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Abstract

The diversification of gas sensing applications is motivated by society issues,
such as environmental monitoring in industrialized cities, safety devices to
prevent CO intoxication and indoor air quality control. Metal oxide gas sen-
sors, which measure changes of the electrical resistance of the metal oxide
due to the adsorption/desorption reactions of gas molecules on its surface
at high temperature, exhibit high sensitivity to a broad range of flammable
and toxic gases. Their success can be further explained by their simplic-
ity and their low cost fabrication. Still, commercial metal oxide sensors,
which are mainly based on tin oxide (SnOg) thick films, are rather bulky
devices. The development of gas sensors based on metal oxide nanowires
is promising regarding the improvement of the sensing performances, the
miniaturization and the decrease of the power consumption of the devices.
The aim of this thesis is to fabricate SnOs nanowire sensors and to ad-
dress the technological issues related to their fabrication. Therefore, the
synthesis of SnOy nanowires is developed based on a vapor growth method.
Different materials (Al, Sn/Au, Cr/Au, Ti/Au and Au) are investigated
to establish stable ohmic contacts with single SnOy nanowires. The sensing
properties of single nanowire sensors are characterized upon exposure to CO,
Hs and HsS in dry and humid synthetic air at temperatures in the range
150-350°C. Preliminary results of nanowire sensors based on a suspended
network of SnOy nanowires, functionalized with metallic nanoparticles (Pd,
Au or PdAu) or integrated on a suspended CMOS processed microhotplate
are also presented.
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Introduction

Gas sensors integrated as environmental monitors in smart phones, personal
computers and wrist watches would enable a precise mapping of pollutant
gases in industrialized cities in order to warn the population against local
pollution peaks. The installation of safety devices in every household could
be the solution to avoid fatal domestic accidents caused by carbon monox-
ide (CO), which is still the first cause of death by intoxication in many
industrial countries [I]. The control of heating, ventilation and air condi-
tioning (HVAC) systems via carbon dioxide (CO2) sensors to ensure indoor
air quality in buildings would result in energy saving of 40% in comparison
with the traditional ventilation systems [2]. Those applications are just a
few examples of how the commercialization of reliable, miniaturized and low
cost gas sensors could respond to current society issues.

The success of metal oxide gas sensors can be explained by their high sensi-
tivity to a broad range of lammable and toxic gas species and their rather
simple detection principle, which facilitates their low cost fabrication. Tradi-
tionally, a metal oxide thick film is deposited on a substrate with embedded
electrodes and heater in order to measure the changes of electrical resistance
due to adsorption/desorption reactions of gas molecules on the metal oxide
surface occurring at operating temperatures in the range 150-400°C. Tin ox-
ide (SnOg2) is the most commonly used metal oxide sensing material. Since
their first commercialization in 1968, the fabrication technology has largely
remained unchanged. The devices are bulky and have high power consump-
tion due to the required heater. Therefore, a considerable effort has been
invested lately in integrating metal oxide gas sensors and the associated cir-
cuitry with complementary metal-oxide-semiconductor (CMOS) technology,
which will potentially result in low cost miniaturized devices expandable to
the consumer market and enabling the above mentioned applications [3].

Simultaneously, the interest for semiconducting nanowires has exponentially
increased in the last fifteen years [4]. Among diverse potential applications,
the use of semiconducting nanowires for gas sensing has been extensively in-
vestigated with high expectations regarding the improvement of the “3S” of
gas sensing: sensitivity, selectivity and stability [5]. The electrical resistance
of nanowires can be influenced by small amounts of gas due to their large
surface-to-volume ratio, so higher sensitivity may be reached [6]. The se-
lectivity may be tuned by controlling the gate potential of nanowire sensors
operated in a field effect transistor (FET) configuration [7, [8]. The higher
long-term stability of a sensor based on a 2-D network of SnO2 nanowires in
comparison with a sensor made of a porous 3-D network of SnOy nanopar-
ticles has been attributed to the better thermal stability of the single crys-
talline nanowires [9]. Furthermore, the changes in electrical conductivity of
the metal oxide are the direct consequence of charge transfers occurring dur-



ing the adsorption/desorption of the gas species at the surface of the metal
oxide. A better theoretical understanding of the surface reactions may be
gained by studying the charge transport in a single crystalline nanowire com-
pared to a polycrystalline film. Another promising property of nanowire gas
sensor is the self-heating effect of the nanowire, which may occur due to
the power dissipation by the Joule heating effect from the electrical current
applied to the nanowire during the conductometric measurement [10]. Us-
ing the self-heating effect of metal oxide nanowires offers a great advantage
regarding the power consumption of the devices, because the heating supply
implemented in the gas sensors could be removed. This may lead to techno-
logically simplified, miniaturized and low power consuming devices. Recent
studies also anticipated the integration of nanowire gas sensor with CMOS
technology [I1), 12]. However, no commercially viable fabrication method
for nanowire gas sensors has been successfully implemented yet. The ob-
jective of this thesis is to fabricate gas sensors based on single crystalline
SnO2 nanowires and to address the related technological challenges. The
feasibility of the integration of SnOs nanowire sensors on CMOS processed
chips is shortly discussed as outlook.

The focus is set on the detection of three gas species: carbon monoxide (CO),
hydrogen (Hg) and hydrogen sulfide (H2S). The detection of CO and HaS,
which are both toxic gases, is of interest for safety devices in domestic envi-
ronment and in industrial environment (petroleum/natural gas drilling and
refining, wastewater treatment), respectively. Their permissible exposure
limit (PEL), which is the maximum concentration of exposure for employ-
ees based on an 8-hour time weighted average exposure in US, is 35 ppm
for CO and 10 ppm for HyS. Hy is an explosive gas with a lower explo-
sive limit (LEL) of 4%. The demand for Hy sensors able to detect much
smaller concentrations for leak detection from hydrogen-powered cars and
fueling stations is growing along with the interest of hydrogen fuel cells as
alternative power source.

This thesis is divided in 5 chapters. Chapter 1 gives a literature review
about SnO2 conductometric gas sensors, presenting the state-of-the-art of
commercial sensors, explaining the gas sensing principle, giving insight in
the main material properties of SnOs and reviewing the different synthe-
sis methods of SnOy nanowires. In Chapter 2, the experimental approach
leading to a reproducible method for the synthesis of SnOs nanowires and
to a better understanding of the nanowire growth mechanism is discussed.
Chapter 3 focuses on the technological challenges of the fabrication of SnO,
nanowire sensors. The issue regarding the establishment of ohmic electrical
contacts with low contact resistance on single nanowires is investigated. The
contribution of the contact resistance to the resistance measurement of the
nanowire is calculated as well as the conductivity of the SnOy nanowires. In
Chapter 4, the gas sensing performances of the SnQO» single nanowire sensors



are measured. Three gas species are detected with concentration in different
ranges: 10-100 ppm for CO and Hs, 0.1-1 ppm for HyS. The background at-
mosphere (presence or absence of oxygen), the humidity level (dry or humid
conditions) and the operating temperature (between 150°C and 350°C) are
other variable parameters. Theoretical models from literature are used to
interpret the obtained results and to explain the possible reactions taking
place at the nanowire surface. Finally, Chapter 5 shows preliminary results
how to improve the stability and selectivity of nanowire sensors based on a
suspended network of SnOs nanowires and on single nanowire devices func-
tionalized with metallic nanoparticles (Pd, Au or PdAu), respectively. As
final outlook towards miniaturized and low power nanowire gas sensors, a
viable method for integrating nanowires on a suspended CMOS processed
microhotplate is presented.



1 Literature review

1.1 State-of-the-art of gas sensors

The first article reporting the use of metal oxide semiconductors as gas sensor
based on the changes of their electrical conductivity due to the adsorption
and desorption of the gas species present in the atmosphere was published
by Seiyama et al. in 1962 [I3]. The adsorption/desorption reactions between
the gas species and the metal oxide occur at high temperatures in the range
200-400°C. From that experiment with ZnO thin films, great effort has been
made to take advantage of this property and to employ metal oxides for
gas sensors. In 1968, the FIGARO Engineering Inc., which was founded by
Naoyoshi Taguchi, commercialized the first metal oxide conductometric gas
sensors able to detect “low concentrations of combustible and reducing gases
when used with a simple electrical circuit” [14].

The field of applications of gas sensors, which requires reliable, compact and
efficient sensor systems, is very broad (see Table .

Table 1: Applications and corresponding target species of gas sensors.

Application Target gas

Domestic safety (fire detection) CO, Hy, NO2

Indoor air quality 09, CO4, VOCs
Environmental monitoring (pollution) COg, NO,, O3

Automotive (exhaust emission control) Hydrocarbons, CO, NO,, SOs
Industry (monitoring of processes) NHj3, Hydrocarbons, SO»
Medicine (breath analysis) VOCs

Personal safety (detection of toxic gases) CO, SOg, HaS

1.1.1 Types of gas sensors

The sensing principle of conductometric gas sensors relies on changes of
the electrical resistance of the sensing material due to the adsorption of
gas molecules on its surface. The sensing layer in the commercial devices is
most commonly a semiconducting metal oxide thick film. A simple electrical
circuit is built, as shown in Figure [I, A constant current is applied to the
sensing layer, the voltage is measured and the resistance is calculated by
Ohm’s law. At high temperature (typically in the range 200-400°C), the
interaction between the metal oxide and the ambient gas may results in a
charge transfer, which leads to band bending effects at the surface and thus
to a direct influence on the sensing material resistance.

Conductometric gas sensors exhibit high sensitivity to a broad range of gas
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species, their fabrication is relatively simple and low cost, and the devices
can be miniaturized. Their selectivity can be improved by the use of filters,
by adapting the operating temperature, by doping the sensing material or
by functionalization with metallic nanoparticles.

Figure 1: Schematic representation of a conductometric gas sensor. A constant current is
applied to the semiconducting layer and the voltage is measured.

There are other kinds of gas sensors, which can be distinguished according
to their detection principle [15, [16] [17].

The optical gas sensing method is mainly based on spectroscopic techniques,
though ellipsometry and surface plasmon resonance (SPR) are other emerg-
ing techniques. The detection principle is based on the change of the optical
properties (refractive index, reflection or absorption coefficient) of the sens-
ing layer upon adsorption of gas species on its surface. Optical sensors
exhibit high sensitivity, selectivity and stability with very long lifetime, but
they are complex expensive devices, which can not be miniaturized.

The principle of mass-sensitive gas sensors relies on changes of the oscillation
frequency of a piezzoelectric material with the adsorption of gas species at
the surface of the sensing layer. Quartz crystal microbalances (QCMs) are
the most common mass-sensitive sensors. Surface acoustic wave (SAW)
sensors detect changes in the velocity and attenuation in the propagating
wave, which are caused by the adsorption of gas species on the sensing layer.
Acoustic wave sensitive sensors have a high stability and a long lifetime,
but they have a rather low selectivity and are influenced by environmental
changes. Microcantilevers have also been developed to detect the downward
bending of the cantilever upon adsorption of gas species on the sensing layer
due to formation of surface stress [15].

Field-effect transistor (FET) gas sensors have been recently developed based
on silicon or metal oxide nanowires [7]. The nanowire is deposited on a
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Si0O2/Si substrate and plays the role of conduction channel between the
source and drain electrodes. The bottom substrate (Si) serves as the gate
electrode. The gas molecules adsorbed on the nanowire modulates its con-
ductivity and act as an extra virtual gate voltage [5].

Electrochemical gas sensors are based on the change of current (amper-
ometric sensors) or voltage (potentiometric sensors) between the working
and the reference electrode due to a redox reaction at the working electrode
[18]. Electrochemical sensors are rather cheap devices with a good repro-
ducibility and accuracy, however, the cross-sensitivity with other gas species
can be problematic and their lifetime is short.

Calorimetric sensors are of two kinds: catalytic and thermal conductivity.
The catalytic sensors detect an increase of temperature induced by the ox-
idation of combustible gas species on the catalytic material. Thermal con-
ductivity gas detectors detect the difference in thermal conductivity between
the sample and a reference gas. Calorimetric sensors are low cost devices sta-
ble at ambient temperature, which are particularly sensitive to combustible
gases, but they lack of selectivity and their sensibility to vibrations prevents
their use in portable equipment.

Gas chromatography is another detection technique, which is very reliable,
sensitive and selective, but it is mainly used as laboratory analytical tool
because it is an expensive equipment, which can not be miniaturized to
portable devices.

1.1.2 Materials for conductometric gas sensors

Conductometric gas sensors are usually based on metal oxide semiconduc-
tors, though new materials, like polymers or carbon nanotubes, are also
investigated. Conducting polymers, such as polypyrrole, polyaniline and
polythiophene, can be doped to become conductors or semiconductors and
be used as conductometric gas sensors. Non-conductive polymers can also
be used as sensitive layer coupled with other types of transducers (calorimet-
ric, capacitive or mass-sensitive) [19]. Polymers present the advantage to be
highly sensitive to a large variety of VOCs (e.g. alcohols, aromatic com-
pounds, halogenated compounds) at room temperature with short response
times [I7]. The disadvantages are their long-time instability, irreversibility
and poor selectivity.

Carbon nanotubes (CNTSs) are also sensitive at room temperature [20]. The
main target gases are alcohols, ammonia (NH3), carbon dioxide (CO3) and
nitrogen oxide (NO,). CNTs present high surface-to-volume ratios and can
be decorated with other materials to increase their sensitivity [21]. Graphene
is another very promising carbon-based material extensively investigated in
the past few years [22] 23], 24].
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Most of conductometric gas sensors are based on metal oxide semiconduc-
tors because of their high sensitivity to a broad range of gas species. A
variety of n-type (CdO, MgO, SrO, BaO, In,04, WO,, TiO2, V4,04, Fe,04,
GeO2, Nb,O5, MoO;, Ta,O5, La,O4, CeOs, Nd,O5, SnO2, ZnO) and p-
type (CryO4, MnyO4, Cos0,, NiO, CuO) semiconducting materials exhibits
a change in the electrical conductance in response to combustible, reducing,
or oxidizing gases [25]. The advantage of p-type over n-type semiconduc-
tors is their relatively lower operating temperature [17]. Among the most
commonly used materials are TiO2, SnO2, ZnO and In,O4.

1.1.3 Tin oxide gas sensors

Commercial gas sensors currently on the market are mostly based on metal
oxide thick films. The most commonly used metal oxide is tin dioxide
(SnO2). The advantage of metal oxide thick films is their porosity, which en-
ables the diffusion of gas species inside the film so the surface area available
for adsorption is increased and a higher sensitivity is obtained. However,
the thick layers are obtained starting from powders by screen printing tech-
niques, which are techniques lacking of reproducibility leading to slightly
different initial characteristics for each sensor [15].

The second generation of gas sensors benefits from reproducible deposition
techniques (physical vapor deposition (PDV) or chemical vapor deposition
(CVD)) to produce metal oxide thin films with a nanocrystalline structure.
However, the sensitivity of thin film sensors is lower than the sensitivity of
thick film sensors due to the decrease of porosity. The main advantage of
thin film sensors is their possible integration on microhotplates in order to
miniaturize the devices and to reduce the heating power, which is necessary
to reach the high operating temperatures required for gas sensing.

The synthesis of single crystalline metal oxide nanowires leads to the devel-
opment of a third generation of gas sensors. Table [2] is a short review of
the gas sensors based on a single SnOs nanowire or on a network of SnO»
nanowires, which have been recently fabricated and the corresponding gas
species detected.

SnO, nanowires present several advantages over the traditional thin- and
thick film sensors:

e Higher sensitivity: Thanks to the large surface-to-volume ratio, a few
gas molecules are sufficient to influence the electrical properties of the
nanowire, especially if the diameter of the nanowire is comparable with
the thickness of the depletion layer.

e Higher stability: The long-term stability of a sensor based on a 2-D
network of SnOg nanowires is higher than a sensor made of a porous
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3-D network of SnO2 nanoparticles due to the better thermal stability
of the single crystalline nanowires [9].

e Lower operating temperatures and power consumption: The bias cur-
rent applied in conductometric measurements induces power dissipa-
tion at the nanowire, which is heated by the Joule effect (self-heating).
The self-heating effect of nanowires enables to lower the consumption
down to a few tens of yW [26].

Further, since the changes in electrical conductivity of the metal oxide are
the direct consequence of charge transfers occurring during the adsorp-
tion/desorption of the gas species at the surface of the metal oxide, the theo-
retical understanding of the surface reactions will be facilitated by studying
the charge transport in a single crystalline nanowire in comparison with a
polycrystalline film.

Table 2: Summary of the gas species detected by SnO2 nanowire and nanobelt sensors.

Concentration Temperature

Configuration Gas (ppm) Q) Reference
single NHj; 25-100 60-300 [27]
single 6{0) 5-1000 200-300 [28]
single CO 25-100 60-300 [27]
single o 50-500 300 2]

network CO 250-500 400 [30]
network CO 30 250-400 [31]
network H»S 4-20 300-500 [32]
network NOy 0.2 250-400 [31]
network NO- 0.5 400 [30]
network ethanol 250 400 [30]
network ethanol 10 250-400 [31]
network ethanol 50 300 [33]
network 03 0.28 400 3]

1.2 Principle of SnO, gas sensors

A chemical sensor is composed of a receptor and a transducer. The recep-
tor is a chemically reactive layer, which interacts with the target molecules.
The transducer transforms the chemical interaction in a measurable signal.
In case of a conductometric gas sensor, gas molecules interact with the sur-
face of the sensing material (receptor). This interaction induces changes in
the electrical properties of the bulk sensing material (transducer), which are
measured as the sensor signal. It is assumed that the receptor component is
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the same from one SnOs gas sensor to another, because the chemical reac-
tions occuring at the surface of the SnO2 material are the same. However,
the transducer part is much influenced by the geometry and structure of the
SnOgq sensing layer [35, 36]. For compact thin films or for nanowires, the
interactions with the gas species occur only at the surface of the SnOs layer.
For porous layers, the gas species can penetrate into the sensing layer and
react at the surface of the grains, so the active surface is much higher than
for a compact layer [37]. Moreover, the conduction process occurs through
the grain boundaries for porous layer as for nanocrystalline thin films. This
differs from the conduction process in single crystalline nanowires.

The gas sensing principle of SnO2 conductometric gas sensors is described
in the literature by the combination of two models: the ionosorption model
and the reduction-reoxidation model. The ionosorption model relates the
sensor response to ionosorbed molecules at the surface of the sensing layer,
which creates a space charge layer near the surface and induces changes in
the electrical conductivity and work function. The reduction-reoxidation
model explains the changes of conductivity by the variation of the number
of oxygen vacancies in the surface region of the sensing layer.

The ionosorption model supports the assumption that oxygen molecules
become ionosorbed at the surface of the sensing layer. First, the physisorp-
tion of an oxygen molecule at the surface occurs 027phys, followed by its
chemisorption. The chemisorbed oxygen molecule can act as a surface state
and trap an electron from the conduction band of the metal oxide, thus
inducing a negative charged surface OE?‘S. Since the charge transfer in-
volves free charge carriers, the term “ionosorption” is employed to describe
the adsorption of oxygen molecules rather than the term “chemisorption”.
As electrons flow from the conduction band of the semiconductor to the
chemisorbed layer, a space charge is formed between the bulk and the sur-
face. The negative space charge layer at the surface is compensated by a
positive space charge layer, where the density of conduction electrons is re-
duced. This positive space charged layer is called “electron depleted layer”
or “depletion layer”. An electric field induced by the negative charge present
at the surface causes the upward bending of the energy bands in the solid.
If the energy bands bend upward, it means that the Fermi level is pushed
into the band gap of the solid, thus decreasing the conductivity. The band
bending increases with the concentration of ionosorbed oxygen species at
the surface until a steady state is reached [36]. The band bending effect
caused by the ionosorption of oxygen at the surface of SnOq is schemed in

Figure [2]
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Figure 2: Schematic representation of the band bending effect caused by the
ionosorption of oxygen at the surface of an n-type semiconductor. The chemisorbed
oxygen may act as surface state and trap electrons from the conduction band of the

semiconductor, which results in the formation of a depletion layer near the surface on
one hand and in the upward bending of the energy bands on the other hand. E¢ s and
Ec B are the bottom of the conduction band at the surface and in the bulk, respectively;
Ev,s and Evy,p the top of the valence band at the surface and in the bulk, respectively;
Eq,s is the donor level at the surface; Er the Fermi level; Egs the acceptor surface state;
O, 4as is an oxygen molecule in the ambient atmosphere; O, . a physisorbed oxygen
molecule; O4’g a ionosorbed oxygen (a=1 and a=2 for singly and doubly ionised forms,
respectively; =1 and =2 for atomic and molecular forms, respectively. After [38] [36].

The thickness of the depletion layer is in the order of the Debye length Lp,
which is defined as:

EkBT
*nc

Lp= (1)
where ¢ is the dielectric constant, kg the Boltzmann’s constant, T the tem-
perature in K, q the elementary charge and n¢ is the density of charge
carriers [39]. Different values of Lp for SnOg have been reported: 130 nm
to 10 nm when temperature changes from 120°C to 420°C for SnO4 single
crystals [37], 13 nm at 250°C for single crystalline nanowires [40] and 3-12
nm in the temperature range 20°C-250°C for nanocrystalline SnOs thick
films 39 [41].

It is generally accepted that the nature of the ionosorbed oxygen species
at the surface of SnOs depends on the adsorption temperature: below
150°C, the molecular form Oy predominates, while above 150°C, the atomic
form (O~, O%") predominates. According to the ionosorption model, other
species, such as physisorbed oxygen molecules and lattice oxygen ions, do
not play any role in the gas sensing mechanism. Reducing gases, such as
CO, react with the ionosorbed oxygen species, which results in the release
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of electrons into the conduction band of the metal oxide, so the conduc-
tivity increases [42]. The overall gas sensing mechanism according to the
ionosorption model is schemed in Figure

()

Figure 3: Schematic representation of the gas sensing principle of SnO2 gas sensors
according to the ionosorption model. (a) Ionosorption of oxygen species and creation of
a depletion layer. (b) Reaction of CO molecules with the ionosorbed oxygen species and

release of the trapped electrons into the conduction band of SnO; (diminution of the
depletion layer). (c) Recovery of the sensor with the ionosorption of new oxygen species.

The reduction-reoxidation model is based on the variation of the number of
oxygen vacancies in the surface region of the sensing layer. The conductivity
of SnOs is controlled by the intrinsic oxygen vacancies, which act as electron
donors. The reduction-reoxidation mechanism, which is schemed in Figure
occurs as follows: First, the gas molecule reacts with a lattice oxygen at
the surface of the metal oxide, which creates an oxygen vacancy. Then, the
vacancy becomes ionised and electrons are released in the conduction band,
which means that the conductivity increases. In the presence of oxygen, the
vacancy may be filled and electrons are removed from the conduction band,
which results in the decrease of the conductivity.
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(b)

Figure 4: Schematic representation of the gas sensing principle of SnO2 gas sensors
according to the reduction-reoxidation model. (a) Reaction of the CO molecule with a
lattice oxygen, creation of an oxygen vacancy, ionization of the oxygen vacancy and
release of electrons in the conduction band of SnOs. (b) Recovery of the sensor: in the
presence of oxygen in the atmosphere, the oxygen vacancy can be filled.

The ionosorption model is generally accepted in the literature [43] [37, 25].
XPS studies of SnO2 nanocrystalline thin films revealed an upward band
bending after exposure to Oz at 120°C and 250°C. Although no chemisorbed
oxygen was detected, an inverted band bending was induced by exposure to
CHy, which proves the reaction of CHy with chemisorbed oxygen [44]. How-
ever, the existing spectroscopic analyses of the SnO5 surface, which demon-
strate the presence of ionosorbed oxygen species (O, , O~, O?7), have been
recently questioned because the experiments were not conducted in the real
working conditions of gas sensors [42]. On the contrary, the reactions with
oxygen vacancies and their ionization, which are involved in the reduction-
reoxidation model, have been proven by spectroscopy under the working
conditions of the gas sensors. The limitation of this model lies in the lack of
understanding, what leads to the recovery of the sensor conductivity in the
absence of oxygen (e.g. alternating flows of CO in N, and pure N,), where
oxygen should be necessary to fill the vacancy, so the sensor conductivity re-
covers its initial value. However, no spectroscopic studies have investigated
this particular case yet [36].
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1.3 Tin oxide
1.3.1 Applications

SnO, is mainly used in applications as transparent conducting oxide (TCO),
oxidation catalyst, and solid state gas sensing material. SnQO» is a common
TCO material used in binary systems as tin doped In,O5 (ITO), and anti-
mony or fluorine doped SnOjy. Thanks to its low electrical resistance and
high optical transparency, SnOs is used as electrode materials in solar cells,
light emitting diodes, or flat panel displays, among others. Additionally to
its transparency in the visible range, SnQOy is highly reflective for infrared
light, which is used for coating windows in order to keep the heat out or in
the building.

SnOs is also used as heterogeneous catalyst for CO oxidation or NO reduc-
tion following the Mars-van-Krevelen mechanism. In this mechanism, the
gas molecule first adsorbs at the surface of the catalyst and is oxidized by
the reaction with lattice oxygen. The oxidized molecule desorbs, creating
an oxygen vacancy in the crystal lattice at the surface of the catalyst. This
oxygen vacancy is filled again by gas-phase oxygen, thus regenerating the
catalyst. The succession of reduction and re-oxydation processes is enabled
thanks to the dual valency of tin atoms, which can be present at the sur-
face in the oxidation states 24+ and 4+ according to the oxygen chemical
potential.

1.3.2 Material properties

Tin oxide exists as stannic oxide (SnOg2) and stannous oxide (SnO), but
stannic oxide is the thermodynamically most stable form of tin oxide. A
natural source of the SnO4 crystal is a mineral called cassiterite. SnOg crys-
tallizes in the same rutile structure as many other metal oxides, such as
TiO2, RuO3, GeO2, MnOg, VOq, IrO9, and CrOs [25]. The rutile structure
has a tetragonal unit cell with a space-group symmetry of P4s/mnm (see
Figure . In the bulk, the Sn atoms are sixfold coordinated to threefold co-
ordinated oxygen atoms. The lattice constants are a=b=4.7374 A, c=3.1864
Ap3).
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Figure 5: Crystal structure of the rutile SnOs.

The low index SnOq surfaces with the lowest surface energy are (110), fol-
lowed by the (100) and (101) surfaces. Those three low index SnO4 surfaces
experience loss of surface lattice oxygen under reducing conditions [25]. The
(100) and (101) reduced surface are formed by removal of bridging oxygen
atoms from the stoichiometric bulk termination. The most stable (110)
reduced surface exhibits high defect concentrations. The variation of the
lattice oxygen concentration at the surface plays an important role in the
SnOq gas sensing properties.

Pure stoichiometric tin dioxide (SnO2) is an insulator due to its wide band
gap of 3.6 eV. However, the presence of intrinsic oxygen vacancies is respon-
sible for the n-type semiconducting properties of non-stoichiometric SnOs_,
because the oxygen vacancies may be singly or doubly ionized, creating two
donor levels at energy of 30 meV and 150 meV below the conduction band,
respectively [45].

Li-Zi et al. [46] observed a variation of the oxygen vacancy concentration in
the bulk with the temperature and the oxygen partial pressure, when mea-
sured by coulometric titration. Values of 0.02 and 0.034 for x in SnOqg_,
were reported at 420°C and 715°C, respectively, showing an increase of the
oxygen vacancy concentration with increasing temperature. The oxygen va-
cancy concentration x also increases with decreasing oxygen partial pressure.
The formation of tin vacancies has also been reported at temperatures above
800°C causing an increase of the lattice constants [47].

The Sn-O system is not completely understood and two different phase dia-
grams have been found in the literature [25, [48]. The first diagram (Figure
[6a)) considers the compounds SnzO, and SnOs, while the phase SnO(s) is
not described. This can be related to the work by Platteeuw et al. [49], who
experimentally showed that SnO(s) is unstable and decomposes into Sn(l)
and SnOs(s) at temperatures above 300°C, although gaseous SnO is stable.
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The values reported in the literature for the melting points of SnOy and
SnO are 1630°C and 1080°C, respectively, which is not quite in agreement
with the phase diagram. The second diagram (Figure suggests the dis-
sociation of SnO(s) to Sn;O,(s) and Sn(l) above 270°C and the coexistence
of SnO4(s) and Sn(l) at temperatures above 450°C [46]. The latter reactions
have already been described by Lawson et al. [50]:

45%0(5) — Sn304(3) + Sn(l) (2)

S?”L3O4(s) — 257@02(5) + Sn(l) (3)

Both phase diagrams agree on the existence of the intermediate phase Sn;0,,
which is composed of Sn in the oxidation states Sn(II) and Sn(IV). However,
according to Platteeuw et al. [49]: “at least in the temperature range of 300-
1127°C, liquid Sn, solid SnO9 and gaseous SnO are the only stable phases”.
SnOs is only little volatile below 1500°C. The vapor pressure of SnQOs is
about 0.1 torr at 1350°C, 0.5 torr at 1450°C and increases to 2 torr at 1500°C
[51]. For many oxides, the vapor pressure increases with the decrease of the
oxidation state [52]. So the vapor pressure of SnO is expected to be higher
than the vapor pressure of SnQOs.

21



Weight Percent Oxygen
10 20

~2500°C |
1 B o R l,”r"
" e e o
i R T 2 R —
20004 ) T @ e ‘“l‘} et
o Ly ::" ----------------------------------- = J' - i P .
o] . Y ~1T00°C ~
@ 15 s N g
: _,"i I‘l + LE Y L2
a, 1 ] \1 s
= 1 rrJ Y ,a’
P 1 ! 1040°C W dmmmmmmmmm—m— o
w3
)
i
1! =
i 2, &
50044 £ g
i
2319681°C s f
e I U SUSN H
) 0 20 30 40 50 60 70
Sn Atomic Percenl Oxygen
(a)
500 Sn(liquid)+SnQ,
450 °C
__400F » $n.0,
2 Sn(liquid)+Sn,0, +
g SnQ,
= 300p
g 270°C +-20"C
g- sn(liquid)+Sn0O i
1
[2 200} SnO+Sn,O;|_|____
SnO |
sn+sn0  Q + Q
<] $n0O, <
100 L 2 3
Sn 20 40 60 O
Atomic %
(b)

Figure 6: Sn-O phase diagrams (a) from [48] (b) from [25].

