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Abstract

Highly sensitive gas detecting devices are of significant importance in vari-
ous applications such as environmental air quality monitoring or occupational
safety and health. In the last decades considerable advances have been made
in the development of conductometric metal oxide gas sensors and in opti-
mization of sensor performance regarding sensitivity and selectivity. Tradi-
tional metal oxide based gas sensors employ thin or thick film resistors and
their working principle is based on electrical conductance changes due to
interaction with surrounding gas molecules. Due to favorable material prop-
erties, nanowire-based devices are considered as potential candidate for the
realization of miniaturized, next-generation gas sensors with improved per-
formance. In particular the integration of nanomaterials with CMOS tech-
nology is expected to result in low power consumption gas sensor systems for

daily life applications.

In this thesis, the gas sensing properties of nanowire devices based on two
different metal oxide materials, i.e. cupric oxide (CuO) and zinc oxide (ZnO),
are investigated. CuO and ZnO nanowires are obtained by various synthesis
techniques on wire and thin film substrates. Complimentary characterization
methods are employed for structural as well as compositional analysis. Fabri-
cation processes are developed for the realization of single nanowire as well as
nanowire array devices, which are characterized in terms of electrical proper-
ties and gas sensing performance. The nanowire gas sensors are operated at
elevated temperatures up to 350 °C and device resistance changes are inves-
tigated during exposure to water vapor and small concentrations of the toxic
gases CO (ppm-level range) and HsS (ppb-level range). The results obtained
for the different sensor configurations are compared and interpreted in terms
of sensing mechanism model. Furthermore, the integration of CuO nanowire
arrays on CMOS microhotplates is demonstrated resulting in miniaturized,

low power consumption gas sensor devices.
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1 Introduction

During the last decades, the demand for highly sensitive gas detecting devices
has considerably increased. A large number of applications such as toxic
gas alarms, smoke detectors or indoor air quality monitoring for heating,
ventilation and air conditioning have created established as well as highly
promising emerging markets [1]. Most importantly, atmospheric pollution
caused by combustion of fossil fuels and emissions from industrial plants has
become a major issue in modern urban societies. Considerable research ef-
fort is directed towards the development of inexpensive sensor technologies
as replacements for conventional costly and time-consuming analytical tech-
niques such as optical spectroscopy or gas chromatography. Miniaturized,
high-performance gas sensor devices would allow widespread urban pollution
monitoring, which is expected to result in significant societal impact in terms
of advances in personal exposure assessment and improved understanding of

atmospheric processes [2,3].

The performance of gas sensing devices is most commonly evaluated accord-

ing to the following parameters [4]:

Sensitivity: As the detection of low ppm-level concentrations of certain target
gases is required in safety applications or industrial process control, high gas

sensor sensitivity is of crucial importance.

Selectivity: The sensor device needs to be capable of distinguishing between

several different target gases.

Stability: Long-term stability of the gas sensor response is essential for con-

tinuous monitoring of the surrounding gas atmosphere.

Moreover, fast sensor response and recovery times are necessary in several
cases, in particular for toxic gas detection. Apart from these sensor related
parameters, commercial factors often play a major role in practical applica-
tions such as low-cost, minimized power consumption or compatibility with

standard semiconductor fabrication technology [5].



Considerable advances in gas sensor technology have been achieved resulting

in different types of devices [4]:

e Conductometric sensors: Semiconducting metal oxides or polymers are
employed in a resistive configuration. They change their electrical con-

ductivity during gas exposure and are thus often termed chemiresistors.

e Field effect transistor (FET): The transfer characteristics depend on

the surrounding gas atmosphere due to a gas-sensitive gate.

e Electrochemical sensors: The sensor response results from chemical
reactions at the gas-sensitive interface of a working electrode and a

solid electrolyte.

e Capacitive sensors: Absorption of gas molecules into the dielectric
(most commonly polymers) of a capacitor results in changes of its elec-

trical capacitance.

e Optical sensors: Gas-dependent optical properties are utilized for spec-

troscopic, surface plasmon resonance or ellipsometric measurements.

e Calorimetric sensors: These sensors make use of temperature changes

that are caused by interactions of solid surfaces with gas molecules.

e Acoustic wave sensors: Adsorption of gas molecules on piezoelectric
resonators leads to mass loading, which influences mechanical motion

and is transduced in resonant frequency shifts.

e Cantilever-based sensors: Similar as in acoustic wave sensors, mass
changes due to gas molecule adsorption result in frequency shifts of

micromachined cantilever resonators.

Conductometric sensors are particulary interesting due to high sensitivity,
low-cost and simplicity of the device configuration [5]. Commercial sensors
are typically based on metal oxide thick films with polycrystalline structure,

which are most commonly heated to elevated temperatures up to 400°C.



However, state-of-the-art devices are rather dedicated to industrial use and do
not fulfill requirements for consumer market applications. The development
of CMOS compatible device fabrication technology is expected to pave the

way for wide-spread gas sensor commercialization in the future ﬂﬁﬂ

Nanowire-based devices are a potential candidate for the realization of next-
generation gas sensors because of several favorable properties ,. The
schematic illustration in Fig[l.1] summarizes the most important aspects,

which have to considered in the gas sensing application.

long-term surface to
stability volume ratio

model system . field effect
nanowire :
for fundamental : transistor

. gas Sensors .
studies 2 operation

self-heating

Figure 1.1: Important aspects of nanowire-based devices for the gas sensing application

In contrast to traditional polycrystalline gas sensors, which in many cases suf-
fer from material instabilities due to grain growth by coalescence at elevated
operation temperatures, nanowires provide superior long-term stability due
to the high crystallinity and the lack of grain boundaries. In a comparative
study, SnO, nanowire networks showed excellent reproducibility of the gas
response after 46 days of continuous sensor operation, whereas the sensing

properties of SnO, nanoparticle films changed considerably .

Furthermore, the small lateral dimensions of one-dimensional nanostructures
are typically comparable with the Debye length of the material and are linked
with a high surface to volume ratio. Therefore surface effects strongly in-
fluence the overall electronic properties leading to high sensor sensitivity.
As a result, one-dimensional nanostructures are potential candidates for the

realization of miniaturized devices with improved performance [7,9).



Metal oxide nanowire gas sensors provide several opportunities for distin-
guishing different gas species as the main strategies in order to achieve gas
selectivity have been adapted for nanowire-based devices. The surface of
single as well as multiple metal oxide nanowire devices was modified by cat-
alytic metal nanoparticles (typically Pd, Pt or Au) leading to superior gas
sensing performance even at room temperature operation |[10-H13]. Increased
gas selectivity can be also achieved by means of temperature modulation
of metal oxide nanowire sensors realized on microhotplate devices |14}15].
Moreover, nanowire-based devices have shown promising results for the real-
ization of miniaturized electronic nose systems. In [16], individual nanowires
of different metal oxide materials were used for the discrimination of hydro-
gen and carbon monoxide. A similar approach is reported in [17], where a
sensor array of metal oxide nanowires and single-walled carbon nanotubes
was able to distinguish between nitrogen dioxide, ethanol and hydrogen. Al-
ternatively, SnO, nanowires decorated with different catalytic metals and
operated at varying temperatures were successful in differentiating between
hydrogen, carbon monoxide and ethylene [18]. Even a single SnOs nanobelt
with longitudinal width variations and Pd functionalized segments was able
to discriminate between vapors from various alcoholic beverages [19]. Most
interestingly, also SnO, nanowire areal density differences in percolating net-
works exhibited specificity to the gas response towards carbon monoxide,
ethanol and isopropanol. The discrimination power of the sensor device was
attributed to statistical variations of signal contributions from two different
transduction mechanisms (modulation of nanowire channel resistance and
nanowire-nanowire junction barrier) [20]. Thus nanowire-based electronic
noses do not only provide opportunities for considerable device miniaturiza-
tion but also for novel sensing concepts due to the one-dimensionality of the

employed nanostructures.

In addition, the free carrier concentration of nanowire-based devices can be
controlled by means of field effect transistor operation, which provides an-
other option for improving gas sensor performance and gas selectivity [21].

It was shown in |22 that oxidation and reduction reactions at the surface



of a single SnO, nanowire are influenced by applying different gate voltages.
The authors of [23] reported on a ZnO nanowire field effect transistor with
a room temperature gas response towards NO, and NHj, which was affected
by gate-induced changes in carrier concentration. Furthermore, the nanowire
sensor could be recovered by large negative gate voltages and the resulting
potential for enhanced gas selectivity was indicated. In [15] the combined
modulation of both operation temperature and gate voltage of a multiple
SnO, nanowire sensor was successfully employed for the discrimination be-
tween three volatile organic compounds. Optimized gate voltage cycles lead
to an increased recognition rate of 98% compared to 77% for a grounded
backgate, which demonstrates the significance of field effect operation for

selective gas detection.

Despite the fact that metal oxide semiconductor gas sensors have been used
for several decades, detailed insights in surface chemistry and thus the un-
derlying sensing mechanism are often limited [24-26]. Due to the simple
geometry and the high crystallinity of single nanowire devices, gas sensi-
tive effects are governed by a considerably lower number of parameters. In
contrast to thin or thick film devices, the sensor response transients are
not influenced by diffusion at intergrain boundaries, which allows to draw
conclusions from response time constants on chemical to electrical trans-
duction mechanisms [27,28]. Long-term resistance drifts of single SnO,
nanowires in different oxygen partial pressures were studied and due to the
one-dimensional geometry new insights into the role of oxygen ion diffusion
could be achieved [29]. Moreover, several literature reports indicate that
experimental gas sensing results on single nanowire devices can be success-
fully correlated with quantum chemistry, in particular with density functional
theory computations. In [30], theoretical calculations of gas adsorption on
one-dimensional ZnO nanostructures were thoroughly reviewed. The authors
of [31] interpreted experimental gas responses of individual CuO nanowires
towards Oy, NOy and ethanol by comparison with first-principles methods.
In [32], the interaction of SnOs nanoribbons with Oy, CO and NO, was

studied by density functional theory calculations and confronted with exper-



imental data. Surface reactions of NH3 on SnO, nanowires were investigated
both theoretically and experimentally in [33] leading to an increased under-
standing of the underlying processes and humidity interference effects. As
a consequence, nanowire-based gas sensing devices can be considered as ex-
cellent platform for fundamental studies of interaction mechanisms of metal

oxides with gas molecules.

In conventional gas sensors, additional heating elements are most commonly
employed in order to reach elevated device temperatures (typically up to
400 °C), which enhances chemical reactions at the metal oxide surface. How-
ever, external heaters are linked with an increase in both device complexity
and power consumption. Single nanowire sensors provide an exceptional op-
portunity to overcome these disadvantages by utilizing the self-heating effect.
The latter is based on Joule heat that is generated in a nanowire device op-
erated under certain biasing conditions. Due to the weak thermal coupling
of the nanowire to the substrate and the electrodes, heat losses are mini-
mized. It was demonstrated that an increase of nanowire temperature can
be indirectly observed by changes in surface reactivity and kinetics for dif-
ferent bias levels [34]. In [35], the effects of self-heating on single nanowire
sensor response and recovery time were systematically investigated and the
results were successfully correlated with measurements performed with ex-
ternal heating elements. Moreover, it was shown that self-heated nanowires
may be operated in pulsed mode for improved gas selectivity |36]. The main
advantage of utilizing Joule heating in single nanowire gas sensors is the ex-
ceedingly low power consumption of around few tens of pW, which makes
such devices particularly interesting for portable devices. The authors of [37]
combined a self-heated single nanowire gas sensor with a state-of-the-art
energy harvesting device resulting in the successful demonstration of an au-

tonomous gas sensor system.

Among the variety of target gases occurring in different practical sensing
applications, the detection of carbon monoxide CO and hydrogen sulfide

HsS is of particular importance. These highly toxic gases both occur in



industrial processes and are thus relevant for occupational safety and health
[38]. Furthermore, domestic CO exposure due to defect gas appliances is
especially dangerous and has lead to a large number of fatal accidents [39].
In addition, health effects because of constant environmental CO exposure
in urban areas should not be underestimated [40]. Low concentrations of
HsS may be released by geothermal sources or during bacterial breakdown of
organic matter (e.g. swamps, sewers) and constant ppb-level exposure may

result in chronic health effects [41].

Motivated by the high relevance of CO and HsS detection for practical ap-
plications, conductometric gas sensors based on cupric oxide (CuO) and zinc
oxide (ZnO) nanowires are developed in this thesis. The gas sensing prop-
erties of n-type ZnO have been thoroughly investigated in literature and
single [42-44] as well as multiple [45H47] nanowire sensor devices have been
reported. Here, single ZnO nanowires are studied regarding a self-heated gas
sensor operation, which is hardly explored for metal oxide materials other
than SnO,. Furthermore, ZnO nanowire array devices fabricated by a ther-
mal oxidation process are investigated as alternative to common vapor phase
methods [48,49], which require considerably higher nanowire synthesis tem-
peratures. On the other hand, gas sensors based on the p-type metal oxide
CuO are comparatively poorly studied [50]. The gas sensing properties of
CuO nanowire based devices have been reported in single [31,51,52] and
multiple [53-55] nanowire configurations and are further explored in this
thesis. Apart from different realizations of single CuO nanowire sensors, a
novel method for the fabrication of CuO nanowire arrays is presented, which
allows efficient nanowire device integration. Moreover, the influence of hu-
midity during CO and HyS exposure is studied, which has been scarcely

investigated in literature.

Micromachined devices with integrated heating elements (typically termed
microhotplates) have attracted considerable interest in the field of conducto-
metric gas sensors due to their outstanding performance. In particular, the

replacement of external heating elements is accompanied by a considerable



reduction of thermal time constants and power consumption [56]. In [57],
literature results on MEMS microhotplates were summarized and it was em-
phasized that most of the reported fabrication processes are not compatible
with standard CMOS technology. However, CMOS integration is consid-
ered as crucial step towards consumer market penetration of gas sensing
devices due to the possibility of on-chip electronics and low-cost batch fabri-
cation [58]. Here, the integration of CuO nanowires on CMOS microhotplates
is demonstrated, which is a crucial step towards miniaturized smart gas sen-

sor systems.
This thesis is organized as follows:
e Chapter 2 summarizes theoretical fundamentals and basic principles of
conductometric gas sensors based on metal oxide semiconductors.

e Chapter 3 recapitulates literature reports on nanowire device integra-
tion, metal-semiconductor (nano-) contacts and nanowire gas sensors.

e Chapter 4 treats literature models for one-dimensional growth of CuO
and ZnO nanowires as well as experimental synthesis results.

e Chapter 5 describes experimental gas measurement methods and sum-
marizes the most basic target gas properties.

e Chapter 6 shows results on the fabrication, electrical characterization
and gas sensing properties of single CuO and ZnO nanowire devices.

e Chapter 7 summarizes the most important findings on the gas sensing
performance of CuO and ZnO nanowire array devices.

e Chapter 8 focuses on humidity interference effects using CuO nanowire
devices for CO and HsS sensing in dry and humid atmosphere.

e Chapter 9 provides an overview of results on the integration of CuO
nanowire devices on CMOS microhotplates.

e Chapter 10 describes potential future research directions in a short
outlook.

e Chapter 11 gives a summary and a conclusion of the results achieved
within this thesis.



2 Fundamentals of Metal Oxide Gas Sensors

After first scientific publications on the gas sensitivity of semiconducting
metal oxides in the 1950’s and 1960’s, Taguchi succeeded in developing and
commercializing an industrial gas sensor product around 1970. It was based
on a SnO, thick film deposited around a ceramic tube with a coiled heating
wire inside. Over the last decades, various companies (Figaro, FIS, Applied
Sensor, ...) have manufactured similar thick film based gas sensors using
different metal oxide materials for various applications such as automotive
cabin air intake, industrial process control or security devices for monitoring

of explosive or toxic gases [59,60].

In this chapter, the basic working principles of these devices are recapitulated
by outlining the most important aspects of solid-gas interactions. Next, the
ionosorption model is presented, which describes charge transfer between
adsorbates and metal oxide surfaces. Moreover, the electrical and gas sensing
properties of polycrystalline thick film sensors are summarized. Eventually,

the most common strategies in order to obtain gas selectivity are reviewed.

2.1 Solid-Gas Interaction

In general, three different interaction mechanisms between a solid surface
and gas molecules are possible [61] (see Figl2.1)):

e Physical adsorption (physisorption) relies on van der Waals dipole/dipole
interactions and is thus characterized by weak, long-range forces. Ph-
ysisorbed molecules are never dissociated and the physisorption enthalpy

is typically about 0.2 eV /molecule [62].

e Chemical adsorption (chemisorption) is the formation of chemical bonds
between gas molecules and solid surfaces which is accompanied by charge

transfer. Most commonly, chemisorbed gas molecules are dissociated and



chemisorption enthalpy is considerably larger than in physisorption with

values most commonly around 2 eV /molecule [63].

e Non-reversible reactions with the solid surface typically lead to the forma-
tion of new compounds. During gas sensor operation this type of interac-

tion is usually not desired and avoided as far as possible.

(a) Physisorption (b) Chemisorption (¢) Non-reversible reaction

Figure 2.1: Interactions between solids and gas molecules (adapted from )

In the following, models describing surface coverages by physisorbed and
chemisorbed molecules are presented in more detail. The coverage O of solid
surfaces by adsorbed molecules can be described by adsorption isotherms,
i.e. the variation of © as a function of partial pressure/concentration at a

constant temperature.

A very simple model is given by the Langmuir isotherm, which is based on
three assumptions: the coverage is well below a monolayer, all surface sites

are equivalent and there is no interaction between absorbed molecules.

In the case of non-dissociative adsorption, a rate equation for the surface
coverage © can be written as

do

I— 1— _
dt kads ( @) [C] kdes @

with rate constants for adsorption (k,.qs) and desorption (kges) and the con-
centration [C] of the adsorbed molecules in the gas phase. At equilibrium

with a stationary coverage, the rate equation leads to the Langmuir isotherm

K[C]

O=17K(0

with the equilibrium constant K = kugs/Kdes-

10



For dissociative adsorption, the adsorption and desorption rates depend on
the square of the vacant/occupied sites leading to the Langmuir isotherm for

dissociative adsorption [64]

K ()
1+ (K[C)Y?

which is characterized by a weaker concentration dependence than in the

case of non-dissociative adsorption.

In many cases the Langmuir isotherms are approximated by Henry’s law for

low adsorbate coverages [62]

with a simple proportionality relation between the concentration and the
coverage. However, it has to be kept in mind that these simple models
are often not able to describe experimental observations as the underlying
assumptions are too simplistic, which will be discussed in detail later on.
Alternatively, the Freundlich isotherm may be used for the estimation of

surface coverages [63]

Op = ¢, [C]V/

with two constants ¢; and cy. In contrast to the Langmuir isotherm, sur-
face sites are not considered independent and equivalent in this model. In

addition, several different adsorption isotherm models can be found in [61].

The interactions between solid surfaces and gas molecules can be understood
as a superposition of repulsive (interactions based on Coulomb’s law and on
the Pauli principle) and attractive (van der Waals interaction) forces. The
Lennard-Jones potential is a widely used approximation for intermolecular

interactions and is most commonly written as [63]
12 6
vor-aef (2 (2))
r r

11



with the intermolecular distance r, the parameter ry, which is related to
the value of  at the minimum of the function by rm:, = 2Y/%r, and the
parameter € equal to the minimum of the potential energy. Typical Lennard-

Jones potentials for physisorption and chemisorption are shown in Fig[2.2]

"‘H.:.\» ------------------ AH tises
5 distance & : distance
() 0 = z 0 5
o o
B AH, |e=msfeemai physisorption B AH, |esmefeeafiaoe W
- phy - phys
2 g

AH, kF----- chemisorption AH, |==== chemisorption

(a) Non-activated chemisorption (b) Activated chemisorption

Figure 2.2: Lennard-Jones model for physisorption and chemisorption of a gas molecule
(adapted from [4,/63,65,66])

In the case of physisorption, the energy of a gas molecule approaching a
solid surface is lowered due to dipole-dipole interactions. Therefore it is an
exothermic process with a small heat of adsorption corresponding to the van
der Waals binding energy. In general, gas species are physisorbed at high cov-
erages for low temperatures and at low coverages for high temperatures [65].
Chemisorption is most commonly accompanied by dissociation of the imping-
ing gas molecules. In the Lennard-Jones model, the potential energy thus
approaches the dissociation enthalpy AHy;,s at large distances. The mini-
mum of the potential energy is considerably lower and typically occurs at
smaller distances than for physisorption. Two different types of chemisorp-
tion can be distinguished: non-activated and activated chemisorption. The
potential barrier between the physisorbed and the chemisorbed state can be
identified as the difference between the intersection of the physisorption and
the chemisorption curves and the minimum of the physisorption potential.
In the non-activated case, this potential barrier is small and does not rise
above the energy of a distant, stationary particle (zero potential energy in

Fig{2.2)). For activated chemisorption the physisorption and chemisorption

12



curves intersect at a positive energy FE 4, which is usually referred to as ac-
tivation energy [63]. In the following, emphasis will be put on activated
chemisorption as it is widely used for the description of chemisorption of gas

molecules on metal oxide semiconductors [4,65,66).

The potential energy curves of the Lennard-Jones model can be related to the
rate constants for adsorption and desorption of chemisorbed molecules. Con-
sidering physisorption as a precursor state for chemisorption, the adsorption
and desorption rate constants can be expressed as [4]

kads =A e_EA /KT

kdes — B e_(EA+AHchem)/kT .

