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Abstract

The combination of gas sensing materials with CMOS technology is key to realize smart
gas sensor devices for mobile applications. Gas sensors on the market today are rather
bulky devices with high power consumption. The integration of gas sensors on
CMOS based microhotplates enables the fabrication of miniaturized sensor devices with
low power consumption. Highly sensitive and selective gas sensing materials are of
significant importance for the application of smart gas sensor devices in consumer
electronics. In this thesis, SnO2 thin film gas sensors are integrated on
CMOS microhotplates and functionalized with metallic and bimetallic nanoparticles. The
CMOS-compatible deposition of 50 nm thin SnO> films is achieved by a spray pyrolysis
process. The morphology, crystallinity, and roughness of the sensing material is
characterized. Different deposition techniques for functionalization of the
CMOS integrated gas sensors with nanoparticles are investigated. The functionalized gas
sensors are operated at elevated temperatures up to 400 °C and the sensor performance to
the exposure of CO and Hz in the ppm-level range in dry and humid atmosphere is
evaluated. The impact of metallic and bimetallic nanoparticles on the gas sensitivity and
selectivity, as well as response and recovery time of CMOS integrated SnO- thin film gas

sensors is determined.
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. Introduction and Motivation



Historically, the need for gas sensors appeared for the first time in the mining industry.
Detecting the highly explosive gas methane and monitoring oxygen levels in coal mines
was and still is important for the worksite safety of miners. In the last few decades, due
to the industrialization and fast development of new technologies, various other
applications for gas sensors have emerged in numerous industries, in the health sector and
in outdoor environmental monitoring [1]. Over the years, a vast variety of gas sensors
based on different working principles has been developed for monitoring and controlling
the emission of hazardous and flammable gases. One of the most promising sensor
technologies is based on conductometric gas sensors using metal oxide

semiconductors [2].

In 1962, Seiyama et al. reported on the first practical use of a conductometric gas sensor
using zinc oxide (ZnO) thin films at elevated temperatures for the detection of
inflammable gases in air [3]. In the same year, Taguchi applied for a patent using a
sintered porous tin oxide (SnOz) block for detecting gas leakages in domestic homes.
After extensive research and development, Taguchi - together with his research
colleagues - commercialized the first gas sensor based on SnO; in 1968 [4]. Since then,
researchers all over the world have studied the properties and sensing performances of
different metal oxides, but so far SnO- is the most studied and used metal oxide for gas
sensing [5]. Conductometric gas sensors have many advantages compared to other sensor
technologies, including low cost due to easy and flexible production, fast response and
high sensitivity to a large number of gases [6]. The sensitivity to various gases is, at the
same time, also the biggest disadvantage of metal oxides because it leads to a low
selectivity of the gas sensors. Temperature modulation, gas-filtering layers, detection
algorithms, or catalytically active additives are some of the many methods for improving
selectivity [7]-]9].

Apart from industrial and environmental applications, cheap and reliable gas sensing
systems need to be developed for controlling and monitoring indoor air quality (1AQ).
Air pollutants, such as volatile organic compounds (VOCs), or particle matter (PM), are

generated in the household by emission from furniture, building materials, or using coal
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and wood for heating and cooking. People, who nowadays spend up to 90 % of their time
inside buildings, are affected by the household-generated pollutants, which can cause
health problems and can even lead to death [10], [11]. At the moment, the applications of
gas sensors are limited to industrial processing or laboratories because gas sensor systems
are still bulky and expensive devices. For the application of gas sensor systems in
everyday life, the cost has to be reduced extensively. This can only be achieved by
combining the sensing element with low-cost manufacturing technologies (e.g. CMOS
technology). The combination of nanostructured sensing materials  with
CMOS technology leads not only to cost reduction but also to lower power consumption
and miniaturized devices. A new market in portable electronics (e.g. smart phones, wrist
watches, laptop computers, etc.) could be accessed by CMOS integration of gas
sensors [12].

In 2016, a market study on multi-gas and particle sensing was performed by
IHS Markit [13] within the framework of the project “MSP — Multi Sensor Platform for
Smart Building Management”, coordinated by Materials Center Leoben Forschung
GmbH. The market study showed that in the next couple of years, new application fields
for multi-gas sensors and particle sensors will emerge. Especially, the integration of gas
and particle sensors in air purifiers will be a consumer mass-market application. Another
new type of device will be smart lighting fixtures including different sensors for fire
prevention, human presence detection, and control of heating, ventilation, and air
conditioning (HVAC).

The aim of this thesis is the functionalization of CMOS integrable SnO> gas sensors with
metallic and bimetallic nanoparticles for enhanced gas sensitivity and optimized
selectivity. SnO thin films are deposited on microchips by a CMOS compatible
deposition technique. By the heterogeneous integration of the sensing layer on
microchips, which include electronics and microhotplates as heating elements, a
“smart” gas sensor system is developed. Microhotplates, which are thermally isolated
from the rest of the chip to reduce heat dissipation, enable precise temperature control

and low power consumption for operating temperatures of up to 400 °C. Functionalization

11



with nanoparticles is a powerful strategy to enhance the gas sensitivity and improve the
selectivity of metal oxide gas sensors. Within this thesis, the impact of different metallic
and bimetallic nanoparticles on the sensitivity as well as the selectivity of SnO thin film
gas sensors is investigated. This work has been performed within the projects “Multi
Sensor Platform for Smart Building Management” (MSP), funded by the European
Commission, and “Industrielle  Realisierung innovativer CMOS basierter
Nanosensoren” (RealNano), funded by the Austrian Research Promotion Agency. The
goal of the MSP project is the 3D integration of sophisticated sensor devices on
CMOS electronic platform chips by employing Through-Silicon-Via (TSV) technology.
RealNano aims to develop an innovative process chain and new production machines for

full wafer scale industrial fabrication of CMOS based nanosensors.
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This thesis is organized as follows:
I — Introduction and Motivation

Il — Theoretical Part The fundamentals and gas sensing characteristics of metal
oxide semiconductor gas sensors are defined. Deposition techniques of metal oxides and
methods to improve the gas sensitivity and selectivity of metal oxide gas sensors are

summarized.

111 — Experimental In this part, the procedures for fabricating CMOS integrated tin
oxide gas sensors are presented. The spray pyrolysis process for depositing tin oxide thin
films on different substrates is explained in detail. The fabrication of silicon based and
CMOS based tin oxide gas sensors is summarized. Different deposition techniques of
nanoparticles for functionalizing the metal oxide gas sensors are presented and the gas
sensing characterizations of bare and functionalized tin oxide thin film gas sensors are

summarized and discussed.

IV — Summary and outlook The last part summarizes the results of this thesis and gives

an outlook on future activities in this field.
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1. Theoretical part
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1  Metal oxide semiconductor gas sensors

Monitoring and controlling air quality is an important issue for today’s society.
Nowadays, gas sensors are not only needed in industry for process control and work
safety, but have become pervasive in our live. Outdoor environmental monitoring,
medical diagnostics, or indoor air quality control in building technologies are some of the
many application fields of gas detection. Over the years, various types of gas sensors,
based on different detection principles, have been developed. Chemical gas sensors based
on metal oxide semiconductors are one of the most promising sensor types and subject of
this work. In this chapter, the definition of chemical sensors and their classification, as
well as sensing materials for conductometric gas sensors and their sensing characteristics

with focus on tin oxide will be discussed.

1.1 Definition and classification

In general, chemical gas sensors consist of two main parts, a receptor and a transducer. A
material or a materials system is acting as a receptor by changing its own properties (e.g.
work function, electrode potential, mass or dielectric constant) or by emitting light or heat
when interacting with a target gas. The transducer is a device, which measures the change
in property of the receptor and transforms it into an electrical signal [14]. Semiconductors
can be divided into two groups: oxide and non-oxide semiconductors. Non-oxide
semiconductors are protected by an insulating layer. They cannot be used as receptors but
they can be used as transducers (e.g. MIS FETS). At elevated temperatures and in harsh
environments, oxide semiconductors are chemically and physically stable and can
therefore function as receptors and transducers [15]. Apart from semiconductor gas
sensors, a variety of other gas sensors with different detection mechanisms have been
developed so far. Table 1.1 summarizes some of those gas sensor types and their working
principle. Field effect transistors can be used as gas sensors by attaching gas sensing
elements onto the insulated gate. Due to the interaction with gas molecules, the electrical

activity at the interface of the gate and the sensing element changes and the change in the
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Table 1.1: Types of gas sensors and their detection principle, adapted from [15].

Device type

Conductometric gas sensors

Detection principle
Electrical conductivity of the
semiconductor changes due to the

interaction with gaseous analytes.

Field effect gas sensors

(diodes, transistors, capacitors)

Interaction of the gas with the gas-
sensitive gate leads to a voltage
shift of the FET.

Piezoelectric gas sensors
(Quartz crystal microbalances
(QMB), surface

acoustic wave (SAW),

microcantilevers)

Acoustic wave with resonant
frequency is created by an applied
AC voltage across piezoelectric
material. Resonant frequency is
altered when the mass of the gas
sensitive membrane changes on

interaction with a test gas.

Optical gas sensors
(fiber optic or thin film)

Optical properties (e. g. surface
plasmon resonance, absorbance,
fluorescence, refractive index)

change.

Catalytic gas sensors

(pellistors)

Heat generation due to oxidation of
target gas (e.g. Hz, CO, CHa) on the
surface of catalytic material.

Electrochemical gas sensors
(potentiometric or amperometric)

Oxidation or reduction of a target
gas at an electrode changes the
electromotive force or electrical
current in a solid state

electrochemical cell.

16




gate voltage can be used to determine the species concentration. Depending on the sensing
material immobilized on the gate insulator, FET-based sensors can be used for various
applications, including hydrogen sensing, measuring ion concentrations in solutions or
pH sensing [16]. The surface acoustic wave (SAW) device and the quartz crystal
microbalance (QCM) are the two types of piezoelectric sensors used for gas sensing. The
adsorption of gas on the coating of the piezoelectric sensor changes its mass and therfore
alters the frequency of the wave, which is generated by applying an ac signal to the
piezoelectric material. Both types of piezoelectric sensors work on the same principle, the
difference is the path and depth of the propagating wave. In the SAW device, the wave
travels along the sensor surface and the wave of the QCM travels through the bulk of the
sensor [17]. Gas sensing by optical methods is based on absorption and emission
spectrometry. Optical gas sensors show higher sensitivity, selectivity, stability and longer
lifetimes than non-optical systems. Nevertheless, gas sensors based on optical principles
are limited in their applications due to expensive and bulky components, such as laser
diodes as light sources, and infrared detectors [18]. Catalytic sensors detect combustible
gases by resistively measuring the heat generated by oxidation of the gas analyte on the
catalyst layer surface. Catalytic sensors are able to accurately measure and determine gas
concentrations but they suffer from high power consumption and catalyst poisoning [19].
Potentiometric and amperometric devices are the two most common types of
electrochemical sensors. The detection principle of these devices is based on the oxidation
or reduction of solid, liquid or gaseous analytes at the working electrode. The
electrochemical reactions lead to the generation of a current (measured in amperometric

devices) or a potential (measured in potentiometric devices) at the working electrode [20].

Conductometric gas sensors, using semiconducting metal oxides as gas sensitive material,
are one of the most studied sensor types. The detection principle of this device is based
on the reaction of a gaseous analyte with the metal oxide surface, which leads to a change
in the electrical resistance of the semiconductor. Conductometric gas sensors are
attractive for many applications due to their various advantages compared to other sensor

types, including low cost and flexible production, broad range of detectable gases, low
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power consumption and suitability for miniaturization [21], [22]. This thesis focuses on

conductometric gas sensors using tin oxide (SnO>) thin films as the gas sensitive layer.

1.2 Gas sensing materials

Semiconducting metal oxides are used as gas sensitive material in conductometric gas
sensors. According to the Band theory of solids, there are three main material
classes: insulators, semiconductors, and conductors (shown in Figure 1.1). The difference
between these three classes can be explained by the electron occupation of the available

energy levels (or bands).

In insulating materials, the valence and the conduction band are divided by a large gap.
A huge amount of energy would be needed for the electrons to bridge the gap, therefore
no electronic conduction occurs. In conducting materials, the valence and the conduction
band overlap, allowing the electrons to move freely. The band gap of semiconductors is
small enough that with sufficient energy input some electrons can move from the valence
band into the conduction band. The energy input must be higher than the Fermi level
(Er, highest occupied state at absolute zero). At T = 0, semiconductors are insulators, but

above the Fermi level, electronic conduction can occur [23].

Conduction R
Band Conduction j
Band Conduction
Band

E E e E
Valence
Valence Vglaelrll((l:e Band
Band
Insulator Semiconductor Conductor

Figure 1.1: Band diagrams of an insulator, semiconductor, and conductor.
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Metal oxide semiconductors can be classified into two groups: n-type and p-type

materials. The classification is based on the type of dominating charge carriers (electrons

or holes), determined by oxygen nonstoichiometry. In n-type metal oxide semiconductors

the electronic conduction is based on oxygen vacancies, which act as electron donors. An

excess of oxygen atoms, acting as electron acceptors, is responsible for the electronic

conduction in p-type metal oxide semiconductors [24]. A large variety of metal oxides

are suitable for the detection of reducing and oxidizing gases. Table 1.2 categorizes some

of the metal oxides according to their type of conductivity.

The following key properties should be considered when selecting metal oxides for gas

sensing applications [25]:

e adsorption ability

e electronic, electro-physical and chemical properties

e thermodynamic stability
e catalytic activity

e crystallographic structure
e reliability

e interface state

e compatibility with materials and technologies for gas sensor fabrication

SnO: is the most investigated and used metal oxide for gas sensing applications. Tin

shows a dual valency, with oxidation states of +4 and +2, with stannic oxide (SnOz) and

stannous oxide (SnO) being the two main oxides of tin.

Table 1.2: Classification of metal oxides according to their type of conductivity [25].

n-type p-type
Sn0,, TiO,, ZnO, WQOs3, NiO, Co304, Ag20,
ZrOy, Al,03, MgO, Ca0, CeO0y, Biy03, Y203,
Nb,Os, M0O3, Ga;0s, Mn,03, TeO,, Lay0Os,
Ta;0s, In203 PdO, Sb,03

n- and p-type
CuO, Fe,03, Cr,0s3,
HfO,
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Stannic oxide is well characterized and technologically significant. SnO> crystallizes in a
rutile structure, the tetragonal unit cell contains two tin atoms and four oxygen atoms.
Figure 1.2 illustrates the SnO> unit cell, green spheres represent tin atoms and red spheres

represent oxygen atoms.

Tin atoms that are not on the surface are sixfold coordinated to threefold coordinated
oxygen atoms. The lattice constants are a = b = 0.474 nm and ¢ = 0.319 nm. Tin oxide is
a wide band-gap semiconductor (Ec = 3.6 eV), and in its stoichiometric form, it is an
insulator at room temperature. In reality, metal oxides show a non-stoichiometry due to
defects and impurities in the crystal lattice. In the case of SnO,, oxygen deficiencies as

intrinsic defects are responsible for the high conductivity of the material [26].

1.3 Gas sensing characteristics

The detection principle of metal oxide gas sensors is based on electrical conductivity
changes of the material. The conductivity of the sensing layer is altered by surface
interactions of the metal oxide with the surrounding gases. The exact gas sensing
mechanisms are so far not fully understood and are still controversial but the following
mechanism theory is the most accepted model for n-type metal oxide semiconductors. An
electron-depleted region near the metal oxide surface is formed by the chemisorption of

oxygen, which traps conduction electrons of the metal oxide surface.