1.4 Methods reported for the growth of SnO; nanowires

Several synthesis techniques have been developed to grow nanowires. They
are divided in two categories: the bottom-up and the top-down approaches.

The top-down approach is based on the patterning of a film until the reduc-
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tion of the lateral dimensions to the nanoscale. The fabrication techniques
rely on the standard micro fabrication methods, such as optical and X-ray
lithography, e-beam and ion-beam lithography, printing and imprinting [6].
It enables the synthesis of well-ordered nanowires, which exhibit a high ho-
mogeneity in diameters and lengths, directly on site so no assembly step
is necessary. Besides the high equipment costs and long preparation times,
the top-down techniques are challenged by the technological difficulties to
synthesise structures below 10 nm [4] or arbitrary three-dimensional objects
[6]. Moreover, the nanowires synthesized with these techniques are in general
not single crystalline [53].

The bottom-up approach relies on the assembly of individual atoms or
molecules to build up the desired nanostructures by vapor phase transport,
electrochemical deposition, solution-based techniques or template growth
[53]. The main advantages of these techniques are: (1) the ability to gen-
erate structures with dimensions in the angstroms range, (2) the possibility
to assemble the nanowires on nearly any type of surface (not necessarily
CMOS compatible), (3) the high purity of the single crystalline nanowire
produced, (4) the low cost of the experimental setups, and (5) the possi-
bility to vary the doping of the nanowires. However, the main challenge
faced by the bottom-up approach is the difficulty to integrate the nanowires
on planar substrates: issue to transfer the nanowires on a substrate in an
arranged manner on specific locations for the successive patterning.

It is expected that a combination of the top-down and the bottom-up ap-
proaches will eventually fulfil the requirements for the industrial production
of metal oxide nanowires [6]. In the literature, no report on the synthesis of
SnOs nanowires by the top-down approach has been found. The top-down
approach has been used for the synthesis of Si nanowires [54] [55], Si/Ge het-
erostructures [54], and GaAs nanowires [56], among other materials. In this
section, the synthesis of SnOs nanowires based on the bottom-up approach
is presented.

The most important requirements to develop 1D nanocrystals are dimensions
and morphology control, uniformity and crystalline properties. In order
to obtain nanowires, a preferential growth direction with a faster growth
rate must exist. There are different growth processes: catalyst-free and
catalyst assisted processes, vapor and solution phase growth. In general,
the catalyst assisted processes yield nanowires with uniform diameters [53]
and the corresponding growth mechanisms are described by the vapor-liquid-
solid (VLS) and the vapor-solid (VS) models.
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1.4.1 Vapor phase growth

Thermal evaporation

The thermal evaporation is the process most used to grow SnOs nanowires.
It occurs in a tube furnace, where the source material is first evaporated and
then transported by a gas carrier towards the substrate. After nucleation,
the nanowires grow by condensation of the evaporated source material on
the seeds. Table [3|reviews the synthesis conditions reported in the literature
for the growth of SnO2 nanowires by vapor phase methods.

The source material (Sn, SnO or SnO2 powder) is placed in an alumina
crucible in the tube furnace. The substrate, where the SnO9 nanowires grow,
is usually a Si, alumina or quartz wafer, and may be coated with Au in order
to induce a VLS growth mechanism. In most cases, the substrate is placed
downstream a few centimetres away from the alumina crucible (typically
1-10 cm), though Hieu et al. [57] reported the growth of SnO2 nanowires on
substrates placed upstream from the source for a very low flow of carrier gas.
The carrier gas (Ar or No, with possible addition of O3) is introduced in the
tube furnace with a precisely controlled flow (30-500 sccm). Many groups
control also the pressure in the tube furnace. The temperature in the tube
furnace is in the range 680-1550°C. The temperature depends mainly on the
source material. Most authors report a process temperature in the range
700-900°C for Sn powder as source material, 900-1000°C for SnO powder
and 1350-1550°C for SnOy powder. The dependence of the temperature
with the source material can be linked with their melting point: 231.9°C
for Sn, 1080°C for SnO and 1630°C for SnOy. The duration of the heating
phase is usually between 30 minutes and 2 hours.

PLD

Pulsed Laser Deposition (PLD) is also a process used for the synthesis of
SnOs nanowires by vapor phase growth. The PLD technique consists in the
ablation of a target material by a pulsed laser beam and the subsequent
deposition of the vaporized material on a substrate. The process occurs
under high vacuum or in a reactive environment, for instance in the presence
of oxygen in order to deposit oxide materials. Tien et al. [58] reported the
growth of SnOy nanorods by PLD from a target composed of SnOy on a
single crystal silicon (100) substrate heated at 700-800°C. A dense array of
SnO2 nanorods is formed on the Si substrate. The as-grown single crystalline
SnO; nanorods have diameters on the order of 50-90 nm and lengths of 1.5
pm. The growth mechanism is supposed to be a simple columnar growth
mechanism. Yanagida et al. [59] also used the PLD technique to grow SnO2
nanowires. The target material is pure Sn. The process occurs at an oxygen
pressure of 10 Pa and a temperature of 800°C. SnO2 nanowires were grown
by a VLS growth mechanism on TiO2 (001) substrate with the presence
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of Au catalyst on the surface. Additionally to Au, the authors reported
that the presence of a carbon layer (thickness of 2 nm) on the substrate
improved the VLS growth. It is suggested that the carbon layer acts as a
seed and/or catalyst, contributing to an initial nucleation stage within the
metal catalysts. PLD is a versatile method, which enables the doping of the
grown SnOy nanowires with other chemical elements, such as Sb [60] or Ta
[61].

CVD

Instead of vaporizing a solid target material, another technique consists of in-
troducing directly gaseous precursors in a CVD reactor for the recrystalliza-
tion, as reported by Mathur et al. [62]. The alkoxide precursor [Sn(O‘Bu),]
is introduced into the reactor by applying a dynamic vacuum of 10~* Torr
and heating the precursor reservoir to a temperature in the range 20-45°C.
The Si-substrate coated with Au particles is heated to 550-750°C. The as-
grown single crystalline SnOy nanowires have diameters matching the size
of the deposited Au particles (60-80 nm for particle size of 70 nm). The
decomposition of the precursor is discussed in the original paper and leads
to the formation of SnO2 nanowires by a VLS growth mechanism. Miiller
et al. [63] used similar synthesis conditions but reported on the influence of
the gaseous precursor [Sn(O'Bu),] or [Sn(O'Bu),], on the surface properties
of the SnO9 nanowires.

Growth mechanism

The growth mechanism of the SnO2 nanowires is also discussed in most of
the publications referenced in Table [3] Three mechanisms are suggested
to explain the vapor phase growth: the vapor-liquid-solid (VLS), the self-
catalytic VLS and the vapor-solid (VS) mechanisms.

The VLS growth mechanism was first proposed in 1964 by Wagner and El-
lis [91] for the growth of Si whiskers on Au particles. The VLS growth
mechanism is named after the three phases involved in the growth process:
the vapor phase precursor, the liquid catalyst droplet and the solid crys-
talline product. In 2001, Wu et al. [92] reported the real-time observation
of semiconductor nanowire growth in an in situ high temperature transmis-
sion electron microscope (TEM), thus providing direct evidence of the VLS
growth mechanism. The VLS growth mechanism involves a metal catalyst,
which is deposited on the growth substrate and act as nucleation seeds.
For the synthesis of SnO2 nanowires, the metal catalyst is often a Au thin
film (thickness below 10 nm) or Au nanoparticles, though Fort et al. [87]
also reported the catalytic effect of Pt nanoparticles. The precursor mate-
rial is evaporated and forms a liquid alloy droplet with the catalyst. The
precipitation occurs when the liquid droplet becomes supersaturated with
the precursor material, thus producing the nanowire. The diameter of the
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nanowires is controlled by the size of the catalyst droplets. The VLS growth
is epitaxial, so the nanowires obtained exhibit a high crystalline quality.

The self-catalytic VLS growth mechanism does not require the addition of a
catalyst material, because the catalytic effect involved in that case is directly
provided by liquid droplets formed after decomposition and precipitation of
the source material on the growth substrate. Chen et al. [77] reported
the growth of SnOs nanowires by a self-catalytic VLS growth mechanism.
The SnO source material is first evaporated. SnO dissociates following a
two-step reaction to Sn(l) and SnOs(s) at temperatures in the range 300-
500°C [49, 93]. The Sn liquid droplets condensed on the growth substrate
can provide the energetically favoured sites for adsorption of oxygen and
SnO vapor and subsequent formation of SnOs. Finally, the authors assume
that the continuous dissolution of SnOs in the Sn droplets leads to a super-
saturated solution and the SnOs nanowires grow by precipitation, as in a
conventional VLS growth mechanism described above. In their report, Li
et al. [85] present the growth of SnOs nanowires by a self-catalytic VLS
growth mechanism from SnOs powder. The authors suggest that SnOs is
decomposed to vapor phase SnO, and Sn at 1550°C, transported to the sub-
strate in the low-temperature zone in order to enable the condensation of
Sn liquid droplets, which act as nucleation sites for the further VLS growth
mechanism.

The VS growth mechanism is a catalyst-free growth process, where the
source material is evaporated, oxidized and directly condensed on the growth
substrate. It is suggested that the VS mechanism is mainly governed by the
minimization of the surface free energy. Therefore, the initially condensed
molecules form seed crystals serving as nucleation sites and facilitating the
directional growth to minimize the surface energy [53]. Sun et al. [76] re-
ported the growth of SnOy nanobelts by a VS mechanism. They assumed
that the Sn vapor generated from the Sn powder combines with oxygen to
form SnO vapor. As SnO is metastable, it decomposes to Sn and SnOs. The
decomposition is followed by the condensation of SnOs nanoparticles on the
substrate, which act as nucleation sites and initiate the growth of SnOq
nanobelts via the VS mechanism. Furthermore, the authors suggest that
the sharp tip observed at the end of the nanobelt acts as the energetically
favourable site for absorbing the SnOs clusters from the vapor, eventually
leading to the one-dimensional growth of the SnO2 nanobelts.

1.4.2 Solution phase growth

The solution phase growth methods are usually conducted at low temper-
ature, so complexity and cost are reduced. They lead in general to SnOs
nanowires with an inferior crystalline quality in comparison with the vapor
phase growth methods. They can be divided into the template-assisted and
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template-free methods.

Template-assisted synthesis

Template-assisted synthesis has mainly been developed for the fabrication
of SnOy nanotube or nanowire arrays. Sol-gel approaches have been used
to deposit SnOs into the tubular pores of the template, such as cellulose
fibers [94] or anodic aluminium oxide (AAO) [95], leading to the formation
of polycrystalline SnOy nanotubes. Wang et al. [96] immersed the AAO
template in a colloidal suspension of SnOsy nanoparticles to enable the infil-
tration casting of the SnO2 nanoparticles into the nanotubular channels of
the template. The SnOy nanoparticles were chemically bound by thermal
treatment and the AAO template was removed in a NaOH solution to form
the nanotubes. Another strategy reported by Kolmakov et al. [97] consists
in filling the AAO template with metallic Sn by electrodeposition and a
successive oxidation step results in the formation of SnOs nanowires with
controlled lengths and diameters, which can be used as gas sensors.

Another technique consists in using surfactant assisted micelles as soft tem-
plate. This approach has been developed by several groups. N. Wang et
al. [98] reported the synthesis of polycrystalline SnO2 nanotubes, Y. Wang
et al. [99] produced polycrystalline SnOs nanowires, and Ye et al. [100]
synthesized single crystalline SnOs nanoribbons.

Template-free synthesis

There are three template-free synthesis methods reported in the literature to
synthesize SnO9 1D nanostructures: the hydrothermal process, the electro-
spinning method and the molten-salt synthesis. Each method is developed
in the following paragraphs.

The hydrothermal process is a method to grow single crystals based on the
solubility of minerals in an aqueous solution at high temperature (usually
above 100°C) and pressure (higher than 1 bar). The synthesis occurs in an
autoclave, where a gradient of temperature enables the spatial separation of
the dissolution of the precursors (formation of crystal seeds) and the crystal
growth.

The synthesis of SnO5 nanorods and nanowires based on the hydrothermal
process has been developed by several research groups. The first reports
demonstrating the synthesis of SnO2 nanorods by the hydrothermal process
are the one by Cheng et al. [I0I], who showed SnO3 nanorods with a single
crystalline structure and small dimensions (15-20 nm in length and 2.5-5 nm
in diameter) and the one by Vayssieres et al. [102], who synthesized larger
nanorods (500 nm in length and 50 nm in diameter) with a polycrystalline
structure. Later on, Shi et al. [103] and Xi et al. [104] synthesized single
crystalline SnO2 nanorods and demonstrated the high sensitivity of the SnO,
nanorods gas sensors upon exposure to ethanol. Qin et al. [I05] and Lupan
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et al. [1I06] reported the growth of single crystalline SnO9 nanowires with
high aspect ratio. Zhang et al. [I07] chose a different solvent and conducted
the reaction in a reverse microemulsion solution resulting in the synthesis
of SnO2 nanorods with diameters of of about 8-15 nm and lengths in the
range 150-200 nm.

Electrospinning is a simple, versatile and low-cost method for producing
nanofibers of organic or inorganic materials. A sol-gel solution containing a
polymer and inorganic precursors is electrospun on a substrate to form the
fibers. Subsequently, the fibers are calcined in order to enable the decompo-
sition of the organic components as well as the oxidation and crystallization
of the fibers to obtain the desired composition and nanocrystalline structure.
The electrospinning setup consists of a metallic needle, which is connected
to the syringe containing the precursor solution, and an electrically con-
ductive collector. When a high voltage is applied between the needle and
the collector, the solution is ejected, continuously stretched and elongated
by electrostatic repulsive forces, leading to the formation of a long, thin,
and uniform thread [I0§]. The solvent rapidly evaporates during the spin-
ning process, which results in decreasing the diameter of the thread, thus
leading to the formation of an ultrathin fiber. Moreover, reactions such
as hydrolysis, condensation and gelation of the precursors also influence the
morphological and microstructural evolution of the fibers during electrospin-
ning [108], 109]. In the end, the charged fiber is deposited on the grounded
collector placed under the needle as a result of electrostatic attraction.

Electrospinning is a popular synthesis method to obtain SnOs nanofibers
with diameters in the range 100-300 nm [109, 110], as well as Pd-doped
[109, T11] or Pt-doped [32] SnOg2 nanofibers. Kim et al. [112] presented
a slightly different approach than conventional electrospinning in order to
synthesize SnOs nanotubes. First, polyacrylonitrile (PAN) fibers were elec-
trospun. Subsequently, SnOs thin films were coated on the PAN nanofibers
by plasma-enhanced atomic layer deposition (PEALD). Finally, the SnO2
thin film-coated PAN nanofibers were annealed at 700°C to burn out the
PAN template and crystallize the SnOs coating. The as-synthesized poly-
crystalline SnOy nanotubes have diameters of about 100 nm. The wall
thickness of the nanotubes (ranging from 8 to 37 nm) was controlled by the
number of ALD cycles.

The molten-salt method is a relatively low temperature synthesis technique
for preparing single crystalline nanomaterials. The precursor material, the
salt and the surfactant are ground to a fine powder, which is heated at tem-
peratures in the range of 700-800°C for up to 2.5 h. After cooling down, the
sample is washed with distilled water to dissolve and remove the salt. The
molten-salt method has been reported in the literature for the synthesis of
SnOq nanorods [113, 114} 1T5] 116, 117]. The as-prepared single crystalline
SnO2 nanorods are ca. 20-70 nm in diameter and up to several micrometers
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in length. The salt-solution medium facilitates the dissolution of the reac-
tants and enables a rapid diffusion of the species. The role of the surfactant
is crucial, since it serves as microreactor to confine the crystal growth. The
growth mechanism of the SnO2 nanorods by molten-salt method is assumed
to result from the dissolution of fine particles and the successive deposition
of the components on larger particles.
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2 Synthesis of SnO; nanowires

The synthesis of SnOy nanowires employed within this thesis is a two-step
process: First, a SnOs thin film is deposited on a Si-substrate by spray
pyrolysis. In the second step, the SnOs thin film is heated in a tube furnace
to 900°C in argon atmosphere for 1.5 hour, which results in the growth
of SnOy nanowires. Consequently, this chapter is composed of two main
parts. The first part describes the principle of spray pyrolysis and how the
process is developed for the deposition of a SnO» thin film with reproducible
parameters. The second part details the experimental approach followed in
order to find the optimal conditions for the growth of SnOs nanowires and
to get a better understanding of the nanowire growth mechanism.

2.1 Spray pyrolysis development
2.1.1 Motivation

The hydrolysis of tin(IV) compounds, mostly SnCl,, has already been re-
ported in the 1950’s as an industrial method to deposit SnOq layers [51].
The solvent is water or more often a solution of mixed water and alcohol
(methanol or ethanol). The addition of alcohol, which has reducing proper-
ties at higher temperatures, results in the desired O-deficiency in the SnO»
layer.

Spray pyrolysis was first reported in 1966 by Chamberlin and Sharkman
[118], who demonstrated the growth of CdS thin films for solar cell appli-
cations. Since then, numerous materials have been deposited as thin films
by spray pyrolysis, such as: ITO for photovoltaic devices [119], WOj3 for
electrochromic applications [120], TiO2 for antireflexion, transparent or self-
cleaning coatings [121], Yttria-stabilized zirconia (YSZ) used in solid oxide
fuel cells [122] 123], ZnO [124], InyO3 [125] 126] and SnO9 [125] 127, 128,
129, 130}, 131, 132] for gas sensors.

SnOs is a prominent material for gas sensing and the techniques used to
deposit thin films are often based on physical vapor deposition (PVD) pro-
cesses such as evaporation or sputtering. Spray pyrolysis offers an attractive
alternative to those complex processes. It is based on very simple equip-
ment and does not require vacuum, which results in low operational costs
[133]. Spray pyrolysis is a chemical vapor deposition (CVD) process used
to prepare various coatings, such as thin and thick films and powders. The
advantages of spray pyrolysis encompass the recognised benefits of CVD
over PVD processes: possibility to coat large surfaces with high aspect ratio
structures, rapid film growth rates, control of stoichiometry and ability to
fabricate abrupt junctions [I34]. In addition, the spray pyrolysis process
exhibits a few specific advantages [135]:
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e The moderate temperatures required for the process (100-500°C) en-
able the coating of a large variety of substrates nearly without restric-
tions to the size and structure.

e The deposition rate and the thickness of the film can be controlled
over a wide range by changing the spray parameters.

e The doping of the thin film is versatile and almost any chemical ele-
ment can be added to the precursor solution in any proportion.

Considering its simplicity, spray pyrolysis is a method of choice for the de-
position of SnOq thin films, which serve as precursor material in the SnQOs
nanowire growth. Besides, the potential for mass production of SnOs thin
film gas sensors deposited on processed CMOS chip with this method is very
attractive and motivates our interest to develop a reliable and reproducible
spray pyrolysis process.

2.1.2 Theory

In this section, the principle of spray pyrolysis is introduced. Spray pyrolysis
can be regarded as the succession of three processes, which are described in
the following paragraphs. First the atomization of the precursor solution,
second the transport of the atomized droplets, finally the decomposition of
the droplets on the heated substrate.

Figure 7: Schematic representation of the spray pyrolysis process as a succession of the
atomization of the precursor solution, the transport of the precursor droplets, and the
precursor decomposition on the heated substrate.

Atomization techniques

The simplest spray pyrolysis processes use the pressure atomization tech-
nique. This technique relies on the mixing of the precursor solution with
the carrier gas both supplied to the atomizing nozzle with a defined pres-
sure. There are several other atomization techniques enabling the formation
of smaller droplets with a narrower size distribution [135].
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e Ultrasonic spray pyrolysis: An ultrasonic atomizer is connected to an
oscillator and the solution is vaporized using the ultrasonic waves [136].

e Corona spray pyrolysis: The droplets are charged in the electric field
of a corona discharge, which enables the controlled transport of the
droplets towards the substrate by electric forces [125].

e Improved spray pyrohydrolysis: The substrate is located above the
spraying chamber and the droplets are sprayed upwards to the sub-
strate with a 90° angle. This specific geometry enables to filter the
larger droplets, which cannot be transported by the carrier gas due to
the gravitational force and must return to the spraying chamber [124].

e Electrostatic spray pyrolysis: A positive high voltage is applied to the
nozzle through which the precursor solution is forced to flow. The
positively charged droplets undergo mainly the electrostatic force and
tend to move towards the substrate [I31], [137].

Aerosol transport of droplets

After atomization of the precursor solution, the droplets are transported
to the heated substrate with an initial velocity determined by the atomizer
and a horizontal trajectory following the carrier gas flow. However, the
trajectory is also influenced by the forces applied to the droplet once leaving
the atomizer [128]. The total force applied to the droplet is the sum of the
gravitational, thermophoretic and Stokes forces:

F=F,+F+Fs (4)

The gravitational force F, pulls the droplet downward. This force influences
mainly the trajectory of larger droplets, because it depends on the mass of
the droplet. The thermophoretic force F; slows the droplets down, when they
approach the heated substrate. It is caused by the thermal gradient in the
immediate vicinity of the heated substrate (a few millimetres above). The
Stokes force Fg is due to the friction of the droplets with the air molecules.
It depends on the velocity and size of the droplet, so the influence is higher
on the large droplets. In case of pressure atomization, gravity is the main
driving force to consider. In case other atomization techniques are used,
such as ultrasonic, corona or electrostatic spray pyrolysis, the electrical force,
which depends on the field produced and on the droplet charge, is the main
driving force and must be additionally considered.

Precursor decomposition

The principle of spray pyrolysis relies on the thermal decomposition of the
precursor, followed by the oxidation of the decomposition products and the
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formation of the desired thin film on the substrate. For the formation of
SnOs thin films, the chemical reaction occurring directly on the surface of
the heated substrate is described by the following reaction equation:

SnCl, - 5 H,0 - SnO, + 4HCI + 3H,0 (5)

It is very important that the thermal decomposition occurs in the vicinity of
the substrate and not before. Therefore the precursor is dissolved in a sol-
vent, which cools the precursor to prevent the thermal decomposition from
happening too soon. Then the solution is atomized to form small droplets
directed to the hot substrate with the flow of an inert carrier gas. Ideally
the solvent is vaporized just as the droplet approaches the substrate. Viguié
and Spitz [I38] and Siefert [125] described the precursor decomposition ac-
cording to the temperature of the substrate and the initial droplet size, as
illustrated in Figure

Figure 8: Mechanism of precursor decomposition depending on the substrate
temperature and the initial droplet size, after [133].

For a low temperature or a large initial droplet size, the process A is ob-
tained. The droplet is not entirely vaporized on the way to the substrate.
The fully vaporization of the droplet occurs once in contact with the sub-
strate, resulting in the deposition of a dry precipitate. The vaporization
step goes along with a local cooling of the substrate, which slows down the
kinetics of the reaction. The surface obtained is rough and the film produced
exhibits weak sticking properties.

In the process B occurring at low to intermediate temperatures or for a
medium-sized droplet, the hydrolysis reaction occurs in the liquid phase
above the substrate, the droplet is completely vaporized at the contact to
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the substrate, so a SnOy powder is formed and deposited on the surface
[128].

In the case of intermediate to high temperatures or for small droplets (pro-
cess C), the solvent is completely vaporized on the way to the substrate,
which results in the formation of a precipitate. The precipitate sublimates
in the vicinity of the substrate and the reactant molecules undergo a het-
erogeneous reaction: diffusion to the surface, adsorption, surface diffusion,
chemical reaction and incorporation into the lattice, followed by desorption
of the product molecules from the surface and diffusion away from the sur-
face into the vapour phase. The process described is a classical CVD process,
which leads to a thin film of high quality.

By further increasing of the temperature or decreasing of the initial droplet
size, the process D is obtained. The precipitate is formed so fast and far
from the surface that a homogeneous reaction occurs in the gas phase. The
micro-crystallites formed condense as a powdery precipitate on the substrate
without deposition reaction.

Brinzari et al. [139] estimated the temperature ranges corresponding to the
different spray processes for SnOs thin films deposited from a 0.2 M aqueous
solution of pentahydrate stannic chloride (SnCl, -5H,0). They identified
the beginning of the film growth at 270°C, which is in agreement with the
temperature of 250°C reported in [140] for the same parameters (0.2 M
SnCl, - 5 H,O water solution). Moreover, they observed two distinct changes
in the film morphology as a function of the process temperature at 350°C
and at 410°C. In the range 300-350°C, separate crystallites with a sphere-
like shape are formed. The authors hypothesized that the atom mobility on
the surface is very low and the coalescence of the crystallites is not possible
due to the low temperature, which refers to process A. At temperatures 350-
410°C, the sphere-like shaped crystallites agglomerate, which corresponds to
the process B. Above 410°C, the growth of nanocrystals is reported, which
goes along with the description of a heterogeneous reaction during a CVD
process.

To sum up, a droplet may undergo a CVD process during spray pyrolysis if
the vaporization of the solvent occurs on the way to the substrate and the
precipitate formed sublimates in the vicinity of the substrate, so the reactant
molecules contained in the vapour react heterogeneously at the surface of
the substrate to form a thin film. Obviously, it is not possible to recreate
those ideal conditions experimentally. However, it is possible to approach
CVD conditions by studying the main experimental parameters influencing
the spray pyrolysis deposition process and the properties of the deposited
thin film.
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Influence of deposition parameters on thin film properties

Role of pyrolysis temperature As already explained above from the-
oretical models, temperature is a crucial parameter for the spray pyrolysis
process. First, the pyrolysis temperature (T),,) must be set in the cor-
rect range to enable the precursor to react as much as possible in CVD
conditions. Second, the temperature can be finer tuned to control the film
properties, such as growth rate and crystallite size.

Concerning the growth rate, a transition is identified between low deposi-
tion temperatures, where the growth rate increases with increased pyrolysis
temperature, and high deposition temperatures, where the growth rate stays
constant with further increase of the pyrolysis temperature [125]. Briand et
al. [136] deposited thin films in the range 460-540°C and observed a transi-
tion at a temperature of 500°C. In the study by Sanz Maudes et al. [127] the
deposition temperature varied between 300°C and 650°C and the transition
temperature was estimated at 515°C. The authors concluded that the film
growth was kinetically limited by surface reactions (adsorption/desorption)
for low deposition temperatures and it was controlled by mass transfer of
the reactants (diffusion) at higher temperatures. In other studies the growth
rate keeps increasing at higher temperatures. Sanon et al. [129] observed
an exponential increase of the growth rate with increasing temperatures in
the range 280-400°C. Korotcenkov et al. [140] reported a transition above
400°C with a lower slope of the growth rate increase with increasing tem-
perature. Therefore, the authors concluded that the kinetic factor went on
influencing the growth rate of the film even at higher temperatures for their
experimental conditions.

Besides, the substrate temperature has also an influence on the grain size of
the SnO4 films: the crystallite size increases with increasing temperatures.
Briand et al. [136] reported a mean grain size of 8-9 nm for deposition at 460-
500°C and 14 nm at 540°C. Sanz Maudes et al. [127] observed mean grain
size of 24 nm and 32 nm for deposition temperatures of 475°C and 615°C,
respectively. Sanon et al. [129] found a linear increase of the crystallite size
with the pyrolysis temperature between 300°C (average grain size of 12 nm)
and 370°C (average grain size of 55 nm). Korotcenkov et al. [140] reported
an average grain size of about 10 nm for deposition temperature of 350°C
and 30 nm at 500°C.

From those reports, it is concluded that the temperature is the most influ-
encing parameter in the spray pyrolysis process. The qualitative influence of
the deposition temperature on the film properties is understood, however, a
quantitative approach is not possible because of the numerous experimental
parameters making each spray pyrolysis process unique.
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Role of precursor solution SnO; thin films have been prepared by spray
pyrolysis processes from SnCl, dissolved in water or alcohol mostly. Alco-
holic solvents are often preferred because their low surface tension and vis-
cosity enables the formation of small droplets and their low boiling point
facilitates the vaporization of the droplets [135]. Other solvents, such as
butyl acetate [128] or ethyl acetate [141], have also been investigated.

Sears and Gee [128] performed distillation experiments in order to predict,
which solvent is most likely to lead to a CVD process. They reported that
an aqueous solution of SnCl, could not be deposited as a true CVD process,
because the droplet was not completely vaporized, so the hydrolysis reaction
occurred in the liquid phase before the droplet reached the surface, which
led to the deposition of a SnOs powder on the substrate. Nonetheless, a
semi-CVD process could occur at temperatures above 250°C. The addition
of ethanol to the SnCl, in water solution enabled a better vaporization of
the droplet, though the formation of powder residue was still observed to
a small extent. The substitution of water or water-alcohol solvent by non-
aqueous solutions such as butyl acetate resulted in the total vaporization
of SnCl, without powder formation, which was the confirmation for a true
CVD process. The authors concluded that a SnO; film could be deposited
from non-aqueous solutions by a true CVD process.

Additionally to the choice of the solvent, different precursors may be used
for the fabrication of SnO; thin films by spray pyrolysis. They are listed in
Table |4l Most of the precursors are already reported in the reviews by Patil
[135] and Perednis et al. [142].

Table 4: Preparation conditions for the deposition of SnO, thin films by spray pyrolysis.

Precursor Solvent Tpyr (°C)  References
SnCly water-ethanol mix  300-650 [127, 12§]
SnCly water 450 [143]
SnCly ethanol 250-400 [144], 145]
SnCly butyl acetate - [125], 128]
SnCly - 5H50 ethanol 280-440 [144]
SnCly - 5H,0 water 250-550  [128, 139, T40]
(NH4)2SnClg water 300 [146]
(CH3COO0)25nCly ethyl acetate - [146]
(C4Hg)3SnOOCCH3 ethanol 340-480 [147]
(C4Hg)4Sn ethanol 340-480 [148, 149
(C4Hg)2Sn(OOCCH3)2  ethanol 340-480 [148]
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The precursor concentration in the sprayed solution must be carefully chosen
as a compromise between time of deposition, which influences the substrate
cooling, control of the film thickness and growth rate of the film [140]. More-
over, Gourari et al. [131] reported that the grain size of the SnOy thin film
increased with a higher concentration of the precursor solution.