In gas sensing experiments, energies for adsorption and desorption are typi-
cally provided thermally or by photon illumination. Assuming Henry’s law,

the equilibrium surface coverage of chemisorbed molecules can be written as

A
(._.)H — E eAHchem/kT [O] ,

which results in an exponential decrease of surface coverage with tempera-
ture. However, it cannot be generally assumed that the chemisorption en-
thalpy AH e is independent of surface coverage. It typically decreases
with increasing coverage, which can be explained by surface heterogeneity
(high-energy sites are occupied first followed by low-energy ones), repulsion
between adsorbates or surface charge induced band bending. In addition, the
chemisorption activation energy most commonly increases with negatively

charged molecules at the surface [4,66].

The density of adsorbed gas molecules (often termed adsorption isobar) is
shown in Fig)2.3| Equilibrium coverages for physisorption and chemisorption
decrease exponentially with temperature, which can be understood within the
Lennard-Jones model. However, for low temperatures the rates of chemisorp-
tion and especially desorption are very low so that equilibrium is not reached

within realistic experimental time frames. This adsorption behavior is char-

13



acterized by irreversible chemisorption, which is qualitatively indicated by
the dashed line in Fig[2.3] The maximum surface coverage occurs at an inter-

mediate temperature T, close to the equilibrium chemisorption regime [66].

equilibrium
physisorption

equilibrium
chemisorption

.
=-" irreversible
chemisorption

adsorbate density

—J‘-u.-.\

temperature

Figure 2.3: Density of adsorbed gas molecules (adapted from [65])

2.2 Ionosorption Model

As mentioned in the last chapter, the chemisorption of gas species is accom-
panied with charge transfer between adsorbent and adsorbate molecules. In
this chapter, the resulting effects on the physical properties of the gas sen-
sitive material, in particular the energy band structure, will be discussed.
For this purpose, the ionosorption model [67-71] will be outlined, as it is
the most widespread literature model explaining the gas sensing properties

of metal oxide materials.

Depending on the sensor temperature (typical operation from 150-400°C),
oxygen chemisorbs at the surface as different ionic species O, , O~ or O?~ [68].
In the energy band representation, adsorbed oxygen can be described as ex-
trinsic surface acceptor state, which may be negatively charged due to trap-
ping of electrons. Consequently, a space charge layer is formed and the energy
bands bend upwards. In the case of a n-type metal oxide (Fig7 the con-
duction band will be depleted of majority carriers and electron transport
from the bulk to the surface is reduced due to the energy barrier eVg [72)].
For p-type materials (Fig., electrons from the valence band are captured
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on the surface trap leading to majority carrier accumulation. Due to the in-
creased hole concentration, the electric resistance will decrease in the space
charge layer [70]. The surface coverage with ionosorbed oxygen species is
limited to 1072 - 102 monolayers for n-type metal oxides, which is known as
Weisz limit. Oxygen chemisorption on p-type materials is less explored, but
considerably higher surface coverages were observed experimentally in this

case which may be explained by ionization of lattice oxygen [62,/65].

(a) n-type (b) p-type

Figure 2.4: Surface band bending due to ionosorption of oxygen (adapted from [68,/70])

The width of the space charge region can be estimated using the Debye

length [71]
kTe, e
Lp = ) 2.1
o=y .1

The Debye length is influenced by the temperature T', the relative permit-

tivity €, and the density of majority carriers N. Thus it is a parameter

influenced by material properties and by sensor operation conditions.

The interaction of metal oxide surfaces with reducing gases is typically de-
scribed by a reaction with ionosorbed oxygen species. In many cases, only
the atomic forms O~ (« takes values of one or two depending on the ionisa-
tion state) are considered as they are more reactive than the molecular ion

O5 [65]. The chemical reaction can be written in the general form [68, 73]
X4+mO™®—=Y+ne

with the reacting target gas X, m=1,2,... chemisorbed oxygen O~ ions,
the reaction product Y and n=1,2,... electrons released into the material.

After the reaction with reducing gases the occupation of the acceptor state
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is changed and electrons are released into the material. On the other hand,
oxidizing gases such as NOy or O3 are typically chemisorbed on metal oxide
surfaces acting as electron acceptors similar as in the case of Oy [74]. As
a consequence, surface space charge and band bending are influenced by
surface reactions [68]. In a conductometric gas sensor device these changes
are transduced into electrical resistance signals, which will be described in

the next chapter.

The reaction of gas molecules with ionosorbed species is most commonly
described by two different mechanisms. In the Langmuir-Hinshelwood mech-
anism, co-adsorption of multiple molecular fragments on the metal oxide
surface is required as the reaction takes place by encounters of adsorbed
species. On the other hand, impinging gas molecules may collide and react
with the adsorbate, which is termed Eley-Rideal mechanism. However, these
two mechanisms should be regarded as ideal limits, because realistic surface
reactions may involve both processes depending on the concentrations of the

different species [63].

However, it has to be noted that the sensing mechanism of metal oxide gas
sensors is still under debate. It was claimed that convincing spectroscopic
evidence for the existence of chemisorbed O;, O~ and O*" species are lacking
under realistic sensor working conditions [24]. Alternatively, the oxygen-
vacancy model can be found for the description of metal oxide gas sensor
operation, which relies on the alternate reduction and re-oxidation of the
surface (Mars—van Krevelen mechanism) [75,/76]. In this model, the sensor
conductivity is controlled by the surface concentration of oxygen vacancies,
which may be changed by reactions with gas molecules. A comparison of the

ionosorption and the oxygen-vacancy model can be found in [77].
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2.3 Polycrystalline Thick Film Gas Sensors

Conductometric sensor devices make use of electrical resistance changes of
gas-sensitive materials in order to monitor the composition of the surround-
ing gas atmosphere. Based on the ionosorption model outlined in the last
chapter, it will be described in the following how surface processes are trans-
duced into electrical resistance changes in a typical gas sensor device. Em-
phasis will be put on the case of polycrystalline thick film sensors due to

their widespread use in practical applications.

1
)
. _/
sensing layer
TR
\V/ electrode
substrate
heater

Figure 2.5: Schematics of a conductometric gas sensor based on a polycrystalline film

Most commonly, a chemiresistive gas sensor device consists of a substrate
containing a gas-sensitive layer deposited over metal electrodes and a heater
for operation at elevated temperatures (Fig. The electrical and gas sens-
ing properties of the polycrystalline film strongly depend on its morphology
and thus the used fabrication method. Typical conduction mechanisms are
grain-boundary-controlled or neck-grain-boundary-controlled in porous thick
film devices and surface-controlled in compact thin film devices. Depending
on the crystallite grain size and the Debye length of the material the gas-
sensitive layers may be partly or completely depleted/accumulated due to
oxygen ionosorption at the surface . In Fig. the sensor transduc-
tion mechanism of a grain-boundary-controlled porous thick film device is

schematically depicted. Four adjacent, partly depleted/accumulated grains
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are shown as representation of the gas-sensitive material between the elec-
trodes. The surface space charge layers are indicated by the red shading and

current transport is assumed in the horizontal direction.

e

Figure 2.6: Conduction mechanism of a porous thick film gas sensor device. Electron
transport and thus electrical resistance is determined by energy barriers at the interfaces
of polycrystalline grains. The red shading indicates the surface space charge resulting
from oxygen chemisorption. (adapted from [69])

Depending on the majority carrier type in the semiconducting metal oxide,
the upward band bending is linked with a depletion (n-type) or an accu-
mulation layer (p-type) at the grain surface. The electrical resistance of a

gas-sensitive layer with n-type conductivity is proportional to |71]

R~ Vs /kT 7

whereas in the case of p-type conductivity it can be approximated by [78]

R~ Vs /2kT

As can be seen, changes in the band bending Vg due to gas reactions at
the surface are transduced differently into electrical signals when comparing
n-type and p-type materials. During exposure to reducing gases the resis-
tance of n-type metal oxides decreases, whereas the resistance of a p-type
material increases. On the other hand, during exposure to oxidizing gases
the resistance of n-type metal oxides increases, but the resistance of p-type
materials decreases. As can be easily derived from the equations above, the

sensor response, i.e. the ratio of resistance values in air and in presence of the
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target gas, is described by exponential functions of surface potential changes
AVyg. The exponents differ by a factor of two for n-type and p-type materials

due to different conduction mechanisms [78§].

Numerous metal oxides have been investigated regarding an application in
gas-sensitive devices. The different material and gas sensing properties were
extensively reviewed in [79] and different material deposition techniques suit-
able for the realization of nanocrystalline metal oxide films were summarized
in [80]. Most commonly, metal oxide based gas sensors share several similar
characteristics. A considerable increase in gas sensor response is observed for
decreasing grain sizes approaching twice the Debye length of the material.
In the case of such small nanocrystals it is expected that the gas-dependent
surface space charge influences the electrical properties of the whole grain
resulting in maximized sensor responses [81]. The concentration dependence

of the sensor response S typically follows a power law of the form
S=K][C|"

with a constant K, the concentration [C] of a certain target gas and a char-
acteristic exponent n. Different values of n were found for various gas species
and a theoretical explanation based on the ionosorption model was pro-
posed [73]. Furthermore, a bell-shaped temperature dependence of the gas
sensor response is most commonly observed experimentally with a distinct
maximum depending on the adsorbate/adsorbent system and the target gas
concentration. For conventional thick film devices, the decrease of sensor
response at high temperatures was explained by gas diffusion into the porous
material (see for instance [82]). During the diffusion of reactive gas molecules
into the porous, polycrystalline thick film structure, they are partially con-
sumed because of reactions on the metal oxide grain surfaces. This leads to
a decrease of gas concentration along the diffusion path and thus to a lower
gas response of the bottom layers of the thick film. Although this model was
successful in describing several experimental observations, it is, however, not

able to explain the sensing characteristics of thin film sensors |83 and single

19



nanowire devices [35/,84], where similar bell-shaped response curves have also

been observed for different operation temperatures.

Alternative models explained the experimentally observed sensor response
curves in terms of rate equation approaches, which emphasize the tempera-
ture dependence of different surface processes such as adsorption, desorption
or molecule dissociation. The sensing behavior can be qualitatively under-
stood by considering the temperature dependence of the Langmuir isobar
and the probability for an activated surface reaction (see Fig. The low
temperature increase of the gas response is caused by the exponential in-
crease of the probability for an activated surface reaction (Arrhenius-type),
whereas the high temperature decrease results from a lower surface coverage

with target gas molecules [85}/86].

=

14

— reaction probability

Langmuir adsorption

—
@
o
5
<]
L5
o
=
=
o

<
&

-

SENnsOr response  reac

o

temperature

Figure 2.7: Temperature dependence of the Langmuir isotherm and of the activated
surface reaction probability resulting in a bell-shaped sensor response (adapted from [85])

2.4 Gas Selectivity

In the majority of practical applications a mixture of multiple gas species
is present and selective sensor responses to certain target gases are desired.
However, metal oxides typically show considerable cross-sensitivities and thus
their ability to distinguish between different gases is very limited. In order to
remedy this shortcoming various methods have been thoroughly investigated

and it has been demonstrated that a certain degree of gas selectivity can be
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achieved by different approaches (see [87] and references therein). For in-
stance, passive filters (reducing the gas penetration of certain gas molecules)
and active filters (enabling catalytic decomposition of certain gas molecules)
have been successfully employed either in the sensor packaging or as porous
surface layer on the metal oxide sensing film. Another promising example is
the integration of non-selective sensors with microfabricated gas chromato-
graphic columns. In this case gas species may be distinguished due to their
temporal separation at the column outlet. However, the most widespread
techniques to achieve selectivity in metal oxide gas sensors are surface mod-
ification, temperature modulation and electronic nose arrays, which will be

described in more detail in the following.

2.4.1 Additives and Surface Modification

The introduction of additives has proven to be an efficient method for the
optimization of gas sensing properties of metal oxide materials. Please note
that this approach is often referred to as 'doping’ in gas sensing literature
although it is in most cases not comparable to doping of semiconductors
in microelectronic industry, where considerably lower dopant concentrations
and different process technologies are employed. Various methods have been
proposed for the preparation of multi-component gas sensor materials: addi-
tives can be incorporated during materials synthesis (e.g. in sol-gel or spray
pyrolysis processes), introduced by impregnation of porous sensing layers or
added by physical vapor deposition on the sensor surface [88,/89]. Numer-
ous parameters of metal oxides such as grain size, stability, stoichiometry or

porosity may be influenced by additive materials [83].

Here, emphasis will be put on catalytic additives on metal oxide surfaces,
as this is the most relevant case for nanowire-based devices. Nanoparticles
of noble metals such as Pd, Pt, Ag or Au are most commonly used for
selectivity enhancement, although in some cases surface modification with
another metal oxide leads to favorable sensing properties. Typically, the

introduction of these nanoclusters is accompanied by increased sensitivity
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and decreased response/recovery times, while it allows a reduction of sensor
operation temperature at the same time. The influence of the surface additive

is described by two major processes, i.e. chemical and electronic interaction
[10L90]. These mechanisms are schematically illustrated in Fig[2.8}

e Chemical interaction (see Fig represents the enhanced dissociation of
impinging gas molecules Ay on catalytic nanoclusters (typically Pt or Au).
The resulting molecular fragments A are spilled over onto the metal ox-
ide support, where they react with chemisorbed oxygen species. A typical
example is the dissociation of molecular hydrogen Hy on Pt nanoparticles.
However, the spillover effect also leads to enhanced dissociation of molec-
ular oxygen O, causing an increased concentration of reactive oxygen ions
in the vicinity of the catalytic nanocluster (often termed spillover zone).
Furthermore, a reverse spillover effect may occur, which means that mobile
species, which are physisorbed on the metal oxide surface, diffuse to the

catalytic nanoparticle where they are dissociated.

e Electronic interaction is characterized by electron exchange between the
metal oxide and the surface additive (see Fig. A space charge layer
depleted of electrons is formed in the metal oxide near the interface. If the
surface additive reacts with a reducing analyte, electrons are released into
the metal oxide leading to a modulation of its conductance. Electronic in-
teraction has been observed for instance in PdO/Pd, AgO/Ag or CuO/Cu
nanoparticles on SnOs surfaces .

(a) Chemical interaction (b) Electronic interaction

Figure 2.8: Interaction between metal oxides and surface additives

(adapted from )
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2.4.2 Temperature Modulation

As the gas response of metal oxide sensors typically shows a specific tempera-
ture dependence for different target analytes (see Chapter , temperature
modulation is a promising strategy in order to achieve a certain degree of
gas selectivity. Several different dynamic operation modes have been re-
ported. Fast heating pulses can be utilized in order to observe characteristic
gas-dependent features in the transient sensor response. Alternatively, dif-
ferent periodically oscillating waveforms (for example staircase, sinusoidal,
triangular etc.) may be applied to the heater (Fig.. In some cases sim-
ple mathematical operations such as curve fitting or fast Fourier transform

are sufficient in order to enhance the gas discrimination power of the sensor

device [92)].
T J_ T J—
time time
TJ_ TJ&
time time

Figure 2.9: Typical waveforms of temperature modulated gas sensors

A typical example for selectivity enhancement can be found in [93], where
different temperature modulation techniques were compared for the classifi-
cation of ethanol and other volatile organic compounds. Although the fast
temperature transients complicate the theoretical description of the sensing
mechanism, considerable advances have been made in modeling the sensor
response of temperature modulated gas sensors [94-97]. More recently, var-

ious sophisticated methods were successfully employed for the optimization
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of analyte discrimination by sensor temperature modulation. Among others,
selection of optimal modulation frequencies by multi-level pseudo-random
heating sequences [98|, determination of optimal operation temperature by
mutual information in a sensor array |99] or self-adapted temperature mod-
ulation [100] can be considered as representative examples. An exhaustive
review on dynamic sensor operation and the associated feature extraction
can be found in [101].

2.4.3 Electronic Nose

Mammalian olfaction has inspired researchers to the development of chemical
sensor systems relying on similar working principles. In the nasal cavity
millions of olfactory receptors detect the various impinging gas molecules in
a non-selective way, which means that the identification of a specific chemical
species is not based on a single type of receptor. Instead, the response pattern
of an array of multiple different receptors is utilized and odors are identified

by their characteristic response ”fingerprints” [102].

In electronic noses this manner of identifying chemical species is mimicked by
an array of chemical sensors connected to readout circuitry followed by ex-
tensive data analysis. A large number of mathematical methods for pattern
recognition is available and successfully employed. Functional sensor systems
have been realized using different gas sensor technologies (for instance metal
oxide semiconductors, field effect transistors, chemocapacitors, optical sen-
sors, conductive polymers, acoustic wave devices or electrochemical sensors)

and device architectures [103].

Although gas sensor systems based on electronic noses are commercially avail-
able, their applications in daily life are typically restricted due to their bulky
size and high price [104]. Nevertheless this approach can be considered as
powerful gas sensing technique due to various advantages, for instance rapid
detection, ability of continuous, real-time operation and similar discrimina-

tion power for pure chemical species and complex odors [87]. The feasibility
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of using electronic noses has been demonstrated in various practical appli-
cations such as food quality control [105], explosives detection or drug
identification . The optimum number of sensor elements and the ideal
transducer technology may be different from one application to another and
discrimination power does not necessarily rise with increasing number of em-
ployed sensor elements. Apart from detrimental properties specific for the
used gas sensor technology, electronic noses suffer from disadvantages such
as lack of absolute calibrations, necessity of application-specific method de-

velopment and lack of sensitivity in the presence of high concentrations of a
single component [87].

For the reduction of size and cost of electronic nose systems, CMOS integra-
tion of gas sensing devices is of crucial importance as it allows the fabrication
of miniaturized sensor arrays, electronic interfaces and pattern recognition
engines on a single chip. Due to the broad functionality such devices are
most commonly termed System on Chip (SoC) solutions (see Fig[2.10] for
a schematic illustration). The remarkable performance of sensor arrays in
combination with integrated circuitry fabricated in CMOS technology has
been demonstrated in [80,[108], for instance. Therefore SoC approaches are
promising candidates for the realization of highly integrated, miniaturized,

fast and inexpensive gas sensor systems [104].

Si chip
temperature sensor array
control
T - =_—
i
time
pattr_.:r{l a1 1alog—digital
recognition conversion

Figure 2.10: Schematics of a System on Chip electronic nose device

(adapted from [804[104])
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3 One-Dimensional Nanostructures: Basic

Principles and Gas Sensor Application

3.1 Device Integration

In order to enable large-scale, industrial applications of nanowire devices,
reaching from field-effect transistors to optoelectronic devices or chemical
sensors, reliable and reproducible nanowire device integration is of crucial
importance. Nanowire integration with standard CMOS technology is par-
ticularly interesting, as it may lead to increased functionality and superior
performance in combination with low-cost batch fabrication. However, vari-
ous aspects have to be considered for successful nanowire device implemen-
tation [109]:

e Nanowire growth control: position, diameter, morphology, doping ...

Reliable nanowire contacts

Thermal budget (above 1000°C for CMOS front-end-of-line; around
400°C for CMOS back-end-of-line)

Material (in)compatibilities (e.g. Au catalyst)

Variability in device fabrication

In general, two different paradigms are distinguished in nanowire fabrication,
i.e. the top-down and the bottom-up paradigm [110]. Top-down fabrication
involves processes for structure formation by material removal from a larger
piece, whereas bottom-up fabrication comprises structure formation by as-
sembly of smaller components (Fig[3.1)).
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Figure 3.1: Top-down and bottom-up paradigms for nanostructure synthesis

In the following, emphasis will be put on methods for integration of nanowires
synthesized by the bottom-up paradigm, as the majority of nanowire gas
sensing devices in literature were realized by this approach. In this case two

main strategies are typically used for nanowire device integration |109):

The first strategy relies on nanowire synthesis on a growth substrate and a
nanowire transfer step to another substrate, where the functional device is
subsequently fabricated. The nanowires are typically suspended in a liquid,
which is spin-coated or drop-coated on the device substrate. Alternatively,
mechanical transfer can be used to deposit nanowires on the desired sub-
strate. Next, the randomly dispersed nanowires are most commonly con-
tacted by focused ion beam assisted metal deposition or lift off processes.
When using this approach, challenges like sample to sample variation or in-
tricate fabrication of reliable nanowire contacts have to be faced [111]. How-
ever, several methods have been developed in order to optimize this nanowire
integration scheme. Non-uniform electric fields between pre-patterned metal
electrodes can be used to exert dielectrophoretic forces on nanowires in a lig-
uid, which allows to place them between the two electrodes [112H114]. Mul-
tiple parameters can be adjusted in a dielectrophoresis process, for instance
gap geometry, DC electric field, AC electric field, frequency, flow conditions
etc. By balancing surface, hydrodynamic and dielectrophoretic forces, the
authors of [115] were able to show that single nanowires can be assembled
with a yield of 98.5% over 16 000 electrodes demonstrating the tremendous
potential of this technique. Another very promising nanowire device integra-

tion technique is contact printing from flat or cylindrical nanowire growth
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substrates. This method makes use of shear forces during mechanical con-
tact leading to parallel nanowire alignment. The printing process can be
further optimized by assistance of a lubricant for reduced nanowire break-
age or receiver substrate surface modification for controlling nanowire den-
sity and patterned nanowire transfer. The main advantages of this method
are versatility, scalability and high nanowire areal density (see [116] for an
extensive review). Recently, a specific printing process, which was termed
‘nanoscale combing’ by the authors of [117], yielded arrays with more than
98.5% of the nanowires aligned to within an angle of £1°. Furthermore,
several other methods have been developed such as optical trapping [118§],
template guided assembly [119], flow-assisted alignment, bubble blown tech-

niques and Langmuir-Blodgett techniques (see [120] for further references).

The second strategy is based on nanowire growth directly on the device sub-
strate. Most importantly, this nanowire integration scheme does not require
nanowire transfer between different substrates, which eliminates a certain
amount of randomness inherent to this process step. Various literature results
show efficient nanowire integration by this method. In [121], the fabrication
of vertical, wrap-gated nanowire field effect transistors was demonstrated.
Nanowire logic gates and photovoltaic devices were fabricated by directly in-
tegrating nanowires with different doping levels along their axes realized by
modifying the precursor gas during vapor-liquid-solid growth [122]. More-
over, large-scale synthesis of GaAs/InGaP core/shell nanowires was achieved
on Si substrates resulting in vertical light emitting diodes [123]. These exem-
plary literature reports do not only validate the effectiveness of the on-chip
nanowire synthesis integration scheme, but also indicate the enormous ver-
satility of this method.

