycle which induces a radial temperature distribu-
tion inside and just outside the furnace; this leads to particle losses due to
thermophoresis [Kennedy et al. [44]]. The effect of secondary nucleation was
confirmed by means of TEM measurements in the range of 650-750 ◦C.

DMNPS measurements do not provide information about the morphology
of gas-phase synthesised SnOx nanoparticles. Morphology is an important
parameter to investigate the characteristics of the reactive surface during
gas-sensing processes. A defined particle SnOx formation makes it possible
to calculate the total reactive surface area for gas-sensing application. Thus,
further investigations applying methods such as TEM, STM and SEM are
required.

First of all, the formation of the morphology of unfractionated SnO nanopar-
ticles was followed by means of TEM. Figure 4.3(a) shows the morphology
of SnO particles immediately after an evaporation furnace temperature of
800 ◦C. The particles are aggregates with a low degree of crystallinity; this
is evidenced by diffused rings in the electron diffraction. During in-flight
sintering of unfractionated particles at 650 ◦C, an improvement in the parti-
cle and crystalline quality is obtained (Figure 4.3(b)). The particles have a
relatively broad size distribution. The best results are obtained, as expected,
using size-fractionation and subsequent sintering/crystallisation (Figure 4.4).
Quasi-spherical morphology and a narrow size distribution are achieved for
particles having an initial mobility-equivalent diameter Dmi below 30 nm;
larger particles can be seen to be incompletely sintered and crystallised dur-
ing the residence time of 0.5 s in-flight at 650 ◦C: this can be explained by
looking at the characteristic coalescence time τ c , which is a function of the
radius of the primary particles, the sintering mechanism and temperature-
dependent parameters, such as the surface tension and solid-state diffusion
coefficient. Time τ c can be estimated as follows [Kruis et al. [47]]:

τc =
1

16

kbTa3

Dγνm

(4.1)
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Figure 4.3: TEM micrographs of unfractionated SnO nanoparticles (a) af-
ter evaporation in furnace 1 and (b) after subsequent sintering
and crystallisation at 650 ◦C in furnace 2.

Figure 4.4: TEM micrographs of size-fractionated SnO nanoparticles,
having initial mobility diameters of (a) 10 nm (b) 20 nm (c)
30 nm and (d) 45 nm which are sintered and crystallised in-
flight at 650 ◦C for 0.5 s.
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where kB is the Boltzmann constant; D the diffusion coefficient; T the tem-
perature; γ the surface tension; a the particle radius; and νm the molecular
volume. The formula indicates that the characteristic coalescence time in-
creases rapidly as the particle radius grows, so that larger aggregates (com-
posed of larger primary particles at an intermediate stage) will require a
longer residence time at the same temperature to become completely coa-
lesced. This was confirmed by the experiments.

In Section 2.1.1, it was shown that nanoparticle sensor applications with par-
ticle diameters over Dms=30nm are not useful for determining size-dependent
gas-sensing properties in this investigation because the gas-sensing properties
are much less affected due to a different ratio between thickness of the charge
depletion layer and the total particle volume compared to 10 nm large par-
ticles. Accordingly, no further experiments with increased residence times,
with the objective of obtaining coalesced particles of larger sizes, were carried
out.

In Figure 4.5, the particle size distribution determined from TEM micro-
graphs with initial particle sizes (Dmi) of 15, 25 and 32 nm is presented, if the
initial particle diameter is Dmi=32nm the standard deviation is σgT =1.05. It
can be seen that a relatively narrow size distribution, which is slightly broader
for smaller particles, is obtained (for Dmi=15nm particles σgT =1.09). This
is caused by the diffusional broadening of the transfer function of the DMA;
it is more significant for smaller particles [Hagwood et al. [35]]. The width
can, in principle, be reduced further by changing the operating conditions
of the DMA or by using a second DMA after sintering. The monodispersity
of size-selected SnO nanoparticles measured using the DMNPS method, is
confirmed. An additional oxidation process during the gas phase synthesis
does not affect the particle size distribution.

The particle size analysis was also confirmed by means of STM mea-
surements. STM offers the possibility of obtaining an impression about
the 3-dimensional particle film formation although the resolution in the
plane is limited due to the tip. Figure 4.6 shows STM micrographs of frac-
tionated SnO nanoparticle layers with two different sizes, Dms=10nm and
30 nm. The sintering temperature to obtain monodisperse size distribution
for Dms=10nm was 645 ◦C and for Dms=30nm 670 ◦C. No post-heating treat-
ment was carried out. The large particle size difference can be accurately
measured. The 10 nm particles cannot be detected separately. It was es-
tablished that the particle layer of as-deposited SnO nanoparticles is a very
porous media: this is one of the goals of this investigation because porous
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Figure 4.5: SnO nanoparticles extracted from TEM micrographs with ini-
tial sizes of Dmi=15, 25 and 32 nm. The standard deviation
σgT is indicated.

media offer a higher surface area and, therefore, a larger amount of reactive
places for the same layer volume (Section 1.1). This result is fulfilled for
both particle sizes. Up to now, material investigations have concentrated on
SnO, i.e. unoxidised nanoparticles. However, for gas-sensing measurements,
a chemical composition of SnO2 is required for sensing material. Addition-
ally, SnO2 has to be understoichiometric so that the chemisorption process,
mentioned in Section 2.1.1, occurs. Therefore, TEM and XRD are used for
the analysis of the crystallographic structure and AES and RBS for the mea-
surement of the surface and volume stoichiometry. Generally, an oxygen
deficiency of 0.1% is enough for gas-sensing application [Weisz [88]]. As de-
scribed in Section 3.2.1, it is possible to add a defined amount of oxygen into
the second furnace to oxidise the SnO nanoparticles to SnOx (1<x<2).

TEM measurements do not only supply information about the particle mor-
phology. The measurement system can also be applied for the analysis of the
crystallographic structure using the electron diffraction pattern. First of all,
measurements of the crystallographic structure are done by means of TEM
analysis on fractionated SnO nanoparticles in the gas phase without oxygen
and by adding 10 vol% oxygen into the second furnace (Figure 4.7). The ini-
tial mobility diameter is Dmi =25nm and the measured mean diameter of
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Figure 4.6: STM measurements of size-fractionated SnO nanoparticles
with particle sizes of (a)Dms=10nm and (b)Dms=30nm.

Figure 4.7: TEM image and electron diffraction patterns of fractionated
SnO nanoparticles at an initial mobility diameter of 25 nm (a)
without oxygen and (b) adding 10 vol% oxygen.

the sintered nanoparticles is Dms =14nm; this is in accord with the DMNPS
results (Figure 4.2). The nanoparticles are spherical and crystalline and have
a narrow size distribution. Diffraction rings indicate a good crystallinity of
the size-selected tin oxide nanoparticles with and without oxygen. A com-
parison of the lattice parameter, with gold as reference material, shows that
the diffraction pattern of the unoxidised sample indicates romarchite SnO
with a tetragonal structure. The electron diffraction pattern of the oxidised
sample indicates two structures: Casserite, i.e. tetragonal SnO2, and a high
pressure phase of orthorhombic SnO2. Shek et al. also found, by means of
X-ray diffraction, a mixture of an orthorhombic and a tetragonal SnO2 phase
in ultrafine tin oxide particles produced by an inert gas condensation method
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[Shek et al. [80]]. The orthorhombic phase of SnO2 is metastable and was ob-
served under high pressure conditions [Suito et al. [83]]. Shek et al. believe
that the orthorhombic phase is an intermediate product appears when dis-
ordered tin oxide transforms to stable tin oxide (rutile phase) via annealing
under oxygen deficiency conditions. The structure of the thin films of SnO2

change, during subsequent annealing in oxygen atmospheres up to 1,000 ◦C,
into a tetragonal phase. The epitaxial tin oxide thin film phase transforma-
tion of SnO to SnO2 starts at 300 ◦C and is completed at 700 ◦C. Between
these temperatures an additional phase of Sn3O4 has been detected [Pan et
al. [69]]. The nanoparticles in this synthesis set-up were sintered at 650 ◦C
in the gas phase under different oxygen conditions. An annealing process at
higher temperatures than 300 ◦C would probably be necessary to achieve a
fully stable tetragonal phase of tin oxide, but this treatment will certainly
also change the particle size distribution of the nanoparticle films. As the
particle size is to be kept constant during the gas-sensing operation, the ef-
fect of an annealing at temperatures higher than 400 ◦C was not investigated
because this would cause a further sintering process and, therefore, a loss of
the well defined particle layers and monodisperse particle size distribution.
However, the investigation of the crystallographic structure will be discussed
more in detail in the next section.