The ageing of the sprayed solution, from the moment it is prepared until it
is sprayed, may play an additionnal role in the deposition rate of thin films.
Korotcenkov et al. [I40] investigated that ageing effect and found that the
deposition rate of the film was decreased exponentially with the ageing of
the precursor solution within 8 hours after the preparation of the solution.
This effect abated after 8 hours and the deposition rate was almost the
same after 8 hours or 24 hours. The authors assumed that the hydrolysis
of the SnCl,-water solution was responsible for the ageing effect. Therefore,
it is advised to let the solution ageing before use, although no other strong
influence on the film parameters was reported.

Role of spraying apparatus The increase of the carrier gas pressure
results in the decrease of the film thickness, which is probably due to the
simultaneous increase of the velocity of the droplets and the decrease of
the size of the droplets [140]. The carrier gas pressure also influences the
precursor concentration in the droplets.

Sears and Gee [128] reported on the geometry of the spray pyrolysis appa-
ratus. The film deposition occurred from a nozzle placed directly above the
substrate, so the spray flow was directed with a 90° angle to the substrate.
The authors observed the formation of a powder at the center, where the
droplets were forced to impinge the hot surface, but away from the cen-
ter, where the droplets were not directly in contact with the surface, they
noticed the growth of the film. From those considerations, it seems more
appropriate to place the nozzle on the side to have a spray flow parallel or
with a small angle to the surface.

When looking at the literature, there is no description of a unique spray
pyrolysis process. Actually there are about as many set-ups as there are
research groups working with spray pyrolysis. Considering the diversity of
parameters to fix (temperature, atomizing nozzle, precursor material, sol-
vent and spraying apparatus), there is no quantitative information valid for
all spray pyrolysis processes. Each group must analyse and optimize their
own process. It is also very complicated to reproduce the same conditions de-
scribed in the literature because of the little technical information reported.
Therefore, much effort has been put in the development of a reproducible
spray pyrolysis process, which is presented in the next section. A major goal
is to establish this process in cooperation with EV Group (EVG) [150], who
is interested in fabricating an industrial tool for spray pyrolysis.
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2.1.3 Methods

The apparatus used for the spray pyrolysis is shown in Figure[9] The process
takes place in a fume hood to ventilate the corrosive vapours of hydrogen
chloride (HCI) formed during the spray pyrolysis reaction (see Equation [5|in
. The precursor solution is contained in a glass bottle under pressure.
The liquid is atomized by a spray atomizing nozzle and the droplets are
transported in a gas flow to the substrate deposited on a hot plate. The
nozzle is situated on the side of the hot plate, approximately 5 cm higher
than the hot plate and 25 cm away from the substrate. The flow is directed
parallel to the surface of the hot plate with a slight inclination down to the
hot plate.

A 0.28 M solution of pentahydrate stannic chloride (SnCl, - 5H,0) in ethyl
acetate is used as precursor. It is prepared as follows: 50.1 g of the SnCl, - 5 H,O
powder (M = 350.6 g.mol™!) is added in a 500 mL volumetric flask, which

is then filled with ethyl acetate until the ring graduation mark in order to
dissolve the SnCl, - 5H,O powder. The precursor solution is prepared one
day before use to avoid any ageing effects of the solution, as described earlier

in

The atomizing nozzle used is a QuickMist automatic air atomizing nozzle
1/4QMJAU-N SUQF130 from Spraying Systems Co [I51]. The nozzle pro-
duces a flat spray pattern, so the droplets are mainly dispersed in the lateral
direction. The working principle of the nozzle is illustrated in Figure [I0] It
is based on a pressure-fed liquid system, where the liquid is supplied to
the nozzle under pressure. When the needle is retracted, the liquid and
compressed carrier gas are mixed internally to produce a completely atom-
ized spray and the nozzle starts spraying. The retraction of the needle is
controlled by an internal air cylinder for controlled on-off operation, which
interrupts only the liquid portion of the spray. As illustrated in Figure [9a]
the pressures applied to the liquid and the carrier gas pressure are precisely
controlled by pressure gauges. The pressure applied to the liquid is set to
0.7 bar, for the nitrogen, which is used as carrier gas, the pressure is set to
1.8 bar.

The pyrolysis temperature is 400°C. This temperature has been measured
by a thermocouple glued on a silicon chip placed on the hot plate. In
order to reach the temperature of 400°C at the surface of the chip, the
hot plate is set to a temperature of 455°C at the controller. The hot plate
is a model Prazitherm PZ 38-3T, which is produced by Harry Gestigkeit
GmbH [I53]. The controller is a programmer PR 5-3T. The upper plate
consists of titanium, which is known for its excellent resistance to corrosion.
Titanium is therefore a material of choice to withstand the formation of HCI
vapour as by-product during the pyrolysis reaction (see Equation in.

The substrates used for the deposition of the SnOs thin films are 2x2 cm
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(c)
Figure 9: (a) Scheme of the spray pyrolysis process. (b) Image of the spray pyrolysis

set-up. (c) Deposition of a SnO2 thin film by spray pyrolysis on Si substrates placed on
a hot plate at 400°C.
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Figure 10: Diagram of the automatic air atomizing nozzle used. Adapted from [152].

sized silicon chips with native oxide (Si), silicon chips with 300 nm thermal
oxide on top (SiO2/Si) or silicon chips with 300 nm thermal oxide (SiO2/Si)
coated with 40 nm copper (Cu) by RF magnetron sputtering.

Thanks to the flat spray pattern of the nozzle, it is possible to process several
chips at the same time. Therefore, nine chips are placed in the middle of
the hot plate next to each other in a square pattern with three rows of three
chips. The simultaneous processing of nine chips is further called a “run”.

One run of spray pyrolysis occurs as follows:

e The substrates are placed on the hot plate for 10 min. This step aims
for the homogenisation of the temperature at the surface of the chips.
In case of Cu-coated chips, the oxidation of the Cu-layer to cupric
oxide (CuO) occurs simultaneously (see [2.1.4)).

e The air atomizing nozzle is switched on to spray the SnCly - 5H50 in
ethyl acetate solution. Typically, this step lasts 50 s, which results in
the formation of a SnOs film with a thickness of about 100 nm. It
also goes along with a decrease in the substrate temperature of about
15°C, which can be read on the temperature controller of the hot
plate. The spray flow is stopped for 2 min to let the chips recovering
the temperature of 400°C. Then the flow is turned on again for 50 s
followed by another interruption of 2 min and a last spraying step of
50 s. After 3 successive spraying steps, the thickness of the SnOq film
obtained is in the range 250-300 nm.

o After the last spraying step, the chips stay on the hot plate 2 min
more in order to ventilate the corrosive HCI vapours formed during the
spray pyrolysis reaction, before opening the fume hood and removing
the samples from the hot plate.

The thickness of the SnOy film on the Si chips is measured with an optical
interferometer. The film thickness of one chip (2x2 cm) is measured in five
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spots and averaged to one value. The average film thickness is calculated
over the thickness values of the nine chips of a single run. The succession of
several runs processed in a day is further called a “session”. Several sessions
are performed over weeks or months.

2.1.4 Results and discussion

Optimization of the spray pyrolysis process

The first step in the optimization of the spray pyrolysis process is to choose
the temperature. The development of the spray pyrolysis process aims for
the deposition of SnOs films used for two applications: (1) as precursor
in the SnO9 nanowire growth, which is of interest in this thesis, and (2)
for SnOg thin film gas sensors, which is the focus of another R&D work
[154]. The pyrolysis temperature was originally adopted for the integration
of SnO9 thin film gas sensors on CMOS chips. The maximum temperature,
that the processed CMOS chips can withstand without damages, is 400°C.
Therefore, it has been decided to set the process temperature to 400°C also
for the deposition of SnOs films used as precursor in the SnOs nanowire
growth and to optimize other process parameters.

Secondly, the size of the atomized droplets is optimized by adjusting the
pressure applied to the precursor solution and the carrier gas pressure. The
liquid pressure, which has a major influence on the growth rate of the film,
is set to 0.7 bar. Low liquid pressures result in low film growth rates, so
long spraying times are necessary to obtain the desired thickness. However,
long spraying times result in a decrease of the temperature at the surface of
the substrate. High liquid pressures increase the deposition rate, which may
complicate the precise control of the film thickness. The carrier gas used is
nitrogen with a pressure of 1.8 bar. On one hand, increasing the carrier gas
pressure results in smaller droplets, but on the other hand, it increases the
cooling effect of the flow on the substrate. When both pressure parameters
are set, the initial droplet size and velocity are fixed.

Next, the deposition rate of the SnOs film is determined. Four substrates
are coated with a SnOg thin film with different spraying times (without in-
terruption): 15 s, 30 s, 45 s, and 60 s, respectively. The film thickness of
each substrate is measured and the results are shown in Figure A linear
dependence of the film thickness with the spraying time is observed. There-
fore, the desired thickness of the SnOy thin film is obtained by controlling
the spraying time. The deposition rate, which is defined as the ratio of the
film thickness over the spraying time, is newly measured before each spray
pyrolysis session and the spraying time is consequently adapted. The aver-
age value of the deposition rate is 103 &+ 13 nm/min, so the spray pyrolysis
process presents a good reproducibility.
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Figure 11: Dependence of the SnO2 film thickness with the spraying time.

Figure shows a photo of nine substrates after one run of spray pyrol-
ysis. The run consists of three successive spraying steps of 50 s with an
interruption of 120 s in between (as described on page . A homogeneous
colouration over the substrates can be seen, which implies a homogeneous
film thickness. The pink line at the edge of the three chips placed on the
first row (when considering the flow direction) is characteristic for a locally
thicker SnOg film. Since the spraying flow is almost parallel to the surface
of the substrates, it is assumed that there is a perturbation of the spray-
ing flow while overcoming the height of the first row of chips. Due to this
flow perturbation, the vapour is probably locally denser and the film growth
faster.

The average and the deviation (minimum-maximum) values of the film thick-
ness are also indicated in Figure The measured values are found in a
range of 3-8% around the average value according to the position of the chip,
which shows the excellent homogeneity of the film on one chip. The average
of the film thickness on all nine chips of a run is 284 nm. The lowest value
of the film thickness on all nine chips is 252 nm and the highest is 313 nm.
So, the average film thickness on all nine chips is 284 + 32 nm, which means
that the distribution of the values is narrow: + 11%.
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Figure 12: Photo of nine Si chips coated with SnO2 film after spray pyrolysis and the
corresponding film thickness values (in nm).

The optimization of the spray pyrolysis parameters leads to a reproducible
process, which enables the deposition of a SnOs thin film on a surface area
of 36 cm? with a very good homogeneity of the film thickness. However,
further improvement could be achieved by more sophisticated machinery
with either movable spray head or the employment of several spray heads in
parallel, for example.

Characterization of the SnO; thin film

Figure (13| shows the X-Ray Diffraction (XRD) pattern of a SnOs2 thin film
(thickness about 400 nm) right after deposition by spray pyrolysis (in blue).
No diffraction peak can be seen, so the sprayed SnO- film presents an amor-
phous structure. After an annealing step at 400°C in ambient air for 30
min, the structure of the film becomes polycrystalline (black curve). The
crystalline phase identified is cassiterite, tetragonal, with the following crys-
tal lattice parameters: a = b = 4.7384, ¢ = 3.1884, a = 8 = v = 90°.
This phase is stable with increasing temperatures up to 700°C, which is the
maximum temperature achievable with this specific X-Ray diffractometer.
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Figure 13: XRD pattern of the SnO; film before (in blue) and after (in black) annealing
at 400°C for 30 min in ambient air.

The structural changes of the sprayed SnOs film are investigated in situ
while increasing the temperature up to 700°C. The investigated sample is
a substrate coated with a SnOg thin film (thickness about 400 nm), which
has been previously heated for 13 hours at 350°C for another experimental
purpose (not shown here). This annealing step resulted in the transition of
the film structure from amorphous to crystalline. The diffraction patterns of
the SnOq thin film are measured stepwise at temperatures between 350°C
and 700°C in ambient air. Each measurement takes about 35 min. The
results are shown in Figure The table in the inset indicates the crystal-
lite size, which is calculated from the first peak at about 26 deg using the
Scherrer Equation. An increase of the intensity of the first diffraction peak
with increasing temperature can be observed, which can be related to the
increase of the crystallite size and the decrease of the amorphous part. The
first XRD pattern at 350°C shows a crystalline SnOs thin film. XRD pat-
terns have been measured (not shown here) after 12 hours at 200°C, and 5
hours at 300°C. The diffraction patterns of the SnOs thin film are measured
stepwise at temperatures between 350°C and 700°C in ambient air.

45



T T T T T T T
200
Temperature [°C]  Crystallite size nm]

175 —— 350 2.6 |
400 3.4
—— 600 6.2
— 700 8.5

Intenstiy [a.u.]
S N
[ w
1 1

~
[4)]
1

wn
[=]
1

25 4

20 I 25 I 30 I 35 I 40 I 45 l 50 l 55
2 Theta [deq]

Figure 14: Evolution of the XRD patterns for a SnO» thin film (previously heated for 13
hours at 350°C, thickness about 400 nm) with increasing temperature from 350°C to
700°C. Inset: corresponding crystallite size calculated with the Scherrer Equation from
the first diffraction peak at about 26 deg.

After spray pyrolysis, the SnOs film presents an amorphous structure. An
annealing step at 400°C is necessary for the crystallization of the SnO» film.
As can be seen on Figure[13] the structure of the film becomes polycrystalline
after 30 min at 400°C in ambient air. The structure is fixed after this
annealing step.

Complementary to the XRD measurements, a cross-section of a SnOy thin
film deposited on a Si-chip by spray pyrolysis is investigated. The SnOo
thin film has a thickness of about 60 nm. The sample has been annealed
prior to analysis for 30 min at 400°C in ambient air. Figure [15|shows a high
resolution transmission electron microscope (TEM) image of the SnOs thin
film cut by a Focused Ion Beam (FIB) technique. The structure of the SnO2
thin film is polycrystalline, as already shown with the XRD measurement.
In addition, the structure is dense and no pores between the crystallites can
be observed inside the film.
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Figure 15: High resolution TEM image showing the cross-section of the non-porous
nanocrystalline SnO; thin film deposited by spray pyrolysis.

Cu film on SiO3/Si chip

As already mentioned in SnOs is also deposited by spray pyrolysis on
Si04/Si chips coated with a Cu thin film (about 40 nm) deposited by RF
magnetron sputtering. The first step of the spray pyrolysis process is the
heating of the chips on the hot plate at 400°C for a duration of 10 min.
Therefore, it is assumed that the Cu film is oxidized. In order to verify this
assumption, the Cu thin film on SiO9/Si chip after this heating process and
before the deposition of the SnOy thin film by spray pyrolysis is analysed
by XRD. Figure [16| shows the XRD pattern of the Cu film after 10 min at
400°C in ambient air. The measurements indicate that the Cu thin film
is completely oxidized to CuO after 10 minutes on the hot plate at 400°C.
Consequently, it is confirmed that the SnO4 film obtained by spray pyrolysis
is deposited on a CuO thin film on SiO2/Si chips.
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Figure 16: XRD pattern of the oxidized Cu film after 10 min on the hotplate at 400°C.

2.2 Nanowire growth

The preliminary results reported in [I55] [156] demonstrated the growth of
SnO4 nanowires at 900°C from a SnO; thin film deposited by spray pyrolysis
on Cu-coated SiO2/Si chip. The objective of this study is to optimize the
process in terms of reproducibility and to gain a better understanding of
the nanowire growth mechanism. Therefore, a series of experiments are
conducted with a systematic approach, changing a few parameters one by
one.

2.2.1 Methods

The standard nanowire growth process occurs as follows: the sample (de-
scribed later) is placed on a substrate holder in a tube furnace. The furnace
is closed, an argon (Ar) flow (about 1000 sccm) is introduced, and the fur-
nace is switched on. A temperature of 900°C at the substrate holder is
reached in 1 hour. The temperature of 900°C is hold for 1.5 hour to enable
the growth of SnOy nanowires on the substrate. After a total time of 2.5
hours, the furnace is switched off together with the Ar flow. When the tem-
perature in the furnace has decreased below 400°C, the furnace is opened
and the sample cools down in the ambient air to about 100°C. Then the
sample is removed from the sample holder.
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The growth of the SnO2 nanowires is conducted in a standard tube furnace
SR 100-200/12 produced by GERO Hochtemperaturofen GmbH [I57]. A
continuous Ar flow of about 1000 sccm circulates through the furnace during
the nanowire growth. A sample holder, which consists of a steel plate (about
4x5 cm?), is suspended by a steel arm in the middle of the heated zone. A
temperature sensor is embedded in the sample holder in order to get more
precise information about the temperature of the sample. A scheme of the
assembly is depicted in Figure

Figure 17: Scheme of the position of the sample in the tube furnace.

The temperature for the nanowire growth is set to 1010°C at the tempera-
ture control unit of the furnace power supply, which corresponds to an actual
temperature of 900°C at the sample holder (measured with the embedded
temperature sensor). The heating and cooling ramp of the sample in the
presence of argon flow (about 1000 sccm) is depicted in Figure The
heating ramp is fast: the temperature reaches 900°C in 60 min. After the
furnace and the argon flow have been switched off (t=150 min), the tem-
perature decreases fast (in 25 minutes) from 900°C down to 700°C. Below
700°C, the cooling rate is rather slow and it takes approximately 110 min
until the sample is cooled down to 400°C.
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Figure 18: Temperature measured at the substrate holder during the heating process for
the nanowire growth.

Figure 19 shows how the samples are mounted in the furnace. Two or three
substrates are stacked on top of each other. The bottom substrate is placed
directly on the sample holder in the furnace. A middle substrate is optionally
deposited on the bottom substrate. Small pieces of SiO9/Si wafer are as well
mounted on the edges of the bottom substrate and act as spacers. Finally,
a top substrate is deposited face down on the spacers. The objective of
this assembly is to create a confined environment for the growth of SnOq
nanowires.

The SnO; thin film (thickness in the range 250-300 nm) deposited by spray
pyrolysis is the precursor material for the SnOs nanowire growth. The SnO»
thin film has been deposited on several substrates (as already mentioned in
: silicon chips with native oxide (Si), silicon chips with 300 nm thermal
oxide (SiO2/Si) or silicon chips with 300 nm thermal oxide coated with
40 nm cupric oxide (CuO/SiO2/Si). The influence of the substrate on the
nanowire growth is one of the parameters investigated. Additionally, SiOy/Si
substrates are coated with a thin film of Cu (thickness of 40 nm), which
is deposited by RF magnetron sputtering. According to the experimental
conditions described below, the copper layer may be present in the metallic

(Cu) and/or oxidized (CuO) form.
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Figure 19: Scheme showing the different configurations how the substrates have been
stacked in the furnace for the growth of SnO2 nanowires: (a) two substrates stacked
(used in Experiment 1), (b) confined environment involving three stacked substrates
(distance between top and middle substrates about 500 pm) (used in Experiment 2), (c)
confined environment between two stacked substrates (used in Experiments 3-9).
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2.2.2 Experimental approach

The starting point to optimize the growth of SnOs nanowires is based on
the preliminary results reported in [I55, [I56]. It has been demonstrated
that the presence of a metallic intermediate layer (Cu or Au) is required for
the growth of SnOs nanowires. The first experiments were involving one
substrate (SnOg thin film deposited by spray pyrolysis on a CuO/SiOy/Si
substrate) placed in the furnace at 900°C for 1.5 hour in argon atmosphere.
The results - though not reproducible - showed the growth of few SnOq
nanowires only on the edges of the samples and sometimes also directly on
the steel substrate holder around the substrate. The latter observation led
to the assumption that SnOs material could be transported through the gas
phase and redeposited in the proximity of the sample.

Many experiments have been required in order to optimize the synthesis of
SnOs nanowires. In this chapter, the key experiments leading to a repro-
ducible process and enabling a better understanding of the nanowire growth
mechanism are detailed. Figure shows the configurations of the 9 key
experiments.

e In Experiment 1, two samples are stacked, which has for objective
to enhance the growth of SnOs nanowires on the edges of the top
substrate and on the bottom substrate around the top substrate.

e In Experiment 2, the addition of a third substrate on top of the two
others aims for the creation of a confined environment. This config-
uration appears very promising to synthesize SnOs nanowires repro-
ducibly.

e Experiment 3 consists in a simplified version of Experiment 2 with
only two substrates involved. The results are similar: SnO9 nanowires
grow on the substrate involving the CuO intermediate layer.

e Experiment 4 is another simplification of the system to observe the
direct role of Cu (CuO) in the SnO3 nanowire growth.

e In Experiment 5, the influence of the bottom substrate is studied
(SnO2 layer deposited on SiO9/Si instead of Si).

e Experiment 6 investigates the possibility to grow SnO2 nanowires with-
out the presence of Cu (CuO) in the reaction chamber.

e Experiment 7 intends to establish the local growth of SnO9 nanowires
by structuring the Cu (CuO) thin film.

e Experiment 8 is similar to Experiment 4, only the heating process takes
place in a forming gas flow instead of an argon gas flow in order to
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observe the influence of a reducing atmosphere on the SnO2 nanowire
growth.

e Finally, Experiment 9 considers the catalytic effect of a Au layer re-
placing the Cu (CuO) layer.

Experiment 1 Experiment 2 Experiment 3
Experiment 4 Experiment 5 Experiment 6
Experiment 7 Experiment 8 Experiment 9

Figure 20: Schemes of the key experiments conducted to optimize the growth of SnO2
nanowires. The standard experimental conditions are 1.5 hour at 900°C in argon
atmosphere. Only for Experiment 8, the argon flow has been replaced by a forming gas
flow (95% N2 + 5% Haz).
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2.2.3 Results

Experiment 1

For the first experiment a stack of a 1x1 cm? SiOs/Si substrate coated with
40 nm CuO and 250-300 nm SnO, (top substrate) on a 2x2 cm? Si substrate
coated with SnOs (bottom substrate) is introduced in the furnace. The
furnace is run to 900°C for 1.5 hours with an Ar flow of 1000 sccm. Figures
and show the results of the heating process for the top and bottom
substrate, respectively.

Figure 2Ta] shows the surface of the top substrate right after the deposition
of the SnOs film by spray pyrolysis on a CuO/SiO2/Si substrate. It is a con-
tinuous and relatively smooth layer. After the heating process at 900°C in
argon atmosphere (Figure or in ambient air (Figure, the SnOs film
becomes polycrystalline. The recrystallisation of the SnOg thin film from
amorphous to polycrystalline was already discussed in The crystallite
size is in the range 30-200 nm. At the surface of the film heated in argon
atmosphere, there is the presence of pores between the crystallites, which is
not the case for the film heated in ambient air.

(b) ()

Figure 21: SEM images of the top SnO2/CuO/SiO2/Si substrate of Experiment 1 (a)
before the heating process, (b) after the heating process in argon, (c) after the heating
process in ambient air.
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Figure [22| shows the surface of the bottom substrate after the heating pro-
cess. A mark left by the SnOy/CuQ/SiO2/Si substrate, which was placed
on top during the heating process, is visible on the SnOy/Si surface. In the
first area (Figure [22a]), which was not covered, a dense continuous SnOj
thin film is observed. The film surface is rougher than the SnOs film of the
top substrate. Only in a few places, the film bubbles, which results in the
film release due to internal mechanical stress. At the edge, where the top
chip was deposited, a second zone (Figure is identified, which is about
40 pm wide. The SnO4 film is still continuous, though the bubble-shaped
delamination increases. The size of the bubbles is smaller than on the open
surface. The next zone (Figure is about 400 pm wide. The SnO; film
presents open bubbles and cracks. A few dispersed SnOs nanowires grow up
to 20 pm long. It seems that the nanowires grow from grains of the SnOq
film, which are mostly located at the edge of a hole. The SnOs film gets
more and more discontinuous further away below the top chip, and grains
are only partly agglomerated, as shown in Figure 22d] In Figures and
the grains are completely dispersed. Additionally, the grain size largely
increases from zone (d) to zone (e) and zone (f) with grains up to 1 pm.
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Figure 22: SEM images of the SnO2/Si bottom substrate of Experiment 1 after the
heating process.
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Experiment 2

The next step is to employ a more confined environment, where three sam-
ples are involved: The bottom and the top substrates are SnOs-coated Si
substrates and the middle substrate is a SnOg thin film on a CuO/SiOy/Si
substrate. The results of the heating process are shown in Figure A
white wool-like layer covering entirely the middle substrate is observed (Fig-
ure [23al). This layer is actually a dense and continuous film of interwoven
SnO2 nanowires, as seen in Figure 23b] The nanowires have diameters in
the range 50-300 nm and lengths up to hundreds of micrometers. SnOq
nanowires also grow on the top substrate, as shown in Figure The
interlacing of SnO2 nanowires is not as dense and homogeneous as on the
middle substrate. Moreover, the growth of SnOs nanowires occurs only in
the area above the middle substrate and not aside. Finally, Figure 23d]shows
the bottom substrate at the border with the middle substrate. The growth
of SnO5 nanowires also occurs in the proximity of the middle substrate, but
further away only a few dispersed nanowires can be observed.
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(c) (d)

Figure 23: SEM images of each substrate of the assembly of Experiment 2 after the
heating process. (a), (b) Top view of the middle substrate deposited on the bottom
substrate. (c) View of the SnO; film on the top substrate in the area right above the
middle substrate. (d) Top view of the bottom substrate at the border with the middle
substrate.
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Energy-Dispersive X-ray Spectroscopy (EDS) measurements are performed
on the top and middle substrates. The results obtained for the middle
substrate (position b in the scheme of Figure are shown in Figure
Figures and image the same area of the substrate, but two detectors
are used: a backscattered electron detector (BSE) and a secondary electron
detector (SE), respectively. The BSE detector enables to image the surface
with a contrast depending on the chemical composition: heavy elements
appear brighter. In Figure the grains, which appear darker on the
image, are composed of Cu, while the other grains (light) are SnOgy. The SE
detector delivers information about the topography. Figure shows that
the copper oxide grains are deposited on the surface of the SnOy film. This
is astonishing, because the CuO thin film is an intermediate layer between
the SiO2/Si substrate and the SnOg coating on top. This means that Cu or
CuO must have diffused through the SnOs layer to be present on its surface.
Furthermore, facets can be distinguished on the copper oxide grains, so they
must have a crystalline structure.

Figures [24c| images SnOsy nanowires grown on the middle substrate. Figure
shows the ending of a SnO2 nanowire, which looks like a droplet, and on
top of that droplet a crystalline grain. The square in Figure 24d] indicates
the position, where the EDS spectrum is measured. The EDS spectrum
identifies clearly Cu and a small signal is also due to Sn present in the vicinity
(SnO2 nanowire). A quantitative analysis from this spectrum seems to agree
that the grain is composed of CuO. However it appears that the grain is
simply deposited on the tip of the nanowire. Another EDS measurement
conducted on the droplet shaped ending of the nanowire aside from the CuO
grain shows mainly the presence of SnOo and a small signal of Cu, which
is probably due to the scattering signal from the CuO grain. From those
information, it does not seem that the SnOs nanowire growth occurs by a
vapor-liquid-solid (VLS) growth mechanism, where the tip of the nanowire
would be a compound of SnOy and CuO.

99



Figure 24: SEM images of the SnO, surface of the middle substrate of Experiment 2
after the heating process. (a) Backscattered electron analysis, (b), (c), (d) Secondary
electron analysis, and EDS spectrum of the nanowire end.
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Figure[25]shows the EDS spectra measured at the base of two SnO2 nanowires
grown on the top substrate. The first nanowire imaged in Figure grows
from a bean-shaped grain, which does not present any facets characteristic
for a crystalline structure. The EDS spectrum in Figure [25c|, which is mea-
sured in the area indicated by a square, shows the presence of Cu, Si and Sn.
The peak corresponding to Si at about 1.70 keV is due to the background
signal from the silicon substrate. Other EDS spectra are also measured right
and left of the square on both ends of the bean-shaped grain. They do not
show any signal corresponding to Cu. This means that the signal due to
the presence of Cu in the square area does not come from other CuO grains
close by. Moreover, Cu is only locally present in the grain at the base of the
nanowire.

The second nanowire shown in Figure grows from a grain, which has
facets and seems clearly crystalline. The square indicates the area, where
the EDS spectrum is measured. Figure shows the EDS spectrum and
a high peak at about 0.9 keV is significant for the presence of Cu. When
considering the faceted shape, it is not very surprising that the grain is
composed of Cu, because it looks very similar to the CuO grains identified
in Figures[24bland [24d] However, the two nanowires analysed here are found
on the surface of the top substrate, which is a SnOy coated Si substrate, so
no Cu is present on the surface before the heating process. This suggests
that the CuO crystallites found at the surface of the middle substrate, which
must have first diffused through the SnOs layer, are transported in the gas
phase to be deposited on the top substrate.
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(c) EDS spectrum at the nanowire base pictured in (a).

(d) EDS spectrum at the nanowire base pictured in (b).

Figure 25: (a), (b) SEM image of a SnO2 nanowire growing on the top substrate of
Experiment 2, (c), (d) Respective EDS spectrum at the nanowire base.
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When looking at the surface of the top substrate, some linear cracks in the
SnO, film can be seen from where nanowires grow, as imaged in Figures
and Those cracks arise along lines that have a specific geometrical
orientation: several directions are observed, and all lines are parallel to those
directions. The perfect parallelism of the lines according to a few directions
lets us presume that it is linked with the crystallographic directions of the Si
crystalline substrate. It is assumed that the stress of the SnO» film on the Si
substrate is very high. It is possible that the strong lattice mismatch between
the SnOs film and the Si substrate is stronger along specific crystallographic
directions of the Si substrate, which would explain the cracks formed along
those directions. It is also assumed that there is a strong diffusion of the
SnOs material into the Si substrate. It could be that the diffusion of SnO9
is stronger along distinct crystallographic directions of Si. In Figure the
SnOs film presents many circular holes dispersed randomly on the surface.
Additionally, the holes are concentrated along the lines, which actually forms
the cracks described above. The holes could be the result of the release of
internal stress present in the SnOs film. Moreover, there is a concentration
of larger grains, which are at the base of the nanowires, along the linear
cracks.

