TECHNISCHE
UNIVERSITAT
DRESDEN

Silicon Nanowire based Sensor for H ighly
Sensitive and S elective Detection
of Ammonia

Dissertation
zur Erlangung des akademischen Grades
Doktoringenieur
(Dr.-Ing.)

vorgelegt von

Cindy Schmadicke
geboren am 21. November 1987 in Dresden

Technische Universitat Dresden
Fakultat Maschinenwesen
Institut fur Werkstoffwissenschaft
Lehrstuhl fur Materialwissenschaft und Nanotechnik

2015
Tag der Einreichung: 22.01.2015
Tag der Verteidigung:07.04.2015
1. Gutachter: Prof. Dr. Gianaurelio Cuniberti, TU Dresden
2. Gutachter: Prof. Dr. Timothy M. Swager, Massachusetts Institute of Technology

3. Gutachter: Prof. Dr. Andrés F. Lasagni, TU Dresden






Erklarung

a) Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulassige Hilfe Dritter und
ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus fremden

Quellen direkt oder indirekt tbernommenen Gedanken sind als solche kenntlich gemacht.

b) Bei der Auswahl und Auswertung des Materials sowie bei der Herstellung des Man u-

skripts habe ich Unterstltzungsleistungen von folgenden Personen erhalten:
Markus Poétschke (Unterkapitel 3.3 und 3.5)

Manfred Bobeth (Unterkapitel 3. 3 und 3.5)

Sebastian Pregl (Unterkapitel4.1)

Andreas Gang (Unterkapitel 4.4 und 4.5)

Felix Zorgiebel (MATLAB-Programmierung)

Jan Voigt (Unterkapitel 5.3)

Gero Wiemann (Unterkapitel 5.3)

Weitere Personen waren an der geistigen Herstellung der vorliegenden Arbeit nicht beteiligt.
Insbesondere habe ich nicht die Hilfe eines kommerziellen Promotionsberaters in Anspr uch
genommen. Dritte haben von mir keine geldwerten Leistungen fur Arbeiten erhalten, die in

Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.

c) Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder ahnlicher Form

einer anderen Prifungsbehoérde vorgelegt und ist auch noch nicht veréffentlicht worden.

d) Die Promotionsordnung der Fakultat Maschinenwesen an der TU Dresden vom

01.07.2001 wird anerkannt.






Abstract

Abstract

The precise determination of the type and concentration of g ases is of increasing importance
in numerous applications. Despite the diverse operating principles of today's gas sensors,
technological trends can be summarized with the keyword miniaturization, because of the
resulting benefits such as integrability and energy efficiency.

This work deals with the development and fabrication of novel nanowire based gas sensors,
which in comparison to conventional devices have an advantageous combination of high
sensitivity and selectivity with low power consumption and small size. On the basis of
grown silicon nanowires, sensors based on the functional principle of classical Schottky bar-
rier field effect transistors with abrupt metal -semiconductor contacts are fabricated. The
sensing performance of the devices is investigated with respect to the detection of ammo-
nia. Ammonia concentrations down to 170 ppb (120 pg/m3) are measured with a sensor re-
sponse of more than 160 % and a theoretical limit of detection of 20 ppb is determined. Se-
lectivity investigations show that no ¢ ross sensitivity to most common solvents occurring in
living spaces exists. Moisture influences on the device are studied and reveal that the se n-
sor responds within seconds, making it potentially suitable as humidity sensor. Moreover, it
is shown that a higher relative humidity and higher temperatures decrease the sensor sensi-
tivity. In terms of possible applications, it is a great advantage that the maximum sensitivity
is achieved at 25 °C.

With respect to sensitivity and selectivity an enhancement is demo nstrated compared to
most nanosensors known from the literature. Hence, the technology offers the potential to

complement conventional measurement systems in future sensor technology especially in

portable applications.



Kurzfassung

Kurzfassung

Die prazise Bestimmung der Art und Konzentration von Gasen erlangt in zahlreichen Anwen-
dungsgebieten zunehmend an Bedeutung. Trotz der vielfaltigen Wirkprinzipien heutiger Gas-
sensoren lassen sich die technologischen Trends mit dem Schlagwort Miniaturisierung z u-
sammenfassen, da sich daraus entscheidende Vorteile wie Integrierbarkeit und Energieeffi-
zienz ergeben.

Diese Arbeit beschaftigt sich mit der Entwicklung und Herstellung neuartiger nanodrahtb a-
sierter Gassensoren, welche im Vergleich zu klassischen Sensoren eine vorteilhafte Kombi-
nation von hoher Sensitivitdt und Selektivitdt bei geringem Stromverbrauch und geringer
GroRRe aufweisen. Auf der Grundlage gewachsener Silizium-Nanodrahte werden Sensoren
mit abrupten Metall -Halbleiter-Kontakten hergestellt, welche auf dem Funktionsp rinzip klas-
sischer Schottkybarrieren-Feldeffekttransistoren beruhen. Die Eignung der Sensoren wird in
Bezug auf die Detektion von Ammoniak untersucht. Dabei kann eine minimale Ammoniak-
konzentration von 170 ppb (120 pg/m3) mit einer Signalanderung von mehr als 160 % ge-
messen werden, wobei die theoretische Nachweisgrenze mit 20 ppb ermittelt wird. Selekti-
vitdtsuntersuchungen zeigen, dass keine Querempfindlichkeit gegeniiber den am haufigsten
in Wohnrdumen vorkommenden Ldsungsmitteln besteht. Feuchtigkeitseinfl Gisse auf den
Sensor werden untersucht und es wird nachgewiesen, dass der Sensor Ansprechzeiten im
Sekundenbereich besitzt, was ihn zu einem potenziell geeigneten Feuchtigkeitssensor
macht. Darlber hinaus wird gezeigt, dass eine hdhere relative Luftf euchtigkeit und hohere
Umgebungstemperatur en die Sensorsensitivitt verringern. In Bezug auf mogliche Einsatz-
gebiete stellt die maximale Empfindlichkeit bei 25 °C einen grof3en Vorteil da.