Study of the surface topography after annealing

First studies analysing the topography of the SnOx nanoparticle layer have
been carried out by STM measurements (Figure 4.8). Nevertheless, this
method is limited laterally due to the width of the tip. Therefore, the SEM
method is used. Figure 4.8(a) shows a view of the surface topography of an
unannealed tin oxide nanoparticle film. The regular grain size, uniform par-
ticle deposition, porous structure and connectivity between the particles can
be qualitatively identified. No difference could be seen, by means of SEM be-
tween the nanoparticle film which is annealed for 1,000 hours at 300 ◦C (see
Figure 4.8(b)) and the unannealed nanoparticle film. This was supported
by XRD measurements which did not detect a change in the crystallite size
of the annealed layer. The formation of the sintering necks which, unfortu-
nately, cannot be seen using the SEM method due to insufficient resolution,
is thus possible without changing the particle size. Equation (2.27) describes
the development of the ratio of the sinter neck width and the particle diam-
eter (x/a), which is valid for constant a, constant temperature and for the
initial stages of the sintering (x/a<1), whereby (x/a) is a function of t1/(n+1),
t−1/5 and t−1/6 respectively. Consequently, after a very rapid initial increase
in the neck width, the neck width develops much more slowly. This ensures
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Figure 4.8: SEM micrograph of a nanoparticle film composed of size-
fractionated (a) as-deposited SnO nanoparticles and (b) an-
nealed at 300◦C for 1,000 hrs in oxygen and ethanol.

that sinter necks can develop without substantially changing the particle di-
mensions. The stability of the layer against grain growth is probably due to
the fact that the particles already underwent a high-temperature treatment
during the gas-phase synthesis. Furthermore, the uniform grain size ensures
a similar neck formation rate for all particles without substantially chang-
ing the grain size. Further investigations concerning these phenomena are
carried out with X-ray diffraction measurements using synchrotron sources,
presented in the next section.

4.2 Study of the chemical composition of SnOx

nanoparticles during synthesis

It is well known that two conditions have to be fulfilled for tin oxide to act as
a gas-sensing layer. Firstly, the material must have an SnO2 crystallographic
structure; secondly, SnO2 has to have oxygen vacancies (understoichiomet-
ric). This section shows the results of the analysis of the chemical composition
influenced by different in-situ and ex-situ process parameters.



4.2 Study of the chemical composition of SnOx nanoparticles
during synthesis 67

4.2.1 Change of the crystallographic structure due to
addition of oxygen or annealing

Two different SnO2 phases have been investigated up to now by means of
electron diffraction: the tetragonal phase (casserite) and the high pressure
orthorhombic phase [Suito et al. [83]]. Differences between these phases con-
cerning their gas-sensing properties have not yet been investigated. Con-
sequently, it is necessary to obtain information about the crystallographic
phases of tin oxide layers based on monodisperse nanoparticles and then, if
the phase is confirmed, the gas-sensing characteristics of the two samples
need to be compared. In this section, basic information about the crystallo-
graphic structure of nanoparticle layers dependent on various process param-
eters is investigated. Gas-sensing characteristics are discussed in Section 4.3
and compared with the crystallographic structure and stoichiometry results;
these measurement are carried out to understand the sensing mechanism of
tailored SnO2 nanoparticle films and to optimise the gas-phase synthesis pro-
cess.

At the beginning of this investigation it was necessary to prove the appropri-
ateness of the synthesis set-up. The crystallite phase of tin oxide layers, com-
posed of size-fractionated nanoparticles with different mobility-equivalent di-
ameters in the range of Dms =10-25 nm after sintering without the addition
of oxygen, was, therefore, measured (Figure 4.9). A small particle size of
10 nm causes a strong broadening of the Bragg peaks which can overlap other
peaks; this leads to a more difficult analysis of the lattice structure. However,
for particle sizes over 15 nm, the predominant peaks observed at 2Θ=21.11◦

(d=4.88 Å), 2Θ=34.4◦ (d=3.002 Å), 2Θ=38.88◦ (d=2.689 Å) and 2Θ=43.13◦

(d=2.435 Å) correspond to the (001), (101), (110) and (002) planes of the
tetragonal SnO (romarchite) phase. The (101) and the (110) planes could
also be detected for 10 nm particles. No Bragg peaks corresponding to SnO2

were found. If SnO2 particles are to be generated, an additional oxidation
process is necessary in this set-up. This oxidation process was investigated by
means of electron diffraction (Figure 4.7). In order to confirm the results and
to achieve additional information about the oxidation process dependent on
different parameters, additional XRD measurements were carried out since,
in the case of TEM investigations, the oxidation process took place in the
sintering furnace.

If 10 vol% oxygen is added, both SnO2 phases are detected (Figure 4.10).
O denotes the position of the Bragg peaks for orthorhombic SnO2 and T
the position of the Bragg peaks for tetragonal SnO2. The Bragg peaks
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Figure 4.9: Θ-2Θ scans of a nanoparticle film composed of size-
fractionated SnO nanoparticles with Dms within the range
of 10-25 nm without addition of oxygen in the second furnace.
The lattice planes of tetragonal SnO are indicated.

at 2Θ=24.4◦, 2Θ=29.8◦ and 2Θ=35.7◦ clearly point to the (110), (111)
and (002) planes of orthorhombic SnO2; 2Θ=31.04◦ (d=3.34 Å), 2Θ=34.4◦,
2Θ=39.63◦ (d=2.64 Å) and 2Θ=44.27◦ (d=2.375 Å) clearly point to the (110),
(101) and (200) planes of the tetragonal SnO2 phase. An increase in the
oxygen concentration during in-situ oxidation does not change the crystallo-
graphic structure. Even after additional heat treatment at 400 ◦C in synthetic
air, no change was found.

The influence of the deposition technique on the post-annealing process
was investigated. Electrical forces using an electrostatic precipitator (ESP)
and inertial forces using a low pressure impactor (LPI) were applied. SnO
size-selected nanoparticles are deposited in the case of both techniques and
annealed in synthetic air, at a volume flow rate of 150ml/min, at 300 ◦C
(maximum operating temperature) for 2 hours. This is done to obtain infor-
mation about possible changes in the chemical composition during annealing
before using the nanoparticle film for gas detection. Figure 4.11 shows the
Θ-2Θ scans of the as-deposited SnO nanoparticles with Dms=20nm using
ESP and LPI after annealing. If the low pressure impaction method is used,
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Figure 4.10: Θ-2Θ scans of a nanoparticle film composed of size-
fractionated in-situ oxidised SnOx nanoparticles with Dms

within the range of 10-25 nm with the addition of 10 vol%
oxygen in the second furnace. O denotes the position of the
Bragg peaks for orthorhombic SnO2 and T the position of the
Bragg peaks for tetragonal SnO2 planes.

the nanoparticle layer consists of only an orthorhombic SnO2 phase, whereas
a mixture of a tetragonal and orthorhombic SnO2 appears if electrical forces
are used for the deposition of the nanoparticles. These phenomena can be
explained by an incompleted oxidation process after using the LPI deposi-
tion method causing a different layer formation; it results in a metastable
SnO2 phase. Because of the higher velocity of nanoparticles during the LPI
process, it is assumed that an LPI method will create more dense particle
layers than when using an ESP. Even after 24 hours at 300 ◦C, no tetragonal
phase in the case of LPI was detected. This means that, after the nanopar-
ticles have been deposited by means of inertial forces, a complete oxidation
to a tetragonal SnO2 phase requires higher temperatures. For the analysis
of gas-sensing properties of SnO2 nanoparticle films not only the crystallo-
graphic structure is of importance but also the stoichiometry, especially at
the surface (Section 2.1.2). The mean crystallite size of the SnO nanoparti-
cles is calculated from the line-broadening of all Bragg peaks, whereby the
resolution of the measurement set-up is included. Table 4.1 shows crystallite
size values compared to particle size values measured by means of DMNPS
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Figure 4.11: Θ-2Θ scans of a nanoparticle film composed of size-
fractionated SnO nanoparticles with Dms=20nm using ESP
and LPI. Both samples were post-annealed at 300 ◦C in syn-
thetic air for 2 hours.

and TEM. The size values are in good accord with each other. The larger dif-
ference detected in measuring the 10 nm sample might have occurred due to
the existence of only one Bragg peak to calculate the crystallite size. Conse-
quently, the gas-phase synthesis set-up for monodisperse particles is reliable.
Additionally, the similarity of the values for particle and crystallite indicates
that each size-selected SnO particle are monocrystalline.

4.2.2 Study of the volume and surface stoichiometry
change of SnOx nanoparticle films

In this investigation the gas-sensing material is used at operating tempera-
tures up to 300 ◦C. The change in the chemical composition of the sample
has, therefore, to be followed up to the maximum temperature in order to un-
derstand possible changes in the gas-sensing characteristics. In Section 4.2.1,
the change in the crystallographic structure was investigated by means of
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Dmi DMNPS TEM XRD
(nm) (nm) (nm) (nm)
15 10.2 9.6 7.3
25 14.5 14.0 14.9
32 18.3 18.8 17.5
45 24.5 24.2 23.3

Table 4.1: Comparison of the mean measured particle size using DMNPS
and TEM and the mean crystallite size using XRD for differ-
ent initial mobility particle diameters Dmi.

XRD. This method provides information about the whole nanoparticle layer
in order to analyse possible changes in the crystallographic structure, since
a stable lattice structure is required during gas-sensing measurements.

The surface is the predominant factor in determining the gas-sensing char-
acteristics. AES is a very surface-sensitive analysis method (Section 3.3.3).
Consequently, this method is used to measure the change in the surface sto-
ichiometry due to in-situ high temperature oxidation or ex-situ heat treat-
ment.

Analysis of the volume stoichiometry of as-deposited SnOx nanopar-
ticles

The chemical composition of tin oxide nanoparticle films can also be investi-
gated by means of RBS. This method enables the stoichiometry of nanopar-
ticle films in different planes, i.e. in different film depths, to be determined.