The area represented in Figure [26c| is imaged as an elemental mapping of
Cu in green (Figures and , Sn in yellow (Figure , O in red
(Figure [26g), and Si in blue (Figure 26L). From those images, the following
is concluded:

e Cu is present on the top substrate in the form of isolated grains.

e A few larger grains found at the base of some nanowires along the
linear crack are also composed of Cu.

The other larger grains along the crack and at the base of the nanowires
are composed of Sn and O, just like the nanowires. The surface of the
sample seems to be composed of Sn, O and Si, since it appears with a
positive contrast in the corresponding elemental mappings. Sn is present
homogeneously on the surface except for the circular holes (approximately
300 nm large) distributed on the surface. Those circular holes appear clearly
with a positive contrast in the elemental mapping of Si. Moreover Si is
present on the rest of the surface as homogeneously as Sn. This is because
the SnOs film is not continuous any more. The SnO; grains, which constitute
the film, are partly dispersed, so the Si surface is visible. Only around the
holes, there are more grains of SnO9, which explains that the signal coming
from the Si substrate is smaller and the contrast on the elemental mapping
of Si is reduced.

63



(c) (d)
(e) Elemental mapping of Cu. (f) Elemental mapping of Sn.
(g) Elemental mapping of O. (h) Elemental mapping of Si.

Figure 26: (a-c) SEM images of the top substrate of Experiment 2, (d) Superimposition
of the original SEM image (c) and the elemental mapping of Cu, (e-h) Elemental

mapping.
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Experiment 3

The results obtained for the nanowire growth in the previous configuration
(see Figure are already very satisfying, especially the growth of SnOq
nanowires on the middle substrate. However, in order to gain a better
understanding of the nanowire growth mechanism, further experiments are
conducted in a similar confined environment. For Experiment 3, the system
is simplified, since only two samples are stacked, as it can be seen in Figure
The two samples involved are a SnO2/Cu0O/SiO3/Si top substrate and
a SnOs layer deposited directly on a silicon chip with a native oxide at the
surface (SnO2/Si) as bottom substrate. The SnOy layers of both chips are
facing each other. After the heating process, a very dense and homogeneous
growth of SnO2 nanowires is observed on the top substrate (Figure ,
similar to the growth observed on the middle substrate in Figure Below
the dense layer of interwoven nanowires (Figure , a continuous SnOs film
with polycrystalline grains is visible as in Figure Additionally, there are
larger grains (300 nm to 1 pm in size) agglomerated together, from which
the SnO2 nanowire growth starts.

On the SnO2/Si bottom substrate, there are some nanowires grown on the
surface (see Figure , but they do not grow as dense as on the top sub-
strate. Moreover, there are no SnOs polycrystalline grains visible on the sur-
face (Figure. It seems that all grains, which have previously constituted
the SnO, film, have been consumed for the formation of large amorphous or
polycrystalline wires (150-500 nm in diameter and up to 5 pum long). Those
large wires appear to start growing from a hole in most cases and grow flat
on the surface. It is assumed that the smooth surface is composed of SiO9
with possible Sn atoms diffused inside and the surface visible through the
holes is most probably pure SiO2. The growth of single crystalline nanowires
with diameters below 150 nm seemingly starts from the large polycrystalline
wires. The single crystalline nanowires grow upwards and are much longer
(up to 100 pm).
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Figure 27: SEM images of the SnO» surface after the heating process of Experiment 3
(900°C, 1.5 h, in Ar): (a), (b) top substrate, (c), (d) bottom susbtrate.
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Experiment 4

For the following experiments the previous configuration (confined environ-
ment between two substrates) is fixed and only the substrates are changed.
In Experiment 4, the top substrate is replaced by a SiO2/Si substrate coated
with 40 nm Cu without SnOs layer on top, as shown in Figure Since
the top substrate did not undergo any heating treatment after deposition of
the Cu layer, it is assumed that the Cu thin film is not completely oxidized.
However, since it has been stored in ambient atmosphere, it is very likely
that the surface of the Cu thin film is oxidized to CuO. Also during the heat-
ing process in Ar flow with residual oxygen, it is not clear if copper is present
as Cu or CuO. Therefore, it will be further noted Cu (CuO). The precur-
sor material necessary for the SnO9 nanowire growth is present only on the
bottom substrate as a SnO» film on a Si substrate. Still, dense interwoven
SnOy nanowires grow on the top substrate, as shown in Figure Figure
shows the top substrate surface with a higher magnification. It looks
like polycrystalline SnO9 grains are deposited on the SiO9 surface, which is
visible in the background. There are also large polycrystalline wires, from
which single crystalline nanowires grow. The further away from the surface,
the longer are the single crystalline nanowires, which reach up to hundreds
of microns. It is very difficult to interpret if Cu (CuO) is still present at
the surface of the top substrate. However, it is assumed that Cu (CuO) is
present in the form of the large almost spherical grains, which have diame-
ters between 350 nm and 1 pm. The Cu (CuO) grains seem to be at the base
or at the tip of the large polycrystalline wires. Concerning the surface of
the bottom substrate (Figures and , it seems identical with the bot-
tom substrate of the previous experiment (Figures and . From that
experiment, it is concluded that the SnO9 material is transported through
the gas phase to recrystallize on the top substrate as SnOy nanowires. It
is suggested that the driving force for the volatility of SnOs is related to
the reducing effect of the Si substrate on the SnO layer during the heating
process. Experiment 5 intends to verify this hypothesis.
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Figure 28: SEM images of the SnO; surface after the heating process of Experiment 4
(900°C, 1.5 h, in Ar): (a), (b) top substrate, (c), (d) bottom substrate.
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Experiment 5

In Experiment 5, the SnO4/Si bottom substrate is replaced by a SnO4/Si0/Si
chip, where the 300 nm thermal oxide SiO5 should act as a barrier against
the possible reduction of SnOy by Si. Figure 29| shows SEM images of both
substrates after the heating process. On the top substrate, which is imaged
in Figure the Cu (CuO) thin film has delaminated and agglomerates
(size in the range 1-4 pum) are formed. The SiOy surface is visible and no
SnOs crystallites are located on the surface. The surface of the bottom
substrate is shown in Figures and A few Cu or CuO agglomer-
ates are also present at the surface of the bottom substrate. The SnO4 film
forms a continuous layer of SnOs crystallites with some pores between the
crystallites very similar to Figure It appears that the SnO2 material is
intact and has not been transported through the gas phase. This is proba-
bly because the thermal oxide (SiO2) prevents the SnO2 from being reduced
by the Si substrate. Finally, those results support our hypothesis that the
reduction of SnOy by Si is part of the driving force for the volatility of the
SnO2 material, most likely according to the reactions:

25n04(s) + Si(s) "2L5 28n0(s) + SiO(s) (6)
SnO(s) — SnO(g) (7)
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Figure 29: SEM images of the substrates of Experiment 5 after the heating process
(900°C, 1.5 h, in Ar): (a) top substrate, (b), (c) bottom susbtrate.
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Experiment 6

In order to gain a better understanding of the role of the Cu (CuO) layer
in the nanowire growth, Experiment 6 involves two SnO2/Si samples facing
each other, without any Cu (CuO) layer. The results are shown in Figure
The first observation is that no SnOs nanowires are found on the top
or on the bottom substrate. The surface of both substrates looks alike.
Figure shows dispersed agglomerates with a size in the range 5-40 pm.
A higher magnification enables the view of SnOs crystallites, which build
up those agglomerates (Figure . Aside from the agglomerates, SnO9
crystallites are dispersed on the surface, but no continuous layer is visible.
The white spots visible on the surface, which are no SnOs grains, may be
SnOs residue, which has not been transported to the gas phase, or SnOs,
which have diffused into the silicon substrate. The results of this experiment
lead us to conclude that the Cu (CuO) layer is necessary for the nanowire
growth, though it is uncertain in what extent and if another material, for
example Au or Sn, is also appropriate.

(b) ()

Figure 30: SEM images of the bottom SnO2/Si surface of Experiment 6 after the heating
process (900°C, 1.5 h, in Ar).
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Experiment 7

For Experiment 7, the thin film of Cu on a SiO4/Si substrate is structured
by a lithography step followed by Reactive Ion Etching (RIE), so an array of
rectangle Cu structures remains. The heating process is conducted with the
Cu (CuO) structures on SiO/Si as the top substrate. Figure 31]shows SEM
images of the surface after the heating process. The rectangular shaped Cu
(CuO) structures are visible on Figures and The SnO2 nanowires
grow exclusively on the Cu (CuO) structures and not on the SiO2/Si sub-
strate. The nanowires grow long enough to bridge the 100 pm-wide gap
between two structures. Figure shows the SiO2 surface aside from the
Cu (CuO) structures, where SnOy crystallites are dispersed. Several forms
of crystallites can be distinguished. Most are pyramidal with a size of about
500 nm and the sides of the pyramids exhibit facets. Others present an
equilateral triangle shape with sides of about 2 pm.

(b) (c)
Figure 31: (a), (b) SEM images of the nanowire growth on CuO structures after the

heating process of Experiment 7 (900°C, 1.5 h, in Ar), (c) SnO2 crystallites on the SiO2
surface aside from the CuO structures.
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Experiment 8

As presented before, the reducing effect of the Si substrate on the SnOs layer
influences the volatility of the SnOs material during the heating process.
Experiment 8 combines the reducing effect from the Si substrate on the SnO»
layer and a reducing atmosphere. The argon flow is replaced by a forming
gas flow (95% Ng + 5% Hs). The reducing conditions of the experiment also
imply that the copper layer of the top substrate is present as Cu. The results
are shown in Figure 32l On the top substrate, the growth of interwoven
SnO9 nanowires is very dense like in the case of a heating process in argon
atmosphere. However, the morphology of the nanostructures is different: a
large amount of zigzag nanowires and nanobelts is observed (see Figures
and. A zigzag nanowire presents two growth directions, which alternate
very regularly, typically every 1-2 pm. Moreover, the zigzag nanowires seem
to exhibit a square cross-section as visible on Figure

Figure shows the surface of the top substrate, where SnQy crystallites
are partly agglomerated with crystalline facets visible. The single crystalline
nanowires grow from one of those crystallites present on the top substrate.
The heating process conducted in argon atmosphere for the same configu-
ration leads to different observations (Figure . The SnO4 grains present
at the surface of the top substrate do not exhibit any crystalline facets and
the single crystalline nanowires grow from large polycrystalline wires.

On the surface of the bottom substrate, the Si substrate is not visible, there
is still a continuous SnOq layer with some cracks (see Figure . The film
is much more dense and the SnOs grains are not distinct, as if the grains
melted together. Additionally, crystallites, which have a pyramidal shape
and a size around 300 nm, are dispersed on the surface. The square base
of the crystallites could be at the origin of the square cross-section of the

zigzag nanowires (Figure [32b)).
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(d) (e)
Figure 32: SEM images of the substrates of Experiment 8 after the heating process

(900°C, 1.5 h, in 95% N2 + 5% H2): (a), (b), (c) top substrate, (d), (e) bottom
susbtrate.
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Experiment 9

So far, the importance of Cu (CuO) in the SnOy nanowire growth has been
pointed out. In the next experiments, the Cu (CuO) coating of the top
substrate is replaced by titanium (Ti), tin (Sn) or gold (Au), while the
bottom substrate remains a SnOq/Si substrate. Ti and Sn are deposited on
a SiO2/Si by thermal evaporation with a thickness of 40 nm. For the Au
coating, a thin layer of Cr (5 nm) is thermally evaporated on the SiOy/Si
substrate as adhesion layer, followed by the evaporation of 100 nm Au.
The parameters of the heating process stays constant: 900°C, 1.5 h, in Ar
atmosphere.

On both the Ti as well as the Sn coated top substrate there is no SnOs
nanowire observed after the heating process. So Ti and Sn are not appro-
priate to catalyse the SnO2 nanowire growth. For the top substrate coated
with Cr/Au (Experiment 9), the results are shown in Figure A dense
layer of interwoven SnOy nanowires is observed on the Au surface. The
SnO, nanowires are as long as grown on Cu (CuO) but their diameters is
smaller (30-100 nm). Also there are some droplets visible on Figure m
which suggest a Vapor-Liquid-Solution (VLS) reaction.

(a) (b)

Figure 33: SEM images of the Cr/Au top substrate of Experiment 9 after the heating
process (900°C, 1.5 h, in Ar).

Figure [34] sums up the results obtained for Experiments 1-9.
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Figure 34: Summary of the experimented configuration for the optimization of the SnO»
nanowire growth. All experiments have been conducted at 900°C for 1.5 hours in Ar
atmosphere, except Experiment 8 conducted at 900°C for 1.5 hours in forming gas.
Experiment 4 is the optimum configuration for the growth of SnOs nanowires (framed in
red).

2.2.4 Characterization of the SnO; nanowires

Morphology

The SnOy nanowires synthesized in this thesis are up to hundreds of mi-
crometers long and their diameters range from 50 nm to 400 nm. Figures
35d|show SEM images of SnO9 nanowires synthesized with the optimum
configuration identified above in Ar atmosphere. The SnOy nanowires grow
straight and exhibit a uniform diameter along the growth direction. Fig-
ures and focus on the basis of the nanowires. The single crystalline
growth of the SnOy nanowires seems to start from a larger grain.

Figures [35¢| and [35]] show SnOy nanowires, which have also been grown
with the optimum configuration but in a reducing atmosphere (95% Ny +
5% Hs). The as-grown SnO; nanostructures are mostly zigzag nanowires
and nanobelts, which exhibit two distinct growth directions alternating at
regular intervals.

The nanowires have mostly a circular cross-section (see Figure , but
some also exhibit a square cross-section as shown in Figure
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(8) (h)

Figure 35: SEM images of SnO2 nanowires synthesized with the optimum configuration
(a-d) in Ar atmosphere and (e-f) in forming gas. (g) TEM image of the cross-section of a
SnO2 nanowire with a circular shape. (h) SEM image of a SnO2 nanowire exhibiting a
square cross-section.
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Crystallographic structure

TEM analyses demonstrate that the SnOs nanowires are single crystalline.
The FFT calculations show that nanowires grow mostly along the crystal
growth directions: [1 1 1], [1 0 0], [0 1 1], [L 1 0] (see Figure [36). For a
few nanowires, other crystal growth directions are found: [8 3 12] and [4 0
3]. Bright field images and electron diffraction patterns were acquired using
a Tecnai F20 with a field emission gun (FEG) operating at 200 kV. The
microscope has a post column energy filter (Gatan Imaging Filter, GIF)
and the images were recorded in zero-loss filtered mode, using a 10 eV wide
slit (i.e. elastically scattered electrons only).

Figure 36: High resolution TEM images and determination of the crystal growth
direction.

2.2.5 Discussion

The following conclusions can be drawn from the key experiments presented
above:

e For the growth of SnO2 nanowires, a confined environment (“closed”
reaction chamber) is required (Experiments 2-3).

e During the heating phase, the SnOs material is transported through
the gas phase from the bottom substrate (SnOs thin film on Si sub-
strate) to the top substrate (CuO thin film on SiO3/Si substrate),
where it recrystallizes as SnOg nanowires (Experiment 4).

e When deposited on SiOy, the SnOs thin film is not vaporized (Ex-
periment 5). The Si substrate, where the SnOs thin film is deposited
(Experiment 4), must have a reducing effect on SnOg, which probably
increases the volatility of SnOs and enables its transport through the
gas phase.
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e Cu or CuO has a catalytic influence on the growth of SnO9 nanowires.
The growth of SnOy nanowires is not observed if there is no CuO/Cu
present in the reaction chamber (Experiment 6). The growth of SnOq
nanowires occurs locally, only where CuO/Cu is deposited (Experi-
ment 7).

e In a reducing atmosphere (forming gas), the catalytic layer is Cu and
the heating phase results in the growth of zigzag SnOs nanowires and
nanobelts (Experiment 8).

e Au also plays a catalytic role in the SnO2 nanowire growth (Experi-
ment 9).

Based on the experimental observations, the following mechanism is pro-
posed to explain the growth of SnOy nanowires on CuO/Cu surfaces as
conducted in Experiment 4 at 900°C in a constant Ar flow of 1000 sccm:

1. The Si substrate reduces the SnOs thin film resulting in SnO(s), which is
more volatile than SnOaz(s) [52], so most likely SnO(g) is formed according
to:

25n03(s) + Si(s) — 25n0(s) + SiOa(s) (8)
SnO(s) — SnO(g) (9)

2. SnO(g) is transported through the gas phase and deposited on the
CuO/Cu or Au coated substrate forming SnO(s):

SnO(g) — SnO(s) (10)

3. SnO(s) is unstable at temperatures above 300°C and decomposes to Sn(1)
and SnOz(s) [49] forming the SnO2 nanowires:

25n0(s) — SnOa(s) + Sn(l) (11)

Equation [11]is in disagreement with the Sn-O phase diagrams presented in
Figure |§| (Page , especially in consideration of the temperatures for the
first phase diagram and concerning the products of the SnO(s) dissociation,
which are SnzO4(s) and Sn(l) at temperatures above 270°C according to the
second phase diagram. However, based on the experimental observations
and on the study by Platteeuw [49], this mechanism is plausible.

The catalytic role of the CuO/Cu or Au coated substrate is not completely
understood, but it is suggested that CuO/Cu or Au acts as catalyst for the
deposition of SnO(g) to SnO(s). Also the growth mechanism of the SnO2
nanowires is uncertain. A self-catalyst VLS growth mechanism is possible
since Sn(l) is formed (Equation [L1)). However, Figure 25 showed that the
grain at the base of a SnO9 nanowire can be composed of Cu. This result
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suggests that the VLS growth mechanism, where the liquid catalyst is a
compound of Sn-Cu, Sn-CuO or Sn-Au, is more likely.

A few examples of the use of CuO or CuO for the growth of SnOs crystals
have been reported. Kunkle et al. [I58] reported the growth of single crystals
of SnOy in a CuO flux. A mixture of SnOg and CuyO (1:2 volume fraction)
has been heated in a Pt-crucible to a temperature of 1250°C during seven
days. During the cooling phase, SnO» crystals grow in the melt. The SnO»
crystals as grown have only 0.0021 wt% copper defects identified as CuO
and 0.02 wt% silicon defects identified as SiO5. Colourless SnOs crystals
have been observed in the melt with a square cross-section of about 1 mm?
and lengths of 5-10 mm; rods, platelets and needles have also been observed.
It is also possible to initiate SnOs crystals from CuO by adding Sn or SnOa,
because CuO decomposes in CusO and Oj at high temperatures [51].

Fang et al. [I59] demonstrated the crucial influence of the substrate for the
growth of SnOy nanobelts. The growth process is described as follows: Sn
powder is placed in an alumina boat covered by a commercial copper foil 5
mm above, and heated at 850°C for 2 h with pure argon at a flow rate of
about 200 sccm. SnOs zigzag nanobelts are found on the underside of the
copper substrate, which faces the reactant, while CusO is identified at the
opposite side of the substrate. This result suggests that Sn is oxidized prior
to the copper foil by the residual oxygen in the quartz tube. The growth
mechanism assumed is a vapor-liquid-solid (VLS) process, where Sn is first
vaporized and deposited on the copper substrate before oxidation occurring
at the liquid/solid interface. The two main growth directions of the zigzag
nanoblets are [1 0 1] and [1 0 I]. The authors observed a correlation between
the size of the (101) plane of SnOy and that of the (100) plane of copper
suggesting an epitaxial growth of the SnOs nanobelts. Additionally, the
use of platinum as substrate covering the crucible results in the growth of
straight SnOy nanowires with a growth direction vertical to the (332) plane,
which could be correlated to the plane (111) of Pt. Wu et al. [160} [161] also
observed the formation of zigzag SnOs nanobelts when adding CuO to the
precursors (SnOg and graphite powders), while straight SnO2 nanowires are
obtained without adding CuO powder.

Several authors also report on the importance of confining the reactant va-
pors between the source material and the substrate in order to grow SnOq
nanowires. Duan et al. [162] [163] used an iron or copper mesh as substrate
for the synthesis of SnOs zigzag nanobelts by oxidation of Sn in ambient
atmosphere at 900°C. The network also played the role of reactor providing
a microenvironment and confining the Sn vapor and the oxygen gas. The
authors reported that without the network or outside of it, no zigzag SnOq
nanobelt was observed.
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Huang et al. [164] reported on the role of controlling the reactant vapor con-
centration in order to tune the morphology of SnOs nanostructures. SnO
powders were introduced in a crucible covered by multilayer stainless-steel
grids and heated to 750-950°C for 1-6 hour. The growth mechanism sug-
gested is a self-catalyst VLS process: SnO decomposes to SnOxz(s) and Sn(l),
SnOaz(s) nuclei are formed, Sn(l) is adsorbed on the nuclei and oxidized to
SnOs. The role of the confinement by the grid layers is to tune the concen-
tration of Sn(l) in the as-formed reaction chamber. When confined by thin
grids, the concentration of Sn(l) is lower, so the ratio between mass trans-
port and reaction rate is balanced and straight SnO2 nanobelts are obtained.
When confined by thick grids, the concentration of Sn(l) is higher, so the
surface reaction rate is increased and the active growth interface is more
likely influenced by slight changes of the local conditions (e.g. temperature,
partial pressures, supersaturation ratios). These small fluctuations are as-
sumed to be responsible for the change of the preferential growth planes
along equivalent directions and the formation of SnOs zigzag fibers.

The results reported above are very interesting because they illustrate for the
particular case of the formation of SnOs zigzag nanobelts the influence of the
reactant vapor concentration and of the substrate, which are two parameters
playing a crucial role in the synthesis method of SnOs nanowires presented
in this thesis.

2.3 Summary

The synthesis of SnOy nanowires is conducted in two steps. First, a SnOq
thin film is deposited on a silicon-based substrate by spray pyrolysis. Spray
pyrolysis is a CVD process, which is based on the thermal decomposition of
a precursor solution directly on the heated substrate. The spray pyrolysis
process has been developed to control the most critical parameters (temper-
ature and droplet size) and obtain a reproducible process over time. A very
good homogeneity of the film thickness (& 11%) on a surface area of 36 cm?
has been demonstrated. The SnOs thin film deposited by spray pyrolysis
is the precursor material for the synthesis of SnOs nanowires. The growth
of SnO5 nanowires occurs in the second step, where the SnOs thin film is
heated in a tube furnace at 900°C in argon atmosphere for 1.5 hour. The op-
timal configuration for the SnO2 nanowire growth is a confined environment
between two substrates stacked facing each other and separated by spacers.
The bottom substrate consists of a SnOg thin film (thickness 300 nm) de-
posited on a silicon substrate with a native oxide (Si). The top substrate is a
silicon substrate with a 300 nm thermal oxide on top (SiO2/Si), which have
been coated with 40 nm Cu by sputtering. In that configuration, interwo-
ven SnO9 nanowires grow on the top substrate and form a dense layer. The
mechanism for the nanowire growth is not completely understood. How-
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ever, the volatility of the SnOy material is triggered by the reduction of the
SnO- film by the Si substrate. SnOs is then transported in the gas phase
most probably as SnO and recrystallizes on the Cu-coated substrate. The
growth SnO2 nanowires is also possible on a Au-coated SiO3/Si substrate.
The SnOg nanowires are very long (up to hundreds of microns) and have di-
ameters in the range 50-300 nm. They exhibit a single crystalline structure
and the main crystal growth directions determined by TEM analysis are [1
11],[110],[011],[100)].
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3 Fabrication of single nanowire gas sensors

3.1 Process flow

As shown in Section[2.2.3] the growth of SnO2 nanowires has been optimized.
SnOy nanowires grow particularly dense on CuO coated silicon substrates
in the configuration described in Figure SnOs recrystallizes on the CuO
coated substrate after transport through the gas phase from a SnOs film
deposited on a Si substrate heated at 900°C in Argon atmosphere. The
SnOs nanowires used as gas sensors all originate from the top substrate of
such a configuration.

The process flow leading to the fabrication of single nanowire sensors is
schemed in Figure It starts with the transfer of SnOs nanowires from
the original growth substrate to a bare SiOy/Si substrate. The 2x2 cm?
original growth chip is cleaved into 8 pieces. One piece is placed in an
eppendorf tube with 0.5 mL isopropanol. The sample is ultrasonicated for
30 min, which results in the dispersion of SnOy nanowires in the isopropanol
solution. The solution is spin-coated on a SiO2/Si chip for 35 s at 4000 rpm.
This step may be repeated several times to reach the desired density of
nanowires on the SiOy/Si chip. The SnOy nanowires, which have diameters
in the range 50-300 nm and lengths up to 100 pum, are visible with the optical
microscope. They are randomly spread on the SiOs/Si chip.

In order to enable the measurement of resistance change during exposure to
target gases, electrodes must be deposited on the SnOs nanowire. Lithog-
raphy techniques are used to pattern a metallic layer and form the contacts
on the nanowires. The processing steps are the following: spin-coating of
the resist, prebake, exposure, development, deposition of the metallic layer
and lift-off. Two different approaches have been investigated to contact the
SnO» nanowires based on two distinct technologies: optical lithography and
electron-beam lithography (e-beam lithography). Optical lithography has
been used to process a large number of single nanowire devices in a 2-point
configuration, while e-beam lithography, which is a more time-consuming
technique, has been used to contact specific nanowires in a 4-point configu-
ration. Optical lithography is a comparable simple technique, while e-beam
lithography is much more sophisticated and very time-consuming.

Optical lithography is used to pattern the contacts according to the device
design on a photomask. The pattern of the photomask used is shown in
Figure Each structure is composed of four large contact pads necessary
for bonding. The contact pads are connected to a finer structure composed
of four parallel contacts, which are 2 pm wide. The spacing between the
contacts 1-2 and 3-4 is 2 um. The distance between the contacts 2-3 is 2
pm, 5 pm or 10 pm. Ideally, the SnOy nanowire lies between the four con-
tacts so a 4-point measurement is possible. However, as already mentioned
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a) Original growth substrate with SnOy nanowires in isopropanol
b) Ultrasonication (30 min)
¢) Spin-coating of the solution on SiO2/Si substrate (35 s at 4000 rpm)

Optical lithography

a) Spin-coating of Resist AZ5214E (MicroChemicals GmbH): 35 s at 4000 rpm
b) Prebake: 60 s at 100°C

¢) Exposure: 80 mJ/cm? (EVG620 mask aligner)

d) Reversal bake: 60 s at 100°C

e) Flood exposure: 250 mJ/cm? (EVG620 mask aligner)

f) Development: AZ726 MIF, 35 s

g) Rinsing: DI water, 2 min

h) Ny dry blow

Electron beam lithography
a) SEM images of the NW to contact
b) Drawing individual structures
c¢) Spin-coating of Resist AR-P 679.04 (ALLRESIST GmbH): 45 s at 4000 rpm
d) Prebake: 120 s at 150°C

) Exposure: 144 puAs/cm?, acceleration voltage 20 kV (Zeiss SEM Supra 40)
f) Development: AR 600-56, 60 s and AR 600-60 stopper, 30 s

g) Ny dry blow

@

Thermal evaporation (Univex Evaporator)

a) Aceton over 6 h
b) Rinsing in isopropanol for 1 min
¢) Ng dry blow

Figure 37: Process flow for the fabrication of SnO2 nanowire sensors.
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above, the SnOs nanowires are randomly dispersed on the substrate and
even though many nanowires are found between two contacts, few are actu-
ally contacted by all the four parallel contacts. After processing, the chip is
controlled with the optical microscope and the position of the nanowires be-
tween two or more contacts is noted (name of the structure and numbers of
the contacts involved). Optical lithography is a simple process appropriate
to contact many SnOs nanowires at once: as many as hundred nanowires
can be contacted in a 2-point configuration on one chip. However, this tech-
nique is not suitable for reliable contacting of SnO9 nanowires in a 4-point
configuration, which is the reason why the e-beam lithography process has
also been developed.

Figure 38: Design of the photomask used to pattern the metal contacts. One structure is
composed of four large contact pads (bonding pads) leading to four parallel contacts.

The e-beam lithography technique is a direct writing technique and does
not require a photomask. The structures are designed individually for each
nanowire, which is of great advantage for contacting SnOs nanowires in a
4-point configuration. First the patterning of a metallic layer deposited on
a Si02/Si substrate by an optical lithography step and a lift-off process
provides bonding pads and structures used as alignment marker for the suc-
cessive e-beam lithography step. The SnO9 nanowires are dispersed on the
chip and SEM images of the nanowires, which are in the area between the
pads and thus should be contacted, are taken (Figure . A specific soft-
ware enables the drawing of the contact structures (Figure . Typically,
the width of the contacts is 500 nm and the distance between the contacts
varies between 500 nm and 2 pm. The resist is spin-coated on the chip,
followed by a prebake step. The chip is then introduced into the SEM for
the e-beam exposure. After exposure and development of the structures,
the metallic layer (Ti/Au) is thermally evaporated. A final lift-off process
results in contacting the nanowire in a 4-point configuration (Figures
39d)). Drawing individual structures for each nanowire is an advantage to
select the SnO2 nanowires to contact (possibility to vary the geometry of the
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nanowires contacted) and to vary the contact parameters, such as contact
width and distance between the contacts, but it is also very time-consuming.
Also the time for the e-beam exposure is about 3 minutes per strucuture,
i.e. per nanowire to contact.

(c) (d)

Figure 39: SEM images describing the different steps of the e-beam lithography process.
(a) Imaging of the nanowire to contact. (b) Drawing of the pattern from the bonding
pads to the nanowire. (c) After e-beam lithography, deposition of the metallic layer and
lift-off. (d) Contacts on the SnO2 nanowire in a 4-point configuration.