Bezogen auf Sensitivitat und Selektivitat wird somit eine Verbesserung im Vergleich zu den
meisten aus der Literatur bekannten Nanosensoren demonstriert. Damit bietet die Techno-
logie das Potential, konventionelle Messsysteme in zuklnftiger Sensorik vor allem in portab-

len Anwendungen zu ergénzen

Vi
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1 Introduction

1 Introduction

1.1 Motivation

To date, over 1000 different compounds have been identified in human breath [1]. Many of
those molecules have been correlated to various diseases and metabolic processes. For
example, during the last decade approximately 115 volatile biomarkers appearing in exhaled
breath have been determined being related to cancer [2]. Breath analysis permits the use of
non-invasive, reakime, and thus cost -effective methods for the diagnosis o f a wide variety
of diseases, including neonatal screening, asthma, renal and liver diseases, lung cancer,
chronic obstructive pulmonary disease, inflammatory lung disease, or metabolic disorders [ 3,
4].

One approach in the exploitation of exhaled air for diagnostic purposes is the use of dogs.
Those can be trained to e.g. identify people with bladder cancer on the basis of urine odor
[5]. However, it is considered disadvantageous that the mean success rate for olfactory d e-
tection by dogs is around 40 %, wh ich is relatively low compared to about 15 % expected by
chance alone [5]. Additionally, using dogs only allows a qualitative estimation, but no quanti-
tative evaluation of the composition of exhaled breath, which is however required for a rapid
and enhanced diagnosis of diseases. It remains impressive that dogs can smell molecule
concentrations range from tens of parts per billion (ppb) to 500 parts per trillion (ppt) [ 6] by
their good olfactory sense. When smelling is defined as the result of a chemical an alysis of
the surrounding atmosphere, the way of signal processing between biological and artificial
systems can be compared as shown in Fig. 1.1. Despite many research activities in recent
years, the target of developing an artificial nose, also called electronic nose, that can com-
pete with a biological olfactory system has not been reached. The challenges to create s o-
phisticated electronic noses are twofold, because olfaction exhibits both high sensitivity for
odors and clear discrimination between them [ 7]. Firstly, mammalian olfactory systems e x-
hibit a very large chemical diversity and massive parallelism allowing discriminating 10,000 or
more distinct odors [8]. This is the result of interaction of more than 400 different types of
sensing cells in the human nose, where each type is replicated over 100,000 times, for a
total of around forty million cells overall [9]. In addition, the olfactory system makes use of
feature detection using broadly tuned receptor cell s organized in a convergent neurone

pathway [10]. Much effo rt lies ahead of the microelectronic technology to fabricate such a
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sensor array with regard to the scale and chemical diversity. This is particularly important
when the diverse composition of even clean air is considered (Fig. 1.2). Secondly, electronic
nano- and microscale chemical sensing devices are normally not as sensitive as their coun-
terparts of biological olfactory systems. For instance, not only do g but also human noses can
perceive gases down to tens of ppb [11], which is lower than the detection limit of most of

the current nano- and microsensors.
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Fig. 1.1: Signal processing in living organisms andin technical systems (adapted from [12]).
! Picture from: http://de.slideshare.net/SummerT23/olfaction -12941623, 03.11.2014
2 Picture from: http://iphoneroot.com/wp -content/uploads/2009/11/chenical-sensor.jpg, 03.11.2014

In addition to the use of gas sensors in medical applications, there is a great need for devel-
oping highly sensitive sensors for various application areas, like environmental monitoring,
air quality control, and detection of explosive and toxic gases. Those developments to co n-
trol hazardous gases, offensive odors, volatile organic compounds (VOCs), and other air pd-
lutants are supported by various laws and directives around the whole globe, like the Offe n-
sive Odor Control Law in Japan, Occupational Safety and Health Act in the US, and the Ar
Quiality Directive 2008/50/EC in Europe to hame a few examples [13-15]. However, the need
for highly sophisticated gas sensors is not only recognized by politics, but also by the indu s-
try, which reacts to this demand. This can be seen, because the global sensor market
reached $68.2 billion in 2012 and is expected to continue to grow, so that $116.1 billion will
be reached by 2019 [16].
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Fig. 1.2: Composition of clean air. VOCs include benzene, toluene, hexenal, C9-benzene, C10- ben-
zene, acetonitrile, and ethylvinylketone.

In this market, semiconductor based sensors fabricated using mature microfabrication
methods or novel nanotechnology are among the most important competitors. Silicon turns
out to be advantageous in the field of semiconducting sensor materials due to reasons like
low cost, reproducibility, c ontrollable electronic behavior, and the abundant data for chemical
treatments on silicon oxide. In particular silicon nanowires are considered to be a next gen-
eration building block for chemical sensing systems, because of their high surface-to-volume
ratio, which is favorable to reach high sensitivities. Special interest is in the detection of
ammonia (NH,), because it is not only one of the most common gases found in production
processes in manufacturing plants, it is also one of the most dangerous. Apart from the wide

spread use of ammonia sensors in leak detection in various industries particularly in the
chemical industry, such as production of fertilizers, pharmaceuticals, fabrics, and dyes, the
need for the detection of NH; is also present in other areas. Especially low concentration
measuring ranges dominate in medical applications for the diagnosis of certain diseases, like

kidney disorder and ulcers [17, 18].

1.2 State of the Art

In the following, the state of the art related to silicon nanowire based sensors for the dete c-

tion of ammonia is discussed. In recent years, silicon nanowires (SiINWs) have attracted
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much attention as promising components for f uture nanoscale devices, especially for the
detection of ammonia. In 2003, Zhou et al. studied the electrical resistance change of SINW
bundles upon exposure to NH, [19]. This work firstly demonstrated the ability of SINWs in an

electrical sensor device for gas sensing applications. It has to be pointed out that in this
study bundles of oxide-assisted grown SiNWs were used, instead of single wires. Those
NWs were prepared by pressing them of about 0.4 mg in weight onto a glass surface. By
applying silver glue at the two ends of each bundle of SiINWSs, two electrodes were fabrica t-
ed with a gap of 5 mm. Non-etched wires hardly showed any change in electrical resistance
to a NH; concentration of 1000 ppm, whereas the relative resistance of etched SiINWs with

a native oxide shell changed in the order of 10,000.