Figure 4.12 shows two RBS spectra of as-deposited monosized nanoparticles
(Dmi =20nm) on polished carbon substrates. The layer thickness is found
to be 350 nm. This value is also calculated from the deposition area, the
deposition time and the particle number concentration during the gas phase
synthesis process. The curves correspond to the different oxygen concentra-
tions in the second furnace. The effect of the addition of oxygen can be seen
by the intensity change at the oxygen peak. If 10 vol% oxygen is added in the
second tube furnace, the value of the edge peak and the area of the oxygen
peak increase. Thus, as already determined by means of TEM and XRD, the
oxygen content of SnOx particles is increased by adding oxygen.

The Sn-O ratio through the layer can be determined by means of the
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Figure 4.12: RBS spectrum obtained from monodisperse nanoparticle films
of SnOx on glassy carbon (a) without oxygen and (b) with
10 vol% oxygen (Dms=20nm).

”rump” program. The concentration depth profiles for the SnOx layer are
depicted in Figure 4.13. Figure 4.13(a) shows that without oxygen the stoi-
chiometry of the SnO material used is initially constant (SnO1.1) throughout
the complete layer. This is in agreement with the crystallographic structure
results in Section 4.2.1, where only the tetragonal SnO structure was found
if no oxygen is added in the sintering furnace. In the first 100 nm, SnOx has
a higher oxygen concentration (SnO1.3), probably caused by a physisorption
process of oxygen on the surface as the samples are transported in air. Also
water molecules on the surface may contribute to the increase in the oxygen
concentration. If 10 vol% pure oxygen is introduced into the second furnace,
the stoichiometry of the layer lies between SnO1.8 on top of the layer and
SnO2 inside the layer (Figure 4.13(b)). The lower oxygen content on top of
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the layer can be caused by oxygen vacancies on the surface of the sensing
material. The surface stoichiometry results are discussed below.

Figure 4.13: Element depth profile of monodisperse thin particle films of
SnOx on glassy carbon substrates (a) without oxygen and (b)
with 10 vol% oxygen (Dms=20nm).

Stoichiometry change on the SnOx nanoparticle surface

The upper panel of Figure 4.14 shows a typical AES spectrum recorded from
10 nm SnO nanoparticles deposited on a Si(111) surface. The Sn(MNN) dou-
blet consists of two well separated features at 421 and 429 eV. The intensity
ratio between the O and Sn Auger features corresponds to a composition of
SnO1.2. This finding is in agreement with TEM, RBS and XRD studies which
prove the tetragonal SnO phase and a similar Sn-O ratio of the particles. The
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C signal at 270 eV is due to residual hydrocarbon contamination during the
transfer of the samples from the deposition to the analysis chamber. The
shape and intensity of the Auger lines do not change with the particle size,
indicating that the surface chemical composition is independent of the par-
ticle diameter.

The SnO samples are post-annealed at 300 ◦C in synthetic air for one hour.
Auger spectra of annealed nanoparticles of different sizes are shown in the
lower panel of Figure 4.14. This treatment changes the shape of the Sn
doublet significantly. The double structure in the first derivative spectrum
corresponds to a well resolved double peak structure in the original spectrum;
this can be retrieved by numerical integration of the Auger spectra recorded.
The variation observed in the line shape, due to annealing, indicates a broad-
ening of the original peaks which may be attributable to different chemical
environments of the tin atoms. Similar line distortions were reported earlier
for as-deposited and at 500 ◦C annealed SnOx films prepared by ion-beam
assisted deposition [Choi et al. [12]]. The authors interpreted this finding
as being evidence of the presence of metallic Sn at the surface that causes
chemically shifted Auger lines. However, in this investigation no evidence
of metallic Sn could be found. The change in the Sn Auger lines may be
related to an intermediate and not fully relaxed oxidation state of the Sn
atoms. Annealing leads also to a structural change in the nanoparticle film
since weak Auger features of oxidised Si are observed at around 80 eV (see
also Section 4.2.1). The layer apparently opens up when the nanoparticles
are oxidised. Oxidation of SnO is accompanied by a volume reduction of
approximately 7%. A change of microstructure was observed earlier with
thin films [Pan et al. [69] and Choe et al. [10]]. The change in the Sn line
shape and the enhanced oxygen signal due to SiO2 complicate a quantitative
analysis of the nanoparticle stoichiometry. To obtain a good estimate, the
Auger spectra were adjusted by substracting the SiO2 background signal and
by comparing the results from the peak-to-peak-intensities with an analysis
of the original, i.e. an integrated spectra. Both ways of determining the
Auger line intensities result in a composition of approximately SnO2, i.e. the
surface of the particles is oxidised by the annealing process. However, the
distorted line shape indicates a mixed oxidation state.

A second post-annealing process at 300 ◦C for 1 hour in synthetic air leads
to a further change in the Auger spectra as shown in the top panel of Fig-
ure 4.15. The Si substrate signal increases; this may be due to an enhanced
opening of the nanoparticle film. The Sn Auger doublet shows again two
well resolved features, indicating a uniform oxidation state. To extract the
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Figure 4.14: Top panel: Auger spectrum of as-deposited 10 nm SnO
nanoparticles; lower panel: Auger spectra of SnO nanopar-
ticles of different sizes annealed once at 300 ◦C in synthetic
air for one hour.
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true stoichiometry of the nanoparticles, the tin oxide spectra are adjusted
by subtracting the normalised Auger spectrum of the Si substrate shown in
the middle panel of Figure 4.15. The Si spectrum is normalised to the inten-
sity of the Si line in the tin oxide spectra. The lower panel of Figure 4.15
illustrates the corrected Auger spectrum for the 10 nm nanoparticles. The
resulting oxygen content is almost unchanged, irrespective of the particle
size; it corresponds to SnO1.9. Consequently, annealing of as-deposited SnO
nanoparticles at 300 ◦C in synthetic air for 2 hours alomost leads to a sto-
ichiometric SnO2 phase. This has been confirmed by XRD measurements
but indicated two crystallographic structures (Figure 4.11) depending on the
particle deposition method.

Stoichiometry change of in-flight unoxidised and oxidised SnOx

nanoparticles

In order to study the properties of nanoparticles oxidised in the gas phase,
SnOx particles of 20 nm diameter were prepared by adding 10, 20 and 35 vol%
oxygen to the carrier gas. The increasing oxygen content extracted from the
peak-to-peak Auger intensities is plotted as solid circles in Figure 4.16. By
taking the original Auger line intensities after numerical integration, the error
in the oxygen content determined is ∆x∼=±0.2. Hence, it must be concluded
that, as the oxygen content in the carrier gas increases, the in-flight oxida-
tion of the particles changes the stoichiometry from SnO1.2 (no oxygen) to
SnO1.8. After deposition on the Si substrates, the in-flight oxidised particles
are post-annealed at 300 ◦C in synthetic air for one hour. The resulting oxy-
gen content is also plotted in Figure 4.16 for single and double post-annealing
steps. The stoichiometry of the nanoparticles is independent of the number
of post-annealing steps. All in-flight oxidised nanoparticles show a compo-
sition of approximately SnO1.8: this is significantly lower than the oxygen
content of post-annealed SnO nanoparticles. Even heating at 300 ◦C for 4
hours in synthetic air does not change the SnO1.8 composition. Thus, for a
given heat treatment, the final stoichiometry of the particles is dependent on
its previous history during synthesis. Effective oxidation by post-annealing
of the deposited particles is suppressed if the particles are pre-oxidised in the
gas phase. A possible explanation is that an inhomogeneous phase mixture
of SnO, Sn3O4 and SnO2 of the in-flight oxidised particles exists at the sur-
face of the nanoparticles, but no intermediate phases were found by means
of XRD measurements (Section 4.2.1). From oxidation studies of thin SnO
films, it is known that the transformation into SnO2 occurs during heating at
500-600 ◦C for 1 hour, either directly or by passing through an intermediate
phase of Sn3O4 [Geurts et al. [29]]. In this investigation, in-flight oxidation
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Figure 4.15: Top panel: Auger spectra of SnOx nanoparticles of different
sizes post-annealed twice at 300 ◦C in synthetic air for 1 hour;
middle panel: Auger spectrum of the Si substrate; bottom
panel: adjusted Auger spectrum for 10 nm SnOx nanoparti-
cles.
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Figure 4.16: Change of oxygen content in SnOx with different
concentrations of oxygen in the carrier gas, before
and after annealing.

occurs within a much shorter time scale (0.5 s) and may leave the nanoparti-
cles in a non-uniform state; this shows a different oxidation behaviour during
post-annealing for different in-situ treatments.

The oxygen content of SnO nanoparticles oxidised in-flight or by a post-
annealing process after deposition is independent of the particle size. How-
ever, the AES and XRD measurement results show that in-situ oxidation
produces tin oxide of different chemical composition compared to that after
post-treatment in air. XRD measurement results show that post-annealing
of SnO nanoparticles in synthetic air at 300 ◦C produces - normally - a ther-
modynamically unstable orthorhombic phase if the LPI deposition method
is used, whereas Auger measurement indicates that such a treatment gener-
ates a full stoichiometric tin oxide surface. However, the microhotplates for
electrical and gas-sensing characterisation have been configured for applying
the LPI method because tin oxide nanoparticle films can be produced by LPI
much faster compared to the ESP technique (Section 3.2.2).