Figure 1.2: Unit cell of SnO2 [27].
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The formation of this electron-depleted region, also called the space-charge layer, leads
to an increased surface resistance [28]. The charge transfer results in an upward bending
of the energy band with respect to the Fermi level, creating a potential barrier at the metal
oxide surface. Figure 1.3 illustrates the band bending after oxygen ionosorption on the
surface of an n-type semiconductor. The type and concentration of adsorbed oxygen
species determines the height (eVsurface) and the depth (Aair) of the band bending. In Figure
1.3, Ev, Er, and Ec denote the energy of the valence band, the Fermi level, and the
conduction band, respectively. e” represents the conducting electrons and the donor sites

are represented by +.

Furthermore, the Debye length Lp — a characteristic length for semiconductors — also
influences the depth of the band bending

,kT
Lp, = S(;_ni (1)

where &9 is the permittivity of free space, ¢ the dielectric constant, ks the Boltzmann’s
constant, T the operating temperature, e the electron charge, and ng the carrier

concentration [29].

R o o]
C\"Nul'fuu T 024 gas
g+ € € ¢ e e € ¢ € e
L 4+ 4+ o+ 4+ #HFTF v
oM
Ey —
bulk surface gas

Figure 1.3: Band bending of n-type semiconductor after chemisorption of oxygen [29].
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The oxygen species adsorbed on the surface depends on the temperature. Molecular
oxygen adsorbs on the metal oxide at low temperatures (below 200 °C). At temperatures
above 200 °C, oxygen dissociates to atomic oxygen. The oxygen species can be single or
double charged. It is assumed that physisorbed oxygen (uncharged oxygen species) is not
part of the gas sensing mechanism [30]. Table 1.3 summarizes the possible surface

interactions with oxygen.

Table 1.3: Interaction of oxygen with metal oxide surface [30].

Interaction type Mechanism

Physisorption 0, (gas) < 0, (ads)

lonosorption 0, (ads) + e~ (CB) < 05 (ads)

lonosorption 0; (ads) + e~ (CB) & 03~ (ads) & 20~ (ads)

lonosorption 0~ (ads) + e~ (CB) < 0?% (ads)
Diffusion 0%~ (ads) < 0% (1st bulk layer)

Reducing gases, such as CO, interact with the chemisorbed oxygen species:

CO + 0™ (ads) —» CO, + e~ 2

or

2C0 + 05 (ads) » 2C0, + e~ 3)

Thereby, trapped electrons are transferred back to the conduction band of the metal oxide,
which reduces the resistance of the material [31]. Oxidizing gases, such as NO>, extract

more electrons from the surface, resulting in an increase of the resistance:
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NO, (ads) + e~ - NO; (ads) (4)

In p-type metal oxides, the majority of charge carriers are holes (electron acceptors) and
a hole-accumulation layer near the grain surface with low resistance is formed by the
chemisorption of oxygen [24]. P-type materials show an opposite behavior to gas
exposure than n-type materials. The response of n- and p-type metal oxides to reducing
and oxidizing gases is summarized in Table 1.4 [32].

In the case of polycrystalline metal oxide sensing layers, the electronic conduction occurs
along the grain-to-grain contacts. The potential barrier (representing the Schottky barrier)
at the adjacent grains determines the conductance of the material G and can be expressed
as [29]:

~ exp (—EVSur face) (5)

kgT

Figure 1.4 illustrates the formation of the space charge layer on SnO> grains and the
impact it has on the height of the potential barrier if exposed to a reducing gas. Even low
gas concentrations decrease the potential barrier at the grain surface significantly by
removing ionosorbed oxygen species from the surface. As already mentioned, the sensing
mechanisms of metal oxides are based on surface reactions and therefore it can be
expected that the gas sensing properties of the material are improved by the increase of
the surface area. By reducing the crystallite size of the sensing layer, the surface-to-bulk
ratio is increased. The crystallite size also influences the potential barrier at the
space-charge layer [30], [33]. The ratio of the crystallite size (D) to the thickness of the
space-charge layer (A) determines the magnitude of the potential barrier to the electronic

conduction.
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Table 1.4: Resistance change of n- and p-type metal oxides to the exposure of reducing and oxidizing gases.

Classification Reducing gases Oxidizing gases
n-type Resistance decrease Resistance increase
p-type Resistance increase Resistance decrease

Crystallites are connected via necks and form larger particles. The larger particles are
interconnected with neighboring particles via grain boundary contacts. A schematic
model of the effect of crystallite size on the electronic conduction is illustrated in Figure
1.5. For larger grains (D >> 2 A), conduction electrons have to overcome the potential
barrier at the grain boundary contacts, the conductivity of the sensing layer is dominated
by the bulk conductivity and the sensitivity of the material is nearly independent of the
crystallite size. The space-charge layer penetrates deeper into the crystallites with
decreasing crystallite size. When the crystallite size approaches the thickness of the
space-charge layer (D > 2 A), the sensitivity is influenced by the grain boundary contacts
as well as the crystallite size, because conduction channels are formed at the necks within

the particles by the space-charge layer.

- +
Electrode Electrode
Space-charge layer
SnO, grain
Air
Height of
potential barrier
Gas

Figure 1.4: Formation of space-charge layer on SnOz2 grains by chemisorption of oxygen; adapted from [34].
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The grains are fully penetrated by the space-charge layer, when the crystallite size is
smaller than two times the space-charge layer (D < 2 A) [35]. The so-called “flat-band
condition” (eVsurface < ks T) is reached by depleting the crystallite of its mobile charge
carriers, the energy difference between the bulk and the surface vanishes and the
conductance G is proportional to the difference of the Fermi level (Er) and the conduction
band (Ec) [29]:

~ exp (—_(EISB_TEF )) (6)

Yamazoe et al. investigated the grain size effects on the sensing properties of SnO»-based
gas sensors in the early 1990s and showed that the sensitivity to gases, in this case carbon

monoxide, hydrogen and isobutane, increased with decreasing crystallite size [36], [37].

A very important factor, in particular for gas sensor applications in real life conditions, is
humidity. A dependency of the resistance to humidity is reported on temperatures of up
to 600° C [38], [39]. Exposure of metal oxides to water vapor leads to an increased
conductance. Depending on the operating temperature of the sensor, water can be
physisorbed or dissociated on the metal oxide surface. Physisorption of molecular water
is observed at temperatures up to 200 °C, but the influence of physisorbed water on the
resistance is negligible. The surface of SnO. - in different atmospheres and at
temperatures ranging from room temperature up to 500 °C - have been investigated by
infrared (IR) techniques [40], [41] and the temperature programmed desorption (TPD)
technique [42], [43]. Hydroxyl groups bound to tin atoms were observed.
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Figure 1.5: Schematic models for grain size effects; adapted from [35]. a) D >> 2 A (grain boundary-control), b) D >
2 A (neck-control) and ¢) D < 2 A (grain-control), where D = crystallite size and A = space-charge layer thickness.

The electron pair of the hydroxyl group is shared with the tin atom and the neutral
hydrogen atom can react with lattice oxygen or with chemisorbed oxygen on the surface.

The following two mechanisms are proposed in literature [44]:

Hy04q5 + Styqe + O1qr < (Snj3OH™) + (OH){y + €~ (7

and

Hy0g4qs +25M10c + Ojgr © 2 (Snj ,OH )+ +2e” (8)
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where H, 0y, Is Water vapor, Sn;,, a tin atom in the lattice, 0,4, an oxygen atom in the

lattice and V" an oxygen vacancy in the lattice. In Equation 7, the “rooted” hydroxyl
group ((OH)},;; hydrogen bound to lattice oxygen) can be ionised due to the lower
electron affinity compared to 0,,; and acts as an electron donor. The second mechanism
(Equation 8) proposes the reaction of hydrogen atoms with the lattice oxygen, and
subsequently, the formed OH group binds to the Sn atom, resulting in isolated hydroxyl

groups (Snj,,OH™) and an oxygen vacancy, which generates electrons upon ionization.

The influence of water vapor on the conductivity as an indirect effect is proposed by
Morrison [45] and Henrich and Cox [46]. After dissociation of the water molecule, the
hydrogen atom or the OH group could interact with an acid or basic group, which are also
acceptor sites on the surface, changing their electron affinity after the interaction. Water

could also co-adsorb onto an adsorbed species or could displace chemisorbed oxygen.

Water vapor has a considerable effect on the sensing properties of metal oxides, it can
reduce the sensitivity to reducing gases and cannot be neglected for the operation of the

sensors in real-life conditions.
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2  Technology

This chapter is divided into three sections. In the first section, different deposition
techniques for metal oxides will be outlined. In the second section, functionalization
techniques for optimizing the sensing properties, especially enhancing the selectivity, will
be described. The importance of CMOS integration for producing smart gas sensor

devices will be discussed in the last section.

2.1 Deposition techniques

In this section, the most common deposition methods for metal oxides, with focus on
SnO., will be discussed. Depending on the deposition technique, the thickness and the
porosity of the metal oxide layer can be tuned. Popular thick-film methods include screen-
printing and drop-coating, which result in porous structured films. Thin and compact
layers can be achieved by chemical vapor deposition, evaporation or sputtering [47].

Spray pyrolysis - the deposition method of choice in this work - will be described in detail.

2.1.1 Sol-gel based methods

The first step in sol-gel based deposition methods is the synthesis of a coating solution,
the sol. A sol is a dispersion of colloidal particles in a liquid or dissolved polymerizable
metalorganic precursors. The second step is the deposition of the sol on a substrate.
Various techniques - including spin-coating, spray-coating, drop-coating and dip-
coating — have been developed for depositing the sol and forming a continuous liquid
layer. Hydrolysis reaction of the metalorganic precursors, most commonly metal
alkoxides, with water, followed by condensation, forms a gel, which can be described as
a solid network in a liquid phase. Thermal treatment of the gel leads to the evaporation of
the solvent and pyrolysis of organic residues resulting in an amorphous or crystalline
metal oxide layer [48].
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Spin-coating:
The coating solution is dispensed on the center of a flat substrate and the solution is spread

uniformly over the whole substrate by rotating the substrate at high speed due to
centrifugal forces. The spin-coating process comprises of four stages: deposition, spin-up,
spin-off and evaporation [49]. Figure 2.1 illustrates the different stages in the spin-coating
process. The biggest advantage of spin-coating is the fabrication of thin films in the
nanometer range with a uniform thickness, but the substrates which can be used are
limited in size and to planar structures [50]. The fabrication of SnO2 micro gas sensors

by using spin-coating as deposition technique is reported in [51], [52].
Drop-coating:

A micropipette or microinjector is used to deposit the colloidal solution, sol or paste onto
the substrate surface [47]. By combining the micropipette / microinjector with a
micromanipulator and an optical microscope, a fast and accurate deposition of the sensing
material onto already packaged and bonded microstructures is feasible with drop-
coating [53], [54].
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Figure 2.1: Four stages of spin-coating process; adapted from [48].
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Spray-coating:

A spray gun is used to deposit a sol evenly on the entire substrate surface. The benefit of
spray-coating is that complex structures and large areas can be coated. The wetting of the
substrate surface, as well as the size droplet distribution, have to be controlled, otherwise
the layers are inhomogeneous and exhibit high surface roughness [47]. Jiménez et al.
present a computer-controlled spray-coating process for mass production of SnO, gas

sensors [55].
Dip-coating:

The simplest way to deposit a sol on a substrate, in batch or continuous mode, is
dip-coating. The substrate is immersed in a bath of the sol. By withdrawing from the bath,
a thin layer adheres to the substrate surface and the solvent evaporates, forming a gel film.
Substrates of different shapes, with complex structures, as well as areas in the square
meter range can be coated with this method [50]. The critical step in dip-coating is the
drying process, where rapid solvent evaporation can lead to the formation of cracks in the
film [56].

Screen-printing:

Screen-printing is one of the most popular and established technologies for thick-film
deposition. The cheap and simple method is suitable for mass production. A paste is
prepared by mixing a pre-processed metal oxide powder with an appropriate amount of
organic carrier to achieve the desired viscosity and consistency. The prepared paste is
squeezed through a screen with a patterned back-side (stencil). A rubber squeegee is used
to push the paste through the screen and transfer the pattern onto the substrate, illustrated
in Figure 2.2. The organic carrier is removed by an annealing procedure and a
mechanically stable thick-film with good adhesion to the substrate is produced [56]. The
resolution of screen-printing used to be poor, but, in the last couple of years, the
development of new kinds of stencils combined with computer-aided alignement
improved the resolution significantly and made the method suitable for microfabrication

of sensors [57].
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Figure 2.2: Schematic illustration of screen-printing technique for thick film deposition [58].

By using binders, the rheological properties of the paste can be adjusted and the adhesion
of the thick-film to the substrate can be improved. These binders, mainly electrical
insulators such as glass frits, can strongly influence the conductivity of the thick-film.
Riviere et al. developed a sol-gel precursor without any permanent binders and the
adhesion of the thick-film is achieved by the SnO> grain formation during the annealing

procedure [59].

2.1.2 Physical vapor deposition

In physical vapor deposition (PVD), atoms or molecules from a solid or liquid source are
transported in the gas phase to the substrate, where condensation occurs. PVD can be
used for the deposition of films with thicknesses ranging from a few nanometers up to a

few micrometers. The two most common PVD processes are evaporation and



sputtering [60]. A wide selection of precursor materials or targets are available for PVD
and the fabrication of multi-layers is facilitated by incorporating various precursor
materials into the system. The disadvantage of PVD is that the process has to be
performed under vacuum, which is time consuming and makes the use of expensive
equipment indispensable. Due to high production costs, PVD is not suitable for wide-

scale commercial applications [14].

Evaporation:
A source material is evaporated by resistive or inductive heating or by irradiation in a

high vacuum. The vapor diffuses to the substrate, which is placed close above the source
material, and crystallizes on the substrate surface. The deposition of multi-component
materials by evaporation is difficult, due to the dependency of the vapor composition on
the vapor pressures of the individual materials [56]. SnO; thin films can be deposited by
evaporation of SnO powder using an electron-beam, or by evaporation of metallic tin,
followed by an annealing step in air at 600-700 °C for several hours to oxidize the metallic
film [61], [62].

Sputtering:

Sputtering is the method of choice among PV D processes and is used for depositing high-
quality thin films. A glow discharge plasma generates ionized gas atoms (e.g. Ar), which
are accelerated towards a target (cathode) by applying a negative bias (DC voltage) to the
cathode. Atoms are ejected by the ion bombardment from the target, which condense on
a substrate as a thin film. Additionally, secondary electrons are also generated by the
impact of ions on the target surface, which are important for maintaining the plasma. In
magnetron sputtering, magnets are used to trap secondary electrons in the vicinity of the
target. A magnetic field - configured parallel to the target surface — increases the
probability of a collision between electrons and atoms, leading to a higher ionization
efficiency of gas atoms and a dense plasma. The increased ion bombardment of the target
surface leads to higher deposition rates at the substrate and the higher ionization
efficiency allows a reduction of the operating pressure as well as the operating voltages
for maintaining the glow discharge [63], [64]. A schematic of the magnetron sputtering

setup is shown in Figure 2.3. The deposition of thin films from insulating targets is
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Figure 2.3: Magnetron sputtering setup; adapted from [65].

possible with radio frequency (RF) sputtering. Instead of a DC voltage setup, an
alternating voltage in the RF-range (usually 13.56 MHz) is applied to the target [65].
SnO2 gas sensors on integrated devices have been fabricated by DC magnetron sputtering
deposition of metallic tin followed by thermal oxidation of the metal [66].