In the field of nanowire gas sensors, various authors report on optimized
nanowire device integration methods. In [124], the fabrication of highly
sensitive NO, sensors by printing highly ordered Si nanowires on a plas-
tic substrate was reported. The authors of [114] used dielectrophoresis in

order to align nanowires between prepatterned electrodes, which resulted in
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a conductometric gas sensors for volatile organic compunds. Several groups
have demonstrated the integration of SnOy nanowires by VLS growth be-
tween prepatterned Au catalysts resulting in an electrical connection between
adjacent electrodes [125-129]. A different integration scheme was proposed
in [130], where a sacrificial SiO; layer was used for patterning of a VLS grown
SnO, nanowire film. ZnO nanowires have been directly integrated by VLS
growth between adjacent contact pads using Au [131}/132] or ZnO:Ga [45,/46]
catalysts. Alternatively, ZnO nanowires can be synthesized on the gas sensing
device substrate by low temperature hydrothermal methods [133,/134], which
was also successfully demonstrated on SOI CMOS microhotplates [47].

3.2 Metal-Semiconductor (Nano-) Contacts

For the realization of functional semiconductor devices their electrical connec-
tion to external circuitry by a contact metallization is of crucial importance.
The basic principles of metal-semiconductor contacts will be summarized
in this chapter in order to gain an understanding of the resulting electrical
properties. Eventually, particularities of contacts to nanomaterials regarding

technological aspects and physical characteristics will be discussed.

The electrical properties of metal-semiconductor contacts are typically de-
scribed by energy band diagrams. In Fig3.2] the band structures of a metal
and a semiconductor, which are not in contact with each other, are shown.
The work function for the metal ®,; and for the semiconductor ®g is de-
fined as energy difference between the Fermi level and the vacuum level. For
the semiconductor, the electron affinity xs denotes the energy difference be-
tween the bottom of the conduction band and the vacuum level. The band
gap energy Fg is determined by the difference between the bottom of the
conduction band and the top of the valence band [135].
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Figure 3.2: Energy band diagrams of metals and semiconductors (adapted from [135])

For ideal Schottky contacts, four different possibilities can be distinguished
depending on the semiconductor majority carrier type (n-type or p-type)
and the difference between the work functions of the metal and the semi-
conductor (see Fig. and Figf3.4). In any case, electrical charges will be
transferred from one material to the other until the Fermi levels are aligned.
The resulting space charge is screened within few Angstrom in the metal,
whereas the space charge region may extend hundreds of Angstrom into the

semiconductor due to the lower concentration of free carriers [136].

In the case of a metal contact to a p-type semiconductor, the conduction of
holes in the valence band is significant for the electrical properties. If the
work function of the metal ®;, is smaller than that of the semiconductor
®g (see Fig3.34)), electrons will flow from the metal to the semiconductor
until the Fermi levels are lined up. As a consequence, the energy bands in
the p-type semiconductor bend downwards resulting in a Schottky barrier at
the interface of ¢p = Eqg — (P — xs). The difference of work functions is
termed contact potential ¢o = @y — Pg [137]. For the case of &y > Pg (see
Fig, electrons will flow from the semiconductor to the metal leading
to an upward band bending. Thus there is no potential barrier for hole

transport and an Ohmic contact is formed.
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Figure 3.3: Metal contacts to p-type semiconductors (adapted from [135.[137H139])

For n-type semiconductors a potential barrier ¢ = ®,; — xs for electrons
is formed if the metal work function ®,; is larger than the work function of
the semiconductor ®g (Fig. The opposite case of ¢y, < &g (Fig.
leads to the formation of an Ohmic contact [138].
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Figure 3.4: Metal contacts to n-type semiconductors (adapted from [135}/137-139])

The width of the space charge region W can be estimated using the one-

dimensional Poisson equation in a abrupt junction approximation as |13§]

 [266(¢c — V)
W= \/ qNp

with the contact potential ¢, the applied voltage V', the relative permittivity

€, and the dopant density Np.
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However, a large number of experimental findings does not support this sim-
ple picture of Schottky contact formation. In most practical realizations of
metal-semiconductor junctions deviations from this idealized model will arise
due to an interface layer or the influence of surface and interface states [137].
In the energy band diagram formalism, surface states are described as donor
or acceptor states in the band gap and lead to bending of the valence and
conduction band near semiconductor surfaces. In case of a Schottky contact
with a metal layer the intrinsic surface states of the semiconductor are influ-
enced by a variety of factors (formation of metal-induced gap states, chemical
reactions, interdiffusion, structural changes) |[136]. The states in the band
gap at the metal semiconductor junction are termed interface states and
may determine the contact properties to a large extent. For high densities
of interface states the semiconductor Fermi level is pinned near the neutral
level, which separates acceptor states (above the neutral level; neutral when
empty, negatively charged when occupied) and donor states (below the neu-
tral level; positively charged when empty, neutral when occupied). As a
consequence, the Schottky barrier height is determined by the neutral level
and thus semiconductor surface properties rather than the difference of metal

work function and semiconductor electron affinity [137].

In many cases, established models of electrical contacts to bulk materials
cannot be applied at nanoscale dimensions. Existing concepts have to be
adapted due to differences between bulk materials and nanostructures re-
garding electrostatics and contact geometry. In bulk contacts high doping
levels may be employed at the semiconductor interface in order to obtain
Ohmic contacts relying on tunneling through the Schottky barrier. However,
this strategy is not feasible for nanowires with small diameters due to weak
surface band bending. Furthermore, it has been shown theoretically for the
case of nanowires and nanotubes that interface states have a weaker influ-
ence on band alignment being in agreement with experimental findings [140].
Moreover, the estimated width of the space charge region W may differ from
the bulk model in the case of one-dimensional nanostructures. For very small

cross-sections and low or moderate doping levels a diameter dependence of
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W was suggested, which plays an important role in the charge transport

processes at the interface [141].

The reproducible fabrication of contacts to one-dimensional nanostructures
with well-defined electrical characteristics often remains a major challenge.
For instance, the electrical device characteristics of GaN nanowires, InyO3
nanowires and carbon nanotubes contacted in two-point and four-point con-
figurations were extensively characterized in [142]. The impact of lithogra-
phy technology (photolithography versus electron beam lithography), oxygen
plasma treatment and thermal annealing were systematically investigated. It
was suggested that electron beam exposure causes nanowire surface damage
leading to Fermi level pinning, which was not observed for photolithographi-
cally fabricated devices. Nanocontact properties are thus strongly influenced
by the used fabrication technology and re-evaluation of processes developed
for bulk devices is often necessary due to the small volume and the large

surface to volume ratio of the employed nanostructures [141].

3.3 Gas Sensing Mechanism

As already outlined in Chapter 2.2 common literature models for metal ox-
ide gas sensors are based on the interaction between the surrounding gas
molecules and ionosorbed oxygen species at the sensor surface. The gas
sensing mechanism of nanowire based sensors can be described by a sim-
ilar approach, but some adaptations have to be made due to the quasi
one-dimensional sensing elements. In the following, the influence of sur-
face charges on the carrier concentration in p-type and n-type metal oxide
nanowires is illustrated. Moreover, different contributions to the sensor re-
sponse in nanowire networks are described. Eventually, a different sensing

principle based on Schottky contacts is discussed.
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Space charge effects due to reactive surface species can be described by the

Poisson equation [62], which may be expressed in cylindrical coordinates:

10 ,rov LoV o0V p
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For the case of an infinitely long nanowire which is totally surrounded by
the gas atmosphere (no substrate influence), the potential V is independent
of the angle ¢ and the z-coordinate. Consequently, the Poisson equation
reduces to:

o’V 19V p

- 4 = )
or?2  r or €-€0

In the following, acceptors/donors are assumed to be fully ionized and the
concentration of free holes/electrons is approximated by a Boltzmann dis-
tribution. In oxygen atmosphere p-type metal oxide semiconductors (for
instance CuO, NiO or Cry0O3) form a surface accumulation layer. When ne-
glecting the contribution of ionized donors and free electrons to the charge

density p, the Poisson equation leads to [62]:

0*V (r) N 10V(r) _ qNA(e%(TT)

or? r or €,-€0

—1).

On the contrary, oxygen ionosorption leads to a depletion layer at the surface
of n-type metal oxides such as SnOs, ZnO or In,O3 and the potential can be

found from (acceptors and free holes neglected) [62]:

= l—e %1 ).

O*V (r) N 19V(r) _ ¢Np av(r)
or? r Or €-€0

These non-linear, second order differential equations can be solved numeri-
cally using two boundary conditions. Radial symmetry leads to a vanishing
electric field £ = —% in the center of the nanowire (r = 0). At the sur-
face either the potential or the charge density (using the Gauss relation) can
be used as boundary condition. Typical solutions are schematically shown
in Fig[3.5] for p-type and n-type metal oxides. The majority carrier concen-

tration N (r) is inhomogeneous across the nanowire diameter and is directly
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linked to the nanowire conductivity by

D?n
4L

G =gN(r)u

with the mobility p and the nanowire diameter D and length L. As in the
case of polycrystalline metal oxide gas sensors, gas molecules may react with
ionosorbed oxygen species. This induces a change of surface band bending,
which results in a variation of nanowire conductivity. For n-type semicon-
ductors the inhomogeneous carrier concentration is often approximated in
literature by a fully depleted space charge region leading to a conducting
channel with reduced diameter D — 2W [16,20].

D O~ D-2W D = O- D-2W
Vs Ec. Vg
acceptor o 0 acceptor
acceptor Ey acceptor state state
state state
(a) p-type semiconductor (b) n-type semiconductor

Figure 3.5: Band bending at metal oxide nanowire surfaces

In sensors based on nanowire networks two different contributions are most
commonly responsible for the gas response. First of all, nanowire specific
conductivity depends on the coverage with ionosorbed oxygen species and the
resulting surface band bending, as described above. In addition, gas-sensitive
effects on the carrier transport across nanowire-nanowire junctions have to
be considered. A schematic illustration can be found in Fig[3.6] where the
junction potential barrier is indicated and the inhomogeneous carrier density
is represented by the black shading. The current across these junctions can
be described by thermionic emission theory and is exponentially dependent

on gas-induced changes of the surface band bending [8}/132].
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Figure 3.6: Sensor response in nanowire networks (adapted from )

Another working principle of nanowire-based gas sensors is based on Schot-
tky contacts. The current passing through the rectifying metal semiconduc-
tor junction can be described by thermionic-emission theory (forward bias)
and thermionic-emission-diffusion theory (reverse bias). Most importantly,
the height and the width of the Schottky barrier is very sensitive to the
gaseous environment. Due to the different transduction mechanism consid-

erably increased sensor responses were achieved compared to Ohmic contact

devices [143].
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3.4 Nanowire Gas Sensor Devices - Literature Review

One-dimensional nanostructures have been extensively employed in chemi-
cal sensing using a variety of different configurations, such as chemiresistors,
field effect transistors, gas ionization sensors, quartz crystal microbalances,
surface acoustic wave devices or optical sensors. Depending on the sens-
ing principle different materials have been employed ranging from metals to

semiconductors and conducting polymers [144}145].

Here, focus will be put on conductometric gas sensors based on nanowire
networks and single nanowire devices including field effect transistor config-
urations. Most commonly, semiconducting metal oxides are employed and
in some cases surface additives are utilized in order to modify the sensor
response, as already mentioned above. Literature reports on nanowire gas
sensor devices are summarized in Table [3.1] with an emphasis on five target
gases relevant for environmental monitoring (carbon monoxide CO, ammo-
nia NHjs, nitrogen dioxide NOs, hydrogen sulfide H,S) and indoor air quality
control (ethanol CoH50H). From these results it can be seen that metal oxide
nanowire based sensors show high sensitivity with detection limits in the ppm
or even sub-ppm concentration range. However, the similar results for the
different materials and target gases clearly illustrate the lack of selectivity of

these devices.
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Material Device | Target gas Conec. Temp. Ref.
[ppm] °C]
Sn0O, single CO 5-1000 295 [146]
SnO, network | CO 0.5-10 307 [20]
SnO, single | CO 95-100 | 100-300 14]
SnOq single NHs 0.1-100 100-300 [14]
SnO, single NHjg 0.5-200 150-300 [33]
SnO, network | NHg 300-1000 | 50-300 [147]
Sn0O; single NO, 0.1-10 175 [148]
Sn0O; network | NO, 0.2 250-400 [149]
SnO, network | NO, 0.5-5 100-300 [125]
SnO, single H,S 14 250-400 [150]
Sn0,-CuO | single | H,S 1-10 200-400 [151]
Sn0O,-CuO | network | HsS 5-80 300-400 [152]
SnO, single C,H;0OH 10-1000 175 [28]
SnO, network | CoHsOH | 0.5-50 307 [20]
SnO; network | C,HsOH | 2.5-100 | 296 [153]
Zn0O single CO 50-400 150-300 [154]
ZnO network | CO 0.12-40 room temp. | [155]
ZnO-Pd network | CO 0.1-2 room temp. | [12]
ZnO network | NHj 0.5-100 180 [156]
ZnO-Pt network | NHj 5-1000 300 [157]
Zn0 network | NO, 0.5-20 295 131]
Zn0O network | NO, 0.2-4 23-200 [158]
Zn0 network | HS 0.5-30 150-350 [159]
ZnO-CuO | network | HsS 0.5-30 100-350 [159]
Zn0O-Au network | HoS 1-5 room temp. | [13]
Zn0 network | CoH;0H | 1-200 300 [160]
ZnO network | CoH;OH 50-1500 180-300 [46]
CuO single CO 5-1200 200 [51]
CuO network | CO 10-100 300-370 [53]

Continued on next page
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Material Device | Target gas Conc. Temp. Ref.
[ppm] °Cl
CuO single NH; 10000 room temp. | [52]
CuO single NH; 10-100 150-300 [50]
CuO network | NHj 10000 room temp. | [161]
CuO-Sn0O; | network | NHj 10000 room temp. | [161]
CuO single NO, 100 room temp. | [52]
CuO network | NOy 1-100 300-370 [53]
CuO network | HyS 0.01-1 25-420 [55]
CuO network | HoS 0.5-1000 | 25-160 [54]
CuO single CoH5;0H 1300-3700 | 170-500 [31]
CuO network | C,H;OH | 25-500 | 400 162]
CuO network | CoH;OH 100-1000 | 200-280 [163]
Iny O3 single CO 10-100 275 [164]
InyO3-Au | single CO 0.2-5 room temp. | [165]
InyO3-Zn | single CO 1-5 room temp. | [166]
In,O5 single NH; 10000 room temp. | [167]
Iny O3 single NO, 0.02-1 room temp. | [16§]
In,O4 network | NO, 0.005-0.2 | room temp. | [168§]
In,Os network | NO, 0.5 200-400 [169]
Iny O3 single H,S 1-160 23-160 [170]
Iny O3 single CoH;0H | 1-100 100-275 [164]
WO;-Pt network | CO 30 300 [171]
WO3-PPy | network | NHj 1-20 100 [172]
WO, network | NOy 0.05-1 200-500 [173]
WO; network | HoS 1-100 300 [174]
WO3-CuO | network | HyS 1-100 300 [174]
WO3-Pt network | CoH;OH 1-200 140-300 [175]
WO3-Au | network | CoH;OH | 1.5 250 [176]
Table 3.1: Overview of metal oxide nanowire based gas sensor devices
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Carbon nanotubes (CNTs), on the other hand, have also been thoroughly in-
vestigated as sensor devices for similar target gases [177-180]. In this regard,
they show some similarities but also several considerable differences com-
pared to metal oxide nanowires. CNTs are graphene sheets (a monolayer of
sp?-bonded C atoms in a hexagonal lattice) rolled into cylinders with a single
outer wall (single-walled CNT, SWCNT) or multiple concentrically nestled
walls (multi-walled CNT, MWCNT). Depending on the graphene lattice ori-
entation with respect to the CNT axis, which is called chirality, they show
metallic or semiconducting electrical properties. Typically, SWCNTs and
MWCNTs have diameters from 0.8 nm to 2nm and 5nm to 20 nm, respec-
tively, and lengths from 100 nm to several cm. Due to the outstanding CN'T
material properties, such as high carrier mobility, high electromigration tresh-
old, high thermal conductivity or remarkable tensile strength, several poten-
tial applications (composite materials, transparent electrodes, transistors,
interconnects, batteries, supercapacitors, field emitters, solar cells, biosen-
sors ...) were demonstrated or have been commercially realized [181]. Gas
sensors based on CNTs have been realized in a chemiresistor, field-effect
transistor, capacitor or field emission configuration |177]. It is still under
discussion if the gas sensitivity should be attributed to either chemisorption
on the CNT surface or Schottky barrier modulation at the CNT-metal in-
terface [178] or the presence of contaminants and defects [177]. The main
advantage of CNT based gas sensors is their room temperature operation ca-
pability, which makes an internal heating element obsolete leading to a con-
siderably reduced power consumption [179]. However, in some cases pristine
CNTs show limitations regarding the detection of certain analytes, which
makes the functionalization with catalytic metals or organic polymers in-
evitable [180]. Moreover, the main problem of CNT gas sensors is their lack
of selectivity to different analytes [178|, which they have in common with

metal oxide nanowire based devices.
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4 Synthesis of Metal Oxide Nanowires

After a short general introduction to nanowire synthesis, this chapter focuses
on the synthesis of CuO and ZnO nanowires by thermal oxidation and vapor
phase processes. Growth mechanism models relevant for the methods utilized
within this thesis are described in Chapter (CuO) and Chapter [1.2.1]
(ZnO). Experimental synthesis results are shown and discussed for the case
of CuO nanowires (Chapters [4.1.2] |4.1.3] 4.1.4) as well as ZnO nanowires

(Chapters 122, [123).

One-dimensional nanostructures have been successfully synthesized from a

variety of materials including elemental semiconductors, I1I-V semiconduc-
tors, II-VI semiconductors, metal oxides, carbides or nitrides. An extensive
review on the synthesis of metal oxide nanowires, which are prevalent in
nanowire-based gas sensing devices, can be found in [182]. Several different
bottom-up techniques for nanowire growth have been thoroughly investigated
during the last decades, in particular vapor phase methods, solution growth

and template-assisted synthesis.

lgas precursor

solution

(a) Vapor phase methods (b) Solution growth (¢) Template-assisted

Figure 4.1: Bottom-up techniques for nanowire synthesis

Vapor phase methods are among the most extensively investigated synthesis
techniques and rely on technologies such as laser ablation, chemical vapor
deposition, chemical vapor transport, molecular beam epitaxy or sputter-
ing for the preparation of gas phase species. The one-dimensional growth
is most commonly explained by the vapor-liquid-solid (VLS) or the vapor-
solid (VS) mechanism. During VLS synthesis a liquid droplet is formed from

either a catalyst metal or from one element of a compound semiconductor
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(self-catalytic VLS). The gas phase species dissolve into the droplet leading to
supersaturation, nucleation and one-dimensional nanowire growth (Figl4.1a)).
The droplet size determines the nanowire diameter, whereas its length can
be controlled by the growth time. Longitudinal and coaxial nanowire het-
erostructures can be fabricated by switching between different gas phase
precursors during the synthesis process. In contrast, the VS mechanism ex-
plains one-dimensional nanowire formation by an anisotropic growth mecha-
nism (thermodynamic and kinetic parameters depending on the crystal facet)
or by defect-induced models [183]. Regarding the realization of functional
nanowire devices by vapor phase methods site-specific growth with controlled

morphology is of crucial importance, which was reviewed in [184].

Alternatively, solution-based methods can be utilized for nanowire growth
(Fig. In this case, the main advantages are low cost and the low tem-
perature synthesis process allowing the large scale fabrication of nanowire
arrays on a variety of substrates. However, this method also shows consider-
able disadvantages such as potential contamination, little control over areal

density, small aspect ratios and poor vertical alignment [144}|184].

For large-scale nanowire synthesis template-assisted methods (Fig. are
particularly interesting. One-dimensional growth can be achieved using tem-
plates such as anodic aluminum oxide or polymer membranes. Nanowires are
fabricated by filling the template nanopores by electrochemical deposition,
electrophoretic deposition or template filling and subsequent dissolution of
the template material. The dimensions of the one-dimensional nanostruc-
tures can be easily controlled, but nanowires typically show poor crystalline

quality and difficulties during template removal may occur [185].
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4.1 CuO Nanowires

Cupric oxide (CuO) crystallizes in the C2/C monoclinic tenorite structure
in contrast to other 3d transition-metal oxides with a cubic crystal lattice
[186]. Tt shows p-type semiconducting properties with indirect band gap
values reported from 1.2-1.9eV. The theoretical description of the CuO
band structure is complicated by strong electron-electron interactions in this
material. Electrical conductivity is attributed to non-stoichiometry due to

vacancies or antisite defects [187].

In literature, CuO nanowire synthesis has been reported by various dif-
ferent techniques, for instance thermal oxidation, solution-based methods,
template-assisted electrochemical deposition, electrospinning, hydrothermal
methods and direct plasma oxidation. A recent review on CuyO and CuO
nanowire growth can be found in [188], which also includes a thorough dis-
cussion of the advantages and disadvantages of the different synthesis tech-
niques. In this thesis, CuO nanowires were synthesized by thermal oxidation
of various Cu substrates, which is most commonly linked with high nanowire
crystalline quality, simplicity and low cost [188]. Furthermore, this method is
particularly interesting for CMOS integration due to the comparatively low
nanowire synthesis temperatures and the possibility of site-specific nanowire

growth by thermal oxidation of microstructured Cu thin films [189).