However, the Auger results do not indicate that the surface of the tin oxide
nanoparticles is fully oxidised if an in-situ high temperature oxidation has
occurred. Even after additional heat treatment in synthetic air, a maximum
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stoichiometry value of SnO1.85 was measured. This means that, although the
crystallographic structure analysis only shows an SnO2 structure, there are
more oxygen vacancies on the surface of in-situ oxidised SnO particles than
on the surface of post annealed SnO nanoparticle layers. The Auger results
are independent on the particle size [Ramamoorthy et al. [73]]. Consequently,
the process parameters described in this section make it possible to fabricate
SnOx nanoparticle films with a defined chemical composition. The effect on
the gas-sensing properties will be discussed in the next chapter.

4.3 Gas-sensing properties of monodisperse

SnO2 nanoparticle layers

Prior to the gas-sensing measurements, the SnOx nanoparticle films are an-
nealed at a temperature of 300 ◦C for about 2 hours in 1,000 ppm diluted
ethanol. Annealing leads to the formation of sintering necks. This is sup-
ported by the fact that during the annealing process the resistance of SnOx

nanoparticle samples decreases by several orders (Figure 4.17) although a
morphology change of the particle layer is not detetected by means of SEM
as shown in Figure 4.8. The results for a sample with a mean particle diame-
ter of Dms=15nm show that resistance, initially 5GΩ at room temperature,
reaches a stable value of 12 kΩ after heating for 2 hours at 300 ◦C; if the
sample is annealed a second time, the resistance from room temperature to
the maximum operating temperature changes by a maximum of one order,
e.g. for Dms=15nm between ∼ 100 kΩ at 25 ◦C and 10 kΩ at 300 ◦C. This
annealing procedure is always carried out for a new sample combined with
a temperature calibration of the microhotplate. As described in Section 2.3,
the use of nanoparticles is of great interest for gas-sensing applications due
to their large surface to volume ratio. However, the ratio between parti-
cle volume and thickness of the charge depletion layer can cause significant
changes in the gas-sensing properties. This section discusses different charac-
teristics of nanoparticle layer, such as chemisorption, sensitivity and dynamic
behaviour for different particle sizes at different temperatures and for differ-
ent gas types and gas concentrations; additionally, the influence of various
process parameters such as an in-situ oxidation process on the gas-sensing
properties of gas sensitive films, based on monodisperse SnO2 nanoparticles,
is presented.

In order to characterise the chemisorbed species, the electrical resistance
R is measured in different oxygen concentrations at temperatures within the
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Figure 4.17: Resistance of a sample with Dms=15nm as a function of the
temperature during annealing. The temperature of 300 ◦C is
kept constant for 2 hours.

range of 50-300 ◦C. Using this method, the mean charge of the adsorbed
oxygen atoms can be found [Hermann et al. [37]]. Additionally, the resis-
tance is measured as a function of the temperature for a constant heating
in different atmospheres to determine the temperatures at which different
reactions between gas and sensing material occur. After characterisation of
the particle-to-particle contact evolution, the gas-sensing characteristics of
SnO2 films based on monodisperse nanoparticles are investigated. The lay-
ers are prepared using the method described in Section 3.2. Four samples
were prepared from nanoparticles having mobility diameters after sintering
of Dms = 10, 15, 20 and 35 nm (NF10, NF15, NF20 and NF35). Further par-
ticle and film properties, such as the standard deviation of the particle size
distribution σgm calculated from DMNPS measurements and σgT from TEM
measurements, relating to the surface density and the number of particle
layers, are presented in Table 4.2. The electrical resistance R of all samples
was measured in 1,000 ppm ethanol at 250 ◦C. It can be seen that the di-
ameters, as determined from TEM DT (9.6, 14, 19.8 and 34 nm for samples
NF10, NF15, NF20 and NF35 respectively) match well with Dms. The de-
position conditions are chosen such that the estimated layer thickness of all
samples is equal. The nanoparticles are deposited on microhotplates with in-
terdigitated electrodes as described in Section 3.2.2. The resulting values of
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Dmi Dms σgm DT σgT density thickness R
(nm) (nm) (nm) (#/µm2) (µm) (Ω)

NF10 15 10 1.12 9.6 1.09 1.99·106 1.52 2·106

NF15 25 15 1.11 14 1.08 5.75·105 1.5 4·105

NF20 33 20 1.08 18.8 1.05 2.48·105 1.52 4·103

NF35 75 35 34 4.54·104 1.5 3·103

Table 4.2: Characteristics of deposited SnO particles in the form of
nanoparticle films used for gas-sensing investigations. The
nanoparticle film thickness is assumed for a closed packed
system.

the resistance of the annealed samples are also shown in Table 4.2. Clearly,
the resistance increases sharply for smaller particle sizes. A similar effect
was found by Xu et al., who explained this by the change in the ratio be-
tween the thickness of the space charge region and the particle diameter [Xu
et al. [91]]. Furthermore, the influence of the in-situ and ex-situ treatment,
such as annealing and oxidation, is measured. The gas-sensing properties in
terms of sensitivity and dynamic behaviour are determined by measuring the
time-dependent changes in resistance on altering the gas environment in the
measurement chamber at operating temperatures varying from 100 to 300 ◦C.
Ethanol and carbon monoxide are used as reducing gases and nitrogen oxide
as an oxidising gas.

4.3.1 Study of particle-to-particle temperature-depen-
dent contact

The large decrease in the resistance and the change in the contact type
show that an annealing process up to 300 ◦C leads to a sintering process
between particles. In this section the investigation of the electrical contact
between size-selected SnO2 nanoparticles is carrried out. The particle-to-
particle contact formation is measured by means of I-V measurements. The
I-V plot provides information about the contact type. For SnO2, different
contact types have been found [Göpel [33]]. Figure 4.18 shows two I-V plots
for sample NF20. The sample was heated in 1,000 ppm ethanol. It can
be seen that if the sample is annealed up to 150 ◦C for the first time, a
Schottky contact is obtained. It should be taken into account that the I-
V measurement also includes an electrode-particle contact. Nevertheless, if
the sample is heated up to 250 ◦C the Schottky contact disappears and an
ohmic contact is established. Once the contact type has changed to an ohmic
contact the type does not change anymore and is independent of temperature;
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Figure 4.18: I-V characteristics of sample NF20 showing a Schottky con-
tact at 150 ◦C and an ohmic contact at 250 ◦C.

this is due to a sufficient sintering process between the tin oxide nanoparticles.
However, the shapes of the I-V curves do not change with the particle size
indicating that the contact types are independent of the particle diameter.
Consequently, to have not only a stable particle size but also a stable particle-
to-particle contact, each sample has to be heated up to at least 250 ◦C.

4.3.2 Analysis of the chemisorption process at the sur-
face of nanoparticle layers

As described in Section 2.1.2, the chemisorption effect is responsible for the
gas-sensing mechanism of metal-oxide materials. In this investigation, the
chemisorption process is measured by the electrical resistance as a function of
the temperature at a constant heating rate. It is also possible to evaluate the
charge of the adsorbed species on the surface of the semiconducting material
(Section 3.4). Both experiments were carried out to confirm the gas-sensing
mechanism for nanoparticle samples and to achieve basic information about
the status of the gas sensor before reaction with a reducing or an oxidising
gas.
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Evaluation of the oxygen species after chemisorption

In order to investigate the chemisorption process of oxygen on the surface, the
temperature dependence of the resistance at different oxygen concentrations
in nitrogen was measured for samples NF10 (Figure 4.19) and NF20. The
steady-state values of 1/R for sample NF10 are depicted in a log-log plot as
a function of p(O2) at 200, 250 and 300 ◦C. The behaviour can be described
by the equation [Herrmann et al. [37]]:

1

R
∼ 1

R0

· p(O2)
− 1

n (4.2)

A positive value of n shows the n-type behaviour of the SnO2 nanoparticle
samples because this behaviour shows the adsorption of oxygen resulting in a
charge transfer mechanism and, therefore, in an increase of the electrical re-
sistance. This means that the resistance of the SnO2 nanoparticle films rises
as the oxygen partial pressure p(O2) increases. If n is close to 4, anionic va-
cancies, as the main structure defects, act as a source of conduction electrons.

In literature two mechanisms involving oxygen doubly anionic (O2−) and
oxygen singly anionic (O−) species have been proposed [Chang [8]]. It may
also be mentioned here that n in the equation (4.2) signifies the value of the
oxygen species responsible for the gas-sensing raction. The values of n=4
and n=2 correspond to the O− and O2− species respectively. Referring to
the graph, a value of n=2.6± 0.1 is observed for sample NF10. The value
n=2.6 indicates that both O2− and O− are involved in the chemisorption pro-
cess at temperatures between 200 and 300 ◦C. For sample NF20 the value of
n observed in the present case in temperatures ranging from 200 ◦C to 250 ◦C
was n=3.3. That means that the charge transfer process during chemisorp-
tion depends also on the particle size of the sample, resulting in different
ratios of the amounts of adsorbed O2− and O− species and, therefore, differ-
ent thicknesses of the charge-depletion layer.

If the oxygen pressure is reduced, the nanoparticle surface becomes devoid of
oxygen species. The anionic species interact with the semiconductor surface
by taking excess electrons from the n-type semiconductor; thus, removal of
these species from the surface is equivalent to increasing the electron con-
centration near the surface of the nanoparticles. The response of 1/R varies
inversely to the oxygen pressure and quite rapidly for the particle sample.
This can be explained by a combination of a high surface area and good
electrical interconnections between particles.
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Figure 4.19: Sample NF10: inverse resistance as a function of oxygen
partial pressure at different temperatures.