2.1.3 Chemical vapor deposition

Chemical vapor deposition (CVD), like PVD, is classified as a vapor-transfer process,
which means that atoms, or molecules, or both are the deposited species. In CVD,
chemical reactions of precursor compounds take place in the gaseous phase near or on a
substrate at elevated temperatures, followed by the deposition of a solid material on the
substrate surface. CVD is a complex synthesis process, which combines various scientific
and engineering disciplines including thermodynamics, kinetics, chemistry, plasma
physics, and fluid dynamics [67]. In Figure 2.4, the basic steps in a typical CVD process
are schematically illustrated. VVolatile precursors are introduced into a reaction chamber

by a carrier gas stream at room temperature.
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Figure 2.4: Basic steps in CVD process; adapted from [68].

The precursors react and/or decompose on the heated substrate and deposition of the

desired material occurs on the substrate surface [56].
The advantages of CVD are:

e In CVD, there is no shadow effect as opposed to PVD. Complex shapes, holes, and
deep recesses can be coated uniformly and with relative ease.

e Ultra-high vacuum conditions are generally not required and process variations can
be achieved by adapting the CVD setup.

e Compared to PVD, CVD processes have a high deposition rate, which allows an

economical competitive fabrication of thick films or coatings.

CVD mostly requires high temperatures (600 °C and higher), which limits the choice of
substrates considerably. This is one of the biggest disadvantages, but has been offset by
the development of plasma-CVD and metallo-organic CVD (MOCVD). The need for
volatile chemical precursors is another disadvantage because the compounds are often

hazardous or even extremely toxic and the by-products, created by the chemical reactions,
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which are toxic and corrosive as well, require cost-intensive neutralization. Various CVD
processes have been developed in the last two decades and new applications are
constantly emerging, with the semiconductor industry being by far the most important
field of CVD [67]. SnO- layers have been deposited by MOCVD in [69] and [70] using
tetramethyltin (Sn(CHs).) and dibutyltin diacetate ((C4Hg)2Sn(OCOCHs3)2) as precursor

materials, respectively.

2.1.4 Spray pyrolysis

Spray pyrolysis is a solution-based thin film deposition method. The pioneering work for
this method was done by Chamberlin and Skarman for the fabrication cadmium sulfide
(CdS) films for solar cell applications in 1966 [71]. The application fields for spray
pyrolysis are wide spread, ranging from biomedicine to semiconductors and ceramics. In
the spray pyrolysis process, a material film is deposited by spraying a precursor solution
in fine droplets by an atomizing nozzle (atomizer) onto a heated substrate. Based on the
source of energy for the atomization of the solution, spray pyrolysis can be classified
as [72]:

e Pressurized spray pyrolysis (gas energy)
e Ultrasonic spray pyrolysis (vibrational energy)

e Electrostatic spray pyrolysis (electrical energy)

A typical pneumatic spray pyrolysis setup includes an atomizing nozzle, a precursor
solution reservoir, a substrate heater, a temperature control unit, gas supply with pressure

regulation, and an exhaust system for gaseous by-products (shown in Figure 2.5).
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Figure 2.5: Pneumatic spray pyrolysis setup; adapted from [73].

In spray pyrolysis, droplet drying and decomposition of the precursor material are the two
main stages in the deposition process. The material and the solvent, which are being used
for the spray solution, determine the thermal energy required for the precursor
decomposition. Temperature, droplet size, and the distance to the substrate influence the
deposition mode of the solution. In Figure 2.6, the four reaction sequences, which can
occur during the spray pyrolysis process, are schematically illustrated. At low deposition
temperatures, droplets evaporate after reaching the substrate and pyrolysis of the dry
precipitate occurs on the substrate surface (sequence A in Figure 2.6). At higher
temperatures, droplets evaporate and the dry precipitates pyrolyze after hitting the
substrate surface (sequence B in Figure 2.6). Spray pyrolysis can be understood as
chemical vapor deposition; when the droplets evaporate, the precursor decomposes by
pyrolysis in the vapor phase near or on the substrate surface (sequence C in Figure 2.6).
At a too high deposition temperature, the precursor material decomposes and forms solid
particles before reaching the substrate (sequence D in Figure 2.6). For the deposition of

metal oxides, inorganic salts, mostly nitrates and chlorides, are used as precursor
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Figure 2.6: Reaction sequences possible during spray pyrolysis depending on deposition temperature and droplet size;
adapted from [74].

materials. The solvents typically used for spray pyrolysis are e.g. methanol, ethanol,

isopropanol, 2-methoxyethanol, or water [75].

Spray pyrolysis for thin film deposition has numerous advantages compared to other
deposition methods (CVD, PVD, spin-coating etc.) [73], [76], [77]:

e Spray pyrolysis requires no vacuum, the equipment is simple, and the precursor
materials are cheap, which makes spray pyrolysis an inexpensive deposition method
and suitable for industrial scale-up.

e By changing the spray parameters, a high flexibility in deposition rate and film
thickness can be achieved.

e Doping of thin films is easily done by adding the desired amount of dopant in some
form to the spray solution.

e Thin films can be fabricated on various substrates due to moderate deposition
temperatures (100 — 500 °C). There is virtually no limitation regarding substrate

material, surface profile or dimension.
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e Fabrication of multi-layered films is possible by changing the solution composition

during the spray process.

Spray pyrolysis has also some disadvantages. One problem is the quite poor film
thickness uniformity over large substrate areas. This problem can be solved by rotating
the substrate or moving the atomizing nozzle during deposition. Another problem is the
possible cooling of the substrate during spray pyrolysis at high deposition rates, which
can lead to low or non-reproducible film parameters. Thus, special attention should be
paid to the temperature control and readjustment during the spraying process. For the
deposition of thin films on small area substrates, the waste of precursor solution has to be
considered. Due to deflection or reflection of droplets from the substrate, a large amount

of spray solution is not deposited on the substrate surface and therefore lost [75].

In this work, spray pyrolysis is the method of choice for the deposition of SnO- thin films
because it is a simple, cheap and fast deposition method, which does not require vacuum
conditions at any step of the process, and, most importantly, the moderate temperatures
enable the application of CMOS microchips as substrates and the integration of SnO> thin
films on CMOS microhotplates for the fabrication of smart gas sensors. For the specific

CMOS chips employed within this thesis, the maximum allowed temperature is 400 °C.
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2.2 Selectivity of metal oxide gas sensors

Resistive gas sensors based on metal oxides, including SnO2, WOg, TiO2, and ZnO, are
well-known for their low fabrication cost, long-time stability, and especially, their high
sensitivity to a broad range of gases. However, the application of this type of sensors in
biomedicine, industry and environmental monitoring is limited by the low selectivity of
metal oxide gas sensors. In the last couple of years, numerous strategies for improving
the selectivity of metal oxide gas sensors have been developed [7], [78], [79]. In this

chapter, the most promising methods are discussed.

2.2.1 Catalysts and promoters

The detection mechanism of metal oxide gas sensors is based on surface reactions which
change the conductivity of the sensing material and this change depends strongly on
different surface sites for the gas interactions. By using noble metals (e.g. Au, Pd, Pt, or
AQ) in the nanosize range, modification of the metal oxide surface is achieved. By this
surface modification, the gas response maximum can be shifted towards lower operating
temperatures and the sensitivity to a certain gas can be increased or decreased depending
on the noble metal nanoparticles. In this way, improved selectivity of metal oxide gas

sensors can be achieved [80], [81].

In literature, two possible mechanisms are proposed to account for the effects the catalysts
and promoters have on the surface reactions. Both mechanisms are shown in Figure 2.7.
The first mechanism, known as chemical sensitization, is characterized by the so-called
spillover effect. First, the adsorption of the gas molecule on the nanoparticle surface leads
to its activation or dissociation. Then the activated gas molecule migrates (spillover) to
the metal oxide surface where it reacts with the adsorbed oxygen, leading to a change in
the surface conductivity of the metal oxide. The second mechanism, the electronic
sensitization, is based on the direct exchange of electrons between the oxidized
nanoparticle and the metal oxide. The reaction of the gas molecule with the nanoparticle
surface changes the oxidation state of the nanoparticle and alters the surface conductivity
of the metal oxide [82].
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Figure 2.7: Chemical and electronic sensitization by noble metals [83].

2.2.2 Filters

Another effective way to improve the sensor selectivity is the use of filters, which can be
integrated into the measuring setup or directly on the sensing layer. Depending on the
materials which are being used, active and passive filters can be distinguished. For active
filters, catalytic films of noble metals (e.g. Pd, Pt) and metal oxides (e.g. Fe203, CuO) are
fabricated directly on the gas sensing layer for the decomposition of gases [84]. The
deposition of a thick porous Pt film on top of a thick Pd-doped SnO; film showed a
reduced cross-sensitivity to ethanol during methane (CHs4) detection [85]. The
combination of a thick Pd-SnO> film with a thin sensing layer of Pt-SnO- allowed the
detection of CO and CHj4 by reducing the sensitivity to ethanol [86]. Thick metal films
directly deposited on the metal oxide layer may shunt the sensing material. An insulating
separation layer between the sensing material and the filter extinguishes the influence on

the metal oxide resistivity [87].

For passive filters, membranes, porous layers or powders are used for the physical
adsorption of gas molecules. Zeolites are often used for passive filters. The pore diameter
is in the range of 0.2 to 1 nm and long gas molecules can be stored in the pores [84].

40



Al>O3, SiO, and Teflon are other materials used as passive filters, which are used for the
adsorption of water vapor or alcohols in CHs detection [88], [89]. In commercially
available gas sensor devices, activated charcoal is used as a filter inside the sensor cap to
eliminate the interference of alcohols and hydrocarbons for CO sensing [90], [91].

2.2.3 Temperature modulation

The sensing properties of semiconductor gas sensors strongly depend on the operating
temperature. Selective detection of gases can be achieved if the temperature dependent
sensitivity of a gas sensors differs for distinct gases. Temperature modulation is a simple
method for improving the selectivity of semiconductor gas sensors, with the reduction of

the power consumption being another benefit of the dynamic measurement method [92].

Heilig et al. used a 50 mHz sinusoidal modulation of the heater voltage in the temperature
range between 200 °C and 420 °C to selectively detect CO and NO. with a single
SnO.-based thick film sensor [93].

The influence of temperature modulation with different heating waveforms
(e.g. rectangular, triangular, pulse, sinusoidal, saw-tooth) and frequencies on the sensing
behavior of a single SnO. sensor to ethanol, acetone, butanone, methanol, and

formaldehyde was investigated by Huang et al. [94].

Temperature modulation in the millisecond range can be achieved by using micro-
hotplates. The short temperature pulses enabled the generation of gas specific response
patterns/signatures for water vapor, methanol, ethanol, acetone, and formaldehyde. By
combining the response signatures with pattern recognition technology, specification of

the detected gas with semiconductor gas sensors can be achieved [95].

2.2.4 Electronic nose

An intelligent array of chemical sensors, well known as an electronic nose, is a powerful
strategy to discriminate components in a mixture of volatile organic compounds [96]. The
first concept for an electronic nose was proposed by Persaud and Dodd in 1982 [97]. In

iterature, an electronic nose is defined as “an instrument, which comprises an array o
literature, lect defined as t t, which f
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electronic chemical sensors with partial specificity and an appropriate patter-recognition

System, capable of recognizing simple, or complex odors” [98].
Electronic noses are sensing systems, which are comprised of three main parts [99]:

e asampling system for sample conditioning and filtration

e an array of chemical gas sensors, which generate numerous electrical signals due to
the different interactions with the sample

e a pattern-classification system for interpretation of the electrical signals using some

kind of algorithm

For the fabrication of the sensor array, various gas sensor technologies are available, but
currently, only four of the multiple technologies are used for electronic noses. Those four
gas sensor types are semiconducting metal oxides, metal oxide semiconductor field effect

transistors, conducting organic polymers, and piezoelectric crystals [99].

A variety of pattern recognition approaches using different signal processing techniques,
such as fuzzy c-means algorithm (FCMA) [100], artificial neural network (ANN) [101]-
[103], self-organizing maps (SOM) and minimum spanning tree (MST) [104], cluster
analysis (CA) and cluster validity (CLV) [105], and many more have been developed

over the years.
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2.3 CMOS integration of metal-oxide-based gas sensors

Since Taguchi commercialized the first metal-oxide-based gas sensor in the early 1970s,
many efforts have been made to improve the sensor performance to reduce the fabrication
costs and power consumption, and to miniaturize the common gas sensors, which are
quite bulky devices. Today, there are several companies — such as Paragon [106],
Microchemical Systems [107], City Technology [108], and Figaro [109] — that sell
metal-oxide-based gas sensor devices, which almost exclusively are composed of a
discrete sensing element and a separate unit for the electronic circuitry [47], [110].
However, combining both components — sensing element and microelectronic circuit —
on a single chip, enables the fabrication of low-cost and low-power smart gas sensors.
The combination of metal-oxide-based gas sensors with microelectronics would open up
high volume markets and solid-state gas sensors could be applied in cars, watches and
smart phones [14], [34], [111]. Metal-oxide-based sensors require elevated temperatures
for gas detection and standard CMOS technology can be utilized to fabricate a heating
platform for the sensing layer, the so called microhotplate. A microhotplate consists of a
heating element, thermocouples for temperature regulation, and contact electrodes for the
sensing layer. Additionally, a heat spreader can be implemented to ensure uniform heat
distribution over the entire surface. Due to the good thermal conductivity of silicon, the
microhotplate needs to be thermally isolated from the rest of the chip in a post-CMOS
micromachining process (e.g. XeF: silicon etching). CMOS microhotplates enable high
operating temperatures at comparably low power consumption (< 100 mW), as well as a
pulsed temperature mode due to small thermal time constants (in the millisecond range)
for enhanced sensor sensitivity and selectivity [112]-[116].

There are two possible approaches for combining gas sensors with electronic circuits: the
monolithically integrated system and the hybrid system. In a monolithically integrated
system, the sensing layer is combined with the CMQOS circuitry on the same chip

(single-chip approach). This approach offers advantages such as:
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e Cost-effective in high volume production, which makes it commercially attractive.

e Reliable and reproducible performance with reduced noise based on system-on-chip
signal processing.

e Small packaging efforts.

e Fabrication of a small footprint sensor array with multiple microhotplates on one

single chip.

However, the monolithic system also has some disadvantages. One major disadvantage
is the limited number of CMOS-compatible fabrication techniques available for the metal
oxide deposition. Temperatures higher than 400 °C in the CMOS post-processing steps
for the sensor fabrication have to be avoided. Another disadvantage is the discarding of
the complete microsystem due to a defective sensor, although the electronic circuitry may
be working properly, lowering the yield and increasing the cost. Hybrid systems use
separate chips for the gas sensor and the electronic circuits (multi-chip approach). With
this approach the degrees of freedom are higher with regard to deposition techniques and
materials for sensor fabrication and optimization. Also, a malfunctioning gas sensor does
not lead to the rejection of the whole microsystem, resulting in an enhanced
manufacturing yield. The disadvantages of the hybrid approach include an expensive and
more complex packaging process, as well as a much higher possibility of parasitic
capacitances or resistances due to the required interconnections between the chips, which

can result in signal noise and degradation [12], [117]-[120].

This work was performed within the EU-project “MSP - Multi Sensor Platform for Smart
Building Management” and the nationally funded project “RealNano — Industrielle
Realisierung innovativer CMOS basierter Nanosensoren”. The central objective of the
MSP project is the 3D-integration of various sensors (gas sensors, particle sensors, IR
sensors, UV-A/ UV-B sensors, etc.) with CMOS technology for cost-efficient mass
production of miniaturized smart systems for indoor and outdoor environmental
monitoring. Through-silicon-via (TSV) technology is employed for the 3D-integration of

various sensors on one CMOS platform chip. The goal of RealNano is the industrial
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fabrication of CMOS based nanosensors on a full wafer scale by developing an innovative

process chain and new production equipment.