4.1.1 Thermal Oxidation Growth Mechanism

After reports on low-aspect-ratio CuO whiskers in the 1950’s it was shown
in [190] that CuO nanowires can be synthesized by thermal oxidation of
various Cu substrates (TEM grids, wires, foils) at temperatures from 400 °C
to 700°C. CuO nanowires with diameters between 30 nm and 100 nm were
achieved and the growth mechanism was attributed to the VS mechanism
in this initial study. Up to now numerous investigations on CuO nanowire

synthesis have been performed resulting in comparable experimental results.
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However, it was argued that CuO nanowire growth cannot be attributed to
the VS mechanism as the partial pressure of precursor species is expected
to be far too low for the observed growth rates [191]. In recent studies,
CuO nanowire synthesis was explained by a model relying on grain boundary
diffusion [192] influenced by stress gradients that are induced by thermal
oxidation [193,194]. It is generally accepted that the thermal oxidation of

Cu during CuO nanowire growth comprises two steps [190}/191]:

4Cu + 02 — QCHQO
2Cu30 + Oy — 4CuO

This mechanism is supported by experimental findings that Cu samples,
which were thermally oxidized in the temperature range of CuO nanowire
growth, are covered by two different copper oxide layers, i.e. a columnar
Cuy0 layer above the Cu substrate and a nanocrystalline CuO layer on top,
which is covered by CuO Nanowires [191,/193].

The mechanism for CuO nanowire growth proposed in [192-194] relies on
grain boundary diffusion of Cu cations towards the oxidizing surface. In gen-
eral, the diffusion along line and surface defects such as grain boundaries,
surfaces or dislocations is more rapid than lattice diffusion and is thus of-
ten termed ’short-circuit diffusion’. The activation energy for diffusion along
defects is smaller than for lattice diffusion and thus short-circuit diffusion
dominates at lower temperatures. Typically, the transition from lattice dif-
fusion to short-circuit diffusion is related to the melting point T}, of the

material and occurs at temperatures between 0.5 - T, and 0.7 - T, [195].

A schematic illustration of the CuO nanowire growth mechanism is shown in
Figll.2] where the multi-layered structure of a thermally oxidized Cu sam-
ple is shown. The diffusion of Cu cations from bottom to top serves as
source for further oxidation of the sample and thus growth of the copper
oxide layers. Due to the comparatively low thermal oxidation temperatures
typically between 400 °C and 700°C it is expected that the dominant mech-

anism is short-circuit diffusion at grain boundaries. After having passed the
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large, columnar CuyO layer and the nanocrystalline CuO layer, Cu cations
diffuse at the CuO surface and along the nanowire sidewalls towards the
tip . Facets of CuO grains were proposed to serve as template for
nanowire growth and twin structures may occur due to CuO grains with
multiple facets [193]. CuO nanowire growth was suggested to proceed at the
tips due to imaging results for different thermal oxidation times at the same

sample location [194].

{l

— —

[ ] ® Cu cation

CuO

Cu,O

Cu

Figure 4.2: Schematics of the grain boundary diffusion model for CuO nanowire growth
(adapted from [194])

During CuO nanowire growth the oxidizing atmosphere and the copper oxide
layers establish a chemical potential gradient, which can be identified as one
driving force for the Cu cation diffusion towards the surface . However,
the differences in unit cell volumes of Cu, Cuy,O and CuO leads to stress
gradients within the sample. The CuyO layer experiences compressive stress
at the bottom Cu interface and tensile stress at the CuO interface. On
the other hand, the CuO layer suffers compression at the CuyO interface,
whereas the top surface is stress-free. Stress gradients are accompanied by
mass transfer due to stress-induced migration and can be thus identified as
additional driving force for Cu cation grain boundary diffusion [193,[194].

There are several experimental indications that support the described CuO
nanowire growth mechanism. The authors of [196] found that an electric field
perpendicular to the growth substrate leads to decreased nanowire diameters

and up to a five-fold increase in lengths. The results can be understood by
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the interaction of the electric field and the diffusing Cu cations, which affects
the effective diffusion rates. During the thermal oxidation of patterned Cu
films CuO nanowires grew preferentially on the structure edges, which was in
accordance with the described growth mechanism when considering the stress
distribution obtained by finite element simulations |[194]. Furthermore, the
influence of surface stresses was described in [197] by investigating thermal
oxidation of bent Cu foils. Enhanced CuO nanowire growth was observed for
tensile stress and was interpreted by an increased effective diffusion rate due
to a larger number of grain boundaries. Most importantly, direct evidence
for the Cu cation outdiffusion via grain boundaries was found recently by

Raman mapping of CuO nanowire sample cross sections [19§].

CuO nanowires synthesized by the thermal oxidation method were found
to grow in multiple preferred directions [52]. Some authors reported on
single-crystalline CuO nanowires [51},/54}/191,/199], whereas others observed
bi-crystalline CuO nanowires with a twin boundary [189,/190,193,200,201].
The average nanowire length increases with synthesis time and follows a
parabolic law [192], which is consistent with the diffusion-limited growth
mechanism described above. Moreover, it was found that the temperature
dependence of the parabolic rate constant can be described by an Arrhe-
nius equation [199]. In most cases increasing nanowire diameter and de-
creasing nanowire areal density were observed experimentally for increas-
ing oxidation temperatures [162,(191},192,|194]. Photoluminescence measure-
ments [202] and energy-dispersive X-ray spectroscopy combined with Ra-
man spectroscopy |200] were performed on different CuO nanowire positions,
which indicated that mixed copper oxide phases may be present at the root

of the nanowires.

Apart from oxidation temperature and time, the Cu substrate has been iden-
tified as major influencing factor for CuO nanowire growth. It was suggested
in [203] that a minimum critical thickness is required, which was found to lie
around 300nm in this specific case. Furthermore, CuO nanowire growth on

electroplated and thermally evaporated Cu thin films was compared [189].
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Superior synthesis results regarding nanowire lengths and areal density were
achieved on electroplated Cu thin films, which was interpreted by its surface
roughness and microstructure. The importance of Cu substrate morphology
was also shown in [201], where surface mechanical treatment of Cu plates

resulted in different CuO nanowire synthesis results.

The oxidizing atmosphere also has a considerable influence on CuO nanowire
growth during thermal oxidation. It was observed that nanowire areal density
is affected by the presence of water vapor and oxygen concentration [204].
The authors suggested that the presence of water vapor enhances the nu-
cleation rate, whereas oxygen concentration is related with both nucleation
rate and nanowire growth rate. Moreover, the vertical alignment of CuO
nanowires could be increased by using a No/Os gas flow compared to static
air [189]. The influence of the local gas-flow field on the alignment and areal
density of CuO nanowires was also investigated in [205] and compared with

computational fluid dynamics simulations.

4.1.2 Thermal Oxidation of Cu Wires by Resistive Heating

In this chapter, CuO nanowire synthesis experiments by thermal oxidation of
a Cu wire by direct resistive heating will be described. In particular, a highly
pure Cu wire (6N, Alfa Aesar) with a diameter of 100 pm was wrapped around
a Pt-100 temperature sensor (10x2 Pt100, Delta-R) (see Fig[4.3a)). Resistive
Joule heating of the Cu wire was used to heat it to the desired CuO nanowire
synthesis temperature, which was measured by the Pt-100 temperature sen-
sor using a Agilent Technologies 34401A multimeter. As the resistance of
the Cu wire changes during the thermal oxidation process, constant current
operation is not feasible for experiments at constant temperatures. There-
fore, the temperature is kept constant by adjusting the current through the
Cu wire (current source Thurbly Thandar Instruments PL330P) by a PID

control implemented in LabView.
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As can be seen in Fig[d.3D] the color of the Cu wire turns black during the
thermal oxidation process in ambient atmosphere, which is a first indication
for the formation of CuQO. The nanowire synthesis experiments were typically
performed from 300-500°C for thermal oxidation times up to 200 min. The
oxidized Cu wires were characterized using a Zeiss Supra 40 scanning elec-
tron microscope (SEM). Results for CuO nanowire synthesis at T~500°C
for 200 min are shown in Fig[d.3d In this case, typical nanowire diameters
range from 50 nm to 200 nm and lengths lie between several pm and 100 pm.
Thus remarkable aspect ratios up to 1000 could be achieved at high nanowire
areal densities. The CuO nanowire cross-sections most commonly exhibited
faceted edges (see inset of Fig}d.3c|), which is an indication for high crystalline
quality. In additional experiments increasing nanowire diameters and lengths
were found for increasing thermal oxidation temperatures. Moreover, longer

thermal oxidation time resulted in nanowires with increased average length.

10 pm

93
S~—

(a)

()

Figure 4.3: CuO nanowire synthesis by thermal oxidation of a Cu wire. (a) Cu wire
wrapped around a Pt-100 temperature sensor. (b) After thermal oxidation by resistive
heating in ambient atmosphere. (¢) CuO nanowire growth at T~500°C for 200 min; the
inset shows a typical faceted CuO nanowire cross-section (width ~100nm).

Comparable CuO nanowire synthesis experiments relying on resistive heating
of Cu wires were performed in [206], but nanowire lengths did not exceed 2 pm
in this case. Regarding nanowire dimensions and areal density the presented
results are in good agreement with literature reports on CuO nanowire growth
on Cu wires [190] and Cu foils [191},192] utilizing conventional heating in a

furnace or on a hotplate. Similar temperature and time dependencies of CuO
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nanowire dimensions were observed in literature [191,/192] and the faceted

cross-sections are well comparable to those reported in [52].

After mechanical transfer to transmission electron microscopy (TEM) grids
(Quantifoil R 2/2), the CuO nanowires were further characterized using a
FEI Tecnai F20 at an electron beam energy of 200keV by the Institute for
Electron Microscopy, Graz University of Technology. The CuO nanowires
synthesized by thermal oxidation of a Cu wire showed single crystalline or
bi-crystalline structure. In Figld.4a] a high resolution TEM image of a bi-
crystalline CuO nanowire with twinning characteristics is shown. The tran-
sition area between the two crystalline orientations can be clearly observed.
On another CuO nanowire, convergent beam electron diffraction was used
on two different positions as indicated by the red arrows in Figld.4D] also
confirming the different crystal orientations. Thus the crystallinity of the
CuO nanowires synthesized by thermal oxidation of Cu wires is comparable
to the various literature reports cited in the previous chapter. Regarding the
device application it is expected that the high crystalline quality leads to

favorable gas sensing properties.

Moreover, electron energy loss spectroscopy was used as a complementary
method in order to characterize the nanowire material properties. In par-
ticular, the near edge line structure of the Cu Lgys-edge and the O K-edge
(see Figlt.4d) were compared to literature results [207-209]. The acquired
spectra clearly differ from elemental Cu and cuprous oxide CuyO and are in
excellent agreement with cupric oxide CuO. These findings further confirm

the material composition of the synthesized CuO nanowires.
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100 nm|

(a) High resolution TEM of (b) Convergent beam electron diffraction
bi-crystalline CuO nanowire on two CuO nanowire positions

(c) Electron energy loss spectroscopy of single CuO nanowire

Figure 4.4: Characterization of CuO nanowires synthesized by thermal oxidation of Cu
wires by resistive heating
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4.1.3 Thermal Oxidation of Electroplated Cu Structures

The fabrication of electroplated Cu structures was performed by Siemens
Corporate Technology and comprised the following steps (see Fig:

At first, thermal oxidation of a 4” Si wafer was performed in order to achieve
a SiO. layer with a thickness of 500 nm. Next, a Ti/Cu seed layer (50 nm and
150 nm, respectively) was sputter-deposited and photolithography was per-
formed (resist thickness 7 pm) in order to define the areas for the subsequent
Cu deposition process. Cu structures with a thickness of 2.5 pm were achieved
by site-selective electrodeposition. Next, the photoresist was removed and
the residual Ti/Cu seed layer was wet-etched using sodium persulfate and a
diluted 5% hydrofluoric acid solution. A microscope image for typical elec-

troplated Cu structures (width 25 pm, length 215 um, gap distance 5um) is
shown in Fig[4.5b]

photolithography 1

thermal .
oxidation
— electrodeposition l
seed layer
deposition resist strip

[— ] seed layer etch

—

50 nm

L

L
(a) Process flow for the fabrication of (b) Microscope image of
electroplated Cu structures electroplated Cu structures

Figure 4.5: Fabrication of electroplated Cu structures (thickness 2.5 pm)

After dicing of the 4” wafer, an Ar ion etching process (Roth & Rau ITonSys
500, 2min) was performed for cleaning of the electroplated Cu structure sur-
faces. Subsequently, the samples were oxidized in a furnace under a constant
flow of pure oxygen at 400 °C for three hours. During the thermal oxidation
process the initial gap distance (5pm) was first of all considerably reduced
to around 2.5 pm due to the growth of two copper oxide layers (CusO and

CuO). Moreover, CuO nanowires were synthesized homogeneously on the
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oxidized Cu structures and the gap in between was bridged by suspended
CuO nanowires (see Figl4.6). Typically, CuO nanowires grown with this
specific technology showed dimensions with lengths in the range of few pm

and diameters between 15nm and 70 nm.

20 pm

Figure 4.6: CuO nanowire synthesis by thermal oxidation (400°C, O atmosphere) of
electroplated Cu structures

For characterization of the thermally oxidized Cu structures, X-ray diffrac-
tion (XRD) measurements were performed by the Institute of Solid State
Physics, Graz University of Technology. Different samples containing elec-
trodeposited Cu structures without and with the thermal oxidation process
for CuO nanowire synthesis were analyzed by specular scans using a Siemens
D501 diffractometer in Bragg-Brentano geometry. Diffraction peaks were
compared with the database PDF2 from the International Center for Diffrac-
tion Data (ICDD). On samples with Cu structures before thermal oxidation
XRD peaks for Ti and Cu (apart from the Si substrate) could be found, which
is expected due to the Ti/Cu seed layer and the electrodeposited Cu layer.
XRD results on samples with CuO nanowires synthesized on oxidized Cu
structures are shown in Fig[d.7al As can be seen, elemental Cu and the two
different copper oxide phases CuyO and CuO were present, which indicates
similar oxidation behavior of the electrodeposited Cu structures compared to
literature results. Furthermore, another diffraction peak is observed around
45.5°. It can be most likely attributed to CusTizO that is formed during the
thermal oxidation process at the interface of the Ti adhesion layer and the
Cu layer, which is supported by additional pole figure measurements that

are not shown here.
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For TEM characterization, CuO nanowires were synthesized on electroplated
Cu squares with an edge length of 5mm in order to increase the total num-
ber of CuO nanowires and thus facilitate TEM sample preparation. The
same parameters were used for the Cu deposition and the thermal oxida-
tion process, which lead to comparable CuO nanowire synthesis results. The
CuO nanowires were transferred to TEM grids (Quantifoil R 2/2) and were
characterized using a FEI Tecnai F20 at an electron beam energy of 200 keV
at the Institute for Electron Microscopy, Graz University of Technology. A
typical TEM image can be seen in Figll.7h] The CuO nanowires showed
polycrystalline structure with crystallites at the nanowire surface as was al-
ready presumed after SEM imaging. In literature, however, the synthesis of
single crystalline or bi-crystalline CuO nanowires was reported during ther-
mal oxidation of copper substrates (see Chapter . Moreover, the CuO
nanowires synthesized by resistive heating of a Cu wire (Chapter also
showed single or bi-crystalline structure. As the morphology of the CuO
nanowires synthesized by thermal oxidation of electroplated Cu structures
clearly differs from other CuO nanowire synthesis results, potential reasons

for this specific growth behavior need to be discussed.

In addition, the CuO nanowires were further characterized by EELS during
the TEM measurements in order to gain additional information on their
material composition. Identical results were achieved for several different
CuO nanowires, which all exhibited near edge structures of both the O K-edge
and the Cu Lgz-edge that are in good agreement with literature results for
bulk CuO [207-209] and also with the spectra of CuO nanowires synthesized
by thermal oxidation of Cu wires (see Fig.. On a single CuO nanowire,
twenty EELS spectra were recorded across its diameter, which is indicated
by the green line in Fig. The different spectra showed nearly identical
results confirming that the core of the CuO nanowire and the crystallites on
the edges both consist of CuO.

As mentioned earlier it was suggested in [193] that CuO grain facets serve

as structure templates during initial CuO nanowire growth resulting in a
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Figure 4.7: Characterization of CuO nanowires synthesized by thermal oxidation of
electroplated Cu structures
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twin or multi-twin structure. Moreover, stress-induced grain boundary dif-
fusion of Cu cations was claimed to be the driving force for the formation
of CuO nanowires. According to this literature model, Cu cations diffuse
along the CuO nanowire surface towards the tip and are incorporated into
the nanowire after reaction with oxygen. In [189], CuO nanowire growth
on thermally evaporated and electroplated Cu thin films was compared. In
that study, electroplated Cu thin films were found to be better suited for
CuO nanowire synthesis as longer nanowires at higher areal densities were
achieved. The authors attributed the enhanced CuO nanowire growth to
the morphology of the electroplated Cu thin film. Furthermore, it was found
that a constant gas flow leads to a higher thermal oxidation rate compared to
static air. In [194] preferred CuO nanowire growth on the structure edges of
patterned evaporated Cu films was reported, where the authors emphasized

the importance of stress gradients in the oxidized Cu structures.

After thermal oxidation of the electroplated Cu structures, homogeneous
CuO nanowire growth was observed on the entire surface, which can be seen
in Fig The TEM results (Fig. suggest that the CuO nanowires
consist of a crystalline core and crystallites on the edges. As described in
Chapter 4.1.1] it was claimed that the migration of Cu ions serves as con-
tinuous source for the formation of CuO nanowires [194]. Considering the
literature results described in the previous paragraph, it is expected that the
use of electroplated Cu films combined with the other experimental param-
eters as structure size and thermal oxidation conditions (constant flow of
pure oxygen) resulted in a very high diffusion rate of Cu ions. It is assumed
that these Cu ions were not fully incorporated during CuO nanowire growth
but rather nucleated on the surface forming CuO crystallites. Thereby the
polycrystalline structure of the CuO nanowires on the oxidized electroplated
Cu structures could be potentially explained. However, additional synthe-
sis experiments with varying Cu structure geometries and different thermal
oxidation parameters are suggested in order to gain a more profound under-

standing on CuO nanowire growth on electroplated Cu structures.
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4.1.4 Thermal Oxidation of Evaporated Cu Structures

For the fabrication of Cu microstructures with different geometries, a pho-
tolithographic lift-off process (image reversal resist AZ5214E; process pa-
rameters in Appendix was performed on a Si substrate with 300 nm of
thermal SiOs. A Ti/Cu thin film (5nm and 500 nm thickness, respectively)
was deposited by thermal evaporation. The intermediate Ti layer was used
in order to improve thin film adhesion and reduce Cu diffusion in the sub-
sequent thermal oxidation step. For the synthesis of CuO nanowires, the
samples were thermally oxidized at 350 °C for three hours on a hotplate in

ambient atmosphere.

In Figld.§ it can be seen that CuO nanowires were synthesized on various Cu
structures such as lines, holes or squares with dimensions down to few pm.
CuO nanowires were mainly found on the structure edges, where their lengths
and areal density were significantly enhanced. In contrast to the synthesis
results on electroplated Cu structures presented in the previous chapter, no
signs of any crystallites were observed on the smooth and featureless surfaces
of the CuO nanowires (Fig[4.8d)). Thus single crystalline or bi-crystalline
structure is assumed as is common for CuO nanowires grown by the thermal
oxidation method. Typically, the CuO nanowires showed lengths between

500 nm and 2 pm with very small diameters between 10 nm and 30 nm.

In [189] almost no CuO nanowires were found on thermally evaporated Cu
thin films (thickness 500 nm) that were thermally oxidized at 500 °C for four
hours in static air. The authors of |194] reported on CuO nanowire growth by
thermal oxidation of electron beam evaporated Cu thin films with a thickness
of 400 nm. At a nanowire synthesis temperature of 350 °C they achieved CuO
nanowires with an average length of 1.6 pm and an average diameter of 30 nm,
which is very similar to the results presented here. According to [193], the
facets of CuO grains serve as templates for initial CuO nanowire growth
most commonly resulting in a twin or multi-twin structure. Therefore, the

formation of CuO nanowires with very small diameters between 10 nm and
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30nm is attributed to the morphology of the evaporated Cu thin film. As
was mentioned earlier, enhanced CuO nanowire growth on the edges of Cu
microstructures was observed in literature as well as in this study. In [194]
this was explained by reduced compressive stress at the structure edges,
which was also supported by finite element thermo-mechanical simulations.
This is consistent with other CuO nanowire synthesis results on bended Cu
foils, where tensile stress was reported to promote CuO nanowire formation

[197].

(c) (d)
Figure 4.8: CuO nanowire synthesis by thermal oxidation (350 °C, ambient atmosphere)

of evaporated Cu structures such as a) lines, b) holes and c¢) squares. Diameters down to
10nm were observed as can be seen in d).

57



For XRD characterization large arrays of identical Cu structures (width 5 pum,
length 60 um) were fabricated. The same substrates, process steps, material
deposition methods and thermal oxidation parameters were used as described
above leading to comparable CuO nanowire synthesis results. Measurements
were performed by specular scans using a Siemens D501 diffractometer in
Bragg-Brentano geometry by the Institute of Solid State Physics, Graz Uni-
versity of Technology. The database PDF2 from the International Center for
Diffraction Data (ICDD) was used for peak identification.

The thermally evaporated Cu thin film structures showed preferential ori-
entation of the [111] planes parallel to the substrate surface. After thermal
oxidation the phases Cu, CuyO and CuO were found on the sample with a
random orientation of CuO grains and nanowires (see Figld.9). Thus CuO
nanowire synthesis as well as XRD results achieved by thermal oxidation of
thermally evaporated Cu structures are very well comparable to literature

results and the growth characteristics can be explained by existing models.