3.2 Choice of the metal used for the contacts

The choice of the metal used to establish the electrical contacts on the
metal oxide sensors is of utmost importance. The appropriate material and
deposition technique must be chosen to obtain ohmic contacts. Commercial
sensors (i.e. FIGARO Engineering Inc. and Henan Hanwei Electronics
Co.) use Au as electrodes on SnOg sensing layers [165, 166]. Platinum
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(Pt) is also used as metallization providing good ohmic contacts with SnOq
[15]. In commercially available conductometric gas sensors, based on thick
or thin film technology, the electrical contact area between the electrode
and the sensing layer is large (i.e. interdigitated electrodes) and planar, so
the contact effects are minimized. The challenge for contacting nanowires
is mostly their small dimension and circular geometry, so the established
models for electrical contacts on bulk semiconductors may not be applicable
[167, (168, [169].

The establishment of ohmic contacts on single SnOo nanowire devices is still
an issue. Few groups address the problem of non-ohmic contacts, mainly
because the studies often focus on the measurement of a network of SnOs
nanowires and not on single nanowire devices. In the case of a nanowire
network, the contact resistance, which is often predominant in the single
nanowire devices, is lowered because it is connected to a large number of
resistances [53]. In the literature, platinum (Pt) is commonly used as metal-
lic contact on the SnOs nanowires [28], 27, [87] and Ti/Au is also reported
[97, 170]. The SnO2 nanowires may also be deposited on top of interdig-
itated electrodes to build SnOy nanowire network devices [30), 57]. More
recently, RuOs has been investigated to form ohmic contacts with single
SnOy nanowires [171].

Moreover, the metal chosen may influence the gas response of the sensor. For
instance, Barsan et al. [I72] reported that a SnOsz thick film sensor contacted
with Pt electrodes exhibited a higher response upon exposure to CO than
a similar SnOs thick film sensor contacted with Au electrodes. Possible
explanations for the enhanced response with Pt electrodes are a catalytic
effect at the boundary sensing layer/gas phase/electrodes, a doping of the
sensing layer by diffusion of Pt in the electrode region or the formation of
an intermediate layer between the sensing layer and the metallic electrode.

In this thesis, different materials have been investigated as metal contact
for the SnOy nanowires mostly involving gold (Au). Au exhibits good con-
ducting properties, withstands high temperature without oxidizing, its de-
position with PVD techniques is simple and it is a suitable material for wire
bonding. The challenge lies in its weak adhesion properties on SiO2/Si sub-
strates. Therefore a thin adhesion layer is necessary. Titanium (Ti) and
Chromium (Cr) are known for their good adhesion properties on SiOy/Si
substrates. Therefore, both materials have been tested as intermediate layer
between the SnO9 nanowire and the Au layer. Tin (Sn) has also been tested
as intermediate layer in order to investigate if this material enables the fab-
rication of ohmic contacts with the SnO9 nanowires. As alternative material
to Au, Aluminium (Al) has also been tested.
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3.2.1 Methods

The SnO2 nanowires have been transferred to SiO2/Si subtrates prior to
contacting as described in Section [3.1] The metallic layers have been de-
posited by thermal evaporation. The thickness of the adhesion layer is about
10 nm for Ti and Cr and 20 nm for Sn. On top of the adhesion layer, 150
nm of Au has been deposited. For that study, the patterning of the contact
layer has been performed by optical lithography and lift-off processes. Two
chips have been processed for each intermediate layer used: Ti-1 and Ti-2
(10 nm Ti/150 nm Au), Cr-1 and Cr-2 (10 nm Cr/150 nm Au), Sn-1 and
Sn-2 (20 nm Sn/150 nm Au). On the chips Ti-2, Cr-2 and Sn-2, an oxygen
plasma treatment has been conducted after the optical lithography process
and before the deposition of the metal layer in order to clean the surface of
the SnO9 nanowires, which will be in contact with the metallization. The
different samples investigated are listed in Table

Table 5: List of the samples prepared with different contact materials by optical
lithography. The thickness of the layers is indicated in brackets.

Oxygen plasma prior

Sample Adhesion layer Material to metal deposition
Al-1 - Al (100 nm) -
Al-2 - Al (100 nm) yes
Sn-1 Sn (20 nm)  Au (150 nm) -
Sn-2 Sn (20 nm)  Au (150 nm) yes
Cr-1 Cr (10 nm)  Au (150 nm) -
Cr-2 Cr (10 nm)  Au (150 nm) yes
Ti-1 Ti (10 nm) Au (150 nm) -
Ti-2 Ti (10 nm)  Au (150 nm) yes
Au-1 - Au (150 nm) -

In case of Ti or Cr as intermediate adhesive layer between the SnO9 nanowire
and the Au contact, an oxide barrier (TiO, or CrO,) might be formed, which
is a problem for the desired ohmic contacts. Therefore, in addition, another
sample has been prepared without intermediate layer to ensure a direct con-
tact between the Au layer and the SnOs nanowire: Au-1. Therefore, a two-
step process has been performed. First a metallic layer has been deposited
directly on the bare SiO2/Si chip. This layer consists of an adhesion layer
of Ti (5 nm thickness) and a Au layer (25 nm thickness). Successively, the
SnO2 nanowires have been transferred on top of the contacts and a second
optical lithography step with the same optical mask aligned on the bot-
tom contacts has been conducted. A second metallic layer of Au (150 nm)
has been deposited by thermal evaporation on top of the first metallization
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layer. Thus, the nanowires, which bridge two contact pads, are sandwiched
between the bottom and the top Au layers, which provides a direct electrical
contact between the Au layer and the nanowire.

As comparison, Al has also been tested as contact material without adhesion
layer. Al has been thermally evaporated on two chips (Al-1 and Al-2) with
a thickness of 100 nm to provide contacts to the SnO2 nanowires. On the
chip Al-2, an oxygen plasma treatment has been conducted after the optical
lithography process and before the deposition of the metal layer as cleaning
treatment of the SnOy nanowire surface.

Table [5| summarizes all samples, which have been investigated. A large
number of nanowires is contacted in a 2-point configuration on each sample,
so statistical information on the quality of the contacts can be obtained.
The I-V characteristics have been measured on a tip probe station with
a parameter analyzer (Agilent 4156C [I73]) in ambient air. The stage of
the tip probe station has been heated up to a temperature of 200°C. The
resistance of the measured nanowires has been calculated from the fit of the
linear I-V characteristics. Linear I-V characteristics measured in a 2-point
configuration means that an ohmic contact is formed. The influence of the
oxygen plasma treatment before thermal evaporation of the metal contacts
has been investigated, as well as the influence of an annealing step performed
on a hot plate in ambient air.

3.2.2 Results

Table [6] sums up the results obtained for the different metal contacts inves-
tigated before and after annealing. The number of I-V characteristics, i.e.
the number of SnO9 nanowires, measured on each sample at 200°C before
and after annealing is indicated. The percentage of linear I-V characteristics
measured is a good information on the quality of the metallic contact with
the SnO5 nanowire. For the samples contacted with an Al layer, the number
of devices with linear I-V characteristics is 60% for Al-1 and 30% for Al-2
before annealing. After 5 min annealing at 400°C, no current could be mea-
sured while applying a voltage between —10 V and +10 V, which indicates
the deterioration of the contacts. For the samples contacted with a Sn/Au
layer, the percentage of linear I-V characteristics obtained is very high (in
the range of 85-100%) before and after an annealing step of 5 minutes at
400°C. Before annealing, the percentage of linear I-V characteristics on the
samples Cr-1 and Cr-2 (Cr/Au contact layer) is 35% and 60%, respectively.
After annealing (1 h at 300°C), 70% and 80% of the characteristics measured
on Cr-1 and Cr-2, respectively, are linear. For a contact layer composed of
Ti/Au, the percentage of linear I-V characteristics is 80% for Ti-1 and 95%
for Ti-2, before annealing. After annealing (30 min at 300°C), 85% of the
I-V characteristics measured on Ti-1 and Ti-2 are linear. For the sample
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contacted only with a Au layer (Au-1), 60% of the I-V characteristics mea-
sured are linear before annealing and 85% after annealing (1 h at 300°C).

Table 6: Comparison of the quality of different metallic contacts with SnO2 nanowires.
The I-V characteristics have been measured in a 2-point configuration at 200°C before
and after annealing.

Before annealing After annealing
Sample Number of Percentage Number of Percentage
characteristics of linear characteristics of linear
measured characteristics measured characteristics

Al-1 17 60% - -
Al-2 23 30% - -
Sn-1 26 100% 12 100%
Sn-2 30 90% 21 85%
Cr-1 40 35% 39 70%
Cr-2 45 60% 39 80%
Ti-1 170 80% 95 85%
Ti-2 44 95% 132 85%
Au-1 29 60% 22 85%

Figure [40| shows SEM images of a SnO2 nanowire located on the chip Sn-
1 after annealing. The metallic film (20 nm Sn/150 nm Au) is composed
of grains up to 100 nm large, which appear to be rather isolated from each
other. Interestingly, the metallic layer appears more dense and continuous on
the SnOy nanowire than on the SiO2/Si substrate, so the adhesion between
the nanowire and the film seems to be satisfying. However, after a few hours
at temperatures above 300°C, the deterioration of the contact is observed.

Figure 40: SEM images of a SnO2 nanowire contacted by a metallic film of Sn/Au after
5 min annealing at 400°C.
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Figure shows the SEM image of a SnOs nanowire contacted on Ti-1
and the corresponding I-V characteristics measured. At room temperature,
the I-V characteristic is not linear. It becomes linear at 200°C and the
resistance calculated from the fit of the linear characteristic decreases after
an annealing step of 30 minutes at 300°C. This behaviour is rather typical
for the nanowires on samples Ti-1 and Ti-2, though the non-linearity of
the I-V characteristic at room temperature is not observed for every SnO,
nanowire, as also reported by Hernandez-Ramirez et al. [2§].

Figure 41: SEM image of a SnO2 nanowire contacted by a metallic film of Ti/Au and
the corresponding I-V characteristics measured at room temperature, at 200°C before
annealing and at 200°C after 30 min annealing at 300°C.

Figure[42]shows SEM images of SnO2 nanowires sandwiched between the two
layers of Au after annealing on Au-1. On the left image, the nanowire seems
to be well covered by the top Au layer. The top Au layer is structured in
large grains but the metal contact should not be hindered. The right image
shows a broken nanowire, which partly lifted the top Au layer, so a more
precise observation of the coverage of the SnOs nanowire by the Au film is
possible. It appears that the bottom metallization is not continuous, holes
can be seen between the metal grains. This might be due to problems of
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adhesion and a thicker bottom layer may be a solution. Moreover, the top
Au layer does not cover the SnOo nanowire very well from the side: a gap
is visible between the nanowire and the Au layer, although this might be
caused during the breaking of the nanowire.

Figure 42: SEM images of a SnO2 nanowire stacked between two Au layers on Au-1 after
5 min annealing at 400°C.

The distribution of the resistance values measured at 200°C after annealing
is shown in Figure [43|for the different metal contacts. Each point represents
the resistance of one nanowire with a linear I-V characteristic. The values
of resistance are spread over several orders of magnitude. This can be ex-
plained by the various geometries of the SnOy nanowires measured, which
are not taken into account here. After annealing, the resistance values of
the nanowires are mostly between 600 M2 and 2 Gf2 for Sn-1 and between
600 MQ and 15 G2 for Sn-2. The resistance is in the range 1-15 G for
most of the nanowires located on Cr-1 and in the range 5-90 G{2 for most of
the nanowires located on Cr-2. For the nanowires contacted with a Ti/Au
layer, the resistance values are widely spread over 5 orders of magnitude.
They are mostly in the range 200 k2 - 1 G2 for Ti-1 and in the range 5 M2
- 5 GQ for Ti-2. On the sample Au-1, the values of resistance are mostly
between 500 M2 and 15 Gf2.
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Figure 43: Distribution of resistance values of SnO2 nanowires measured in a 2-point
configuration at 200°C after annealing for different metal contacts. Each point
represents the resistance of one nanowire with a linear I-V characteristic.

3.2.3 Discussion

The electron affinity of SnOs is 4.5 eV [174]. The work function of the metals
used for contacting the SnO9 nanowires are [175]: 4.50 eV for Cr, 4.33 eV
for Ti, 4.42 eV for Sn, 5.1 eV for Au and 4.28 eV for Al (see Figure .
When a n-type semiconductor and a metal are put in contact, the alignment
of the Fermi levels may result in the formation of a Schottky barrier at
the interface if the work function of the metal is higher than the electron
affinity of the semiconductor. The height of the Schottky barrier ® 5 formed
can be calculated according to the Schottky-Mott model as the difference
between the work function of the metal ®,; and the electron affinity of the
semiconductor xsc:

Op =Py — xsC (12)

As a consequence, the formation of a Schottky barrier is expected between
the SnOy nanowire and the Au contact, while the low work function metals
- Cr, Ti, Sn and Al - are expected to build ohmic contacts with SnOs.
However, the results show that Au can form ohmic contacts with the SnO»
nanowires and the use of Cr, Ti, Sn and Al as contact material does not
necessarily result in ohmic contacts with the SnO9 nanowires. This may be
related to the formation of surface states due to metal oxidation, surface
defects, chemical impurities or organic residue at the SnOy/metal interface.
These surface states created in the band gap of the semiconductor results
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in the “pinning” of the Fermi energy level, so the Schottky barrier height
becomes independent of the metal work function [I76] (177, [I78]. Since the
oxidation of Cr, Ti and Al is inevitable and the presence of surface defects
or organic residues at the SnOs/metal interface may be different from one
nanowire to another, the presence of surface states may be responsible as
well for the linear I-V characteristics obtained with Au contacts as for the

non linearity of I-V characteristics measured for nanowires contacted with
Cr, Ti, Sn and Al

Au
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DO~4.5eV Ti DO ~4.42 eV Al
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Figure 44: Representation of the work function ®, the electron affinity x and the band
gap E4 of SnO; and comparison with the work function ® of the metals investigated as
contact material.

From the results shown in Table @ a contact layer composed of Sn/Au seems
to be the most promising to establish ohmic contacts with SnOs nanowires,
followed by Ti/Au, Au and Cr/Au. For the nanowires contacted with Al,
no current could be measured when applying a voltage between the two
contact pads after an annealing step at 400°C, which indicates that the Al
layer has probably been completely oxidized. Further investigations with Au
as a protection layer in order to avoid the Al oxidation could be interesting
to conduct, as suggested in [179].

The results obtained with the Sn/Au layer seems at first promising because
the percentage of linear I-V characteristics is high before and after annealing.
The good quality of the contact between the Sn layer and the SnO2 nanowire
might be ensured by the diffusion of oxygen from the SnOs nanowire into
the Sn layer. The structure of the metal layer on the SiOy surface observed
in Figure [40] suggests that the Sn layer melts during the annealing step at
400°C. The melting point of Sn is 231.9°C, so this behaviour is expected re-
sulting in the formation of grains. The interest of this experiment lies in the
possible formation of a Sn-Au alloy during the cooling down phase (see the
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Au-Sn phase diagram in Figure , which may withstand temperatures up
to 350°C for further gas sensing measurements. However, the deterioration
of the contact after a few hours at higher temperature might be an indica-
tion that no Sn-Au alloy is formed or that the adhesion properties of the
Sn-Au alloy formed is weak on SiO2, so Sn is not an appropriate adhesion
layer for contacting the SnOy nanowires.
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Figure 45: Au-Sn phase diagram from [48].

The use of Cr as an adhesion layer yields a high percentage of linear I-V
characteristics especially after annealing, so an improvement of the contact
between the nanowire and the metallic layer is observable. However, the
resistance values measured at 200°C after annealing are high (in the order of
tens of G2). As a comparison, the use of Ti as adhesion layer yields a slightly
higher percentage of linear I-V characteristics and the resistance values are
mostly in the M(2 range at 200°C after annealing. Stern et al. [I80] reported
on the increase of contact resistivity for GaN nanowires with decreasing
carrier density, so the contact resistance increases with the resistance of the
nanowires. Therefore, the contact resistance might be lower when using Ti
than when using Cr as adhesion layer, which is the reason why Ti has been
chosen as adhesion layer to contact SnOy nanowires for further gas sensing
measurements.

The removal of any adhesion layer by contacting the SnO2 nanowires directly
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stacked between two Au layers (sample Au-1) has also been investigated.
An increase of the percentage of linear I-V characteristics is observed after
annealing and the average resistance of the nanowires is acceptable although
it is higher than for the nanowires contacted with Ti/Au. As shown in Figure
[42] the contacts might be improved by depositing a thicker bottom layer.
One single nanowire device, which exhibits a resistance in the Mf) range, is
further investigated as gas sensor in the next chapter (sensor A).

The effect of oxygen plasma on the quality of the contacts is not obvious.
The objective of using an oxygen plasma is to clean the surface of the SnO4
nanowires (e.g. removal of resist residue) and to ensure a good contact
with the metallic layer. With a Sn adhesion layer, the percentage of linear
I-V characteristic is lower for the sample, which has been exposed to oxy-
gen plasma prior to the metal evaporation (Sn-2) and the resistance of the
nanowires is slightly higher. The effect of oxygen plasma on the sample Cr-2
results in a higher percentage of the linear I-V characteristics in comparison
with the sample Cr-1. However, the resistance after annealing is five times
higher for the nanowires on the sample Cr-2 than on the sample Cr-1. After
annealing, as many I-V characteristics are linear on Ti-1 and on Ti-2, but
the resistance values are higher on Ti-2 than on Ti-1. The higher resistance
values on the samples Sn-2, Cr-2 and Ti-2 might be due to the “filling”
of some oxygen vacancies during the oxygen plasma treatment resulting in
a decrease of the concentration of charge carriers. This might also favour
the formation of an oxide barrier (TiO,, CrO;) between the metal and the
nanowire.

In this study the emphasis has been put on the number of devices measured
in order to find out which metal contact is the most likely to establish an
ohmic contact with the SnOy nanowires and withstand the high temper-
atures necessary for the gas sensing characterization. This is of primary
interest for practical applications. The choice has been made to use the
metallization, for which the nanowire resistance measured after annealing is
the lowest, because it has been reported that the contact resistance increases
with increasing resistivity of the nanowire [I71], [180]. Consequently, further
investigations have been performed with metal contacts composed of a thin
adhesion layer of Ti (10 nm) and a thick layer of Au (150 nm).

The measurement of I-V characteristics of nanowires with the different met-
allizations in a 4-point configuration would probably clarify the influence of
the contact material, the annealing step and the oxygen plasma treatment
on the contact resistance and on the resistance of the nanowire itself. This,
however, has not been performed because the e-beam lithography process,
which is required to contact the nanowires in a 4-point configuration, is ex-
tremely time-consuming and would have exceeded the frame of this thesis.
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3.3 Electrical characterization of the SnO; nanowires
3.3.1 Determination of the contact resistance

The electrical characterization of the SnOy nanowire devices consists in de-
termining the contributions of the nanowire itself and of the contact resis-
tance on the total resistance measured in a 2-point configuration. This can
be calculated from the comparison between measurements conducted in a
2-point and in a 4-point configuration.

In the 2-point configuration, a voltage Vo, is applied between the two in-
ternal electrodes contacting the nanowire and the current Iy_3 is measured
between the same 2 electrodes (see Figure [47al). If the I-V characteristic is
linear, the resistance can be calculated by Ohm’s law:

V2pt

— _ 4Pt 1
R2pt 1273 ( 3)

The resistance Roy is the sum of the resistance of the nanowire itself Ry
and of the contact resistance R¢, as illustrated in Figure [46]

Figure 46: The resistance measured in a 2-point configuration is the sum of the
resistance of the nanowire itself Ryw and of the contact resistance Re=Rc1+Rc2 at
the interface metal-nanowire.

In the 4-point measurement, a current I;_4 is supplied between the exter-
nal electrodes, while the voltage induced at the internal electrodes Vg, is
measured (see Figure [47b)). So the resistance is:

Rypt = —— (14)

The contact resistance R is defined as the difference between the resistance
measured between the internal electrodes in a 2-point configuration Rop
and the resistance measured between the internal electrodes in a 4-point
configuration Ry [180]:

Re = Ropt — Rupt (15)
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The contribution of the contact resistance R¢ on the total resistance Rap

R
can be calculated as a percentage (R—C x 100).
2pt

(a) (b)

Figure 47: (a) Measurement in a 2-point configuration, (b) Measurement in a 4-point
configuration.

Samples have been prepared by e-beam lithography. On the sample Ebeam-
1, 23 SnO2 nanowires have been contacted in a 4-point configuration with a
Ti/Au layer (thickness 10/150 nm) patterned by e-beam lithography. The
four contacts on one nanowire are about 500 nm wide and separated by a
constant distance of about 500 nm.

The nanowires on Ebeam-1 have been first characterized at 200°C after an-
nealing (5 min at 300°C). Only 30% of the I-V characteristics measured in
a 2-point configuration between the external contacts are linear after an-
nealing. This result is quite low in comparison with the 85% of linear I-V
characteristics measured after annealing on the sample Ti-1 (prepared by
optical lithography, results in Table @ This difference between the sam-
ples Ti-1 and Ebeam-1 is probably due to the difference in the lithography
processes, which employ different types of resist materials leading to spe-
cific residues after resist development. The different exposure techniques
(electron beam and UV light) might also induce modifications in the SnO,
nanowire structure. Actually, modifications of the intrinsic properties of the
nanowire due to the electron beam have been reported by Stern et al. [181].
In that study, both optical and e-beam lithography processes were used for
the contact patterning on GaN nanowires and the ohmic behaviour of the
contacts processed with e-beam lithography was very sensitive to the an-
nealing conditions after processing. The ideal annealing conditions reported
were 1 min at 475°C. This is an indication to take into account for future
investigations.
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(a) (b)

Figure 48: Measurement of a single SnO2 nanowire on the sample Ebeam-1 (a) in a
2-point configuration between the internal contacts, (b) in a 4-point configuration.

The six SnO2 nanowires on Ebeam-1 (thereafter named NW-ebeam-1 to
NW-ebeam-6), which exhibit linear I-V characteristics in a 2-point configu-
ration at 200°C, have been more extensively investigated. They have been
measured successively in a 2-point configuration between the internal con-
tacts and in a 4-point configuration at 200°C. Figure shows a typical
result. The resistances Rgp; and Rypt, which are calculated from the linear
fit of the respective I-V characteristics, are shown in Table m Ry ranges
between 30 and 180 MS) and R4y between 15 and 90 MS). The contact re-
sistance R¢ accounts for 30% to 60% of the total resistance Rgp measured
in a 2-point configuration.

Table 7: Values of resistance measured on single SnO2 nanowire devices on the sample
Ebeam-1 in a 2-point and in a 4-point configuration at 200°C. The contact resistance R¢
and its contribution to the total resistance measured in a 2-point configuration Raop: are
calculated. The diameter of the nanowires has been measured from SEM images in order

to calculate the conductivity.

Device name Ropt Raype Rec Re/Rgp  Diameter Conductivity

[MQ]  [MQ]  [M€Q] (7] [nm] [S/m]
NW-ebeam-1 180 87 93 52 60 2.0
NW-ebeam-2 56 38 18 33 65 4.0
NW-ebeam-3 112 47 64 58 75 2.4
NW-ebeam-4 97 67 30 31 75 1.7
NW-ebeam-5 42 18 24 57 80 5.6
NW-ebeam-6 30 14 16 54 150 2.0
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3.3.2 Measurement of conductivity

A comparison between the conductivity of SnOs nanowires located on the
sample Ti-1 (prepared by optical lithography, see Table|5)) and on the sample
Ebeam-1 (prepared by e-beam lithography) is presented.

Assuming that the nanowires have a circular shape, the conductivity o can

be calculated by:
1 l
TR T2
where R is the electrical resistance of the nanowire, | and r are the length and
the radius of the nanowire, respectively. The geometry of each nanowire has
been determined from SEM images. The values of the electrical resistance
have been calculated from the linear fit of the I-V characteristics measured

at 200°C after annealing at 300°C.

For the sample Ti-1, the geometry of 37 SnOg nanowires has been deter-
mined. The length of the nanowires is in the range 1.4-5.2 um and the
diameter of the nanowires is in the range 55-200 nm. The corresponding
I-V characteristics have been measured in a 2-point configuration at 200°C.
The conductivity has been calculated and the values are widely spread over
3 orders of magnitude. From the 37 nanowires:

(16)

e 8 nanowires present a conductivity at 200°C in the range 5-10 S/m,
e 15 in the range 20-100 S/m,
e 8 in the range 140-550 S/m,

e 6 in the range 850-2300 S/m.

Those values shall not be considered as absolute values because the resis-
tance used for the calculation come from measurements in a 2-point con-
figuration. As explained in the previous paragraph, the total resistance
measured in a 2-point configuration also includes the contact resistance.
Consequently, the values of conductivity reported indicate a lower limit of
the conductivity of the SnO2 nanowires on Ti-1.

For the sample Ebeam-1, the I-V characteristics of 6 SnO2 nanowires (NW-
ebeam-1 to NW-ebeam-6) have been measured in a 4-point configuration
and their geometry has been determined. The conductivity of the 6 SnO2
nanowires on Ebeam-1 ranges from 1.5 to 6 S/m at 200°C (see Table [7)).

Although the contact resistance is included in the conductivity values cal-
culated for the nanowires on Ti-1, those values are still higher than for the
nanowires on Ebeam-1. Consequently, it can be concluded that the conduc-
tivity of the SnOg nanowires located on Ti-1 is higher than on Ebeam-1.

101



As a comparison, the values of conductivity for SnO2 nanowires reported in
the literature are 46 S/m [10] and 400-1500 S/m [I82] at room temperature.
Hernandez-Ramirez et al. [I0] also reported conductivity values of 250 S/m
and 1295 S/m at 180°C and 240°C, respectively, which is comparable with
the values obtained for Ti-1. However, the conductivity of the nanowires
on Ebeam-1 is low. The electron beam might be responsible for the low
conductivity of the nanowires, since it can modify the intrinsic properties of
the nanowire [181].

Another result to discuss is the high difference in the conductivity values
(over 3 orders of magnitude) obtained for the nanowires on Ti-1. The contact
resistance is probably partly responsible for the differences of conductivity
from one nanowire to another. Still the relative difference between the values
obtained is large, so it is assumed that the change in conductivity of the
nanowire itself is also responsible for the difference measured.

3.4 Investigation of the metal-nanowire interface

In order to understand the discrepancy in the conductivity values presented
above for the sample Ti-1 (ranging from 5 to 2300 S/m), the interface
nanowire-metal contact is investigated. Therefore, the cross-sections of two
nanowires on the sample Ti-1 (Ti/Au metallization patterned by optical
lithography) are studied with a transmission electron microscope (TEM).
Both nanowires, NW-a and NW-b, present the same geometry, but the re-
sistance of NW-b is 250 times higher than the resistance of NW-a after an
annealing step of 30 min at 300°C. Both nanowires are located on the same
sample, Ti-1, so the process steps (nanowire transfer, optical lithography,
metal deposition, annealing, etc.) are strictly identical. Table [§] lists the
main properties of the two nanowires NW-a and NW-b investigated.

Table 8: Properties of the two nanowires investigated by FIB-TEM.

NW-a NW-b
Length [pm] 1.8 1.8
Diameter [nm] 70 70
Resistance at 200°C k€] 270 75000
Conductivity at 200°C [S/m] 1730 6
Growth direction [111]  [100]

Both nanowires, which are covered by the top metallization, have been
transversally cut by a Focused Ion Beam (FIB) technique. The two lamellae
have been investigated by TEM. Bright field images and electron diffrac-
tion patterns were acquired using a Tecnai F20 with a field emission gun
(FEG) operating at 200 kV. The microscope has a post column energy fil-
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ter (Gatan Imaging Filter, GIF) and the images were recorded in zero-loss
filtered mode, using a 10 eV wide slit (i.e. elastically scattered electrons
only).

The overview image of the sample NW-a is shown in Figure [#9] The cross-
section image shows the SnOy nanowire located on the SiOy/Si substrate and
the top metallization (10 nm Ti/150 nm Au). The metallic layer follows the
topography induced by the nanowire. The Au layer is composed of large
crystalline grains. The Ti layer is partly crystalline (visible on enlarged
pictures, not shown here).

Figure 49: TEM image of a cross-section of the NW-a. The SnO2 nanowire is deposited
on a SiO2/Si substrate. A thin layer of Ti has been deposited by thermal evaporation as
adhesion layer, followed by a thicker layer of Au to establish the electrical contact with
the SnO2 nanowire.

Electron energy loss spectroscopy (EELS) has been performed on the sample
NW-ain order to check the chemical composition. The spectra are not shown
here, but the results are discussed. The positions, where the spectra have
been measured, are indicated on the high-angle annular dark-field (HAADF)
image of Figure The EELS spectra confirm the presence of Sn in the
positions A and B. The presence of Sn is also observed in position F below
the nanowire in the SiOs layer, which suggests that Sn or SnO9 has diffused
into the SiOs. It is not clear if the diffusion of Sn into the SiOs occurs
naturally or if it is induced by the focused ion beam during the preparation
of the sample. The samples have been annealed at 300°C for 30 min prior to
the TEM investigations, which might also be responsible for this diffusion
process. However, this phenomenon is also observed on the sample NW-b, as
illustrated by the elemental mapping in Figure Ti has been identified
in the positions C, D and E, which suggests that Ti diffuses into the Au
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layer at the grain boundaries. The analysis does not enable to conclude
on the possible presence of TiO2 at the interface Ti/SnOg2, which could be
responsible for high contact resistance.

(a) (b)

Figure 50: (a) HAADF image of NW-a. The positions A to F indicate the location
where the EELS spectra have been measured. (b) Elemental mapping of NW-b: SnO is
represented in green, Ti in blue and SiO, in red.

Figure shows high resolution images of the samples NW-a and NW-b.
The SnO2 nanowires are both single crystalline. The crystal orientation of
the nanowires could be determined by analysing the diffraction patterns.
The direction of the crystal growth is [111] for NW-a and [100] for NW-b.
The growth direction [111] has already been identified as one of the common
growth directions for the SnOy nanowires synthesized in this study, while
the growth direction [100] has not been previously observed.