In this work, SnO- thin film gas sensors were fabricated on CMOS microhotplates by a
CMOS-compatible post-processing spray pyrolysis method and subsequent
photolithography and etching process steps. The gas sensors can be 3D-integrated on
CMOS platform chips for the realization of miniaturized smart systems on a wafer scale.
Different deposition techniques for metallic and bimetallic nanoparticles were
investigated for the functionalization of the CMOS integrated SnO> thin film gas sensors

and the influence of these nanoparticles on the sensor performance was evaluated.
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3  SnO; thin film fabrication by spray pyrolysis

In this work, spray pyrolysis was used to fabricate SnO. thin films on silicon substrates
and CMOS microhotplates. The spray pyrolysis process has been adapted for the
integration of SnO- thin films on CMOS microhotplates in a previous doctoral thesis
[121], the deposition temperature has been reduced to be CMOS-compatible and the
droplet size has been adjusted to guarantee the CVD-like deposition by spray pyrolysis
(see Figure 2.6, sequence C). In this chapter, the spray pyrolysis setup is explained in
detail. The results of various characterizations of the deposited SnO> thin films are

presented and discussed.

3.1 Spray pyrolysis setup

For the deposition of SnO: thin films, a 0.28 molar solution of tin tetrachloride
pentahydrate (SnCls - 5H20) in ethyl acetate was prepared. The spray pyrolysis setup is
shown in Figure 3.1. An air atomizing nozzle (QuickMist QMJ-SUQF130, Spraying
Systems Co. [122]), depicted in Figure 3.2, was used to spray the solution as a fine mist
onto the substrates. N2 was used as the carrier gas for the pressure-fed setup and a
sheet-type spray pattern was achieved by the employment of a flat spray air cap. The air
atomizing nozzle was constructed of PVVDF for chemical resistance. A high-temperature
titanium hotplate (PZ28-3T, Harry Gestigkeit GmbH [123]), equipped with a program
controller (PR5 3T, Harry Gestigkeit GmbH) for fast and accurate temperature regulation,
was used to heat the substrates to 400 °C. The deposition rate as well as the droplet size
of the mist could be adjusted by applying a certain pressure on the liquid and air inlet,
separately. The spray nozzle was equipped with an air pressure switch, which allowed a
fast start and stop of the spraying process and therefore, a precise setting of the spray time
was achieved. The parameters for the spray pyrolysis process are summarized in
Table 3.1.

47



Figure 3.1: Spray pyrolysis setup on the left and close-up of the air atomizing nozzle on the right.

With the spray pyrolysis process parameters in Table 3.1 a deposition rate of 175 nm/min
was achieved and the target thickness of 50 nm was deposited after a spraying time of

18 s. On a 40 mm x 40 mm surface, the thickness deviation was + 2 nm.

At 400 °C, the tin precursor reacts with the surrounding humidity and high quality SnO>

thin films are formed by following chemical reaction:

snCl, +2H,0 - Sn0, +4 HCI 9

According to [124], other side reactions occur during SnO> formation. If SnO, was the
only product of the reaction with water vapor, stoichiometric SnO2, which is not
conductive, would be deposited and could not be used for gas sensing. Incomplete
reactions lead to the formation of oxygen vacancies according to

25nCl, +4H,0 > Sn0, +Sn0 +8HCl+ =~ 0, +2e" (10)
2
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or lead to the formation of residual chloride ions as impurities during the film deposition:

25nCly +4H,0 -

Sn0, +Sn0 +7HCL+ % Oy + = Hy+ ~ Cl+e” (11)

The oxygen vacancies and chloride ion impurities act as electron donors and make the

material electrically conductive.

Other possible reactions, which lead to the formation of SnO: films, are [125]:

SnCl, +0, - Sn0, +2Cl (12)

SnCl, +80, —» Sn0, + 6 H,0 + 4 CO, (13)

For the fabrication of SnO> gas sensors, SnO; thin films with a thickness of ~ 50 nm were
deposited on 20 mm x 20 mm silicon substrates and CMOS microchips provided by ams
AG. A combination of a white light reflectometer (F40-NSR, Filmetrics) and a light
microscope (Axio scope.Al, Zeiss) was used to measure the thickness of the deposited
SnO: layer on native SiO>/Si substrates. After the deposition, the SnO: thin films were
amorphous and for the long term stability as well as the sensitivity of the metal oxide thin
film an annealing step of 45 minutes at 400 °C was necessary to achieve a stable

crystalline structure. Figure 3.3 shows the spray pyrolysis setup during deposition.
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Table 3.1: Parameters for spray pyrolysis process.

Parameters
Temperature of Titan Hotplate 400 °C
Pressure on Liquid 0.35 bar
Pressure of Carrier Gas 1.8 bar
Pressure on Air Pressure Switch 2.5 bar
Horizontal Distance between Sample and Nozzle 29 cm
Vertical Distance between Sample and Nozzle 45cm
Air Inlet

Air Pressure
Switch

Air Cap

Fluid Cap

Figure 3.3: Spray pyrolysis setup during deposition of SnOz2 thin films on a 2 x 2 array of silicon substrates.
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3.2 Characterization of SnO; thin film

After the deposition of SnO: thin films on silicon substrates and CMOS microhotplates,
the thin films were characterized by transmission electron microscopy (TEM), and atomic
force microscopy (AFM) to determine the morphology of the layer, as well as the

roughness of the deposited SnO> thin film.

3.2.1 Transmission Electron microscopy

The morphology of the SnO> thin film deposited by spray pyrolysis and annealed at
400 °C for 45 minutes was investigated by TEM. The characterizations were performed
at the Austrian Center for Electron Microscopy and Nanoanalysis (FELMI-ZFE [126]).
For the characterization, TEM lamellas of the SnO; thin film were prepared by using a
focused ion beam (FIB) lift-out technique (FIB/SEM dual beam microscope;
FEI NOVA200). The TEM characterization was performed on an FEI Tecnai F20 with
an operation voltage of 200 kV. Figure 3.4 shows the TEM image of the SnO; thin film
deposited on a silicon substrate. The morphology of the SnO: thin film was also
characterized on a CMOS microhotplate (MPW3 microchip) to guarantee the same
deposition process on the different substrate, the results of the TEM characterization are

shown in Figure 3.5.

A compact crystalline layer is formed by the spray pyrolysis process on both substrates,
shown in the high resolution images (Figure 3.4 a and Figure 3.5 a). The layers are
polycrystalline with grains showing different orientations and an average grain size of
10 nm. In the Fast Fourier Transform (FFT) images, the reflexes form an arrangement of
multiple concentric rings, which confirm the polycrystallinity of the layers and indicate
differently oriented grains (Figure 3.4 b and Figure 3.5 b).
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b)

Figure 3.4: Morphology characterization of the SnOz thin film deposited on a silicon substrate by spray pyrolysis at
400 °C; a) high resolution image, b) Fast Fourier Transform (FFT) image.
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b)

SnO, layer

Figure 3.5: Morphology characterization of the SnO: thin film deposited on a CMOS microhotplate by spray
pyrolysis at 400 °C; a) high resolution image, b) Fast Fourier Transform (FFT) image.
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322 AFM

The surface morphology of the SnO> thin film, prepared by spray pyrolysis on a silicon
substrate at 400 °C, was examined in detail by AFM (BRR 2770, DME), operated in
tapping mode. Measurements of topography were carried out at ambient temperature
using a Si cantilever (Arrow-NCR) at a resonance frequency of 245 kHz and a tip
curvature radius of < 10 nm. For the precise calculation of the roughness, the
measurements were performed at different positions on the sample with a resolution of
256 x 256 pixels. The 2D image recorded at 1.0 um x1.0 um in tapping mode is depicted
in Figure 3.6.

The AFM images showed that a granular continuous layer over the entire sample surface
was prepared. Root mean square (RMS) roughness of the film was obtained from the
AFM data, performed at different positions of the sample. With the spray pyrolysis setup,
smooth SnO- thin films with a mean value of the RMS in the range of 1 nm were deposited

on silicon substrates (RMS value of ~0.2 nm).

Additionally, the surface morphology of the SnO: thin film deposited on a CMOS
microhotplate was also examined by AFM. For measuring the topography of the
SnOz thin film on a CMOS microhotplate, the same parameters were used as for the
SnO thin film deposited on a silicon substrate. The 2D image recorded at
2.0 um x 2.0 pm in tapping mode is depicted in Figure 3.7. The same granular continuous
layer was deposited on the CMOS microhotplate as on the silicon substrate (see
Figure 3.6).
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[8.02nm]11.6 nm

500 nm x 500 nm

Figure 3.6: AFM image of SnO: layer on silicon substrate deposited by spray pyrolysis at 400 °C. Top: 2D
topography; bottom: 3D topography.
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[44.1nm]71.1nm

2.00 um x 2.00 ym

Figure 3.7: AFM image of SnO2 layer on CMOS microhotplate deposited by spray pyrolysis at 400 °C. Top: 2D
topography; bottom: 3D topography.
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For determining the RMS roughness, AFM images were taken at different positions of
the sample. With the use of spray pyrolysis, SnO- thin films with a mean value of the
RMS in the range of 8 nm were deposited on CMOS microhotplates. The higher RMS
values of the thin film on the CMOS microhotplate can be explained by the higher
roughness of the substrate, which was characterized by AFM as well (see Figure 3.8).
The topography measurements of the bare CMOS microhotplate showed that the mean
RMS value was in the range of 8 nm. Through the employment of spray pyrolysis

deposition, the SnO> thin film followed the shape and roughness of the substrate.

2.00 pm x 2.00 ym

Figure 3.8: AFM image of bare CMOS microhotplate. Top: 2D topography; bottom: 3D topography.

57



4 Silicon based and CMOS based SnO; thin film gas

Sensors

4.1 Silicon based SnO: thin film gas sensors

For a fast and low-cost investigation of different deposition techniques for nanoparticle
solutions and characterization of the influence of different metallic and bimetallic
nanoparticles on the sensor performance, SnO; thin film gas sensors were fabricated on

silicon substrates with an insulation layer of 300 nm thermal SiO> on top.

After deposition of the SnO> thin film by spray pyrolysis (see Chapter 3.1), the next step
in the gas sensor fabrication was patterning the SnO- layer on the silicon substrate by
optical lithography. A positive photoresist (AZ MIR 701, MicroChemicals GmbH) was
used for the photolithography process. The pattern that was transferred to the photoresist
from a photomask by UV irradiation consisted of an array of rectangles with dimensions
of 64 um x 30 um (in green, Figure 4.1). A mask aligner (EVG 620, EVGroup) was used
for the UV irradiation and for the alignment of the photomask and the substrate. After
irradiating and developing (AZ 726MIF, MicroChemicals GmbH) the photoresist, dry
physical etching with Ar ions (lonSys 500, Roth und Rau AG) was employed to remove
the SnOz thin film from the areas that were not protected by photoresist. After etching,
removal of the photoresist from the remaining SnO> structures was achieved by O plasma
treatment. For measuring the resistance of the SnO> thin film, electrodes in a four-point
configuration (in blue, Figure 4.1) were fabricated by another photolithography step
followed by the metal evaporation and lift-off. For electrode structuring, a special positive
resist was used, which was capable of image reversal to achieve a negative pattern of the
mask and is intended for lift-off techniques. Titanium (5 nm) was first deposited as an
adhesion layer and gold (200 nm) was used as electrode material. A Univex evaporator
(model 450, Leybold AG) was used for the metal deposition. Acetone was used as solvent
for the lift-off process. The parameters for the photolithography processes are

summarized in Table 4.1 and Table 4.2.
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Table 4.1: Photolithography process parameters for SnO: pattering.

Spin-coating

UV illuminatio

Spin speed [rpm] 4000
Spin duration [s] 35
Baking temperature [°C] 100
Baking duration [s] 60

i

Hard contact

Contact mode

Exposure dose [mJ/cm?]

Development

70

Developer AZ 726MIF
Duration [s] 35
Stopper H.O

Table 4.2: Photolithography process parameters for electrode fabrication.

Spin-coating

Contact mode

Photo resist AZ 5214 E
Spin speed [rpm] 4000

Spin duration [s] 35

Baking temperature [°C] 100
Baking duration [s] 60

UV illuminatio

|

Hard contact

Exposure dose [mJ/cm?]

80

Development

Post-baking temperature [°C] 100
Post-baking duration [s] 60
Flood exposure [md/cm?] 250

Developer AZ 726MIF
Duration [s] 60
Stopper H.0
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64 nm

ISO um

Figure 4.1: Mask design for structuring SnOz thin film (in green) and electrodes in four-point configuration (in blue).

For gas detection with metal oxides, elevated temperatures are necessary. Therefore, two
discrete platinum heaters (10 x 2 Pt 6.8, Delta R [127]) were used for heating the silicon
based SnO. gas sensors up to a maximum temperature of 500 °C. A thermocouple
(3x 0.8 Pt 100 B, Delta R) was employed to measure and control the temperature of the
resistance heater. To ensure a uniform heat distribution over the entire silicon substrate,
a high temperature dielectric ceramic adhesive (Ceramabond 865; Aremco) with high
thermal conductivity was used for assembling the silicon based SnO thin film structures
together with two discrete heaters and a thermocouple on a bare silicon substrate acting
as support material. In the last step of the gas sensor fabrication, the silicon based
SnO- thin film gas sensor was mounted on a chip carrier. The connecting wires of the two
heaters and the thermocouple were soldered to the carrier pads and for the electrical
characterization of the SnO thin film the four-point electrode configuration was
wire-bonded to the pads on the carrier using Au wires with a thickness of 25 um
(type 5550, F & K DELVOTEC Bondtechnik GmbH).

Figure 4.2 shows the assembled and mounted silicon based SnO- thin film gas sensor and
a light microscope image of the processed and wire bonded SnO; structure is depicted in
Figure 4.3.
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Figure 4.2: Silicon based SnO: thin film gas sensor mounted on chip carrier.

/Y

Figure 4.3: Light microscope image of wire bonded silicon based SnOz thin film gas sensor.
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4.2 CMOS based SnO: thin film gas sensors

In this work, SnO- thin films were integrated on microhotplates using spray pyrolysis as
a compatible CMOS post-processing step. The ams AG [128] fabricated and provided the
CMOS microhotplates. Within the EU-project “MSP - Multi Sensor Platform for Smart
Building Management” two generations of CMOS microchips were developed and
fabricated in a standard 0.35 pum CMOS technology by ams AG:

e First generation: MPW3
e Second generation: MPW4

421 MPW3

The abbreviation “MPW” stands for multi project wafer, and the idea behind
ams’ MPW service, which is also known as shuttle runs, is fast and efficient prototyping
of CMOS microchips. Several designs from different customers are combined on a single
wafer, which results in significant cost advantages by sharing the costs for wafers and

masks among different shuttle participants.

The first generation of CMOS microchips within the MSP project, called MPWS3, is
illustrated in Figure 4.4. On the left, the design of the microchip is depicted and an image
taken with a digital microscope (Shuttle Pix P400-R, Nikon) is shown on the right. The
microchip, with dimensions of 2.05 mm x 2.05 mm, comprised two microhotplates (p1hp),
which were suspended in air and connected to the rest of the chip by four arms. The
microhotplates were built up by a specific CMOS stack from ams AG. The dimensions
of the suspended membrane were 72 um x 72 um with a thickness of 8 um. The two
microhotplates only differed in the length of the arms to evaluate the mechanically most
stable configuration, with 150 pm for the “large” microhotplate and 50 pm for the “small”
microhotplate and a width of 12 um for both microhotplates. Two sensor layers could be
fabricated on one membrane and each sensor layer was contacted by four metal contacts
for a four-point measurement. The metal contacts were composed of tungsten and each

contact was formed by eight subunits (tungsten plugs).
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Figure 4.4: Design of MPW3 microchip on the left (blue area depicts under-etched region; ~ 80 um depth) and digital
microscope image of MPW3 microchip on the right.