<]
-
& =
% ©
2
g
20.2
U :.I‘r_-.:
ol 197 o
BTN
w...R
95 30 35 40 45 50 55
2 O [deg]

Figure 4.9: X-ray diffraction of CuO nanowire sample fabricated by thermal oxidation of
evaporated Cu structures
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4.2 7Zn0O Nanowires

Zinc oxide (ZnO) most commonly crystallizes in the C6mc hexagonal wurtzite
structure. In certain crystallographic orientations ZnO is spontaneously po-
larized as surfaces perpendicular to the [001] c-axis are entirely terminated
by either positively charged Zn atoms or negatively charged O atoms (typ-
ically termed polar surfaces). Three types of preferred growth directions
for single crystal growth were identified [210], i.e. (210) , (010) and [001].
7Zn0O has a wide direct band gap of 3.44eV and was found to be particu-
larly interesting for electronic and optoelectronic applications [211]. ZnO
shows unintentional n-type doping, which was attributed to native point de-
fects such as vacancies, interstitials or antisite defects. However, density
functional theory calculations favored incorporation of impurities (e.g. H)
as potential reason for shallow donor levels. Although p-type doping has
been achieved using N, P, As or Sb, the results lack of reproducibility and
theoretical understanding [212].

In most cases, ZnO nanowire synthesis has been reported by vapor phase
methods (VLS as well as VS mechanism), metal-organic chemical vapor
deposition, thermal oxidation, template-assisted methods or hydrothermal
growth [210,213]214]. In addition, ZnO was found to grow in complex geome-
tries such as hierarchical nanostructures, nanobelts, nanocombs, nanosprings
or nanorings [215]. Here, focus is put on the mechanisms during VS, self-
catalytic VLS and thermal oxidation nanowire synthesis due to their rel-
evance for the experimental results for ZnO nanowire growth that will be

presented later on.

4.2.1 Growth Mechanisms

The growth of ZnO nanowires in the absence of a catalyst metal particle
has been observed under several different experimental conditions. Most
commonly, Zn precursors are thermally evaporated in a tube furnace and

are transported to the growth substrate using defined gas flow conditions.
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Depending on local temperature, pressure, carrier gas, substrate and evapo-
ration time, ZnO nanostructures with different geometries can be obtained
[215]. Several groups have reported on ZnO nanowire synthesis by this tech-
nique [48/49,216] and the growth mechanism was attributed to the VS mecha-
nism. Due to anisotropic surface energies, the surfaces of the (210) and (010)
crystal facets tend to be minimized leading to preferred growth in [001] direc-
tion [210]. One-dimensional growth may also be favored due to a large num-
ber of steps on the nanowire tips acting as preferred adsorption sites or due
to specific gas flow conditions [213]. However, the importance of liquid Zn or
suboxide ZnO, (x < 1) droplets for ZnO nanowire synthesis was highlighted
in [217,218] and the growth mechanism was attributed to a self-catalytic
VLS process. Due to the low melting point of Zn and ZnO, (419°C) it was
proposed that liquid droplets are formed after condensation on the substrate.
These droplets act as favored sites for absorption of vapor phase Zn, Os or
ZnO resulting in supersaturation and one-dimensional growth. In [219] ZnO
nanowire synthesis was systematically studied at defined sample positions for
different oxygen flow rates. The results were interpreted by a self-catalytic
VLS mechanism, which was supported by comparison with classical nucle-
ation theory. Moreover it was suggested that low Zn vapor supersaturation
may lead to depletion of the Zn/ZnO, droplet and continuation of growth

via the VS mechanism.

As an alternative to the vapor phase transport method, ZnO nanowires can
be synthesized by thermal oxidation of Zn substrates at temperatures above
the Zn melting point at high oxygen partial pressures similar to atmospheric
conditions. In [220] thermal oxidation of Zn powders and thin films was stud-
ied. ZnO nanowires were synthesized on the oxidized surfaces and the growth
mechanism was explained by ZnO nucleation and one-dimensional growth on
liquid Zn droplets, which act as source material. Similar experiments were
performed in [221], where ZnO nanowires were grown by thermal oxidation
of evaporated Zn nanoplates. In this case liquid Zn was also assumed to act
as nucleation site, but Zn vapor was claimed to be the source during ZnO

nanowire growth. The authors of [222] studied the thermal oxidation of sin-
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gle Zn grains, which showed hexagonal faceting and polar top and bottom
surfaces. Preferential ZnO nanowire growth from the grain edges, in particu-
lar the hexagon corners, was observed, whereas no nanowires were found on
the top and bottom [001] surfaces. Based on these experiments, where a very
well-defined substrate was employed for ZnO nanowire synthesis, a growth
model was proposed relying on edge-enhanced oxidation of liquid Zn lead-
ing to the formation of ZnO nanoclusters and subsequent one-dimensional
growth. In [223], thermal oxidation of Zn polyhedrals with flat [001] top faces
and stepped side faces was studied. Again, no nanowires were observed on
the polar surfaces, but dendritic ZnO nanostructure growth was found from

the stepped side faces, which was explained by a self-catalytic VLS process.

However, other authors attributed ZnO nanowire growth during thermal ox-
idation of Zn substrates to solid state diffusion processes similar as for CuO
nanowires described above (Chapter [f.1.1)). The authors of [224] investi-
gated thermal oxidation of Zn wires at temperatures around and above the
melting point. A parabolic time dependence of ZnO nanowire growth rate
with an Arrhenius-type temperature dependence was found. The results were
interpreted by short-circuit diffusion of Zn interstitials and vacancies from
the Zn substrate through a ZnO layer towards the surface. In [225] ZnO
nanowire synthesis by thermal oxidation of evaporated thin films and sin-
gle Zn grains was studied. Also in this case a parabolic time dependence
of ZnO nanowire length was found and growth was attributed to a similar
grain boundary diffusion-based model. In addition, bicrystalline structure of
the ZnO nanowires with twin boundaries along the axis was observed. Twin
formation was expected to be induced by stress and the twin boundary was
assumed to be a short-circuit diffusion path for stress-driven transport of Zn
cations towards the ZnO nanowire tip, where growth of the one-dimensional

structures continues.

Similar ZnO nanowire synthesis results at temperatures below the Zn melt-
ing point were also attributed to short-circuit diffusion across ZnO grain

boundaries [214}226]. The influence of Zn substrate morphology during low

61



temperature thermal oxidation was investigated in [227] and ZnO nanowire
synthesis was found to be dependent on surface roughness. In [228] evapo-
rated Zn films were thermally oxidized in various dry and humid atmospheric
conditions resulting in ZnO nanowires and thin films with different defect

concentrations and electric resistivities.

4.2.2 Vapor Phase Growth Using Zn Wires

In the following, ZnO nanowire synthesis experiments using vapor phase
methods are described. A highly pure Zn wire (purity 99.994%, Alfa Aesar)
with a diameter of 250 pm was wrapped around a commercially available mi-
croheater (10x2 Pt6,8; Delta-R), which can be seen in Fig. The sample
was mounted inside a glass tube, which was connected on one side with a
constant flow of Ar (1000sccm, 5.0, Linde Gas) and on the other side with
ambient atmosphere through a stainless steel tube (inner diameter ~4 mm).
Electrical connections to the outside were established by wires soldered to
the two microheater contacts. After 10 min of Ar purging, the microheater
was biased at a constant current of 255 mA for one hour. The temperature
during ZnO nanowire synthesis was estimated to lie between 450-500°C by
continuously measuring the resistance of the microheater, which has a known
temperature dependence. Optical inspection revealed that a white layer had
formed on the sample surface after the synthesis process. It was found that
Zn0O nanowires were successfully synthesized on the Zn wire (Fig. as
well as on the microheater substrate (Figl4.10c). The nanowire diameters
typically ranged from 30-150 nm and lengths up to several tens of pm were

achieved.

The synthesis of ZnO nanowires can be attributed to the vapor phase VS or
VLS mechanism as nanowires were also found on the microheater substrate at
a distance of few mm to the Zn wire. Furthermore, the ZnO nanowire lengths
of several tens of pm are an indication of vapor phase synthesis, whereas ZnO
nanowires grown by solid state diffusion processes typically reach lengths of

few pm [224]. In a control experiment, a constant flow of 1000sccm of Oy

62



"

i

I

T —
e

(a) (b) (c)

Figure 4.10: ZnO nanowire synthesis by heating of a Zn wire. a) Zn wire wrapped
around a microheater. ZnO nanowires grown on the b) Zn wire and on the c)
microheater substrate (Ij.q:=255mA, 1000 sccm Ar flow).

was used resulting in very short nanowires. It is assumed that in this case
short-circuit grain boundary diffusion is the underlying mechanism due to

the formation of a protective ZnO layer on the oxidized Zn wire surfaces.

As proposed in [219], both VS and VLS mechanism may be responsible for
ZnO nanowire growth depending on the ratio of Zn and O, in the vapor
phase precursors. Thus the VLS mechanism cannot be excluded, although
no catalytic metal particles were used and no signs of droplet-like shapes
were found on the ZnO nanowire tips. The presented ZnO nanowire syn-
thesis method is comparable to [229], where Zn powder was evaporated at
temperatures between 450-600 °C in a furnace under a constant Ar flow. Dif-
ferences in nanowire morphology, density and vertical alignment compared to
this study may be explained by the choice of different substrates and vapor

transport conditions.

For structural characterization, ZnO nanowires were transferred to TEM
grids (Quantifoil R 2/2) and were further characterized using a FEI Tec-
nai F20 at an electron beam energy of 200 keV by the Institute for Electron
Microscopy, Graz University of Technology. In Fig[.11al a high resolution
TEM image of a single ZnO nanowire can be seen validating the single crys-

talline structure. The growth direction was found to be [001], which was
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identified in literature as one of the preferred growth directions of ZnO [210].
Along the ZnO nanowire several planar defects perpendicular to the growth
direction were observed, which may possibly be attributed to stacking faults
as this type of two-dimensional defect is most frequently observed in ZnO
nanowires [230]. However, further TEM analysis is proposed in this matter

for proper interpretation of the defect structure.

Selected area electron diffraction was performed on a ZnO nanowire bundle
and ring-shaped diffraction patterns were achieved (Fig. The diame-
ters of the rings could be related to different lattice planes of the hexagonal
7m0 crystal structure thus confirming the material composition of the syn-

thesized nanowires.

An electron energy loss spectrum of a single ZnO nanowire can be seen in
Fig{d.11d The results show excellent resolution of the near edge line structure
(in particular for the O K-edge) and are in good agreement with literature
reports [231H233].
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(a) High resolution TEM of single ZnO nanowire
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(b) Selected area electron diffraction of ZnO nanowire bundle

(c) Electron energy loss spectroscopy of single ZnO nanowire

Figure 4.11: Characterization of ZnO nanowires synthesized by vapor phase growth
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4.2.3 Thermal Oxidation of Evaporated Zn Structures

For the patterning of thermally evaporated Zn structures, a PMMA electron
beam lithography step (writefield size 100x100pm) was performed on Si
substrates with 300 nm thermal SiO,. Prior to this process Ti/Au alignment
markers were defined by a photolithographic lift-off process. The process
parameters for both lithography processes can be found in Appendix [A] After
development, a Ti/Zn film (5nm and 250 nm, respectively) was deposited
by thermal evaporation and metal lift-off was performed. Regular arrays of
quadratic Zn squares (Fig. were achieved with an edge length of 2.5 pm
and an initial gap distance around 500 nm. For ZnO nanowire synthesis, the
samples were thermally oxidized on a hotplate in ambient atmosphere (T =
410°C, 1h). As can be seen in Fig. the gaps between the adjacent
oxidized Zn structures were bridged by suspended ZnO nanowires. Their
dimensions were estimated by SEM imaging; the diameters typically ranged

from 10 nm to 30 nm, while lengths were most commonly below 1-2 pm.

The presented ZnO nanowire synthesis results are very well comparable to
literature reports [224.226]. In particular, the authors of [225] used an evapo-
rated Zn film with a similar morphology as substrate for the formation of ZnO
nanowires by thermal oxidation. The growth mechanism was explained by
stress-driven mass diffusion of Zn ions towards the surface and ZnO nanowire
growth from initial ZnO seeds at the surface (see Chapter . As the Zn
thin film substrate, thermal oxidation parameters as well as ZnO nanowire
growth are well comparable to the results presented here, it is reasonable
to assume that similar growth mechanisms are present. However, the Zn
thin film substrate in [225] was not microstructured, which might have an
influence on mechanical stress distribution. Thus further experiments with
different Zn structure sizes and shapes are suggested for evaluation of this in-
fluencing factor. Furthermore, additional TEM studies are proposed in order
to characterize the crystalline structure of the synthesized ZnO nanowires,

which could probably lead to further insights in the growth mechanism.

66



(a) Thermally evaporated Zn structures

(b) ZnO nanowire growth between adjacent oxidized Zn structures

Figure 4.12: ZnO nanowire synthesis by thermal oxidation of Zn structures
(T = 410°C, ambient atmosphere)
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As can be seen from the SEM image of the Zn structures before thermal oxida-
tion (Fig, the thermally evaporated Zn film exhibited distinct faceting,
large grain sizes and a rough surface topography. ZnO nanowire growth by
thermal oxidation is strongly influenced by Zn substrate morphology as was
reported in [227]. Therefore atomic force microscopy (AFM) measurements
were used for characterization of the Zn structures. A Molecular Imaging
Pico Plus AFM was used in acoustic AC mode for measurements of the sur-
face topography, which can be seen in Fig/f.13al An average film thickness
around 250 nm and a root-mean-square value of the surface roughness of ap-
proximately 40-55nm were found. For constant Zn deposition parameters
reproducible thin film morphologies were achieved in repeated experiments.
It is assumed that the high surface roughness plays an important role dur-
ing ZnO nanowire synthesis as suggested in [227], which could be verified by

additional experiments using different Zn deposition methods.

Similar as for the thermally oxidized Cu structures, additional samples with
large area arrays of Zn structures were fabricated for XRD experiments. In
order to achieve comparable ZnO nanowire synthesis results, the same sub-
strates, process steps, material deposition methods and thermal oxidation pa-
rameters were used as described above. XRD measurements were performed
by specular scans using a Siemens D501 diffractometer in Bragg-Brentano
geometry. The database PDF2 from the International Center for Diffrac-
tion Data (ICDD) was used for qualitative phase analysis. The as-deposited
Zn film showed preferred orientation in the [002] direction, which follows
from the experimental peak intensity ratios, which were different compared
to a polycrystalline reference (number 4-0381, PDF2 database, ICDD). On
the thermally oxidized sample, polycrystalline ZnO with no preferred grain

orientation was found (see Fig}d.13b)).
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(b) XRD characterization after thermal oxidation

Figure 4.13: Characterization of Zn structures before and after thermal oxidation
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5 Gas Measurements:

Methods and Target (Gas Properties

5.1 Gas Sensor Assembly

The assembly of functional conductometric gas sensors comprised several
steps: First of all, nanowire-based devices were fabricated on Si substrates,
which will be described in detail later for the different types of sensors. In
order to heat the nanowire devices to the desired operation temperature they
were glued (Aremco Ceramabond 865) to the backside of a 1x1.5cm Si chip
together with two commercially available microheaters (10x2 Pt6,8, Delta-R)
and a Pt100 temperature sensor (4x1 Pt100, Delta-R). These discrete elec-
tronic components were connected to solder pads on a specifically designed
ceramic sensor carrier (Fig, which was fabricated by the Institute of
Sensor and Actuator Systems (Vienna University of Technology). The solder
wires provided the required electrical connections and the mechanical support
of the assembled gas sensor. Thermal conduction to the ceramic carrier and
thus the whole measurement chamber was reduced due to this configuration,
which is important in order to avoid undesired heating of the surrounding gas
atmosphere. Electrical connections to the sensor devices were established by
wedge bonding (F & K Delvotec 53XX-BDA; 25 um thick Au wire) between

contact pads on the sensor chip and Au lines on the ceramic carrier.

11181 H

Figure 5.1: Assembled gas sensor connected to the ceramic sensor carrier
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5.2 Gas Sensor Testing System

The investigated sensor devices were tested in an automated gas sensor test-
ing system (Fig, which was controlled by a PC using a program written
in the LabView development environment (National Instruments). Mass flow
controllers (MFC Bronkhorst F-201CV) were used to control carrier gas flow,
target gas concentration and relative humidity level. A detailed description
of the test gas compositions can be found in Appendix[B] The relative humid-
ity of the carrier gas was measured by a commercial humidity sensor (Kobold
AFK-E). All gas measurements in this thesis were carried out under a con-
stant total gas flow of 1000 sccm. The gas sensor operation temperature was
controlled by adjusting the current through the two microheaters (current
source Thurbly Thandar Instruments PL330P) using the Pt100 temperature
sensor signal (multimeter Agilent Technologies 34401A) and a PID control
implemented in the measurement program. The electrical resistance of the
sensor devices was measured by a Keithley 2400 SourceMeter in constant

current operation in either two-point or four-point configuration.

carrier target

. @ .

ey —— e
current
PC
source
exhaust

Figure 5.2: Schematics of the gas sensor setup
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5.3 Properties of Selected Target Gases

In this thesis, several different nanowire-based devices will be presented for

sensing of three target gas molecules:
e water vapor H,O
e carbon monoxide CO
e hydrogen sulfide HyS

In the following, the interest for the detection of these species will be briefly
motivated and their most basic properties will be summarized. Literature
models for interaction mechanisms between the target gases and metal oxide

surfaces will be discussed with the respective gas sensing results.

5.3.1 Water Vapor H,O

Water vapor plays an important role in the majority of practical gas sensing
applications due to its presence in ambient atmosphere. The interaction of
H50O molecules with metal oxide surfaces may be utilized for relative humidity
monitoring, but, more important, influences the sensor response during the
detection of other target gases and thus has to be taken into account in most

cases.

The water molecule is characterized by a H-O-H bond angle of 104.5° and a
bond length of 0.96 A. It is a polar molecule due to the stronger electroneg-
ativity of O compared to H resulting in partial charges and a net dipole
moment of 1.83 D along the symmetry axis. The two H atoms form covalent
bonds to the O atom, which has two non-bonding orbitals with two electrons
each left. The O-H groups act as H-bond donors and the two non-bonding
orbitals are H-bond acceptors, which means that one water molecule may
establish four H-bonds [234]. The dissociation energy for removal of the first
H atom from the water molecule is 499 kJ/mol, whereas it is 428 kJ/mol for
the second H atom [235].
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5.3.2 Carbon Monoxide CO

Carbon monoxide CO is a odorless, colorless and tasteless gas which is pro-
duced during the incomplete combustion of carbon compounds. Common
environmental source are central heating, motor vehicle exhaust or open fires.
The toxicity of CO arises from its much higher affinity to bond to hemoglobin
(carrier molecule for oxygen transport in blood) compared to O,. In case of
CO exposure the amount of O, carried by hemoglobin in the blood flow
is reduced leading to hypoxia with various symptoms such as headaches,
dizziness, nausea or even death [39]. Ambient air concentrations of CO in
areas with insufficient ventilation (for instance multistorey car parks or road
tunnels) or in homes with gas appliances may exceed 100 ppm. For compar-
ison, the World Health Organization suggested a maximum eight hour time-
weighted average exposure to CO of 10 ppm in an air quality guideline [40],
which highlights the relevance of CO sensors for environmental monitoring

applications.

The carbon monoxide molecule is formed due to a triple C-O bond with a
bond length of 1.1 A. Tt has a small dipole moment of 0.11 D with a negative
partial charge of C. The dissociation energy of CO is comparatively high with
a value of 1070 kJ/mol [235].

5.3.3 Hydrogen Sulfide H,S

Hydrogen sulfide H5S is formed by reactions of anaerobic bacteria with or-
ganic substances [236]. Typical sources are natural gas, swamps, sewers or
geothermal activity. The human nose has a very low odor threshold to the
rotten egg smell of HyS between 10 and 300 ppb. However, during exposure
to higher concentrations the olfactory senses become paralyzed and thus in-
sensitive to the distinct smell. After inhalation HsS is dissociated in blood
leading to elevated S levels in tissue, which results in nausea, headaches, eye
and lung irritation and respiratory paralysis at high concentrations. HyS

exposure is the second most common cause of fatal gas inhalation intoxi-
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cations at the working place (after CO poisoning) demonstrating the high
relevance of HyS detection for safety applications [41]. According to an Eu-
ropean Commission directive of 2009, the eight hour time-weighted average
exposure to HoS must not exceed 5 ppm in order to ensure workers’ health
and safety |237].

The hydrogen sulfide molecule has a H-S-H bond angle of 92.5° [236] and a
bond length of 1.34 A [238]. Despite the structural similarities to the water
molecule, HyS has different chemical properties. It does not form strong H-
bonds due to the lower polarity (0.97D [239]) and it typically shows higher
reactivity because of the weaker S-H bonds compared to the O-H bonds [236].
The dissociation energy for the removal of the first and second H atom is
381 kJ/mol and 352kJ/mol, respectively [240].