Since then, several research groups have focused on the development and improvement of
sensing devices composed of SiNWs. Table 1.1 gives an overview of SINWs based sensors
investigated upon NH; exposure. Nanowires that have not been functionalized are referred

to as bare.

Table 1.1: Overview of SINW based sensors for the detection of ammonia.

Measured

Year | Approach ? SiNW size® Functionalization Principle concentration Ref.
~20 nm (d) Si-H .
2003 BU (n) 5 mm (g) (via HF etch) Resistor 1000 ppm [19]
2006 | D (p) 76;5;?;)@ Bare FET No data [20]
76 £ 5 nm (d) . 1
2006 BU Bare Resistor Sat. con. 21
(P 4 um (@) [21]
2008 TD (p) 12 Bm ?II)V) Peptides Resistor 100 ppm [22]
75, 130 nm (w) .
2009 TD (p) 20 um () Bare Resistor 250 ppm [23]
~200 nm (d) ) .
2011 TD (p) 46 um () PTE from metal Resistor 500 ppb [24]
100 nm (d
BU (n) 20 um ((I))
2012 100 @ Bare Resistor Pure [25]
nm
(M) 10 pum ()
150 nm (d) .
2012 BU (n) 20 um () Bare Resistor 175-700 ppm [26]
2013 BU® 50 nm (d) Te nanoparticles | Resistor 10-400 ppm [27]

2 TD: top-down, BU: bottom -up, p: positive type doping, n: negative type doping
b w: width, | : length, d: diameter, g: gap between electrode contacts

! sat. con.: saturated concentration

2 PTE: porous top electrode

% non-doped
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In the literature, several works report on the sensing response to NH ; of devices based on
SiNWs without any chemical func tionalization. Kamins and coworkers presented metal -
catalyzed bridging SiNWs grown between silicon electrodes and exposed to a saturated v a-
por of NH; at reduced pressure [21]. This led to a decrease of the conductance within 2 %
for the p-type nanowires. Additional nanowire structures protected from the analyte were
used as reference devices. The group of Rokad demonstrated a field-effect transistor (FET)
with dense SiINWSs arrays, fabricated by a top-down technique based on nanoimprint litho g-
raphy [20]. The operation of the array as a FET was realized by metallic contacts and a bd-
tom gate. When NH ; is adsorbed, the threshold voltage is shifted proportional to the conce n-
tration. In a further approach, the fabrication of SINW sensors by SU8/SIiO,/PMMA trilayer
nanoimprint was based on a silicon on insulator (SOI) substrate, which was doped by boron
[23]. The devices were used for detecting 250 ppm NH ;. Different line widths of the na n-
owires were tested and the highest sensitivity of 19.7 % was determined for a width of
75 nm. In 2012, two types of resistors for NH ; detection were represented with on the one
hand, non-intentionally doped SiNWs fabricated by the vapor-liquid-solid (VLS) growth meth-
od (bottom-up approach) and on the other hand, the so-called sidewall spacer method (top-
down approach), respectively [25]. Pure NH; exposure resulted in a relative response of ~20
for VLS SiNWs based resistors and ~1000 for polysilicon SiNWs based resistors. The VLS
SiNWSs based resistor type was further examined regardin g different electrode structures
[26]. Measurements under exposure to a range of NH; concentration from 175 ppm to
700 ppm were performed with comb -shaped and V-shaped groove structures, respectively.
The detection response was determined to be around 10 f or both structures at a concentr a-
tion of 175 ppm, but the V-shaped groove based resistor is more compatible with integration
into planar technologies.

To find a way for selective detection of ammonia, McAlpine et al. explored the possibilities
of linking peptides to SINW sensors [22]. The surface of the nanowires was passivated with
peptides using amide-coupling chemistry. Upon exposure to NH ; and acetic acid vapors, the
peptide/nanowire sensors demonstrated the ability to discriminate analyte molecules at a
concentration of 100 ppm from chemical mixtures. It was concluded that the results serve
as a model platform for what can be realized in terms of selective and sensitive electronic
noses.

In et al. reported a novel fabrication method based on two separate nanosphere lithography
steps in order to achieve high sensitivity in ammonia sensing [24]. Arrays of vertically aligned
SiNWs topped with a periodically porous top electrode enabled to greatly increase the sens i-

tivity of the sensor (500 ppb NH), while the pores in the top electrode layer significantly
5
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enhanced sensing response times of approximately 6 min for NH ; by allowing target gases
to pass through freely (Fig. 1.3).

A recent study showed SiNWs modificated w ith tellurium nanoparticles by the reduction of
Na,TeO, [27]. These devices detected NH; in the range 10-400 ppm with response times of
5 s and the recovery times of 8 s. Ammonia reduces the tellurium oxide, which is present on
the surface of Te nanoparticles. Thus, the majority carrier density in the Te is decreased,

which in turn reduces the conductivity of the sensor.

(0) o

500 ppb NH!

AR/R,

500 ppb NO,

Time(min)

Fig. 1.3: Vertical SINW array based NH, sensor. (a) Schematic representation of the periodically po-
rous top electrode nanowire array sensor concept. (b) Sensor response to various concentrations of
NO, and NH; following 2 min of clean air at a constant temperature of 40 °C and relative humidity of
30 % [24].

1.3 Scope of this Thesis

The aim of this work is to develop and fabricate a gas sensor for the selective detection of
low ammonia concentrations. To reach this goal, the fabrication of nanowires as reliable and
reproducible components is required. For the simplification of the synthesis process copper
nanowires are electrochemically prepared and parameters affecting the morphology of the

wires are analyzed. The use of silicon nanowires represents an enhancement. A further re-
quired task on the way to achieve the main objective of this wor k is the design and assem-
bling of an electrical measurement system, which allows the parallel evaluation of multiple

sensors under a defined gas atmosphere. Moreover, this thesis intends to explain the basis
of gas detection mechanisms of silicon nanowire based sensors. The studied sensing devic-
es consist of undoped, monocrystalline silicon nanowires as recognition element. The pec u-
liarity of these sensors is the abrupt metal -semiconductor interface achieved by silicidation.
To determine the mechanisms that take place during ammonia exposure is the focus of in-
terest of this study.