For heating the microhotplate a polysilicon heater was used and a uniform heat
distribution over the whole microhotplate surface was achieved by a metal heat spreader.
Rapid heating to temperatures of up to 400 °C were achieved with rise/fall times of under
10 milliseconds [129]. The power consumed of the MPW3 microhotplate to reach
temperatures between 150 °C and 400 °C is illustrated in Figure 4.5. For heating the
MPW3 microhotplate to 400 °C, a power of 13.5 mW was required.

The fabrication process for CMOS based SnO- thin film gas sensors was similar to the
fabrication process of silicon based SnO: thin film gas sensors. On a stepfield of
20 mm x 20 mm, which contained two MPW3 microchips for gas sensor fabrication,
SnO2 was deposited by spray pyrolysis (see Chapter 3.1). After annealing the thin film at
400 °C for 45 minutes, the SnO> thin film was patterned by photolithography (see Table
4.1) and SnO> was removed from the unprotected areas on the CMOS microchip by dry
physical Ar ion etching (lonSys 500, Roth und Rau AG). In the next step, the patterned
SnO: structures were protected in another photolithography step using the same
photoresist and process parameters as for patterning. The MPW3 microchips were cut
from the 20 mm x 20 mm stepfield by ams AG. The microhotplates were released in a

dry and isotropic etching process using XeF2 by an external partner (memsstar Limited).
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Figure 4.5: Required power for heating MPW3 microhotplate to temperatures between 150 °C and 400 °C.

After releasing the microhotplates, the photoresist protection layer on the SnO> structures
was removed by oxygen plasma. The patterned SnO: thin film on top of the underetched
microhotplate was characterized by scanning electron microscopy (Auriga 40, Zeiss

SMT) and the characterizations are shown in Figure 4.6.

In Figure 4.6, the top image shows the two patterned SnO. sensing layers, each with
dimensions of 64 um x 30 um, on the MPW3 microhotplate and a side view of the
under-etched MPW3 microhotplate is shown in the bottom image. The last step of the
fabrication process was performed at ams AG. The MPW3 microchip was glued
(Ablebond 8290, Ablestik) on a chip carrier (designed by mb Technologies GmbH) and
contacting pads on the microchip were bonded to the carrier pads using aluminum wires
(25 pm thickness) by wedge bonding (Bondjet 810, Hesse). Figure 4.7 shows a mounted
and wire-bonded CMOS based SnO; thin film gas sensor.
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Figure 4.6: SEM image of SnOz2 sensing layers on MPW3 microhotplate (top) and side view of released
MPW3 microhotplate (bottom).
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Figure 4.7: CMOS based SnOz thin film gas sensor integrated on MPW3 mounted and wire-bonded onto chip carrier.
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422 MPW4

The second generation of CMOS microchips, called MPW4, was developed and
fabricated within the MSP-project by ams AG for realizing the 3D-integration of gas
sensors along with other sensors (e.g. particle sensor, IR sensor, UV-A/B sensor, etc.) on
one smart multi-sensor platform, which was the project’s central objective.
Through-silicon-via (TSV) technology was employed for achieving the 3D-integration of
the gas sensors on a platform chip. The second generation differed from the first
generation in the number of microhotplates incorporated on the microchip, the material
used for the contacting electrodes, and the application of TSVs for 3D-integration. The
worldwide uniqgue MPW4 microchip was comprised of eight microhotplates, which could
be heated and characterized individually. The dimensions of the microchip were
5.1 mm x 4.65 mm. On each microhotplate, two sensing layers were processed.

For the MPW4, gold electrodes (Ti/ Au =10 nm /200 nm) in a four-point configuration
— fabricated in a CMOS post-processing step — were used for contacting the sensing layer
because of better long-term thermal stability compared to tungsten plugs, which were
used in the first generation. The MPW4 microchip is shown in Figure 4.8. On the left, the
design of the microchip is illustrated and a digital microscope image is shown on the
right. Figure 4.9 depicts the power consumed of the MPW4 microhotplate to reach
temperatures between 150 °C and 400 °C. For heating the microhotplate to 400 °C, a

power of 14.1 mW was required.

SnO; thin film gas sensors were fabricated on MPW4 microchips as well. The top layer
on the MPW4 microhotplate differed from the top layer on the MPW3 microhotplate. To
ensure that the same process parameters of the spray pyrolysis deposition (see Chapter
3.1) can be used and result in the same layer thickness and morphology, the SnO> thin
film deposited on a MPW4 microchip was characterized by TEM. The high resolution
image and the FFT image are shown in Figure 4.10.
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Figure 4.8: Design of MPW4 microchip on the left (blue area depicts under-etched region; ~ 80 um depth) and digital
microscope image of MPW4 microchip on the right.
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Figure 4.9: Required power for heating MPW4 microhotplate to temperatures between 150 °C and 400 °C.
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Figure 4.10: Morphology characterization of the SnOz2 thin film deposited on a MPW4 microhotplate by spray
pyrolysis at 400 °C; a) high resolution image, b) Fast Fourier Transform (FFT) image.
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A compact layer of SnO; is deposited by spray pyrolysis on the MPW4 microchip. The
SnO; thin film is polycrystalline, formed by grains with different crystal orientations and
an average grain size of 10 nm. The TEM images confirm that the same process
parameters can be used for depositing SnO> thin films on MPW4 microhotplates by spray
pyrolysis. The same process steps as for the MPW3 microchip were used for fabricating
SnO; thin film gas sensors on MPW4 microchips. Figure 4.11 shows the fully processed
CMOS based gas sensor integrated on MPW4 microchip characterized by SEM, depicting
two sensor layers on one hotplate, each with a length (L) of 64 pum and a width (W) of
30 um. A mounted and wire bonded MPW4 microchip on a chip carrier is depicted in
Figure 4.12.

\

Ti/Au electrodes
for 4-point
measurement

Figure 4.11: SEM image of SnOz thin film gas sensor on released MPW4 microhotplate.
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Figure 4.12: CMOS based SnO: thin film gas sensor integrated on MPW4 mounted and wire-bonded onto chip
carrier.
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5 Functionalization of SnO; thin film

Gas sensors based on metal oxides, including SnO., ZnO, and WOg, respond to various
compounds. The selectivity of these sensors is low and due to this cross-sensitivity, a
differentiated detection of a particular gas in a gas mixture is not possible. One strategy
to enhance the sensor’s sensitivity and selectivity towards a specific gas is to use small
amounts of catalysts or additives in the form of noble metals (e.g. Pt, Au, Pd, and Ag).
Either the additives can be dispersed within the metal oxide layer or can be used to
functionalize the surface of the sensing layer [130]-[133]. In this work, metallic and
bimetallic nanoparticles were used for surface functionalization of the SnO thin film and
to fabricate thin film — nanoparticle heterostructures. Different methods for depositing
nanoparticles on silicon based and CMOS based SnO thin film gas sensors were
investigated. In this chapter, the different nanoparticles and the deposition methods used

for functionalizing SnO- thin film gas sensors are summarized and explained in detail.

5.1 Metallic and bimetallic nanoparticles

5.1.1 Au nanoparticles

Au nanoparticles in solution were provided by one of the project partners, CAN GmbH
(Hamburg), within the RealNano-project. The nanoparticle solution, with a concentration
of 213 pg/mL, was synthesized by a seeded growth approach. Sodium citrate was used
for stabilizing the nanoparticle solution and water was used as solvent. Figure 5.1 shows
high resolution TEM images of the Au nanoparticles. The Au nanoparticles are spherical

with a diameter of 20 nm = 5 nm.
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5.1.2 NiPt nanoparticles

NiPt nanoparticles were also provided by CAN GmbH. The nanoparticles were
synthesized in solution, with a concentration of 15 mg/mL, by a reduction method in batch
using toluene as solvent and oleic acid (OA) as stabilizer. High resolution images of the
NiPt nanoparticles are shown in Figure 5.2. The NiPt nanoparticles are spherical with a
diameter of 2 nm + 0.5 nm. The bimetallic nanoparticles are composed of approximately
85 % platinum and 15 % nickel.

Figure 5.1: High resolution TEM images of citrate stabilized Au nanoparticles from CAN GmbH.

Figure 5.2: High resolution TEM images of OA / OLA stabilized NiPt nanoparticles synthesized by CAN GmbH.
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5.1.3 AuPd nanoparticles

AuPd nanoparticles were provided by the University of Freiburg, a project partner within
the MSP-Project. The bimetallic nanoparticle solution, with a concentration of
307 pg/mL, was synthesized by a water-in-oil microemulsion method with a molar ratio
of Pd to Au of 3 to 7. The nanoparticles were stabilized in solution by using a non-ionic
surfactant (Brij® L4) and n-heptane as solvent for the oil-phase. Figure 5.3 shows the
TEM characterization of the AuPd nanoparticles; the nanoparticles are spherical and well
separated with a diameter of 5 nm = 3 nm.
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Figure 5.3: TEM image of Brij® L4 stabilized AuPd nanoparticles synthesized by University of Freiburg.

5.1.4 AuPt nanoparticles

AuPt nanoparticles were acquired commercially from the company Particular GmbH. The
nanoparticles were synthesized in solution by a physical approach. The fabrication
method was based on laser ablation and did not require any chemical precursors. The
nanoparticles were electrostatically stabilized in the solution and therefore no chemical
stabilizers or surfactants were required. The concentration of the nanoparticle solution

was 250 pg/mL. High resolution TEM images of the AuPt nanoparticles are shown in
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Figure 5.4. By the laser ablation method, spherical nanoparticles with a diameter of

12 nm £ 4 nm are synthesized.
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Figure 5.4: High resolution TEM images of electrostatically stabilized AuPt nanoparticles from Particular GmbH.

5.2 Functionalization by inkjet printing

Silicon based and CMOS based SnO: thin film gas sensors were functionalized with Au,
NiPt and AuPd nanoparticles by inkjet printing. The nanoparticle solutions were used as
provided by CAN GmbH and University of Freiburg for the printing process, without
adding any additives for adjusting viscosity and surface tension of the nanoparticle

solutions.

A Dimatix Material Printer from Fujifilm (DMP-2831) was used for inkjet printing. The
DMP printer used piezo-driven, disposable, and user-fillable cartridges with a volume
capacity of up to 1.5 mL. The cartridge comprised 16 nozzles, which had an orifice
diameter of 21 pm, with a spacing of 254 pm in between the nozzles. The nozzles could
be operated simultaneously as well as individually. A vacuum plate, which could be
heated up to 60 °C, was used for securing the substrate. Substrate alignement and
substrate inspection was achieved with a fiducial camera [134], [135]. These experiments
were performed in the laboratories of the project partner EVGroup.
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For printing the nanoparticle solutions, cartridges with a drop volume of 10 pL were used.
The nozzle parameters, firing frequency and firing voltage, were adjusted to the
respective nanoparticle solution to achieve stable drop formation with a drop velocity of
7 — 9 m/s. The deposition of the nanoparticle solutions on the SnO> thin film was
performed at room temperature. As already mentioned in Chapter 5.1.3, AuPd
nanoparticles were synthesized by a microemulsion method, which required a high
concentration of the non-ionic surfactant. To reduce the amount of surfactant in the
emulsion, the AuPd nanoparticle emulsion was extracted with a polar solvent before
printing and the viscosity was optimized for inkjet printing by diluting the
surfactant-depleted emulsion with toluene. Au and NiPt nanoparticle solutions were
printed without any pre-treatment. AuPt nanoparticles could not be deposited by inkjet
printing because no stable drop formation was achieved due to the high evaporation rate
of acetone which resulted in the drying of the jetting fluid system at the nozzle / air
interface. Figure 5.5 and Figure 5.6 show a light microscope image of a CMOS based
SnO> thin film gas sensor before and after deposition of NiPt nanoparticles by inkjet
printing.

Figure 5.5: Light microscope image of small MPW3 microhotplate before nanoparticle deposition by inkjet printing.
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Figure 5.6: Light microscope image of small MPW3 microhotplate after NiPt nanoparticle deposition by inkjet
printing.

5.3 Functionalization by spotting

AuPt nanoparticles were deposited on CMOS based SnO; thin film gas sensors using a
non-contact, drop-on-demand spotter tool from Scienion AG (sciFLEXARRAYER SX,
Scienion AG). These experiments we performed by courtesy of Scienion AG. A sciDROP
PICO dispensing unit with an uncoated piezo dispensing inert glass capillary (PDC 60)
was used for the deposition of the nanoparticle solution [136], [137]. A stable drop
formation with a drop volume of 60 pL was achieved by applying a voltage of 61 V to
the ceramic piezo element. The deposition was performed at 20 °C and a 10 x 10 test
pattern array with a dot pitch of 150 um was deposited on glass substrates before
depositing the nanoparticle solution on CMOS based SnO; thin film gas sensors. Due to
the fast evaporation of acetone, the 10 x 10 array was not visible anymore after spotting,
but the spotting process of the nanoparticle solution was captured with a CCD camera.
Figure 5.7 depicts the drop formation and the spotting process of the AuPt nanoparticle

solution on a glass substrate.
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Figure 5.7: Drop formation (top) and spotting process (bottom) of AuPt nanoparticle solution captured with CCD
camera.

5.4 Functionalization by sputtering

In addition to the previously described deposition of nanoparticles in solution by inkjet
printing and spotting, sputtering technology was utilized to simultaneously synthesize and
deposit nanoparticles. The functionalization of CMOS based SnO- thin film gas sensors
was performed at the Okinawa Institute of Science and Technology Graduate University
(OIST) in Japan. The nanoparticle deposition and characterization was performed by
Stephan Steinhauer and Vidyadhar Singh. A magnetron sputtering inert-gas condensation
deposition system operated in high-vacuum (Mantis Deposition Ltd UK) was used for
functionalizing the sensing layer with Pt nanoparticles with sizes of 1.5 nm and 3 nm. A
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detailed description of this approach and the latest achievements in this field can be found
in the review article by Grammatikopoulos et al. [138]. The in-line quadrupole mass filter
(QMF) was used for the size selection of nanoparticles. For characterizing the size, shape
and surface coverage, the nanoparticles were additionally deposited on TEM grids and
silicon substrates alongside the CMOS based SnO: thin film gas sensors. Table 5.1

summarizes the deposition parameters for the differently sized nanoparticles.

The deposited nanoparticles were characterized with an FEI Titan G2 Environmental
TEM, operated at 300 kV. Automated image analysis (Image J software) was used to
obtain size distributions from TEM micrographs. CMOS based SnO2 gas sensors were
functionalized with Pt nanoparticles with mean nanoparticle diameters of 1.5 nm and 3
nm, respectively. Furthermore, the nanoparticle areal densities were determined using the

image analysis software. For the Pt nanoparticles with a size of 1.5 nm, an areal density

Table 5.1: Process parameters for nanoparticle deposition by magnetron sputtering inert-gas condensation.

