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Abstract

The society’s demands to monitor our environment encourages scientists to research
and develop sensitive and reliable gas sensors. There is a great diversity of gas sensor
applications reaching from large-area environmental monitoring, which could enable a
global pollution mapping for a better understanding of atmospheric trends, to indoor air
quality monitoring, which could be combined with ventilation systems to ensure a healthy
atmosphere in offices and at home. Metal oxide gas sensors are developed to realise these
applications. The detection principle of metal oxide gas sensors relies on the conductivity
change of the gas sensitive material due to adsorption and desorption processes of the
target gases at the materials surface. The advantage of conductometric metal oxide gas
sensors over other gas sensor techniques is their simple and low-cost fabrication. Today,
commercially available metal oxide gas sensors often consist of sensitive materials in form
of thick films. Due to favourable material properties of nanowires, nanowire-based gas
sensors are of high interest as potential next generation of gas sensor devices. In particular,
the integration of nanowire materials in CMOS technology is key for the realisation of
novel gas sensor devices: The nanowire material pushes the sensing performance, while
CMOS fabricated microhotplates reduce the power consumption to lowest levels. Further,
3D-integration of CMOS gas sensors on microchips, containing the required circuitry, is a
powerful approach for realising gas sensor systems for daily life applications.

In this thesis, CMOS based tungsten oxide nanowire gas sensors are fabricated. Therefore,
tungsten oxide nanowires are synthesised by an economical and ecological hydrothermal
synthesis. Subsequently, the nanowires are deposited on CMOS microhotplates by the
use of an inkjet printer. The gas sensing properties of the fabricated CMOS nanowire gas
sensors are characterised upon the exposure to hydrogen sulphide, carbon monoxide and
carbon dioxide in humid synthetic air of different relative humidity levels. The sensors
are operated in the temperature range of 250 °C to 400 °C. The obtained gas measurement
results are evaluated and discussed in terms of sensor response, response and recovery

times and the influencing factors like humidity and sensor operation temperature.
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1. Introduction

The continuously increasing demand to monitor and control our environment intensively
promotes the research on gas sensor devices. Therefore, the research on gas sensitive
materials like metal oxide semiconductors and the thereof made gas sensors gains
importance. The integration of these highly sensitive gas sensors into smart phones,
watches, fithess bands or even smart rings also plays a great role and would open
new markets. Miniaturised gas sensor systems could enable large-area urban pollution
monitoring for better understanding of atmospheric trends to make advances in exposure
evaluation for general population. The installation of toxic gas alarm systems in every
household could prevent domestic accidents caused by carbon monoxide poisoning. The
control of air conditioning systems in building complexes by carbon dioxide gas sensors
could save around 40 % of required energy. All these applications are just examples of
how the realisation of reliable, low-cost gas sensors could respond to society’s demands.
Gas sensor technology works with many different types of devices: Optical sensors,
acoustic wave sensors, field effect transistors, electrochemical sensors, conductometric
sensors and many more. The great interest in conductometric sensors like metal oxide
gas sensors is caused by their high sensitivity to a broad range of different toxic and
harmful gases and their often simple designs and low production costs. The detection
principle of metal oxide gas sensors is based on a straightforward electrical measurement,
where changes in the electrical conductivity of the material are monitored while gas
exposure. The changes in electrical resistance are caused by adsorption and desorption
processes of gas molecules at the metal oxide surface at elevated temperatures, usually
between 200 °C and 400 °C. Typical commercial metal oxide gas sensors are often bulky
devices based on thick films with a high power consumption, which are more applicable
in industrial processes than in consumer market applications. Therefore, a great interest
emerged in combining metal oxide materials with the so called complementary metal
oxide semiconductor (CMOS) technology. The development of CMOS compatible gas
sensors could pave the way for the realisation of the above mentioned applications.

The continuously advancing demands on gas sensors and their performance shifts

the focus on metal oxide nanostructures. Metal oxide nanostructures appear in many



different shapes - nanorods, nanotubes, nanowires or nanoparticles - which all show a
high potential for the realisation of miniaturised high-performance devices. Metal oxide
nanowires attracted a lot of attention and have been intensively investigated over the
last decades with high expectations to usher in a new era of gas sensor devices. Metal
oxide nanowire gas sensors entail different advantages: It is assumed that nanowires can
provide a higher sensitivity than other structural forms like thin or thick films. This higher
sensitivity may result from the effect of their large surface-to-volume ratio where already
low gas levels have an influence on the electrical resistance of the nanowires. Metal oxide
nanowires also provide good chemical and thermal stabilities under different operating
conditions. The combination of metal oxide nanowires benefits and those of CMOS
technology could lead to the desired high-performance gas sensor devices. However,
no viable and cost-efficient metal oxide nanowire gas sensor could be successfully
implemented in CMOS technology devices so far.

The objective of this thesis is the realisation of CMOS compatible metal oxide nanowire gas
sensors, in particular gas sensors based on tungsten oxide nanowires. The technological
challenges which arise by the integration of tungsten oxide nanowires in CMOS devices
are discussed and a feasible, CMOS compatible integration is presented.

Among the variety of target gases three gas species are chosen to be focused on in
this thesis: hydrogen sulphide (H,S), carbon monoxide (CO) and carbon dioxide (CO,).
H,S emerges in industrial areas, while CO and CO, are gases which can affect daily
life. H,S is a highly toxic and malodorous gas and its detection is of interest mainly
in industrial environments. H,S is used as a reaction gas in various technical areas or
can be a by-product in several processes such as oil refining, natural gas manufacturing
or fuel cells. It is also present in power generation systems like biogas plants, where
maintenance work involves a potential risk for workers. The MAC (Maximum Allowable
Concentration) value, which is the maximum permissible concentration of exposure for
employees based on an eight hour time per day, maximum 40 hours per week, where no
health effects are expected, is 5 ppm for H,S [1]. In applications like fuel cells, it would
be desirable to detect lowest concentrations of H,S in the range of parts per billion (ppb)
to prevent the fuel cell from poisoning [2]. In contrast to H,S, CO is an odourless gas,

but it is not less hazardous. It is hazardous and toxic because it binds to haemoglobin



and inhibits the oxygen transport in the blood, which can be fatal in a short time. The
MAC value for CO is determined to 30 parts per million (ppm) [1]. Compared to CO,
CO, is present in ambient atmosphere. Every year the growing CO, level in the earth’s
atmosphere is observed with unease. Where in 2012 the CO, level was at 393 ppm,
beneath the 400 ppm limit, we already exceed this limit at the beginning of 2016 [3]. The
detection of CO, levels will become more and more required in order to protect your
own health, especially in large cities with high pollution levels.

This thesis is structured as follows:

* Chapter 2 gives a theoretical background of conductometric metal oxide gas sensors.
Fundamental mechanisms and the types of metal oxide gas sensors are discussed,
giving an insight into the different morphologies of metal oxide materials as gas
Sensors.

* Chapter 3 focuses on tungsten oxide. The material properties of tungsten oxide
and various synthesis methods are presented with the possible application fields
besides gas sensors.

¢ Chapter 4 provides the information about the synthesis of tungsten oxide nanowires
used as gas sensor material in this work. The characterisation of the synthesised
nanowire network is performed by different characterisation methods.

¢ Chapter 5 describes the two sensor types, silicon based (SB) and CMOS sensor, and
their fabrication processes including inkjet printing as the used nanowire deposition
method.

* Chapter 6 gives a summary of the sensor performance of the SB and CMOS tungsten
oxide nanowire gas sensors for the selected target gases H,S, CO and CO,.

¢ Chapter 7 concludes the results obtained in this work and gives an outlook.



2. Conductometric metal oxide gas sensors

2.1. Fundamentals of conductometric metal oxide gas sensors

In 1962, Seiyama et al. [4] published the first work reporting on a metal oxide material,
in this case a zinc oxide thin film, used as gas sensor because of the change in electrical
conductivity caused by interactions with present gas species. The electrical conductivity
of a metal oxide can be elucidated by the band theory. Metal oxides are semiconductors,
where the valence band and the conduction band are separated by a band gap (see figure
2.1), typically in the range of 0.5 to 5eV [5]. This band gap can be overcome when energy
levels are above the Fermi level, so that electrons can reach the conduction band. The

result is an increase of conductivity.
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Figure 2.1.: Band model of insulator, semiconductor and conductor.

Metal oxides conductivity has been intensively studied over decades [6—9]. Metal oxides
are classified into two types of semiconductor materials: n-type and p-type materials.
N-type materials have a higher electron than hole (positive charge carrier) concentration,
whereby in n-type materials the charge carrier transport is mainly done by electrons.

P-type materials have a higher hole than electron concentration, thus in p-type materials



Table 2.1.: Examples for n-type and p-type metal oxide materials [10].

Conduction type Metal oxide material

n-type Sn0O,, WO;, ZnO, TiO,, ZrO,, In,0;,
Fe,0O;, La,O4

p-type CuO, NiO, Cr,05, Co;0,

holes are the major charge carrier. Some examples of n-type and p-type metal oxide
semiconductors are given in table 2.1. The gas sensing mechanism of a conductometric gas
sensor is based on the surface reactions, the consequential charge transfer processes and
the transport of the charge carriers through the sensing material. According to literature,
various models exist but the most common one is the ionosorption model, where oxygen
species adsorbed at the metal oxide surface play a major role. Ambient oxygen molecules
adsorb to the metal oxide surface and trap electrons from the conduction band, which
induces a negative charged surface. The electron flow from the conduction band to the
adsorbed layer of oxygen molecules forms a space charge layer between the bulk material
and the surface of the metal oxide, called depletion layer. The width of the depletion layer
can be evaluated by the Debye length [11]. The Debye length is influenced by material
properties and sensor operation temperature, which is expressed in the equation 2.1 by

temperature T, the relative permittivity €, and the density of the charge carriers N :

kTe, €
Lp = N (2.1)

By the formation of the space charge layer, the energy bands bend upwards. The band
bending effect promotes the adsorption of oxygen species until a steady state is reached
[12]. In n-type materials the charge carriers of the conduction band and the electron
transport from the bulk to the surface are reduced. In p-type materials captured electrons
from the valence band lead to accumulation of charge carriers (see figure 2.2). The
adsorbed oxygen occurs in molecular (O,”) and atomic (O™, O*7) form. Up to around
200 °C, the molecular form O,” is dominating because of the lower activation energy.

Above 200 °C, the atomic forms O~ and O*~ are mainly present [12]. Charge transfer and



transport processes are very influenced by the geometry and the structure of the metal
oxide [13], which will be discussed in section 2.2 for each type of conductometric metal
oxide gas sensor.

The gas sensing mechanism [13] itself relies on the interaction of the present gas species
with the oxygen species adsorbed at the metal oxide surface, mainly with the more
reactive atomic forms, O~ and O?7, than with the molecular ions O,” (explained in
detail for each target gas in chapter 6). This interaction results in a change of charge
carrier density and influences the band bending, which causes a change in the material’s
conductivity. In the case of an n-type material and a reducing gas present, the conductivity
increases because of the increase in electron density, whereas the interaction of an n-type
material with an oxidising gas causes a decrease in conductivity. A p-type material shows
the opposite effects, where an oxidising gas increases the concentration of positive charge
carriers (holes) and a reducing gas decreases conductivity, because of the reduction of

positive charge carrier concentration by the brought in negative charge.
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Figure 2.2.: Energy bands of n-type and p-type semiconducting metal oxides [14].



2.2. Types of conductometric metal oxide gas sensors

Conductometric metal oxide gas sensors take advantage of the conductivity change
while gas molecules react with the oxygen adsorbed at the metal oxide surface. This
conductivity change is read out by a simple electrical measurement: A constant current is
applied to the sensing material and the voltage is measured. The resistance is presented
as a measurement signal, which is calculated from current and voltage by Ohm’s law.

A metal oxide gas sensor normally consists of the following parts [13]:

* Gas sensitive metal oxide material

¢ Electrode system (appropriate electrodes to ensure a good electrical contact of the
sensor material with the electrical circuit)

* Substrate (often silicon based isolating substrate)

* Heater (Interactions between the gas species and the metal oxide material occur at

elevated temperatures, usually between 200 °C and 400 °C)

The electrical properties, thus also the gas sensing properties of the conductive metal oxide
material, strongly depend on the fabrication process and the consequential morphology
of the metal oxide material [13]. Even for the identical surface reactions with certain gas
molecules, the change in sensor resistance can be different for metal oxide materials with
different morphologies [15].

In the next sections, the focus will be on the different types of conductive metal oxide
gas sensors, where also differences and influences in the material morphology will be

discussed.

2.2.1. Thick film metal oxide gas sensors

Thick film metal oxide gas sensors are based on a sensitive layer with a thickness in the
micrometre range. Thick films are porous films and consist of grains with a certain grain
size adjacent to one another. In thick films, the conduction mechanism typically follows

the grain boundary controlled mechanism, which means that the free charge carriers



(electrons) have to overcome the energy barriers at the interfaces of the grains, at the
interface of the metal contact and the metal oxide and the metal oxide grains themselves,
as shown in figure 2.3 [13].

Thick film gas sensors are usually fabricated by screen printing of a viscous paste on
alumina substrates, which provide electrodes and a heater. The metal oxide material is
mixed with organic additives to achieve the required viscosity and after the thick film
is printed, the sensor is dried at around 200 °C and fired between 650 °C and 850 °C to
obtain the desired structural and electrical properties [16]. The disadvantage of this thick
film metal oxide gas sensors is the often high power consumption (0.5—1W) [17]. To
reduce the power consumption, special fabrication methods can be used to deposit thick

films on micro-machined substrates [18].

Figure 2.3.: Schematic of conduction mechanism in a porous metal oxide thick film gas sensor. Adapted

from [18].

2.2.2. Thin film metal oxide gas sensors

Conductometric metal oxide thin films are promising materials for gas sensor applications
[19,20]. Due to their small dimensions, low power consumption and the compatibility
with many microelectronic processes, thin films are in common use. Metal oxide thin
film gas sensors usually have a film thickness in the range of 50—500 nm with a compact

film structure. In contrast to thick films, typical conduction mechanisms in thin films are



surface controlled as shown in figure 2.4. The fabrication of thin films can be classified
into two main deposition techniques: vapour and liquid phase based. Typical vapour
phase techniques include well-known deposition methods like atomic layer deposition
(ALD), chemical vapour deposition (CVD) and physical vapour deposition (PVD), which
further includes evaporation, sputtering and molecular beam epitaxy (MBE). The most
common liquid based techniques are represented mostly by electrochemical deposition,
self-assembled monolayers (SAM) and Langmuir-Blodgett fabricated films [21].

In the last years our research group gained expertise in the deposition of tin oxide (SnO,)
thin films by spray pyrolysis, which is used as gas sensitive material [15,22-25]. Spray
pyrolysis of SnO, layers with nanometre thickness, is already known since the middle
of the 20 century [26]. Since the first report of spray pyrolysis [27] a lot of different
materials have been developed to be deposited for a variety of applications [28, 29].
Spray pyrolysis of metal oxide thin films does not require expensive equipment or high
temperatures (100 °C to 700 °C), therefore, it is a good alternative to the cost intensive

and complex techniques mentioned before.
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Figure 2.4.: Schematic of conduction mechanism in a compact thin film metal oxide gas sensor. Adapted

from [18].



2.2.3. Multi nanowire based metal oxide gas sensors

Gas sensors of multiple metal oxide nanowires consist of controlled or randomly oriented
nanowires, which form a conductive network. Nanowires are usually single crystalline,
thus no grain boundaries are present along the individual nanowires [30]. The conduction
takes place over the nanowire network, where electrons have to overcome the energy
barriers at the interfaces of the adjacent nanowires like in metal oxide thick films, where
micro- or nanoparticles are linked (see figure 2.5) [31]. More specifically, several energy
barriers are present: at the interface of the metal contact and the nanowire network, at

the nanowire interfaces and at the nanowires themselves [30].

Current flow ‘

Energy

LA N A NN /\l

Figure 2.5.: Schematic of conduction mechanism in multi nanowire metal oxide gas sensor. Adapted from

[31].