The thesis is composed of six further chapters after the introduction.

In the second chapter, different sensor types are reviewed with a particular focus on sem i-

conductor sensor concepts. The introduced detection techniques are compared with each
6
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other in order to show their individual advantages and limitations for the measuring of a m-
monia. In particular, the characteristics of nanoscale gas sensors are compared to bulk mate-
rials leading to silicon nanowire structures, which are motivated with respect to their use in
gas sensors. Finally, the importance of the detection of ammonia is explained.

Chapter 3 presents an electrochemical synthesis method for copper nanowires. Special at-
tention is dedicated to the parameters, which affect the wire morphology. These effects are
relevant for the controlled nanowire growth. Lastly, the experimental results are discussed
based on the theoretical background resulting in guidelines for the format ion of copper nan-
owires.

Chapter 4 describes the details of the experimental techniques used to fabricate silicon na n-
owire based ammonia sensors. The focus is on the nanowire transfer and oxidation, sensor
design, fabrication of contact electrodes, and the fabrication of Schottky contacts within a
nanowire.

Chapter 5 is focused on the developed gas exposure apparatus. After discussing the state of
the art and determining the requirements of those test systems, the technical implement a-
tion of the device used in this work is introduced. The four main parts are described in detalil
in order to demonstrate, how exactly the system works. Subsequently, the operational pr o-
cedure of the gas measurements is presented.

In chapter 6, two different kinds of sensors are characterized electrically and with respect to
their sensing performance towards ammonia. Introductory, necessary conditions for a high
sensor quality are defined, which are the basis for the subsequent analyses of the conduct-
ed measurements. Firstly, the results of the sensing behavior of devices based on native
SiO, shell SINWs towards ammonia and interfering influences, such as humidity and te m-
perature variations, are demonstrated and discussed. Secondly, the sensing behavior of a
device with thermally grown SiO, layer silicon nanowires is studied. Finally, the results of
both sensor types are compared.

Chapter 7 summarizes the main results of this work, draws the conclusions and shows pe r-
spectives for future projects with regard to the continuation of the research topics opened

during this thesis.
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The purpose of this chapter is to give an overview of alternative sensor concepts and to pr e-
sent the state of the art in the field of gas sensing, in particular of ammonia (NH ;) detection.
First, some terminology is presented to provide a common knowledge base in the field of

gas sensing followed by a historical outline. In the next section, classes of gas sensors d i-
vided into optical, electrochemical, electrical, mass-sensitive, magnetic, and therm ometric
mechanisms are described. Some key points concerning semiconductor gas sensor tec h-
nology and their gas sensing properties are subsequently discussed. This leads to nanoscale
gas sensors and especially silicon nanowire based sensing devices. Finally potential applica-
tion areas of ammonia sensors and already existing sensing principles are presented, ex-
plaining why the focus in this work is on ammonia sensing. The chapter is concluded with a

short summary.

2.1 Introduction to Gas Sensors

Ambient air is composed of many different kinds of chemical species, natural and artificial,
some of those are vital while many others are more or less harmful [13]. Therefore, the ac-

curate determination of gas concentrations is important for many areas of application. This is

usually accomplished by sensors. The term ~sensor° stild]l hias no g
ti on. Therefore, it is necessary to define how i
describes the whole device, following the Oxford English Dictionary def i ni ti on, e. g.

which detects or measures a physical property and records, indicates, or otherwise re-
sponds A gas Sensdr is a sensor for detecting gaseous substances and is thus a
chemical sensor. In the literature various definitions of chemical sensors can be found. Here,
a suitable definition by Wolfbeis was considered appropriate: " Chemical sensor s
sized devices comprising a recognition element, a transduction element, and a signal pro-
cessor capable of continuously and rever si bly reporting a &8.emical

Generally, accepted properties of such sensors comprise that sensors should [12]:

1  Transform chemical quantities into electrical signals,
1 Respond rapidly,

1 Maintain their activity over a long time period,

1

Be small,
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1 Becheap,
1 Be specific, i.e. they should respond exclusively to one analyte, or at least be selective

to a group of analytes.

These characteristics should additionally include a high sensitivity, which allows the sensor
to detect low concentrations. In order to meet the above mentioned requirements, a gas
sensor usually consists of a recognition element (receptor) and a transducer connected in
series, see Fig. 2.1. In the majority of gas sensors, the working principle is based on the in-
teraction of the recognition element with the analyte molecules resulting in a change of the

physical properties in such a way that the connected transducer can gain an electrical signal
Other possibilities are that either one component acts as receptor and transducer or addi-
tional elements are necessary units for signal amplification and conditioning [12]. A gas sen-
sor detects gases, which are called analytes and commonly used units to express gas con-
centrations are parts per million (ppm), parts per billion (ppb), and parts per trillion (ppt). All of

these values define the molar concentrations of the analyte within the tested gas sample.

Gas sensor

A
[ |

o @
Analyte ‘ ‘.Recognltlon Transducer |:> Measuring circuit |:> Computer

element and electronics
® o
o

Fig. 2.1: Schematic illustration of a typical gas sensor system. The analyte interacts with the receptor,
which changes its physical properties. This results for instance in a current variation of the transducer.
The electronics is responsible for signal amplification etc. and the computer for the data analysis

Sensors for the detection of gases incorporate versatile and partially lifesaving functions,
nevertheless they are employed mostly inconspicuous. They are applied to monitor the envi-
ronment, in industrial processes as well as in everyday life, and health of people. Some ex-
amples of application include exhaust gas sensor systems for efficient emission reduction
[29], monitoring of carbon dioxide in the environment [30], and cancer identification by the
analysis of breath [31]. Significant progress has been made in recent years and the literature
is full of interesting developments. Lately developments contain a wide range of technol o-
gies, including improved surveillance systems for security applications and miniaturization of
systems that wer e only used in laboratories.