Pressure settings

Base pressure, before deposition [mbar] 108
Main chamber pressure, during deposition [mbar] 104
Aggregation zone pressure, during deposition [mbar] 101
Rotation substrate holder [rpm] 2

Deposition parameters for 1.5 nm Pt nanoparticles

Magnetron power [W] 3
Ar flow [sccm] 70
He flow [sccm] 5
Aggregation length [mm] 80
Deposition time [min] 20

Deposition parameters for 3 nm Pt nanoparticles

Magnetron power [W] 7
Ar flow [sccm] 70
Aggregation length [mm] 100
Deposition time [min] 10
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of ~ 4630 um2 was calculated, and for 3 nm Pt nanoparticles, the areal density was
calculated to be ~ 8670 um™. The TEM characterizations of both 1.5 nm and 3 nm Pt
nanoparticles are shown in Figure 5.8 a and b, respectively. A MultiMode 8 from Bruker,
operated in tapping mode, was used for AFM measurements of the Pt nanoparticles on
silicon substrates. The surface coverage of 1.5 nm and 3 nm Pt nanoparticles, which
depends on the size distribution and the areal density of the nanoparticles, are shown in

Figure 5.8 c.

b)

c) 1.5nm 3 nm

Figure 5.8: a) TEM micrographs of three representative 1.5 nm Pt nanoparticles. b) TEM micrographs of three
representative 3 nm Pt nanoparticles. c) AFM characterization for determining surface coverage with 1.5 nm and 3 nm
Pt nanoparticles.
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5.5 Thin film — Nanoparticle Heterostructures

Metal nanoparticles deposited on SnO: thin films act as heterogeneous catalysts, which
enhance and accelerate the reaction of target gases with the sensing layer. Due to their
small size, nanoparticles have high-surface area, which correlates with an excess surface
energy and makes smaller particles energetically less stable than larger particles. Thermal
activation of nanoparticles leads to sintering of smaller particles into larger particles,
reducing the surface area and thereby possibly reducing the catalytic activity of
nanoparticles [139]-[141]. In literature, two generic mechanisms for the sintering process
of nanoparticles can be found [142]-[144]:

1. Entire particles diffuse over the support material followed by coalescence with other

particles. This mechanism is known as particle migration and coalescence (PMC).

2. Atomic species (metal atoms or oxidized metal atoms) detach from a particle, migrate
over the support material, and attach to another particle. This mechanism is

commonly known as Oswald ripening (OR).

Operation of functionalized SnO> thin film gas sensors at high temperatures
(150 °C - 400 °C) could lead to an increase of the mean diameter of the nanoparticles and
could alter the sensor performance over time due to deactivation of the heterogeneous
catalysts. Incorporation of nanoparticles into the sensing layer could be a way to reduce
or slow down the sintering process of nanoparticles and ensure the consistency of the

nanoparticle surface area.

Heterostructures with nanoparticles embedded between two layers of a SnO> thin film
were fabricated on bare silicon substrates and silicon substrates with Au electrodes
(5 nm Ti/ 200 nm Au) patterned on top. Au nanoparticles (CAN GmbH) and AuPt
nanoparticles (Particular GmbH) were used for fabricating the heterostructures. First, 50
nm of SnO. were deposited on the 20 mm x 20 mm silicon substrates by spray pyrolysis
(see Chapter 3.1). After annealing the SnO> thin film at 400 °C for 45 minutes, 100 pL

of a nanoparticle solution were deposited homogeneously onto the silicon substrate by
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drop coating. The samples coated with Au nanoparticles were placed on a heating plate
at 75 °C for faster evaporation of the solvent (water), followed by an annealing step at
400 °C for 45 minutes to remove the surfactant sodium citrate. The samples coated with
AuPt nanoparticles were dried at room temperature. Next, the deposited nanoparticles
were covered with another layer of 50 nm SnO: by spray pyrolysis and the samples were
annealed at 400 °C for 45 minutes. On the silicon substrates with Au electrodes, the SnO-
layers were patterned by photolithography (see Chapter 4.1). Light microscope images
were taken after embedding the nanoparticles between two layers of SnO> thin films and
SEM characterizations of the heterostructures with both nanoparticles were performed.
Figure 5.9 and Figure 5.10 show the heterostructures, fabricated on silicon substrates with
Au electrodes on top, with Au nanoparticles (image on the left) and AuPt nanoparticles
(image on the right). Although the samples with Au nanoparticles were annealed at
400 °C for 45 minutes, it seems that residue of the surfactant (sodium citrate) still remains
on the substrate after the thermal treatment. The residue was characterized by EDX which
confirmed that the residue contained carbon and sodium (see Appendix A). The high
amount of surfactant residue is visible in the SEM images, shown in Figure 5.11. It was
not possible to embed Au nanoparticles between two SnO: layers due to the non-residue-

free decomposition of the surfactant used as stabilizer in the Au nanoparticle solution.

Figure 5.9: Light microscope image of heterostructures with Au nanoparticles, fabricated on silicon substrates with
patterned Au electrodes.
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Figure 5.10: Light microscope image of heterostructures with AuPt nanoparticles, fabricated on silicon substrates
with patterned Au electrodes.

AuPt nanoparticles were electrostatically stabilized in the solution without any chemical
stabilizer. Therefore, no residue of a surfactant is visible in the light microscope image
(see Figure 5.10). Figure 5.12 shows the FIB-cut cross-section of the SnO> — AuPt
heterostructure at different magnifications, characterized by SEM. The AuPt
nanoparticles are nicely distributed over the SnO. surface and covered homogeneously
with another SnO; thin film. By using the surfactant-free solution, AuPt nanoparticles

were embedded successfully between two SnO> thin films.

Figure 5.11: SEM characterization of thin film — nanoparticle heterostructure with Au nanoparticles fabricated on
silicon substrates with patterned Au electrodes. Left: topography image of heterostructure. Right: FIB-cut cross-
section of heterostructure.
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The samples fabricated on silicon substrates were used for characterizing the
SnO2 — AuPt heterostructures by TEM. A TEM lamella was mechanically prepared. The
TEM micrographs are shown in Figure 5.13. Due to the mechanical sample preparation,
the heterostructure detached from the silicon substrate with a small portion of the bottom
SnO- thin film still sticking to the silicon substrate, as can be seen in the top image of
Figure 5.13. The bottom image in Figure 5.13 shows that the AuPt nanoparticles are

nicely distributed and embedded between the two SnO: layers.

The goal of this study was to compare sensors with “embedded” nanoparticles with
sensors functionalized with nanoparticles on the surface. For characterizing the sensor
performance of the heterostructures, silicon based gas sensors were fabricated using the
SnO2 — AuPt heterostructure samples on silicon substrates with Au electrodes. For the
gas sensor assembly, the same process steps were carried out as described in Chapter 4.1.
Unfortunately, for unknown reasons, the wire bonds did not adhere to the electrode pads
on the silicon substrate and it was not possible to connect the silicon based gas sensors to
the carrier. Therefore, the sensor performance of thin film — nanoparticle heterostructure

gas sensors could not be evaluated in the gas measurement setup.

Figure 5.12: SEM characterization of thin film — nanoparticle heterostructure with AuPt nanoparticles fabricated on
silicon substrates with patterned Au electrodes.
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SnO0, thin film
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Figure 5.13: TEM characterization of thin film — nanoparticle heterostructure with AuPt nanoparticles fabricated on
silicon substrates.
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6 Gas sensing characterization of bare and

functionalized SnO; thin film gas sensors

The sensor response of bare and functionalized SnO- thin film gas sensors to industrially
and environmentally important target gases was evaluated. In this chapter, the gas
measurement setup used for evaluating the sensor performance is explained in detail.
Properties of target gases and their reactions with the sensing material are summarized.
The sensor performances of bare and functionalized SnO. thin film gas sensors are

presented and discussed.

6.1 Gas measurement setup

The performance of the SnO- thin film gas sensors was evaluated in an automated gas
measurement setup, which is shown in Figure 6.1 and Figure 6.2. Mass flow controllers
(Bronkhorst High-Tech B.V.) were used for regulating the flow rate of the test gas and
background gas, which enabled precise tuning of the gaseous environment. The test gas
compositions are described in detail in Appendix B. Synthetic air (80 % nitrogen,
20 % oxygen) was employed as background gas and the total flow rate was kept at
1000 sccm. For humid air, a certain percentage of the background gas was passed through
a gas-washing bottle filled with deionized water. A commercial sensor
(AFK-E, KOBOLD Messring GmbH) was used for measuring humidity and temperature
in the test chamber. The electrical measurements were performed in a four point
configuration, using Source Measure Units (SMU 2400; Keithley), which can
simultaneously source and measure current (from 1 pA to 10 A) and voltage (from
100 nV to 200 V). For the sensor characterization, a constant current of 100 nA was
applied to the outer electrodes and the voltage drop was measured at the inner electrodes.
The sensor performance was evaluated at temperatures ranging from 150 °C up to 400 °C.
Relative humidity (rh, at 20 °C) levels of 25 %, 50 %, and 75 % were chosen. The SnO>

thin film gas sensors were exposed to different target gases with concentrations of
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10 ppm, 30 ppm, 60 ppm, 100 ppm, 150 ppm, and 200 ppm. A duration of the target gas

pulse of 5 minutes with 15 minutes breaks of synthetic air in between were chosen.

Figure 6.1: Automated gas measurement setup (on the left) with Source Measure Units (SMU) for electrical
characterization and power supply for mass flow controllers (on the right).

Figure 6.2: Zoom of automated gas measurement setup.

86



6.2 Parameters for sensor performance evaluation

The electrical resistance of SnO> thin film gas sensors and its change when exposed to
target gases was measured at different temperatures and gas concentrations. To compare
the results of the bare and functionalized gas sensors, the sensitivity, response time, and
recovery time of the sensors were calculated and determined. Figure 6.3 depicts a
schematic of a typical response curve of an n-type metal oxide gas sensor to a reducing
gas. The base resistance of the sensor has a certain value in ambient air (Rair) and by
exposing the sensor to reducing gases the sensor conductivity increases and the sensor
resistance drops to a saturation value (Rgas). When exposed to ambient air again, the

sensor recovers and the resistance goes back to its base resistance in ambient air.

An important parameter for comparing the sensor performance of different sensing
materials to a certain gas is the sensitivity (S). In literature, different definitions of the gas
sensor sensitivity can be found [14], [145], [146]. IUPAC defines sensitivity as the slope

R [Q]

RIU

RO(I

t[s]

Figure 6.3: Schematic of response curve of an n-type metal oxide gas sensor to a reducing gas.
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of the calibration curve (gas response versus gas concentration) [147]. In this work,
sensitivity was defined as the relative resistance change of the gas sensor due to
interaction with the target gas [148], [149]:

S = M.loo% (14)

air

In this work, sensitivity and gas response both describe the term defined in equation 14.
Apart from the sensitivity of the bare and functionalized SnO: thin film gas sensors, the
response and recovery time of the sensors were determined as well. Response time (too)
is the time the sensor needs to reach 90 % of its saturation value (Rgas) during a gas pulse
(see Figure 6.3). Recovery time (t1o) is the time a sensor needs to reach a resistance within
10 % of the original resistance in ambient air (base resistance, Rair, See Figure 6.3) [146].

6.3 Target gases

In this work, the sensor performance of bare and functionalized SnO; thin film gas sensors
was evaluated to target gases carbon monoxide (CO) and hydrogen (H>), and the influence
humidity has on the sensor response was investigated. In this chapter, the properties and

the reactions of the target gases with the sensing layer are summarized and discussed.

6.3.1 Carbon monoxide (CO)

Carbon monoxide (CO) is a color- and odorless gas, which is highly flammable and toxic.
Table 6.1 summarizes some of the physical and chemical properties. CO is formed by the
incomplete combustion of carbon due to limited supply of oxygen. Burning of
hydrocarbon fuels (e.g. petrol, diesel, natural gas) also leads to the formation of CO as a
pollutant. CO promotes combustion and it burns with a blue flame. CO is used in the steel
industry as reducing agent (extraction of iron from its ore) and in the chemical industry
for producing bulk chemicals. CO is a very toxic gas due to its ability to bind to transition

metals, such as iron, which is found in hemoglobin in red blood cells. CO shows an over
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200 times stronger affinity to hemoglobin than oxygen, which forces the red blood cells
to transport CO instead of oxygen and inhibits the delivery of oxygen within the body.
Symptoms of CO poisoning include headache, dizziness, nausea, vomiting, and fatigue.
Prolonged exposure to CO can eventually be fatal. Incomplete combustion of natural gas
in gas appliances, like boilers, gas fires, or gas cookers can lead to people being exposed
to CO in their homes [150]. The MAK (maximale Arbeitsplatzkonzentration) value,
which is the German maximum permitted concentration in the workplace, for CO is 30
ppm [151]. For safety applications, gas sensors which can detect CO concentrations

below 100 ppm are required.

CO is a reducing gas and interaction with the SnO. layer leads to an increased
conductivity of the sensing material. Operating SnO2 sensors in ambient air, CO primarily
reacts with pre-adsorbed oxygen species on the sensor surface, which releases electrons
back into the sensor layer [152]. Between 200 °C — 370 °C, CO; was experimentally
determined to be the main reaction product in ambient air [153]. Investigation of
oxygen-free and low-oxygen atmospheres show that CO reacts directly with the SnO-
surface if no or little oxygen is available. In this case, CO acts as donor and increases the
sensor conductivity [154], [155]. The interactions of CO with SnO2, depending on the

oxygen concentration and in absence of water, are shown in Figure 6.4.

Table 6.1: Physical and chemical properties of CO [156].

Properties
Molar mass [g/mol] 28.01
Melting point [°C] -205.1
Boiling point [°C] -191.5
Vapor Density (0 °C, 1013 mbar) [kg/mq] 1.251
Solubility (20 °C) [mg/mL] 30
Explosion limits 10.9-76 vol.%
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The following reactions are possible depending on the type and density of already
adsorbed species, oxygen concentration in the air, and temperature [152], [154], [157],
[158]:

CO(g)+ Opys »CO; = CO, T +e” + 1V (15)
CO(g)+ 205, »C05~ - CO,T +0" +V, (16)
CO (g)+ OHyy, » HCOO™ - CO, T +H, T +Vy+ e” a7
CO (g) + 0t = CO; + Vp (18)
COgqs » COY s+ €™ (19
no O, no CO €O CO* co* Cco* CO*CO"CO*CO*COCO*
sno, — - . Wwuww
}
co SO CO\JCOZ co_ 5O

0] o] O .
e e |
CcO CcO
—_— _— e 2o P e 2

CO, )
co CO, co CO, COJ 2 o CO, co CO,
OO0 00000 OO0 00000 OO0 00000

Figure 6.4: Interaction of CO with SnO2 depending on oxygen concentration and in absence of water; adapted
from [154].
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How CO reacts with SnO- in the presence of humidity is not fully understood. Generally
accepted is the formation of hydroxyl groups (Sn-OH and HOyat) and Hads When water is

present, which can function as additional reactants for the interaction with CO [154]:

CO+ HOuys © HCOO 44 (20)

Above 230 °C, the formate decomposes to CO; and hydrogen and an electron is released

into the sensing layer:

HCOOuys © COy + Hygs + € (1)

The formate can also react with another hydroxyl group, which decreases the sensor

conductivity by providing two adsorbed oxygen species:

HCOO0,4s + OHygs < HyCO + 2 0gys (22)
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6.4 Hydrogen (H.)

Hydrogen (Hz) is an odor- and colorless gas, which is highly flammable and can form
explosive mixtures with aerial oxygen. Some physical and chemical properties are

summarized in Table 6.2.

Hydrogen is used diversely in the chemical industry. In the Haber-Bosch process,
ammonia is produced by the reaction of hydrogen and nitrogen. Methanol is synthesized
from syngas, which is a mixture of hydrogen and carbon monoxide. Another important
application of hydrogen in industry is the production of liquid hydrocarbons (e.g. oil,
petrol, and diesel) by the Fischer-Tropsch process. Hydrogen also finds use in the food
industry, steel industry, and semiconductor industry [146]. Beside well-established
applications in the chemical industry, new markets for hydrogen are emerging. Using
hydrogen as an energy carrier in various applications is becoming more and more
important. Hydrogen is a sustainable energy source by generating power from fuel cells
for stationary and automotive applications. To ensure safe handling of these applications,
hydrogen sensors are essential for leak detection and alert if hydrogen concentrations

approach hazardous levels [159], [160].