Nanowires in general can be synthesised in many ways. The synthesis techniques can
be classified into bottom-up and top-down approaches [32] : Bottom-up techniques can
be described as additive procedures, where nanowires are assembled by their molecular
building blocks. These techniques feature high crystallinity and purity of the produced
metal oxide nanowires and low equipment costs. The main disadvantage of bottom-up
techniques is the challenge of controlled integration of the metal oxide nanowires onto
devices. Top-down techniques are based on standard micro fabrication processes, like
optical, e-beam or ion-beam lithography, where processes like etching are used to pattern

larger areas of a metal oxide material in a subtractive manner. The main advantage over
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bottom-up techniques is the full compatibility with semiconductor processes, but the
used technological equipment entails high costs and long fabrication times. Some of the
synthesis techniques will be discussed in detail for tungsten oxide nanowires in section
4.1.

The synthesised nanowires are mounted on the appropriate gas sensor substrate in
various techniques, e.g. contact printing or alignment by dielectrophoresis. The techniques

will be elucidated in the section 5.2

2.2.4. Single nanowire based metal oxide gas sensors

Single metal oxide nanowire gas sensors consist, like the name already indicates, of a
single nanowire. The conduction mechanism is defined by the electrical properties of
the contacted nanowire. No grain boundaries have to be considered, so the conduction
channel is basically situated along the axis of the nanowire. By using a four-point contact
configuration, energy barriers at the contact-nanowire interfaces can be overcome [30].
The fabrication processes of single metal oxide nanowire gas sensors are challenging
and cost intensive. The most common way to realise single nanowire devices involves a
bottom-up synthesis of metal oxide nanowires, where a single nanowire is then placed in
the required position. This placement of the nanowire is a critical process step, because of
a lack of precise techniques to realise the nanowire positioning. An often used procedure
is the random deposition of nanowires on a plain substrate, where a single nanowire is
selected and electrodes are individually patterned [15,33-35]. An alternative procedure
provides the use of a micromanipulator in combination with an electron microscope,
which makes the exact placement feasible but extremely time consuming [36].

For the practical use single nanowire devices are not suitable, because of the costly
fabrication process on one hand, and on the other hand because of the poor reproducibility.
The synthesis of nanowires with identical geometric dimensions is not easy to realise,

and therefore each single nanowire gas sensor is an unique device.
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3. Tungsten oxide and its nanostructures

3.1. Material properties

Tungsten can form various oxides with oxidation states from +6 to +4. The most stable
tungsten oxide is WO, with the oxidation number +6. Between the oxidation numbers +6
and +5 there exist several non-stoichiometric tungsten oxides (W,,0,,4, W5,O,,8, W,,O
and W,30,,) and for the oxidation number +4, WO, is the known compound. No oxides
with an oxidation number below +4 are noted [37].

WO, can be found naturally as hydrates in the minerals tungstite (WO, - H,0), hydroke-
noelsmoreite (WO, - 0.5H,0) and meymacite (WO, - 2H,0) [38]. It can be synthesised by
various ore digestion methods. The mineral scheelite can be digested with concentrated
hydrochloric acid according to 3.1. Wolframite is brought to reaction with Na,CO, at
about 900 °C at ambient atmosphere according to 3.2 and 3.3. Na,WO, can be sepa-
rated, and by the addition of concentrated hydrochloric acid, tungsten(VI) oxyhydrate is

precipitated and can be converted into WO, [37].

CaWO4 + 2HC1 —_— CaC12 + W03 . HzO (3.1)
1

ZFGWO4 —+ 2N32C03 + EOZ _— 2Na2WO4 + FeZO3 + 2C02 (32)
1

3MHWO4 —+ 3N32CO3 + EOZ _— 3Na2WO4 + Mn3O4 + 3C02 (33)

WO, is crystalline and yellow at temperatures between —40 °C and 17 °C. It is insoluble
in water or acids, but in alkaline solutions, it dissolves under the formation of WO 42_.
WO, crystallises in a distorted ReO, type (see figure 3.1), where WOq octahedra share
corners [37]. It has a temperature dependent crystal structure: for bulk WO, the crystal
structure appears in a monoclinic form below —40°C, triclinic from —40°C to 17°C,
monoclinic from 17 °C to 320 °C, orthorhombic from 320 °C to 720 °C and tetragonal at
temperatures above 720 °C [40]. According to in situ Raman spectroscopy studies of
tungsten oxide nanostructures [41, 42], lower temperatures are needed to induce the
crystal phase transition for nanostructures as needed for bulk material, due to their

enhanced surface energy. The non-stoichiometric tungsten oxides are reddish violet or
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Figure 3.1.: Crystal structure of WO, [39].

blue coloured and have complex crystal structures, where the WO, octahedra not only
share corners like in the WO, crystal but also share edges. They are so called shear
structures. These shear structures result from accumulated oxygen vacancies along a
certain crystal plane, which disappear when connections of edges are formed along this
crystal plane. The progressive removal of oxygen vacancies leads to a series of shear
structures [37]. WO, is a brown diamagnetic compound and crystallises in the distorted
rutile TiO, type, where metal-metal bonds are formed due to the distortion (see figure
3.2) [37].

Pure stoichiometric WO, is an electrical insulator due to its wide direct electronic band
gap (Eg) of 3.52€V [43], which corresponds to the transitions between the energy levels
of the valence band (2p orbitals of the oxygen) and the conduction band (5d orbitals of
the tungsten) [44]. The phase transitions for bulk and nanostructured material mentioned
above can also contribute to a shift of Eg, which means that WO3 structures of different
sizes have different band gaps (smaller grains lead to higher band gaps) [45].

The presence of intrinsic oxygen vacancies in the WO, structure increases the conductiv-
ity [40] and is responsible for the n-type semiconductor properties. With the decrease
of oxygen (from WO, to WO,), the tungsten oxide carries out a semiconductor-metal
transition [46], where an increasing occupation of the conduction band can be observed by

X-ray photoelectron spectroscopy (XPS) [47]. Thus, WO, is metallically conductive [37].
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Figure 3.2.: Crystal structure of WO, [39].

Furthermore, tungsten oxides have remarkable optical properties. Thin films of stoichio-
metric WO, are essentially transparent to the visible wavelengths. This transmittance
can be modulated, which means that the colour of WO3 can be switched from the
initial transparent state to dark blue, by a change of the electron states in the WO,
molecule. The effect can result from an applied voltage (electrochromism), a reducing

gas (gasochromism) or heat treatment (thermochromism) [48].

3.2. Methods of tungsten oxide nanostructure growth

Tungsten oxide nanostructures can be found in many different shapes: particles, sheets,
wires, tubes, trees, flowers or even hollow spheres (see table 4.1). Various synthesis
methods were developed to prepare tungsten oxide nanostructures, which can be divided
into bottom-up and top-down methods (discussed in detail earlier in section 2.2.3).
The more common types of growth are based on bottom-up techniques, which can be
classified into two types according to their physical conditions: vapour and liquid phase
growth. The vapour phase growth benefits from the high crystal quality of the produced
nanostructures, but involves high investment costs for the required equipment. The liquid
phase growth is disadvantaged by a poorer crystal quality, but the better morphology
control of nanostructures and relatively low reaction temperatures compared to the

vapour phase growth are more attractive [49, 50].
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3.2.1. Vapour phase growth

Vapour phase growth includes a wide range of different synthesis techniques, but they
all have one thing in common, the evaporated source material. The energy input to
evaporate the source material mainly originates from thermal treatment, electron beam,
laser emission, or ion bombardment. Two mechanisms for vapour phase growth are

suggested: the vapour solid (VS) and the vapour liquid solid mechanism (VLS) [50].

* The VS mechanism is proposed to be governed by the minimisation of surface
free energy. The evaporation of the source material at high temperatures and the
condensation of the material directly on the substrate at the low temperature region,
without any catalyst present, results in seed crystals, which serve as nucleation
sites and facilitate the directional growth to minimise the surface free energy [51].

¢ In the VLS mechanism three phases are involved: the vapour phase of the source
material, the liquid catalyst droplet and the solid product. This mechanism could
be confirmed in 2001 by Wu et al. [52], who reported on real-time observation of
nanowire growth by an in situ high temperature transmission electron microscope.
The required catalysts usually are metal particles, which can be prepared by various
deposition techniques, e.g. sputtering [53—55]. The role of the catalyst is to lower

the activation energy of the nucleation, which is reported in detail by [56].

The most common synthesis technique used for tungsten oxide nanostructures, which
include vapour phase growth, is thermal evaporation, but sputtering is also an effective

way to achieve the desired nanostructures.

Thermal evaporation

Thermal evaporation uses heat as the driving force to achieve the vaporisation of the
solid source material. The process takes place either in vacuum or in a controlled gas
environment at low pressure. The source material, mainly tungsten metal (W) or tungsten
oxide (WO,), is evaporated and transported by the gas stream to the substrate located at

a certain distance from the heated source material, where it is condensed. By adjusting
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the process parameters including evaporation temperature, gas environment or substrate
temperature, the desired tungsten oxide nanostructures can be achieved. Thangala et
al. [57] reported about the vapour solid growth of tungsten oxide WO, nanowires, where
the condensed WO, vapour forms WO, clusters on the substrate, which oxidise and
form nanocrystalline seeds. Depending on the crystallinity of these WO, seeds, the
nanostructures will grow in the vertical direction forming one dimensional nanowires or
in both vertical and lateral direction forming nanoparticles by using an elevated substrate

temperature.

Sputtering

Sputtering is a well established technique [58], where a solid target material is ablated
by the bombardment with highly energetic ions, such as Ar". The process parameters
can be precisely tuned, which leads to a controlled growth of the material on the
substrate. In general, sputtering is used to deposit films and not one dimensional
nanostructures, but these films can be used as material source for the nanostructure
growth. By adjusting the parameters during the sputter process, the surface morphology
of the grown nanostructures can be controlled, as shown by Chen et al. in 2006 for the

synthesis of tungsten oxide nanowires [59].

3.2.2. Liquid phase growth

Liquid phase growth includes various techniques to synthesise tungsten oxide nanos-
tructures: the most common ones are hydrothermal technique, sol-gel method, template
assisted growth and electrospinning. The techniques entail relatively low temperatures
compared to vapour phase based techniques, therefore the compatibility with low-
temperature-tolerant substrates is given. The chemical reactions mainly involved in these

techniques are hydrolysis, condensation, etching and oxidation [49].
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Hydrothermal growth

Hydrothermal growth of tungsten oxide nanostructures is a well known and cost effective
synthesis technique [60]. The synthesis starts with an aqueous solution of a tungsten com-
pound, which is transferred to an autoclave and kept at elevated temperatures (between
150°C and 400 °C) for several hours (see table 4.1). During the process, temperature
and relatively high pressure conditions force the nucleation of crystallites followed by
the growth, which often leads to planar two-dimensional nanostructures like sheets
or flakes [61]. According to [62] the addition of structure-directing agents, like alkali
salts, leads to one dimensional nanostructures like nanowires. The exact role of the
added agents in the reaction mechanism is still unclear but Gu et al. [63] and Rajagopal
et al. [64] suggest that ions originating from the agents adsorb onto the surface of the
nucleation crystallites and hence locally decrease the surface energy and affect the growth

mechanism.

Sol-gel growth

The sol-gel process consists of two main steps: the fabrication of the sol and gelation.
The main precursor molecules used for the formation of the sol are tungsten alkoxides.
In 1997, Lee [65] reported on a sol-gel process using a tungsten alkoxide (W(OEt)s) as
precursor material, which is unfortunately quite expensive. Other precursor molecules
known from literature are tungsten chlorides [66,67], tungsten oxychloroalkoxides [68]
or peroxotungstic acid [69]. The hydrolysis of precursor molecules results in reactive
species, which condense and finally form a network of sol particles. This sol-gel can
be deposited by spinning, dip- or drop-coating onto substrates, where an annealing
step of the deposited material follows. The resulting film consists of tungsten oxide

nanostructures [70].
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Template assisted growth

The template assisted method is a modified sol-gel process, where either "hard” or
”soft” templates are used. "Hard” templates, such as an anodic aluminium membrane
(AAM) [71] or a porous silica substrate [72], are immersed into the tungsten precursor
solution. The precursor solution infiltrates the template and is brought to gelation. The
tungsten oxide gel is annealed within the template structures and afterwards the “hard”
template is removed by chemical etching [73]. Most common “soft” templates are carbon-
based like carbon microspheres [74] or polymer-based like polyethylene glycol (PEG) [75]
or polymethyl methacrylate (PMMA) [76]. The template materials are dissolved or
dispersed in solutions and added to the tungsten precursor solution. The mixture is
brought to gelation and afterwards annealed in a specific environment to remove the

“soft” template.

Electrospinning

Electrospinning is a technique which was originally developed for the fabrication of
ultra thin polymer fibres [77,78]. Electrical forces at the surface of the precursor solution
overcome the surface tension and an electrically charged jet is formed. A solid fibre is
generated as the electrically charged jet is stretched by electrostatic repulsions of the
surface charges and the evaporation of the solvent [51]. The precursor solution consists of
a polymer like polyvinylpyrrolidone (PVP) [79,80] or polyvinyl acetate (PVAc) [81] and
a tungsten compound like tungsten isopropoxide (W('Pr)s) [81], tungsten hexachloride

(WClg) [82] or metallic tungsten in combination with hydrogen peroxide [79].
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3.3. Applications apart from chemical gas sensing

3.3.1. Electrochromic applications

Tungsten oxide represents a common electrochromic material and has been intensively
studied over the past decades [83,84]. With its various oxidation states, it is one of the
most efficient electrochromic metal oxides also due to its fast optical response time,
reversible colour change and high colouration efficiency [82,85].

Electrochromic devices consist of transparent electrodes, a layer of electrochromic mate-
rial and an electrolyte. When a certain voltage is applied to the system, the ions diffuse
from the electrolyte into the material, where they intercalate and cause the chromic effect.
Typically used electrolytes are sulphuric acid or perchloric acid to supply H' ions, and
lithium perchlorate to supply Li" ions [49].

One dimensional tungsten oxide nanostructures have gained importance due to their
enhanced optical and electrical properties resulting from their nanostructure [86]. Tung-
sten oxide nanostructures are applicable to various technical fields which benefit from
their electrochromic properties. For example, smart windows use tungsten oxide nanos-
tructures to reversibly change the optical properties of the glass depending on the
environmental conditions for better building energy management [87,88]. Smart mirrors
in cars prevent the driver from being blinded from other cars light by an automatically

regulated glare protection [89].

3.3.2. Photocatalytic applications

Since 1969, when Fujishima and Honda [9o] reported of the photoelectrolysis of water
by the use of a titanium oxide catalyst, metal oxide materials, including tungsten oxide,
have been studied intensively [91,92]. Tungsten oxide nanostructures are reported to
have enhanced photocatalytic abilities, compared to tungsten oxide films, because of their
high surface-to-volume ratio and the therefore resulting larger effective surface area [93].
Although tungsten oxide has good photocatalytic abilities, the most attractive chemical

reaction of reducing water to produce hydrogen is thermodynamically unfavourable [49].
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This problem can be over come by mixing tungsten oxide with other metal oxides to
form an overall complementary band structure as first reported in 2001 by Sayama et

al. [94], where water was split stoichiometrically into hydrogen and oxygen by a Pt-WO;
and Cr-Ta-doped Pt-5rTiO; catalyst.
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4. Growth & characterisation of tungsten
oxide nanowires

4.1. Nanowire growth

4.1.1. Motivation

The fabrication of tungsten oxide nanostructures is well-known and can be realised
in many synthesis ways, as discussed in section 3.2. In general, a low-cost synthesis
producing a high amount of nanowires is preferred, which can be easily upscaled to
an industrial high-volume production. The hydrothermal growth represents such an
economic method to produce nanostructures in a large yield and is therefore our choice of
synthesis. The hydrothermal synthesis requires no vacuum or other expensive equipment,
just the cheap educts and an autoclave as reaction vessel. Additionally, the reaction
involves no toxic or environmentally harmful educts and produces no harmful products

or by-products, hence the reaction can be classified as an ecofriendly synthesis.