Further developments in the field of gas sensing technology are expected also in the future,

because the demand for small and inexpensive gas sensors is huge: Methane sensors could

10
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sound the alarm when gas leaking from broken pipes in households occurs. Oxygen meters
might optimize the combustion in heating systems, engines and power plants. In air-
conditioned buildings or car interiors sensors for carbon dioxide would be able to draw atte n-
tion to impeding fatigue . Joggers could check with ozone measuring instruments whether
they should postpone their run, and some diseases can be detected by means of trace gas-

es in the exhaled air [32].

2.1.1 History of Gas Sensor Development

People have worked in toxic environments since before reco rded history, such as carbon
monoxide sources from open flame of pre -historic cave painters. The first attempts to detect
hazardous gases were performed in coal mines. With the beginning of the Industrial Revol u-
tion, coal as fossil fuel became very important. Coal is mined in mines, where methane ap-
pears naturally from the ground. This gas is especially dangerous, because it can neither be
seen nor smelled and can be fatal. The first method involved using humans, where one pe r-
son, before the shift started, wore a wet blanket over his shoulders and head carrying a long
wick with its end lit on fire. The methane gas ignited, when the person encounters it. To
protect the life of humans, the next method of detection was to use canaries in mines in the
early 20th century [33]. The concept was to carry the bird in its cage into the mine and it
would exhibit the effects of the toxic atmosphere before they became injurious to humans.
A further development of gas detection was the flame light, which contained the flame in-
side a glass barrel andwas encapsulated in a flame-arrestor shell so that there was no way
the flame could ignite the outside atmosphere. By means of graduation marks on the glass,
it could be determined, whether oxygen is absent or a combustible gas is present. While this
method improved the safety compared to the lighted wick and provided light, an accidentally
dropped lamp could still ignite the atmosphere if methane was present.

Only since the 1960s, gas sensors were introduced for non-professional use. Before that,
some gas sensing methods just for limited fields were developed. Examples are two tec h-
nologies for detecting combustible gases in the 1920s, one based on light-wave interference
and the other one using a platinum catalyst in a Wheatstone bridge electronic circuit [34, 35].
In 1953, Brattain and Bardeen demonstrated that a gas can affect the electrical properties of
a material by the change of the semiconducting properties of germanium with a variation of
the partial pressure of oxygen in the environment [ 36].

It was only in 1962 that the first resistive sensor for detecting inflammable gases using o x-
ide semiconductor (ZnO) was reported by Seiyama et al. [37]. A prototype ZnO gas sensor is

11
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shown in Fig. 2.2a. In the same year, Taguchi invented independently the same type device
based on SnQ, (Fig. 2.2b) and pioneered the application of metal oxide semiconductors to
gas sensing [38]. Devices based on this technology are called Taguchi gas sensors (TGS)
Fig. 2.2c shows an experimental setup, where a Japanese sake bottle was used as gas

chamber.

Iron sand () Lead wire  (C)

Heater wire

2 P;05-2 Ba0+6 V.05 x
+ 10 Ag,0 J

Fig. 2.2: Former gas sensors and measuring setup. (a) Design of a tabled-shaped gas sensor, in which
ZnO was held by iron sand at both sides and pressed. The sensor cracked with repeated heat cycles,
because the expansion coefficient of the both materials was quite different. (b) SnO, gas sensor de-
vised by Taguchi. Commercially available SnQ was pressed and a Nichrom wire was used as a heat-
er. A semiconductor glass mixed with equivalent Ag ,O was used as junction between SnO , and the
heater and electrode to increase the conductivity. (c) Japanese sake bottle used as gaschamber. [39]

The semiconductor gas sensors were further developed including the addition of catalyst
materials, which are e.g. noble metals like Pd, before being commercialized for non-
professional uses in the 1970s. Gas sensor technology expanded largely since 1980s and in
recent years, a variety of further technologies was developed for gas detection. In the fol-

lowing, some of these technologies are discussed.

2.1.2 Gas Sensor Classification

Here, a brief overview of the more common methods of gas detection currently in use is
given. It is important to point out that this summary is not comprehensive. Many different
methods based on different materials and operating on diverse principles have been devel-
oped for detection over the years and may be used in very specific areas of detection. Addi-
tionally, variants of the approaches described here can also be employed. Six general cate-
gories of sensors are prevalently distinguished, considering signal transduction mechanisms
[40]:

(1) Optical sensors,
(2) Electrochemical sensors,

(3) Electrical sensors,

12



2 Fundamentals

(4) Mass-sensitive sensors,
(5) Magnetic sensors,

(6) Thermometric sensors.

In the following, the six types of sensors are introduced to get an insight and understanding

of the different existing wo rking principles of gas detection.

Optical sensors

Optical gas sensors detect the modulation of some properties of the radiation that result
from the interactions between various forms of light or electromagnetic waves and the ana-
lyte. Most gases can absorb infrared (IR) light at wavelengths, which are characteristic of the
bonds present. For these gases, the absorbance of the gas is proportional to the concentr a-
tion. Most small portable systems employing this technology use Nondispersive IR (NDIR),
where a polychromatic light source is used to pass electromagnetic energy through a gas
sample (Fig. 2.3a). An optical filter in front of the light detector allows limiting the incoming
light to only particular wavelengths [41].

In another approach the light is transmitted through an optical waveguide, whose surface is
coated with a sensitive layer. A fiber optic sensor typically includes three parts, a source of
incident light, an optrode, and a transducer to convert the changing photonic signal to an
electrical signal [41]. The optrode contains the reagent phase membrane or indicator, which
influences the intensity or spectrum of the guided light inside the fiber affected by the an a-
lyte [42]. The location of the reagent varies with different sensor types, so also the end of

the fiber can be coated (Fig. 2.3b).

( a) sample gas (b) fiber

pilot light i
f— emitter
LR, pilot light _C-
ted light
Faflacn. Ay —-- detector

analyte . -
received light

refracted light

absorptive end
coating (i oprrode )

motor

Fig. 2.3: Optical gas sensor. (a) Nondispersive infrared and(b) fiber optic based gas detection [41].