Since no distinction in the composition at the interface is observed for the
two samples, it is suggested that the crystal orientation of the nanowire has
an important role in the difference in conductivity. The nanowire grown
along the direction [111] has a higher conductivity than the nanowire grown
along the direction [100]. A possible explanation is that one of the two
lattices presents more oxygen vacancies, which would be responsible for a
higher conductivity. Another parameter to consider is the electron density
along the two directions, which may influence the overall conductivity.

This experiment lays the basis for further investigations. A more extensive
electrical characterization of the nanowires prior to the TEM observation
- including the distinction between resistance of the nanowire and contact
resistance - and a theoretical study of the different crystal lattices should
help to draw conclusions.
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(a) NW-a

(b) NW-b

Figure 51: TEM images of the SnO2 nanowires covered by a Ti/Au metallic layer on a
Si02/Si substrate. The analysis of the diffraction patterns measured in the indicated
areas gives information on the crystal orientation of the nanowires. The direction of the
crystal growth is [111] for NW-a and [100] for NW-b.

3.5 Summary

In this section, the fabrication process of single SnO2 nanowire devices has
been presented. After synthesis, the SnOs nanowires are dispersed in an iso-
propanol solution and transferred onto a SiOy/Si substrate by spin-coating.
Metallic contacts are patterned on top of the SnOs nanowires by a lithogra-
phy step and a lift-off process. Optical lithography has been used to contact
a large number of individual SnOy nanowires in a 2-point configuration on
the same chip. E-beam lithography has enabled the contact of a few indi-
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vidual SnOs nanowires in a 4-point configuration in order to determine the
contact resistance and the conductivity of the SnOy nanowires.

The challenge is to establish ohmic contacts with single SnOy nanowires.
Therefore, different materials have been deposited on the SnOs nanowires:
Al, Ti/Au, Cr/Au, Sn/Au and Au. The percentage of linear I-V charac-
teristics measured at 200°C in a 2-point configuration before and after an
annealing step for 5-30 min at 300-400°C as well as the values of the resis-
tance measured have been compared. The Al contacts did not withstand
the high temperature of annealing most probably because of the oxidation of
the Al layer. Sn/Au yielded the highest percentage of linear I-V character-
istics, but the contacts deteriorated after a few hours at high temperatures.
The results obtained with Cr/Au and Ti/Au were similar, but the values
of resistance measured after annealing were lower for the SnOy nanowires
contacted with a Ti/Au layer. The direct contact of Au on SnOg nanowires
resulted also in a high percentage of linear I-V characteristics and accept-
able values of resistance. As contact resistance has been reported to decrease
with increasing SnOy nanowire conductivity [I80], Ti/Au has been selected
to contact the SnOy nanowires for further investigations. The effect of an
oxygen plasma treatment after the lithography step and before the metal
deposition has been investigated on some samples. The objective of the
oxygen plasma is to clean the surface of the SnOs nanowires and ensure
a better contact between the metallic layer and the SnO9 nanowire. The
effect of oxygen plasma on the contact quality (for Cr/Au and Ti/Au) is not
conclusive, so the samples further investigated did not undergo this treat-
ment. It has to be pointed out that these statistical investigations have been
extremely time-consuming both from sample processing as well as from elec-
trical characterization. However, this study is of high value for optimizing
nanowire-based gas sensors.

SnO; nanowires contacted with a Ti/Au metallic layer patterned by e-beam
lithography have been electrically characterized. Successive 2-point and 4-
point measurements revealed the relatively high values of the contact resis-
tance at 200°C, which contributes for 30-60% of the resistance of the SnOo
nanowires when measured in a 2-point configuration. The conductivity of
the SnO2 nanowires contacted in a 4-point configuration on the sample pro-
cessed with e-beam lithography is in the range 1.5-6 S/m. For the SnOq
nanowires contacted in a 2-point configuration on the sample processed
with optical lithography, the conductivity is higher but the values calcu-
lated are much more dispersed: in the range 5-2300 S/m. The interface
between the Ti/Au contact and the SnOs2 nanowire has been investigated
for two nanowires, which present conductivity values of 7 S/m and 1530
S/m. Therefore, a lamella of the nanowires covered by the Ti/Au layer
has been transversally cut by a FIB technique and investigated by TEM
measurements. The interface metal-nanowire seems to be very similar for
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both nanowires. Both nanowires are single crystalline but a difference in
their crystalline orientation is observed. For the nanowire with the large
conductivity, the crystal growth is oriented in the crystalline direction [111].
For the nanowire with the lower conductivity value, the crystal growth is
oriented in the direction [100].
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4 Characterization of gas sensing properties

4.1 Reaction mechanism of gas species on SnO, surfaces

The understanding of the reactions between gas molecules and the surface
of the SnOy nanowires is crucial for the reliable detection of specific target
gas species. In the literature, the ionosorption model (see Section is
largely accepted.

4.1.1 Oy

The ionosorption of oxygen at the surface of SnOy results in the formation
of surface states, which may trap electrons from the conduction band, thus
resulting in the decrease of the conductivity. Since Oz is a strong electron
acceptor, it can be reduced at the SnOq surface in several species [25] [183]:

_ _ 2 2
02(9‘13) = OZ(ads) = O2(ads) = O(ads) = O(ads) = O(lattice) (17)

It is very complex to experimentally analyse, which oxygen species pre-
dominate at the SnOy surface, due to the background of lattice oxygen.
Assumptions are made that molecular adsorption predominates on stoichio-
metric surfaces of n-type semiconductors, while dissociative adsorption is
promoted by the presence of oxygen vacancies [I83]. Furthermore, it is
generally accepted that the nature of the ionosorbed oxygen species at the
surface of SnOs depends on the adsorption temperature:

e Below 150°C, the molecular form Oy predominates.

e Above 150°C, the atomic form (O~, O?") predominates.

This transition temperature of 150°C was observed by Chang [184] for the
ionosorption of oxygen on SnOs powders as a result of electron paramag-
netic resonance (EPR) measurements. Moreover, it could be correlated to
an anomalous temperature dependence found for the conductance of a SnO4
thin film. Below 160°C the thin film conductance increased with increasing
temperature, which is expected for a thermal excitation of charge carriers in
a semiconductor. This increase of conductance with increasing temperature
(up to 160°C) has also been explained by the decrease of chemisorbed Os"
species present at the SnOy surface with increasing temperature (due to the
partial desorption of Os~ species and the consequent release of the trapped
electrons in the conduction band of SnO3). Above 160°C the sample conduc-
tance decreased with increasing temperature. This was interpreted in terms
of conversion of chemisorbed Oy~ into O~ (and O?" with further increase of
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temperature) and thus additional transfer of electrons from the conduction
band of SnO; to the ionosorbed oxygen.

As already explained in the description of the ionosorption model, the elec-
trical conductivity of SnOs is influenced only by ionosorbed species: Os
O, O%". Besides, oxygen may also chemisorb at the surface of SnOs as non
charged molecular species: Og(qqs). Those non charged oxygen species do
not influence the SnOy conductivity, so they cannot be detected by resis-
tance measurements. Nevertheless, those non charged species undergo a lo-
cal charge transfer, which influences the electron affinity of the SnOq surface
and changes in electron affinity are measurable by work function changes.
By combining conductivity measurements and work function changes, Sahm
et al. [I85] showed that only ionic species are adsorbed at the SnOg surface
at 400°C, while non charged oxygen species, which decreases the electron
affinity of SnOs, are adsorbed at the SnOs surface at 200°C.

Yamazoe et al. [43] conducted temperature programmed desorption (TPD)
studies of oxygen from SnO, powders under various conditions. The re-
sults depend on the adsorption temperature. A low temperature oxygen
desorption peak around 100°C, which was ascribed to O, was only ob-
served for oxygen adsorption below 150°C and cooling to room temperature
(RT) in the oxygen atmosphere. A second oxygen desorption peak, which
was assigned to O~ and/or 0%, was observed at about 500°C if oxygen
was adsorbed at 400°C. Kawabe et al. [I86] conducted X-ray photoelectron
spectroscopy (XPS) to study the oxygen species adsorbed onto Ar-ion etched
reduced SnOq surface from room temperature up to 200°C. The adsorbed
oxygen species were identified as: 022" adsorbed at room temperature, Oy~
adsorbed at 100°C, and O adsorbed at 200°C.

This model is widely accepted in the literature [43, 37, 25]. However, Gurlo
[42] reviewed the reported results, which identified oxygen species adsorbed
at the SnOq surface by spectroscopic analyses (temperature programmed
desorption (TPD), electron paramagnetic resonance (EPR), infrared spec-
troscopy (IR)), and emphasized that “neither the superoxide ion Os", nor
charged atomic oxygen O, nor peroxide ions 022" have been observed on
SnOs under the real working conditions of sensors”. He conceded that su-
peroxide ion O2 has been observed, however, only after low temperature
adsorption (below 150°C) and on reduced SnOg, which are not the working
conditions of the gas sensors.

Hernandez-Ramirez et al. [28] measured the response of single SnO2 nanowire
sensors upon introduction of oxygen in a nitrogen atmosphere. The re-
sults show that the adsorption of oxygen species at the surface of the SnO,
nanowire is a slower process than the desorption of those oxygen species.
After almost 3 hours at 295°C in synthetic air, the nanowire surface has not
reached the steady state yet. On the contrary, back in nitrogen atmosphere
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the nanowire reaches a steady state with a time constant of about 10 min.
Moreover, the sensor response to the change of atmosphere between nitrogen
and synthetic air is higher for nanowires with smaller diameters. This result
gives support to the model, which assumes the existence of a space charge
zone created by the adsorbed oxygen, thus limiting the central area of the
nanowire for electrical transportation.

4.1.2 H,0

The presence of water vapour in the atmosphere (humidity) plays a crucial
role in the detection of other gas species, because water adsorbs at the
SnOs surface. Below 200°C, water is observed as molecular species, which
may be physisorbed at the SnO4 surface or adsorbed by hydrogen bonding
on oxygen species (lattice or ionosorbed oxygen). At temperatures above
200°C, the dissociation of the water molecule at the SnOy surface occurs
and chemisorbed hydroxyl groups are present at the SnQOs surface, as shown
by IR and TPD measurements [187, [I88, 43}, [189]. The formation of hydroxyl
groups is due to an acid/base reaction: OH™ groups chemisorb on Sn lattice
atoms (Lewis acid site) leaving HT reacting with lattice or ionosorbed oxygen
[172]. The surface Sn-OH groups are stable up to 500°C [190].

The adsorption of water at the surface of SnOs results in an increase in
the conductivity of SnOs. This phenomenon is reversible upon water des-
orption. More precisely, Yamazoe et al. [43] reported that the change in
conductivity is due to chemisorbed hydroxyl groups, while the adsorption
of molecular water does not influence the SnOs conductivity. The change of
SnOs conductivity in the presence of water has been often experimentally
observed, e.g. [190]. However, the charge transfer mechanism at the origin
of the conductivity change is not exactly known. Two mechanisms have
been suggested by Heiland and Kohl [191] and are illustrated in Figure
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Figure 52: Schematic representation of the adsorption mechanisms of water on SnO;
surfaces suggested in [I91].

The mechanism 1a relies on the homolytic dissociation of the water molecule
followed by the chemisorption of the OH group on a Sn site (SngI—OH‘Sf),
referred to as the “isolated” group, and the reaction of the neutral H with
a lattice oxygen Op to form a “rooted” group (OH),. The rooted OH
group has a lower electron affinity than the lattice oxygen, which fixed two
electrons prior to the reaction with H. Therefore, the rooted OH group may
be ionized (OH)S and release one electron to the conduction band. This
first mechanism can be written as the following reaction:

H20yqs + Sngy + 0o = (Sn&h — OH’™) + (OH)§ + e~ (18)

The mechanism 1b suggests a heterolytic dissociation of the water molecule.
The as-formed hydroxyl group reacts with a Sn atom (SngI—OH‘s_). The
proton reacts with a lattice oxygen to form a rooted hydroxyl group. Sub-
sequently, this rooted hydroxyl group binds to a Sn atom, becoming an
isolated hydroxyl group and generating an oxygen vacancy Vp. This oxy-
gen vacancy may be ionized and releases two electrons into the conduction
band. The overall equation is:

H0yq5 + 2Sng, + 00 = 2(SnSt — OH’™) + VS® +2¢~ (19)
The results of work function measurements conducted on SnO thick films
in the presence of CO and humidity led Barsan et al. [35] to suggest that

the mechanism 1a is the correct one to describe the water adsorption on

SHOQ.
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The previous mechanisms consider the direct adsorption of water molecules
on the SnOs surface. However, the influence of the ionosorbed oxygen
present at the surface of the SnOs should also be considered. Caldararu
et al. [I89] assumed that water molecules stabilize surface anionic vacan-
cies and block those oxygen adsorption sites. Similarly, Morrison et al.
[192] suggested that water molecules physisorb on the HT and OH™ sur-
face groups, thus “neutralizing any apparent charged sites” and hindering
the ionosorption of oxygen species on the SnOy surface. Another effect is
the displacement of pre-adsorbed oxygen by water adsorption suggested by
Henrich and Cox [I83]. In any of these mechanisms, the particular state
of the surface has a major role since steps and surface defects, such as in-
plane oxygen vacancies, promote the dissociative adsorption up to a certain
concentration [I83] 193].

In the study by Hernandez-Ramirez et al. [28], it has been shown that the
interaction of water molecules with a single SnO2 nanowire (chemisorption
of hydroxyl groups) in synthetic air is a faster process than the desorption of
those water species. The influence of water on the resistance change of the
SnO nanowire is four times higher in synthetic air than in nitrogen, which
reveals the role played by the availability of oxygen. Moreover, there is a
maximum of resistance change upon exposure to humidity in synthetic air
at 300°C, which surprisingly agrees with the temperature range in which the
O~ concentration is dominant at the surface of SnOs. During the humidity
pulse in synthetic air, the observed resistance drift has been attributed to
a reorganization of the species on the nanowire surface. The drift slope
increases as the measurement temperature increases, pointing out that it
corresponds to an activated process. Moreover, the reorganization of the
species on the surface seems to correspond to a non-reversible process, since
the base line after the humidity pulse is slightly shifted from its initial level
before applying the humid synthetic air pulse. No resistance drift is observed
during the humidity pulse applied in nitrogen.

4.1.3 CO

The different reaction mechanisms possible between the CO molecules and
the SnO9 surface in various environments are discussed. In the absence
of oxygen, the CO molecule adsorb directly on lattice oxygen acting as an
electron donor and forming CO™ groups present at the surface (Equation
20) [194):

COqgs = CO + €™ (20)

At ambient oxygen concentrations, the direct adsorption is hindered and
the only reaction partner considered is the ionosorbed oxygen species (O7),
leading to the formation of CO4 and the release of electrons in the conduction
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band. Carboxylate and bidententate carbonate are formed as intermediate
species according to the Equations [21| and respectively [188, 194} 195]:
CO + O_ ﬁ COQ_,(lds # COQ,gas + e (21)

ads

1
CO+20,, = CO;” = COs4as+ 0, +€ = COzgqs + 502 +2¢7 +Vo
(22)

In the presence of humidity, CO reacts in parallel with ionosorbed oxygen
(Equations [21] and and with hydroxylate groups as illustrated in Figure
The reaction of CO with the oxygen of an isolated hydroxyl group re-
sults in the formation of a CO5 gas molecule, while the freed hydrogen atom
reacts with a lattice oxygen and form a rooted hydroxyl group. This rooted
hydroxyl group may become ionized, so electrons are released in the con-
duction band of the SnOy nanowire. Work function measurements suggest
a dominant reaction of CO with hydroxyl groups for low CO concentra-
tions and a dominant reaction of CO with ionosorbed oxygen for high CO
concentrations [35]. This transition is observed around 10-20 ppm CO.

Figure 53: Schematic representation of the adsorption mechanism of CO in the presence
of water on SnO; surfaces as suggested in [35].

Kohl [195] compared the reaction mechanism at the surface of a SnO; single
crystal (101) and of a polycrystalline thin film. The direct reaction of CO
with lattice oxygen according to Equation [23]is considered:

COgas + Olat = COZgas (23)

The desorbing species after reaction with CO were recorded by thermal
desorption spectroscopy. The investigation led to the conclusion that CO
desorbs from (101) surfaces mainly as CO and only little COy is formed
after the reaction of CO with a lattice oxygen at temperature up to 530°C.
On polycrystalline surfaces CO2 is the main desorbing species with a max-
imum at about 140°C. This study suggests that the reaction mechanisms
are different on single crystalline (101) surfaces and on polycrystalline thin
films.
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4.1.4 H

The sensitivity of SnOy gas sensors for the detection of hydrogen is particu-
larly high. However, the properties of the Ho molecule (non-polar, very low
polarisability, very weak donor or acceptor properties, strong H-H bond)
suggest that the molecular adsorption results in a weak physisorption and
the dissociation requires highly reactive oxide surfaces [I83]. Nevertheless,
the change in conductivity of the SnOg gas sensors indicates that the disso-
ciation of Hy occurs at the surface of SnOs, which is probably enhanced by
the presence of oxygen vacancies. The following reaction mechanisms have
been reported [195, [183] [196]:

H+O = O0OH" (24)
H+O0*> 20H +e (25)
H+OH = H,O+Vp+e™ (26)
2H + Op = Hy0 + Vo (27)

The reaction of H atoms with the lattice oxygen or with ionosorbed oxygen
species on SnOg surfaces results in the formation of hydroxyl groups or water
molecules accompanied by the release of electrons in the conduction band.

4.1.5 H>S

Hydrogen sulfide (HyS) may react with ionosorbed oxygen species at the
SnQOs surface. This reaction results in the release of electrons in the conduc-
tion band and a decrease of the SnOj resistance [197], according to:

HyS +30%" = SOy 4+ HyO + 6~ (28)

Moreover, at high temperatures sulfur deposition may occur most probably
by replacement of oxygen [183]:

2H5S + SnOy = 2H50 + SnSy (29)

SnSy has a better conductivity than the metal oxide SnOg [197]. However,
the resistance change measured by the SnOy gas sensors upon exposure to
HsS is completely reversible, so it is suggested that sulfur does not diffuse
deep into the SnO2 bulk. Spectroscopic studies of the adsorption of HaS on
SnOs surfaces have not been found in the literature. This is probably due
to the high reactivity of HaS with metals, which makes it inappropriate for
analysis in UHV systems [183].
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4.2 Methods
4.2.1 Gas measurement setup

After the processing of the metal contacts on the SnOg nanowires (process
flow described in Section, the sensor chip is cleaved to a size of about 0.5
em? and glued next to a thermocouple (10x2 PT 6.8-0.4, Delta-R, GmbH)
on top of two discrete microheaters (4x1 Pt100B, Delta-R GmbH) (Figure
. The wires of the microheaters and of the thermocouple are soldered
to a ceramic carrier (Figure . The soldering of the wires ensures the
mechanical stability of the suspended sensor chip. The objective of this
configuration is the thermal isolation of the ceramic carrier from the sensor
chip, which is heated up to 350°C during gas sensing measurements. Finally,
Au wires are bonded from the sensor chip to the ceramic carrier. The ceramic
carrier is plugged in the gas measurement chamber for gas sensing tests

(Figure [54c)).

(a) (b) (c)

Figure 54: Mounting of the sensor chip for gas sensing measurements. (a) The sensor
chip is glued next to a thermocouple on top of two microheaters. (b) The wires of the
microheaters and of the thermocouple are soldered to a ceramic carrier and Au wires are
bonded from the sensor chip to the ceramic carrier. (c) The ceramic carrier is plugged in
the gas measurement chamber for gas sensing tests.

The gas sensing measurements occur in an automated setup, which is schemed
in Figure Mass Flow Controllers (MFC) from the company Bronkhorst
High-Tech BV [198] enable to control the flow of gas, which is introduced
into the gas measurement chamber. The flow of carrier gas is split into two
lines each controlled by a MFC: the first line leads directly to the gas mea-
surement chamber, while the second line directs the carrier gas through a
water recipient. According to the amount of flow, which goes through the
water recipient, the carrier gas is more or less charged with humidity. It is
possible to direct the flow of carrier gas entirely into the “dry” line, so no
extra humidity is introduced into the gas measurement chamber. Both lines
meet again before introduction into the gas measurement chamber, where
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the relative humidity and the temperature of the carrier gas (room temper-
ature) are measured by a commercial sensor (KOBOLD Messring GmbH,
type AFK-E [199]). The carrier gas is either nitrogen (N2) or synthetic air
(80% N2 + 20% O2). Nitrogen is pure at 99.999% and contains less than 3
ppm Oy and 5 ppm HoO [200]. Therefore, when measuring the sensors in
a nitrogen flow without adding humidity, the conditions will thereafter be
considered “inert” and “dry”. Likewise, the concentration of water in the
synthetic air mixture is less than 2 ppm [201], which is why the gas measure-
ments in synthetic air will be considered to occur in “dry” conditions. The
flow of test gas (CO, Hy or HsS) is also controlled by a MFC. The carrier gas
and the test gas are mixed in the gas measurement chamber. The total gas
flow (carrier gas flow + test gas flow) introduced into the gas measurement
chamber is always kept constant to 1000 sccm. The flow of test gas accounts
for less than 10% of the total flow, so the relative humidity measured by the
KOBOLD sensor for the carrier gas is still relevant. Finally, the gas flows
through an exhaust when exiting the gas measurement chamber.

In order to measure the electrical signal of the single nanowire devices, three
Source Measure Units (SMU) from Keithley [202] are used to measure up to
three nanowire devices on the same chip in parallel. A constant current is
forced to flow through the nanowire and the voltage is measured. A current
source (Keithley 6221) connected to the microheaters enables the heating
of the sensor chip. The resistance of the thermocouple is measured by a
multimeter (Agilent Technologies 34401A [203]) to control the temperature.
A picture of the setup is shown in Figure

Some artefacts in the sensor resistance are sometimes observed during the
first seconds, when the test gas is introduced in the gas measurement cham-
ber (see for instance Figure [65). These artefacts might be due to the si-
multaneous reaction of several test gas species on the nanowire surface. In
order to characterize the response of a sensor to several gas species, the sen-
sor is successively exposed to the corresponding gas species. However, there
is only one gas pipe common for all test gas species (CO, Hs, ...). There-
fore, it is possible that small quantities of other test gas species, which have
been previously investigated, are also introduced in the gas measurement
chamber together with the main test gas species to detect. These possible
cross-reactions might be responsible for the observed artefacts.
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Figure 55: Scheme of the gas measurement setup.

Figure 56: Picture of the gas measurement setup.
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4.2.2 Analysis of the data

The response S of the n-type nanowire sensor upon exposure to a defined
concentration of a reducing target gas is calculated as the relative difference
between the resistance value in the background gas Rg;., measured before
the target gas pulse, and the minimum resistance value measured during the
target gas pulse Ryqs, expressed in percentage.

Rair - Rgas

S =
Rair

x 100 (30)
The response time t,qsp is defined as the time necessary to reach 90% of the
difference between the resistance in the background gas and the resistance
in the test gas related to the baseline value in the background gas (see
Figure . The recovery time t,eqo, is defined as the time necessary for the
resistance to reach the threshold value of 10% below the initial resistance.

Figure 57: Definition of the response and recovery times.

4.2.3 Description of the nanowire sensors

Numerous nanowire devices have been fabricated as described in detail in
Section Out from all these devices, the gas sensors listed in Table [9]
have been fully characterized in the gas measurement setup. The six single
nanowire sensors are located on four samples (A, B, C and D). Each sample
has been processed individually and the main difference between the four
samples relies on the process followed for depositing the metal contacts.
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The nanowires B1 and B2, on one hand, and C1 and C2, on the other
hand, are located on samples B and C, respectively. Consequently, the
gas sensing measurements delivered by those nanowire sensors (B1/B2 and
C1/C2) are particularly interesting to compare, because they are identical
from the processing point of view.

Table 9: Characteristics of the single SnO2 nanowire sensors. 1 and d are the length and
diameter of the nanowire, respectively.

Sensor (,uin) (ncrln) Configuration Lithography Metallization
A 53 300 2-point optical Au sputtered
B1 2 60 2-point optical Ti/Au evaporated
B2 2 100 2-point optical Ti/Au evaporated
C1 0.5 90 4-point e-beam Ti/Au evaporated
C2 0.5 70 4-point e-beam Ti/Au evaporated
D 1 65 4-point e-beam Ti/Au sputtered

The nanowire measured on the sample A is sandwiched between two Au
layers, as described in Section for the sample Au-1. For the sample A,
the upper Au layer has been deposited by RF-magnetron sputtering. The
nanowire has only two contact pads, so only a measurement in a 2 point
configuration is possible. The length of the nanowire between the two con-
tact pads is approximately 53 pm and its diameter is about 300 nm, so it is
a relatively thick nanowire. For the samples B, C and D, the metallic con-
tacts are composed of a Ti/Au layer (10 nm Ti/150 nm Au). The samples
B and D have been processed with optical lithography as described for the
sample Ti-1, only the deposition method used for sample B is thermal evap-
oration, while the metallic contacts have been deposited by RF-magnetron
sputtering for sample D. The different deposition technologies have been
employed in order to optimize lift-off behaviour as well as uniform coating
of the nanowires. The sample C has been processed with e-beam lithogra-
phy and the metallic contacts have been deposited by thermal evaporation,
as described in Section for the sample Ebeam-1.

The single SnO3 nanowire sensors have been measured in the presence of var-
ious concentrations of CO, Hy and HsS in different background atmospheres
(nitrogen or synthetic air, with or without humidity). Table [L0| summarizes
for each target gas the main experimental conditions and the corresponding
sensors investigated. Due to the duration of the measurements conducted
(7-12 hours in average), the focus has been put on showing the influence of
the measurement conditions (e.g. humidity, temperature, test gas concen-
tration, etc.) on the nanowire sensor response rather than repeating similar
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measurements for each sensor. Thus, each gas sensing measurement aims to
show the particular influence of one parameter. This focus on qualitative
results rather than on a quantitative comparison of the sensors can also be
explained by the inherent difference in the geometry of each single nanowire
sensor, as shown in Table [9]

Table 10: Summary of experimental conditions for the detection of CO, Hy and H2S
with the corresponding sensors investigated.

Target Carrier Concentration Relative Temperature Sensor
gas gas range humidity range investigated
CO N9/SA  10-100 ppm 0-35% 250-350°C A, B1, C1, C2
Ho SA 1-90 ppm 0-50% 150-350°C B1, B2, D
H»S SA 0.1-1 ppm 0-65% 300-350°C A'D
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4.3 Results

The study of the gas sensing performance of single SnOy nanowire sensors
starts with variations of the background atmosphere. These investigations
are of high importance in order to understand the basic influence of the
environment on the electrical resistance of the SnO9 nanowire. Then, the
sensors are measured in more complex environments with the addition of
reducing test gases: CO, Ha, HsS.

4.3.1 Response to oxygen and water molecules

Figure shows the resistance of the single SnOy nanowire sensor A in a
background flow of dry and humid nitrogen with a gas pulse of oxygen at an
operating temperature of 300°C. Oxygen is introduced with a concentration
of 20% in order to simulate the conditions of dry synthetic air, which is the
usual background gas for testing the gas sensors. The nanowire resistance
has been measured for 30-60 min in nitrogen, 2.5 hours in “synthetic air”
(80% Ng, 20% O2) and 2 hours in nitrogen. This sequence has been repeated
two times: once in a dry flow of nitrogen (Figure and the second time
in a flow of nitrogen with a relative humidity of 35% (Figure [58b)). The
objective of this measurement is to link the change of resistance of the
SnOy nanowire with the adsorption and desorption reactions of oxygen on
the nanowire surface and to understand the influence of humidity on these
adsorption/desorption processes.

In dry conditions (Figure , the value of the nanowire resistance in nitro-
gen at 300°C is 4.9 Mf). The introduction of oxygen in the gas measurement
chamber results in an increase of the electrical resistance. The resistance
reaches a plateau at 11.8 MS2, which corresponds to an increase by about
140%, with a time constant of 50 min (response time). When the oxygen
flow is switched off, the nanowire resistance decreases slowly towards its ini-
tial value. After 2 hours, the resistance reached is 5.2 Mf2. Since this value
is already within a 10% range above the initial resistance, the recovery time
can be calculated, though the sensor still did not completely recover. The
recovery time is about 90 min. In nitrogen atmosphere with a relative hu-
midity of 35% (Figure , the value of the nanowire resistance at 300°C
is 4.6 M€). As well as in dry conditions, the introduction of oxygen results
in an increase of the electrical resistance. The resistance reaches a plateau
at 9.5 MS2, which corresponds to an increase by about 110%, with a time
constant of 5 min (response time). When the oxygen flow is turned off, the
nanowire resistance recovers its initial value with a recovery time of 40 min.
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(b)
Figure 58: Change of resistance of sensor A upon exposure to 20% oxygen in a nitrogen

atmosphere at an operating temperature of 300°C (a) in dry conditions, (b) at a relative
humidity of 35%.
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4.3.2 Response to CO

Figure [59 shows the change of resistance of the nanowire sensor A upon ex-
posure to different concentrations of CO in various background atmospheres.
The background atmosphere is either dry nitrogen (N2 + 0% rH), humid
nitrogen (No + 35% rH), dry synthetic air (SA + 0% rH), or humid syn-
thetic air (SA + 35% rH). The nanowire resistance is first measured in the
background atmosphere for 1 hour before the introduction of CO pulses. Af-
terwards, CO is introduced into the gas measurement chamber for 5 minutes,
then the CO flow is switched off for 10 minutes. This sequence is repeated
two times for each concentration (10 ppm, 30 ppm, 50 ppm, 70 ppm and
90 ppm), so a total of 10 CO pulses. The sensor is operated at a constant
temperature of 350°C. In order to compare the responses of the nanowire
sensor to CO in the different background atmospheres, the resistance has
been normalized to the resistance measured after 60 min immediately before
the CO pulse sequence is started.