74



6 Single Nanowire Devices

In general, two different approaches were chosen for the fabrication of single
nanowire devices in two-point and four-point configuration. Figl6.1] shows a
schematic illustration of the different process flows, which are also described

in more detail in the chapters of the respective nanowire devices.

two-point configuration

photo-
4 lithography
and lift-off

Si/Si0, spin-
substrate coating

nanowire ultra- nanowire
sample sonication suspension

photolithography g J— ebeam-
and lift-off p : lithography
and lift-off

Si/SiO,

substrate (pads & markers) coating lmaging

four-point configuration

Figure 6.1: Process flows for single nanowire device fabrication
(two-point and four-point configuration)

6.1 Single CuO Nanowire Devices
6.1.1 Two-Point Configuration

Single CuO nanowire devices in a two-point configuration were fabricated by
a single photolithographic step. First, a CuO nanowire suspension was ob-
tained by ultrasonication of CuO nanowire samples (Cu wires thermally oxi-
dized at 500 °C for 200 min as described in Chapter in isopropanol. The
nanowire suspension was then spin coated (Ramgraber M-Spin150; 1000 rpm,

35s) on 2x2cm Si substrates covered with 300 nm thermal SiO,. Next, pho-
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tolithography was performed using an image reversal resist (see Appendix [A]
for process parameters) followed by thermal evaporation and lift-off of the
metal layer. The mask design consisted of comb-like electrodes with distances
between 5 pm and 25 pm. In Figl6.2] typical examples for such single CuO

nanowire devices in a two-point configuration are shown.

Figure 6.2: Single nanowire devices in a two-point configuration (Pt electrodes)

The advantages of this fabrication process are simplicity and the possibility
for efficient realization of a large number of CuO nanowire devices. However,
a certain degree of randomness is inherent to this method as can be seen
from the CuO nanowire devices in Fig[6.2] where all contacts show different

lengths of metal-semiconductor interfaces.

Various different contact materials and process parameters were investigated
regarding linearity of the I-V characteristics, device-to-device reproducibility
and thermal stability. Electrical measurements were performed at room tem-
perature in ambient air conditions using a Suess Microtec probe station and
an Agilent 4156C parameter analyzer. The best results were achieved using
a Pt or a Ni/Au metallization and an annealing step at 400 °C for 5 min on
a hotplate in ambient atmosphere. An example for the I-V characteristics of
a single CuO nanowire device contacted by Pt electrodes (thickness around
40nm) can be seen in Fig. In this case, Ohmic properties were observed
for a CuO nanowire with a diameter of 144nm and a contact spacing of
25.4nm. The electrical conductivity was estimated assuming a cylindrical

nanowire cross section using

4GL
o =
D27

with the nanowire length L, the diameter D and the device conductance G.
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The conductivity was found to lie around 0.5 S/m. However, the contribution
of the two contacts to the overall resistance could not be evaluated in this
device configuration. Transconductance measurements were performed by
contacting the Si substrate with conductive silver paste and using it as a
back gate for nanowire field effect transistor operation. Results are shown
in Figl6.3b] for a constant drain-source voltage of 1 V. The CuO nanowire
device showed p-type semiconductor characteristics, which is consistent with

literature reports [51},52].

(a) I-V characteristics (b) Transconductance measurement
Figure 6.3: Electrical characterization of a single CuO nanowire (two-point

configuration, channel length 25.4 pm, diameter 144 nm, Pt electrodes)

The field effect mobility p was estimated using an analytical formula derived

for a metallic cylinder-plane configuration [241,[242],

d/, L t
5D arcosh(R%)

#= dVBG QWEOCeﬁVSD

with the transconductance dlgp/dVpg, the nanowire length L and radius
R, the oxide thickness ¢t and the source-drain voltage Vsp. An effective
dielectric constant e.g = 2.2 was used [241] in order to take into account
that the CuO nanowire was surrounded by SiO, as well as air. For the
particular device presented here, the field effect mobility was approximately
6- 1072 cm? V~! s71, which is well comparable with literature results for CuO

single crystals [243] and CuO nanowires [31].
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The estimated hole concentration was 6 - 101" cm ™2 using

o AGL
pe  D?mpe’

p

The electrical properties of several CuO nanowire devices on the same sub-
strate with different diameters (75 - 211nm) and channel lengths (5.2 -
25.4 pm) were characterized. Most commonly, the electrical conductivities o
ranged from 0.2 to 20 S/m and the extracted parameters p and p are shown
in Figl6.4. For both the field effect mobility and the hole concentration no

significant dependence on the CuO nanowire diameter could be found.
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(a) Field effect mobility (b) Hole concentration

Figure 6.4: Transport parameters of single CuO nanowires (two-point configuration)

However, it has to be considered that there are various potential error sources
inherent to this type of measurements [242]. The used model was derived
for a infinitely long, metallic cylinder-plane configuration with a cylinder
entirely embedded in a dielectric medium. In a CuO nanowire device with
finite channel length the nanowire-gate coupling is perturbed due to stray
electric fields in the vicinity of the source and drain contacts. Moreover, the
semiconducting material properties may lead to a nonuniform potential and
charge distribution within the nanowire, which possibly causes considerable
deviations from the metallic model. Another uncertainty is the effective di-
electric constant (literature values range from 1.95 [244] to 2.5 [245] in the
case of SiOq), which was introduced to account for the inhomogeneous di-

electric surrounding of the nanowire. Furthermore, faceted nanowire surfaces
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may lead to differences in nanowire-gate coupling [241] and to errors in the
determination of the cross-section area. As the single CuO nanowire devices
used in this analysis were contacted in a two-point configuration, contact
resistances also constitute a potential error source, which would lead to an
underestimation of hole concentrations. In summary, the extracted param-
eters should be considered as rather rough estimations and device-to-device
variations of the electrical transport parameters may be caused by differ-
ent nanowire properties (e.g. due to distinct crystal orientations) but are

certainly also influenced by the various error sources.

CuO nanowires in a two-point configuration were operated as conductomet-
ric gas sensing devices for the detection of water vapor and CO. However,
results are not shown here as focus is put on CuO nanowires in a four-point
configuration due to the possibility of more precise measurements without

the influence of contact resistances.

6.1.2 Four-Point Configuration

Single nanowire devices in a four-point configuration were fabricated as fol-
lows: First, photolithography was performed on 2x2cm Si substrates cov-
ered with 300 nm thermal SiO, using an image reversal photoresist (see Ap-
pendix [A] for process parameters). Next, thermal evaporation of a Ti/Au
layer (thickness 10 nm and 200 nm, respectively) and lift-off was performed
in order to obtain an array of contact pads and electron beam alignment
markers (see Fig.. Subsequently, nanowire samples (Cu wires thermally
oxidized at 500 °C for 200 min; see Chapter were ultrasonicated in iso-
propanol in order to obtain a nanowire suspension, which was spin coated
(Ramgraber M-Spin150; 1000 rpm, 35s) on the pre-patterned Si substrates.
SEM imaging was used for choosing single nanowires at appropriate positions
as can be exemplarily seen in Fig[6.5b] For each single nanowire, a specific
layout was designed in order to contact it with the large Ti/Au pads in a
four-point configuration. A PMMA electron beam lithography process (see

Appendix [A| for process parameters) was performed using a writefield size of
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100x100 pm. In order to compensate errors of the piezo stage in the SEM
and ensure precise alignment, an automatic writefield alignment procedure
was used. After development, the nanowire sample was mounted in the ther-
mal evaporator and an Ar plasma cleaning was performed for 30 min before
deposition of the contact electrodes. Finally, metal lift-off was performed
resulting in a typical device as shown in Figl6.5d

ig 200 pm 20 pm

(a) Pre-patterned substrate (b) Nanowire imaging (c¢) Typical final device

Figure 6.5: Fabrication of single CuO nanowire devices in a four-point configuration

The four-point configuration is advantageous as it allows the evaluation of
the contributions of nanowire channel and metal-semiconductor contacts to
the overall device resistance. Although a more precise characterization of the
CuO nanowire electrical properties is possible, it has to be noted that the re-
quired fabrication technology is considerably more time-consuming than the
process based on a single photolithographic step (Chapter . Further-
more, an influence of electron beam exposure on the CuO nanowire surface

properties during imaging and electron beam lithography cannot be excluded.

In the following, results will be shown for single CuO nanowires contacted
with a thermally evaporated Ni/Au layer (thickness 10nm and 200 nm, re-
spectively). The contact properties could be considerably improved by using
a thermal annealing step at 400 °C for 5min. This metallization showed ex-
cellent results in terms of long term stability at elevated temperatures, which
is particularly important for the gas sensing operation. In Fig[6.6]a compar-
ison of the IV characteristics in two-point and four-point configuration of a

single CuO nanowire device (channel length 1.9 um, diameter 113nm) can
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be seen. A Suess Microtec probe station and an Agilent 4156C parameter
analyzer were used for the measurements at room temperature in ambient
air conditions. The IV characteristics at 350 °C were measured on assembled
gas sensor devices (Chapter in the gas sensor testing system (Chapter
by means of a Keithley 2400 SourceMeter.

In the room temperature case (Fig symmetric non-linear behavior was
found for two-point configuration measurements. These results can be inter-
preted by a back-to-back Schottky barrier model similar as was proposed
in [246] for SnOy nanowires. The overall device resistance consists of a
forward-biased Schottky barrier, the CuO nanowire resistance and a reverse-
biased Schottky barrier. The current in the CuO nanowire is expected to
be limited by thermionic emission in the reverse-biased Schottky barrier. It
has to be noted that the channel lengths of CuO nanowires contacted in
a four-point configuration were considerably lower than for the two termi-
nal devices (0.9-1.9 pm compared to 5-25pm). Thus a larger influence of
the contacts was observed in two-point measurements. The IV characteris-
tics in four-point configuration revealed the significant contact contribution
to the overall device resistance and CuO nanowire conductivity was calcu-
lated to lie around 2S/m. At T=350°C (Fig[6.6b) small differences between
measurements in two-point and four-point configuration were observed. The
quasi-ohmic device characteristics are interpreted by enhanced thermionic
emission at elevated temperatures. Moreover, CuO nanowire conductivity

decreased by more than one order of magnitude.
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Figure 6.6: Two-point and four-point IV characteristics of a single CuO nanowire device
(channel length 1.9 pm, diameter 113 nm, Ni/Au electrodes)

For further characterization of the Ni/Au contact metallization fabricated by
electron beam lithography, cross-sectional transmission electron microscopy
was performed by the Institute for Electron Microscopy, Graz University of
Technology. The sample was covered with ~500 nm of Pt and a TEM lamella
was prepared using a FIB/SEM Dual Beam Microscope FEI NOVA200. A
FEI Tecnai F20 transmission electron microscope at an electron beam en-
ergy of 200keV was used for image acquisition. In Fig[6.7] the cross-section
of a single contacted CuO nanowire is shown. First of all, a twin boundary
could be observed in the lower image half. This growth behavior is in ac-
cordance with the previous CuO nanowire characterization results (Chapter
, which revealed repeated occurrence of twinning defects. Unfortu-
nately, electron spectroscopy could not be performed due to sample damage
during long-time electron beam exposure. From the imaging results it was
inferred that the CuO nanowire was covered by two polycrystalline layers
with a thickness around 10 nm and 200 nm, thus most probably metallic Ni
and Au. The metal-semicondutor interface appeared sharp and consequently
no ternary phases seemed to have formed during the annealing step. How-
ever, interdiffusion of Ni and Au was reported to occur on thin film samples
in a temperature range of 200-500°C [247] and thus also has to be assumed

in this case.
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20 nm

Figure 6.7: Cross-sectional transmission electron microscopy of Ni/Au contacts

The temperature dependence of CuO nanowire conductivity was further char-
acterized by additional measurements on four devices in dry synthetic air (see
Fig. CuO nanowire conductivity is expected to be influenced by changes
of hole concentration and mobility as well as coverage with chemisorbed oxy-
gen ions. The four devices with various diameters showed comparable tem-
perature dependence of electrical conductivity with an increase of more than
one order of magnitude at T=350°C compared to room temperature. The
room temperature values for electrical conductivity were comparable to those
estimated by two-point measurements (Chapter , which supports the

validity of the previous measurements.
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Figure 6.8: Temperature dependence of electrical conductivity of four CuO nanowires

Gas sensing characterization was performed on various CuO nanowires in
four-point configuration. Typical results can be seen in Figl6.9, where si-
multaneous resistance measurements on two devices during humidity as well
as CO exposure are shown. Methods described in Chapter [5| were applied
and sensor operation temperatures from 300-350°C were chosen. As back-
ground gas synthetic air was used and the total gas flow was kept constant
at 1000 sccm.

CuO nanowire resistance values were found to increase for increasing water
vapor concentrations ranging from around 30% to 70% relative humidity,
as can be seen in Figl6.9al The relative resistance changes of both CuO
nanowire sensors were well comparable for all three investigated operation
temperatures of T=300°C, T=325°C and T=350°C. In repeated experi-
ments reproducible results were achieved validating the long-term stability

of the sensor response to humidity.

During CO exposure at T=350°C increasing CuO nanowire resistance val-
ues were observed for increasing concentrations from 50 to 300 ppm (see
Fig. Again no significant differences of the CO sensing properties of
the two presented devices were found. However, repeated experiments lead

to decreasing relative resistance changes during CO exposure.
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Figure 6.9: Gas measurements on two single CuO nanowires (four-point configuration)

6.1.3 Single Suspended CuO Nanowire

For the fabrication of single suspended CuO nanowire devices a novel method
was developed, which comprised the following steps: First, CuO nanowires
were synthesized by thermal oxidation of a copper wire at 500 °C for 200 min
in ambient atmosphere by a resistive heating method, which is described in
Chapter Next, a CuO nanowire suspension in isopropanol was drop-
coated on Si/SiO, substrates with electroplated Cu structures contacted by
a Ti/Au (thickness 5nm and 200 nm, respectively) metallization layer (see
Fig. The Cu structures had a width of 25 um, a thickness of 2.5 um
and a gap distance of 5 pm in between. A detailed description of the fabrica-
tion process of the electroplated Cu structures can be found in Chapter [4.1.3]
Single CuO nanowires bridging the Cu lines were realized (see Fig by
choosing a proper nanowire concentration in the suspension. Eventually, the
samples were heated up to 200°C and 400°C in ambient atmosphere for
30min and 60 min, respectively. Due to thermal oxidation of the Cu struc-
tures copper oxide growth around the CuO nanowire (see inset of F ig

lead to electrical contact formation.
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Figure 6.10: Fabrication and characterization of single suspended CuO nanowire devices.
a) Cu structures with Ti/Au contact pads, b) suspended CuO nanowire bridging oxidized
Cu structures and c) IV characteristics (room temperature, ambient atmosphere).

In the following, results on a single suspended CuO nanowire device (length
~5num, diameter 170 nm) will be presented. The room temperature IV char-
acteristics were measured (Suess Microtec probe station, Agilent 4156C pa-
rameter analyzer) in ambient air conditions and are shown in Fig[6.10¢ Only
minor nonlinear behavior was observed around 0 V, which indicates that good
contact properties can be achieved by this novel contacting method relying
on growth of an copper oxide layer around a single CuO nanowire. The
electrical resistance of the single suspended CuO nanowire was measured
for different temperatures in dry synthetic air using the assembled gas sen-
sor configuration (gas sensor testing system, Keithley 2400 SourceMeter).

The temperature dependence was very comparable to the results on single
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CuO nanowires in four-point configuration (Fig. However, electrical con-
ductivity is not evaluated in this case due to uncertain series resistance of
the oxidized Cu layer and imprecise length determination of the bent CuO

nanowire.

The gas sensing performance of the single suspended CuO nanowire were
characterized in a similar way as in the previous chapter. The sensor device
was operated in a temperature range of 300-350 °C and was exposed to hu-
midity as well as CO using synthetic air as background gas and a constant

total gas flow of 1000 sccm.

Resistance changes of the single suspended CuO nanowire during humid-
ity and CO exposure are shown in Fig[6.11a] and Figl6.11b] respectively.
The results are well comparable to the gas sensing properties of single CuO
nanowires in a four-point configuration (Chapter. Increasing resistance
values for increasing water vapor as well as CO concentrations were again

observed.
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(a) Humidity exposure (b) CO exposure (dry synthetic air)

Figure 6.11: Gas measurements on single suspended CuO nanowire
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6.1.4 Discussion

The detection of water vapor and CO was explained by the following inter-

action mechanisms with chemisorbed oxygen species on CuO surfaces [7§]:
H20 + Oy + 2Cuc, +h* — 2(Cuf, — OH7) +So (6.1)
CO + 0,4 +h" — CO2 +So (6.11)

As can be seen, a hole is consumed in both of the proposed reactions leading
to a decrease of carrier concentration in the CuO surface accumulation layer
and thus a decrease of conductivity. The experimentally observed resistance

changes are in accordance with this sensing mechanism model.

The CO sensor response was evaluated using S = Rco/ Rair for four different
single CuO nanowires in a four-point configuration and the single suspended
CuO nanowire. The results shown in Figl6.12| indicate a linear concentra-
tion dependence with similar slopes for all the investigated devices. For the
suspended CuO nanowire it can be expected that the specific device config-
uration with a single nanowire entirely surrounded by the gas atmosphere
is beneficial for the sensor performance. In general, no pronounced CuO
nanowire diameter dependence of the sensor performances was observed. As
a consequence, it is assumed that the differences in CO response result from
distinct nanowire faceting and surface termination, as these factors are also

known to have a large impact on metal oxide gas sensing properties [26].

For all the CuO nanowire devices in a four-point configuration a decrease in
CO sensor response was observed in repeated experiments. It was proposed
in literature that disproportionation of CO may lead to carbon poisoning
of metal oxide surfaces due to a decrease in concentration of oxygen species
[248]. Thus the reduced CO response in repeated experiments is attributed to
a smaller number of active surface sites for CO oxidation. However, the long-
term stability of CO sensing in dry and humid atmosphere will be studied in

more detail in Chapter [8.1| using a different type of sensor device.
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Figure 6.12: Comparison of CO response of five single CuO nanowire devices
(dry synthetic air, operation temperature 350 °C)

6.2 Single ZnO Nanowire Devices

For the fabrication of single ZnO nanowire devices in a two-point configura-
tion, similar process steps were used as in the case of single CuO nanowire
devices (Chapter [6.1.1)). ZnO nanowire samples (vapor phase ZnO nanowire
synthesis as described in Chapter were ultrasonicated in isopropanol
resulting in a ZnO nanowire suspension, which was spin coated (Ramgraber
M-Spin150; 1000 rpm, 35s) on 2x2cm Si substrates (300 nm thermal SiOy).
Next, a lift-off process (image reversal resist; see Appendix was performed
in order to structure the contact metallization. Again, a mask design with

comb-like electrodes with distances between 5 pm and 25 pm was used.

The electrical properties of around 15 single ZnO nanowire devices contacted
by either a thermally evaporated Al layer (thickness 100nm) or a thermally
evaporated Al/Au layer (thickness 100 nm/100 nm) were investigated. Room
temperature IV characteristics were measured in ambient air using a Suess
Microtec probe station and an Agilent 4156C parameter analyzer. All devices
showed Ohmic behavior with resistance values between 45k() and 4.2 Mf).
However, at high bias levels non-linearities and device failures were observed,

which was attributed to Joule heating of the single ZnO nanowires. In or-
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der to verify this assumption, additional measurements were carried out in
controlled gas atmosphere as changes in surface reactivity for different bias

levels are a strong indication for self-heating effects [34].

Results are shown for the single ZnO nanowire device (Al/Au electrodes) de-
picted in Fig[6.13al, which has a channel length around 6 pm and a diameter of
228 nm. The room temperature IV characteristics in ambient atmosphere can
be seen in Fig. The electrical conductivity o = 4GL/D*r is approxi-
mately 15S/cm, which is in fair agreement with the values in [249]. However,
it has to be noted that literature results for ZnO nanowire conductivity differ

by eight orders of magnitude due to several influencing factors [250].

(a) (b)

Figure 6.13: a) Single ZnO nanowire device (channel length 6 pm, diameter 228 nm,
Al/Au contacts) in a two-point configuration and b) the IV characteristics (room
temperature, ambient air)

Before the gas sensing experiments, the sample was cleaned by an oxygen
plasma treatment in order to remove photoresist residues. The Si substrate
was glued to a printed circuit board and electrical connections to the ZnO
nanowire were established by wedge bonding to the Al/Au contact pads (F
& K Delvotec 53XX-BDA; 25 pm thick Au wire). Appropriate device biasing
conditions were determined empirically. In Fig[6.14] the normalized electri-
cal resistance of the single ZnO nanowire during exposure to three humidity
pulses is shown. Three measurements were performed with different power
dissipations of 11.5pW, 1.6 mW and 2.2mW. During humidity exposure no

significant resistance change was observed for the lowest bias level, whereas

90



nanowire conductivity increased in the other two cases. This sensor behav-
ior is attributed to enhanced surface reactivity due to Joule heating of the
Zn0O nanowire, which is also supported by the faster response kinetics for
the power dissipation of 2.2mW compared to the measurement at 1.6 mW.
The interaction with water vapor typically results in a resistance decrease of
n-type metal oxide semiconductors, which was also reported for other ZnO
nanowire based devices [251]. The comparatively low gas response of only
few percent can be explained by the low surface to volume ratio due to the
large ZnO nanowire diameter of 228 nm. For a more detailed discussion of
the sensing mechanism additional measurements for estimation of the surface
temperature would be needed, for instance by correlation of sensing results

obtained with nanowire self-heating and with external heating elements [35].
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Figure 6.14: Electrical resistance of single ZnO nanowire for three different biasing
conditions during exposure to three humidity pulses

In [36], self-heated SnO, nanowire gas sensors with a power consumption of
only few tens of ptW were reported, which is almost two orders of magnitude
lower than in the described ZnO nanowire devices. However, these substan-
tial differences appear reasonable when considering the nanowire diameters
(228 nm compared to 35 - 45nm in [36]).

The self-heated ZnO nanowire device was operated at a maximum current
density around 3 - 10° A /m?, which is consistent with the electrical character-
ization results on three other ZnO devices (diameters 88 - 130 nm) that could
sustain maximum current densities between 3 - 10° A/m? and 2 - 10’ A /m?.