4.1.2. Hydrothermal synthesis of tungsten oxide nanowires

The hydrothermal synthesis of tungsten oxide nanostructures can lead to many differently
shaped products. Depending on the precursor material and the additives used in the
synthesis, tungsten oxide nanoplates, nanobelts, nanowires or even hollow nanostructures
can be produced (see table 4.1).

The tungsten oxide nanowires, used for the metal oxide gas sensor production, are
synthesised by hydrothermal growth using tungstic acid as tungsten precursor and
potassium sulphate as additive [95]. Tungstic acid (H,WO , 0.85g, Sigma Aldrich, 99 %
purity) is stirred in 30ml of deionised water until a homogeneous dispersion results.
Potassium sulphate (K,SO,, 40 g, Sigma Aldrich, >99 % purity) is gradually added to the
dispersion and stirred until a paste-like mixture is formed. The mixture is transferred to

the autoclave 4744 from Parr Instruments Company [96] (figure 4.1 (left)) with a volume
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of 45ml. The autoclave is temperature treated at 180 °C for 12h in an universal oven
UNB200 from memmert GmbH + Co.KG [g97]. After the reaction time, the autoclave was
naturally cooled down to room temperature. The light green reaction product (figure
4.1 (right)) is washed and centrifuged several times with deionised water and ethanol to

remove potassium sulphate, and subsequently dried overnight at 80 °C.

Figure 4.1.: Autoclave for hydrothermal synthesis in the used universal oven (left) and dried nanowire

powder (right).

The hydrothermal synthesis is suggested to happen by the following reaction mecha-
nism [98,99]:

hydrothermal conditions

H,WO, - nH,0O WO; nuclei + (n + 1)H,O (4.1)

K,SO,

. hydrothermal conditions .
WOj; nuclei WO; nanowires (4.2)
K,S0,

When the reaction temperature exceeds the decomposition temperature of tungstic acid,
tungsten oxide nuclei are formed. The potassium sulphate acts as an additive, which its
effect on the formation of tungsten oxide nanostructures could not be completely clarified
up to now. It is assumed that the anisotropic growth, which leads to tungsten oxide
nanowires, is caused by the adsorption of ions to specific crystal surfaces, lowering the
surface energy and hence suppressing the growth of these faces [99]. Depending on the
involved ions, different influences on the shape and crystal structure of nanostructures

are observed [64,99].
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Table 4.1.: Summary of WO, nanostructures synthesised by hydrothermal method.

Morphology Dimensions (nm) Precursor Additives ~ Temperature Duration  Ref.
(°0)
nanowires D: 25 - 50 Li,WO, Li,SO, 180 12 — 48 [99]
L: several ym
nanobelts L: 1000 — 3000 H,WO, CTAB 180 12
W: 30 — 100 [100]
D: 15
hollow spheres, various WCl, urea 180 12
hollow boxes, [101]
nanotubes
nanoplates, nanoplates Na,WO, -2H,0 NH,NO, 200 24
nanorods L: 500 — 1000 PEG [102]
W: 100 — 200
nanorods
D:8—-10
L: 50 — 200
microflowers L: 2000 — 3000 (NH,)¢H,W,,0,, - xH,O CTAB 200 24
W: 100-300 [103]

H: 100-300



4.2. Nanowire characterisation

4.2.1. Scanning electron microscopy (SEM)

The reaction product of the hydrothermal synthesis is characterised by SEM using a
Zeiss Supra 40, at Austrian Institute of Technology (AIT). In figures 4.2 and 4.3, two SEM
images are shown, where a dense network of nanowires can be identified. A nanowire
length of 1—-10 um can be estimated. More precise geometric information will be given

by transmission electron microscopy (TEM) characterisation.

Figure 4.2.: SEM image of tungsten oxide nanowires.

Figure 4.3.: SEM image of tungsten oxide nanowires (higher magnification).
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4.2.2. Transmission electron microscopy (TEM)

The synthesised nanowires are characterised by TEM using a FEI Tecnai F20 (figure 4.4)
and a FEI Titan? G2 60 — 300 for higher resolution images (figure 4.5), at the Institute
for Electron Microscopy and Nanoanalysis, Graz University of Technology. The tungsten
oxide nanowire network powder is dispersed in propan-2-ol and subsequently dropped
on a TEM grid made of copper. The solvent is evaporated for one hour before the TEM
characterisation is started.

Figure 4.4 shows a TEM image, which confirms the dense nanowire network already
observed at the SEM characterisation. The TEM image in figure 4.5 displays a magnifi-
cation, where a single tungsten oxide nanowire with a diameter around 20 nm can be
seen. The average nanowire diameter in the tungsten oxide nanowire network is between
10 and 30nm. Due to this nanowire diameters and the length of 1—-10pm, high aspect
ratios up to 1000 can be achieved. The single nanowire in figure 4.5 shows a crystalline
structure, but seems to have a fibrous texture in the growth direction of the nanowire.
The material surrounding the nanowire results from the deposition of carbon inside the
electron microscope when focusing the electron beam on the nanowire.

The inset in figure 4.5 shows the fast Fourier transformation (FFT). From the FFT a lattice

plane constant of 4.1 A can be determined, in growth direction of the nanowire.
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Figure 4.4.: TEM image of tungsten oxide nanowires.

Figure 4.5.: High resolution TEM image of an individual tungsten oxide nanowire (surrounded by carbon

due to electron beam induced deposition) with FFT in the inset.
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4.2.3. Selected area diffraction (SAED)

The SAED pattern shown in figure 4.6 is taken by a TEM FEI Tecnai F20 at the Institute
for Electron Microscopy and Nanoanalysis, Graz University of Technology. Depending
on the crystal structure of the tungsten oxide nanowires the electrons of the electron
beam in the TEM are diffracted at the present atoms and scattered to specific angles.
The SAED is taken of several nanowires in the dense nanowire network, showing the
same result. The SAED pattern is representing multiple nanowires, therefore the pattern
appears in ring shape, but consists of single reflexes of single crystal nanowires (figure
4.5). The reflection distances in reciprocal space are determined by the resulting peak
profile shown in figure 4.7 (in detail in section A in the appendix). The distances in
reciprocal space are transformed to direct space (table 4.2) and lead to characteristic

spacing values (in nm).

Figure 4.6.: Selected area diffraction (SAED) pattern.
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Figure 4.7.: SAED pattern (left) with peak profile of reflections (right).

Table 4.2.: Evaluation of SAED pattern.

Distances in reciprocal space (nm 1) Distances in direct space (nm)
2.469 (figure A.2) 0.4050223
2.757 (figure A.3) 0.3627131
5.058 (figure A.4) 0.1977066
5.321 (figure A.5) 0.1879346
7.598 (figure A.6) 0.1316136
7.838 (tigure A.7) 0.1275836
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4.2.4. Energy dispersive X-ray spectroscopy (EDX)

The EDX spectrum in figure 4.8 is examined by FEI ChemiSTEM technology with Super-X
detector (from Bruker) in the TEM FEI Titan3 G2 60 — 300 at the Institute for Electron
Microscopy and Nanoanalysis, Graz University of Technology. The measurement is per-
formed at several different nanowires showing the same result. The spectrum proves the
chemical composition of tungsten (W) and oxygen (O) of the tungsten oxide nanowires
but also potassium (K) is present. Tungsten shows the M line at 1.774keV and the L«
line at 8.396keV, oxygen is represented by the Ka line at 0.525keV and potassium by
the Ka line at 3.312keV. The peaks at 0.930keV and 8.040keV result from the TEM grid
made of copper. The remaining smaller peaks at 1.383 keV, 7.388 keV, 8.724 keV, 9.672 keV,
9.960keV and 11.286 keV are all related to tungsten lines.

An approximated calculation of the materials composition (shown in table 4.3) indicates
a certain amount of potassium but no sulphur can be found in the EDX spectrum, so
residual potassium sulphate (used in the nanowire synthesis) can be excluded as cause
of the potassium peak. Potassium sulphate is very sensitive to the electron beam [104],
so that the sulphur peak could disappear while taking the EDX measurement because
of evaporation of the sulphate. Therefore the EDX spectrum is also analysed in the very
first seconds of the measurement, but no sulphur can be detected, which would show its

Ka at 2.307 keV.
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Figure 4.8.: EDX spectrum of tungsten oxide nanowires.

Table 4.3.: Composition of tungsten oxide nanowires - approximated calculation of atomic percentage of

oxygen (O), potassium (K) and tungsten (W).

Element Shell Signal Composition k-factor Det.Corr.
(Counts) (Atomic %)

O K 5772.1+3.0 67.2 1.1 0.99

K K 1729.8 £4.1 7.8 1.0 1.0

W L 1.3e* +8.1 25.0 2.1 1.0
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4.2.5. Raman spectroscopy

The tungsten oxide nanowires are investigated by Raman spectroscopy at room tempera-
ture using a Horiba Jobin Yvon, LabRAM HR800 with two different laser types: a green
Ar laser (514.5nm) with a laser power up to 2.54 mW and a red He-Ne laser (633 nm) up
to 8.63mW. First of all the as synthesised nanowires are investigated at 0.02mW using
the green laser (see figure 4.9) The spectrum shows three characteristic features. The
broad feature at 200—380 cm ™! results from O-W-O bending modes in the WO, octahe-
dra, which are associated to long O-W-O bonds and the broad feature at 620—860 cm ™!
refers to O-W-O stretching modes of shorter bonds in the WOg octahedra [105,106]. The
broad appearance of these modes could be explained by disorder in crystal structure
(broad dispersion of crystal sizes) [105]. The band at 930 cm ™! results from vibrations of
terminal WO, units [106] and the band at 960 cm ™! from vibrations of terminal oxygen
atoms [41, 107], which is often associated to nanocrystalline structures [105] or could
also be caused by symmetric stretching mode of this terminal bond related to hydrated
WO, [108]. By increasing the laser power of the green laser up to 2.54 mW, and therefore
also increasing the temperature in the nanowire material induced by the laser power,
the broad bands become sharper and the band of vibrations of terminal oxygen atoms
at 960 cm ! disappears (figure 4.10). The spectrum which appears closely resembles the
spectrum of WO, [109]. In figure 4.11 Raman spectra with increasing laser power are
shown. For this investigation, the red laser is used due to a higher range of laser power up
to 8.63mW. At 0.07mW a Raman spectrum of broad peaks appears. With increasing laser
power bands, which could be related to WO3, as already discussed above, appear until it
finally shows sharp peaks at the laser power of 8.63 mW. To verify the irreversibility of
the change in the Raman spectrum of the nanowires, a Raman spectrum is recorded at

low laser power of 0.07mW after the high laser power of 8.63mW (figure 4.12).
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Figure 4.9.: Raman spectra of tungsten oxide nanowires (laser: 514.5nm Ar; green).
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Figure 4.10.: Raman spectra of tungsten oxide nanowires with increased laser power (laser: 514.5nm Ar;

green).
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Figure 4.11.: Raman spectra of tungsten oxide nanowires with increasing laser power (laser: 633 nm He-Ne;
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To investigate the influence of laser induced heating effects, the nanowires are treated
at 400 °C in a tube furnace for 12h in ambient atmosphere and characterised by Raman
spectroscopy (figure 4.13) at a laser power of 0.07 mW. The same observations as in figure
4.11 and 4.12 can be made. The annealed tungsten oxide nanowires show more defined
peaks. SEM images of the two nanowire samples, not annealed and annealed at 400 °C,
are presented in the figures 4.14 and 4.15. The annealed nanowires are larger in size and

changed morphology compared to the not annealed nanowires.

[ j ' ' ' '. ' " ™ ] 25°C = not annealed
. A 400 °C = annealed at 400 °C
. ® oo Raman mode assignment:
'§ i @ Crystalline WO,
[0]
c
p= B O-W-O bending modes in
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5 [ /\| ¢ :
4 e . :
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Figure 4.13.: Raman spectra of tungsten oxide nanowires after thermal treatment of 400 °C for 12 h.
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Figure 4.14.: SEM image of tungsten oxide nanowires without temperature treatment.

Figure 4.15.: SEM image of annealed tungsten oxide nanowires.
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4.2.6. X-ray diffraction (XRD)

The tungsten oxide nanowires are investigated by powder X-ray diffraction using a
PANalytical EMPYREAN diffractometer with Cu K, radiation (A = 1.54 A) in a flat plate
setup at the Institute of Solid State Physics, Graz University of Technology. On the
primary side, a 1/8 divergence slit and a 0.02 rad Soller slit are used. On the secondary
side, an anti-scatter slit and 0.02 rad Soller slit are used with a PANalytical PIXcel3P
detector to record the diffracted intensities. The measurement is performed at room
temperature.

Figure 4.16 shows the XRD spectrum with a sharp and intense peak at 20=23.2° and a lot
of less intense broad peaks. The peak positions are in best agreement with hexagonal
WO, from [110], identified by the ICSD database [111] (see appendix figure B.1). This

would indicate a space group of P63/mcm with the cell parameters a=b=7.3244 A and

c=7.6628 A.
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Figure 4.16.: XRD spectrum of tungsten oxide nanowires.
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4.3. Discussion

The different characterisation methods provide a lot of information about the tungsten

oxide nanowires, which is discussed in the following sections:

TEM

In the HR-TEM image in figure 4.5 the nanowire shows a fibrous structure in growth
direction of the nanowire. The fibrous appearance of the nanowire could be explained by
an effect like crystal twinning along the growth direction of the nanowire.

The FFT, obtained from HR-TEM image, shows a lattice plane constant of 4.1 A in the
growth direction of the nanowire (inset in figure 4.5). The lattice plane constant for WO,
is defined as 3.8 A, whereas the constant for WO, is larger, e.g. 4.2 A for W40 o [111].
According to the lattice plane constant the nanowire consists of non-stoichiometric

tungsten oxide.

EDX

The EDX analysis shows a certain amount of potassium in the tungsten oxide nanowires,
which could lead to the assumption, that potassium cations are incorporated into the
crystal lattice. Tungsten oxides are well known to form tunnels with a rather large
diameter, where alkali metals can be located [112, 113]. The alkali metal ions can be
stabilised either by the tungsten atoms present in 6+ and 5+ state [114] or by excess
oxygen atoms [113, 115]. With respect to table 4.3, a rough estimation can be made for a

material compositions like K, ;WO; or rather K, ;WO /,.
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XRD

The XRD investigation identifies the nanowire network as hexagonal tungsten oxide

WO, [110] with lattice parameters of a=b=7.324 A and c=7.662 A. The sharp peak at

3
20=23.2° indicates a preferential growth in (001) direction. The layers of corner-sharing
WOy octahedra are stacked along this direction and form hexagonal tunnels [110,112].
Kudo et al. [115] reports on a potassium intercalated hexagonal tungsten oxide com-
pound with almost same cell parameters (a=b=7.31 A and ¢=7.65 A) like Oi et al. [110]
for hexagonal WO, without alkali metal intercalation. Guo et al. [113] reports on the

reduction of K, WO to K,WO,, where an intermediate of x< 0.33 shows a XRD spec-

3-Xx/2
trum, matching with the result in this work. According to these references, the nanowire
network has a tungsten oxide framework, with a possible potassium intercalation or even
potassium being part of the lattice. When the interpretation of XRD is done, it has to be

taken in account, that this characterisation technique is a bulk analysis.

SAED

The evaluation of the SAED pattern (table 4.2) shows specific lattice distances, which can
be compared to database values of tungsten oxides (with and without taking potassium
into account) [111]. Most lattice distances can be roughly assigned to WO, as well as
WO, Also the database values of the hexagonal WO, with intercalated potassium
cations are in high agreement with the determined values of this work [115]. But the high
value of 0.405022 3 nm is the crucial reason, which rather indicates a non-stoichiometric

tungsten oxide.

Raman spectroscopy

The Raman spectra in figure 4.11 show the tungsten oxide nanowire network from initial
state to a laser induced heated state. The induced temperature causes an irreversible
change in the material, as proven by the spectra in figure 4.12.