The resistance of the SnOy nanowire decreases in the presence of CO in
the background atmosphere (response) and increases again to the initial
resistance value when the flow of CO is switched off (recovery). The change
of resistance increases with increasing CO concentrations. In nitrogen, the
resistance changes slowly upon exposure to CO and the steady state is not
yet reached after 5 minutes of CO exposure and 10 minutes of recovery.
Besides, the resistance change induced by the first CO pulse is different: an
increase of resistance is observed before the resistance starts decreasing as
expected. This fast and short increase of resistance might be due to a rest
of oxygen in the gas line. A drift of the resistance baseline is observed over
time in all background atmospheres, though the drift is the largest in dry
synthetic air. In synthetic air, the steady state is rapidly achieved within 1
to 2 minutes. In the presence of CO in humid synthetic air, the resistance
change can be decomposed in two parts: first a fast and large decrease, then
a slight increase. A similar but inverse behaviour can be observed during
the recovery phase: first the resistance increases fast, then a slight decrease
of resistance occurs.
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Figure 59: Change of resistance of sensor A at 350°C upon exposure to 10-90 ppm CO
in a background atmosphere of dry nitrogen (blue), humid nitrogen (dark blue), dry
synthetic air (red), and humid synthetic air (brown).
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Figure [60] shows the response of sensor A upon exposure to CO in various
background atmospheres. The response for each CO pulse has been calcu-
lated from the data presented above (Figure and the average between
the two values obtained for the same CO concentration is represented. The
following results are obtained:

e The response of the nanowire sensor increases with increasing CO con-
centrations in the range 10-90 ppm.

e The response to CO is higher in synthetic air than in nitrogen.

e The response to CO is roughly two times higher in dry than in humid
synthetic air.

Figure 60: Response of sensor A to increasing concentrations of CO at 350°C in dry
synthetic air (red triangles), synthetic air with 35% relative humidity (brown inverted
triangles), dry nitrogen (blue squares), and nitrogen with 35% relative humidity (dark

blue circles).
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Figure [61] shows the response of sensor A to 50 ppm CO in dry nitrogen at
250°C, 300°C and 350°C. For each temperature, the nanowire resistance is
measured for 1-1.5 hour in dry nitrogen in order to enable its stabilization
after the change of temperature. Afterwards, CO with a concentration of
50 ppm is introduced into the gas measurement chamber two times for 15
minutes each followed by a recovery period of 15 minutes. The measurement
is repeated two times (Measurement 1 and Measurement 2) in order to study
the repeatability of the sensor response.

Measurement 1 and Measurement 2 show very similar results. There is a
small offset of the resistance, but the overall behaviour of the resistance
upon changes of temperature and exposure to CO are the same. As already
observed in other experiments above, the nanowire resistance is decreased
in the presence of CO. At 250°C, the response to CO as well as the recovery
in dry nitrogen are very slow and the steady state is not reached after 15
minutes. At 300°C, the resistance changes induced by the CO pulses are
already faster than at 250°C, even though the steady state is not reached
either. At 350°C, the response to the presence of CO is even faster than at
300°C. The steady state is reached for both response and recovery phases.
The results demonstrate the good repeatability of gas sensing measurements.

Figure 61: Change of resistance of sensor A upon exposure to 50 ppm CO in dry
nitrogen at 250°C, 300°C, and 350°C. The measurement has been repeated two times:
Measurement 1 (black) and Measurement 2 (dark grey).
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Figure[62|presents the results of the single SnO9 nanowire sensor B1 upon ex-
posure to increasing concentrations of CO in the range 10-90 ppm at 300°C.
The change of resistance induced by the introduction of CO is measured
successively in dry synthetic air and in humid synthetic air (35% relative
humidity), as shown in Figure The noise of the measured resistance
is increased in comparison with the sensor A (Figure , but the signal
is still well measurable. The baseline resistance is lower in the presence of
humidity (about 5 M) than in dry synthetic air (about 7.2 MQ). The resis-
tance drift is also reduced in the presence of humidity. The sensor response
to CO, which has been calculated for each CO concentration in both dry
and humid synthetic air, is plotted in Figure The sensor response is
higher in dry synthetic air (12-31%) than in humid synthetic air (10-18%).
The higher response in dry atmosphere over humid atmosphere has already
been observed for sensor A (Figure . In the presence of humidity, the
response for CO concentrations of 50 ppm, 70 ppm and 90 ppm is almost
the same: 16%, 17% and 18%, respectively, which indicates that the sensor
signal saturates at CO concentrations above 50 ppm. On the contrary, the
response for increasing CO concentrations in the same range (10-90 ppm) is
continuously increased in dry synthetic air.
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(b)

Figure 62: (a) Change of resistance of sensor Bl upon exposure to increasing
concentrations of CO in the range 10-90 ppm successively in dry synthetic air and in
humid synthetic air (35% relative humidity) at 300°C. (b) Response of the sensor to the
different concentrations of CO in dry synthetic air (red squares) and in humid synthetic
air (brown circles).
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For the next measurement, the response of the sensors C1 and C2 to CO
are compared. Both nanowire sensors are located on the same chip, which
means that the process steps leading to their fabrication are strictly identi-
cal. Another consequence is that the sensors C1 and C2 can be measured at
the same time in parallel in the gas measurement chamber. Moreover, since
the contacts (in a 4 point configuration) are spaced by a distance of 500 nm
in both cases, the geometry of both sensors differs only by the diameter of
the nanowires: 90 nm for C1 and 70 nm for C2. So the difference of response
between the two sensors shall directly reflect the influence of the nanowire
diameter.

Figure [63] shows the resistance change of the sensors C1 and C2 upon expo-
sure to 90 ppm CO in dry synthetic air (red) and in dry nitrogen (blue) at
200°C, 250°C and 300°C in a logarithmic scale. The baseline resistance of
the sensors C1 and C2 is strongly influenced by the background atmosphere.
In nitrogen the resistance of C1 and C2 is in the range 1-10 M2, while in
synthetic air the resistance varies between 100 MQ and 1 GQ. At 200°C,
the sensors C1 and C2 are not able to detect 90 ppm CO in dry nitrogen. At
250°C and 300°C, the response is visible, but very slow in comparison to the
one in dry synthetic air. In dry synthetic air, the response time decreases
with increasing temperature and it is below 1 minute at 300°C. Also the
response is increased for both C1 and C2 by increasing the temperature in
both dry atmospheres, i.e. nitrogen and synthetic air.
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Figure 63: Change of resistance of two single SnO2 nanowire sensors upon exposure to
90 ppm CO in dry synthetic air (red) and in dry nitrogen (blue) for increasing
temperatures in the range 200-300°C. (a) Resistance of C1, (b) Resistance of C2, (c)
Temperature profile. Both sensors are measured at the same time in parallel in the gas
measurement chamber.
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Figure [64 summarizes the responses obtained by the sensors C1 and C2
upon exposure to 90 ppm CO in dry nitrogen (top) and in dry synthetic
air (bottom) at 250°C and 300°C, as presented above in Figure An
interesting difference between the measurements in nitrogen and in synthetic
air is that the responses of both sensors to 90 ppm CO are almost the same
when measured in nitrogen, while they are clearly distinct when measured
in synthetic air. In nitrogen, the response of C1 and C2 at 250°C is in the
range 20-22% and at 300°C it is 43-46%. In synthetic air, the response of
C1 is 27% at 250°C and 46% at 300°C. The response of C2 in synthetic air
is 42% at 250°C and 54% at 300°C. So a higher response to 90 ppm CO in
synthetic air is obtained for the sensor C2, which is the thinner nanowire
(70 nm diameter). Besides, the response of the sensor C1 in synthetic air is
comparable to the response measured in nitrogen. This result is astonishing
because the response in synthetic air is expected to be higher than the
response in nitrogen, as already observed for the sensor A in Figure

Figure 64: Comparison of the response to 90 ppm CO in dry nitrogen (top) and in dry
synthetic air (bottom) of the sensors C1 (squares) and C2 (triangles) at 250°C and
300°C.
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4.3.3 Response to H»

Three sensors have been tested for the detection of Ho: the sensors D, B1 and
B2. First the results of the sensor D measured in a 4 point configuration
upon exposure to 20 ppm Hs in dry synthetic air at 250°C, 300°C and
350°C are shown in Figure Before the introduction of Hg, the nanowire
resistance is measured for 30 minutes in the background atmosphere at the
desired operating temperature. Then three pulses of Hy flow are introduced
into the gas measurement chamber for a duration of 15 minutes. After
each pulse, the Hs flow is interrupted for 15 minutes in order to enable
the recovery of the sensor. The last recovery step lasts 30 minutes. This
sequence is repeated at each operating temperature.

The exposure of the sensor D to 20 ppm Hs in dry synthetic air results in a
decrease of the resistance. The sensor response reaches 36%, 49% and 66% at
250°C, 300°C and 350°C, respectively. The response and recovery are very
fast for each three temperature steps: below 2 min. The baseline resistance
of the nanowire sensor is very stable at 250°C, while a slight drift towards
lower resistance values is observed at 300°C and 350°C. Interestingly, the
resistance of the nanowire in the presence of Hy stays constant even with
increasing temperatures and do not drift even at 300°C and 350°C. The
increasing sensor response for increasing operating temperatures is obviously
caused by the increase of the resistance baseline in dry synthetic air with
increasing temperatures.
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Figure 65: Change of resistance of the single SnO2 nanowire sensor D measured in a 4
point configuration upon exposure to 20 ppm Hs in dry synthetic air for increasing
temperatures in the range 250-350°C.
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Figure [66| shows the response for the sensor D (measured in a 4 point con-
figuration) upon exposure to increasing concentrations of Hy in the range
1-20 ppm in dry synthetic air at 250°C, 300°C and 350°C and in humid
synthetic air (50% rH) at 250°C. The detection of 1 ppm Hy is possible from
a temperature of 300°C and above. The highest responses are obtained at
350°C: 26% for 1 ppm, 61% for 10 ppm and 75% for 20 ppm Hs. With a
resistance change of 26% at 350°C upon exposure to 1 ppm Ha, it is likely
that the sensor is able to detect even smaller concentrations of Hy in the ppb
range. At 250°C, the response is 43% for 10 ppm Hy and 54% for 20 ppm
Hs in dry synthetic air. It decreases to 23% and 33% for 10 ppm and 20
ppm Hs, respectively, in the presence of humidity. Still the sensor presents
a good response upon exposure to 10 ppm Hs in humid synthetic air.

100
B 250°C in dry SA
90
@ 300°C in dry SA
80 1 4 3s0°Cindry sa )\
_ 701 e 250°C in SA +50% rH i
s 60 A
@ "
2 50
@ 40 "
i .
30
A
20 4
(1]
10
0 . .
0 1 10 20

H, concentration [ppm]

Figure 66: Comparison of the response of sensor D to increasing concentrations of Ha in
the range 1-20 ppm in dry synthetic air at 250°C (black squares), at 300°C (red circles),
at 350°C (blue triangles) and in humid synthetic air at 250°C (brown diamonds).
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Figure @ is another measurement of the sensor D upon exposure to 10 ppm
Hs at 150°C in a background atmosphere of synthetic air with 50% relative
humidity. The sensor response is calculated (average over the three pulses)
and a resistance change of 22% is obtained, which is comparable with the
measurement at 250°C. At 150°C, the response and recovery times are in
the range 2-3 min and 4-5 min, respectively. This result is important for
practical applications. The sensor exhibits a good response in the presence
of humidity and the temperature can be lowered from 250°C to 150°C for
the same efficiency.

Figure 67: Change of resistance of sensor D upon exposure to 10 ppm Hs in synthetic air
with 50% relative humidity at 150°C.
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The single nanowire sensors Bl and B2 have also been measured in the
presence of Hy in dry and humid synthetic air. Figure [68] shows the change
of resistance of the sensor Bl upon exposure to increasing concentrations
of Hs in the range 10-90 ppm at 300°C. The background atmosphere is dry
synthetic air at the beginning of the measurement and changes after 3.5
hours to synthetic air with a relative humidity of 40%. The Hy pulses last
5 minutes and the interruptions between 2 pulses 10 minutes. The same
measurement has also been conducted at the same time in parallel for the
sensor B2 (not shown here). The resistance baseline of the sensor Bl is
decreased by the introduction of humidity in synthetic air. A slight drift
of the resistance is observed in both environments. The response to Hs is
higher in dry synthetic air than in the presence of humidity. The response
is increased upon exposure to increasing concentrations of Hs in the range
10-90 ppm. The response and recovery times are less than one minute both
in dry and in humid synthetic air.

Figure 68: Change of resistance of sensor B1 upon exposure to increasing concentrations
of Hz in the range 10-90 ppm in dry synthetic air (0-3.5 h) and in humid synthetic air
(3.5-7 h) at 300°C.
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Figure summarizes the responses measured for the sensors B1 and B2
upon increasing concentrations of Hs in the range 10-90 ppm at 300°C.
Figures and demonstrate the better performance of both nanowire
sensors in dry synthetic air. Besides, an important feature for practical ap-
plications is the distribution of the response values over the range of concen-
trations. In dry synthetic air, the values of the sensor response B1 increase
from 20% to 45% for increasing concentrations of Hs in the range 10-90 ppm.
So a quantitative measurement of the concentration of Ho detected should
be possible. In the presence of humidity, the responses of the sensor Bl to
Hs concentrations in the lower concentration range 10-50 ppm also increase
with increasing concentration. In the concentration range 50-90 ppm the
response values (between 27% and 32%) do not clearly increase with the
concentration.

For the sensor B2, the saturation effect of the response upon increasing
concentrations of Ho is already visible in dry synthetic air for concentra-
tions of 50 ppm and above. In humid synthetic air, the effect is even more
pronounced. The responses ranges between 12% and 21% over the whole
Hs concentration range 10-90 ppm, so the sensor will not deliver any re-
liable information about the Hy concentration detected even in the lower
concentration range. Figures and directly compares the response
of the sensors Bl and B2 in dry synthetic air and in humid synthetic air,
respectively. The response of both sensors are quite comparable although
the better performance of the sensor Bl over B2 is highlighted. Again the
nanowire sensor with a smaller diameter (60 nm for B1) exhibits a higher
response than the thicker nanowire (100 nm for B2).
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Figure 69: Comparison of the response of the sensors B1 and B2 upon increasing
concentrations of Hy in the range 10-90 ppm in dry or humid synthetic air at 300°C. (a)
Sensor B1 in dry (red squares) and humid (brown circles) synthetic air. (b) Sensor B2 in
dry (red squares) and humid (brown circles) synthetic air. (¢) Comparison of the sensor
responses B1 (blue circles) and B2 (black squares) in dry synthetic air. (d) Comparison
of the sensor responses Bl (blue circles) and B2 (black squares) in humid synthetic air.
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4.3.4 Response to HyS

The resistance change of the sensor A has been measured at 350°C upon
exposure to increasing concentrations of HaS between 100 ppb and 1 ppm
in synthetic air with different humidity level: 0%, 35% and 65% relative
humidity. The results are shown in Figure [0} The sensor is measured
for 30 minutes in the background atmosphere. The first pulse of HaS flow
is introduced in the gas measurement chamber for 5 minutes followed by
an interruption of 10 minutes. Two HsS pulses are introduced for each
concentration: 100 ppb, 500 ppb and 1 ppm.

H5S induces a high resistance change of the nanowire sensor. Even for
concentrations as low as 100 ppb, the signal is clearly detectable. In dry
synthetic air, the response and recovery are slower than in humid synthetic
air. It seems that the resistance does not recover completely after exposure
of HyS in dry synthetic air, at least within 10 minutes. In synthetic air with
a relative humidity of 35% and 65%, the sensor recovers within 10 minutes,
though the resistance after the HaS exposure is slightly higher than before
the HaS pulses.
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Figure 70: Change of resistance of sensor A at 350°C upon exposure to increasing
concentrations of HsS in the range 100-1000 ppb in synthetic air with different relative
humidity level: 0% (top), 35% (middle) and 65% (bottom). The resistance has been

normalized.
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The sensing performances of sensor A to HoS exposure are summed up in
Figure The humidity level does not influence the sensor response, which
is surprising because the effect of humidity is strong on the response to CO
and Ho, as shown above. The resistance change due to the introduction
of 100 ppb HsS is about 15%. The response is increased to 30-35% for an
exposure to 500 ppb HsS and the same response is obtained for 1 ppm HsS.
The nanowire sensor A exhibits a high sensitivity to very low concentrations
of HyS, but the sensor response saturates for concentrations of 500 ppb and
above.

Figure 71: Comparison of the response of sensor A upon exposure to increasing
concentrations of H2S in the range 100-1000 ppb in synthetic air with different relative
humidity level: 0% (red squares), 35% (brown circles) and 65% (green triangles) at
350°C.

The sensor D has also been exposed to HsS and the results are shown in
Figure The resistance change upon exposure to 1 ppm HsS has been
measured at 300°C in dry synthetic air. The HsS pulse has been repeated
three times for 15 minutes with 15 minutes interruptions. The resistance is
decreased in the presence of HaS by a factor 100. This is the largest response
measured in this thesis. The response and recovery times of the sensor are
quite fast: in the order of 2 and 6 minutes, respectively. The response is
reproducible and the recovery of the baseline resistance is very good.
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Figure 72: Change of resistance of sensor D upon exposure to 1 ppm H2S in dry
synthetic air at 300°C. Notice that the resistance has been normalized and the axis has a
logarithmic scale.

4.4 Discussion

Table [11] compares gas sensing responses obtained for the different nanowire
sensors upon exposure to CO, Hy and HsS in dry synthetic air at 300°C
or at 350°C. As reminded in the table, there are some differences in the
processing and in the measurement conditions of the six sensors. The sen-
sors have either been processed by optical lithography and measured in a
2-point configuration or by e-beam lithography and measured in a 4-point
configuration. The method used for the deposition of the contacts has also
been varied (thermal evaporation or sputtering) in order to optimize lift-off
behaviour and to ensure a uniform coating of the nanowires. As explained
earlier, the focus has been put on obtaining qualitative information regard-
ing different measurement conditions rather than on making a quantitative
comparison of the nanowire sensors. However, it is very satisfying to ob-
serve similar responses for the sensors Bl and B2 upon exposure to Hy and
for the sensors C1 and C2 upon exposure to CO, because both B1/B2 and
C1/C2 sensors have been processed and measured simultaneously. The dif-
ference measured between the responses Bl and B2, on one hand, and C1
and C2, on the other hand, is discussed later considering the difference in
the nanowire diameters. Also, the responses for each gas individually are
different for each sensor, but the change in nanowire resistance is always
clearly measurable.
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Table 11: Comparable gas sensor responses for the different nanowire sensors upon
exposure to CO, Hz and HsS in dry synthetic air at 300°C, except for sensor A, which
has been operated at 350°C. 1 and d are the length and diameter of the nanowire,
respectively. The process conditions indicate if the sensor has been measured in a
2-point or 4-point configuration, which lithography process has been used (optical or
e-beam) and how contacts have been deposited (evaporation or sputtering).

Sensor d Process conditions co Hy Ha3
(pm)  (nm) 90 ppm 10 ppm 1 ppm
A 53 300  2-pt, optical, sputt 14% - 35%
B1 2 60 2-pt, optical, evap 31% 19% -
B2 2 100  2-pt, optical, evap

- 17% -
C1 0.5 90  4-pt, e-beam, evap 46% - -
C2 0.5 70  4-pt, e-beam, evap 54%

D 1 65  4-pt, e-beam, sputt - 43% 99%

4.4.1 Influence of the background atmosphere

The first step is the measurement of a single nanowire in an inert background
atmosphere (nitrogen) and the influence of the introduction of oxygen. As
shown in Figure the introduction of oxygen results in the increase of
the nanowire resistance. According to the gas sensor principle presented in
Section this increase of resistance upon exposure to oxygen is due to
the transfer of electrons from the conduction band of the SnO9 nanowire to
the oxygen species during their ionosorption as O~ species at the surface
of the nanowire and the formation of a depletion layer, which reduces the
conduction channel. The resistance saturates in the presence of oxygen,
which means that the adsorption reaction of Oy species at the surface of
the nanowire reaches a steady state. When the oxygen flow is turned off,
the resistance is decreased due to the desorption reaction of oxygen species
from the nanowire surface, which induces the release of electrons in the
conduction band of the SnO9 nanowire.

The analysis of the response and recovery times (50 min and 90 min, re-
spectively) suggests a faster adsorption than desorption of oxygen at the
surface of the SnOy nanowire in dry atmosphere. Hernandez-Ramirez et al.
[28] reported a different behaviour: a slower process of the adsorption of
oxygen species at the surface of the SnO9 nanowire than the desorption of
those oxygen species. This result has been obtained by measuring the AC
impedance of a single nanowire (diameter of 70 nm) in a changing atmo-
sphere from nitrogen to synthetic air and back to nitrogen. After 3 hours
at nearly 300°C in synthetic air, the nanowire surface has not reached the
steady state yet. On the contrary, back in nitrogen atmosphere the nanowire
reaches a steady state with a time constant of about 10 min.
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The relative difference between the resistance values in dry nitrogen (4.9
MS?) and in humid nitrogen (4.6 M) is quite small (6%). Since the change
of resistance is assumed to be directly correlated with the surface reac-
tions, the previous observation suggests that only few water molecules react
with lattice sites of the SnO2 nanowire. In comparison, the relative differ-
ence between the resistance values in dry synthetic air (11.8 M) and in
humid synthetic air (9.5 MS) is three times higher (19%), which suggests
that the effect of water molecules is larger in synthetic air than in nitrogen.
Hernandez-Ramirez et al. [28] observed an influence of water on the resis-
tance change of the SnOs nanowire four times higher in synthetic air than
in nitrogen. The difference lies in the presence of ionosorbed oxygen at the
surface of the nanowire in synthetic air. The water molecules seem to react
preferably with ionosorbed oxygen than with lattice sites.

Also, the response to oxygen is lower in humid atmosphere (110%) in com-
parison with dry conditions (140%), so the number of ionosorbed oxygen
species at the surface of the nanowire must be lower in humid atmosphere
than in dry atmosphere. There are several possible explanations reported
in the literature:

e Caldararu et al. [I89] suggested that the presence of hydroxyl groups
at the surface of SnO4 limits the adsorption of oxygen up to 320-340°C.

e Morrison [192] assumed that the dipoles of physisorbed water molecules
would line up to neutralize any apparent charges of the ionosorbed
oxygen species and result in their desorption.

e The reaction mechanism for water suggests that the water molecules
react with the ionosorbed oxygen resulting in their desorption and
in the subsequent release of the previously trapped electrons into the
conduction band.

Humidity also influences the kinetics of the adsorption and desorption reac-
tions of oxygen species. Two effects are observed:

e The adsorption process of oxygen is about eight times faster than the
desorption process in humid atmosphere, while in dry atmosphere the
adsorption process is only two times faster than the desorption.

e The steady state for the adsorption of oxygen at the surface of the
nanowire in humid conditions is reached about ten times faster than
in dry conditions.

The first observation might be explained by the stabilization of the ionosorbed

oxygen at the surface of the nanowire by water molecules through hydrogen
bonds, which may delay the desorption of the oxygen species. The second
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effect, i.e. the faster adsorption of oxygen on SnQOs in the presence of humid-
ity, might be due to the polarization of the SnO4 surface by water molecules,
which may be already partly adsorbed and result in the enhanced kinetics
for the ionosorption of oxygen.

The fact that the resistance of the nanowire sensor increases in the pres-
ence of oxygen in a nitrogen background supports the principle based on
the ionosorption of oxygen at the surface of the SnOy nanowire. Also the
observed decrease of the nanowire resistance in the presence of CO, Hy and
H,S is in good agreement with the results reported in the literature and with
the gas sensing principle applied to reducing gas species, which are assumed
to react with the ionosorbed oxygen. During the desorption process, the
electrons, which were trapped at the surface state created by the ionosorbed
oxygen, are released into the conduction band, thus decreasing the electrical
resistance of the nanowire.

In the literature, the suggested mechanism for the detection of CO in nitro-
gen is the direct adsorption of CO at the SnO, surface acting as an electron
donor, thus releasing electrons into the conduction band of SnO2 (see Sec-
tion . In the presence of a large amount of oxygen (ambient oxygen
concentration as in synthetic air), the only reaction path considered is the
reaction of CO with the ionosorbed oxygen.

The response of the nanowire sensors A, C1 and C2 have been measured
upon exposure to CO in dry nitrogen and in dry synthetic air. The first
remark is that the sensor response is higher in synthetic air than in nitro-
gen (see Figures and . Only for the sensor C1 similar responses in
both environments have been observed. Schmid et al. [204] stated that a
larger electrical effect is produced by the direct adsorption of CO at the
SnOq surface in the absence of Os than by the reaction of CO with the
ionosorbed oxygen in the presence of Os. This statement goes along with
their observation that the response to CO in pure nitrogen is higher than
in nitrogen + 2% O in dry conditions, though it is in contradiction with
the results obtained in the present thesis. The sensing material used in the
study by Schmid et al. is a polycrystalline thick film, which surely presents
different properties than the single crystalline nanowire measured here. It is
possible that the direct reaction of CO on SnO; is enhanced by the presence
of defects at the surface of the polycrystalline film, such as grain boundaries,
but it does not seem to be the dominant reaction in this study. It is sug-
gested that the resistance change is dominated by the reaction of CO with
the ionosorbed oxygen, which would explain why the response measured on
the nanowire is higher in dry synthetic air than in dry nitrogen.

Besides, a drift of the resistance baseline is observed in dry and humid
nitrogen and in dry and humid synthetic air, though the drift is the largest
in dry synthetic air. In the literature, the drift in resistance of the SnOs gas
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sensors is a well known issue and is often related to the oxygen transport
into the bulk material. As reported by Kamp et al. [205], the conductivity
of SnOs is affected by: (1) a change in the concentration of oxygen vacancies
due to surface reactions involving a charge transfer and to oxygen diffusion
into the bulk material, and (2) a redistribution of the oxygen vacancies in the
space charge layer driven by the electric field formed upon the ionosorption
of gas molecules at the surface of the metal oxide.

4.4.2 Influence of humidity

The response of the nanowire sensor A has been more extensively measured
upon exposure to CO in humid nitrogen and in humid synthetic air. It is
observed that humidity lowers the response to CO in both nitrogen and syn-
thetic air (Figure . Still the response in humid synthetic air is slightly
higher than the response in dry nitrogen. Sensor B1 has also been measured
upon exposure to CO in dry and in humid synthetic air. As observed for
sensor A, the response of sensor Bl to CO is decreased in the presence of
humidity (Figure . As discussed above, the results suggest that more
ionosorbed oxygen species are present at the surface of the SnOs nanowire
in dry synthetic air than in humid synthetic air. Consequently, there are
more adsorption sites for the CO molecules in a dry atmosphere, which
would explain the higher response measured in dry synthetic air than in hu-
mid synthetic air. Those results might also be explained by cross-reactivity
effects between the CO and H2O molecules for the same adsorption sites.
This hypothesis has been reported by Hernandez-Ramirez et al. [206], who
measured a single SnOy nanowire sensor in dry synthetic air at 265°C upon
exposure to successive pulses of CO, relative humidity and a combination of
CO and relative humidity. The results show that the response to a mixed
CO/H;0 pulse is not the sum of the responses obtained for the same concen-
trations of gas species introduced separately, so they concluded that complex
cross-reactivity effects between CO and humidity must be responsible.

Barsan et al. [35] studied the adsorption of CO on SnOg thick film sensor
doped with 0.2% wt of Pd in the presence of humidity. They observed an
increased response to CO with increasing humidity from 0% to 50% relative
humidity. In order to understand this phenomenon, they conducted cat-
alytic conversion measurements and reported a decreased CO consumption
with increasing humidity, which is surprising because since a higher sensor
response has been obtained for higher humidity concentration, an increase
of the CO consumption with increasing humidity is expected. Complemen-
tary investigations on different sensor parts enabled the clarification of that
aspect. The only effect of the sensitive layer showed a strong CO consump-
tion but no measurable dependence on humidity, while the Pt electrodes and
heater parts show a significant CO consumption, which decreases with in-
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creasing humidity. So the influence of humidity is not related to the sensing
material alone but to a combination of the substrate and the electrode-
sensing material.

The decrease of the sensor response in the presence of humidity has also
been observed during the detection of Hy with sensor D (Figure and
sensors B1 and B2 (Figure . Only for the detection of HsS, no difference
in the response of the nanowire sensor has been observed in dry or humid

synthetic air (Figure .

4.4.3 Influence of the operating temperature

The increase of temperature results in an increased response. This has been
illustrated for the detection of CO with the sensors C1 and C2 (Figure
and for the detection of Hy with sensor D (Figure 65 and . In the case
of CO detection with the sensors C1 and C2 (Figure [63)), the influence of
the temperature on the adsorption and desorption rates is also visible: the
response and recovery times are lowered (faster processes) for increasing
operating temperatures. These results illustrate the influence of the tem-
perature on the kinetics of the reactions between the gas phase and the SnO»
nanowire.

4.4.4 Influence of the size of the nanowire

The diameter of the nanowire is assumed to influence the sensor response.
As reported by Hernandez-Ramirez et al. [28], the response of a single
SnO; nanowire based sensor upon exposure to CO (concentration range: 20-
1000 ppm) in synthetic air is higher for a nanowire with a smaller diameter
(comparison between two nanowires 25 nm and 70 nm in diameter). This
behaviour has also been observed in this thesis for the sensors C1 (90 nm
in diameter) and C2 (70 nm in diameter) upon exposure to 90 ppm CO in
dry synthetic air. The response of sensor C2 is higher than the response of
sensor C1: the difference between both responses is 20% at 250°C and 10%
at 300°C (Figure . Interestingly, the responses obtained for both sensors
for the same CO concentration in dry nitrogen are practically the same. The
following discussion and the schemes of Figure intend to explain those
results.