These values are considerably higher compared to the critical current den-
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sities of 2 - 610" A/m? of single ZnO nanowires reported in [252]. How-
ever, it is known from literature that single-crystalline nanowires can carry
such high current densities as other authors reported 10 A/m? for SnO,
nanowires [253] or even 3 - 10" A/m? for NiSi, nanowires [254]. As a conse-
quence it can be concluded that the described ZnO nanowires show excellent
material properties in terms of sustaining large current densities and are
thus very promising candidates for the realization of self-heated nanowire

gas sensor devices, which was demonstrated in first measurements.
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7 Nanowire Array Devices

7.1 CuO Nanowire Arrays:
Thermal Oxidation of Electroplated Cu

Electroplated Cu structures were fabricated using the same process steps as
described in Chapter [4.1.3] In order to realize gas sensing devices, the elec-
troplated Cu structures were contacted by a sputtered Ti/Au layer (5 nm and
200 nm thickness, respectively), which was structured by a photolithographic
lift-off process (Appendix . These steps were performed on 4”7 wafer scale
followed by dicing to 5x5 mm chips. After an Ar ion etching process (Roth
& Rau TonSys 500, 2min) for surface cleaning, the samples were oxidized in

a furnace under a constant flow of pure oxygen at 400 °C for three hours.

A typical device (see Figl7.1a) employed eight parallel oxidized Cu lines
(width 25 pm, gap distance 5 um before thermal oxidation) with four of them
connected in parallel by two separate Ti/Au contact pads. The thermal ox-
idation process lead to a reduction of the gap distance between adjacent Cu
lines and CuO nanowire growth on the oxidized Cu structure, similar as de-
scribed in Chapter The gap was bridged by suspended CuO nanowires
(see Figl7.1b), which form an electrical connection between the oxidized Cu
lines and thus between the two Ti/Au contact pads. As mentioned above,
CuO nanowires synthesized with this specific technology typically showed di-
mensions with lengths in the range of few pm and diameters between 15 nm
and 70nm. Most commonly, polycrystalline CuO nanowires with crystallites

at the surface were observed.

The IV characteristics of a typical CuO nanowire array device are presented
in Fig[T.1d Measurements were performed at room temperature in ambient
atmosphere using a Suess Microtech probe station and an Agilent 4156C pa-
rameter analyzer. The nonlinear behavior indicates that potential barriers
between CuO nanowires contacting each other or the adjacent oxidized Cu

structure play an important role for the room temperature electrical device
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properties. The contribution of the CuO nanowire arrays to the overall re-
sistance was estimated by means of test structures on the same substrate.
Measurements revealed that the Ti/Au contact resistance to the oxidized Cu
lines and the series resistance of the oxidized Cu lines were several orders of
magnitude lower than the total resistance of a typical CuO nanowire array
device. Therefore the electrical device resistance could be almost exclusively

attributed to the bridging CuO nanowires between the oxidized Cu lines.

100 pm

(a) Typical device design: eight oxidized (b) CuO nanowires bridging adjacent
Cu lines contacted by Ti/Au pads oxidized Cu lines

(¢) Typical IV characteristics at room temperature in ambient atmosphere

Figure 7.1: CuO nanowire array devices (electroplated Cu)

Electrical measurements were also performed on devices with a different lay-
out of the Cu lines (same dimensions, but arranged in four pairs of adjacent
Cu structures). Due to similar IV characteristics the two device designs were

considered to be well comparable in terms of gas sensing properties.
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Conductometric gas sensors were realized according to methods described
in Chapter 5.1] and gas measurements were performed at different operation
temperatures at a constant total gas flow of 1000 sccm. As the predominant
part of the overall sensor resistance was attributed to the suspended CuO
nanowires, the latter constitute the gas sensitive part of the CuO nanowire
array devices. In principle, gas-induced resistance changes can be expected
from modulation of carrier concentrations in the nanowire channels and of

the potential barriers at grain boundaries.

Electrical resistance changes of CuO nanowire array devices during exposure
to humidity and CO are shown in Figl[7.2a] and Fig[7.2b] First of all, it
has to be noted that the device resistance decreased between one and two
orders of magnitude at the elevated sensor operation temperatures (300-
350°C) compared to room temperature. This finding can be explained by
CuO material properties, changes in coverage with chemisorbed oxygen ions
and enhanced thermal excitation across grain-grain potential barriers. In the
presence of water vapor and small concentrations of CO (10-300 ppm), the
CuO nanowire array resistance increased in both cases, which is consistent
with the results on single CuO nanowire devices presented in the last Chapter.
It can be assumed that the sensing mechanism is again governed by reactions
of ionosorbed oxygen species with HoO and CO, respectively. Considering the
reactions in EqJ6.]]and Eq[6.I]] the increased CuO nanowire device resistance
may be explained by a decrease of hole concentration in the CuO surface

accumulation layer.

In addition, the HyS sensing properties of the CuO nanowire array devices
were investigated. In Fig[7.2d a measurement during exposure to increasing
ppb-level concentrations of HyS at an operation temperature of 150°C is
shown. An initial sensor resistance increase is followed by a steep resistance
decrease of the CuO nanowire array device. The ratio of sensor resistance
after and before H,S exposure was found to be as low as 6.5-107%. After
exposure to dry synthetic air (not shown in the graph) the CuO nanowire

array device did not recover its initial resistance value.
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At an operation temperature of 325 °C, a different sensor behavior was found.
During exposure to ppb-level HsS pulses reversible sensor signals were ob-
served depending on the different concentrations from 10-500 ppb, as can be
seen in Fig. The sensor response, defined as ratio Ry,s / Rair, ranged
from 1.07 to 2.05 demonstrating the excellent sensor performance for HyS

detection in the ppb-level range.
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Figure 7.2: Gas measurements on CuO nanowire array devices (electroplated Cu)

The distinct sensor behavior for the two sensor operation temperatures may
be explained by different chemical reactions at the CuO surface. On the

one hand, it was proposed that HsS molecules react with ionosorbed oxygen
species according to [255]:

HQS + 30(_&(1) + 3h+ — HQO + SOQ + 380 (71)
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On the other hand, it is known that CuO may be converted to CuS during HyS
exposure, whereas reaction of CuS with O, results in the re-oxidation to CuO.

The corresponding chemical equations were suggested as follows [54,256]:

H,S + CuO — CuS + H,0 (7.11)

(3/2)05 + CuS — SO, + CuO (7.111)

In case of the sensor operation temperature of 150 °C, the initial resistance
increase may be explained by the reaction of HyS with ionosorbed oxygen
(Eq[7.]). After prolonged H,S exposure the formation of CuS according to
Eq[7.I]|was reported to result in a steep resistance decrease due to percolating
CuS pathways with metallic behavior [256]. It is expected that the elevated
operation temperature of 325 °C leads to increased CuO surface coverage with
ionosorbed oxygen ions and to enhanced rates of CuS re-oxidation (Eq.
Both these factors are assumed to contribute to the observed reversible HyS

sensing characteristics.

7.2 CuO Nanowire Arrays:
Thermal Oxidation of Evaporated Cu

Based on the results in Chapter [4.1.4] specific Cu structures were designed,
which enable the direct integration of CuO nanowires into a resistive device,
similar as in the previous Chapter. The fabrication of CuO nanowire gas
sensors by thermal oxidation of evaporated Cu structures comprised the fol-
lowing steps: First, a photolithographic lift-off process (Appendix was
performed on 2x2cm Si substrates with 300 nm of thermal SiOs in order to
structure a thermally evaporated Ti/Au layer (thickness 5nm and 200 nm,
respectively). As a result, quadratic contact pads with an edge length of
150 pm were realized. Afterwards, specifically designed Cu microstructures
were fabricated by a second photolithographic lift-off step of a Ti/Cu layer

(thickness 5 nm and 500 nm, respectively). Finally, CuO nanowires were syn-
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thesized by thermal oxidation of the Cu structures at 350 °C for three hours
on a hotplate in ambient atmosphere. As the same Ti/Cu layer and the
same thermal oxidation parameters were used as described in Chapter
very similar results for CuO nanowire synthesis were achieved. The thermal
oxidation process again resulted in the growth of CuO nanowires with very
small diameters between 10nm and 30 nm and presumably single crystalline

or bi-crystalline structure.

The CuO nanowire array devices relied on different designs of Cu lines, as
can be seen in Fig[7.3a and Figl[7.3b] The distance between adjacent Cu
microstructures was carefully chosen as their dimensions increased consid-
erably during the thermal oxidation process, similar as for electroplated Cu
structures (Chapter . A Cu line width of 5um and a gap distance of
2um in between was chosen resulting in bridging CuO nanowires (Fig|7.3c)),
which formed an electrical connection between adjacent oxidized Cu struc-
tures. Thus each gap consists of a multitude of suspended CuO nanowires
in parallel. The device in Figl[7.3a] can be considered as series circuit of five
CuO nanowire arrays, whereas the device in Fig[7.3a] is a parallel circuit of

four CuO nanowire arrays.

The IV characteristics were characterized at room temperature in ambient
atmosphere using a Suess Microtech probe station and an Agilent 4156C
parameter analyzer. Typical results are shown in Fig[7.3d| for both a series
circuit type as well as a parallel circuit type device. It has to be noted that the
two device designs do not only differ in equivalent circuit, but also in lengths
of opposing oxidized Cu lines and thus number of employed CuO nanowires.
However, in general no qualitative differences between the IV characteristics
of the two types of devices were found. Nonlinear behavior was observed
similar as for the CuO nanowire array devices presented in the last Chapter,
which again indicates the presence of potential barriers. Measurements on
several test structures were performed, which also confirmed in this case that
the CuO nanowire arrays contributed to a large part of the overall device

resistance.
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Figure 7.3: CuO nanowire array devices (evaporated Cu)
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The gas sensing properties of these CuO nanowire array devices were char-
acterized in a similar way as in Chapter and measurements are shown in
Fig[7.4l The resistance changes during humidity, CO and H,S exposure are
qualitatively well comparable to the results presented before. The sensing

mechanism is attributed to reactions with ionosorbed oxygen species accord-

ing to Eqs[6.1] and [7.1}

In particular, the CuO nanowire array device realized by thermal oxidation of
evaporated Cu structures showed extraordinary sensor performance for HyS
detection as the largest sensor signals were observed in this case. A detailed
comparative study using different types of sensor devices, which were exposed
to HyS in dry and humid atmosphere, will be discussed in the next Chapter.
In addition, very low HyS concentrations from 1-10 ppb could be detected in
repeated measurements on three CuO nanowire array sensors (see Fig|7.4d
for a representative measurement). It can be expected that the HyS detection
limit of the presented sensor technology lies in the ppt range but cannot be

evaluated with the current experimental setup.

In Table[7.1] the H,S sensing results achieved in this work are compared to lit-
erature reports on conductometric gas sensors. As can be seen, the presented
CuO nanowire array devices are among the most sensitive chemiresistive HyS

sensors, especially in comparison with results based on CuO.

Material ‘ Detection limit [ppb] ‘ Ref.
Au decorated SWCNT 3 [257]
CuO nanowires 2.5 (calculated) [55]
CuO nanosheet 2 (calculated) [255]
CuO doped BSST 1 [258]
Au decorated polyaniline nanowires 0.1 [259]
CuO nanowire array <1 this work

Table 7.1: HsS detection: comparison of CuO nanowire array with literature results
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7.3 7ZnO Nanowire Arrays:
Thermal Oxidation of Evaporated Zn

7Zn0O nanowire array devices were realized as follows: In a first step, contact
pads and electron beam alignment markers were fabricated by a photolitho-
graphic lift-off process (Appendix |A]) of a thermally evaporated Ti/Au layer
(thickness 5nm and 200nm, respectively). Quadratic 2x2cm Si chips cov-
ered with 300 nm of thermal SiO, were used as substrates. Next, electron
beam lithography was performed using a PMMA lift-off process (Appendix
and a writefield size of 100x100 pm. After thermal evaporation regular
arrays of Zn squares (edge length 2.5 pm, gap distance ~500nm, thickness
~250nm) were realized as already described earlier in Chapter [4.2.3] Subse-
quently, a second electron beam lithography step was used for the fabrication
of Al/Au structures (thickness 150 nm and 100 nm, respectively), which were
deposited by thermal evaporation after 30 s of oxygen plasma treatment for
improved electrical contact properties. As can be seen in Fig, the Al/Au
structures formed the electrical contacts between the outer elements of the
regular Zn square array and the Ti/Au pads. For ZnO nanowire synthesis,
the substrates were thermally oxidized at a temperature of 410°C for 1 h on a
hotplate in ambient atmosphere. A typical example of ZnO nanowires bridg-
ing adjacent oxidized Zn squares is shown in Fig[7.5b] As mentioned above,
7Zn0O nanowires synthesized by this specific technology most commonly have
diameters ranging from 10-30nm and lengths below 1-2pm. Several sam-
ples were afterwards functionalized by a thin Au layer with a thickness of
around 2nm. The deposition was performed by thermal evaporation and
was controlled by a quartz crystal microbalance. The functionalized samples
were annealed at temperatures around 400 °C resulting in Au nanoparticle
formation, which can be seen in a SEM image in Fig[7.5d

A Suess Microtech probe station and an Agilent 4156C parameter analyzer
were used for electrical characterization of the ZnO nanowire array and the
ZnO/Au nanowire array devices at room temperature in ambient atmosphere.

Linear IV characteristics were observed in the large majority of measure-
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ments. It is assumed that the overall electrical device resistance was mainly
dominated by the thermally oxidized Zn structures and the ZnO nanowires
bridging the gaps in between. In Fig[7.5d] the IV characteristics of a ZnO
nanowire array before and after Au evaporation are compared. As is obvious,
no short circuit was formed, but device resistance was increased after metal
deposition. It is expected that Au functionalization has two effects on ZnO
conductivity, as was proposed in [13]. The ZnO nanowires are presumably
depleted from electrons due to nanoscale Schottky junctions at the surface
and due to catalytic dissociation of O, molecules and thus enhanced electron

trapping at chemisorbed oxygen ions.
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Figure 7.5: ZnO nanowire and ZnO/Au nanowire array devices
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Conductometric gas sensors were realized and characterized as described in
Chapter Fig[7.6)shows a typical resistance change of a ZnO nanowire ar-
ray device during HyS exposure at an operation temperature of 300 °C using
humid synthetic air as background gas (50% relative humidity). Consider-
able sensor signals up to around a factor of two could be achieved during
exposure to HyS concentrations from 250-750 ppb validating the notable sen-
sor performance. The sensing mechanism is expected to be based on surface

reactions with ionosorbed oxygen species as suggested in [260]:
HoS + 30(:“1) — Hy0O + SO5 + 3Sp + 3e™ (7.1V)

The reaction of HyS with oxygen ions leads to the release of electrons into
the semiconducting metal oxide material. When considering the ionosorption
model this leads to a decreased width of the ZnO surface depletion layer and
thus a decrease of resistivity, which is in accordance with the presented gas
measurement results. However, S diffusion into ZnO nanostructures lead-
ing to the formation of an additional donor level was proposed for elevated
operation temperatures above 300°C . Thus this potential coexistent
mechanism cannot be excluded for the presented measurement results. Sup-
plemental gas measurements accompanied with spectroscopic characteriza-

tion techniques are proposed for further clarification.
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Figure 7.6: HyS sensing with ZnO nanowire array device (50% relative humidity)
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As is known from literature, Au nanoparticle decoration may lead to im-
proved performance of ZnO nanowire gas sensors regarding CO detection
[262]. Thus the gas sensing properties of the ZnO/Au nanowire array devices
were especially evaluated during CO exposure in dry and humid atmosphere.
Measurements were performed at an operation temperature of 350°C in dry
synthetic air as well as at 50% relative humidity and results are shown in
Fig[7.7a] and Fig[7.7h] respectively. In both cases CO concentrations from
10-100 ppm could be clearly detected. Increased gas response was observed

in the case of dry synthetic air and the detection of 1 ppm CO was possible.

The presented measurements of the ZnO/Au nanowire array devices are well
comparable to CO sensing results reported in [263]. Decreased sensor resis-
tance was attributed to electron release during CO reaction with chemisorbed

oxygen ions and the reaction was suggested as follows:

CO + 0,y — COy + S0 + e~ (7.V)

It can be expected that competing surface reactions are responsible for the
differences in sensor performance between dry and humid synthetic air. Ad-
ditional experiments on ZnO nanowire array and ZnO/Au nanowire array
devices are suggested for the future in order to further explore humidity in-
terference effects, which will be more thoroughly studied in the following

using different types of CuO nanowire sensors.

T=350°C ' T=350°C
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Figure 7.7: CO sensing with ZnO/Au nanowire array device
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8 CuO Nanowire Gas Sensors:

Humidity Interference

As water vapor is present in ambient atmosphere, humidity interference ef-
fects on the gas sensor performance have to be thoroughly studied regarding
practical applications. In literature, few experimental data on the influence
of humidity on the performance of CuO based gas sensors can be found. In
the following, the CO and HsS response in dry and humid synthetic air of

several different realizations of CuO nanowire gas sensors will be studied.

8.1 CO Sensing in Dry and Humid Atmosphere

The CO response of single CuO nanowires in a four point configuration
(Chapter was studied at an operation temperature of 350°C in dry
synthetic air and at 50% relative humidity. Decreased CO response in the
presence of water vapor was observed, which is in accordance with literature
results on CuO thick film sensors [78]. When considering the surface reac-
tions Eq[6.]] and Eq[6.IT] competition between H,O and CO molecules for
CO reaction partners can be assumed. However, reduced CO sensitivity of
the single CuO nanowire devices was observed in repeated experiments and
attributed to carbon poisoning of the CuO surface (see Chapter [6.1.4). As a

consequence, no extended systematic studies could be performed.

Furthermore, humidity interference effects during CO exposure was studied
using CuO nanowire array devices realized by thermal oxidation of evapo-
rated Cu structures (Chapter . In this case measurements were performed
at a constant operation temperature of 350 °C using the following procedure:
the CuO nanowire sensor was first exposed to ten repeated pulses of CO
(concentration 100 ppm) in dry synthetic air followed by ten pulses in humid
synthetic air (50% relative humidity) and then ten pulses in dry synthetic
air again. The sensor response was evaluated according to Rco/Res- and the
results are shown in Fig/8.1]
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Figure 8.1: Evaluation of CO sensor response in dry and humid atmosphere
(sensor operation temperature 350 °C)

First of all, no significant sensor poisoning was observed during the total
measurement time of 23 hours. Thus the CuO nanowire array device showed
superior long term stability of the CO response compared to the single CuO
nanowire devices in a four point configuration. These results may be poten-
tially explained by varying surface properties of CuO nanowires synthesized

by different growth techniques.

As can be seen in Fig[8.1] the CO response of the CuO nanowire array devices
was only slightly influenced by the presence of water vapor molecules, which is
highly beneficial regarding a practical sensor application. Most interestingly,
the CO response was slightly increased in humid atmosphere, which is in
contrast to [78] where the opposite behavior was observed for CuO thick
film sensors at an operation temperature of 150°C. Apart from varying
CuO surface properties two main reasons are assumed to be responsible for
the differing results: Firstly, the comparatively high operation temperature
of 350°C is expected to lead to fast kinetics of the chemical reactions at
the CuO nanowire surfaces. Secondly, gas species can be readily adsorbed
at/desorbed from the sensor surface due to the specific sensor configuration
employing suspended CuO nanowires. Both these factors should lead to high
adsorption/desorption rates and thus reduced competition between CO and

H50O molecules for O~ reaction partners.
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8.2 H5S Sensing in Dry and Humid Atmosphere

Humidity interference effects during HyS exposure were studied by comparing
three different types of CuO nanowire gas sensors, i.e. the single suspended
CuO nanowire (Chapter , a CuO nanowire array device fabricated by
thermal oxidation of electroplated Cu (Chapter ; in the following termed
interdigitated CuO nanowire sensor) and a CuO nanowire array device fab-
ricated by thermal oxidation of evaporated Cu (Chapter ; in the following
termed bridge-to-bridge CuO nanowire sensor). The sensors were operated
at a constant temperature of 325 °C and were exposed to different concentra-
tions of HyS (10-500 ppb) in dry as well as humid (35%, 50% and 65% relative
humidity) synthetic air. Measurement results are presented in Fig.. As
can be seen, all the three investigated CuO nanowire gas sensors were ca-
pable of detecting low HsS concentrations ranging from 10 ppb to 500 ppb.
In general both CuO nanowire array devices exhibited more stable sensor
signals compared to the single suspended CuO nanowire in dry as well as
humid atmosphere. It is assumed that this advantage of the multiple CuO
nanowire devices results from the fact that the device resistance depends on

a large number of CuO nanowires.
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The sensor performance of the three CuO nanowire devices was quantified
and compared by calculating the sensor response according to Rpy,s/Rair-
Results for the single suspended CuO nanowire are presented in Fig[8.3a] for
different relative humidity levels. In this case, resistance drifts were con-
sidered by calculating the sensor resistance mean value of 300 data points
(corresponding to approximately 5 minutes) before each HsS pulse and at
the end of each HyS pulse. No distinct increase or decrease in HyS response
was observed when comparing the results for dry and humid synthetic air.
For the case of the interdigitated CuO nanowire sensor and the bridge-to-
bridge CuO nanowire sensor, the HyS response for different relative humidity
levels is shown in Fig[8.3b]and Fig[8.3d, respectively. Both CuO nanowire ar-
ray devices exhibited significantly enhanced HsS response in humid synthetic
air, rather independent of relative humidity level. Results at 50% relative
humidity are compared for all three CuO nanowire sensors in Fig/8.3dl The
bridge-to-bridge CuO nanowire sensor, which employed CuO nanowires with
the smallest diameters, clearly showed the highest HyS response in the inves-

tigated concentration range.
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The device designs of the three investigated CuO nanowire gas sensors ob-
viously showed significant differences, which has to be considered for proper
interpretation of the measurement results. The IV characteristics were mea-
sured in ambient atmosphere at the sensor operation temperature of 325°C
for all three CuO nanowire sensors (see Figl8.4). Due to the Ohmic behavior
it is assumed that the CuO nanowire channels dominated the sensor resis-
tance rather than potential barriers between CuO nanowires contacting each
other or the adjacent oxidized Cu structure. Consequently, it is expected
that the same transduction mechanism of the HyS reaction was dominant
in all three investigated devices. However, the results on the interdigitated
CuO nanowire gas sensor and the bridge-to-bridge CuO nanowire gas sen-
sor cannot be directly compared with literature reports on CuO nanowire
arrays, which were mechanically contacted after synthesis [54]. In that case,
nonlinear IV characteristics were found and the H,S response was attributed

to potential barrier modulation between touching CuO nanowires.