The peak evolution by increasing the laser power can be interpreted in different ways:
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1. The initial state is representing hydrated WO, nanowires, which undergo a dehy-
drogenation process, when temperature increases at higher laser power or rather
when the nanowire material is annealed at high temperatures [108].

2. The initial state is representing non-stoichiometric WO, nanowires, which become
oxidised at ambient air due to the induced temperature change [116].

3. The initial nanowires (no matter which stoichiometry is present) grow in crystal

size with the increasing temperature [41].

Focusing on the peak at 960 cm ™!, which represents terminal W=0 bonds, it is decreasing
with increasing laser power. As already mentioned above, this peak can be an indication
for a nanocrystalline structure with high surface-to-volume ratio [105], but also for crystal
water incorporated in the material structure. This peak can not be found in the non-
stoichiometric reference [116], where the oxidation of non-stoichiometric to stoichiometric

tungsten oxide nanowires is reported, but Liu et al. reported on WO, , nanowires, where

2.72
an intense peak at 960 cm ™! appears in the Raman spectrum [117]. Therefore, a clear
identification of the nanowire stoichiometry can not be given by Raman spectroscopy. The
most probable explanation for the evolution of the Raman spectra is the crystal growth,
where nano crystals gain size, which is indicated by the splitting of the broad band at

around 800 cm ! and the disappearance of the band at 960 cm ™! [41].

Conclusion of nanowire characterisation

The composition of the present nanowire network can be interpreted by comparing the
different results. First of all, the probability of hydrated WO, nanowires being mainly
present in the nanowire network is disproved by the XRD spectrum. If there would be
hydrated WO, present, an intense peak at 26=18° would have to be part of the peak
profile. The HR-TEM with a lattice plane constant of 4.1 A and the evaluation of the
SAED pattern indicates a non-stoichiometric tungsten oxide. On the other side, the XRD
characterisation shows with high probability the presence of WO,. The analysis of Raman
spectroscopy leaves room for interpretation, but the most probably explanation is a crystal

growth induced by increasing the temperature in the nanowire network. Concerning
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the stoichiometry of the nanowire network, Raman is not the appropriate investigation
method to make a clear statement on that. An additional factor is the presence of potas-
sium in the EDX measurement of several nanowires in the nanowire network. Usually
the colour of tungsten oxides gives indication for the present stoichiometry, because pure
WO, shows an intense yellow colouration and non-stoichiometric compounds range
from violet to dark blue. The nanowire powder synthesised in this work shows a light
greenish, turquoise colour, which could be an indication for a mixture of nanowires
with different stoichiometry. Therefore, the coloration of the nanowire powder can not
contribute significantly to the identification of the nanowire composition. In table 4.4, the

indications for each suggested tungsten oxide nanowire composition are summarised.

Table 4.4.: Indications for suggested tungsten oxide nanowire compositions.

WO KWO,,, /.

(KoWO; 3x

XRD spectrum fits best
to hexagonal WO, with a
preferential growth in (001)
direction

EDX shows potassium
being part of the nanowire
network composition,
which could be interca-
lated without a sever

influence on the lattice

parameters [112]

Evaluation of the HR-TEM
image by FFT shows a lat-
tice plane constant of 4.1 A,

which matches best WO,

Data evolved from SAED
are in better agreement
with  non-stoichiometric
than with stoichiometric

tungsten oxide

EDX analysis that the
nanowire network contains
a certain amount of potas-

sium

XRD of reduced potassium
tungsten oxide compound
in [113] suggests that the
nanowire network in this

thesis consists of x< 0.33

The conclusion can be drawn, that by the use of the available investigation methods, no
clear statement about the nanowire composition can be given. Due to the fact, that the
tungsten oxide nanowire gas sensor is used at elevated sensor operation temperatures,
the temperature induced morphology change, already indicated by Raman spectrometry,

is investigated in more detail in section 5.4.
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5. Fabrication of nanowire gas sensors

5.1. Sensor types

5.1.1. Silicon based sensor

The silicon based sensor has a simple assembly design. The used heater and temperature
sensor are commercially available components and easy to handle. The substrate consists
of a standard silicon wafer with 300 nm thermal silicon oxide as insulating layer. The
electrode system, which is used for the resistance measurement of the sensor material,
and the sensor material deposition can be realised in cleanroom facilities at Austrian
Institute of Technology (AIT) and at EVGroup. The silicon based sensor is designed as an
economical test sensor, where developed sensor materials can be investigated without

any advanced technologies from semiconductor industry.

5.1.2. CMOS based sensors

Complementary metal oxide semiconductor (CMOS) is a technology which is used to
construct integrated circuits. The “complementary” in CMOS results from the use of
n-type/p-type pairs of metal oxide semiconductor field effect transistors. With this tech-
nology ams AG fabricates CMOS microhotplate chips within the projects "MSP - Multi
Sensor Platform for Smart Building Management” (Grant No. 611887) and “RealNano -
Industrielle Realisierung innovativer CMOS basierter Nanosensoren” (Grant No. 843598),
which are used as substrates for CMOS based sensors in this work.

A standard 0.35 um CMOS technology is used to fabricate the CMOS microhotplate chips.
The CMOS microhotplates consist of a poly-silicon heater in a standard CMOS layer stack
(figure 5.1), which allows us to heat up the microhotplate to 400 °C. The straightforward
microhotplate design represents a suspended membrane as shown in figure 5.2, where
silicon is removed beneath the CMOS stack to isolate it from the bulk silicon and prevent
thermal losses. The thermal isolation of the CMOS microhotplate therefore minimizes

the power consumption while heating.
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In this work, a more sophisticated CMOS microhotplate design is presented. The CMOS
hotplate, with an area of 72 ym x 72 um, is connected to the rest of the silicon chip by
four arms in a spider-like structure. It is isolated from the bulk silicon from below by a
post process MEMS etching step, more specifically a front side XeF, isotropic silicon dry
etching step. It is expected that this spider-like structure contributes to the lowering of
power consumption due to less thermal loss compared to membrane-like microhotplate
structures. Another benefit of this structure is, that the surrounding of the microhotplate
stays at room temperature. The hotplate temperature can be measured by integrated
thermocouples. In the progress of the projects, various microhotplate chip modifications
have been developed. Two modifications are used in this work: the modifications are

called MPW3mod and MPW4.

Poly-silicon 2
Poly-silicon 1

Figure 5.1.: CMOS microhotplate stack with silicon basis and multiple poly-silicon and metal layers.

Silicon Silicon

Figure 5.2.: Straightforward microhotplate with heated suspended membrane.
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MPW3mod

The MPW3mod microhotplate chip consists of two microhotplates. Both microhotplates
have an area of 72um x 72 pum, but they differ in the length of the four arms (figure
5.4). The microhotplate with the longer arms (left structure in figure 5.4) has an arm
length of 147 um and the one with the shorter arms (right structure in figure 5.4) has
an arm length of 47 pm. For the fabrication of the CMOS tungsten oxide nanowire gas
sensor, the microhotplate configuration with the longer arms is used (figure 5.5). The
electrical connections (bright strips shown in figures 5.6 and 5.7) are metal contacts
made of tungsten, which protrude out of the microhotplate surface and contact the gas
sensitive nanowire network from the CMOS side. These so-called tungsten plugs are
fabricated within the CMOS process at ams AG. However, the tungsten plugs result
in severe reliability issues, because of the poor thermal stability. A thermally induced
oxidation of the tungsten metal even leads to a microhotplate breakage.

The resistive heater of the microhotplate consists, as mentioned above, of poly-silicon.
The power-temperature profile of the heater is shown in figure 5.3 for the applied sensor
operation temperatures in this work. Only 13.5mW are required to heat up the microhot-

plate to 400 °C.
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Figure 5.3.: Power consumption vs. temperature of CMOS MPW3mod microhotplate.
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Figure 5.4.: CMOS MPW3mod microhotplate chip with two microhotplates.

N 4

Figure 5.5.: CMOS MPW3mod microhotplate with an arm length of 147 um.
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Figure 5.6.: MPW3mod CMOS microhotplate with tungsten plugs.
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Figure 5.7.: Tungsten plugs on CMOS MPW3mod microhotplate.
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MPW4

The MPW4 microhotplate chip consist of eight microhotplates of the same configuration
(figure 5.9) with an area of 72 pm x 72 um. This chip design with eight equal microhot-
plates emerges from the concept of a multi sensor chip, where various gas sensitive
materials can be deposited on the microhotplates. This concept can lead to a single chip,
which provides multiple gas sensing features. All eight microhotplates can be used to
fabricate the CMOS tungsten oxide nanowire gas sensor. The electrodes (bright lines
in figures 5.9 and 5.10) are patterned in a post-CMOS optical lithography step with a
titanium /gold layer deposition performed by Siemens AG in Munich. The electrodes
are connected to metal pads embedded in the CMOS chip, which provide electrical
connections to bond pads. This chip is also combined with TSV-technology to enable
3D-integration.

The heater design is different to that of MPW3mod and therefore the heater profile

slightly differs (figure 5.8).

T T T T
250 300 350 400
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Figure 5.8.: Power consumption vs. temperature of CMOS MPW4 microhotplate.
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Figure 5.9.: CMOS MPW4 microhotplate chip with eight microhotplates.
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Figure 5.10.: CMOS MPW4 microhotplate with gold electrodes.
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5.2. Deposition methods & nanowire placement

The transfer of nanowires on the specific position of the substrate is the crucial step in the
nanowire gas sensor production. Metal oxide nanowires can be placed in the favoured
substrate position by many different methods. Contact printing, Langmuir-Blodgett
technique or dielectrophoresis are some of the often used placement methods [118]. In
this work, inkjet printing is introduced as an unconventional but effective nanowire

deposition method.

Inkjet printing

Inkjet printing allows the deposition of fluids by piezo-driven jetting [119]. The fluids
can be water or solvent based, acidic or basic, but they have to have a high fluidity. A
certain voltage is applied to a piezoelectric element placed in the print head of the inkjet
printer, which changes the shape and generates a pressure pulse in the fluid. In this way,
a droplet of the fluid (nanowire suspension) is forced through the nozzle at the print
head. By a precise xyz stage and a well aligned camera system, the droplets can be placed
at the required position on the substrate.

The inkjet printing has a variety of applications, from the production of light-emitting

diodes (LEDs) and solar cells to printed biological and pharmaceutical devices [120].

Contact printing

Contact printing is a transfer technique where nanowires are physically removed from the
donor substrate by shear forces and attached to the receiver substrate by van der Waals
interactions. In practice, this means that the donor substrate, loaded with nanowires, is
placed on the receiver substrate and by a directional sliding movement the nanowires
are transferred to the receiver substrate and simultaneously combed, which leads to
aligned nanowires [121]. The donor substrate can be the growth substrate itself or can

be a transfer stamp, by which the nanowires are lifted up from their growth substrate.
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The receiver substrate can be made of silicon, glass or even flexible plastic. It can be bare
or can have a chemically modified surface, which leads to a higher nanowire density
after the transfer process [122]. It can also be patterned to provide the aligned nanowires
to particular areas on the receiver substrate, whereby after the printing transfer the
patterned resist has to be removed by a common lift-off process. The transfer can take
place in a dry mode or lubricants like octane and mineral oil are added, which act as a
spacer between donor and receiver substrate and therefore reduce the nanowire damage
during the transfer process [122].

The contact printing is a transfer technique, which can be applied to a wide range of
materials like indium arsenide (InAs) [123] or germanium (Ge) nanowires [124] with the
application as field effect transistors. Also the special form of contact printing called roll
printing attracts attention, where the donor substrate with a cylindrical form is rolled

over the receiver substrate with a certain pressure [125].

Langmuir-Blodgett

Langmuir-Blodgett technique was designed to use compression to form a layer of
molecules like stearic acid on the surface of a given subphase, most commonly water, to
subsequently deposit this layer on a substrate by dip-coating. To apply this technique to
metal oxide nanostructures like nanowires, it is necessary that the nanowires are available
in a hydrophobic state and monodispersed in an organic solvent [126—128]. Therefore,
the surface of metal oxide nanowires is modified with molecules like stearic acid com-
bined with cetyltrimethylammonium bromide (CTAB) [126], which act as surfactants.
Surface modified nanowires can then be monodispersed in an highly volatile organic
solvent (chloroform [126] or 2,2,4-trimethylpentane/2-propanol mixture [129]) and this
solution is spread on the subphase, where the organic solvent is evaporated. During the
compression process, the nanowires become aligned along their axes and form the dense
nanowire layer. The substrate is dipped beneath the nanowire layer into the subphase
and is withdrawn, while the surface pressure is kept constant [130]. The nanowires are
transferred onto the substrate in an aligned form.

Corresponding to literature various nanostructures have already been deposited by
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Langmuir-Blodgett technique, such as silicon nanowires [131], germanium nanowires

[132], vanadium oxide nanowire [126] and barium chromate nanorods [133].

Dielectrophoresis

Dielectrophoresis uses an electrical field to align nanowires between electrodes. First, a
suspension of the grown nanowires is prepared. Secondly, this suspension is brought
into contact with the substrate by drop-coating of the suspension on the substrate [134]
or by preparing a flow channel, where the nanowire suspension is continuously pumped
over the substrate with a certain flow rate [135]. And finally the nanowires in the
suspension are aligned by applying an electrical field. An alternating (AC) voltage of
5—10V peak to peak is applied to the electrodes on the substrate and depending on the
nanowires nature and the nanowire dimensions, frequencies of 1kHz up to 10 MHz are
applied [134,136-138]. The nanowires are aligned mainly parallel to the direction of the
electric field. Nanowire alignment by the use of dielectrophoresis is reported for many

metal oxide nanowire materials like tin oxide, zinc oxide or titanium oxide [134].

50



5.3. Fabrication process

The fabrication process of the tungsten oxide nanowire gas sensors (see figure 5.18
for process parameters and equipment specifications) starts with the fabrication of the
required electrodes, so that a measurement of the electrical resistance of the nanowire
network during the exposure to a target gas is enabled.

For the silicon based sensor, optical lithography is used to pattern the metallic electrodes.
The process steps take place in the following order: spin-coating of the photoresist,
exposure by a mask aligner, development of the resist, deposition of the metallic layers
(6 nm titanium and 200 nm gold) and the lift-off process.

For the CMOS based sensors, electron beam (ebeam) lithography is used to adapt the
already existing electrode systems on the CMOS microhotplates (shown in the figures 5.6
and 5.10). Similar to the process steps of the silicon based sensors, the following steps
take place for the CMOS based sensors: spin-coating of the ebeam resist, exposure by
an ebeam lithography tool, development of the resist, deposition of the metallic layers
(5nm titanium and 200 nm gold) and the lift-off process. Optical lithography is a simple
and common technique compared to ebeam lithography, which is more sophisticated
and time consuming. In the case of the CMOS based sensors, ebeam lithography is used,
because of the higher flexibility in terms of pattern design.

The used electrode designs for optical and ebeam lithography are shown in figure 5.13
for the silicon based sensor and in figure 5.14 and 5.15 for the CMOS based sensors.
The electrode designs are so called IDES (interdigitated electrode system) electrodes.
In the silicon based sensor design, the size of the bond pad is 1 mm x 1 mm to ensure
enough space for manual wire bonding, the IDES contact lines have a length of 500 ptm
and are 10 um broad. The spacing between the contact lines is also 10 pm. In the CMOS
based sensor design, used for MPW3mod and for MPW4, the dimensions of the IDES
contact lines are reduced to a length of 32 ym with 2 pm width and a spacing of 2 um
between the contact lines. No bond pads are needed for the CMOS based sensors. The
next process step consists of the sensor assembly, which will be explained in detail in the
sections 5.3.1 and 5.3.2 for each sensor type.

Finally, the nanowire network is transferred to the fabricated sensor substrates. Therefore,
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the preparation of a tungsten oxide nanowire suspension in water is performed: 10 mg
of the dry tungsten oxide nanowire powder are suspended in 3ml deionised water to
get a nanowire suspension with a concentration of 3.3 g/1. The nanowire suspension
is treated by ultrasonication for 3min to disperse the nanowires as homogeneously as
possible. This nanowire suspension is transferred to an inkjet printer cartridge, which is
mounted on the printer (DMP-2831 from FUJIFILM [139]). With a precisely adjustable
stage and the fiducial camera of the printer, the nanowire suspension can be deposited
on the designated substrate positions.