Study of electrical properties in different atmospheres at a constant
heating rate

If a metal-oxide semiconducting material is heated, this leads to a decrease in
the electrical resistance at T<100 ◦C [Lantto [50]]. In the case of metal-oxide
gas sensors, a chemisorption mechanism in an oxygen atmosphere which takes
place at higher temperatures causes a decrease in the charge carriers due to
the charge transfer mechanism at the surface and, therefore, an increase in
the resistance at >100 ◦C (Section 2.1.2).

In order to study the temperature at which the chemisorption process is
dominant, firstly, resistance measurements were carried out by heating sam-
ple NF10 from room temperature up to 300 ◦C at a constant heating rate of
6 ◦C/min in various oxygen concentrations (10, 20 and 50 vol% ). Figure 4.20
shows that for all oxygen concentrations there is a decrease in resistance as
the temperature increases up to 150 ◦C. Over 150 ◦C, an increase in resis-
tance is observed; this is more noticeable for higher oxygen concentrations.
This phenomena confirms the investigations of metal-oxide gas-sensing mate-
rials, referred to in literature, for temperature-dependent physisorption and
chemisorption processes at the surface (Section 2.1.2): below 100 ◦C, oxygen
molecules are physisorbed; this does not affect the electrical properties of the
semiconductor material and, thus, the decrease observed in the resistance
corresponds to the decrease in the resistance of an n-type semiconductor ma-
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Figure 4.20: Sample NF10: resistance as a function of temperature at dif-
ferent oxygen concentrations (heating rate 6 ◦C/min).

terial as the temperature increases. This is supported by the observation that
these changes are not dependent on the oxygen concentration. Above 100 ◦C,
chemisorbed oxygen acts as an electron acceptor and creates an O2

− species
on the surface. Electrons on the semiconductor surface are transferred to the
adsorbed oxygen species through a charge transfer mechanism. The negative
charge generates a depletion layer and a Schottky potential barrier is formed
on the metal oxide surface [Weisz [88]]. By means of electron paramagnetic
resonance (EPR) investigations, together with conductance measurements,
it was shown that at T>150 ◦C, an O2

− to O− transformation takes place
[Chang [8]], leading to a further increase in the resistance. Figure 4.20 also
shows that the equilibrium of chemisorption gas is reached applying a steady-
state resistance value T>250 ◦C. Note that at this temperature also an ohmic
particle-to-particle contact is also established (Figure 4.18). Furthermore,
similar measurements as shown in Figure 4.20 were taken for different parti-
cle sizes and in different gas atmospheres to understand the adsorption and
desorption mechanism of oxygen for various gas types.

Figure 4.21 demonstrates the slopes for two particle diameters. It can be
seen that the electrical resistance of the 20 nm particle layer starts to in-
crease at higher temperatures (170 ◦C compared to 150 ◦C for NF10). This
means that the adsorption of oxygen on the SnO2 surface depends not only on
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Figure 4.21: Resistance as a function of temperature at 20 vol% oxygen
(heating rate 6 ◦C/min) for samples NF10 and NF20.

the thermodynamic circumstances but also on the mean particle size of the
sensitive layer too. Also, the resistance does not reach a steady-state value
at the maximum temperature, indicating that samples with a higher surface
to volume ratio reach the equilibrium more rapidly. In another experiment,
the resistance change as a function of the temperature was observed in a
reducing atmosphere. The decrease in resistance, as the temperature of the
nanoparticle sample in 1,000 ppm ethanol in synthetic air rises is shown in
Figure 4.22. No chemisorption process can be detected by means of the resis-
tance, although 99.9% of the surrounding atmosphere is synthetic air. This
means that if an oxygen molecule is adsorbed at the surface, it is removed
immediately by the subsequent reaction with the ethanol molecules, i.e. the
desorption process of oxygen dominates that of adsorption. Nevertheless, the
adsorption and desorption processes at the surface of the gas-sensing material
always reached an equlibrium, where both processes could not be detected
separately. This means that in 1,000 ppm ethanol the equilibrium of the
chemisorption process has been shifted towards desorption. Consequently,
the electrical resistance has its highest value at room temperature, decreases
to its lowest value at 170 ◦C and remains fairly constant up to 260 ◦C. This
behaviour is independent of the nanoparticle size of the sample selected in
this investigation (Table 4.2). Similar results have been found for nanopar-
ticle samples in pure nitrogen where no chemisorption process takes place,
and in other reducing atmospheres.
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Figure 4.22: Resistance as a function of temperature in 1,000 ppm ethanol
in synthetic air (heating rate 6 ◦C/min) for sample NF20.

If the nanoparticle samples are introduced into an oxidising atmosphere,
the reactions differ because additional formations of oxygen adsorbates, due
to the presence of an oxidising gas, increase the thickness of the space charge
region (Section 2.1). Therefore, the conductivity decreases with increasing
temperature. Figure 4.23 shows an example of the resistance and tempera-
ture as a function of time for the NF15 sample in 1,000 ppm NO. NO starts
reacting at room temperature with the SnO2 surface, as shown in equa-
tion 2.5). At this temperature, the resistance increases by about two orders,
reaches its maximum at 160 ◦C and then decreases until the maximum tem-
perature has been reached. This characteristic is explained by the desorption
of NO2 which occurs above 160 ◦C. Accordingly, gas-sensing measurements
with NO gas molecules should not be done at higher temperatures because
this would be followed by a lower surface coverage and, consequently, by
smaller sensitivity values since the reaction conversion is lower. It should
be taken into account that the nanoparticle SnO2 sensor reacts with NO at
room and higher temperatures, but a recovery process will require tempera-
tures above 150 ◦C to remove NO2 from the surface of the metal-oxide. The
stability and reproducibility of this gas sensor for NO at room temperature
is, thus, unsatisfactory.
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Figure 4.23: Temperature and resistance as a function of time in 1,000 ppm
NO (heating rate 6 ◦C/min) for sample NF15.

4.3.3 SnO2 nanoparticle gas-sensing behaviour

The addition of a reducing gas, such as ethanol, methane, carbon monoxide
or hydrogen, leads to surface reactions which cause a decrease in the surface
coverage of the oxygen species and, as a consequence, a decrease in resis-
tance at temperatures above 150◦C (Section 2.1). For gas-sensing research,
it is important to know how the gas-sensing material reacts for different gas
types and gas concentrations. Each gas type can have an optimum operat-
ing temperature and even an optimum material structure: these parameters
must be found and applied to ensure that the best values for sensitivity and
dynamic behaviour are obtained. For example, rank-order filtering of sensor
array data can significantly improve gas discrimination capability [Wilson et
al. [90]]. This investigation has concentrated on the characterisation of gas-
sensing properties in ethanol and the influence of operating temperatures
and process parameters, i.e. particle size, in-situ and ex-situ oxidation and
annealing treatment.

Sensing behaviour in a reducing atmosphere

Ethanol has been used predominantly as a reducing gas in this investigation.
Gas-sensing properties are measured at operating temperatures 150-300 ◦C
for the samples which were shown in Table 4.2. The particle layers were pro-
duced by generating SnO nanoparticles, followed by a post-annealing process
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at 300 ◦C in synthetic air.

To determine the gas-sensing properties of SnO2 films based on monodis-
perse nanoparticles, the resistance transients observed for sample NF20 at
300 ◦C are shown as an example in Figure 4.24. The ”on”-state shown in
the graph corresponds to the introduction of ethanol diluted in synthetic air
and the ”off”-state to the introduction of pure synthetic air. The measured

Figure 4.24: Response transients of sample NF20 on switching the ethanol
flow on and off (T=300 ◦C; ethanol concentration 1,000 ppm).

change of the resistance on the introduction of ethanol has a time constant of
τ=38 s and the introduction of synthetic air τ=400 s. The real time constants
will be slightly lower as the time needed for exchanging the gas atmosphere
in the measurement chamber (∼8 s) is included in the measured value. The
resistance transients are reproducible. Decreasing the ethanol concentration
from 1,000 to 100 ppm leads to a decrease in the sensitivity from 2.7 to 1.9
and an increase in the time constant from 38 to 63 s. If the operating tem-
perature is lowered by 50 ◦C, the sensitivity decreases for 1,000 ppm to 1.8
and for 100 ppm to 1.35, and the sensor reacts more slowly. This means that
for gas-sensing applications it is always important to keep the temperature
constant.
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By using this measurement system it is possible to adjust the operating tem-
perature within a variation of 1% (Section 3.1.1). Sensitivity, as a function
of the operating temperature, was studied for two different samples, NF10
and NF20, in 1,000 ppm ethanol (Figure 4.25). The samples are not oxidised
in the gas phase. Each data point represents the sensitivity values on a sin-
gle microhotplate. Figure 4.25 illustrates the increase of the sensitivity as
the operating temperature rises for both samples. Clearly, the maximum
sensitivity value is for both samples at temperatures higher than 250 ◦C. If
sample NF10, having a smaller particle size, is used, the sensitivity value is
higher at all operating temperatures between 100 ◦C and 250 ◦C. This mea-
surement confirmed the theory about size-dependent gas-sensing properties
(Section 2.2) and will be discussed in more detail in Section 4.3.4.