A special type of optical sensors operates with surface plasmon resonance (SPR). In the SPR
method, the resonance angle is very sensitive to the refractive index of the medium outside

the metal thin film and thus the measu rement of this angle can be used to detect gas co n-
centrations [43]. When monochromatic light is incident on a surface of an optically dense to

an optically thin medium at a smaller angle than total reflection, the entire light is indeed
13
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reflected, but it still forms an electric field in the optically thinner medium. This decreases
exponentially with the distance from the surface. If this surface is how coated with a very
thin non-magnetic metal, the electric field penetrates the conductive layer and surface plas-
mons are generated. Only if these plasmons are in resonance with the photons, a reflection
now occurs. The resonance is dependent on the wavelength, the angle of incidence of light
and also highly sensitive to the refractive index at the surface of the interface. The reflection
angle is consequently very sensitive to the change of the refractive index of a gas sensitive

layer [44].

Electrochemical sensors

Gas sensors based on electrochemical cells are made of two or more electrodes, which are
connected by an electrolyte, in which gas can diffuse through a membrane into the reaction
chamber. Similar to a battery cell, a chemical reaction takes place under the influence of the
measured gas, which leads to a voltage (potentiometric measuring principle), an electric cur-
rent (amperometric measuring principle), or conductivity (conductometric measuring princ i-
ple) depending on the operating mode of the sensor [41]. The reagents in the electrolyte, the
electrode material, and the membrane determine the characteristics of the sensor. The elec-
trodes are often made of catalytic metals, like platinum or palladium, or they can be carbon
coated metals and have a high-surface area to react with as much of the analyte as possible
for a high sensing signal. Additionally, they can be modified to enhance their reaction rates
and extend their lifetime. The reactions that can occur are limited by the electrolyte, because
this medium carries charges using ions instead of electrons, which contributes to the sele c-
tivity of the s ensor. Electrochemical gas sensors generally have a greater selectivity than
semiconductor gas sensors. They are suitable for quantitative measurements, though the
area of application is preferably in the lower concentration range in favor of a longer working
life span (due to the lower material conversion). At some point, however, the electrolytes are
spent and then the sensor needs to be replaced. Thus, this technology is not suitable for
maintenance-free devices. Their use is mainly in the industrial sector, like in the monitoring

or in test equipment that are maintained at regular intervals.

Electrical sensors

Electrical sensors cover a large group of gas sensors that operate due to a surface interac-
tion with the target gas and measure the effect of t he analyte on the electrical properties of
another material. Usually, these sensors are the least expensive commercially available de-

vices. The detection can be either reversible or destructive irreversible leading to analyte
14
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decomposition. Important advantages are that the devices and supporting electronics are
often simple in design, can be miniaturized, and resulting products can often be used in
rough environments. Sensors in this class include polymer, metal, metal oxide, semicondu c-
tor conductometric sensors, capacitance sensors, work-function-type-, Schottky barrier-,
MOS-, and FETbased sensors [45]. Due to the variety of different types, not all of them can
be analyzed within this chapter. The most important electrical sensor types for this work are

discussed in section 2.2 and 2.5. More detailed information about these sensors can be

found in [45].

Mass-sensitive sensors

Mass-sensitive gas sensors, such as microcantilever, quartz crystal microbalance (QCM),
and surface acoustic wave (SAW) based sensors are sensitive to mass changes of the sur-
face during interaction with gases [46].

The cantilever based sensor technology is derived from the atomic force microscop y tech-
nique, which works by scanning a surface with very tiny tip controlled by a feedback loop,

e.g. the force between tip and surface is kept constant by a feedback loop. For the applic a-
tion in gas detection, neither a tip nor a feedback loop is necessary. A free-standing micro-
cantilever is coated by a sensing layer to achieve chemical functionality. When a specific
mass of analyte is adsorbed, the mechanical response in either, the static mode (deflection)
or the dynamic mode (shift of resonance frequency) is measured under exposure to a gas
without resorting to a feedback loop [47], see Fig. 2.4a.

The QCM technique is based on a quartz resonator, which itself is typically used as an osci-
lator with its stable fre quency and a mass change causes a shift in its resonance frequency.
The amount of this frequency shift is proportional to the mass change and this correlation is
known as mass loading effect [48]. The structure of a QCM based gas sensor is shown in
Fig. 2.4b. The quartz resonator comprises a quartz plate and electrodes deposited on both
sides. It can be operated as a gas sensor, when the electrodes are coated with a sensing
layer. The resonator is connected to an oscillator circuit and a frequency counter measures
the shift in oscillation frequency [49].

SAW based sensors enable to distinguish masses up to the femtogram range [50]. The
working method is indicated in Fig. 2.4c. A pair of interdigitated electrodes is patterned on

the piezoelectric substrate. By applying a high frequency (HF) signalbetween the transmitter
and receiver electrodes, a seismic wave (Rayleigh wave) is formed on the circuit. The inter-

action of a gas-sensitive layer coated on the substrate with the ambient air leads to frequen-
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cy changes that serve the quantification of the analyte concentration. The selectivity is de-

termined by the chemically sensitive layer.

(@) () HF-amplifier — signal

—/ ~~~~~~~ 7 l piezoelectric substrate

acoustic waves

transmitter m receiver

. Shift in
(b) Sensing oscillation .f';
film frequency /
Quartz | Oscillator selective coating
plate —O

electrode £

Fig. 2.4: Schematic diagrams of mass-sensitive gas sensors. (a) Microcantilever that bends owing to
adsorption of target molecules and change of surface stress [47]. (b) Quartz crystal microbalance
(QCM) device [49]. (c) Surface acoustic wave (SAV) gas sensor, adapted from [50].

Magnetic sensors

The principle of magnetic sensors is based on the change of the magnetic properties of the
analyte. Those sensors are represented by certain types of oxygen monitors [51]. It was
found that oxygen is stro ngly susceptible to interaction with an external magnetic field, thus
it has a high magnetic susceptibility compared to other gases [52]. Additionally, oxygen mol-
ecules have strong paramagnetic properties (positive value of the magnetic susceptibility),
whereas almost all technically important gases (exception: nitrogen oxides) are diamagnetic.
Therefore, a sensor principle for oxygen can be built with only minor cross sensitivities.