The final step of sensor fabrication consists of a sensor annealing for 12 h at 400 °C con-
ducted by the integrated heaters of the sensor devices and the applied constant current

of 10nA at the tungsten oxide nanowire network.

Figure 5.11.: Inkjet printer DMP-2831 from FUJIFILM [139].

5.3.1. Sensor assembly of silicon based sensor

The silicon based sensor with typical dimensions of 10x8 mm is glued onto two 10x2
Pt6.8 microheaters (from Delta-R GmbH [140]) and a temperature sensor 4x1 Pt100
temperature sensor (from Delta-R GmbH [140]). The wires of the microheaters and the

temperature sensor are soldered onto the appropriate carrier (LxWxH 4.4x3.0x0.8 mm;
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designed by mb-Technologies GmbH [141]) to provide the electrical connections and
mechanical support for the assembled sensor. The sensor itself is electrically connected
to the carrier by wedge-bonding of gold wires (figure 5.12) by the use of a manual wire
bonder type 5550 (from F&K DELVOTEC Bondtechnik GmbH [142]) at Austira Insitute
of Technology (AIT).

Figure 5.12.: Silicon based sensor assembled on carrier .

i

contact
pad

A1

500 pm

Figure 5.13.: IDES electrode design used for silicon based sensor.
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5.3.2. Sensor assembly of CMOS based sensors

The CMOS based sensors are mounted on the appropriate carrier (LxWxH 4.4x3.0x0.8 mm;
designed by mb-Technologies GmbH [141]) and bonded by wedge-bonding of aluminium
wires by the use of the bonder Bondjet 810 from Hesse GmbH [143] at ams AG (figure
5.16 and 5.17). This assembly is applied to both types of CMOS sensors, MPW3mod and
MPW4.

20 um

Figure 5.14.: IDES electrode design used for MPW3mod and MPW4.

Figure 5.15.: MPW4 electrodes with IDES electrodes made by ebeam lithography.



Figure 5.16.: CMOS MPW3mod microhotplate chip wire bonded on carrier.

Figure 5.17.: CMOS MPW4 microhotplate chip wire bonded on carrier.
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Fabrication process
Lithography

Optical lithography (Silicon based sensor)

1) Spin-coating of positive photoresist AZ MiR701 (from Microchemicals GmbH): 35 s at 4000 rpm

2) Prebake: 60 s at 100°C

3) Exposure with 70 mJ/ecm? (EVG620 mask aligner from EVGroup)

4) Development: developer AZ726 MIF (from Microchemicals GmbH): 35 s and rinsing with deionised water for 2 min, drying in N, flow

Electron beam lithography (CMOS based sensors)

1) Spin-coating of positive ebeam resist AR-P 679.04 (from ALLRESIST GmbH): 60 s at 1000 rpm

2) Prebake: 5 min at 150°C

3) Exposure: 240 pC/cm?, 30kV(eLine from Raith GmbH)

4) Development: developer AR 600-60 (from ALLRESIST GmbH): 60 s and rinsing with isopropanol; stopper AR 600-56 (from ALLRESIST
GmbH): 30 s and rinsing with isopropanol, drying in N, flow

Metal depostion & lift-off

Metal deposition

1) Thermal evaporation (with Univex Evaporator 450 from Leybold AG)
2) 5nm titanium (99.8% purity from MaTecK GmbH), deposition rate of 0.5 A/s
3) 200 nm gold (99.99% purity from MaTecK GmbH), deposition rate of 10 A/s

Metal lift-off

1) Aceton treatment for 12 h
2) Rinsing with isopropanol for 1 min
3) Drying in N, flow

i

Microhotplate release etch

Front side XeF, isotropic silicon dry etching process at memsstar Ltd. (UK)

i

Sensor assembly & wire bonding

Silicon based sensor CMOS based sensors

1) Sensor is glued (with Ceramabond 865 from Armeco) onto a 1) Sensor is glued on a carrier consisting of 20 contact pins by an
1x1.5 cm silicon chip together with two 10x2 Pt6.8 adhesive ABLEBOND 8290 from Ablestik Henkel AG & Co.
microheaters (from Delta-R GmbH) and a 4x1 Pt100 KGaA
temperature sensor (from Delta-R GmbH) 2) Sensor is wire bonded by wedge bonding of a 25 um

2) Sensor is wire bonded to a carrier consisting of 20 contact pins aluminium wire using the wire bonder Bondjet 810 from
by wedge bonding of a 25 um thick Au wire using the bonder Hesse GmbH, at ams AG
type 5550 (from F&K DELVOTEC Bondtechnik GmbH)

Nanowire preparation & transfer

Nanowire preparation

1) 10 mg of tungsten oxide nanowire powder dispersed in 3 ml of deionised water (concentration of 3.3 g/l nanowires in
water)
2) Ultasonification for 3 min

Nanowire transfer by drop coating of nanowire suspension by Inkjet printing

1) Loading 10 pl cartridge of DIMATIX inkjet printer (from FUJIFILM) with 2 ml of the tungsten oxide nanowire suspension
2) Drop-coating of nanowire suspension with following printing parameters: firing frequency of 3 kHz, firing voltage of 15V,
delay time of 100 ps and drop speed of 7-9 m/s

Sensor annealing

Annealing step for 12 h at 400 °C conducted by the integrated heater of the sensor devices and
an applied constant current of 10 nA at the tungsten oxide nanowire network

Figure 5.18.: Fabrication process of tungsten oxide nanowire gas sensors.
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5.3.3. Design of electrode structure

Electrode material

Various studies concerning electrode materials for metal oxide gas sensors can be found
in literature [13, 144]. Noble metals are the preferential choice because of their high
stability which is the most important requirement for an application as electrode material.
Nobel metals like silver (Ag), platinum (Pt) or gold (Au) have been intensively studied
over decades. Silver is well known for degradation effects because it easily moves in
an electric field applied to the electrodes at elevated temperatures [144]. Platinum is
the most stable of the three above mentioned metals [145]. It has a low affinity towards
diffusion and even at high temperatures it is not likely to oxidise. It is also stable against
corrosive gases [146]. But platinum also has drawbacks like the bad adhesion and the
resulting necessity of an adhesion layer like titanium or chromium. Gold shows diffusion
effects but is a quite stable electrode material compared to diffusion effects of silver.
Using noble metals as electrode materials, the chemical effects caused by the metal at the
electrode/sensing material interface have to be taken into account. Platinum and gold
are well known for their catalytic nature and can therefore affect the sensor response of a
metal oxide gas sensor [13].

The choice of titanium/gold electrodes for the tungsten oxide nanowire network gas
sensor results from empirical values of former work [147] and the common use of this

metal combination in commercially available microhotplates.

Electrode geometry

Interdigitated electrodes are chosen as the appropriate electrode structure for the
nanowire network gas sensor to ensure a good electrical connection between the ran-
domly placed nanowires and the electrical circuit. Numerous parallel connections are
formed between the nanowires and the electrodes. The spacing between the contact lines
of the interdigitated electrodes has an influence on the sensor performance as Tamaki

et al. [148] has reported in 2005. Therefore, the size of the spacing has to be considered
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carefully with respect to the nanowire dimensions. The tungsten oxide nanowires syn-
thesised in this work show a length of 1—-10um. The spacing is chosen to be 10 pm for
the design of the silicon based sensor, which is accurately feasible with the available
photo-lithography tool, so that even one or two nanowires could bridge the gap. As
already discussed in chapter 2.2.3, the resistance of the nanowire network results, be-
sides the nanowire resistance itself, from various interfaces: the electrode/nanowire, the
nanowire/nanowire and the nanowire/electrode interfaces. This leads to the conclusion
that a smaller spacing between the electrodes causes a lower sensor resistance because
of less nanowire/nanowire interfaces [149]. Therefore, the spacing is chosen to be even
smaller for the CMOS based sensors (2 um), which is not feasible by the used optical

lithography tool but ebeam lithography can handle these dimensions with ease.
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5.4. Discussion

5.4.1. Nanowire morphology change during sensor annealing

After the last sensor process step, the sensor annealing, the tungsten oxide nanowires
appear in a different morphology. Figure 5.19 shows the nanowire network before and
figure 5.20 after this process step on the CMOS MPW4 sensor. The tungsten oxide
nanowires morphology clearly changes during the process step, from a dense network of
short nanowires with diameters in the range of 10 to 30 nm to more or less oriented large
nanowires with diameters up to 100 nm, looking like needles. The applied electric field
seems to cause the orientation of the nanowires, which mainly organise themselves at
the positive electrode.

The observations of the morphology change are in good agreement with the findings
of the Raman measurements (section 4.2.5), where the change in the Raman spectra
is suggested to be due to a crystal growth effected by the laser induced temperature.
Therefore, an additional CMOS MPW4 tungsten oxide nanowire gas sensor is fabricated
and used for an in situ Raman measurement during the sensor annealing process. This

investigation is explained in detail in the next section.
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Figure 5.19.: CMOS MPW4 tungsten oxide nanowire sensor before sensor annealing.

Figure 5.20.: CMOS MPW4 tungsten oxide nanowire sensor after sensor annealing at 400 °C and an applied

current of 10nA for 12h.
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5.4.2. In situ Raman measurement of sensor annealing process

The Raman measurements are conducted in ambient air (laser: 633 nm He-Ne; red), while
the CMOS MPW4 tungsten oxide nanowire sensor undergoes the sensor annealing at
400 °C with an applied constant current of 10nA at the nanowire network for 12h. As
current sources for the CMOS microhotplate heater and the nanowire sensor material,
source measure units (2400 SourceMeter, from Keithley) are used. The measurements are
taken with a laser power of 0.65 mW before the sensor annealing starts (Oh), 1h, 2h, 3h,
4h, 5h after the start and at the end of the annealing process at 12 h.

The resulting Raman spectra (figure 5.21) show the development of peak profile as
expected from the Raman investigations in section 4.2.5. The broad peaks measured at the
initial state of the nanowires become sharpened and reach the defined peak profile after
12 h of sensor annealing. In figure 5.23 (left), the image of the CMOS MPW4 microhotplate,
covered with the nanowires, is shown in the initial state. A dense nanowire network
layer can be seen on top of and in between the IDES gold electrodes. After 3h of sensor
annealing, a change in the morphology of the nanowires can be seen: large nanowires
(highlighted in red in figure 5.23 (right)) are already oriented on the positive electrode,
the one to the right side of the image. In figure 5.22, the Raman spectra at Oh, 1h, 2h,
3h and 4 h are zoomed out. The peak at 960 cm ! is decreasing from Oh to 4h. Already
in the spectrum at 3h, the peak is not significantly assignable any more. As already
discussed in the section 4.3, the decrease or rather disappearance of this peak at 960 cm ™1,
which represents terminal W=O bonds, is indicated as a crystal growth process [41].
This is in good agreement with the observations in figure 5.23 (right), where the grown
nanowires can be seen. After 12h, the complete nanowire network is transformed into
even larger nanowires (figure 5.24). At this point, the Raman spectrum (black line in
figure 5.21) shows a clear peak profile with sharp peaks. The peaks and their positions
can not be used to absolutely identify the stoichiometry of the tungsten oxide nanowires,
but the crystal growth during the sensor annealing process can be confirmed by the

findings of the in situ Raman measurement.
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Figure 5.21.: Raman spectra during sensor annealing with several measurements, when the sensor annealing

starts (0 h) and within the 12h.
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Figure 5.22.: Raman spectra during sensor annealing with measurements at 0h, 1h, 2h, 3h and 4h.
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Figure 5.23.: Microscope image at Raman measurement setup at the start of sensor annealing (left) and after
3h (right).

w
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Figure 5.24.: Microscope image at Raman measurement setup after 12 h of sensor annealing.
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6. Characterisation of gas sensing properties

6.1. Gas reaction mechanisms

The understanding of the gas reaction mechanisms of target gas molecules with the
tungsten oxide nanowire surface is crucial for a reliable gas sensor system. Therefore,
reaction mechanisms are discussed in this section for the target gases used in this work.
In literature, no detailed reports about reaction mechanisms of target gases with tungsten
oxides can be found and thus, it is assumed that similar reaction processes take place as
reported for the most commonly studied semiconductor tin oxide (5nO,).

In this work, the tungsten oxide nanowire gas sensors are tested for three target gases:

¢ hydrogen sulphide H,S
e carbon monoxide CO

¢ carbon dioxide CO,

Prior to the above mentioned target gas reactions, reactions with ambient oxygen and

humidity are considered and discussed.

6.1.1. Oxygen O, and humidity H,0

As already discussed in section 2.1, according to the ionosorption model, oxygen
molecules ionosorb to the metal oxide surface. Oxygen is a strong electron acceptor
and therefore it can be reduced by the metal oxide surface in various species (equation
6.1). Below 200°C, the molecular form (O, (,45) and above 200 °C, the atomic forms

(Ofads) and Of,gs)) of oxygen are present at the metal oxide surface [12].
Oz(g) © Osads) © 05 (ads) € Ofade) © Ofade) © Olattice) (6.1)

In more detail, the ambient oxygen molecules physisorb at the tungsten oxide surface and
electrons from the conduction band are trapped by the oxygen molecules. The formed
space charge layer (depletion layer) causes an upward band bending in the tungsten

oxide, which results in a decreased conductivity [150].
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Humidity is a crucial factor influencing metal oxide gas sensor measurements. In most
gas sensor applications, humidity is present in the tested atmosphere, where water
molecules react with the metal oxide surface. The appearance of water on metal oxide
surfaces is directed by the applied sensor temperature. Water molecules physisorb at
the metal oxide surface or adsorb by hydrogen bonding on oxygen species (present at
the surface; ionosorbed oxygen species or lattice oxygen) below 200 °C. At temperatures
higher than 200 °C the water molecules are dissociated and form chemisorbed hydroxy
groups at the metal oxide surface [151-153]. For the formation of the hydroxy groups,

two mechanisms are suggested (figure 6.1) [153-155].

Mechanism A
rooted 5 =
H.i -0{ ;I;Iup Tcl)H gr?“p T (|)H
M O M N o " [\|A (|)+ I\l/l

s W icasen N r

Mechanism B

rooted isolated
Sk | i A SR A
M O M M O M M Vo M M V

Figure 6.1.: Scheme of water adsorption mechansim on metal oxide (MOXx) surfaces [153].

Mechanism A represents the heterolytic dissociation of water molecules, where the
formed hydroxy group reacts with the metal atom (isolated OH group) and the proton
reacts with a lattice oxygen at the metal oxide surface and forms the rooted hydroxy
group. Subsequently, this rooted hydroxy group binds to a metal atom and generates
an oxygen vacancy. The oxygen vacancy can be ionised releasing two electrons into the

conduction band (equation 6.2).

H,0(g) +2My + Op = 2 (M " —OH’") 4+ V5" 4 2e~ (6.2)

65



Mechanism B suggests the homolytic dissociation of water molecules and the following
chemisorption of hydroxy group to a metal atom. The hydrogen reacts with a lattice
oxygen at the metal oxide surface and forms the rooted OH group. This OH group can

be ionised and therefore it releases one electron to the conduction band (equation 6.3).

H,0(y) +2My; + Op = (M —OH’") + (OH),* + e~ (6.3)

The suggested mechanisms assume the adsorption of water molecules on a metal oxide
surface without the influence of other molecules but the consideration of ionosorbed
oxygen species at the metal oxide surface is essential. Morrison [156] suggested the
neutralisation of the attractive sites (H" and OH™ groups) at the surface by physisorption
of water molecules which is inhibiting the formation of ionosorbed oxygen species.
Caldararu et al. [152] reported on a similar assumption that water molecules stabilise
anionic vacancies by coordinatively adsorbed water molecules and surface hydroxy
groups and therefore block these oxygen adsorption sites. What emerges from the
comprehensive reports on the interaction of oxygen and water molecules with metal
oxides is the understanding of the major role of these molecules in the gas sensing

processes.