Gas molecule impingement rates on the CuO nanowire surfaces were esti-
mated using similar assumptions as in [150]. It can be expected that the
conductivities of the multiple CuO nanowire channels were modulated ho-
mogeneously across the whole sensor area due to the high number of HyS
molecules impinging on the CuO nanowire surfaces. Consequently the dif-
ferences in equivalent circuit model of the interdigitated CuO nanowire sen-
sor (parallel circuit of CuO nanowire arrays) and the bridge-to-bridge CuO
nanowire sensor (series circuit of CuO nanowire arrays) should have no in-

fluence on the gas sensing mechanism.
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(a) Single suspended CuO nanowire (b) Interdigitated CuO nanowire sensor

(¢c) Bridge-to-bridge CuO nanowire sensor

Figure 8.4: IV characteristics of the three CuO nanowire sensors at T=325°C

Therefore the differences in HoS sensing properties of the three investigated
devices is attributed to the diameter of the employed CuO nanowire sensing
elements. It can be assumed that the diameter of the single suspended CuO
nanowire (170nm) considerably exceeds the Debye length for CuO, which
was estimated to lie between 3nm and 23nm [7§]. In this case, the CuO
nanowire resistance consists of a bulk contribution and a surface accumula-
tion layer contribution with the latter being influenced by the surrounding
gas atmosphere. Thus the HsS response is exclusively attributed to a mod-
ulation of the carrier concentration in the accumulation layer at the CuO

nanowire surface.

Due to the large diameter of the single suspended CuO nanowire of 170 nm, a
lower gas response is observed compared to both multiple CuO nanowire sen-

sors, which employ nanowires with much smaller diameters. In literature [84],

114



single SnOy nanowires with diameters from 41-117 nm were compared. Dif-
ferences in gas response up to a factor of 2 were found, which is in qualitative

agreement with the results presented here.

In literature, the interaction of CuO surfaces with HoO and H,S was ex-
plained in both cases by reactions with chemisorbed O~ species (see Eq.
and Eq.. Thus a decreased HsS response is intuitively expected in the
presence of water vapor molecules due to a competition for reaction part-
ners. However, increased HyS response in humid synthetic air was clearly
observed for both CuO nanowire array devices. In order to explain the mea-
surement results, the following model is proposed: It is assumed that the
bulk carrier concentration in the CuO nanowires is influenced by humid-
ity, similar as was reasoned in [264] for SnO, gas sensors. In the case of
the p-type semiconductor CuQO, the initial density of bulk free holes Nj is
modified to a reduced density of free holes Ny, ,gz. As the Debye length is
inversely proportional to the square root of the free hole density (Eq., it
is increased in the presence of humidity due to chemisorption of water vapor
molecules. If the surface space charge layer does not extend into the whole
nanowire, the conductance consists of a bulk and a surface contribution. In
this case, a humidity induced Debye length increase would lead to a more

efficient modulation of the CuO nanowire gas sensor resistance by HsS.

The single suspended CuO nanowire showed no distinct increase or decrease
of HyS response in dry or humid atmosphere. It is expected that the mod-
ulation of the Debye length by humidity is not observed in this case as this
effect should be small compared to the large nanowire diameter (170 nm).
However, for the interdigitated CuO nanowire sensor (nanowire diameter
15-70nm) and the bridge-to-bridge CuO nanowire sensor (nanowire diame-
ter 10-30nm) it can be assumed that the proposed humidity induced Debye
length increase is comparable to the nanowire diameters and is therefore

observed in the electrical resistance measurements.

Due to the large number of water vapor molecules in humid synthetic air,

the CuO nanowire surfaces were almost saturated for all relative humidity
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levels. Therefore, only a minor influence on the free hole density Ny, .z is
expected leading to small differences in the HyS response for the different
relative humidity levels. Moreover, the ratio of the HyS responses Spumia/Sair
is larger for the bridge-to-bridge CuO nanowire sensor. This indicates that
the increase of HyS response in humid synthetic air depends on the nanowire

diameter, which would support the discussed HyS sensing model.
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9 C(CuO Nanowire Integration on
CMOS Microhotplates

9.1 CMOS Microhotplates: General Description

Within the CATRENE COCOA project, CMOS microhotplates were de-
signed and fabricated in a collaborative work of AIT Austrian Institute of
Technology, ams AG and the Department of Micro- and Nanosystems at the
University of Applied Sciences Wiener Neustadt. Detailed characterization

and performance results of the developed CMOS microhotplates can be found
in [265].

In principle the presented microhotplate devices were based on a polysilicon
heating resistor in a standard CMOS layer stack (see Fig. Thermal
conduction through the bulk Si had to be minimized by Si removal beneath
the dielectric layers in order to achieve low power consumption heating to
elevated temperatures up to 400 °C. The simplest microhotplate design, i.e.
a suspended membrane, is schematically depicted in Fig[0.1h] for a better
understanding of the general working principle. However, more sophisticated
MEMS devices were realized in order to achieve improved heating efficiency

and homogeneous temperature distribution.

metal 4
metal 3

(a) CMOS layer stack (b) Suspended membrane

Figure 9.1: CMOS microhotplate schematics
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Standard 0.35 pm CMOS technology was used for the fabrication of the mi-
crohotplate devices used in this thesis. The design was based on a suspended
microbridge supported by four arms, which is shown in Fig[9.2al Metal con-
tacts protruding out of the passivated surface were realized by few additional
process steps, which were all performed in a CMOS environment on wafer-
scale. The cavity was fabricated by a front side etching step of the dielectric

layers and an isotropic XeFs-based Si dry etching process.

Specifically designed polysilicon heaters were used in order to ensure a homo-
geneous temperature distribution all over the suspended microbridge. Due
to minimized thermal conduction through the four suspension arms the sur-
roundings of the microhotplate remained at ambient temperature, which was
confirmed by thermographic measurements [265]. The local microhotplate
temperature could be measured by means of integrated thermistor or ther-
mocouple sensors. Fig[0.2b| shows a typical temperature versus power con-
sumption curve of a CMOS microhotplate device. For a heating power of

only approximately 20 mW a local temperature around 350 °C was achieved.

(a) Microhotplate device (30°tilted) (b) Temperature versus power consumption

Figure 9.2: CMOS microhotplate and its device performance
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9.2 CuO Nanowire Synthesis by
Local Microhotplate Heating

Integrated gas sensor devices were achieved by using a similar technology as
for CuO nanowire array devices (Chapter . However, the process tech-
nology had to be adapted in order to account for particularities of the CMOS
substrate and because of process flow restrictions. In the following, the re-
quired steps are described and results on the synthesis of CuO nanowires by

local heating on CMOS microhotplates are presented.

1

lithography
(protective resist)

: isotropic
lithography SOuropIe

dry etching

Cu deposition,

lift-off

resist removal

Figure 9.3: Device fabrication process flow

A schematic diagram of the device fabrication process flow is shown in Fig[9.3
After CMOS fabrication the wafer was diced to samples with a size of around
2x2cm. Next, electron beam lithography and lift-off was used for struc-
turing of a thermally evaporated Ti/Cu layer (thickness 5nm and 500 nm,
respectively). Furthermore, a protective resist was applied and patterned
in a second electron beam lithography process. Subsequently, an isotropic
XeFs-based Si dry etching process was performed for under-etching of the
suspended microbridge. Figl9.4al shows the final CMOS microhotplate sup-
ported by four arms after removal of the protective resist. Eight Cu lines
(width 5pum, gap distance 2 pm) contacted the metal layer underneath in a
specific configuration and thus could be interfaced by standard CMOS bond
pads on the sample chip.
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Local heating of the CMOS microhotplates was used for thermal oxidation of
the Cu lines resulting in the growth of CuO nanowires. A constant current of
4.5 mA was applied to the polysilicon heater resulting in a power dissipation
of 19.7mW, which corresponds to a temperature around ~350°C. After the
thermal oxidation process was performed for one hour in ambient atmosphere,
CuO nanowires were observed on the oxidized Cu surfaces (see Figl9.4b).

The CuO nanowire synthesis results achieved by local heating on CMOS mi-
crohotplates are well comparable to those presented in Chapter [4.1.4] where
heating of the whole Si substrate was used for the thermal oxidation process.
Similar CuO nanowire dimensions (diameters 10-30 nm) and areal density
were observed. As can be seen in Fig[9.4b] CuO nanowires bridged the gap
between adjacent oxidized Cu structures and thus form an electrical connec-
tion, similar as described in Chapter [7.2] As a result, CuO nanowires were

successfully integrated as components of resistive devices on CMOS micro-

hotplates.
(a) Microhotplate device with (b) CuO nanowires on the surface
eight Cu lines (30°tilted) of thermally oxidized Cu lines

Figure 9.4: Integration of CuO nanowire arrays on CMOS microhotplates
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9.3 (Gas Sensing Results

From the device design (see Figl9.4a) it can be seen that the electrical resis-
tance could be measured between several different contact electrodes. In the
following, gas sensing results are shown for the case of two CuO nanowire
arrays in series contributing to the overall sensor resistance. The polysilicon
heater was biased with a constant current of 4.35 mA, which corresponded to
a power consumption of 18.2mW and a microhotplate temperature around
325°C. Electrical resistance changes of the CuO nanowire gas sensor during
exposure to three pulses of humidity are shown in Fig[0.5a] Increasing CuO
nanowire array resistance in the presence of water vapor with large sensor
responses up to a factor of two were observed. The gas sensing properties of
the CMOS integrated CuO nanowire device was also investigated during ex-
posure to three CO pulses with concentrations between 10 ppm and 100 ppm
(Fig. The measurement demonstrated that the presented gas sensor
was able to detect CO in the investigated concentration range with sensor
responses up to around 17%. These findings are well comparable with re-
sults on similar CuO nanowire array devices on Si substrates assembled with
external heating elements (Chapter . The increased sensor resistance
in the presence of water vapor and CO was again attributed to reactions
with ionosorbed oxygen species (Eq and Eq., respectively) leading to

a decrease of charge carriers in the CuO surface accumulation layer.
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(a) Humidity exposure (b) CO exposure (dry synthetic air)

Figure 9.5: Gas measurements on CMOS integrated CuO nanowire array
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10 Outlook

Decoration of metal oxide nanowires with metal nanoparticles is known as
powerful technique in order to achieve improved gas selectivity, in partic-
ular in combination with electronic nose approaches |1§]. Results on Au
nanoparticle decorated ZnO nanowires have been presented in Chapter [7.3
of this thesis. For the future, nanowire decoration with nanoparticles by
means of magnetron sputter gas aggregation is proposed. First experiments
were conducted at Okinawa Institute of Science and Technology (Japan) on
single CuO nanowires and multiple CuO nanowire array devices (Fig{10.1)).
This method is expected to be ideally suited for the gas sensing application

due to its versatility and the high degree of deposition parameter control.

Z[nm]

0.0

—

G X
S 1000 X[nm] 100 nm
200.0
(a) Pd nanoparticles on CuO nanowire (b) PdMg nanoparticles on
and SiOy substrate (AFM image) suspended CuO nanowires

Figure 10.1: CuO nanowires decorated with metal nanoparticles

Heterostructures of different metal oxide materials are known as potential
candidates for chemiresistive devices with improved performance. For in-
stance, CuO deposition on ZnO nanowire based sensors was reported to lead
to a considerable increase in gas response [159]. First experiments showed
that the metal oxide nanowire synthesis techniques presented within this the-
sis may be easily adapted for the realization of CuO-ZnO heterostructures.
CuO nanowire synthesis and subsequent ZnO nanostructure deposition could

be achieved in a single synthesis step by changing gas environments. SEM
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images and EDX characterization of preliminary experiments are shown in
Fig/10.2l Due to the promising initial results additional studies are suggested

for the future.

(a) low ZnO nanostructure coverage (b) high ZnO nanostructure coverage
(c) EDX characterization: SEM (d) EDX characterization: O K-edge
(e) EDX characterization: Cu L-edge (f) EDX characterization: Zn L-edge

Figure 10.2: Synthesis of CuO-ZnO heterostructures

In addition, heterojunctions on CuO nanowires through surface functional-
ization with SnOy nanocrystals were reported to improve the gas sensing
properties [161]. Within the research work of this thesis a novel self-aligned
fabrication method for longitudinal SnOs heterojunctions on CuO nanowires
has been demonstrated. Spray pyrolysis of SnO, thin films [266] was per-

formed on SiO, substrates with randomly dispersed single CuO nanowires.
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A cross-sectional TEM image of a CuO-SnO, heterostructure is shown in
Fig[l0.3al After an additional Ar ion etching step the top CuO nanowire
surface could be exposed and longitudinal SnO; heterojunctions remained at
both sides of the CuO nanowire (Figfl0.3b). Further investigations on the
gas sensing properties of such devices is expected to be highly promising in

terms of sensitivity and selectivity improvements.

50 nm 50 nm

(a) SnOg thin film on CuO nanowire (b) Longitudinal heterojunctions

Figure 10.3: Self-aligned fabrication of CuO-SnO5 heterojunctions by Ar ion etching

CMOS integration is a crucial step for the realization of miniaturized, inex-
pensive gas sensor systems with high performance [104]. Within this thesis
CuO nanowire array devices integrated on CMOS fabricated microhotplates
have been demonstrated and their gas sensing performance has been vali-
dated. The low thermal time constant of the microhotplate devices enables
the possibility of fast operation temperature modulation of the CuO nanowire
array devices, which is expected to lead to enhanced gas selectivity. Further-
more, the simultaneous integration of CuO nanowire arrays, ZnO nanowire
arrays and nanocrystalline SnOs thin films is envisaged in the future and is
considered as major step towards the realization of electronic nose systems
based on CMOS integrated nanomaterials. The combination of on-chip elec-
tronics and low power consumption microhotplates is predicted to result in

efficient gas sensor devices suitable for daily life applications.
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11 Conclusion

Within the framework of this thesis, CuO and ZnO nanowires were studied
in terms of synthesis, characterization, device fabrication, CMOS integration
and electrical as well as gas sensing characterization. The main findings may

be recapitulated as follows:

CuO and ZnO nanowires were successfully synthesized using thermal oxida-
tion and vapor phase methods. Different growth substrates and synthesis
parameters resulted in adjustable nanowire diameters and lengths ranging
from few pm up to several tens of pm. Various techniques were employed for
nanomaterial characterization and the synthesis results could be correlated
with established literature growth models. In particular nanowire synthesis
by thermal oxidation of microstructured Cu and Zn thin films was found to
be suitable for growth of nanowires with small diameters between 10 nm and

30nm at defined substrate positions.

Based on the nanowire synthesis results, several different types of devices
were realized. Single CuO nanowire devices were fabricated in two-point,
four-point and suspended configuration and the electrical properties were ex-
tensively characterized. The gas sensing properties of single CuO nanowires
were studied during exposure to water vapor and CO in the ppm-level con-
centration range. The CO response of several different single CuO nanowire
devices was compared and implications on the sensing mechanism were dis-

cussed.

Single ZnO nanowires were employed in a two-point configuration and were
studied regarding self-heated gas sensing by utilizing the Joule effect. The
devices showed reproducible linear IV characteristics and the single ZnO
nanowires could sustain high maximum current densities up to approximately
10'° A /m?, which is an excellent result compared to other literature reports.
Gas sensing experiments during humidity exposure for three different biasing
conditions confirmed that the presented single ZnO nanowire devices are

suitable for self-heated gas sensor operation.
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Although single nanowire sensors are well suited as model system for the char-
acterization of the gas sensitivity of a single nanowire channel, the nanowire
transfer process step and variations of nanowire diameters make this sensor
concept problematic in terms of device reproducibility. Therefore a spe-
cific fabrication technology was used for direct integration of CuO and ZnO
nanowire arrays by thermal oxidation of Cu and Zn microstructures. The
main advantages of thermal oxidation synthesis are low cost, simplicity and
moderate process temperatures around 400 °C, which makes this technique
compatible with CMOS backend integration. Due to specific geometric con-
figurations, the gaps between adjacent thermally oxidized structures were
bridged by multiple CuO or ZnO nanowires, which could be thus employed as
resistive device components. Consequently, no additional nanowire transfer
process and no further fabrication steps were required after nanowire syn-
thesis, which avoids potential surface contamination. CuO nanowire, ZnO
nanowire and ZnO/Au nanowire array devices were realized and their gas
sensing properties for the detection of CO and HsS were extensively charac-
terized. In particular CuO nanowire array devices were found to be suitable
for highly sensitive HsS detection down to concentrations as low as 1ppb,
which is among the best literature results reported for conductometric HyS

SENSsOors.

Humidity interference effects during CO and HsS exposure were thoroughly
studied using different types of CuO nanowire gas sensors. In general, favor-
able gas sensing properties in humid atmosphere were found and thus CuO
nanowire devices are a promising candidate for sensor operation under re-
alistic ambient air conditions in the presence of water vapor. Furthermore,
a sensing mechanism model was proposed in order to explain the observed
experimental results for the different sensor realizations. As the influence
of humidity on the gas sensor response of CuO based devices is hardly ex-
plored in literature, the presented findings may contribute to an improved

understanding of the gas sensing mechanism in dry and humid atmosphere.
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Most importantly, the integration of CuO nanowire arrays on CMOS mi-
crohotplates was demonstrated. Thermal oxidation of evaporated Cu mi-
crostructures and the resulting CuO nanowire growth was achieved by local
heating of the microhotplate devices. In contrast to heating of the whole
substrate for nanowire synthesis, the proposed method could be possibly
performed on already packaged samples directly before gas sensor operation.
Consequently, potential surface contaminations are avoided as no further
processing steps are required after CuO nanowire growth. Furthermore, lo-
cal nanowire synthesis may enable the simultaneous integration with other
sensing materials not suitable for high temperature treatments, such as con-
ductive polymers for instance. However, thermal oxidation synthesis of CuO
nanowires is CMOS backend compatible due to the low process temperature
(350°C) and can be in principle performed on wafer-scale. The gas sens-
ing properties of the CuO nanowire array devices on CMOS microhotplates
were found to be well comparable with results achieved on samples heated by
means of external microheaters, which validates the feasibility of the overall

sensor integration concept.

In summary several different types of conductometric gas sensors based on
metal oxide nanowires could be realized. The gas sensing properties were
extensively characterized, in particular for the detection of the toxic gases
CO (ppm-level range) and HyS (ppb-level range). Due to the excellent sen-
sor performances potential applications in industrial occupational health and
safety or in environmental air quality monitoring can be envisaged. CMOS
compatible fabrication technologies for efficient nanowire device integration
were developed, which are suitable for high volume industrial production on
wafer scale. The integration of CuO nanowire arrays on CMOS microhot-
plates resulted in miniaturized gas sensing devices which could be operated
at a low power consumption of less than 20 mW. It is expected that the com-
bination of CMOS technology and nanomaterials will lead to the realization

of next-generation smart gas sensor systems for daily life applications.
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Finally it has to be noted that several results achieved within this the-
sis contributed to the successful submission of the project proposal ”Multi
Sensor Platform for Smart Building Management” (MSP), which is funded
by the European Union under Framework Programme 7, Grant Agreement
No.611887 (see hittp:// www.multisensorplatform.eu). The three-year project
focuses on Key Enabling Technologies such as 3D system integration using
through-silicon vias as well as CMOS integration of nanotechnology-based
sensors. These novel technologies are expected to result in innovative sensor
systems for smart building management or smartphone-integrated air quality
monitoring devices. MSP is coordinated by the Materials Center Leoben and

comprises 17 partners from six European countries.
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Appendices

A Lithography Processes

Description

Parameters

‘ Used equipment

resist

AZ5214E
(MicroChemicals GmbH)

spin coating

4000 rpm; 35s

Ramgraber M-Spin150

prebake 100°C; 60s hotplate
exposure 80 mJ /cm? EVG620 mask aligner
reversal bake 100°C; 60s hotplate
flood exposure 250 mJ/cm? EVG620 mask aligner

development

AZ726 MIF; 35s

rinsing

DI water; >2min

metal deposition

material dependent

Univex 450 evaporator
Univex 450C sputtering

lift-off

Aceton; >8h

rinsing

Isopropanol; >1min

Table A.1: Process parameters for photolithography lift-off process
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Description

Parameters

‘ Used equipment

resist

ARP 679.04
(Allresist GmbH)

spin coating

4000 rpm; 45 s

Ramgraber M-Spin150

prebake 150°C; 120 hotplate

exposure 144 pA s/cm? Zeiss SEM Supra 40
acceleration voltage 20 kV

development AR 600-56; 60s -

AR 600-60; 30s

metal deposition

material dependent

Univex 450 Evaporator
Univex 450C sputtering

lift-off

Aceton; >8h

rinsing

Isopropanol; >1 min

Table A.2: Process parameters for electron beam lithography lift-off process

B Test Gas Compositions

Test gas ‘ Diluted in ‘ Concentration
synthetic air - 80% N, 20% O
<0.1 ppm hydrocarbons
<0.1ppm NO,
CcO No 902 ppm
HsS Ny 10.1 ppm
H,S (low conc.) N, 0.61 ppm

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