In the following, the measuring principle of the acousto-magnetic spectroscopy is presented,
which is, in addition to e.g. the Munday-cell, widely used in oxygen monitoring. The oxygen
sensor consists of two major parts: an electromagnet and an air chamber as shown in Fig.
2.5a. When a gas flows through a magnetic field, it absorbs energy resulting in the increase
in volume of the gas. Thereby, in a pulsating magnetic field, periodic pressure changes arise,
which can be detected as sound waves with a sensitive differential pressure transducer (mi-
crophone). The amplitude of the signal is directly proportional to the current O, partial pres-
sure of the measured gas. To increase the measurement accuracy, the pressure change in
the measured gas is compared to the pressure change in the oxygen-free reference gas (or

a gas with known oxygen content).
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Thermometric sensors

In thermometric (calorimetric) sensors chemical reactions cause temperature changes,
which are converted into electrical signals, such as the change of the resistance, current,
and voltage. These sensors operate with a temperature probe that is coated with a chemica I-
ly selective layer. The device detects a transfer of heat during the reaction between the gas
and the coating upon exposure to the analyte [41]. This catalytic reaction takes place at the
surface of the sensor and has the effect that heat is evolved. Inside the device t he related
temperature changes and is measured. A simplified drawing of such a sensor is shown in

Fig. 2.5b.

thermal shield

(b)

catalytic layer

o™

thermistor

Optical Fiber
Microphone

Fig. 2.5: Principles of gas sensing via magnetic and thermal detection mechanisms. (a) The basic
measuring cell configuration of an acousto-magnetic oxygen gas sensor [52]. (b) Schematic represen-
tation of a thermal gas sensor. The thermal shield reduces the heat loss to the environment and the
thermistor is coated by a catalytic layer [41].

Catalytic sensors, often referred to as pellistors, are a widely used type of such gas sensing
devices and have been designed specifically to detect low concentrations of flammable ga s-
es in air [53, 54]. In those sensors the thermistor includes a platinum coil, which is embe d-
ded in a porous ceramic pellet covered with a catalytic metal like palladium or platinum. The
coil operates as heater as well as the resistive temperature detector (RTD). Other kinds of
heating elements and temperature sensors can also be used. When the target gas reacts at
the catalytic surface, the heat liberated from the reaction increases t he temperature of the
pellet and caoll, thus its resistance raises [41]. The senor can be operated in two possible
modes. In the isothermal mode, the temperature is kept constant while an electronic circuit
controls the current through the coil. The other mode is nonisothermal, where the sensor is

connected to a Wheatstone bridge whose output voltage is related to the gas concentration.

17



2 Fundamentals

2.2 Semiconductor Gas Sensor Technology

A semiconductor gas sensor can be defined as a sensor into which a semiconductor materi al
is incorporated and thus is based on a reaction between the semiconductor and the gases in
the atmosphere, which leads to a change in semiconductor conductance [55]. This technol-
ogy includes numerous methods of varying structures, different materials, a nd various work-
ing principles. Methods based on different materials can be classified in metal oxide sem i-
conductors, polymers, carbon nanotubes, and moisture absorbing material [56]. Silicon
based gas sensors can also be classified in the semiconductor technology, but are discussed
in detail in section 2.5. Here, the emphasis is on the general processes occurring on the
gas/semiconducting interface. Particularly, the two most competing technologies, metal ox-
ide and carbon nanotubes (CNTs) based gas sensors,will be considered. This is essential in
order to carry out a comparative evaluation of the silicon based technology. Furthermore,
most of the surface processes described in this section are generally important on semicon-
ductor gas sensors.

The adsorption of molecular species on the recognition element can take place either physi-
cal or chemical. Physisorption is a weak adsorption process that occurs due to the presence
of the van der Waals forces of attraction having a low binding energy (D meV for small gas
molecules and D few eV for large gas molecules) [57]. The process is usually connected to a
dipole-dipole interaction between the gas and the adsorbent [55], where the electronic and
chemical structure of gas molecules and surface does not change. Further, low binding en-
ergies lead to a complete desorption of gas molecules, which enables a full and fast sensor
recovery. However, as physisorption is not specific, it results in low sensitivity and selectiv i-
ty of the sensors. Chemisorption comprises the formation of chemical bonds between the
sensing element and the gas molecules. Normally, a gaseous molecule dissociates into at-
oms and this leads to high binding energies D several eV [58]. This is favored for fabrication
of gas sensors with a high selectivity, even though molecular desorption is quite low for
chemisorbed molecules resulting in slow recovery [57]. Both adsorption types depend on
the temperature and partial pressure of oxygen in the environment [59].

For a temperature range required for chemiresistive metal oxide gas sensor operation, oxy-
gen is ionosorbed on the metal oxide surface. In ionosorption, there is no local adsorbate to
surface atom bonding, but oxygen acts as a surface state, capturing an electron or hole de-
pending on the semiconductor (n-type or p-type) [55]. Oxygen is attached to the surface by
electrostatic attraction. In n-type semiconductors, ionosorbed oxygen atoms act as surface

acceptors by binding electrons. This results in an increase of the surface resistance of the
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material. Oxygen can be ionosorbed onto the metal oxide surface in several forms in de-
pendence of the temperature. This means that at lower temperatures (150 -200 °C), oxygen
does not dissociate and adsorbs in a molecular form as either neutral O, or charged O,
whereas at temperatures higher than 200 °C, oxygen dissociates and adsorbs as O ions
[59].