6.1.2. Hydrogen sulphide H,S

Hydrogen sulphide has a similar molecular structure to water, but its chemical properties
are different. Compared to water, it forms no strong hydrogen bonds because of its lower
polarity. Hydrogen sulphide also differs regarding the reactivity. Due to the lower bond
strength of S—H bonds compared to O—H bonds, the dissociation energy of hydrogen
sulphide is lower than for water.

Different reaction mechanisms are reported for the reaction of hydrogen sulphide with
metal oxide surfaces. Without oxygen species being present, it is suggested that hydrogen

sulphide reacts with lattice oxygen according to the equations 6.4 and 6.5.
H,S(g) + O — HyO(g) +S(5) (6-4)

2— - 2—

66



In the presence of oxygen, hydrogen sulphide is assumed to react with the ionosorbed
oxygen species at the tungsten oxide surface. The reactions shown in the equations
6.6, 6.7 and 6.8 lead to the release of electrons into conduction band and hence to a
decrease in resistance of the tungsten oxide material. As already discussed in section
6.1.1 the molecular form of ionosorbed oxygen is present at the metal oxide surface
at temperatures lower than 200 °C (equation 6.6) and the atomic forms exist at higher

temperatures (equations 6.7 and 6.8) [157].

3H,S + 30, (ags) — 250, + 2H,0 + 3e~ (6.6)
H,S +30,4) — SO, + H,0 + 3¢~ (6.7)
H,S + 307,4) — SO, + H,O + 6e~ (6.8)

At higher temperatures (above 250 °C) reactions of hydrogen sulphide with the metal
oxide can also occur by reducing the tungsten atom from W' to W4* following equation
6.9 [158-161].

3WO; + 7H,S — 3WS, + SO, + 7H,0 (6.9)

6.1.3. Carbon monoxide CO

Carbon monoxide consists of a triple bond (C=0) with a relatively high dissociation
energy value. In literature, different reaction mechanisms are assumed for the reaction of
carbon monoxide with metal oxide surfaces. In an oxygen-free environment, the carbon
monoxide molecules directly adsorb to the lattice oxygen and form CO" groups at the
metal oxide surface (equation 6.10) or react with lattice oxygen species and form oxygen

vacancies, which serve as donors 6.11 [162].

COfaas) == COgs) T €~ (6.10)

CO + Oy, == CO, +V, (6.11)

In the presence of oxygen, the direct adsorption to the lattice oxygen is hindered and

therefore the carbon monoxide molecules react with the ionosorbed oxygen species.
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Carbon dioxide is formed whereby electrons are released into the conduction band

(equation 6.12) [162].
CO + O(;ds) = CO, ™ (ags) == COy(y) + €~ (6.12)

Carbon monoxide is a well studied target gas and therefore also reaction mechanisms in
the presence of humidity are reported, where carbon monoxide reacts with ionosorbed
oxygen species and the hydroxy groups on the surface in parallel. Carbon monoxide is
oxidised by the oxygen of the isolated hydroxy group and a carbon dioxide molecule is
formed whereas the hydrogen atom forms a rooted hydroxy group with a lattice oxygen

which can become ionised and electrons are released into the conduction band.

6.1.4. Carbon dioxide CO,

Carbon dioxide is a linear molecule with two double bonds (O=C=0). It is a stable
molecule, which can only be decomposed at very high temperatures (above 1000 °C).
Although the detection of CO, is crucial for gas sensor systems, there are few reports
on CO, metal oxide gas sensors [163—-166]. No detailed literature about the reaction
of CO, and metal oxide gas sensors in oxygen-free atmosphere can be found. The
equations beneath show the assumed reaction mechanisms, which take place at the
metal oxide surface when exposed to carbon dioxide at elevated temperatures (equation
6.13) [167] and at low temperatures (<100 °C) (equations 6.14 and 6.15) [164] in humid

air atmosphere.

CO, + Of ) = CO5* (6.13)
CO, + OH(_adS) — HCO;~ (6.14)
HCO; ™ + OH,4,) == CO;*” + H,0(y (6.15)

By the formation of the carbonate, a negative charge can be released into the conduction
band, which decreases the materials resistance. It seems, that the reaction mechanism re-

lies on the equilibrium of carbon dioxide and the metal hydrogen carbonate/carbonate.
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6.2. Equipment & methods

6.2.1. Gas measurement setup

The developed tungsten oxide nanowire gas sensors are tested in the gas measurement
setup, which is shown in the figures 6.2 and 6.3. The gas measurement setup consists
of mass flow controllers (MFC, F-201CV from Bronkhorst) to regulate the gas supply, a
current source to apply the required current to the heater (PL330P, from Thurlby Thandar
Instruments for silicon based sensor and 2400 SourceMeter, from Keithley for the CMOS
sensor), a source measure unit (2400 SourceMeter, from Keithley) to perform the re-
sistance measurement of the sensor material and a multimeter (34401A, from Agilent
Technologies) to read out the sensor’s thermocouple.

The used background gas is synthetic air (80 % nitrogen, 20 % oxygen from Linde Gas
GmbH), unless noted differently. As shown in figure 6.3, the background gas flow is
controlled by two MFCs: one gas stream is bubbled through a water reservoir to provide
humidity, the other one represents the dry background gas flow. The relative humidity in
the background gas flow is measured by a commercial humidity sensor (rh sensor, AFK-E
from Kobold). The target gas flow is controlled by three MFCs. Each MFC is calibrated
for a specific flow range and therefore low, medium and high concentrations can be
precisely adjusted by using the MFC with the appropriate flow range. All MFCs are
controlled by a computer using a LabView application. The total gas flow (background
gas flow + target gas flow) fed to the gas chamber is kept constant at 1000 sccm for all

gas measurements presented in this work.
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Figure 6.2.: Gas measurement setup in the laboratory.
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Figure 6.3.: Scheme of gas measurement setup; MFC (mass flow controller), rh sensor (relative humidity

sensor), SMU (source measure unit).
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6.2.2. Measurement procedure

The tungsten oxide nanowire sensors are operated in a constant current mode and the

voltage is read out for the resistance measurement.

¢ At the beginning of each measurement, a 30 min time period is set, where back-
ground gas is conducted through the gas chamber to ensure the required atmo-
spheric conditions and flush out any residuals of other gas species.

* Measurement programs are constituted, so that the sensor is tested in different
operation temperatures.

* While keeping the sensor on a certain temperature, humidity changes are applied
to the system (see figure 6.4).

¢ Three humidity levels (25 %, 50 % and 75 % relative humidity at 20 °C) are chosen
to represent humidity conditions in real environment.

¢ The target gas is induced into the gas chamber in the chosen concentrations,
whereas the overall flow stays constant at 1000 sccm (reducing the background gas
flow by the target gas flow). The constant overall gas flow is a crucial factor, because
changing flow rates can cause flow turbulences in the gas chamber.

¢ The different gas pulses are set for 5min with breaks of 15 min in between (see

figure 6.5).
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Figure 6.5.: Scheme of gas pulse configuration.
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6.2.3. Data analysis

The data obtained from tungsten oxide nanowire gas sensing measurements is analysed
in terms of sensor response (S), which is defined as the relative difference between the
resistance value in the background gas (R,;,) before the gas pulse and the resistance value

during the gas pulse (Rgss) expressed in percentage (equation 6.16).

|Rgus - Rair’

S[%] = =
atrr

x 100 (6.16)

Further essential parameters of gas sensors are the response time t,.s, and the recovery
time t,c00. The response time is defined as the time the sensor resistance takes to reach
90 % of its saturation value during the gas pulse, whereas the recovery time is defined as
the time the sensor resistance takes to reach the resistance value 10 % below the initial

resistance (see figure 6.6).
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Figure 6.6.: Scheme of response and recovery time definition.
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6.3.

6.3.1

Gas measurement results

. Description of nanowire gas sensors

The presented gas measurements are performed with different sensor devices shown in

table 6.1:

The silicon based (SB) sensor is mainly used to pretest the sensing abilities of the
tungsten oxide nanowire material. This device consists of two sensors (sensor 1 and
2) on the same silicon chip. The same amount of nanowire suspension is deposited
onto these two sensors, so that the sensors should show the same sensitivity, when
exposed to a certain target gas.

The same amount of nanowire material is deposited on the CMOS MPW3mod
microhotplate. This sensor is specified as MPW3mod in table 6.1.

The CMOS MPW4 sensor is fabricated with twice the amount of nanowire ma-
terial to investigate the influence of nanowire density and the thereof potential
improvement of gas sensor sensitivity.

The SB sensor is also used to analyse the reaction mechanisms of H,S and CO with
the tungsten oxide material in nitrogen atmosphere at the lowest possible humidity

level of 3 %, limited by the gas measurement setup.

Table 6.1.: Sensor assignment for specific target gases.

Target Carrier Concentration Relative Temperature Investigated sensors
gas gas humidity = range (°C)
(%)
H,S SA 100—1000 ppb 25-75 250 — 400 SB, MPW3mod
H,S SA 10—60 ppb 50 250 MPW3mod
CcO SA 10—200 ppm 25-75 250 — 350 SB, MPW4
CO, SA 500—-2000ppm  25—75 300 — 400 SB, MPW3mod
H,S N, 1000 ppb 3 250 SB
CcO N, 200 ppm 3 350 SB
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6.3.2. Sensor response to H,S

An initial test program is applied to the silicon based tungsten oxide nanowire gas sensor
(SB), where the sensor is exposed to various ppb-levels of H,S between 100 ppb and
1000 ppb in three relative humidity levels (25 %, 50 % and 75 % at 20 °C) to determine
if the sensor is sensitive to H,S in general. The sensor shows a decrease in the sensor
resistance while being exposed to H,S, which means the sensor is sensitive to this highly
toxic target gas. According to the evaluation of the complete test gas measurement with
sensor operation temperatures between 250 °C and 400 °C in 50 °C steps, the sensitivity
of the sensor reaches its maximum at an operation temperature of 300 °C, which is

presented in terms of sensor response (described in chapter 6.2.3) in figure 6.7.

60 —e— at 1000 ppb H,S
—e— at 500 ppb H,S
%07 —=— at 250 ppb H,S
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T T T T
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Figure 6.7.: Sensor response (sensor 1) vs. sensor operation temperature at 100 ppb, 250 ppb, 500 ppb and
1000 ppb H,S.
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The sensitivity of the tungsten oxide nanowire material to H,S is proven by the SB sensor
and is transferred to CMOS technology. The CMOS based tungsten oxide nanowire
sensor MPW3mod is exposed to 100 ppb, 250 ppb, 500 ppb and 1000 ppb H,S at the three
relative humidity levels at the operation temperature of 300 °C. The sensor resistance at
the three humidity levels is shown in figure 6.8. The resistance decreases as expected
for the reaction of an n-type semiconductor material with a reducing gas like H,S and
increases again, when the flow of H,S is switched off. The resistance change increases
with increasing concentration of the H,S gas pulses. The measurement shown in figure
6.8 is evaluated in terms of sensor response. The sensor response to H,S at the sensor
operation temperature of 300 °C is presented in figure 6.9. The sensor shows the highest
sensitivity at the lowest humidity level of 25 % relative humidity. With the increasing
humidity level the sensor response decreases from 55 % at 25 % relative humidity to 47 %
at 75 % relative humidity. It can therefore be concluded that the sensor is not just sensitive

to H,S, but also to humidity at the operation temperature of 300 °C.
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Figure 6.8.: H,S gas measurement at 300 °C and three relative humidity levels exposed to 100 ppb, 250 ppb,

500 ppb and 1000 ppb H,S.
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Figure 6.9.: H,S gas response in (%) at 300 °C at three relative humidity levels.
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According to the evaluation of the initial test gas measurement shown in figure 6.7,
the sensor response at the operation temperature of 250 °C is less than at the operation
temperature of 300 °C but the sensor shows still an acceptable performance. At higher
temperatures (350 °C and 400 °C), the sensor response decreases significantly. At 350 °C
sensor operation temperature the sensor shows a similar sensor response, but still less
than at 250 °C and at 400 °C the sensor response drops down to less than 20 % even at
the exposure of 1000 ppb H,S. Therefore, the CMOS based sensor MPW3mod is tested at
the operation temperature of 250 °C as an alternative to 300 °C. The sensor is exposed to
the same H,S levels of 100 ppb, 250 ppb, 500 ppb and 1000 ppb H.,S at the three relative
humidity levels. The sensor signal is shown in figure 6.10. The change in the sensor
resistance is less intense as at the operation temperature of 300 °C, but the humidity
influence is negligibly low, which is a remarkable advantage. The sensor response shown
in figure 6.11 illustrates the humidity independence of H,S sensing of the CMOS tungsten

oxide nanowire sensor at 250 °C operation temperature.
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Figure 6.10.: H,S gas measurement at 250 °C and three relative humidity levels exposed to 100 ppb, 250 ppb,
500 ppb and 1000 ppb H,S.
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Figure 6.11.: H,S gas response in (%) at 250 °C at three relative humidity levels.
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The sensor response times of the H,S gas measurements are evaluated as described in
section 6.2.3. The normalised sensor resistance at the exposure to 1000 ppb H,S at 250 °C
and 300 °C at 50 % relative humidity are shown in figure 6.12. The already seen lower
sensor response at 250 °C is once again obvious. No great influence of the two different
sensor operation temperatures on the response and recovery times can be identified, but

what draws attention, are the very high response and recovery times presented here.
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Figure 6.12.: Normalised sensor resistance for the exposure to 1000 ppb H,S at 250 °C and 300 °C at 50 %

relative humidity with calculated response and recovery times.
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To provide a realistic gas environment, CO, is added to the background gas of synthetic
air (80% N, and 20% O,). A possible cross sensitivity of the CMOS tungsten oxide
nanowire gas sensor to CO, can be investigated in this way. The amount of 500 ppm
CO, is added to the gas stream while keeping the overall gas flow constant at 1000 sccm
by the adjustment of the background gas flow. The level of 500 ppm is oversized in
respect of today’s continuously increasing CO, levels in urban centres, where the CO,
level already reached the 400 ppm threshold value. Figure 6.13 shows the gas sensor
resistance at 250 °C and 50 % relative humidity exposed to the same H,S gas pulses of
100 ppb, 250 ppb, 500 ppb and 1000 ppb H,S with an additional constant flow of 500 ppm
CO,. The CMOS tungsten oxide nanowire sensor shows a significant change in the
sensor resistance when it is exposed to H,S and seems unaffected by the additional gas
species CO,. The sensor response shown in figure 6.14 emphasises the finding, where

the independence of the sensor response to the added CO, can be proven.
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Figure 6.13.: H,S gas measurement at 250°C and 50 % relative humidity exposed to 100 ppb, 250 ppb,
500 ppb and 1000 ppb H,S with 500 ppm CO, added to the background gas.
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Figure 6.14.: H,S gas response in (%) at 250 °C at three relative humidity levels with 500 ppm CO, added to
the background gas.
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The following conclusions can be drawn from the gas sensor evaluation for the exposure

to H,S:

¢ The tungsten oxide nanowire material is sensitive to H,S.

¢ The evaluations of the silicon based and the CMOS based sensor correspond to
each other.

* The response to ppb-levels of H,S is higher at the sensor operation temperature of
300 °C, but influenced by humidity changes.

* The response at the sensor operation temperature of 250 °C is less intense, but
humidity influence can be reduced in this way to a minimum.

* The response and recovery times are high, no matter if the sensor is conducted at
250°C or 300 °C.

¢ The H,S gas sensing performance is not affected by CO, at the sensor operation

temperature of 250 °C.
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6.3.3. Sensor response to CO

An initial test program is applied to the silicon based tungsten oxide nanowire gas sensor,
where the sensor is exposed to various ppm-levels of CO (10 ppm, 30 ppm, 60 ppm,
100 ppm, 150 ppm and 200 ppm) in three relative humidity levels (25 %, 50 % and 75 % at
20°C) at sensor operation temperatures of 250 °C, 300 °C and 350 °C to determine if the
sensor is sensitive to CO. The sensor shows a high response to the CO exposure.