Figure 4.25: Gas sensitivity of sample NF10 and NF20 as a function of the
operating temperature in 1,000 ppm ethanol.

Behaviour of in-situ oxidised SnO2 nanoparticle layers

To vary the sensitivity of a metal-oxide gas sensor, different methods exist,
such as doping, producing a second metal-oxide phase in the sensing layer
and, as presented in this investigation, varying the particle size. In this sec-
tion, an easy way to increase the sensitivity will be discribed. It has been
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Figure 4.26: Gas sensitivity of NF20 and in-situ oxidised NF20 as a func-
tion of the operating temperature in 1,000 ppm ethanol.

demonstrated how the variation of the process parameter during the synthesis
and also in post-treatment processes can influence the material structure, i.e.
the particle size, particle film formation and chemical composition. Here, the
influence of the sensitivity due to an in-situ oxidation process and, therefore,
the influence of the chemical composition will be shown and the effect will
be explained by the material characterisation results obtained in Section 4.2.

Figure 4.26 shows sensitivity as a function of operating temperature for two
different samples: NF20 and NF20 in-situ oxidised. Both samples were an-
nealed after deposition in synthetic air at 300 ◦C. Compared to an unoxidised
sample in the gas phase, the maximum sensitivity of an in-situ oxidised SnO2

nanoparticle sample is nearly one order higher and the maximum sensitiv-
ity shifts towards a lower operating temperature in 1,000 ppm ethanol. This
effect can be explained by means of the chemical composition results of the
whole nanoparticle layer and the surface. From XRD measurements (Sec-
tion 4.2.2), it was established that the introduction of 10 vol% oxygen in the
sintering furnace causes an oxidation of SnO, followed by a crystallographic
structure change from tetragonal SnO to a nearly complete tetragonal SnO2

phase including a small amount of the orthorhombic structure. It is well
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known that the tetragonal SnO2 phase is thermodynamically more stable
[Suito et al. [83]]. If the SnO nanoparticle layers are heated after deposition
at 300 ◦C in synthetic air, no change in the crystallographic structure is ob-
tained. If the SnO nanoparticles are not in-situ oxidised and post-annealed
at 300 ◦C in synthetic air, an orthorhombic SnO2 phase is detected. This
means that the crystallographic structure of SnO2 has a major influence on
the sensitivity. Obviously, although the particles are heated for only 0.5 s in
the sintering furnace at a temperature of 660 ◦C, this treatment has a much
greater effect on the development of a stable crystallographic structure than
that in a post-annealing process of long duration at 300 ◦C in synthetic air.
It should be mentioned that this sensitivity increase effect can be achieved
by a simple change in the process conditions.

The gas-sensing mechanism takes place at the surface of the sensing material.
The different gas-sensing properties mentioned above can also be explained
by different surface chemical compositions. Therefore, AES as a surface sen-
sitive investigation method was used to measure the surface stoichiometry
value (Section 3.3.3); this value provides qualitative information about the
number of oxygen vacancies at the surface of SnO2 nanoparticle samples and,
consequently, about the number of adsorbable oxygen places. AES measure-
ments show that an in-situ oxidised sample has a lower stoichiometry value
(SnO1.85) on the surface compared to a sample without in-situ oxidation af-
ter annealing at 300 ◦C in synthetic air (Figure 4.16). Accordingly, in-situ
oxidised samples have a larger number of oxygen vacancies at the surface.
This means that if more oxygen atoms adsorb at the surface a higher reaction
rate is achieved leading to higher sensitivity values. Equation (2.8) confirms
this effect because a lower stoichiometry results in a higher concentration of
ionised donator atoms Nd and, therefore, in a larger value for the potential
barrier V s and the thickness of the space charge region LSC .

These results illustrate that surface stoichiometry and crystallographic struc-
ture influence the gas-sensing properties of SnO2 nanoparticle films. It should
also be taken into account that an orthorhombic SnO2 has a different elec-
trical band structure compared to the tetragonal phase: this will influence
the thickness of the space charge region and, thus, the value of the sensi-
tivity. However, the change in the band structure was not proved in this
investigation.
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4.3.4 Influence of particle size on gas-sensing proper-
ties

In this section, size-dependent gas-sensing properties (sensitivity and dy-
namic behaviour) are investigated. The samples are prepared without in-
situ oxidation and have the same estimated layer thickness (Table 4.2). Fig-
ure 4.27 compares the response transients of nanoparticle films (NF10, NF20
and NF35) at 300 ◦C with particles sizes Dms=10, 20 and 35 nm in 1,000 ppm
ethanol. As expected from theory (Section 2.4), sensitivity towards ethanol
increases as the particle size decreases. Moreover, concerning the dynamic
behaviour, the value of τ diminishes with decreasing particle size; τ=10 s for
NF10 and τ=38 s for NF20. In the case of sample NF35, it was difficult to
estimate τ due to a small change in the resistance on gas exposure. The fast
response for samples NF10 and NF20 also indicates that the SnO2 nanopar-
ticles are properly connected in the layer. Due to the high reactive surface of
the nanoparticles, the measured response time values of the gas sensors are
smaller for ethanol compared to other studies and the dynamic behaviour is
mainly influenced by the layer surface [Chung et al. [13]].

Figure 4.28 presents sensitivity of nanoparticle films as a function of the
particle size in the range 200-300 ◦C. The sensitivity increases with decreas-
ing particle size as established in Figure 4.27. A temperature increase leads
also to an increase in the sensitivity because more oxygen molecules are
chemisorbed [Kennedy et al. [46]]. Another effect of the rising temperature
is that an oxygen species transformation from O−

2 to O− takes place at ap-
proximately 200 ◦C [Chang [8]]: this leads to higher charge transfer rates per
oxygen atom and, thus, to higher sensitivity values. As mentioned in Sec-
tion 2.3, the decrease in the surface state density for smaller particle sizes
also leads to an increase of the sensitivity due to a lower Fermi-level pinning.

Similar results were obtained by changing the mean particle size in the range
5 nm to 32 nm via the calcination temperature and by using metal additives
[Xu et al. [91]]. In addition to the wide particle size distribution observed
in Xu‘s samples, the process parameters responsible for size control must
have caused microstructure and composition variations so that the conclu-
sions reached concerning the size dependence of gas sensitivity might not be
conclusive.

It should be emphasised again that, in this investigation, the size distri-
bution is narrow, the particle size is the only variable and different particle
sizes have been prepared separately, i.e. no post-annealing or doping was
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Figure 4.27: Response transients of samples NF10, NF20 and NF35 after
switching the ethanol flow on (T=300 ◦C; ethanol concentra-
tion 1,000 ppm).

carried out to change the particle size; also, that the microstructure of the
layers of different particle sizes is comparable and does not change as a result
of annealing up to 300 ◦C. It is clear that the variations of S and τ observed
are merely a consequence of nanoparticle size dependence. As mentioned
earlier, a sharp increase in the resistance value is observed for sample NF10
with a particle size of Dms=10nm in comparison to samples NF15, NF20
and NF35 with Dms=15, 20 and 35 nm respectively. The Debeye length LD

is estimated to be 3 nm [Ogawa et al. [67]]. In this investigation, the Debye
length appears to have a larger value (approximately 7-8 nm). This is sup-
ported by the fact that sensitivity is a function of particle size in the 10-35 nm
size range especially at sizes below 20 nm. With smaller particle sizes (2 less
than Dms), the particle core is the major resistance controlling part of the
particle chain and the sensitivity is known to be a function of the nanopar-
ticle size. The concentration and energy position of absorption sites in the
band gap of the semiconductor are also affected significantly. Additionally,
surface state density decreases with decreasing particle size, leading to less
Fermi-level pinning and, consequently, to an increase in the charge depletion
layer [Malagu et al. [57]]. The correlation between surface state density and
particle size has been demonstrated by means of a model using the Poisson
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Figure 4.28: Sensitivity as a function of the particle size at different tem-
peratures in 1,000 ppm ethanol. The layer thickness for all
the samples is 1.5µm.

equation and, experimentally, by means of scanning tunnelling spectroscopy
(STS) measurements [Maffeis et al. [55]]. Together, these factors result in im-
proved sensitivity and dynamic behaviour of the nanoparticle films towards
the gas molecules in terms of higher sensitivity and low response time for
smaller particle sizes (especially those below Dmi=20nm).

4.4 Improvement of nanoparticle SnO2 gas sen-

sors

For further characterisation of gas sensors based on metal-oxide materials not
only sensitivity and response behaviour are of interest. It is also important
to have a sensor which has different sensitivity values for different gas types
and also identifies gas types for practical applications. In this section the
initial measurement results concerning this topic are presented.
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Figure 4.29: Gas sensitivity of NF10 as a function of the operating tem-
perature in 1,000 ppm ethanol and 1,000 ppm CO.