In metal oxide gas sensors, the change in the electrical conductivity of semi conducting met-
al oxides (such as SnQ,, ZnO, TiO,, ZrO,, CeO,, WO,, Fe,O,, In,0;, and CuO) upon exposure
to gases is used as sensor effect. Many different metal oxides have been investigated as
sensing materials [60], however tin dioxide (SnO,) has remained the most commonly used
gas sensing material [56] and is the best understood material in the basic studies of the gas
sensing mechanism [61-63]. Therefore, in the following the mechanism of gas detection is
discussed more in detail on the example of a SnO, sensor. This type belongs to the n-type
semiconductors, which have always a certain number of oxygen vacancies. Some of the
metal atoms thus cannot replace its outer atoms with the O , atoms. These outer electrons
are available as free electrons in the conduction band of the semiconductor for the electrical
conduction. In dependence of the O, partial pressure at the metal oxide surface, the concen-
tration of the oxygen vacancies changes. At temperatures between 200 -500 °C a stable O,
vacancy concentration inside the metal oxide is formed as function of the O, partial pres-
sure, so there is a direct dependence of the conduction electron concentration or the electri-
cal conductivity and the O, partial pressure. In addition to pure oxygen also oxidizing gases
(such as e.g. N,O) reduce the number of O, vacancies, so that even in presence of such
gases, the number of free electron s in the conduction band decreases and the specific re-
sistance increases according to the relationship empirically found [41]:

Rs =A[c]* (2.1)
where R is the sensor electrical resistance, A is a constant specific for a given film comp o-
sition, ¢ is the gas concentration, and Uis the characteristic slope of Rs curve for that mater i-
al and expected gas [10].

Reducing gases such as H, or CO react in the presence of O, to H,0O and CQO,. On the sur-
face of a metal oxide they react with the oxygen and thus increase the number of O , vacan-
cies. This effect can be used at a constant O, partial pressure for measuring the concentra-
tion of reducing gases [64]. The increase in the O, vacancies increases the number of availa-

ble free electrons in th e conduction band, conductivity of the metal oxide layer rises.

19



2 Fundamentals

Fig. 2.6a shows a scanning electron microscope (SEM) picture of a SnO, layer. Metal oxides
are typically fabricated as thin layers (hm-um range) on an interdigitated electrode structure .
Sensitivity and selectivity can be increased by adding a catalyst, such as platinum (Pt). Due
to the high specific resistance of the metal oxide, the metal contact layer is formed as a
comb structure (interdigitated structure), so that a suitable total resistance signal for the pr o-
cessing results. To achieve the required operating temperature a Pt heater is placed on the
backside of the substrate . In Fig. 2.6b a schematics of an exemplary SnO, based sensor is

shown.

b Sensitive Layer (Sn0,) 7 mm

(b) ,
Top View " :@ [3.5 mm

Interdigitated Electrodes
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[ ]
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Pt Heater Substrate
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Fig. 2.6: SnO, based gas sensor. @) SEM picture of the SnO, sensing layer. (b) Layout of the planar
alumina substrate with the SnO, layer printed on top of the interdigitated Pt electrodes and the Pt
heater. The heater on the back controls the operational temperature of the sensor. [65]

The main disadvantage of gas sensors based on metal oxide semiconductors is the poor
sensitivity at room temperature. However, carbon nanotubes have become a promising m a-
terial for high-sensitive gas sensors, because of their unique properties, like e.g. high me-
chanical and thermal stability, high surface-to-volume ratio, and semiconducting character.
CNTs are seamless cylinders formed by rolling-up of a graphene stripe. CNT based gas sen-
sors show a high sensitivity towards various gases, such as ammonia (NH,) [66], carbon di-
oxide (CQ,) [67], nitrogen oxide (NO,) [68, 69], ethylene [70], and organic vapors[71] at room
temperature and thus cover a large scope of application. In general, CNTs can be categorized
into single-walled carbon nanotubes (SWCNTSs) and multiwall carbon nanotubes (MWCNTS).
Both types are used for gas sensing [56]. Although, there are several different designs of
CNT based gas sensors, like chemicapacitive [72] and field-effect transistor (FET) [73, 74],
chemiresistive sensors based on a resistance change as output are the most commonly
used architecture in the design of CNTs gas sensors, because they are easy to fabricate,
have a simple structure, and a low power consumption [75]. The illustration in Fig. 2.7a
shows an exemplary design of a CNT based chemiresistive gas sensor. When a particular

gas is adsorbed on the surface of carbon nanotubes from the surroundings, charge transfer
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occurs between the CNTs and gas molecules. Adsorption is a surface phenomenon, thus
atoms from the outermo st layer in CNTs are of main interest. In SWCNTs all the atoms act
as surface atoms [76, 77], whereas for MWCNTSs just the atoms located in the topmost layer

are responsible for the sensing response [78]. Pristine CNTs exhibit p-type majority charge
carriers, because of oxygen impurity [ 79]. Gas molecules adsorb on CNTs and can be either
charge donors or acceptors to the nanotubes [80]. When the CNT surface is exposed to re-
ducing gases, the electrical resistance increases due to the recombination of free ele ctrons
transferred from the gas molecules to the CNT and holes existent in the CNTs. On the other
hand, oxidizing gases withdraw electrons from CNTs when adsorbed on their surface. This

generates more holes on the surface of p -type semiconductor CNTs and thus decreasing the
resistance [81]. Fig. 2.7b demonstrates the electro n transfer mechanism between CNTs and

adsorbed oxidizing as well as reducing gases.

(@) . iiq‘, * ammeter (b)
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functionalized CNT network
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Fig. 2.7: Schematic representations of CNT based gas detection. (@) Resistivity based SWCNTSs gas
sensor [82]. (b) Electron transfer into/out of pristine carbon nanotubes, (top) reducing gas molecules
are adsorbed on CNT surface and transfer electrons to CNT through defects and oxygen atoms pre-
sent on surface due to chemical processes, (below) oxidizing gas molecules are adsorbed on CNT
surface and withdraw electrons from CNT [57].

One possibility to enhance the sensitivity and selectivity of CNTs is chemical f unctionaliza-
tion of the nanotubes as functional groups present on the CNT surface make them well sol-
uble, which allows both a more extensive characterization and subsequent chemical reactivi-
ty. Hirsch summarized the surface activation routes for CNTs through diffe rent functionaliza-
tion approaches [83]. Usual groups used to functionalize CNTs are hydroxyl @ OH), carboxyl
(¢ COOH), carbonyl € C=0), and amino #NH,) [84-87]. In terms of improving sensitivity, pure

CNTs show no response to hydrogen due to the weak bindi ng energy [88], but the decora-
tion of CNTs with Pt or Pd, which act as a catalyst for the adsorption of H ,, CNTs become

sensitive to H, [89]. To enhance the selectivity to certain gases, silane binders are mixed in
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