Hydrogen is a reducing gas and the interaction of the gas with SnO; leads to an increase
of the sensing layer conductivity. At temperatures above 350 °C — 400 °C, the reaction

mechanism of Hz with the SnO surface is divided into two stages [161]. At the first stage,

Table 6.2: Physical and chemical properties of Hz [156].

Properties
Molar mass [g/mol] 2.02
Melting point [°C] -259.19
Boiling point [°C] -252.76
Vapor Density (0 °C, 1013 mbar) [kg/mq] 0.0899
Solubility (20 °C) [mg/mL] 1.6
Explosion limits 4.0-77 vol.%
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hydrogen molecules are dissociated into atoms on the SnO; surface. At the second stage,
negatively charged hydroxyl groups are formed by the reaction of hydrogen atoms with
double charged oxygen ions (O%), followed by a recombination of the hydroxyl groups,

which leads to the formation of water molecules and oxygen vacancies:

H, & 2H (23)
2H +20%" o 20H +2e” (24)
2H+ 20H™ & 2H,01 42V, +2e~ (25)

By the interaction of hydrogen atoms with oxygen ions or hydroxyl groups, a maximum
of two electrons are released back into the conduction band of the sensing material per
hydrogen molecule, increasing the SnO. conductivity. At temperatures between
100 °C - 300 °C, no dissociation of Hz occurs. Hydrogen molecules react directly with

the pre-adsorbed oxygen species [51]:

2H, + 0, & 2H,0 + e~ (26)
H, + 0T & H,0 + e~ (27)
H, + 0>~ & H,0 +2e” (28)
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6.5 Gas sensing characterization of bare SnO: thin film gas sensors

SnO: thin film gas sensors were fabricated on silicon substrates, MPW3 microhotplates,
and MPW4 microhotplates. The sensor performance of the SnO; thin film was evaluated
on all three substrates. The sensors were exposed to CO concentrations ranging from
10 ppm to 200 ppm at operating temperatures between 250 °C and 400 °C and relative
humidity levels of 25 %, 50 %, and 75 % (at 20 °C).

Figure 6.5 shows the gas response (S) of the SnO- thin film on the different substrates to
200 ppm CO at 50 % relative humidity depending on the operating temperature. By
integrating SnO: thin films on CMOS microhotplates, the gas response to CO was
increased. The improved sensor response of the CMOS integrated SnO> thin film to CO
can be explained by the fast rise time (< 10 ms) and the uniform heat distribution of the
microhotplate. Thermocouples, which were placed directly on the microhotplate, enabled
a precise temperature regulation. The macroscopic assembly of the silicon based gas
sensors using discrete heaters and thermocouples can lead to heat dissipation, heat loss,

and non-uniform heat distribution over the whole silicon substrate.
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Figure 6.5: Gas response versus temperature of SnOz2 thin film gas sensor on silicon, MPW3, and MPW4 substrates
(200 ppm CO, 50 % relative humidity).
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The decreased sensor response of the SnO- thin film on the MPW3 microhotplate can be
explained by the low thermal stability of the contacting electrodes used in the first
generation of the microhotplate (see Chapter 4.2.1). The tungsten plugs were oxidized at
elevated temperatures, which lead to an increased volume of the plugs and a deformation
of the electrodes. The adhesion of the sensing layer on the electrodes was decreased,
which probably resulted in reduced sensitivity due to signal drift. The highest gas
response of the bare SnO; thin film on CMOS microhotplates to CO was achieved at
300 °C (see Figure 6.5). The sensor performance of the SnO: thin film gas sensor
integrated on MPW3 at 300 °C and relative humidity levels of 25 %, 50 %, and 75 % is
shown in Figure 6.6. The gas response of bare SnO2 was influenced by humidity. With
increasing humidity level, the sensor response to CO decreased. The negative influence
of humidity on the sensor performance of bare SnO- thin film gas sensors is shown in

Figure 6.7 by comparing the gas response to CO concentrations from 10 ppm to 200 ppm
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Figure 6.6: Sensor performance of SnOz thin film gas sensor on MPW3 microhotplate at an operating temperature of
300 °C exposed to concentrations of CO ranging from 10 ppm up to 200 ppm at 25 %, 50 %, and 75 % relative
humidity.
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Figure 6.7: Gas response versus humidity of SnOz thin film on MPW3 microhotplate to CO at 300 °C.

at 25 %, 50 %, and 75 % relative humidity. Response times (too) and recovery times (tio)
of the SnOz thin film for CO on all three substrates were determined. Table 6.3
summarizes the response times of all three sensor types for 200 ppm CO at an operating
temperature of 400 °C. With decreasing operation temperature the response time
increased. The recovery times were in the range of 3 — 7 minutes at an operating
temperature of 250 °C depending on relative humidity; with increasing humidity level the
recovery time decreased. Also with increasing operating temperature, the recovery time
decreased significantly. At an operating temperature of 400 °C, the recovery time was in

the range of 60 seconds.

Table 6.3: Response times (tso) of SnO2 thin film gas sensors on different substrates for humidity levels of 25 %, 50
%, and 75 % exposed to 200 ppm CO at 400 °C.

200 ppm CO / 400 SnO2 on SnO2 on SnO2 on
°C silicon MPW3 MPW4
25%rh 8s 7s 8s
50 % rh 8s 8s 9s
75 % rh 9s 7s 8s
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6.6 Gas sensing characterization of SnO: thin film gas sensors

functionalized with Au nanoparticles

SnO: thin film gas sensors, integrated on MPW3 microhotplates, were functionalized
with Au nanoparticles (see Chapter 5.1.1) by inkjet printing. After depositing the
nanoparticles, the gas sensors were annealed at 400 °C for one hour to remove the
surfactant from the surface of the sensing layer. The sensors were exposed to CO at
operating temperatures from 250 °C up to 400 °C. The sensor resistance was not stable
and the Au functionalized SnO- thin film showed no sensitivity to CO (see Figure 6.8).
As described in Chapter 5.5, the decomposition of sodium acetate, which was used as
surfactant for stabilizing the Au nanoparticles in solution, seemed to be not residue-free
and sodium and carbon residues were covering the sensing material after the annealing

process, which resulted in the unstable sensor resistance and insensitivity to CO.

I CO [ppm] —— Sensor resistance [Q]

1,6x10’ —WW

8,0x10°

25 % relative humidity
1,6x10"

8,0)(105 —M

50 % relative humidity
1,6x10"

8,0x10° —WWW

75 % relative humidity

100 4
75
50 .
254
0 ! * ! I - ! I I ! I
0 1000 2000 3000 4000 5000
t[s]

Sensor resistance [(]

CO [ppm]

Figure 6.8: Sensor performance of Au functionalized SnO- thin film gas sensor at an operating temperature of 350 °C
exposed to CO concentrations from 10 ppm to 100 ppm.
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6.7 Gas sensing characterization of SnO: thin film gas sensors

functionalized with Pt nanoparticles

Differently sized Pt nanoparticles were deposited on CMOS integrated SnO; thin film gas
sensors by a magnetron sputtering inert-gas condensation deposition system
(see Chapter 5.4). The gas sensors were functionalized with 1.5 nm and 3 nm Pt
nanoparticles, respectively. The size-selective nanoparticle deposition was achieved by

using an in-line quadrupole mass filter (QMF).

The gas sensors were annealed at 400 °C for stabilizing the sensor resistance. The
influence of the differently sized Pt nanoparticles on the sensor performance to CO was
evaluated at 350 °C, 375 °C, and 400 °C and relative humidity levels of 25 %, 50 % and,
75 %. At lower operating temperatures, the sensor resistance was unstable with a low
signal-to-noise ratio. The most stable sensor performance was achieved at 375 °C. Figure
6.9 summarizes the gas response of bare and Pt functionalized gas sensors at an operating
temperature of 375 °C to CO concentrations of 10 ppm to 200 ppm at 75 % relative
humidity.
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Figure 6.9: Comparison of gas response of bare and Pt functionalized CMOS integrated SnOz thin film gas sensors to
CO at 375 °C and a relative humidity level of 75 %.
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In the case of 1.5 nm Pt nanoparticles, the gas response to CO was not improved compared
to bare SnO; thin films. But the functionalization of the gas sensor with 3 nm Pt
nanoparticles increased the gas response to CO significantly. Especially at CO
concentrations in the low ppm-level range, the gas response was several times higher than
for bare SnO> thin films. The sensor performance of the 3 nm Pt functionalized gas sensor
at 375 °C is shown in Figure 6.10. In contrast to bare SnO> thin films, humidity had no
influence on the gas sensing performance of Pt functionalized SnO> thin films. The gas
response to CO of both — 1.5 nm and 3 nm Pt — functionalized sensors at 375 °C is
summarized in Figure 6.11, which shows that the cross-sensitivity to humidity is

eliminated by Pt nanoparticles.

In literature, many studies were performed to understand how humidity influences the
sensor performance but the reaction mechanism of humidity interference on the detection
of target gases is still not fully clarified [162]-[164]. The detection of CO in dry and
humid atmosphere was studied extensively with pristine SnO»-based gas sensors [28],
[39], [154] and the beneficial impact doping of SnO»-based gas sensors with Sb [165],
NiO [166], or Pd[167] has on the gas response in humid atmospheres. The type of

adsorbed oxygen species on the SnO> surface greatly influences the gas response:

0, +2e~ & 20° (29)

0, +4e~ o 20%" (30)

A high concentration of O%-adsorption sites leads to a high sensor response. It was
proposed that in dry atmosphere mainly O% is adsorbed on the SnO surface. In wet
atmosphere, the adsorption of O? is suppressed by water vapor, leaving only O on the
surface. The interference of humidity on the surface oxygen species results in a reduced
sensor response [168], [169]. Recently, it was found that functionalization of SnO2 with
Pd or Sb eliminates the effect humidity has on the surface oxygen species. In the presence

of Pd or Sh, the concentration of O on the surface is maintained with increasing humidity
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Figure 6.10: Sensor performance of CMOS integrated SnO2 thin film gas sensor functionalized with 3 nm Pt
nanoparticles at 375 °C.
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Figure 6.11: Gas response of SnOz2 thin film gas sensors functionalized with 1.5 nm and 3 nm Pt nanoparticles to CO
concentrations of 10 ppm to 200 ppm at 375 °C and relative humidity levels of 25 %, 50 %, and 75 %.
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concentration, which results in the suppression of the negative influence of humidity on
the sensor performance [165], [170]. The humidity-independent gas response to CO of Pt
functionalized CMOS integrated SnO: thin film sensors could be explained in a similar
way. Both 1.5 nm and 3 nm Pt nanoparticles promoted the dissociative adsorption of

O? oxygen species on the SnO; surface.

A reason for the comparatively low sensor response of SnO. thin film sensors
functionalized with 1.5 nm Pt nanoparticles could be that the CO oxidation took place on
additional reaction sites on the Pt nanoparticles, which were electronically decoupled
from the SnO- thin film and therefore had no impact on the sensor signal [171]. Response
and recovery times for bare and Pt functionalized sensors were evaluated. The response
time to CO was not influenced by the functionalization; the response time of SnO> thin
film functionalized with Pt nanoparticles was 10 s at an operating temperature of 400 °C
and relative humidity of 25 %. However, the recovery time was improved by
functionalizing SnO> with 3 nm Pt nanoparticles. The recovery time of SnO> decorated
with 1.5 nm Pt nanoparticles was in the range of bare SnO,. Table 6.4 summarizes the
recovery times of the different sensors for operating temperatures of 350 °C to 400 °C

exposed to 200 ppm CO at 25 % relative humidity.

Table 6.4: Recovery times (t10) of bare and Pt functionalized SnO- thin film gas sensors for different operating
temperatures exposed to 200 ppm Hz at 25 % relative humidity.

200 ppm Hz2 / 25

- Bare SnO:2 SnO2 + 1.5 nm Pt SnO2 + 3 nm Pt
350 °C 102's 112s 39s
375°C 60 s 52s 30s
400 °C 48's 55s 32s
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6.8 Gas sensing characterization of SnO. thin film gas sensors

functionalized with NiPt nanoparticles

NiPt nanoparticles (see Chapter 5.1.2) were used to functionalize SnO; thin film gas
sensors on MPW3 microhotplates by inkjet printing. The sensors were exposed to CO at
operating temperatures from 150 °C up to 400 °C and relative humidity levels of 25 %,
50 %, and 75 %.

The sensor showed excellent performance to CO at 150 °C and at a CO concentration of
200 ppm and 75 % relative humidity, a gas response of 90 % was achieved. The gas
response at 150 °C for all three humidity levels are summarized in Table 6.5.
Unfortunately, the sensor performance greatly deteriorated at higher operating
temperatures and at operating temperatures of 300 °C and higher, the gas sensor showed
no sensitivity to CO anymore. The gas measurements were repeated again and the sensor
performance at 150 °C was significantly degraded. The two gas measurements at 150 °C
are shown in Figure 6.12. After heating the gas sensor to temperatures of up to 400 °C,

the gas response to 200 ppm CO at 75 % relative humidity was decreased to 7 %.

Table 6.5: Gas response of NiPt functionalized SnOz thin film gas sensor to CO at 150 °C and 25 %, 50 % and 75 %
relative humidity.

25%rh 50 % rh 75%rh
10 ppm 16 6 12
30 ppm 26 22 31
60 ppm 51 62 61
100 ppm 75 85 78
150 ppm 84 92 86
200 ppm 88 94 90
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Figure 6.12: Sensor performance of NiPt functionalized SnOz thin film gas sensor to CO concentrations from 10 ppm
to 200 ppm at 150 °C and 25 %, 50 %, and 75% relative humidity.

The characterization of the gas sensor by SEM showed that a non-continuous layer was
covering the SnO- thin film (see Figure 6.13). A possible explanation for the formation
of this layer could be found in the high concentration of NiPt nanoparticles in the solution.
The assumption is that the NiPt nanoparticles melt on the surface of the sensing material
at elevated temperatures and, due to the high nanoparticle concentration, form a film
which covers the sensing material almost completely. Although the melting point of bulk
nickel and bulk platinum is 1455 °C [172] and 1768 °C [173], respectively, the melting
point of a material decreases significantly with decreasing particle size [174]-[176]. The
layer covering the SnO; thin film offered additional reaction sites for the target gas but
those reaction sites were not electronically coupled to the metal oxide [81], [177].
Therefore, the layer had no influence on the electrical signal, which lead to the strong
decrease in the gas response of the sensor. To reduce the nanoparticle concentration, the
solution was diluted 1:10 with toluene. Unfortunately, a reduced nanoparticle
concentration could not be deposited on CMOS integrated SnO- thin films gas sensors by
inkjet printing because it was not possible to achieve a stable drop formation with the

diluted solution.
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Figure 6.13: SEM characterization of NiPt functionalized SnO2 thin film gas sensor after sensor operation at
temperatures of up to 400 °C.
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6.9 Gas sensing characterization of SnO. thin film gas sensors

functionalized with AuPd nanoparticles

AuUPd nanoparticles (see Chapter 5.1.3) were deposited on SnO- thin film gas sensors,
integrated on MPW3 microhotplates, by inkjet printing. The sensor performance to CO
and H; was evaluated at operating temperatures from 250 °C to 400 °C and relative
humidity levels of 25 %, 50 %, and 75 %.