Barsan et al. [37] reported values of the Debye length for SnOs single crystals
ranging from 129 nm to 11 nm for increasing temperatures between 130°C
and 430°C in the presence of oxygen (see Figure . The extrapolation
of those values results in a Debye length of 40 nm at 250°C and 27 nm at
300°C. The width of the depletion layer due to the ionosorption of oxygen
is in the order of the Debye length [53]. Assuming that those values also
apply to single crystalline SnO2 nanowires, it means that the nanowire C2 is
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completely depleted of electrons in synthetic air at 250°C, while the nanowire
C1 is only partly depleted. When CO is introduced in the gas measurement
chamber, the reaction of CO with ionosorbed oxygen results in the release of
electrons in the conduction band of the SnOs nanowire. Consequently, the
nanowire C2 becomes partly depleted and the width of the depletion layer
of the nanowire C1 is decreased. The width of the depletion layer, which
is induced by the surface reactions between the SnO2 nanowire and the
test gas, is constant for nanowires with different diameters when exposed to
similar environments (temperature and gas concentration), because it is not
related to the radial dimensions of the nanowire [40]. Consequently, reducing
the radial dimension of the nanowire leads to a higher change in width of
the depletion layer relatively to the radius of the nanowire, which explains
the higher response of sensor C2 to CO in synthetic air at 250°C. At 300°C,
the depletion layer is higher for the nanowire C2 than for the nanowire C1.
When CO is introduced, the width of the depletion layer increases likewise
for both nanowires, only the effect is higher for the nanowire C2 than for the
nanowire C1. This explains the higher response of C2 to CO in synthetic air
at 300°C and the smaller difference between both responses in comparison
with the results at 250°C. Moreover, due to the increase of temperature
more CO molecules react with the ionosorbed species, so more electrons
are released into the conduction band and the decrease of the width of the
depletion layer is higher at 300°C than at 250°C, which explains the higher
resistance change measured.

Figure 73: Dependence of the Debye length with the temperature for SnO; single
crystals (values reported in [37]).
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Figure 74: Effect of the surface reactions on the width of the depletion layer of the SnO-
nanowire. The depletion layer is represented in light blue and the conduction channel in
dark blue. At 250°C in synthetic air, the nanowire C1 is partly depleted and the
nanowire C2 is completely depleted. In the presence of CO, the ionosorbed oxygen
species O~ are consumed, leading to the release of electrons in the conduction band,
thus decreasing the width of the depletion layer. At 300°C, both nanowires are partly
depleted in synthetic air. Due to the increase of temperature, more CO molecules react
with the ionosorbed species, so the effect on the width of the depletion layer is higher
than at 250°C, which explains the higher resistance change measured.

In nitrogen, there is no ionosorbed oxygen at the surface of the SnOs
nanowire, therefore there is no depletion layer. In the presence of CO, the
CO molecules react directly on lattice sites and act as electron donors, so
electrons are released in the conduction band of the nanowire, hence the de-
crease of resistance measured. In that case, the resistance change is simply
due to the increase of concentration of the charge carriers into the nanowire.
It is supposed that the number of CO molecules reacting with the SnO» lat-
tice is the same on both nanowires C1 and C2, therefore the same number of
electrons is released in the nanowires, which explains the similar responses
obtained in nitrogen at 250°C and at 300°C. Moreover, it seems that the
direct adsorption of CO at the surface of the nanowire is enhanced with in-
creasing temperature from 250°C to 300°C, because the response measured
is higher at 250°C than at 300°C.

The increased response for a nanowire with a smaller diameter has also
been observed for the detection of 10-90 ppm Hs with sensors B1 (60 nm
in diameter) and B2 (100 nm in diameter) at 300°C in humid synthetic air

(Figure [69d).
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4.4.5 Influence of the concentration of the test gas

The response of the nanowire sensor increases with increasing concentrations
of the test gas to detect. This result has been shown for the detection of CO
with sensor A (Figure and sensor B1 (Figure [62D)), for the detection of
Hs with sensor D (Figure and sensors B1 and B2 (Figure and for the
detection of HaS with sensor A (Figure . However, a saturation effect of
the sensor may occur for higher concentrations of test gas. In that case, the
increase of the concentration of the test gas will not result in an increase of
the sensor response anymore. The saturation of the sensor response depends
on the test gas, on the background atmosphere and on the diameter of the
nanowire.

For the detection of CO, the saturation of the sensor Bl starts with a con-
centration of 50 ppm in humid synthetic air. In dry synthetic air, however,
no saturation effect is visible in the range 10-90 ppm CO. The sensor A
does not present any saturation effect in the range 10-90 ppm CO in dry
synthetic air nor in humid synthetic air, though the increase of response
with increasing CO concentration is higher (higher slope) in dry synthetic
air than in humid synthetic air (Figure . Both sensors have very different
geometries: sensor A (53 pm in length and 300 nm in diameter) and sensor
Bl (2 pm in length and 60 nm in diameter). A possible explanation for
the saturation of sensor Bl in humid synthetic air is the small surface area
available at the surface of the nanowire for the CO molecules to react.

For the detection of Ho, a saturation of the sensor response is observed from
a concentration of 50 ppm on for the sensor Bl in humid synthetic air, for
the sensor B2 in dry synthetic air (Figure . The response of the sensor
B1 does not saturate in the range 10-90 ppm Hs in dry synthetic air. For
the sensor B2 in humid synthetic air, the saturation of the effect is visible
for concentrations of Hy above 10 ppm. By comparing the results for the
sensors Bl and B2, it appears that the nanowire with larger diameter (B2)
saturates for lower concentrations of Hy than the nanowire with the smaller
diameter (B1). This behaviour contradicts the hypothesis that the surface
area plays a role in the saturation of the sensor response.

For the detection of HsS, the saturation starts with a very low concentra-
tion of 500 ppb for the sensor A in dry and humid air (Figure . The
saturation of the SnOy nanowire sensor caused by exposure to very low HaS
concentrations might be related to the deposition of sulfur on the SnO,
surface (formation of SnS, described in Section , which may act as a
passivation layer and hinder further reactions of HoS on SnQOs.
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4.4.6 Long-term stability

The long-term stability of the sensors has not been the focus of this thesis.
Nevertheless, the total duration of measurement of each sensor (i.e. the
total time, for which a current is applied and the voltage is measured at
temperatures above 200°C), as well as the time period over which those
measurements were conducted, are summarized in Table Sensor A has
been measured over one year during about 460 hours (i.e. 19 days). Each
measurement lasts 16 hours in average. The longest measurement had a
duration of 72 hours. Sensors Bl and D have been measured over nearly
two months during a total of about 70 hours each, while sensors C1 and
C2 have been measured over two weeks for a total of 100 hours. Sensor B2
has been measured for about 40 hours, but it was not possible to measure
the sensor further because of a degradation of the contacts. The contacts of
sensor D were also damaged with the time, which is most probably due to
diffusion processes at the high operating temperatures. The nanowire sensor
A presents the most stable signal over time.

All these measurements were performed in “DC-conditions”. Assuming test
procedures employed by very specific sensor companies, where pulsed mea-
surements are employed, the total measurement times might be extrapo-
lated. Considering pulsed measurements alternating 500 ms of measurement
and 10 s of pause, a total measurement time of 70 hours would mean a life-
time of 61 days in pulsed operation conditions. For the sensor A, which
has been measured for 460 hours, the operation in pulsed conditions would
mean a lifetime of 400 days.

Table 12: Duration and time period of operation of the nanowire sensors.

Total duration Time period of

Sensor of operation  the measurements
A 460 h 1 year
B1 and B2 70 h 2 months
C1 and C2 100 h 2 weeks
D 70 h 2 months

4.5 Summary

Six SnO; single nanowire sensors have been measured in various gaseous
atmospheres. Tables [L3] and [I4] sum up the main results obtained for the
detection of Oy, CO, Hy and HsS in various atmospheres and for different
operating temperatures.

The first measurements investigate the influence of oxygen and humidity
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on the nanowire sensor. The results support the ionosorption model de-
scribed in the literature. The following conclusions have been drawn from
the measurements and the discussion:

e The adsorption rate of oxygen on the SnO2 nanowire surface in dry
atmosphere is higher than the desorption rate.

e The water molecules react preferably with ionosorbed oxygen than
with lattice sites.

e The number of ionosorbed oxygen species is higher in dry than in
humid atmosphere.

Four sensors have been measured in the presence of CO in various back-
ground atmospheres. The best response to 90 ppm CO in dry synthetic air
has been obtained with the sensors C1 (46%) and C2 (54%) at 300°C. CO
could be detected in the range 10-90 ppm by sensor Bl in humid synthetic
air (35% relative humidity) at 300°C with a response of 10-18%. The re-
sponses measured with sensor A were smaller due to the large diameter of the
nanowire (about 300 nm). Nevertheless, interesting conclusions were drawn
from the measurements of sensor A for CO concentrations in the range 10-90
ppm in nitrogen and synthetic air, in dry and humid conditions. It has been
established that the response to CO is higher in the presence of oxygen than
in nitrogen, which means that the reaction of CO with ionosorbed oxygen
has a higher reaction rate than the reaction of CO with lattice oxygen. Also,
the response to CO is lower in humid atmosphere than in dry atmosphere,
which is probably due to the competition between CO and HoO molecules
for occupying the adsorption sites.

Three sensors have been measured in the presence of Hs in a background of
dry or humid synthetic air: D, B1, and B2. Sensor D demonstrated partic-
ularly good responses in the presence of humidity at low temperature, i.e.
150°C, for a concentration of 10 ppm Hs. The influence of the temperature
on the sensor response was discussed and the best performance has been
measured at 350°C for 20 ppm Hs in dry synthetic air. Sensors B1 and B2
were measured over a large range of Hy concentrations at 300°C. A satura-
tion effect of the response at higher Ho concentration is especially visible in
the presence of humidity. The sensor Bl exhibits a better performance for
the detection of Hy. The comparison of the response of the three sensors
is possible for a Hy concentration of 10 ppm and a temperature of 300°C.
For those parameters and in dry synthetic air, the response measured for
the sensor D was 43%, for the sensor B1 19% and for the sensor B2 17%.
In humid synthetic air, the response is 23% for the sensor D, 13% for the
sensor Bl and 12% for the sensor B2. The better performance of the sensor
D over the sensors Bl and B2 is obvious, though the reason is not clear.
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Two sensors have been measured in the presence of HoS in synthetic air. The
sensing results obtained for HoS are very good. Sensor A exhibits a resistance
change of 15% to concentrations of HaS as low as 100 ppb in synthetic air
at 350°C. However, the sensor response saturates for concentrations of 500
ppb HsS and above. Another important feature is that the sensor response
is not influenced by the level of humidity, which is very good for practical
applications. The sensor D presents a very high response to 1 ppm HsS
with a resistance change of two orders of magnitude in dry synthetic air at
300°C.

The following assumptions made in the literature concerning the sensing
mechanism of metal oxide gas sensors have been verified:

e The presence of humidity lowers the response of the sensor to reducing
gas species.

e The reactions occurring at the surface of SnO2 nanowires with gaseous
molecules are activated processes requiring high operating tempera-
tures (generally above 200°C).

e The response to a test gas is higher when the sensor uses a nanowire
with a smaller diameter.
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5 Towards stable, selective and CMOS integrated
Sn0O,; nanowire sensors

This section presents briefly a few complimentary experiments conducted
in order to improve key features of SnOs nanowire gas sensors for a future
possible commercialization. Stability of nanowire sensors is a crucial issue
and the most reliable devices so far have been realized based on nanowire
networks. Metal oxide gas sensors are known for their high sensitivity to a
broad range of gas species. However, this advantage may become a weakness
in terms of selectivity. Therefore, the functionalization of metal oxides with
metallic nanoparticles has gained interest. Another concern is the miniatur-
ization of the devices and the decrease of their power consumption. Both
issues may be solved by the integration of gas sensors with CMOS technol-

ogy.

5.1 Towards stable nanowire sensors: the nanowire network
configuration

The fabrication of single nanowire devices is necessary for a fundamental
understanding of the gas sensing mechanisms at the surface of SnOs single
crystals. The previous sections have shown the challenges to build stable
devices, especially the processing of metallic contacts ensuring an ohmic
electrical contact with the single nanowire. For commercial purposes, the
fabrication of devices based on networks of nanowires presents several ad-
vantages especially concerning the stability.

Figures and show the SnO; nanowire network, which has been
grown with a similar technique developed in Section Two SiO2/Si sub-
strates coated with a thin intermediate layer of Cu and a SnOs thin film
are carefully glued on a substrate base separated by a gap of about 200
pm. After the heating process in Ar atmosphere at 900°C for 1.5 hour,
ultralong SnO9 nanowires are observed growing from one substrate to the
other, bridging the gap between the two wafer pieces. An electrical contact
is established between the two substrates, so the gas sensing properties of
the SnOs nanowire network can be measured. The results for the detec-
tion of 20-60 ppm Hs in humid synthetic air (60% relative humidity) at
room temperature are shown in Figure In the presence of 20 ppm, 40
ppm and 60 ppm Hy, the resistance measured is changed by 30%, 45% and
50%, respectively. It is remarkable that such high responses are measured
at room temperature. For single nanowire devices, no resistance change
has been measured upon exposure to similar concentrations of Ho at room
temperature. The response observed for the nanowire network might be ex-
plained by the self-heating effect of the nanowires due to the current forced
through the network. Also, the nanowire network is suspended between the
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two substrates, so each nanowire is completely surrounded by the ambient
gas molecules. Curiously, the resistance is increased in the presence of Ho,
which is the opposite behaviour compared to single nanowire devices. The
reason for the inverted signal is not clear. Since the temperature at the sur-
face of the SnO9 nanowires is not known, it is very difficult to understand
the reactions responsible for the resistance change especially in the presence
of humidity.

(c)
Figure 75: (a) and (b) SEM images of the SnO2 nanowire network grown between two

substrates separated by a distance of about 200 um. (c) Detection of 20-60 ppm Hs in
humid synthetic air (60% rH) at room temperature.
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5.2 Towards selective nanowire sensors: functionalization of
SnO; nanowires with metallic nanoparticles

In this work, the sensitivity of the SnOs nanowire sensors upon exposure to
CO, Hs and HsS has been demonstrated. However, selectivity is an issue,
which has not been addressed. Research groups in the gas sensing field invest
much effort into building sensor arrays with different metal oxide materials
or into the functionalization of the sensors with metallic nanoparticles in
order to differentiate the gas species.

The joint work of AIT and the University of Freiburg in Germany in the
framework of the “NanoSmart” project aimed at the functionalization of
SnOg thin films and single SnO9 nanowire devices with metallic and bimetal-
lic nanoparticles. The results of the influence of the nanoparticles on the
response to 50 ppm CO in humid synthetic air (35% relative humidity) at
300°C are shown in Figure[76] The response for a bare SnO9 nanowire is 16%
(response reported in Figure . With the presence of Pd nanoparticles at
the surface of the SnOs nanowire, the response reaches 50%. The influence
of Au nanoparticles is even higher with a response of 70%. The function-
alization of the SnOy nanowire with bimetallic nanoparticles of Pdg 7Aug 3
results in a response of 40%. The nanoparticles act as catalyst for the
chemical reactions between the gas molecules and the surface of the SnO,
nanowires.

Figure 76: Comparison of the response of single SnO» nanowires functionalized with
metallic nanoparticles to 50 ppm CO in dry synthetic air at 300°C.
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5.3 Towards CMOS integrated nanowire sensors: processing
of nanowire sensor on a microhotplate

The miniaturization of the available commercial gas sensors and their inte-
gration with CMOS technology in order to produce gas sensors for the mass
consumer market is a main industrial challenge. In order to reduce the power
consumption, the use of microhotplates, which enables the local heating of
the sensing area, spreads out. In the framework of the COCOA project
(CATRENE platform), a microhotplate has been designed in a joint work
between AIT and FOTEC Forschungs- und Technologietransfer GmbH. The
production has been conducted by ams AG. Figure shows an overview
of the fully released 100 ym x 100 pm plate connected to the rest of the
silicon chip by 4 suspension arms. An e-beam lithography process has been
developed to contact single SnOs nanowires directly on the microhotplate,
as shown in Figure The response of a SnOs nanowire to 90 ppm CO
in dry synthetic air at about 365°C is reported in Figure The resis-
tance change measured is 80% for the first pulse and 90% for the next two
pulses. Those results demonstrate the successful integration of single SnO9
nanowire gas sensor on CMOS processed microhotplates.
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(c)

Figure 77: (a) SEM image of the fully released microhotplate connected to the rest of
the silicon chip by 4 suspension arms. (b) SEM image of the SnO2 nanowires contacted
by e-beam lithography. (c¢) Response of a single SnO2 nanowire to 50 ppm CO in dry
synthetic air with the microhotplate operated at about 365°C.
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Conclusion and outlook

Technological improvements on gas sensors regarding the sensing perfor-
mances, the miniaturization and the reduction of the power consumption of
the devices will enable their commercialization on the consumer market for
diverse applications including personal safety and environmental monitor-
ing. The issues of miniaturization and reduction of the power consumption
are currently investigated via integration of metal oxide films with CMOS
technology. Concerning improvements of the gas sensing performances, the
scientific community is currently exploring the capabilities of metal oxide
nanowires. The final objective will probably involve the integration of metal
oxide nanowires with CMOS technology to combine the advantages of both
technologies and produce smart gas sensors for daily-life applications.

The objective of this thesis is the fabrication of SnOy nanowire gas sensors.
The related technological challenges are addressed and the feasibility of the
integration of SnOy nanowire sensors on CMOS processed chips is shortly
discussed as outlook. The focus is set on the detection of three gas species:
carbon monoxide (CO), hydrogen (Hz) and hydrogen sulfide (H2S). The
detection of CO and HsS, which are toxic gases with permissible exposure
limit (PEL) of 35 ppm and 10 ppm, respectively, is used for safety devices.
Hs is an explosive gas with a lower explosive level (LEL) of 4%, but the
detection of lower concentrations of Hy is necessary for leak detection from
hydrogen-powered cars and fueling stations.

The sensing principle of SnOy nanowire gas sensors is mainly described in
the literature by the ionosorption model. The term ionosorption refers to
the chemisorption of gas species on the surface of the SnO2 nanowire com-
bined with a charge transfer occurring between the adsorbate and the SnOq
nanowire. The ionosorbed molecules at the surface of the SnOs nanowire
create a space charge layer near the surface resulting in a band bending effect
and induce changes in the electrical conductivity of the nanowire. Ionosorp-
tion is an activated process requiring high temperatures. In ambient atmo-
sphere at temperatures above 150°C, oxygen species ionosorb on the SnO»
surface as O, or O™, so electrons from the conduction band of the SnOs
nanowire are trapped. The gas species to detect (e.g. CO, Hg) react with
the ionosorbed oxygen and electrons are released back into the conduction
band of the SnO9 nanowire, so the electrical resistance is decreased.

The synthesis of SnOs nanowires by vapor phase growth takes place in a
furnace at 900°C in argon atmosphere on a CuO/Cu or Au coated substrate,
which is stacked face down with a distance of about 500 pm above the bottom
Si substrate coated with a SnOs thin film deposited by spray pyrolysis.
The growth mechanism proposed involves the reducing effect of the bottom
Si substrate on the SnOs thin film resulting in the formation of gaseous
SnO, which is transported through the gas phase and recrystallizes as SnO»
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nanowires on the CuO/Cu or Au surface of the top substrate. Though the
catalytic effect of Au on the growth of SnO5 nanowires is often reported in
the literature, only few studies have reported the catalytic role of CuO or
Cus0 for the growth of SnO4 zigzag nanobelts. SnOq zigzag nanowires have
also been successfully synthesized in this thesis on a Cu coated substrate in
reducing conditions, where the argon flow has been replaced by a forming
gas (95% N2 + 5% Ha) flow.

This synthesis method is not quite as straightforward as other growth meth-
ods based on thermal evaporation reported in the literature, because the
starting material is a SnOs thin film deposited by spray pyrolysis, while
other methods start from commercially available powders of Sn, SnO or
SnOs. However, thanks to the effort made for the development of a re-
producible spray pyrolysis process, this additional step is simple and fast.
Moreover, since the process parameters have been optimized to deposit a
SnOs thin film at a temperature of 400°C, spray pyrolysis enables the direct
integration of a SnOg thin film sensor on a CMOS processed chip [7], 208§].
The other parameters of the nanowire growth process (temperature and
time) are similar to the ones reported in the literature. Besides, it has been
shown that the local growth of SnO2 nanowires can be controlled by the
patterning of the CuO/Cu film. This property may be used to grow a net-
work of SnOy nanowires between two CuO/Cu structures for the on-chip
fabrication of a sensor. This fabrication method has already been reported
in the case of a nanowire growth catalyzed by Au [209].

For the fabrication of single nanowire gas sensors, the SnO2 nanowires are
transferred from the growth substrate to a bare SiOy/Si substrate by disper-
sion in isopropanol using ultrasonication and spin-coating of the solution.
The nanowires are statistically dispersed on the surface. After a lithogra-
phy step, the metallic contacts are deposited by thermal evaporation on top
of the nanowires and a final lift-off process results in the patterning of the
contacts. Two processes have been developed: the optical lithography and
the electron-beam lithography.

The technological challenges for the fabrication of single nanowire sensors
include the establishment of ohmic contacts. Therefore, several materials
(Al, Sn/Au, Cr/Au, Ti/Au and Au) have been investigated as metal contact
and the optical lithography process has been used in order to contact a large
number of individual SnO9 nanowires in a 2-point configuration on the same
chip, so statistical results can be obtained. The I-V characteristics of single
nanowires have been measured at 200°C before and after annealing and the
percentage of linear I-V has been calculated. It has been shown that Al
contacts are damaged after an annealing step at 400°C for 5 minutes. This
is most probably due to the oxidation of the Al layer. The highest ratio
of ohmic contacts is obtained with Sn/Au. However, the contacts degrade
after only a few hours at temperatures above 300°C. This degradation has

162



been attributed to the formation of rather isolated grains in the contact
layer probably caused by the melting of the Sn layer. In comparison, the
Au, Cr/Au and Ti/Au contacts are more stable at high temperature. Cr/Au
yields a slightly lower ratio of linear I-V characteristics than Au and Ti/Au.
Although the values of the nanowire resistance measured with Ti/Au are
widely distributed (100 kOhm - 10 GOhm), lower values are obtained than
with Au and Cr/Au (mostly in the range 10 MOhm - 10 GOhm). Since
it has been reported in the literature that the contact resistance increases
with increasing values of the nanowire resistance [I8(0)], it is assumed that
the contact resistance is lowered by contacting the nanowires with Ti/Au, so
this material has been further used for contacting the nanowires. However,
the contact resistance could not be measured and compared for the different
samples because the nanowires were contacted in a 2-point configuration.

The development of the electron-beam lithography process has enabled to
contact a few individual SnO9 nanowires with Ti/Au in a 4-point configura-
tion, so the contact resistance and the conductivity of the SnOo nanowires
have been calculated. It results that when measuring SnO9 nanowires in a 2-
point configuration at 200°C, 30% to 60% of the resistance measured comes
from the contact resistance and the rest from the nanowire itself. Those
values are high and emphasize the importance of measuring nanowires in a
4-point configuration.

By comparing both lithography processes, it can be pointed out that the
ratio of ohmic devices is much higher on the sample processed with optical
lithography (80%) than on the sample processed with e-beam lithography
(30%). This suggests that the e-beam lithography process can be improved.
Particularly the annealing conditions of the metal contact post processing
shall be further investigated. Besides, the conductivity of the SnO9 nanowire
is smaller on the sample processed with e-beam lithography. This difference
may be explained by the influence of the electron beam on the intrinsic
properties of the SnOg nanowires as suggested in [I81].

The sensing performances of six single SnOs nanowire sensors have been
investigated for the detection of CO, Ho and HsS in different concentration
ranges at temperatures between 150°C and 350°C in humid or in dry con-
ditions. CO has been detected in the range 10-90 ppm at 300°C with a
response of 13-31% in dry synthetic air and 10-18% in humid synthetic air.
The best results obtained for the detection of 10-90 ppm Hy are 20-45% in
dry synthetic air and 13-32% in humid synthetic air at 300°C. The response
of the nanowire sensors saturates for concentrations of CO and Hy above 50
ppm in humid synthetic air. For the detection of 10 ppm Hs in humid syn-
thetic air, the operating temperature has been reduced from 250°C to 150°C
without altering the sensor response. The nanowire sensors are highly sensi-
tive to HoS. A response of 15% has been measured for a HsS concentration
as low as 100 ppb. Moreover, the sensor response to HsS is not influenced by
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changes of humidity, which is of great advantage for practical applications.

A single nanowire sensor has been extensively measured in the presence of
CO, in nitrogen and in synthetic air, in dry and in humid conditions in
order to better understand the reactions taking place at the SnOg nanowire
surface. It results that the reaction of CO with ionosorbed oxygen has a
higher reaction rate than the reaction of CO with lattice oxygen. Besides,
the response to CO in humid atmosphere is lower than in dry atmosphere.
This is probably due to the competition between CO and H2O molecules
for occupying the adsorption sites. This result can also be related to the
number of ionosorbed oxygen species, which is lower in humid atmosphere
than in dry atmosphere. The measured response to CO of two nanowire
sensors located on the same sample is higher for the nanowire sensor with
a smaller diameter. The use of nanowires with diameters smaller or of the
order of the depletion layer is known to improve the sensor sensitivity.

A nanowire sensor based on a suspended network of SnOs nanowires between
two substrates has also been fabricated. The nanowire network sensor ex-
hibits responses in the range 30%-50% for the detection of 20-60 ppm Hs
in humid synthetic air at room temperature. Since, no resistance change
has been measured upon exposure to similar concentrations of Hy at room
temperature for single nanowire devices, it is assumed that the nanowires
of the network are heated by self-heating effect due to the current forced
through the network. The higher sensitivity of the nanowire network is also
probably related to its unique configuration, where the suspended nanowires
are completely surrounded by the ambient gas molecules. Besides, an in-
verted signal (increase of resistance) has been measured with the nanowire
network sensor upon exposure to Hy. Since the temperature at the surface
of the SnOs nanowires is not known, it is very difficult to understand the
reactions responsible for the increase of resistance measured additionally in
the presence of humidity. However, this configuration is very promising and
shall be further investigated.

In order to address the issue of selectivity of the SnOs nanowire gas sensors,
the joint work of AIT and the University of Freiburg in Germany in the
frame of the “NanoSmart” project aimed at the functionalization of SnO»
thin films and single SnOy nanowire devices with metallic and bimetallic
nanoparticles, which act as catalyst for the chemical reactions between the
gas molecules and the surface of the SnOs nanowires. The results show
higher responses for the functionalized nanowire sensors than for the bare
nanowire sensor upon exposure to 50 ppm CO in humid synthetic air at
300°C. The catalytic effect of Au nanoparticles for the detection of CO is
higher than the one of Pd and PdAu nanoparticles. It is concluded that
the sensitivity of the SnO9 nanowire sensors can be increased by the func-
tionalization with metallic nanoparticles. Further measurements shall be
conducted with other target gas species to study the cross-sensitivity of the
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functionalized nanowire sensors in order to conclude if the metallic nanopar-
ticles contribute to the selective detection of a certain gas.

In the framework of the COCOA project (CATRENE platform), a mi-
crohotplate has been designed in a joint work between AIT and FOTEC
Forschungs- und Technologietransfer GmbH in order to reduce the power
consumption of the devices. The production has been conducted by ams
AG. An e-beam lithography process has been developed to contact single
SnOy nanowires directly on the microhotplate (100 pm x 100 pm). After-
wards, the microhotplate has been fully released connected to the rest of the
silicon chip by 4 suspension arms. The response of a single SnO2 nanowire
sensor to 90 ppm CO in dry synthetic air at about 365°C is 80-90%. This
integration solution requires an e-beam lithography process to be sure to
obtain a single SnOs nanowire contacted on the microhotplate. An optical
lithography process using a photomask with a defined geometry may also
be used to contact statistically distributed nanowires on the microhotplate.
In that case, it is best to increase the density of nanowires dispersed on the
chip and to use interdigitated electrodes to contact at least one nanowire on
the microhotplate.

In this thesis, the conditions for the growth of SnOs nanowires have been
optimized, the fabrication process of single SnOs nanowire sensors has been
developed, the influence of the contact material on the ohmic behavior of
the contacts has been investigated, the electrical characterization of the
nanowires has been realized and the gas sensing properties of the single
SnO9 nanowire sensors have been characterized upon exposure to CO, Ho
and HsS. Preliminary results of nanowire sensors based on a suspended net-
work of SnO3 nanowires and on single nanowire sensors functionalized with
metallic nanoparticles have also been presented. Finally, the integration of
a single SnO9 nanowire gas sensor on a suspended microhotplate processed
with CMOS technology has been successfully demonstrated and discussed
as outlook. This last result is a first step towards the integration of SnOq
nanowire gas sensors with CMOS technology, which will potentially result
in the realization of smart gas sensors implemented in personal computers
and smart phones for daily-life applications.
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Glossary

AAO
ALD
BSE
CMOS
CNT
CVD
EDS
EELS
EPR
FFT
FIB
HAADF
HVAC
IR
ITO
LEL
MFC
NW
PAN
PEALD
PEL
PLD
PVD
rH

RF
RIE
RT
SE
SEM
SMU
TCO
TEM
TPD
UHV
VLS
VOC
VS
XPS
XRD
YSZ

Anodic Aluminium Oxide

Atomic Layer Deposition
Backscattered Electron Detector
Complementary Metal-Oxide-Semiconductor
Carbon Nanotube

Chemical Vapour Deposition
Energy-Dispersive X-ray Spectroscopy
Electron Energy Loss Spectroscopy
Electron Paramagnetic Resonance
Fast Fourier Transform

Focused Ion Beam

High-Angle Annular Dark-Field
Heating, Ventilation and Air Conditioning
Infrared Spectroscopy

Indium Doped Tin Oxide

Lower Explosive Limit

Mass Flow Controller

Nanowire

Polyacrylonitrile

Plasma-Enhanced Atomic Layer Deposition
Permissible Exposure Limit

Pulsed Laser Deposition

Physical Vapour Deposition

Relative Humidity

Radio Frequency

Reactive Ion Etching

Room Temperature

Secondary Electron Detector
Scanning Electronic Microscope
Source Measure Unit

Transparent Conducting Oxide
Transmission Electronic Microscope
Temperature Programmed Desorption
Ultra High Vacuum

Vapor Liquid Solid growth

Volatile Organic Compound

Vapor Solid growth

X-Ray Photoelectron Spectroscopy
X-Ray Diffraction

Yttria-Stabilized Zirconia
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