4.4.1 Nanoparticle gas-sensing behaviour in different
atmospheres

Although the gas-sensing work in this investigations is concentrated on ethan-
ol as the detectable gas, other gases also react with the SnO2 particle surface,
resulting in a measurable resistance change. Furthermore, it is important to
determine the sensing behaviour of other gases in order to investigate possi-
ble selective properties of a SnO2 nanoparticle gas sensor. The first approach
towards a selective sensor is, in most cases, to establish different sensitivity
values at the same operating temperature but with the same gas concentra-
tion for different gas types. This phenomenon is depicted for sample NF10
in Figure 4.29 for 1,000 ppm ethanol and CO of equal concentration. Each
gas was detected separately with the same gas sensor. The results show that
sensitivity for CO has a low value and, therefore, is difficult to be identified
at temperatures between 150 ◦C and 250 ◦C because sensitivity is usually be-
low 1.4 and does not depend significantly on temperature. Compared to CO,
ethanol can be detected at temperatures above 180 ◦C with sufficient sensitiv-
ity. The same measurements have been done for CH4 whose sensitivity values
are similar to CO. Consequently, it should be possible to distinguish between
ethanol and CO at the same operating temperature if the gas concentration
is known.
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4.4.2 Study of gas identification by means of response
transients

As mentioned in the last section, there is increased interest nowadays in the
production of a selective gas sensor. Many different methods have been fol-
lowed: for instance, film thickness has a great influence on sensitivity. Sakai
et al. assumed that the molecular weight of the gas is responsible for dif-
ferent sensitivity values [Sakai et al. [74]]. They explained this by using the
Knudsen diffusion equation assuming that the gas reaction follows first-order
kinetics with respect to the gas concentration and, therefore, a calculation
of the concentration profile for different gases in the pores of the sensing
material can be made (Section 2.4.2).

In this investigation, gas recognition was established by means of response
transients for different gas types. This method analyses the slope of the elec-
trical resistance versus time for the reaction and recovery processes. Due to
the fact that the chemical reaction of the gas with the sensing surface can
produce intermediate products and that each part of the reaction process is
time dependent, the oxygen adsorption and desorption reaction of this effect
can be followed. One example of this measurement is given in Figure 4.30.
1,000 ppm methane is introduced into the measurement chamber and resis-
tance measurements are carried out with the NF20 sample at 270 ◦C. The
reaction and recovery processes are repeated four times. If the response
transient is compared with the transient of ethanol depicted in Figure 4.24,
it is established that introduction of methane is followed by two minima
and a stable resistance value is observed after ∼ 40min. The first minimum
appears directly after introducing methane and the second after 800 s. The
gas-sensing characteristic of methane in these conditions is reproducible. The
response transient of ethanol has only one minimum and a constant value is
reached for sample NF20 after ∼ 2min. The recovery process for both gas
types is similar.

If hydrogen is detected in the same sample under the same conditions
(gas concentration; temperature), the slope of the response transient is dif-
ferent compared to that of methane or ethanol. The response transients for
hydrogen are presented in Figure 4.31. Introduction of H2 is followed by a
rapid decrease in the resistance but the resistance minimum does not reach a
steady-state value immediatly after the minimum. The resistance increases
and reaches a constant value after ∼ 30min. No further resistance minima
were detected. The recovery process is also different compared to that using
ethanol and hydrogen. Introduction of synthetic air is followed by an increase



98 Material and gas-sensing properties of SnOx nanoparticle films

Figure 4.30: Response transients of sample NF20 on switching the methane
flow on and off (T=270 ◦C; concentration 1,000 ppm).

in the resistance; this is to be expected, but the resistance value reaches a
maximum and then decreases. A constant value is reached after ∼40min.

The results in this section indicate that it is possible to identify the gas type
from the slope of the response transients. Further investigations are neces-
sary to interpretate these results in a detailed form. Clearly, the response
transients depend on the diffusion coefficient of the gas molecules with differ-
ent molecular masses, the activation energy for the surface reaction and the
electrical properties of the sensing layer itself. The reaction velocity is also
dependent on the temperature and gas concentration. In order to apply a
nanoparticle gas sensor, cross-sensitivity, i.e. gas-sensing behaviour for more
than one gas type introduced into the measurement chamber, should be the
subject of future investigations.

4.4.3 Further methods of understanding and improv-
ing SnO2 gas-sensing devices

Up to now, I-V measurements were carried out. For more detailed infor-
mation about the effect of chemisorption on the properties of the charge
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Figure 4.31: Response transients of sample NF20 on switching the H2 flow
on and off (T=270 ◦C; concentration 1,000 ppm).

carriers dependent on the particle size or other process parameters, van der
Pauw and Hall measurements are necessary. With these methods it is possi-
ble to obtain information about the charge carrier concentration and mobility
separately at different temperatures and various gas atmospheres. The gas-
sensing measurement system has already been configurated for these mea-
surement types. The measurement chamber fits directly between the pole
caps of the Hall magnet and is made out of aluminium to ensure a homoge-
neous magnetic field through the whole measurement chamber. Additionally,
the feedthrough for the electrical characterisation has four contacts so that
Hall measurements can be carried out. First results show that DC Hall mea-
surements are possible using nanoparticle samples prepared by means of the
method described in Section 3.2.1[Sentürck [79]].

In order to improve gas-sensing properties, doping of the gas-sensing ma-
terial or a mixture of metal-oxides is a promising method because the doping
element, such as platinum, palladium or silver, decreases the activation en-
ergy of the chemisorption process. Doping of tin oxide enhances sensitivity
and decreases the response time [Schmid et al. [77] and Promsong et al. [64]].
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If the activation energy is reduced, the power consumption during sensing
is also reduced. Doping can be done by means of the gas phase synthesis
process (Section 3.2) using another furnace, connected to the set-up, for the
doping material (Figure 3.4).

Nanoparticles not only enable sensors with different sensitivities to be built,
they also make it possible to reduce the size of the sensor device. For
analysing a gas mixture, several sensors with different sensitivities for the
same component are fabricated nowadays [Lee et al. [52]]. Normally, these
dissimilar sensitivities are obtained by operating similar sensors at different
temperatures. This requires a complicated temperature control and neces-
sitates larger equipment. It is better to produce a parallel set of sensors
with different sensitivities and operate them at the same temperature us-
ing sensing layers with different chemical compositions or different particle
sizes (Figures 4.26 and 4.28). Additionally, the different response transients
can help to fabricate a selective multi gas sensor array (Fig. 4.30). In this
investigation, the diameter of the deposition spot was reduced to ∼500µm.
Therefore, it is possible to produce a single device with more than 1 sensing
area by means of a combination of microsystem technology on a 4mm2 mi-
crohotplate with several interdigitated electrode structures and an upgrading
of the gas phase synthesis process.



Chapter 5

Concluding comments

In order to investigate the dependence of gas-sensitive properties of undoped
tin oxide (SnOx) films based on monodisperse tin oxide nanoparticles films,
a new thin film synthesis technique was developed; it comprises several in-
dependent but controllable steps and allows a control over particle and film
properties. These steps include particle size-fractionation, high-temperature
in-flight oxidation and post deposition treatment, leading to different chem-
ical composition characteristics.

Monocrystalline and quasi-monodisperse (σg<1.1) tin oxide nanoparticles are
formed in mean crystallite sizes adjusted between 10-35 nm. Subsequently,
they are deposited at room temperature on different substrates, depending
on the characteristics to be measured, forming a thin porous layer. TEM,
AES, STM, XRD and RBS measurements were carried out to obtain infor-
mation about the morphology and the chemical composition of the tailored
nanoparticles and nanoparticle films. This experimental procedure ensures
that particles of different sizes have undergone the same thermal and chem-
ical treatment.

For gas-sensing analysis, annealing of the particle layers is essential to form
conducting necks and to activate the reactive surface. The maximum post-
annealing temperature is 300 ◦C. It has been established in these experiments
that annealing of the layer in oxygen does not change the particle size but
decreases the resistance at room temperature over several orders of magni-
tude. It is surmised that sintering necks are formed which facilitate electrical
transport and that, due to the in-flight temperature treatment and the uni-
form particle size, the nanoparticle film is stable against grain growth. This
is in contrast to the usual practice of varying the grain size by means of the
synthesis conditions or by changing the annealing temperature.
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For the application of nanoparticle layers as gas-sensing films in particu-
lar, microhotplates with an interdigitated electrode pattern, a heating layer
and a temperature sensitive resistance for the control of the operating tem-
perature are used, allowing a maximum temperature of 300 ◦C. The buried
geometry of the electrode pattern is especially designed for the uniform de-
position of nanoparticles.

The fully automated gas-sensing measurement set-up described in this in-
vestigation offers a simultaneous investigation of basic electronic parameters
and important practical gas-sensing parameters and, therefore, is suitable
for investigations of nanoparticle samples. The main advantage of this set-
up is that measurements can be done in a wide range of temperatures from
room temperature to 300 ◦C, gas ambient and gas concentration levels (10-
10,000 ppm) and for long periods of time. The set-up can be used to measure
high resistance (108-1010 Ω) nanoparticle samples.

The basic gas-sensing mechanism of SnO2 films, composed of different parti-
cle sizes and equal film thickness, were measured in the temperature range of
200-300 ◦C. The particle layers show the well known temperature-dependent
behaviour of the resistance of an n-type tin oxide semiconductor in an oxy-
gen atmosphere, indicating that different oxygen species are involved in the
chemisorption process.

For the first time, it has been demonstrated conclusively that using smaller
tin oxide particles in the size range 10-35 nm leads to higher values of sensitiv-
ity for ethanol vapour and a more rapid response on changing gas conditions.
The effect is especially clear for particles of 20 nm or less.