The gas response of bare SnO: thin film gas sensors and SnO; thin film gas sensors
functionalized with AuPd nanoparticles to 200 ppm CO and H: at 25 % relative humidity
and different temperatures is shown in Figure 6.14. The sensitivity to CO at operating
temperatures of 250 °C and 300 °C was strongly reduced by the functionalization with
AuPd nanoparticles. At 350 °C, the gas response increased significantly and at 400 °C
the gas response was improved compared to bare SnO: thin films. The AuPd
functionalized sensor showed good sensitivity to H2 with a gas response of 76 % to
200 ppm H2 at 250 °C and 25 % relative humidity. The gas response to Hz was only
slightly improved at 250 °C by the AuPd functionalization but showed no improvement
at higher temperatures compared to bare SnO3 thin films.
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Figure 6.14: Comparison of gas response to 200 ppm CO and H: at different temperatures of bare and AuPd
functionalized SnOz thin film gas sensors (gas concentration 200 ppm; 25 % relative humidity).
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Figure 6.15: Sensor performance of AuPd functionalized SnO: thin film gas sensor to H2 concentrations of 10 ppm to
200 ppm at 300 °C.
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By functionalizing the SnO: thin film gas sensor with AuPd nanoparticles, the selectivity
to H> was improved at operating temperatures of 250 °C and 300 °C. The sensor
performance of the AuPd functionalized SnO: thin film gas sensor to H> at 300 °C is
shown in Figure 6.15. Furthermore, a significant improvement of cross-sensitivity to
humidity was achieved by the functionalization with AuPd nanoparticles for both Hz and
CO detection. The influence humidity has on the gas response of bare SnO; thin film
sensors to Hz concentrations of 10 ppm up to 200 ppm is shown in Figure 6.16. Especially
at low gas concentrations, the gas response was significantly reduced with increasing
humidity levels, which poses a problem to the application of the sensors in real life
conditions. In comparison, the gas response of AuPd functionalized sensors was not

influenced by humidity, which is depicted in Figure 6.17.
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Figure 6.16: Gas response of bare SnOz thin film gas sensor to Hz at 300 °C.
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Figure 6.17: Gas response of AuPd functionalized SnOz thin film gas sensor to Hz at 300 °C.

Response times and recovery times were evaluated for bare and AuPd functionalized
sensors. The response time was not influenced by the functionalization, but the recovery
time was reduced significantly by the AuPd nanoparticles. The response time of AuPd
functionalized SnO> at 400 °C and 25 % relative humidity was 9 s. The recovery times of
bare and functionalized sensors exposed to 200 ppm Hz at 25 % relative humidity for

operating temperatures from 250 °C to 400 °C are summarized in Table 6.6.

Table 6.6: Recovery times (tio) of bare and AuPd functionalized SnOz thin film gas sensors for different operating
temperatures exposed to 200 ppm H: at 25 % relative humidity.

200 ppm Hz2/ 25 % rh Bare SnO: SnO: + AuPd
250 °C 458 225
300°C 396 118
350 °C 422 142
400 °C 471 120
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6.10 Gas sensing characterization of SnO: thin film gas sensors

functionalized with AuPt nanoparticles

AuUPt nanoparticles (see Chapter 5.1.4) were used for functionalizing SnO> thin films
integrated on MPW4 microhotplates. The nanoparticles were deposited by spotting. The
sensor performance to the exposure of CO and H> was evaluated at operating temperatures
from 150 °C to 400 °C and relative humidity levels of 25 %, 50 %, and 75 %.

Figure 6.18 and Figure 6.19 summarize the gas response of bare and AuPt functionalized
SnO: thin film gas sensors, integrated on MPW4 microhotplates, at 75 % relative
humidity to 10 ppm CO and Ho, respectively. The sensor performance of AuPt
functionalized SnO; thin film gas sensors at 250 °C is shown in Figure 6.20. By
functionalizing SnO, with AuPt nanoparticles, the highest sensitivity to CO was achieved
at 250 °C, compared to 300 °C for bare SnO.. For operating temperature between 150 °C
and 300 °C, the gas response to CO was improved significantly by AuPt nanoparticles.
For the detection of Hy, the highest sensor performance was achieved at 250 °C for both

bare and AuPt functionalized SnO- thin film gas sensors.
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Figure 6.18: Gas response versus operating temperature of bare and AuPt functionalized SnO- thin film gas sensors
on MPW4 microhotplate to 10 ppm CO at 75 % relative humidity.
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Figure 6.19: Gas response versus operating temperature of bare and AuPt functionalized SnO: thin film gas sensors

Sensor resistance [Q]

Figure 6.20: Sensor performance of AuPt functionalized SnOz thin film gas sensors to CO concentrations of

--m--8n0,

100 - —A— SnO, + AuPt
80 A
/ \\““‘\
60 \
S "
w
40 -
__--m
S—
20
0 T T T T T T
150 200 250 300 350 400
TI[°C]

on MPW4 microhotplate to 10 ppm H: at 75 % relative humidity.

B CO [ppm]

—— Sensor resistance [(2]

3x107 1 25 % relative humidity

2x107

1x10" 4
9 0x10° 1 50 % relative humidity

75 % relative humidity
£ 200
2 150
100 3
O 504 l
O 0 a - T . T T
0 2000 4000 6000 8000
t[s]

10 — 200 ppm at 250 °C and relative humidity levels of 25 %, 50 %, and 75 %.

110



A higher gas response to H, was achieved at operating temperatures from 200 °C to
400 °C by the functionalization with AuPt nanoparticles. The impact of humidity on the
sensor performance was slightly reduced but not eliminated by the functionalization with
AuPt nanoparticles. The evaluation of response and recovery times of bare and AuPt
functionalized sensors showed that the recovery time was reduced by the
functionalization with AuPt nanoparticles. Table 6.7 summarizes the recovery times to
the exposure of 200 ppm CO at an operating temperature of 300 °C for humidity levels
of 25 %, 50 %, and 75 %. The response time of AuPt functionalized SnO; at 400 °C and

25 % relative humidity was 11 s.

Table 6.7: Recovery times (t10) of bare and AuPt functionalized SnO: thin film gas sensors for different humidity
levels exposed to 200 ppm CO at 300 °C.

200 ppm CO / 300 °C Bare SnO: SnO:z + AuPt
25 % rh 173s 103's
50 % rh 136's 110s
75 % rh 133s 122 s
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V. Summary and Outlook
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Summary

In 1968, the first gas sensor based on SnO2 was commercialized by Taguchi. Since then,
a vast number of different gas sensing materials based on metal oxides have been
investigated and developed. Nevertheless, SnO; is still the most investigated and used
metal oxide for gas sensing. Today, a variety of metal oxide gas sensors are commercially
available. However, the sensors on the market are quite bulky and expensive devices, and
the applications of these sensors are limited to laboratories or industrial processing. Gas
sensors based on metal oxides are operated at elevated temperature, therefore, a heating
element has to be provided, which is usually the component with the highest power
consumption. The high power consumption is one of the factors preventing the
application of these sensors in mobile applications. For fabricating smart and cheap gas
sensors with low power consumption, the combination with CMOS technology is
inevitable. Integration of metal oxide gas sensors on CMOS microchips accesses a new
market in portable electronics. Miniaturized gas sensors with reduced power consumption
can be used as personal safety devices in smart phones or smart watches. The aim of this
work was the fabrication and characterization of CMOS-integrable SnO; thin film gas
sensors functionalized with metallic and bimetallic nanoparticles for enhanced sensor

performance.

Spray pyrolysis was the method of choice for the integration of SnO> thin films on CMOS
microchips. A self-made spray pyrolysis setup with an air atomizing nozzle was used for
the CMOS compatible deposition of 50 nm thin SnO: layers at 400 °C. An annealing step
of 45 minutes at 400 °C was performed to obtain a polycrystalline and stable film. The
SnO- thin film was characterized by TEM and AFM to determine the morphology and
roughness of the deposited thin film. The TEM characterization revealed that a compact
crystalline layer was formed by the spray pyrolysis process. The polycrystalline layer is
composed of differently oriented grains with crystallite sizes of about 10 nm. AFM
measurements of the SnO. thin film determined that a smooth and continuous granular

layer with a root mean square (RMS) roughness in the range of 1 nm was deposited by

spray pyrolysis.
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SnO: thin film gas sensors were fabricated on CMOS microhotplates, which were
designed and fabricated by the project partner ams AG within the project “MSP — Multi
Sensor Platform for Smart Building Management” (Framework Programm 7). The
microhotplates were built up by a specific CMOS stack, fabricated in a standard 0.35 um
CMOS technology. For thermal insulation and reduction of power consumption, the
microhotplates were released in a CMOS post-processing step by dry and isotropic ion
etching, resulting in a suspended membrane with dimensions of 72 um x 72 um connected
to the rest of the microchip by four arms. Rapid heating to temperatures of up to 400 °C
were achieved with rise/fall times of under 10 milliseconds. A power of 13.5 mW was
required to heat the microhotplates to 400 °C. The patterning of the SnO- thin film was
achieved by photolithography followed by dry Ar ion etching. Additionally, SnO, gas
sensors were fabricated on silicon substrates using discrete heaters and a thermocouple
for assembling the sensor. The silicon based SnO- thin film gas sensors were used for a

fast and low-cost investigation of different deposition techniques for nanoparticles.

This thesis was also partly performed within the project “RealNano — Industrielle
Realisierung innovativer CMOS basierter Nanosensoren” funded by the Austrian
Research Promotion Agency. Different deposition techniques for functionalizing the
CMOS integrated SnO: thin film gas sensors with metallic and bimetallic nanoparticles
were investigated. The deposition techniques were required to be compatible with CMOS
microchips with a maximum deposition temperature of 400 °C and to allow scale up of
nanoparticle deposition to wafer level. Inkjet printing, spotting, and sputtering were the
techniques used to functionalize CMOS integrated SnO> thin film gas sensors with
metallic and bimetallic nanoparticles. For inkjet printing, a Dimatix Material Printer from
Fujifilm was employed. The deposition experiments were performed in the laboratories
of the project partner EVGroup. The deposition of nanoparticle solutions by spotting was
performed by courtesy of Scienion AG, using a non-contact, drop-on-demand spotter tool
(sciFLEXARRAYER SX). Both deposition techniques allowed a precise deposition of
metallic and bimetallic nanoparticle solutions on the microhotplates with dimensions of
72 um x 72 pum. Size-selected deposition of noble metal nanoparticles on CMOS

integrated SnO- thin film gas sensors was achieved by using a magnetron sputtering
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inert-gas condensation deposition system. The experiments were performed at the

Okinawa Institute of Science and Technology Graduate University (OIST).

The sensor performance of bare and functionalized CMOS integrated SnO> thin film gas
sensors to CO and H» was evaluated in dry and wet atmosphere at different operating
temperatures. For the functionalization of SnOz thin films, Au, Pt, NiPt, AuPd, and AuPt
nanoparticles were used, which were provided by project partners or commercially
acquired. Au and NiPt nanoparticles did not improve the sensor performance of SnO: thin
film gas sensors. Non-residue-free decomposition of the stabilizing surfactant in the Au
nanoparticle solution was the reason for the deterioration of the sensor performance,
showing no gas sensitivity. The highly concentrated NiPt nanoparticle solution lead to
the formation of a layer on top of the SnO> thin film at elevated operating temperatures,
reducing the gas response to CO significantly. The functionalization of CMOS based
SnO- thin film gas sensors with Pt, AuPd, and AuPt nanoparticles resulted in an improved
sensor performance. Pt nanoparticles increased the gas response to CO significantly,
especially to CO concentrations in the low ppm range, and cross-sensitivity to humidity
was also eliminated by the Pt functionalization. SnO- thin films functionalized with AuPd
nanoparticles showed enhanced selectivity to Ho at operating temperatures of 250 °C and
300 °C. The functionalization with AuPt nanoparticles lead to a significantly improved
gas response to CO concentrations down to 10 ppm, reducing the operating temperature
for CO detection from 300 °C to 150 °C. SnO:z thin film gas sensors showed a response
time (too) of < 10 s, which correlates well with values reported in literature for SnO. based
gas sensors [51], [178], [179]. The response time was not influenced by the nanoparticles.
The recovery time (tio) of SnOz thin films was in the range of 1-7 minutes, which is in
good agreement with literature values [180], [181]. The recovery time for CO and H2 was

decreased significantly by functionalizing SnO2 thin films with nanoparticles.
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In summary, SnO> thin film gas sensors were integrated on CMOS microhotplates and
functionalized successfully with various metallic and bimetallic nanoparticles using
different deposition techniques. The nanoparticle functionalization improved the gas
response to CO and Ho, reduced the cross-sensitivity to humidity, and decreased the

recovery time of SnO; thin film gas sensors significantly.

Outlook

In this thesis, spray pyrolysis was used for the deposition of SnO- thin films. Low cost,
easy handling, fast deposition, and no need for expensive vacuum equipment are some of
the many advantages compared to other deposition techniques like CVD and PVD.
Within the framework of the project “MSP”, a new spray pyrolysis tool was developed
by the Materials Center Leoben Forschung GmbH. This new tool allows the deposition
of SnO- thin films to be scaled-up to wafer level. A precise pressure control unit, a high
temperature hotplate with a fast and accurate temperature regulation, and a finely
adjustable exhaust system enable reproducible deposition of SnO thin films on full-
wafer-scale. Additionally, deposition of new gas sensitive metal oxide materials, like

CuO or ZnO, by spray pyrolysis is currently being investigated.

Within the “MSP — Multi Sensor Platform for Smart Building Management”-project, a
new microchip, the MPW4, was designed and fabricated by the project partner ams AG.
It incorporates eight microhotplates, which can be operated simultaneously, and on each
microhotplate two metal oxide gas sensors can be implemented. By employing TSV
technology, flexible 3D- integration of MPW4 microchips on CMOS electronic platform
chips is possible. A worldwide unique multi gas sensor device could be realized by
integrating different metal oxide nanomaterials on MPW4 microchips. The combination
of bare and functionalized metal oxide thin film and nanowire gas sensors on one
microchip would allow the fabrication of a CMOS integrated nanosensor array with
enhanced sensitivity and selectivity to various target gases. For the characterization of

such devices, a new gas measurement setup was designed together with
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mb-Technologies GmbH and is currently being implemented into the well-established
gas measurement setup used so far. With this new setup, all of the sixteen gas sensors can
be operated and characterized simultaneously, generating huge amounts of valuable data.
In the future, work in the field of data mining, pattern recognition, and algorithm
development are planned within the microelectronics group of Materials Center Leoben

for further enhancing sensitivity and selectivity of this CMOS integrated sensor array.

The development of a screening platform for optimizing metal oxide gas sensors with
combinations of different functional nanoparticles is the goal of a new project called
“FunkyNano — Optimierte Funktionalisierung von Nanosensoren zur Gasdetektion durch
Screening von Hybrid-Nanopartikeln”, which started on May 1%, 2017, and is funded by
the Austrian Research Promotion Agency. The follow-up project of “RealNano —
Industrielle Realisierung innovativer CMOS basierter Nanosensoren” focuses on the
fabrication of nanosensor arrays using different gas sensitive metal oxide thin films. The
sensor arrays are functionalized with various nanoparticles, concentration and
combination of nanoparticles are systematically modified, and simultaneous
characterization of nanosensor arrays in a gas measurement setup allows fast and efficient
screening of different material combinations. Through this screening process, the
optimum functionalization of metal oxide based gas sensors can be identified for a variety
of target gases. The final goal of the project is the realization of a CMOS-based laboratory
prototype comprising 16 gas sensors, each functionalized specifically for a certain test

gas.
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Appendices

A EDX spectra
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Figure A. 1: EDX spectra of surfactant residue on thin-film heterostructure with Au nanoparticles.

B Test Gas Compositions

Table B. 1: Test gas compositions (Linde Gas).

Test gas ‘ Diluted in ‘ Concentration
Synthetic air - 80 % N2, 20 % O2
<0.1 ppm hydrocarbons
<0.1 ppm NOx
CO N2 899 ppm
H. N2 2465 ppm
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