To test the reproducibility of the nanowire printing process, the two sensors (sensor 1 &
2) on the same SB sensor device are tested simultaneously in the above described manner
and show same sensor responses. The gas measurements at the highest sensor operation
temperature of 350 °C are presented in figure 6.15 for sensor 1 and 6.16 for sensor 2.
Sensor 2 shows a slightly lower base resistance, but the determined sensor response is
the same for both sensors, which are compared with each other in figure 6.17.

To demonstrate the repeatability of the sensor performance, sensor 1 is shown in figure
6.18 at 50 % relative humidity and 350 °C sensor operation temperature, where the sensor
is exposed in an alternating mode to 10 ppm and 200 ppm CO.

In the figures 6.19 and 6.20, the sensor response of sensor 1 and sensor 2 at 300 °C and
250 °C is displayed, which shows that the sensors have the same sensitivity at these lower
temperatures as at 350 °C. This means that the sensor operation temperature has no
significant influence on the sensor response in this temperature range and therefore, the
amount of nanowire material is increased for the fabrication of the CMOS MPW4 sensor
to reach a higher sensitivity with the enlarged active area.

The gas measurement of the MPW4 sensor with higher nanowire density is shown
in figure 6.21 at the sensor operation temperature of 250 °C. The sensor shows high
sensitivity, which is compared to the sensor response of sensor 1 and sensor 2 (SB sensor)

consisting of less nanowire material in figure 6.22.
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Figure 6.15.: CO gas measurement of sensor 1 at 350 °C and three relative humidity levels exposed to 10 ppm,

30 ppm, 60 ppm, 100 ppm, 150 ppm and 200 ppm CO.
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Figure 6.16.: CO gas measurement of sensor 2 at 350 °C and three relative humidity levels exposed to 10 ppm,

30 ppm, 60 ppm, 100 ppm, 150 ppm and 200 ppm CO.
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Figure 6.17.: CO gas response of sensor 1 and 2 in (%) at 350 °C at three relative humidity levels.
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Figure 6.19.: CO gas response of sensor 1 and 2 in (%) at 300 °C at three relative humidity levels.
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Figure 6.20.: CO gas response of sensor 1 and 2 in (%) at 250 °C at three relative humidity levels.
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Figure 6.21.: CO gas measurement of CMOS MPW4 sensor at 250 °C and three relative humidity levels
exposed to 10 ppm, 30 ppm, 60 ppm, 100 ppm, 150 ppm and 200 ppm CO.
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Figure 6.22.: CO gas response in (%) at 250 °C for sensor 1, sensor 2 and the CMOS MPW4 sensor.
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The following conclusions can be drawn from the gas sensor evaluation for the exposure

to CO:

* The tungsten oxide nanowire material is highly sensitive to CO.

* Sensor 1 and sensor 2 show the same sensor response to the set CO gas pulses,
whereby the reproducibility of the sensor fabrication can be shown.

* The sensor is able to detect low and high CO gas concentrations in an alternating
mode, which demonstrates the repeatability of the sensor performance.

¢ The sensor operation temperature has no great influence on the sensor response in
the range of 250 °C to 350 °C in the used range of CO gas concentrations.

¢ The sensor response of the CMOS based sensor with a higher density of tungsten

oxide nanowire material slightly deviates from the silicon based sensor.
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6.3.4. Sensor response to CO,

An initial test program is applied to the silicon based tungsten oxide nanowire gas
sensor, where the sensor is exposed to various ppm-levels of CO, between 500 ppm and
2000 ppm in three relative humidity levels (25 %, 50 % and 75 % at 20 °C) to determine if
the sensor is sensitive to CO,. Since it can be shown that the sensor is not sensitive to CO,
at the sensor operation temperature of 250 °C and therefore, CO, does not affect the H,S
sensing performance (figure 6.14), the sensor material is tested at higher temperatures of
up to 400 °C for the above mentioned concentrations of CO,. The sensor shows a poor
change in the sensor resistance while being exposed to CO,, which means the sensor is
sensitive to this target gas, but it has to be evaluated if the sensor response is efficient
enough. According to the evaluation of the complete test gas measurement with sensor
operation temperatures between 300 °C, 350 °C and 400 °C, the sensitivity of the sensor
reaches its maximum at an operation temperature of 400 °C.

The CMOS MPW3mod gas sensor is tested towards CO, concentrations of 500 ppm,
1000 ppm, 1500 ppm and 2000 ppm at the operation temperature of 400 °C at the three
relative humidity levels (25 %, 50 % and 75 % at 20 °C). Figure 6.23 shows the gas sensor
measurement, where the marginal change in the sensor resistance can be seen. Converted
to the sensor response (figure 6.24) the sensitivity of the sensor is not even reaching the

5 %.
The following conclusions can be drawn from the gas sensor evaluation for the ex-
posure to CO,:

¢ The tungsten oxide nanowire sensor is not suitable to efficiently detect CO,.
¢ The sensor could be more sensitive at higher sensor operation temperatures, but

the CMOS microhotplate chip is limited to 400 °C.
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Figure 6.23.: CO, gas measurement of CMOS MPW3mod sensor at 400 °C and three relative humidity levels
exposed to 500 ppm, 1000 ppm, 1500 ppm and 2000 ppm CO,.
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6.3.5. Sensor response in nitrogen atmosphere

The tungsten oxide nanowire gas sensor shows significant sensitivities to H,S and CO
as presented in the previous sections. All the measurements are conducted in synthetic
air and humid atmosphere, where enough oxygen is present to adsorb at the nanowire
surface, which leads to the reaction of the target gas molecules with the adsorbed oxygen
species. The arising question is, which reactions take place, when no adsorbed oxygen
is present at the nanowire surface. To investigate this question, the silicon based sensor
(sensor 1) is exposed to H,S and CO in nitrogen atmosphere. At both measurements,
the sensor is first treated at 400 °C for three hours and the lowest humidity level of
3% (limited by the gas measurement setup) to clean the nanowire surface as good as
possible from oxygen species. After this temperature treatment, the sensor was set to the
specific sensor operation temperature according to the exposed gas species: 250 °C for
the exposure of H,S and 350 °C for CO.

At the H,S gas measurement shown in figure 6.25, two gas pulses of 1000 ppb H,S are
applied to the sensor with a pulse duration of five minutes and a break of 15 minutes
nitrogen flow in between. A very intensive change in sensor resistance takes place at the
first gas pulse. The sensor reacts strongly to the present H,S gas, but with a low reaction
speed. At the end of the first H,S gas pulse, the sensor resistance has not reached its
saturation yet. In the period between the two gas pulses, the sensor resistance goes back
slowly to higher resistance values, but within the 15 minutes, the base resistance of the
sensor can not be reached. At the second gas pulse, the change in sensor resistance is
not as intensive as at the first pulse. After the second gas pulse the sensor resistance
gradually increases.

At the CO gas measurement shown in figure 6.26, two gas pulses of 200 ppm CO are
applied to the sensor in the same sequence as described for H,S. The sensor reacts
strongly to the gas exposure and reaches its saturation quite fast. After the first gas pulse,
the sensor resistance almost reaches its base resistance within the 15 minutes before the
second CO gas pulse is introduced into the gas chamber. The sensor resistance drops
again, but can not reach the saturation state within the five minutes of CO exposure.

In the tables 6.2 and 6.3 the sensor response for H,S and CO gas measurements in
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synthetic air and nitrogen is presented. It can be seen immediately, that the sensor has
a better sensor response to the certain amounts of target gases in nitrogen atmosphere
with almost no oxygen present. For H,S, there is a difference of 40 % in sensor response.
For CO, the difference is less, 25 %, which is still a significant value.

In table 6.4, the response times for H,S and CO gas measurements in nitrogen are
summarised and compared to those in synthetic air. First of all, the response times show,
that the tungsten oxide nanowire sensor reacts faster to CO than to H,S. Even if the
sensor is operated at 300 °C or 350 °C the response time for 1000 ppb H,S does not fall
below 2 min. In nitrogen, the response time of 3 min 35s is even higher than in synthetic
air. For CO, a different sensor behaviour emerges. The response time for a gas pulse of
200 ppm CO in synthetic air is 48 s and in nitrogen 28s, hence it can be concluded, that
the sensor reacts faster to CO in nitrogen atmosphere than in synthetic air.

In table 6.5, the recovery times for H,S and CO gas measurements in nitrogen are
presented, again compared to those in synthetic air. For the H,S gas measurement in
synthetic air, a recovery time of 1min 57s can be calculated, but the sensor resistance
can not reach the base resistance within the given time of fifteen minutes (set by the
measurement program, see section 6.2.2). After the fifteen minutes, the sensor shows
a resistance 98 % of the base resistance value. In the H,S gas measurement in nitrogen
atmosphere, the sensor resistance increases gradually after the second gas pulse of
1000 ppb, with a recovery time of 1h 46 min. After two hours the sensor still does not
reach its base resistance but 94 % of it. For CO, the same trend of a higher recovery time
in nitrogen atmosphere than in synthetic air is shown in table 6.5, but the range of the

recovery times is within one to eight minutes.

93



B H.S (ppb)

Sensor resistance (Q)

1,4E6 -
4 7000

1,2E6
. ,\,/“\4 4 6000
S 4 oe6-
g 5000
= —~
£ 80E54 3
2 4000 &
@ C
o %
5 60E5- 3000 T
n
o
0 40854 2000

2,0E5 I 41000

O’O T T I T T T T T T 0
0 2000 4000 6000 8000 10000

Time (s)

Figure 6.25.: H,S gas measurement at 250 °C in nitrogen atmosphere with a gas pulse concentration of

1000 ppb H,S and a relative humidity level of 3 % (limited by the gas measurement setup).

Table 6.2.: Sensor response (%) of H,S gas measurement in synthetic air (SA) and nitrogen (N,); the sensor
response value for the measurement in SA is a mean value of the three relative humidity levels of
25 %, 50 % and 75 % and the sensor response value for the measurement in N, is calculated for

the first gas pulse.

Target Carrier Sensor Gas Relative Sensor

gas gas operation concentration humidity response
temperature

H,S SA 250°C 1000 ppb 25—75% 30.66 %

H,S N, 250°C 1000 ppb 3% 70.61 %
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Figure 6.26.: CO gas measurement at 350 °C in nitrogen atmosphere with a gas pulse concentration of

Table 6.3.:

200 ppm CO and a relative humidity level of 3 % (limited by the gas measurement setup).

Sensor response (%) of CO gas measurements in synthetic air (SA) and nitrogen (N,); the sensor
response value for the measurement in SA is a mean value of the three relative humidity levels of
25 %, 50 % and 75 % and the sensor response value for the measurement in N, is calculated for

the first gas pulse.

Target Carrier Sensor Gas Relative Sensor

gas gas operation concentration humidity response
temperature

CcO SA 350°C 200 ppm 25—75% 70.28 %

CcO N, 350°C 200 ppm 3% 95.54 %
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Table 6.4.: Response times (tyesp) of H,S and CO gas measurements in synthetic air (SA) and nitrogen (N,);

tresp for measurements in SA are mean values of the three relative humidity levels of 25 %, 50 %

and 75 % and the tyesp for measurements in N, are calculated for the first gas pulse.

Target Carrier Sensor Gas Relative tresp
gas gas operation concentration humidity

temperature
H,S SA 250°C 1000 ppb 25-75% 2min 19s
H,S N, 250°C 1000 ppb 3% 3min 35s
CcO SA 350°C 200 ppm 25-75% 48s
CcO N, 350°C 200 ppm 3% 28s

Table 6.5.: Recovery times (teco0) of H,S and CO gas measurements in synthetic air (SA) and nitrogen (N,);

trecov fOr measurements in SA are mean values of the three relative humidity levels of 25 %, 50 %

and 75 % and the tyecop for measurements in N, are calculated for the second gas pulse.

Target Carrier Sensor Gas Relative trecon
gas gas operation concentration humidity

temperature
H,S SA 250°C 1000 ppb 25—-75% 1min 57s
H,S N, 250°C 1000 ppb 3% 1h 46 min
CcO SA 350°C 200 ppm 25—-75% 1min 17s
CO N, 350°C 200 ppm 3% 7min 30s
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6.4. Discussion

In this section the sensor performance of the tungsten oxide nanowires towards H,S
and CO is discussed regarding the influence of the operation temperature, the different
humidity levels, the used background gases, synthetic air and N,, and the exposed target
gas concentrations. The detection of CO, is not included in the discussion, because the
tungsten oxide nanowire gas sensor is not sufficiently sensitive to CO, in the feasible
temperature range up to 400 °C, which is as described above limited by the CMOS
microhotplate chip.

6.4.1. Influence of sensor operation temperature

The sensor operation temperature is an important influence factor for metal oxide gas
sensing. For H,S gas sensing of the tungsten oxide nanowire sensor device, 300 °C is
determined to be the sensor operation temperature with the highest sensor response. The
response profile for H,S, as presented in figure 6.7, shows that operation temperatures
higher than 300 °C lower the sensor response. This behaviour of having an optimum
sensor operation temperature for a certain target gas is explained in [168, 169] by a com-
petitive situation between slow kinetics of the reaction with the target gas at lower sensor
operation temperatures and desorption processes promoted by higher temperatures.

For the target gas CO, this characteristic behaviour can not be confirmed for the tungsten
oxide nanowire sensor, within the used temperature range of 250 °C to 350 °C. The sensor
shows similar responses at all three sensor operation temperatures. A maximum devia-
tion of less than 5% can be calculated for all three sensor operation temperatures at all
applied target gas concentrations and humidity levels. The sensor operation temperature
has no great influence on the sensor response when exposed to CO, but the influence on

the response and recovery time is obvious from the figures 6.27 and 6.28.
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6.4.2. Influence of humidity

The humidity present in the sensor environment can severely influence the sensing
performance of a metal oxide gas sensor, as described in section 6.1.1. The H,S gas sensor
at 300 °C sensor operation temperature clearly shows an influence of the humidity level
on the sensor performance (figure 6.9). The sensor response decreases almost 20 % (at
1000 ppb H.,S) from the lowest level of 25% relative humidity to the highest level of
75 % relative humidity. This behaviour of metal oxide gas sensors in the presence of
water molecules is extensively studied and reported in literature [155,168]. Competitive
reactions of the metal oxide with the water molecules lead to the decrease in sensor
response with increasing humidity level, like it is the case for the tungsten oxide nanowire
sensor detecting H,S. At 250 °C sensor operation temperature, this competition between
water molecules and H,S target molecules seems to be in an equilibrium state, where
less active sides are available for the reaction with H,S, which results in a lower sensor
response, but the quantity of water molecules do not affect the sensor performance.

For the detection of CO, humidity seems to affect the sensor not at all. At all three
used sensor operation temperatures (250 °C, 300 °C, 350 °C), the humidity influence is
negligibly low. Except the CMOS MPW4 sensor with the higher amount of deposited
nanowires, which shows a slight influence of the different humidity levels (figure 6.22).
At the lowest concentration of 10 ppm CO the deviation of the three sensor responses
is about 15 %. At the concentrations from 30 ppm to 100 ppm, no significant difference
in sensor response can be reported, but at 150 ppm and 200 ppm the deviation of the
sensor responses becomes larger, also around 15 %. This leads to the assumption that too
much of the nanowire material could cause problems with humidity interferences. But to
truly understand the effect of humidity in the cases of H,S and CO gas sensing with the
fabricated tungsten oxide nanowire gas sensors, the kinetics of the sensor mechanisms
have to be studied in more detail and a certain amount of identical sensors has to be

analysed, which is not feasible within the framework of this work.
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6.4.3. Influence of target gas concentration

The H,S gas measurement results of the tungsten oxide nanowire gas sensor in section
6.3.2 show that the sensor detects H,S with a satisfying sensor response, which increases
with increasing target gas concentration. When the shape of the resistance changes is
analysed, it can be seen that the sensor does not reach a saturation state over the exposure
time of five minutes at none of the exposed gas concentrations, which is in agreement
with the slow response time of several minutes presented in figure 6.12 and table 6.4.
These findings lead to the assumption, that not just reactions with adsorbed oxygen
species take place at the nanowire network surface, but also competitive reactions, which
have no effect on the material’s resistance. A competitive reaction could be the formation
of WS, as described in equation 6.9. In this reaction, WO, and H,S are reacting with each
other and form WS,, SO, and water. SO, is a pungent-smelling and toxic gas, which can
be detected by tungsten oxide and other metal oxide gas sensors as well as H,S [170].
So the formation of WS, and SO, would lead to a changed composition of the gas
environment, where both gas species, H,S and SO,, are present. The resulting concern is,
that SO, is also reacting with the tungsten oxide nanowire surface and therefore distorts
the gas measurement of H,S. If this is the case, the detection of H,S is even more difficult
to interpret and evaluate. The formation of WS, would also explain the fact that the
sensor resistance can not completely recover to the base resistance value after exposure
to H,S.