In addition, the effect of the in-situ and ex-situ treatment on the chemi-
cal composition has been studied. It has been found that these treatments
can cause the formation of different crystallographic structures and differ-
ent surface stoichiometry values. The in-situ oxidised and post-annealed (at
300 ◦C) particle layers have smaller surface stoichiometry values (SnO1.8) and
a different SnO2 crystallographic structure compared to those of unoxidised
samples (SnO2), resulting in higher sensitivity and a shift of the maximum
sensitivity to lower operating temperatures.

Future investigations should concentrate on detailed electrical measurements
to identify the properties of the charge carriers in the volume and at the sur-
face of the nanoparticle layer. Furthermore, as the results in this investigation
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have been established using undoped SnO2 particles, similar measurements
should be carried out with doped particles or by means of multi-sensor ar-
rays. This is possible by means of small variations in the synthesis set-up.
The measurement system itself has already been constructed to determine
resistance and conductivity as well as the charge carrier concentration and
mobility of nanoparticle samples in a single measurement chamber.





Appendix A

Microhotplates for gas-sensing
measurements

The microhotplate substrate used for gas-sensing analysis of nanoparticle
layers is introduced in Section 3.1. The sequence of the fabrication process is
discussed below. However, the microhotplate is made out of several layers by
means of microsystem technology based on silicon. Additionally, the set-up
to control the operating temperature is described.

A.1 Fabrication of microhotplates by means

of microsystem technology

This section describes the processes used to fabricate microhotplates for the
characterisation of SnO2 layers based on monodisperse nanoparticles. The
microhotplate is a multilayer substrate which consists mainly of an interdig-
itated electrode pattern, a heating layer and a temperature sensitive resis-
tance (Figure 3.1). Microsystem technology is required in order to be able
to measure a sufficient resistance for gas-sensing analysis of nanoparticulate
samples.

A.1.1 The p-Si layer

For obtaining the p-Si layer, epitaxial growth, combined on a pure silicon
wafer with a dopant gas containing an acceptor element from the third main
group such as B2H6, is applied. During an epitaxy process, the chemical
compound in the gas phase containing Si is lead into a tube. The tube
contains pure silicon wafers which are heated to the process temperature of
about 1,200 ◦C. Predominantly silane (SiH4) and chlorosilanes (SiCl4, SiHCl3,
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SiH2C12) are used as reaction gases, together with the carrier gas H2. The
epitaxy process is carried out above 1,200 ◦C. During this process reaction
gas decomposes to silicon and gaseous Cl2 or HCl. Si deposits on the sub-
strate surface. The reaction gas is diluted with an inert carrier gas in order to
avoid a breakdown of the molecular species prior to the deposition. Further-
more, small concentrations of phosphine PH3 for n-type doping are added
to obtain appropriate doping of the epitaxial deposited layers. The dopant
concentration is usually 1014 to 1020 atoms/cm3. Higher concentrations can-
not be achieved with dopants because this would exceed the silicon solubility
limit.

In epitaxy, the deposition of the atoms takes place initially on the surface
nucleation sites. These are generally corners and edges of incomplete crystal
planes. Therefore, these planes are preferentially completed by deposition be-
fore a new crystal layer grows. A uniform growth of a single crystal epitaxial
layer is ensured [Menz et al. [60]].

A.1.2 The SiO2 layer

The electrically isolating oxide layer is produced by dry thermal oxidation in
the open tube process in a pure oxygen atmosphere. The p-Si wafer is trans-
ferred into a quartz tube which is heated in a three-zone resistance furnace
at a constant process temperature of approximately 1000 ◦C. The wafers are
fixed vertically by special bins, so-called ”carriers”, running into the tube
slowly at ∼700 ◦C. Afterwards, the temperature is increased in a 10 ◦C/min
step until the process temperature is reached.

In order to achieve an oxide thickness of dox the following model, valid for
both oxidation methods, can be used:

dox =

√
((

A2

4
)−B(t− t0))−

A

2
(A.1)

A and B are constants dependent on the temperature and crystal orientation;,
t0 is the equivalent time duration for the oxide thickness already present due
to the reaction at room temperature; and t is the process duration.

A.1.3 The nitride layer

In order to prevent further growth of the SiO2 layer caused by the high oper-
ational temperature of 350 ◦C, a nitride layer as isolation layer and diffusion
barrier are deposited on SiO2. Additionally, a silicon nitride layer, together
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with a phosphor silicate glass (PSG), is used because the thermal conductiv-
ity is very low. Consequently, the power consumption for heating is reduced.

A.1.4 The poly-Si layer

The poly-Si layer acts as a heating resistor. In order to maintain its electrical
stability, a possible further migration of the oxygen molecules from the SiO2

layer is prevented by the nitride layer. The current, which is directly pro-
portional to the current density, flows through the poly-Si and the dissipated
electrical power is turned into heat. 16 of the 32 contact windows are used
for leading the current into the poly-Si layer and the other 16 are used for
the outflow of the current. The maximum operating current is about 80mA,
i.e. ∼5mA for each contact window. The concave ring form of the poly-Si
structure is achieved in two steps:

1) Growth of a poly-Si layer at 625 ◦C on the whole surface by applying
low pressure CVD due to

SiH4(g) → Si(s) + 2H2(g) (A.2)

2) Photolithography makes all the unmasked area, except the central ring
structure, vulnerable to etching. The selective etching process, described
hereunder, removes the vulnerable area and the photo resist outstanding
ring structure remains. Afterwards, the photo resist must be removed by
stripping.

A.1.5 The BPSG layer

After the outstanding poly-Si structure with steep edges is produced, an en-
closing plane insulation layer is needed.

For the planarisation of the poly-Si structure, the BPSG reflow method is
applied [Hilleringmann [38]]. BPSG stands for boron phosphorus-doped sili-
cate glass. Each element has a concentration of 4% in the BPSG layer. After
the deposition of the BPSG layer, a high temperature treatment at 900 ◦C
(melting point) is processed. During melting, the liquid glass flows over the
steep edges and can achieve smoothness and planarisation after cooling down.

The contact windows can be etched locally by means of lithography and etch-
ing. Anisotropy during etching must be high. Experimentation has shown
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that the selective wolfram CVD provides optimal results for filling the con-
tact windows while keeping the planar structure. The wolfram CVD takes
place at 400 ◦C due to

3SiH4 + 4WF6 → 4W + 3SiF4 + 12HF (A.3)

A.1.6 The PSG layer with buried interdigitated elec-
trodes

The structure of the interdigitated electrodes can be achieved by a Physical
Vapor Deposition (PVD) step covering the whole surface. For this substrate,
evaporisation or sputtering of the metals (Ti:25 nm+Pt:175 nm) can be done.
The two-layered electrodes result from the fact that Ti has a very good ad-
hesion feature and Pt has excellent conductivity. Sputtering is achieved by
an ion beam shooting on to a negative target cathode. In simple cases, the
cathode is made up of the metal concerned. The ion beam usually has a
very high energy level in the keV range. As a result, atoms or molecules of
the target sputter out and deposit on to the substrate’s surface and build
up a homogeneous thin layer. After sputtering, as the next step, lithogra-
phy + anisotropy etching can be applied to form the interdigitated structure.

Almost identical to the BPSG step described in SectionA.1.5, the PSG reflow
is used where a phosphorous-doped silicate glass with an 8% doping content,
instead of the boron phosphorous mixture, is produced. The difference to
the BPSG step is that the temperature treatment is carried out at a higher
temperature (950 ◦C, the melting point of PSG).
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A.2 Temperature of gas-sensing measurement

substrates

As described in Section 3.1, the microhotplates used for gas-sensing mea-
surement have a poly-silicon layer for heating and a temperature sensitive
resistance (TSR) to obtain information about the current operating tem-
perature. These layers have to be included in a temperature control set-up
consisting of a measuring transducer, a personal computer and an actuator.

The measuring transducer is used to convert the electrical resistance of the
temperature sensitive layer into a voltage signal so that the personal com-
puter can handle it. A measurement card (ME2600, Meilhaus Electronic
GmbH, Germany) can receive voltage values in the range of -10V to +10V.
Thus, it is necessary to use this measurement range. Figure A.1 shows a
circuit diagram to apply the measurement range. A constant voltage signal
of 10V is impressed on a voltage divider, which consists of a resistance of
3.7 kΩ and the TSR, and on another fixed voltage regulator which gener-
ates a reference voltage of 5V. At room temperature, the dropped voltage
at the TSR is usually 4V. The voltage which is dropped at the TSR is ap-
plied together with the 5V signal to an operation amplifier. The operation
amplifier subtracts both voltage signals and amplifies them by a factor of
10. The measurement card can then work in its full measurement range.
Accordingly, the voltage signal which is received from the measurement card
can be transferred into a value for the operating temperature if the substrate
has been calibrated. The computer compares the current temperature with
a set-point in order to apply a defined current to the heating layer.

The current which flows through the heating layer (poly-Si) is adjusted by an
npn-transistor. The basis measurement current card of the computer controls
the current through the heating layer. A voltage of 58V has to be applied
to the heating layer with an electrical resistance of ∼500Ω in order to en-
sure that the maximum operating temperature is achieved. Figure A.2 shows
a heating system circuit diagram together with the transistor to control a
defined current flow through the heating layer.
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Figure A.1: Circuit diagram to determine the operating temperature.
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Figure A.2: Circuit diagram of the heating system for substrates used for
gas-sensing measurements.
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