The CO gas measurements in section 6.3.3 show the tungsten oxide nanowire gas sensor
detecting CO with very good performance. The sensor reaches the saturation state, im-
mediately after the exposure to the target gas starts, and the sensor response increases
with increasing CO gas concentration, as desired. As presented in figure 6.27, the CO gas
concentration has no relevant effect on the response times at the three applied sensor
operation temperatures. The deviating value at 10 ppm and 250 °C with 50 % relative
humidity (rh) is due to troubles in the humidity configurations, therefore this value
should be excluded from the interpretation of the results. It can be shown that the
response times are not effected by the amount of gas molecules reacting with the surface

in this range of target gas concentrations. In contrast to that, the recovery times shown
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in figure 6.28 are significantly increased with the increasing CO concentration. It seems,
that reaction processes of CO with the nanowire network surface are much faster than
the recovery period. The recovery could consist of the adsorption of oxygen species or
the reoxidation of the tungsten oxide itself. The comparison of response and recovery
times of the tungsten oxide nanowire gas sensor with other nanowire network sensors in
literature shows, that the sensor fabricated in this work provides properties in the same

time range [171-173].
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Figure 6.27.: Response time in (s) of CO gas measurement (sensor 1) at three different sensor operation
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Figure 6.28.: Recovery time in (s) of CO gas measurement (sensor 1) at three different sensor operation

temperatures.
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6.4.4. Influence of background gas

In the broad spectrum of applications for gas sensors, the more likely gas atmosphere
is ambient air, but to get more information about the sensor mechanisms themselves,
experiments with N, as background gas are performed. In the tables 6.2 and 6.3, the
sensor response of the tungsten oxide nanowire gas sensor to the target gases H,S and
CO in synthetic air and N, is presented. The trend for both target gas species is that the
sensor response is higher in N, atmosphere than in synthetic air. At H,S, the difference
in sensor response is almost 40 %, at CO 25 %. This behaviour of higher sensor responses,
when no or a low level of oxygen is present, can be confirmed by the report of Hahn et
al. for SnO, thick films [162].

The evaluation of the response and recovery times (tables 6.4 and 6.5) shows first of all,
that the H,S sensor reactions proceed extremely slow, no matter in which background
gas. As already discussed above, it can be presumed that H,S reacts with the tungsten
oxide nanowires in multiple ways: The reversibility of the resistance decrease shows that
typical metal oxide sensor reactions take place, but the base resistance does not reach
the initial resistance value after H,S exposure, which indicates an irreversible reaction of
H,S and tungsten oxide like described in equation 6.9.

In the case of CO, the sensor reacts in N, atmosphere almost twice as fast as in synthetic
air. This behaviour could be explained by the reaction mechanism shown in equation 6.10,
where CO adsorbs to the surface and acts as an electron donor, in the absence of oxygen.
But also lattice oxygen could react with the CO molecules forming oxygen vacancies
(equation 6.11). The latter would lead to higher response and recovery times in bulk
materials, because of diffusion of the oxygen vacancies into the bulk, but in the case of
nanowires smaller dimensions are present. Concerning the recovery time, an opposite
trend emerges, where the recovery of the sensor takes more time in N, atmosphere than
in synthetic air. This would more likely point out the reaction of CO with lattice oxygen,
where reoxidation process of the reduced tungsten oxide nanowire network takes time,

especially because a very low amount of oxygen is present.
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6.5. Summary

The CMOS tungsten oxide nanowire gas sensors are tested to detect H,S, CO and CO,.
For the exposure to H,S and CO, the sensors show good sensor response, whereas the
exposure to CO, shows a sensor response less than 5 %.

The H,S gas measurement evaluations show that the tungsten oxide nanowire sensor
has a good response up to almost 60 % (for the exposure to 1000 ppb H,S) at the sensor
operation temperature of 300 °C. Unfortunately, the sensor exhibits a high cross sensitivity
to humidity at this sensor operation temperature. Therefore, the lower temperature of
250 °C is evaluated, where almost no cross sensitivity to humidity can be found, with the
drawback of a lower sensor response (30 % at 1000 ppb H,S). Further can be seen, that
CQO, is not interfering with the detection of H,S. Although the tungsten oxide nanowires
are highly sensitive to H,S, the analysed response and recovery times in figure 6.12 as
well as in the tables 6.4 and 6.5 are too long for an application as gas sensor, where a fast
alert is crucial by exposure to a hazardous gas like H,S. Additional to the slow sensor
response and recovery, it is assumed, that H,S reacts with the tungsten oxide nanowires
and irreversibly forms WS,. This is indicated by the fact, that the base resistance can
not be reached again after the exposure to H,S. Thus the question arises, if SO,, which
results from the formation of WS,, is also reacting with the nanowire surface or not.
The evaluation of the CO gas measurements shows that the fabrication process of inkjet
printing is reproducible, so that the two identical sensors 1 and 2 can be fabricated.
The sensor response of the two sensors is in good agreement, independent from the
applied temperatures in the range of 250 °C to 350 °C (figures 6.17, 6.19 and 6.20). The
repeatability of gas detection is also presented, where a low amount of 10 ppm and a high
amount of 200 ppm CO is applied in an alternating mode to the sensor. The calculated
sensor response in figure 6.18 shows well correlating data for the detection of alternating
target gas pulses. The fabricated CMOS MPW4 sensor, with a higher nanowire network
density, shows a slightly deviating sensor response to the SB sensor, which could be
due to humidity interferences. The presented sensor response in nitrogen atmosphere
indicates the different reaction mechanisms depending on the amount of oxygen species

adsorbed at the nanowire surface. When almost no oxygen is present in the gas sensor
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atmosphere, it is assumed that the CO molecules adsorb to the tungsten oxide and act as
donor, or react directly with the lattice oxygen and reduce the tungsten oxide.
Additionally can be shown, that the tungsten oxide nanowire sensor is insensitive to the
exposure of CO,, because the sensor response of less than 5 % is not suitable to efficiently
detect the target gas and can be neglected.

The overall evaluation of the tungsten oxide nanowire gas sensors results in the fact, that
the metal oxide nanowire material is an excellent CO gas sensor with an outstanding

sensor response and fast response and recovery times.

104



7. Conclusion & QOutlook

The objective of this thesis is the fabrication of CMOS integrated nanowire gas sensors.
The technological methods to integrate nanowires onto CMOS microhotplates are dis-
cussed and the feasibility of the used inkjet printing technique is shown. The CMOS
integrated tungsten oxide nanowire gas sensors can be realised.

The tungsten oxide nanowires are hydrothermally synthesised and investigated by differ-
ent characterisation methods in terms of material properties and chemical composition.
The gas sensing properties of the sensor material are studied with a test sensor (SB
sensor) and the CMOS integrated devices in terms of sensitivity to the different target
gases H,S, CO and CO,, the cross-sensitivity to humidity and the sensor response and
recovery times.

The hydrothermal synthesis of the tungsten oxide nanowires represents a simple and
low-cost technique, without the usage of any hazardous reactants. Furthermore, the
moderate reaction temperature of 180 °C requires no expensive heating equipment. The
potassium sulphate, which is acting as a shaping agent in the nanowire growth, can be
even recycled at the end of the reaction. The hydrothermal synthesis of tungsten oxide
nanowires demonstrates a promising way to scale up the sensor material production,
even to industrial scale.

The synthesised tungsten oxide nanowires are investigated by several analysis methods.
SEM and TEM are used to get more information about the material morphology and
geometry. The resulting images showed nanowires with high aspect ratios up to 1000
with a fibrous looking texture. By high resolution TEM and SAED characteristic lattice
constants can be identified, which refer to a non stoichiometric tungsten oxide nanowire
material. The XRD spectrum recorded from the nanowire powder is in best agreement
with the hexagonal stoichiometric WO, published by Oi et al. [110]. The EDX is used
as chemical characterisation method, which shows that the nanowires consist of the ex-
pected elements tungsten and oxygen, but also a certain amount of potassium is present
in the nanowires. The Raman investigations are not significant for the determination
of the nanowire composition, but can show that a temperature induced transformation

of the nanowires occurs. By the use of these available investigation methods, no clear
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statement about the tungsten oxide nanowire composition or crystal structure of the
nanowires can be given. Further investigations will have to be conducted, which could
give more precise chemical information about the nanowires, for example electron probe
micro analysis (EPMA) to exactly determine the chemical composition or X-ray photo
electron spectroscopy (XPS) to identify the electronic state of tungsten.

The integration of the tungsten oxide nanowires onto the CMOS microhotplates is realised
by the use of a FUJIFILM inkjet printer [139]. A water based nanowire suspension is
homogenised by ultrasonication and filled in the printer cartridge, which is mounted on
the printer. With the precisely adjustable sample stage and camera system, the nanowire
suspension is deposited on the designated CMOS microhotplate positions. This is a
simple nanowire deposition technique, which can be applied to any substrate with
an accurate reproducibility. The printing process is not specific for the tungsten oxide
nanowire material, so the composition of the nanowire suspension is flexible and can be
arbitrary adapted.

The gas sensing properties of the printed CMOS tungsten oxide nanowire sensors are
analysed for the exposure to H,S, CO and CO,. The evaluation shows, that the sensor
material is sensitive to H,S and CO producing a satisfying sensor response, but the
exposure of CO, affects no significant change in the materials resistance. The drawback
in the detection of H,S is the slow response time of several minutes, which is not feasible
for a real life gas detector. But the fabricated gas sensors show a highly effective CO
sensing performance: sensor response up to 70 % with response times of a few seconds
and no cross-sensitivity to humidity. Also the repeatability of the CO detection can be
shown by the exposure of the sensor to the lowest and highest CO concentrations, used
in the measurement procedure, in an alternating mode. Therefore, the fabricated CMOS
tungsten oxide nanowire gas sensor turns out to be an excellent CO detector.

In the future, the CMOS nanowire gas sensors fabricated in this work can be refined in

different aspects:

* The nanowire material can be functionalised with metallic nanoparticles to improve
the gas sensing properties. The metallic nanoparticles have a catalytic effect on

the dissociation of the adsorbing target gas molecules and therefore enhance the
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sensitivity of the sensor to certain gases. The functionalisation can also have an
influence on reaction speeds, which means that sensor response times can be
reduced in this way.

¢ The nanowire integration on the CMOS chip or any other substrates can be im-
proved by the adjustment of the printing process to the nanowire printing applica-
tion. A suggestion for a nanowire printer on industrial scale is given.

* The fabricated tungsten oxide nanowire gas sensor can be combined with other
nanowire gas sensors by the use of the unique CMOS MPW4 chip, which consists
of eight well-designed microhotplates, which can be operated in parallel. This will
lead to a CMOS sensor array, where multiple different gas sensors are located on

one single chip.

These three aspects will be discussed in detail in the following sections as an outlook to

future improvements of the CMOS integrated nanowire gas sensors.

Outlook for sensor material optimisation

The combination of metallic nanostructures like nanoparticles and metal oxide nanowires
can optimise the sensing performance of gas sensors. This method of sensor improve-
ment is well reported and accepted in literature [174-177]. Therefore, the tungsten oxide
nanowires synthesised in this work are functionalised with bimetallic nickel platinum
nanoparticles within the project “RealNano - Industrielle Realisierung innovativer CMOS
basierter Nanosensoren” (Grant No. 843598). The project partner and nanotechnology
expert CAN GmbH synthesises the nanoparticles and by the use of a simple mixing tech-
nique the nanoparticles attach to the tungsten oxide nanowires. The resulting nanoparticle
functionalised nanowires are characterised by TEM, which is shown in figure 7.1. The
nanoparticles with a size of around 3nm are well distributed all over the nanowire
network. The interface between the nanoparticle and the nanowire will be analysed by a
cross section of the nanowire in upcoming TEM experiments. The gas sensing properties

of the material combination are currently under investigation.
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Figure 7.1.: TEM images of tungsten oxide nanowires functionalised with bimetallic nickel platinum (NiPt)

nanoparticles.

Outlook for nanowire integration

The inkjet printing technique is suitable for the sensor fabrication in this work, but if the
quantity of sensors to produce increases, a straightforward inkjet printer will not fulfil
the production requirements. Therefore, an idea, how the realisation of such a nanowire
printing tool can look like, is presented in figure 7.2. The nanowire suspension is either
stirred or ultrasonicated to achieve the homogeneous distribution in the liquid phase.
The nanowire suspension is transferred continuously to the head of the printer, where a
piezo-driven or another dispensing technique is used to form a droplet of the required
size. The droplet is deposited at the desired position on the CMOS wafer. In this way,

microhotplates on the entire CMOS wafer can be coated with a certain nanowire material.

N

stirring or ultrasound

Figure 7.2.: Scheme of potential nanowire printing tool.
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Outlook for unique CMOS integrated sensor array

The combination of the nanowire sensor printing and the CMOS MPW4 microhotplate
chip design offers the possibility to create unique CMOS sensor arrays, where on each of
the eight available microhotplates another nanowire material can be deposited. A possible
nanowire combination can be tungsten oxide, tin oxide and copper oxide as shown in
tigure 7.3. Also other nanowire materials or nanowire-nanoparticle combinations can be
part of the sensor array. This unique sensor array is expected to be able to distinguish
between different gas species by the diverse materials being sensitive to specific target

gases and a well-designed software supporting and evaluating the obtained data.

Other
nanowire materials

Figure 7.3.: Nanowire sensor array on CMOS MPW4 microhotplate chip with eight microhotplates.
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List of Abbreviations

AAM
ALD
CMOS
CVD
EDX
EPMA
FFT
MBE
MEC
MPW
NTS BSD
rh
SAM
SB
SE2
SEM
SMU
TEM
TSV
XPS
XRD

Anodic Aluminium Membrane
Atomic Layer Deposition
Complementary Metal Oxide Semiconductor
Chemical Vapour Deposition
Energy Dispersive X-ray Spectroscopy
Electron Probe Micro Analysis
Fast Fourier Transformation
Molecular Beam Epitaxy

Mass Flow Controller

Multi Project Wafer

Backscattered Electron Detector
Relative Humidity

Self Assembled Monolayer

Silicon Based

Secondary Electron Detector
Scanning Electron Microscopy
Source Measure Unit
Transmission Electron Microscopy
Through Silicon Via

X-ray Photo Electron Spectroscopy
X-ray Diffraction
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Appendix

A. Selected area diffraction (SAED)

Selected Area Diffraction (SAED) pattern of tungsten oxide nanowires with the identified
reflections forming rings (blue marked rings in figure A.1). Green-white dotted frame

shows the area of the taken peak profile, which is evaluated in figures A.2 to A.7.

Figure A.1.: SAED pattern with six most intense reflection rings highlighted.
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Figure A.2.: Profile of SAED pattern; peak at a distance of 2.469 (nm™1).
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Figure A.3.: Profile of SAED pattern; peak at a distance of 2.757 (nm™1).
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Figure A.4.: Profile of SAED pattern; peak at a distance of 5.058 (nm
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Figure A.5.: Profile of SAED pattern; peak at a distance of 5.321 (nm
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Figure A.6.: Profile of SAED pattern; peak at a distance of 7.598 (nm™1).
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Figure A.7.: Profile of SAED pattern; peak at a distance of 7.838 (nm™1).
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B. X-ray Diffraction (XRD)
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Figure B.1.: XRD spectrum with peak positions for hexagonal WO, [110] from ICSD database [111].
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